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Abstract

Nowadays Handheld multimedia devices demand is growing rapidly, as the demand for mobility in work
and lifestyle increases. Power consumption has become the paramount concern in the design of Handheld
multimedia battery-operated devices. Approximate computing promises energy efficiency computing
paradigms when small quality degradation is permissible. Most multimedia processing is image or video
processing, where the end user is a human. The imperceptibility of the human visual system is to allow the
output of this processing to be approximate rather than accurate. This research paper proposed an energy-
efficient Moving Picture Experts Group 4 (MPEG-4) video decoder architecture with a circuit-level
approximate method for Handhandle multimedia devices. Hence, in this research work instead of using
conventional 6T memory cells during video decoding processing, an approximate Hybrid 6T/8T memory
architecture is proposed, where the 8-bit Luminance pixels are stored favourably in consonance with their
effect on the output quality. The higher order luminance bits (MSBs) require high stability and thus these
bits are stored in the 8T bit cells and the remaining bits (LSBs) are stored in the conventional 6T bit cells for
more optimal configurations compared with previous work. The failure probability of 6T cells is
significantly large 0.0988 at 600mV supply voltage (as compared to 0.28*10"-2 at 800mV supply voltage),
leading to a decrease in the output quality of the decoded video. The hybrid memory matrix formulation
calculates that storing higher-order MSB bits in highly stable memory cells will provide high-quality video
processing compared to the conventional technique because the human eye is more susceptible to higher-
order luminance bits. The proposed approximate 6T/8T hybrid memory units, and evaluate them to
demonstrate the efficacy of our approach. Simulations result indicate power savings of up to 50% with an
insignificant loss in output quality (3.6dB) when compared to the conventional memory unit. Compared to
the hybrid and conventional 6T memory array at 600mV supply voltage, the worst minimum PSNR is
15.04dB improved.
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Abstract

SRAM is one of the essential components for portable devices which contributes significantly and
determines the overall device performance. This paper analyzes the methods for calculating noise margin of
conventional 6 transistor (6T) and 8 transistor (8 T) SRAM cell. For calculation of noise margins in memory
cell, this paper considered butterfly analysis and noise-curve methods. From the simulation results obtained
from the above-mentioned method, the findings shows that 8 transistor SRAM cell provides higher read
noise margin than 6 transistor SRAM cell. The aim of this paper is to verify and validate butterfly analysis
and noise-curve methods for calculation of noise margins in memory cells. From the simulation data it is
observed that major limitation of using butterfly analysis to measure SNM is the inability of measuring SNM
using inline techniques and it’s time consuming and complex process. It may sometimes give inaccurate/
misleading results due to computational error. Whereas, N-curve method for SRAM cell analysis is used for
inline testing and also provides additional information regarding current and voltage stability. Additionally,
the N-curve can be utilized to perform an analysis of the power dissipation by the SRAM cell while it is
undergoing read or write operation. Using 90nm technology file, cadence virtuoso EDA tools simulate both
6 transistor and 8 transistor SRAM cells.

Introduction

Static Random Access Memory (SRAM) is the type of memory technology that is used primarily as an on-
chip memory in various processors. Now-a-days multilevel cache are also being used for reducing delay of
executing instruction in the applications such as internetworking, signal processing etc. [1]. The SRAM cell
occupies large chip area due to which the overall power consumption increases [2]. So, the progressive
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Abstract

As the technology is scaled-down and with a decrease in oxide thickness, the effect of NBTI is a major
reliability issue in semiconductor industries. NBTI is an aging phenomenon in which the PMOS transistor
degraded over time. Deviation in the threshold voltage of PMOS transistor results from NBTI with stress
time which affects various parameter of SRAM memory such as degradation in drain current, RSNM, HSNM
and access time. NBTI induced aging effect on 6T and 8T SRAM cell have been analyzed in this paper for the
stress time of 10years. The reliability parameters of 6T SRAM cell obtained from simulation result shows
there is 6.53%, 23.86%, 3.36% and 13.42% change in Hold SNM (HSNM), Read SNM (RSNM), Write margin and
standby leakage current respectively after 10years. Similarly in 8T SRAM cell HSNM, RSNM, Write margin
and leakage current changes by 5.81%, 5.01%, 3.11%, and 13.24% respectively. This paper also presents the
leakage current sensing technique based NBTI monitoring sensor using NMOS transistors only. The
sensitivity of the sensor is 40V/nA and the linearity of the sensor is upto the practical leakage current
range of SRAM cell. Thus we can conclude that the proposed sensor works fine with greater linearity and
sensitivity.

Introduction

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) is a key element for any high performance
and energy-efficient system. With the shrinkage of device dimensions, integration of transistors per chip
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Abstract

This puper pecsents 4 sovel Microsoft Exceed based vienal eleciron &ffraction
experiment, whah replcaies sl functiomality of s dectron dffraction tube
which = s imporuant 10ol foe the verslication of the concepe of malley waves.
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Abstract

Imiegration of wireless frontend with opiical backend leads o the fiber wireless access nel-
waork, which provides high bandwidih and flexibility. Energy efficiency in such metwarks is
very crucial and can be achieved by implementing muhiplexing, scheduling and optimized
companznis placement. Cur prime objective is io improve energy efficiency. Archiieciure
has wavelengih agile and radio agile mulbplexing ai backend and froniend respectively.
Firsily, we optimize optical network units nsing whale optimization and secondly, o novel
anfine scheduling is implemensesd to obiain beiter energy efficiency with comtrolled delay.
Froposed methodology shows betier energy efficiency and delay performance compare o
existing approaches.

Keywonds Whale optimication algarithm - Online scheduling - Fiber wireless access
networks (FiWi) - Energy efficiency - Wavelength agile

1 Intreduction

In today's scenario of high bandwidih spplications where each vser ol distinct locations
neads imiernel aocess ot high dats mte. it becomes oocial o develop and update apcess
netwnrks which can support high bandwidih. Conventional digital scribe bine {(DEL) were
not capable of providing high bandwidih to handle applications like hive video sireaming,
meliiplayer gaming eic., therefione optical access as a chosest solution. have heen in ose in
present decade. Opiical fibers are capable of providing high bandwidih but i is nol cost
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Loy Fiber Wirehoor (FOWS) acome oetwork conduts of Blgh speed pacdwe optical aetwark (PON) at ek oot d

Aoimadt iy wirebeus raed retwork a1 Sot sed It b exmwrging M the mos procbee acoma tetwork due 80 fux bbervat

PR Jnstn nessink foatue. & raey povidie b laterset wervicw 3t mirkean posile co. Moy of the vilupes of $he [nd s s8]

WA quakiad o Dutakay 19 et cormwcted with Bigh speed arrwork beace (e prownt aper provides FIW) setwork plamning o avatig e

re ey Wirvdess Fic L2y (WIF) ensbied viZagps (Geem Paschapars) of India. The mais st of e paper & 1o deplay fhe
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thorm sad itx redated services, the proper netwerk dexigpaing sod plaming
b very importast to deplyy sy type of communication setwork. Goed
setwork planning facilitates o dexign a scalable network 0o wrve men
Intwenet serviom with good quality of services (1], Abe, it belpe
denign a netwoek to wrve users with future Intemet deszand. In general,
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mance, efficient phevment of componests, provides better scalabiiey
and rlialelity, and mmisizes the netwurk cot.
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Abtract: Aim: The aies of this sady 0 the deployment of componants i o efficent maser o
rroks 3 cood-cffectve Fis noowork.

Backgrownd: Fiber Wackoa sccem oetwork o the beond 1o broadband sccon techaology foe promid-
g network services in Ietemet weers ot 2 bwer cont. Deployment of components 1 Fil acoe set-
work = very crscial since 1l affects the deplovment coul and setwerk performance

Objective: We arvestigale fhe plarmuzg procon fre effioest placonent of composerts = FiWi acoon
netwieks. For optisizing the peatme of components (wirckess soukees d ONUs) m the network, 3
novel satire supered Repesle Search Algorithes (RSA) is proposcd is e paper

Mrthady: Exicsnive sumubeam is camsad out b0 smplemsert proposed work. A ssmulaton moddd asd
cnde s developed in MATLAB to get the optimized possan of componeaty for cxading and proponed
slponsbem

Revalte: We compuee the performance of proposad slgonitbm with cxading algreifin. The cblaned
rewzlts show that the proposed slasethen hay seperir parfoemance fus the eviving algorifim.
Comclsion: The peowent woek optamcnes the pontion of camsposerts uung RSA slgonthm. RSA re-
taens the bower mamber of roquend wirckews rosten ONUy, kower TCD. moveasad AONUC, 34 con-
verpence rale, lower canution ren time than WSSA algonthm. The osicomne of fie pper highlighty
the importance of the proposed week 18 nctwiek plusseeg and composent deployscst s FIWi accen
netwirk.

Keywerds: Netwoek plurssg, Fiber Wireless (FIW1) aceess network, component placement, optissization algoethims, Optical
Network Uns (ONUs), wireless routers, Repade Search Algocithes (RSA).

L INTRODUCTION

The demand of bandwidh inteasive applications and &
relsed services has been sigmlicantly increasing day by day.
The poeviows broadhasd access setworks, such & optical
networks and wireless petworks, are not sullicient 10 peovade
high handw idd coquirements at a lower cost. Passive optical
netwaek (PON) 1 one of e leading technokogics dae 1 %
high capacay, longer distance comesanication, but it ts costly
For the users due 10 the usage of opacal devices. Alensely,
wirekess access neswork provides better Dexddlay, eisy de-
ployseent, and lower cost with moddday, but it bandwidd &
lisited doc % lmited spectruss To meet up the demand
e laceessing Deadwalth, resemrchers cvolved o new
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Tt aecess serwork called o Wireless Optical Broadband
Access Neswork or Fiber Wireless socess netwoek (FiWi) | 1-
3] Thus pew metwok & Se inlegration of opuical netwoek
and weeles natwoek, s & Is 2 prominent soluthos 10 pro-
vide high bandwadth services o the wsers o sunimal cost

Fat (1) shoos the schematic of FIWI access neowoek
with two segments that comsist of s optical setwork at back-
end and wirekess network at lhoatend, respectively. At back-
end of FIWL neswork, single Optical Lase Tenninal (OLT)
comsects several Optical Neswork Usits (ONUS) via feedes
fiber, optical splittes and distrdstion fiber in cack segment.
In Srose-cad, ueers and wireless rouers are seamered all oves
Be area Each ONU in FIWL setwork is connected 10 4 wire-
feid patewey Srough which an interice s possidle between
Both ends

FiWi secess network comes wp with sevenl challerging
e sich s Compoacat Placement, Survivahility, Energy
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Computationally Efficient Physical Layer Key
Generation (PLKG) System
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Abwiract:

The cepability to secess the network in the presence of componenypath foilures is &
fundemeninl peed. S0, maimnining servivabiliny is essennial for WOBAMN also. In this paper,
we propose o reliable friend-assicied algorithen (RFAA) in front-end WOBAN for finding the
relishle path or route. This paper sims (o oprimize the wireless rowie based on conenunication
ramge. The simulstion resulis show dat the proposed algonithen schicves beiter end-o—end
delay perfomsnce as compared existing maxinvem prolectbon minisnum link cost (MPMLC)
algorithm with raliipls ek failure.

Keywords: WOEAN, survivabilicy, RFAA, (Received signal strength indicasser) RSSIL
1. INTRODUCTION

In recesa tmes, the growsh of users for inlemet access usisg moebile devices snd multimedia
applications reguires high capacity, high flexibility, and low-cosi broadband access |[1-2].
WOHBAN s one of the nwost suggesied socess nerworks. [n o typical WOBAR, a high-capaciny
passive optical network (POMN) consists of an OLT, Spliter, and ONLU. While o flexible Wik
consists of & wirebess pouler mmd gaieway as shown in figure 1., wihich shows an architecmre of
WORAN tha provides wide-area connectivity to users [3-4]. The process of sending packers
froan dhe wireless rowter 1o the intermet hackbone i as follows. A user sends o packet 1o i
niearhy wireless pouter, using a multiop wireless path. Then rowter se2nd directs 1o ML Then,
the packet is received m the OLT via fiber coble and fmally, tee packet i imjectad imto the
imterniet backdhome. For d swmstream cormminication, the whole process i repeated in & reverse
manner. Dunmg sending packets from the router o OLT, any failure coours such os link or
distributicn fier, o kot of traffic losses arise im the network. Sech types of fmlure affzci services
for mmers. [n WOBAR, Survivabdlity & an ngsaiant ssue.

For reliable data iransmission, we proposad o relishle friend-as<isied rounsg algorithne. Which
provides a pelizble path in the metwork based on the communication range betwesn two nodes.
In this paper inclede. link faibere detection based om BRES1 Based on various network: foerors,
such as lstency and end-to-end delay. we compare the performanee of suggested algorithms
with that of the existing algorithm BMMPMLC.

Thcrmi-i:rnflhcpﬂpﬂ'iﬁ.mu:huedu follows. The berature review for the WORAN
sarvivability problem & discussed in Section 2. The problem stsensent and the system meode]
are described in Section 3. Secton 4 provides a descripoon of the ssggesied opiimization
algonthm. Sinvalawor cutpest is displayed n Secton 3. Fmally, S3ection 6 brings the paper to &

T34
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Absiract: Backgrosnd: Survivabilicy b ose of dhe key moees of wineless opucal broadhand
[WOEAN] accerd metworks. Survivability messs providing cosnsuoss serviees o users il &
devicelink fulure ooous in the Betwork The composeal Tink elire can aoeur in e network dae 1o
iy reason. In s condinion, hugs daia logs will seoar in e serwork.

Mirthands: In this papes, we congider the fronl-crd sanavabadity in WOBAN. We propase a nowvel
MERITUN pRAscien minimes ek o reunng algonthm (MPMLC) thar provides path profestion
wilh & ssmimum link cost i e froml-cad of the WOBAN. The proposed MPMLC algosithm assigns
weight'eost b o weeless lsk weg link-suie predection (L5P) The palh with mindmem sl i
seleetad o roue the rafle (ool afTacied dee we fnilure) of de Trom-cnd nemwork.

Resialls: The propeced algorithm sgerforms in s of raliced sevwork delay and wirglss link
ool 1 also ibeervesd Trom smsiilaten sesiuls et when suluple lnk e e @ the pewiak,
the propiced MPMLC algorihm e beer reuls o raducsd winsless Nnk codl dan the sxisiing
afgorihe

Ciiclisstivg: The propessd MPMLC offias bener candslatiss s e cuming ol porithas for & fonl-

cad survivahility of the WIKEAN.

Keywords: Wireless network, optical netwark, MPMCL, MHRA, LSP & survivahility, brosdhand scoess network.

1IN TRODUCTION

A WOBAMN network is 2 concateration of two netwiorks
that canfer the benefits of both an opdical network [1, 2] and
& wireless netwark. In an optical network, the passive optical
network prowides high speed for the back-end and =
combinsd with the WM, which & a resiliend access
network. Fig. (1) represents the archiectare of o WOBAN. &
PON is o oredible bw-cost optical network, and il mchodes
opiical line terminal (OLT), splitier, and opiical metwaork
unids [ CINLT).

Ini & PO, the downstream data is send fram OLT towards
OMUs which divide ai a splitier and propagate io each of
(MUs In upsiream trarsmissions from ONUs o the OLT,
podling & employed as & TOMA multiple scoess techmology
toe albow the (Mg 1o share o similar optical line. ONLUs are
msigned time shots, and they are allowed in iremsmit data
only during the assigned time shots. Another part, WM,
consists of mesh routers and ONUs where mesh routers are
located in 8 muhti-hop manner and maintain the rowler to
router connectivity in the network |3, 4).

*Adren coerspendescr ke the author ai ihe Depariment of Blecirosics &
Telocormmuzication Eng: 3 of Engi & Techanlogy,,
DAVY, lndore, PO Broe: 4535007, |ndore, Inda;
E-monl: anclanksizacitbrrodu in

Im recent years, the advantages of hoth wireless networks and
optical networks have heen pondered 1o get more efficient
access sobations in the fubare [3, 6]. [t zlso peovides @ cost
efficient mfrasimocture to suppont 2 wide rnge of emerging
503 applications [79). Several issues such as placement of
ONUs, roating, energy efficiency, and survivability are
present in the WOBAN network. The issee of ONLU
placemend arises in network planning when considering how
to properdy place ONU in the netwark s that the network
may cover the whole network area efficienily. This isse
impresses the cosi performance of the network. Usmlly, by
putting low:loaded devices inio slesp mode, energy can be
saved [[0] The issoe of survivahility is alo more crucial in
WOBAN [11:13] Survivability means to supply susinmed
services i msers if a componend fmlure ocrurs in the
network. A large amount of traffic could he affected if the
network were i fail Huge losses may oocur & 2 resuli af
this.

WOBAN consists of o front-end network and hack-end
metwark, in which wireless link failure oecurs in the front
end and ONL) faibare & OLT faibures ocoor in the hack-end
Repainmg in failed WOBAN may result from froni=end sur:
vivahility or back-end survivahility [14]. Most of the research
wirks are relmed to hack-end survivability but we consider
front-end survivability becawse i also affects the overall per-
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Abstract—The software is created and constructed to
address particular issues in the applied field. In this context,
there is a need to be aware of the crucial characteristics to
assess the quality of software. But not all software requires
checking all the quality-of-service parameters, resulting in
effort loss and time consumption. Therefore, it is required to
develop software quality characteristics recommendation
model to address and resolve the issue. The proposed work
involved in this paper can be subdivided into three main parts
(1) a review of popular software quality models and their
comparison to create a complete set of predictable, and (2) the
design of an ML-based recommendation model for
recommending the software quality model and software quality
characteristics (3) performance analysis. The proposed
recommendation system utilizes the different software quality
of service attributes as well as the software attributes where
these models are suitably applied to satisfy the demands.
Profiling of applications and their essential requirements have
been performed Based on the different quality of service
parameters and the requirements of applications. These
profiles are learned by machine learning algorithms for
distinguishing the application-based requirement and
recommending the essential attributes. The implementation of
the proposed technique has been done using Python
technology. The simulation aims to demonstrate how to
minimize the cost of software testing and improve time and
accuracy by utilizing the appropriate quality matrix. Finally, a
conclusion has been drawn and the future extension of the
proposed model has been reported.

Keywords—Recommendation system; software quality model;
ML (Machine Learning); quality matrix; software quality
characteristics

L INTRODUCTION

Machine learning provides ease in several real-world
applications; in addition, improves the capacity and
capability of existing research and methodologies. ML
techniques are also used to improve and optimize different
process models for improving the cost of employment and
productivity[1][2].In this context, software quality evaluation
is one of the essential steps. There are several different

software quality measuring models currently utilized. These
models include several different quality measuring
characteristics.

Software quality is an emerging research area in the field
of software engineering. The work presented here is relevant
to the research around software quality models which gives a
better understanding and knowledge of software quality
attributes in Software quality models. Achieving software
quality assurance requires the use of software quality models
[3]. These quality attributes might be used to describe the
software's quality. It might be difficult to decide which of the
excellent models to utilize [4]. In Addition, software quality
models are used for the global assessment of the software
product. Therefore, the proposed issue of applying and
selecting the appropriate quality matrix is defined here as the
recommendation problem. The recommendation engines are
the machine learning technique for evaluating the problem's
current scenario and suggesting the most suitable solutions
for the given set of problems [5].

There are different kinds of recommendation systems
available, which will also work as the information filter to
reduce the less relevant data and optimize the ranking of the
desired set of information [6][7]. The proposed software
quality characteristics recommendation model includes the
technique of machine learning to learn when, where, and
which software characteristic is appropriate for evaluation
based on profiling of the software quality of service
requirements. In this context, the proposed work is
subdivided into the following essential task:

e Examination of different software quality
characteristics and models.

e Implement and design a content-based
recommendation model to suggest the appropriate
quality matrix.

o Study the impact of the software quality characteristic
recommendation model over the existing models.

561 |Page
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Abstract. In this review paper on different forecasting method of the solar power output for effective
generation of the power grid and proper management of transfer rate of energy per unit area occurred into the
solar PV system. Essential part in focusing the prediction of solar power is irradiance and temperature. The
irradiance can be forecasted by many algorithm and method is applied in prediction of generation of Short-term
photovoltaic power and long term solar power forecasting. And many papers describes on numerical weather
forecasting and some algorithm like neural networks or support vector regression for two step approach for
predicting the PV power. In this review shown that methods like Bagging Model , deep learning, genetic
algorithm, random forest, gradient boosting and artificial neural network. We found that for enhancing the
performance of predicting PV power many authors proposed the ensemble method that is the hybrid models of
different algorithm. And I found that on this review process ensemble methods show that good results and
improve the forecasting solar PV power.

Keyword
Photovoltaic Power, Irradiance, Machine learning, LSTM, Performance, forecasting, deep learning,.

1. Introduction

In the era of renewable energy, we have focused on energy produced by solar cell and with the large drop
in prices of photovoltaic (PV) cell the use of solar energy has increased [1]. Today one of the renewable
energy Source is PV power and in the future electricity generation it plays important role. A great part of
net electricity capacity of the globe growth occur in year 2017. Between years 2019 to 2024 the net
renewable energy is expected to grow 50 percent globally. The proportion of solar power in renewable
energy is 60 percent [4].

The solar power forecasting has some benefit like efficient operation in the power grid, optimization of

energy into the PV power system, power plant Schedule, Congestion management, Trade the produce
energy in the energy market, Price reduction for power generation.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Abstract. Software quality evaluation is one of the critical processes for deliv-
ering good quality software products. The software quality evaluation has a sig-
nificant effect on the entire project. However, for software quality evaluation a
number of techniques are available. Most of the models are based on the char-
acteristics of software and relevant scores. But consideration and evaluation of
software on all the quality characteristics are time is taken and complex, which
is not suitable for all kinds of projects. Therefore, in order to reduce the software
quality assessment effort, this paper proposes a categorization of essential quality
characteristics based on software project needs. Additionally, a Particle Swarm
Optimization Process is proposed for recommending the suitable software qual-
ity evaluation attributes. The simulation of the model has been carried out and
their performance analysis has been done. Based on the experimental analysis the
results are presented and the future scope of the proposed work is explained.

Keywords: Software Quality Models - Recommendation System - Machine
Learning - Testing Cost - Model Selection

1 Introduction

Software quality is essential for an efficient and reliable software product development
[1]. Therefore, evaluation of software is an essential step of software development. The
software quality is depends on different processes and activities involved in software
development life cycle (SDLC) [2]. However, there are a number of software quality
measuring models available based on different attributes and scoring techniques. These
quality measuring characteristics used to express the quality of the software product.
Additionally, different software quality evaluation models are recommending different
characteristics for product evaluation. Therefore, selection of suitable software quality
evaluation models is a challenging task [3].

Therefore, the proposed work is keenly interested to explore the possibility for apply-
ing and selecting the appropriate quality measuring characteristics. The proposed tech-
nique is evaluating of the software attributes as well as the different quality measuring
attributes for suggesting appropriate quality evaluation attributes. The proposed model

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
L. Garg et al. (Eds.): ISMS 2022, LNNS 671, pp. 1-10, 2023.
https://doi.org/10.1007/978-3-031-31153-6_15
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Abstract An unbalance identification and balancing tech-
nique have been presented using a finite element model of
the rotor system. Unlike conventional methods of balanc-
ing, the proposed approach of balancing computes influence
coefficients using the system’s finite element (FE) model.
Identification of unbalance in a single disc rotor system has
served as a demonstration of the method’s applicability.
The traditional method of balancing involves the laborious
addition of trial weights and vibration measurement dur-
ing the process of calculating influence coefficients. As the
necessary information is derived from the FE model of the
rotor system, the suggested method of balancing does not
require the addition of trial weights. It is suggested to use an
updated FE model of the rotor system in order to compute
the vibration data necessary in the calculation of influence
coefficients. The finite element model of the rotor system has
been updated using the Inverse Eigen Sensitivity Method. In
order to find the heavy spot, the unbalance in the rotor disc’s
phase angle can be found using the method of unbalance
identification. Numerous spin speeds of rotation have been
used in the experimental studies of unbalance identification
to determine if there is any effect.

Keywords Influence coefficients - Unbalance
identification - Balancing - Finite element (FE) model
updating
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Introduction

Unbalance is the major contributor of excitation in rotat-
ing machines. Some amount of unbalance always remains
in the machines even with a precise balancing [1], which
is termed as residual unbalance. Vibration signal is used
as an indicator to keep track of machinery health. During
operation, the balancing state deteriorates for a variety of
causes, including dirt accumulation, corrosion, erosion, and
particle impact [2]. The need for balancing arose in the late
nineteenth century with the development of steam turbines
and the current status is that each and every machine need
balancing [3]. It is crucial that the vibration levels do not
exceed the safe and acceptable levels during run-up and at
operating speed, since this would signal the need for balanc-
ing [4]. Balancing of rotating machines is a routine practice
to minimize the vibrations due to rotating unbalance forces
[5]. Often unbalance, if not corrected, causes the occurrence
of other types of faults too, e.g., rotor rub, misalignment, etc.
Therefore, it is very important to timely diagnose and correct
the unbalance in the machines. Rotor may be classified as,
namely (i) rigid rotor, (ii) flexible rotor, based on the flexural
deflection of the rotor-shaft. It is referred to as a rigid rotor
if the flexure caused by the unbalance forces is less than the
specified unbalance tolerance at any speed within the maxi-
mum operating speed, or as a flexible rotor otherwise [35, 6].
Various methods have been developed over the period of
time for unbalance identification and balancing [7-11], e.g.,
influence coefficient method, modal balancing method and
unified approach of balancing. Numerous trial runs are per-
formed in the traditional method of balancing, known as the
influence coefficient method, which is an experimental pro-
cess. The purpose of these runs is to capture rotor response
and phase angles in order to make calculations regarding the
balancing masses that need to be added in certain planes.

@ Springer
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Abstract

Gear tooth crack is a type of fault which need monitoring to prevent serious damage to the
operating condition of the gear system. In this research work an analytical model is proposed
to investigate the effect of gear tooth crack in the form of time varying gear mesh stiffness. In
this case the tooth crack propagations is monitored along tooth width, crack depth and crack
height are incorporated in this model for simulation of gear tooth root crack. Analysis is
started with very small crack size to reflect in results the early stage of fault occurrence
Analytical formulation is helpful in finding the mesh stiffness of a spur gear pair with
different crack length, width and depth variation. The developed analytical model can predict
the change of gear mesh stiffness with presence of a gear tooth crack and also compares the
mesh stiffness data with one contact period of gear pair. The analysis is done with the gear
pair having more than one tooth in contact during some part of the contact period. This gives
single or double tooth contact in one period. Analytical results shows less stiffness when
single tooth pair contact occurs for part of TVMS diagram and higher stiffness for remaining

part due to double tooth contact.
DOI Number: 10.14704/NQ.2022.20.12.NQ77246

NeuroQuantology2022;20(12): 2549-2555

INTRODUCTION

Gearboxes are the most important
mechanism in all automotive application,
industries and some daily used system and
works on high rotational speed to produce
output. Spur gear is mostly used in general
gearbox for power transmission. It works at
different gear ratios to provide multiple
torque ratios. Due to its wide application
the monitoring of its health and its early
fault detection is very important.

There are many type of fault may arise in
gears due to high heat condition, excessive
load, bad lubrications etc. like pitting,
spalling , crack etc. There are lot of work
carried out to investigate gear tooth
stiffness with or without faults. Analytical
models and Finite element methods are
widely used approaches for calculations.
Lin Han, Houjanet.al. (2017) determines
the effect of crack, pitting, tooth breakage
studied on helical gears. Firstly an

eISSN 1303-5150 é

analytical method is developed to
incorporate the faults by combining slicing,
integration and potential energy methods.
Effect of various parameters on TVMS
change was studies [1] Jungho Park et al.
(2015) conducted experiment to find the
mesh stiffness in faulty state of rotating
gears. Transmission error (TE) was used as
parameter to make difference between
rotation of input and output gear [2].
Fakhar Chaari, Walid Baccar, et. al,(2007)
proposed analytical method to quantify the
reduction in stiffness due to common teeth
faults. The effect of deflection due to
bending, contact and fillet foundation was
considered to calculate the stiffness. The
combined effect of tooth spalling and
breakage is observed by frequency and
amplitude signal of the system [3]. Ankur
Saxena et al. (2016) present computer
simulation based analytical approach to
quantify the TVMS reduction of gear pair

www.neuroquantology.com
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Determination of Transmission Error and Mesh Stiffness in
Spur Gear Pair using CAD-FEM Integration Approach
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produce m medh diffoce. This demascs b imvestigale e effccts of thewe parameten
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1. Intruduction
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clements & & They are alwe exposed 10 distortions boduse of vanows coginecning peometic laws o
aliersy load situations. These dolomons are respoasible for the development of ussolicited sound and
excitabon rewding in power or tongue Jose To explore the effects of thae co power Einammsion
sysicrns such as godr drrves, seversd seods rangesg (rom theceetical o ssathamatical 10 experimental
or compuer simlations sre froquently spplicd successlully. The work peesenied bese shows the use of
4 CAD and FEM software integeation appecach developad by [1] foe the caloulation of ssch stifTheis
w find the TE and mesh suflivess 10 analyse the effects of visows pear parsneicn, woth 1 radas and
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Analysis of Effects of Change of Gear Parameter Module on
Transmission Error in Spur Gear using Interference Volume
Method
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Performance Evaluation of Split Air Conditioner with
Consideration of Pressure Drop in Evaporator and Condenser
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Absrsct @
In this ressarch, a spHl air condilicner’s performance has been evaluated
Lusing exargy analysis on hree differant low global warming polential (GWP)
refrigerants, namely R32, R44TA, and R4478, Yo find a replacamant for the Qﬁﬂmm
GWP-high refrigecant R410A. With for prassure loss in the evaporator
mﬂm..mmmm"flmmmm Y
condbions of a split air condbioner, GENETRON Propesties 1.4 soltware is
usad $o calculate performance mekrics such as coefficient of parformance Efficlency Defect
(COP), exergy destrucsion ratio, exergetic efficiency, and efficiency defect Exergetic Eficiercy.
Resul shows thatpressure drop i evaporalor lone has anadverse el | et oo
on COP and lotal exargy destruction and it is higher at higher pressure R32 RA10A
drop. Effect of pressure drop on exergetic efficency and exergy destruction | RA4TA RA4TE.
ratio is found Lo be less sgnificantwith condenser prassure drop compared
to evaporaior pressure drop. Exergy efficiency is found b be maimum
with R447A foliowed by R4478, R32, and R410A.
Introduction eco-frisndly aspects considering global warming.
In locking loward the exponantially rising demand  Global warming is one of the key concarn that

for energy, and environmental prolection aspect,
researchers from every comes of the globe have
baen invohved lo find some new refigarants with

the expactation of improved pesformance slong with

should be consdarad while selacting a refrigerant, as
it is one of the major contributor of the undesirabie
phenamenon known as global warming.'* Global
climate change may be caused by 3 wide range
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Theoretical energy analysis of Cascade refrigeration system using low

Global warming potential refrigerants
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In the relrgeration secsor, nefrigeeants with low gobal wasrmeyg potertial (CWT) have becose the nead
of the Boue. The presented woek sms 10 mvestgate the wie of bw CWP sefngerant puss Ble NH (0,
RI234y0C0,, and R 2342600, in the Cascade refrigeration systess, Thes study will help s checking the
wtibty of chosen reflrigesants. For the anadyse, & mathematical model of a cascade syitem is preguced asd
perfirmance parasseters Bhe Energy efficiency ritio, compressee power, coellicient of performunce are
compared for choies refrigenant paies. Dursag Ui sbady, the Cosdenser and the evaporation bempisabure
are changed 318 K 10 333 K and 228 K 10 243 K respectively, it o observed St the higheit coeflicsent of
pesfirmance s obtained for NHyCO, which & S097K and 4135 X hagher than that obtased foe R1234/0)
€0, knd K1 23420 100, respectively. The compressor power is bl comsumsed for NH, CO; which is 7.4
% and 10E2 X deis than R1I23440C0; and R123:4e6C0, respectively. Thus NHC0, i the best choice

armag dl the sedected pairs for this wudy.

Copyright © 2002 Elsevier Lid. Al rghas seserved.

Selextion asd peer-review under respensibility of the soestic cossmittoe of the 4th Imersational Con-
ference oo Advances et Mecharscal Erginvering sesd Nasetechnology.

1. Introduction

Refrigeration has very wide applications like preservation of
food chemicals, medicine, eac. However, there are some fields,
which need very low temperature Le. lower than 243 K Single-
stage vapour compression refrigeration system cannot be used
for cbtabning such low temperature as they cannet operate in such
a large temperature range hence, two Vapour Compeession Refrig-
eration (VCR) cycles are operated i serses as shown in P |, Such
type of amangement is calied cascade refrigeration system (CRSL In
the last few decades, the trend of research has been towards find-
ing refrigerants that (ncrease the performance of the system and
have & low impact on Ozone and Globad warming {111 During
the last few years many researchers have carmied out studies on
cascade refrigeration system. Researchers like Atkenvar et.al, car-
ried out 3 comparative investigation of energy along with exergy
of low global warming potential (CWP) refrigerants and concluded
that R41-RE170 performs better in low-temperature regicas and
has 3 coefficient of performance (COP) improvement of 13.05%.

|1]. Others like Gholamian etal, conducted an energy study and
exergy study of Cascade refrigesation system using Ammond and
carbon dioxade and highlighted the regions that neod lmprovement
|2]. Logesh etal, analyzed CRS using diffesent refrigerants and con-
cluded that pair of R1343/R170 has better COP and requires less
mass flow rate as compared to ccher considered refrigerant pairs
|3].Z Sun etal, did an exergy plus energy investigation of CRS with
refrigerants of low CWP and stated that uses of R41/R161 coupde s
superior a5 compared to all other selected pair |4 However, none
of the mentioned studies used refrgerant palrs that have negligile
CWP. CWP of NH,, R1234yf, R1234z¢, and O, Is 2er0, 4, 7, and |
respectively.

In the presenced work the researchers have done the energy
analysts of CRS wsing refrigerant padr of low CWPNH,\CO,
R1234y4/C0O;, and R12342¢/C0; are used as refrigerant pair and
pedformance parameters ke Energy Efficiency Ratlo (EER), COP,
and power consumed n the campressoc is calculated using first
law of thermodynansics. These parameters are then compared to
selct the best among the chosen redrigerant pairs. Thus the anal-
vsis helos (n detecting the wse of refrieerants having neshieiie
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Low GWY Rekigerants

In the present anadysis, five alternative refrigerants samely R32, RA47A, RA4TB, RES28, and R4S4E have
beea analysed based on exeegy to find an alteraative of high gobal warmisg pecential refrigerant R4I0A,
In 2 splt air conditiones, Evaporator temperature is considesed i 45 'C whereas condesser temperature
15 taken from 40 °C to 60 “Cinthe imsenval of 4 "C. Different performance parameters have been calculaed
like total exergy destrection (TED) exergy destructaon raths (EDR], exergy efficency, along with the coef-
Ncieat of perfeemance (COP) and efMcency dedect The result shows that R4TA is found to be the posen-
1l akernative o replace RA10A in the air conditioner i it has 9.24% higher COP and 15.38% less
destruction of exergy along with 9.3% higher exergy efficiency compared to RAIOA at a condenser tem-
perature of 60 °C TED and EDR, are found to be minimum with the RA47A system amosg all rhe conted-

er0d redrigerasts.

Copyright © 2022 Elsevier Lad. All rights reserved.
Selection and pees-review wader responsibillity of the scientific comanittee of the 4th International Coo-
fevence on Advances in Mechanical Engineering and Nanotechnology.

1. Introduction

HFC410A 15 used not only i sphit air conditioners but also in
household heat pumps and medium-sized chillers because of its
zero ozone depletion potential (0DF). However, it has a rather high
Global Warming Potential (GWF) that necessitates the search for
its alternatives. As a result, there is a pressing need to identify a
replacement for the present R410A (GWPyoe « 1924) under the
Mantreal and Kyoto Protocols |11

Domanski et al. (2| evaluated the system perfoemance using
low CWP refrigerants and find that refrigerants with low CWP
options are very few, particularly when volumetric capacity 15 con-
cerned consxdening R410A ar R4044. Blends of refrigerant can meet
the desired objective by trade-affs between different performance
parameters but the probability to find an ideal best performing
refrigerant is minimum. Bedl et al. |3 draw a matrix with 13 pure
refrigerants having low GWP, alternatives to R1342 in air condis
toner considering pressure drop in evaporator and condenser with
the criteria of pon-flammability, higher COP, lower CWP, and vol-
umetri capacity similar to R134. They cancluded that no mixture

was ideal in all the aspects so trade-affs can be made while select
ing a refrigerant,
Heredia-Aricapa Y. et al. [4] compares the performance of
refrigerant mixture HFC/HFO/HC/R744 on energy basis to find
some alternatives of R410A. Amoog the considered refrigerants
R32 along with R446A, R44TA, RA4TE, RASZE, RAS4B, and RASHA
found to be passible alternatives with improved performance, Fajar
T X et al. [5] applied the exergy and energy analysis on small
vapour compression refrigeration (WCR) system and obtained
higher COP and less exergy destruction with less amount of charge
of R290 when retrofitting of R410A. Binbin Yu et al. |6 Jooked at
refrigerant moxes that can delnver equivalent theoretical cycle per-
formance to R410A in air conditioning as well as heat pump appli-
cations, They discovered that the R32/R1123/RI1311 mixture
increased the volumetric capacity by -4% 4% to 17%, however
the COPs declined slightly from 5 to 1%, To investigate alterna.
tives to the high CWP refrigerant R410A, a performance analyss
was conducted utibising six bow CWP refrigerants (pure and
blends). The binary mix of R32(R1234ze(E} with CWP 300 has
the lowest LCCP of the refrigerants tested | 7. Abhmed et al. |4 per-
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Vapour Compression Refrigeration system as replacement of R134a

Shubham Soni**, Punit Mishra®, Govind Maheshwari, Devendra SVerma"

“ i AbiTya University, Khandvs rogd, indaraME.) 432007, india

 Degartsmint of Mechanical Exghavering, Desil Abifio Usiversity, Khandwa rodd, indare (MUF] 452007, India

ARTICLE INFOD ABSTRACT

Antkche isrory!

Aniallable aonline: S

Keypmondk,

Vapotir ot presizion Redvagenation system
Lirw! GWF refrigerant

Enstigy Analysia

In this study effect of utilization of refrigerants with low Clobal warming potential is studied theoreti:
cally based on first law of thermodynamics and mass balance. Befrigerants lie B1234yf R1234ze,
Ki17, and R&00a are used instead of R134a in the Vapour Compression Refngeration system of 1 TR
The Clobal Warming Potential of all the refrigerants & negligible (below 4) as compared fo that of
R134a (1300]. The resules obtained show that R1234ze and kida are better refrigerants in the context
af C0F and pawer consumed as compared to R134a. Other refrigerants are not very behind and obtain a
(0P value comparable to that of k1342, R1234yf and B may consume slightly mare power but their
I Clobal Warming Potential makes them a decent option. R717 requires the l=ast mass flow rate a5

compared to all the chosen refrigerants.

Copyright & 2003 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scentific committee of the First International Con-
ference on Advances in Mechanical Engineering and Material Scienge.

1. Introduction

Thie Sebaction ElrrHri,g,EI.!ll'I[ 5 ﬂEI.II'IFIEh Lask. These can beé var-
ious parameters like cooling capacity, availability, operating tem-
perdlune, [D.ﬂifj[j', el for the sebection of rl!'fljﬂ;ér.ll'lli. (nier the
WIS, lwwer, (he Criterion has {']H.I@Eﬂ 1o Global W.IHI'I'IJE
Patential (GWF) and Ozone Depletion Potential | OOP). As per Man-
trieal Priotical, 1981 refrigerants that contain Chkorolluorocarbons
[CFC8) and Hydrochlorallugrocarban [HCFCS) were decided m
phase oul as their ODP values were high Hydeolluorocarons
[HIFC) were considered i raplacements ol HCFC but they had high
WP Thus when the decissn IEE.IrﬂiJlg the rl!'fr.i,gﬂ'.!ll'll is made in
the cantext of the environment, bow GWP and 2ero ODP refrger-
anty are needed, Researchesd ke .FI.EI.!'I'!JJ el 4l studied 3 blend
of R290/RG00a for replacing R134a in the domestic relrigerator

drop-in for domestic refrigerator and found the Performance of
RI234yl becter than R134a. Gill e al. | 6] aned Jeema et al. | 7) carried
Study on vapour compression chillers using hydrocarbon-based
relrigerants and concluded that hydrocarbons are good aliernates
for 1344, In this research work the authors have selected refriger-
ants fike RIZ34yl, R1234ze, B7IT and RGD0a and have carried
energy analysis for 1TR of vapour compression relrigeration sys-
Lerr| 8.9). Results obtained are thén compared with thise obtained
for B13da The comparison is done on basis of parameters like
Coelficient of performande (COP), Power consumed in compressor
(P, pressure ratio (Pr), Mass flow rate (i), and Energy EMiciency
Rt (EER). Finally, it is observed that relrigerants like R12342,
RI234yl, R717, and RG00 are better replacements lor R134a
depending upan different parameters,
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Invthie presinned wark, researchens used EMcency defect & a paramerer for decafing the uriliny of refrig-
erans in the Caecade refrigerarion sysrem. Cascade relvgeration sysmem's matematical mode] & creand
Ugireg e Arsr and the second Liw of thermadymasnics enegy analyiis and eergy analysis ae dane i
diffesreen |ovw Chohal warming potential eefrigerant pairs like B1342)00;, RI238000;, and RIX34ze/00;
Based o che amalyas efficiency defect & caloulaned for svery component of the cascade system indival-
ually and che whole gysoembas well | g Tound dhar R1 23457100, bas dhe baghest value of efficiency defec,
wheerias RI34a/00, has the heast efMclency el for the whole cascade symem Change of efficlency

et i Varlous COmpaBEns with evaparannr temperatune s presented in fem of graphs
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1. Introduction

There are variows applications in which a temperature lower
than = 40 *C is needed. Faor fulfilling this demand, Cascade Refrig-
eration System (CR%) is wsed. The selection of refrigerant pair can
be made based on many parameters. However, chiosing refriger-
ant pair of low Clobal warming patential (GWF) and zero ozone
depletion potential (OOF] is the need of the bour | 1] Many studies
have been done based on energy analysis of the Cascade refngera-
tian system. Logesh et al. [2] performed the analysis of the Cascade
refrigeration system for various refrigeranis and found that the
pair af R134a/8170 has better COP and less mass flow rate. Gho-
lamiun et al. |3| performed exergy analysis of CRS using MH3Y
€0 and suggested that 00;= throtiling valve, compressor, and
heat echanger are the components where improvements are
needed. Atkemur et al. (4] carried a comparative energy & exergy
analysis with refrigerans of low CWF. They concluded that R41-
170 performs better in the low-temperature region and has a
COP improvement of 13.08%. All these shudies made it easier to
select the refrigerant. Some ressarchers like Arora ef al. 5| took
their research one step ahead. They extended the exergy analyss

¥ Fowrrrveeasd v methor

of two-stage VR system and calculated efficency defect, which
is used for determining inter-stage temperature.

In the current study. the authors have used this concept of effi-
dency defect for the Cascade system. In the submitted work, the
exergy amalysis of CRS is performed. Based on the results of eergy
analysis, the fficiency defect i calrulated for different refrigerant
pair like K134a)00;, RV234yf)00;, and R1XMme/(0: Refrigerant
pair with the |east value of efficiency defect is considersd the best
ameng chosen refrigerants. Based on the analysis, the vanation of
efficiency defect of various components of CRS individually with
Evaparaitor temperature is presented in graphs.

1. Energy analysis and exergy analysis

& Cascade system (s represented in Fig. 1. The compression pro-
e i not isentropic. The Effidency of both compressors i
assumed o be O |4]. From the concept of emergy and mass bal-
ance, equations ohtaired for analysis of each companent of (RS are
given below [14]

Zmu-Em..,. i

Qo } mahy = W+ 3 Maching 2
a. ‘Work consumed in low pressure compressar (W)
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Abstract

In quantum key distribution-secured optical networks (QKID-ONs), constrained network
resources limit the success probability of QKD lightpath requests (QLRs). Thus, the
selection of an appropriate route and the efficient utilisation of network resources for
establishment of QLRs are the essential and challenging problems. This work addresses
the routing and resource assignment (RRA) problem in the quantum signal channel of
QKD-ONs. The RRA problem of QKD-ONs is a complex decision making problem,
where appropriate solutions depend on understanding the networking environment.
Motivated by the recent advances in deep reinforcement learning (DRL) for complex
problems and also because of its capability to learn directly from experiences, DRL is
exploited to solve the RRA problem and a DRL-based RRA scheme is proposed. The
proposed scheme learns the optimal policy to select an appropriate route and assigns
suitable network resources for establishment of QLRs by using deep neural networks.
The performance of the proposed scheme is compared with the deep-Q network (DQN)
method and two baseline schemes, namely, first-fit (FF) and random-fit (RF) for two
different networks, namely The National Science Foundation Network (NSFNET) and
UBN24. Simulation results indicate that the proposed scheme reduces blocking by 7.19%,
10.11%, and 33.50% for NSFNET and 2.47%, 3.20%, and 19.60% for UBN24 and
improves resource utilisation up to 3.40%, 4.33%, and 7.18% for NSFNET and 1.34%,
1.96%, and 6.44% for UBN24 as compared with DQN, FFE, and RF, respectively.

KEYWORDS

deep treinforcement learning, optical network, quantum key distribution, routing and resource assignment

security of optical networks, generated by using the QKD
technique [4-9] as QKD is based on the fundamental princi-

With the rise of various high security-hungry applications, such
as finance, cloud-based and several other government services,
the importance of optical network security is growing rapidly.
This decade will be expected to witness a surge in quantum
computers' availability and capability. This evolution of quan-
tum computers is expected to easily break security of the
existing and the future optical networks as their security is built
on the conventional cryptographic algorithms [1-3]. Thus, to
secure the data on optical networks, quantum key distribution
(QKD) is proposed as a solution. Quantum keys enhance the

ples of quantum mechanics, namely, the Heisenberg's uncer-
tainty principle [10] and the quantum no-cloning theorem [11],
instead of the computational complexity of algorithms [4, 5,
12]. These fundamental principles ensute that a third party
trying to eavesdrop on a secret key is easily detected. QKD
generates and distributes secret keys over an insecure
communication channel using QKD protocols, such as BB84
[13, 14] and others [7, 15-17]. The generated secret keys are
then used to encrypt/dectypt the information. The generated
quantum keys are impossible to copy because of the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided

the original work is propetly cited and is not used for commercial purposes.
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Abstract

Fiber-Wireless (FiW1i) access network is a hybrid network that offers huge bandwidth and ubiquity to the
users and is expected to play a dominant role in the emerging next generation communication networks. In
this manuscript, a novel Marine Predators algorithm (MPA) is used to optimally place multiple Optical
Network Units (ONUSs) in FiWi access network. The optimized locations are used in a developed simulation
model to assess the performance of FiWi network in terms of throughput and average propagation delay

considering peer-to-peer communication. Also, the optimizer’s performance was evaluated in terms of
fitness value, exploration, exploitation, computational complexity and nature of convergence curve. The
MPA's efficiency is benchmarked with respect to a heuristic, Greedy algorithm, as well as existing efficient

metaheuristics - Moth-Flame Optimization (MFO), Whale Optimization algorithm (WOA) and Harris-Hawks
Optimization (HHO). It was found that MPA outperforms Greedy, MFO, WOA and HHO algorithms in each of
the cases.

Introduction

Fiber-Wireless (FiWi) access network is an integrated access network, which provides huge bandwidth and
high speed to run quad play applications, such as voice, video, Internet, wireless and premium rich-media
applications (e.g., multimedia, interactive gaming and metaverse) [1], [2], [3], [4]. Fiber-Wireless (FiWi)
access network [5], [6] or Optical and Wireless Access Network (OWAN) [7] or Wireless and Optical
Broadband Access Network (WOBAN) [8] is an ultimate solution to provide cost effectiveness, robustness,
flexibility, high capacity and reliability. The advancement of new technologies has also accelerated the
development of FiWi networks [9], [10], [11], [12]. Internet of Things (IoT), cloud-based radio access network
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Abstract

Elastic optical networks technology in combination with space division multiplexing is playing a major role
to fulfil the need of increasing internet traffic. However, it suffers from resource sub-utilization due to the
traffic heterogeneity in time and bandwidth domains, and the crosstalk between the adjacent cores in a
multi-core fiber link. In this paper, we propose time and bandwidth aware traffic balancing strategies with
crosstalk consideration to efficiently utilize the spectral resources in MCF based EONs. To this end, we
utilize network features and SLA conditions to balance the traffic, in both, the time and the bandwidth
domains. In bandwidth domain, we utilize squeezing and splitting with multipath routing, and in time

domain, we use sliding and shifting. To further enhance the performance, we use a MCF structure
dependent prioritized core allocation based RMCSA strategy. Simulation results indicate superiority of the
proposed strategies in terms of different parameters of interest as compared to the benchmark strategies.

Introduction

With the proliferation of high bandwidth applications and services such as grid computing, data center
networks and ultra-high definition videos, the internet traffic in the backbone optical network has increased
manifold times [1]. At the same time, the transmission capacity of single core fiber (SCF) based optical
networks has already reached its physical limit [2]. To address these issues of increasing traffic and capacity
crunch in the existing networks, new technologies are required which can efficiently use the available fiber
spectrum and further increase the capacity of the optical transport network. Elastic optical networks (EONs)
with optical orthogonal frequency division multiplexing (OFDM) modulation technology are promising
solution to efficiently and flexibly use the available spectral resources of the optical network. To further
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Abstract: The deployment of optical network infrastructure and development of new network
services are growing rapidly for beyond 5/6G networks. However, optical networks are vulnerable
to several types of security threats, such as single-point failure, wormhole attacks, and Sybil attacks.
Since the uptake of e-commerce and e-services has seen an unprecedented surge in recent years,
especially during the COVID-19 pandemic, the security of these transactions is essential. Blockchain
is one of the most promising solutions because of its decentralized and distributed ledger technology,
and has been employed to protect these transactions against such attacks. However, the security of
blockchain relies on the computational complexity of certain mathematical functions, and because of
the evolution of quantum computers, its security may be breached in real-time in the near future.
Therefore, researchers are focusing on combining quantum key distribution (QKD) with blockchain to
enhance blockchain network security. This new technology is known as quantum-secured blockchain.
This article describes different attacks in optical networks and provides a solution to protect networks
against security attacks by employing quantum-secured blockchain in optical networks. It provides
a brief overview of blockchain technology with its security loopholes, and focuses on QKD, which
makes blockchain technology more robust against quantum attacks. Next, the article provides a
broad view of quantum-secured blockchain technology. It presents the network architecture for the
future research and development of secure and trusted optical networks using quantum-secured
blockchain. The article also highlights some research challenges and opportunities.

Keywords: quantum key distribution; blockchain; quantum-secured blockchain; optical networks;
attacks; security

1. Introduction

Optical network infrastructure and services are rapidly growing because of ever-
increasing bandwidth-hungry applications such as cloud computing, video conferencing,
video messaging, and others. However, optical networks are vulnerable to various types of
security breaches, such as service disruption attacks and physical infrastructure attacks [1,2].
Service disruption attacks degrade the performance by inserting interfering signals in
the channel for jamming and alien-wavelength attacks. Physical infrastructure attacks,
including single component failure, disaster attacks, and critical location attacks, physically
damage the optical network infrastructure, such as links or node failure. Currently, in
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Abstract

Quantum key distribution (QKD) is a promising solution to protect data transmission in optical networks
against security breaches. Hence, several studies have paid attention on integration of QKD with the existing
optical networks. Meanwhile, blocking is a challenging issue for QKD lightpath requests (QLRs) due to
limited number of network resources (wavelengths and time-slots) in existing optical networks. In QKD-
secured optical networks, the blocking increases with increase in the number of QLRs as well as with the
modifications of secret keys for enhancing the security level of QLRs. Hence, the blocking affects the QLRs of
different security levels, especially the QLRs of high and moderate security levels. Thus, the prioritization of

QLRs based on the security level is essential for reducing the impact of blocking in such networks. In this
paper, we propose a secret key assignment priority ordering policy (SKA-POP) for routing, wavelength and
time-slot assignment (RWTA) to improve the success probability of QLRs. In the proposed SKA-POP, the
resources during assignment and re-assignment are allocated based on the proposed priority criteria. The
performance of the proposed SKA-POP is analyzed in terms of the success probability and the probability of
secret key update failure (Psgyr). Simulations performed on two different network topologies, namely,
NSFNET and UBN24, indicate that the proposed SKA-POP performs better than the non-priority based RWTA
(NP-RWTA), priority order-based RWTA (POB-RWTA), partial-priority based RWTA (PP-RWTA), and a
version of SKA-POP, i.e., SKA-POP with the longest route first (SKA-POP-LRF) schemes, when the number of
QLRs (traffic load) increase in the network. .

Introduction

Optical fiber communication networks are vital for supporting exponential growth in global IP traffic as will
be seen in current decade. According to the Cisco Visual Networking Index Report, the global IP traffic will
reach an annual rate of 4.8 Zettabytes by 2022 [1]. Meanwhile, it has been observed that the increasing
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Abstract

Seed-quality is one of the most important factors for achieving the objectives of uniform seedling
establishment and high crop yield. In this work, we propose laser backscattering and deep transfer learning
(TL) based photonics sensor for automatic identification and classification of high-quality seeds. The
proposed sensor is based on capturing a single backscattered image of a seed sample and processing the
acquired images by using deep learning (DL) based algorithms. Advantages of the proposed sensor include
its ability to characterize morphological and biological changes related to seed-quality, lower memory
requirement, robustness against external noise and vibration, easy alignments, and low complexity of
acquisition and processing units. Furthermore, use of DL based processing frameworks including
convolution neural network (CNN) and various TL models (VGG16, VGG19, InceptionV3, and ResNet50)
extract abstract features from the images without any additional image processing and accelerate
classification efficiency. Obtained results indicate that all the DL models performed significantly well with
higher accuracy; however, InceptionV3 outperformed rest of the models with accuracy reaching up to
98.31%. To validate performance of the proposed sensor standard quality parameters comprising percentage
imbibition (PI), radicle length, and germination percentage (GP) were also calculated. Significant change
(p<0.05) in these parameters show that the proposed sensor can accurately monitor the quality of seeds
with higher accuracy. Moreover, experimental simplicity and DL based automatic classification make the
sensor suitable for real-time applications.

