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INTRODUCTION

Sustainable agricultural crop production in an ever declining arable land area,

owing to the increasing urbanization and industrial demands, is a major challenge in our
current agricultural system. There is a constant need to minimize yield loss in food crops
and maximize productivity to cope up with the perpetually increasing food demand. In
order to achieve this goal, analysis of major underlying factors responsible for decreasing
crop yield is highly essential. Major contributors inhibiting optimum crop yield were
various abiotic stress factors including drought, salinity, heavy metals and high/low
temperatures and among these, drought has become one of the most important, owing to its
wide array of deleterious effects which deteriorates crop productivity worldwide (Roy et
al. 2011). The term drought signifies a condition when the rainfall levels decline below
normal range for a continuous stretch of time, which could be weeks, months or even years
leading to various water-related problems. It was estimated that in India, approximately
over 68% of land area is vulnerable to drought and majority of the drought prone areas
were located in the western and peninsular India, which were primarily arid, semi-arid and
sub-humid regions. Moreover, due to the recent challenges of global climate change, there
are also predictions for occurrence of long lasting droughts, across the globe in the near
future (IPCC 2007, NSF 2010).

As limitation of soil water availability to plants usually leads to a considerable loss
in grain yield of major crops, it is essential to implement new strategies for crop
improvement in drought prone areas, so that yield performance of crops will not be
compromised. However, implementation of such crop improvement strategies were not
always successful for all cultivated crops and in order to have an appropriate drought-
management strategy, it is essential to have a comprehensive knowledge on various
drought-induced responses of important crop plants including their physiological and
biochemical mechanisms as well as the corresponding genetic regulatory factors. Thus,
importance of fundamental research in providing crucial inputs regarding various drought-
induced responses of crop plants for optimizing crop performance under water limiting

regimes have always been recognized as extremely crucial to ensure the survival of
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agricultural crops and sustainable food production under the present and future adverse
climatic conditions (Al-Kaisi and Bronner 2009, Mittler and Blumwald 2010).

Strategies for improving crop performance in drought prone areas

Water deficit conditions usually result due to a seasonal decline in soil water
availability (erratic monsoons) or may result from drought spells. The intensity, timing and
duration of water deficit periods are highly crucial to determine the impact of drought on
plants and also the type of drought-management strategy to be utilized. Broadly, there are
three major strategies for improving crop performance in areas which are prone to water-
deficit periods (Fig. 1). Firstly, the use of water reserves for supplementary crop irrigation,
which include constructions of river dams, rainwater catchments, recycling of urban waste
water and the use of water saving irrigation technologies. Another strategy includes use of
regulated deficit irrigation, which is primarily practiced by farmers of semi-arid areas,
wherein they carefully reduce the amount and timing of supplementary irrigation without
affecting the crop yield. Final strategy which is of particular interest for us, being plant
biologists, is the use of selection, breeding or genetic engineering approaches for
enhancing drought-tolerance capacity in crop plants. In this strategy, the major targets are
to develop crops which can maximize water uptake and minimize water loss and also
acquire more photosynthate per unit of water transpired. However, in order to achieve
these goals, a clear understanding of immediate drought-induced stress symptoms in crop

plants and the corresponding drought tolerance strategies adopted is extremely important.

Though continuous breeding practices for more than 80 years have led to significant
enhancement in crop yields under drought prone environments with considerable inputs
from fundamental research in understanding physiological and molecular responses of
plants to water deficit, there still exists a considerable gap between the “optimum” crop
yield potential and the “actual” yield under drought stress. Owing to the complexity of

drought tolerance mechanisms, efforts to minimize this ‘yield gap’ in drought prone
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Fig 1. Options for improving crop performance under drought prone environments.
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environments remained slower than expected. However, since last decade research on crop
physiology and genomics have continuously provided crucial inputs towards drought
tolerance mechanisms of important crop plants, which could prove highly beneficial and
can be utilized by plant breeders for selection, breeding and consecutive crop improvement
(Cattivalli et al. 2008). Also, studies on identification of morpho-physiological and
metabolic traits, responsible for ensuring better adaptability and higher yield potential
under drought stress showed that crop performance under drought could be described as a
function of single physiological trait. For example, higher photosynthetic rate or stomatal
conductance could be positively correlated to higher yield and better adaptability under
water deficit conditions. Also, it was observed that during drought stress, plants maintain
soil water absorption and cell turgor pressure through various osmotic adjustments (OA)
which were considered to be a key mechanisms in plants under drought and hence OA is
considered as an effective selection criterion for drought tolerance (Serraj and Sinclair
2002). Further, identification of such important drought-tolerance traits of crop plants,
through fundamental research will contribute significantly towards crop improvement in
water limited regimes through breeding or genetic engineering approaches by providing

more number of selection criteria.
Drought-induced responses of higher plants

Drought-induced plant responses vary considerably from plant to plant as well as from
cellular to whole plant level, depending upon the stress intensity and duration and also the
plant genotype and its developmental stage (Farooq et al. 2009). Upon drought perception,
plants continuously try to modulate their growth and physiology in order to survive and
adapt accordingly and such plasticity in plant response during drought stress is highly
essential for conferring drought-tolerance. In general, the first visible drought-induced
response in plants is the rapid inhibition of shoot and to a lesser extent root growth, as an
increased root to shoot ratio usually help plants to tolerate water deficit conditions.
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During drought conditions, the initial physiological symptom is the partial or complete
stomatal closure leading to reduced transpiration rate and a concomitant reduction in CO,
uptake for photosynthesis. Though reduced transpiration rate due to stomatal closure, is
considered as an adaptive measure to minimize water loss, reduction in CO, uptake leads
to diminished leaf carbon fixation. However, as water stress directly inhibits cell division
and expansion, total carbon uptake is also reduced due to growth inhibition at the whole
plant level (Zhu 2001). Moreover, slower growth is considered to be an adaptive feature
for plant survival during drought because it allows plants to divert photosynthates and
energy towards production of protective molecules such as antioxidants and osmolytes to
defend against drought stress and/or to maintain root growth to maximize water uptake,
which were otherwise utilized for shoot growth (Zhu 2002, Chaves et al. 2003). It was
shown that under water deficit conditions, the ability to accumulate (and later on
remobilize) stem reserves is a beneficial characteristic of various species such as cereals
and also some legumes, which help them to maintain their reproductive growth during
drought (Blum et al. 1994). However, if drought condition continues further, it leads to
interrupted reproductive development, premature leaf senescence, wilting, desiccation and
finally death of the plant. A wide range of differential responses of plants to water deficit
condition exist, depending upon plant species, growth stage, duration of water limitation
and other cross reacting environmental restrains (Yordanov et al. 2000, Reddy et al. 2004,
Tester and Bacic 2005, Umezawa et al. 2006, Bartels and Sunkar 2007, Shinozaki and
Yamaguchi-shinozaki 2007, Blum 2009, Mittler and Blumwald 2010). A concise summary
of various physiological, biochemical and molecular responses of plants under drought
stress was given by Reddy et al. 2004 (Fig. 2).

There are different strategies adopted by plants to maintain water status and tolerate
drought conditions. Under gradually developing water deficit conditions, plants escape
dehydration by shortening their life cycle. However, in case of rapid dehydration,

photosynthetic machinery is primarily targeted by the induced oxidative stress in the form
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of high levels of reactive oxygen species (ROS) (Miller et al. 2008). Under such adverse
conditions, the capacity for metabolic protection either constitutive or induced, against the
damaging effects of ROS and energy dissipation through chlorophyll (Chl) a fluorescence
or non-photochemical quenching (NPQ) are the key elements for determining plant
survivability under drought conditions (Flexas and Medrano 2002, Foyer and Noctor
2003). Plant’s phenotypic plasticity during drought stress which is the capacity of a given
plant to alter its physiology and morphology, decides the type of strategy (escape,
avoidance or resistance) to be followed for tolerating the drought period (Fig. 3). In
drought escape, the plant tries to complete its life cycle before the onset of drought. In
India, due to erratic monsoons, drought escape strategy could not be targeted by plant
breeders for developing tolerant varieties. The other two strategies include 1) drought
avoidance; where plants maintain the tissue water potential through enhanced water uptake
by efficient root system, stomatal control of transpirational water loss and increased water
use efficiency and 2) drought resistance, where plants maintain the turgor through various
osmotic adjustments (Bhattacharya and Rajam 2006, Pujni et al. 2007). The latter two
strategies were found to be useful for breeding programs in India.

It is now evident that during moderate (sub-lethal) drought conditions, plants use
strategies to conserve water by reducing transpiration and exploring enlarged soil volumes
to maintain water supply. These strategies include partial stomatal closure, slower shoot
growth and enhanced root growth. These responses are coordinated and form parts of a
drought avoidance strategy which allow plants to tolerate transient periods of drought and
also to survive more severe and persistent drought conditions by premature flowering and
reproduction. At cellular level, cell division is reduced and cell expansion is either
maintained or decreased, depending upon the level of ABA as well as other factors
involved in coordination of the drought responses, mediated maintenance of turgor and cell
wall extensibility (Valliyodan and Nguyen 2006). However, it is not necessary that each
individual response and the additive effect of several responses lead to drought tolerance.
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Therefore, to select a promising individual plant response as a target for improving drought
tolerance remains highly difficult and requires continuous inputs from fundamental
research (Tardieu 2012).

Importance of root system during drought

Drought is usually considered to be a root-borne stress as roots are the primary site of
water uptake from soil and thus, importance of maintaining root growth to ensure optimum
crop yields during drought stress, is highly important (Gewin 2010). Immediately
following drought perception, roots respond through a number of physiological and
biochemical adjustments, before transducing the stress signals to the shoot system where
further drought avoidance/tolerance mechanisms occur. A diagrammatic representation of
such integrated drought-induced plant reponses were illustrated in Fig. 4. During drought,
soil drying occurs at different rates in different soil layers, as water depletes from the
superficial layer quite rapidly when compared to the deeper soil zones. Thus, plants having
the ability to develop deeper root system were comparatively more tolerant to drought,
than plants having a superficial root growth (Alsina et al. 2011). In dry soils, the ability of
a plant to modulate its root distribution towards an efficient water uptake by exploiting the
deeper regions of the soil is an important mechanism to tolerate drought. Hence, traits such
as deep rooting, root length density (RLD) and root distribution were considered as
drought adaptive traits which could be targeted by plant breeders, as selection criteria for
drought resistance (Matsui and Singh 2003, Taiz and Zeiger 2006). Deeper root
penetration in response to water deficit conditions has been found in cowpea (Matsui and
Singh 2003), white clover (Annicchiarico and Piano 2004) and chickpea (Kashiwagi et al.
2006). However, it was observed that root distribution was not significantly affected by

drought conditions in soya bean (Benjamin and Nielsen 2006).
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Though, it is well established that extensive root systems are vital for plants to cope up
with insufficient supplies of water or nutrients. In order to develop drought tolerant crops,
it is of prime importance to obtain information regarding various root responses under
water deficit conditions, as apart from plant genetic control over root proliferation during
drought, the physical, chemical and biological properties of soil also determines the pattern
of root growth. Especially during drought stress, physical impedance to root growth is
quite significant and needs to be well understood. Owing to the growing importance of
root-based information, a significant portion of drought stress research is now diverted
towards understanding various root responses during drought conditions. Different
informative reviews on root responses have covered various aspects of root morpho-
physiological and molecular modulations including root to shoot signaling in response to
drought stress (Schachtman and Goodger 2008, Bengough et al. 2011, Gowda et al. 2011).
However, the area of “plant root responses” under drought conditions is extensively vast
and varies from physiological, anatomical, morphological, biochemical to molecular
levels. Hence, the topic is highly difficult to be covered under any single review. To give
an idea about the recent developments in root responses under drought stress, we tried to
consolidate last 5 year reports on various aspects of root response studies, under drought

stress conditions in different plant species (Table 1).

Despite a considerable amount of work on root growth response, our basic
understanding regarding what soil factors limits root growth, for what periods, and under
which weather and associated soil water conditions still remains insufficient. It was
observed that under water-deficit conditions, roots of drought-tolerant plant varieties
continue to grow, whereas the growth of the shoot and leaves are inhibited. This leads to
increased root: shoot ratio which as already mentioned, is an important mechanism of plant
adaptation to water-deficit conditions and it is important to identify the underlying factors
which confers such adaptive responses. Recently, various proteomic-based investigations
have been carried out in different crop species to unveil such contributing factors
(Yoshimura et al. 2008, Yamaguchi and Sharp 2010). Along with identification of

regulatory elements for root growth maintenance, understanding various chemical signals

10



General Introduction

Chapter 1

‘PIIOD T AIqEL

2702 '[e 18 091uswod 8@

2102 "2 18 AlusH

2702 ‘e 18 Ayunweuysiiy

€T0C ‘el ___w_0cm_w

€10¢ ‘[elanin

CRIVEREIE)N]

*30URJ3] 0] Jusnbasgns
pue ssa.is 1ybnoap Burinp 1004 BaAIIY JO
Buijeuis Ajes ui ajos Jueniodwi ue Aejd sayeuowser

‘Aep ayp u1 ALea ‘sjana] uoissaldxa uriodenb Jaybiy
pue JyBno.p 01 AWoyeue J00. JO SSaUBAISUOdSa) aJow
‘aIn]siow 10S Ul uoneLieA yum (1d) sxes Buipas|q
3|qe1s alow pamoys sadAloual Juersisal 1ybnoiq

W9ISAS 1001 SAIIRAISSUOD B UM UOIIPUOD Pajulel
Japun ABayens aouepIoAR JyBNOIP & SMOJ[0} SBIND °(

seatuodef
1 JO S3ABA| BY} Ul SSBIIS SAIIEPIXO 810W PUB SI00J
Ul SS3.1S SAITBSOLNU JayBIy © S30npul SSa1IS Jajepn

'suIa30.d %90ys Jeay |[ews pue 0T
uIa104d parejas sisausfoyred ‘101dagal aseury ulsioud
AUIUOBIYY/ BULIBS ‘G- d1d Utiodenbe ‘aseuryojoniy
‘T aseuabolpAyap Joyoafe 40 uonanpul edIubIS

SEZVEN (0] asuodsaJ 100y

"$)004 U1 SapAyaple
VgV ‘sareuowsel
10O UoIRWINS?
[e21Way01q pue
suidijAxo Jo sisAjeue
J1woyduosuel |

‘sisAfeue
uoissaldxa urlodnbe
pUE [edIlioleu.
‘leaibojoyd.iow 1004
sisAeur 21d02s0.o1W
pUe UOIAISSO
KBojoydiow 100y

sjuepIXoNUE pue

$S9.1S BAIEPIXO JO
sisA[eue [ealwsyolg

d0d-1Y ‘sdnwosyoud
annesedwo)

pasn sanbiuyos |

pauonuaw
10N

sadAioush
Buowre
palLieA
[enuaiod
1a1em Jea]

pauonusL
10N
% 6S
0} 88 Wou}
paulfosp
ol lte]

BdIN L0~

smels
1378\

4 g/ pue

8¥ '¥Z ‘7 10}

Buipioyypm
ST

“Burpjoyynm

Jarem :dxa

snoyuaalo
1ybnoip
[eUOSEdS
:dxa pJal4

pajurey
Buiployynm

131le
skep §

48 oy
uonnjos 93d

JUBWIIEaI)
1ybnoaqg

sBuipass
PO oam ¢

sBulpass
umoub pjal4

sueyd
pJo Jeak T
sued

plo Aep ¢

Burjpass
plo Aep 01

abe1s yimolo

wnunaLe
13019

eAlles ezl
seaIn9

eydouyer

snajuodel
smo

sfew eaz

ue|d

"Sasu0dsal 1001 PaAIasqo ayl Ajfeuly pue sniels Jajem jueld Bunnsal
‘pamo]|oJ uswiean 1ybnoip Jo adAl ‘paanpur sem 1ybnoip yaiym 1e abels [eruswdojansp ‘saidads juejd Buipnjoul
‘sIeak aAl} 1Se| JO suonipuod ssans ybnolp Jepun sasuodsal 1004 Juejd UO MBIA3J ainjelall] asIouo) T a|qel

11



General Introduction

Chapter 1

‘Pau0d T 9|qeL
‘leuis Jale| e SaW098q gy Jnews|Ax pue [eubis sisAjeue sbumno
Ajea ue se sjoe Hd a1aym ‘sninqojf ‘3 Jo asuodsal (M2 pue vav) JuBWIea) paj001 snjngo|b
TT0Z ‘[ 18 epuele W3] 10YS 81 Ul U3as aq Ued SalweuAp Hd pue gy auowoJoyoiAyd edIN 9°0- 93d p|o Jeak T smdAjean3
"S[aA3] “O°H By} Yim d0d
Pa1e|2.102 SIY] PUB SS811S ANOLSO Japun Sjuswbas -1 ¥b pue sasepixolad skep /
1001 [eaIde Ay Ul padueyua Sem (goxidel pue UBIBKIP JO edi 10} JUBWIIRAI) Burjpass wnAnSae
2102 '[e 18 Jezsis) y0XIde ) Saousnbas asepixosad om) Jo souepunqy  SISAJeue [ealwisyolg 960 93d pjo Aep , wnanu |
(s0uabiawa
sasAeur uonn|os Jea| beyy
*30uelsIsal Jybno.p 1oy [eaibojoydiow pauonuaw  uonebuuiayy  Jaye Aploys) WinAIISae
2102 '[e 18 8repy3 Ja19e.Jey? [e1onJd e 8q 0} paisabbing sem sseuuoiq 100y 1001 SNOLIBA, 10N 1095090105  8bels bunoog wnanu |
Buiproyyym
fumolg Jajem shep ¢
"UeagAos ul aouesa|o} Jybno.p Buidojanap Joy UIaISaM ‘Hd 10
auaf 106.1e) © 8q PIN0J 8SeUIUAS BUILOIYIBIAl Juswiea - 1yb ‘solwoa)old pauonuaw JuBWIea. sBuijpaas
02702 [© 18 IpRWWeYON 934 Uey) $$a.15 JyBnoup 01 aAIsUOdSal 210W aJe S100Y annesedwo) 10N 93d % 0T pjo Aep ¢ Xew au1nf|o
"paasades
40 30UeJ3]01 Jybnoup Ui 8jos Jueuoduwi skejd z-(43) Buipjoyum
1019e} UoneBuoa pue 0g-dSH ‘utsioid Buipuiq uomned saIWoaj0ud pauonuaw 1alepn sbuijpaas sndeu
©ZT0Z |B 18 IpRWWRYOIN pajeroosse auelquiaw ewseld ‘ased 1y ,H adAl-A annesedwo) 10N skep /-T pjo Aep / voIsselg
'sduiasuen Joydadas uixne uorjeuLIojsuel
10 abeneaa pa1abirel-£geyIW Jo uonenBiai-dn ybnoay pareIpaw JuBWIRa.n Buipass eURI[RY)
2T0Z ‘|18 UY) $sas JyBno.p 01 uoneidepe 1004 SeeNpoW YaY wnLaeqoIby ed\ G0- 93d p[o Aep v sisdopige.y
snyels JUaWIIRa]
ERIIEVETEN| panJasqo asuodsas 100y pasn sanbiuyda | J81BM bnoug afie1s yimo.s e|d

12



General Introduction

Chapter 1

‘PIUOD T 8IqEL

TT0¢ ‘I 13 ®lqoq

TTOZ "2 18 AiuaH

TT0¢ ‘e 18 0110} 1@

1102 e 18 Buepybunibuor

TT0¢ ‘e NH

T10¢C '[e 13 BuUIS|Y

CRIVENEI )]

'S100J UI 1S9MO] 3y} pue saAes] Jaddn ur 1saybiy
S JUSJU0D /Y "SAAB3| U1 10U INg ‘S100J Ul S|9A3]
10J3U02 paydeal sjaAs] 1duosues Had PuUe v SOSd
‘ybnoap woly A1anodal Y-z Buing ybnodp Japun
51004 0} paJedwod sanes| ui Jaybiy Apuediiubis sem
uoissaidxa aush v SOGd ‘uoieiusou0d auljoid 2ai4

*SUOIIPUOD SS3.IS UOU pue ssalis 1yBnoap yiog Japun
uononpo.d 100J [eJale] 0} UOITRLIBA 8911 PUBJMO]
u1 3yBnoup 01 asuodsa. ul sadAloush Buowe ywmoih

1004 doap pue 3IN3931Y2JE 100 Ul SIIUBIBHIP 11BUSD

'suaosagnd
‘O u13ybnoup 03 $$3204d UOIIRWIIIR B} Ul 9]0 Ad)
e sAe|d s1001 aulf ay) ul Juswisnipe [eaibojoydioln

‘aeabodAy "y ul ssans ybnoip
Buriamoly aid Japun pjaiA pod ui 804 Jueniodwi
sheid (@74) Ausuap yibusj 1004 pue ybiam Aip 1004

'$59.15 1yBNOIP Y1IM paje1dosse (Lisijogelsw
pue uononpo.d ABisua ‘Buikyixoiap pue Buibuaneas
SOY ‘Aloreinbai) suisiold arepipued Jo uo1edlusp|

“(Ux}) 90UBIONPUOI JaTBM 1004 Pasealoul
pue ybno.p Jswwns Burinp 1004 aanpo.d 03
Aljige pasuryua ue pey waisAs 1001 Juesjol-1ybnoig

PaAI3sq0 asuodsal 1004

HOd-14b pue
sisA[eue [ealwsayoolg

sasAJeue
[eaiBojoydiow j00y

sien
auswoydiownool
10 SIsAjeuy

sisAJeue

[eaiBojoydiow
pue ymouib 100y

sojwoao.d
anneledwo)

sisA[eue duBlINPUOI
alnespAy 100y

pasn sanbiuyoa |

%719
0} /8 Woyy
pauljoap
oMY
Jear]

%
£G 01 2
alnjsiow
|10S
%S. Ag
[pasealdsp
MY
Jea]

pauonusw
10N

BdIN T'0-

EdING6 0~

snyels
1918/

Buipjoynm
131\
shep 9-1

Buimos Jaye
skep zg 03 22

Burpjoyum
lajem
shep ¢T

Burpjoyum
BEICTVY
skep Gz

uo
uBLIeal)

93d

(3yBnoup
[euoseas)
Wwawadxa

PIeid

Juswles}
1ybnoaqg

sjuepd
PIo Yaam 9

uonejue|dsue)
Ia)e syoem ¢

sBur|psss
pjo Jeak T

Buriamopyaid
(papuedxa

Alng yeay ,2)
Butpaas

SAUIA
pjo Jeak €T

abe1s yimoao

wnoeqe)

BURNOJIN

BAINES BZAIO

suaosaqnd
snaJanQd

eaebodAy
s|yoely

skew eaz

sLisadna

‘AEHaIpUElIaq

SHIA

ue|d

13



General Introduction

Chapter 1

‘PIUOD T 3jqeL

600¢ ‘[e 13 In3|apueA

6002 '[e 18 Buep

600¢ ‘[e 19 sqoder

6002 '[e 33 BUOA-INH

6002 Buelr pue ueig

ERIVEIEIEN]

"WiaISAsS
1004 3Y} JO 82ULIONPUOI J1|NBIPAY |[eJ8A0 B} 01
s10inqLiuod wenodwi ate sulodenby ‘uonelidsuen
100ys 0] pajdnod AJaso0|d s1 Lodsuer) Jarem 100y

'sadAiouab an11oadsal Ul 8z1s WaisAs 1004 sjuasaIdal
1841 Y36US] 100J 810} 8U) UM Pale|a1i0 Ajiuediyiubis
sanjen reweld "waisAs 1001 ajoym Aq |10s 8y} Jo
uolelo|dxs Jassa] Bunealpul pasealdsp sanjeA |ejoelq

"o Ul 80UeI9|0)
yBNOJpP JO SWSIUBYISW dAI198)49 aJe uole|nhal
[erewols pue ymoJB 1001 pasealaul ‘sjooys 0}
AAIIR[a] $1004 01 UOIRIO|[R YImoIh Jareal "shuljpass
B0 pal UJaylIou J00Jaleq Ul aouepioAe ybnoip
J18Ju09 10U S0P 9ZIS WASAS 1001 [eniul abre]

'$)004 8ZIBW U1 $S3.11S 1yBnoap 0} asuodsal
ur paenfiai-dn saushb ayepIpued O UoIeIlNuap|

"$)00J PUB SBAB3| U9aMIaq $sals 1ybnoip
0] asuodsal ul uoissaldxa auab pue SalIANDe sWAzus
uepIXonue ‘uondnpoid SOY o sesuodsal [enualayip
3y ‘ssesban|q Aoniuay] Ul S1001 Jo uonepixosad
pidij pue uonanpoid SOY pasned ssals Jybnoig

panJasgo asuodsal 100y

"uonezIjesojouNwI
pue Yod-14b
‘sisAJeue 3auBlINPUO
a1nelpAy 1004

sisAJeue |ejoely
[ea1fojoydiow 1001
pue [eaifojoisAyd

sisA[eue
[eaibojoisAyd

sisAJeue aouanbas
pue Burissn|a

1S3 ‘uonodnAIsu0d
Arelqr vNQO

dOd-1Y pue
sisA[eue [eaiwaydolg

pasn sanbiuyda ]

BdiN
STT-
0160~

Emamma

Juslu0d
alnjsiow
l10s
% 01-8

BdIN 8'T-
/ edIN 6°0-

% 59 01

58 woly

paulfoap
oMY
Jea]

% 89
0} G6 WOy
paut|oap
oMY
Jea]

snjes
1318/

Buipjoyym
Jarepn
shep g

Buipjoynm
181e\
SYoaM

Buipjoynm
uonebLu|
skep 12 01 /2

Buipjoyim
1318\
409 01 02

Buipjoynm
JEITYY
shep g

JusWIRaI}
1ybnouqg

sjuejd
PIO syjuow ¢

sbuljpaas

sbuljpaas

abels
Jes| 3|qisin 9

sjuepd
plo Aep 09

abe1s yimoao

SIBJIUIA SIIA

eAIjES BZAIO

eigny
snaJand)

sfew eaz

sselfan|q
Apmuay

Ue|d

14



General Introduction

Chapter 1

800¢ '[e 19 |ne9

8002 18 LsBuos

800 '[B 13 190N37]

6002 "[e 19 IngBuend

CRIVEF )]

*80n4ds Jo Aliananpoud punolb
9A0QR $80NPaJ JAAOUIN] 1001 BUIJ UI 8seaIoul paonpul
-1yBnoiq "[10S 01 $J00. peap WOJ) Jajsuel) JuaLNu
pue uogJeasAe[ap aduay pue ajel uoisodwodsp
SSEW0103U 1004 Ul 3se8109p & 0 spes| ybnoiQg

"MV /T Jopun Ajje1oadsa ‘suoifial J10s Jadaap
OJUI UOIINGLIISIP 1001 PaSeaJaul 8y} 0} pPale|al alam
Xapul 13AIeY pue pIalA pod ul suononpal Jajjews

“Je3UYM JO JeAn|nd

1UeJ3]0] YBNOIP JO S100. UI SSB.IS JajeMm 0) asuodsal ul

pasealoul Ajuesiiubls | sueuoinioeefouwreys Jo/pue
| sueuoINIoR[RBOUWERYI 1O SUIRYD 3PIS JO JUNOWY

"80UeJ3]01-1yBnoIp Joy
B1I9)10 UOINI8I8S Se [Nyasn aq pjnoys AMay ybnoup
uoseas AjJea Burinp 31 01 paje|al ey Jueniodwi Ue si
yBiam AIp 1004 TRy} PBIRIISUOWIBP SEM 3| "SUOIIPUOD
1yBnoJp Japun (31) sarousiolyys uonedidsuen ybiy
paurelurew swaisAs 1004 Jabue yim sadArouab nuead

PaAI3sqo asuodsal 100y

‘poriad 1ybnoup
Burnp uonisodwoaap
puB JSAO UIN}
‘SSBWO0JJ3U ‘ssewolq
1001 8uly Buipnjoul
SaIWRUAp 1004 BUL JO
sIsAJeue aAlR1IUBNY

sisA[eue
[eaibojoydiow
pue yimolb 1004

sj00.
10 sapLieyadesAjod
[[eM [[33 J0
sIsAJeue [ealwaydolg

‘suoleWIISs
wB1am Aip 1001
pue JUS1U0J BJINISIoW
|10s ‘sne1s Jajem jueld
‘sisAJeue uonesdsuely
Buipnjoul
Sjuswainseaw
[eaibojoisAyd

pasn sanbiuyoa |

(xoudde)
edy
00G-01
edy 00¢-
wouy
pauloap
[enusiod
RIBIENT]
110S
(M)
J1ajem [10s

a|qe|rene
10¢/T
pue g/¢

BdIN G0~

% 59
0} G6 WOy
pauljasp
oMY
Jear]

snyels
1918 A

skep
Gy Jo pouad e
10J |aued Joou
ansejdbuisn
uoIsn|oxe
|[ejutey
:Apnis 10|d

Buipjoynm
I91B M
Sva g¢-82

uswies]
000v
93d % 0¢

‘avda
O 1oy Jarem
a|qejiene
jo¢ern
e ainisiow
[10S ureurew
0} abeure.p
J18]em [enpels

JuswIea}
ybnouqg

s9a.1 p|o Jeak
0vT sInen

(Sva) buimos
Jaye Aep yT

sbuljpass

(3ava)
douabiawa

Jaye sAep 2

abe1s yimolo

aonuds
RemioN

eaebodAy
siyoely

wnanp
wnonu L

wnunate
18010

ue|d

15



Chapter 1 General Introduction

which are synthesized in the roots in response to water stress, and the consecutive root-to-
shoot signaling is also highly important for targeting crop improvement under drought
stress. Among these signals, phytohormones are one of the important controllers of plant
metabolism under limited water availability (Weyers and Paterson 2001) and such
phytohormone-mediated developmental as well as root system plasticity could provide
benefits through growth and architectural alterations, finally leading to an optimized
response against drought. In root to shoot signaling, abscisic acid (ABA), cytokinins and
ethylene are the major phytohormones which play an active role in drought-induced plant
response and ROS is known to mediate this long distance signaling through hormones
(Lake et al. 2002). It has been shown that increased cytokinin concentration in the xylem
sap promotes stomatal opening directly and decreases stomatal sensitivity to ABA.
Importance of ABA during drought stress has been extensively reviewed including its
biosynthesis, compartmentalization within the cell and tissue, its modulation by various
factors and also co-ordination of the responses at the whole plant level (Hartung et al.
2002, Wilkinson and Davies 2002). Such information has enabled us to understand how
some plants respond to soil drying, sometimes even without significant changes in the
shoot water status as evident in the case of ‘isohydric’ plants where they are able to buffer
their leaf water potential by controlling stomatal aperture via root-shoot communication
through feed-forward mechanisms (Maseda and Fernandez 2006).

