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1. INTRODUCTION

Water availability is crucial to sustain crop productionridwide; however adequate water
availability may be a problem for wellbeing and agtigré in the future. Climate change has altered
the rain pattern and thus water availability, includiog dgricultural purposes. The impact may be
worse in the arid and semi-arid dry-lands, such as Wiesh Tenggara (WNT), as the landscapes are
characterized by limited water resources and pronana dlegradation (Ravi et al., 2010), and thus
water deficit is a major limitation for agricultural phaction in dry land areas. The Soil water deficit
is one of the most important factors influencing in plgnawth and productivity (Ramasamy et al.,
2017). Therefore, understanding the plant responses to @eftet stress is important for a better
agricultural management, particularly for arid and semdiagions.

The growth response of plants to water deficit is compleslving responses that occur at the
morphological, physiological, cellular and metabolic lsM@odriguez-Uribe & O’Connell, 2006).
Water deficit decreased leaf water potential and isawdeaf osmotic potential (McManus et al.,
2000), and directly affected cell division, cell enlargensard cell differentiation (Schroeder et al.,
2001; Sanchez et al., 2004). Increase in leaf osmotic paiteatl been shown to alter accumulation
of compatible solutes and alteration or change in the bal@inp&nt hormones (e.g. Chen et al.,
2002; Tanaka et al., 2005). Amongst the Compatible solutes indycestbr deficit us protective
protein and amino acids, such as proline (McManus ,e2@00).

Other responses of plants to water deficit stresseseimature necrosis (leaf senescence) and
abscission in mature leaves (Bleecker & Kende, 2000), driven nbyne@eased in ethylene
concentration such as in leaf of maize (Young et al., 20®%@mature leaf senescence processes in
vegetative plants is associated with a decrease in totalophlyll content (Javadi et al., 2008;
Guerfel et al., 2009).

Ethylene is a simple unsaturated gaseous plant hormone. iithgleontinuously present during
the whole plant life cycle (Bleecker & Kende, 2000), and dasmportant role in the regulation of
many physiological responses of plants (Bleecker & Kende, 20@ByleBe is produced by the
majority of higher plant in various stages of plant growtid alevelopment from initiation to
maturation and senescence (eg. Hunter et al., 1999; Chen 8&aMsy12006). In addition, various
environmental cues such as wounding, pathogen attack, floodmgghty anoxia, ozone and light
has also been shown to alter ethylene biosynthesis in [fiéamg & Hoffmann, 1984; Bleecker &
Kende, 2000) and so the hormone is proposed to be an impatptator of the response of the
plant to these various stimuli.

The key step in ethylene biosynthesis is the conversion of AdmVREC, by the enzyme ACC
synthase and the oxidative cleavage of ACC by the enzyme é@fase into ethylene (Yang &
Hoffmann, 1984; Bleecker & Kende, 2000; Wang et al., 2002). AC@aeri (ACO; EC 1.14.17.4)
is the enzyme that catalysis the final step of ethyleogyhthesis, which is the conversion of ACC
into ethylene (Yang & Hoffmann, 1984). ACO is encoded by a |smalti-gene family in many
plant species, and there are three members of ACO e identified and isolated from white
clover, i.e. TR-ACO1, TR-ACO2 and TR-ACOS3 (Hunter et #099). The ACO gene expression has
been shown to be developmentally regulated (Hunter et949). In white clover, grown in normal
condition, expression of TR-ACO1, TR-ACO2 and TR-ACO3 occurdiiferent stages of leaf
development (Hunter et al., 1999). In addition evidence is mogvging to suggest that ACO multi-
gene family gene expression is responsive to abiotic or envirdalngues such as wounding,
ethylene treatment (Higgins et al., 2006) and submergence ¢Rady 2005).
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In this paper, we use white cloverrifolium rapensL.) as a model plants to investigate
physiological responses of plant to water deficit, and tanéxa the role of ethylene in plant
adaptation to a water deficit stress by investigating clsangé&CC oxidase gene expression and
ACC oxidase protein accumulation as well as proline emdrophyll concentration in different
developmental stages of white clover leaves under wateitdeindition.