Introduction

Seeds are the foundation for agriculture, and seed quality has a significant impact on crop yield which
control the entire seed business including seed producers, breeders, traders, farmers, and distributors
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Abstract

In this paper, we present laser biospeckle technique for analyzing the impact of temperature regimes and
initial moisture content on germination characteristics of soybean seeds. A method is proposed to evaluate

the optimum values of recording angle and speckle size for standardizing the experimental parameters.
Moreover, to enhance accuracy of the technique, a new procedure based on full-field time history of speckle

pattern (FTHSP) for numerical quantification of biospeckle activity (BA) is proposed. Investigations indicate
that the BA is significantly (p<0.05) dependent on temperature and initial moisture content of seed during
germination. Obtained data revealed that these two factors regulated the time required to complete the
germination process. The results are benchmarked with standard laboratory test by calculating imbibition
rate and germination percentage. These standard laboratory tests are also in agreement with the results
acquired by using biospeckle technique. Significant positive correlation (p<0.01) between BA and standard
germination tests proves applicability of biospeckle analysis as an efficient tool for rapidly evaluating the
impact of temperature and initial moisture content on seed germination characteristics. Furthermore, it was
also found that both recording angle and size of speckle grains affect the quality of speckle patterns which
influence overall accuracy of the analysis. The key advantages of proposed analysis technique are full-field
analysis, consideration of optical inhomogeneity present in the samples, lower computation time and
complexity (as compared to other full-field techniques), zero standard deviation, and independent of image
background.

Introduction
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ABSTRACT

The abrupt increase of temperatures during and after the flowering period
of wheat is defined as terminal heat stress, and it causes severe reductions
in productivity. One hundred two durum wheat lines were evaluated
against this stress for three consecutive cropping seasons (2014-2017) in
Indore, Madya Pradesh (India). The main objectives were to assess their
grain yield potential, stability, and rheological quality characteristics
under these conditions, and identify other contributing traits to
adaptation. Combined ANOVA across environments showed significant
differences (P < 0.01) for all factors, and high broad sense heritability was
recorded for hectoliter weight, 1000-grains weight, grain yield, number of
grains per spike, spike length, days to maturity, total carotene and
sedimentation values. Grain yield showed significant (P < 0.01) positive
associated with biomass, harvest index, hectoliter weight and significant
negative associations with day to heading and maturity. Genotypes
showed explicit variation to environmental condition as supported by
significant (P < 0.01) for genotype x environment interaction (GEI). The
traits like early heading, maturing, high biomass and hectoliter weight
were the most critical traits for adaptation under terminal heat stress. To
determine effects of GEI data were subjected to GGE biplot analysis, which
identified as the most stable and performing across seasons G-30 (GW 1240)
for hectoliter weight and G-98 (Vijay) for grain yield. These entries can
now be combined via breeding to develop superior heat stress tolerant
varieties.

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004


https://doi.org/10.20900/cbgg20230004
https://cbgg.hapres.com/
mailto:F.Bassi@cgiar.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Crop Breeding, Genetics and Genomics 2 0f23

KEYWORDS: durum wheat; terminal heat stress; yield stability;
heritability; genotype x environment; Additive Main-Effects and
Multiplicative Interaction (AMMI)

INTRODUCTION

Durum wheat (Triticum turgidum spp. durum) is the 10th most
important cereal crops in the world that is grown on 8 to 10% of the total
wheat-cultivated area [1,2]. Durum wheat is mostly cultivated in the
Mediterranean basin [3] as it is used in the traditional diet in the form of
pasta, couscous, bulgur and many local food products [4-6]. The largest
durum wheat growers are the European Union, followed by Canada,
Turkey, United States, Algeria, India, Mexico, Kazakhstan, and Syria [7-14].
India is one of the prime producers of durum wheat with some 1.5 million
hectares dedicated to its cultivation each year, accounting for
approximately 10% of total wheat production [8]. In India during rabi
season 2021-22 total cultivated area of wheat was 33.2 million hectare
with the record production of around 106 metric ton and total wheat
growing area in Madhya Pradesh was 8.71 million hectare with total wheat
production was 18 million metric tons whereas durum wheat covered
around 1.3 million hectare, with production of 1.5 million metric ton
(Progress report State Department of Agriculture Government of India
2023).

The atmospheric temperature plays a critical role in determining the
growth and development of the crop. Temperatures exceeding 22 °C
detrimental for durum wheat growth, and are hence commonly defined
as “heat stress” [15-19]. When temperatures abruptly increase at the end
of the growing seasons these are defined as “terminal heat stress”. In
particular, when this occurs during or immediately after the flowering of
the crops it can be extremely damaging [8,14,20,21]. In the optic of the
globally raising temperatures, developing better varieties adapted to cope
with terminal heat stress is critical to ensure productive farming can
continue [22].

Due to the importance and difficulty of the challenge, many studies
have been conducted to assess the response of genotypes to this stress in
search of novel sources of tolerance [23-27]. The identification of stable
and high yielding genotypes is critical to achieve sustainable durum wheat
farming in arid and semi-arid regions [28,29], especially when
accompanied by strategic agronomical practices [30,31]. Grain yield in
wheat is influenced by genotype (G), environment (E), and their
interaction Genotype x environment (GEI) [29,32]. Genotypes that respond
consistently to different environmental conditions are defined as “stable”
and tend to be less influenced by GEI [33]. Because of the unpredictability
of climatic conditions, farmers are extremely interested by “stable”
varieties capable of tolerating more extreme variations. The identification
of traits contributing to stability are important for breeding new cultivars
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with improved adaptation to the environmental constraints [34-36]. It was
reported that the additive main effects and multiplicative interaction
Additive Main-Effects and Multiplicative Interaction (AMMI) model help
to distinguish the GEI pattern from the random error components [37,38].
Thus, the present study was conducted to assess the grain yield stability
and performance of 102 durum wheat genotypes under terminal heat
stress condition during three cropping seasons to identify stable genotypes.

MATERIALS AND METHODS
Genetic Material

Based on the earlier performance under various environmental
conditions, 102 genetically diverse durum wheat genotypes were selected
from the germplasm developed by the ICAR-Indian Agriculture Research
Institute, Regional Station, Indore, India (Supplementary Table S1).

Field Experiments

The field trials were carried out during three consecutive rabi seasons
2014-15, 2015-16, and 2016-17 at the ICAR-Indian Agricultural Research
Institute, Regional Station, Indore, Madhya Pradesh India. The
experimental field is situated between 22°37' N latitude to 75°50' E
longitude at 557 m above Mean Sea Level (MSL) having semi-arid and
tropical climate with temperatures shifting from 23 °C to 41 °C and 7 °C to
29 °C in summer and winter seasons, separately, in January before
flowering 7 °C to 24 °C and in February after flowering from 23 °C to 31 °C
(Figure 1). In this area, most of the rainfall is received during south-west
monsoon, i.e., between June to September, with occasional showers in
winter. The sowing was done on the 7th of December each season, which
corresponds to late sown conditions as a way to maximize exposure to
higher temperatures during the flowering transition. Sowing was done in
beds having length of 2.5 m in two row plots with a row to row spacing of
18 cm. The experimental design was a randomize block design (RBD) with
three replications. Four gravity irrigations of 30 mm were provided during
the crop cycle: germination irrigation just after sowing, vegetative stage
between 30 to 40 days after sowing, flowering time 55 to 60 days after
sowing, and milking stage 80 to 90 days from date of sowing.
Recommended agronomical practices were followed to ensure no inputs
deficiencies and minimize external effects. All agronomic parameters
were recorded (days to heading [39], days to maturity, spike length,
number of grains/spike, grain yield/plant, harvest index, and biomass) and
several rheological traits (hectoliter weight, yellow pigment,
sedimentation value, and 1000 grain weight).
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Figure 1. Temperature (°C), Humidity (%), Wind Speed (mph) during crop cycle over the years.

Statistical Analysis

Genstat release 16.1 [40] was used for computing descriptive statistics
and correlation analysis. The combined analysis of variance (ANOVA) was
performed using Genstat release 16.1 [40], considering genotypes as fixed
effects, while years and replications were considered as random effects.
The broad sense heritabilities were calculated for each trait using the
standard equation [41]. The Additive Main-Effects and Multiplicative
Interaction (AMMI) model [42] was run using the Genstat software version
16.1 [40]. The GGE biplot [43,44], was constructed using entry means from
each environment for grain yield and quality traits using Genstat software
version 16.1 [40]. The GGE biplots model was calculated as follows:

(Y = Yj) = MEanj + MEanj, + ey 1

Where, Y; = average yield of i genotype in j® environment, Yj =
average yield over all genotypes in j® environment and A1§i1nj and Ax&in;2
= collectively the first and second principal component (PC1 and PC2); A1
and A, = singular values for the first and second principal components, PC1
and PC2, respectively; &1 and & = PC1 and PC2 scores, respectively for the
i genotype; nu and njz = PC1 and PC2 scores, respectively for jo
environment; and e; = residual of the model associated with the i™
genotype in the j® environment.

RESULTS

The descriptive results for the combined analysis across seasons are
presented in Table 1. Mean value of selected traits based on BLUEs of
genotypes 2014-2017 showed diversity among the genotypes.
(Supplementary Table S2). The set of genotypes tested generated a
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potential genetic gain of 20.8% for grain yield over the mean, and rates
ranging from 3.8% for Days to maturity to 38.0% for total carotene.

Table 1. Mean, range, standard error, genetic advance, genetic advance over mean for different traits in
durum wheat under terminal heat stress condition.

Traits Mean Max Min SE+ Genetic advance GA over mean (%)
DF (days) 74.8 81.8 61.7 0.6 6.6 8.8
DM (days) 113.1 116.2 101.9 04 4.3 3.8
SL (cm) 7.3 9.5 5.8 0.0 1.1 15.2
NG 51.6 68.8 33.6 2.9 12 23.3
BM (g) 55.9 71.3 42.5 7.6 8.1 14.5
HI (%) 34.8 45.1 271 4.3 6.8 19.6
TGW (g) 48.3 59.7 39.2 1.7 7.8 16.1
HW (g) 78.4 82.1 70.6 1.1 4.0 5.1
T. Car. (ppm) 4.5 7.7 2.7 0.1 1.7 38.0
SDS (mL) 324 43.2 22.3 1.6 6.9 21.3
GY () 18.8 26.8 13.9 04 3.9 20.8

Max: Maximum; Min: Minimum; GA: genetic advance; DF: day to heading; DM: days to maturity; SL: spike length; NG:
number of grains/spike; BM: biomass; HI: harvest index; TGM: 1000 grain weight; HW: hectoliter weight; T. Car.: total

carotene; SDS: sedimentation value; GY: grain yield/plant.

Table 2. Combined analysis of variance for 102 durum wheat genotypes across three cropping seasons
under heat stress conditions.

Statistic DF DM

SL NG BM HI TGW HW T.Car. SDS GY

H? 0.88 0.72
GV 10.9%*  4,7**
GxE 4.4%*%  53**
RV 0.6 0.4
GM 748  113.1
LSD 3.2 3.2

CV (%) 1.0 0.6

0.74 0.77 0.54 0.31 0.78 0.86 0.71 0.70 0.77
0.4**  36.9%* 21.2%*  4.2%* 16.0** 4.6%* 0.8** 12.7** 4.0**
0.4**  31.6** 51.9**  26.9** 13.2%* 1.9%* 1.0%* 15.5%* 3.6%*
0.1 2.9 7.6 3.8 1.7 1.1 0.1 1.6 0.4
7.3 51.6 55.9 34.8 48.3 78.4 4.5 324 18.8
0.8 8.1 8.7 4.7 5.3 2.2 1.4 5.4 2.7
3.0 3.3 4.9 5.6 2.7 1.3 8.5 3.9 3.3

** significant at 5% and 1% level of probability, respectively; H% Heritability; GV: Genotypic Variance; G x E: Genotypic x Environment;

RV: Residual Variance; GM: Grand Mean; LSD: Least significant difference; CV: Coefficient of variation; DF: day to heading; DM: days

to maturity; SL: spike length; NG: number of grains/spike; BM: biomass; HI: harvest index; TGW: 1000 grain weight; HW: hectoliter

weight; T. Car.: total carotene; SDS: sedimentation value; GY: grain yield/plant.

In Table 2 is summarized the descriptive statistics for the combined
analysis. All the studied traits over the years revealed significant effects
(P <0.01) for the years. The coefficient of variation (CV) for the investigated
traits across environments varied between 0.58% (days to maturity) to
8.49% (total carotene). The lowest CV was observed for number of grains
per spike (3.33%), followed by sedimentation value (3.94%), biomass
(4.94%), harvest index (5.26%), and highest for total carotene (8.49%). The
heritability ranges from 0.31 (harvest index) to 0.88 (days to heading)
across the environments. The heritability for grain yield across
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environments was 0.77, indicating the influence of environment on grain
yield, but also indicating that efficient selection and genetic gain can be
made. High estimates of heritabilities were observed for hectolitre weight
(0.86), followed by 1000 grain weight (0.78), grain yield (0.77), number of
grains per spike (0.77), spike length (0.74) and other traits like days to
maturity, total carotene and SDS values were an indicator that these traits
have a strong genetic component under limited environmental influence.

Phenotypic Correlation among the Traits under Terminal Heat Stress

Phenotypic correlations between grain yield and the other traits are
presented in Table 3 (Supplementary Figure S1). The most significant (P <
0.01) contributing traits were biomass (0.63), harvest index (0.45),
hectoliter weight (0.23), while significant (P < 0.01) negative correlation
were identified with day to heading (-0.17) and days to maturity (-0.18).
As it can be expected, day to heading showed highly positive association
with days to maturity (0.80) but also number of grains/ spike (0.26), total
carotene (0.29), and a negative association with spike length (-0.26) and
1000-grains weight (-0.41). The number of grains/spike showed positive
association with hectoliter weight (0.41), total carotene (0.26). and
sedimentation value (0.24). Biomass showed negative association with
harvest index (-0.39).

Table 3. Phenotypic correlation coefficients between mean yield and other traits across three cropping

seasons under heat stress conditions.

Traits DF DM SL NG BM HI TGW HW T. Car. SDS
DM 0.80**

SL -0.26**  -0.26™*

NG 0.26** 0.15m 0.04nrs

BM -0.13™  -0.06™¢ 0.19* 0.19*

HI -0.03 -0.10" -0.12» -0.10™  -0.39**

TGW -0.41**  -0.28** 0.14™  -0.18* 0.11™  -0.03m

HW 0.051s -0.03 1 -0.21**  0.41** 0.19* 0.04ns 0.03 s

T.Car. 0.29** 0.32%* 0.06™  0.28** 0.05»  -0.06™ -0.20* 0.06™

SDS 0.081s 0.04ns 0.02™  0.24** -0.08™ 0.17* -0.02» 0.21* 0.29**

GY -0.17* -0.18* 0.13™  0.11™ 0.63**  0.45%* 0.07™  0.23** 0.01™  0.09™

*, ** significant at 5% and 1% level of probability, respectively; ns: non-significant; DF: day to heading; DM: days to

maturity; SL: spike length; NG: number of grains/spike; BM: biomass; HI: harvest index; TGW: 1000 grain weight; HW:

hectoliter weight; T. Car.: total carotene; SDS: sedimentation value; GY: grain yield/plant.

Stability Analysis for Grain Yield and Other Trait by Additive Main-
Effects and Multiplicative Interaction (AMMI) Biplot Analysis

Additive Main-Effects and Multiplicative Interaction (AMMI) was
performed for grain yield to assess GEI (Supplementary Table S3). Biplot is
the most powerful interpretive tool for Additive Main-Effects and
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Multiplicative Interaction (AMMI) model. We constructed a biplot for each
trait where the main effects and IPCA scores are plotted against each other
for genotypes and environments (Supplementary Table S3).

DF: The distribution of the environments indicates that the
environments used are distinct for this trait. PCA 1 and PCA 2 were both
significant and accounted for 63.4% and 36.6% of the phenotypic variance,
respectively. The biplot placed indicated that G-11 (Bijaja Red), G-47 (HI
8653), G-8 (B 4447-BA) and G-81 (NIDW 70) were the most stable genotypes
under terminal heat stress condition (Figure 2a,b).
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Figure 2. (a) The “which-won-where” view of the GGE biplot based on the G x E data for days to flowering.
It explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled
as E1 to E3. (b) The biplot display of days to heading (DtH), biplot explains variability and regression
coefficient of genotypes, it also explains adaptability and stability of the genotypes for days to heading,
under terminal heat stress conditions.

SL: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI)
biplot for spike length showed that PCA 1 and PCA 2 were significant. PC1
and PC2 accounted for 54.4% and 45.6% of variance respectively. It means
that by using PC1 and PC2, the analysis could explain 100% variation
(Supplementary Table S3). The genotypes G-19 (DWL 5023), G-24 (GW 2),
G-26 (GW 1139), G-4 (HI 8550), G-40 (HI 8498), G-42 (HI 8591), G-44 (HI 8627),
G-45 (HI 8638), G-48 (HI 8663), G-51 (HI 8691) and G-6 (Amrut) were the
most adaptable genotypes for spike length, similarly G-27 (GW 1170), G-4
(AKDW 4240) and G-90 (Raj 6516) were the most stable genotypes and G-4
(AKDW 4240) was the most adaptable and stable genotypes for spike
length yield under terminal heat stress condition.

NG: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI)
biplot for number of grains/spike showed that PCA 1 and PCA 2 were
significant. PC1 and PC2 accounted for 52.3% and 47.7% of variance
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respectively. It means that by using PC1 and PC2, the analysis could
explain 100 % variation (Supplementary Table S3). The distribution of the
environments in the biplot with variable environment means and IPCA

scores indicate that the environments b

ehaved very distinct compared

each other and selecting of the adaptable and high yielding genotypes

among these environments will be use

ful for terminal heat stress in

durum wheat. Among the environments, E2 had short vectors and they did
not exert strong interactive forces while E1 and E3 with long vectors were
more differentiating environments. The genotypes near the origin are not
sensitive to environmental interaction and those distant from the origin
are sensitive and have more G x E interactions. The genotypes G-1 (A-9-30-
1), G-100 (WH 912), G-3 (AKDW 4151), G-38 (HI 7747), G-39 (HD 4709), G-5
(Altar), G-52 (HI 8722), G-53 (IWP 5004-1), G-56 IWP 5013), G-74 (MPO 215),
G-86 (PDW 233) and G-99 (WH 896) were the most adaptable genotypes for
number of grains/spike, similarly G-12 (Bijaga Yellow) and G-55 IWP 5013)
were the most stable genotypes for number of grains/spike under terminal

heat stress condition (Figure 3a,b).
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Figure 3. (a) The “which-won-where” view of the GGE biplot based on the G x E data for days to flowering.
It explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled

as E1 to E3. (b) The biplot display of number of grains per spike (NG),
regression. coefficient of genotypes, it also explains adaptability and stabil
of grains per spike under terminal heat stress conditions.

biplot explains variability and
ity of the genotypes for number

BM: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI)

biplot for biomass showed that PCA 1 and

PCA 2 were significant. PC1 and

PC2 accounted for 74.6% and 25.4% of variance respectively. It means that

by using PC1 and PC2, the analysis

could explain 100% variation

(Supplementary Table S3). Among the environments, E2 had short vectors
and they did not exert strong interactive forces while E1 and E3 with long
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vectors were more differentiating environments. The genotypes near the
origin are not sensitive to environmental interaction and those distant
from the origin are sensitive and have more G x E interactions. The
genotypes G-25 (GW 1114), G-27 (GW 1170), G-30 (GW 1240), G-31 (GW
1244), G-37 (HG 110), G-40 (HI 8498), G-51 (HI 8691), G-55 (IWP 5013), G-6
(Amrut), G-62 (Line 1172), G-77 (N 59), G-82 (NIDW 295), G-89 (Raj 6069)
and G-90 (Raj 6516) were the most adaptable genotypes for biomass,
similarly only G-12 (Bijaga yellow) was the most stable genotype for
biomass under terminal heat stress condition.

HI: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI)
biplot for harvest index showed that PCA 1 and PCA 2 were significant. PC1
and PC2 accounted for 66.8% and 33.2% of variance respectively and IPC3
contribute 0.0% variation of the total with Pr. F value more than 0.00. It
means that by using PC1 and PC2, the analysis could explain 100 %
variation (Supplementary Table S3). Among the environments, E2 had
short vectors and they did not exert strong interactive forces while E1 and
E3 with long vectors were more differentiating environments. The
genotypes near the origin are not sensitive to environmental interaction
and those distant from the origin are sensitive and have more G x E
interactions. The genotypes G-10 (Baxi 228-18), G-15 (DBP 01-09), G-25 (GW
114), G-27 (GW 1170), G-5 (Altar 84), G-50 (HI 8671), G-6 (Amrut), G-71
(Mandsaur local), G-74 (MPO 215), G-77 (N 59), G-89 (Raj 6069), G-9 (Bansi
local) and G-97 (VD 97-15) were the most adaptable genotypes for harvest
index, similarly G-33 (HD 4502), G-41 (HI 8550), G-77 (N 59) and G-91 (Raj
6562) were the most stable genotypes and G-77 (N 59) was the most
adaptable and stable genotypes for harvest index under terminal heat
stress condition.

TGW: PCs of Additive Main-Effects and Multiplicative Interaction
(AMMI) biplot for 1000 grain weight showed that PCA 1 and PCA 2 were
significant. PC1 contribute 52.9% variation to the total whereas PC2
contribute 47.1% to the total variation. It means that by using PC1 and PC2,
the analysis could explain 100% variation (Supplementary Table S3).
Additive Main-Effects and Multiplicative Interaction (AMMI) biplot placed
genotypes G-10 (Baxi 228-18), G-11 (Bijaga Red), G-14 (CPAN 6236), G-29
(GW 1225), G-31 (GW 1244), G-44 (HI 8627), G-45 (HI 8638), G-46 (HI 8645),
G-47 (HI 8653), G-48 (HI 8663), G-66 (MACS 2846), G-68 (MACS 3063), G-71
(Mandsaur local) and G-91 (Raj 6562) were the most adaptable genotypes
for 1000 grain weight, similarly G-67 (MACS 3061) and G-82 (NIDW 70)
were the most stable genotypes and G11 (Bijaga Red) and G-8 (B 4447-BA)
were the most adaptable and stable genotypes for 1000 grain weight under
terminal heat stress condition (Figure 4a,b).
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Figure 4. (a) The “which-won-where” view of the GGE biplot based on the G x E data for TGW. It explained
100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled as E1 to E3.
(b) The biplot display of 1000 grain weight, biplot explains variability and regression coefficient of genotypes,
it also explains adaptability and stability of the genotypes for 1000 grain weight under terminal heat stress

conditions.

HW: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI)
biplot for hectoliter weight showed that PCA 1 and PCA 2 were significant.
PC1 and PC2 accounted for 69.9% and 30.1% of variance respectively. It
means that by using PC1 and PC2, the analysis could explain 100%
variation (Supplementary Table S3). Among the environments, E1 had
short vectors and they did not exert strong interactive forces while E2 and
E3 with long vectors were more differentiating environments. The
genotypes G-10 (Baxi 228-18), G-15 (DBP 01-09), G-25 (GW 114), G-27 (GW
1170), G-5 (Altar 84), G-50 (HI 8671), G-6 (Amrut), G-71 (Mandsaur local), G-
74 (MPO 1215), G-77 (N 59), G-89 (Raj 6069), G-9 (Bansi local) and G-97 (VD
97-15) were the most adaptable genotypes Hectoliter weight, similarly G-
22 (Guji ‘S"), G-26 (GW 1139), G-30 (GW 1240), G-50 (HI 8671), G-68 (MACS
3063), G-83 (NP 4) and G-87 (PDW 245) were the most stable genotypes and
G-30 (GW 1240) was the most adaptable and stable genotypes for hectoliter
weight under terminal heat stress condition.

T. Car.: For total carotene, Additive Main-Effects and Multiplicative
Interaction (AMMI) biplot analysis between the mean values and the mean
of IPCA scores (Figure 5a,b) indicated that there is no much distinct
behavior among the environments. PCs of Additive Main-Effects and
Multiplicative Interaction (AMMI) biplot showed that PCA 1 and PCA 2
were significant. PC1 and PC2 accounted for 66.9% and 33.1% of variance
respectively. It means that by using PC1 and PC2, the analysis could
explain 100% variation (Supplementary Table S3). Additive Main-Effects
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and Multiplicative Interaction (AMMI) biplot placed genotypes G-18
(Dohad local), G-19 (DWL 5023), G-24 (GW 2), G-25 (GW 1114), G-30 (GW
1240), G-67 (MACS 3061), G-71 (Mandsaur local), G-74 (MPO 215), G-77 (N
59), G-78 (NI 5759), G-96 (V 21/23) were the most adaptable genotypes for
total carotene under terminal heat stress condition.
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Figure 5. (a) The “which-won-where” view of the GGE biplot based on the G x E data for total carotene. It
explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled
as E1 to E3. (b) The biplot display of total carotene (T. car.), biplot explains variability and regression.
coefficient of genotypes, it also explains adaptability and stability of the genotypes for total carotene under

terminal heat stress conditions.

SDS value: For sedimentation value, Additive Main-Effects and
Multiplicative Interaction (AMMI) biplot analysis between the mean
values and the mean of IPCA scores (Figure 6a,b) indicated that there is no
much distinct behavior among the environments. PCs of Additive Main-
Effects and Multiplicative Interaction (AMMI) biplot showed that PCA 1
and PCA 2 were significant. PC1 and PC2 accounted for 60.1% and 39.9% of
variance respectively. It means that by using PC1 and PC2, the analysis
could explain 100% variation (Supplementary Table S3). Additive Main-
Effects and Multiplicative Interaction (AMMI) biplot placed genotypes G-
19 (DWL 5023), G-24 (GW 2), G-27 (GW 1170), G-31 (GW 1244), G-32 (GW
1245), G-34 (HD 4672), G-5 (Altar 84), G-63 (MACS 9), G-72 (Meghdoot), G-89
(Raj 6069), G-90 (Raj 6516) and G-95 (Trinakria) were the most adaptable
genotypes for sedimentation value, similarly G-19 (DWL 5023) and G-52
(HI 8722) were the most stable genotypes and G-19 (DWL 5023) was the
most adaptable and stable genotypes for sedimentation value under
terminal heat stress condition.(Figure 6a,b).
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Grain yield/plant: PCs of Additive Main-Effects and Multiplicative
Interaction (AMMI) biplot for grain yield/plant showed that PCA 1 and PCA
2 were significant. PC1 and PC2 accounted for 61.7% and 38.3% of variance
respectively. It means that by using PC1 and PC2, the analysis could
explain 100% variation (Supplementary Table S3). Among the
environments, E2 had short vectors and they did not exert strong
interactive forces while E1 and E3 with long vectors were more
differentiating environments. The genotypes near the origin are not
sensitive to environmental interaction and those distant from the origin
are sensitive and have more G x E interactions.

The genotypes G11 (Bijaga Red), G12 (Bijaga yellow), G-13 (CDW 04), G-
44 (HI 8627), G-56 IWP 5070), G-64 (MACS 1967), G-69 (MACS 3125), G-8 (B
447-BA), G-90 (Raj 6516), G-96 (V 21/23), G-98 (Vijay) and G-99 (WH 912)
were the most adaptable genotypes for grain yield, similarly G-2 (A 206),
G-27 (GW 1170), G-38 (HI 7747), G-83 (NP 4) and G-98 (Vijay) were the most
stable genotypes and G-98 (Vijay) was the most adaptable and stable
genotypes for grain yield under terminal heat stress condition.
(Supplementary Table S4) (Figure 7a,b). Diversity of most stable genotypes
were observed for various traits under terminal heat stress over the years
(Table 4).

Table 4. Performance of genotypes for various traits over the years under terminal heat stress conditions.

Overall Yield EarlyDtH BM TGW SL T. Car. SDS NG

HI 8627 BijajaRed GW 1114 Baxi228-18 DWL 5023 Dahodlocal DWL 5023 A-9-30-1

Bijaga yellow  HI 8653 GW 1170  Bijaga Red GW 2 DWL 5023 GW 2 WH 912

CDW 04 B4447-BA GW 1240 CPAN6236 Gw 1139 GW 2 GW 1170 AKDW 4151

IWP 5070 NIDW 70 HG 110 GW 1225 HI 8550 GW 1114 GW 1244 HI 7747

MACS 1967 HI 8498 HI 8627 HI 8498 GW 1240 GW 1245 HD 4709

MACS 3125 HI 8691 HI 8645 HI 8591 MACS 3061 MACS 9 Altar

Raj 6516 IWP 5013 HI8653 HI 8627 MPO 215 Meghdoot HI 8722

V 21/23 Line 1172 HI 8663 HI 8638 N 59 Raj 6069 IWP 5004-1

HI 7747 Raj 6069  MACS 2846  HI 8663 NI 5759 HD 4672 PDW 233

NP 4 Raj6516  MACS 3063  HI 8691 V 21/23 HI 8722 WH 896
DISCUSSION

High temperature occurring during reproduction and grain filling

period reduce wheat productivity [20,45,46]. The use of delayed sowing
ensured that flowering and grain filling stages occurred under warmer
conditions (Figure 1) [18]. Our results confirmed that genetic diversity
exists for the response to terminal heat stress, with some genotypes better
suitable to tolerate this stress. High heritability values were exhibited for
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most traits, suggesting that genetic gain is possible for them. This is
accordance with what previously reported [47,48]. Low heritability values
of traits like biomass and harvest index suggest that selection for these
characters would not be effective due to predominant effects of non-
additive components and the high influenced by the environmental
factors [33,49-52].

Maximum expected genetic advance was observed for total carotene,
number of grains per spike, sedimentation value, grain yield/plant and
harvest index promoting these for breeding selection [53]. Especially,
those traits with high heritability and high genetic advance are the most
interesting targets for breeders [54-56]. Bijaga Red, Bijaga yellow, CDW 04,
HI 8627, IWP 5070, MACS 1967, MACS 3125, B 447-BA, Raj 6516, V 21/23,
Vijay and WH 912 were the most adaptable genotypes for grain yield, were
the most adaptable genotypes for grain yield, similarly A 206, GW 1170, HI
7747, NP 4 and Vijay were the most stable genotypes and Vijay was the
most adaptable and stable genotypes for grain yield under terminal heat
stress condition [57,58].

Under terminal heat stress, our correlation study confirmed that
genotypes heading and maturing earlier tend to yield significantly more.
Furthermore, high biomass production was confirmed to be a critical trait
for adaptation, together with hectoliter weight [59-61]. However, it is
valuable to underline that grains number and TGW were not important to
determine overall performances of genotypes under terminal heat stress
[62,63]. Hence, breeders interested in developing varieties better adapted
to terminal heat stress should target short duration types capable of
producing high biomass and converting it to yield via seeds having high
hectoliter weight, but not TGW [64-71]. Our results also suggest genotypic-
dependent heat stress effects on grain quality attributes as suggested by
[72-75].

Stability Analysis for Grain Yield and Other Trait by Additive Main-
Effects and Multiplicative Interaction (AMMI) Biplot Analysis

Combined analysis of variance showed that both genotype and
environment mean sum of squares were significant for grain yield as it
was in the ADDITIVE MAIN-EFFECTS AND MULTIPLICATIVE
INTERACTION (AMMI) model. Biplot analysis was conducted and
visualized to determine the differences among the environments, to
evaluate stable and wide adaptable genotypes, and to evaluate the
environments which differentiates the genotypes. In this biplot, the usual
interpretation of a biplot assay is that if a genotype or an environment has
IPCA score nearly zero, it has small interaction effects and found to be
stable, results of present study are in conformity with [76-84]. The
distribution of the environments in the biplot with variable environment
means and IPCA scores indicate that the environments behaved very
distinct compared to each other and selection of the adaptable and high
yielding genotypes among these environments will be useful for late heat
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stress in durum wheat. In the current study, environments E1 and E3 had
long vectors which resulted in most variation to differentiate the
genotypes [85-95]. A 206, GW 1170, HI 7747, NP 4 and Vijay were the most
adaptable and stable genotypes over the years. On the basis of adaptation
and stability, genotypes G-11 (Bijga Red), G-8 (B 4447-BA) for day to
heading, G-97 (VD 97-15) for days to maturity, G-4 (AKDW 4240) for spike
length, G-77 (N 59) for harvest index, G-30 (GW 1240) for hectoliter weight,
G-19 (Bansi local for sedimentation value) and G-98 (Vijay) for grain yield
were highly adapted and most stable for different traits across the
environments, and can be used in convergent durum wheat breeding
program to develop heat stress tolerant varieties.

SUPPLEMENTARY MATERIALS

The following supplementary materials are available online at
https://doi.org/10.20900/chgg20230004. Supplementary Table S1: List of
genotypes used in the experiment. Supplementary Table S2: Mean value
of selected traits based on BLUEs of genotypes 2014-2017. Supplementary
Table S3: Analysis of variance of principle components of biplot genotype
and location of the traits across three cropping seasons under heat stress
conditions. Supplementary Table S4: Performance of genotypes for
adaptability, stability and both genotypic adaptability and stability for all
the selected traits under terminal heat stress conditions. Supplementary
Figure S1: The biplot based on the correlation data for grain yield with
other yield contributing traits. It explained 69.74% of the total G + GE
where PC1 and PC2 accounted for 42.36% and 27.38% of variance
respectively.
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e DS GG Polycyclic aromatic hydrocarbons are persistent organic pollutants causing serious environmental

c J problems, being toxic to plants and difficult to remediate. Pyrene is one such extremely dangerous
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Suleyman Allakhverdiev transport were reduced in plants grown in pyrene contaminated soil while significant recovery in

these parameters was observed in plants grown in pyrene + B. subtilis treated soil. Activity levels of
dehydrogenase and lipase enzymes significantly recovered in pyrene + B. subtilis treated soil. After
extraction of pyrene from soil and soybean plant, concentration of pyrene was lowered in
pyrene + B. subtilis treated soil and plants. These findings suggest efficient degradation of pyrene
by B. subtilis. About 70% degradation of pyrene was achieved in soil using B. subtilis; thus it is a
useful strain for crop improvement in pyrene polluted soil.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) fall under the category of hazardous pollutants
that remain in the environment for a long time due to their hydrophobicity and chemical
stability. PAH contamination has mutagenic and carcinogenic effects on the environment in
addition to acute toxicity (Aksmann et al. 2014; Mojiri et al. 2019). PAHs, in particular, may
be harmful to the flora and fauna of an affected area, resulting in their uptake and
accumulation in the food chain (Chauhan et al. 2008). The widespread distribution of
PAHs, as well as their persistence and potentially deleterious effects on the environment,
has piqued researchers’ curiosity (Henner et al. 1997).

Soil is considered a reservoir of PAHs. Presence of PAHs in soils may influence hazardous
effects on several biological constituents of the environment, including plants and microbes
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bioavailability of PAH to soil microbes. In general, products
released from hydrocarbon breakdown produce the substrates
for hydrolases including esterase-lipase (Kosaric 2001).
Estimation of soil lipase activity is a useful tool to monitor
the rate of biodegradation in soil (Margesin et al. 1999).
The hydrocarbon content is negatively correlated with soil
lipase activity in natural and bioremediated soil (Margesin
et al. 2002).

Plants are essential ecosystem components and are
exposed to a variety of external factors (Sharma et al. 2018).
Various environmental factors such as low and high light
intensity, extreme temperature conditions, salinisation, lack
of some mineral nutrition, water supply, poor soil quality,
drought, and different forms of pollution may significantly
impact plant photosynthetic function (Allakhverdiev 2020;
Brestic et al. 2021). PAHs which are extremely toxic
pollutants come into contact with plants in a variety of
ways, including soil, air, and water. The toxicity of such
environmental contaminants has been reported in a variety
of plant species, with impacts including germination, growth,
photosynthesis and biomass retardation (Marwood et al.
2001; Molina and Segura 2021). Previous research has
revealed that PAHs show impact on primary and secondary
photosynthetic processes (Tomar and Jajoo 2015), by
entering plants through stomata or the root system (Kuhn
et al. 2004). Exposure of plants to PAHs causes significant
alterations in the structure and function of photosynthetic
machinery (Tomar and Jajoo 2013; Kreslavski et al. 2017,
Jain and Jajoo 2020). PAH toxicity can impair growth
rate, chlorophyll content, and photosynthetic rate of algae
and higher plants (Kummerova et al. 2006; Aksmann and
Tukaj 2008; Jajoo et al. 2014). Studies have also reported
reduction in the activity of the oxygen evolving complex
and electron transport chain in Pisumsativum (Kummerova
et al. 2006; Desalme et al. 2013).

Pyrene is a tetracyclic aromatic hydrocarbon with a
symmetrical structure. Pyrene has low biodegradability and
high persistency in the environment, and is taken into
account as a priority pollutant by the US Environmental
Protection Authority (EPA) due to its carcinogenic and
mutagenic effects (Boll et al. 2015). Reduction in root and
shoot length and fresh and dry biomass in barley (Hordeum
vulgare) due to pyrene toxicity has been reported (Khan
et al. 2014). Decreased root length of wheat was observed
with increased concentration of pyrene (Fang et al. 2005).
It has been also reported that toxicity of pyrene is
associated with a reduction in soil dehydrogenase activity
(Lipiniska et al. 2021).

PAHs are chemically stable compounds with half-lives
that range from months to years in soil. Considering the
toxic and persistent nature of PAHs, researchers have to
focus totally on their remediation (Luch 2005; Sivaram et al.
2017). Over the last three decades, many bacteria have been
found to degrade PAHs by metabolism or co-metabolism.
Microbiological treatment of PAH-contaminated soil is an

B

eco-friendly technique which provides complete pollutant
degradation and minimal soil disturbance (Habe and Omori
2003; Peng et al. 2014). Some previous studies looked into
the degradation of PAHs utilising Bacillus sp. (Toledo et al.
2006; Seo et al. 2009). The catabolic enzyme system and
spore formation ability of Bacillus sp. promote degradation
of petroleum compounds (Nanekar et al. 2015). The
Bacillus subtilis strain NCIM 5594, (National Collection of
Industrial Microorganisms accession number) was selected
for this study due to its biosurfactant production ability and
high degradation potential. Biosurfactants are less toxic and
environmentally friendly compounds that play an important
role in the degradation of PAH compounds by increasing
the surface area of substrates, making them suitable for use
as green surfactants (Sachdev and Cameotra 2013).

In this study we have evaluated the toxic effect of pyrene
(henceforth PYR) on plants’ photosynthesis in the presence
and absence of B. subtilis (NCIM 5594 strain). The majority
of the discoveries have been conducted independently,
either regarding PAH degradation or about PAH effects on
plants, but no integrated research has been done on PAH
effects on plant photosynthesis and PAH degradation. This
study looked at the effects of bacteria on plant photosynthesis
in terms of energy absorption, trapping, electron transport,
and photosystem II (PSII) quantum yield, as well as fresh
and dry weight in soybean plants growing in PYR treated
soil. This research looked at how the soybean plant
absorbed and degraded PYR in the presence and absence of
bacteria. This is the first comprehensive report, to our
knowledge, that explains the protective role of B. subtilis
(NCIM 5594) on the photosynthetic process of soybeans
under PYR stress.

Materials and methods

Pyrene preparation

Pyrene (PYR; Sigma Aldrich, St. Louis, MO, USA) was
dissolved in 100% acetone to make 50 mL of stock solution
(45 mM). This PYR stock solution was delivered to water to
final PYR concentrations of 200 pM. It was found that the
concentration of dissolvent did not affect seed germination
and growth of seedlings and other physiological parameters
(Tomar and Jajoo 2013).

Germination of soybean seeds

Soybean (Glycine max) JS-335 seeds were placed into petri
dishes (12 cm diameter, 25 seeds per dish) on disks of
Whatman filter paper using 15 mL distilled water in control
(without PYR) and respective PYR solutions in treatments.
These seeds were placed in the dark at 23 + 2°C for 8 days
(Upadhyaya et al. 2017). Germination rate was measured
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after 4 days and root and shoot lengths were measured after
8 days of germination.

Cultivation of plants

Soybean (G. max; JS-335) cultivar was used as plant material.
Healthy seeds of uniform size and shape were sowed in 39 cm
(Iength) pots containing 12 kg of medium black soil (pH 7.5);
(1:2.5 soil:water ratio); organic carbon (0.05%); Olsen P
(6.2 mg/kg); mineral N (6.4 mg/kg). Eight seeds were
sown in each pot and allowed to germinate on terrace of
Department of Life Sciences, Devi Ahilya University, Indore,
India (latitude 22°43'N) (www.accuweather.com) in natural
conditions during July to October (28°C; +0.2°C). Pots were
divided into four categories: T1 (Control plants without PYR
and B. subtilis treatment), T2 (plants with only B. subtilis
treatment), T3 (plants with only PYR treatment), T4 (plants
with both PYR and B. subtilis treatment). Four pots were
kept for each treatment and the experiment was repeated
three times. Plants were replenished daily with normal tap
water in T1 and T2, 200 uM PYR in T3 and T4 sets. 108
colony forming units (CFU)/mL B. subtilis cells were applied
after every 5 days in T2 and T4. Measurement of chlorophyll
content, chlorophyll a (Chl a) fluorescence induction kinetics
and fresh and dry weight was performed after 50 days of
cultivation of plants. Enzymatic activity was measured after
every 5 days until 50 days.

Bioinoculum preparation

The B. subtilis (NCIM 5594) bacterial strain was used in
this study. This bacterial strain was grown to mid-log phase
(108-10° CFU/mL) in nutrient broth medium with contin-
uous shaking at 150 rpm at 37°C to prepare the inoculum.
The cells were harvested by centrifuging the broth at
10 000g for 10 min to acquire bacterial cells, and washed
by sterile water twice to remove the nutrition in bacterial
cells. Bacterial suspension was prepared by mixing of
purified cell with sterile water. Absorbance of the bacterial
suspension was adjusted to 1 at 600 nm (the biomass was
approximately of 108 CFU/mL).

Measurement of chlorophyll (Chl) a fluorescence
induction kinetics

Measurement of chlorophyll (Chl) a fluorescence was done
using Plant Efficiency Analyser (Handy PEA) (Hansatech
Norfolk, England, UK). Measurements were taken from the
centre of the well-developed leaves (Brestic et al. 2018).
15-20 measurements were done for each replicate. Before
recording, the plants were dark adapted for 30 min. Leaves
show a polyphasic rise where the O-J phase (ends at ~2 ms),
the J-I phase (ends at ~30 ms), and I-P phase (ends at
~500 ms) represent the phases of O-J-I-P chlorophyll a
fluorescence transient in leaves. The O to J phase is

associated with the net photochemical reduction of quinone
A to reduced quinone A (Qa to Qa7). The intermediate I
step and the final P step have been hypothesised due to
presence of a fast and slow reducing plastoquinone (PQ)
pool, as well as due to various redox states of the reaction
centres (RC) of PS II which facilitate reduction of PQ pool.
Also O = F, for a dark-adapted sample, P = F,, for a dark-
adapted sample, J and I = time points taken for J and I
step, respectively. An alteration of PSII energy fluxes in
response to PYR + B. subtilis was also measured using Biolyzer
HP-3 software. Various parameters, such as the efficiency
of light absorption, trapping, and electron transport and
dissipation per cross section of PSII, are indicated by
ABS/CSm, TRo/CSm, ETo/CSm and DIo/CSm, respectively
(Tsimilli-Micheal and Strasser 2008).

Measurement of total chlorophyll content

The total chlorophyll content of 50 day old plants was
measured using a Leaf SPAD chlorophyll meter [FT Green
LLC (USA)] according to Zhu et al. (2012). Measurements
were performed between 11:00 AM and 12:00 PM under
natural sunlight (Mathur et al. 2018).

Biomass estimation

Fresh and dry weight of shoot and root was determined in four
replicates (three plants of each set randomly selected) after
50 days in control and all treatments. Each part was cut
into small pieces and weighed for fresh biomass (FM). The
same samples were then oven dried at 180°C for 4 h and
then weighed for dry mass (DM) (Sharma et al. 2018).

Determination of soil enzymatic activities

Measurement of dehydrogenase activity

Soil dehydrogenase activity (DHA) was estimated by
reducing 2,3,5-triphenyl-tetrazoliumchloride (TTC), according
to the procedure of Casida et al. (1964). Soil (1 g) samples
(in triplicate) of each treatment were mixed with 0.02 g
CaCl,, 0.6% (w/v) TTC, 1% glucose and 1 mL distilled water
followed by incubation of 24 h at 37°C. Then, extraction of
triphenyltetrazolium formazan (TPF) was performed with
ethanol. After filtering the extracts, the absorbance was
measured at 485 nm. The amount of triphenyltetrazolium
formazan (TPF) formed was calculated using a standard plot.

Measurement of lipase activity

Soil lipase activity was estimated according to Margesin
et al. (2002). Field-moist soil (0.1 g) was weighed (three
replicates), mixed with 5 mL 100 mM NaH,PO,/NaOH
Buffer (pH 7.2) and pre-warmed at 30°C in a water bath for
10 min. Then 50 pL of substrate solution [100 mM para-
nitrophenyl acetate (pNPA) diluted in 2-propanol] was
added. The contents were mixed and tubes were incubated
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in water bath at 30°C for another 10 min followed by cooling
on ice to stop the reaction. Contents were centrifuged at 2000g
at 4°C for 5 min, the supernatant was pipetted and the test
tubes were held on ice. Immediately afterwards, the extinc-
tion of released para-nitrophenol (pNP) was measured
spectrophotometrically at 400 nm. The amount of para-
nitrophenol released was calculated using standard plot.

Extraction of pyrene from soil and plant parts

Extraction of pyrene from soil

Extraction of pyrene (PYR) from soil was performed using
a mechanical shaking method (Schwab et al. 1999) with
some modifications. Soil samples of each treatment were
air dried at room temperature, sieved through a 0.5 mm
pore sieve and stored at 4°C until analysis. 5 g of sample was
weighed, mixed with 30 mL acetonitrile and incubated for
overnight shaking at 200 rpm at 30°C. After that, samples
were centrifuged for 5 min at 10 000g. Supernatant was
filtered for quantification of PAH using high performance
liquid chromatography (HPLC).

Extraction of pyrene from plant parts

The extraction of pyrene (PYR) from plant parts was done
according to Gao and Zhu (2004). Plant samples (leaf, stem
and root) of each treatment were washed several times
with distilled water, freeze dried, weighed (1 g), homogenised
and extracted by ultrasonication with 1:1 (v/v) acetone:
hexane. The extracts were then decanted and collected.
This process was repeated in triplicate to achieve satisfactory
recovery. The extracts were combined and passed through
anhydrous Na,SO, column. Solvents were evaporated and
dissolved in hexane followed by filtration through silica gel
column and eluted using 11.0 mL of 1:1 (v/v) hexane:
dichloromethane. The samples were then evaporated, dissolved
in 6 mL acetonitrile and quantified by high performance
liquid chromatography (HPLC).

HPLC analysis was performed using the JASCO (HPLC)
system, with a reverse phase C18 column, (4.6 X 250 mm),

acetonitrile:water (70:30, v/v) as the mobile phase, flow
rate — 0.5 mL/min and total run time 20 min.

Statistical analysis

Data was analysed by using GraphPad Prism 5.01 software,
Inc. La Jolla, CA, USA. Results were analysed using one-
way analysis of variance (ANOVA) followed by Dunnet:
comparison of all columns vs control column. Significance
was determined at P < 0.01 (*P < 0.05, **P < 0.01 and
***P < 0.001) and the results are expressed as mean values
and standard deviation (s.d.). All the assays were carried
out in replicates (three to four sets for each analysis).

Results

Effects of PYR on seed germination and seedling
growth in soybean

Germination ability is an important feature of the seed that
can considerably affect crop yield. Seedling growth can be
expressed on the basis of shoot length and root length.
Exposure of soybean seeds with PYR toxicity inhibit seed
germination, shoot length and root length of soybean seeds.
5 uM and 25 pM PYR exerted a non significant effect on the
rate of seed germination. There were 12%, 14%, 16%, 18%
decreases in the rate of seed germination observed with
50 pM, 100 pM, 200 pM, 500 pM concentrations of PYR
respectively (Table 1). After 8 days of germination shoot
length of soybean seedlings was not significantly affected
with 5 pM and 25 pM PYR while higher concentrations,
e.g. 50 uM, 100 pM, 200 puM, 500 pM concentrations of PYR
showed 31%, 32%, 35% 39% reduction in shoot length. Root
length declined to a non significant degree with 5 pM and
25 pM PYR; whereas it decreased by 24%, 29%, 33%, 43%
with 50 pM, 100 pM, 200 pM, 500 uM concentrations of
PYR respectively.

Table I. Effect of PYR on seed germination (4 days) and various growth parameters in soybean seedlings after 8 days of germination.
Treatments Seed germination rate (%) Shoot length (cm) Root length (cm)
Control 84.0 + 23 1.1 + 1.2 (100%) 42 + 0.3 (100%)

5 uM PYR 78.0 + 2.3* 10.1 £ 0.3" (91%) 3.9 + 0.5" (93%)
25 uM PYR 76.0 + 4* 9.6 + 0.5"* (86%) 3.7 + 0.1" (88%)
50 M PYR 72.0 + 2.3% 7.8 + 0.2 (69%) 3.2 + 0.2 (76%)
100 pM PYR 70.0 + 2.3k 7.5 + 0.4% (68%) 3.0 + 0.5% (71%)
200 pM PYR 68.0 + 3.4 7.2 + 0.1%% (65%) 2.8 + 0.05%% (67%)
500 M PYR 66.0 + 3.47%F 6.8 + 0.5 (61%) 2.4 + 0.1 (57%)

Data represent the mean of three replications with 25 seeds (for seed germination test) or |10 seeds (root/shoot length) for each measurement. Values are given as
mean =+ s.d. Significance was determined according to Dunnet comparison of all columns versus control column at P < 0.01.

*P < 0.05, *P < 0.0 and **P < 0.001.
n.s., non significant.
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Effect of PYR on total chlorophyll content of
soybean in the presence and absence of B. subtilis

Chlorophyll content reflects the photosynthetic capability and
health status of plants. Data represent total chlorophyll
content of 50 day old soybean plants. PYR treated soybean
plants (T3) showed a 16% reduction in chlorophyll content
(Fig. 1). In the T4 sample where B. subtilis along with PYR
was present, total chlorophyll content was lowered only by
8% in soybean plants in comparison to control. There was
no significant change in total chlorophyll content in treated
plants treated with B. subtilis alone.

Assessment of effect of PYR on photosynthetic
process by measuring Chl a fluorescence in
soybean in the presence and absence of B. subtilis

Chl a fluorescence transient curves for control and all
treatments were measured. A reduction of photosynthetic
electron transport chain and its kinetics under PYR stress is
reflected by the fluorescence rise curve (OJIP) (Fig. 2). PYR
stressed soybean leaves undergo substantial physiological
changes, as evidenced by a shift in the form of the Chl a
transient curve (OJIP). The O-J phase was not affected with
PYR in soybean. After PYR treatment in soybean leaves, the
J-I and I-P phases were reduced. Application of B. subtilis
along with PYR in soybean plants, contributes to better photo-
synthetic capacity and increased photochemical efficiency in
PYR treated plants (Fig. 2).

Various Chl a fluorescence parameters were measured in
control and PYR treated soybean plants (Table 2). Maximum
fluorescence is represented by F,, which was nearly 27%
decreased in PYR treated soybean plants. Upon addition of
bacteria this reduction remained 17% in PYR treated
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Fig. I. Change in total chlorophyll content in 50-day-old soybean,
where T| — Control, T2 — B. subtilis, T3 — 200 pM PYR, T4 — 200 uM
PYR + B. subtilis.
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Fig. 2. Change in chlorophyll a fluorescence induction curves (OJIP)
plotted on logarithmic scale. Tl — Control, T2 — B. subtilis, T3 — PYR,
T4 — PYR + B. subtilis in soybean plants. Each experiment was repeated
thrice. Fluorescence intensity is expressed in arbitrary units (a.u.).

soybean plants. Another important parameter F,/F,, repre-
sent quantum efficiency of PSII which was declined by 6%
in PYR treated soybean plants. After inoculation of bacteria
value of F,/Fy, remains only 4% lowered (Table 2).

Noticeable inhibition in water splitting complex (F,/F,)
was observed in PYR treated soybean plants. The value of
F,/F, was decreased by 33% after treatment with PYR. The
value of F,/F, in the presence of B. subtilis in PYR treated
soybean leaves remained only 21% reduced as compared
to control. Another photosynthetic parameter (1 — V;) was
reduced by 14% in PYR treated soybean plants as compared
to control, while this value remains only 3% lowered in
PYR + B. subtilis treated soybean plants. Hence the recovered
value of this parameter suggests a protective role of B. subtilis
on soybean photosynthesis.

Different energy flux parameters like ABS/CSm, ETo/CSm,
TRo/CSm were measured in control and all treatments.
Reduction in these parameters was observed in presence
of PYR in soybean plants. The value of ABS/CSm in PYR
treated soybean plants decreased by 27% (Table 3). The
ratio of TRo/CSm and ETo/CSm decreased by 18% and
27% respectively in PYR treated soybean plants. Higher
PYR concentration was associated with a decreased ratio of
TRo/CSm. All of these parameters were recovered in PYR + B.
subtilis treated soybean plants. Value of DIo/CSm increased
after exposure of PYR in soybean plants. No significant
change was observed in the ratio of ABS/CSm, ETo/CSm,
TRo/CSm, and DIo/CSm in plants treated with B. subtilis
alone as compared to control.