Discussion on root functionality under drought conditions will remain incomplete
without mentioning the importance of root hydraulic conductivity (Lp,) and plant
aquaporins. Lp; is a measure of the efficiency of bulk water flow through the root system
and can be defined as flow rate per unit pressure driving force and is strongly influenced
by soil water fluctuations and aquaporins, which play a major role in water transport across
membranes, being the proteinaceous water channels. Thus, both Lp, and aquaporin

activities must be highly crucial during water-deficit conditions.
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Root hydraulic conductance and role of aquaporins during drought

Along with reduction in stomatal conductance, soil water deficit limits Lp, as well,
which compromises the overall plant water status. Though mechanisms underlying
stomatal conductance under drought is quite well characterized, factors responsible for
changes in Lp, still remains unknown (Mahdieh et al. 2008). Usually, hydraulic
conductance of roots is highly variable in both time and space, affecting soil water
extraction and consecutively shoot water status (Steudle 2000) and during drought stress,
changes in Lp, depend on intensity and duration of stress as well as plant genotype
(Siemens and Zwiazeck 2004). It was suggested that variation in root hydraulic
conductivity could be related to root anatomy as radial movement of water towards the
xylem usually follows three pathways: the apoplastic, symplastic, and transcellular. Due to
close similarity, sometimes the symplastic and transcellular pathways are together called as
the cell-to-cell pathway (Steudle 2000). The apoplastic water flow can be irreversibly
altered by several anatomical changes such as casparian bands and suberin lamellae
whereas; the conductance of the cell-to-cell pathway is highly dependent on the activity of
aquaporins (Mahdieh et al. 2008). Water conducting pathways through roots were
illustrated graphically in Fig. 5.

Aquaporins are small integral tetrameric membrane proteins, belonging to the family
of major intrinsic proteins (MIPs) and are known to facilitate permeation of water across
membranes, driven by water potential gradient (Maurel et al. 2008). Apart from its usual
role of water conductance, aquaporins are also known to mediate the transport of small non
charged molecules, including glycerol, urea CO,, formaldehyde, silica and boron and also
considered as a putative osmotic stress or turgor sensor in plants (Mahdieh et al. 2008).
Plant aquaporins have been classified into four subfamilies based on amino acid sequence
comparison which includes plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic
proteins (TIPs), NOD-26 like intrinsic proteins (NIPs) and small basic intrinsic proteins
(SIPs). PIPs were then further divided into PIP1 and PIP2 isoforms, based on sequence

homology. However, not all aquaporins show significant increase in water conductance
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APOPLASTIC
PATHWAY

SYMPLASTIC

Fig 5. Root hydraulic conductivity. Diagrammatic representation of a root cross section
showing cell to cell symplastic and the extracellular apoplastic routes of water conductance.

during drought stress. Water deficiency is assumed to evoke transcriptional and post-
translational regulation of aquaporin activity, as it has been shown that aquaporin activity
is regulated by phosphorylation (Luu and Maurel 2005). However, functional role of
aquaporins in plants during drought stress has not been completely understood yet. In
transgenic tobacco plants, the overexpression of AtPIP-1 from Arabidopsis thaliana,
increased the growth rate of the plant during non stress conditions but, contrastingly under
drought, the transgenic tobacco plants wilted faster when compared to wild types (Aharon
et al. 2003). However, complete reverse was observed by knocking down the NtAQP1
(Nicotiana tabacum aquaporin 1) gene using NtAQP1 antisense constructs, wherein
transgenic tobacco plants (sileneced NtAQP1) became more susceptible to water stress
(Siefritz et al. 2002).

It is clear from the above discussion that crop performance under drought stress
conditions is closely related to root system modulations, root to shoot signaling and
changes in Lp,. Now, among different food crops, grain legumes are highly renowned for
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their nutritional values and agricultural importance as nitrogen-fixing ‘rotational crop’.
However, their productivity is usually low, since they are majorly grown under adverse
soil and climatic conditions. So, now we will narrow down our discussion on drought-
induced responses of food legumes with special emphasis on roots as it was reported that
drought-tolerance of food legume species is also closely related to root system distribution
and rooting patterns in the soil (Gaur et al. 2008). Hence, knowledge of root characteristics
and genotypic variations within each species, under drought stress is essential to select

suitable crop species to be grown in a particular environment.
Effect of drought on legume roots

Analyses of drought-induced responses in legume roots deserves separate discussion
as apart from Lp, and other morpho-physiological traits for drought tolerance, legume roots
are also considerably significant owing to their distinct metabolic ability to fix atmospheric
nitrogen. However, due to this specific ability of symbiotic association with soil bacteria,
research on legume root responses during drought stress becomes an interesting as well as
complex area of stress biology research since it requires understanding of nodule
responses along with whole root response. As expected, various reports on legume root
response during drought indicated a wide range of differential response patterns which
varies within species, stress intensity and developmental stage of the plant. Based on
rooting characteristics, Benjamin and Nielsen (2006) reported that chickpea and field pea
are better suited to dryland cropping systems in the semi-arid western United States when
compared to soybean. It was shown that both species have a greater portion of their root
systems deeper in the soil than soybean and they respond to water stress by shifting their
roots to deeper soil layers. Analyses of soluble protein composition of primary roots of
soybean during drought stress suggested that under well watered conditions, the region of
the root which exhibited maximum elongation showed a progressive deceleration of
growth during drought conditions, even though the elongation rates of apical region
remained same. They also observed an increase in isoflavonoid biosynthetic enzymes in

the root apical regions and up-regulation of proteins involved in lignin biosynthesis which
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were considered to have some role in growth inhibition, especially in the elongation region
of roots under drought stress conditions. Several proteins involved in growth maintenance,
inhibition, and protection against oxidative damage and protein degradation were identified
that were translocated to different regions of the root under water stress (Yamaguchi et al.
2010).

Drought also affects the process of symbiotic nitrogen fixation and nodule formation
in legumes. Thus, it is equally important to look into the nodular changes under water
deficit conditions. Root nodule proteome of the model legume, Medicago truncatula in
response to drought stress was reported along with an insight on the associated bacteroid
proteome. Overall decrease in nodule metabolism was observed with down-regulation of
proteins including methionine synthase, asparagine synthase, sucrose synthase, and
leghemoglobin which controls the internal oxygen concentration within the nodule, in
response to drought stress. It has been reported that isoforms of sucrose synthase are
strongly induced in root nodules, and the reduction of enzymatic activity is associated with
significant inhibition of symbiotic nitrogen fixation. Though most of the proteins declined
significantly at approximately three days of drought stress treatment, there was only 30 %
reduction in the corresponding nitrogen fixation (Larrainzar et al. 2007, Larrainzar et al.
2009). In another study on Phaseolus vulgaris (common bean) roots, twenty early- and
four late dehydration-responsive genes were identified in response to drought stress.
Among the identified genes, 14 encoded proteins had functions related to drought stress
response and tolerance capacity. Analysis of the expression patterns of these genes opens
interesting perspectives to understand the functional role of these genes in P. vulgaris roots
and their subsequent involvement in drought response and tolerance mechanisms (Torres et
al. 2006).

Importance of identifying root traits for drought avoidance is now well recognized and
a considerable amount of work has been dedicated towards unraveling such root based
mechanisms in food legumes during drought stress. However, many aspects of varying
root responses in different economically important food legumes, which are usually grown

under rainfed conditions are yet to be explored.
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Impact of drought on mungbean cultivation

In the Indian agricultural system, food legumes (pulses) constitute an important
segment immediately following cereals and oilseeds. Apart from being an excellent source
of high quality protein, essential amino and fatty acids, fibres, minerals and vitamins, they
also enrich soil fertility by compensating up to 80% of the soil nitrogen requirement
through symbiotic fixation of atmospheric nitrogen. Moreover, intercropping of pulses
between two cereal crops provides substantial amount of residual nitrogen and organic
matter for the latter. Among the major pulse producing countries of the world, India ranks
first followed by China, Brazil, Canada, Myanmar and Australia.

Mungbean (Vigna radiata L. Wilczek) has number of synonyms including mung,
moong and greengram in India and mungo in the Phillippines, is a leguminous pulse crop
which is highly recognized for its seeds which are high in protein, easily digested and
consumed as food. As other legumes, in a symbiotic relationship with specific soil
rhizobia, root nodules develop on mungbeans in which atmospheric nitrogen is converted
to biologically available forms. Mungbean is known to be native of the Northeastern India-
Burma region of Asia. Though, its progenitor species is unknown, the closest wild relative
is believed to be Vigna radiata var. sublobata (Roxburgh) Verdcourt, which are widely
distributed in Western Ghats andsporadic distribution in Rajasthan, Madhya Pradesh and
NorthWestern Himalayas (Bisht et al. 2005). Mungbean is cultivated most extensively in
the India-Burma-Thailand region of Southeastern Asia, but it is also grown in Iran,
Pakistan, Vietnam, Peoples Republic of China, the Philippines, Republic of China,
Malaysia, Indonesia, and adjacent countries and islands of south eastern Asia and the South
Pacific. It is a short season crop adapted to multiple cropping systems in the drier and
warmer climates of the lowland tropics and subtropics. Flowering in mungbean is
photoperiod and temperature sensitive which is known to be delayed by long photoperiods
and low temperatures and it grows best on a deep loam or sandy soil. Economic yields are
frequently low due to disease and insect damage, low genetic yield potential of the

varieties grown, unfavorable cultural practices or a combination of these factors.
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Apart from its high protein-rich seeds which are used as human food, mungbean plant
can also be utilized as fodder for livestock, or the crop may be incorporated into the soil for
soil improvement purposes. Among pulses, mungbean is favored for children and older
people due to its easy digestibility and low production of flatulence. Protein content of
seeds averages around 22 to 24 %. Mungbean protein is comparatively rich in lysine, an
amino acid deficient in cereal grains and deficient in methionine and cystine. A diet
combining mungbeans and cereal grains compensates for the deficiencies in protein quality
found in either grain alone and provides balanced amino acid content. Despite its multiple
benefits, mungbean is given lower priority than the cereals in allocation of irrigation water
or fertilizer, and cultural practices are inferior to those used with the staple cereals in spite
of its economic and agricultural importance. Research on mungbean was also neglected in
the past, but has expanded rapidly in the past 10 to 15 years (Kim et al. 2004, Oo et al.
2005, Webber et al. 2006, Song et al. 2007, Ranawake et al. 2011, Mahmoodian et al.
2012).

Mungbean (Vigna radiata L. Wilczek) is one of the important food legumes qualifying
all the desired traits of an agriculturally and economically important crop. It is considered
to be superior to other plants for second culture due to its shorter life cycle, nitrogen fixing
capability, prevention of soil erosion and soil reinforcement. The yield of paddy in Punjab
was enhanced by introducing mungbean in rice rotation (Weinberger 2003). Further, the
seeds, sprouts and young pods of mungbean are consumed as source of protein, amino
acid, vitamin and minerals while other plant parts are used as fodder or green manure. The
production area of mungbean in the world is around 5.5 million ha® annually of which Asia
alone contributes 90% of the total area and India is the biggest producer of mungbean
where aroung 2.99 million ha® are cultivated. However, more than 87% of the area under
pulse cultivation in India, is presently rainfed with annual rainfall of about 1000 mm.
Mungbean is a warm season crop and adequate rainfall is highly essential, especially from
flowering to late pod fill stage to in order to ensure good vyield. It is reported that due to
rapid expansion of drought-prone areas worldwide, mungbean production is highly

affected as among other environmental restraints, limitation of water supply primarily
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influences its yield (Ranawake et al. 2011). Soil water deficit inhibits vegetative growth,
initiation and retention of floral buds as well as seed yield. As evident in rain-fed systems,
plants experience cycles of water deficit rather than continuous drought. Thus, to have a
proper understanding of stress responses of crop plants, analyses should be focused at
different levels of stress intensity as well stress recovery rather than at a single stress

treatment period.
OBJECTIVES

Based on the above background on drought-induced stress responses in crop plants
and importance of root system during drought conditions, following four objectives were

framed for the present research work:

. Analysis of progressive drought-induced changes in photosynthetic performance of
Vigna radiata (L.)Wilczek.

Characterization of dynamic root protein modulation in response to progressive
drought and recovery through comparative proteomics approaches.

Functional analyses of drought-induced ROS detoxifying NADPH -aldehyde
reductase (VrALR) to understand its protective role in V. radiata roots.

Molecular characterization of key enzymes associated with proline and glutathione
biosynthesis in V. radiata roots under progressive drought stress and recovery.
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PLANT MATERIAL AND EXPERIMENTAL DESIGN

Plant material

Cultivar Vamban-2 of V. radiata (L.) Wilczek was used for our experimental purpose
which was procured from Tamil Nadu Agricultural University (TNAU), Coimbatore,
India. It is a high yielding variety developed by National Pulse Research Centre (TNAU) at
Vamban, Tamil Nadu by crossing two existing varieties, VGG4 and MH309. The new
variety has registered a higher seed yield over other ruling varieties namely CO5, CO6 and
vamban-1. It is a short duration crop (65-70 days) having moderate resistance to Yellow
mosaic virus disease and pod borers. Lobed margins of the leaves are a distinct character of

this variety (Fig 6a, b).
Experimental design

Seeds of Vigna radiata cv. vamban-2 were surface sterilized using 0.1 % sodium
hypochlorite (15 min) and subsequently washed in running tap water for 5-6 times.
Germination was carried out in pots (12 L cement pots filled with mixture of red soil and
sand) inside in glasshouse, with an average of 15 seeds per pot at Botanical gardens of
University of Hyderabad, Hyderabad. Pots were arranged in a completely randomized
block design (CRBD) with three to eight replications, varying according to experimental
requirement (Fig 6c¢). Seedlings were grown for 30 days till they attained vegetative
maturity to allow development of well established root systems in all the plants. During the
complete growth period, pot water holding capacity (PC) was maintained at 80-90 %
which was measured according to Ennahli and Earl (2005). Before planting, pot water
holding capacity was determined by watering two similar volume pots in excess and then
allowed to drain till constant weight (Saturated pot weight, Ws) was observed. Possibility
of evaporative water loss was excluded by covering the soil surface with plastic cover.
Thereafter, soil was dried at 80 °C in a hot air oven till constant weight was observed,
which was considered as pot dry weight (Wp) and includes soil dry weight, pot weight and
lid weight. PC was calculated as: (Current pot weight — Wp —Wp)/ (Ws — Wp) where Wp is

the plant fresh weight which was measured by destructive harvest of roots and shoots of
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Fig 6. Seeds of V. radiata cv. vamban-2 (a), typical leaf morphology of vamban-2
cultivar of V. radiata, showing distinct lobed margins (b), completely randomized
block design arrangement (CRBD) of pots inside glasshouse at University of
Hyderabad Botanical garden (c).

25



Chapter 1 General Introduction

three extra plants per experiment just before initiating drought stress treatment.

After 30 days, plants were subjected to two different watering treatments: well-
watered (control) and water-stressed (drought). Control plants were maintained at PC of
80-90 % throughout the experiment and the stressed plants were subjected to progressive
water stress by withholding of water for a period of three days (short-term, D3) and six
days (long-term, D6) and then re-watered for the next six days for recovery (6R). As V.
radiata is a nitrogen fixing plant, substantial dose of nitrogenous fertilizer was not applied.
However, a meagre quantity (8 g) of standard slow release fertilizer (NPK) (10% N, 10%
P, 14% K) was added to each pot in both the treatments only once during 15th day of the
plant’s vegetative growth. For all experiments, samples (whole roots) were collected from
plants having similar morphology and leaf gas exchange characteristics during D3, D6 and
6R. All readings for the root growth and leaf gas exchange studies were done in fifteen
replication (n=15). The photosynthetic photon flux density (PPFD) inside the glasshouse
ranged from 900-1200 pumolm™ s | air temperature varied from 23 + 1 °C (early morning)
to 34 £ 4 °C (early afternoon) and relative humidity ranged from 36 = 5% to 48 £ 2%.
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* CHAPTER 2

Analysis of progressive drought-induced changes
in photosynthetic performance of Vigna radiata
(L.) Wilczek.
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INTRODUCTION

Drought stress is primarily perceived by plant roots and its most conspicuous impact is
on the photosynthesis process (Davies and Zhang 1991, Flexas and Medrano 2002, Reddy
et al. 2004). Thus, it is equally important to understand both drought-induced root responses
and factors affecting photosynthetic performance of crop plants. Available literature shows
wide range of variations in drought-induced root responses (reviewed in Table 1) and
photosynthetic physiology of plants under drought stress (Chaves et al. 2009, Chen et al.
2010, Sicher et al. 2012). However, studies involving a coherent insight on both root and
leaf-level responses together under drought are quite rare. Moreover, with increasing
evidences of dynamic root to shoot signaling including chemical and hydraulic signals
during drought stress, investigating both root and shoot response is highly interesting as
well as essential in order to have a comprehensive drought-response picture of crop plants
(Schachtman and Goodger 2008). There were few interesting inputs from such integrated
root-shoot research involving different abiotic stress factors including drought, in the recent
past. Drought-induced modulation in the growth response sensitivity of root verses leaf with
an insight on water transport mechanism was reported by Hsiao and Xu (2000). An
integrated study on root morphology and photosynthetic performance of maize under low
temperature stress was reported by Hund et al. (2007). A possible root to shoot
communication in terms of internal CO, concentrations (C;) and impact of aerated
adventitious roots in flooded tomato plants on the physiological responses including
stomatal closure and photosynthetic gas exchange patterns was reported in a recent study by
Else et al. (2009).

Here, we will briefly describe the drought-induced changes in photosynthetic
performance of crop plants along with the underlying stomatal as well as non-stomatal
inhibitory factors and also the importance of root defense responses including antioxidant

system and protective osmolytes during water deficit conditions.
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Chapter 2 Photosynthetic performance under drought

Photosynthesis during drought: stomatal and non-stomatal limitations

Immediate drought-induced stress symptom in plants is the partial or complete
stomatal closure, which is the primary cause of decreased net CO, assimilation or
photosynthetic rate (P,) due to reduced uptake of CO, (Yordanov et al. 2000). However,
stomatal control of transpirational water loss by stomatal closure, during drought stress is an
essential adaptive strategy to maintain plant water status. As a result, the rate of CO,
fixation and stomatal conductance (gs), declines almost parallel to each other during drought
stress and hence, it was initially assumed that stomatal limitation to CO, conductance is the
major factor responsible for decline in P,. However, as more in-depth research was carried
out, it was observed that stomatal limitations were not always the dominant factors
responsible for decreased photosynthetic efficiency and thus, the concept of non-stomatal
limitations developed which along with stomatal factors, may also play a dominant role in
decreasing P, during drought conditions. Non-stomatal limitation includes reduced
carboxylation efficiency due to mesophyll resistance, non photochemical quenching or
inhibited functional activity of PSII. Major factors responsible for decline in photosynthesis
during drought stress, could be either stomatal, non-stomatal or both and differ from plant
to plant. Some reports considered stomatal limitation to be the major factor contributing for
decrease in P, (Yin et al. 2005). While, in grapevine, decrease in P, was found to be
associated with decline in the effective quantum yield of PSII photochemistry and with
increase in leaf to air vapour pressure deficit (Yu et al. 2009). Moreover, moderate to severe
drought causes significant inhibition of Calvin cycle enzymes which was considered as
metabolic impairment and act as non-stomatal limitation for photosynthetic CO,

assimilation (Dias and Briiggemann 2007).
Importance of Photosystem 11 (PSII) efficiency during drought stress

Among various non-stomatal limitations, drought-induced injury to the photosynthetic
apparatus due to generation of highly energetic ROS is one of the crucial factors inhibiting

Pn. Though plants have developed efficient mechanisms such as consumption of the excess
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energy via Mehler reaction and photorespiration, to protect the photosynthetic apparatus
from drought-induced injury, severe drought stress still causes significant damage (Foyer
and Noctor 2000, Valladares and Pearcy 2002, Foyer and Noctor 2003). However, tolerance
capacity of the photosynthetic apparatus including PSII varies from plant to plant depending
upon their respective drought-tolerance capacity and also on the existence of other
alternative sinks for dissipating the excess energy. Thus, it is essential to assess the extent of
damage to photosynthetic apparatus (PSI and PSII) during drought stress. Among the
various analytical methods used to screen photosynthetic performance and stability of
photosystems during abiotic stress conditions including drought, use of Chl fluorescence
represent an efficient and reliable method owing to its non-destructive nature and high
sensitivity (Naumann et al. 2007, Oukarroum et al. 2009). Moreover, with development of
new fluorescence recording systems such as PAM (Pulse Amplitude Modulation)-
fluorimeter and PEA (Plant Efficiency Analyzer)-fluorimeter, analyzing Chl a fluorescence
for screening drought-induced damage to photosynthetic apparatus have become

extensively convenient and time conserving.

There exists a strong correlation between Chl fluorescence and rate of photosynthetic
electron transport (PET), as a part of the absorbed light energy by the photosynthetic
pigments was used for photochemical reactions including PET and the rest was re-emitted
as Chl a fluorescence or released as thermal dissipation (Non photochemical quenching,
NPQ). It was found that most of the Chl fluorescence at room temperature was emitted by
Chl a of PSII. Thus, changes in the fluorescence intensity (Chl fluorescence yield) indicate
the degree of utilization of the absorbed energy by PSII and other complexes within the
thylakoid membrane. Under normal (non-stress) conditions, maximum fluorescence (Fm)
yield was observed when all reaction centres (RC) of PSII are “closed” or in a reduced state,
while when all RC are “open” (oxidized state), minimum fluorescence yield (Fp) was
recorded. Fluorescence emission kinetics constitute a transient or polyphasic increase in
fluorescence intensity from initial (Fo) to the maximum (Fw), including the intermediate

steps (fluorescence rise) and together theses phases were termed alphabetically as O, J, |
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and P phases (OJIP curve). Since drought-induced damage to PSII will be depicted through
deviation from the typical OJIP curve, analyzing fluorescence transients will provide
significant information regarding PSII stability index during drought conditions (Strasser et
al. 2010). Thus, the OJIP transient proves to be highly potential for the characterization of
the photochemical quantum yield of PSII photochemistry, and the electron transport activity

under normal as well as drought stress conditions.

Importance of root defense responses during drought stress: Antioxidant system and

protective osmolytes

Immediately after drought perception through roots, accumulation of reactive
oxygen species (ROS) in cells occurs due to disturbance in the delicate “oxidant-
antioxidant” balance existing under normal physiological conditions (Apel and Hirt, 2004).
Though ROS was found to be useful as second messengers in the stress signal transduction
pathway, excessive ROS is able to cause significant damage by inducing oxidative stress to
the photosynthetic apparatus and also impair normal cell functioning. Damaging
consequences of ROS upon practically all important macromolecules i.e proteins, nucleic
acids and lipids are well-characterized. Apart from proteolysis and protein oxidation, ROS
can damage nucleic acids, lipids, terpenoids, and carbohydrates (Mgller et al. 2007, Foyer
and Noctor 2009). For proper metabolic functioning of the cells during drought stress,
plants need to regain the redox homoeostasis and in order to do so, they respond through a
number of interconnected morpho-physiological, biochemical and molecular alterations,
which differ from plant to plant depending on their ability to either tolerate, adapt or
succumb to the existing water-limiting conditions (Waseem et al. 2011). Among various
plant defense responses, most efficient as well as predominant is the dynamic modulations
in the enzymatic and non-enzymatic antioxidant pool. Non-enzymatic or low molecular-
weight antioxidants are molecules that are able to reduce oxidants without themselves
having significant pro-oxidant action. These include ascorbate, glutathione, tocopherols,
carotenoids, flavonoids, and related phenylpropanoid derivatives. Among enzymatic

antioxidants, there are three categories: proteins which act as primary antioxidative enzyme
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(i.e., uses superoxide, H,O, or organic peroxide as substrates) include superoxide
dismutase (SOD), Catalase (CAT) and ascorbate peroxidase (APX). The second category
consists of proteins that supply or maintain reductant which includes dehydroascorbate
reductase (DHAR), glutathione reductase (GR) and glutaredoxins and thioredoxins, while
the third category consists of enzymes which function to control secondarily released
metabolite signals including glyoxylases, aldo-keto reductases and glutathione transferases
(Foyer and Noctor 2009).

In addition to the antioxidative system, accumulation of compatible solutes such as
proline and glycine betaine have been demonstrated to be involved in protection and/or
repairing processes of some molecules and structures damaged by ROS and also in ROS
sequestration (Mgller et al. 2007). Thus osmotic adjustment (OA) has become one of the
potentially important mechanisms of drought tolerance, which can be achieved from the
accumulation of compatible solutes (such as amino acids, sugars or sugar alcohols) in
protoplasm (Chaves et al. 2003, Bartels and Sunkar 2005). Additionally, OA allows cell
enlargement and plant growth during severe drought stress and also helps stomata to remain
partially open to facilitate CO, assimilation to continue during drought stress. Structural
integrity of the membranes was also maintained through OA, in order to provide resistance
against drought and cellular dehydration (Ramanjulu and Bartels 2002). One of the most
important protective osmolyte is proline, which is considered as a multifunctional amino
acid. Rapid accumulation of proline in various plant species in response to different types of
abiotic stress factors including drought is quite well known. Apart from its osmoprotective
role, it was known to be involved in maintaining cellular homeostasis, as a signaling
molecule to modulate mitochondrial functions, role in cell proliferation or cell death and
also it was known to contribute in triggering specific gene expression which was considered
to be essential for plant recovery after stress conditions. However, regulation and actual
mechanism behind proline accumulation in plants is not yet completely unraveled and
requires further in-depth analysis for targeting proline metabolism in plants to improve their

stress-tolerance index.
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Though, a considerable amount of research was dedicated towards unraveling such
defense responses of plants including antioxidants and protective osmolytes, under various
abiotic stress factors including drought, majority of such studies were based on foliar
responses with comparatively fewer reports on root antioxidative defense (Haberer et al.
2008, Selote and Khanna-Chopra 2010). However, in contrast the significance of studying
root antioxidants for understanding the overall plant response to drought stress is quite
higher, as the root tissue senses soil drought much prior to the leaves. Further, it is now well
established from previous reports that photosynthesis is also directly and/or indirectly
interlinked to the corresponding root metabolisms under drought stress (Zhao et al. 2001,
Flexas and Medrano 2002, Wilkinson and Davies 2002). Since soil drought is considered to
be a root-borne stress, any change in photosynthetic responses including stomatal
conductance, PET, Chl a fluorescence or rate of CO, assimilation under drought stress

could be directly or indirectly correlated to root-level alterations.