2. MATERIAL AND METHODS

The experiment were conducted in The New Zealand CoBtmeironment Laboratory (NZCEL),
Plant and Food Research, Palmerston North, New Zed&lamd November to December in 2007.
The NZCEL conditions were maintained at a constant testyoer of 22C (day) and 124C (night),
constant relative humidity of 75% and €& 350 ppm. The room was equipped with 4 x Metal
Halide (1.0 kW) and 4 x Tungsten Halogen (1.0 kW) lights proviéB@umm-s* PFD over a 14 h
photoperiod and with built-in mirrors, placed on all of thdlsvd.5 m above the floor, to provide
uniform illumination to all parts of the room. The white cloy@lants (Kopu variety) were
acclimatized for 1 week before the water deficit trezit by the complete withholding of water.

The growth (petiole elongation rate/PER), soil water @n{SWC) and leaf water potential
(LWP) were measured daily until PER was ceased,-&th8urs after dawn, four pots per day
(destructively). The SWC was estimated using electricalwzingty probes placed at a 15 cm depth
connected to a TDR (Time Domain Refractometer) apparattess¢TSoil Moisture Measuring
System, Soil moisture Equipment Corp, Santa BarbaralWS®). The LWP was measured in the
first fully-expanded leaves by a Scholander pressure chambem@sture Equipment Corp, Santa
Barbara CA, USA) while the PER was calculated as #ie of petiole extension per day (as
mm/cm/day).

The tissue samples were exised from the plant dailydaedtly freezed in liquid nitrogen, then
stored in -80°C until required. The leaf chlorophyll wasasted in chilled (4C) DMF in darkness
at £C for 14 h, and the absorbance was read at both 647 and 6Gfaimst @ DMF blank. The total
chlorophyll concentrations were calculated as 178 A 8.08 Aess(mg/mL) (Inskeep & Bloom,
1985). Proline was extracted according to method described by Magnkarher (1984and the
absorbance was read at 518 nm against a toluene blank. Ipeateta was extracted with 3 volume
of extraction buffer at 4C. The protein concentration was estimated by a nssegaversion of the
Bradford method with BSA as the protein standard.

SDS PAGE (Sodium dodecyl sulfate-polyacrylamide gel elpbtveesis) was undertaken
according to method described by Laemmli (1970) with some roatidns. The protein samples
were mixed with two volumes of 2 x SDS gel loading bufferulpated in a boiling water bath for 3
min and then cooled for 10 min at room temperature, cegéif at 10 000 x g for 1 min at room
temperature, and loaded into the gel wells with moleocutEght markers was loaded separately as
required, and then electrophoreses at 100 V for 130 ming@&lsewere transfered to a Polyscreen
polyvinyl fluoride membrane (PVDF, PerkinElmer™ Life Sciencks,., Boston, USA) using a
Trans-Blot Electrophoretic Transfer Cell (Bio-Rad)Ll80 V for 1 hour at room temperature (with ice
block and continuous stirred) The membrane was blocked at mapetature for 2 h, with gentle
shaking, incubated with primary antibody for 1 hour at@G3Wwith gentle shaking, followed by
incubation with secondary antibody for 1 h at room temperatitregently shaking. After washing,
the protein was detected using the chemiluminescent metcoddéng to the instructions supplied
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by Thermo Fisher Scientific, by SuperSignal and then developeat piece of X-ray film using an
automatic X-ray film processor (100Plus™, All Pro Imagekidite, NY, USA).

Total RNA was isolated using the hot borate method (Huatgl Reid, 2001) with some
modifications. The first single strand of complementaryAD{¢DNA) was synthesised by the
ThermoScript™ RT-PCR system (Invitrogen) using an oligo (@ijes and 4 pg total RNA. The
mixtures were denatured at°6for 5 min the incubated on ice for 2 min before additiom@NA
synthesis buffer, DTT, RNaseOUT and ThermoScript™ RT.CDM¢A synthesis was carried out at
50°C for 60 min, and reaction terminated at@3or 5 min. RNase H was then added to digest any
remaining RNA by incubation at 3Z for 20 min. Amplification offR-ACOtranscripts were carried
out using the PCR Master Mix Kit (Promega). The sequenoé primers used were
CACCAGCACCAAACTTTAT (TR-ACOL1 forward), AAGAGAATAATGAAGTTTACC (TR-