Another parameter PIaps) stands for performance index
measurement on an absorbance basis. Within PSII, it is made
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Table 2. Effects of 200 pM PYR, B. subtilis and PYR + B. subtilis on different chlorophyll a fluorescence transients in soybean plants.
Treatments F F,/F. F,/F, a-v
Control 1011 + 53 (100%) 0.82 + 0.01 (100%) 479 + 0.41 (100%) 0.58 + 0.02 (100%)
B. subtilis 1021 = 1317 (101%) 0.82 = 0.01" (100%) 4.85 + 0.44" (102%) 0.60 = 0.02" (103%)
200 pM PYR 735 + 22 (73%) 0.77 + 0.01%* (94%) 321 + 0.18% (67%) 0.50 + 0.03* (86%)

200 pM PYR + B. subtilis 836 + |31 (83%)

0.79 + 0.01* (96%)

3.78 + 0.44* (79%) 0.56 + 0.02" (97%)

Data represent the mean of three replications with five measurements from each of the four pots for each treatment. Values are given as mean =+ s.d. Significance was
determined according to Dunnet comparison of all columns versus control column at P < 0.01.

*P < 0.05, **P < 0.01 and ***P < 0.001.
n.s., non significant.

Table 3. Effects of 200 pM PYR, B. subtilis and PYR + B. subtilis on different energy flux parameters in soybean plants.
Treatments ABS/CSm TRo/CSm ETo/CSm Dlo/CSm
Control 1011 + 53 (100%) 1593 + 64 (100%) 976 + 69 (100%) 429 + 30 (100%)
B. subtilis 1021 + 131" (101%) 1577 + 75" (99%) 993 + 53" (102%) 418 + 42" (97%)
200 pM PYR 735 & 225 (73%) 1312 + 23%* (82%) 711 £ 55% (73%) 554 + 21" (129%)

200 pM PYR + B. subtilis 836 + |31 (83%)

1425 + 124" (89%)

862 + 127" (88%) 490 + 91 (114%)

Data represent the mean of three replications with five measurements from each of the four pots for each treatment. Values are given as mean =+ s.d. Significance was
determined according to Dunnet comparison of all columns versus control column at P < 0.01.

*P < 0.05, **P < 0.0 and **P < 0.001.
n.s., non significant.

up of three basic components (1) a component referring to
the density of active PSII reaction centres per Chl (RC/ABS),
(2) a component describing light reaction performance as
®po/(1 — dp,), and (3) a component describing dark redox
reaction performance as ¥,/(1 — ¥,).

The value of RC/ABS declined by 39% due to toxicity of
PYR in soybean plant (Table 4), while in PYR + B. subtilis
treated plant this value reduced only by 19%. PYR treated
soybean plants shows 36% reduction in @p,/(1 — Pp).
This value reduced in PYR + B. subtilis by 22%. Value of
¥,/(1 - ¥,) represents the vitality of plants, it decreased by
25% in PYR treated soybean plants. Recovery by B. subtilis
revealed less damage in all the three components of perfor-
mance index. No significant change was observed in these
parameters in plants treated with B. subtilis alone as
compared to control.

Effects of PYR on biomass production of soybean
in the presence and absence of B. subtilis

Measurement of biomass in terms of fresh and dry weight
of shoot and root was done in control and all treatments.
In PYR treated soybean plants, fresh weight of shoot and
root declined by 64% and 50% respectively while the value
of fresh weight of shoot and root in PYR + B. subtilis treated
soybean plants was 18% and 26% lowered respectively
(Fig. 3). Dry weight of shoot and root in PYR treated plants
was also affected negatively and it decreased by 70% and
59% respectively in comparison with control. PYR + B. subtilis
treated soybean plants showed recovery in dry weight
as compared to PYR treated soybean plants. The value of
shoot and root dry weight in PYR + B. subtilis treated
plants decreased only by 20% and 32%.

Table 4. Effects of 200 uM PYR, B. subtilis and PYR + B. subtilis on components of Performance Index Plags) in soybean plants.
Treatments RC/ABS Dp, /(1 — Dp,) Yl(l — ¥,)
Control 0.88 + 0.09 (100%) 3.71 + 0.38 (100%) 1.58 + 0.14 (100%)
B. subtilis 0.90 + 0.09" (102%) 3.77 + 036" (102%) 1.62 + 0.18" (103%)
200 pM PYR 0.54 + 0.03** (61%) 236 + 0.1 1* (64%) 1.18 + 0.18" (75%)

200 pM PYR + B. subtilis 0.71 + 0.09™* (81%)

2.90 + 0.72" (78%) 1.53 + 0.37" (97%)

Pl(ags) as derived from chlorophyll a fluorescence induction kinetics.

Data represent the mean of three replications with five measurements from each of the four pots for each treatment. Values are given as mean =+ s.d. Significance was
determined according to Dunnet comparison of all columns versus control column at P < 0.01.

*P < 0.05, *P < 0.0 and **P < 0.001.
n.s., non significant.
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Effects of PYR on soil enzymes in the presence
and absence of B. subtilis

Activity of dehydrogenase and lipase enzyme was measured
in soybean cultivated soil after every 5 day intervals until
50 days, and a gradual increase in activity of both enzymes
was observed in all treatments until the end of the study. A
positive correlation was found in number of days and activity
of both enzymes in control and treated soil. Dehydrogenase
and lipase activities both were significantly influenced by
the dose of PYR and a negative correlation was observed
between PYR treatment and enzyme activity.

PYR treated soybean cultivated soil exhibited 15% and
10% reductions in dehydrogenase and lipase activity
respectively as compared to control soil after 50 days of
treatment (Fig. 4). In PYR + B. subtilis treated soybean
cultivated soil, activity of dehydrogenase and lipase was
increased by 11% and 16% respectively as compared to
control.

Extraction of PYR from remediated and
unremediated soil cultivated with soybean

Further study was conducted to extract PYR from soil samples.
The amount of PYR extracted from PYR treated soybean
cultivated soil was 1.30 + 0.02 pM/g (100%). Content of
PYR extracted from PYR + B. subtilis treated soybean
cultivated soil was only 0.39 + 0.04 pM/g, which was 30%
of PYR treated soil, which suggests that 70% of PYR was
degraded by bacteria in 50 days (Fig. 5, Table 5). These
results suggest that PYR was degraded by B. subtilis.

B Fresh weight
X bry weight

Fig. 3. Change in fresh and dry weight of
(a) shoot, (b) root in 50 days old soybean
plant in control and all treatments where
TI — Control, T2 — B. subtilis, T3 — 200 uM PYR,
T4 T4 — 200 uM PYR + B. subtilis. *P < 0.05,
**P < 0.01 and ¥*P < 0.001, n.s., non significant.

Degradation of PYR observed in PYR + B. subtilis treated
soil supported recovery in photosynthetic parameters.

Extraction of PYR from soybean plants growing
in remediated and unremediated soil

PYR was extracted from PYR and PYR + B. subtilis treated
soybean plants. The amount of PYR extracted from roots of
PYR treated soybean plants was taken as 100% (Table 5).
Only 67% of PYR remained in roots of PYR + B. subtilis
treated soybean plants. The amount of PYR extracted
from stems of PYR treated soybean plant was taken as
100%, while no PYR was detected in PYR treated soybean
leaves. PYR was also not detected in stem and leaves of
PYR + B. subtilis soybean plants.

Discussion

PAHs can impair any stage of plant growth from germination
to reproduction. Germination is a key parameter that is
important for total yield and biomass. It consists of a
complex phenomenon involving several physiological and
biochemical changes leading to activation of the embryo
(Parihar et al. 2015). The rate of seed germination can be
used as a bio indicator of pollutant contamination because
this process is very sensitive to various kinds of pollutants.
Seedling growth can be expressed on the basis of shoot
length and root length. Seedling growth, apart from seed
germination, is a convenient indicator of environmental
phytotoxicity.
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Destruction of the seed embryo by hydrocarbons can be
an important reason for the prevention of seed germination
in presence of PYR (Reynoso-Cuevas et al. 2008). Change in
germination rate of soybean seeds may be because of changes
in the endogenous level of hormones (cytokinin, gibberellin,
ethylene and ABA) in the presence of PYR. Another reason
may be inactivation of mobilisation of protein and saccharide
reserves in the seed during germination.The possible cause of
inhibition of shoot and root length of soybean plant may be
the lipophilic nature of PYR, which may interact with
biological membranes leading to changes in its structure
and function, resulting in impaired growth and metabolic
activity of the cell.

Reduction in total chlorophyll content in PYR treated
soybean plants is due to decomposition of chlorophyll. Less
reduced chlorophyll content was observed in PYR + B. subtilis
treated plants. These observations suggest that the bacterium
is suppressing the structural and functional damage of the
chloroplast, eventually leading to less decomposition of
chlorophyll.

Chlorophyll a fluorescence (ChlF) is used to study the
relationship between light-dependent processes and fluores-
cence (Goltsev et al. 2016). It provides sophisticated and
non-invasive methods for studying photosynthetic dynamics.
It is based on the theory of ‘energy flow’ across thylakoid
membranes (Strasser et al. 2000). The name OJIP comes
from the points on the induction curve created by the
recorded chlorophyll fluorescence signal, which correlate to
the decline of Qs and the primary electron acceptor of
photosystem II. Phases are calculated on a log;( time scale.
A first step rises from the origin (O) to an intermediate step
(J step, 2 ms), followed by a second, slower rise from the
origin (O) to a second intermediate (I step, 30 ms) to a
peak P (Strauss et al. 2006; Tu et al. 2016). The O-J part of

H

cultivated with soybean with PYR treatment and
B. subtilis where T1 — Control, T2 — B. subtilis,
T3-200 pMPYR, T4 —200 pM PYR + B. subtilis.

45 50 55

the fluorescence rise is due to closure of some of the PSII
reaction centres in response to the reduction of QA to a
level determined by the ratio between the trapping rate and
Qa reoxidation rate by the secondary electron acceptor Qp
as well as rest of the electron transfer chain. The J-I and
I-P phases were reduced in PYR treated soybean plants.
The reduction of the secondary electron acceptor Qg, plasto-
quinone (PQ), cytochrome (Cyt bgf), and plastocyanin (PC)
is represented by the J-I section of the curve (Strasser
et al. 1995; Hill et al. 2004). The reduction of electron
transporters (ferredoxin, intermediary acceptors, and NADP
[nicotinamide adenine dinucleotide phosphate]) on the
photosystem I acceptor side is usually linked to the increase
in chlorophyll fluorescence in the I-P region of the induction
curve (Kalaji et al. 2014). Damage to the PSII reaction centres,
lower photosynthetic capacity and photochemical efficiency,
or impairment of the leaf photosynthetic system, as well as
reduced photosynthetic CO, fixation, are all seen when
these phases are reduced in PYR treated leaves (Percival
and Henderson 2003).

Values of maximum fluorescence (F,) and quantum
efficiency of PSII (F,/F,) were decreased in PYR treated
soybean plants. The decrease in these parameters is due to
the presence of a large population of inactive PSII centres
due to degradation of the D1 protein, thus reducing electron
transport capacity in PSIL. Recovery in these parameters in the
presence of B. subtilis suggests an important role of the
bacterium in protection of D1 protein from toxic effects of
PYR. Inhibition in the water splitting complex (F,/F,) was
observed in PYR treated soybean plants. Damage in the
water splitting complex was observed resulting in impairment
in PSII photochemistry (Pereira et al. 2000; Kalaji et al. 2011).
The higher value of F,/F, in the presence of B. subtilis suggests
that the water splitting complex was less damaged due to
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Fig. 5. HPLC chromatogram of PYR treated soil cultivated with soybean. (a) Standard PYR; (b) soil sample
treated with PYR; (c) soil sample treated with PYR + B. subtilis.

Table 5. PYR content in different soil and soybean plants growing in PYR and PYR + B. subtilis treated soil.

Treatments PYR content (1M/g) in different samples

Soil Root Stem Leaf
Control ND ND ND ND
B. subtilis ND ND ND ND
200 M PYR 1.30 + 0.02 (100%) 0.009 + 0.002 (100%) 0.001 + 0.001 (100%) ND
200 uM PYR + B. subtilis 0.39 + 0.04 (30%) 0.006 + 0.002 (67%) ND ND

Data represent the mean of three replications from each of the four pots for each treatment. Values are given as mean =+ s.d.
ND, not detected.
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lowered toxicity of PYR in the presence of this bacterium. The
V; parameter provides information about the acceptor side of
PSII and is equivalent to (F; — Fo/Fy, — F,). The efficiency with
which trapped electrons are able to proceed beyond Q™ is
equal to (1 — V;) or y, (Singh Tomar and Jajoo 2013).
In PYR + B. subtilis treated plants the recovered value of
this parameter suggests that toxic effects of PYR on photo-
synthesis of soybean plant were reduced by B. subtilis.

The lowered value of ABS/CSm stipulates a reduction in the
energy absorbed per excited cross section (Tsimilli-Micheal
and Strasser 2008). The decrease in electron transport
per cross section in PYR treated plants as compared with the
control plants reflects a reduction in absorption of energy by
antenna pigments (ABS/CSm) and inactivation of reaction
centre complexes. Action of PYR on active reaction centres may
generate a dissipative sink for excitation energy. A decreased
ratio of TRo/CSm illustrates diminished trapping of energy
by reaction centres. A decrease in the density of active reaction
centres is also responsible for the decrease in TRo/CSm. All of
these parameters were recovered in PYR + B. subtilis treated
soybean plants. These observations were also supported by
increased chlorophyll content in PYR + B. subtilis treated
soybean plants. The increased value of DIo/CSm in PYR
treated soybean plants indicates that energy was dissipated
in the form of heat. Presence of B. subtilis along with PYR
could recover the disruption caused by PYR in all these
parameters.

Plapsy is a highly sensitive measure that is used to
determine stress and used as a plant vitality indicator. It is
a popular tool for comparing primary photochemical
reactions (Chen and Cheng 2009). The value of RC/ABS
declined in PYR in soybean plants (Table 4), and recovered
in PYR + B. subtilis treated plants. Changes in RC/ABS
indicate change in active PSII reaction centres (RCs), as well
as a reduction in the size of the chlorophyll antenna servicing
each RC and the density of reaction centres. ®@p,/(1 — Pp,)
illustrate damage in the water splitting complex of PSII and
PSII photochemistry. PYR treated soybean plants showed
damage in the water splitting complex; this interpretation
is also supported by a reduction in value of the F,/F,
parameter. Recovery in this parameter was observed in
PYR + B. subtilis treated plants. The value of ¥,/(1 — ¥,)
represents the vitality of plants. The decrease in the value
of ¥,/(1 — ¥,) in PYR treated soybean plants suggests that
these compounds reduce the trapping and absorption of
efficient electrons resulting in downregulation of electron
transport from Q,~ to the PSI end acceptor. These findings
are also supported by decreased absorption and trapping of
energy in PYR treated soybean plants.

Biomass is the mass of living biological organisms in a
given area at a given time. Biomass production is regarded
as a reliable external indicator of the internal status of plant
(Rai-Kalal and Jajoo 2021). Fresh or dry weight is used to
describe a species’ biomass. Biomass production is considered
an important and commonly used indicator for assessment of

J

plant growth. Fresh and dry weight of shoot and root were
decreased in PYR treated plants. The reason behind this
reduction in fresh and dry weight is decreased chlorophyll
content and photosynthetic performance of PYR treated
plants. The recovered value in fresh and dry weight in soybean
plants in the presence of B. subtilis suggests that B. subtilis
protects plants from PYR toxicity by reducing its concentra-
tion in soil and can be considered as beneficial for soybean
crop improvement in PYR polluted soil.

The activity of soil enzymes (dehydrogenase and lipase)
was decreased in PYR treated soybean cultivated soil.
Toxicity of PYR exerts a direct effect on soil microflora by
killing the microorganisms or decreasing the availability of
substrate, this may cause reduced activity of both enzymes
in PYR treated soil. Activity of these enzymes represents soil
quality and fertility. Reduced fertility of PYR contaminated
soil is supported by reduced photosynthesis and biomass
production in PYR treated soybean plants. In PYR + B. subtilis
treated soybean cultivated soil, activity of dehydrogenase and
lipase was observed increased as compared to control. In
PYR + B. subtilis treated soil PYR seems to be utilised by
B. subtilis as a substrate for a source of energy, thus B. subtilis
shows capability to degrade PYR. It has been reported in
previous findings that three- or four-ring containing organic
compounds constitute a rich source of energy and carbon
for microorganisms (Baran et al. 2004; Sheng et al. 2008;
Lipinska et al. 2015). Bacillus subtilis has shown great
potential in production of biosurfactants, which facilitate
the easy availability of PAHs as substrate; thus it could
degrade PYR more efficiently. Activity of dehydrogenase
and lipase were found to be higher in soil treated with
B. subtilis alone as compared to control soil, due to the presence
of a large microbial population. This explanation finds support
from earlier observations in which dehydrogenase activity was
considered equivalent to metabolic ability of the soil and it is
thought to be proportional to the biomass of soil microorgan-
isms (Wolifiska and Stepniewska 2012). B. subtilis efficiently
degrade PYR from soil. However, PYR was additionally
utilised by bacterium in soil treated with this compound
along with B. subtilis. Decreased enzyme activities in soil
treated with PYR alone also suggest that the naturally
occurring microflora was not able to degrade PYR efficiently.

The latter part of the study involved extraction and
quantification of PYR from soil samples. The amount of
PYR extracted from PYR treated soybean cultivated soil was
greater than the amount of PYR extracted from PYR + B.
subtilis treated soybean cultivated soil, which suggests that
efficient degradation of PYR was achieved by bacteria in
50 days (Fig. 5, Table 5). Degradation of PYR achieved in
PYR + B. subtilis treated soybean cultivated soil supported
recovery in the photosynthetic parameters. A greater amount
of PYR was extracted from roots, because roots are the first
tissue to be exposed to PYR. These PAH compounds cause
retardation in root growth, root extension and proliferation.
The authors also reported that PYR causes inhibition in
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length of roots of soybean plants (Tomar and Jajoo 2015).
Reduced root growth is due to PYR toxicity, which directly
inhibits photosynthetic efficiency of plants and may affect
seed yield due to a lack of initial uptake and transport of
water and nutrients to the plants (Cui et al. 2016). The
content of PYR extracted from stem and leaf were less in
comparison with roots. That observation may be due to
reduced translocation of this hydrophobic compound (PYR)
through xylem vessels and enzymatic degradation of such
PAH compounds in stem and leaves. A positive correlation
was observed between PAH concentration in soil and
plant parts. PYR was not detected in the control nor in soil
treated with B. subtilis alone cultivated with soybean.
Declines in photosynthetic efficiency in leaves of soybean
plants growing in PYR treated soil suggest that PYR caused
destruction in the photosynthetic apparatus. This may be
because of hindered nutrient uptake from soil. Enhanced
photosynthesis in plants growing in PYR + B. subtilis
treated soil, demonstrated the bioremediation potential of
bacteria and recovery in photosynthetic apparatus by
reducing the amount of PYR in soil. A negative correlation
was found between the concentration of PYR in soil and
photosynthetic efficiency of soybean plants. In the present
investigation the applied bacteria showed auspicious results
in PYR degradation. Hence the use of B. subtilis can play an
important role in remediation of PYR contaminated sites
and is beneficial for the protection of soybean crop growing
in PYR contaminated soil.

Conclusion

We conclude that photosynthetic efficiency of soybean plants
was significantly decreased by PYR; whereas PYR + B. subtilis
treated plants shows noticeable recovery on this metric. The
kinetics of chlorophyll a fluorescence were measured to
monitor the fluorescence of chlorophyll a. Seed germination,
chlorophyll a fluorescence induction kinetics, ABS/CSm,
ETo/CSm, TRo/CSm, performance index and activity of soil
enzymes (dehydrogenase and lipase) were measured in
controls, and in soybean plants treated with PYR, PYR +
B. subtilis and B. subtilis alone. Inhibitory effects of PYR on
all these parameters were observed, whereas a recovery in the
majority of the parameters was observed in PYR + B. subtilis
plants. This surfactant producing bacterium facilitates the
degradation of PYR in soil, hence reducing its concentration
and thereby its inhibitory effects. 70% degradation of PYR
was achieved by bacterium in soil. Because of the low
concentration of PYR in the soil treated with PYR + B. subtilis,
there was less PYR translocation via the roots in PYR +
B. subtilis treated plants compared to PYR treated plants.
These observations imply that the presence of B. subtilis in
PYR treated plants protected the photosynthetic machinery
from PYR induced damage. B. subtilis could help plants to cope

with PYR toxicity. However, we recognise that B. subtilis alone
can only mitigate the harmful effects of PYR to some extent. It
would be beneficial to use a consortium of bacteria to degrade
PYR completely. We also suggest that Chl a fluorescence
measurement can be authentically used to study effects of
pollutants and remedial strategies on plants.
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Abstract

In the subtropics, a few tropical tree species are distributed and planted for ornamental and horticultural purposes;
however, the photosynthesis of these species can be impaired by chilling. This study aimed to understand how
these species respond to chilling. Light-dependent and CO, assimilation reactions of six tropical tree species from
geographically diverse areas, but grown at a lower subtropical site in China, were monitored during a chilling
(< 10°C). Chilling induced stomatal and nonstomatal effects and moderate photoinhibition of PSII, with severe effect
in Ixora chinensis. Woodfordia fruticosa was little affected by chilling, with negligible reduction of photosynthesis
and PSII activity, higher cyclic electron flow (CEF), and oxidation state of P700 (P700%). Photoinhibition of PSII thus
reduced electron flow to P700, while active CEF reduced oxidative damage of PSI and maintained photosynthesis
during chilling. Studied parameters revealed that coupling between light-dependent and CO, assimilation reactions
was enhanced under chilling.
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PHOTOSYNTHESIS IN TROPICAL TREE SPECIES UNDER CHILLING STRESS

Introduction

Tropical plants grow in hot and humid climatic conditions
with minor seasonal temperature variations. However,
the chilling tolerance of some tropical plant species
enables them to survive in marginal tropical and lower
subtropical areas (subtropics with relatively low latitudes),
where short-term chilling events (< 10°C for a few days)
frequently occur during winter. A few selected tropical
tree species have been planted in marginal tropical and
lower subtropical areas for ornamental and horticultural
purposes (Jalili et al. 2010, Li et al. 2016, Mau et al.
2018). Chilling during winter in the lower subtropics is
a major factor limiting the latitudinal distribution and
poleward migration of tropical plant species, despite
global warming (Li ez al. 2016, Wen et al. 2018). Chilling
stress is complex and adversely affects the morphological,
physio-biochemical, and molecular processes in plants,
thus it reduces their growth and development (Allen and
Ort 2001, Liu et al. 2018, Elsheery et al. 2020, Li et al.
2021, Mathur et al. 2021). Earlier studies have revealed
the influence of chilling in combination with varying
incident light intensities on photosynthesis and photo-
protection mechanisms of plants, including diverse tropical
tree species (Someralo and Krause 1990, Barth and Krause
1999, Elsheery et al. 2008, Huang et al. 2010a,b; 2011,
2017; Zheng et al. 2016, Yang et al. 2017).

During photosynthesis, the antenna complexes of
PSII and PSI absorb light energy and drive the electron
flow to generate energy-rich compounds (ATP and
NADPH), which are utilized to fix CO,, converting it
into carbohydrates (Miyake 2020). Under chilling, due
to stomatal and nonstomatal control of CO, fixation,
Chl a of reaction centers of the photosystems (P700 in
PSI [excited; P700*] and P680 in PSII [excited; P680*])
cannot be de-excited to their ground state (Allen and Ort
2001). The failure of de-excitation of reaction centers of
photosystems alters the photosynthetic electron transport.
Such circumstances result in a reduction of O, (Mehler
reaction) and produce reactive oxygen species (ROS)
such as superoxide (O,") and hydrogen peroxide (H,O,).
The production of ROS contributes to the generation
of hydroxyl radicals (‘OH), which can damage DNA,
proteins, and lipids. In contrast, the oxidized reaction
centers of chlorophyll P680 in PSII (P680") are reduced
by accepting electrons, resulting from the oxidation of
water and forming singlet P680 ('P680*). Failure to
de-excite 'P680* leads to the production of triplet
chlorophyll (*P680*), which can transfer the energy to
ground state oxygen (*0,), resulting in the production
of singlet oxygen ('O,), a harmful ROS similar to O,".
High concentrations of ROS trigger a higher level of
photoinhibition or inactivation of photosystems which
is detrimental to plant survival under chilling (Allen and
Ort 2001, Miller ez al. 2001, Rutherford and Krieger-
Liszkay 2001, Miyake 2010, 2020). However, among
photosystems, PSII is more sensitive to chilling than PSI
in a range of tropical tree species (Someralo and Krause
1990, Barth and Krause 1999, Huang ef al. 2010a,b).

Photoinhibition of PSI occurs when PSII transfers
electrons beyond the electron-accepting capacity of PSI.
Compared with PSII, the PSI reaction centers require
more time to recover from ROS-mediated oxidative
damage (Zhang et al. 2004, Zivcak et al. 2015), which
can be lethal due to the inefficiency of plants to cope with
extensive loss/inhibition of PSI (Sonoike 1996, 2011;
Guidi et al. 2019). Therefore, protection of PSI from
oxidative damage by keeping P700 in an oxidized state
(P700%) is crucial to the survival of plants under chilling
(Kubo et al. 2011, Sonoike 2011). Photoinhibition of
PSII and subsequent reduction of electron flow to PSI in
tropical trees under chilling protects PSI from chilling
injury by supporting a sustainable P700" state (Huang
et al. 2010a, Sonoike 2011, Miyake 2020). Hence, mode-
rate photoinhibition of PSII throughout unfavorable
conditions is considered a first-level photoprotection
mechanism (Murchie and Niyogi 2011, Tikkanen et al.
2014). However, higher, and prolonged photoinhibition
of PSII and PSI leads to the accumulation of ROS, which
damages DNA, proteins, and lipids. Damage to the lipids
of the thylakoid membrane increase membrane fluidity,
resulting in the destruction of the photosynthetic apparatus
and thus the impairment of photosynthesis and growth
(Derks et al. 2015, Elsheery et al. 2020).

Irrespective of the photosystems, the change in the
magnitude of photoinhibition from moderate to severe is
a consequence of the intensity and duration of chilling,
the high intensity of incident light during the stress
period, lower CO, fixation, and linear electron flow
(LEF) between PSII to PSI and the failed de-excitation
of photosystem reaction centers (P700* and P680%*) to
an oxidized state (P700" and P680%). In other words, the
extent of photoinhibition is intensified by a combination
of the longer duration of excitation status of P700 and
P680, high content of ROS, inability to avoid oxidative
damage by activation of various photoprotection mecha-
nisms, nonenzymatic scavenging of ROS, and delayed
recovery from chilling injuries (Asada 2006, Khatoon
et al. 2009, Murata et al. 2007, 2012; Miyake 2010, 2020;
Huang et al. 2011).

ROS are strong signaling molecules involved in plant
growth and development as well as primary signals for
stress responses; their excess production and high content
can have a negative impact on plant development (Foyer
and Shigeoka 2011, Zheng et al. 2019). Effective regulation
of the excess energy in photosystems before the surplus
production of ROS, and timely removal of ROS, relies on
photoprotection mechanisms such as (/) cyclic electron
flow (CEF) around PSI, (2) nonphotochemical quenching
(NPQ) to dissipate excess absorbed light energy, (3) water—
water cycle (WWC) or the Mehler—ascorbate peroxidase
pathway (MAP) (Miyake 2010, Neto et al. 2017), and
(4) photorespiration (Asada 2006). Hence, CEF, NPQ, and
WWC under stress conditions are vital for stress tolerance
and the subsequent recovery from stress. The activation
of the above-mentioned photoprotective mechanisms
under chilling is entirely dependent on the magnitude of
the chilling tolerance of a plant, and the efficiency of such
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mechanisms determines the chilling tolerance of a plant.
Other important mechanisms, such as regulation of the
stomatal opening and closing (stomatal behavior) (Raven
2014, Jurczyk et al. 2019) and reducing side heterogeneity
of PSII, antenna size heterogeneity of PSII (Bukhov and
Carpentier 2000, Belgio et al. 2014, Mathur et al. 2021),
and anatomical and morphological alterations (Gratani
etal 2013, Wu et al. 2022), are equally crucial for chilling
tolerance. The chilling tolerance of plant species can be
genetic, which is permanent within the lifespan of a plant
species, and phenotypic, which is reversible according to
the existing microclimatic conditions, called evolutionary
adaptation and acclimation or morphophysiological
adjustments, respectively (Korner 2016).

A few studies have been conducted to understand the
photoprotection mechanisms and sensitivity of photo=
systems in tropical tree species found in the marginal
tropics of China (Huang et al. 2010a,b; 2011, 2017;
Zheng et al. 2016, Yang et al. 2017). However, such
studies were conducted at the seedling stage with artificial
chilling treatments for a short duration (hours), and their
results demonstrate the activation of photoprotection
mechanisms, i.e., CEF and NPQ. Furthermore, these
studies have also demonstrated reduced maximum
photochemical efficiency of PSII (F./F.), the effective
photochemical quantum yield of PSII [Y ] and PSI [Y],
nonphotochemical quenching (NPQ), PSI acceptor-side
limitation [Yna)] and foliar gas exchange along with
higher PSI donor-side limitation [Y )] and quantum yield
of nonregulated energy dissipation [Yno)] in response to
chilling. At the same time, maximum photooxidizable
P700 (P.) was higher or stable in tropical trees under
chilling. In this study, we sought to provide photosynthetic
responses of geographically diverse tropical tree species
to a realistic seasonal chilling event under the prevailing
ambient microclimatic conditions in open fields of
a lower subtropical site in China during winter, rather
than using seedlings and artificial induction of chilling.
Our primary target was to grade the tested tropical plant
species in a lower subtropical site in China according to
the magnitude of their chilling tolerance and compare
and validate the physiological response of the current
study with the earlier studies. The specific objectives
of this study were to address the following questions:
(/) How is the magnitude of chilling tolerance of
tropical tree species in the lower subtropics related to the
physiological mechanisms involved in photosynthesis?

And (2) how are light-dependent and CO, assimilation
reactions coupled to each other in tested tropical trees
under a chilling event during winter as compared with
summer? We tested the hypothesis that, under chilling,
maintaining the P700 state in PSI and related suppression
of oxidative damage retains limited photosynthesis, and
the tight coupling of light-dependent and CO, assimilation
reactions support the chilling survival of tropical trees in
the lower subtropics.

Materials and methods

Plant materials and growth conditions: The present
study was conducted in January 2018 (winter; average
day/night temperature: 13/11°C) and July 2018 (summer;
average day/night temperature: 28/25°C) on the campus of
Guangxi University, Nanning, China (22.83°N, 108.28°E).
For this experiment, adult plants of six tropical tree species
grown in an open field were selected based on geographical
diversity (see text table below).

Physiological traits were recorded for fully mature
leaves, which were exposed to sunlight during winter and
summer. Before the physiological traits were recorded
the experimental site received 11.7 mm of rainfall from
4 to 7 January 2018 and 78.9 mm from 1 to 15 July 2018
(Fig. 1S, supplement). Therefore, the soil was wet during
the measurements in both seasons. A temperature drop to
< 10/< 6°C in day/night for four days during winter was
considered a chilling event.

Photosynthetic rate, stomatal conductance, and carbo-
xylation efficiency: In both seasons (winter and summer),
photosynthetic rate (Py), stomatal conductance (gs),
and internal CO, concentration (C;) of six tree species
were recorded using a portable photosynthesis system
(LI-6800, LICOR, Lincoln, NE, USA). From each species,
a minimum of nine measurements were recorded between
9:00 to 11:00 h from three individual plants. The leaf
was illuminated by PAR of 1,000 umol(photon) m= s
provided by a red-blue light-emitting diode (LED),
whereas ambient CO,, temperature, and relative humidity
(RH) were used during the measurement of gas exchange.
Carboxylation efficiency (CE) was calculated from the
ratio of Py to C; (Rymbai et al. 2014).

Chlorophyll (Chl a) fluorescence and P700 measure-
ments: Chl fluorescence and P700 measurements were

Botanical name Family Geographic distribution

Ixora chinensis Lam. Rubiaceae Southern China and southeastern Asia

Aglaia odorata Lour. Meliaceae Native to Taiwan and subtropical mountain regions of southern China

Lagerstroemia speciosa L. Lythraceae Tropical southern Asia

Dypsis lutescens (H. Wendl.)  Arecaceae Madagascar, Andaman Islands, Reunion, El Salvador, Cuba, Puerto Rico, the Canary
Islands, southern Florida, Haiti, the Dominican Republic, Jamaica, the Leeward
Islands, and the Venezuelan Antilles

Markhamia stipulata (Wall.)  Bignoniaceae South China to Southeast Asia

Woodfordia fruticosa L. Lythraceae Tanzania, Madagascar, Comores, Saudi Arabia, Oman, Myanmar (Burma), Bhutan,

Indonesia, China, India, Sri Lanka, Nepal, Pakistan, and Vietnam
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performed in both seasons using a Dual PAM-100 (Heinz
Walz, Effeltrich, Germany). The transients were recorded
at 25°C from the leaves of six detached branches of three
individual trees. Immediately after detaching branches
from the trees, basal parts of branches were immersed
in distilled water and transported to the laboratory. First,
dark-adapted F, and F,, were determined in fully exposed
mature leaves after 30 min of dark adaptation and by
applying a saturation pulse of 10,000 pmol(photon) m=2 s
for 300 ms. Photochemical efficiency of PSII (F./F.)
was calculated as F./F,= (Fn — Fo)/Fn; where Fy is the
minimum fluorescence and F,, the maximum in the dark-
adapted state.

After determining F, and F., light-adapted Chl
fluorescence transients and P700 measurements were
measured. The mode of collection of branches, number
of replications, and recording temperature was the same
as for dark-adapted measurements. Before the light-
adapted measurements, leaves were light-adapted for
30 min under PAR of 500 umol(photon) m? s'; and
then Chl fluorescence and P700 transients were recorded
after 3 min exposure to light intensity of 10,000
pmol(photon) m? s!' by placing the leaf between the
measuring head of the Dual PAM-100. The light-adapted
Chl fluorescence transients were calculated as Y, =
(Fm' — Fs)/Fm‘, Y(NO) = FS/Fm', and Y(NPQ) =1- Y(H) — Y(NO)
(Genty et al. 1989, Oxborough and Baker 1997, Kramer
et al. 2004); where Y, is the effective photochemical
quantum yield of PSII, Ywoy is the quantum yield
of nonregulated energy dissipation, Ynpg is the
fraction of energy dissipated as heat through regulated
nonphotochemical quenching (NPQ), F,.' is light-adapted
state maximum fluorescence, and F; is light-adapted state
steady-state fluorescence (Kramer et al. 2004).

The maximum photooxidizable P700 in PSI (P.,) was
determined by applying far-red light for 10 s, followed
by a saturation pulse of 10,000 pmol(photon) m? s™! for
300 ms after 30 min of dark adaptation. The P,, represents
the maximum change of the P700 signal from fully
reduced state P700 (minimum signal; P700) to the fully
oxidized state P700 (maximum; P700%) upon application
of a saturation pulse. P, allows the scaling of the
P700 signal and is an essential prerequisite for the
determination of P700 transients, similar to F, of
chlorophyll fluorescence transient. Other PSI transients
were calculated from the light-adapted transients and
predetermined P700* as follows: Yoy = I —Yap) — Ynay
where Y(ND) =1- P700(red) [Y(ND) =1 — Y(])], Y(NA) =
(Pm — Pw')/Pum; Y is the effective photochemical quantum
yield of PSI, which is defined by the fraction of overall
P700 reduced in a given state and not limited by the
acceptor side [Yxa)].- Donor-side limitation [Ynp)] is the
fraction of overall P700 oxidized in a given state and
Y na) (acceptor-side limitation) represents the fraction of
P700 that cannot be oxidized by a saturation pulse in a
given state due to a lack of acceptors; Yna) reflects the
inability of far-red light to oxidize all P700. At the same
time, maximum photooxidizable P700 in a given light state
(Pn') upon application of the saturation pulse is similar to
F.' of Chl fluorescence at light-adapted state. P700(red),

which was determined in a given state with the help of
the saturation pulse, represents the fraction of overall P700
reduced for a given state (Klughammer and Schreiber
1994, 2008).

Estimation of LEF and CEF: Linear electron flow from
PSII to PSI (LEF [umol(e’) m?s™']; electron transport rate
of PSII [ETR(;] [wmol(e’) m2 s'] and electron transport
rate of PSI [ETR()] [umol(e’) m? s™'], respectively) in the
six selected species were calculated using the following
formula: ETRuy = Yy X ab I x PAR x 0.5 and ETR(;) =
Yq x ab I x PAR % 0.5; where, ab I (0.84) is the light
absorptance ratio of a leaf and 0.5 is a theoretical factor
based on the assumption that reaction centers of the
chlorophylls in both photosystems absorb 50% of incident
light (Maxwell and Johnson 2000). The value of CEF was
estimated as: CEF = ETR() — ETRy, [data not shown in
the manuscript as Ycer is representative of CEF], and
Y(CEF) was estimated as: Y(CEF) = Y(]) — Y(n) (Mlyake et al.
2005a,b).

The outputs from the Dual PAM-100 may somewhat
underestimate LEF; consequently, they overestimate CEF
as the Dual PAM-100 measures Chl a fluorescence from
leaf mesophyll cells near the leaf surface while P700
comprises the signal from the whole leaf (Huang et al.
2011). Despite this inaccuracy, earlier researchers and we
believe that relative changes in LEF and CEF in response
to chilling are reliable to understand the relative seasonal
changes (Miyake et al. 2005a,b; Huang et al. 2010a,b;
2011, 2015; Gao and Wang 2012).

Statistical analysis: Correlation analysis between actual
ambient light-independent reaction values and potential
light-dependent reaction values of both seasons was
executed using Sigma Plot (ver. 10, Systat Inc., USA). For
statistical analysis of the data, three biological replications
per species were used for each collected parameter and
season. We used analysis of variance (ANOVA) to test
for significant differences in all measured physiological
parameters among species and between seasons.
Generalized linear models (GLM) in SPSS (ver. 10, SPSS
Inc., USA) were used to assess the effects of species and
season on the measured physiological parameters. For the
statistical comparison between the two seasons for each
species, a Student's t-test was conducted.

Results

We observed significant differences in various physio-
logical parameters and responses of the studied tree
species between seasons (Table 1). F,/F., was significantly
reduced under chilling in all species, except for Woodfordia
fruticosa, which displayed no change in F,/F, and the
smallest reduction in photosynthesis compared to the other
species (Fig. 1). Among the six species, three species had
F./F., values of 0.6-0.7 during the chilling period; Ixora
chinensis had an F,/F,, value of 0.43, and W. fruticosa
maintained an F.,/F,, value above 0.78 during both seasons.
Y nrg Was reduced in all species studied and the smallest
reduction was observed in Aglaia odorata and W. fruticosa
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Fig. 1. Differences in (4) maximum photochemical efficiency
of PSII (F./F.), (B) net photosynthetic rate (Py), and (C)
carboxylation efficiency (CE) during the chilling event (< 10°C;
white bars) and summer (> 27°C; gray bars) among six tropical
tree species. The white and gray bars indicate the means
and standard errors. The values in the parentheses indicate
arelative change in the winter values compared with the summer.
The black line across Fig. 14 indicates F./F,, value of 0.78.
Statistical comparison between both seasons for individual
species indicated by NS, *, and ** corresponding to non-
significance, significance at P<0.05 and P<0.01, respectively.

(Table 1). In contrast, P, was 15 to 462% higher across
species under chilling compared to measurements made
in summer (Table 1). CEF under chilling was the highest
in W. fruticosa followed by Lagerstroemia speciosa,
and lower in Markhamia stipulata, A. odorata, and
L chinensis.

Effect of chilling event on gas exchange and their
relationship with F,/F,,: Besides the significant reduction
of F,/F. in five of the species (Fig. 1), Py, &, and CE
were significantly reduced in all species under chilling,
and positively correlated with F,/F,, across species during

Fig. 2. Correlation of maximum quantum yield of PSII in the
dark-adapted state (F,/F.) with (4) net photosynthetic rate
(P~), (B) stomatal conductance (g;), and (C) carboxylation
efficiency (CE) during the chilling event (< 10°C; closed
symbols) and summer (> 27°C; open symbols) among six tropical
tree species. Coefficient of determination (R?) followed by
* and ** corresponding to significance at P<0.05 and P<0.01,
respectively. AO — Aglaia odorata; DI — Dypsis lutescens; 1C —
Ixora chinensis; LS — Lagerstroemia speciosa; MS — Markhamia
stipulata; WF — Woodfordia fruticosa.

each season, respectively (Fig. 2). Lagerstroemia speciosa
showed the greatest reduction in Py and CE, while
W. fruticosa showed higher Py and CE than any other
species in both seasons, with the lowest reduction under
chilling; and the lowest Py and CE was in A. odorata

(Fig. 1).
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Effect of chilling event on light-energy utilization by
PSII, redox state of PSI, and CEF: We observed lower
values of Y1, and Y, under chilling across species, except
for W. fruticosa, which had higher values than any of the
other species for the above parameters (Table 1; Fig. 2S,
supplement). Concomitantly, Y npeq) Was reduced across all
species, whereas Yo, increased. The difference in Yo,
and CEF among species was minimal during summer
compared with the difference under chilling. A faster rate
of photosynthetic electron flow through PSII and PSI
[LEF; ETRu) and ETRy)] was recorded in W. fruticosa
during both seasons among all species studied. In contrast,
LEF was low in 1. chinensis under chilling. Furthermore,
we measured a higher CEF during summer compared
to chilling in all species except for W. fruticosa and
L. speciosa. Finally, Y np) and P,, increased, whereas Y a,
decreased in all species under chilling. In contrast, Yo,
and P,, were lower in W. fruticosa (Table 1).

Relationship of light energy utilization in PSII with
the redox state of PSI and CEF: We detected negative
correlations between Y(ND) and Y(H) and Y(ND) and LEF
across species in each season; however, the correlation
was stronger during winter. Furthermore, the negative
correlation between Ynp) and CEF across species was
only observed during winter (Fig. 3). In contrast, there
were no correlations between Yna and the above
parameters in either season, whereas CEF showed
significant positive correlations with LEF and Y, only
during winter (Fig. 4). We observed negative correlations
between Yoy and Yo (Fig. 54), and between Y a, and
Y ap) (Fig. 5C) across species in each season, whereas Yy
and Y were significantly and positively correlated across
species in each season (Fig. 5B).

Discussion

Chilling affects many components related to photosyn-
thesis (Allen ez al. 2000, Allen and Ort 2001), including
nonstomatal regulation, i.e., electron transport between
photosystems in thylakoid membrane and activities of
CO, assimilation reactions of photosynthesis, photo-
respiration, and stomatal functioning. Both CO,
fixation and PSII and PSI reactions of photosynthesis
are inhibited by chilling. Seasonal chilling during
winter induced photoinhibition of PSII in five of the
six tropical tree species (not in W. fruticosa), which
was evident from the significant reduction in F./F,
and Y, (Fig. 1, Table 1). However, the reduction of
F./F during chilling was less than 20% for all species,
except for I. chinensis, which showed a 43% reduction
(Fig. 1). This suggests that photoinhibition was moderate
(Huang ef al. 2010a,b; 2016a,b). On the other hand,
maximum oxidizable P700 in PSI as indicated by P,
was significantly higher across all species under chilling
compared to summer. Y, was reduced in five of the six
species (not in W. fruticosa). Regardless of species, the
magnitude of changes in F./Fu, Yay, Y, and Py, in adult
trees corresponded to the response of seedlings of tropical
tree species under artificially induced short-duration
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chilling (Elsheery et al. 2007, 2008; Huang et al. 2010a,b;
2016a,b). The higher F,/F., Yu), and Y, values and
lower inhibition of CO, assimilation reaction parameters,
particularly Py and CE, of W. fruticosa suggest that it is
the most chilling-tolerant of the tested species (Fig. 1,
Table 1). Hence, responses of the light-dependent and CO,
assimilation reactions of photosynthesis in W. fruticosa
during chilling enabled W. fruticosa to cope with chilling,
as discussed by comparing it with the moderate and
sensitive species included in this study.

Positive correlations of F./F,, with Py, g, and CE in
both seasons (Fig. 2) revealed the strong coupling between
the light-dependent and CO, assimilation reactions of
photosynthesis. At the same time, relationships between
these parameters were stronger during winter than
summer. In contrast, there was no significant correlation
between P, and the above-mentioned CO, assimilation
reaction parameters (data not shown). Furthermore, all
the above positive correlations (Fig. 2) also suggest that
the initial target of chilling was CO, assimilation reactions
of photosynthesis (evident from lower Py, gs, and CE;
Figs. 1, 2) across all species and subsequently caused
moderate photoinhibition of PSII and lower electron
flow (evident from lower F,/F,, and LEF; Fig. 1). This
was evident from the increased C; and reduced g and the
positive correlation of g; with F,/F,, (Fig. 2). An increase
in C; occurred at the time of slower CO, fixation associated
with the inactivation of CO, assimilation reactions (as
discussed above) or nonstomatal limitation. Further,
higher C; was associated with a partial closure of the
stomata which suggests the simultaneous engagement of
both stomatal and nonstomatal effects on Py under chilling
(Allen and Ort 2001, Raven 2014, Huang et al. 2016a,b;
Jurczyk et al. 2019). Partial closure of the stomata under
chilling was evident from lower g, resulting from higher
Ci.

Lower Py and reduction of LEF between photosystems
led to the moderate photoinhibition of PSII across the
species and W. fruticosa showed the smallest reduction
in LEF in winter compared to summer (Table 1).
The lower rate of LEF was due to the inhibition of
electron transfer from plastoquinone (PQ) to plastocyanin
(PC), resulting in the increased reduction of the PQ
pool. The reduced PQ pool was caused by the lower
CO, fixation known as photosynthesis control (West
and Wiskich 1968, Baker et al. 2007, Miyake 2020).
Over-reduction of the PQ pool, which induces an
inhibition of the Q-cycle in the cytochrome (Cyt) be/f
complex and P700 oxidation is known as reduction-
induced suppression of electron flow (RISE), which is also
a part of photosynthesis control in cyanobacteria (Shaku
et al. 2016, Miyake 2020). Photosynthesis control and
RISE are important mechanisms to prevent deleterious
photoinhibition of PSI by reducing the electron flow from
PSII to PSI along with activation of alternative electron
flows (CEF and WWC). Electron flow from PSII to
PSI is a prerequisite for the photoinhibition of PSI and
consequent secondary damages (Sonoike 2011, Miyake
2020). Because of photosynthesis control and RISE, the
higher oxidation state of PSI (P7007) as indicated by higher
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Fig. 3. Correlation of donor-side limitation of PSI [Y «p)] and acceptor-side limitation of PSI [Y wa)] with (4,D) effective photochemical
quantum yield of PSII [Y ], (B,E) linear electron flow (LEF), and (C,F) effective quantum yield of CEF [Y cgr)] during the chilling
event (< 10°C; closed symbols) and summer (> 27°C; open symbols) among six tropical tree species. Coefficient of determination (R?)
followed by NS, *, and ** corresponding to non-significance, significance at P<0.05 and P<0.01, respectively. AO — Aglaia odorata;
DI — Dypsis lutescens; 1C — Ixora chinensis; LS — Lagerstroemia speciosa; MS — Markhamia stipulata, WF — Woodfordia fruticosa.

P., is maintained by potential balancing of absorption and
utilization of energy, and inhibition of ROS production
(Miyake 2010, 2020; Sonoike 2011, Takagi et al. 2017,
Kadota et al. 2019).

In this study, we assumed the existence of RISE
and confirmed the photosynthesis control in all tested
species with higher Yap, (Table 1), from its strong

negative correlation with Yu), LEF, and Yer under
winter compared with summer (Figs. 3, 44). Yo, is the
electron-donor side (plastoquinone; PQ) limitation of
PSI. A negative correlation of Yxp) with LEF and Y
under chilling implies that the Y p) has mediated reduced
electron flow between photosystems and lower efficiency
of PSII to utilize light energy for photosynthesis,
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Fig. 4. Correlation of effective quantum yield of CEF [Y cgr)] with
(A4) linear electron flow (LEF) and (B) effective photochemical
quantum yield of PSII [Y ] during the chilling event (< 10°C;
closed symbols) and summer (> 27°C; open symbols) among six
tropical tree species. Coefficient of determination (R?) followed
by NS, *, and ** corresponding to non-significance, significance
at P<0.05 and P<0.01, respectively. AO — Aglaia odorata; DI —
Dypsis lutescens; 1C — Ixora chinensis; LS — Lagerstroemia
speciosa; MS — Markhamia stipulata; WF — Woodfordia fruticosa.

respectively. At the same time, a minor increase in Y np)
was observed in the chilling-tolerant species W. fruticosa
(Table 1). Similar trends were observed in seedlings
of tropical trees exposed to chilling temperatures (Huang
et al. 2010a,b; 2011).

A decrease in the ratio of oxidized PQ to total PQ
[higher reduction of PQ (photosynthesis control and
RISE) or higher Ynn)] supports important alternative
electron flow, i.e., CEF (Miyake et al. 2005a,b; Kubo
et al. 2011). The correlation between Y py and Y cer) Was
negative in the current study (Fig. 3C), which confirms
the involvement of photosynthesis control and RISE in
the activation or enhancement of CEF (in W. fruticosa),
and maintenance of minimum CEF across all other
species. Despite the varying degree of CEF during winter
across the tree species, CEF allowed PSII to manage the
electron load (Joliot and Johnson 2011) to a certain extent
as evidenced by the positive correlation of Y cery with Y
and LEF (Fig. 4).

Higher Yna) values imply that a portion of reduced
electron carriers on the acceptor side of PSI could not
be oxidized due to the limitation of CO, assimilation
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Fig. 5. Correlation between (A4) effective quantum yield of
nonphotochemical quenching [Y wrq)] and yield of regulated heat
dissipation of PSII [Y o], (B) effective photochemical quantum
yield of PSII [Yq] and effective photochemical quantum yield
of PSI [Y], and (C) donor-side limitation of PSI [Yxp)] and
acceptor-side limitation of PSI [Ya)] during a chilling event
(< 10°C; closed symbols) and summer (= 27°C; open symbols)
among six tropical tree species. Coefficient of determination (R?)
followed by NS, *, and ** corresponding to non-significance,
significance at P<0.05 and P<0.01, respectively. AO — Aglaia
odorata; DI — Dypsis lutescens; 1C — Ixora chinensis; LS —
Lagerstroemia speciosa; MS — Markhamia stipulata; WF —
Woodfordia fruticosa.

reactions, particularly caused by lower Py and higher C;
(Shimakawa and Miyake 2018, Miyake 2020). While in
this study, similar to the response of seedlings of tropical
tree species observed in earlier studies by Huang et al
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(2010a,b; 2011), Yna) was lower during winter than
in summer (Table 1). This contradiction in Yna) under
chilling across species with lower Py and higher C; can
be attributed to lower F./F.,, higher Yp), and CEF, which
supported the oxidative status of P700 in PSI (P700%). In
contrast to Yn), there was no correlation between Y ya)
and any of the other measured physiological parameters in
both seasons, except Pr, (Fig. 3).

A weak negative correlation between Ynp) and LEF,
Ycery and Y during summer, compared to winter, was
due to the favorable weather conditions, which enabled
faster photosynthesis, thus leading to unclogged electron
flow between photosystems (Figs. 1B, 3; Table 1). On the
other hand, lower Yxp) and P,, and higher Ya) and CEF
in four of the six species during summer (Table 1) can
be attributed to the high ambient light intensity as PSI is
susceptible to high light intensity in summer or due to the
acclimation and higher PSII to PSI ratio (Fig. 1S) (Barth
and Krause 1999, Miyake et al. 2004, 2005a,b; Kubo et al.
2011, Kono and Terashima 2016).

CEF may be negligible in favorable growth conditions
(Kou et al. 2013, Kadota et al. 2019), under chilling
greater significance of CEF was evident from the response
of tolerant W. fruticosa compared with the other four
moderately tolerant species, whereas no significant
change in CEF was observed in the L. speciosa (Table 1).
This is consistent with the previous finding of activation
of CEF with increased photoinhibition and limited
photosynthesis (Miyake et al. 2004, 2005a,b; Takahashi
et al. 2009, Agrawal et al. 2016, Neto et al. 2017).
There are several main functions of CEF involved in the
mitigation of the impact of stress, thereby preventing
severe damage to PSII and ultimately PSI: (/) to synthesize
ATP to support LEF and to maintain the balance of ATP
and NADPH consumption; (2) to generate a higher
proton gradient (ApH) along with LEF for the activation
of NPQ to protect PSII thereby maintaining electron
flow; (3) to protect the oxygen-evolving complex (OEC)
inside the thylakoid lumen, which is the primary site for
photodamage in PSII and de novo synthesis of D1 protein;
(4) to maintain the balance of Ynpy and Yna) to protect
PSI from photoinhibition; and (5) to limit ROS production
at PSII and PSI (Miiller et al. 2001, Mohanty et al. 2007,
Miyake 2010, 2020; Allakhverdiev 2011, Joliot and
Johnson 2011, Sonoike 2011, Kono and Terashima 2016,
Huang et al. 2018, Kadota et al. 2019).