In the present chapter, we aim to understand the progressive drought-induced
alterations in the photosynthetic gas exchange characteristics of mungbean with an insight
on the contributing factors for the observed changes. We also look into the PSII efficiency
of mungbean during progressive drought. Simultaneously, analysis of the pattern of
response of important antioxidants (ascorbic acid; ASA, glutathione; GSH, guaiacol
peroxidase; GPOX) and protective osmolyte (proline) in roots of V. radiata under

progressive drought and recovery was investigated.
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MATERIALS AND METHODS

Plant water status

Plant water status was estimated in terms of its leaf relative water content (LRWC
%) as well as leaf and root moisture contents (LMC and RMC %, respectively). For
measuring LRWC %, fresh leaves from control and drought stressed groups were collected
from three individual plants grown in three different pots and immediately weighed to get
the leaf fresh weight (Lfw) value. Then leaves were immersed in double distilled water at
4°C for 24 hours for complete rehydration and weighed next day to obtain the leaf turgid
weight (Ltw). Further, leaves were oven dried at 80 °C for 24 hours and weighed to give the
leaf dry weight value (Ldw). From the above obtained values, LRWC was calculated as:
LRWC (%) = [(Lfw-Ldw)/(Ltw-Ldw)] x 100 where, Lfw is leaf fresh weight, Ltw is the
leaf turgid weight (obtained after rehydration of leaf samples in distilled water for 24 h) and
Ldw is the leaf dry weight after oven drying (80 °C). Leaf moisture content (LMC %) was
calculated as: LMC (%) = [(Lfw-Ldw)/ Lfw]. To obtain root moisture content, root fresh
weight was taken immediately after harvest by washing the roots thoroughly to remove soil
particles and then for obtaining root dry weight, roots were oven dried under similar
conditions as for leaves and RMC % was calculated as: [Rfw-Rdw/Rfw] where Rfw is root

fresh weight and Rdw is root dry weight.
Measurement of leaf gas exchange parameters

The rate of leaf gas exchange was measured using a portable infrared CO,/H,0 gas
analyzer, IRGA (LCpro-32 070, ADC Bioscientific Ltd., Great Amwell, U.K.) equipped
with a broad leaf chamber (Fig 7a). Using the gas analyzer, photosynthetic rate or net CO,
assimilation rate (P,), stomatal conductance (gs), transpiration rate (E) and internal CO,
(sub-stomatal CO,) concentration (C;) were measured at a saturating photosynthetically
active radiation (PAR) of 1800 pmol m?2 s™, 60 % air humidity inside leaf chamber, 360
pmol mol™ CO, concentration and air temperature of 25 + 2 °C. Measurements were
recorded after 1-2 minutes of incubation time for leaf acclimation inside the chamber and
stabilization of the observed readings. Instantaneous water use efficiency (WUE;) was
calculated as the ratio of P,/E. All photosynthetic measurements were done in situ on clear

sunny days, between 10:00 and 11:00AM. Fully expanded, non- detached and light exposed
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young leaves (3-4™ positions from the apex) were chosen for all photosynthetic

measurements.
Photosystem 11 (PSI1) efficiency

Chlorophyll a fluorescence was measured at room temperature on mature, intact
leaves which were previously used for gas exchange studies, using a portable Handy PEA
(Plant Efficiency Analyzer-2126) fluorimeter (Hansatech Instruments Ltd., kings Lynn
Norfolk, UK) (Fig 7b). Tagged leaves were dark-adapted for 30 min using leaf-clips and
the fluorescence intensities were recorded after illuminating with a saturating light intensity
of 3000 umol m? s™ (an excitation intensity sufficient to ensure closure of all PSII reaction
centers) provided by an array of three light emitting diodes, for 1s. Saturating light pulse-
induced Chl a fluorescence was measured and digitized between 50 ps and 1s by the
instrument. The fluorescence intensities at 50 us (Fo), 150 ps(L), 300 ps (K), 2 ms (J), 30
ms (1) and 500 ms-1s (P or Fy) were recorded and used for all analyses. The different steps
of the polyphasic fluorescence transient are labelled in alphabetical order from the slower to
the faster part of the transient. The most prominent step at 2 ms is called the J-step. The
fluorescence rise up to the J-step provides information about single turnover events of the
primary reactions of photochemistry which includes primarily QA reduction. The different
phases of this process show up in the fluorescence rise as the steps J, I and P. The step with
the highest fluorescence intensity is called P (peak). In the single turnover range Fo
(measured at 50 ps) to F; (measured at 2 ms), the bands L (at about 100-200 ps) and K (at
about 200-400 ps) can often be visualized by subtraction or by calculation of differences
between fluorescence transients (Strasser et al. 2004). Analysis of Chl a fluorescence
transients for O-K, O-J, O-1 and I-P phases of V.radiata leaves under progressive drought
and recovery was done by double normalization of variable fluorescence between phase O
and K (Fo to Fk) from 50 ps to 300 ps [Vok= (F-Fo)/ (Fk-Fo)] and the kinetic difference of
Vok (AVok) was calculated with respect to control (DO) to visualize the L-band. Similarly,
double normalized variable fluorescence between phase O and J (Fo to F;) from 50 s to 2

ms [Vo; = (F-Fo)/(F;-Fo)] and its corresponding kinetic difference of Vo (AVo;) with
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(b)

Fig 7.Portable infrared CO,/H,0 gas analyzer, IRGA (LCpro-32 070, ADC Bioscientific
Ltd., Great Amwell, UK used for all photosynthetic gas exchange measurements (a).
Portable Handy PEA (Plant Efficiency Analyzer-2126) fluorimeter (Hansatech Instruments
Ltd., kings Lynn Norfolk, UK used for chlorophyll a fluorescence measurements (b).

respect to DO was calculated. Double normalized variable fluorescence between O and |
[Voi = (F-Fo)/(F\-Fo)] between time interval of 50 ps to 30 ms (Vo < 1); (F) variable
fluorescence Vo, between time interval of 30 ms to 300 ms (Vo> 1) was used to calculate
the kinetic difference of Vo, (AVo)) with respect to DO and subsequently the variable

fluorescence between | and P phases [V p = (F-F))/(Fp-F))] was done which showed a
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hyperbolic curve and the kinetic difference of Vp (AV)p) was also calculated with respect to

DO values. Values are average of four independent replicates.
Measurement of chlorophyll pigments

Circular leaf discs of 1 cm? area were punched using a cork borer and used for
pigments’ extraction by following dimethyl sulpoxide (DMSO) method, described by
Hiscox and Israelstam (1979) with minor modifications. Each individual leaf disc was kept
in an eppendorf and 2 mL DMSO was added to each vial. Eppendorfs were kept at room
temperature under dark conditions for 2 days. When leaf discs became visibly devoid of
green pigment (after 2 days), supernatant was removed through centrifugation. Absorbance
of the supernatant was measured at 663.2 and 646.8nm using UV-Visible 160A
spectrophotometer (Shimadzu, Tokyo, Japan) and chlorophyll contents were calculated
according to Lichtenthaler (1987) using the following formula and the results were

expressed as g cm™ basis.
Chla: 12.25 x Agsz2 —2.79 % Agsss
Chlb: 21.5 % Agass — 5.1 X Agss2
In-situ localization and quantification of hydrogen peroxide (H,0,)

For in-situ localization of H,0,, freshly harvested roots from control and stressed
groups were submerged in 5 puM dichlorodihydrofluorescein diacetate (H,DCF-DA) in 5
mM DMSO for 2 h in dark. Roots were then washed with 50 mM phosphate buffer (pH 7.4)
twice and then subjected to microscopic analysis. Image acquisition was made on a
confocal microscope ((Leica TCS SP2 AOBS Microscope, Germany, with a filter # 10)
with excitation and emission wavelength of 475 and 520 nm, respectively.

Quantification of H,O, was done according to the method described by Velikova et
al. (2000) with minor modifications. Fresh roots (0.5g) were homogenized in 5 mL of 0.1%

(w/v) trichloroacetic acid (TCA) at 4°C and the homogenate was centrifuged at 1200 g for
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15 min. Supernatant was separated and a 0.5 mL aliquot was mixed with 0.5 mL of 10 mM
potassium phosphate buffer (pH 7.0) and 1 mL of 1M potassium iodide (KI) solution. The
absorbance of the supernatant was measured spectrophotometrically using a UV-Visible
spectrophotometer (Shimadzu) at 390 nm. The actual H,O, concentration in the root tissue

was determined from the H,O, standard graph prepared under similar conditions.
Determination of malondialdehyde (MDA) content (Lipid peroxidation assay)

Lipid peroxidation was estimated by determining the MDA content, a degradation
product of peroxidized polyunsaturated fatty acids (PUFA) component of membrane lipids
according to the method given by Fu and Huang (2001) with slight changes. Root tissue
(200 mg) was homogenized in 2 mL of 0.1% TCA and the homogenate was centrifuged at
10,000g for 5 min at 4°C. An aliquot of 0.3 mL supernatant was mixed with 1.2 mL of 0.5
% thiobarbituric acid (TBA) prepared in 20% TCA, and incubated at 95°C for 30 min.
Reaction was terminated by keeping the tubes in ice-bath for 5 min. Samples were then
centrifuged at 10,000g for 10 min at 25 °C. The absorbance of the supernatant was
measured at 532nm and was corrected for non specific absorbance at 600 nm. MDA
concentration was determined using the extinction coefficient of MDA, 155 mM™ cm™ at
532 nm.

Estimation of free proline

Extraction and estimation of free proline were conducted according to Bates et al.
(1973). Root tissue (0.5g) was homogenized in 10 mL of 3% (w/v) aqueous sulphosalicylic
acid and centrifuged at 12000g for 30 min. The supernatant was further used for free proline
estimation. From the supernatant, 2 mL aliquot was mixed with 2 mL of “acid ninhydrin”
solution (acid ninhydrin solution was prepared freshly by dissolving 1.25 g ninhydrin in a
mixture of 30 mL glacial acetic acid and 20 mL 6M orthophosphoric acid) and 2 mL of
glacial acetic acid. The reaction mixture was then incubated at 100 °C for 1 h and reaction
was terminated by placing the tubes on ice bath. Then, the red coloured free proline-acid
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ninhydrin complex was extracted using 4 mL toluene and the chromophore phase was
separated from the aqueous phase. Absorbance of the extracted organic phase was measured
at 520 nm using a UV-Visible spectrophotometer. Concentration of free proline in the root
tissue was calculated from the L-proline standard graph prepared under similar reaction

conditions.
Estimation of ascorbic acid (ASA)

Ascorbic acid content in the roots of V. radiata was determined according to
Mukherjee and Choudhuri (1983) with minor changes. Root tissue (100 mg) was
homogenized in 10% trichloroacetic acid (TCA) solution (1:5 w/v) and centrifuged at 3500
rpm for 20 min. The supernatant was used to estimate ASA content. From the supernatant,
4 mL aliquot was mixed with 2 mL of a 2% solution of dinitrophenylhydrazine (DNPH) and
then, a drop of 10 % thiourea solution in 70 % ethanol was added. The reaction mixture was
boiled in water bath for 15 min and after cooling at room temperature, 5 mL of 80 %
sulphuric acid (H,SO,) solution was added to the reaction mixture at 0 °C. Absorption of
the reaction mixture containing the hydrazone complex was measured at 530 nm using a
UV-Visible spectrophotometer. Exact ASA content in the root tissue was calculated from
the ASA standard graph.

Guaiacol peroxidase (GPOX) assay

Guaiacol peroxidase activity was assayed in root tissue of V. radiata according to
the method described by Zhang and Kirkham (1994) with minor modifications. Frozen root
tissue (1 g) was homogenized in 50mM potassium phosphate buffer (pH 7.0, adjusted with
KOH) and the homogenate was centrifuged at 15000g at 4°C for 30 min. The supernatant
was used for the GPOX enzyme assay. The enzyme activity was assayed in a reaction
mixture containing 60 mM phosphate buffer (pH 6.1), 28 uM guaiacol, 5uM H,0, and 50
Mg protein extract. Increase in absorbance at 470 nm due to oxidation of guaiacol was

observed with respect to time. Enzyme activity was calculated as pumol guaiacol oxidized
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min™ mg™ protein using extinction coefficient of guaiacol as 26.6 mM™cm™. Protein

content was determined according to Bradford (1976).
Determination of oxidized and reduced glutathione (GSH-GSSG)

Oxidized and reduced glutathione was measured using a fluorometric method
according to Hissin and Hilf (1976) with slight modifications. Root tissue (1 g) was
homogenized in 25% H3PO3/ 0.1 M sodium phosphate EDTA buffer (pH 8.0) in 1:3 ratios
(v/v), centrifuged for 30 min at 10,000g and the resulting clear supernatant was used for
analysis of oxidized (GSSG) and reduced (GSH) glutathione content. For GSH, the
supernatant was diluted further to 1:4 ratios with 0.1 M sodium phosphate EDTA (pH 8.0)
buffer. From this diluted supernatant, 100 pL of sample was added to 1.8 mL of phosphate-
EDTA buffer and 100 pL of O-phthalaldehyde (OPT) from a 1 mg mL™ stock to make a
final reaction mixture of 2 mL. Reaction mixture was thoroughly mixed and incubated at
room temperature for 15 min. Fluoroscence was measured at 420 nm after 350 nm
excitation using a Hitachi spectrofluorimeter F-3010. For estimating GSSG, 500 pl
supernatant was incubated with 200 pL of 0.04M N-ethyl maleimide for 30 min in order to
block all the reduced GSH present. After incubation, the final volume of the mixture was
made up to 5 mL by adding 4.3 ml of 0.1 N NaOH. A 100uL aliquot from the above
mixture was then added to 1.8 ml of 0.1N NaOH and 100 pL OPT to make the final

reaction mixture which was further analysed similar to GSH assay as described above.
Statistical analysis

All data on physiological (LRWC, LMC, RMC and leaf gas exchange) and
biochemical (H20,, MDA, Proline, ASA, GPOX and GSH) measurements are represented
as mean + standard deviations (n =5). For Chl a fluorescence, measurements were taken in
4 replications and a single leaf per plant constituted each replicate. All fluorescence data
were analyzed using the software Biolyzer versions vl 30-31 and SigmaPlot 11.0. One way
ANOVA and Tukey test were used to determine the significant difference.
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RESULTS

Changes in plant water status

Progressive water-deficit affected the overall plant water status. Leaf relative water
content decreased from 80 % (DO) to 69 and 56 % during D3 and D6, respectively while
upon recovery, LRWC regained to 74 %. Leaf moisture content also declined gradually
from 86% during DO to 70% during D6 and again increased to 85% during 6R. Similarly in
roots, RMC % dropped from 93 to 65 % with progressive water deficit but increased to 87%
upon re-watering (6R) (Table 2). One way ANOVA showed significant time by treatment
(T x Tp) interactions for LMC, LRWC and RMC %. Regression analysis between LRWC
and RMC % showed a linear and positive correlation with each other with a R? value of
0.912 (Fig. 8).

Photosynthetic performance: Leaf gas exchange characteristics

Changes in leaf gas exchange parameters and the level of photosynthetic pigments recorded
during progressive drought and recovery were presented in Fig 9. P, declined significantly
by 54 and 74 % during D3 and D8, respectively (from 6.08 to 2.8 and 1.6 pmolm™s™on D3
and D6, respectively) and upon 6 days re-watering treatment for recovery, P, recovered
significantly (67% increase when compared to D6) (Fig 9a). A similar concomitant decline
in gs was observed, where it declined by 59 % during D3 and 80% during D6 and upon
recovery, stomatal conductance increased by 77 % when compared to D6 (Fig 9b). We also
observed a significant reduction in transpiration rate (E), which declined by 66 % during D3
and 87% during D6 and recovered significantly by showing 77% increase during 6R when
compared to D6 (Fig 9c). Though, both P, and E declined significantly with progressive
drought stress, the decrease in P, was lesser when compared to the corresponding decline in
E values and hence, the WUEI in the stressed plants showed 27 and 49 % increase on D3
and D6, respectively when compared to DO plants. While on recovery, WUEi showed a
marginal 17 % reduction when compared to the D6 plants; however WUEi values remained
higher in comparison to DO plants (Fig 9d). Subsequent regression analysis between P, with
gs and E with gs showed a strong linear and positive correlation with each other with a R
value of 0.791and 0.733, respectively (Fig 9e and f).
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Table 2. Leaf relative water content (LRWC %), leaf moisture content (LMC %) and root
moisture content (RMC %) of V. radiata during gradual water deficit and recovery period.
Values represent mean £ SD (n = 5). Significance of drought treatment was tested by one
way ANOVA and the significance level was denoted as: s; significant, (F value) P < 0.001

Sampling stages LRWC (%) LMC (%) RMC (%)
DO 80.4 + 3.1° 86.3 +2.3° 93.2+1.2°
D3 69.2 +2.8° 81 +2.0° 745+ 2.1°
D6 56 + 3.4° 70 £ 2.8° 65.4 +1.8°
6R 74.1+2.7¢ 84.7+ 1.5° 87.6 + 1.5¢
T X T, (Fvalue) s (190) 5(65.9) 5 (305.5)
LOO 2
g 80 1
@)
p=
e
60 |
y = 1.188x-1.007
R2=0.912
0 T = ‘ ‘ T
0 60 80 100

LRWC (%)

Fig 8. Regression analysis between leaf relative water content (LRWC %) and root
moisture content (RMC %) using Sigma plot 11.0 software, showed a linear and positive
correlation with each other with a R? value of 0.912.
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Fig 9. Photosynthetic leaf gas exchange parameters of V. radiata under progressive
drought stress and recovery and their interrelationship. (a) Net CO, assimilation rate (Pp);
(b) stomatal conductance (gs); (c) transpiration rate (E); (d) instantaneous water use
efficiency (WUEI); (e) regression analysis between gs and Py; (f) regression analysis
between E and ¢s. Values represents mean
significant difference (one way ANOVA).
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However, a comparatively lesser decline was observed in the internal CO, (sub-
stomatal) concentration (Ci) of V. radiata during progressive drought stress which declined
by 33 and 32% during D3 and D6, respectively and increased marginally by 7 % when
compared to D6 during 6R (Fig 10a). The observed drought-induced changes in the Py, gs,
E and C; indicates that both stomatal and non-stomatal limitations are responsible for the
observed depression in photosynthetic efficiency during progressive drought stress.
Mechanisms of stomatal and non-stomatal limitations during drought stress were illustrated
diagrammatically in Fig 10b.

Chlorophyll a, b and total chlorophyll content per unit area was consistently (P <
0.001) enhanced with progressive water deficit and was maintained even after recovery
treatment. Chl a content increased by 22 and 34 % during D3 and D6, respectively when
compared to DO and even upon re-watering, Chl a content increased by 2 % when
compared to D6 values. Similarly Chl b content increased by 17% on D3, 30 % on D6 and
during recovery a marginal 4 % increase was observed when compared to D6 values. A
corresponding 22 and 33% increase was observed in total Chl content during D3 and D6,
respectively as compared to DO and a slight increase of 2 % was observed upon re-watering

the plants, when compared to D6 values (Fig 10c).
Photosynthetic performance: Fast kinetics of Chl a fluorescence

A typical polyphasic Chl a fluorescence rise was observed during 1s of illumination
after 30 min dark adaptation. The fluorescence intensity (F;) transients (raw fluorescence
curves) from 50 ps to 1s during DO, D3, D6 and 6R were depicted in Fig. 11a. Slight
decline in initial fluorescence (Fo) was recorded during D3 and D6 when compared to DO,
while during 6R the Fo levels were almost similar to DO. Maximum fluorescence (Fwm)
showed significant decline during D3 when compared to DO, however, with extended water
deficit (D6), Fum levels increased when compared to D3 but still remained lower than DO.
Upon recovery, a slight decline in Fy values was observed in comparison to D6. The
variable relative fluorescence between O and P phase (Vop normalized) declined on D3.

However, during D6 and 6R, the Vop values were higher than DO (Fig. 11b).
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Fig 10. Changes in the sub-stomatal CO, concentration (C;) of V. radiata during
progressive drought stress and recovery (a). Values represents mean £ SD with n = 5. P*
(<0.001) indicates significant difference (one way ANOVA).Diagrammatic representation
of drought-induced stomatal (red bars) and non-stomatal limitation (blue bars) to normal
(Black lines) photosynthetic carbon assimilation(b). Chlorophyll a, b and total chlorophyll
content during drought and recovery (c).
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The kinetic differences of transient fluorescence at periodic stages of progressive drought
calculated as relative to DO [AVoppo) = Vorpo) — Voroo); AVoro3) = Vorpaz) — Vorpo);
AVopos) = Vorps) —Voroo); AVorer) = Vorer) — Vorpo)] showed negative peaks during D3
in respect to DO during the OJ and JI phases, while during D6, negative peak occurred
only during OJ phase and JI phase showed a slightly positive peak. Upon recovery
treatment (6R), the AVop plot showed significant positive peak (Fig. 11c). The normalized
relative fluorescence between O and K phase (50us to 300ps) expressed as Vg for DO, D3
and D6 were depicted in Fig.12a and the corresponding Kinetic differences (AVok
calculated in a similar way like AVop) are presented in Fig. 12b. A positive L-band with a
peak around 150 ps appeared during D3 and its amplitude significantly elevated with
extended water-deficit (D6) and declined on 6R but still remained higher than DO. The
normalized relative fluorescence between the O (50us) and J (2 ms) phases (expressed as
Vo;) and the respective kinetic differences (AVp;) were illustrated in Fig. 12c and d,
respectively. For the Ol phase, relative fluorescence was normalized between 50us — 1s
(Vor < 1) (Fig. 12e) and 30-300us (Vor > 1) (Fig. 12f). Vo, declined gradually under
progressive drought stress showing the lowest value on D6 which thereafter increased again
upon re-watering (6R). The AV, showed a negative band (with a peak around 800 ps) on
D3 which declined further on D6, but became less negative on 6R (Fig. 12g). The
normalized variable relative fluorescence between | and P phase (Vp: 30 ms to 180 ms)
showed a typical hyperbolic curve (Fig. 12h) which when fitted to Michaelis-Menten
equation, elucidated the time taken to attain Vjp = 0.5 (K, value) which became gradually
higher (i.e higher K, values) under increasing water-deficit conditions when compared to
D0. However, upon recovery the Ky, value was almost similar to that of DO. Kinetic
difference curves between I-P phases (AV\p) were illustrated in Fig.12i, which showed a
similar pattern as that of AVg. The corresponding parameter plots for the major
phenomenological fluxes per cross section area basis, such as absorption (ABS) (Fig 13a),
electron transport (ETo) (Fig 13b) and trapping energy (TRo) (Fig 13c) showed
insignificant changes and consecutively PHI (Po) (Fig 13d) was also found to be more or
less stable during the entire drought treatment procedure.
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Fig 11.Chl a fluorescence transients after normalization from O to P (Fo to Fy)
phase in dark adapted leaves of V. radiata under progressive drought (D3 and D6)
and recovery (6R). Fluorescence intensity (F;) (a); relative variable fluorescence,
Vor = (F-Fo)/(Fm-Fo) (b); kinetic difference of Vop (AVop) with respect to DO (c).
Values are average of four independent replicates.
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Chapter 2 Photosynthetic performance under drought

Root defense responses: Antioxidant system and protective osmolytes

Drought-induced oxidative stress in V. radiata roots was estimated in terms of H,O,
content and the corresponding lipid peroxidation levels. Hydrogen peroxide levels were
measured qualitatively through localization using H,DCFDA dye. Confocal microscopic
images of the root tips showed a gradual accumulation of H,O, shown as green fluorescence
produced by DCDHF-DA dye after reacting with H,O, associated with increasing water
limitation which subsequently reduced upon re-watering (Fig.14a). The H,O, content in the
roots and the corresponding MDA levels also showed a similar pattern of gradual increase
and subsequent decrease during progressive stress and recovery period, respectively (Fig.
14b). Regression analysis between H,O, and MDA levels depicted a strong positive
correlation with each other with a R? value of 0.907 (Fig 14c). Oxidative stress related non-
enzymatic antioxidants; including ascorbic acid (ASA) and glutathione (GSH) showed
different patterns of accumulation with progressive drought and recovery. Ascorbic acid
content increased slightly on D3, but was significantly higher (2 folds) on D6 and declined
again upon re-watering (Fig. 15a). On the other hand, reduced GSH content and the ratio of
reduced to oxidized GSH was enhanced significantly on D3 but remained stable and almost
similar to DO levels on D6 as well as on 6R. However, the concentrations of the oxidized
form (GSSG) remained more or less stable throughout the experimental period (Fig. 15b).
Guaiacol peroxidase (GPOX) showed significant increase in the activity with gradual water-

limitation, with slight decline during recovery period (Fig. 15c¢).

Important protective osmolyte proline, accumulated rapidly at a significantly high
level (approximately 5 fold higher) during medium stress (D3) itself. Proline content was
similar during D6 and thereafter rapidly decreased upon re-watering. To understand the
expression pattern of proline in roots of V. radiata, we analyzed the mRNA expression
pattern and the corresponding enzyme activity levels of pyrroline-5-carboxylate synthetase
(VrP5CS), the key regulatory enzyme of proline biosynthetic pathway and the details are
shown in chapter 5, hence, the data on proline content was represented along with the

corresponding VrP5CS mRNA and enzyme activity data in Fig 37.

50



Photosynthetic performance under drought

Chapter 2

"VAONY Aem suo)
a0uaJayIp JuedlIUBIS Seredlpul (TO'0>) xd 'S = U YUM QS F ueaw sjuasaldai senjeA’(9) s|ans| uolrepixolad pidi
pue JUBlU0d 2O%H Usamiaq SIsAjeue uolssalbay (q) Aisnodal pue Jybnolp aAIssasboid Japun ereipes “A JO S100J
ur uonepixotad pidij pue ¢OH Jo uonealynuenb (k) 1uswieas) Bulleyem-al SAIINIASUOD pue 1101Jap Jalem [enpelh
01 pajoalgns eyeipesA Jo sdiy 1004 ayr ul uidled uoneNwndde (¢O¢H) spixotad usboipAy paurels Ya4ddacH ays
Jo abew 21dodsoloIW [e204U0D "$S.1S WBNOIP BAISSaIB0Id YlIM Blelped “A 4O S1004 Ul UOIdNPUI SS8.1s aAepIxO ‘T B4

(Md:6 jowu) syusjeainba A

ST 0T S 0 \W) 49 9d €d 0d
o § E° | | | 2
r T T (@) - ™
9w N~ 2zt 1 08 ﬂo
s E 1 00T S
9de ﬁ 100T8 vt f g
= 5 \\w { 06T =
€de o S < 9| —F / e : =
@  050=n | ¢ S = N | 9% 3
= —_— o 1 —
86%'8/-%29.°2¢ = A R._m._t w 81 ; opxosed usboiphri—y— | 0SC <
- 00¢ Sor L T siusfeAInbs vaNE= | 00€ 1
(0) 2 * (q) 3

(e)

51



Chapter 2 Photosynthetic performance under drought

a
@,
£5 15 f -
Y=g
(@]
CS 1 r
3E
0
(b) _ N GSH -
140 * C—1GSSG 35
—8— GSH/GSSG |
_ 120 3 o
§ E 100 125 @
S, 80 12 3
o ° wn
I S 60 115 O
0n £ f
0L 4 11 »
O
20 41 05
(c) o 0
600
2= *
£3 500 *
S 2 400 t
T o
é“'@ 300 |
g E
G D 200 |
100 t
0 1 1 1
DO D3 D6 6R

Fig 15. Root defense responses of V.radiata against progressive drought induced oxidative
stress. Ascorbic acid (ASA) content in roots of V. radiata under progressive drought and
recovery (a);Reduced (GSH) and oxidized glutathione (GSSG) levels and the ratio
between the two (b); guaiacol peroxidase (GPOX) enzyme activity (c). Values represents
mean + SD with n =5. P* <0.001 indicate significant difference (one way ANOVA).
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DISCUSSION

Drought has been reported to inhibit photosynthesis through stomatal limitations (Yin
et al. 2005) as well as non-stomatal limitations (Jia et al. 2008). Drought-induced decline in
photosynthetic rates could be correlated with decrease in the demand for reducing power
including ATP and NADPH, resulting in reduced utilization of absorbed photonic energy
(Ort and Baker 2002). Thus, drought-stressed plants encounter the risk of light-induced
photo-inhibition or even damage in the photosynthetic apparatus, especially during high
irradiance when absorbed light energy exceeds the demand of CO, fixation. However,
plants utilize different mechanisms to protect itself from photo-damage by dissipating the
excess energy through photorespiration, cyclic electron transport, Mehler reaction,
chlorophyll fluorescence or heat dissipation (NPQ) (Hu et al. 2013).

Changes in photosynthetic responses and the major underlying limiting factors still
continue to remain as important areas to be analyzed during all drought-related studies. In
V. radiata, we observed a gradual decline in gs and E with increasing water deficit (D3 and
D6), which later recovered upon re-watering (6R) and as a result, P, also declined. Though,
it is well established that decline of P, could be either due to stomatal or non-stomatal
limitations, it is important to analyze which of the two factors dominate for the observed
changes in P,. In case of V. radiata, we observed a decline in C; during progressive drought
which could be the direct consequence of stomatal closure and absence of limitations in
mesophyll conductance but the extent of decline (32%) was not comparable to the huge
drop observed for Py, gs and E (74, 80 and 87%, respectively) indicating the involvement of
other non-stomatal factors. It was reported that inhibition of CO, assimilation along with
changes in PSII activities and photosynthetic electron transfer (PET) capacity, causes ROS
generation through Mehler reaction inside chloroplast (Asada 2006). To analyze such ROS-
induced damages which were crucial indicators for screening drought-tolerance in plants,
use of Chl fluorescence measurements as well as malondialdenyde (MDA) contents were
considered as highly efficient and informative techniques (Molinari et al. 2007, Moustakas
et al. 2011). Thus, for further insight on photosynthetic physiology of V. radiata under

water deficit conditions, we analyzed the drought-induced effect on PSII efficiency.
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Different phases of the OJIP curve (Chl a fuorescence) signify different electron
transport chain reactions. The photochemical reduction of Qa in PSII was represented by the
O-J phase, while the kinetic properties representing the oxidation and reduction of the
plastoquinone (PQ) pool and the alterations in the electron flux from reduced plastoquinone
(PQHy) to the final electron acceptor of PSI was revealed by the J-1 and the I-P phases,
respectively (Adamski et al. 2011, Gomes et al. 2012). A typical OJIP curve as described by
Strasser and Strasser (1995) was observed for V. radiata during all the drought stress
regimes as well as recovery period which signifies functional photosynthetic systems
(Yusuf et al. 2010). Maximum quantum yield of primary photochemistry of V .radiata
declined gradually with increasing water deficit with DO showing a F./Fy ratio of 0.840
which declined to 0.822, 0.803 during D3 and D6, respectively which increased marginally
to 0.809 upon recovery. However, the observed differences in F\/Fy ratio were not highly
significant indicating that F\/Fy is not a useful indicator of drought tolerance and
susceptibility (Oukarroum et al. 2007). A slight but consistent increase in the initial
fluorescence (Fo) was observed with increasing water limitation as well as after re-
watering. The size of the PSII chlorophyll antenna and the integrity of the PSII reaction
centres (RC) determine the value of Fo and it is reported that heat stress induces uncoupling
of antenna proteins and thus increases Fo (Strasser 1997). In the present study, we
hypothesize that the observed increase in Fo could be due to the drought-induced increase in
the chlorophyll index per unit area. Drought-induced modulation in the variable
fluorescence between O to P phase (Vop) indicates the actual site of disturbance to the
electron transport chain on PSII acceptor side. We observed a negative AVop curve for OJ
JI as well as IP phases during D3 indicating a decline in the photochemical reduction of
Qa and PQ pool and also a diminished pool of final electron acceptors of PSI. However,
during D6, the OJ phase became slightly less negative, JI phase completely recovered and

subsequently a positive IP phase also became apparent.
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While upon recovery treatment, all phases showed positive peaks. The observed increase in
the IP phase signifies increased size of PSI final electron acceptors or increase in electron
transfer efficiency to PSI acceptor side which could be due to enhanced photosynthetic
machinery to generate either NADPH (non-cyclic electron flow) or ATP through the cyclic
electron flow (Adamski et al. 2011, Redillas et al. 2011, Gomes et al. 2012). We observed
an increased reduction of the PQ pool with concomitant enhancement in the electron
transfer efficiency to during 6R while the electron transfer to Qa remained normal i.e
almost equal to that of DO.

The connectivity among the PSII units in terms of the excitation energy transfer was
represented by the L-band which was determined through kinetic difference of the double
normalized variable fluorescence between O and K phase (50 to 300us). A positive L-band
depicts lower energetic connectivity among PSII units suggesting reduced utilization of the
excitation energy due to the changes in the structural organizations of thylakoid membrane
(Oukarrom et al. 2007). In V. radiata, D6 showed highest amplitude of L-band with respect
to DO while during D3 a positive L-band with comparatively lower amplitude appeared
which was almost equal to 6R. Drought-induced decrease in the grouping among PSII units
has been well characterized (Strasser and Stirbet 1998, Strasser et al. 2004). Pattern of L-
band in V. radiata reflects that though high water deficit disrupts the energy connectivity
among PSII units, it does not cause an irreversible damage and after re-watering, the plant
effectively regained the efficiency of energy utilization through PSII units. The appearance
of prominent K-band under various stress conditions is attributed to the disruption of
electron transfer between the donor and acceptor side of PSII due to dissociation of the
oxygen evolving complex (OEC) and utilization of alternate electron donors (Yusuf et al.
2010). The results from the present study on mungbean excludes the possibility of
discrepancy in electron transfer to Qa as no pronounced K-band was visible and moreover
the Kinetic differences in the variable fluorescence from O to P phase also suggested similar
phenomenon as discussed earlier. Hence, it is clear that increasing water-deficit has no
effect on the OEC complex of PSIl in V. radiata. Negative AV, as well as AV p peaks were
apparent in V. radiata from D3 itself, which declined further on D6 and recovered
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significantly during 6R indicating that the process of exciton capture to reduction of PQ.
The electron transport from PQH, to PSI final electron acceptor were affected gradually
with increasing water-deficit but the systems were not irreversibly damaged as upon re-
watering, both the processes recovered and became almost similar to that of DO plants.