ACO2 forward), AAAAGAAACAGAGGAAAAAA (TR-ACO3 forward),
TCTAAAATCAAACTTTAATCAT ( TR-ACOlreverse), CACTCACTATATAGTAAGTAAACA
(TR-ACO2 reverse), GATGTTCGAACTCTAATCCC TR-ACO3 reverse),

TGAAGTACCCCATCGAGCACG R-actinforward) and AGTGATCTCCTTCTGCATCCTGTR{
actin reverse). The conditions for amplification of specifiR-ACOtranscripts were undertaken for
15 cycles and then separated by horizontal 1% (w/v) aggetselectrophoresis with 1XTAE buffer,
transfered to Hybordd-N* nylon membrane (Amersham, GE Healthcare UK Limited,
Buckinghamshire UK) by ownward alkaline capillary transfed shen probed with Dig_labbeled
specific gene, and developed in an X-ray film (Kodak) usingaatomatic X-ray film processor
(100PIus™, All Pro Image, Hickville, NY, USA).

3. RESULTS AND DISCUSSION
3.1. Physiological changes accompanying the changes in soil water content

In this study, changes in LWP and PER as SWC decreasesmweasured in the FFE-leaves while
chlorophyll and proline contents were measured in the SRiedeaf plants exposed to the water
deficit treatments until the petiole elongation rate (PE€ased. The SWC progressively declined
from ca. 30% (well-watered condition) to 8% after 7 days of water defraposion (Fig. 1A). For
LWP, a value of-5.5 bar was recorded in leaves of fully-turgid plants whielcsreased to an
approximatelyca. -9 bar, at 18% SWC. The LWP then further decreased. tdl8 bar at 8% SWC,
the point at which the PER ceased (Fig. 1A).Under welltwdteonditions, a PER ¢h. 9.5 mm per
day was observed, and the rate was maintained at above 2@56 (FWy. 1C). The first significant
decline in the PER (i.e. when the rate was significamlyel than that recorded for the fully
hydrated leaf tissue) was first observed at 17.5% SWCuwftieh the PER gradually declined as the
SWC decreased until it ceased at 8% SWC (Fig. 1B).

For proline content, the FFE-leaves of well-watered tglascumulateda. 80 pg g FW which
remained between 60 and 80 LW as the SWC decreased until 11.9%, after which thengroli
content increased significantly to 346 pg W at 9.1% SWC. After this point, the proline
concentration declined tm 180 pg § FW when the PER ceased (at 8% SWC). The proline concent
of fully-hydrated SFE-leaves was. 80 ug ¢ FW, and the concentration increased gradually as the
SWC decreased to reach 170 100 g @ at 11.9% SWC and continue to increased to 310 ug g
FW at 8% SWC, when PER ceased 8% SWC (Fig. 1-D).
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Fig 1. Changes in the SWC, LWP and PER over the time tefr wiaficit exposure in the FFE-leaves, as well as
proline content in the FFE- and SFE-leaves of whiteerl subjected to a water deficit condition
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Fig 2. The total chlorophyll of the FFE-leaves anel 8fE-leaves over the time course of experiment as
response of white clover plant to water deficit imposion

Total chlorophyll in the FFE-leaves was measured as W€ 8ecreased, with little changes at
SWC above 17% ranging frooa. 510 ug g* FW to 610ug g* FW. However, the total chlorophyll
of FFE-leaves increased ¢a 710ug g' FW at 14.3% SWC, and continue to increase to fgQj"
FW when PER ceased at 8% SWC (Fig. 2). Changes in chlof@omyént was also measured in the
next older SFE-leaves. In the SFE leaves, total chloropbgtients were not significantly altered by
water deficit, at arround 450 to 546 ¢g* FW over the course of the experimentation (Fig. 2).
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3.2. Differential expression of the TR-ACO multi-gene family andnagiation of ACO protein
isoforms in defined tissues over the water deficit time-course

The expression ofR-ACO1 and accumulation of TR-ACOL1 in the apical tissuethefstolon was
examined over the time-course of decreasing SWC from fullyatgdrto the point at which the PER
ceased (Fig. 3). Over the cource of water deficit impgsno significant and consistent change in
TR-ACOlexpression (Fig 3A) or TR-ACO1 accumulation was observey @8).