The reduced Ynro) and its significant negative corre-
lation with Yo, across species under chilling indicates a
lower level of stimulation of NPQ during photoinhibition
of PSII, and thereby an intensified inhibition of the chain
of reactions of photosynthesis (Table 1, Fig. 54), which
was similar to the trend in seedlings of tropical trees
exposed to chilling temperatures (Huang et al. 2010a,b;
2011). The higher Y o) indicates that both photochemical
energy conversion and protective regulatory mechanisms
were not effective in preventing the photoinhibition of
PSII. Low values of Ynpq) under chilling across the six
species indicate lower regulated photoprotective activity
through the xanthophyll cycle. Such a state of NPQ can
take place when the ApH between thylakoid lumen and

stroma is inadequate due to reduced LEF and inactive or
insufficient CEF for the conformational change of PsbS
protein structure, which acts as a ApH sensor to activate
NPQ (Joliot and Joliot 2006, Miyake 2010, Yamori and
Shikanai 2016, Zheng et al. 2019). However, low Yo,
and high Y e values in W. fruticosa compared with the
other species (except 4. odorata which showed higher
Y wro) than W. fruticosa) further confirms the importance
of CEF for chilling tolerance. Conversely, L. speciosa
showed higher CEF next to W. fruticosa, but lower Y npo),
F./Fn, Pn, CE, and Yq and higher Yoy and Y, under
chilling across all species (Table 1). Interestingly,
stimulation of CEF should trigger an NPQ-mediated
ApH with assistance from PsbS protein, which was not
observed in L. speciosa. This can be due to the inadequacy
of the ApH created by the stimulation of CEF in
L. speciosa to increase NPQ. Alternatively, it may be due to
the conformational changes in PsbS protein structure that
led to a lower degree of NPQ, thereby resulting in higher
photoinhibition of PSII. Meanwhile, A. odorata showed
an opposite trend to L. speciosa (Table 1). This species
showed lower CEF, but higher Yeq) than W. fruticosa,
with lower F./F,, Px, CE, Y, and Y, and higher Y o).
This might be explained by the higher level of structural
damage in PSII in 4. odorata which impaired efficient
management of excess energy even after a higher activation
of NPQ. Further studies are required to clarify these
controversial results and to understand the mechanisms
underlying photodamage.

In summary, a seasonal chilling event induced
moderate photoinhibition of PSII in the majority of the
tested tropical tree species. Stomatal and nonstomatal
regulations on photosynthesis under chilling resulted in
reduced fixation and light-dependent reactions, such as a
slower rate of LEF by increasing photosynthesis control
and thereby higher oxidation state of PSI that prevented
photoinhibition of PSI. Woodfordia fruticosa was the least
affected by chilling as demonstrated by a lower reduction
of photosynthetic rate and photochemical efficiency of
PSII and higher CEF and oxidation state of P700 in PSI
compared with the other species. Correlation analysis
suggested that the light-dependent and CO, assimilation
reactions of photosynthesis were closely coupled across
all tree species in each season, with stronger coupling in
winter. The tropical tree species demonstrated a range
of strategies to regulate photosynthesis by rearranging
the degree of photoprotection mechanisms according to
seasonal meteorological conditions. The present results
have implications for screening tropical plant species to
improve planning for the management of urban landscapes
based on future climatic predictions.
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Fusarium oxysporum is one of the most damaging plant pathogens causing Fusarium wilt
in many plants leading to serious economic loss. The fungus colonizes the xylem, which
leads to resistance in water flow in the plant thereby affecting the rate of photosynthesis.
The present study focuses on the selection of bacterial endophytes isolated from tomato
plants and evaluating their potential to antagonize Fusarium oxysporum in tomato in
vivo. The results obtained indicated that two endophytic isolates, namely Pseudomonas
fluorescens BUMDS5 and Bacillus velezensis BUMD9, could act as efficient biocontrol
agents (BCASs) as they inhibited the growth of pathogen by 67.2 and 69.1%, respectively,
in vitro. Both the isolates were found to produce hydrolytic enzymes chitinase and
protease. They also produced siderophore and hydrogen cyanide (HCN). The consortia
of both the isolates significantly reduced the infection percentage by about 67% and a
3-fold decrease in disease severity was observed as compared to pathogen control. The
treatment of infected plants with these potent isolates was also beneficial in improving the
overall photosynthetic performance index (Pl). Thus, plants treated with consortia of these
isolates exhibited better overall plant growth despite being infected by the pathogen.

Keywords: biological control, endophytes, photosynthetic apparatus, tomato plant, Fusarium wilt

INTRODUCTION

Fusarium oxysporum, an ascomycete, is a major disease-causing pathogen affecting plants in
agricultural settings (Fisher et al.,, 2012). It is listed among the topmost devastating pathogens
worldwide. Fusarium wilt is one of the major plant diseases caused by pathogenic Fusarium
oxysporum strains (Dean et al., 2012). The spores produced by the fungus are known to remain in
the soil for decades in a viable form thereby leading to the failure of crop rotation schemes (Nelson,
1981). The spores germinate after encountering plant root exudates and initiate the colonization of
the host plant, followed by an invasion of vascular bundles. The water uptake system of the plant
gets affected thereby causing severe wilting and sometimes death of the host plant (Altinok, 2005).

Tomato is also vulnerable to Fusarium wilt. The symptoms observed in infected plants include
stunted growth, wilting, yellowing of leaves and stems, defoliation, marginal leaf necrosis, and
vascular necrosis (Singh et al., 2017). The effect of a pathogen can be traced through the entire
plant including shoot tips and fruits. The xylem discoloration might be observed only on one side
initially but eventually leads to browning of the entire xylem (Cerkauskas, 2017). There are three
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Shielding of Photosynthetic Apparatus by Endophytes

protein complexes that are responsible for mediating the primary
reactions of photosynthesis in the thylakoid membranes of
chloroplasts. These include PSII, the cytochrome bsf complex
(Cytbef), and PSI, which are connected in series through the
photosynthetic electron transport chain. The light-harvesting
systems of PSII and PSI capture light energy and transfer it to
the reaction center chlorophylls to create a charge separation
across the membrane. This leads to the formation of a strong
oxidant on the donor side of PSII capable of splitting water
into molecular oxygen, protons, and electrons (Eberhard et al.,
2008). The obstruction in the water transport system affects
the rate of photosynthesis due to stomatal closure induced by
water deficit. It is also found to affect the metabolic pathways
of photosynthesis, Rubisco is one of the examples (Duniway and
Slatyer, 1971; Lorenzini et al., 1997; Saeed et al., 1999; Pedrosa et
al., 2011). Fusarium wilt is responsible for affecting three crucial
processes in photosynthesis- the thylakoid electron transport, the
carbon reduction cycle, and the stomatal control of the CO,
supply (Allen et al., 1997).

The present-day strategies used to control wilt include the
use of chemical fungicides, heat sterilization of soil, and the use
of resistant plant varieties; however, none of them proved to
be completely successful. Chemical control methods include the
application of some broad-spectrum biocides like carbendazim
before planting. These chemicals are preventive in nature but
cannot treat an infection. These are also found to be harmful
to other beneficial soil microbes and can also enter the food
chain thereby causing detrimental health (Lopez-Aranda et al.,
2016). The application of heat is non-selective and can affect the
quality of soil (Mahmood et al., 2014). Developing resistant plant
varieties is the most effective method but genetically encoded
resistance is not durable for a longer period of time and leads
to the emergence of new resistant strains (Takken and Rep, 2010;
De Sain and Rep, 2015).

In recent years, endophytic micro-organisms which colonize
host tissues internally without causing damage or eliciting disease
symptoms, have received increased attention (Sturz et al., 2000;
Chaturvedi et al, 2016). Endophytes have been considered
successful candidates to be used as BCAs because of their
ability to colonize a plant and have a more protective and
less competitive environment as compared to their rhizospheric
colleagues. The use of BCAs in an efficient manner is a self-
sustaining and long-term method to control plant diseases and
pests. Bacterial BCAs showing antagonistic actions against plant
pathogenic fungi that cause a wide spectrum of plant diseases
have been reported. Different mechanisms remain responsible for
the antagonism of biocontrol agents that include the production
of antifungal metabolites, competition for space and nutrients,
mycoparasitism, and induction of the defense responses in plants
(Glick, 1995; Howell, 2003; Chaturvedi and Prakash, 2020).

In the present study, we aimed to explore beneficial
endophytic bacteria as potent biocontrol agents against Fusarium
wilt of tomato. The isolates were selected on the basis of
their antagonistic potential against Fusarium oxysporum in
vitro. The selected isolates were tested for their capability of
producing hydrolytic enzymes like chitinase and protease and
plant growth promoting attributes like siderophore and HCN

production. Furthermore, this study aims to understand the
biocontrol effect of bacterial endophytes on Fusarium wilt in
tomato plants and therefore, the photosynthetic apparatus which
is affected during wilting. We also analyzed the amount of
chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll
content (a+b) in plants treated with pathogen and biocontrol
agents. By measuring Chl fluorescence kinetics, the efficiency
of Photosystem II (PSII) photochemistry was measured. Energy
pipeline models of photosynthetic apparatus visualized the
alterations of PSII energy fluxes in response to the pathogen
and its recovery by biocontrol agents. In summary, the isolates
identified in the present study can be useful in controlling
Fusarium wilt of tomato, the consortia of them being even
more efficient.

MATERIALS AND METHODS

Plants, Bacteria, Fungi, and Growth
Conditions

The tomato wilt pathogen Fusarium oxysporum f. sp. lycopersici
(ITCC 6859) was collected from the Indian type culture collection
(ITCC), IARI, Delhi. The pathogen was maintained in Potato
Dextrose Agar (PDA) (Lopez-Martinez et al., 1999) at 4°C and
periodically sub-cultured in PDA.

The tomato plants were collected from the Bhopal region
(23.165964°N 77.328515°E) of Madhya Pradesh. Endophytic
bacteria were isolated from roots, stems, and leaves (five samples
each) of plants according to the method described by Hallmann
et al. (1997) and Sturz et al. (1998). All the isolates were
maintained in the nutrient agar slants at 4°C. The efficiency
of the surface sterilization process was checked according to
Hallmann et al. (1997) (detailed procedure and images in
Supplementary File 1).

Antifungal Activity of Isolated Strains

The isolated microbes were screened for their antagonistic
potential against Fusarium oxysporum by dual culture assay
(Shabanamol et al., 2017). About 2 mm of Fusarium mycelia plug
grown on PDA was placed at 2 cm from the edge of the agar plate
and challenged on the other end of the plate at 2cm from the
edge with a single streak of the bacterial isolates. Petri plates were
incubated at 28 & 2°C for 7 days and percent (%) inhibition was
calculated using the following formula:

~ (C—T) x 100
N C

I

where, I = % inhibition in mycelia growth; C = growth of
pathogen in control plates; T = growth of pathogen in dual
culture plates.

Identification of Selected Endophytes

Total two isolates showing maximum inhibition for the fungal
pathogen were selected and identified by molecular means using
16S rRNA sequencing. Twenty-four-hours old cultures of the
selected bacterial isolates were subjected to DNA extraction
using a bacterial genomic DNA isolation kit (HiMedia) following
the manufacturer’s instructions. The extracted DNA was used
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to amplify 16S genes. The polymerase chain reaction (PCR)
product was purified by using a PCR product purification
kit (HiMedia) and was sent for sequencing (Bio-innovations,
Mumbai, Maharashtra). The sequence obtained was analyzed
using BLAST and was deposited in NCBI GenBank. The
phylogenetic tree had been constructed using the MEGA7
software (Midhun et al., 2017).

Screening for Attributes Aiding to

Antagonism

Production of Hydrolytic Enzymes-Chitinase and
Protease

The ability of endophytic isolates to produce chitinase was
determined by inoculating on a minimal medium amended with
colloidal chitin as the sole carbon source (Renwick et al., 1991).
Plates were incubated at 28 £ 2°C and analyzed for the zone of
clearance for up to 10 days. Protease production was observed
according to Smibert et al. (1994). The development of a clear
zone around the bacterial colony inoculated in the skimmed milk
agar indicated a positive result.

Siderophore Production

The Chrome Azurol S (CAS) agar medium was prepared as
described by Schwyn and Neilands (1987) for the qualitative
detection of siderophore production. The strain was inoculated
in the Chromo Azurol S (CAS) (blue agar) plate and kept
for incubation at 37°C for 48h. The presence of a yellow to
light orange halo zone in the medium surrounding the colony
indicates the production of siderophore.

HCN Production

The production of HCN was observed according to Bakker and
Schippers (1987). The log phase culture (50 pl) of the bacterial
strain was spread on a nutrient medium containing glycine (4.5
gL™!). The change of color of the Filter paper (Whatman filter
paper 1) soaked in 0.5% picric acid in 1% sodium bicarbonate
placed in the upper lid of the Petri plate incubated at 28°C for
96 h from yellow to reddish brown was recorded as an index of
positive for cyanogenic activity.

Effect of Selected Isolates on Vigor Index

and Seed Germination

Surface sterilized tomato seeds were inoculated in bacteria broth
with a final concentration of ~10% CFU per seed and were
incubated for 24h at 28 + 2°C. Among them, 20 seeds were
randomly selected by discarding the broth. They were transferred
to the Petri plate containing sterile moistened blotting paper.
Seeds treated with sterile distilled water (SDW) served as control.
The Petri plates were incubated at 28 & 2°C for 7 days under
the dark condition for germination (Xia et al., 2015). The
germination percentage was calculated using the formula:

Number of Seeds Germinated

100
Total Number of Seeds x

Germination Percentage =

The seedling vigor index was

following formula:

calculated using the

Seedling Vigour = Seedling Length in cm

x Germination Percentage

Evaluation of Biocontrol Efficacy of

Selected Isolates in-vivo

Seed treatment was done as mentioned in section Effect of
Selected Isolates on Vigor Index and Seed Germination. For
treatment with the consortia of isolates, 10 ml of one culture was
combined with 10 ml of another. The confirmation of endophytic
colonization was done as mentioned in Supplementary File 2.
About three treatments and two controls were considered for
the experiment as mentioned in the table. The bacteria-treated
tomato seeds were sown in the paper cups. After attaining the
two true leaf stage the seedlings were transferred to the individual
pots (12.5 x 14.5 cm) containing autoclaved soil. The treatments
included in the study are as follows: T1- Plant uninoculated
(Healthy Control), T2- Plant inoculated with pathogen, T3-
Plant treated with BUMD?5 and Fusarium, T4- Plant treated with
BUMD9 and Fusarium, and T5- Plant treated with consortia
and Fusarium.

Pathogen Inoculation

The Fusarium oxysporum spore suspension of inoculum was
prepared by pouring 20 ml of SDW in each culture plate of 5-
7 days old fungal mycelium and then gently scraped using the
spore harvester. The concentration of conidia was adjusted to 107
conidia ml~!. Then, about 5 ml of prepared spore suspension was
used to inoculate each seedling in all five treatments using the
soil drenching method (Patil et al., 2011). In the soil drenching
method, 5 ml of fungal suspension (i.e., water containing conidia
of the pathogen) was inoculated to each of the seedlings by
drenching the soil around the root zone with the help of a pipette.
Before inoculation, the roots were slightly severed (wounded) by
inserting a needle, 1 cm away from the stem. Root severing was
done to ensure pathogen penetration through roots.

Symptom severity of the shoot system of the plants was
assessed (6 weeks after pathogen inoculation) using the following
scales: 0- no symptoms,1-yellowing 1-25% of the leaves near the
stem base, 2-Yellowing, and wilt 26-50% of leaves with a simple
brown discoloration in the xylem vessels, 3-Yellowing, and wilt
51-75% of the leaves with dark brown coloring in the xylem
vessels and 4-Wilt and die 76-100% of leaves (Souza et al., 2010).

The disease severity index and infection percentage were
calculated using the following formulae:

ni X si
x 100

Disease Severity Index (%) =

ni
Infection (%) = — x 100
n

where, ni: is the number of plants affected by each degree of
severity, si: the degree of severity of the attack (0-4), n: the total
number of plants used for each energy level applied.

Frontiers in Agronomy | www.frontiersin.org

May 2022 | Volume 4 | Article 831731


https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles

Chaturvedi et al.

Shielding of Photosynthetic Apparatus by Endophytes

Antifungal activity of isolates
b a
70 r ——
—

60 F
Q
T
E 50 d : d
o = = C
= 40 | f -
Q. -
§ 30
=
2
= 20 r
=

10

0
BUMD4 BUMDS BUMDG6 BUMDS8 BUMDS BUMD23 BUMD29
Isolates
FIGURE 1 | In vitro antifungal activity against Fusarium oxysporum. The strains showing maximum percentage inhibition BUMD5 and BUMD9 were selected for
further studies.

Estimation of Chlorophyll Content
Sample preparation was done according to Pérez-Patricio

et al. (2018). Absorbance readings were performed
at wavelengths of 663 and 645nm. The control was
acetone/ethanol  (2:1 v/v). The obtained values were

substituted in the following formulas, for the estimation of
photosynthetic pigments:

Chlorophyll a (mg/g) = (12.7 x A663) — (2.59 x A645)
Chlorophyll b (mg/g) = (22.9 x A645) — (4.7 x A663)
Chlorophyll Total (mg/g) = (8.2 x A663) + (20.2 x A645)

Where, A663 and A645 are the absorbance measured from 663
and 645 nm, respectively.

Measurement of Fluorescence Induction Kinetics
Polyphasic chlorophyll a fluorescence transient called O-J-I-P
(JIP-test) was measured using a plant efficiency analyzer (PEA,
Hansatech, England) in tomato plants. In order to provide
a homogeneous illumination, excitation light of 650 nm was
focused on the surface of the leaf from an array of three
light-emitting diodes. The intensity of light reaching the leaf
was 3,000 pmol (photon) m~2 s~!, which was sufficient to
produce maximum fluorescence (Fm). Plants were adapted
to dark for 20min prior to measurements. The Biolyzer
HP 3 software (the chlorophyll fluorescence analysis program
of the Bioenergetics Laboratory, gifted by the University
of Geneva, Switzerland) was used to prepare the energy
pipeline model.

Statistical Analysis
The data were subjected to one-way ANOVA and Tukey’s HSD
test at the level of p < 0.05. All the statistical analyses were

performed using the SPSS version 16 statistical package (IBM
SPSS, USA).

RESULTS

Selection of Potent Strains to Be Used as

Biocontrol Agents Against Fusarium Wilt

A total of 36 isolates were collected from the different parts
of the plant, viz. roots (17), stem (11), and leaves (8). All
the isolates were tested for antifungal activity. A total of eight
isolates showed anti-fungal activity in the dual culture method
(Supplementary File 3) out of which two isolates, BUMD5
and BUMDSY, showing maximum inhibition percentage, i.e.,
67.2 and 69.1%, respectively, were chosen for further studies
(Figure 1). Both the isolates were found to produce hydrolytic
enzymes chitinase and protease (Figures 2A,B). Also, both the
strains were positive for siderophore and HCN production
(Figures 2C,D). The sequences were submitted in NCBI
GenBank and accession numbers MZ223450 and MZ223454
were obtained. The isolate MZ223450 was found to have
99.06% similarity to Pseudomonas fluorescens P21(FJ605510.1)
and MZ223454 was found to have 99.9% similarity to
Bacillus velezensis HFBPR51 (MT539153.1), respectively, using
sequencing and BLAST results. Figure 3 shows the phylogenetic
trees obtained using MEGA software.

Effect of Selected Isolates on Vigor Index

and Seed Germination

The isolates were assessed individually as well in combination
for seed germination potential. They showed an enhanced seed
germination percentage and vigor index when compared to the
uninoculated control after 7 days of incubation. It could be
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FIGURE 2 | The selected isolates were tested for production of the following.
(A) Chitinase- The zone of clearance shows hydrolysis of chitin by the isolate,
(B) Protease- The clear zone surrounding the colony shows the production of
protease enzyme by the isolate. (C) Siderophore- The orangish-yellow zone
around the colony shows the isolate is positive for siderophore production. (D)
HCN- The change of color of filter paper from yellow (control) to orangish
brown is indicative of the production of HCN by the isolate.

inferred that the seed germination and vigor index was influenced
by the seed treatment with the isolates (Table 1).

Evaluation of Biocontrol Efficacy of

Selected Isolates in vivo

Effect of Different Treatments on Plant Growth
Parameters

It was observed that during the study, treatment T5 significantly
reduced the infection by 67% when compared to control
followed by treatments T3 and T4, which reduced by 26.7 and
33.3%, respectively (Table 2). Although there was no significant
difference observed in the reduction in disease severity between
T3, T4, and T5, there is an almost 3-fold reduction in disease
severity when compared to the plant only inoculated with the
pathogen (T2).

The growth parameters were observed for the plants after
45 days of pathogen inoculation (Figure4). Maximum root
length and shoot length, i.e., 18.1 £ 0.11 cm and 39.7 & 0.5cm
(Figures 5A,B, respectively), were observed in T5, which is
almost equal to that observed in an uninoculated or healthy plant
(T1). However, a significant increase in fresh weight and dry
weight (Figures 5C,D) was clearly observed in plants under the
treatment T5 when compared to a healthy plant (T1).

Estimation of Chlorophyll Content

The effect of different treatments on leaves can be seen in
Figure 6. However, no significant difference in concentration of
chl a was observed among T1, T4, and T5 (20.05 % 0.65 pjpug/ml,
20.17 £ 1.99pg/ml, and 20.90 £ 0.19 pug/ml, respectively)
whereas the lowest concentration of the same was observed in the
pathogen induced T2 (13.92 & 1.57 ug/ml) as seen in Figure 7A.
In the case of chlorophyll b, maximum concentration was seen
in T4 and T5 (13.76 + 1.27 pg/ml and 13.78 £+ 1.07 pg/ml,
respectively) followed by T1 (12.55 £ 0.70 wg/ml) and lowest
concentration was observed in T2 (10.24 & 1.16 jLg/ml) as shown
in Figure 7B. Total chlorophyll content (a+b) was found to be
highest in T5 (34.69 & 0.25g/ml) followed by T4 (33.95 +
2.85Lg/ml) and the lowest concentrations were again observed
in T2 (21.91 & 1.33 pg/ml) as seen in Figure 7C.

Measurement of Fluorescence Induction Kinetics

The chlorophyll fluorescence transient curves are shown in
Figure 8 and the parameters derived from them are shown in
Table 3. A change in the shape of the curve and the fluorescence
intensity of the OJIP transient were observed in control and
treated plants. This was correlated with a change in the transport
of photosynthetic electrons in the tomato plants treated with a
pathogen and potent bacteria. As seen in Figure 8, in comparison
to T1 (Control), the quantum efficiency of PSII photochemistry
(as inferred from the Fv/Fm ratio) significantly decreased by
about 13% in T2. Infected plants receiving biocontrol treatment
decreased the damaging effect of the pathogen on plants and
were least damaged (T5). In T2 plants, the efficiency of the
water splitting complex (Fv/Fo) on the donor side of PSII was
decreased significantly by 38% in comparison to control plants
(T1). It is steadily recovered after the biocontrol treatments. In
this study, RC/ABS, which reflects the number of active reaction
centers decreased significantly in T2 by 21.5% as opposed to
T1 (Control). The efficiency by which an electron trapped can
pass further ahead of Qa- is equivalent to (1-Vj) or Yo (Tomar
and Jajoo, 2013). No significant variation in the value of a
1-Vj was observed for different treatments except a decrease
of around 13% in T2. The performance index (PI) sensitively
reflects the function and vitality of the photosynthetic apparatus
(Mathur et al,, 2018). PI tremendously decreased by 57.1% in
infected plants (T2) as compared to T1 (control) (Table 3).
However, the application of biocontrol agents improved the
PI and the effect was more pronounced in T5 where bacterial
consortia could protect photosynthetic apparatus in plants from
pathogenic effects.

Relevant activities, such as ABS/CS, TR/CS, ET/CS, and
DI/CS, indicating the efficiency of light absorption, trapping,
electron transport, and dissipation per cross section of PSII,
respectively, have been demonstrated in the form of energy
pipeline models for various treatments (Figure 9). This model
gives information about the efficiency of the flow of energy from
antennae to the electron transport chain components through the
RC of PSII. As compared to control (T1), T2 showed a decrease of
20% in ABS/CS, 27% in TRo/CS, and 29% in ETo/CS. However,
the application of biocontrol treatments (T3, T4, and T5) led to
improvement in the number of active reaction centers (indicated
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FIGURE 3 | The phylogenetic trees for (A) BUMD9 (MZ223454) and (B) BUMD5 (MZ223450). The tree was constructed using the Neighbor Joining method and
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by open circles) as well as better rates of electron transport
(indicated by the width of the blue line). T5 was found to be best
with regard to the performance of the photosynthetic parameters.

DISCUSSION

Fusarium wilt is among the most devastating diseases of tomato.
The xylem colonization by the pathogen is known to increase
water flow resistance in the plant, resulting in the leaf water
deficit that is responsible for reducing the leaf photosynthesis and
transpiration (Nogués et al., 2002). Therefore, it is necessary to
seek an effective prevention and control strategy to control the
Fusarium wilt disease during crop production. Using endophytes
as biological control agents for plant diseases is an efficient and
environmental-friendly approach.

In the present study, we have identified two potential
strains, Pseudomonas fluorescens BUMDD5 and Bacillus velezensis
BUMD?, which when used individually as well as in combination
can act as potent biocontrol agents for controlling the fusarium
wilt in tomato plants. Both the isolates have shown significant
antagonistic activity against Fusarium in vitro. They have also
been demonstrated to produce hydrolytic enzymes, which aid
the endophytes in the initial colonization process. The selected
strains also produced HCN and siderophores, which help
the endophytes in outcompeting the phytopathogens in the
ecological niche. Several studies have shown Bacillus velezensis as

TABLE 1 | Effect of seed bio-priming on seed germination and vigor indices.

Control BUMDS5 BUMD9 Consortia

Germination %age 43.3 4+ 1.67° 63.3+1.67° 71.7+3.33° 81.7+ 1672
1.63+0.12° 3.53+0.12° 3.83+0.176% 4.5+ 0.208°
705+3.97% 2304 11.5° 294+18.9° 374 + 10.12

Seedling length
Vigour index

Values are means + SEM, n = 3 per treatment group. Means in a row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.

TABLE 2 | Effect of isolates on infection percentage and disease severity index.

T T2 T3 T4 T5
Infection %age 0+0° 100+ 0% 73.3+6.67° 66.7 + 6.67° 33.3 +6.67°
DSI 0+0° 833+ 1.67% 33.3+1.67° 36.7+1.67° 25+5°

Values are means + SEM, n = 3 per treatment group. Means in a row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.

a potential plant growth promoter and biocontrol agent. Bacillus
velezensis NKG-2 was found to secrete fungal cell wall degrading
enzymes, volatile organic compounds (VOCs), and indole-3-
acetic acid and siderophore and also helped in reducing the
disease severity of Fusarium oxysporum wilt disease on tomato
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Pathogen
(T2)

FIGURE 4 | Effect of different treatments on plant growth in a pot experiment. T1- Plant uninoculated (Healthy Control), T2- Plant inoculated with Fusarium, T3- Plant
treated with BUMDS and Fusarium, T4- Plant treated with BUMD9 and Fusarium, and T5- Plant treated with consortia and Fusarium.
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FIGURE 5 | Effect of various treatments on the root length (A), shoot length (B), fresh weight (C), and dry weight (D) of plants.

plants both under in vitro and in vivo conditions (Myo et al,
2019). The strains also improved the chlorophyll content of
plants as compared to diseased plants. Bacillus velezensis GF267
reduced the intensity of tomato bacterial spots and increased the
chlorophyll content in plants as reported by Mates et al. (2019).
Various strains of Pseudomonas fluorescens have also been shown
to be effective biocontrol agents against multiple plant diseases
(Yendyo et al,, 2017; Kulimushi et al., 2021; Mosahaneh et al.,

2021). As observed in the current study, the combination of these
two isolates was more effective in controlling wilt as compared to
the treatments containing these isolates alone. It has been evident
that mixed inoculants interact synergistically, with a different or
complementary mode of action and provide increased disease
resistance. Various combinations of microbes have been shown to
increase plant productivity and provide better disease resistance
to plants. As reported by Pacheco et al. (2021), the microbial
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FIGURE 6 | Yellowing of leaves as observed after various treatments.
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FIGURE 7 | Effect of different treatments on chlorophyll content of plants (A) Chlorophyll a. (B) Chlorophyll b. (C) Total chlorophyll content (a-+b).

consortium increased maize productivity, and at the same time
improved Phosphate use efficiency as compared to individual
strains. To the best of our knowledge, the use of a combination
of two selected isolates, Pseudomonas fluorescens and Bacillus
velezensis, has not been reported earlier.

Endophytes have also been studied extensively for plant
growth promotion. They have been considered better candidates

as compared to rhizospheric microbes because of their close
association with plants (Gupta et al., 2015). Many bacterial
species including Bacillus, Pseudomonas, etc., have been used
to improve plant productivity (Gupta et al,, 2019). We have
also obtained similar results in which better growth parameters
like root length, shoot length, fresh weight, and dry weight
have been observed in plants treated with BUMD5, BUMD9Y,
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and their consortia despite being treated with the pathogen
Fusarium oxysporum.

Improved growth parameters are generally related to the
better photosynthetic performance of the plant. To monitor
the efficiency of photosynthesis, we used a non-invasive
method of Chl a fluorescence kinetics. Chl a fluorescence
kinetics parameters have been recognized as ideal predictors of
photosynthetic performance and energy conversion efficiency of
Photosystem II (PSII) (Mathur et al., 2018). Figure 9 shows the
effect of treatments on the shape of chlorophyll a fluorescence
transient to analyze changes in electron transfer reactions
occurring at PSII (Papageorgiou, 2012). In the present study,
decreased Fv/Fm values indicate stress due to a pathogen that
damages the photosynthetic apparatus (Goltsev et al., 2016). To
localize the effects of treatments on the acceptor side of PSII,
the kinetics of relative variable fluorescence (Vj) were calculated.
The efficiency by which a trapped electron can move further
ahead of Qu- is equal to (1 - Vj) or Wo (Tomar and Jajoo,
2013). Not much variation in the values of (1 - Vj) were observed
in plants treated with or without bacteria except for a decline
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FIGURE 8 | The OJIP chlorophyll a fluorescence transient curves (log time
scale) after 45 days under different treatments.

of 13% in T2. It suggests that Qa- re-oxidation and electron
transport at the acceptor side of PSII was not much affected
(Tomar and Jajoo, 2013). The photosynthetic performance index
(PI) is an indicator of plant vitality. Pl is an overall parameter
that incorporates biophysical parameters, determined from the
JIP-test (Maliba et al., 2019). PI is the product of a dependent
parameter for an antenna, reaction center, and electron transport.
In the tomato plants under the pathogenic influence, biological
treatment has resulted in an improved overall performance index
(PI) (Figure9). It can also be observed in other plant growth
parameters and chlorophyll content.

Energy pipeline models of photosynthetic apparatus further
visualized the alterations of PSII energy fluxes in response to the
pathogen and its recovery by biocontrol agents (Figure 8). This
model gives information about the efficiency of the flow of energy
from antennae to the electron transport chain components
through the cross-section of PSII (Li et al., 2014). It has been
shown that ABS/CSm, ETo/CSm, TR,/CSm declined with T2
treatment. ETo/CSm decreased due to lower energy absorption
by antenna pigments (ABS/CSm), lower energy trapping by RCs
(TRo/CSm), and higher energy loss as heat (DIo/CSm). The
decrease in TRo/CSm is mainly due to the decrease in the density
of the active RCs and this is an indication that downregulation of
PSII is accomplished by the inactivation of the RCs. As a negative
effect of the pathogen, a decrease in the density of active reaction
centers (indicated as open circles) and a rise in the density
of closed reaction centers (indicated as full circles) have been
observed (T2). Biological treatments may retrieve the negative
effects of pathogens on the overall photochemistry. However,
bacterial consortia could protect tomato plants better from the
damaging effects of pathogens.

CONCLUSION

Fusarium wilt is a major disease affecting crops leading to severe
economic loss every year. The clogging of the xylem is responsible
for wilting leading to the death of the plant. Bacillus velezensis and
Pseudomonas fluorescens can be considered potent biocontrol
agents to control the disease. They have significantly reduced
the deleterious effect on the photosynthetic apparatus, thereby

TABLE 3 | Parameters obtained from fluorescence transient curves measured on day 45 under different treatments on tomato plant.

Treatments Fv/Fm RC/ABS Fv/Fo 1-vj Pl
T1 0.78 +0.012 0.56 + 0.032 3.56 +0.132 0.53 £ 0.012 1.07 £0.132
(100) (100) (100) (100) (100)
T2 0.68 + 0.02¢ 0.44 + 0.049 2.20 + 0.21° 0.46 + 0.019 0.46 + 0.09°
(87.1) (78.5) 61.7) (86.7) (42.9)
T3 0.71 +0.09 0.50 + 0.02¢ 2.52 +0.01° 0.48 + 0.02° 0.61 + 0.05¢
1) (89.2) (70.7) (90.5) (57)
T4 0.73 + 0.02° 0.49 4 0.04° 2.77 £ 0.37° 0.48 £ 0.01° 0.68 & 0.16°
(93.5) (87.5) (77.8) (90.5) (63.5)
T5 0.76 £ 0.01° 0.54 + 0.04° 3.20 + 0.152 0.50 + 0.02° 0.88 4+ 0.13°
(97.4) (96.4) (89.8) (94.3) (82.2)

Values are means + SEM, n = 3 per treatment group. Means in a row without a common superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY HSD test.
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FIGURE 9 | Energy pipeline leaf model showing proportions of phenomenological energy flux parameters within a leaf, calculated per cross-section (CSm) in different
treatments. The width of the corresponding arrow denotes the activity of that parameter. Empty and filled black circles indicate the percentage of active and inactive
reaction centers of PSII, respectively. ABS/CSm, Absorption per cross section; TRo/CSm, Trapping per cross section; ETo/CSm, electron transport per cross section;
Dlo/CSm, Dissipation per cross section.
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improving plant growth. However, a better understanding of the
impact of these isolates on the genes regulating photosynthesis is
required for a more focused approach toward their development
as bio-control agents on large scale.
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ABSTRACT

Drought is an important abiotic stress that hampers the growth of plants by inhibiting photosynthesis resulting in
major crop losses. Silicon is known for its role to alleviate impact of various abiotic stresses in plants. In the
present study, drought sensitive wheat variety HI-1544 was subjected to drought stress (DS) by withholding
irrigation. The aim of this study was to evaluate the impact of SiO, nanopriming in protecting photosynthesis,
particularly photosystems (PSI and PSII), under drought condition. DS significantly reduced the quantum yield of
PSII (YII) and PSI (YD) in unprimed drought stressed (UP + DS) plants but non-significant reduction was observed
in NP + DS wheat plants. Likewise a severe impairment in the electron transport rate of PSII and PSI (ETRII and
ETRI) in UP + DS was noticed as compared to NP + DS plants. Among energy dissipation parameters, regulated
and non-regulated energy dissipation [Y(NPQ) and Y(NO) respectively] showed prominent increase in UP + DS
plants when compared to NP + DS wheat plants. Decrease in YI was accompanied by significant increase in donor
Y(ND) and acceptor side Y(NA) limitation of PSI in UP + DS plants. These parameters were less affected in NP
+ DS wheat plants. A remarkable inhibition in the oxidation reduction kinetics of P700 was observed in UP +DS
plants while it were less affected in NP +DS wheat plants. The data suggests that the impact of drought stress
(DS) was more prominent on PSII than PSI. SiO, nanopriming conferred more protection to PSII complex,
thereby improving photosynthetic efficiency under DS.

1. Introduction

The ever changing environmental conditions have resulted in var-
ious abiotic stress conditions exhibiting major impact on global vege-
tation and crop productivity. Drought is amongst the prime abiotic
stress that has affected crop productivity in agricultural lands world-
wide (Waraich et al., 2011). Looking at the current trend of increasing
population and changing climatic conditions, majority of regions will
be facing chronic shortage of freshwater to satisfy agricultural re-
quirements. The problem will intensify in near future resulting in major
crop losses each year.

A prolonged period of drought has major impact on developmental
process and metabolism ultimately affecting growth of the plant
(Dhakal, 2021). Prominent effect of water stress is seen on plant pho-
tosynthesis which is one of the important phenomenon for plant growth
(Ashraf and Harris, 2013). Impact of drought stress on light harvesting,
rate of electron transport and dark reactions may result in overall re-
duction in photosynthesis. Drought stress results in substantial damage

to photosynthetic pigments and deterioration of thylakoid membranes
(Kannan and Kulandaivelu, 2011). Moreover, stomatal closure under
drought stress limits carbon dioxide (CO,) uptake in leaves thereby
inhibiting the process of CO5 reduction and accumulation of reduced
photosynthetic electron transport components (Wahid and Rasul,
2005). The accumulation of these compounds reduce molecular oxygen
leading to overproduction of reactive oxygen species (ROS) such as
superoxide and hydroxyl radicals as well as H;O, provoking oxidative
damage to the photosynthetic apparatus (Fahad et al., 2017). Explicitly,
ROS accumulation is related to severe damage caused to both photo-
systems (PSI and PSII) in chloroplasts hampering the cyclic as well as
noncyclic electron transport (Abdelmoneim et al., 2014). It ultimately
affects the synthesis of ATP and NADPH, thereby retarding overall
photosynthesis (Teskey et al., 2015).

Developing drought tolerance in crop varieties might be a promising
approach to tackle this problem. One of such approaches is seed na-
nopriming. Priming is a pre-sowing treatment technique that regulates
biochemical and physiological processes of seeds for enhancing
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germination and mitigation of stress (Rai-Kalal et al., 2021; Sherin
et al.,, 2022). Nanomaterials have range of applications and a great
potential to contribute to the agricultural revolution. Various nano-
formulations in the form of nanofertilizer, nanopesticides, nanoherbi-
cides are being used to enhance agricultural productivity and to lower
the impact of chemical based products on agriculture and environment
(Mahakham et al., 2017). These effects depend on the physico-chemical
properties of nanoparticles such as size, zeta potential, and concentra-
tion of nanoparticles which play a key role in their uptake and trans-
location in plants (Nile et al., 2022). Previous studies have reported
application of various metal based nanoparticles including Zn, Fe, Ag,
Hg etc. (Mahakham et al., 2017) to enhance crop performance and
improved yield. In our recent work, nanopriming of seeds to enhance
germination rate, germination synchronization, and seedling growth
was reported (Rai-Kalal and Jajoo, 2021; Pereira et al., 2021). However
effect of seed nanopriming in enhancing abiotic stress tolerance po-
tential in plants remains unexplored. Very few nanomaterials have been
tested so far for their ability to induce tolerance to abiotic stress.

Silicon (Si) is known to be a part of non-essential element for higher
plants. The beneficial role of silicon in growth and development has
been observed in some of the plant species including rice (Song et al.,
2014). However, there are many studies reporting the role of silicon in
ameliorating various abiotic and biotic stresses in plants indicating its
protective role (Rastogi et al., 2021). Studies report that Si acts as a
plant protectant and bio stimulant maintaining hormonal homeostasis,
balancing the osmotic potential and adjusting the antioxidants ma-
chinery to keep a check on ROS content under wide range of abiotic
stresses (Hameed et al., 2021). Although silicon is present in bulk form
in abundance in soil, plants lack ability of Si uptake from soil which is
further reflected in physiological and yield traits of the plant (Souri
et al., 2021). Therefore uptake of silicon by plants in nanoform may be
a better option.

The above facts invoked our interest to evaluate the effect of in-
creasing silicon availability to plants via seed nanopriming. In our
previous study, we have reported effects of SiO, NPs as seed priming
agent in improving wheat seed quality in terms of improved germina-
tion and seedling growth and enhanced seedling vigor (Rai-Kalal et al.,
2021). Drought stress has a major impact on plant photosynthesis in-
hibiting the normal functioning of the two photosystems. A fine tuning
of working of both photosystem is essential for plant to perform op-
timum photosynthesis. However, role of Si nanopriming on wheat plant
photosynthetic apparatus under water stress conditions remains un-
explored. Considering these aspects, we hypothesize that SiO, nano-
priming alleviates the effect of drought stress in nanoprimed plants by
maintaining the photosynthetic efficiency of plants and protecting plant
photosynthetic machinery (mainly photosystem I and photosystem II)
from oxidative damage when subjected to drought stress. To our
knowledge the present work is the first attempt to study the impact of
seed priming Si nanoparticles on plant photosynthetic apparatus fo-
cusing on relative performance of the two photosystems under drought
stress.

2. Materials and methods
2.1. Priming of wheat seeds with SiO, nanoparticles

Wheat seeds HI-1544, a drought sensitive cultivar, was obtained
from IARI (Indian Agriculture research institute) Indore. Silicon oxide
nanoparticles (SiO, NPs) were procured from Nano Research Lab,
Jamshedpur, having size range of 20-30 nm. All the chemicals required
in this study are analytical grade purchased from Sigma and HiMedia.
Seeds were primed with SiO, NPs. Additionally to study the significance
of using Si in nanoform as priming agent, another set of seeds were
primed with Bulk SiO, following (Rai-Kalal and Jajoo, 2021). Briefly,
50 wheat seeds were primed by soaking the seeds in nanoparticle so-
lution (15 mg/L). The seeds were kept for continuous agitation for 12 h
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of priming time (Rai-Kalal et al., 2021). After the priming these seeds
were given repeated wash with distilled water and air dried to bring
them back to their original moisture content. For comparison, unprimed
(UP) seeds were taken as control.

2.2. Staining of internalized SiO, nanoparticles using methyl red (MR)

To study the internalization of Si NPs in nanoprimed wheat seeds,
methyl red (MR) dye staining method by Dayanandan et al. (1983) was
followed. According to this, MR makes a red color complex with silanol
group. Briefly, 1 g of primed and unprimed seeds was rinsed in water
followed by 1 min wash with 1% HCI to remove surface bound im-
purities. When dissolved in benzene, MR appears colorless. When ad-
sorbed by silica; MR imparts a dark red color. Seed samples of ap-
proximately 1 g were cut into halves placed in glass test tubes, and the
sample were stained with 5 ml of methyl red in benzene for 30 min in
freshly prepared 0.1% MR solution in benzene. Samples were then in-
cubated for 30 min for color development (Images shown in
Supplementary Fig. S1).

2.3. Determination of hydrolytic enzyme activity in nanoprimed wheat seeds

2.3.1. a-Amylase activity

In seeds germinated for 72 h, the activity of a-amylase (as mg starch
hydrolyzed h™! protein mg ~') was measured following the method
described in Sawhney et al. (1970).

2.3.2. Protease activity

In seeds germinated for 72 h, activity of protease enzyme (as mg
protein hydrolyzed g~ 'fresh weight) was measured as described by
Kunitz (1947).

2.4. Determination of soluble sugar content

The total soluble sugars were estimated by following the method of
Hedge and Hofreiter(1962).

2.5. Effect of drought stress on quantum efficiency of PSI and PSII in
nanoprimed wheat plants

2.5.1. Drought stress application

Pot experiments were conducted to study the effect of drought stress
on wheat plants. For growing wheat, black garden soil mixed with sand
in the ratio 3:1 was used. Pots were kept in natural sunlight in open to
subject them to natural field conditions. The temperature conditions
during experimental days (January) had maximum day temperature
around 25 °C. In the beginning, plants were kept fully irrigated.
Drought stress (DS) was given after 20 days of germination. Relative
soil water content was measured as described by (Pebriansyah et al.,
2012). In DS plants, after 10 days, relative soil water content was re-
duced to 20% as that of control. In order to understand significance of
using nano-Si for priming in enhancing drought tolerance, additional
pot experiments with Bulk Si were also conducted. Experimental setup
mainly consisted of fully irrigated unprimed (UP + W), irrigated nano-
primed (NP + W), and irrigated Bulk primed (Bulk + W) plants including
drought stressed unprimed (UP + DS), drought stressed nanoprimed (NP
+DS) and drought stressed Bulk (Bulk+DS) wheat plants. Fully irri-
gated unprimed wheat (UP + W) plants were considered as control.

2.5.2. Relative water content (RWC)
RWC in wheat leaf was determined following Ashkavand et al.
(2015) following equation.

RWC = (Wf- Wd /Wt- Wd) x 100

W fresh weight of leaf, Wy: leaf turgid weight, Wg: leaf dry weight.
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Table 1
Chlorophyll fluorescence measurements using Dual-PAM100 (Tomar and Jajoo,
2014).

Parameters Description

Y(D) Effective quantum yield of PSII
YD) Effective quantum yield of PSI
ETR() PSI electron transport rate
ETR(I) PSII electron transport rate

NPQ Non-photochemical quenching or Quantum Yield of
regulated energy dissipation

Y(NO) Quantum yield of non-regulated dissipation of
energy in PSI

Y(NA) Fraction of total P700 that cannot be oxidized
due to lack of acceptors

Y(ND) Fraction of total P700 that is oxidized due to

donor-side limitation

These were measured after keeping leaves in oven at 60 °C for 48 h.

2.5.3. Measurement of energy conversion of PSI and PSII in drought
stressed nanoprimed wheat plants

Quantum yields of energy conversion in PSI and PSII were measured
by saturation pulse (SP) technique using Pulse Amplitude Modulated
system (Dual-PAM-100, Walz, Germany) in intact leaves of wheat
plants. The protocol as described in (Klughammer and Schreiber, 1994;
Kalaji et al., 2016; Nath et al., 2017) was followed. Description of some
of the parameters of PSI and PSII obtained from using DUAL-PAM100
are listed in Table 1.

2.5.4. Oxidation-reduction kinetics of P700

To calculate redox state of P700, the light induced changes in ab-
sorption at 830-875 nm (AA830-875) were measured by dual wave-
length unit connected via Dual- PAM-100 (Walz) (Nath et al., 2016).
Single-turnover (ST, 14 ps) and multiple-turnover (MT, 50 ms) satur-
ating flashes were used for calculation of the pool size of intersystem
electrons on P700 reaction centre (Ivanov et al., 2006). The half-life of
P700 re-reduction (t;,5) was calculated with Origin 8.0 (Origin Lab
Corporation).

2.6. Data analysis

Data were analyzed using Graphpad Prism 5.01 Software (GraphPad
Software, Inc.). Results were analyzed using one-way ANOVA and then
Duncans test to determine significance between mean value. Significance
was determined at p < 0.01 (* p < 0.05, ** p < 0.01, and
**% p < 0.001). The results are shown as mean values and standard de-
viation (SD). All the measurements were carried out three times in tripli-
cate. Different alphabets indicate significant difference among treatments.

3. Results
3.1. Staining of SiO» nanoparticles in nanoprimed seeds

Methyl red (MR) was used for silica staining in plants. When dis-
solved in benzene, MR appears light yellow-orange in color, while when

Table 2
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adsorbed by silica MR imparts red color (Nondek et al., 1986). Results
showed formation of intense red colored complex in nanoprimed and
Bulk SiO, primed wheat seeds. No color change was formed in un-
primed seeds which can be correlated with presence of Si in nano-
primed seeds and its absence in unprimed seeds (results shown as
Supplementary Fig. S1).

3.2. Determination of hydrolytic enzyme activity and soluble sugar content

Effect of SiO, NP priming on hydrolytic enzyme activity and total
soluble sugar content in 72 h germinated UP, NP and Si Bulk primed
wheat seeds are shown in Table 2. An increase in the activity of seed
hydrolytic enzymes was observed in nanoprimed wheat seeds. Activity
of a- amylase showed a significant increase by 80% followed by a
prominent increase by 57% in protease activity in nanoprimed wheat
seeds as compared to control. On the contrary, the activity of both
amylase and protease increased by only 25% and 28% respectively in
Bulk SiO, primed wheat seeds. Further, effect of nanopriming on starch
metabolism in seeds was also evaluated in terms of total soluble sugar
content. The results showed 73% increase in the total soluble sugar
content of nanoprimed seed whereas an increase of only 18% was ob-
served in Bulk SiO, primed seeds, as compared to control.

3.3. Effect of drought stress on relative water content (RWC) of leaves

Drought stress results in a drastic reduction in relative water content
of plant leaves. Table 3 shows RWC in fully irrigated and drought
stressed wheat leaves. NP+ W wheat leaves showed maximum RWC
(95%) as compared to UP + W (84%) and Bulk + W (86%)wheat leaves.
Subjecting to DS significantly changed the leaf water status. RWC in UP
+ DS leaves were reduced to 48% followed by a prominent decrease in
Bulk +DS plant leaves to 66%. However, RWC in NP+DS was 73%
which was comparatively better in comparison to UP + DS wheat leaves.

3.4. Effect of drought stress on quantum yield of PSI and PSII

Effect of drought stress on the efficiency of energy conversion of PSI
and PSII in UP+DS, NP+ DS, Bulk+DS wheat plants was monitored
using Saturation Pulse (SP) method. Optimum plant performance re-
quires a balance in the rate of energy conversion processes of PSII and
PSI. The study of Chl a fluorescence yield parameters relates to the
distribution of the absorbed energy between its utilization for photo-
synthesis and wastage in the form of heat (regulated and non-regu-
lated). The amplitude of Fm and Pm which represents maximum ac-
tivity of PSII and PSI respectively was significantly increased in NP + W
as compared to control (Fig. 1). Exposure of wheat plants to 10 days of
drought conditions drastically affected Fm. Fm was significantly re-
duced being minimum in UP+DS plants (57% reduction) while
showing only 10% reduction in NP + DS plants when compared with UP
+W wheat plants (Fig. 1). The amplitude of Pm representing the
quantity of maximum photo-oxidisable P700 (Fu and Huang 2001) is
considered one of the most reliable parameters to measure the amount
of efficient PSI complexes. Pm was attained maximum for NP+W
compared to UP+W and Bulk + W wheat plants. However in response
to DS, Pm dropped significantly in UP +DS plants (reduced by 55%)

Effect of priming on activity of a-amylase, protease and soluble sugar content of UP (unprimed), NP (nanoprimed) and Bulk (SiO, Bulk primed)

wheat seedlings. Statistical details as explained in M & M.

Treatment a-Amylase Protease Soluble sugar
(mg starch hydrolyzed (unit/mg protein) (mg/g fresh weight)
h~'protein mg™1)
UpP 19.34 + 0.1° 0.43 + 0.02° 2.2 * 0.01°¢
NP 348 + 0277 0.69 + 0.037 3.8 + 0.0177
Bulk 24.19 + 0.3 0.54 = 0.02" 2.6 = 0.02"
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Table 3
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Effect of drought stress on leaf relative water content (RWC) in control (UP + W), nanoprimed irrigated (NP + W), Bulk SiO, primed irrigated (Bulk + W), unprimed
drought (UP + DS), nanoprimed drought (NP + DS) and Bulk SiO, primed drought stressed (Bulk + DS) wheat plants. Statistical details given in M & M.

Treatment Fresh weight (g) Turgid weight (g) Dry weight (g) RWC (%)
UP+W 0.219 * 0.03° 0.275 = 0.02° 0.028 * 0.02° 84 + 0.7°
NP+W 0.305 * 0.017" 0.317 * 0.02"" 0.039 * 0.017" 95 + 057
Bulk+W 0.211 + 0.02™" 0.240 = 0.037"¢ 0.026 * 0.01™¢ 86 + 0.5™°
UP+DS 0.144 * 0.03™" 0.245 * 0.03""¢ 0.023 = 0.047¢ 48 + 0.4
NP+DS 0.237 * 0.02"™® 0.314 * 0.02"" 0.033 = 0.037™® 73 = 0.7
Bulk+DS 0.193 + 0.03"¢ 0.265 * 0.02"° 0.020 = 0.037"¢ 66 + 0.5
1.8 [Z22Fm | compared to UP+W and Bulk+ W primed wheat plants. Likewise, the
] | Pm measurement of electron transport around PSII (ETR II) and PSI (ETRI)
1.6 - } | also showed a prominent increased in NP + W wheat plants as compared
1 P.. to UP+W control. However, exposure to DS, resulted in a prominent
1.4 4 7;" decrease in YII and Y1 in all the drought stressed plants compared to UP
1 2_' e % d +W wheat plants. Results obtained show a drastic reduction in Y(II)
'>: -] % / 'Ps i parameters in UP+ DS plants followed by significant decrease in Bulk
£ 1.0 B3 oy % 7 % +DS wheat plants. Decrease in YII was further accompanied by a si-
% ! :::: / / o20s BN multaneous increase in Y(NO) and Y(NPQ) representing non-regulated
£ 08 gs:: / / X -7/3—— and regulated energy dissipation in UP + DS wheat plants Fig. 4. On the
£ 1 % / , f d / 28 contrary, damage in YII was non-significant in NP+ DS wheat plants.
u 0.6 ::::: s / X / % Lower reduction in YII in NP + DS plants resulted in considerably non-
0.4 _ / :.%’:o ] % ' 3 / / significant change in Y(NO) followed by lesser increase in Y(NPQ) in NP
| s:? / / + DS plants in comparison to UP+DS.
0.2 - %5:: / / 8 g Likewise, Y(I) representing the quantum yield efficiency of PSI was
! .5::: 3 // 2.' %2 // reduced in UP + DS wheat plants (Fig. 2). In UP + DS plants decrease in
0.0 1 L - YI was followed by significant increase in Y(ND) and Y (NA) re-

T ,' T T o
UP+W NP+W Bulk+W UP+DS NP+DS  Bulk+DS

Fig. 1. Effect of drought stress on maximum fluorescence (Fm) and maximal
change in P700 (Pm) signal in UP+W (unprimed irrigated), NP+ W (nano-
primed irrigated), Bulk+ W (Bulk irrigated), UP + DS (unprimed drought), NP
+DS (nanoprimed drought) and Bulk+DS (Bulk drought) wheat plants.
Statistical details given in M & M.

while showing non-significant change in NP+ DS compared to control
plants.

The quantum yield efficiency (YII and YI) and electron transport
rate (ETRII and ETRI) of PSII and PSI in irrigated UP + W (control), NP
+W, Bulk+W and drought stressed UP+DS, NP+DS and Bulk+ DS
wheat plants is shown in Figs. 2,3. The quantum yield efficiency of both
PSII (YI) and PSI (YD) were significantly enhanced in NP+W as

presenting the quantum yield of non-photochemical energy dissipation
caused by donor side limitation and acceptor side limitation respec-
tively as compared to control UP+W plants (Fig. 5). However, in NP
+ DS plants reduction under DS was non-significant followed by non-
significant reduction Y(NA) and considerably lesser reduction in Y(ND)
than in UP + DS wheat plants. Further, the rate of electron transport was
down regulated due to DS. A dramatic decline in ETRI and ETRII was
observed in UP + DS and Bulk + DS wheat plants but less decline in NP
+ DS plants was observed as compared to UP+W wheat plants.