Roots are known to be the initial perceivers of drought stress signal, rather than leaves
and also the fact that ascorbic acid (ASA) induced abscisic acid (ABA) production in roots,
and transported to leaves causing stomatal closure. Analyses of drought induced
modulations in root antioxidants for understanding overall plant responses to drought
deserves primary importance (Haberer et al. 2008). In plants, the low molecular weight
antioxidant, ASA occurs in millimolar concentrations in both photosynthetic (shoot) as well
as non-photosynthetic (roots) tissues. ASA reacts directly with hydroxyl radicals,
superoxide and singlet oxygen (Buettner and Jurkiewicz 1996). Apart from its role in photo-
protection and regulation of photosynthesis, ASA is also known to preserve activities of
enzymes containing transition metal ions as prosthetic groups (Padh 1990, Foyer and
Harbinson 1994, Forti and EIlli1995). We observed a gradual accumulation of ASA with
progressive drought stress which was inversely proportional to the stomatal conductance
and one among other causes for this could be ASA induced production of ABA in the roots
and its subsequent translocation to the leaves. However the assumption requires
confirmation with more in-depth translocation related experiments on ABA production.
Ironically, ABA is also needed for maintenance of normal root growth under water deficit
(Sharp et al. 2004).

Glutathione is a multifunctional tripeptide (y-L-glutamyl-L-cysteinyl-glycine) known to
be an important redox buffer and a non-enzymatic antioxidant. However, the alteration in
the glutathione pool and the redox states under drought stress conditions were not consistent
and shows different responses in different plant systems (Tausz et al. 2004). In the present
study, GSH followed the general ecophysiological stress response concept given by Tausz
et al. (2004), wherein GSH (reduced) concentration increased initially during D3 presenting
a more reduced redox state (higher GSH/GSSG ratio) indicating acclimation response.

Upon extended water deficit (D6), GSH concentrations declined when compared to D3.
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However, the redox status was maintained almost similar to that of DO which could be
due to higher regeneration of reduced GSH under stress conditions. Further analysis on
regulation of GSH biosynthesis and the rate-limiting enzyme yYECS was discussed in
chapter 5. In response to progressive drought, GPOX activity in V. radiata roots gradually
enhanced and subsequently declined upon recovery indicating a positive correlation with
the drought-induced H,O, and lipid peroxidation levels. As peroxidases are known to be
bifunctional enzymes which can reduce H,O, as well as generate ROS under abiotic stress
conditions (Passardi et al. 2005), the observed increase in GPOX activity could be either
due to the corresponding drought-induced H,O, generation or vice versa. The multifaceted
protective role of proline under drought stress is well documented (Szabados and Savouré,
2010). In the present study, V. radiata drastically enhanced proline biosynthesis under
water-deficit conditions which was also degraded rapidly upon re-watering. Further analysis

on proline biosynthesis in V. radiata during drought was discussed in detail in Chapter 5.

In conclusion, V.radiata cv. Vamban-2 adapts to gradual decline in soil water potential
through an integrated and dynamic root-shoot response. Stomatal closure and reduced CO,
assimilation rates were a part of the adaptive mechanism of the plant under drought, rather
than permanent damage as the parameters recovered significantly upon re-watering.
Drought differentially affected various PSII reactions and the electron flux. However,
drought-induced damage on the PSII quantum yield and the stability of PSII complex was
insignificant. Simultaneously, the antioxidative root defense against the drought-induced
oxidative stress complemented the observed photosynthetic performance of V. radiata
under progressive drought and recovery. ASA and POX were found to be directly
proportional to induced water-deficit conditions in V. radiata roots while GSH
concentrations were not altered significantly. Our data provide crucial inputs associated
with time course-dependent drought responses in an economically important food legume,
Vigna radiata with detailed insights including PSII reactions, photosynthetic physiology
and root defense patterns which could be highly beneficial for developing better performing

cultivars under water limiting regimes.
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* CHAPTER 3

Characterization of dynamic root protein
modulation in response to progressive drought
and recovery through comparative proteomics

approaches
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INTRODUCTION

Roots are highly important but intrinsically complex structures required for proper
plant growth and development. Previous studies on root responses mostly focused on the
developmental aspects of roots and later several genes responsible for cell growth, cell-
cycle regulation as well as abiotic stress responses were identified (Kohler et al. 2003,
Jiang and Deyholos 2006, Mouchel et al. 2006). To elucidate various mechanisms of plant
root responses under adverse environmental conditions, it is highly essential to carry out a
comprehensive expression analysis of candidate genes or proteins, as plants usually
encounters more than a single abiotic stress factor during its life cycle and responds
dynamically which includes either specific or more complex cross-talk responses. As it is
now well established that there is little correspondence between mRNA expression and
protein levels, study of protein expression patterns became progressively more important.
Therefore, to analyze complicated stress-responses, utilization of proteomic-based
approaches were found to be highly informative and convenient for both overall analyses
of the plant response to various stresses to understand protein dynamics as a whole and

also for dissecting various stress responsive pathways.
Importance of comparative proteomic approach for stress response studies

For global expression analysis and protein identification, utilization of proteomic-
based approaches have proved highly efficient and useful in the field of protein research.
With considerable improvements in mass spectrometry and two dimensional gel
electrophoresis (2DGE) techniques, proteomics-based approaches were widely used in
various aspects of biological processes including protein identification, analysis of post-
translational modifications, protein-protein interactions and protein expression profiling
during stress conditions or developmental stages. Though in animal systems proteomic
research was highly developed, plant proteomics has not explored many of the aspects of
plant-environment interaction yet. Several proteins involved in abiotic stress response and
signalling are present in low abundance and hence, become undetectable in crude extracts.
Moreover, frequent occurrence of post-translational ~modifications including

phosphorylation, signal peptide excision, ubiquitination, glycosylation and other processes
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Chapter 3 Root protein modulation under drought

could not be accounted with gene expression studies alone. Hence, proteomics has an
increasingly important and complementary role in stress biology research in the post-
genomic era. Owing to its increasing usefulness, in recent past, proteomics-based
approaches were applied for dissecting different plant-responses under different abiotic
stress conditions including drought, cold, heat, ozone, UV light, heavy metals, nutrient
deficiency and elevated CO, conditions (Agrawal et al. 2002, Salekdah et al. 2002, Bae
and Sicher 2004, Kang et al. 2004, Ingle et al. 2005, Amme et al. 2006, Ferreira et al.
2006, Hashiguchi et al 2010), To give few examples, a single guard cell proteome analysis
revealed 336 different proteins which were not identified earlier (Zhao et al. 2008).
Similarly, drought-induced modulations in the proteome profile of important crops
including rice, wheat, maize and watermelon were reported (Rabello et al. 2008, Hajheidari
et al. 2007, Alvarez et al. 2008, Yoshimura et al. 2008). Proteomic-based research was also
carried out to analyze various sub-cellular proteomes including chloroplast, mitochondria,
cell wall, nuclear envelope and plasma membranes (Peltier et al. 2002, Bae et al. 2003,
Bordereis et al. 2003, Zolla et al. 2004). Further, proteomic analysis of individual tissues
other than leaves, including seeds, roots, root tips were also carried out to elucidate
differential developmental responses (Chang et al. 2000, Gallardo et al. 2001, Mathesius et
al. 2001).

Root proteomics-based approaches in plant stress response studies

A recent review on plant proteomics emphasized the importance of undertaking root
proteomics-based analyses under various stress conditions (Mehta et al. 2008). Despite
extensive work on proteomics-based dissection of stress-tolerance mechanisms of plants,
root proteomic analysis is still insipient in comparison to other plant tissues. Major factors
responsible for comparatively slower progress in root proteomics were difficulties in
isolation of good quality protein from root tissue due to mechanical impedance, low
concentrations of proteins and low tissue amounts as starting material. Moreover, presence
of proteases and contaminating materials including, polyphenols, polysaccharides, lipids

and secondary metabolites in roots, pose further hindrance to efficient protein extraction
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(Tsugita and Kamo 1999). Also, successful identification of all the proteins becomes
almost impossible due to dominance of the most abundant proteins in the proteomic profile
of root extracts. Thus, sample preparation becomes the most crucial step in any root
proteomics-based analysis and usually all protein extraction protocols include a protein
precipitation step to ensure extraction of maximum number of proteins (including low
abundant proteins) and high purity (free from non-protein contaminants). Most widely
accepted protein extraction methods include TCA/ acetone precipitation and
phenol/ammonium acetate in methanol (Damerval et al. 1986, Hurkman and Tanaka 1986).
Thus, together with improved protein extraction techniques, 2DGE and MS analysis makes
implementation of root proteomics-based approaches quite convenient as well as highly
informative for identifying novel protein targets for abiotic stress-tolerance.

Proteomics-based analysis of legume roots

It is known that during drought conditions, declining water-potential of the soil is
primarily perceived through plant roots due to their direct proximity with the drying soil.
In fact, a plant’s susceptibility or tolerance capacity under drought is actually correlated to
its root development modulation and to the corresponding stress response mechanisms
(Smucker 1993). Moreover, as legume roots are able to form symbiotic association with
nitrogen fixing soil bacteria (Rhizobia), study on legume root responses under drought in
terms of proteome profiling becomes highly complex. Earlier reports have shown
interesting data on legume root responses to drought with respect to antioxidants and
osmolytes synthesis (Porcel et al. 2002; Jain et al. 2006; Akcay et al. 2010). However,
studies on legume roots protein dynamics under drought were quite rare and some studies
focused mainly on root nodules proteomes (Pedersen et al. 1996; Larrainzar et al. 2007).
Recently, proteomic studies of M. trunculata root nodules infected with Agrobacterium
tumefaciens has been demonstrated (Valot et al. 2004). Also, root nodules of other legumes
including Glycine max, Pisum sativum and Lotus japonicus infected by Bradyrhizobium
japonicum, Rhizobium leguminosarum and Mesorhizobium loti, respectively were reported
(Panter et al. 2000, Saalbach et al. 2002, Wienkoop and Saalbach 2003).
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Furthermore, membrane associated proteins were characterized in Glomus intraradices
infected M. truncatula roots by using an additional chloroform/methanol extraction step in

the comparative proteomic study (Valot et al. 2005).

Also, as evident in natural conditions (rainfed systems), plants often experience
cycles of water-deficit rather than continuous drought. In order to have a proper
understanding of stress response mechanisms of crop plants, analyses should be focused at
different levels of stress intensity as well as stress recovery rather than at a single stress
treatment period. Hence, a systematic analysis of the root protein expression patterns
during progressive drought stress and recovery is quite important for a comprehensive
understanding of the dynamic regulatory mechanisms of plants under water-deficit
conditions. For such studies, comparative proteomics proves to be the best approach as it
has emerged as a promising tool for global analyses of protein expression levels in the
recent past (Canovas et al. 2004). To our knowledge, only one report on comparative
proteomic analysis in mungbean exists till date, which focused on involvement of
brassinosteroid during chilling stress (Huang et al. 2006). Moreover, drought responses of
legumes at the molecular level were based on foliar proteins only and a focused analysis,
involving root protein expression patterns at different levels of stress intensity and
recovery period, were not yet reported. In the present study, we aim to analyze the root
responses of mature V. radiata with respect to its root protein expression dynamics during
progressive drought stress as well as recovery period, employing a comparative proteomics

approach.
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MATERIALS AND METHODS

Root growth measurements

Primary root length was measured using a cm scale and the number of lateral roots
and root nodules/ plant were manually counted for DO, D3 and D6 as well as 6R groups of
plants (n= 15). Nodule dry weight/plant and root dry weight were taken after completely

drying the tissue samples inside a hot air oven at 80°C for 2 days.
Protein extraction and two-dimensional gel electrophoresis (2DGE)

Whole roots from both control and stressed group of plants were collected, washed
thoroughly and immediately frozen in liquid nitrogen and stored at -80 °C till protein
extraction. Total root proteins were extracted as described by Sarvanan and Rose (2004)
with minor modifications. Frozen root tissue (1g) was ground to fine powder in liquid
nitrogen and suspended in 4 ml of the extraction buffer containing 0.5 M Tris-HCI (pH
7.5), 0.7 M sucrose, 0.1 M KCI, 50 mM EDTA, 2% B mercaptoethanol and 1 mM PMSF.
After thorough mixing, equal volume of Tris-saturated phenol (pH 7.5) was added to the
extract suspension and further mixed for 30 min at 4 °C using a rotospin cyclomixer. Tris-
saturated phenol was prepared by mixing 100 mL Tris-HCI (pH 7.5) to equal volume of
phenol for 3-4 h with continuous stirring. Then, the phenolic layer was separated from the
aqueous layer using a separating funnel. Further, to the separated phenolic phase equal
volume of Tris-HCI (pH 7.5) was added and mixed for another 2-3 h. While using, the

phenolic phase was separated or else stored under Tris buffer at 4°C.

The Tris-saturated phenol added sample suspension was centrifuged at 5000 g for
30 min at 4 °C.The upper phenolic phase was collected carefully with the help of pipette
and an equal volume of extraction buffer was added to it. The above step was repeated and
the upper phenolic phase was re-extracted. To the final collected phenolic phase, four
volumes of 0.1 M ammonium acetate in methanol was added and incubated overnight at -
20 °C for protein precipitation. The samples were then centrifuged at 10000 g at 4 °C for

30 min and the precipitate was washed thrice in ice cold methanol, twice in ice cold
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acetone and air dried for few minutes. The final pellet was solubilized in 200 uL of the
rehydration solution containing 8 M (w/v) urea, 2M (w/v) thiourea, 4% (w/v) CHAPS, 30
mM DTT, 0.8% (v/v) IPG buffer of pH range 4-7 (GE, Healthcare) and the protein
concentration was determined by using RC-DC protein assay kit (Bio-Rad, Hercules,
CA,USA) using BSA as standard.

Aliquots of 600 pg protein were mixed with rehydration solution (8 M urea, 2 M
thiourea, 4% CHAPS, 30 mM DTT, 0.8% IPG buffer pH range 4-7 and 0.004%
bromophenol blue) to a final volume of 320 pL and used for 2DGE which was done
according to Rasineni et al. (2010). Active rehydration of protein (600 pg) was done on
immobilized pH gradient (IPG) strips (18 cm, 4-7 pH linear gradient; Amersham, GE) for
12 h at 50 V. Rehydration and focusing was carried out in Ettan IPGphor Il (GE
Healthcare) at 20 °C, using the following program: 30 minutes at 500 V, 3 h to increase
from 500 to 10000 V and 6 h at 10000 V (a total of 60000 Vh). After IEF, strips were
equilibrated twice for 30 min with gentle rocking at room temperature (25 + 2 °C) in
equilibration buffers. The first equilibration was performed in a solution containing 6 M
urea, 50 mM Tris-HCI buffer (pH 8.8), 30% (w/v) glycerol, 2% (w/v) SDS and 2% DTT
and the second equilibration was performed by using 2.5% (w/v) iodoacetamide instead of
DTT. Proteins were separated in the second dimension SDS-PAGE (12% vertical
polyacrylamide slab gels) at 10 mA gel™ forl h and then 38 mA gel™ for 6 h, using an
EttanDalt6 chamber (GE Healthcare). Gels were stained with modified colloidal coomassie
staining (Wang et al. 2007a). Protein patterns in the gels were recorded as digitized
images using a calibrated densitometric scanner (GE, Healthcare) and analyzed
(normalization, spot matching, expression analyses, and statistics) using Image Master 2-D

Platinum version 6 image analysis software (GE, Healthcare).
In gel trypsin digestion and mass spectrometry (MS)

In gel digestion and matrix- assisted laser desorption/ionization time of flight mass
spectrometric (MALDI-TOF MS) analysis was conducted with a MALDI- TOF/TOF mass
spectrometer (Bruker Autoflex 111 smartbeam, Bruker Daltonics, Germany) according to
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the method described by Shevchenko et al. (1996) with slight modifications. Colloidal
coomassie stained protein spots were manually excised from three reproducible gels. The
excised gel pieces were first washed with 200 pL of 25 mM ammonium bicarbonate
(NH4HCO3) solution to remove ammonium acetate. Then, the gel pieces were destained
with 100 pL of 50% acetonitrile (ACN) in 25 mM NH4HCO; for five times and then,
treated with 10 mM DTT in 25 mM NH4;HCOj3; and incubated at 56 °C for 1 h. This is
followed by treatment with 55 mM iodoacetamide in 25 mM NH4HCOj3 for 45 min at room
temperature (25 £ 2 °C), washed with 25 mM NH4;HCO3 and ACN, dried in speed vac and
rehydrated in 20 pL of 25 mM NH4HCO; solution containing 12.5 ng pL™ trypsin
(sequencing grade, Promega). The above mixture was incubated on ice for 10 min and
kept overnight for digestion at 37 °C. After digestion, a short spin for 10 min was given
and the supernatant was collected in a fresh eppendorf tube. The gel pieces were re-
extracted with 50 pL of 0.1% trifluoroacetic acid (TFA) and ACN (1:1) for 15 min with
frequent vortexing. The supernatants were pooled together and dried using speed vac and
were reconstituted in 5 pL of 1:1 ACN and 0.1 % TFA. An aliquot (2 pL) of the above
sample was mixed with 2 pL of freshly prepared a-cyano-4-hydroxycinnamic acid
(CHCA) matrix in 50% ACN and 1% TFA (1:1) and 1 pL was spotted on target plate for
MALDI analysis.

Peptide mass fingerprinting and MS/MS analysis

Protein identification was performed by database searches (PMF and MS/MS)
using MASCOT program (http://www.matrixscience.com) employing biotools software
(Bruker Daltonics, Germany).The similarity search for mass values was done with existing
digests and sequence information from NCBInr and Swiss Prot database. Taxonomic
category was set to Viridiplantae (green plants) and other search parameters were fixed
modification of carbamidomethyl (C), variable modification of oxidation (M), enzyme
trypsin, peptide charge of 1" and monoisotropic. According to the MASCOT probability

analysis (P <0.05), only significant hits were accepted for protein identification.
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Statistical analysis

Results of the root morphological parameters were represented as mean + standard
deviations (n = 15). The significance of the differences between mean values of well
watered and water-stressed plants was determined using one way ANOVA and Student’s
t-test. All the statistical analyses were performed using the statistical package Sigma Plot
11.0. For proteomic analysis, three independent experiments with three replications of
both control and stressed samples of each time point with each replication comprising of
ten to fifteen pooled plants were considered and the spots were analyzed using Image
Master 2-D Platinum image analysis software (GE, Healthcare) and statistical one-way
factor ANOVA (p<0.05) was performed considering the values (n = 6) of the best matched
replicate gels from the three independent experiments. The normalized volume (% vol) of
each spot was automatically calculated by the software as a ratio of the volume of a
particular spot to the total volume of all the spots present on the gel.

66



RESULTS

Root growth parameters under progressive drought stress

The exposure of mature mungbean plants to progressive water-deficit conditions
inhibited the growth of primary root and induced abscission of longer lateral roots. In the
present analysis, abscised longer lateral roots were replaced by the short-roots which could
possibly be either pre-existing or newly-induced. During DO, both control and stressed
group of plants showed similar root morphology (Fig. 16a). During D3, control group of
plants maintained similar morphology with the presence of long lateral roots (red arrows)
while in stressed populations, most of the longer lateral roots were abscised and few short-
roots were visible (Fig. 16b). With subsequent water withdrawal (D6), even the number of
short-roots declined and only the primary root was visible (Fig. 16c). Upon re-watering

(6R), induction of small lateral roots was observed (Fig. 16d).

Primary root exhibited an average growth of 0.35 cm per day under well-watered
conditions, whereas the growth rate declined to 0.12 and 0.04 cm per day during D3 and
D6, respectively (Fig. 17a). Root dry weight declined by 50 % on D3 when compared to
DO0. However, the alterations in the root dry weight during D6 and 6R were not significant
when compared to D3, but were found to be significantly lesser when compared with
control populations (Fig. 17b). Similarly, number of lateral roots declined by almost 70
and 84 % during D3 and D6, respectively and recovered marginally upon recovery (Fig.
17¢). As expected, we also observed a reduction in root nodule number (Fig. 17d) and
nodule dry weight/ plant (Fig. 17e) in response to progressive drought stress. Overall, we
observed that upon re-watering (6R), all the above root growth parameters showed slight
recovery trend but did not come back to the control values immediately.

2DGE and protein expression profiling

To investigate the root protein expression patterns in response to progressive water-
stress treatment and recovery, root protein profiles of V. radiata were examined. Triplicate
gels were obtained from three independent experiments and the representative gels DO, D3,

D6 and 6R were illustrated in Fig. 18 a, b, ¢ and d. More than 500 spots were reproducibly
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Control Stress

D6

Fig 16. Root growth patterns of control and drought-stressed plants of V. radiata during
DO (a), D3 (b) D6 (c) and 6R (d). Abscission of longer lateral roots (indicated by red
lines) is clearly visible at D3 and D6 of drought treatment. The arrows (white) indicate the
short-roots (either pre-existing or newly-induced) visible in the drought stressed
populations during D3, D6 and 6R.
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detected in the colloidal coomassie stained gels with Image Master 2D Platinum software
and all gels showed highly similar distribution patterns in 2D image. Overall analysis of all
the gels revealed that out of the matched spots between DO and D3 stress, 4.2 % were
significantly up-regulated (> 1.5 fold ) and 6.2 % were down-regulated while during D6 ,
3.8 % up-regulated and 3.2 % were down-regulated (Fig. 18 e, f). A Venn diagram
analysis of the quantitative expression patterns of all the up and down-regulated proteins
from V. radiata roots during short (D3) and long (D6) term water-deficit and recovery was
illustrated in Fig. 18g and Fig. 18h, respectively. A total of 34 major spots which were
distinct, well-separated but not in complexes and of considerable intensity were selected
for protein identification by MALDI-TOF analysis. Selected spots showed differential
expression during progressive stress treatment and recovery, out of which 26 proteins were
successfully identified. Positions of the 26 identified proteins were numbered and depicted
accordingly in the master gel (Fig. 19a) and the rest eight did not show any significant hits
in the database and hence not considered. Few of the identified spots were enlarged in Fig.
19b and 19c to visualize their expression patterns during progressive water-deficit and

recovery.

Identification of differentially expressed proteins during progressive drought stress and

recovery

In order to avoid complexity, we first grouped the 26 identified proteins as up-
regulated, down-regulated, highly down-regulated (which is beyond detection level of the
software) and unchanged based on their expression patterns during short-term drought
(D3) and then the subsequent changes in the expression patterns of these proteins during
long-term stress treatment and recovery period was analyzed. The relative spot intensities
during progressive drought stress and recovery (0d, 3d, 6d, R), matched peptide sequence,
accession number, source organism, sequence coverage, experimental and theoretical
molecular weight and pl and the MS/MS score of each individual proteins were shown in
Table 3. In some cases, more than one spot were identified as the same protein. For

example, lectin (spot 1 and 2) and actin (spot 15 and 16).
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Chapter 3 Root protein modulation under drought

Based on their biological function, the 26 identified proteins could be categorized
into 5 major groups i.e 1) ROS-detoxification: Cu-Zn SOD and aldheyde reductase; 2)
Root morphology related proteins: actin, tubulin and Xyloglucan endotransglucosylase
(XET); 3) Sulphur metabolism: methionine synthase and cobalamine-independent
methionine synthase ; 4) Protein synthesis /Energy metabolism: ATPase E subunit,
Enolase, translational inititation factor (tIF) and Heat Shock Protein-90 (HSP 90) and
finally 5) Cell signalling related proteins: lectins, oxidoreductase and chalcone isomerise
(Fig. 20a).

The analysis of the expression patterns of these proteins highlight their possible
role in the plant’s overall drought-response mechanisms. We observed that an inter-
relationship and coherence exist among the identified groups of proteins and a schematic
representation of such interactions with medium and high water stress as the master
regulatory switch for these complex networks was depicted in Fig. 20b. We analyzed the
effects of medium and high water-deficit on each of the five groups of proteins for a better

understanding of the regulatory mechanisms which will be discussed in the next section.
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Fig 20. Grouping of differentially expressed identified proteins based on their functional
roles (a); Schematic representation of the inter-relationship and networking between the
identified group of proteins and overall plant metabolism in response to medium and high
water-deficit. Solid arrows indicate up-regulation and broken arrows indicate down-
regulation. Solid lines signify inter-relationship between two different functions (b).
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DISCUSSION

Plant growth and survival depend upon the rooting vigour and root architecture in
response to the varied soil environments. Molecular mechanisms underlying the complex
drought response networks in legume roots have been well documented in the present
study through comparative proteomic analysis which showed a dynamic regulation of the
root proteins involved in different cellular functions of V. radiata under progressive
drought conditions and recovery period. ldentification and analyses of the expression
patterns of the proteins differentially expressed during short and long term drought stress
and recovery can contribute significantly to our present understanding of drought response
mechanism of legume roots and also help to identify the key regulators of drought

tolerance in crop plants.

Previous studies have supported the fact that drought-tolerance in crops including
food legumes is closely associated with its rooting pattern in the soil or its root system
distribution (Silim and Saxena 1993, Gaur et al. 2008, Jiang et al. 2012). It was a common
observation that in drought-stressed plants, total root configuration reduces which in most
cases was directly proportional to the severity of the drought conditions. For example,
significantly slower rates of root elongation were observed in cereals under severe drought
stress when compared to control plants (Pardales and Kono 1990). Due to inhibition of root
growth as well as abscission of lateral roots in dry soil, the overall root hydraulic
conductivity could also be affected. Inhibition in the rate of primary root elongation could
be due to the significant reduction in the cell supply rate to the cortical layers of the
primary root which is present just behind the root apex, as limited soil moisture supply
primarily affects the process of cell growth (Abdelhamid 2010). Our results on V. radiata
root system showed that the primary root growth slowed down considerably with
progressive water-deficit, but was not inhibited completely and upon recovery treatment.
Thus, we can assume that with progressive drought intensity, primary root growth
elongation of V. radiata was affected due to inhibition of cell growth and proliferation.

However, there were other reports showing negligible effect of drought on root system or
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Chapter 3 Root protein modulation under drought

even promotion of root growth during mild water deficit conditions (Weerathaworn et al.
1992, Mia et al. 1996), Moreover, increase in root: shoot ratio was usually considered as
drought-tolerant selective trait of crop plants. However, as drought often interacts mutually
with other soil (physical and biological impedance) as well as environmental factors (heat
and light), root architectural responses during drought stress could not be attributed to
water-limitation alone. Also, the ability to modulate root architecture in order to adapt or
avoid water deficit conditions varies from plant to plant depending on their drought-

tolerance capacities as well as on the severity and time of drought induction.

Maximum resistance to liquid water flow through soil-plant-atmosphere
continuum was known to be imposed by roots and thus root hydraulic conductivity (Lpy)
plays an indirect but crucial role in determining root metabolism and architectural changes
during water limitations (Huang and Nobel 1992). Drought stress is known to cause
abscission of lateral roots in dry soil due to reduced Lp,, and induces secondary lateral
roots in regions of soil containing higher soil water content (Smucker 1993). Our data on
V. radiata depicts abscission of the longer lateral roots while less number of short-roots
were observed in the drought-stressed populations. Since the same root was not observed
during progressive drought stress treatment, it could not be predicted whether these short-
roots were pre-existing or newly induced. It was reported earlier that rapid growth of
functional roots into unoccupied regions of the soil provides better survival chances to the
plant, due to their greater acquisition rates of the biogeochemical resources (Eissenstat &
Caldwell 1989). However, with increase in stress intensity (D6), the number of the lateral
roots further declined indicating higher rate of abscission of these roots with gradual
drying up of soil, while upon re-watering (6R). We also observed induction of new lateral
roots. Newly induced lateral roots were known to have comparatively higher Lp, than main
roots. Our results clearly demonstrate plant’s innate ability to regulate the root morphology
towards maximum water up-take strategies depending on the availability of water in the
soil (Nobel and Huang 1992, Huang and Nobel 1992, Rieger and Litvin 1999). Our data

also suggested that V. radiata was able to tolerate medium level drought stress intensity
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(D3) but gets susceptible under subsequent enhancement of the drought treatment (D6).
Though we have observed different patterns of root architectural alterations in V. radiata
under progressive drought as well as recovery period, the question remains that what
actually happens at the protein level inside the roots? To answer this question, we analyzed
the differentially regulated root proteins of V. radiata during progressive water deficit and
recovery period. Our results depicted that root morphology related proteins including actin
(spot 14, 15), a-tubulin (spot 13) and B-tubulin (spot 12) were significantly down-regulated
during D3 but consecutively enhanced their expression under long term water-deficit
which declines again on re-watering. Actin and tubulins are the subunits of cellular
microfilament and microtubule, respectively whose major function is to impart mechanical
strength to the cell and assist in cell wall synthesis and direction of cell expansion, apart
from involving in cytokinesis, mitosis and intracellular localization of organelles and
vesicles (Niini et al. 1996, Sheahan et al. 2007, Takagi et al. 2009, Gutierrez et al. 2009).
Actin was also reported to be involved in K*- channel activity in guard cells (Eun and Lee
1997). Yoshimura et al. (2008) have also found induction of actin and tubulin proteins in
roots of wild watermelon during water-deficit conditions, though the induction was at
earlier stages of drought stress in their case, which could be due to differences in drought
tolerance capacity of the two plants as wild watermelon is a xerophyte. Also, it was
reported that actin contributes in regulation of root-hair tip growth of soybean
(Brechenmacher et al. 2009). Induction of actin isoform B in leaf, hypocotyls and roots of
drought-stressed soybean seedlings was recently reported wherein it was hypothesized that
actin was involved in repairing drought-induced injuries to plant membranes (Mohammadi
et al. 2012). Nevertheless, the results observed in the present study, demonstrate that
regulation of cytoskeleton related proteins are essential during drought stress adaptation in

crop plants.