3.5. Effect of drought stress on P700 redox kinetics

Efficiency of energy conversion of PS I can be estimated the redox state
of PSI reaction center (P700) which can be measured by noting absorbance
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Fig. 2. Effect of drought stress on quantum yield of PSII (YII) and PSI (YI) in UP+W (unprimed irrigated); (NP+W) (nanoprimed irrigated); Bulk+ W (Bulk
irrigated); UP + DS (unprimed drought); NP + DS (nanoprimed drought) and Bulk + DS (Bulk drought) stressed wheat plants. Statistical details given in M & M.
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Fig. 3. Effect of drought stress on electron transport rate of PSII (ETRII) and PSI (ETRI) in UP+W (unprimed irrigated); NP+ W (nanoprimed irrigated); Bulk + W
(Bulk irrigated); UP + DS (unprimed drought); NP + DS (nanoprimed drought) and Bulk + DS (Bulk drought) stressed wheat plants. Statistical details given in M & M.

change caused by P700% cation-radical between 830 and 875nm
(Klughammer and Schreiber, 1994).Table 4 shows absorbance change at
AAgsg_g7s after application of FR (far red light) in wheat leaves in response
to DS. In fully irrigated wheat plants the rise of absorbance at AAgso _g75 nm
was very high. The amplitude of absorbance change at AAgsg g7s reached
highest in NP+ W followed by Bulk+ W and UP +W wheat leaves.

As an effect of DS, AAgsg_g7s showed drastic decline in UP+DS
(reduced by 57%) and Bulk+DS (reduced by 53%) wheat plants as
compared to UP+W plants. However, the observed reduction in
AAg30_g75 was less in NP +DS (by only 36%) wheat plants. Further, the
intersystem electron pool size of PSI was estimated by the application of
ST and MT flashes in control and DS plants. The value of MT: ST area
was found to be minimum in all irrigated wheat plants however,
showing maximum increase in UP+ DS plants. In NP+ DS plants this
ratio was showed non-significant changes compared to that of control.

Further, the kinetics of P700™ re-reduction with a half-life (t;,) is
represented in Table 4. The t;,, value for control plants UP+W was
observed to be 0.88 s which was 0.76 s for NP + W plants. As an effect of
DS t,,, values were increased to 0.99s in both UP+ DS and Bulk+DS
plants, while no significant change in NP + DS wheat plants respectively
as compared to UP+W wheat plants.

4. Discussion

The potential effects of SiO, nanoparticles as seed priming agent in
enhancing various seed germination parameters including increased
germination percentage, seedling length and seedling vigor in nano-
primed wheat seeds are already been reported (Rai-Kalal et al., 2021).
This increase can be explained based on a hypothetical mechanism
proposing penetration of nanoparticles in seed coat by creating small
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Fig. 4. Effect of drought stress on the quantum yield of non-regulated energy dissipation Y(NO) and the quantum yield of regulated energy dissipation Y(NPQ) in UP
+W (unprimed irrigated); NP +W (nanoprimed irrigated); Bulk+ W (Bulk irrigated); UP + DS (unprimed drought); NP +DS (nanoprimed drought) and Bulk + DS

(Bulk drought) stressed wheat plants. Statistical details given in M & M.
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Fig. 5. Effect of drought stress on the quantum yield of non-photochemical energy dissipation due to acceptor side limitation Y(NA) and the quantum yield of non-
photochemical energy dissipation due to donor side limitation Y(ND) in UP + W (unprimed irrigated); NP + W (nanoprimed irrigated); Bulk + W (Bulk irrigated); UP
+ DS (unprimed drought); NP + DS (nanoprimed drought) and Bulk + DS (Bulk drought) stressed wheat plants Statistical details given in M & M.

Table 4

Effect of drought stress on the steady-state oxidation of P700 (AAs30-g75)),
electron donor pool size to PS I (multiple turnover (MT): single turnover (ST)
area) and dark reduction kinetics (t;» in s) in UP+W, NP +W, Bulk+W, UP
+DS, NP + DS and Bulk +DS wheat plants. Statistical details given in M & M.

Treatment AA (g30-875) MT/ST area t1/2

UP+W 1.75 + 0.01° 9.6 + 0.3° 0.88 + 0.01°
NP+W 2.25 + 0.02"" 9.5 + 0.3™ 0.76 + 0.01"""°
Bulk+W 1.55 + 0.02"°¢c 9.5 + 0.4 0.91 + 0.02™
UP+DS 0.75 * 0.03"f 11.5 + 0.3"" 0.99 + 0.02""®
NP +DS 1.12 + 0.02"¢ 9.3 + 0.2"P 0.85 + 0.03™
Bulk +DS 0.82 + 0.02""° 10.2 = 0.2"P 0.99 + 0.017"

pores. Formation of nanopores is accompanied with up-regulation of
aquaporin genes involved in rapid water uptake. Increase in seed water
uptake can induce higher metabolic activity of various seed hydrolytic
enzymes like amylase and protease involved in starch and protein hy-
drolysis during initial phase of imbibition in nanoprimed seeds
(Mahakham et al., 2017). Increase in the activity of these germination
related hydrolytic enzymes corresponds well with an increase in total
soluble sugar content (Table 2) required to support early seedling
growth in NP seeds compared to UP and Bulk primed wheat seeds.
Overall, owing to the smaller size and high surface area to volume ratio,
bioavailability of Si nanoparticles is increased leading to easy pene-
tration in the seeds, thus improving seed quality in terms of rapid water
uptake, higher germination percentage and enhanced seed vigor in
comparison to their bulk counterparts (Mansoor et al., 2019). Seed
vigor forms an important aspect in the process of seed germination
thereby promoting better seedling growth and enhanced recovery when
subjected to any abiotic stress in its entire life cycle (Rai-Kalal et al.,
2021).

Drought stress has a major impact on plant photosynthesis dis-
turbing the membrane permeability of chloroplast. Water deficiency in
drought condition induces negative change in photosynthetic pigment
content, impairing normal functioning of photosynthetic machinery (Fu
and Huang 2001). Severity of drought stress can be estimated from leaf
relative water content. Leaf RWC was drastically reduced by 52% in UP
+ DS plants; however this reduction was only 22% in leaves of NP + DS
plants (Table 3). Considerable less reduction in water content in NP
leaves under DS can be explained as a result of marked enhancement in
root and shoot ratio resulting in greater water uptake capacity and

reduced water loss through transpiration (Rai-Kalal and Jajoo, 2021).
Thus, better water status in NP plants could be positively correlated
with improved drought tolerance potential.

It is well established that under water stress condition plant tend to
close their stomata in order to maintain a relative plant water status
(Lawlor and Cornic, 2002). However, long-term stomatal closure to
avoid water loss results in the accumulation of harmful ROS species
resulting in oxidative stress. Photosynthetic apparatus of plant is the
major victim of such oxidative damage. The present work was aimed to
evaluate the impact of DS on photosynthetic efficiency of PSI and PSII
complexes in nanoprimed wheat plants. Information obtained from the
study of saturation pulse kinetics provides a precise knowledge about
the complex process of PSI and PSII photochemistry and their efficiency
of energy conversion. Application of a saturating pulse to a dark-
adapted leaf induces a maximum value of fluorescence (Fm) by closing
reaction centers in non-stressed plants (Murchie and Lawson, 2013).
The amplitude of Fm, representing the number of active (photo-oxidi-
sable) reaction centers of PSII, was significantly increased in NP+ W as
compared to UP+W wheat plants. However on subjecting to DS a
drastic reduction in amplitude of Fm was observed in UP+ DS plants
(Fig. 1). Decrease in Fm in UP+DS plants suggest drought induced
oxidative damage of photosynthetic apparatus at structural and func-
tional level resulting in severe to damage to PSII reaction centers
(Tomar and Jajoo, 2019). On the contrary, Fm was less affected in NP
+ DS plants indicating positive role of SiO, nanoparticle in preventing
the photosynthetic apparatus from being damaged under DS.

Likewise, the maximum level of P700* signal is denoted by Pm
(which is analogous to Fm in PSII) (Tikkanen et al., 2014). Our results
showed significant increase in Pm in NP+W as compared to UP+W
wheat plants (Fig. 1). However, Pm was significantly decreased in UP
+ DS wheat as a response towards drought stress. The measured decrease
in Pm in UP+DS plants suggest a drastic reduction in photoactive re-
action centers of PSI and decrease in the amount of photo-oxidisable PSI
per unit leaf area (Brestic et al., 2015). On the contrary, in NP + DS plant
reduction in Pm was non-significant as compared to UP+W plants in-
dicating better availability of number photo-oxidisable PSI complexes to
perform photochemistry even under DS (Mathur et al., 2018).

The increase in Fm and Pm can be directly correlated with increase
in quantum yield efficiency of PSII and PSI respectively. The quantum
yield of PSII (YII) and PSI (YI) is positively associated with photo-
synthetic rate in plants related to fraction of photo chemically active
reaction centers of both photosystems (Mathur et al.,2018). Therefore
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Fig. 6. Diagrammatic representation showing the effects of drought stress on photosynthetic efficiency of PSII and PSI in unprimed and nanoprimed wheat plants.

any damage to photosynthetic reaction centers of PSII and PSI in re-
sponse to DS is a reduction in YII and YI (Fig. 2). Results obtained show
significant increase in Y (II) in NP + W followed by increase in Bulk + W
plants as compared to UP +W wheat plants. However, Y(II) was dras-
tically reduced in UP+DS wheat plants representing increase in the
number of ‘inactive’ reaction centers as a result of photo-oxidative
damage of D1 protein in response to DS (Tomar and Jajoo, 2015). On
the contrary, the damage in YII was significantly less in NP + DS plants.
The lesser extent of decrease in YII in NP + DS plants is in corroboration
with our previous findings (Rai Kalal et al.,2021) that reported increase
in total Chl pigment content in SiO, nanoprimed plants resulting in
increase in number of active reaction center involved in maximum
absorption of photons in performing photochemistry under DS.

The efficiency of linear electron transport rate in PSII (ETRII)
showed a prominent increase in NP + W plants as compared to UP +W
wheat plants. Subjecting the plants to DS resulted in significant re-
duction in ETR(II) in UP+DS and Bulk+ DS plants (Fig. 3). However,
this reduction was more pronounced in UP + DS wheat plants, showing
considerably less reduction in NP +DS wheat plants. The efficiency of
photochemical energy conversion of PSII is directly proportional to
linear electron transport (Jain and Jajoo, 2019). Thus non-significant
reduction in ETRII in NP+DS plants can be explained by non-sig-
nificant reduction in YII (discussed above). Further, decrease in the
extent of Y (II) and ETRII in UP+ DS plants occurred in expense of
considerable increase in Y(NO) accompanied with simultaneous in-
crease in Y(NPQ) (Fig. 4). Increase in Y(NO) in UP + DS plants is mainly
associated with reduced efficiency of PSII and increase in fraction of
inactive reaction centers thus explains severe damage to PSII in UP + DS
plants leading to excess of heat dissipation (Suzuki et al., 2011). Our
results indicated less change in Y(NO) followed by an increase in Y
(NPQ) in NP +DS plants compared to that of UP+DS plant. Y(NPQ)
represents the physiological means to dissipate the excessive light en-
ergy in regulated form as a protective mechanism against damage under
drought stress (Mathur et al.,2019). This explains maximum utilization
of harvested light to perform photochemistry and least dissipated in the
form of heat in NP + DS wheat plants.

Compared to PSII, PSI parameters were less sensitive to DS. The
quantum yield efficiency of PSI (YI) was maximum in NP+ W plants
followed by a substantial increase in ETRI (Figs. 2,3). This increase
could be directly correlated to an increase in root to shoot ratio in
nanoprimed plants (Rai Kalal et al., 2021) which helped the plant for
better water and nutrient uptake from soil thereby improving PSI

efficiency and an enhanced electron transport rate in NP +W plants as
compared to UP+W (Mathur et al., 2019). However, exposure to DS
resulted in a significant reduction in YI in UP+DS plants whereas
showing considerably less reduction in NP + DS wheat plants. Likewise,
ETRI was also substantially decreased in UP + DS wheat plants. How-
ever, NP + DS plants sustained a better physiological status of PSI which
is evident from a lesser extent of reduction in ETRI and YI even under
DS conditions.

Decrease in YI in UP+ DS plants is related to an increase in Y(ND)
and Y(NA). Increase in the non-photochemical quantum yield Y(ND)
explains the increase in donor-side limitation of PSI due to lower light
energy absorption and electron transport from PSII to PSI antenna
complex as a result of PSII photo-inhibition under DS (Tikkanen et al.,
2014). Increase in Y(NA) in UP+ DS plants represents the non-photo-
chemical quantum yield with acceptor side limitation which represents
the fraction of P700 that cannot be oxidized due to lack of electron
acceptor. However, increase in both Y(NA) and Y(ND) was less in NP
+DS plants comparison to UP+DS wheat plants. This explains that
both PSI and PSII antenna complexes are in a better state of light ab-
sorption thereby sustaining their efficiency to perform improved pho-
tochemistry even under DS (Tomar and Jajoo, 2017).

Further studies were conducted to measure P700 oxidation kinetics
using the ST and MT white flashes during far-red illumination. The
oxidation-reduction kinetics of P700 was measured as the absorbance
changes at 830-875nm with the application of single turnover and
multiple turnover flash (ST and MT flash) in dark adapted leaves of
control and all the drought treated plants. A significant decrease in
AAg30_g75 was seen in UP + DS plants illustrating decrease in the overall
level of photo-oxidisable P700 (Table 4). The reduction in the level of
photo-oxidisable P700 in UP + DS plants directly reflects the functional
impairment of LEF (Linear electron flow). However, comparatively
higher AAgso_gys was observed in NP+DS in comparison to UP+DS
plants. The application of ST and MT flashes during far red illumination
gives information about the size of the intersystem electron pool. The
application of ST flash transiently reduce P700" during far-red illu-
mination upon arrival of an electron from PSII, whereas the MT flash
completely reduced the PQ pool and also all the oxidized P700 (Jain
and Jajoo, 2019). Further, the MT: ST area ratio increased significantly
in UP+DS plants reflecting a higher intersystem carrier pool thereby
suggesting acceptor side limitation of PSI. This increase can also be
attributed to significantly higher Y(NA) in UP + DS plants. On the other
hand, no significant change in MT:ST ratio was observed in NP+ DS
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plants which is in accordance with comparatively lesser increase in Y
(NA) under DS (Fig. 5). Further, t; » which represents the time required
for re-reduction of P700 + was comparatively less for NP +W than t; »
for UP+W wheat plants. This decrease can be explained as result of
prominent increase in ETRI, YI and a prominent decrease in Y (NA) in
NP +W plants as compared to control. Efficient transfer of electrons
from PSI to ferrdoxin generates higher NAPDH and ATP molecules for
efficient dark reactions. However, in UP+DS plants t;,», was sig-
nificantly increased suggesting impairment of ETRI (Fig. 3). On the
contrary, in case of NP+ DS plants, the t;,, was almost similar to the
control suggesting restoration of efficiency of YI and ETRI in nano-
primed plants under DS. Thus, the analysis of above results showed the
effects of SiO, nanopriming in improving drought tolerance potential in
nanoprimed wheat plants by protecting both PSII and PSI. Thus from
results obtain we can say that SiO, nanopriming of wheat seeds helped
plants to cope up even under water stressed conditions by maintaining a
better photosynthetic efficiency of both the photosystems particularly
PSIIL These results are summarized diagrammatically in Fig. 6.

5. Conclusion

On the basis of results obtained, it is concluded that seed nano-
priming with SiO5 NPs promotes improved drought tolerance potential
in drought sensitive wheat plants. Drought stress showed a major im-
pact on photosynthetic efficiency of unprimed plants resulting in sig-
nificant impairment of its PSII and PSI complexes. The inhibiting effects
of DS suppressed both PSII and PSI but the inhibiting effect was more
prominent in PSII. Results obtained strongly imply that SiO, nano-
priming protected the plant photosystems showing no significant effects
on the quantum yield efficiency as well as electron transport rate of
both PSII and PSI, in nanoprimed wheat plants. Decrease in quantum
yield of PSII and PSI in UP + DS plants are directly correlated to increase
in non-regulated heat dissipation Y(NO) and donor side limitation Y
(ND) of PSII and PSI respectively. However nanopriming efficiently
alleviated the effects of DS showing non-significant increase in heat
dissipation suggesting better utilization of absorbed energy in per-
forming photochemistry. The effect of SiO, nanopriming in mitigating
the effects of drought stress on photosynthesis can be related to increase
in root to shoot ratio which enhanced the uptake and translocation of
water and essential nutrients indirectly resulting in increased chlor-
ophyll content. SiO, nanopriming thereby helped the plants to maintain
the integrity and stability of both the photosystems under DS.
Consequently, we propose SiO, nanoparticles as an effective priming
agent to enhance drought tolerance in wheat.
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ARTICLE INFO ABSTRACT

Keywords: Among several pollutants found in the aquatic environment, polycyclic aromatic hydrocarbons (PAHs) can

Algae interfere with the normal functioning of the aquatic organisms. The aim of this study was to investigate the

Bioremediation application of Chlorella vulgaris for bioremediation of different type of PAHs [2-ring Naphthalene (NAP), 3-ring
iﬁzﬁi;ﬁx’eﬁ?anc hydrocarbons Anthracene (ANT), and 4-ring Pyrene (PYR)] and their impact on photosynthesis and growth of C. vulgaris. After

7 days of exposure of PAHs, growth of C. vulgaris was affected in the order PYR > ANT > NAP. With regard to
biomolecules, all PAHs treatments showed a significant decrease in lipid content, but the toxic effect of PYR was
more pronounced. Chl a fluorescence study of algal samples indicated that photosystem II (PSII) performance
was unaffected by NAP and ANT toxicity, however, severe disruption of PSII activity by PYR was noted. Inter-
estingly, C. vulgaris was able to remove all three PAHs from the media (~90-92 % NAP, ~90-94 % ANT and
~76 % PYR) within 7 days. After 3 days of cultivation, activity of dehydrogenase was increased in NAP and ANT
inoculated culture, reflecting metabolization of these compounds which reduced after 7 days. As compared to
control culture (no PAHs) a sharp decline in dehydrogenase activity was noted in PYR treated culture (after 3 and
7 days). Based on the results obtained, C. vulgaris could absorb NAP and ANT (linear PAHs) more efficiently than
PYR (angular PAH). These results imply that ability of C. vulgaris to degrade PAHs depends in part on the

configuration of the ring structure.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic
pollutants which pose potential risks to plant and animal life [1].
Hundreds of PAHs have been identified out of which 16 PAHs have been
listed as priority pollutants by the Environmental Protection Agency of
US (US EPA) and the European Union [2]. Incautious release of PAHs
into the aquatic environment has put aquatic organisms in high risk.
PAHs show toxic, carcinogenic, mutagenic effects, particularly by
generating singlet oxygen and other ROS. For this reason, they are
considered aquatic contaminants of high concern [2].

After absorption, PAHs substantially affects cellular processes e.g.,
photosynthesis and growth rates [3,4] which is detrimental to entire
aquatic ecosystem and food chains. PAHs are able to inhibit algal
growth, where the extent of inhibition varied among various algal spe-
cies [3-8]. Because of small size with a large surface area, algae have
proven to be an excellent aquatic test organism for assessing

environmental toxicity of such pollutants. Toxic effects of PAHs on
growth, photosynthesis, and respiration in higher plants with emphasis
on interaction with PAH with solar and ultraviolet (UV) radiation have
been reported [9,10]. Most of by-products of PAHs are quinones [3].
Due to their structural resemblance to natural quinones found in
photosynthetic cells, they have the potential to replace these elements
and thereby disturbing electron transport processes essential for cellular
energy generation. Many studies have reported the inhibition of the
photosynthetic electron transport chain and down regulation of PS II,
most likely at the cytochrome b6f level by PAHs in algae and higher
plants [3,9-11].

Previous studies have demonstrated that PAHs can be degraded by
various microorganism [4,12-14]. Moreover, bioremediation by
microalgae is regarded as one of the major mechanisms for removal of
PAHs from the environment and is affected by properties of the pollutant
and the catabolic ability of microalgae [15,16]. Among the microalgal
strains, green algae such as Chlorella vulgaris [4], Chlorella and
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Oscillatoria [2], Chlorella sp. MM3 [17,18], Scenedesmus platydiscus,
Scenedesmus quadricauda [19], and Selenastrum capricornutum [20] have
been tested as potential bio-degraders for PAHs.

The present study attempts to assess the potential of C. vulgaris for
bioremediation for three different PAHs and compare their effects on
biomolecules and photosynthesis of C. vulgaris. Experiments were con-
ducted to gain more insight into various biological processes that
regulate cell progression responding to introduction of tested PAHs i.e.
Naphthalene (NAP), Anthracene (ANT) and Pyrene (PYR). These 3 PAHs
were chosen on the basis of molecular weight (NAP-128.2 g mol }, ANT-
178.23 g mol ! and PYR-202.25 g mol ™! respectively), number of rings
(NAP-2 ring, ANT-3 ring and PYR-4 ring) and structure (NAP, ANT linear
and PYR angular). At the same time, they have been detected with high
frequency and concentration, ranging from ng L™! in surface water or
groundwater to pg L1 in oil spill areas [21]. It was reported that small
size and low molecular weight PAHs are more reactive because of their
high specific surface area and ability to penetrate organisms [22].
Furthermore, it has been reported that physico-chemical properties of
PAHSs have impact on contaminant toxicity and their degradability [23].
Much of the published research focused on the removal of the low mo-
lecular weight (LMW) PAHs, such as naphthalene and phenanthrene
[24,25]. However, little is known about impact and biodegradation of
high molecular weight (HMW) PAHs. So, the aim of the present research
was to investigate whether ring number and structure of PAHs affect
C. vulgaris ability to i) survive in PAHs rich environment, ii) absorb
different PAH and iii) degrade PAH. This study provides evidence for
toxicological effects of NAP, ANT and PYR on photosynthesis, bio-
molecules and bioremediation efficiency of C. vulgaris.

2. Materials and methods
2.1. Algal species and culture conditions

Freshwater microalgal species C. vulgaris was obtained by Phyco-
spectrum Environmental Research Centre, Chennai India. Cells were
grown in BG11 media (Himedia, M1958, India). Cultures were illumi-
nated with cool white fluorescent tubes (20 W) at a light intensity of
60 pumol photon m~2s~'at 25 °C and a diurnal cycle of 16 h light and 8 h
dark on shakers (130 rpm) in algal culture room. After 7-10 days
(exponential growth phase) cells were harvested by centrifugation at
2500g for 5 min for further experiments.

2.2. Experimental setup

For each treatment, 3 conical flasks (250 mL, Erlenmeyer flasks),
containing 150 mL culture medium were prepared and autoclaved.
Appropriate amount of algal mass was then inoculated to each conical
flask to obtain an initial optical density 0.1 at 680 nm. Optical density
was measured by UV-VIS spectrophotometer (Thermo Scientific, Evo-
lution 201, USA). After inoculation, 75 pL of stock solution (10 gL’1 of
NAP, ANT and PYR in Acetone) were added into 150 mL media to obtain
5 mgL~! concentrations. The flasks without addition of any PAHs were
used as the control. The growing conditions were the same as mentioned
above. After 3 and 7 days of incubation, algal samples of control and
PAHs treatments were retrieved for various experiments.

2.3. Determination of growth and biomass

Microalgal growth was monitored regularly at an interval of 24 h by
measuring optical density (OD) at 680 nm using a UV-VIS spectropho-
tometer (Thermo Scientific, Evolution 201, USA). Dry biomass was
estimated after drying of 100 mL culture in a pre-weigh centrifuge tube
in a hot air oven at 80 °C for 4 to 6 h. The growth rate @ was
calculated using the following equation:

GR (d7") = (InN, —InNy) /(tz — to) €Y}
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where Nj is the OD at time t; and Ny is the OD at time t (day 0).

2.4. Determination of lipid, carbohydrate and protein content

Lipid content was estimated by sulpho-phospho-vanillin (SPV)
colorimetric method as described in Mishra et al. [26]. Carbohydrate
content was estimated by Phenol—Sulfuric Acid method as described in
Laurens et al. [27]. Protein estimation was done according to Slocombe
et al. [28] with some changes. In brief, protein extraction was done by
6 % TCA (Trichloro acetic acid) and kept at room temperature over-
night. Protein content was measured by Foline reagent.

2.5. Determination of chlorophyll content

Pigment content was determined using the following method. 5 mL
of culture was taken and centrifuged at 2500g for 5 min. The supernatant
was discarded and 5 mL of 99.9 % methanol was added to the pellet,
mixed properly and incubated at 90 °C for 5 min. The culture was
centrifuged at 9000g for 5 min and the supernatant was used for pigment
estimation [4]. Calculations were done as mentioned in Dere et al. [29].

2.6. Measurement of Chl a fluorescence

Measurements of the quantum yields of energy conversion in
photosystem II (PSII) were carried out through saturation pulse tech-
nique, using a Pulse amplitude modulator (Dual PAM-100, Walz, Effel-
trich, Germany) system in intact algal cell culture. Algal sample were
dark adapted for 30 min at 23 + 2 °C before measurements then 1.5 mL
of cell culture was taken in cuvette for induction curve recording. A
weak modulated light (12 pmol photon m~2 s™!) was given to get
minimal fluorescence (Fo), followed by actinic light (53 pmol photon
m 2 s’l), and saturating pulse (SP) (6000 pmol photon m2sHto
achieve maximum fluorescence (Fm). After determination of Fo and Fm,
the induction curve was recorded with the routine program of the Dual-
PAM-100 software. Induction curve was recorded with SP for 5 min to
achieve the steady state of the photosynthetic apparatus, and then the
actinic light was turned off.

2.7. Extraction of polycyclic aromatic hydrocarbons (PAHs) from media

Extraction of PAHs was performed by ethyl acetate according to
Tomar and Jajoo [4] and was analyzed by UV-VIS spectrophotometer
(Thermo Scientific, Evolution 201, USA) at 230-380 nm and reduction
was calculated. Algal sample was separated from the medium by
centrifugation at 1000g for 10 min. The 10 mL supernatant was
extracted twice with 20 mL ethyl acetate (HPLC grade Sigma Aldrich) in
a separating funnel on a shaker for 2 h and then concentrated by a
vacuum rotary evaporator. Standard absorption spectra were measured
by same concentration of PAHs in ethyl acetate. Sample extraction was
performed at day of inoculation (Oth day), 3rd day and 7th day of
cultivation. Experimental samples were compared with the standard
spectra.

2.8. Determination of dehydrogenase enzyme activity

Dehydrogenase activity was determined according to Tomar and
Jajoo [4]. Four tubes each containing 20 mL of algal sample were
centrifuged at 2500g for 5 min and pallet were mixed with 2 mL Tris-HCl
and 1 mL 0.8 % TTC (2,3,5-triphenyl tetrazolium chloride). Three to
four drops of formaldehyde were added to one tube of each treatment
(blank control tubes) to stop the reaction then all tubes were put into a
water bath at 32 °C for color development in dark. After 60 min, 3-4
drops of formaldehyde were added to the other tubes to stop the reac-
tion. Acetone (4 mL) and petroleum ether (5 mL) were added in each
tube and shaken by hand for 10 min. The petroleum ether layers were
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moved to a color matching dish and the absorbance was measured by
spectrophotometer at 492 nm compared to pure petroleum ether. De-
hydrogenase activity was calculated by the preparation of calibration
curve of triphenylformazane (TF) in microgram of TF formation mL~!
hh

DHA (pgof TFmL™' h™') =C/txv 2

C = TF amount on the calibration curve to corresponding absorbance;
t = duration of color development in h; v = volume algal sample in mL.

2.9. Statistical analysis

Data was analyzed using GraphPad Prism 5.01 software, Inc., La
Jolla, CA, USA. Results were analyzed using one-way analysis of vari-
ance (ANOVA) followed by Newman-Keuls Multiple Comparison Test.
Significance was determined at P < 0.001 (*P < 0.05, **P < 0.01,
***P < (0.001) and results expressed as mean values SD. Different letters
indicates significant difference among treatments. All the experiments
were done five times in replicates of three.

3. Results and discussion

3.1. Comparative effects of three polycyclic aromatic hydrocarbons
(PAHs) on the growth of C. vulgaris

To evaluate the impact of three different PAHs on C. vulgaris, specific
growth of algal culture with various treatments was measured.
C. vulgaris was grown in culture medium spiked with 5 mg L' con-
centration of NAP, ANT, and PYR in separate flasks. The experiments
were conducted in control laboratory conditions. Growth of C. vulgaris
was monitored for 7 days in control and PAHs treated cultures (Fig. 1).
Spectrophotometric data (Fig. 1) of algal cell density illustrated that
exposure to NAP did not have significant effect on the population of
C. vulgaris, when compared with the absorbance (680 nm) values of
control cell population. However, 7 days exposure of ANT and PYR,
caused a reduction in the growth of algal cells and almost 50 % of
reduction in PYR treated culture was observed (Fig. 1). The tolerance
level of C. vulgaris to tested PAHs was in the order NAP > ANT > PYR.

Biomass was quantified as dry weight, after 7 days of cultivation in
control and different PAHs treatments and it followed same trend as
growth. The dry weight of C. vulgaris was reduced by all the three PAHs
(not significant in NAP), indicating that PAHs inhibited the growth of
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Fig. 1. Effects of Naphthalene (NAP), Anthracene (ANT) and Pyrene (PYR) on
the growth curve of C. vulgaris during 7 days of cultivation. Error bars represent
standard deviation (SD, n = 3).
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algal cells (Fig. 2). In addition, the growth rate per day (change in OD
per day) of C. vulgaris was reduced with all tested PAHs at 5 mgL ™
concentrations (0.130 d~! in control, 0.120 d! in NAP, 0.108 d"! in
ANT and 0.068 d~! in PYR). It should be noted that the dry weight and
growth rate of algal cells were most prominently diminished by PYR
(Fig. 2). The incompetent performance of C. vulgaris in PYR inoculated
medium can be related to toxicity of high molecular weight and cluster
benzene ring arrangement of PAH which is difficult to metabolize
[17,18]. It has been observed that low molecular weight (LMW) PAHs
and heterocyclic compounds were degraded more quickly than the high
molecular weight (HMW) PAHs [30]. In agreement with current results,
decreasing cell growth rate of various algal species with different PAHs
was previously reported [31,32].

3.2. Comparative effect of three polycyclic aromatic hydrocarbons
(PAHs) on photosynthetic pigments content

Photosynthetic pigments such as chlorophyll are main components
that absorb light energy and activate primary photochemical reactions
which directly affect the ability of photosynthesis. Thus, change in
chlorophyll content alters the photosynthetic efficiency. Photosynthetic
pigments (chlorophyll a, chlorophyll b and total chlorophyll) of
C. vulgaris were measured to assess the influence of NAP, ANT and PYR
on photosynthetic process of algae (Table 1). As compared to control,
the concentration of Chl a and Chl b did not change significantly
(p < 0.05) after 7 days of incubation with tested concentration of NAP.
However, Chl a and b concentration increased after 7 days of incubation
with ANT (16 % and 10 % respectively) and decreased with PYR culti-
vation (53 % and 57 % respectively) with respect to control. Moreover,
Chl a/b ratio increased with exposure of ANT and PYR in C. vulgaris cells
(Table 1). Pigments analysis of C. vulgaris cells with three PAHs showed
changes in their relative concentration indicating that reduction of the
pigment content was associated with an increase in the molecular
weight of the PAHs. These results indicated that PYR exhibited more
severe effects on photosynthesis of algae.

3.3. Comparative effects of three polycyclic aromatic hydrocarbons
(PAHs) on Photosystem II (PSII) activity

To evaluate the light energy utilization efficiency of PSII, we
compared the quantum yields of energy conversion within PSII in con-
trol, NAP, ANT and PYR exposed algal cell culture. Measurement of Chl a
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Fig. 2. Growth rate (black square symbol) and dry biomass (in column) of
C. vulgaris, after 7 days exposure to different PAHs, Naphthalene (NAP),
Anthracene (ANT) and Pyrene (PYR). Error bars represent standard deviation
(n = 3). *** (p < 0.001), ** (p < 0.01) and * (p < 0.05) represent significant
differences between the control and treatment. Different alphabets indicate
significant difference among treatments.
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Table 1
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Effects on photosynthetic pigments content (Chlorophyll a (Chl a), Chlorophyll b (Chl b), total chlorophyll in (ug mg~'DW) in C. vulgaris after 7 days exposure to
different PAHs (Naphthalene (NAP), Anthracene (ANT) and Pyrene (PYR). Data are presented as the mean value for five replicates (n = 3) + standard deviation (SD).
Significant differences were calculated according to Newman-Keuls multiple comparison test. (ns = non-significant, *p < 0.05, *p < 0.01 and ***p < 0.001). Different

alphabets indicate significant difference among treatments.

Treatments Chl a Chl b Total Chl Chl a/Chl b
Control 41.62 + 2.2° 21.62 + 2,17 63.24 + 4.6° 1.92 + 0.03°
NAP 41.9 + 3.1™P 21.82 & 3.27° 63.72 + 5.27° 1.92 + 0.01™¢
ANT 48.6 + 4.1%° 23.97 + 2.8™° 72.6 & 5.2%%A 2.02 + 0.01%*P
PYR 19.2 + 2.4%%% 9.12 + 1.8%**b 28.32 4 3.1%%%C 2.2 + 0.02%%2

fluorescence by Dual PAM-100 revealed essential information about the
photosynthetic apparatus, mainly quantum yield of photosystem II
(PSID). The addition of NAP and ANT did not cause any significant
change in Y(II) while it significantly reduced in PYR exposed cell (55 %
of control) (Table 2). The values of non-photochemical quenching [Y
(NPQ)] and photochemical quenching [Y(NO)] were unaffected by NAP
and ANT exposure, while an increase was observed in Y(NPQ) with PYR
treatment which was related to higher degree of PSII inhibition
(Table 2). Compared with the control, PYR exposed cells showed 4 times
higher value of Y(NPQ) (Table 2). After 7 days of exposure to PAHs, the
electron transport rates of PSII [ETR(II)] was significantly reduced in
PYR inoculated cell culture. ETR(II) declined by 57 % with PYR treat-
ment, while it did not show any change with NAP and ANT treatments.
Thus the values of ETR(II) reflected same trend as Y(II). The drop in Y
(NO) and high rise in Y(NPQ) in PYR exposed cell, reflect damage to PSII
but still with a protective mechanism through NPQ it protects itself
against photochemical damage. The decrease in Y(II) and ETR(II) also
show the reduction in the number of active PSII centers and it may also
be associated with a decrease in Chl a content in PYR treated cells
[10,33,34]. Moreover, a significant increase in Chl a/b ratio was re-
ported, which indicated that antenna size was affected [35] due to the
toxicity of higher molecular weight PYR [36].

Besides the quantum yield, the most important information obtained
from Chl a fluorescence is contained in various quenching parameters
(qL, gN, and gP) [37]. In this context the parameter qL is particularly
useful, as it provides information about fractions of open PSII reaction
centers [38]. Table 2 shows the changes in qL, with different PAHs
inoculation of algal cells. A gradual reduction was observed in qL with
increasing molecular weight of PAHs. As compared to control cells qL
was decreased by 6 %, 10 % and 24 % with NAP, ANT and PYR
respectively and the maximum decrease in qL was observed in PYR
treated cell culture. From analysis of qL values, it is apparent that the
number of active PSII reaction centers decreased with PAHs inoculation
and the amplitude of this decrease being larger in PYR inoculated cell
culture. Coefficient of photochemical quenching (qP) indicates effi-
ciency of open PSII reaction centers which can vary between 1 and 0.
After 7 days, P did not change significantly in NAP (Table 2) but was
affected significantly (p < 0.05) by ANT and PYR spiked culture. PYR
treated cells showed lowest value suggesting that efficiency of PSII re-
action centers was more susceptible to PYR. The difference between two
coefficients of photochemical quenching parameters (qP-qL) reflects

Table 2

connectivity of PSII reaction centers [39]. Therefore, estimation of
connectivity may be derived from comparison of qL and gP. In the
present study, NAP and ANT had negligible effect on connectivity of PSII
centers while it was inhibited significantly in PYR exposed cells. Based
on these results it is suggested that with high molecular weight PAH
(PYR), the antenna of individual PSII reaction centers lost connectivity
so the excitation energy cannot be transferred with high probability.
This difference may be due to difference in the structure and size of the
tested PAHs.

gN is an indicator of stress induced limitations and has proven to be
the most sensitive parameter for early detection of any limitations by
fluorescence measurements [40-42]. In algal cells of control culture, the
amplitude of qN (coefficient of non-photochemical quenching) was
0.189, and it was not affected significantly by NAP (0.192) and ANT
(0.182) but was significantly enhanced in PYR treated cell culture
(0.526). The coefficient of non-photochemical quenching gN is sensitive
to changes in the energy status of the chloroplasts (energy-dependent
quenching). Our results suggest when algal cells were exposed to PYR,
down-regulation of the rate of energy conversion in PSII was enhanced
and O,-dependent electron flow was inhibited. During PYR exposure an
increase in gN is also associated with stress induced damage, which is
often reflected by an increase of Y(NPQ) to compensate for decreased
PSII activity.

3.4. Comparative effects of polycyclic aromatic hydrocarbons (PAHs) on
biomolecules of algal cells

Chemical composition of microalgae depends on the environmental
conditions; that is, they produce a large array of compounds under
abiotic stress conditions to adapt and survive. For example, unfav-
ourable conditions such as temperature, pH, salinity, and nutrients lead
to change in the content of lipid and carbohydrates as well as pigments
and ultimately the growth of microalgae [43,44]. PAHs are hydrophobic
in nature, therefore their toxic effects on green algae may result from
interference with cell biomolecules [4]. In the present study the impact
on cell protein, lipid and carbohydrate content in response to NAP, ANT
and PYR was measured (Fig. 3). After 7 days of cultivation, in control
cells, protein content was 159 pg mg 'DW and it was found to be
156 g mg’lDW in NAP, 125 pg mg’lDW in ANT and 99 pug mg’lDW in
PYR exposed cells after 7 days of cultivation. It was seen that maximum
amount of protein was obtained from control cells culture, and the

Comparative analysis of Chl a fluorescence parameter of C. vulgaris cells after 7 days exposure to Naphthalene (NAP), Anthracene (ANT) and Pyrene (PYR). Data are
presented as the mean value for five replicates (n = 3) + standard deviation (SD). Significant differences were calculated according to Newman-Keuls multiple
comparison test. (ns = non-significant, *p < 0.05, *p < 0.01 and ***p < 0.001). Different alphabets indicate significant difference among treatments.

Parameters Control NAP ANT PYR

ETR(ID) 31.5 + 1.372 30.4 + 1.1™2 30 & 1.27° 16.8 + 2.1%*%P
Y(ID) 0.555 + 0.01% 0.553 + 0.02"2 0.546 + 0.01™2 0.305 + 0.06%**°
Y(NO) 0.376 + 0.03% 0.375 + 0.02"2 0.371 + 0.02"2 0.355 + 0.01*
Y(NPQ) 0.068 + 0.006" 0.078 + 0.008™" 0.06 + 0.008"" 0.298 + 0.01***2
gQN 0.189 + 0.02° 0.192 + 0.01™" 0.162 + 0.02"" 0.526 & 0.01%**2
qP 0.761 + 0.03* 0.755 + 0.01™? 0.735 + 0.02*° 0.538 + 0.03

qL 0.462 + 0.01° 0.435 + 0.027* 0.417 + 0.02%° 0.335 + 0.01%**C
qP-qL 0.299 + 0.01° 0.322 + 0.03"? 0.318 + 0.03" 0.203 + 0.01%**P
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Fig. 3. Toxic effects of different polycyclic aromatic hydrocarbons (PAHs) on
the biomolecules content (protein, carbohydrates, and lipids) of C. vulgaris after
7 days of cultivation. Error bars represent standard deviation (SD, n = 3). ***
(p < 0.001), ** (p < 0.01) and * (p < 0.05) represent significant differences
between the control and treatments. Different alphabets indicate significant
difference among treatments.

protein content was not altered by NAP exposure. Carbohydrate and
lipid also play important roles in carbon partitioning, osmotic homeo-
stasis and metabolism in algal cells [45]. In the present study, after
7 days carbohydrate content decreased from 257 pg mg™'DW (control
culture) to 236 pg mg 'DW in NAP, 262 pg mg 'DW in ANT and
198 ug mg 'DW in PYR inoculated culture media (Fig. 3). Similarly,
lipid content was decreased with all tested PAHs, indicating that PAHs
have negative impact on energy rich compounds. In algae cells, selec-
tively permeable membranes are the first line of defence against external
stress factors. PAHs may alter the cell membranes permeability by
affecting cell membrane proteins and lipids. As PAHs easily combines
with proteins and lipids in vivo [46] and PAHs can alter functioning of
the algal cells. In the present study, exposure to three PAHs caused
significant reduction in lipid content in proportion to molecular weight
of PAHs. High molecular weight PYR shows maximum reduction in lipid
molecules. The cell growth rate and biomass productivity play a major
role in determining the microalgal carbohydrates and lipid productivity.
Decreased carbohydrate and lipid content with PAHs might be ascribed
to inhibition of cell division and osmotic imbalance [47]. Synthesis of
biomolecules such as protein, carbohydrates and lipid is directly related
to photosynthesis and responsible for the growth and development of
microalgae organism. Obtained results showed some alteration in bio-
molecules with NAP and ANT treatments, however photosynthesis
performance of NAP and ANT exposed cell did not show any significant
change. These results indicated that low molecular weight PAHs have
more effect on synthesis of different biomolecules of algal cell compared
to photosynthetic machinery which seems to be survival and tolerance
mechanism of algae. In case of PYR, cells fail to protect its photosyn-
thesis machinery and other metabolic processes.

3.5. Removal efficiency of C. vulgaris for Naphthalene (NAP),
Anthracene (ANT) and Pyrene (PYR)

To know the removal efficiency of C. vulgaris for three tested PAHs
remaining amount of PAHs in the media was studied. PAHs uptake from
media through C. vulgaris cells was studied by measurement of absorp-
tion spectra following 3rd and 7th day of incubation with 5 mgL~!
concentration of PAHs. Fig. 4A shows that the amount of NAP remaining
in the media dropped sharply, with 90-92 % of it being metabolized at
the end of 7th day cultivation. Similar results of PAHs removal were
found in ANT (92-95 %) (Fig. 4B) and PYR (~75 %) (Fig. 4C)
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treatments, suggesting that all the three PAHs could be rapidly absorbed
by C. vulgaris cells. The remaining amount of NAP and ANT at end of the
experiment was only 5 to 10 %, indicating that almost all NAP and ANT
taken up by C. vulgaris cells within 7 days. The percentage of PYR
remaining in the media in presence of C. vulgaris was ~25 % after 7 days
of cultivation. Spectrophotometric study confirms that the absorbance of
PAHs in the culture media decreased with the incubation time. PAHs
content in the medium dropped sharply during 1 to 7 days incubation
and maximum percentage of PAHs uptake occurs during the first
3-4 days. The abiotic loss of all three PAHs in the present culture con-
dition was negligible (data not shown). Result obtained indicated that
C. vulgaris was able to take up all PAHs substantially and could grow
efficiently with NAP and ANT, although the growth of C. vulgaris was
reduced by 50 % with PYR exposure. The removal efficiency of the
C. vulgaris was much higher for NAP and ANT than that for PYR.

3.6. Comparative effect of three different polycyclic aromatic
hydrocarbons (PAHs) on dehydrogenase activity

When algal cells grow in presence of any organic compound it can
induce changes in enzymatic reactions. In algal cells, dehydrogenase is
an important oxidoreductase enzyme which metabolizes organic com-
pounds. It is a vital part of the electron transport system of a cell.
Therefore, the possible involvement of this catabolic enzyme in different
PAHs degradation by C. vulgaris was investigated. A prominent rise in
dehydrogenase activity was observed in NAP and ANT treated cell cul-
ture after 3 days of incubation (Table 3). Average dehydrogenase ac-
tivity after 3 days of exposure was calculated to be 0.106 pg of TF
mL ! h~!in control, 0.135 pg of TF mL ™~ h~lin NAP and it was 0.165 pg
of TF mL™! h™lin ANT exposed algal cells. This initiation of enzyme
activity was accompanied by a significant reduction in the amount of
PAHs from the media within three days. After 7 days of cultivation the
highest value of dehydrogenase activity was observed in control cells
and it declined in NAP and ANT cell culture (Table 3). Maximum ab-
sorption of NAP and ANT occurred within 3 days of cultivation, there-
fore higher dehydrogenase activity was observed at 3rd day of
cultivation. Dehydrogenase activity was found to be lowest in PYR
exposed cell even after 3rd (0.052 pg of TF mL~' h™1) and 7th day
(0.062 pg of TF mL ™! h™!) of cultivation.

This result implies that the detoxification mechanism of algae
exhibited by, production of dehydrogenase [4,17,18] was more effective
for NAP and ANT treatment, leading to a higher tolerance to intracel-
lular concentration of both PAHs. Moreover, results indicate that PYR
was more recalcitrant, and more difficult to be metabolized by
C. vulgaris, although absorption of PYR by C. vulgaris was considerably
good. A loss of ability by the cells to metabolize HMW PAHs resulting
from irreparable damage to the catabolic system responsible for degra-
dation, is possibly because of loss of essential biomolecules or enzyme
damage due to low photosynthetic rate. On the basis of these results, we
conclude that C. vulgaris efficiently metabolizes low molecular weight
PAH within the cell and has good prospects for its application for
bioremediation of hydrocarbons from petroleum industry wastewater. A
schematic diagram showing the summary of the results obtained above
is presented in Fig. 5. Algal cells were negatively affected by ANT and
PYR treatments with the tested concentration, however, PYR proved to
be most toxic to C. vulgaris growth. PAHs influence growth of algal cells
by affecting its chlorophyll contents, which in turn affects the accumu-
lation of organic matter during photosynthesis. The decline in the pro-
ductivity of biomolecules may lead to its density reduction.

4. Conclusion

This study describes the impact of PAHs with evidence of physio-
logical and biochemical changes in microalgae cells. Study revealed the
interaction of algal cells with different PAHs which negatively influence
growth and biomass yield. However, the removal efficiency of C. vulgaris
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Fig. 4. Spectrophotometric analysis of Naphthalene (NAP) (A), Anthracene (ANT) (B) and Pyrene (PYR) (C) extraction form culture media with C. vulgaris cells after

Oth day, 3rd day and 7th day of cultivation.

Table 3

Dehydrogenase activity (ug of TF (triphenylformazane) mL™' h™') in Naphtha-
lene (NAP), Anthracene (ANT) and Pyrene (PYR) exposed C. vulgaris cells . ***
(p < 0.001), ** (p < 0.01) and * (p < 0.05) represent significant differences
between the control and treatments (+SD, n = 3). Different alphabets indicate
significant difference among treatments.

Treatments  Dehydrogenase activity (3rd Dehydrogenase activity (7th
day) day)

Control 0.106 + 0.01¢ 0.280 + 0.03%

NAP 0.135 = 0.01%*" 0.216 + 0.02*"

ANT 0.165 =+ 0.02%**% 0.194 + 0.02%**P

PYR 0.052 £ 0.01%** 0.060 + 0.01%**¢

for PAHs indicates that this species has the capability to remove low as
well as high molecular weight organic pollutants, so C. vulgaris can be
used as bioremediation of PAHs from contaminated environment.
Further, high molecular weight PAH may inhibit metabolic and photo-
synthetic processes, leading to reduced cell growth and biomass pro-
duction. C. vulgaris was found to be most sensitive to 4 ring PYR in
comparison to other PAHs tested (2 ring NAP and 3 ring ANT) suggesting
that characteristics of PAHs such as structure and molecular weight af-
fects their impact on algal cells. The difference in toxicity level could be
because their molecular weight and benzene ring arrangement.
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The light-dependent release of oxygen from plants was first discovered in the 1770s
by Joseph Priestley and Jan Ingenhousz. More recently, the enzyme-catalyzed pathway
of carbon assimilation was characterized by Melvin Calvin, James Bassham, and Andrew
Benson in 1950, and since then, photosynthesis has been intensively studied by hundreds
and thousands of other pioneers. So far, the major components of photosynthesis
in different systems and the regulations over these components have been gradually
revealed. Now, photosynthesis research is entering a new era, with the ambitious goal of
providing new green solutions for overcoming the challenges facing our society, such as
ensuring the sustainable supply of food, fiber, and fuel, as well as improving the ecological
stability of our planet. We can also conceive that one day we may also leave our planet
to live on others, but certainly not without photoautotrophs! Developing photosynthetic
systems, both natural and artificial, with greater efficiency in using resources, such as
light, nitrogen, CO,, and water, to benefit human society and our planet, is becoming a
new frontier of research and a hallmark of this exciting era of photosynthesis research.
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Why is there large scope to improve
photosynthesis?

There are great variations in the photosynthetic energy
conversion efficiency in extant plants, which are nonetheless
usually less than 1/3 of the theoretical optimal photosynthetic
light use efficiency (Zhu et al., 2008; Slattery and Ort, 2015;
Yin and Struik, 2015). The increased production of biomass
and yield in major crops under Free Air CO, Enrichment
experiments shows that increasing photosynthesis can indeed
increase crop yield (Long et al, 2006). Many arguments
can be used to explain why evolution has not resulted in
optimal photosynthesis. First, evolution selects for survival over
productivity. Usually, one particular anatomical, physiological
or developmental feature, which confers better tolerance to
a particular stress, can offer plants higher fitness in their
growth habitat regardless of whether the plant by chance has
a high photosynthetic rate or not. As an extreme example,
having mechanisms to maintain a high water use efficiency,
e.g., the Crassulacean acid metabolism, will be a preferred
option for survival in an extremely dry environment while
maintaining a superior photosynthetic rate becomes less critical
under this condition. Second, since photosynthesis first evolved,
there have been dramatic changes in climate, such as CO,
levels, temperature, precipitation, etc., all historically leading to
specialized adaptations that can now be considered “outdated.”
Just in the past 200 years, atmospheric COy levels increased
from about 200 ppm to 410 ppm, average global temperatures
have soared by 1.5°C and precipitation has become increasingly
erratic (IPCC Climate Change, 2021). Such rapid changes open
up possibilities to optimize photosynthesis toward current and
future climate scenarios. Furthermore, the climate is changing
at a speed faster than the speed of plant adaptation. This has
been demonstrated earlier, for example, by the kinetic properties
of Rubisco, for which kinetic properties fit better to the CO;
level of 400,000 years ago (Zhu et al., 2004). The changes in the
global temperature also have a major impact on photosynthetic
performance (Sage and Kubien, 2007). Thus, sub-optimality
of photosynthesis can be related to the legacy of evolution.
Rubisco evolved 2.4 billion years ago, which was a hypoxic and
CO;-rich environment, under which the inefficiency of Rubisco
carboxylation activity was not relevant (Banda et al., 2020).

In contrast to these reasons why evolution has not
selected the optimal photosynthesis, there are also other
parallel arguments on the current photosynthetic properties
that may already represent an “optimal” choice for plants.
The balance between plant growth and stress resistance in a
highly variable and potentially stressful environment may also
prevent the maximization of photosynthesis and hence growth
potential (Zhang et al., 2020), ie., the diverse photosynthetic
properties in nature represent different evolutionary choices for
plants to survive and thrive in their habitats without human
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intervention. Along this vein, it is interesting to note that,
green plants, purple bacteria, and green sulfur bacteria have
drastically different absorption spectra, however, their current
light absorption spectrum may be an “optimal” design for the
light conditions they commonly experience (Arp and Kistner-
Morris, 2020). Similarly, Rubisco, being able to catalyze both
ribulose bisphosphate (RuBP) carboxylation and also RuBP
oxygenation, may also well represent an evolutionary preferred
choice compared to a hypothetically perfect Rubisco, which
can only catalyze RuBP carboxylation. This is again because,
under stress conditions, this RuBP oxygenation capacity can not
only help dissipate excess light energy but also help maintain
a metabolite pool which can, when needed, be used to rapidly
provide intermediates for the Calvin-Benson cycle (Stitt and
Borghi, 2021).

A few factors underlie huge opportunities to improve
photosynthesis. First, the rapid global climate change outpaced
the speed of plant evolution, as discussed earlier. Second, during
crop domestication, crops have drastically different growth
habitats compared to those of their ancestors. For example,
modern crops usually are grown in monoculture as a dense
canopy, as compared to their ancestors which often have access
to plenty of sunlight. Thirdly, compared to the situation of
plants growing in the wild, which can only rely on their
repertoire of weapons and solutions to cope with stresses, crops
in agriculture can be protected through human intervention
(irrigation, fertilizer application, disease control, etc). As a result,
plants can take a competitive growth strategy, rather than a stress
tolerant or ruderal strategy (Grime, 1977).

Though it is desirable for plants to have a high demand
for improving photosynthetic efficiency, it is worth noting here
that, under certain conditions, such as under high light, the
photosynthetic efficiency becomes less important, while effective
photoprotective mechanisms and ensuring total photosynthetic
yield becomes more relevant for plants. Indeed, sophisticated
mechanisms have evolved to ensure high photosynthetic yield
under high light, especially under concurrent high light and
stress combinations, while at the same time confer higher
quantum yield when the light becomes a scarce resource
(Ort, 2001). This scenario again implies opportunities to
utilize the excess energy which is otherwise largely wasted in
photoprotection, as shown in the recent success of engineering
a faster recovery from photoprotection for greater biomass
production (Kromdijk et al.,, 2016).

Here, we emphasize that the rapid development of synthetic
biology tools now offers new opportunities to create completely
new designs of improved photosynthetic systems and tailoring
photosynthesis to the increasing demands in the context of
our changing climate (Zhu et al., 2020). In the following
sections, we briefly discuss the available opportunities, the tools
used to support studying photosynthesis, and the associated
research areas.
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An incomplete list of options to
improve photosynthesis

First, we provide an incomplete list of opportunities to
improve photosynthetic efficiency:

(1) Creating more efficient light harvesting systems, which
could utilize the expanded solar spectrum for the
generation of proton motive force for generation
of ATP and NADPH (Ort et al, 2015) and/or
smaller chlorophyll antenna size and lower chlorophyll
content reducing the excess absorption of sunlight and
improving photosynthetic efficiency (Ort et al., 2011;
Moustakas et al., 2022).