In contrast to actin and tubulin, expression levels of another important enzyme

responsible for cell structure modification, xyloglucan endotransglucosylase (XET) (spot7)

82



Chapter 3 Root protein modulation under drought

was enhanced during D3 and subsequently was suppressed during D6 (when compared to
D3) but remained higher than the DO values and even enhanced further upon re-watering.
Previous studies on root growth patterns during drought stress have indicated that changes
in the cell wall properties play a crucial role in maintenance of root growth in low soil
water potentials (Bracale et al. 1997, Wu and Cosgrove 2000, Shimazaki et al. 2005,
Leucci et al. 2008). Xyloglucans form the primary cell walls of most seed plants along
with cellulose microfibrils and pectin (Campbell and Braam 1999, Rose et al. 2002).
Xyloglucan domains interact specifically with cellulose microfibrils through hydrogen
bonds and this interaction requires a conformation change in the xloglucan chain from
twisted to flat ribbons so that its surface becomes complementary to the cellulose
microfibrils (O’Neill and York 2003). The enzyme XET catalyzes transglycosylation or
hydrolysis of xyloglucan molecules during cell growth and thus considered as the primary
mechanical determinant of cell wall extension in dicots which is particularly important in
case of roots as they have to maintain their growth and elongation to maximize water
uptake in drying soil (Van Sandt et al. 2007, Thompson and Fry 2001). XET was found to
be induced in response to different environmental stimuli including heat shock and cold
stress (Xu et al. 1995, Wu et al. 1996). However a recent study on soybean seedlings,
grown under low water potentials, showed decreased XET activity in the hypocotyls
elongation region (Wu et al. 2005). There were strong evidences in support of additional
role of XET in cell wall biogenesis and reinforcement apart from its traditional function of
wall loosening and extensibility (Thompson et al. 1997, Bourquin et al. 2002). Moreover,
transgenic studies demonstrated that over-expression of XET imparts tolerance in
transgenic plants under various abiotic stress conditions which could be attributed to its
involvement in cell wall strengthening and subsequent protection of mesophyll cells
against water deficit conditions (Wu and Cosgrove 2000, Cho et al. 2006). The expression
patterns of the root growth and morphology-related proteins describes that actin, tubulin
expression and XET activity were probably complementing each other at different levels of

stress intensity to alter the root growth rate under different stress intensities.
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However, the exact mechanism on how these proteins affects the root growth rate during

progressive drought needs further investigation.

Plants synthesize well-defined carbohydrate-binding proteins (lectins) in response
to biotic and abiotic stress conditions (Lannoo and Van Damme 2010). Plant lectins are a
heterogeneous group of proteins classified together on the basis of their ability to bind in a
reversible way to well-defined simple sugars and/or complex carbohydrates. There are
evidences to support that plants respond to specific biotic or abiotic stimuli through the
expression of cytoplasmic and/or nuclear plant lectins which were involved in specific
endogenous protein-carbohydrate interactions, leading to the idea that lectins might be
involved in cellular regulation and signaling (Shakirova et al. 1998, Van Damme et al.
2004). In O. Sativa, a mannose-specific jacalin-related lectin was induced in roots and
sheaths in response to salt and drought stress (Claes et al. 1990). Lectins were also found
to be expressed in response to jasmonic acid, ABA and fungal infections (Zhang et al.
2000). In banana and maize proteome analysis, up-regulation of euonymus lectin domain
was observed in response to osmotic stress (Riccardi et al. 2004, Carpentier et al. 2007).
All these observations suggest that lectins play an important role in stress-related
physiological processes. However, the actual role of lectins under drought stress is not yet
completely established. In our study, we found a very interesting expression pattern of the
legume lectin (spot 1, 2) which were significantly up-regulated on D3, maintained the
same levels during D6 and continued to increase their expressions during recovery period.
Based on our observations, we hypothesize that under drought stress, lectins were over-
expressed due to their possible involvement in the endogenous cellular regulation and
signaling pathways which may assist in imparting adaptive advantages to the plant under

low water regimes and also helps in normal growth and development of the plant.

Flavonoids are a group of plant polyphenolic secondary metabolites, known to

be involved in various plant growth and developmental processes, including pollen tube
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germination, UV light protection and pathogen resistance. An important enzyme involved
in the flavonoid biosynthetic pathway, chalcone isomerise (CHI) (spot 11) which
isomerizes chalcone to form the flavonone naringenin, was highly down-regulated under
drought stress conditions and failed to recover completely even on re-watering. Flavanoids
are also known to mediate communication between soil bacteria and plant roots and thus
assist in the formation of root nodules (Stafford 1997). Drought stress is known to affect
nitrogen fixation and root nodule activity through various complex mechanisms (Abdel-
Waheb et al. 2002; Marino et al. 2007). CHI might play an important role in the overall
process of nitrogen fixation and a decrease in the activity of this enzyme may interrupt the
initial signal communication between the host (legume) and the symbiont (Rhizobium) for
establishing a successful association which is required for proper nodule formation and
nitrogen fixation. Interestingly, in the present analysis, we also observed a significant

reduction in the root nodule number and mass in response to progressive drought stress.

Drought stress is known to imbalance the cellular redox homeostasis and thus
leads to formation of reactive oxygen species (ROS) and reactive aldehydes such as 4-
hydroxy nonenal (HNE) and methylglyoxal, causing oxidative damage to cellular
structures (membrane lipids and proteins). In response, plants develop ROS scavenging
mechanisms to cope with the oxidative stress. SOD is an essential antioxidative enzyme
which dismutates two superoxide radicals to produce hydrogen peroxide and oxygen.
Over-expression of different types of SODs was shown to confer protection against
oxidative stress (Bowler et al. 1992, McKersey et al. 1996). In this study, we observed up-
regulation of Cu/zZn SOD (Spot 8) during D3, which slightly declined during further
continuation of the stress treatment (D6) and maintained the same expression levels even
after re-watering (6R). Another enzyme aldehyde reductase (spot 3) showed up-regulation
during the initial stress period (D3) but its expression levels were suppressed during later
stages of water withdrawal. Ectopic over-expression of aldehyde reductase was known to
detoxify the highly toxic lipid peroxide degradation products, such as HNE in transgenic

tobacco plants under low temperature and cadmium stress (Hegedus et al. 2004).
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Hideg et al. (2003) have demonstrated the role of aldehyde reductase during drought and
UV-B stress in transgenic tobacco. The results indicate that endogenous aldehyde
reductase could provide protection against oxidative stress only up-to a certain level of
stress intensity but if the protein is over-expressed, it could possibly enhance the drought
tolerance level to a significant extent. From the expression patterns of the above enzymes
we can assume that V. radiata’s defense strategy against oxidative stress through over-
expression of antioxidative enzymes was limited only to moderate drought stress levels
(D3). Expression levels were not further enhanced upon severe drought stress (D6) which

could be due to the inhibitory effects of the higher oxidant levels.

Oxidoreductases represents a superfamily of enzymes which primarily catalyze
any reaction involving redox changes of the substrates including signal transduction,
metabolic pathways as well as stress defense mechanisms (Jacquot et al. 2009). Here, we
observed that the expression patterns of a particular oxidoreductase which contains two
domains namely NADB Rossmann (NADP + binding dehydrogenase) superfamily and
Gfo_IDH_MocA C (Glucose fructose oxidorectase, myo-inositol dehydrogenases
superfamily (spot 9) was up-regulated under progressive drought stress.The presence of the
above two domains in the identified protein indicates its possible role in the plant
metabolic pathways. The expression pattern of this enzyme under progressive drought
stress signifies its importance in the maintenance of primary metabolism in plants during

stress conditions.

Protein synthesis is one of the major metabolic pathways to be affected by
drought stress. We observed that a mitochondrial translational initiation factor (spot 17) is
initially down-regulated (D3) but later its expression levels were enhanced on subsequent
water withdrawal (D6). However, upon re-watering, the expression levels declined again
and were almost equivalent to D3 expression value. Interestingly, similar expression
patterns were observed for heat shock protein-90 (spot 16), except that upon re-watering
the expression levels became almost equal to the control. HSP-90 is known to be

associated with protein folding by acting as a chaperone under different abiotic stress
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conditions (Wang et al. 2004). The present study reveals that drought susceptible food
legumes induce these proteins only at a later stage of drought stress period. The V-ATPase
at the tonoplast of higher plants is a complex multi-subunit enzyme that establishes and
maintains an electrochemical proton gradient across the membrane which is the driving
force for various transport processes of electrically charged as well as neutral solutes.
Apart from being the essential housekeeping enzyme, it also performs certain special
turgor-dependent mechanisms such as extension, growth and movements like that of
stomatal guard cells and pulvini. It is also known to have dynamic plasticity with respect
to its structure under different abiotic stress conditions (Littge et al. 2001). In the present
study only one subunit i.e subunit E of V-ATPase (spot 4) was highly up-regulated
exclusively during short term water-deficit conditions (D3). Enolase is an essential
glycolytic enzyme that catalyzes the dehydration of 2-phosphoglycerate (2-PGA) to
phosphoenolpyruvate. This enzyme has been known to have various isoforms and was
expressed more in roots than in leaves. It was reported to be up-regulated under hypoxic
conditions when the plants shift their carbohydrate metabolism from oxidative pathway to
fermentative pathway (Van Der Straeten et al. 1991). Up-regulation of this enzyme under
PEG treatment and salt stress in rice root was also reported (Yan et al. 2005, Wang et al.
2007b). However, we recorded down-regulation of enolase (spot 10) during D3, which
enhanced its expression level on D6 when compared to D3. Enolase quantity remained
lower than the control which might be due to the susceptible nature of V. radiata towards
drought or the protein identified here could be a different isoform of enolase. However,
nature of the initial down-regulation of this enzyme as observed in our study, needs further

investigation.

Methionine is a sulfur-containing amino acid which serves as the building block
of proteins and also as a component of the universal activated methyl donor, S-adenosyl
methionine. The enzyme, methionine synthase (MS) catalyzes the last step of methionine
synthesis pathway (Ravanel et al. 2004). Induction of MS under various abiotic stresses in

certain plants has been previously reported (Narita et al. 2004). In the present study, there
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was significant down-regulation of the MS (spot 18) on D3 but the expression levels
enhanced upon D6. Similarly, another spot which corresponds to cobalamine-independent
MS (spot 19), which catalyzes the same step but does not require the intermediary methyl
donor (vitamin Bj;) was also highly down-regulated during the D6. But on subsequent
water-withdrawal for 6 days, expression levels of this protein enhanced considerably.
Increased activities of this enzyme might be required for maintaining the methionine
biosynthetic rates during severe stress conditions as it serves the substrate for many

essential metabolic reactions during plant growth and development.

In conclusion, the above proteomics-based study of the dynamic expression patterns
of the root proteins of V. radiata provides an insight into the regulatory mechanisms of the
plant under different levels of drought stress intensity. Our results clearly demonstrate that
under different levels of drought stress intensity, components of both primary and
secondary metabolic pathways of the plant were dynamically regulated and these responses
are highly complex and inter-related. Primarily, the root proteins involved in the root
architectural changes, energy metabolism, ROS detoxification, primary as well as
secondary metabolite biosynthetic pathways and cell signaling were differentially
regulated during progressive drought stress. The present data also provide a snapshot of the
root responses of Vigna under varying water-deficit levels, which could be beneficial for
further research to have a comprehensive understanding of highly complex drought stress-

induced responses, involving an array of signaling pathways.
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* CHAPTER 4

Functional analyses of drought-induced ROS
detoxifying NADPH-aldehyde reductase (VrALR) to
understand its protective role in V. radiata roots
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INTRODUCTION

Oxidative stress due to elevated levels of ROS is an inevitable consequence of
drought stress which was frequently encountered by plants. It is therefore widely accepted
that prevention or decline in ROS accumulation during abiotic stress conditions, is a
promising strategy for engineering stress-tolerance in plants. Primary targets of ROS are
the polyunsaturated fatty acids (PUFA) present in the membrane phospholipids of plants
which gets peroxidised by ROS (lipid-peroxidation) and subsequently a self propagating
chain of free radical reactions are produced giving rise to several alkenals, hydroxyalkenals
and reactive aldehydes (Winger et al. 2007). Previous studies reported that lipid
peroxidation-derived reactive aldehydes were usually more stable than ROS and causes
significant damage to proteins and other sub-cellular compounds (Skibbe et al. 2002).
Among different reactive aldehydes produced, 4-hydroxy-2-nonenal (HNE) was considered
to be the most abundant and toxic aldehyde which was generated through oxidation of
linoleic acid of plant membranes. Another common by-product of lipid-peroxidation is
malondialdehyde (MDA), which was usually considered as as a highly toxic indicator of
ROS-induced membrane damage. In mammalian systems, a group of enzymes belonging to
the aldo-keto reductase superfamily detoxifies HNE and also reduces the cytotoxic
methylglyoxal to acetol and subsequently to propane-di-ol (Vander Jagt et al. 1995). Apart
from detoxifying reactive aldehydes, this group of enzymes are known to catalyze the
production of sorbitol from D-glucose and thus can also act as potential osmoregulators
during drought-induced osmotic stress conditions.

Aldo- keto reductase superfamily: General characteristics

Aldo-keto reductase (AKR) superfamily possesses a total of around 42
oxidoreductases as its members including, seven 3a-hydroxysteroid dehydrogenase
(HSDs), seven aldose reductases (ADRs), six aldehyde reductases (ALRs), three plant
chalcone reductases (CHR), apple sorbitol-6-phosphate reductase, two 2,5-diketo-gulonate
reductases, a putative reductase from Leishmania, human liver bile acid binding protein,
bovine lung prostaglandin F synthase, bovine dihydrodiol dehydrogenases, frog lens
crystallin, a mouse vas deferens protein, two xylose reductases from yeast, 4- dihydromet-
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-hyltrisporate dehydrogenase from Mucor mucedo, yeast GCY protein, an inducible protein
from Chinese hamster ovary cells, a murine protein induced by fibrobroblast growth factor-
1, and an ethoxyquin-inducible aflatoxin B1 aldehyde reductase (reviewed by Jez et al.
1997). These proteins were found to form six distinct groups within the AKR superfamily
through Cluster analysis and among them the largest and most studied group comprises of
plant ALRs apart from mammalian ALRs, HSDs and ADRs. It was reported that members
of AKR superfamily retain a common three dimensional fold in their protein structure and
X-ray crystallographic studies confirmed the presence of an identical (a/p)s barrel-fold in
the protein structure. ALRs reduce a range of substrates using NADPH as cofactor and the
reduction mechanism involves 4-pro-R-hydride transfer from NADPH to the substrate
carbonyl and protonation of the oxygen by a general acid residue of the enzyme. In plants,
members of ALR and ADR gene families were found to be induced during several abiotic
stress conditions (Kirch et al. 2001). For example, in cultured bromegrass cells, freezing-
tolerance was found to be associated with induction of high levels of aldose reductase gene
(Lee and Chen 1993), while during the dessication phase of embryogenesis in mature
embryos of barley, aldose reductase gene was expressed (Bartels et al. 1991). Though a
wide range of aldehyde compounds were identified as putative substrates for these

enzymes, actual physiological targets for most of the members still remain unknown.

Plant aldehyde reductases (ALRS)

Plant ALRs (EC 1.1.1.21) are cytoplasmic, monomeric proteins which share high
sequence similarity with aldose reductases, belonging to the same superfamily. Although
both are known to catalyze the NADPH-depedent reduction of aldehydes, ketones and
trioses, the former is preferential towards aromatic aldehydic substrates (Colrat et al.
1999a, 1999b; Simpson et al. 2009). It was reported that ALR gene from the model legume
Medicago sativa, was accumulated to higher levels in response to ABA treatment, osmotic
stress, cadmium and also by ROS generating chemicals. Biochemically, MSALR enzyme

was reported to show comparatively higher resemblance with human aldose reductase in
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several aspects, than barley aldose reductase (Olsen et al. 2008). Moreover, recombinant
MsALR protein was found to metabolize HNE efficiently like mammalian homologues.
However, the activity was comparatively lesser. Nevertheless, MSALR enzyme was
considered to possess ROS-detoxification potential. The recognition of the creditable role
of this enzyme in plants under abiotic stress conditions was further enlightened by different
researchers during the last decade, wherein they have ectopically overexpressed the
aldehyde reductase (ALR) gene in different plants and analysed their tolerance capacity in
response to various abiotic stress factors (Oberschall et al. 2000, Kotchoni and Bartels
2003, Sunkar et al. 2003, Rodrigues et al. 2006, Wen et al. 2012). The encouraging results
from the above investigations remarkably enhanced our present understanding on plant
aldehyde reductases and further re-inforced the assumption, which considers that ALRS
could act as a potential targets for generating stress-tolerance in crop plants (Bartels 2001).

Importance of using heterologous systems for plant gene characterization

The functional analysis of plant genes usually involves the use of mutant of the gene of
interest and/or through complementation of the loss of function mutant. However, when
this approach is not feasible because of the lack of an appropriate mutant, a heterologous
system can be adopted (Yesilirmak and Sayers 2009; Farhi et al. 2010). Heterologous
expression system includes transfer of plant genes to other host systems for protein
synthesis and subsequent functional analysis as it is highly inconvenient as well as cost
expensive to isolate protein from plant sources. Among prokaryotic expression systems,
E. coli is the first and most extensively used heterologous system for protein production
owing to its simplicity, rapid growth and relatively lesser cost (Frommer and Ninnemann
1995). Functional expression of plant proteins in E. coli was demonstrated mostly through
studies on membrane proteins. For example, functional characterization of chloroplast
ATP/ADP transporter from A. Thaliana was performed in E. coli C43 strain which was
suitable for membrane protein expression (Tjaden et al. 1998). Low K" uptake mutant
strains of E. coli were used as host for studies on Arabidopsis K* transporters including
AKT2, AtKUp1-2, and AtHKT1 (Uozumi et al. 1998, Kim et al. 1998, Uozumi et al. 2000)
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Use of eukaryotic expression system offers additional benefits over prokaryotic system by
providing the possibility of post-translational modification of expressed proteins. Being
single cell eukaryotic organisms with molecular, genetic and biochemical characteristics
almost similar to higher eukaryotes, yeast (Sachharomyces cerevisiae) system was widely
considered as highly useful heterologous expression system for plant proteins. Thus, a wide
range of plant proteins were characterized through functional complementation in different
yeast mutant strains (Dreyer et al. 1999, Howarth et al. 2003, Sancenén et al. 2003, Hayes
et al. 2007). Hence, for an overall functional assessment of any stress-responsive genes,
utilization of heterologous expression system has been highly informative and crucial.
Reports from our earlier study (Chapter 3) using a proteomics approach showed a
significant up-regulation of aldehyde reductase protein in roots of V. radiata during short-
term water deprivation (D3) and its expression levels declined upon extended water-deficit
(D6). Our analysis of this protein through MASCOT search showed high sequence
similarity with the already reported novel NADPH-dependent aldehyde reductase protein
from V. radiata which was shown to detoxify a grapevine fungal toxin eutypine (4-
hydroxy-3-(3-methyl-3-butene-1-ynyl) benzyl aldehyde). It was reported that the tolerance
capcity of different grape genotypes against eutypine-induced toxicity was related to their
capacity to detoxify eutypine to its corresponding alcohol, eutypinol (Guillén et al. 1998).
However, a detailed study focussing on the comparison of the protective function of this
enzyme in heterologous system as well as its actual role in endogenous plant system during
abiotic stress conditions has not yet been elucidated. In the present study, we aim to analyse
the protective role of VIrALR in heterologous as well as endogenous plant system by over-
expressing the protein in bacteria and yeast system under different oxidative conditions and
simultaneously investigating its endogenous MRNA expression levels and enzyme
activities in roots of V. radiata during progressive drought stress and re-watering. Our main
target through this study was to conceptualize the stress tolerance ability of VrALR by
correlative and comparative analysis of the degree of detoxification capacity of this protein
using different concentrations of oxidizing agents and varying levels of water-deficit

conditions.
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MATERIALS AND METHODS

Cloning of full length VrALR cDNA from V. radiata roots

Total RNA was isolated from 100 mg of V. radiata root tissue using column-based
Plant Spectrum RNA isolation kit (Sigma-Aldrich) following manufacturer’s instructions.
Isolated total RNA (4 pg) was used as template for synthesizing the first strand of cDNA
using Revert Aid™ First Strand cDNA synthesis kit (Fermentas life Sciences, St Leon-
Rot, Germany). For cDNA synthesis, a 20uL reaction was set up consisting of the RNA
template, reaction buffer, oligodT primers, riboinhibitor (RNAse inhibitor), INTP mix and
reverse transcriptase enzyme and incubated at 37°C for 1 h to allow cDNA strand
synthesis, followed by 10 min incubation at 70°C to degrade the RNA template in the
RNA-DNA hybrid formed. In order to amplify the VrALR gene, we designed primers
based on the available sequence of V. radiata aldehyde reductase in the NCBI GenBank
database (Accession no. gi| 5852203|gb|AAD53967.1). In forward and reverse primers,
restriction sites BamHI and Xhol were included, respectively (Forward Primer:
5’GTAGGATCCATGAGCACCGCCGCTGGAAAA 3’ Reverse primer:
5’GTACTCGAGTTA AACTTTCAGAAACTTCTTTTC 3°). at the 5° ends based on the
multiple cloning sites of pGEX-4T-1 vector (vector map given in Fig. 25c). Before
selecting the appropriate restriction enzyme, we ensured that there are no internal
restrictions sites present within the ORF region of VrALR using the NEB-Cutter software.
Upstream to the restriction sites 3 nucleotide overhangs were added for proper enzyme
binding respectively. Using these primers, a 978bp long full length cDNA sequence of
VrALR which consists of the complete ORF region is amplified in a 35 cycles PCR
reaction. The PCR program includes initial template denaturation at 94°C for 4 min,
followed by denaturation at 94°C for 30 s and annealing at 60 °C for 45 s. Primer

extension was done at 72 °C for 1 min 30 s and the final extension at 72°C for 10 min.

The PCR amplified product was eluted from agarose gel using Sigma GenElute Gel
Extraction kit following manufacturer’s instruction and the gel eluted product was
quantified using a Nanodrop ND1000 Spectrophotometer (JL Technologies). Eluted PCR
product was then ligated to pTZ57RT vector using TA cloning strategy and transformed
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into E. coli DH5a. Selection of recombinant colonies were done based on the principle of
a-complementation using LB media containing IPTG, X-Gal and 50 pg ampicillin. White
recombinant colonies were initially screened using colony PCR with gene specific primers
for the presence of insert and plasmid was isolated from the respective positive colonies
which were further confirmed through restriction double digestion using BamHI and Xhol
to release the insert. Confirmed plasmids were then sent for sequencing. To confirm the
identity of the gene, we compared the obtained sequence with the available sequence at
NCBI database using Multalin software (Corpet 1988). A three dimensional putative
protein model for VrALR was predicted through Geno3D software (www.expasy.com)
tool (Combet et al. 2002).

VrALR protein expression and purification

Recombinant plasmid (pTZ57RT + VrALR) and the expression vector pGEX-4T-1
were double digested using BamHI and Xhol restriction enzymes and separated on agarose
gel. The released VrALR insert and the pGEX-4T-1 vector were gel eluted (Sigma
GenElute Gel extraction kit), quantified using NanodropND1000 spectrophotometer and
then ligated to each other. The ligation reaction was carried out overnight at 4°C. Ligated
product was initially transformed into E. coli DH5a cells and selected on LB media plates
containing 50pg ampicillin. Observed colonies were first screened using colony PCR, with
gene specific primers and then the respective plasmids from positive colonies were
subjected to restriction digestion confirmation using BamHI and Xhol. Confirmed
plasmids were then transformed into E.coliBL21 cells for protein expression and positive
colonies were screened through colony PCR.

Overnight primary culture containing the recombinant plasmid (pGEX-4T-1+ VrALR)
was inoculated (1%) to 250 mL LB broth with 50ug ampicillin as the selection marker and
incubated at 37°C with shaking till the OD at 600 nm reached 0.5-0.6. At the appropriate
ODg0o, Secondary culture was induced using 1 mM IPTG and incubated further at 30 °C for
5-6 h. A similar un-induced (without IPTG) culture was maintained as control. After the

incubation period, both cultures were sonicated at 50% amplitude with 1 min pulse for 3
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min giving 1 min gap period and then the sonicated culture was centrifuged at 12,000g for
30 min to separate the soluble protein containing supernatant from the insoluble aggregate

containing pellet fraction.

Purification of the recombinant protein was carried out using Genei™ GST-Fusion
protein purification kit (Bangalore Genei, Bangalore, India). CL-agarose column (provided
in the kit) was first equilibrated with 10 mL of 1X equilibration buffer and then the culture
supernatant was passed through the column to facilitate binding of the GST-tagged fusion
protein. Column was then washed with 1X equilibration buffer till the eluted fraction
showed no significant absorbance at 280 nm. Fusion protein was eluted with 10 mL of 1X
elution buffer containing reduced glutathione (amount as mentioned in the manufacturer’s
protocol) and ten aliquots of 1 mL each were collected in eppendorf tubes. All aliquots
were separated on 12 % SDS-PAGE gels to check for the presence of the purified fusion
protein. Recombinant fusion protein was then subjected to thrombin digestion for 4 h at
room temperature to remove the GST tag using Thrombin CleanCleave kit (Sigma-
Aldrich) following manufacturer’s instructions. An aliquot (100 pL) of the thrombin
containing slurry was taken in an eppendorf and centrifuged at 2500g for 5 min to get the
thrombin attached beads to settle down at the bottom. After removing the above
supernatant, pellet was washed twice with 500 pL of 1X washing solution (provided with
the kit). Then the thrombin beads pellet was suspended gently in 100 pL of 10X washing
solution and the purified protein fraction containing 1 mg protein was added and the final
volume was made up to 1 mL. The reaction mix was incubated at 37 °C with gentle
shaking to keep the thrombin attached beads in continuous circulation for 4 h and the
supernatant was separated by centrifugation at 2500g for 5 min. All fractions were
analyzed through 12 % SDS-PAGE. Protein estimation was done according to Bradford
(1976).
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Analysis of the oxidative stress protective role of VrALR in bacteria

For determining the oxidative stress protective role of VIALR protein in bacteria,
cultures containing the plasmid construct pGEX-4T-1+VrALR were allowed to grow at
37°C with shaking till 0.5-0.6 ODgoo Was attained, followed by induction with ImM IPTG
and incubated at 37°C for next 10 h. Another culture containing pGEX-4T-1 vector which
can express only GST protein was also simultaneously induced under similar conditions.
The point of induction with IPTG was considered as 0 h and simultaneously both cultures
were supplemented with different concentrations of H,O, and p-nitrobenzaldehyde (p-NB)
as oxidative stress factors. The growth patterns of both GST and GST+ VrALR protein
expressing cultures were then observed periodically at 1 h intervals by measuring the
respective absorbance at 600 nm till stationary growth was observed. A graph was plotted
based on the growth rate (AAgg h™) of GST and GST+ VrALR expressing E.coli cultures
in order to visualize the effect of each individual oxidative stress factor and the protective

role of VrALR in bacterial system.
VrALR aldehyde reducing activity: Enzyme kinetics

The enzyme activity of VIALR was measured according to Guillén et al. (1998) with
minor modifications. The decrease in absorbance of the co-factor NADPH at 340 nm at 25
°C was observed for 5 min in a 1mL reaction mixture containing 25 mM Tris-HCI (pH
7.0),100uM NADPH and 100uM aldehyde substrate (cinnamaldehyde, benzaldehyde, p-
nitrobenzaldehyde). One unit enzyme activity (U) was defined as the amount of NADPH
(uM) utilized in 1 min. A constant protein concentration of 50 pg was used for all
reactions. Substrate (aldehydes) and cofactor (NADPH) concentrations were varied from
100-500 pM and the initial reaction velocities were used for determination of K, values.
Assuming Michaelis-Menten type performance of the enzyme, other kinetic parameters
(Vmax ,Keat and Kea/ Km) were calculated. For the expressed VIALR protein, no significant

change was observed in aldehyde reducing activity of recombinant fusion protein and
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thrombin cleaved pure protein as GST has no role in reducing the given aldehyde
substrates.

For determining the aldehyde reducing activity in crude root extracts, we followed the
extraction method described by Negm (1986) with minor modifications. Frozen root tissue
(1g) was homogenized in 3 mL of extraction buffer containing 0.2M Tris-HCI buffer (pH
8.0), 1 mM DTT, 10 mM isoascorbate and 1% PVP. Homogenate was centrifuged at
12,000g for 45 min at 4 °C and the supernatant was used for analysis of enzyme activity by
observing the rate of oxidation of NADPH at 340 nm using p-NB as substrate and 50 pg of

crude root protein extract as the enzyme source.

Yeast transformation and analysis of detoxification potential of VIALR in yeast

Recombinant plasmid pGEX4T-1+ VrALR and the yeast expression vector p424
containing the glyceraldehydes-3-phosphate dehydrogenase (GAPDH) promoter, were
double digested with BamHI and Xhol restriction enzymes and separated on agarose gel.
Digested vector (p424) and insert (VrALR) were eluted from the gel using Sigma GenElute
Gel extraction kit and ligated to each other using T4 DNA ligase for overnight at 4 °C.
Ligated product was subsequently transformed into E.coli DHS5a cells and positive
colonies were selected based on ampicillin resistance and further confirmed through
restriction digestion using BamHI and Xhol. Confirmed clones containing the recombinant
plasmid construct (p424+ VrALR) were used for transformation of yeast (Saccharaomyces
cerevisiae) strain W303-1-A [MATa(leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-
11,15)] which possesses a ybpl-1 mutation that abolishes the function of Ybplp (Yapl-p
binding protein) and thus makes the strain sensitive to oxidative stress. Yeast
transformation was done using frozen EZ-yeast transformation 11™ kit (Zymo Research,
http://www.zymoresearch.com) following manufacturer’s instructions. Transformants were
selected on complete synthetic medium (SD) lacking tryptophan (SD-Trp) which is the

selection marker for p424 vector.
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For the functional analysis, yeast cultures in SD-Trp media containing only p424
vector and the p424+VrALR plasmid construct were grown overnight at 30°C and the
ODsgo Was observed. Considering presence of 2 x107 cells for 1.0 ODggo, numbers of cells
in both the cultures were adjusted to 5 x 10° cells and were serially diluted at 1:2 ratios till
5™ concentration. From each diluted series, 5pl aliquot was spotted on SD-Trp plates
(without any supplements) which served as control and SD-Trp plates supplemented with
200uM H,0; and 100puM p-nitrobenzaldehyde (p-NB) as test samples. As p-NB was
dissolved in ethanol, we have also spotted transformed cultures on SD-Trp plates
supplemented with equal amounts of ethanol as used for preparation of 100puM p-NB to

exclude the possibility of ethanol-induced effect on the yeast growth.