(2) Creating more efficient photo-protection systems to
minimize heat dissipation when unnecessary and to
maximize photochemistry;

(3) Creating more efficient state transition and electron
transferring between PSII and PSI under changing
environment to maximize light-use efficiency;

(4) Generating a Rubisco with a greater catalytic rate and
higher specificity for CO»;

(5) Repurposing efficient CO»-concentrating mechanisms,

either these are Kranz type CO;-concentrating

mechanisms, or carboxysome- or pyrenoid-based
systems to decrease the Rubisco oxygenation flux;

(6) Creating a novel pathway to cope with photorespiratory

CO, and ammonia loss to minimize the energy

associated with refixation of CO;, and ammonia;

(7) Developing an effective combination of biological

CO, fixation with solar energy capture to further

increase the efficiency of harvesting light energy through

capitalizing on the high light conversion efficiency of

photovoltaic systems;

(8) Developing nanomaterials to enable better capturing

and delivery of CO; to Rubisco to decrease the

Rubisco oxygenation;

(9) Enhancing antioxidant defense under natural changing

conditions to decrease the photodamage;

(10) Development of artificial systems that cope better with

high light different conditions through channeling

the light of

chemical energy;

excess for production renewable

(11)
(12)

Overcoming sink limitations of photosynthesis;
Developing improved stomatal dynamics to increase
water and light use efficiency.

(13) Develop photosynthetic systems that can better utilize
fluctuating light conditions;

(14) Creation of novel photosynthetic systems which may

enable human space exploration.

These are all basic elements required to build a repertoire

of highly efficient systems. When these modules for
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higher efficiency are individually developed, or achieved
in combination, we could gain increased plant yield potential
either for biomass or grain or storage tissues, as well as greener
energy sources.

Technologies and tools to support a
new era of photosynthesis research

The
and

rapid progress in new
provides

these

many technologies

tools sufficient  toolsets  for  us

to  overcome and
(Table 1).  These

will  revolutionize

grand  challenges goals
that

the

major technological advances

photosynthesis  research  in

future include:

e Techniques to scan photosynthetic systems. The advances
in the fluorescence imaging techniques for in vivo
scanning of natural photosynthetic systems will enable
in situ characterization of photosynthetic pigment-protein
complexes and their distribution/dynamics under different
conditions (Casella et al., 2017; Mullineaux and Liu, 2020).
This information and elucidation of their physiological
significance will provide basic information which is
needed for the future de novo design of artificial
photosynthetic systems.

e Techniques the
supramolecular basis of photosynthesis. The recent

for studying molecular and
development of cryo-electron microscopy (cryo-EM)
technology enables rapid progress in solving the structures
of major proteins, protein complexes and supercomplexes
involved in photosynthesis at near-atomic resolutions
through the single-particle analysis method (Wei et al.,
2016; Su et al, 2017; Zhang et al., 2017; Malone et al,
2019; Pi et al, 2019; Pan et al, 2020). Atomic force
microscopy (AFM) technology provides the opportunity
to delineate the lateral arrangement, protein interactions
and dynamics of photosynthetic complexes in the context
of photosynthetic membranes (Liu and Scheuring, 2013;
Wood et al, 2018; Zhao et al., 2020). In addition, the
cryo-electron tomography (cryo-ET) method

arrangement of

allows
researchers to visualize the in situ
photosynthetic complexes in chloroplasts and CO;-fixing
organelles (Engel et al., 2015; Freeman Rosenzweig et al.,
2017; Wietrzynski et al., 2020; Gupta et al, 2021; Ni
et al.,, 2022). The structural information combined with
the variation of genomic sequences and corresponding
changes in biophysical or biochemical properties of the
proteins/protein complexes will enable the determination
of the molecular and supramolecular basis underlying
photosynthetic processes and regulation. The detailed
physical mechanisms can then be revealed through a
combination of such biological or genetic manipulation,
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TABLE 1 Methods used to study photosynthesis at different scales.

Tools for structure and

morphological characterization

Signals used for functional

characterization

Theoretical models used to
describe photosynthesis (or a
component of photosynthesis) at

different scales

Protein, pigment protein
complexes and thylakoid
membrane scale

Cryo-EM, cryo-ET, AFM,
transmission EM, freeze-fracture
EM, fluorescence imaging
Fluorescence emission, absorption
spectrum, gas exchange signal,
oxygen evolution, isotope
discrimination, metabolomics,
fluxomics

Molecular dynamics models,
quantum mechanics models,
molecular mechanics models,

reaction diffusion models

e.g., base editing, experiments with molecular dynamics
simulations, especially those that combine quantum
mechanics and molecular mechanics (MoD QM/MM)
(Liguori et al., 2020) and artificial intelligence-based
protein structure prediction (Jumper et al., 2021). It is
worth pointing out here that the combination of multiple
approaches will not only enable studies on the structure-
function relationship of proteins or protein complexes, but
also may stimulate ab initio design of new protein/protein
complexes with desired properties (Hsia et al., 2021).
Techniques to mine superiority within the natural
variation of photosynthesis. Though in current plants, a
photosynthetic system with all components in an optimal
state is not yet available, there are great natural variations
of photosynthetic machinery across diverse photosynthetic
organisms. High-throughput plant phenotyping techniques
combined with genome-wide association techniques and
genetic tools can allow the identification of novel genes
controlling photosynthetic efficiency and characterize those
genetic variations conferring superior traits for some
components of photosynthesis.

Multi-scale
The modeling will allow not only the dissection of

systems modeling of photosynthesis.
biological, biophysical, and biochemical mechanisms
controlling the efficiency of a particular photosynthetic
protein or complex, but also the rational design of
optimal photosynthetic systems for greater efficiency
under different environments (Xiao et al.,, 2017). Novel
photosynthetic models enable accurate prediction of the
photosynthesis process and its regulation at different scales
still needs to be developed.
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Cellular and leaf

scales

Chloroplast, cellular and
leaf scales

Cryo-ET, Scanning EM, light Image based phenomics

microscope
Gas exchange signal, fluorescence Gas exchange signal,
fluorescence emission

emission signal, reflectance signal

signal, reflectance signal

Reaction diffusion models, Steady state models,

dynamic systems models, steady dynamic systems models,
state models reaction diffusion

models

e Availability of versatile synthetic biology tools allowing

targeted manipulation of photosynthesis. A highly
efficient photosystem requires a strongly coordinated
expression of genes that encode the photosystem
components. Many promoters that confer precise
temporal, spatial, or tissue-specific expression of target
genes are available (Kummari et al., 2020); furthermore,
with rapid advances in single-cell transcriptomics
and stereomics data, new promoters conferring either
temporal or spatial or development, or environment
specificity will be rapidly identified (Xia et al., 2022).
CRISPR-CAS9  tools
levels and translation efliciency have been developed
(Jiang and Doudna, 2017). All these will enable an
unprecedented opportunity to design and implement new

enable fine-tuning expression

photosynthetic systems.
Guided evolution techniques. Though during evolution,
photosynthetic efficiency might not be a target that
selection acts on, we can now implement guided
evolution where optimal

photosynthetic  efficiency

or enhanced properties of specific photosynthetic
proteins can be a target for the experiment, as
shown in the development of new CO; fixation
pathway in Escherichia coli (Antonovsky et al., 2016).
Guided

intelligence can be used to support the optimization

evolution tools combined with artificial
of photosynthetic proteins, such as Rubisco or new
photosynthetic pathways, or even the creation of
new options for improved photosynthetic -efficiency,
taking advantage of the power of random mutation

and selection.
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Research areas on photosynthesis to
support development of new
strategies for improved
photosynthetic efficiency

As the basic process ultimately responsible for the
generation of food, fiber, and fuel for our society, and
also a crucial component of the global carbon cycle and
the water cycle, photosynthesis is arguably one of the most
important biological processes on this planet. Understanding
how photosynthesis works, and how to further optimize it,
will be a never-ending pursuit of humanity. Photosynthesis
not only supplies materials and energy supporting our living
organisms on Earth, but also holds the promise to provide the
basic needs for humans in the forthcoming era of space life.
The Photosynthesis and Photobiology section of Frontiers in
Plant Sciences provides a unique arena for scientists working
in this field to publish their recent advances in these fields; it
will also be a window for industrial partners and stakeholders to
present their recent development. Advances in photosynthesis
research will be a showcase of the triumph of multi-disciplinary
research across the diversity of photosynthetic organisms. This
Photosynthesis and Photobiology section will welcome high-
quality fundamental and applied research across all areas of

10.3389/fpls.2022.967203

photosynthesis and photobiology, which include but are not

limited to:
e Architecture, assembly, biogenesis, and functional
regulation of pigment-protein complexes, supercomplexes,
and megacomplexes involved in the light reactions.

e Structure and mechanism of enzymes and transporters
associated with photosynthesis and their regulation

e Structure and function of thylakoid membrane systems

e Mechanisms of light energy absorption, transfer, and
conversion processes under different light regimes

e Structure, function, genetics, and reconstruction of
different CO;-concentrating mechanisms (CCM)

e Structure and variation of gene regulatory networks
controlling photosynthesis

e Factors  controlling  stomatal conductance and
mesophyll conductance

e Factors controlling leaf and canopy photosynthesis

e Structure, function and genetic regulation of crassulacean
acid metabolism

e Photosynthesis under changing climate conditions or
stress conditions

different of either

macromineral or microelement

e Photosynthesis under supplies

e Multiscale models of photosynthesis

FIGURE 1

effective approaches to improve photosynthetic efficiency.

Photosynthesis research involves research at different scales. Here we illustrate the multi-scale properties of photosynthesis with the higher
plant systems. Systematic studies of the structure, function and regulation of photosyhnthesis at canopy, plant, leaf, cell, chloroplast, pigment
protein complexes etc are needed to develop effective methods to identify factors controlling photosynthetic efficiency and hence to design
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e Evolution of photosynthesis

e Photosynthesis on planets other than earth

e Natural variation of photosynthesis and their genetic basis

e Synthetic biology of photosynthesis for better enzymes,
systems, or pathways

e Crop improvement for higher photosynthetic efficiency
under a changing climate

e Light-induced
and photomorphogenesis

signal transduction

e Artificial photosynthesis and clean energy generation

e Creation of new hybrid photosynthetic systems for greater
light use efficiency.

Photosynthesis research is entering a new era, where more
and more work targets at enhancing its efficiency, in addition
to the characterization of natural photosynthetic systems. Given
that efficiency is inherently a system’s property, ie., it is a
result of all the interacting components, rather than any single
component. As a result, studying photosynthetic efficiency and
identifying new options to improve efficiency will inevitably
require the examination of photosynthesis at a range of spatial
and temporal scales (Figure 1). Therefore, in this new era of
photosynthesis research, we will witness the final success of
capitalizing on the power of photosynthesis tailored to gain
optimal efficiency for different environments, which will rely
on accurate in silico prediction of photosynthesis in action
from the first principle based on the spatial arrangement
of photosynthetic pigment-protein complexes, and sequence
and structure of individual proteins involved. After centuries
of research on photosynthesis, the twenty-first century will
witness how photosynthesis research will help advance our
agricultural and energy development, and sustainably maintain
or even improve our environment. The Photosynthesis and
Photobiology section of Frontiers in Plant Sciences will serve
as an arena for the whole photosynthesis research community
to team up and work together to welcome this new era of
photosynthesis research.
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Abstract

The impact of light intensity on the toxicity of pyrene, a 4-ring polycyclic aromatic hydrocarbon (PAH), was studied
in Chlorella vulgaris and Scenedesmus acutus. Both species were cultured under low light, LL [S0-60 umol(photon)
m2 s7'], and high light, HL [100-110 pmol(photon) m= s™'] conditions to study the effects of pyrene (PYR) toxicity
on growth parameters, the content of biomolecules, chlorophyll content, and photosynthetic efficiency. In the presence
of PYR, S. acutus could grow well in LL and HL intensity. On the other hand, C. vulgaris showed a drastic decrease
in growth and photosynthesis during HL conditions due to PYR toxicity. Regulation of nonphotochemical and
photochemical quenching was responsible for the survival of S. acutus under PYR toxicity in LL and HL conditions.
Thus, S. acutus seems to be a more promising candidate for pyrene degradation under varying light conditions.

Keywords: Chlorella vulgaris; light intensity; photosynthesis; pyrene; Scenedesmus acutus.

Introduction

Microalgae play a crucial role as primary producers in
aquatic habitats by providing food and bioenergy sources
for all organisms as well as by powering food webs
and biogeochemical cycles (Baidya er al. 2021). Algae
are small with a comparably large surface area, due to
which their exposure to toxic water-borne contaminants
increases. The concentration of polycyclic aromatic

Highlights

hydrocarbons (PAHs), one of the persistent organic
contaminants in environmental systems, such as rivers,
marine sediments, drinking water supplies, groundwater,
and coastal estuaries, is at an alarming level (Olayinka
et al. 2018). Toxic effects of PAHs on freshwater algae
concerning growth, photosynthesis, and respiration were
reported (Aksmann ef al. 2011, Tomar and Jajoo 2021).
However, inhibition of photosynthesis is more important
as it results in reduced growth resulting in lesser biomass
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yield. Moreover, light intensity plays an important role in
algal photosynthesis, therefore, tolerance of algae to toxic
substances is also expected to change with varying light
intensities.

Light is a key parameter in microalgae cultivation.
Light intensity has been reported to influence microalgae
productivity and nutrient removal efficiency (Abu-Ghosh
et al. 2016, Binnal and Babu 2017, Gonzalez-Camejo et al.
2019). The growth of microalgae is proportional to the
activity of PSI and PSII; they are both sensitive to light
conditions (Nama et al. 2015). If the light intensity value
is below or exceeds the optimum, performance of PSI and
PSII is altered (Nama e al. 2015). The effects of light
intensity, photoperiods, and light wavelength on algal
growth have been extensively reported (Yan et al. 2013,
Gris et al. 2014, Gonzalez-Camejo ef al. 2019). However,
the effect of light intensity on the removal of organic
pollutants by microalgae cultivation has not been studied
in detail.

The Chlorophyta microalgae, Chlorella vulgaris
(C. vulgaris) and Scenedesmus acutus (S. acutus), are
unicellular photosynthetic eukaryotes found in many
aquatic habitats. Both are sensitive to physicochemical
changes and pollution in the surrounding environment,
therefore, they are frequently used as model organisms
for phytotoxicological studies. Despite large numbers
of toxicity studies of pollutants such as metals and
herbicides, the impact of PAHs on algal growth with
different environmental factors remains poorly understood.
Previous results suggest that different light intensities
have a significant influence on regulating growth and
photosynthesis in algae (Kim et al. 2013, Xu et al. 2016).

In the present study, pyrene (PYR) was chosen as
a representative PAH since it is one of the most toxic
PAHs and is listed as a priority pollutant by USEPA.
Pyrene is a high-molecular-mass 4-ring PAH with higher
water solubility (Juhasz and Naidu 2000). PYR harms
the natural development of phytoplankton communities
and algal growth (Petersen ez a/. 2008). It is thought to be
a potent photosensitizer that causes intracellular oxidative
stress and obstruction of the photosynthetic electron
transport chain (Héder er al. 2015). This study compares
the ecotoxicological effects of PYR on growth, pigment
content, and photosynthesis of two algal species,
C. vulgaris and S. acutus. The overall goal of the present
work is to find a more suitable algal species that can
tolerate PYR toxicity under varying light (low and high)
conditions.

Materials and methods

Algal species and culture conditions: Freshwater micro-
algal species C. vulgaris was procured from Phycospectrum
Environmental Research Centre, Chennai, India, and
S. acutus from National Chemical Laboratory (NCL),
Pune, India. Cells were grown in BG11 media (M7958,
Himedia, India). Mother cultures were illuminated with
white light having the intensity of 60 pmol(photon) m2 s
at 25°C and a diurnal cycle of 16 h light and 8 h dark in
the algal culture room. After 7-10 d when the exponential
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growth phase arrived, cells were centrifuged at 2,500 x g
for 5 min and harvested for further experiments.

Experimental setup: For each treatment, three conical
flasks (250 mL, Erlenmeyer flasks), containing 150 mL
of culture medium were used. Algal mass was inoculated
to each conical flask so that an initial optical density
of 0.1 at 680 nm was observed. Optical density was
measured by UV-VIS spectrophotometer (Evolution 201,
Thermo Scientific, USA). After inoculation, 75 pL of
stock solution (PYR in acetone) was added to 150 mL of
media to obtain the effective concentration of 5 mg L.
The flasks without any addition of PYR were used as
control. The growing conditions involved two different
light intensities, low light (LL) [50-60 pmol(photon)
m2s!]and high light (HL) [100-110 umol(photon) m2s!]
for both species. After 7 d of incubation, algal samples of
all treatments were retrieved for various experiments.

Algal growth and biomass: Microalgal growth was
monitored regularly at an interval of 24 h by measuring
optical density (OD) at 680 nm using a UV-VIS
spectrophotometer. Dry biomass was estimated after
drying 100 mL of culture in a hot air oven at 80°C for
4-6 h. The growth rate [d™'] was calculated using the
following equation: GR [d™'] = (InN, — InNy)/(t, — t), where
N, is the OD at time t, and Nj is the OD at time t, (day 0).

Lipid, carbohydrate, and protein content: Lipid
content was estimated by sulpho-phospho-vanillin (SPV)
colorimetric method as described in Mishra et al. (2014).
In brief, phospho-vanillin reagent was prepared by initially
dissolving 0.6 g of vanillin in 10 mL of absolute ethanol:
90 mL of deionized water and stirred continuously.
Subsequently, 400 mL of concentrated phosphoric acid was
added to the mixture, and the resulting reagent was stored
in the dark until use. Around 40 mL of algal cell culture was
centrifuged at 5,000 x g and the pellet was suspended in
100 pL of water. Then, 2 mL of concentrated (98%) sulfuric
acid was added to the sample and heated for 10 min at
100°C, and then cooled for 5 min in ice bath. Then, 5 mL of
freshly prepared phospho-vanillin reagent was added, and
the sample was incubated for 15 min at 37°C incubator
shaker at 200 rpm. Absorbance reading at 530 nm was
taken in order to quantify the lipid within the sample.

Carbohydrate content was estimated by phenol—
sulfuric acid method as described in Laurens ez al. (2012).
Protein estimation was done according to Slocombe ef al.
(2013) with some changes. In brief, protein extraction was
done by 6% TCA (trichloroacetic acid) and kept at room
temperature overnight. Protein content in each sample
was estimated with Folin—Ciocalteu phenol reagent and
absorbance of each sample was read at 600 nm (Evolution
201, Thermo Scientific, USA).

Chlorophyll (Chl) content: Pigment content was
determined using the following method: from all
treatments, 5 mL of culture was taken and centrifuged at
2,500 x g for 5 min. The supernatant was discarded and
5 mL of 99.9% methanol was added to the pellet, mixed
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properly, and incubated at 90°C for 5 min. The culture
was centrifuged at 9,000 x g for 5 min and the supernatant
was used for pigment estimation (Evolution 201, Thermo
Scientific, USA). Calculations were done as mentioned in
Dere et al. (1998).

Chl a fluorescence: Measurements of the quantum yields
of energy conversion in PSII were carried out through
saturation pulse technique, using a pulse amplitude
modulator (Dual PAM-100, Heinz Walz, Effeltrich,
Germany) system in intact algal cell culture. The algal
sample was dark adapted for 30 min at 23 £ 2°C before
measurements, and then 3 mL of cell culture was taken
in a cuvette for recording the induction curve. A weak
modulated light [12 pmol(photon) m= s'] was given
to get minimal fluorescence (F,), followed by actinic
light [53 pmol(photon) m? s'], and saturating pulse
(SP) [6,000 umol(photon) m=2 s7'] to achieve maximum
fluorescence (Fn,). After the determination of Fy and F,
the induction curve was analyzed using Dual PAM-100
software. The induction curve was recorded with SP for
5 min to achieve the steady state of the photosynthetic
apparatus, and then the actinic light was turned off.

Proline content: Proline was extracted using 3%
sulphosalicylic acid and estimated using L-proline as
a standard as described in Bates ef al. (1973). Briefly,
harvested fresh algal biomass was homogenized in 3 mL
of 3% sulphosalicylic acid and then centrifuged at
6,000 rpm for 10 min. The supernatant (1 mL) was heated
with 1 mL of ninhydrin and 1 mL of glacial acetic acid
at 100°C for 1 h. Proline was quantified spectrophoto-
metrically at 440 nm by use of a standard curve of
L-proline.

Total polyphenol content: Total phenolics were colori-
metrically determined using Folin—Ciocalteu reagent as
described by Cajnko et al. (2019) with slight modifications.

Statistical analysis: Data were analyzed by using
Graphpad Prism 5.01 software (La Jolla, CA, USA).
Results were analyzed using a one-way analysis of
variance (ANOVA) followed by the Newman—Keuls
multiple comparison test. Significance was determined at
p<0.001(* p<0.05, ** p<0.01, *** p<0.001), and results
were expressed as mean values = SD. All the experiments
were done five times in replicates of three.

Results

Algal cell growth: The carrier solvent acetone had no
adverse effects on cellular growth, physiological function,
or photosynthetic efficiency of both algal species. Growth
is a critical endpoint measure that indicates an overall
vitality of a population under the examined conditions.
When PYR was added to the culture medium, specific
growth rates of both species were inhibited although
the impact depended upon individual species and light
conditions. In HL with PYR, the final biomass and growth
of C. vulgaris were substantially lower than that of
S. acutus (Fig. 1). In C. vulgaris cells during PYR in HL
conditions, biomass was 0.125 mg mL"!, which was the
lowest of all treatments.

Biomolecules of algal cells: In the present study, the
impact on cell protein, lipid, and carbohydrate content
in response to LL and HL was measured in the presence
of PYR (Fig. 2). In S. acutus cells, protein content
was 248 pg mg'(DM) in control (C) and LL and 183 pg
mg'(DM) in PYR and LL conditions while it was 432 g
mg'(DM) in C and HL and 434 pg mg'(DM) in PYR-
exposed cells after 7 d of cultivation (Fig. 24). In case of
C. vulgaris, protein content was 294 ug mg'(DM) in C
and LL and 246 pg mg'(DM) in PYR and LL treatment.
It was seen that the maximum amount of protein was
obtained from C. vulgaris from C and HL conditions,
while it decreased significantly in PYR and HL (Fig. 2B).

Fig. 1. Biomass (4,B) and growth rate (C,D)
of Scenedesmus acutus and Chlorella
vulgaris under LL and HL conditions
with PYR exposure. Error bars represent
standard deviation (n = 3). *** (p<0.001),
¥ (p<0.01), and * (p<0.05) represent
significant differences between the control
and respective treatment, ns = nonsignificant.
C — control; HL — high light; LL — low light;
PYR — pyrene.
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Fig. 2. Effects of different light intensities on the protein content (4,B), carbohydrate content (C,D), and lipid content (E£,F) in
Scenedesmus acutus and Chlorella vulgaris with PYR exposure. Error bars represent standard deviation (n = 3). *** (p<0.001),
** (p<0.01), and * (p<0.05) represent significant differences between the control and treatments, ns = nonsignificant. C — control; HL —

high light; LL — low light; PYR — pyrene.

Carbohydrates and lipids also play important role in
carbon partitioning, osmotic homeostasis, and metabolism
of algal cells (Li er al. 2020). In the present study,
carbohydrate content increased from 139 pg mg'(DM)
(C and LL) to 182 pg mg'(DM) in PYR and LL while
it was not affected by PYR and HL as compared to C
and HL in S. acutus (Fig. 2C). Similarly, lipid content
increased in PYR and LL conditions in both cells,
while it was unaffected in PYR and HL in S. acutus
(Fig. 2E,F). Interestingly, carbohydrate and lipid contents
were extremely reduced in C. vulgaris in the PYR and HL
conditions (Fig. 2D.,F).

Proline and polyphenol content: The change in anti-
oxidant molecules varied under different light conditions
in both algal species. PYR LL and PYR HL treatments
induced a considerable increase in proline concentration
in S. acutus cells when compared with C LL and C HL
as seen in Fig. 3. PYR LL treatment raised proline content
by 75% as compared to C LL in C. vulgaris cells, but
PYR HL treatment decreased proline content by 20% in
comparison to C HL treatment. Additionally, in S. acutus,
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Fig. 3. Effects of different light intensities on the proline content of
Scenedesmus acutus and Chlorella vulgaris with PYR exposure.
Error bars represent standard deviation (n = 3). *** (»p<0.001),
** (p<0.01), and * (p<0.05) represent significant differences
between the control and treatments, ns = nonsignificant. C —
control; HL — high light; LL — low light; PYR — pyrene.
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PYR LL treatment resulted in a 9% drop in polyphenol
content compared to C LL, but an increase was observed
in PYR HL-treated cells compared to C HL (Fig. 4).
On the other hand, in C. vulgaris cells, PYR LL caused
a large rise in polyphenol content compared to C LL,
whereas PYR HL caused a considerable drop (22%) in
polyphenol content compared to C HL treatment (Fig. 4).

Photosynthetic pigments: To determine the effect of
light intensity under PYR toxicity on photosynthesis,
photosynthetic pigments (Chl a, Chl b, total Chl, and
carotenoids) of S. acutus and C. vulgaris were measured
(Table 1). Under LL and HL intensity along with PYR,
the concentrations of Chl a, Chl b, and total Chl were
reduced significantly in both species. However, this was
lower in S. acutus in HL with PYR treatment (only 11%

Fig. 4. Effects of different light intensities on the polyphenol
content of Scenedesmus acutus and Chlorella vulgaris with
PYR exposure. Error bars represent standard deviation (n = 3).
*EE (p<0.001), ** (p<0.01), and * (p<0.05) represent signifi-
cant differences between the control and treatments, ns =
nonsignificant. C — control; HL — high light; LL — low light;
PYR — pyrene.

decrease as compared to C HL in S. acutus), compared
to in C. vulgaris in PYR HL conditions (55% decrease as
compared to C HL in C. vulgaris). Similarly, with PYR
exposure, carotenoid concentration showed the same
pattern in both species with both LL and HL (Table 1).

Efficiency of photosystem II in algal cells: The influence
of light on PYR toxicity in both algal species was also
evaluated using Chl a fluorescence kinetics. Table 2 shows
the Chl a fluorescence parameters obtained with various
treatments. In S. acutus in LL conditions, PYR exposure
induced a significant increase in initial fluorescence (Fy),
although it was unchanged in PYR HL treatment compared
to C HL. It was also observed that F, was unaffected by
PYR in C. vulgaris cells during the LL conditions but was
reduced dramatically during the HL conditions (Table 2).
Furthermore, maximal Chl a intensity (F.) in S. acutus
cells did not change in any of the conditions, whereas
it declined severely in C. vulgaris cells during PYR HL
and remained only 8% of C HL. In S. acutus, the quantum
yield of PSII (F,/F,) decreased in the PYR LL treatment
compared to the C LL treatment (Table 2). However, F,/F.,
was found to be the lowest with PYR HL treatment in
C. vulgaris, as shown in Table 2. During both LL and HL,
the value of F,/F,, which represents the efficiency of the
oxygen-evolving complex, dropped considerably with
PYR treatment in both algal species, however, the decline
was deeper in C. vulgaris.

To evaluate the light energy-utilization efficiency
of PSII, we compared the quantum yields of energy
conversion within PSII in S. acutus and C. vulgaris cells
in LL and HL with PYR exposure. The addition of PYR
did not cause any significant change in Yq, (quantum
yield of PSII) in S. acutus during HL (Fig. 5) while, it
was slightly reduced in PYR LL treatment (15% of C LL)
(Fig. 5). In case of C. vulgaris, PYR caused a decrease
in Yay and Yoy but not significantly in LL conditions,
although the wvalue of nonphotochemical quenching
[Yeg)] increased (Fig. 6). However, a huge decrease was

Table 1. Effects on photosynthetic pigments content (Chl a, Chl b, total Chl, and carotenoids) in [pg mg'(DM)] in Scenedesmus
acutus and Chlorella vulgaris under PYR exposure. Data are presented as the mean value of three replicates + standard deviation.
Significant differences were calculated according to Newman—Keuls multiple comparison test (ns = nonsignificant,*p<0.05, *p<0.01,
and ***p<0.001). C — control; HL — high light; LL — low light; PYR — pyrene.

Treatment Chl a Chl b Total Chl

Car (X+C)

Scenedesmus acutus

CLL 194+1.0 123+1.6 31.7+2.3
PYRLL 142+ 1.1 9.1+ 1.1 23.3+2.1°
CHL 19.5+2.1 17.6 £ 141 37.1+24
PYR HL 172+ 1.6 104 +1.1™ 27.6+2.1™
Chlorella vulgaris

CLL 255+1.3 21.8+2.1 474429
PYRLL 17.1£ 1.0 143+1.8" 31.4+£2.3™
CHL 283+1.9 192+1.5 47.5+2.7
PYR HL 12.6 £1.0™ 10.9 £ 1.3 23.5+2.1™

26+04
2.2+0.5m
2.7+0.1
2.7+0.3™

24+0.2
1.5+0.3™
2.8+0.1
0.6 +0.0™

35



R.S. TOMAR et al.

Table 2. Effects of different light intensities on Chl a fluorescence parameters in Scenedesmus acutus and Chlorella vulgaris under
PYR exposure. Data are presented as the mean value of three replicates + standard deviation. Significant differences were calculated
according to Newman—Keuls multiple comparison test (ns = nonsignificant, *p<0.05, *p<0.01, and ***p<0.001). C — control; HL — high
light; LL — low light; PYR — pyrene.

Treatment Fo Fn FJ/Fu F./F,
Scenedesmus acutus

CLL 0.06 = 0.00 0.25+0.01 0.76 £0.02 3.1+£0.5
PYRLL 0.07 +0.00™ 0.25 £ 0.02" 0.71 £0.01" 2.4+04"
CHL 0.07 = 0.00 0.30+0.01 0.76 £ 0.01 32+04
PYR HL 0.08 £ 0.02" 0.31+0.01m 0.73 £0.02" 2.7+£0.1™
Chlorella vulgaris

CLL 0.10 £+ 0.00 0.30+0.01 0.66 + 0.04 1.97£0.32
PYRLL 0.10 & 0.00" 0.27£0.01" 0.64 £0.11" 1.72£0.61"
CHL 0.09 £ 0.00 0.32£0.02 0.73 £0.05 2.69 +0.41
PYR HL 0.01 +0.00"" 0.03 +£0.21™ 0.56 +0.05™ 1.27 £0.22"

observed in Y, and Yoy with PYR HL treatment which
was related to a higher degree of PSII inhibition (Fig. 6).
Compared with the C HL, PYR HL-exposed cells showed
3.5 times higher value of Yro) in C. vulgaris cells.
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Fig. 5. Comparative analysis of quantum yields
of Scenedesmus acutus with LL and HL under
PYR exposure. Data are presented as the mean
value of three replicates + standard deviation.
Significant differences were calculated according
to Newman—Keuls multiple comparison test (ns =
nonsignificant,*p<0.05, *p<0.01, and ***p<0.001).
C — control; HL — high light; LL — low light; PYR —
pyrene.

Fig. 6. Comparative analysis of quantum yields
of Chlorella vulgaris with LL and HL under
PYR exposure. Data are presented as the mean
value of three replicates + standard deviation.
Significant differences were calculated according
to Newman—Keuls multiple comparison test (ns =
nonsignificant,*p<0.05, *p<0.01, and ***p<0.001).
C — control; HL — high light; LL — low light; PYR —
pyrene.

Discussion

This paper presents for the first time comparative data on
the photosynthetic efficiency of two algal species grown
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under PYR toxicity in response to low and high light
intensities. Most of the toxicity data available are related
to the effects of PYR on freshwater microalgae and are
based on growth inhibition, while here we explained the
light regulation of photosynthetic parameters as well.
The level of growth and biomass suppression caused
by PYR exposure in C. vulgaris was higher than that of
S. acutus in both light intensities (LL and HL). Moreover,
the extent of growth inhibition varied depending on
the light intensity of individual tested species (Fig. 1).
The growth rate and biomass were almost stable with
LL but a drastic growth inhibition was observed when
C. vulgaris cells were grown with HL. An accumulation
of PAH in the lipid component of cells (Tomar and Jajoo
2021) and consequent alteration in membrane properties
(Kottuparambil and Park 2019) may be responsible for
the reduction in growth. The growth of S. acutus cells was
better than that of C. vulgaris in PYR HL treatment. This
result indicates that the S. acutus cells could tolerate PYR
more in HL conditions.

PAHs have a significant influence on biomolecules of
algae which change to adapt to different environmental
conditions. Because PYR is hydrophobic, its harmful
effects on green algae could be due to interference with cell
biomolecules (Tomar and Jajoo 2021). The biochemical
composition of algae is also influenced by variations in
light intensity, for example, changes in the content of
lipids, carbohydrates, and pigments, as well as the growth
of microalgae (Tang et al. 2011, Paliwal et al. 2017).
It is speculated that PYR could disrupt the functioning of
algal cells as it rapidly interacts with proteins and lipids
in vivo (Croxton et al. 2015). The obtained data revealed
that PYR LL treatments altered biomolecules in S. acutus,
but during HL, the number of biomolecules did not
change significantly. In this investigation, exposure to
PYR resulted in a much lower lipid and carbohydrate
content in C. vulgaris in PYR HL conditions compared to
PYR LL. Reduced carbohydrates and lipid content with
PYR HL could be attributed to osmotic imbalance and cell
division suppression (Cheng and He 2014). These findings
suggest that PYR under HL has a greater impact on the
synthesis of various biomolecules in C. vulgaris cells
and it is unable to safeguard its metabolic functions. It is
suggested that under different light intensities, microalgae
may have various processes for carbon partitioning, which
could change biomolecule levels (Nzayisenga et al. 2020).

To cope with oxidative stress, various antioxidant
molecules contribute to survival and tolerance mechanisms
in algae. Proline and polyphenol are two important
osmolytes and antioxidants produced during stress in
algae. Higher production of proline in S. acutus cells
shows that it has a protective role through scavenging
free radicals, stabilizing subcellular structure, and main-
taining redox imbalance and homeostasis of the cell
(Meena et al. 2019). Similar to proline, polyphenols are
also regarded as strong antioxidants (Lee et al. 2015).
Polyphenols suppress the generation of free radicals and
act as direct radical scavengers of the lipid peroxidation
chain reactions (chain breakers) (Tsao 2010). In S. acutus
PYR LL and HL treatment caused the increase in proline
content, which indicates its better ability to scavenge ROS.

Similarly, an increase in proline and polyphenol content
in C. vulgaris under PYR LL was observed, however,
PYR HL showed lower proline and polyphenol content.
It might be due to the activation of polyphenol oxidase
enzyme by PYR during HL which oxidizes polyphenols by
removing electrons and leaving them unstable.

In this study, Chl a, Chl b, and carotenoid contents
were significantly affected by PYR under LL and HL
conditions in both algal species (Table 2). It is well
documented that exposure of green algae and plants to
different toxicants leads to alteration in photosynthetic
pigment contents and photosynthetic efficiency (Aksmann
etal 2011, Jajoo et al. 2014, Tomar and Jajoo 2014, 2021).
Moreover, light is important for Chl and other pigment
syntheses that absorb light of different wavelengths (Zarmi
et al. 2020). It was found that light intensity significantly
influenced the pigment content of S. acutus (Table 2).
However, the lowest values of Chl and carotenoids were
observed in C. vulgaris under PYR HL condition as
compared to other treatments. In C. vulgaris, under PYR
HL condition, PYR was probably more absorbed by the
algal cells and inhibited the synthesis of photosynthetic
pigments or resulted in pigment degradation.

Apart from changes in the growth of algal cells and
photosynthetic pigment contents, the light intensity also
affected the photosynthetic efficiency, specially PSII
activity. Chl a fluorescence measurements were performed
to examine the impact of light intensity with PYR toxicity
on PSII in both algal species. Fy is minimal fluorescence
level when all antenna pigment complexes associated with
the photosystem are assumed to be open (dark-adapted)
and F,, is maximal fluorescence level when a high-intensity
flash has been applied and all antenna sites are assumed to
be closed. A drop in these fluorescence parameters (Fo and
Fu) in C. vulgaris during PYR HL treatment might be a
result of many combined processes, such as enhancement
in the capacity of light-harvesting complex II (LHCII) or
an increase in the number of inactive RCs of PSII, which
indicated a reduction in cells photosynthetic performance
due to downregulation of photochemical -efficiency
(Elsheery and Cao 2008, Elsheery ef al. 2008). In this study,
F. decreased drastically in response to PYR HL stress,
probably due to disorganization of Chl structure (Hazrati
et al. 2016). In contrast, S. acutus maintained F, and F,,
values in PYR HL treatment, however, an increase was
observed in Fy during PYR LL treatment. The efficiency
of the oxygen-evolving complex (F,/F,) decreased in both
algal cells with all treatments, implying that PYR at low
and high light intensity affected negatively the donor side
of PSII. The F,/F,, value is the ratio of variable fluorescence
to maximal fluorescence and calculated as F,, — Fo/Fy. It
measures the maximum efficiency of PSII when all PSII
centers are open (Mathur ez al. 2019, Jain and Jajoo 2020).
This value can be used to estimate the potential efficiency of
PSII by taking dark-adapted measurements. We found that
S. acutus can maintain maximum efficiency of PSII (F,/F.,)
in both light treatments while it decreased drastically in
C. vulgaris during the PYR HL condition. This indicates
that PYR toxicity is exerted also by inhibition of cyto-
chrome b¢/f complex as well as photooxidative damage to
PSII during high light intensity. Our results suggest that
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S. acutus has a more efficient protective mechanism for
PSII which enables it to tolerate PYR even at HL intensity.

We further measured the photochemical quantum
yield of PSII, which gives information about the response
of PSII photochemistry, to PYR toxicity with low and
high light intensities (Fig. 6). Y represents the fraction
of excitation energy used for photochemistry at PSII.
The remaining fraction, 1 — Y, tells about the dissipation
of remaining energy. It is the sum of the yields of regulated
dissipation [Yxrg)], and unregulated dissipation, [Yno)]
(Mathur et al. 2019, Jain and Jajoo 2020). As evident from
the results, PYR HL reduced the F,/F, ratio in C. vulgaris
and the energy requirements for the reduction of quinone
decreased largely. This accounts for the reduction in Y,
and a corresponding increase in Yneg With PYR HL.
Higher Yarg suggests inhibition of electron transport
exerted by PYR HL. These PSII quantum yield
parameters collectively indicated the reduced efficiency
of photochemical energy regulation imposed by PYR
exposure in C. vulgaris during HL.. We noted that during
low light intensity, PYR did not show major photosynthetic
toxicity in C. vulgaris at the PSII level. The drop in Y o) and
high rise in Y arq) in PYR HL-exposed cells reflect damage
to PSII but still with a protective mechanism through NPQ
to protect itself against photochemical damage. A decrease
in Y, also reflects a reduction in the number of active
PSII centers and it may also be associated with a decrease
in Chl a content in PYR HL-treated cells (Khpalwak
et al. 2018, Tomar and Jajoo 2015, 2019). Moreover,
a significant increase in Chl a/b ratio was reported, which
indicated that antenna size was affected (Ding et al. 2012).
This change may be partially attributed to the augmentation
of the NPQ values. During PYR exposure, an increase in
Yarg) is often reflected by a decrease of Yoy which can
compensate for a decrease in PSII activity. Surprisingly,
under PYR LL and HL, a higher Y no) and lower Y wpq) were
observed in S. acutus, while the Y, was not significantly
changed. Thus, a balance exists between Y nrg) and Yo,
to maintain Y. Some other mechanisms, such as cyclic
electron transport and the water—water cycle, might be
involved in the protection and regulation of photosynthetic
efficiency in S. acutus cells (Sun et al. 2020). However,
the mechanisms underlying the interaction between Y arq)
and Y o) remain elusive.

It is concluded that light intensity of 50-60 and
100-110 pmol(photon) m2 s™!, are both suitable for the
growth of S. acutus under PYR toxicity. Further, S. acutus
was able to maintain its biomolecule composition when
cultured under HL exposure. In this study, the biomolecule
content of C. vulgaris was comparatively lower in PYR
HL treatment than that of PYR LL culture condition.
In C. vulgaris with PYR exposure, significantly low
cell density, growth, and biomass values were observed
in high light intensity, which is also supported by the
negatively modulated photosynthetic process. It can be
suggested that during HL, PYR may be absorbed rapidly
and accumulated in cell membranes and organelles.
PYR accumulation in membranes probably results in
increased proton permeability, as well as an expansion of
the membrane surface area, inhibiting primary ion pumps
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and causing the electrical potential and pH gradient to
dissipate, inhibiting cellular growth (Petersen and Dahllof
2007, Croxton et al. 2015). More important, because
these are strongly connected processes, each being
a result of the usage of energy from light and nutrients,
a reduction in photosynthesis can lead to reduced growth.
It was reported that some of the metabolites of PYR
are quinones (Alegbeleye ef al. 2017, Bukowska and
Duchnowicz 2022) which can cause modifications in the
photosynthetic machinery and can result in a significant
decrease in energy output within chloroplasts. In this study,
S. acutus exhibited higher pigment content and quantum
yield of PSII as compared to C. vulgaris during PYR HL
conditions. However, S. acutus shows better performance
of all measured parameters in both high and low light
intensities. Another interesting finding, which warrants
further mechanistic and physiological attention, is the fine
regulation of Y noy and Yeg) in S. acutus for the protection
of PSII. Therefore, S. acutus seems to be a more promising
candidate for the removal of pyrene from the environment
under varying light conditions.
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Abstract

Proteases are being widely used in various industries like detergent, leather, food and
pharmaceuticals.Protease was purified to homogeneity from the seeds of Artocarpus heterophyllus.
The enzyme was found to be a tetramer having molecular mass of 74 kDa. Gelatin zymography
showed a clear band of proteolysis. The enzyme isolated and purified was a serine protease, as
indicated by its inhibition with PMSF. The enzyme was stable at broad pH and temperature ranges
with pH and temperature optima at 8.5 and 50°C, respectively. The presence of some divalent ions
enhanced the activity. With the addition of calcium, change in absorption and emission spectra was
observed in spectrofluorometric analysis. The Km and V ,,,, for the enzyme was found to be 0.229 uyM
and 0.014 uM min], respectively, using BAPNA as a substrate. The enzyme consisted 4.44% alpha
helix and 44.17% beta sheets when measured by CD spectra. Dynamic light scattering of the protease
for particle size distribution revealed the mono-dispersity of the sample. Easy purification and
paramount stability of protease makes it a good candidate for industrial and pharmaceutical

applications.
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Evaluation of C4b as an adjunct marker in symptomatic RT-PCR negative Covid-19

cases

Bandana Kumari,! Krishnan Hajela,? Asgar Ali," Abhay Kumar Sharma,! Rajesh Kumar Yadav,' Alok Ranjan,?
Rathish Nair, Shreekant Bharti,® Satish Dipankar,® Prabhat Kumar Singh,7 and Sadhana Sharmam8

Abstract

Introduction

Detecting low viral load has been a challenge in this pandemic, which has led to its escalated
transmission. Complement activation has been implicated in pathogenesis of Covid-19 infection.
Thus, evaluation of complement activation in suspected Covid-19 infection may help to detect
infection and limit false negative cases thus limiting transmission of infection. We speculate that
measuring C4b, produced from an activated complement system due to the presence of Covid-
19 may help in its detection, even when the viral titers are low.

Methods

Plasma C4b levels of symptomatic RT-PCR positive patients (cases, n = 40); symptomatic RT-PCR
negative patients (n = 35) and asymptomatic RT-PCR negative controls (n = 40) were evaluated.
Plasma C5b-9, IL-6, D-dimer and C1-Inhibitor (C1-INH) were also measured in cases and con-
trols. ELISA kits were used for all measurements. Statistical analyses were carried out using
Stata, version 12 (Stata Corp., Texas, USA).

Results

C4b levels were found to be significantly increased in RT-PCR positive patients as compared to
asymptomatic RT-PCR negative controls. RT-PCR negative but symptomatic patients still showed
increased C4b levels. The significantly higher levels of C4b in cases with a cut-off value of 2116
ng/ml with optimum sensitivity and specificity of 80% and 52% respectively is indicative of its

B Feedback


https://www.ncbi.nlm.nih.gov/pmc/about/disclaimer/
https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
https://doi.org/10.1007%2Fs12291-022-01033-z
https://pubmed.ncbi.nlm.nih.gov/35756690
https://pubmed.ncbi.nlm.nih.gov/?term=Kumari%20B%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Hajela%20K%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ali%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sharma%20AK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Yadav%20RK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ranjan%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Nair%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Bharti%20S%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Dipankar%20S%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Singh%20PK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Sharma%20S%5BAuthor%5D

BE=  An official website of the United States government

—  Here's how you know

FULL TEXT LINKS

A SpringerLink

Mol Genet Genomics. 2023 Jul;298(4):955-963. doi: 10.1007/500438-023-02030-4.
Epub 2023 May 18.

Mannose-binding lectin gene 2 variant DD (rs
5030737) is associated with susceptibility to COVID-
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Abstract

The study aimed to measure plasma levels of Mannose-Binding Lectin (MBL) and MBL-associated
serine protease-2 (MASP-2) and their polymorphisms in COVID-19 patients and controls to detect
association. As MBL is a protein of immunological importance, it may contribute to the first-line host
defence against SARS-CoV-2. MBL initiates the lectin pathway of complement activation with help of
MASP-1 and MASP-2. Hence, appropriate serum levels of MBL and MASPs are crucial in getting
protection from the disease. The polymorphisms of MBL and MASP genes affect their plasma levels,
impacting their protective function and thus may manifest susceptibility, extreme variability in the
clinical symptoms and progression of COVID-19 disease. The present study was conducted to find
plasma levels and genetic variations in MBL and MASP-2 in COVID-19 patients and controls using
PCR-RFLP and ELISA, respectively.The present study was conducted to find plasma levels and genetic
variations in MBL and MASP-2 in COVID-19 patients and controls using PCR-RFLP and ELISA,
respectively. Our results indicate that median serum levels of MBL and MASP-2 were significantly low
in diseased cases but attained normal levels on recovery. Only genotype DD was found to be
associated with COVID-19 cases in the urban population of Patna city.

Keywords: COVID-19; MASP-2; MBL genotyping; SARS-COV-2.
© 2023. The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature.
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Abstract

Background: Transient Receptor Potential Canonical 5 (TRPC5) and TRPC6 channels play critical
physiological roles in various cell types. Their involvement in numerous disease progression
mechanisms has led to extensive search for their inhibitors. Although several potent TRPC inhibitors
have been developed and the structure of their binding sites were mapped using cryo electron
microscopy, a comprehensive understanding of the molecular interactions within the inhibitor binding

site of TRPCs remains elusive.

Objective: This study aims to decipher the structural determinants and molecular mechanisms
contributing to the differential binding of clemizole to TRPC5 and TRPC6, with a particular focus on
the accessibility of binding site residues. This information will help us understand what molecular
features allow for selective binding, which is a key characteristic of clinically effective pharmacological

agents.

Methods: Using computational methodologies, we conducted an in-depth molecular docking analysis
of clemizole with TRPC5 and TRPC6 channels. The protein structures were retrieved from publicly
accessible protein databases. Discovery Studio 2020 Client Visualizer and Chimera software facilitated
our in-silico mutation experiments and enabled us to identify the critical structural elements influencing

clemizole binding.

Results: Our study reveals key molecular determinants at the clemizole binding site, specifically
outlining the role of residues’ Accessible Surface Area (ASA) and Relative Accessible Surface Area
(RASA) in differential binding. We found that lower accessibility of TRPC6 binding site residues,
compared to those in TRPC5, could account for the lower affinity binding of clemizole to TRPC6.
Conclusion: This work illuminates the pivotal role of binding site residue accessibility in determining
the affinity of clemizole to TRPC5 and TRPC6. A nuanced understanding of the distinct binding
properties between these homologous proteins may pave the way for the development of more selective
inhibitors, promising improved therapeutic efficacy and fewer off-target effects. By demystifying the
structural and molecular subtleties of TRPC inhibitors, this research could significantly accelerate the
drug discovery process, offering hope to patients afflicted with TRPC-related diseases.

Keywords: Transient Receptor Potential Canonical (TRPC); clemizole; Molecular docking; Inhibitor
binding site; In silico mutation; Drug discovery; Selective inhibitors; Protein-ligand interaction; MD
simulation
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Introduction

Abstract

The lectin pathway proteases (MASPs) are diverse in regard to
their substrate selectivity and also have substrates outside the com-
plement pathway. These proteases have been reported to cleave
proteins of the coagulation cascade. MASP-1 has thrombin-like
activity and therefore cleaves fibrinogen, fibrin and prothrombin.
MASP-2 also participates in coagulation by cleaving prothrombin.
Thus, these proteases are key players in the process of thrombo-
sis and thrombolysis, therefore have implications in thrombotic
vascular diseases. The cleaved fragments of fibrinogen and fibrin,
consequently produced during coagulation and fibrinolysis, are im-
portant in the repair process and hence may have involvement in
inflammatory and fibro-proliferative diseases. Also, altered levels
of MBL and its associated serine proteases reported to be involved
in different diseases such as cardiovascular diseases, diabetes, can-
cer, sepsis, stroke, COVID-19 etc. may have a role in thrombosis and
thrombolysis. Upregulated lectin pathway-associated proteins pre-
dispose towards autoimmune disease susceptibility and may also
exhibit off-target activities resulting in clot formation. Thus, the lec-
tin pathway and its associated proteases are of great importance in
normal circumstances where it plays a role in the maintenance of
hemostasis and homeostasis, playing a preventive role in infections.
Modulation in the level of MASPs proteases could be developed as
a promising approach to treat a variety of infections and diseases.

Keywords: Fibrinogen; MBL; MASPs; Thrombin; Coagulation;
Fibrinolysis

Abbreviations: MASPs: MBL Associated Serine Protease; rMASP-
Recombinant MASP; FPA and FPB: Fibrinopeptide A and B, Respec-
tively; TAFI: Thrombin-Activated Fibrinolysis Inhibitor; DIC: Dissemi-
nated Intravascular Coagulation; CVD: Cardiovascular Diseases; LP:
Lectin Pathway.

Fibrinogen is a serum glycoprotein which is synthesized by
the liver. It is a large molecular weight (340kDa) protein with
three pairs of non-identical polypeptide chains (Hexameric
homodimer) [1]. Such a structure of fibrinogen supports its
complex roles in hemostasis and homeostasis [2]. During an
inflammatory response, this protein is upregulated and ex-
pressed more. Different variants of fibrinogen are also formed
as a result of alternative splicing. These have unique properties
to contribute to the coagulation process following any vascular
injury [3]. During coagulation, fibrinogen conversion to fibrin
occurs via thrombin-mediated proteolytic cleavage. It produc-
es intermediate protofibrils followed by mature fibers which
eventually provide stable hemostatic clots and prevent blood
loss at sites of tissue damage [4]. The processes of hemostasis

and thrombosis involve interactions between fibrinogen and/
or fibrin and plasma proteins and receptors on platelets, leuko-
cytes, endothelial cells, and other cells [4]. Disorders in fibrino-
gen concentration and/or function increase the risk of bleeding,
thrombosis, and infection [5]. Also, recent studies suggest that
abnormal thrombin generation patterns produce abnormally
structured clots that are associated with an increased risk of
bleeding or thrombosis [6,4].

Further, a network of circulating blood cells and soluble pro-
teins constitutes the host’s immune system which not only pro-
vides protection from various diseases but maintains homeo-
stasis too. The complement system is one component of the
immune system, which is a set of soluble proteins, which get
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Abstract

A glycosylated heat stable trypsin chymotrypsin inhibitor was isolated from Cyamopsis tetragonoloba seeds. It is being
reported for the first time that deglycosylation of the inhibitor chemically by Trifluoro methane sulfonic acid or enzymati-
cally by salivary amylase or fungal diastase abrogates the inhibitory activity indicating that glycosylation was important
for inhibitory activity of the protein. Treatment with salivary amylase decreases the inhibition in in vitro digestion experi-
ment also. Germination of Cyamopsis tetragonoloba seeds results in reduction in inhibitory activity with concomitant
increase in amylase activity. It is speculated that increase in amylase during germination decreases the protease inhibitory

activity by deglycosylating the inhibitor.

Keywords Cyamopsis tetragonoloba

Abbreviations

CTTI Cyamopsis tetragonoloba trypsin inhibitor
TFMS Trifluoro methane sulfonic acid
BAPNA  Noa-Benzyl-L-arginine 4-nitroanilide

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel
electrophoresis

DEAE Diethylaminoethyl

Legume seeds normally contain large quantities of protein-
ases inhibitors which inhibit proteases like trypsin, chy-
motrypsin elastase etc. (Laskowski and Laskowski 1954).
Cyamopsis tetragonoloba seeds of Sarit Soumya-700 vari-
ety, (Rajasthan) India were obtained from local vendor. The
Cyamopsis tetragonoloba inhibitor was isolated by ammo-
nium sulphate precipitation, ion exchange and gel filtration
method essentially as described earlier (Hajela et al. 1999).
Carbohydrate content of the purified inhibitor before and
after treatment with salivary amylase was checked by the
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method of Dubois et al. (Dubois et al. 1980). The inhibi-
tion of trypsin and chymotrypsin by purified inhibitor was
determined using chromogenic substrates (1 mM) BAPNA
for trypsin and (5 mM) N-Succinyl-L-phenylalanine-p-
nitroanilide for chymotrypsin (Norioka et al. 1988). The
deglycosylation of Cyamopsis tetragonoloba inhibitor was
done using TFMS (Edge 2003) and also by salivary amy-
lase and a fungal diastase. The effect of salivary amylase
concentration on Cyamopsis tetragonoloba inhibitor's
inhibitory activity was determined by addition of different
concentrations of salivary amylase/ fungal diastase (10 pg,
20 pg, 30 pg, 40 pg, 50 and 60 pg) prepared in phosphate
buffer saline pH 7.2 to 15 pg of inhibitor. After incubation
for 1 h at 37° C, the protease inhibitory activity was assayed
under optimal conditions. Inhibitor without salivary amy-
lase/fungal diastase treatment is represented as + ve control.
To study the effect of time of incubation, Cyamopsis
tetragonoloba inhibitor(15 pg) was preincubated with sali-
vary amylase or (30 ug) at 37° C for different time intervals
(1h,2h,3h,4h,5h, 6and 12 h) and inhibitory activity was
checked by using standard assay method. For deglycosyl-
ation of inhibitor diastase from Aspergillus oryzae (Sigma,
lot number BCBW175) was also used in a similar manner.
To check the inhibitor digestibility by pepsin, 1 ml
of purified Cyamopsis tetragonoloba inhibitor (100 pg/
ml) was adjusted to pH 2.0 by dilute HCI and was added
to 100 pl of pepsin (20 pg) (from porcine gastric mucosa,
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Abstract

MBL Associated Serine Protease-1 (MASP-1) is an abundant enzyme of the lectin complement pathway. MASP-1 cleaves numerous
substrates like MASP-2, MASP-3, C2, C3i, fibrinogen, FXIII and prothrombin. It has thrombin-like specificity and can cleave thrombin
substrates. Owing to its high concentration and relaxed substrate specificity, MASP-1 has substrates outside the complement system and

can influence other proteolytic cascades and physiological processes. The unidentified substrates may assist us to ascertain the role(s) of
MASP-1. In this study, we used a high-throughput N-terminomics method to identify substrates of MASP-1 from human plasma. We have
identified 35 putative substrates of MASP-1. Among the identified proteins, alpha 2-antiplasmin, alpha-1-acid glycoprotein, antithrombin
Ill, and siglec-6 were demonstrated to be cleaved by MASP-1. We have discussed the physiological relevance of cleavage of these

substrates by MASP-1. The expression of Siglec-6 and MASP-1 has been reported in the B cells. Alpha-1-acid glycoprotein cleavage by

MASP-1 may occur in the acute phase as it is known to be an inhibitor of platelet aggregation, whereas MASP-1 triggers platelet

aggregation. The cleavage alpha2 antiplasmin by MASP-1 implies that MASP-1 may be promoting plasmin-mediated fibrinolysis. Our
study supports that MASP-1 may be implicated in thrombosis as well as thrombolysis.

Introduction

The intrusion of pathogens in the biological system is resisted by the immune system by responding through the activation of various
complement pathways. The lectin complement pathway is activated when the molecules that recognize the pattern of sugar moieties on
the surface of the pathogen [mannan-binding lectin (MBL), collectin 11 (CLK11), and ficolins)] form complexes with MBL-associated serine
proteases (MASP 1, 2 and 3), and mannose-binding lectin associated proteins (MAp19 and MAp44). MASP-1 is the most abundant protease
in the lectin pathway and is known to have a relaxed substrate specificity. The physiological role of MASP-1 is therefore arguable. Also,
MASP-1 can cleave C3 but with very low efficiency (Dob6 et al., 2009; Matsushita et al., 2000), and the physiological relevance of this
cleavage are also not fully understood. Furthermore, MASP-1 is reported to cleave fibrinogen and factor XIII, but with less efficiency as
compared with thrombin (Hess et al., 2012; Hajela et al., 2002; Gulla et al., 2010). Although it has been demonstrated that ascidian MASP-
1 cleaves ascidian C3 directly(Fujita, 2002) but for human MASP-1 the kinetic data of this reaction is lacking (Beltrame et al., 2015).
Therefore, clarifying the role and physiological significance of MASP-1 is important. The reported substrates of MASP-1 are MASP-1 (auto-
activation), MASP-2, C2 from complement proteins leading to the activation of the lectin pathway of complement activation and other
protein like fibrinogen (Dobé et al., 2009), factorXIII (Dobé et al., 2009), kininogen (Dobé et al., 2011), PAR-4 (Megyeri et al., 2009), and
prothrombin (Jenny et al., 2015a). MASP-1 has a wide substrate-binding cavity, as well as a broad substrate specificity (Dob6 et al., 2009)
and recognizes substrates of complement pathway as well as that of the coagulation cascade. As the in vivo natural substrates of MASP-1
are not yet well characterized, there is a strong possibility that the diversity of its physiological functions is not understood in its entirety.

In this paper, we contemplate the possibility of the occurrence of many substrates of MASP-1 that have not yet been identified. Also, the
method of identifying the substrates of MASP-1 using a high throughput proteomics-based method -the N-terminomics strategy- has not
been performed earlier. In this study, we have attempted to identify putative substrates of MASP-1 in plasma that may be contributing to
the effective functioning of the complement pathway or other biological processes. Briefly, the method involves blocking the a-NH; group
of peptides or proteins using chemical methods like metal ion catalyzed transamination, allowing the e-NH; group of lysine residue to be
intact. Proteolytic cleavage by test serine protease was performed followed by blocking of the e-NH; group of lysine residues by
guanidination, in reaction conditions where the neo-N termini remain unmodified. The a-NH; groups of neo-peptides were biotinylated
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the seeds of Artocarpus heterophyllus
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Proteases are being widely used in various industries like detergent, leather, food and pharmaceuticals.Protease was
purified to homogeneity from the seeds of Artocarpus heterophyllus. The enzyme was found to be a tetramer having
molecular mass of 74 kDa. Gelatin zymography showed a clear band of proteolysis. The enzyme isolated and purified was a
serine protease, as indicated by its inhibition with PMSF. The enzyme was stable at broad pH and temperature ranges with
pH and temperature optima at 8.5 and 50°C, respectively. The presence of some divalent ions enhanced the activity. With
the addition of calcium, change in absorption and emission spectra was observed in spectrofluorometric analysis. The Km
and V,,, for the enzyme was found to be 0.229 uM and 0.014 uM min™', respectively, using BAPNA as a substrate. The
enzyme consisted 4.44% alpha helix and 44.17% beta sheets when measured by CD spectra. Dynamic light scattering of the
protease for particle size distribution revealed the mono-dispersity of the sample. Easy purification and paramount stability
of protease makes it a good candidate for industrial and pharmaceutical applications.

Keywords: Artocarpus heterophyllus, BAPNA, CD spectra, Dynamic light scattering, Proteases, Serine endopeptidase

Proteolytic enzymes are intricately involved in many
biological processes of plant life cycle like they play a
central role in plant growth and development'. These
proteases help in plant defence by producing
hypersensitive response upon attack of any pathogens’,
by involving in the processes of plant’s innate
immunity’ they generate an immune response’. Plant
proteolytic enzymes also play indispensable role in
plant germination by helping in proteolysis of the
proteins accumulated in seeds’. Some proteases that are
present in chloroplast play a key role in the
maintenance of photosystem eventually helping in
photosynthesis®. These proteases have a major function
in programmed cell death and senescence signalling
cascades’. Proteases are the proteins encoded by plant
genome which are highly stable and can work in wide
pH ranges and temperatures®. Plant proteases can be
obtained from various plant sources, for instance seeds,
roots, flowers, leaves, latex, efc. It has been used from

*Correspondence:

E-mail: hajelak@gmail.com

Abbreviations: BAPNA, Na-Benzoyl-D,L-arginine 4-nitroanilide
hydrochloride; CD, Circular dichroism; DLS, Differential light
scattering; DMSO, Dimethyl sulfoxide; EDTA, Ethylenediamine
tetraacetic acid; EGTA, Ethylene glycol-bis (B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid; PMSF, Phenylmethylsulfonyl fluoride;
SEC, Size exclusion chromatography

ancient times as a folk medicine as anthelmintic,
antitumor, antimicrobial, analgesic, antioxidant, anti-
inflammatory, to clear skin infections, to enhance
wound healing’. Hence, plant proteases has a vital role
in therapeutics and this make them potential target for
research in unexplored medicinal values'®. Artocarpus
tree is a member of Moraceae family, also named as
mulberry family. Many different species of this genus
are known and found in India and other continents of
Southeast Asia. These are: Artocarpus heterophyllus,
commonly known as jackfruit; A4. integer, also
known as cempedak, A4. camans, known as bread
nut and 4. altilis, also known as breadfruit''. Although,
no evidences have been found about industrial
applications of Artocarpus proteases yet. Some studies
have concluded that some plant proteolytic enzymes
are very specific to their target or substrate. Purification
and characterization of a protease from Artocarpus
heterophyllus and delineation of its specific substrates
is hereby being reported.

Materials and Methods

Materials

Artocarpus heterophyllus seeds were procured from
the local market in Indore (India). Ammonium sulfate,
sodium dodecyl sulphate (SDS), was purchased
from SRL, N-o-Benzoyl-DL-arginine p-nitroanilide
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The present study was carried out to isolate, purify, and characterize protease from the seeds of Cyamopsis
tetragonoloba. The protease was precipitated by a 60% ammonium sulfate cut and further purified by
elution from ion-exchange chromatography at 0.3 M NaCl. The sodium dodecyl sulfate-polyacrylamide
gel electrophoresis result showed that protease was monomeric having 69.9 kDa molecular weight. Gelatin
zymography was carried out to confirm the proteolytic activity of the protease. The protease has a wide range
of substrate specificity and could cleave natural substrates like casein, gelatin, bovine serum albumin (BSA),
hemoglobin (Hb), and synthetic substrate like N-aBenzoyl-DL-arginine p-nitroanilide (BAPNA). The V_
value of the protease was 102.04 uM/minute with casein as the substrate and K value was 56.56 pM/minute.
The purified protease was completely inhibited by serine proteases inhibitors like Phenyl Methyl Sulfonyl
Fluoride, soybean trypsin inhibitor, and aprotinin, and not inhibited by other protease inhibitors. This concluded
that the purified protease was serine protease. The protease was highly stable at a wide range of temperatures
from 20°C to 70°C. Gelatin showed the highest proteolytic activity when compared to the casein, Hb, and BSA.
BAPNA showed 1.5101 U/mg specific activity. The sugar content of protease was estimated by the method of

DuBois. The protease was highly glycosylated and contained 35 pug of sugar in 0.2 mg of protease.

1. INTRODUCTION

Cyamopsis tetragonoloba is an edible crop of annual legume plants
belonging to the family of Fabaceae. It is cultivated in different
regions of India like Rajasthan, MP, Haryana, and Punjab. It is an
excellent source of guar gum and has high protein content [1,2]. It
is used in cosmetics, textiles, paper industry, drilling, exploration
mining, petroleum industry, and beverages [3]. It is known for
its drought and high-temperature tolerance ability due to its deep
roots [4].

Proteases of the tropical plants show high stability toward high
temperature compared with proteases from many other plants
since they tend to adapt and cope with differences in environmental
temperature that is pivotal for survival of plants [5,6]. Higher

*Corresponding Author
Krishnan Hajela, School of Life Sciences, Devi Ahilya University Indore,
India. E-mail: hajelak @ gmail.com

temperature tends to denature enzymes by breaking hydrogen
bonds [7].

Plants represent an excellent source of enzymes due to various
characteristics. The leguminous plant seeds contain a high amount
of protein. Legumes accumulate a high level of protease and
protease inhibitors that regulate the overburden of protein [&].
Proteases are involved in the physiological process of plants
including germination, plant growth, development, chloroplast
synthesis, ubiqutination of misfolded protein, and programmed
cell death [9-12].

Protease contributes 65% of the world enzyme market to the
annual sale of enzymes [13]. Plant proteases are also currently
used as therapeutic enzymes in wound healing, treatment of
cancer, digestion disorder, infection, and food industry [14,15].
Plant proteases are also used in feather processing, bioremediation,
and biotransformation.

© 2022 Rawaliya et al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike

Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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ABSTRACT

Healthcare systems deal with disease prevention, early detection, diagnosis, investigation, and timely, affordable, and safe treatment.
For the delivery of services in the health sector, communication is the key to linking the service provider and the patients. Mobile
technology in the recent past has rendered various platforms of communications for the healthcare system. Thus, in health, mobile
technology has greatly contributed to time management and cost reduction for healthcare at every level including hospital visits to
individual appointments with doctors, hence the convenience. With advancements in mobile technologies and the growing number of
mobile users, newer opportunities have opened up for the use of mobiles for patient care. Emerging information and communication
technologies with the help of the Internet of Things (IoT) have been instrumental in integrating different domains of the health
sector with mobile technology. Thus, the technology may have the potential to become powerful medical tools to support the health
sector at all levels of care. In this review, the concept, applications, and advantages of mobile technology for health and the present
pandemic have been discussed. It also discusses mobile health technology, as a support system for convenient and safer healthcare
for public health, and the opportunities to improve its applications for unseen future health crises.

Keywords: Healthcare, medical tool, mHealth, mobile technology, pandemic, telemedicine

Introduction

“Crisis breeds the strength to cope with it. The Corona crisis of 2020 has
highlighted the need to be able to help patients without getting exposed to the
infection. We do not know how many such crises, how soon, will be faced in
Suture, but we definitely know how to fight better next time”.

Health care systems work on communication to provide all
health-related services in any setting. It is the most essential
requirement to establish a link between the health care provider
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and the patient. In earlier times, physical visits of patients to a
hospital or a health care facility were the prime requirement to
communicate about the ailments to seek health services.

Once considered a luxury of the rich, mobile phones are now
an everyday communication necessity for people across the
globe. There are over 7 billion wireless subscribers worldwide,
and about 3.9 billion (51.2%) have access to the Internet.!! It is
predicted that the global distribution of smartphone users will
be more than 4.78 billion in 2021.7

Mobile phones have proved to be a useful tool to provide
an instant channel for communication for transmitting
demographic, clinical, and investigational and progress data
to health care providers and timely, credible advice to health

This is an open access journal, and articles are distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to
remix, tweak, and build upon the work non-commercially, as long as appropriate credit is
given and the new creations ate licensed under the identical terms.
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Significance and Impact of the Study: The novel isolated alkalihalophilic Bacillus sp. NCIM 5799 is a
predominant producer of p-cyclodextrin glucosyltransferase (3-CGTase). This was the first report that the
production of p-CGTase was enhanced by applying two statistical approaches that are PBD and CCD-

RSM. The novel isolated Bacillus sp. NCIM 5799 could be utilized for industrial production of p-CGTase.

Keywords

Bacillus sp. NCIM 5799, central composite
design (CCD), medium optimization, Plackett—
Burman design (PBD), p-CGTase.

Correspondence

Preetibala Solanki, Applied Microbiology

?Laboratory, School of Life Sciences, Devi
Ahilya Vishwavidhaylaya, Indore 452001,
Madhya-Pradesh, India.

E-mail: preetisolanki2604@gmail.com

2022/LAMICRO-2022-0130.R2: received 18
March 2022, revised 14 May 2022 and
accepted 16 May 2022

doi:10.1111/lam.13746

Introduction

Abstract

B-cyclodextrin glucosyltransferase (f-CGTase) is an essential enzyme to catalyse
the biotransformation of starch into f-cyclodextrins (p-CD). B-CD has
widespread applications in the biomedical, pharmaceutical and food industries.
The present study focused on B-CGTase production using an efficient natural
microbial strain and statistical production optimization for enhanced
production. The isolated organism Bacillus sp. NCIM 5799 was found to be
5 pm short bacilli under FE-SEM and alkalihalophilic in nature. The p-CGTase
production was optimized using a combination of Plackett—Burman design
(PBD) and Central Composite Design—Response Surface Methodology (CCD-
RSM). On PBD screening Na,COs3, peptone and MgSO,.7H,0O were found to
be significant for optimal f-CGTase production, whereas the soluble starch and
K,HPO, concentrations were found to be nonsignificant for P-CGTase
production. The significant factors obtained after PBD were further optimized
using CCD-RSM design. Peptone was found to have a significant interaction
effect with Na,CO;, and MgSO,-7H,0 and Na,COj; exhibited a significant
effect on the production of CGTase. The production of PB-CGTase was
enhanced in the presence of peptone (3%) and Na,CO; (0-8%). CGTase
production obtained was 156-76 U/ml when optimized using CCD-RSM. The
final optimized medium (RSM) shows 7-7- and 5-4-fold high productions as
compared to un-optimized and one factor at a time production media.

oligosaccharide called cyclodextrins (CDs) (Kelly et
al. 2009). It is assumed that the production of CDs by

Starch is a vital storage material synthesized by plants dur-
ing photosynthesis as a carbon and energy source. Numer-
ous alkaliphilic degrade starch by
producing extracellular amylases and utilizing it as a carbon

micro-organisms

source. Cyclodextrin glucosyltransferase (EC 2-4-1-19) is an
important member of the starch degrading alpha-amylase
family. Cyclodextrin glucosyltransferase (CGTase) is widely
utilized to produce cyclic nonreducing, homogenous malto-
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CGTase is to monopolize starch substrates and thus cannot
be utilized by other micro-organisms deficient in CGTase
(Hashimoto et al. 2001). In addition, CDs are internalized
via a unique ABC transport protein present in the mem-
brane of the CGTase producer and utilized as a substrate
(Qi and Zimmermann 2005).

CGTase catalyses four reactions, viz., cyclization (produc-
tion of CD), coupling (breakdown of CD), disproportion
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(shift the linear oligosaccharide to another oligosaccharide)
and hydrolysis (use of water molecule to degrade longer
polysaccharides into shorter fragments). Native CGTase
produces different amounts of «, f and y-CD, having 6, 7
and 8 glucose units joined by a-1,4-glycosidic bond.
According to the different CDs produced; CGTase is typi-
cally divided into three subcategories o, f and y-CGTase
(Arce-Vazquez et al. 2016).

CDs are biocompatible, truncated cone-shaped mole-
cules, having a hydrophobic internal surface and hydro-
philic outer surface (Van der Veen et al. 2000). This
arrangement forms a cavity of different internal diameters
(depending on the type of CD), capable of forming a
host-guest complex with a wide range of hydrophobic
compounds. Instead of ®, and Y-CD, p-CD has a note-
worthy industrial value for its cavity size, low aqueous
solubility and low toxicity (Ibrahim et al. 2012). In addi-
tion, the B-CD inclusion complex is rapidly prepared, and
thus commands superior industrial demand for native
and as well as various derivative forms (viz., methyl-pCD,
hydroxy propyl-pCD and randomy methylated-fCD)
(Junior et al. 2019).

The industrial utilization of B-CD includes pharmaceu-
tical, agrochemical, biochemical, food, textile and cos-
metics applications (Szejtli 2004) owing to its ability to
form a water-dissolving complex and restructuring the
host physicochemical properties (Alves-Prado et al. 2007).
Other recently developed important application of B-CD
in the biomedical field includes bioseparation, enzymatic
catalysis, biochemical sensing, biomedical diagnosis and
therapy (Xu et al. 2021).

CGTase that produces one kind of CD is industrially
demanding because it decreases the purification cost
(Gawande et al. 1998). The production of CGTase has
been reported to be influenced by nutritional parameters.
Moreover, designing the appropriate production medium
increases productivity and lowers the overall cost of the
product and thus the cost of manufacturing (Abdella
et al. 2020; Singh et al. 2017).

Screening of important nutritional factors and their
parameter optimization is imperative for production opti-
mization (Bezerra et al. 2008). The parameter optimiza-
tion can be strategized in two ways, the univariate (one
factor at a time) way and multivariate (Response Surface
Methodologies) techniques. The univariate method for
production optimization is traditional, laborious and
expensive. Also, the interaction between the significant
variables is neglected in the classical univariate approach.
Several types of statistical experimental designs have been
utilized to evaluate production optimization. The
Plackett—Burman design (PBD), is highly useful in screen-
ing studies for identifying the significant factors from a
large number of variables. PBD helps to identify
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important components from a large number of variables
in a smaller number of trials. This reduction creates addi-
tional opportunities to allow for replicates, improving the
overall fidelity of the results as compared to the multivar-
iable DOE approach.

The significant variables selected using PBD were fur-
ther optimized using statistical and mathematical optimi-
zation tools such as response surface methodology (RSM)
for enhanced production which includes central compos-
ite design (CCD). These approaches combine to provide
the ideal concentration of the specific key medium com-
ponents. Various researchers have used this method of
determining the best medium composition in a variety of
fermentation processes (Ramesh and Ramachandra
Murty 2014; Singh et al. 2017; Aboyeji et al. 2020).

The work presented in this paper aims to utilize the
novel isolate Bacillus sp. NCIM 5799, which produces
solely B-CD (Solanki et al. 2022). The growth parameters
of isolated bacteria Bacillus sp. at different pH and
NaCl concentrations were evaluated. Furthermore, the
B-cyclodextrin glucosyltransferase (f-CGTase) production
optimization was conducted by two approaches. First,
screening of the significant medium components using
PBD, and second, the significant medium constituents
identified in PBD were evaluated using RSM that
included CCD to identify the interaction effect between
significant variables. Both methods were employed to
increase the overall f-CGTase production.

Results and discussion

Evaluation of morphological and alkalihalophilic nature
of isolate

Figure 1 shows the morphology of isolated Bacillus sp.
NCIM 5799 (a and b) using FE-SEM under magnification
of 10 000-16 000x. Micrographs revealed that the organ-
ism was 5 pm short rod-shaped bacilli with an average
diameter of 405-4 nm. The bacterial cells in the micro-
graph appeared as single cells, paired, and in short chains.

The growth of isolated Bacillus sp. under various pH
and different concentrations of NaCl was determined
in terms of ODgonm which is depicted in Fig. 1c,d
respectively. For measuring the growth under different
pH, the optical density (OD) of the sample was with-
drawn at 2-24 h of incubation. In addition, the growth
under various NaCl concentrations was measured from 2
to 48 h. Among all the pH tested, no growth was found
at any time of incubation in pH 6-5 and 7. With a subse-
quent increment in the pH range of the medium from
7-5 to 12, enhancements in growth were observed.
Moderate growth was observed in pH 7.5 as compared to
the neutral (pH 7) or slightly acidic (pH 6-5) medium.

Letters in Applied Microbiology © 2022 The Society for Applied Microbiology.
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Figure 1 (a and b) Micrograph showing the rod-shaped morphology of isolated novel Bacillus sp. NCIM 5799 after the overnight growth and
¢ and d showing growth of isolated novel Bacillus sp. NCIM 5799 under the influence of c various pH and d different concentrations of NaCl.

Different lines in the graphs represent various pH and NaCl concentrations.

A subsequent increase in pH till 9 led to a clear incre-
mental growth pattern starting from 6 h incubation. Fur-
ther, an increase in pH to 12 did not improve the growth
any further; however, the growth pattern of all the curves
from pH 9-5 to 12 remained tightly clustered throughout
the incubation period. There was no negative effect of
increasing the pH on the organism growth up to pH 12.

At 24-h incubation, pH 10 was found to support the
highest growth and pH values beyond 10 also supported
growth to an almost equivalent extent. It is clear from the
figure that the organism grows better in strongly alkaline
conditions.

To test the halophilic nature of the isolated organism,
the growth curve was studied in presence of NaCl in the
range of 2-5-30% NaCl concentration. In the initial 6 h
of incubation, negligible growth could be observed, how-
ever, on further incubation cultures with 2-5, 5, 7-5 and
10% concentrations of NaCl showed promising growth.
Further increase in the salt concentration beyond 10% up
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to 48 h of incubation, led to a sharp decline in growth.
This confirms that the organism is moderately halotoler-
ant and thus can be termed as halophilic (Bowers
et al. 2009).

A comparative investigation of different alkaliphilic and
halophilic CGTase producer strains led to a preferentially
B-CD production (Abelyan et al. 2004). A similar study
was conducted by Ibrahim et al. (2013), on Amphibacillus
sp. NPST—10 which grew better at up to 6% of NaCl
concentration and pH 9. Further decline in growth was
observed above pH 9-5 and 15% NaCl concentration.

Optimization of production medium for f-CGTase using
statistical tools

The important medium constituents were 4% soluble
starch, 2% peptone, 0-1% K,HPO, 0-04% MgSO,-7H,0
and 1% Na,CO; (Ibrahim et al. 2005) were used for
B-CGTase production in submerged fermentation (shake
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flask) for novel isolated Bacillus sp. NCIM 5799. These
medium ingredients were selected based on initial con-
ventional optimization studies (Solanki et al. 2022), and
the selected medium constituents were evaluated by PBD
and CCD-RSM. Overnight culture of Bacillus sp. NCIM
5799 raised in the nutrient broth of pH 10 at 30°C was
used to inoculate the production media. The inoculated
media was incubated at 30°C for 96 h and the culture
supernatant was used as the enzyme solution. The
B-CGTase assay was carried out utilizing the ability of
B-CD to complex phenolphthalein indicator dye. The
percentage reduction in absorbance at 550 nm was inter-
polated in the calibration curve to calculate the amount
of CGTase in the fermentation broth. The literature sur-
vey reveals that this is the first study to optimize the
medium ingredient using two statistical optimization
strategies for p-CGTase production. In this study, isolated
Bacillus sp. NCIM 5799 was used for B-CGTase produc-
tion by applying PBD and CCD-RSM.

Screening of key medium components by Placket—
Burman design

To evaluate the most significant variables for B-CGTase
production PBD design was construed for Bacillus sp.
(Plackett and Burman 1946). Five different independent
variables were used for PBD analysis viz., soluble starch,
peptone, dipotassium hydrogen phosphate, magnesium
sulphate heptahydrate and sodium carbonate. A total of
26 experiment trials were conducted in triplicates at 30°C
and 130 rev min~'. Each medium variable was screened
at three levels and the result was interpreted in terms of
B-CGTase production as a dependent variable (Table 1).
The PBD model adequacy for p-CGTase production by
Bacillus sp. was calculated using the Student’s t-test and
aNova (Table 2). Those variables having a P-value <0-05
were considered to be having a significant effect on -
CGTase production and were selected for further statisti-
cal optimization studies.

Na,CO; which is used as a pH adjuster of the medium
has a P-value of 0-00018 was considered the most signifi-
cant factor followed by peptone as a nitrogen source
(0-00024), and MgSO,-7H,0O as a mineral salt (0-04462)
respectively. Among all significant variables, soluble starch
(0-56372) and K,HPO, (0-45662) exerted a negative
effect, whereas the other medium constituents showed a
positive effect on B-CGTase production. The same con-
cept was graphically illustrated using Pareto chart of vari-
ables. The #-value of 2-101 for 95% confidence interval is
plotted as a vertical line. Figure 2 shows the horizontal
bars extending beyond the value of 2101 as having a sig-
nificant effect (cut-off value of the model). Hence, factors
Na,CO5;, MgSO4-7H,0 and peptone were considered as
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Table 1 The Plackett-Burman design for screening the significant
medium components for B-CGTase production using Bacillus sp. PBS1
NCIM 5799

Trialsno  Block A B C D E B-CGTase production

1 1 - - 4+ + + 269928
2 1 + + - + o+ 20-8917
3 1 - 4+ 4+ + - 627466
4 1 - - - - = 142240
5 1 - 4+ 4+ - + 148705
6 1 + - - 41-1998
7 1 + - - - + 421679
8 1 + + - + + 713147
9 1 0 0 0 0 0 4.87155
10 1 + - 4+ + - 824424
1M 1 + - + - - 935579
12 1 - - - 4+ + 492511
13 1 + + + - + 202876
14 2 - - - 4+ 4+ 274256
15 2 + - 4+ + - 509593
16 2 - - - - - 595367
17 2 + + + - + 59.3716
18 2 - 4+ + + - 101972
19 2 - — 4+ 4+ + 341830
20 2 - + + - + 51.0263
21 2 + 4+ - 4+ + 631094
22 2 + - - - + 4438359
23 2 - + - - - 521429
24 2 + - 4+ - = 43499
25 2 + + - o+ 130-585
26 2 0 0 0 0 0 89.7627

In the table, different alphabet denotes medium ingredient, e.g. A =
soluble starch, B = peptone, C = K;HPO4, D = MgS04-7H,0 and
E = Na,COs.

Table 2 ANOVA of Placket-Burman design

Source df Adj SS Adj MS F-value P-value
Model 7 25 476-6 3639-5 10-87 0-000
Blocks 1 11 956-7 11 956-7 35.72 0-000
Linear 5 13 4789 2695.8 8.05 0-000
A 1 115-8 115-8 0-35 0-564
B 1 7155-8 7155-8 21-38 0-000
C 1 193-8 193-8 0-58 0-457
D 1 1559.9 1559.9 4.66 0-045
E 1 4453.7 4453.7 13-30 0-002
Curvature 1 40-9 40-9 0-12 0-731
Error 18 6025-5 334.8

Total 25 31 5021

In the table, different alphabet denotes medium ingredient, e.g. A =
soluble starch, B = peptone, C = K,;HPO4, D = MgS04-7H,0 and
E = Na,COs.

significant variables and their effects on B-CGTase pro-
duction were further optimized using CCD (RSM). The
remaining insignificant variables were used at a fixed con-
centration in all the further experiments (soluble starch 8
and 0-1% K,HPO,).

Letters in Applied Microbiology © 2022 The Society for Applied Microbiology.



P. Solanki and T. Banerjee

Statistical optimization of p-CGTase production

Term 2101
B froorrriii 462346
E feciiticetcnteianiaaciniiianie ot iy 350753
D 2.15868
¢ B v |
.......... .
i
A < o.sss1s H
:
!
0 1 2 3 4 5
Standardized Effect

A=soluble starch, B =peptone, C = dipotassium hygrogen phosphate, D = magnesiumsulfate and E =sodium carbonate

Figure 2 Pareto chart of standardized effect represents the order of significant factors taken for PBD affecting the p-CGTase production by iso-
lated Bacillus sp. NCIM 5799. In the graph A = soluble starch, B = peptone, C = K;HPO,4, D = MgS04-7H,0 and E = Na,COs. The 2-101 value
represents the standardized effect of the model. The different bar represents the various medium components taken from one factor at a time.

The standardized effect ranges from 0-588 to 4-623.

The improved production of CGTase depends on the
organism, as well as optimum culture media (Upadhyay
et al. 2020). Statistical optimization of the production
medium is a very useful tool for enhanced production using
natural isolate. The most significant variables in the PBD
screening experiment were peptone, Na,CO; and MgSO,
(P < 0-01). In addition to that soluble starch and K;HPO,
(P > 0-01) were found to be insignificant medium constitu-
ents (Fig. 2). The screening of key medium components by
PBD for p-CGTase production was previously reported by
Ahmed and El-Refai (2010), Sivaramareddy et al. (2014) and
Rajput et al. (2016). Similar observations were reported by
Sivaramareddy et al. (2014) where peptone was found to be
significant, whereas Ahmed and El-Refai (2010) found starch
to be insignificant in B-CGTase production. In addition,
Mahat et al. (2004) found K,HPO, to be insignificant for
CGTase production. Contradictory results were observed by
Rajput et al. (2016) where soluble starch and K,HPO, were
found to be significant, whereas MgSO, and peptone were
insignificant for p-CGTase production. Few works of litera-
ture reported starch and K,HPO, to be insignificant for
CGTase production. This could be explained by the fact that
the utilization of medium constituents is an organism-
dependent phenomenon.

Optimization of significant variables using response
surface methodology

We have succeeded in optimizing the media constituents
using RSM for improved production of CGTase. The
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effect of selected significant variables, peptone (X;),
Na,COs; (X;) and MgSO,4-7H,0 (X;), on p-CGTase pro-
duction was studied and the results are presented in
Table 3. The result of the CCD experiment revealed that
the maximum p-CGTase production was observed in
experimental runs number 1 and 9, which were 145-28
and 147-58 U ml™' respectively. Based on the full qua-
dratic regression model application, it appeared that the
peptone X Na,CO3; (P-value = 0-000), and peptone X
MgSO,4-7H,0 (P-value = 0-010) have a significant effect;
whereas, Na,CO; x MgSO,-7H,0 interaction was found
insignificant for B-CGTase production. In the quadratic
effect, only Na,CO; showed a significant effect on pro-
duction (P-value = 0-0032). After analysing the CCD
model the regression equation or polynomial equation
was generated as shown in the following equation:

Y = 26.1 + 71.8X,-37.4 X,-440 X3-3.27 X; X X,
+10.55 X, + 5308 X5 X X5—18.29 X;
xX5-252X; X X5+ 175X, X X;3 (D

where Y is the B-CGTase production (U ml™"), X, is pep-
tone, X, Na,CO3 and X; is MgSO,-7H,0.

RSM results implicated that interaction between pep-
tone and Na,COj; (0-00) was the most significant followed
by peptone and MgSO, (0-010), whereas the interaction
between Na,CO; and MgSO, (0-156) was not significant
for B-CGTase production (Table 4).

The response surface plot is a graphical presentation of
the regression equation (Blanco et al. 2012). It is plotted
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Table 3 Experimental CCD-RSM for 23 full factorial design and
response B-CGTase production

Coded value

Peptone  Na,CO3 MgSO,4-7H,0 CGTase pro-
Trial  Blocks X1) X5) (X3) duction U ml~’
1 1 1 -1 -1 145.2805539
2 1 0 0 0 47-11907901
3 1 -1 -1 -1 32-73969938
4 1 1 1 -1 45.00434957
5 1 1 -1 1 109-9785524
6 1 -1 -1 -1 3566113332
7 1 0 0 0 47-14057038
8 1 0 0 0 48-90842471
9 1 1 -1 -1 147-5843513
10 1 0 0 0 46-92324596
11 1 1 1 1 36-06215138
12 1 -1 1 1 24.24766281
13 1 -1 1 -1 10-34227147
14 1 0 0 0 45.3022233
15 1 =1 1 -1 10-93164811
16 1 1 1 1 34-81238151
17 1 0 0 0 49.14114636
18 1 1 -1 1 109-2146817
19 1 -1 -1 1 44.60092016
20 1 0 0 0 39.57818529
21 1 1 -1 1 43.87815635
22 1 1 1 -1 36-67609692
23 1 -1 1 1 2551170213
24 1 0 0 0 39.22130564
25 2 0 1-633 0 26-68651261
26 2 0 -1.633 0 87-27391899
27 2 0 0 -1-633 55.35032026
28 2 0 1-633 0 24.70703784
29 2 -1.633 0 0 1697519604
30 2 0 0 0 39.27049138
31 2 0 0 1-633 44.52729289
32 2 0 0 -1-633 56-48878259
33 2 -1.633 0 0 19.57911614
34 2 0 0 0 31.42652928
35 2 0 0 1-633 4052174256
36 2 0 -1.633 0 88.598719
37 2 1-633 0 0 33:45205221
38 2 0 0 0 43.05917462
39 2 1-633 0 0 33.70255917
40 2 0 0 0 47.54214227

to understand the interaction of components and the
optimum concentration of each component (peptone,
sodium carbonate and magnesium sulphate) required for
B-CGTase production by isolated Bacillus sp. NCIM 5799
(Fig. 3). These results indicate that the most important
factors which influence p-CGTase production were
Na,CO;3 > peptone > MgSO4-7H,0. The highest f-
CGTase production (~147-25 U ml™!) was attained in a
medium containing peptone (X;) 3%, Na,CO; (X,) 0-8
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and MgSO,-7H,0 (X;) 0-02% at 96 h of incubation
(Table 3).

Various researchers have found that the production of
CGTase by alkaliphilic organisms requires Na,CO; (Ber-
nardi et al. 2015). In addition, CGTase production in the
alkaline pH range is valuable because it reduces the pro-
pensity of starch gelatinization, which decreases the tacki-
ness of starch at an elevated concentration in the
fermentation medium (Peixoto et al. 2020). Also, Na,COs3
provides an alkaline medium for an alkaliphilic organism
to accelerate CGTase production. Peptone was found to
be the second significant medium nutrient for CGTase
production; it contains a high concentration of amino
acids and peptides which serve to provide the necessary
nitrogen requirement of the organism. A similar finding
was observed by Blanco et al. (2009), where nitrogen and
sodium carbonate were found to be the most influencing
factors and their interaction was also essential for CGTase
production by alkaliphilic Bacillus sp. gives 96-07 U ml™".
Likewise, Ibrahim et al. (2005) found 549 U ml™' p-
CGTase production using Bacillus G1 with peptone and
sodium carbonate at 2 and 1% concentrations.

The isolated Bacillus sp. NCIM 5799 yielded
156-76 U ml™' B-CGTase production under optimized
conditions (PBD and CCD-RSM). Likewise, the highest
CGTase production was observed using B. lehensis was
134-05 U ml™! achieved in 72 h of incubation (Blanco
et al. 2012). Comparative analysis
reported literature on natural CGTase producers and their

with previously

statistical optimizations studies were categorized into two
categories with reference to Bacillus sp. NCIM 5799
CGTase activity, as lower and higher CGTase producers.
Lower CGTase production was observed from 0-45 to
80-12 U ml™' (Mahat et al. 2004; Upadhyay et al. 2020;
Mostafa et al. 2021), whereas the only a few research
groups found higher CGTase production using natural
isolates between 284 and 1087 Uml™' (Atanasova
et al. 2008; Coelho et al. 2016; Peixoto et al. 2020). Thus
the isolated Bacillus sp. NCIM 5799 appears to be one of
the most prolific natural isolates for the production of
B-CGTase.

The regression equation obtained from anova with the
R? value of 0-8881 revealed that the model could explain
88-81% variation in the response. The adjusted R* and
predicted R* values were 0-8495 and 0-7474 respectively.
The R* value was near 1-0 and the two factors were posi-
tive and close to each other, indicating a good statistical
model. A very low P-value and high F value of the model
show good significance of the model. Other workers like
Ai-Noi et al. (2008), Dalmotra et al. (2016) and Ibrahim
et al. (2005) reported the use of statistical optimization
for CGTase production and obtained R* of 849, 89-7 and
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Table 4 Analysis of variance of the regression model of the culture medium of B-CGTase production of Bacillus sp. PBS1T NCIM 5799

Statistical optimization of p-CGTase production

Source df SS MS F Pr>F Significance
Model 10 34 445.0 3444.5 23.01 0-0000 *xx
Linear effect
Peptone (X1) 1 8881-8 8881-8 59-33 0-0000 e
Na,COs3 (X;) 1 15776-7 15776-7 105-39 0-0000 i
MgS04-7H,0 (X3) 1 238-0 2380 1.59 0-2174 NS
Squared effect
X1 X X4 1 413-8 413.8 276 0-1071 NS
X5 X Xy 1 1535-8 1535-8 10-26 0-0032 o
X3 X X3 1 602-9 6029 4.03 0-0541 NS
Two-way interaction
X1 %X X, 1 4680-5 4680-5 3127 0-0000 i
X1 X X3 1 1106-2 1106-2 7-39 0-0109 el
X5 X X3 1 3175 3175 212 0-1560 NS

In the table, df = degree of freedom, SS = sum of square, MS = mean square. **P < 0-01; ***P < 0.001.
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Figure 3 Response surface graph showing the p-CGTase production
in the presence of important medium constituents (a) peptone (X1)
and magnesium sulphate (X3), (b) peptone (X1) and sodium carbon-
ate (X2).

98-9 respectively. Our value of 88-81 is comparable and

in line with the previous reports.

Validation of the statistical model

Validation of the statistical model was confirmed by pro-
duction under conditions of maximum B-CGTase

Letters in Applied Microbiology © 2022 The Society for Applied Microbiology.

production obtained by CCD. Further CGTase produc-
tion was analysed using comparative analysis of three
media, viz. un-optimized medium (Ibrahim et al. 2005),
OFAT medium (Solanki ef al. 2022), and RSM-optimized
medium at different time intervals from 24 to 120 h. On
the comparative investigation and validation of the statis-
tical model, it was found that RSM-optimized medium
yielded maximum B-CGTase production as compared to
the un-optimized and OFAT medium. 77 and 54%
improvement was observed in RSM-optimized medium as
compared to the un-optimized medium and OFAT
medium (Fig. 4). For all the media tested highest produc-
tion was observed at 96 h of incubation. Under optimized
conditions, the predicted f-CGTase production was calcu-
lated at 15723 Uml™', while 15676 Uml™" was
observed. The obtained experimental values were deter-
mined to be quite close to the predicted values thereby
confirming the validity of the statistical model.

Ibrahim et al. (2005) found a 53% improvement in (-
CGTase production in RSM-optimized medium as compared
to the basal medium. Similarly, Elsayed and Abdel-
wahed (2020) found a 45% improvement in cholesterol oxi-
dase production as compared to an un-optimized medium.

This denotes the importance of successive production
optimization strategy and their importance to upscale the
production of B-CGTase. The model generated was suc-
cessful in increasing B-CGTase production using isolated
Bacillus sp. NCIM 5799 and the highest production was
achieved using RSM-optimized medium.

Materials and methods

Micro-organism and culture conditions

The B-CGTase producing organism was previously iso-
lated from rhizospheric soil of potatoes from Indore,
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Figure 4 Validation of statistical optimization medium (RSM medium) concerning one factor at a time medium (OFAT medium) and un-optimized
medium using isolated novel alkaliphilic Bacillus sp. NCIM 5799 at different time intervals.

Madhya-Pradesh, India (22-7196°N 75-8577°E). The new
isolate produced only B-CD as the sole product and is
deposited in NCIM culture collection under the accession
number Bacillus sp. NCIM 5799 (National Collection of
Industrial Microorganism, Pune India). The 16 s rRNA
gene sequence was deposited to NCBI with accession
numbers MN938303.

Morphological observation of f-CGTase soil isolate

The morphological characterization was done using field-
emission scanning electron microscope (450 FE-SEM),
Bruker, U.S. To obtain a stationary phase of growth, the
single colonies were inoculated in NB broth (pH 10) and
incubated at 30°C overnight. The smear was dehydrated
serially with an alcohol (ethanol) gradient from 30 to
100%, each for 10mins (Singh et al. 2019).

Evaluation of alkalihalophilic nature of isolate

Evaluation of the alkalihalophilic nature of isolated Bacil-
lus sp. in terms of growth was carried out spectrophoto-
metrically by measuring ODggpnm on Shimadzu-UV2401
PC double beam spectrophotometer in triplicate and the
mean was calculated. A 2 ml aliquot of bacterial culture
was withdrawn at regular time intervals. The pH of the
nutrient broth was in the range of 6:-5-12 with an incre-
ment of 0-5 and the pH of the medium was adjusted
using 0-1 N HCI and NaOH. Also, the effect of NaCl con-
centration was checked in the range of 2-5-30% with an
increment of 2:5% and was added to the nutrient broth
at selected optimal pH.

8

Culture condition and -CGTase production

CGTase production was carried out in 150 ml Erlenmeyer
flasks with 30 ml of sterilized medium containing (w/v)
4% soluble starch, 2% peptone, 0-1% K,HPO, 0-04%
MgSO,-7H,0 and 1% Na,CO; (Ibrahim et al. 2005)
added separately after autoclaving. A 10% inoculum was
added to the production media and incubated at 30°C,
130 rev min~' on a gyratory shaker. Samples were with-
drawn at 96 h of incubation.

Determination of f-CGTase production in crude enzyme

To detect CGTase production, samples were harvested at a
single point at 96 h. The 96-h enzyme sample was with-
drawn, centrifuged and obtained supernatant was 1 : 15
diluted using phosphate buffer (50 mmol I™'). The assay
was carried out using the 0-1 ml of diluted CGTase, 1%
soluble starch in 50 mmol I™' phosphate buffer pH 7 at
60°C for 15 min. The reaction was stopped by increasing
the temperature to 100°C for 5 min (Goel and Nene 1995).
The control mixture was prepared similarly without adding
enzyme. The amount of B-CD present in the fermentation
broth (basal 3-CD) was also estimated and deducted from
the final readings. One unit of enzyme activity was defined
as the amount of enzyme required for the production of 1
pmole B-CD per minute under standard assay conditions.

Screening of significant nutritional variables by Plackett—
Burman design

PBD with a three-level factorial design was used (Plackett
and Burman 1946). For creating a PBD screening design

Letters in Applied Microbiology © 2022 The Society for Applied Microbiology.
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five variables were included; starch, peptone, K,HPO,,
MgSO,-7H,0 and Na,COs;. All the experiments were per-
formed according to the design matrix generated by MiNI-
TAB 18-1 displayed in Table S1. To identify the significant
effects of the selected five variables, the experiment was
conducted in 25 randomized experimental runs with two
blocks. In the design table, all the variables are designed
as numerical values plus (+) indicating higher concentra-
tion, minus (—) indicating lower concentration and zero
(0) indicating the middle concentration. The B-CGTase
production was set as the response variable.

Optimization of $-CGTase production by response
surface methodology followed by CCD

The significant factors selected from PBD using a high con-
fidence level (>95%) were further evaluated using RSM.
The combined effect of these significant factors as well as
the interaction between those factors on p-CGTase produc-
tion of Bacillus sp. NCIM 5799 was carried by CCD. 2° full
factorial design with three factors namely peptone (X)),
Na,CO; (X;) and MgSO,4-7H,0 (X;) was used to construct
the design matrix in two blocks, and two replicates with
o = 1-633 (Table S2). The relationship between response
and the independent variable was analysed by fitting into
the second-order polynomial equation in Eqn 1.

Y = by + Zbix; + Zbiixiz + Zbijxixj (2)

where Y =is response variable (f-CGTase production),
by = regression coefficient, b; = linear coefficient, b;; = qua-
dratic coefficient, b;; = interaction coefficient, xx; = input
variable. A predicted response was generated using the

second-order polynomial equation generated by MiNITAB 18.

Validation of the statistical model

Validation and comparative evaluation of CGTase pro-
duction of RSM medium with un-medium and OFAT
(one factor at a time) was also carried out. The samples
were withdrawn at 24- to 120-h time intervals and
checked for B-CGTase.

Statistical analysis

All the data are graphically presented as mean + SD of
triplicates (? = 3). P values <0-05 were considered signifi-
cant with a confidence limit of 95%. The statistical exper-
iments were designed using MINITAB 18.
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Significance and Impact of the Study: The novel isolated alkalihalophilic Bacillus sp. NCIM 5799 is a predominant pro-
ducer of p-cyclodextrin glucosyltransferase (B-CGTase). This was the first report that the production of B-CGTase was
enhanced by applying two statistical approaches that are PBD and CCD-RSM. The novel isolated Bacillus sp. NCIM
5799 could be utilized for industrial production of f-CGTase.
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ABSTRACT

The cyclodextrin glucosyltransferase enzyme (CGTase) is an industrially crucial enzyme for the production of B-cyclodextrin (B-CD).
CGTase has a high propensity to produce a mixture of cyclodextrins (CDs). From the industrial perspective, a CGTase that produces only
one type of CD is of critical importance. Bacillus sp. PBS1 produced CGTase that converts starch solely into B-CD. The isolated strain
PBS1 was found to close similarity with alkaliphilic Bacillus sp. based on biochemical, morphological, and phylogenetic analysis of its
165 rRNA gene sequencing. The selection and optimization of media ingredients are warranted for the best possible production of 3-CD.
These steps were carried out by conventional optimization strategies. The presence of glucose, maltose, lactose, sucrose, galactose,
mannitol, nitrates, urea, metal salts, and K,HPO, led to the suppression of CGTase production. The improved enzyme production was
observed in peptone, soluble starch, magnesium sulfate, and Na,COs;. The organism produces maximum CGTase (93.42 + 2.4 U/ml) at
96-hour incubation in the optimized production medium containing 8% starch, 2% peptone, 0.06% MgSO,.7H,0, 0.5% Na,COs;, and
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having pH of 9.3. The optimization of the medium led to ~16% improvement in CGTase production by Bacillus sp. PBS1.

Keywords: CGTase, Bacillus sp. PBS1, B-cyclodextrin, Production optimization

INTRODUCTION

Cyclodextrins are known for their torus-shaped structure having a hydrophilic
surface and hydrophobic cavity. As the name suggests, cyclodextrins have a cyclic
arrangement of a-(1,4) linked glucose units. The diameter of the hydrophobic
cavity of B-CD (7.8 A) enables it to form water-soluble inclusion complexes with
many hydrophobic compounds. This unique property of cyclodextrins makes them
potentially valuable for pharmaceutical, medical, cosmetic, agricultural,
environmental, textile and food industries (Sun et al., 2011; Zhang et al., 2019;
Buschmann et al., 2002; Fenyvesi E., 2011; Bezerra et al., 2020; Maskooki et
al., 2013). Cyclodextrins are natural, non-reducing, cyclic malto-oligosaccharides
(Sabioni et al., 1992). Depending on glucose residues, cyclodextrins are
categorized into three major types; a-CD having six glucose units, B-CD having
seven glucose units, and y-CD having eight glucose units (Van der Veen et al.,
2000). Cyclodextrins are produced by the cyclodextrin glucosyltransferase enzyme
(CGTase, EC 2.4.1.19). To produce CD, partial degradation of starch and
cyclization of the oligomer is catalyzed by the CGTase. CGTase is a member of
the amylolytic glucosylase family that catalyzes intramolecular transglycosylation,
cyclization as well as reversible intermolecular transglycosylation including
coupling, and disproportionation of malto-oligosaccharides, at the same time has a
weak starch hydrolyzing activity (Tonocovo et al., 1998). The CGTase enzyme is
thought to be evolved from the a-amylase family by specific mutations in the
substrate-binding site (Kelly et al., 2009). CGTase enzyme is produced by several
genera of bacteria such as B. licheniformis, B. firmus, B. circulans, B. clausii,
Brevibacillus brevis, B. stearothermophilus, Klebsiella pnemoniae, and
Microbacterium terrae (Boniha et al., 2006; Gawande and Patkar 2001; Rosso
et al., 2002; Kim et al., 1997; Alves Prado et al., 2008; Chung et al., 1998
Burhan et al., 2005; Rajput et al., 2016). The most prominent CGTase producers
are alkalophilic Bacillus sp. (Tonocova et al., 2000) [Tablel]. The majority of
CGTase produces B-CD as the core product with a low concentration of o and y-
CD. Conventionally, depending on the significant product of CGTase, the enzyme
is named o, f, and y-CGTase, respectively (Vazquez et al., 2016). If the same
organism produces them, it would be necessary to separate all the three
cyclodextrins from the reaction mixture which might be tedious and costly. To
avoid expensive separation and purification steps, a strain that produces a single
type of CD (Thatai et al., 1999).

Microbial enzyme production is influenced by several factors, such as; medium
ingredients, pH, presence of inducers and metal ions, etc. Screening and
incorporation of appropriate carbon, nitrogen, and other nutrient sources is
warranted for designing an efficient and cost-effective production medium (Wang
etal., 2018).

The presented work describes the screening and isolation of a CGTase producing
organism that produces only B-CD. Biochemical identification of isolated
organisms was followed by attesting by an automated VITECK 2 compact system
and molecular identification by 16s-rRNA sequencing. To assess the effect of
various ingredients and optimize the production of CGTase, classical, one factor
at a time approach was adopted. Which the authors believe is a pre-requisite for
any optimization effort for a novel isolate.

Table 1 Some of the important natural key CGTase producer organisms and their
enzyme activity

CGTase

CGTase producer strain activity (Ufml) References
Bacillus firmus 0.77 Silva et al. (2021)
Bacillus macerans 3.53 Dalmotra et al. (2016)
Bacillus megaterium 57.75 Vazquez et al. (2016)
Bacillus lehensis 0.45 Elbaz et al. (2015)
Bacillus firmus strain 37 0.22 Santos et al. (2013)
Bacillus lehensis 18.9 Yap et al. (2010)
Bacillus sp. TS1 78.05 Zain et al. (2006)
Bacillus G1 54.9 Ibrahim et al. (2005)
Bacillus circulans DF 9R 5.8 Rosso et al. (2002)

MATERIAL AND METHODS
Chemicals

All the chemicals used in the experiments were of analytical grade. B-CD was
purchased from SD Fine-Chem Limited, Mumbai, India. Phenolphthalein (PHP)
and soluble starch were from Merck Ltd. Mumbai, India. Media components were
procured from Himedia Laboratories, Mumbai, India. Substrates like tapioca,
wheat, and rice starch were procured from Urban Platter, Mumbai, India. Potato
starch and maize starch were sourced from Loba Chemie Pvt Ltd, Mumbai, India.

Isolation and screening of CGTase producer strain

The screening was preceded by an enrichment process. One gram of soil was added
in 10 ml. normal saline (0.85% NaCl), and then 0.1 ml. was transferred into two
150 ml. Erlenmeyer flask containing 30ml of enrichment medium (soluble starch
1%, peptone 0.5%, yeast extract 0.5%, K;HPO, 0.1%, MgSO, 0.02%, and Na,COs
1% (separately autoclaved). Flasks were incubated at 28°C, 130 rpm on a gyratory
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shaker for 24 hours. 0.1ml. sample from these enrichment flasks was inoculated in
modified Horikoshi screening medium plates containing 0.94 mM phenolphthalein
(Geetha et al., 2010). The plates were incubated at 28°C for 48 hours. After the
incubation, clear zones were developed due to the complexation of phenolphthalein
inside the hydrophobic core of B-CD, due to its equivalent size with the
hydrophobic core. To avoid false positives due to acid production, the plates were
covered with 1IN NaOH before zone size measurement. The colonies with the
largest clear zone were selected for CGTase production. This clear zone was
compared with known CGTase producer Cytobacillus firmus NCIM 5119.

Screening of a and y-CGTase producer on the agar plate

The detection of a and y-CGTase production by the isolated f -CD producer strain
on Horikoshi screening medium containing methyl orange (0.035mM) for a-CD
and bromocresol green (SmM) for y-CD was used (Menocci et al., 2008). Methyl
orange and bromocresol green have appropriate molecular sizes to fit in the
hydrophobic cavity of a and y-CGTase, respectively (Makela et al., 1990).

Characterization and identification of isolated microorganism

The isolate was characterized by following the steps of Bergey’s manual (1957) of
determinative bacteriology. Gram staining and biochemical identification were
performed. Further identification by VITECK 2 compact system analysis
(Biomerieux Diagnostics) and molecular 16s rRNA sequencing at National
Chemical Laboratory (NCIM), Pune was done. The DNA sequences were
deposited to NCBI GenBank through the Banklt procedure. The 16s rRNA
sequence was matched with NCBI data base trough BLASTn program. The
alignment of nucleotide sequence of similar sequence was done by ClustalW. The
evolutionary history was inferred by the neighbor-joining method. Phylogenetic
tree was constructed using MEGAX software (10.0.5). The bootstrap analysis was
based on 1000 resembling.