Quantitaive RT-PCR of VrALR expression during progressive drought stress and

recovery

Real time gRT-PCR analysis was done on Eppendorf Realplex MasterCycler
(Eppendorf, Hamburg, Germany) using the KAPA SYBR FAST (Mastermix (2X)
Universal) (KAPA Biosystems, Woburn, USA) real time PCR kit using SYBR green as the
fluorescence dye following the manufacturer’s instructions. Primers (Forward primer: 5’
TGGTTACAATGAACCCAGCA 3% Reverse primer: 5’
AATATGGGCCAATGCAACAT 3’) were designed based on the obtained VrALR cDNA
sequence to amplify a 158 bp product using Primer3 software. Total RNA (1 pg) was
extracted from V. radiata root tissue at different stages of drought stress (D0, D3, D6) and
recovery treatment (6R) and quantified using Nanodrop ND1000 spectrophotometer. From
all the test samples, 1 pg RNA was taken as template for synthesizing the first strand of
cDNA using Revert Aid™ First Strand cDNA synthesis kit (Fermentas life Sciences).

For real time PCR, triplicate reactions for each stress point were kept with 50 ng of
cDNA as template. Background calibration was done using AxyGen real time PCR strip
tubes with domed caps. Amplification of the 158 bp VrALR gene fragment was done using
a qPCR program which included one cycle of 2 min at 95°C for initial denaturation,
followed by 40 cycles of 15 sec at 95°C for denaturation, 30 sec at 55°C for primer
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annealing and 20 sec at 72 °C for extension, followed by the dissociation (melting) curve
to ensure absence of any primer dimers which can give false fluorescence with SYBR
green dye. Fluorescence readings were captured using the Realplex software (Eppendorf).
Alterations in the mRNA expression levels of VrALR gene in V. radiata (relative
quantification) during progressive drought stress and recovery in comparison to the well-
watered DO plants was calculated according to the 22" formula as explained by Livak
and Schmittgen (2001). Experiment was repeated thrice with mRNA isolated from
different sets of plants subjected to similar stress conditions. Actin (ACT) gene from
V.radiata was used as the internal control and a validation experiment was performed to
ensure equal efficiency amplification for target and reference genes, using different
concentrations of template DNA according to Applied Biosystems User Bulletin No. 2(P/N
4303859).

Two-dimensional gel electrophoresis (2DGE) and protein identification (MALDI-TOF-
TOF)

Total root proteins from V. radiata were isolated and analyzed using 2DGE and
MALDI-TOF-TOF mass spectrometry. Among the identified proteins, one spot
corresponds to NADPH-dependent aldehyde reductase from V. radiata as per the NCBI
GenBAnNk database which showed significant up-regulation during medium (D3) drought
stress. Methods used for 2DGE and identification of the proteins through MALDI-TOF-

TOF and Mascot search engine was described in detail in the previous chapter (Chapter 3).
Statistical analysis

All quantitative values for VIALR enzyme Kinetics, crude enzyme activity and real
time gPCR analysis were represented as mean + standard deviations with sample sizes of n
= 3. For enzyme kinetics, non linear regression analysis using global curve fit model for
Michaelis-Menten equation (y = a*x/b+x) was used for determination of Vn.x and Kp,

values, where “y” is the initial reaction velocity, “x” is substrate concentration and the

coefficients “a” and “b” correspond t0 Vmax and Kp, respectively.

100



RESULTS

Cloning and sequence analysis of full length cDNA sequence of VrALR from V. radiata
roots

Using direct primers, a 978 bp long VrALR fragment was PCR amplified by using
V. radiata root cDNA (Fig. 21a). PCR product was further cloned to pTZ57RT vector and
transformed into E. coli DHS5a. Positive colonies showing the presence of the insert
(VrALR) in colony-PCR screening with gene specific primers were selected for plasmid
isolation (Fig. 21b). Isolated plasmids were further confirmed through restriction digestion
with BamHI and Xhol and the digestion products showing two clear bands of the plasmid
vector (pTZ57RT) and the insert (VrALR) were finally sent for sequencing (Fig 21c). The
obtained VrALR cDNA sequence (978 bp) containing the complete open reading frame
(ORF) sequence from V. radiata roots showed 100% sequence similarity with the available
ALR gene sequence (gi| 5852202|gb|AF033851.1) at NCBI GenBank database
(http://www.ncbi.nlm.nih.gov). The VrALR ORF encodes a 325 amino acid long protein,
having a theoretical molecular weight of 35.6 kDa and 6.3 pl. The protein BLAST analysis
of our protein sequence showed 100% sequence similarity with the available sequence
from Vigna radiata (gi|5852202|gb|AAD53967.1), 99% with CPRD14 protein
(V.unguiculata), dihydroflavanol-4-reductase like protein (Glycine max) and cinnamamoyl
CoA reductase like protein (Populus trichocarpa) and 98% with phenylacetaldehyde
reductase (Rosa X damascena). The protein belongs to the NADB-Rossmann superfamily,

having conserved NADPH binding, substrate binding and active sites.
VrALR protein expression and enzyme kinetics

Through sequence analysis, identity of the cloned 978 bp PCR-fragment (VrALR)
was confirmed as NADPH-dependent aldehyde reductase and then excised from the TA
vector (pTZ57RT) and re-cloned into expression vector pGEX-4T-1 and transformed into
E. coli BL21 cells. Double digested pGEX-4T-1 vector was shown in Fig. 22a. Positive
recombinant colonies, showing the presence of insert (VrALR) were selected for protein
induction (Fig. 22b). Under control of the Lac promoter of pGEX-4T-1 vector, VIALR
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Fig 21. PCR amplification of the complete ORF region of VIALR (978 bp) from roots of
V. radiata (a). Colony PCR result with gene specific primers for VrALR (b). Restriction
digestion with BamHI and Xhol showing two distinct bands of pTZ 57RT vector and the

insert, VrALR (c).
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protein was expressed as a fusion protein along with a N-terminal GST-tag. The combined
molecular weight of the induced recombinant protein was approximately 62 kDa (26 kDa
GST and 36 kDa VrALR). The subsequent purified protein also showed a single band at
the same molecular weight range. Further, thrombin digestion of the recombinant protein
produced two bands at around 36 kDa (VrALR) and 26 kDa (GST) ranges (Fig. 22c).

Aldehyde reducing activity of the purified VrALR protein was analysed by using
three randomly chosen aldehydic substrates, p-NB, benzaldehyde and cinnamaldehyde.
Purified VIALR showed maximum catalytic efficiency (Kca/Km) of 38.6 x10° min™
M? with p-NB as substrate, while a considerably lesser Kg/Kn of 2.6 and 0.8 x 10°
min*M™ was observed with benzaldehyde and cinnamaldehyde as substrates, respectively.
Similarly, highest Vs of 8.9 pM NADPH utilized min™ and lowest K, of 4.5 min™ was
recorded with p-NB as substrate. Respective values for Viax , Ky and K for all three
aldehyde substrates were given in Table 4. Thus, for all functional analysis and enzyme
activity from crude extract, p-NB was used as the substrate. The three dimensional model
predictions for VrALR showed the presence of 6 parallel B-sheets alternating with 7 a-
helices forming a barrel structure with 2 distinct helices being outside this barrel (Fig. 23).

Oxidative stress protective role of VrALR in bacterial system

Bacterial (E.coli BL21) growth curve response for the culture, expressing the
VrALR protein reveals an efficient and significant protective role by maintaining the
growth rate to normal levels when compared to the culture expressing only GST. Under
non-stress conditions, both GST as well as GST+ VrALR expressing cultures showed
almost equal growth rate patterns (Fig. 24a). However, in presence of 500 uM H,0, and p-
NB, growth rate of GST expressing culture (red line) declined significantly when
compared to the VrALR expressing cultures (green line) (Fig. 24b and c). Effect of both
stressors (H,O, and p-NB) was visible from 3" h after induction and thus, the overall
growth rate during the period of 3-8 h was chosen for analyzing the extent of growth

reduction (shaded portion in Fig. 24b and c¢). By assuming the growth rate value of the

103



Chapter 4 Functional characterization of NADPH-aldehyde reductase

(b)

(c)
116 kDa -
- aeee—
= L e—
- o— -
66.2 kDa
 w— —
45kDa pr—
35kDa VI'ALR
25kDa | w— I I S
GST
- o anne
| —

Fig 22. Double digested (with BamHI and Xhol) pGEX4T-1 vector for gel elution
(). Colony PCR confirmation result with gene specific primers for screening pGEX-4T-1
+ VrALR transformed E. coli DH5a (b). Recombinant GST-tagged fusion protein
expression in E.coli BL21 cells; M, Protein molecular weight marker (medium range); US,
Uninduced sonicate; IS, Induced sonicate; P, purified recombinant fusion protein; TD,
Thrombin digested fraction. Arrows indicate the position of the purified VIALR protein
(36 kDa) and the cleaved GST tag (26 kDa) (c)
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Table 4 Enzyme kinetic parameters and catalytic efficiency of VrALR towards different aldehydic
substrates. Mean values from three independent experiments were used for analyzing the kinetic
parameters through global curve fit method in a non-linear regression analysis using the Michaelis-
Menten equation (y = a*x/b+c), where coefficients a and b corresponds to Vi and K,

respectively.

Substrate

Benzaldehyde

p-nitrobenzaldehyde
Cinnamaldehyde

Vmax

(LM NADPH utilized

min?)
3.43

8.88
1.66

(UM)
25.1

4.5
121

Catalytic efficiency
(Keat'Kim)

(10° min*™M™)

2.6

38.6
0.3

Fig 23. Putative three dimensional VrALR protein model generated using Geno3D
software (www.expasy.com) showing the typical structural features of aldo-keto reductase

family members. The circle indicates the core barrel type structure made of parallel B-
sheets and alternate a-helices with C-terminal end at the top (indicated by C). The two
helices present outside the barrel were indicated by arrows.
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Fig 24. Detoxifying potential of VIrALR in E.coli BL21 in presence of externally added
oxidative stress factors. Bacterial growth rate pattern in absence of stressors, i.e control (a),
in presence of 500 puM H,0, (b) 500 pM p-NB (c). Shaded region indicates the time span
(3-8 h) chosen for calculation of the extent of growth reduction.
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control (in the absence of stressors) as 100%, we have calculated the relative growth rate
percentages (%) for test samples (in presence of stressors). In presence of H,0, and p-NB,
the growth rate of GST expressing cultures declined to 85 and 84%, respectively when
compared to controls. While the cultures expressing the recombinant protein (GST +
VrALR), maintained their growth rates at 95 and 116% when compared to controls in the
presence of H,O, and p-NB, respectively. However, at higher concentrations (1mM) of
H,0,, VrALR failed to detoxify the ROS-induced effects and bacterial growth was
inhibited.

Stress response analysis of VIALR expressed in yeast system

The plasmid (p424) carrying the gene of interest (VrALR), which was used for
W303-1-A transformation, was confirmed through restriction digestion with BamHI and
Xhol (Fig. 25a). In yeast system, VrALR protein was expressed under the control of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter of p424 yeast expression
vector. The p424 vector map was shown in Fig. 25b and the vector map of pGEX-4T-1
was given in Fig 25c. We used the S. cerevisiae strain W303-1-A [MATa (leu2-3,112
trpl-1 canl-100 ura3-1 ade2-1 his3-11,15)] which possesses a ybpl-1 mutation that
abolishes the function of Ybplp (Yaplp-binding protein) and thus makes the strain
sensitive to oxidative stress. VIALR expressing yeast culture exhibited enhanced tolerance
levels in the presence of 200uM of H,O, and 100uM of p-NB when compared to the
culture containing only p424 vector. Under control conditions, growth was visible in all the
six dilutions in both p424 and p424+VrALR expressing cultures (Fig. 26a). In presence of
200 UM H,0; in the culture media, p424 containing culture could grow only up to 4™
dilution while VrALR expressing culture continued to grow till the 6" dilution (Fig. 26b).
Similarly, in media supplemented with 100 uM p-NB, empty vector containing culture
failed to grow beyond 4™ dilution, while VrALR expressing culture maintained a normal
growth trend similar to ethanol controls (Fig. 26c and d). However, at higher
concentrations of H,O, and p-NB, no growth was observed for both the cultures (p424 and

p424+VrALR) and hence the results for these concentrations were not included.
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Fig 25. Confirmation of recombinant p424 vector carrying the VrALR gene with restriction
digestion using BamHI and Xhol enzymes. Lane 1: 1 kb DNA ladder; lane 2: p424 (empty
vector); lane 3: p424 vector + VrALR (uncut recombinant plasmid); lane 4: digested
recombinant plasmid showing p424 vector and the released insert VrALR. (a); Vector map
of yeast expression vector p424 (b); Vector map of bacterial expression vector pGEX-4T-
1(c).
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Fig 26. Growth pattern of W303-1-A strains harboring only p424 vector and
p424+VrALR construct under normal SD-Trp media (a). SD-Trp supplemented with 200
MM H,0, (b), ethanol control (as p-NB was dissolved in ethanol (c), 200uM p-NB (d)
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Enzyme activity and mRNA expression pattern of VrALR under progressive drought

stress and recovery in V.radiata roots

In the 2D profile of whole root proteins of V.radiata under similar progressive
water-deprivation and re-watering conditions (Chapter 3), we identified a protein spot
showing extensive homology with NADPH-aldehyde reductase enzyme and the expression
of this protein was found to be significantly induced during D3. The magnified spot image
of this protein and the corresponding spot volume (%) with induction factors during
different intensities of drought as well as recovery period was shown in Fig. 27 a and b,
respectively. To maintain the continuity in the present study, we observed the enzyme
activity and mRNA expression patterns of VrALR gene during similar watering regimes.
VrALR mRNA expression levels showed 1.5 fold up-regulation during D3. However, the
expression was down-regulated during higher stress intensity (D6) and recovered only
partially upon re-watering (6R) (Fig. 27c). With gradual increase in water-deficit (D3 and
D6), we observed a concomitant enhancement in the ALR activity levels in roots of V.
radiata. During D3, ALR enzyme activity increased by more than 1.5 fold and upon
subsequent water-withdrawal (D6), the activity levels were enhanced up to 2.6 fold.
However, upon re-watering (6R) aldehyde reducing activity declined by around 1.8 fold
(Fig. 27d).
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DISCUSSION

Majority of the drought-induced damage was implicated through ROS generation
and its downstream interactions with major cellular macromolecules. Particularly, lipid
membrane oxidation magnifies cellular toxicity through generation of highly toxic
aldehyde degradation products and lipid hydroperoxides. Thus, recent upsurge in
identifying potential target genes involved in ROS-detoxification pathway in plants, grown
under challenging environmental conditions such as drought, proved highly encouraging
for plant biologists. In the present study, we analysed the detoxification potential of
NADPH-dependent aldehyde reductase from V. radiata roots (VrALR) in heterologous
systems (bacteria and yeast), challenged with oxidative stress factors. Further, we have
also compared the detoxification potential with the endogenous role of VrALR gene under
progressive drought stress as well as recovery period in roots of V. radiata. Results from
our study provide a clear and informative picture about the detoxifying potential of this

protein and its regulation in crop plants during water deficit regimes.

Various members of the aldo-keto reductase superfamily have been cloned and
characterized from different plant species (Bartels 2001, Blanco-Portales et al. 2002). This
specific NADPH-dependent aldehyde reductase chosen for the present study was initially
identified by Guillén et al. (1998) from V. radiata hypocotyls, where they found that it can
effectively detoxify the grapevine fungal toxin eutypine which is a complex aldehyde.
Subsequently, this protein was purified from mungbean hypocotyls and characterized by
Colrat et al. (1999a) where they showed that it was a 36 kDa monomeric protein with a
wide range of substrate specificity. The role and possible involvement of this protein
during drought stress response of V. radiata became evident from our proteomics based
study (Chapter 3) during progressive drought stress and recovery period where we
observed a significant induction of this protein during D3. In the present study, we cloned
and expressed the VrALR gene isolated specifically from mungbean root tissue and the
identity of the protein was confirmed through BLAST analysis, wherein the expressed
protein showed similar homology with the already available sequences of aldehyde

reductases from different plant species as reported by Guillén et al. (1998).
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Also, the predicted 3-D model for the protein showed more or less a similar basic pattern
with a barrel consisting of parallel B-sheets with alternating a-helices, as commonly
displayed by the members of aldo-keto reductase superfamily (Jez et al. 1997; Olsen et al.
2008). Based on the K, values reported by Colrat et al. (1999a), we also checked the
aldehyde reducing activity of the expressed protein using three different randomly chosen
aldehydic substrates such as benzaldehyde, cinnamaldehyde and p-nitrobenzaldehyde. Our
results revealed that purified VrALR showed highest rate of NADPH oxidation (enzyme
activity) in the presence of p-NB and the least with cinnamaldehyde, with benzaldehyde
being in between. The present kinetic parameters and catalytic efficiencies of the purified
VrALR protein with K, values 121, 25.1 and 4.5 uM for cinnamaldehyde, benzaldehyde
and p-NB, respectively were almost similar to the aldehyde reducing activity patterns of
the earlier report by Colrat et al. 1999a. Similarity in the kinetic parameters further

confirms the identity of the expressed protein in the present study.

Generation of reactive oxygen species (ROS) such as superoxide anion radical
(02), hydrogen peroxide (H,0;), and the extremely unstable hydroxyl radical ((OH) is

inevitable for any aerobic organism. In addition to different potential targets of these
highly unstable ROS, including DNA, RNA and protein, oxidation of polyunsaturated fatty
acids (PUFA) in membranes resulting in lipid peroxidation is highly damaging for the
viability of the cell in both prokaryotes and eukaryotes. Moreover, the reactive aldehydes
formed during degradation of oxidized PUFA causes further damage to the cellular
proteins and also act as “second toxic messengers” by diffusing to distant cellular targets
owing to their comparatively higher stability (Cabiscol et al. 2000). There is evidence for
accumulation of reactive aldehydes in bacteria in response to H,O; and thus, it is extremely
crucial for the cell to detoxify these highly cytotoxic aldehydes (Semchyshyn et al. 2005).
Also, it was reported that oxidative stress-induced lipid peroxidation of bacterial

membranes produce toxic aldehydes which were readily diffusible and were able to
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inactivate key metabolic enzymes and form DNA adducts resulting in enhanced mutation
rates and inhibits DNA replication (Szweda et al. 1993, Chen et al. 1998, Yang et al.
2001). To counteract such deleterious effects, bacteria are known to induce production of a
variety of antioxidative enzymes such as catalases, peroxidase and superoxide dimutases
(Imlay 2003; Cha et al. 2004). Recently, ALR and SDR group of enzymes belonging to
AKR superfamily, have been reported to provide protection against harmful lipid
peroxidation-derived aldehydes in bacteria including E. coli and Gluconobacter oxydans
(Pérez et al. 2008; Schweiger and Deppenmeier 2010). In the present study, we observed
that E. coli cells, expressing VIALR, were able to tolerate externally applied H,O, (500
pKM) and maintained their normal growth pattern while for the E.coli BL21cultures
expressing only GST, growth was inhibited in presence of similar H,O, concentration.
However, at higher concentrations (1 mM) VrALR fails to cope up with the given
oxidizing stress factor and growth. Our results demonstrate that VIALR expression has
successfully complemented the endogenous defence mechanism of E.coli BL21 against
oxidative stress conditions upto a certain threshold (500 uM H,0,), indicating the effective
detoxification of the H,O; -induced toxic aldehydes through membrane lipid oxidation. It
was reported that an E. coli enzyme YghD, was able to reduce various lipid-peroxidation
derived aldehydes including, acrolein, malondialdehyde, and butyraldehyde and
overexpression of YghD protein imparted enhanced cellular tolerance against such toxic
aldehydes derived from lipid peroxidation due to H,O,, tert-butylhydroperoxide, potassium
tellurite, or titanium oxide (Yoon et al. 2002, Semchyshyn et al. 2005, Pérez et al. 2007,
Pérez et al. 2008). Our present data further demonstrate that the direct substrate of the
purified enzyme, p-NB also inculcates a cell multiplication inhibitory effect on E. coli
BL21 cells wherein endogenous aldehyde reducing systems were not able to detoxify
completely. However, the induced expression of the VrALR protein effectively reduced
the cell growth inhibiting aldehyde p-NB, most probably to its less toxic alcoholic form

and thus allowing the cells to maintain their normal growth response patterns.
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Yeasts (S. cerevisiae), owing to their close proximity in metabolic pathways with
the multicellular eukaryotic organisms (plants and animals), were often exploited as
experimental models for functional characterization of genes from other higher plant or
animal systems. Previous reports demonstrated the use of S. cerevisiae null mutants for
fuctional characterization of plant proteins, especially membrane transporters (Frommer
and Ninnemann 1995). In S. cerevisiae, oxidative stress response was mediated through
transcriptional induction of a variety of antioxidant genes which reduces the toxic levels of
ROS and the key regulator of transcriptional induction is the leucine zipper containing-
transcription factor Yaplp (Jamieson 1998, Estruch 2000). The specific yeast mutant
W303-1-A lacks the H,O,-specific regulator of Yaplp, known as Yaplp-binding protein
(Ybplp). Thus, in response to H,O,, the mutant strain was unable to form the oxidized
form of Yaplp and translocation of Yaplp from cytoplasm to nucleus was inhibited.
Hence, W303 mutant strain could not activate its antioxidant genes and becomes
susceptible to oxidative stress (Gulshan et al. 2004). There are several reports on
identification and characterization of AKR members from yeast genomes itself, some of
which were shown to be up-regulated during stress conditions and more interestingly one
of such stress responsive yeast proteins showed similarity with plant dihydroflavonol
reductases as well (Garay-Arroyo and Covarrubias 1999; Larroy et al. 2002; Liu et al.
2008; Liu and Moon 2009). Also, S. cerevisiae aldehyde dehydrogenase (ADHVI) enzyme
showed high catalytic efficiency for aldehyde reduction in the presence of NADPH (Larroy
et al. 2002). In the present study, we have induced the expression of cloned VrALR gene in
this mutant strain to analyze whether the detoxifying ability of this protein (VrALR) is able
to complement the mutant phenotype to regain its tolerance against oxidative stress factors,
especially H,O, and the aldehydic substrates. Our data clearly showed that VrALR
expressing mutant strain displays slightly higher tolerance against H,O, as well as p-NB,
when compared to the control strain (without VrALR). Uninhibited growth in control rows
(containing only p424 vector) at higher cell concentrations (5 x 10° to 0.19 x 10°) could be
attributed to the detoxifying ability of the strain’s endogenous aldehyde reducing system.

However, in comparison with the bacterial system, yeast has shown lower detoxifying
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capacity, being able to detoxify only upto 100 and 200 uM concentrations of p-NB and
H,0,, respectively while bacterial growth pattern was maintained even upto 500 pM

concentrations.

Crops usually experience cycles of dry seasons rather than prolonged drought
conditions under rain-fed systems. Thus, studies related to drought response mechanisms
under varying water deficit conditions are highly crucial (Bogeat-Triboulot et al. 2007,
Harb et al. 2010). Reactive aldehydes, formed as a consequence of lipid peroxidation
during drought-induced oxidative stress, have been known to act as potential toxic agents
causing cellular injury and nucleic acid modifications (Gill and Tuteja 2010; Yin et al.
2010). Thus, a wide range of research initiatives including molecular studies showed novel
resistance mechanisms as well as candidate genes responsible for providing tolerance to
plants against oxidative stress. However, no real diagnostic marker for stress-tolerance has
been reported yet as oxidative stress-tolerance was believed to be a complex quantitative
trait. Hence, continuous identification of newer molecular targets for oxidative stress-
tolerance becomes highly essential for devising efficient strategies to obtain plants with

multiple stress tolerance.

The crucial role of AKR superfamily members, both endogenously as well as in
ectopically overexpressed transgenic plants during abiotic stress conditions was well
documented. Some AKR members have been described as part of detoxification process
while others play a direct role in cellular osmoregulation through osmolyte biosynthesis
(Oberschall et al. 2000; Ramanjulu and Bartels 2002; Kotchoni and Bartels 2003; Sunkar
et al. 2003; Rodrigues et al. 2006; Huang et al. 2008). In our earlier proteomics-based
analysis of the V. radiata root proteins under progressive drought and recovery, we
observed significant up-regulation of a 34 kDa protein spot with a pl of 5.2 in the 2D-gel
during medium water-deficit (D3) condition. This protein was identified as NADPH-
dependent aldehyde reductase (V. radiata) by MASCOT search engine. In the present
study, the importance of the same protein during water-limiting regimes has been

investigated further with a concomitant analysis of its detoxifying potential in two
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heterologous systems as well as in V. radiata. Our results demonstrate that during medium
water deficit conditions (D3), VIrALR gene expression, protein levels as well as enzyme
activity displayed a positive correlation with a significant 1.5 to 2 fold up-regulation.
Further decline in the soil water content (D6) resulted in a significant down-regulation in
the mRNA expression of the gene with a slight decline in the protein content. However, the
corresponding enzyme activity showed significant enhancement with increasing water
deprivation (D6) and declined upon re-watering. We hypothesize that, V. radiata
effectively regulates the VrALR gene expression in response to short-term water deficit by
up regulating its mMRNA expression and consecutively the protein content as well as the
aldehyde reducing activity. However, higher oxidizing conditions inhibited the gene
expression and thus the protein content as well. The continued enhancement in the
aldehyde reducing activity of the V. radiata root extract during D6 could be due to some
other stable proteins with aldehyde reducing enzymatic properties as the possibility of
existence of other members of the aldo-keto reductase superfamily in the crude root extract
cannot be ruled out.

In conclusion, the present comparative analysis of the detoxifying potential of
VrALR in two heterologous systems as well as the progressive drought-induced regulation
of this crucial ROS-detoxifying enzyme not only provided an evidence for its differential
oxidative stress alleviation capacity but also highlighted the endogenous regulation of
VrALR in crop plants during gradual water deprivation as well as recovery period. It is
established that preventing oxidative stress or reducing the levels of toxic aldehydes proves
to be an efficient approach to engineer oxidative stress-tolerant plants which could have be
highly beneficial for our present agricultural system. Thus, our data in the present study
significantly contribute to the present understanding on ROS detoxifying systems as well
as their genetic regulation in crop plants grown under unfavourable environmental regimes
and suggest that targeting such detoxification pathways could contribute greatly in plant

genetic engineering for abiotic stress-tolerance.
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INTRODUCTION

During drought stress, ROS production is enhanced through disruption of electron
transport system and oxidation of different metabolic reactions occurring inside chloroplasts,
mitochondria and microbodies resulting in oxidative stress conditions (Van Breusegem et al.
2001). Though redox adjustments are central for any drought-induced plant response, the
extent of enhancement in the intra-cellular ROS concentrations varies greatly from plant to
plant depending on their drought tolerance capacities. Under normal (non-stress) conditions
ROS are promptly detoxified by non-enzymatic and enzymatic antioxidants as well as

protective osmolytes.

Non-enzymatic antioxidants include low molecular weight compounds such as
ascorbate, glutathione and tocopherols which also constitute the pool of redox buffers apart
from playing a crucial role in defense against oxidative stress. In plants, the tripeptide
glutathione (y-L-glutamyl-L-cysteinyl-glycine) is well known for its multipurpose role as an
efficient xenobiotic detoxifier (Cummins et al. 2011), sulphur assimilator (Kopriva 2006),
heavy metal detoxifier (Cobbett 2000), cell signalling component (Foyer and Noctor 2005),
antioxidant (Mittova et al. 2003) and also a key component of various plant developmental
processes (Vernoux et al. 2000). Moreover, through different observations, it was suggested
that alterations in the status of intra-cellular glutathione levels is equally important as
enhanced ROS levels, in redox signalling for activation of plant defense response against
drought-induced oxidative stress (Ball et al. 2004, Gomez et al. 2004, Evans et al. 2005). It
was shown that in Arabidopsis mutant, root meristem less 1 (rml1) where root development
is inhibited, glutathione concentrations were significantly low due to decreased activity of the
key enzyme, y-glutamyl cysteine synthetase (YECS) of glutathione biosynthetic pathway
(Vernoux et al 2000). Also, high accumulation of oxidized glutathione (GSSG) was often

associated with tissue quiessense or death (Foyer and Noctor 2005).
Regulation of glutathione (GSH) biosynthesis: Role of yECS

Owing to its diversified importance, the biosynthesis, recycling, degradation and

regulation of glutathione during adverse environmental conditions have been actively
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investigated (Xiang et al. 2001, Ball et al. 2004, Chen et al. 2004, Aravind and Prasad 2005).
Cellular concentration of reduced GSH is maintained through reduction of GSSG to GSH by
glutathione reductase (GR; EC 1.6.4.2). Glutathione is synthesized in two ATP dependent
steps involving two different enzymes: y-glutamyl cysteine synthetase or YECS (EC 6.3.2.2)
and glutathione synthetase or GS (EC 6.3.2.3) (Fig. 28a). The first enzyme, YECS ligates
glutamate and cysteine to form y-glutamyl cysteine while GS catalyzes the formation of
GSH by addition of glycine to the C terminal end of y-glutamyl cysteine. It was reported that
GSH biosynthesis is regulated by cysteine availability, feedback inhibition of YECS by GSH,
transcriptional control of YECS as well as redox regulation of translated YECS (May et al.
1998, Xiang and Oliver 1998, Foyer and Noctor 2005). Through different mutant analyses, it
was confirmed that GSH cannot be functionally replaced by any other metabolite except
their homologues including homoglutathione and hydroxymethylglutathione. For example,
in few plant families, glutathione GSH is replaced either partially or completely by its
homologs where the terminal glycine is replcaed by other amino acids such as B-alanine
(hGSH; Homoglutathione, Fabaceae) or serine (hmGSH; hydroxymethylglutathione,
Gramineae) (Klapheck 1988, Klapheck et al. 1992). However, the first step of GSH
biosynthetic pathway is common in all higher plants and the first enzyme, YECS serves as
the rate limiting enzyme and also plays an important role in regulating the intracellular redox
environment. Moreover, this enzyme is known to be the major control point during adverse
conditions such as biotic or abiotic stresses when the demand for GSH enhances (Noctor et
al. 1998).

Plant YECS is structurally dissimar to its animal and fungal counterparts (May and
Leaver 1994) and the first plant YECS structure was reported recently by Hothorn et al.
(2006) from Brassica juncea. There are reports indicating the presence of mutiple regulatory
factors for YECS activity, which starts from the preliminary concept of the negative
feedback regulation by glutathione and continues with the much recent concepts on redox
regulation via disulphide bridges present in the enzyme to assist the monomer-dimer
transition (Hicks et al. 2007, Innocenti et al. 2007, Gromes et al. 2008).
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Comprehending specific mechanisms regulating YECS activity, when demand for
GSH in the plant enhances, is crucial to develop stress-tolerant varieties of important crop
plants. Thus, a systematic analysis focussing on the dynamic changes in the YECS at both
transcript and enzyme activity levels under stress conditions is required for developing a
conceptual basis regarding the role of such key enzymes under different abiotic stresses.
Several interesting reports on different aspects of glutathione metabolism under various
abiotic stress conditions including drought has broadened our perspectives to understand the
abiotic stress biology (Dhindsa 1991, Chen and Goldsbrough 1994, Kocsy et al. 2001, Chen
et al. 2004, Loscos et al. 2008, Diao et al. 2011). Earlier studies on the role of yECS in plant
roots were mostly based on heavy metal stress as GSH is the the precursor for the metal
binding phytochelatin proteins (Schafer et al. 1998, Rivera-Becerril 2005).

Regulation of proline biosynthesis: Role of A*-pyrroline-5-carboxylate synthase (P5CS)

In addition to antioxidative systems, many plants also enhances their cellular
osmotic potentials through accumulation of various protective osmolytes including proline,
glycine betaine, mannitol and trehalose (Zhu 2002, Wang et al. 2007c). Proline is a
multifunctional amino acid which was found to accumulate in many organisms including
bacteria and fungi other than plants during adverese environmental conditions such as
drought and salinity (Claussen 2005). Drought-induced accumulation of proline in higher
plants is usually associated with increasing osmotic potential, stabilizing proteins,
membranes and subcellular structures and also protecting cells against oxidative damage by
ROS (Verslues et al. 2006, Vendruscolo et al. 2007). However, the correlation between
abiotic stress tolerance in higher plants with the observed accumulation of proline was not
always apparent. For example, high proline content was found in drought-tolerant rice
varieties (Choudhary et al. 2005), while the proline content could not be correlated to salt
tolerance capacity in Hordeum vulgare (Widodo et al. 2009). Inspite of such variations, a
wide range of studies involving transgenic palnts or mutant analysis have proved the fact

that proline metabolism affects plants developmental processes, stress-response patterns and
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its accumulation proves highly beneficial for tolerating certain abiotic stress factors (Mattioli
et al. 2008, Székely et al. 2008, Miller et al. 2009).

In higher plants, glutamate or arginine/ornithine act as the precursor for proline
biosynthesis. However, it was reported that the pathway via arginine/ornithine does not play
an important role during drought (osmotic stress) (Hu et al. 1992). Proline biosyntheic
pathway with glutamate as the precursor was illustrated in Fig. 28b. Precursor glutamate is
first reduced to glutamate semialdehyde (GSA) by the bifunctional, rate-limiting enzyme A'-
Pyrroline-5-carboxylate synthase (P5CS). P5CS functions as both y-glutamyl kinase (y-GK)
and glutamic-y-semialdehyde dehydrogenase (GSA-DH). Intermediate product GSA was
spontaneously converted to A’-Pyrroline-5-Carboxylate (P5C). Further, with the help of
another enzyme, P5C reductase, (P5CR EC 1.5.1.2) P5C is reduced to form proline. Usually
in most of the plants, P5CS is encoded by two genes while P5CR is encoded by a single
gene. Proline catabolism takes place inside mitochondria where proline
dehydrogenase/proline oxidase (PDH/POX) oxidizes proline to form P5C which was then
converted to glutamate by the enzyme P5C dehydrogenase (P5CDH). Levels of intra-
cellular proline were usually regulated through its biosynthesis, catabolism as well as

transport between cells and different cellular compartments (Szabados and Savouré 2010).

The expression pattern of the gene coding for the rate-limiting enzyme P5CS have
been studied previously in different plants under various abiotic stress factors and it was
observed that it’s regulation pattern varies greatly with plant as well as the type and duration
of the stress factor. In salt-stressed V. aconitifolia, the gene VaP5CS was highly expressed in
leaves and roots (Hu et al. 1992). Similarly, in A. thaliana and O. Sativa, corresponding
AtP5CS1 and OsPVCS1 genes were up-regulated during drought, high salinity, cold and
ABA treatments (Strizhov et al. 1997, Igarashi et al. 1997). However, the other isoform
OsP5CS2 transcript was found to be present in reproductive organs, especially in stamens is
evident through RT-PCR analysis (Hur et al. 2004). However in case of M. truncatula, two
P5CS genes showed developmental and environment-specific responses where MtP5CS1

showed steady-state transcript levels that were well correlated with proline level in different
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organs while MtP5CS2 transcripts were accumulated only in shoots of salt stressed plants
(Armengaud et al. 2004). It was hypothesized that MtP5CS1 might be acting as a
developmental housekeeping enzyme which is responsible for supplying proline to the
reproductive organs while MtP5CS2 isoform was responsible for shoot-specific

osmoregulation.

Apart from proline’s osmotic functions which were directly related to its actual
cellular concentrations, it was postulated that the interconversion of proline and glutamate
via P5C, could shuttle redox equivalents between cellular compartments, couple the
oxidation of NADPH to mitochondrial electron transfer and thus, serve as a mechanism for
energy production. Moreover it also maintains the balance of NADPH/NADP™ redox pool,
which is highly essential to ensure proper metabolic functioning (DeRonde et al. 2004).
Both the process of proline synthesis and catabolism as well as the absolute concentration of
proline are important in the adaptation of plants to drought stress through various metabolic

adjustments.

In the present study, we aim to analyse the role of YECS as well as P5CS in
V. radiata roots under progressive drought stress as well as recovery period through cloning
and subsequent exression analysis of the corresponding genes and putative proteins with an
insight on their possible regulations during drought stress.
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MATERIALS AND METHODS

Cloning of a fragment of VryECS

Total RNA was isolated from 100 mg of V. radiata root tissue using column based
Plant Spectrum RNA isolation Kit (Sigma-Aldrich) following manufacturer’s instructions.
Total RNA was used as template for the synthesis of first strand of cDNA using Revert Aid™
First Strand cDNA synthesis kit (Fermentas life Sciences, St Leon-Rot, Germany). For cDNA
synthesis, a 20uL reaction was set up consisting of the RNA template, reaction buffer, oligodT
primers, riboinhibitor (RNAse inhibitor), dNTP mix and reverse transcriptase enzyme and
incubated at 37°C for 1 h to allow cDNA strand synthesis, followed by 10 min incubation at
70°C to degrade the RNA template in the RNA-DNA hybrid formed. Primers [ Forward
primer: 5’CTAAGCTGTGACCCACCGAGTG 3’; reverse primer:
5’CTTCAGCACAAGTCTGGTGCAA 3’] were designed based on the conserved region of
YECS from available sequences of Phaseolus vulgaris, Medicago truncatula and a clone of
Vigna unguiculata at NCBI GenBank (http://www.ncbi.nlm.nih.gov) and the synthesized
cDNA was used as template to amplify a 706 bp fragment of VryECS. PCR amplification was
performed in a 25 uL reaction mixture for 35 cycles where initial denaturation was carried out
at 94°C for 3 min, followed by 1 min denaturation at 94°C, 45 s annealing at 62°C, 1 min

primer extension at 72°C and final extension at 72°C for 10 min.

Amplified PCR product was eluted from agarose gel using GenElute Gel extraction
kit (Sigma) and ligated to TA vector, pTZ57RT (Fermentas, Germany) at 4°C overnight.
Ligated product was subsequently transformed into E. coli DH5a and recombinant plasmid
containing white colonies were selected on LB agar media supplemented with 50 pg
ampicillin, X-Gal and IPTG through blue-white screening. Presence of insert in the selected
white colonies was confirmed through colony PCR with gene specific primers and plasmid
was isolated from confirmed colonies using column based MiniPrep Plasmid isolation kit
(Sigma) following manufacturer’s protocol, quantified using Nanodrop ND1000
spectrophotometer and sent for sequencing. The obtained sequence was compared with the
available full length cDNA sequence of P. vulgaris yECS using Multalin software (Corpet
1988).
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3’ Rapid amplification of cDNA ends (RACE) of VryECS

Since the obtained sequence consists of the 5’ end of the VryECS gene with “ATG”
and its upstream sequence, only 3° RACE-PCR was performed to deduce the full length
cDNA sequence using 5°/3° RACE kit (Roche Applied Sciences, Germany) following
manufacturer’s instructions. By comparing the obtained sequence with the available full length
cDNA sequence of PvyECS, the approximate size of the 3’ end PCR product which was
expected on agarose gel was deduced (Fig. 31a). Three internal gene specific forward primers
were designed based on the partial cDNA sequence obtained [GSP1:
5’CTAAGCTGTGACCCACCGAGTG 3’; GSP2: 5’CCACTTATCCCGACGACACT 37
GSP3: S"TTTGGAAGTTTGCGTCCTATG 3’]. Total RNA (4 png) was reverse transcribed
using Transcriptor Reverse Transcriptase which was provided with the kit. For 3> RACE-PCR
oligo dT-anchor primers were used in reverse transcription reaction for the synthesis of first
strand cDNA. The 3° RACE PCR was performed first (primary reaction) with GSP1 as the
forward primer and universal anchor primer as the reverse primer. Secondary PCR reaction
was carried out with the product of the primary reaction as template and GSP2 as the forward
primer and similarly tertiary PCR reaction was carried out with GSP3 as the forward primer
and PCR product of secondary reaction as template. After comparing all the PCR products on
gel, the correct 3’ fragment was identified and eluted from agarose gel using GenElute Gel
Extraction kit (Sigma). Gel eluted PCR product was cloned into pTZ57RT vector (Fermentas,
Germany), screened using blue-white screening technique, plasmid was isolated from
confirmed positive colonies and sent for sequencing. The obtained sequence was trimmed and
compared by aligning with the earlier fragment sequence to obtain the full-length cDNA
sequence of VryECS. The full length VryECS was subsequently characterized at the molecular
level, such as the putative protein sequence and sequence homology. The ChloroP software
(Emanuelsson et al. 1999) is used to predict the presence of a putative plastidic transit peptide
in the VryECS putative protein sequence. A putative three dimensional protein model for

VryECS was generated using Geno3D software (Www.expasy.com) tool (Combet et al. 2002).
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Quantitative Real time RT-PCR analysis of VryECS

Based on the obtained VryECS sequence, direct primers for real time PCR
(Forward primer: 5’CCACTTATCCCGACGACACT3’ and reverse  primer:
5’CCACGTGTGACAATCCTCTG 3’) were designed to amplify a 120 bp product. Real time
gPCR analysis was done on Eppendorf Realplex MasterCycler (Eppendorf, Germany) using
the KAPA SYBR FAST (Mastermix (2X) Universal) (KAPA Biosystems) real time PCR kit
following manufacturer’s instructions. Total RNA was isolated from V. radiata root tissue at
different stages of drought stress and recovery period using column based Plant Spectrum
RNA isolation kit (Sigma) and quantified using Nanodrop ND1000 spectrophotometer. Equal
concentrations (1pg) of total RNA was used as template to synthesize first strand cDNA using
M-MuLV reverse transcriptase enzyme and oligo dT primers (Reverse Aid cDNA synthesis
kit, Fermentas). Each reaction was carried out in triplicate with 50 ng of cDNA as template.
The gPCR program included one cycle of 2 min at 95°C for template denaturation, followed
by 40 cycles of 15 sec at 95°C for template denaturation, 30 sec at 55°C for primer annealing
and 20 sec at 72 °C for primer elongation, followed by the dissociation (melting) curve to
ensure that no primer dimers were formed during the reaction. Fluorescence was detected

using the Realplex software (Eppendorf, Germany).

The relative fold differences in expression of VryECS during progressive drought
stress and recovery when compared to the well-watered DO plants was determined using the
222t formula as explained by Livak and Schmittgen (2001). For each sample a gPCR was
performed in triplicate on three independent RNA extracts as described above. The V. radiata
actin (ACT) gene was used as the internal control. A validation experiment, with different
concentrations of template DNA was performed for both target and reference genes according
to Applied Biosystems User Bulletin No. 2(P/N 4303859) to ensure that both the genes

amplify with approximately equal efficiency.
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VryECS enzyme activity

The enzyme activity of VryECS protein was assayed according to Riieggsegger and
Brunold (1992). Fresh root tissue was homogenized with 100 mM Tris-HCI (pH 8.0), 10 mM
MgCl,, 1 mM EDTA and centrifuged for 15 min at 10,0009 (0 °C). For VryECS activity, the
reaction was started by addition of the enzyme extract (140 pL) to give 500 pL assay mix
containing 100 mM Hepes (pH 8.0), 50 mM MgCl,, 20 mM glutamate, 1 mM cysteine, 5 mM
ATP, 5 mM phosphoenolpyruvate (PEP), 5 mM DTT and 10 units mL ™ pyruvate kinase.
The reaction mixture was incubated at 37 °C for 45 min and the reaction was stopped by
addition of 100 uL of 50% TCA. The mixture was centrifuged and the supernatant was used
for estimation of phosphate content by phosphomolybdate method. Mixed reagent was
prepared by adding 125 mL of 5 N H;SO4 and 37.5 mL of 4 % ammonium molybdate
solution. To this mixture, 75 mL of ascorbic acid was added and the final volume was made
up to 250 mL. From the enzyme reaction mixture, 4 mL aliquot was mixed with 0.8 mL of
mixed reagent and 0. 2 mL of double distilled water (DDW) to make the final volume 5 mL
and the reaction mix was incubated at 60°C for 30 min. Absorbance of the blue colour formed
was measured at 827 nm. A standard graph was prepared for inorganic phosphate
concentrations ranging from 2-20 ug using KH,PQO, as standard and the amount of phosphate
released in the reaction mixture was calculated. Protein content of the extracts was measured
according to Bradford (1976) with BSA as the standard.

Real time gPCR analysis of Pyrroline 5-carboxylate synthetase (P5CS) gene

Total RNA was isolated from V. radiata root tissue during different sampling points
(DO, D3, D6 and 6R) using column based RNA isolation kit (Sigma) and equal amounts (1jg)
of RNA was converted to cDNA using Revert Aid First strand cDNA synthesis Kit
(Fermentas, St Leon Road, Germany). Synthesized cDNA was used as template for
amplification of a 1.48 kb fragment of VrP5CS gene using forward and reverse primers (Fwd:
ACATCGGCTCAGCTTCTTGT and Rev: CGTCATCCACAATTTCAACG) which were

designed based on the available full length sequence of P5CS cDNA from Phaseolus vulgaris
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at NCBI GenBank (gi|164564393|gb|EU340347.1|). Gel-purified PCR product was directly
sent for sequencing (without TA cloning) and the obtained sequence was compared with the
available PvP5CS sequence using Multalin software for confirming the product identity.
Within the obtained sequence, internal primers (Fwd: CTTCATTGGCAATCCGAAGT; Rev:
TCCCTTGAGGTCACAAGTCC) were designed to amplify a 148 bp product for real time
gPCR analysis using KAPA SYBR FAST (Mastermix (2X) Universal) (KAPA Biosystems,
Woburn, USA) real time PCR kit in an Eppendorf Realplex MasterCycler (Eppendorf,
Hamburg, Germany). Equal amounts (1 pg) of RNA, extracted during different sampling
stages, were converted to cDNA and triplicate reactions were kept with 50 ng of cDNA as
template following the program: 2 min at 95°C, followed by 40 cycles of 15 sec at 95°C, 30
sec at 55°C annealing temperature and 20 sec at 72 °C, followed by the dissociation (melting)
curve. Fold change in VrP5CS was calculated according to the 2 formula (Livak and
Schmittgen 2001). Experiment was repeated thrice. Actin (ACT) gene from V. radiata was
used as the internal control and a validation experiment was performed to ensure equal
efficiency amplification for target and reference genes, using different concentrations of
template DNA according to Applied Biosystems User Bulletin No. 2(P/N 4303859).

VrP5CS enzyme assay

The VrP5CS enzyme assay was carried out according to the method described by
Garcia-Rios et al. (1997). Enzyme activity was determined based on the rate of consumption of
NADPH, during the ATP and NADPH-dependent reduction of glutamate to y-glutamic
semialdehyde (GSA). Enzyme was extracted from root tissue (1g) in 2 mL of extraction buffer
containing 0.05M Tris-HCI buffer (pH7.2), 1 mM pB-mercaptoethanol, 10mM MgCl,.
Homogenate was centrifuged at 15,0009 for 20 min at 4°C. The assay was carried out in 100
mM Tris-HCI (pH 7.2), 25mM MgCl,, 75 mM Na-glutamate, 5 mM ATP, 0.4 mM NADPH
and 50 pg of crude extract protein at 25°C in a total volume of 1mL reaction mixture. The
decrease in absorbance at 340 nm was recorded using a UV-visible spectrophotometer as a

function of time.
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Statistical analysis

Results of the biochemical parameters were represented as mean + standard
deviations (n = 3). The significance of the differences between mean values of well watered
and water-stressed plants was determined using one way ANOVA (tukey-test) and Student’s t-
test. All the statistical and linear regression analyses were performed using the statistical
package Sigma Plot 11.0. For qPCR analysis, three independent RNA samples were used for
each sample and each reaction was run in triplicate for both control and stressed samples of
each time point.
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RESULTS

Cloning and sequence analysis of VryECS ¢cDNA

Primers were designed based on the conserved region of available sequences of
YECS from P. vulgaris, M. truncatula and a clone of V. unguiculata for the amplification of
fragment of yECS like cDNA from V. radiata (Fig. 29). The PCR amplified 706 bp fragment
of VryECS (Fig. 30a) was further cloned and sequenced. The obtained sequence was aligned
with the known sequence of P. vulgaris to verify its identity (Fig. 30b). It was observed that
the obtained sequence includes the translation start site (ATG) along with 186 bp of 5’UTR
sequence and thus, we designed internal gene specific primers (GSP1, GSP2 and GSP3) which
were used as forward primer in 3> RACE-PCR. Based on PvyECS sequence, expected sizes of
the 3> RACE-PCR fragments of VryECS according to the position of the corresponding
internal GSP forward primers were determined (Fig. 31a). After three consecutive PCR
amplifications, we obtained a single and specific fragment of about 1.6 kb, which was cloned
to TA vector and transformed into E. coli DH5a (Fig. 31b). Colonies showing the bands of
interest after colony-PCR-analysis were selected for plasmid isolation and the isolated
recombinant plasmids were sequenced (Fig. 31c). Obtained sequence showed the presence of
a 209 bp 3°’UTR region downstream to the stop codon. Based on the earlier sequence and the
3’RACE sequence, we were able to deduce the full length cDNA of VryECS. The full length
cDNA sequence with putative amino acid sequences was presented in Fig. 32. We have
submitted this sequence to NCBI GenBank (GenBank accession no. HQ999996). A schematic
representation of the full length cDNA sequence of VryECS was illustrated in Fig. 33a which
includes a 1527 bp open reading frame (ORF), encoding a predicted protein of 508 amino
acids with a calculated molecular weight of 57.6 kDa and a pl of 6.18. The ChloroP software
predicted the presence of a putative plastidic transit peptide of 60 amino acids in the VryECS
putative protein sequence followed by the conserved cleavage site lle X Ala * Ala. In this case
X is a Valine residue. For further sequence analyses, the putative oxidized GSH binding site
from glutathione reductase (GR) of P. sativum was compared with ECS protein sequences
from different plant species. Fig. 33b illustrates the conserved amino acids from the putative
oxidized GSH binding site among the different plant species and their respective positions in
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Fig 29. Multiple alignment of available Phaseolus vulgaris YECS cDNA sequence with
two Vigna unguiculata clones (available in NCBI database) which showed high sequence

similarity.

Based on the highly conserved regions (shown with circles) primers were

designed for amplifying a fragment of YECS gene from roots of V. radiata.
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Fig 30. A 706 bp PCR amplified fragment of VryECS gene which was cloned to pTZ57RT
vector and sequenced (a) Multiple alignment of the obtained V»yECS partial sequence with
the available full length cDNA sequence of PvyECS (b).
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Fig 31. Schemmatic representation of the RACE-PCR strategy followed for deducing the
full length cDNA sequence VryECS by comparing with the available PvyECS sequence
(a); Agarose gel for 3’RACE PCR products showing the presence of expected size
fragment (circle) of 1.6 kb (b); Cloned 1.6 kb fragment was screened through colony PCR

using gene specific primers (c).
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CTAAGCTGTGACCCACCGAGTGTACCAGAGAAACACCTTCCTCCGCTCTCTCTTTTCTTCTTCTTTC 67
TTTCTTCCACCGCTTACAGTCACAGTCAATTCCTCAACCCTAATAACCGTTTTCCTCGCTCTTCTCT 134

CACCCGATTTCTAACATTCCTCCGCCTTTCGCTCCTTCCGGCCACCGTTATGGCAGTCCTTTCGCGA 201
M A V L S R
ACTACCCCCACCTACTCCTACACCCACTTATCCCGACGACACTTCGATAGGGAAACCAAAGCTTCTG 268
T T p T Y S Y T H L S R R H F D R E T K A S
CTGCCGACACTTTCTCATGCTCTACCTGGGTTTCTGCTAAGAAGCCTTCTCCTACGCAGAGGATTGT 335
A A DT F s C s T W V S A K K P S P T Q R I
CACACGTGGGGGAAGAGTGATTGTTGCTGCTAGCCCTCCCACTGAAGATGCCGTGGTTGTCACGGAC 402
v T R G G R V I V A A S P P T E D A V V V T
CCACTCACCAAGCAGGATCTTGTGGACTATCTTGCCTCGGGTTGCAAGCCCAGGGAAAAATGGAGAA 469
p p L T K © D L V DY L A S G C K P R E K W
TAGGTACTGAACACGAGAAGTTTGGTTTTGAGTTTGGAAGTTTGCGTCCTATGAAGTATGAGCAAAT 536
R I 6 T E HE K F G F E F G S L R P M K Y E
AGCAGAATTATTGAATGGAATTGCTGAGAGATTTGACTGGGATAAAATAATGGAAGGTGATAAAATT 603
g I A E L L N G I A E R F D W D K I M E G D
ATTGGACTCAAACAGGGGAAGCAGAGCATATCGTTGGAGCCCGGTGGTCAGTTTGAACTTAGTGGAG 670
Kk I I 6 L K O G K © s I s L E P G G Q F E L
CTCCTCTTGAAACCTTGCACCAGACTTGTGCTGAAGTCAATTCACACCTTTATCAGGTTAAAGCTGT 737
s G A P L E T L H QT C A E V N S H L Y Q V
AGCTGAGGAAATGGGAATTGGATTTTTGGGAATTGGTTTCCAGCCAAAGTGGGGAATCAAAGACATA 804
K AV A E EM G I G F L G I G F Q P K W G I
CCTGTAATGCCAAAGGGAAGGTATGATATTATGAGGAATTACATGCCTAAAGTTGGTTCTCTGGGGC 871
Kk b I1 p VM P K G R Y D I MR N Y M P K V G
TTGACATGATGTTCAGGACATGCACTGTACAGGTCAATCTGGACTTTAGTTCAGAAGCAGACATGAT 938
s L. 6L bMMUPF¥F R T CT V Q V N L D F S S E
CAGGAAATTTCGTGCTGGCCTTGCTCTACAGCCTATAGCAACGGCTCTTTTTGCGAATTCACCTTTT 1005
A DM IR KFRAGILATLOQ P I A T A L F A
AAAGAGGGAAAGCCAAATGGTTTTGTCAGCATGAGAAGCCATATTTGGACCGATACTGACAAGGACC 1072
N S P F K E G K P N G F V s M R S H I W T D
GCACAGGCATGCTGCCTTTTGTCTTTGATGATTCTTTTGGGTTTGAGCAGTATGTTGATTATGCTCT 1139
T b K D RTGMUL P F V F DD S F G F E Q Y
TGATGTTCCTATGTATTTTGTCTACCGGAAACATAGATATATTGATTGTACTGGAAAGACCTTCAGG 1206
v b Yy A L DV P MY F VY R K HR Y I D C T
GACTTCTTGGATGGAAGACTTCCTTGTATTCCTGGGGAATTACCAACTCTCAATGATTGGGAAAATC 1273
G K T F R D F L DGR L P C I P G E L P T L
ACTTGACAACTATATTTCCTGAGGTCAGGCTGAAGAGGTATTTGGAGATGAGAGGTGCTGATGGAGG 1340
N D W EE N H L T T I F P E V R L K R Y L E M
CCCTTGGAGAAGGTTATGTGCATTACCAGCACTCTGGGTAGGGTTATTGTACGATGATGCTTCTCTA 1407
R 6 A DG G P W RURL CAUL P AL W V G L L
CAAAGTGTTTTGGATTTGACAGCTGATTGGACCCCAGAAGAAAGACTGATGTTAAGGAATAAGGTTC 1474
Yy b b A S L @ S Vv L bL T A D W T P E E R L
CCGTAACTGGTCTAAAAACACCATTCCGAGATGGTTTGCTGAAGCATGTTGCTGAAGATGTTCTACA 1541
M L R N K V P V T G L K T P F R D G L L K H
GTTGGCAAAGGATGGCTTGGAGAGAAGAGGCTTCAAGGAATCGGGATTTTTGAATGAGGTCGCCGAG 1608
v AE D V L 0 L A K D G L E R R G F K E S G
GTGGTTAGAACAGGCGTCACTCCAGNTGAGAAGCTTTTGGAATTGTATCATGGAAAGTGGGAGCAAT 1675
F L NE V A E V V R T G VvV T P X E K L L E L
CCGTAGATCATGTGTTTGAGGAATTGCTTTATTAAAGGTGTATTATCTTTCAAATGTCAGTGGAAGA 1742
Y H G K W E Q S v D H V F E E L L Y *
TTAATTGTGTAATCTTTTGGTTATAGTCCTGGCTAGCTCATTTGAGCTCTCCATTTAGATATAGGAA 1809

ATAATGTATTTGTAATTTTTTCCATGAGGCTTCTCATATACCTTTCTTGGAAACACGATCTGATCTT 1876

GCTGACATTTAATTCATGTCATGCATTTGAAAAAAAAAAAAAA

Fig 32.Full length cDNA sequence of VryECS showing the ORF region with the encoded
protein and the 5” and 3; UTRs
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| MAVLSRTTPTYSYTH ISRRHFDRHKASAADTPSCSTWVSAKKPSFTQRNTIWGWIVAWASPPTEDAWVWPLT
KQMVDYLASGCKPREKWRIG TEHEKFG FEFGSLRPMKYEQIAELL NGIAERFDWDKIM EGDKIHG LKOGKOSISLEP
GGQAFELSGAPLETLHQTCAEVNSHIYQVKAVAEEMGIG FLGIGFOPKWG IKDIPVMPKGRYDIMRNYM PKVGSLG
LDMMFRTCTVOVNLDFSSEADMIRKFRAGLALOPIATALFANSPFKEGKPNGFVYSMRSHIWTDTDKDRTG MLPFV
FDDSFGFEQYVDYALDVPMYFVYRKHRYIDCTGKTFRDFLDG RLPCIPGELPTLNDWENHLTTIFPEVRLKRYLEMR
GADGGPWRRLCAL PAIWVGLIYDDASLOSVLIM TADWTPEERLMLENKVPV TG LKTPFRDGLLKHVAEDVLOILAK
DGLERRGFKESGFLNEVAEVVRTGVTPAEKLLELYHGKWEQSVDHVFEELLY

(b)

Putative oxidized GSH bindingsite

104117 |[G|FEFG S LIR P M K |Y|E [Q | V.radiata
104-117 |G|F E[F G S LR P M K |Y|E Q| Pvulgaris
95108 [G|IFEILG S L|R P ¥ K|Y|E |Q| Psativum
118131 |GIFEIVNTLIR P M K|Y|D |Q| A.thaliana
110123 |GIFE(VNTLUR P M K|Y|D|Q| B.napus
107120 (G|FEIVN T LR P M K|Y|E Q| B.juncea
121135 (G|F E|L GTLRPMKYEQR.communis
446458 VIFTANF {RP M K|A T L Psativum GR

Fig 33. Schemmatic representation of the complete VryECS ¢cDNA including the 5’ and
3’UTR’s and 1.527 kb ORF region. The deduced amino acid sequence of FVryECS,
showing the 60 bp long chloroplast target peptide and its putative cleavage site (IVAA)
(a); Comparison of the deduced amino acid sequence of YECS from V. radiata and other
plant sources with the putative oxidized GSH binding site of glutathione reductase (GR)

from P. sativum (b). Three dimensional model of VryECS protein. The circle and the
arrow indicate the putative oxidized GSH binding site (c).
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the protein sequence. The model depicts the monomeric protein including six antiparallel
beta-sheets surrounded by alpha helices. The putative oxidized GSH binding site was
highlighted in the protein 3D model (Fig. 33c). Further, according to the available literature,
redox regulation of YECS protein was mediated through monomer-dimer transtitions via
intermolecular disulphide bridges where the oxidized dimeric form of the protein was
considered to be more active than the reduced monomeric form and it was assumed that
conserved cysteine residues at particular positions within the protein sequence facilitate such
disulphide bond formations (Fig. 34a). The putative VryECS protein displayed 95, 85 and
82% sequence similarity with ECS protein sequence from P. vulgaris, P. sativum and R.
communis respectively and B. napus, B.juncea and A.thaliana showed 78% sequence
similarity with VryECS. Upon multiple alignments of all the above sequences, we observed
that the plastidic transit peptide cleavage site (IVAA) is conserved in all the above plant
species. However, the transit peptide sequence was highly dissimilar with each other. The rest
of the protein sequence (beyond the transit peptide cleavage site) showed high sequence
similarity. Putative conserved Cysteine residues at 173" 338" | 352" and 394™ positions
were highlighted which were predicted to participate in monomer-dimer trasitions through
disulphide bond formation (Fig. 34b).