Maintenance of Microorganism

Isolated organisms were grown on nutrient agar (NA) slants of pH 10.5 and
incubated at 28°C for 24 hours. After incubation and confluent growth, nutrient
agar slants were maintained at 4°C. Sub-culturing was done every 15 days on the
same medium.

CGTase Assay

To assay CGTase, 2 ml. samples were centrifuged (10000 rpm for 20min) to obtain
cell-free supernatant. The assay mixture consisted of 1% soluble starch in 50mM
phosphate buffer having pH 7. The diluted (based on initial activity) enzyme
(0.1ml) was added to the assay mixture and incubated at room temperature for 5
minutes. Final incubation was carried out in a water bath for 15min at 60°C. The
reaction was stopped by increasing the temperature to 100°C for 5 minutes (Goel
and Nene, 1995). Control was prepared similarly without enzyme.

The amount of B-CD present in the fermentation broth (basal 3-CD) was also
estimated and deducted from the final readings. One unit of enzyme activity was
defined as the amount of enzyme required for the production of 1 pmol B-CD per
minute under standard assay conditions.

The standard curve for B-CD was plotted in the range from 20 to 240ug. B-
cyclodextrin stock was prepared in 50mM Tris-HCI buffer (2mg/ml), and PHP
stock (4mM) was prepared in ethanol. The working solution was prepared by
diluting 0.5ml of stock in 4.5ml of Tris-HCI buffer. PHP working solution was
prepared by adding 1ml of 4mM stock solution in 4ml of ethanol (95%) for 100ml
of 125mM carbonate buffer (pH 10.8). Colour reduction of PHP stock may cause
false detection of B-CD; thus calibration curve was drawn in every experiment.

Selection of suitable production medium for CGTase

Seven different media compositions described by Zain et al. (2007); Horikoshi et
al. (1982); Blanco et al. (2009); Thombre et al. (2013); Mahat et al. (2004);
Ibrahim et al. (2004); and Ravinder et al. (2012) were selected for the study
[Table 2]. To prepare inoculum, a loop full of isolated organism was inoculated in
nutrient broth having pH 10.5 and incubated at 30°C at 130 rpm on a gyratory
shaker for 24 hours. 10% inoculum was added to the production media and
incubated for 24 hours at 30°C, 130 rpm. Samples were drawn aseptically at 96
hours. Further parameter optimization studies were carried out only to the selected
production medium.

Table 2 Production medium used for CGTase production

Medium concentrations (%)

S.N  Contains
B C D E F G
Soluble
1 Starch 2 1 0.75 2 2 4 3
2 Peptone - 050 0.50 1 5 2 0.50
3 Trptone - - 0.50 - - - -
g Yo 1 05 - 05 5 - 050
extract
5 K,HPO, 010 0.10 0.10 - 0.10 0.10 -
6 MgSO, 0.02  0.02 0.01 - 0.02 0.04 0.02
7 Na,HPO, - - - - - - 0.10
8 Na,COs 1 1 1 1 1 1 -

Media optimization for CGTase production by isolated Bacillus sp.

Once the production medium was selected, the effect of different starch sources,
sugars, a sugar alcohol (mannitol), organic and inorganic nitrogen sources, and
different metal ions was studied. For these studies, single-point sampling at 96 h
was done.

Starch sources included in the study were soluble starch, rice starch, tapioca starch,
wheat starch, potato starch, maize starch at 4% concentration. The effect of sugars
(glucose, sucrose, maltose, lactose) and mannitol were studied at 0.1M
concentration.

Organic nitrogen sources (peptone, yeast extract, malt extract, tryptone, casein, and
corn steep liquor) were studied at a 2% concentration. Inorganic sources
(potassium nitrate, sodium nitrate, ammonium nitrate, ammonium sulfate,
ammonium chloride, and urea) was added in the medium at the same nitrogen
content as peptone.

The presence of metal ions has been reported to improve enzyme production
(Wang et al., 2018). The effect of various metal ions viz., MnSO4, MgS0O,.7H,0,
KCI, FeSO,, CaCl,, CoCl,, CuSO,. were studied at 5mM concentration.
Other important medium components like K;HPO,, Na,COs
concentration variations were studied.

and their

Statistical analysis

All the studies were conducted in triplicate, and the data were analyzed using one-
way analysis of variance (ANOVA) followed by Bonferroni multiple comparison
tests using Graphpad Prism version 5.00 for windows. The data is graphically
presented as mean + SD of triplicates (n = 3).

RESULTS AND DISCUSSION
Screening of CGTase producer

Soil samples were collected from potato cultivation fields of the Malwa region of
Madhya Pradesh. The highest zone was observed in soil sample 1V (rhizosphere
soil of spoiled potato) after 24 hours of incubation. This culture was purified by
the standard microbiological protocol using Horikoshi (PHP) screening medium
[Figure 1]. The isolated bacterium was found to be Gram-positive, rod-shaped,
motile, and capsulated. The discerning biochemical tests were performed [Table
3]. The isolated organism has creamy circular colonies with an entire margin and
smooth surface on nutrient agar pH 10.

The organism was inspected by a preliminary screening of a and y-CD production
as described by Menocci et al. (2008). No clear zone was observed in both
screening mediums. This result concluded that the organism was unable to form an
inclusion complex with methyl orange and bromocresol green to produce o and y-
CD [Figure 1]. A similar observation was noted for Bacillus sp. BACAR produces
only B-CD (Menocci et al., 2008). This result confirms the findings of Gawande
and Patkar (2001) that o and y-CD producer strains are rare.

The formation of CDs appear to be dependent on a variety of factors such as amino
acid composition of the enzyme, their orientation and sequence, further the type of
CD formed is also found to be dependent on the incubation conditions and time of
incubation. It has been found that initially the enzyme based on the substrate
concentration produces a wide variety of CDs while after incubation of sufficient
duration the larger CDs are rapidly reused via intermolecular transglycosylation
reactions to produce a preferred / typical mix of CDs (Terada et al., 1997 and Qi
et al., 2005). The exact sequence or conditions required for the production of one
type of CDs, still remains elusive despite some limited success.

Our study has consisted with previous reports that the enzyme from the alkaliphilic
bacterial strain produces preferentially B-CD (Abelyan et al., 2002). The isolated
organism was found to predominantly produce B-CD; hence it was classified as a
B-CGTase producer.
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Figure 1 Isolation and screening for CGTase activities a. Methyl orange
(0.035mM) agar plate for a-CGTase showing no reduction of orange colour by the
isolated organism, b. PHP (0.94mM) agar plate for B-CGTase showing a reduction
in pink colour around the colonies due to inclusion complex formation between
PHP and B-CD and c. Bromocresol green (0.02mM) plate for y-CGTase showing
no reduction in green colour.

Table 3 Biochemical characterization of CGTase producer isolated from potato
rhizosphere
Tests

Results?

Motility Motile

Nitrate Reductase

Indole Synthesis

Urease

+|+ [+

Catalase

Gelatine hydrolysis -

Casein hydrolysis -

+

Starch hydrolysis

Growth in 6.5% Nacl +
2 — negative; + positive

VITECK 2 compact analysis and 16s rRNA phylogenetic analysis of isolated
strain

VITECK 2 system is utilized for fast, reliable microbial identification and to detect
antibiotic sensitivity of desired microorganisms. In Gram*s staining organism was
found to be Gram-positive bacilli, so for VITECK 2 biochemical characterization,
a Bacillus identification card (BCL) was used. That included 46 biochemical tests,
e.g. carbon source utilization, enzymatic degradation, and antibiotic resistance
[Table 4]. However, the VITECK 2 compact analysis did not show a biochemical
pattern similar to other known Bacillus sp. present in the BCL card. Thus advanced
characterization was done using the molecular approach. The 16s rRNA gene
sequence used for identification was 1373 bp long. On BLASTn analysis of
Bacillus sp. PBS1 on NCBI showing ~98.91 to 98.69% similarity with
Alkalihalobacillus lehensis and Alkalihalobacillus hunanensis. The Bacillus sp.
PBS1 found to more closely to Alkalihalobacillus lehensis strain JO-26 with
98.91% similarity (GeneBank accession No. MF321817). The most similar
sequence was retrieved from NCBI for the identification of evolutionary history
between our isolated and known organisms. The 16S rRNA phylogenetic tree of
alkaliphilic  Bacillus sp. PBS1 showed significant similarity —with
Alkalihalobacillus lehensis by sharing the same clad in phylogenetic tree [Figure
2]. Based on morphological, biochemical, and phylogenetic analysis, the isolated
organism was identified as Bacillus sp. and the isolated organism was designated
as Bacillus sp. PBS1. The gene sequence of the 16s rRNA gene was submitted to
the NCBI Gene bank database with accession number MN938303. In addition,
culture was deposited NCIM (CSIR NCL Pune).

40 | Alkalihalobacillus hunanensis CB15 (MK618614)
a8 Alkalihalobacillius hunanensis CIY12 (MN177176)

29

Alkalihalobacillus h is FTIAT-45246 (KY849436)

70 ——— Alkalihalobacillus oshimensis WP-13 (MK610681)

Alkalilalob
7n|

is JSM 081003 (NR108948)

Atkalihalobaciil

hi AK13 (MNS08905)

Bacillus sp. S9 (KX762308)

is SB10 (MH778048)

is MLLB2 (NR036940)

46
46 |

—_—
0.0010

@ Bacillus sp. PBS1 (MN938303)

Alkalihalobacillius lehensis JO-26 (MF321817)

Figure 2 Neighbor-joining phylogenetic tree showing evolutionary relationship between Bacillus sp. PBS1 and closely related Bacillus species with 1000 bootstraps
replicate. Numbers at nodes represent bootstrap values (%). Scale bar indicates the genetic distance of 0.001.

Table 4 VITECK 2 Compact biochemical characteristics of CGTase producer

Putresicin assimilation

Alpha-glucosidase -

Esculin hydrolysis +

A . A .
Carbon Utilization Result*  Enzyme activities Result Antibiotic Resistance
Cyclodextrin - Beta-xylosidase + Kanamycin resistance -
D-galactose - L-lysine arylamidase - Oleandomycin +
Glycogen + L-aspartate arylamidase + resistance
Myo-inositol + Leucine- arylamidase + Polymixin B resistance +
Ellman - Phenylalanine arylamidase + #— negative; + positive
Methyl-d-xyloside - L-proline arylamidase - . . .
Maltotriose + Beta-galactosidase - Selection of production medium
8:222222; : ;v;z;r_c;l;?;gt);ls?(%lszmldase : The selgction of an apprppriate production r_nedium isa r_nust for optimfil enzyme
D-melezitose - Alanine arylamidase " production. After the literature survey, dlffere_nt medlum_composmons were
selected for the study of CGTase production by Bacillus sp. PBS1. The
N-acetyl_—d- + Tyrosine arylamidase + compositions of the different mediums have been described in the materials and
glucosamine method section. Among the seven tested medium compositions, medium F
Palatinose + Beta-n-acetyl- + supported maximum CGTase production being 77.13 + 0.14 U/ml [Figure 3].
glucosaminidase Medium F contained the highest amount of substrate (4% soluble starch), organic
L-rhamnose - Ala-phe-pro arylamidase + nitrogen (2% peptone), and magnesium sulfate (0.04%) as compared to other
Methyl-A-D- media included in the study. Next to medium F, medium D and B have also
Pyruvate + glucopyranosidase - supported CGTase production being 60.71 + 0.62 and 55.6 5 + 074 U/ml. Deficient
acidification CGTase production was observed in medium G, which could be attributed to a
D-tagatose - Alpha-mannosidase - neutral pH of the medium. The effect of different medium compositions on
D-trehalose + Glycine acylamidase + CGTase was in the order of F>D>B>E>A>C>G. Medium F was previously
Inulin + Beta-glucosidase + optimized by lIbrahim et al. (2004) for Bacillus G1 and reported 54.9 U/ml
D-glucose + Beta-mannosidase - CGTase production. Medium F was selected for further optimization studies.
D-ribose + Phosphory! choline +
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Figure 3 Effect of different fermentation mediums for CGTase production by
isolated Bacillus sp. PBS1. Symbols having the same alphabets are not
significantly different from each other P < 0.05. Standard deviation (Mean + SD,
n = 3) is represented by the bars.

Comparison with a known CGTase producer

The isolated strain was compared for CGTase production with a known CGTase
producer, Cytobacillus firmus NCIM 5119 (Gawande et al., 1998). Medium F was
used for the comparison. Bacillus sp. PBS1 produced a maximum of 81.69 + 2.26
U/ml CGTase [Figure 4] whereas the Cytobacillus firmus NCIM 5119 yielded
60.49 + 2.17 U/ml CGTase. In our studies Bacillus sp. PBS1 exhibited higher
CGTase production as compared with the known producer, being 21 % more.
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Figure 4 Comparison of CGTase production between Cytobacillus firmus NCIM
5119 and Bacillus sp. PBS1 in F medium P < 0.05. Standard deviation (Mean +
SD, n = 3) is represented by the bars.

Screening of Medium Components for CGTase Production
Effect of sugars

Carbon source is considered to be one of the most important constituents for
enzyme production. Some carbon sources (glucose, sucrose, maltose, mannitol,
and lactose) were supplemented to the medium F to evaluate their effect on
CGTase production. All of them resulted in suppression of CGTase production
[Figure 5]. Maltose and glucose were found to exert the highest suppressive effect
(~70-80% decline) when used along with starch. The enzyme production was
recorded to be 9.53 + 1.05 and 18.54 + 1.59 U/ml in the presence of maltose and
glucose, respectively. This observation is supported by the findings of Letsididi et
al. (2011); Gawande et al. (1998); Higuti et al., (2004); Elbaz et al. (2015) and
Ramli et al. (2010) reported that the production of CGTase was suppressed when
simple sugars were present in the medium. Probably, the presence of an easily
utilizable carbon source suppresses the ability of an organism to catabolize starch.
Tonocova (1998) and Wang et al. (2006) assumed that glucose and maltose might
possess a catabolic repression effect. Contrary to that, Jamuna et al. (1993)
reported maximum CGTase production by B. cereus in a medium supplemented
with glucose and xylose. The effect of simpler sugars on CGTase production
appears to be an organism-dependent phenomenon.
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Figure 5 Effect of supplementation of different sugars on CGTase production
by Bacillus sp. PBS1 in medium F. Symbols having the same alphabets are not
significantly different from each other P < 0.05. Standard deviation (Mean = SD,
n = 3) is represented by the bars.

Effect of starch sources

The effect of starch sources viz. rice starch, tapioca starch, wheat starch, potato
starch, maize starch, and soluble starch were compared for the CGTase production.
Starches were supplemented (4%) one at a time in medium F. Soluble starch was
found to be most effective for CGTase production (61.56 + 0.67 U/ml) [Figure 6].
Soluble starch has been reported for CGTase production by Microbacterium
terra KNR9 (Rajput et al., 2016), Bacillus lehensis S8 (Vidya et al., 2012),
and Bacillus G1 (Ibrahim et al., 2005). Next to soluble starch, tapioca starch and
rice starch were found to support 51.71 + 5.4 U/ml and 50.20 + 5.5 U/ml enzyme
production, respectively. Maize and wheat starch were least supportive for CGTase
production (33.29 + 0.32 U/ml and 33.79 + 4.1 U/ml). Gawade et al. (1998) found
corn starch to be the best substrate for CGTase production by Bacillus firmus at
2.1%. The difference in enzyme production in different starches could be
attributed to the difference in the physical nature of starches (Ibrahim et al., 2005).
The utilizability of starch for CGTase production appears to depend on its physical
and chemical structure.
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Figure 6 Effect of various starches on CGTase production by isolated Bacillus sp.
PBS1 in medium F. Symbols having the same alphabets are not significantly
different from each other P < 0.05. Standard deviation (Mean £ SD, n = 3) is
represented by the bars.

Effect of nitrogen source (inorganic)

To evaluate the effect of inorganic nitrogen sources on CGTase production,
peptone was replaced with various inorganic nitrogen sources (potassium nitrate,
sodium nitrate, ammonium nitrate, ammonium sulfate, ammonium chloride, and
urea) in medium F. All the inorganic nitrogen sources suppressed the CGTase
production. 49-60% reduction in CGTase production was observed when peptone
was replaced by an inorganic nitrogen source. Control having the organic nitrogen
source (peptone) showed maximum CGTase production 89.61 + 2.9 U/ml [Figure
7]. Among all the tested inorganic nitrogen sources, the best CGTase production
was observed in the presence of sodium nitrate (40.85 + 2.35 U/ml).

Yang et al. (2017) have also reported that NH4*, NOg, and urea have an inhibitory
effect on CGTase production. In contrast, Rasso et al. (2002) reported ammonium
sulphate (0.5%) to be the optimum nitrogen source for CGTase production (3.06
U/ml) by B. circulans DF 9R compared to organic nitrogen sources.

The organism Bacillus sp. PBS1 is urease positive but probably due to the alkaline
pH of the medium organism might not utilize urea. There is a possibility of the
breakdown of urea in the form of ammonia at alkaline pH. The organism is nitrate
negative; thus nitrates cannot be utilized efficiently.
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Our study confirms the finding of previous studies that inorganic nitrogen sources
are not suitable for CGTase production (Yang et al., 2017, Rajput et al., 2016 and
Yap et al., 2010). It can be concluded that CGTase production would be higher
when the production medium is supplemented with peptone as a nitrogen source.
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Figure 7 Effect of different inorganic nitrogen sources on CGTase production by
Bacillus sp. PBS1 in medium F, peptone considered as control. Symbols having
the same alphabets are not significantly different from each other P < 0.05.
Standard deviation (Mean = SD, n = 3) is represented by the bars.

Effect of organic nitrogen source

Organic nitrogen has been reported to be essential for growth and CGTase
production (Wang et al., 2018). Six different organic nitrogen sources were
compared to find out the best for CGTase production. Peptone, yeast extract, malt
extract, tryptone, casein, and corn steep liquor were supplemented one at a time in
medium F. The concentration of various organic nitrogen sources was adjusted so
as to equate the nitrogen content available in 2% peptone. 2% wi/v peptone was
found to be the best nitrogen source for CGTase production. It supported 92.37 +
6.16 U/ml CGTase enzyme production [Figure 8]. Next to peptone, tryptone (68.21
+7.73 U/ml) and corn steep liquor (52.53 + 2.84 U/ml) were found to be good for
CGTase production. The use of malt extract as a nitrogen source resulted in very
low enzyme production (18.28 + 1.41 U/ml). Ibrahim et al. (2005) reported that
peptone significantly enhanced the CGTase production amongst yeast extract,
soybean, and glutamate tested. However, the maximum production was only 17.05
U/ml. While on the contrary, Yang et al. (2017) found tryptone as the best organic
nitrogen source (3.13 U/ml). Gawande et al. (1998) reported that when peptone
was used in combination with corn steep liquor it gave the highest CGTase
production (24.51 U/ml).
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Figure 8 Effect of various organic nitrogen sources on CGTase production by
Bacillus sp. PBS1 in medium F. Symbols having the same alphabets are not
significantly different from each other P < 0.05. Standard deviation (Mean + SD,
n = 3) is represented by the bars.

Effect of metal salts

To observe the effect of metal ions 5mM concentration, MnSO,, FeSO,, CuSOs,
CoCl,, CaCl,, and KCI were added in medium F. 1.62 mM MgSO, being an
ingredient in medium F was treated as control. In the presence of MgSQO, (control),
88.03+4.38 U/ml enzyme was produced [Figure 9]. All the other tested metal ions
had shown a deleterious effect on CGTase production. The enzyme production in
the presence of other metal ions was in decreasing order as follows MnSO,< KCI<
FeSO,4 < CaCl, < CoCl, < CuSO,. However, no significant difference between
MnSQ,, KCI, FeSO,was found. Several studies revealed that Mg?* is essential for
accelerating the CGTase production, being a cofactor of CGTase (Blanco et al.,
2009; Mora et al., 2012; Yang et al., 2017). Various studies showed that Ca?" is
helpful for active enzyme conformation and stabilizing thermal stability. However,
in our study, Ca?" was found to inhibit enzyme production slightly. Rosso et al.

(2002); Yang et al. (2017) also reported that Ca?* has no positive effect on CGTase
production.
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Figure 9 Effect of various metal salts on CGTase production by Bacillus sp. PBS1
in medium F. Symbols having the same alphabets are not significantly different
from each other P < 0.05. Standard deviation (Mean = SD, n = 3) is represented
by the bars.

Concentration Variation of Selected Production Medium Ingredients
Effect of starch concentration variation

The concentration variation of medium ingredients found to enhance CGTase
production was studied further. Substrate concentration affects enzyme
production. CGTase is an inducible enzyme (Gawade et al., 1998); thus, changing
starch concentration is expected to affect enzyme production. In this case, soluble
starch was found the best amongst all the tested starch sources. To evaluate the
effect on CGTase production, different concentrations of soluble starch (2%, 4%,
6%, 8%, 10%, 12%, and 14%) were added to medium F. Maximum CGTase
production was recorded at 8% (91.63 + 2.48 U/ml) concentration. Further increase
in soluble starch concentration led to a decrease in CGTase production [Figure 10].
Similar results were also observed by Rakmai and Cheirsilp (2015) that
increasing starch concentration beyond 10% led to a decline in CGTase
production.

The possible causes of inhibition of enzyme production at high substrate
concentrations can be attributed to the increased viscosity resulting in the reduced
mass transfer of nutrients and metabolites (Yap et al., 2010). Zain et al. (2007);
Elbaz et al. (2015) reported that the presence of higher starch concentration leads
to high glucose accumulation, which in turn causes suppression of CGTase
production.
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Figure 10 Effect of various concentrations of soluble starch on CGTase
production. Symbols having the same alphabets are not significantly different from
each other P < 0.05. Standard deviation (Mean £ SD, n = 3) is represented by the
bars.

Effect of peptone concentration variation

Organic nitrogen (peptone) was found to increase CGTase production. A 2%
concentration of peptone led to the highest CGTase production (93.42 + 2.4 U/ml)
[Figure 11]. Increasing the peptone concentration from 0.5 to 2% led to the
concomitant increase in CGTase production (53.86 + 2.6 to 93.42 + 2.4 U/ml).
Further increase in peptone concentration led to a dose-dependent decrease in
CGTase production (30.11 +0.07 U/ml). Ibrahim et al. (2005) reported 55.3 U/ml
CGTase productions at 2% peptone. Other authors have also found that higher
concentrations of organic nitrogen sources inhibit CGTase production (Ibrahim et
al., 2005 and Elbaz et al., 2015). The presence of a higher amount of complex
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nitrogen source might trigger the secretion of proteases, which could degrade
CGTase (Yang et al., 2017).
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Figure 11 Effect of various concentrations of peptone on CGTase production.
Symbols having the same alphabets are not significantly different from each other
P <0.05. Standard deviation (Mean = SD, n = 3) is represented by the bars.

Effect of dipotassium hydrogen phosphate concentration variation

No positive effect of K;HPO, addition on CGTase production could be detected at
any of the tested concentrations (0.5, 1.0, 1.5, 2.0, and 2.5). Furthermore, an
increase in K,HPO, concentration led to a dose-dependent decline in CGTase
production [Figure 12]. At 2.5% concentration of K,HPO,, 62% reduction was
observed as compared to control. Control which was devoid of K,;HPO, showed
maximum CGTase production (82.17 + 2.34 U/ml). Mahat et al. (2004) also
reported that K,HPO, had no significant effect on CGTase production.

These results differ from Wang et al. (2018), where increased production (3230
U/ml mutant strain of -CGTase H163C) was observed when K,HPO, was used.
Likewise, K;HPO, was reported as a crucial factor for influencing CGTase
production by Bacillus megaterium NCR; the pH of the medium was 7(Ahmed
and Refai 2010). The pH of the medium might affect the role of phosphate
metabolism in the bacteria.

To verify the negative effect of the K,HPO,4 experiment was repeated several times.
It was found that the Bacillus sp. PBS1 produces CGTase in the limited
environment of potassium and phosphate. The absence of K,HPO, favours good
CGTase production.

120
100

808

60— ! d

40—

e
20 K 3

CGTase production Uml

o T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

K;HPO,4 concentration (%)

Figure 12 Effect of different concentrations of dipotassium hydrogen phosphate
on CGTase production. Symbols having the same alphabets are not significantly
different from each other P < 0.05. Standard deviation (Mean £ SD, n = 3) is
represented by the bars.

Effect of magnesium sulfate concentration

The different concentrations tested ranged from 0.02 to 0.08% (with an increment
of 0.02%) added to the production medium F. As shown in figure 13, 0.06%
concentration was found to enhance the CGTase production significantly. At the
same time, no significant difference was observed in 0.02 to 0.04% concentrations.
At 0.08% concentration, production was declined slightly.

For Bacillus G1, 0.04% MgSO, was found to be suitable leading t017.48 U/ml
enzyme production (Ibrahim et al., 2005). Wang et al., (2018) observed that
0.02% magnesium sulfate (3.05 U/ml) was significant in promoting CGTase
production. Bacillus sp. PBS1 required a slightly higher concentration of MgSO,
as compared to known CGTase producers.
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Figure 13 Effect of magnesium sulfate heptahydrate concentration on CGTase
production. Symbols having the same alphabets are not significantly different
from each other P < 0.05. Standard deviation (Mean £ SD, n = 3) is represented
by the bars.

Effect of sodium carbonate concentration

Na,COs is used to adjust pH and as a source of Na*. The effect of initial pH was
evaluated by varying the concentration of Na,CO3. Na,CO; was added in medium
F after sterilization (separately autoclaved). At varying concentrations as, 0%, 0.5,
1% (Control), 1.5%, 2%, 2.5% and their respective pH were 6.95, 9.83, 10.68, 11,
11.30 and 11.46. The 0.5% concentration having a pH of 9.3 = 0.1 showed the
highest production of 82.32U/ml [Figure 14]. Comparatively low enzyme
production (zero concentration) was observed without Na,COs, possibly due to the
neutral pH of the medium. Further increase in Na,COj3; concentration from 1% to
2.5% led to a 53% reduction CGTase production.

Higher pH might lead to cell lysis, which results in reduced enzyme production. B.
firmus (Gawande et al., 1998), Bacillus G1 (Ibrahim et al., 2005), and Bacillus
lehensis S8 (Yap et al., 2010) were reported to produce maximum CGTase
production at 1% Na,COj; concentration.

100 = r12.5
pH

CGTase
* 11.5

-12.0
80 . *
e F11.0
-10.5
- d
604 100
o.s
40 -o.0
< 8.5

CGTase production U/ml
Hd wnipapy

a ~ 8.0

a
20
» L5

& 7.0

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Na,COj; concentrations

Figure 14 Effect of various concentrations of sodium carbonate and respective pH
on CGTase production. Symbols having the same alphabets are not significantly
different from each other P < 0.05. Standard deviation (Mean = SD, n = 3) is
represented by the bars.

CONCLUSION

Isolated organism, Bacillus sp. PBS1 deposited to NCIM and assigned culture
accession number NCIM 5799. Phylogenetic and molecular characterization
of Bacillus sp. PBS1 (NCIM 5799) revealed it to be a novel CGTase producer
strain. Moreover it has capability to produce 21% higher CGTase as compared to
Cytobacillus firmus NCIM 5119.

The medium optimized for CGTase production contains 8% soluble starch, 2%
peptone, 0.06% magnesium sulfate, and 0.5% sodium carbonate, having final pH
of 9.3. This modified medium F was found to be optimal for the production of
CGTase enzyme using Bacillus sp. PBS1. The medium optimization process led to
an overall 16% improvement (from 77.29 to 93.42 U/mL) in enzyme production.
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ABSTRACT ARTICLE HISTORY

With an overall aim of utilizing lignocellulosic food waste as feedstock for Received 21 February 2022

anaerobic fermentation and optimizing the reaction for improving energy Revised 15 November 2022

output, a two-stage anaerobic dark fermentation reactor was set up. This Accepted 16 November 2022

study discusses the evaluation of different pre-treatment methods used to pre- KEYWORDS

treat the food waste before using it as a substrate for anaerobic fermentation. Anaerobic digestion; fungal
Five different techniques from physical, chemical, and biological pre-treatment pre-treatment; hydrogen
methods, namely, autoclaving, acid pre-treatment, alkali pre-treatment, aera- production; lignocellulosic
tion, and fungal pre-treatment were used for pre-treatment of the substrate. waste; two-stage

The analysis was also evaluated by the multilevel categoric factorial design of fermentation
the experiment model. The experiment found that all five pre-treatments

improved the hydrogen and methane yield from the reaction. More precisely,

fungal pre-treatment shows an almost 3.8-fold improvement in hydrogen yield

compared to control conditions and a 1.7-fold increase in methane yield

compared to control. The statistical analysis showed that the reaction time

duration (day) has a more significant impact on the results than the pre-

treatment technique. The model’s F-Values of 24.14 for hydrogen yield and

44.34 for methane yield indicate substantially. However, the actual hydrogen

and methane yields are in good accord with the DOE predicted results.

Introduction

The heavy food waste generation worldwide has become an alarming problem due to inadequate and
inappropriate waste management techniques. Proper management of this food waste is needed to
decrease the greenhouse gas (GHG) emissions, slow the devastation of nature through land conversion
and emissions, and save money (Hamish Forbes and O’connor 2021). Researchers are developing the
techniques to convert the food waste into a sustainable and cost-effective energy sources (Cappai et al.
2015; Hassan, Hemdan, and El-Gohary 2020). Since the Paris Agreement in 2015, many countries have
focused on long-standing strategies and nationally determined contributions to reduce their GHG
emissions and reach carbon neutrality. The researchers have been aimed toward generating hydrogen,
a clean fuel that does not produce greenhouse gases when burned, while simultaneously dealing with
a rising food waste problem (Lee and Chung 2010; Park et al. 2021). Therefore, it can be an efficient
and sustainable option to use the food waste for renewable and sustainable fuels generation, like,
hydrogen (Kuang et al. 2020). The production of hydrogen from waste will help us achieve emissions
goals under the Paris Agreement and reduce dependency on fossil fuels.
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Certainly, hydrogen is the fuel of the future; however, it is vital to note that there are many
challenges in producing hydrogen from waste biomass. It is reported by many researchers that the
demand for H2 is growing exponentially, and it is expected the demand from steel and ammonia
manufacturing industries would be around 4 EJ/year and 22 E]J/year in year 2050 (Hoang et al. 2021).
The selection of a nonpolluting, sustainable, and economical hydrogen production process is critical to
achieve hydrogen-based fuel production. The primary production technologies presently used for H,
production include thermal, electrolytic, photolytic, and biological processes (Bhurat et al. 2020).
Compared to the physical and chemical methods, biological techniques of hydrogen production are
less energy demanding and nonpolluting as they utilize biological wastes as feedstock (Bhurat et al.
2020; Rai and Singh 2013). Hydrogen production using dark fermentation technology is
a comparatively simpler and economical approach to convert biological wastes into fuel (Guo et al.
2010; Noblecourt et al. 2018). Moreover, intermediate stages of the anaerobic fermentation also
produce valuable intermediates such as acetic acid, butyric acid, and lactic acid (Abubackar et al.
2019).

However, a major difficulty in dark fermentation is the multifaceted lignocellulosic material present
in substrates like food waste. The intricate structural polysaccharide molecules present in the bio-
waste-like food present a limitation for energy generation. The characteristics of such complex
structural molecules in the feedstock restrict micro-organisms from digesting it and generating energy
(Bhurat et al. 2020; Cheng and Liu 2012). Various researchers have reported improvements in
hydrogen and biogas production after treatment of feedstock using different pre-treatment.
Researchers credit the improvement in yield to the degradation of complex structural compounds
present in bio-waste due to pre-treatment. Generally, different pretreatment methods have impact on
different properties of the lignocellulosic waste to different degrees. Still, all methods have a significant
effect on the breakdown of lignocellulosic biomass (Ravindran et al. 2018). Pre-treatment of the
lignocellulosic waste improve the gas yield by reducing crystallinity of cellulose and decreasing lignin
content (Mirahmadi et al. 2010; Salehian and Karimi 2013). Different physical (Herndndez et al. 2019),
chemical (Assawamongkholsiri, Reungsang, and Pattra 2013), and biological (Cheng et al. 2015)
method individually or in combination have resulted in enhanced hydrogen and biogas yields.
However, the selection of pre-treatment method considers several factors, like the type of lignocellu-
losic biomass, downstream process, feasibility of the process, and the scale of the process (Hoang et al.
2021, 2021). Besides, the selection of appropriate bioreactor is also of equal importance (Alvarez and
Liden 2008). Other than this, the co-digestion of food waste with different substrates like sludge,
manure, etc., may be used to improve biogas or bio-hydrogen yields (Nathia-Neves et al. 2018;
Rattanapan et al. 2019).

This study aims to evaluate effect of different pre-treatments on the food waste as feedstock for
better hydrogen yield. Further, another object of this was to optimize the two-stage fermentation
using the pre-treated raw material. With the stated object, the raw mixed food waste was selected
as a starting material for producing hydrogen and biogas using two stage anaerobic fermentation
process. The lignocellulosic food waste was treated with different pre-treatments, including acid
treatment, alkali treatment, heat treatment by autoclavation, fungal treatment, and aeration. The
pre-treated material was then inoculated with anaerobic sewage sludge for anaerobic fermenta-
tion. In order to understand the effects of pre-treatment, the hydrogen content obtained in stage
one of fermentation and methane yield obtained in stage two of the fermentation process, at
different hydraulic retention time (HRT) was compared with the control conditions. Further, the
experiment was evaluated using multilevel categoric factorial design of the experiment model to
estimate the performance of different pre-treatment methods used in this study. The findings of
this study identified fungal pre-treatment as the most suitable pre-treatment among those tested,
for treating lignocellulosic waste and also the most favorable temperature and pH for the same.
This study is milestone in standardizing the hydrogen production from lignocellulosic waste on
large scale.
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Materials and methods
Microbial enrichment experiment pla

The inoculum selected was the mixed anaerobic microbial consortium from the sewage treatment
plant in sludge. The inoculum was first filtered through course filter to eliminate unwanted materials
like sand and stones. The filtrate thus obtained was used as inoculum. The microbial enrichment by
acid shock was performed independently. For this, the parent inoculum was added with orthopho-
sphoric acid to bring down the pH to 3 and was incubated under anaerobic conditions for 24 h. After
incubation, the inoculum pH was adjusted to 6 with 1 N NaOH and was used as inoculum for bio-
hydrogen production. Untreated parent inoculum was used as a control.

Characteristics of food waste

The food waste consisting of uncooked vegetable peels and leftovers was collected every 2-3 weeks
from a canteen kitchen at Dehradun, Uttarakhand, India. Contaminating materials like paper and
polythene were distant manually. The food waste was shredded using a blender to the size of 0.5 cm
size. The chopped food waste was then stored in zip lock plastic bags carrying 250 g each. The bags
were stored at around —18°C until the successive use. The food waste was checked for the different
parameters, including moisture content, Chemical Oxygen Demand (COD), total solids (TS) and
volatile solids (VS), etc according to Standard Methods 2540 G and 5220 B, respectively (Rice, B, and
Eaton 1915). For total nitrogen determination, the Kjeldahl nitrogen determination method was used
(Lang 1958). The total phosphorus and Biological oxygen demand (BOD) content was estimated using
the technique followed by Lucas (2014) (Lucas 2014).

Table 1 summarizes the average composition of Total Solid, moisture content, Phosphorus, and
Kjeldahl Nitrogen, and other vital factors of the substrate used. These findings may be used to derive
a correlation for the waste composition and hydrogen and methane yield obtained.

Substrate pre-treatment

For the present study, experiments were designed to calculate the effect of various physical, chemical,
and biological pre-treatment methods on food waste under the anaerobic condition to enhance
hydrogen production efficiency.

Biological pre-treatment

Two biological pretreatment methods were tested here, including fungal pretreatment and aeration.
They are used to break down the cross-linked structures in lignocellulosic material present in the food
waste. For fungal pre-treatment, Pleurotus djamor spawn was collected from a local mushroom
cultivation plant. The mushroom Pleurotus djamor is a white rot fungus. The mycelium of this fungus
is known for its ability to secrete a range of enzymes including both saccharifying enzymes like
cellulases, hemicellulases, and xylanases and oxidative enzymes including laccases (Dal Picolli et al.

Table 1. Characteristics of food waste.

Parameter (Unit) Value
Total Solid (g.kg-1 wb) 187.78
Fixed Solids (g.kg-1 wb) 42.29
Moisture content (g.kg-1 wb) 812
Volatile solid (g.kg-1 wb) 145.49
Ash (%) 22.52
COD (mg Oy/L) 158
BOD (mg O,/L) 15.1
Kjeldahl Nitrogen (g N/g) 0.044

Phosphorus (ug P/g) 297
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2018; Jafari et al. 2007). The mycelia were allowed to grow in potato dextrose broth (PDB) composed
of 20% potato and 2% glucose. The PDB inoculated with fungal spawn was incubated at 30°C on
a rotary shaker (150 rpm) for 2 days. The liquid mycelial cultures were used as inoculum for the
subsequent pre-treatment experiments. While using for pre-treatment experiments, the liquid myce-
lial cultures were homogenized by high-speed agitation in a blender at around 100 RPM.

For fungal pre-treatment 10 g food waste was diluted in 10 ml tap water to obtain 1 mg/ml
concentration and was mixed with 20 mL nutrient solution composed with 1.5% (NH,4),SO,, 0.6%
MgSO, 7H20 and 0.3% KH,PO, (pH-6) into a 250 mL Erlenmeyer flask. The mixture was autoclaved
at 121°C for 25 min. 10 mL of homogenized liquid mycelial cultures were added into the experimental
flask and mixed thoroughly with the substrates using a glass rod. All flasks were incubated in an
incubator at 30°C. The fungus-treated substrates were collected for reducing sugar analysis using
Dinitrosalicylic acid sodium hydroxide (DNSA) method after a specific cultivation time interval (2, 4,
6, and 8 days) (Venkata Mohan, Lalit Babu, and Sarma 2008). The pre-treatment duration showing
maximum glucose production was selected for pre-treatment of substrate before two stage
fermentation.

For pre-treatment by aeration the regulating air pump was used (Micronvac Engineers Single Phase
Laboratory Air Pump) for 60 min. The airflow rate was maintained while feeding the waste material
and was~4001 of O,. Non-aerated food waste was used for the control operations to conclude the
effect of aeration (Sarkar and Mohan 2017).

Chemical pre-treatment
For chemical pre-treatment, 10 g of food waste sample was mixed with different concentrations (1%,
2%, 4%, and 8% (w/v), respectively, of dilute HCI (or NaOH) and boiled for 30 min. The mixture was
then neutralized to pH 7.0 (Cui et al. 2010). The samples were used to check the cellulose hydrolysis.
The total reduced sugar contents in 1.0 g of the food waste before and after HCl and NaOH pre-
treatment was noted using DNSA method.

Based on the difference observed in the sugar content after pre-treatment (results not disclosed
here), the most favorable condition of pre-treatment was identified for the next experiment for pre-
treating the substrate before two-stage fermentation.

Physical pre-treatment

For physical pre-treatment, the food waste was subjected to autoclaving at 120°C for 20 min
(Abubackar et al. 2019). Negative control was also used, wherein the food waste was chopped and
fed directly to dark fermentation without any further pre-treatment.

Two-stage anaerobic fermentation system

A continuous two-stage anaerobic fermentation system was used for the hydrogen and methane
fermentation. The working volume of the first stage reactor, used for hydrogen production, was 4L
and that of the second stage reactor, used for methane production, was 6 L.

The first-stage and second-stage reactor were maintained at 40°C and room temperature, respectively
(based on the optimum temperature condition observed in previous study) (Bhurat et al. 2021). The reactor
temperature was controlled using a thermal plate with an accuracy of+0.1°C, and pH was checked using
MARS auto Digital pH meter and was maintained using pump that added acid or alkali based on the pH
difference sensed by pH meter. The first-stage reactor was a batch stirred tank reactor (STR), stirred at
a speed of 50-90 rpm. The pre-treated samples after different pre-treatment test conditions were added in
the first reactor to the volume of 2 L. 20-ml enriched mixed microbial consortium was used to inoculate the
reactor. The reactors were sparged with 0.5 vvm N, to achieve the anaerobic condition. With the two
reactors working together, the first reactor was operated for 8 days. After 8 days, the contents from the first
reactor were pumped out in a closed container where the pH of the mix was brought to neutral by adding
0.1 N NaOH or 0.1 N HCL. The content was then transferred to the second reactor. This reactor was
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continuously fed with the effluent from first reactor till it 4 L capacity. The volume was maintained by
pumping out extra content through a manual pump. The second reactor was operated at HRT's of 8, 12, 15,
20, and 30 days (Algapani et al. 2018). The reactor was made with stainless steel (SS 304) and were enclosed
with a light impermeable black sheet on lids and windows. To ensure an anaerobic environment, a leakage
test was performed before the operation (Kossmann and Ponitz 2011). For every test condition, one
untreated control was assayed.

Figure 1 demonstrates the details of each reactor used in Continuous two-stage anaerobic
fermentation

Gas analyses

An important component of the research is a qualitative and quantitative analysis of the gases formed.
The gases formed in both reactors were monitored for quantitative and qualitative analysis using the
gas flow meter and gas chromatography. This study collected 2-5 ml of a gas sample using a gas-tight
syringe from the test condition at every 24 h time interval. The qualitative analysis data were extracted
using gas chromatography by injecting with those samples. The volume of total gas formed was
monitored using the gas flow meters installed. For qualitative and quantitative analysis of the gases
produced, NUCON make Gas chromatograph (GC) system equipped with a thermal conductivity
detector (TCD) was used. The standard system component of GC was HayesepD 80/100 packed
column and the carrier gas used was Argon, at a flow rate of 20 mL/min. During gas analysis, the
injection port, oven, and detector were set for the operating temperature at 70°C, 50°C, and 70°C,
respectively.

Statistical analysis by multilevel categoric factorial design of experiment (DOE)

Based on the differences in the levels of pre-treatment method and day evaluated for a statistical model
of hydrogen and methane yield optimization in this work, a multilevel factorial (two-factor) DOE was
deemed appropriate. As in the case of this study, the simplest forms of designs required only two
elements. There were a* levels of Pre-treatment method and b* levels of Days in a factorial design. In
general, n duplicates exist.

Experimental data from the Taber test was used as essential components for creating
a 2-factor interaction (2FI) full factorial DOE model to examine the primary influence of
the variables on the yield. In Design-Expert software, factor A was set to six levels and factor
B to eight levels for flawless modeling and simulation of the trial runs. The DOE is shown in
Table 2.

ePre-treated sample
eEnriched mixed

. . . eEffluent from first
microbial consortium

. reactor
*40°C, pH 4.5 «40°C, pH 7
*8 days *30 days

Figure 1. Flow of the processes followed in two stage anaerobic fermentation.
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Table 2. DOE design factors with levels.

Factor Name Type SubType Levels

For hydrogen yield

A Pretreatment method Categoric Nominal Control, fungal, autoclave, aeration, HCl, NaOH
B Day Categoric Nominal 1,2,3,4,56,7,8

For methane yield

A Pretreatment method Categoric Nominal Control, fungal, autoclave, aeration, HCl, NaOH
B Day Categoric Nominal 8, 12, 15, 20, 30

Result and discussion
Effect of pre-treatment on food waste

Five different pre-treatment methods falling under the chemical, physical and biological pre-treatment
types were tested on food waste. The control condition, wherein the food waste was not pre-treated by
any pre-treatment, was used for comparison to study the effect of pre-treatment. The pre-treatments
showed positive effect on hydrogen yield as well as methane yield from the same substrate. In
comparison to the control condition, all pre-treatments conditions showed a marked influence on
the acidogenic metabolites, i.e., hydrogen and methane, as depicted in Figure 2.

Effect of biological pre-treatment

The effect of biological pre-treatment shows remarkable improvements in hydrogen yield. When the
substrate was pre-treated using aeration pre-treatment, a 3.3-fold increase in hydrogen yield was
observed compared to the control condition. Improved hydrogen yield by air sparging may be
attributed to the suppression of the methanogens and their activity. Higher methane yield was also
evident in stage two of the reaction compared to control. This may be because of the speedy hydrolysis
of carbohydrates present in the waste.

The fungus-treated substrates that was collected for cellulase activity investigation after each
specific time interval shown maximum free sugar composition after treatment for 6 days. Hence,
when the substrate was being prepared for analyzing the effect of fungal pre-treatment on hydrogen
yield, it was treated with the fungal pre-treatment method as discussed in section 2.2.1. for 6 days.

High activity of cellulase enzyme during the pre-treatment dissolved lignocelluloses more effi-
ciently. Hydrolyzation of complex lignocellulosic compounds into simpler and soluble substances
became more appropriate for hydrogen fermentation hence showed improvement in hydrogen yield.
The hydrogen yield after treating the substrate with fungal pre-treatment was observed to be max-
imum. A close 3.8-fold improvement in hydrogen yield in comparison to control conditions was
evident on 5th day. After that there was a decrease in the yield till 8th day. The boost in hydrogen
production might be associated with more cellulase produced by P. djamor that improved hydrolysis
of cellulosic components and produced easily digestible substances available to hydrogen-producing
microorganisms.

Also, methane yield in two-stage anaerobic reaction of the fungal pre-treatment treated substrate
shown 1.7-fold increase in comparison to control. Compared to physical or chemical pre-treatment,
the fungal pre-treatment proved to be a more promising and environmental-friendly method for
improving bioconversion efficacy of lignocellulosic waste. Similar results were obtained on pre-
treatment of wheat straw by white rot fungi. 1.8-fold increase in hydrogen yield was obtained in this
study compared to un-pre-treated group (Zhi and Wang 2014). Whereas a 2-fold increase in hydrogen
yield was evidenced on pre-treating the cornstalk by Trichoderma reesei (Cheng and Liu 2012). Also,
fungal pre-treatment process is easy to scale up requires less water, low energy input and cheap
equipment. However, it may require a little more time compared to chemical and physical pre-
treatment methods.
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Figure 2. Effect of pre-treatment of food waste on (A) hydrogen and (B) methane yield in dark anaerobic fermentation.

Effect of chemical pre-treatment

Among the various pre-treatment methods studied, chemical pre-treatment of food waste evidenced
relatively higher hydrogen yield than the control experiment but lower than that in biological pre-
treatment. Acid pre-treatment with 8% HCI showed a 3.5-fold improvement in hydrogen yield and
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a 1.2-fold improvement in methane yield compared to the control condition. Whereas pre-treatment
by 8% NaOH showed a 2.7-fold increase in hydrogen yield and a 1.17-fold improvement in methane
yield. The chemical pre-treatment procedure’s improvements in hydrogen yield may be because of its
selective inhibition capacity of methanogenic activity without disturbing the hydrogen production.
Researchers have reported that a co-enzyme M reductase complex is a principal component for
methanogenesis, inhibited by acid pre-treatment, thus suppressing methanogenic activity (Mu et al.
2006). Alkali pre-treatments increase cellulose digestibility by enhancing lignin solubilization and
decreasing cellulose crystallinity (Yang et al. 2014). Chemical methods, although are faster compared
to biological methods, are not environment-friendly and has the limitation of the production of
inhibitors.

Effect of physical pre-treatment

In the two-stage fermentation experiment where the substrate was pre-treated by autoclaving, an
improvement in hydrogen yield was evident. A maximum improvement in hydrogen yield of almost
2.78-fold was detected within 7 days and then the hydrogen yield decreased. Whereas methane yield in
the second stage of fermentation seen only 1.06-fold improvement compared to the control condition.
This high hydrogen yield during the first stage of anaerobic fermentation maybe because autoclaving
of the substrate made the sugars readily available for degradation by microbes. While the decrease or
not so significant effect in the second stage might be because of the non-availability of highly
biodegradable organic matter.

Similarly, Abubakhar et al. observed a steep rise in hydrogen yield after autoclaving the solid food
waste and experienced a sudden decrease in the rate. A 44% improvement in hydrogen percentage and
51% improvements in total hydrogen production compared with the non-autoclaved waste was
witnessed in this study (Abubackar et al. 2019). Also, similar improvement in biogas yield was also
observed on pre-treatment of food waste by autoclaving (Deepanraj, Sivasubramanian, and Jayaraj
2017). In addition, comparable treatments like liquid hot water pre-treatment have also shown
remarkable improvement in fuel production form biomass (Chen et al. 2022). However, these physical
pre-treatment methods are efficient yet very costly. Also, these processes face limitations of recalci-
trance, heterogeneity, compositional, and diversity of biomass (Chen et al. 2022).

Statistical analysis

Figure 3 depicts the 2FI influences model derived from the Design of experiment (DOE) of 48 and 30
hydrogen and methane yield experiments, respectively. The results demonstrated that both variables
in the designs are exceptional. The time duration of reaction (day) has a more significant impact on the
results than the pre-treatment technique.

Table 3 displays the model’s computational and numerical relevance. The findings in Table 3
demonstrated that the created model is adequate and reliable; hence, the equations may be utilized to
predict response for given amounts of pre-treatment method and day. The model’s F-values of 24.14
for hydrogen yield and 44.34 for methane yield indicate the importance of model. There is only
a 0.01% chance that an F-value this large could occur due to noise. The P-values in the quantitative
model for hydrogen and methane yield found to be below 0.0003. The model is significant if the
P-value is less than 0.0500. Pre-treatment method and day are essential model components in this
scenario. The predicted R values of 0.7973 and 0.8926 conform to the adjusted R” values of 0.8553 and
0.9308 for hydrogen and methane yields, respectively; that is, the gap becomes less than 0.2. Adeq
Precision measures the signal-to-noise (S/N) ratio. A ratio larger than 4 is preferred. As a result, the
model may be utilized to explore the design space. Similar findings may be seen in the research done
by Stojanovi et al., who investigated the tribological behavior of ABCs using factorial methods (Dimaki
et al. 2016).
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Figure 3. 2FI normal effect model plots for a) hydrogen yield and b) methane yield.
Table 3. Quantitative model of the 2FI model.
For Hydrogen Yield
Source Sum of Squares df Mean Square F-value p-value
Model 45323.26 12 3776.94 24.14 <0.0001 Significant
A-Pretreatment method 13452.53 5 2690.51 17.2 <0.0001
B-Day 31870.73 7 4552.96 29.11 <0.0001
Residual 5475 35 156.43
Cor Total 50798.26 47
Fit Statistics
Std. Dev. 12,51 R? 0.8922
Mean 4839 Adjusted R? 0.8553
CV. % 25.85 Predicted R? 0.7973
Adeq Precision 18.5878
For Methane Yield
Source Sum of Squares df Mean Square F-value p-value
Model 347500.00 9 38609.32 44.34 <0.0001 significant
A-Pretreatment method 33725.2 5 6745.04 7.75 0.0003
B-Day 313800.00 4 78439.66 90.08 <0.0001
Residual 17414.9 20 870.74
Cor Total 364900.00 29
Fit Statistics
Std. Dev. 29.51 R? 0.9523
Mean 185.41 Adjusted R? 0.9308
CV. % 15.91 Predicted R? 0.8926
Adeq Precision 22,6619

Figure 4 describes the optimum condition for getting a high yield concentration of hydrogen and
methane with desirability. This implies that the pre-treatment of food waste with the fungal pre-
treatment method is the most suitable pre-treatment, and the optimum hydrogen yield is obtained on
6th day of dark anaerobic fermentation. At the same time, optimum methane yield is expected on
30th day of fermentation.

Conclusion

The two-stage anaerobic dark fermentation experiment performed using food waste as feedstock
demonstrated that pre-treatment of the feedstock was evident to improve the hydrogen and methane
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Figure 4. Optimum condition for getting high yield concentration of hydrogen and methane with desirability one.

yield. All pre-treatment methods positively influenced the overall hydrogen and methane yield
compared to the control experiments. This may be attributed to the capacity of the pre-treatment
methods to uncomplicated the structural compounds and dissolving them into their monomers. This
might have made it easier for digestion and conversion to hydrogen and methane easier by the micro-
organisms. Individually, fungal pre-treatment of food waste was found to be the most effective and this
may be attributed to the exocrine enzymes being secreted by the P. djamor. This method is more
straightforward and less energy demanding and releases nontoxic and nonpolluting by-products and
end products. Fungal pre-treatment can also be combined with other pre-treatment methods for
elevating the hydrogen output. Multilevel categoric factorial Design of experiment model was success-
fully used to evaluate the relative performance of different pretreatment methods used in this study.
However, it is crucial to find and optimize the correct balance between increasing H, yield and
lowering the limiting factors of the lignocellulosic bio-hydrogen production system.
A multidisciplinary approach for improvement and optimization of this process can make milestone
moves in the direction of waste management as well as sustainable energy research.

Abbreviations

Abbreviation Full form

°C Degree Celsius

AD Anaerobic Digestion

AF Anaerobic Fermentation
ANOVA Analysis of Variance
BioH, Bio-hydrogen

BOD Biological Oxygen Demand
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C Carbon

CH, Methane

CNG Compressed Natural Gas

Cco Carbon mono-oxide

CO, Carbon di oxide

COD Chemical Oxygen Demand

COD: N COD to nitrogen ratio

CSTR Continuous Stirred Tank Reactor

C/N Carbon to Nitrogen ratio

g Gram

g/L Gram per Liter

GC Gas Chromatograph

gCOD/L/day Gram chemical oxygen demand per liter per day
h Hour

H, Hydrogen

H-CNG Compressed Natural Gas with Hydrogen blend
H,O Water

HRT Hydraulic Retention Time

kg Kilogram

kg/day Kilogram per day

mg Milligram

mL/g VS Milligram per gram volatile solids

mL CH4/gVS added  Milliliter methane per gram volatile solids added

mL H2/gVS added
MSW

Milliliter hydrogen per gram volatile solids added
Municipal Solid Waste

OFMSW Organic Fraction of Municipal Solid Waste
pH Hydrogen ion concentration

TKN Total Kjeldal Nitrogen

TS Total Solid

TSS Total suspended solids

TVFA Total Volatile Fatty Acid

TVS Total Volatile Solids

VS Volatile Solid
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