VryECS mRNA expression and enzyme activity under progressive drought stress and

recovery

A quantitative real time PCR analysis of VryECS under progressive drought stress
was performed with ACT as the internal control and the well-watered DO plants as calibrator
whose fold change in mRNA level was considered to be 1. The relative fold change was

“AACt method. Our results demonstrated a more or less constant

calculated according to the 2
expression (< 1.5 fold) levels during short-term and long-term water-deficit as well as during
recovery period (Fig. 35a). However, VryECS enzyme activity was significantly enhanced
during medium stress (D3) when compared to DO but declined upon consecutive severe stress
(D6) and failed to recover even upon re-watering (Fig. 35b). As the VryECS mRNA

expression levels did not correspond to its activity, we correlated the endogenous H,0, levels

137



Proline and glutathione biosynthesis under drought

Chapter 5

‘(g) uonisuen
Jawip-Jawouow ayell|1oe) 01 Spuoqg apIydinsip Jejndsjow-eaul pue Jejndsjow-1aul Bulwioy ur paAjoAul aq 03 pasodoud
ale YdIYM Sanpisal auldIsSAd paAlasuod syl Mmoys 03 saoudnbas §OHA owngodl 1oypo ypm doudnbas HHFAIA paureiqo
J0 uosedwo :(e) syue|d Jaybiy ul uonisues) Jawip-Iowouow Y3noIyy SOHA Jo uonensar xopar Jo wsteyddlN v¢ b4

AT1344AHOASDEHADUA T T30 LADLAAATUAPH A0S TA 4913 TOON T TA JHAHN TIO0H 4 LTI TANNY TH {34 " LHOWL$ A" D15 " BOATTOAH AU | Y
ATIF4AHOASDIHAOHA TITTAIHALADL HAATUATH A0S TA 4944 T 1A TBATIHAHA TI90 4 LA IO LAANNY TH 143 34 LHOW L 01 ASB ISHOOA TIDAH T | e
AT1334AHOASDIANOHA TITTH30ALADLEAATUA I A95 30 494 100N T ACIHAHN 11904 4 LN 19 LAANNY THEHA 34 LHOWL 101150 TSHI0A TIAH 10 {1
ATIF4AHOASOHIADOA TITTE30ALADL HAATUATHA9S TA 49T 10NN TATACIHAHA TI9 0 4 LA T9SA LANNY THB 300 LU L T011A9B 15030A TIDAH U 1§ e
AT1334AHOASDIHAOHA TIT 1430 LADLARATUABN 1495 34 4904 190N 13 1ATIHAHN 11904 3 LN T LA LANNY THIHATTLHOU LN 1AHD TSAT0A T19AH 10 {1
ATII04AHOASDIHNOHA TITTEI0ALADL AAATHABN A0S TA 4904 T TN 1T 1ATIHAHN TI 0 4 LN TO LA LANNY TMHITTLHO LN ASB 1S AT0A TID A U T 1
| X , : : : : . . , , ,

015 005 06

HdII0HIAHI TASA THA3dATL L THHIHON 1L T304
H4990HIHHA TASA THA AT L L THHIHON 1L T30
HdII0HIAHI TASA THA3dATL L THHIHON 1L T304
H4990HIHHA TASA THA AT L L THHIHON 1L T30

08 0tb

004149
TN 044149
TAHTH0ALHI
TAOH 04 4LH0

09p 08k Obb 0Eb b 0Tp 00p

| PIRANJAHA AT TH0AND 20450048 3 THIIIOHO LOLHIHSHHSAZINGATE A JdSHY S TH LUT 0T
TR AR JAHAATTHADAAD 29450048 1 THOILHOHO LOLHTHSHHSA 49HAT 34 1 SHY S TH LUT A IET
TAAHASARJAHA AT THADAND 49450040 1 THOILHOHO LOLHTHSHHSA 490 AT N JdSHY S TH LUT 10T
TASHASARAHAATTHAQAADI 9450034 44 THISHOAO LOLHTHSAHS AAINAAT A JdSHU TH LUT BT
ARPDHAHAAHAATTHADAND 49450040 1 THOILHOHO LOLHTHSHHSA 490 AT L 4 SHY S TH LUT 10T

Hd990HIHHI TAEA T84 3d 4T 1L THHIHON 1L T304

TADU 104 LHO ST RAAAH AN AN AT THA0AAD 40 4500 44 4 THOLL HOHO LOLHTHSHHS A 49HAD0 LIS HY S TH LUT B H T

__n_m_m_-ms_:m_._:v_._w_____m_&:t._:zm__._-z._t._m_gn_=._v_m_a.z=g&=m_

| ,
06E 08¢ 43 03¢ 06¢ /73 0EE 02E 0T¢

B DHMTHIYISS AT THADA L1 Y AHME IS DA GHAUHT  A4INGH  ATOA " BT 149 TANTIEAANDA THEHAT
YDA THOHASS A0 THADALD LY SHHO 19 TSOANGHANBHT OAH9AAHAI TONT A D 1919 149 TIHTIHAAADA THSHAS
Y DI THOHISS 0 THADA LD LY ANTO 19 TSOANGHANBHT OAHINAHAI T OO AD 19T9 140 TIHTIHAUAADA THSHAT
YDA THOYISS IO THABA LD LY SHHD 9 TSDANGHANEHT TAd9AIHIATON 19640 491 140 TIHTHAUAADA THSHAT
Y DI THOHASS 0 THADAL LY JHHO 9 TSDANGHANAHT TAHIAAHMAT 0N I 40 4919 149 TIHTLAUAADA THSHAT

|
00¢ 06¢ 08¢ 04 1%

BHL3 14495 1340994315 TSUAD0A TOTTHO93M  HéHO
BHL3 14495 1340994315 TSUNO0A T9TTH09IHINOHO
BHL3 1449513409943 155000 TOTTHO M INDHO
BHL3 14495 1340994315 TSUNB0A TOTTHOFHIADHO
BHL3 1449513409943 155000 TOTIHO9IHIN MO
BHL3 4495134099415 TSUNO0A TOTIHOHANDHO

|

YD THOYISS IO THABA LD LY SHHD T TSDANGHANAHT A AHHATONE I 40 19T 40 TIHTIHAUAADA THSHAT
I

03¢ 05¢ ope 0te 0ge 0Te g 06T 087 0£1 097 057 0T TE

HIHTBNTTICTOTANMA 150 T340 S O T AN I05H TAD i TO0L Td# 1 PARHOT L ddSHYAT " HBa" * 87+ ¥ § 150 206 s 49y sgoy*  F oy oy v e e eogt ey
SIHTINTTIHIOIAAMAE 1594349433 LITHHNTAAA D SHIAGA 1001 140LARAHOA LddSHHATANOTHLATHO LdSaNNBSAHLS J6 AL OUHSHA L IO HAAS TH==LASALL LAS 1AUM
SIHTINTTIHIOTAAN A 150434944313 L9THHATAA A0S A0A 10051 140LBARH0A LddSHHATAHOTH LATH0 LS TAHBSOHHS 35 L HAHSHA LODO M TH--H LABH L LAT 1AM
SIHTINTTIHIOIAAMAE 159 T304 33 LITHHNDASA 9 SHTAGA T00L T43LHARHOA LddSHHAT THETHY =S STSHUA IS SHIBHSHO ALDAAIHHHHHG SO THS Th==dH

SIHTUNTTIHIOIANAE 150 TI4903H3 LOTHHAAAA IO SHIATT 10051 1431 BAAH 0 LddSHHAT THHO9~=5SA THH0 A T===55 45 1S Ad LAY T4 ANH d=====-ddH L SSUAST LW
SIHTINTTISTOIAAMAE 159 TH4943H3 LITHHAOALA DO SHIAGL 1001 143 LHARHOA LddSHHAT 445 9-=051 TIHNAS TSHASS 41 LHS TS LANTHANH LHOHY 1545 5SS 14T L LM
| + + + ¢ ¢ ¢ ¢ t t + + + |
) 027 19} 07 06 08 0 09 05 3 0f 02 ol T

SNSUASUO7)
BudTY,
snyoaseyy
5707
WNSTY
odeaTpay

SNSUASUOY
BUATY,
snToaseyy
5707
WNsTY
o03eatpay

SNSUASUO)
BURTY,
snToaseyy
o]
unsT4
o3eaTpay

SNSUASUD)
BURTY,
snToaseyy
s
unsT4
ogeatpay

(q)

(1102 '|e 39 3uElED)
aAljoRU|

Reducing

(<]
=
B
< BuizipixQ

SINV1d

(e)

138



Chapter 5 Proline and glutathione biosynthesis under drought

180 T 2001 58x + 7.2667
R? = 0.9962 (c)
§‘3 r (a) 170
<3
Z N
DE: Gg)? L 160
0
s
> El 7 = 153 VryECS activity (D3)
o
Lo ‘To) N 0NN AR n70 n 78 N KN
0 3
g 240
b = y = -48.571x +252.12
0g (P ;—:’N R2=0.1071 ® (d)

o
o
T

230 \.\.
o

220
0 VrvECS activity (D6)

0.00 0.35 0.40

VryECS mRNA
L-Cysteine *

L-glutamate o

YECS activity
(umolPi mg! protein min -1)
o
S ¢

o
(V)
T

o

s

y-glutamy!
cysteine

VrhGSHS

Homoglutathione

Fig 35. Real time gPCR analysis of VryECS mRNA depicting the fold change (244"
during D3, D6 and 6R when compared to DO (a). VryECS enzyme activity during
progressive drought stress and recovery (b). Values represents mean + SD with n = 3. P*
<0.001 indicate significant difference (one way ANOVA). Linear regression analysis
between VryECS enzyme activity (X-axis) and H,O, content (Y-axis) during D3 (c)and D6
(d) indicating a positive and non-significant correlation, respectively. Schemmatic

representation of the proposed hypothesis for VryECS regulation during drought in V.
radiata roots (e).
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during D3 and D6 with the observed VryECS activity patterns. Linear regression analysis
between the VryECS enzyme activity and H,O, content during D3 showed a strong positive
correlation between the two parameters with R? value of 0.9962 (Fig. 35c). However, during
D6, the R® value was only 0.1071 indicating a non-significant correlation between these two
parameters (Fig. 35d). Based on our observations, we hypothesized that low concentrations of
H.0O, might be acting as a positive regulator of VryECS enzyme activity in roots of V. radiata
during drought stress conditions (Fig. 35e).

Changes in root-level proline accumulation, expression of VrP5CS mRNA and VrP5CS

activity under progressive drought stress and recovery

Using primers based on PvP5CS sequence available at NCBI GenBank
(01|164564393|gb|EU340347.1|), a 1.48 kb fragment of VrP5CS was amplified from root
cDNA and sequenced (Fig 36a). Deduced sequence was compared with the existing PvP5CS
sequence for confirmation of the identity of the gene which showed 98 % sequence
similarity (Fig. 36b). Proline accumulated rapidly at a significantly high level
(approximately 5 fold higher) during medium stress (D3) itself. Proline content was similar
during D6 (only a marginal decline was recorded) and thereafter rapidly catabolised upon re-
watering (Fig. 37a). To understand the expression pattern of proline in roots of V. radiata,
we analyzed the mRNA expression pattern and the corresponding enzyme activity levels of
VrP5CS. The relative mRNA expression of VrP5CS gene showed 108 and 70 fold up-
regulation on D3 and D6, respectively and the gene expression resumed to DO levels during
6R (Fig. 37b). A similar pattern was recorded for VrP5CS enzyme activity levels, with
approximately 7 and 6 fold enhancement in the activity levels on D3 and D6, respectively,
whereas upon recovery the enzyme activity became equivalent to that of DO (Fig. 37c).
Linear regression analysis of RMC % versus proline concentrations, VrP5CS mRNA
expression and VrP5CS enzyme activity elucidated positive linear correlations with R?
values of 0.757, 0.646 and 0.830, respectively (Fig.37d-f).
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Fig 37.Changes in proline concentrations in V.radiata roots with gradual water deficit and
re-watering (a); transcript level modulations in the proline biosynthetic enzyme, pyrroline
5 carboxylate synthetase (VrP5CS) (b); VrP5CS enzyme activity changes under
progressive drought and recovery in mungbean roots (c). Values represents mean £+ SD
with n = 3. P* <0.001 indicate significant difference (one way ANOVA). Linear regression
analysis between root moisture content and proline concentrations (d); VrP5CS mRNA
expression levels (e); VrP5CS enzyme activity (f).
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DISCUSSION

The protective mechanism of GSH and proline in higher plants has been
conspicuously evident owing to their multifaceted functions inside plant cells (Ruiz and
Blumwald 2002, Ogawa 2005, Szabados and Savouré 2010). However, analysis of the
enzymes responsible for their synthesis as well as the factors regulating their activity during
abiotic stress conditions, especially drought, has not been elucidated in vivo. Our results
focused on the cloning and sequence analysis of the rate-limiting enzymes associated with
GSH (VryECS) and proline (VrP5CS) biosynthesis, and a subsequent insight into the
regulation of these enzyme including mRNA expression levels and activity analysis under

progressive drought stress and recovery.

Earlier reports demonstrated the catalytic properties and regulation of plant yECS in
Arabidopsis and B. juncea, respectively (Jez et al 2004, Hothorn et al 2006). However, the
relationship between the yECS mRNA levels and the corresponding enzyme activity of the
YECS protein is still under debate. According to previous reports, the mRNA expression
levels of YECS showed different patterns in response to various abiotic stresses in different
plant as well as tissue systems. For example, in response to heavy metal stress and jasmonic
acid, yECS mRNA levels increased in Arabidopsis leaves (Xiang and Oliver 1998). However,
in Arabidopsis suspension cells, AtyECS levels remained constant upon heavy metal exposure
(May et al. 1998). A recent report on cloning and characterization of YECS from a rare and
typical alpine subnival plant, Choriospora bungeana which is a natural cold-resistant species,
showed that both transcription and enzyme activities of YECS were enhanced in response to
cold stress, indicating the probable existence of a different regulatory mechanism in that plant
(Wu et al. 2009). In maize, a C4 species of subtropical origin, it was reported that short term
chilling stress increases YECS transcript levels in leaves, but the total YECS protein expression

and enzyme activities remained unchanged (Gomez et al. 2004).

In the present study, we analysed the transcript levels of VryECS in response to short-
term (D3) and long-term (D6) water deficits as well as recovery period (6R). Our real time
gPCR analysis clearly demonstrated that VryECS transcript levels remained constant during

varying water-deficit conditions as well as during recovery.
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However, the enzyme activity patterns did not correlate with the corresponding transcript
levels. Enzyme activity significantly enhanced during D3 but declined drastically during D6
and also failed to recover upon re-watering. Our data clearly indicate the existence of some
posttranscriptional (or post-translational) regulation of VryECS (May et al. 1998, Hicks et al.
2007). Also, enhancement of the enzyme activity during medium stress signifies the probable
ability of V. radiata in regulating glutathione biosynthesis to tolerate moderate water-deficit
regimes. Upon subsequent dehydration, it failed to enhance the levels of GSH. It was reported
in A. thaliana that YECS undergoes reversible conformational changes that modulate the
enzyme activity of the monomer in response to stress-induced redox environment (Jez et al.
2004). Moreover, there are circumstantial evidences indicating the influence of ROS, such as
H,O, and the redox states of antioxidants on the nuclear gene expression in plants (Creissen et
al. 1999, Mittler et al. 2004). Also, there are several interesting reports demonstrating the
direct or indirect induction of GSH biosynthesis by H,O, (May and Leaver 1993, Queval et al.
2009). Apart from feedback inhibition by GSH (Hell and Bergman 1990), two mechanisms
for activation of YECS enzyme activity have been proposed: (1) post-transcriptional oxidant-
induced de-repression (Xiang and Oliver 1998, Xiang and Bertrand 2000) and (2) oxidation of
enzyme thiol groups at post-translational level (Hicks et al. 2007). Further, it was recently
shown that H,O, induced changes in the cysteine biosynthetic enzymes may function in
parallel with the proposed post-translational activation of YECS under oxidizing conditions
(Queval et al. 2009). To further comprehend our findings towards the correlation of H,O, and
YECS activity in-vivo, we estimated H,O, content in the roots of V.radiata during D3, D6 and
6R simultaneously and correlated the values with the VryECS enzyme activity levels. The
H.0O, levels increased gradually with gradual increase in the stress intensity and declined back
to control levels upon re-watering. Individual linear regression analyses between H,0, levels
and VryECS activity during D3 and D6 revealed an interesting and significant correlation
between the two parameters. At medium level of water-deficit (D3), VryECS activity was in
positive and linear correlation with H,0, levels (R? = 0.9962). However, during D6 there was
no significant correlation between the two parameters (R® = 0.1071). It is known that at lower
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concentrations, H,O, can serve as a regulatory component in various signal transduction
pathways whereas at higher concentrations it is able to act as a lethal ROS. From our data, we
hypothesize that low concentrations of H,O, could probably act as a positive regulator of
VryECS enzyme activity in-vivo, whereas at higher concentrations, this relationship is
disrupted. It could be due to the fact that higher ROS levels become damaging to proteins,
enzymes and other cellular metabolites (Smrinoff 1993). Direct interactive studies between
H,O, and VryECS in-vitro, under similar oxidizing as well as osmotic conditions might
provide further inputs in this regard. However, the present data provide an evidence for the
possible regulation of VryECS by H,0, during progressive drought stress and recovery in

V. radiata.

Further, based on the sequence analysis of putative VryECS protein, we observed
that the precursor protein consists of a 60-amino acid-long chloroplast target peptide. It has
been reported that the encoded polypeptide in roots was targeted to the proplastids
(Ruegsegger and Burnold 1993). The sequence analyses of the putative encoded protein
indicate that the putative chloroplast target peptide cleavage sequence lle Val Ala‘*Ala is
highly conserved among different plant species; however the target peptide itself is not
conserved. The highly conserved nature of the whole sequence, rather than the catalytic site of
the mature YECS polypeptide indicate that functions other than the catalytic activity which
could be related to its post-translational regulation are also important for this enzyme (Noctor
et al. 2002, Ball et al. 2004). Also, YECS from all sources were shown to bind oxidized GSH
and a particular amino acid motif from Arabidopsis YECS (118-131) was known to share
homology with putative oxidized GSH binding motif of glutathione reductase from Pisum
sativum (May and Leaver 1994). We also observed similar homology between the putative
oxidized GSH binding motif of YECS and the highly conserved Lys and Arg residues which

facilitate GSH binding to a broad class of enzymes using GSH as their substrate.

In contrary to the popular belief of proline as an inert compatible osmolyte which
protects subcellular structures and macromolecules during adverse environmental conditions,

proline accumulation is now known to influence plant metabolism and stress-tolerance index

145



Chapter 5 Proline and glutathione biosynthesis under drought

in multiple ways. Accumulation of proline in different plant species under certain abiotic
stress condition is well documented (Szabados and Savouré 2010) and thus, understanding the
regulation of proline biosynthesis, catabolism and inter- and intra-cellular transportation
during adverse environmental conditions, including drought is quite essential (Kavi Kishor et
al. 2005). Being an osmolyte, proline accumulation in cells during drought-induced osmotic
stress prevents the damage from cellular dehydaration. As a molecular chaperone, proline
protects protein structures and thus, maintains enzyme activity patterns during stress
conditions (Sharma and Dubey 2005, Mishra and Dubey 2006) while as a ROS scavenger, it
guenches singlet oxygen (Matysik et al. 2002). Thus, in general proline accumulation in
higher plants is considered as a drought tolerance mechanism and proline biosynthesis is
activated through enhanced activities of P5CS and P5CR enzymes while its catabolic pathway
was inhibited during dehydration. However, during stress recovery (after re-watering), faster
catabolism of proline was considered to be useful for better recovery from dehydration stress
(Xue et al. 2009). In the present study, V. radiata drastically enhanced proline biosynthesis
under water-deficit conditions which was also degraded rapidly upon re-watering. Now,
proline biosynthesis is known to be regulated by the activity of two P5CS genes in higher
plants, where one encodes a housekeeping protein while the other, a stress-specific isoform of
P5CS. Both the P5CS genes show high degree of sequence homology in their coding regions,
but differ in their transcriptional regulation patterns (Armengaud et al. 2004, Xue et al. 2009).
In our study, elevated proline biosynthesis in V. radiata roots during progressive drought
stress was highly correlated with the drastic increase in mRNA expression of VrP5CS gene
which can be considered as the stress-specific isoform. Moreover, the corresponding enzyme
activity of the VrP5CS enzyme also revealed a significant increase during D3 and D6 which
indicates that rapid accumulation of proline might be a drought-resistance strategy of V.
radiata. Moreover, as drought inhibits rate of photosynthesis, the cellular NADPH/NADP*
ratio increases due to accumulation of NADPH, thus, higher rates of proline biosynthesis
through glutamate which utilizes NADPH as cofactor, play an important role in balancing the
cellular NADPH/ NADP”" ratio which can be considered as an adaptive mechanism during

drought stress.
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It was also reported that proline biosynthesis might substitute for protein synthesis for ATP
turnover as well as NADPH oxidation (DeRonde et al. 2000).

Proline biosynthesis was rapidly triggered during drought stress, while its catabolic
pathway was activated during re-hydration or stress-relief and was controlled by the catabolic
enzymes, PDH and PSCDH. In our study, we observed a rapid catabolism of proline during
6R associated with the corresponding VrP5CS gene expression and enzyme activity also
declined rapidly upon re-watering. However, the observed proline degradation could be
attributed to the induction of the catabolic enzymes PDH and P5CDH which we have not
analyzed in our study. However, previous reports have confirmed that expression of these
enzymes were significantly induced after stress-removal (stress recovery) (Rayapati and
Stewart 1991, Nakashima et al. 1998). After rehydration, removal of the surplus proline levels
appears to be quite significant for an efficient recovery from the stress as the rapid oxidation
of proline to glutamate provides extra energy during recovery period. Thus, the actual amount
and timing of proline accumulation were not the only factors responsible for stress-tolerance,
but the ability of the plants to catabolise the accumulated proline also acts as an important
strategy for plant stress-tolerance and subsequent recovery upon removal of the stress
condition (DeRonde et al. 2004).

As we have seen earlier (Chapter 2) that progressive drought stress decreases RMC % in
a dose-dependent manner. In order to correlate the observed modulations in root proline
accumulation and the expression patterns of VrP5CS with drought, we performed three
independent regression analyses between RMC % and proline content, VrP5CS mRNA
expression pattern and VrP5CS enzyme activities as recorded during DO, D3, D6 and 6R.
Pattern of proline accumulation, VrP5CS mRNA expression as well as enzyme activity
showed negative correlation with declining RMC %. Hence, based on our present
observations we could predict that drought-induced decline in the RMC % might be acting as
a stress signal for roots to enhance proline biosynthesis by inducing the corresponding

VrP5CS gene expression and associated enzyme activities
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In this study, VryECS and VrP5CS genes from V. radiata roots were sequenced and
characterized. Sequence analysis of the putative VryECS protein indicates that the identified
gene codes for the chloroplastic and not cytosolic form, owing to the presence of an
N-terminal chloroplast target peptide. Obtained VrP5CS cDNA sequence showed 98%
sequence homology with PvP5CS and corresponds to the stress-specific isoform of the gene.
In V. radiata roots, VryECS was not induced at the transcript level during progressive drought
stress but, the enzyme activity was significantly enhanced during D3. Thus, the existence of a
post-transcriptional (or translational) regulatory mechanism was quite evident in this case.
Dynamic correlation was also observed between the VryECS activity and H,O, concentrations
in V. radiata roots under progressive drought and recovery, reflecting the possible
concentration-dependent inter-relationship between the two parameters where low
concentrations of H,O; could be acting as positive regulator of VryECS enzyme activity in-
vivo. There was a rapid enhancement in proline biosynthesis in V. radiata roots during
progressive drought (D3 and D6) and a rapid catabolism of the accumulated proline during
recovery (6R). Expression patterns of the VrP5CS mRNA and the corresponding enzyme
activities showed a strong positive correlation with the observed proline accumulation
patterns, while a strong negative correlation was observed with the RMC % during similar

watering regimes.
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SUMMARY AND CONCLUSIONS

Progressive drought caused a gradual and significant decline in the net CO,

assimilation rate (P,) in vegetatively mature Vigna radiata with a subsequent decline in the
stomatal conductance (gs) and transpiration rate (E). However, the observed decline in
stomatal conductance and reduced CO, assimilation rates were a part of the adaptive
mechanism of drought-stressed Vigna, rather than permanent damage, as the plants
recovered significantly upon re-watering. It is known that decline of P, could be either due
to stomatal or non-stomatal limitations. In V. radiata, decline in P, and gs were not
accompanied by a corresponding acute decline in the sub-stomatal CO, concentrations (Ci)
which indicates involvement of non-stomatal factors along with stomatal limitations. For
further insight on photosynthetic physiology of V. radiata under water deficit conditions,
we analyzed the drought-induced effect on PSII efficiency by analyzing the modulations in
chl a fluorescence. Drought differentially affected the various PSII reactions and the
electron flux. However, drought-induced damage on the PSII quantum vyields and the
stability of PSII complex were insignificant and no alternate electron donors were utilized.
As roots are known to be the initial perceivers of drought stress signal rather than leaves,
we analyzed oxidative stress responses in V. radiata roots under progressive drought and
recovery. Progressive drought stress induced a gradual accumulation of H,O, and lipid
peroxidation in V. radiata roots which declined upon re-watering. Ascorbic acid content
and peroxidase activity in V. radiata roots showed a positive correlation with increasing
drought stress intensity. However, glutathione content remained more or less stable except
during D3. Root proline accumulation and its rapid catabolism upon re-watering indicate

effective adaptive mechanisms in V. radiata.

Drought stress is known to cause abscission of most lateral roots in dry regions of
soil and induces secondary lateral roots in regions of soil containing higher soil water
content. Our data on V. radiata, depicts abscission of the longer lateral roots while short-
roots were observed in the drought-stressed population which indicate that V. radiata can
regulate its root morphology towards maximum water uptake strategies depending on the

availability of water in the soil. Majority of the current understanding of drought responses
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in legumes were based on foliar proteins only and a focused analysis involving root protein
expression patterns at different levels of stress intensity and recovery period have not been
reported. For a systematic analysis of the root protein expression patterns during
progressive drought stress and recovery, we used comparative proteomics approach which
has emerged as a promising tool for global analyses of protein expression levels in the
recent past. Our proteomics-based study showed that V. radiata could express different
sets of proteins at different stages of drought stress. Root proteins involved in root
architecture, energy metabolism, ROS detoxification and cell signaling were differentially
regulated during progressive drought stress. Expression patterns of proteins belonging to
different functional groups were highly correlated and regulated by the soil water status in
terms of medium and high stress intensity. Our data suggest that V. radiata could tolerate
medium level drought stress intensity but gets susceptible under subsequent enhancement

of drought treatment.

Drought stress-induced reactive oxygen species result in oxidation of lipids,
resulting in unstable lipid peroxides which would degrade to form highly cytotoxic
aldehydic products. Aldehyde reductases (ALRs), belonging to aldo-keto reductase
superfamily, play important role in detoxifying the cytotoxic by-products of lipid
peroxidation. Through proteomic approach, we observed a significant up-regulation of
aldehyde reductase protein in roots of V. radiata (VrALR) during short term water deficit.
Hence, in this objective we characterize the functional role of this enzyme in V. radiata
under progressive drought. We cloned, expressed and purified the VIALR protein. The
aldehyde reducing activity of the purified protein showed highest catalytic efficiency with
p-NB and least with cinnamaldehyde. For analyzing the detoxification potential of VFALR,
we expressed the protein in bacterial and yeast systems. VrALR expression has
successfully complemented the endogenous defense mechanism of E.coli BL21 and yeast
mutant W303-1A against oxidative stress conditions indicating the effective detoxification
of the H,O, and p-NB-induced toxicity. However, in comparison with the bacterial system,
yeast has shown lower detoxifying capacity. For analyzing the protective role of
endogeneous ALR, we observed the VIALR mRNA expression patterns and the
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corresponding enzyme activity. We found that V. radiata effectively regulates the ALR
gene in response to short term water defict by up-regulating its mRNA expression and
consecutively the protein content as well as the aldehyde reducing activity. But higher
oxidizing conditions inhibited the gene expression and thus the protein content. The
continued enhancement of aldehyde reducing activity could be due to some other stable

proteins in the root extract with aldehyde reducing enzymatic properties.

In glutathione biosynthesis, the rate limiting enzyme is y-glutamyl cysteine
synthetase (YECS) which serves as the control point during abiotic stresses when the
demand for GSH enhances. YECS activity is usually influenced by multiple regulatory
factors which include older concept of feedback regulation by glutathione and also the
recent concept of redox regulation by H,O, and disulphide bridges. In this study, we
focused on the cloning, sequence analysis of VryECS and a subsequent insight into the
regulation of this enzyme including mRNA expression levels in V. radiata under
progressive drought stress and recovery. We observed that declining root moisture content
during progressive drought has no direct impact on VryECS gene expression and under
progressive drought stress; glutathione (GSH) biosynthesis in roots of V. radiata was
directly dependent on the activity of VryECS enzyme. Regression analysis with H,0,
concentrations showed that low concentrations of H,O, could probably regulate VryECS
enzyme activity in vivo. The multifaceted protective role of proline under drought stress is
well documented. In the present study, V. radiata significantly enhanced proline
biosynthesis under water-deficit conditions which was also degraded rapidly upon re-
watering. Elevated proline biosynthesis in V. radiata roots was highly correlated with a
significant increase in its MRNA expression and catalytic activity of VrP5CS. Pattern of
proline accumulation, VrP5CS mRNA expression as well as enzyme activity showed
negative correlations with declining root moisture content which were possibly acting as

stress signals in roots to enhance biosynthesis of protective osmolyte incuding proline.
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