The expression ofFR-ACO2andaccumulation of TR-ACO2 was then examined in the FFE- and
SFE-leaves (Fig. 4 and Fig. 5). For the FFE-leaves, qession offR-ACO2and accumulation of
TR-ACO?2 started to increase at 17.5% SWC, and contitugttrease until the PER was ceased at
8% (Fig. 4). However, no real change was observed in bothessipn of TR-ACO2 and
accumulation of TR-ACO2 in the SFE-leaves over the courfeeogéxperiment (Fig. 5). In addition
there was also no real changes in the expressioR-@¥CO3in this older leaf (Fig. 6).

= 36 KD
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- % SWC

Fig 3. RT-PCR analysis farR-ACOlexpression (A) and western blot analysis for accunmmaif TR-ACO1
in the apex at different water deficit condition
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e —_— | CBB
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Fig 4. RT_PCR analysis for expressiom&f-ACO2(A) and western blot analysis for accumulation of TR-
ACO2 (B) in the FFE- leaves at different water defiaihdition

This study has sought to investigate the effects of a velfcit on proline and chlorophyll
concentration, as well as 1-Amino-cyclopropane-1-Carboxytict AACC) oxydase gene expression
and protein accumulation using the pasture legume white rclde examine such control, the
experiment was conducted in the climate room (NZCL) toergiual environmental condition to all
plants over the course of the experiment. In terms of plogiaal changes in the plant to water
deficit, the PER was observed to firstly declined at 18%CS® the time of significant decrease in
LWP from -5.5 bar to an approximatetg. -9 bar. A reduction in vegetative growth rate is widely
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considered as a positive adaptive response by plants tmeateethe effects of drought (Skirycz &
Inze, 2010), and while such reduction occurs the proline accuawlbstirt to increase in the FFE-
leaves and SFE-levaes. The increase in proline cont&kEdeaves is more profound than the FFE-
leaves suggesting different degree of water stress iRtBe and SFE-leaves.

TR-ACO2
=2 -k X" EoF T : B-actin
285 277 227 198 175 143 119 91 80 % SWC

Fig 5. RT_PCR analysis for expression&f-ACO2(A) and western blot analysis for accumulation of TR-
ACO2 (B) in the SFE- leaves at different SWC
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Fig 6. RT-PCR analysis for expressionl&-ACO3n the SFE-leaves at different SWC

In terms of ethylene evolution from the FFE- and SFE-leavessaaete small, but significant,
increase at the first perceptible decrease in SWC Wsareed in the FFE-leaves. In this study, we
have exposed plants to a water deficit until the PERezkgat ca. -18 bar or 1.8 MPa) which is
considered a milder water stress (Yang et al., 2006). Futhieerate of LWP decrease occurred over
a range of ca. -0.6 to 1.3 bar/day (-0.06 to -0.13 MPa/dayizhwik also considered a mild
imposition of water deficit (Sobieh et al., 2004). To canfthis, the chlorophyll levels in the FFE-
leaves and SFE-leaves of the stolon was measured and ihatad an increase of chlorophyll
conntent of FFE-leaves and slight decrease in SFE-leal@s,more severe water stress is known to
significantly reduce chlorophyll in leaves (Beltrano kf 5999; Young et al., 2004). Thus in white
clover, it is likely that a slower rate of imposition doest lead to any significantly sustained increase
in ethylene production, in common with other studies (Yang.et?@D6). In leaf tissue of intact
plants, where small increases in ethylene production havenbeasured, this has been shown to be
transient in nature occurring over the initial part of thedbwn with leaf water potentials typically
ranging from -0.3 MPa to -1.9 MPa (Stumpff & Johnson 1987; Irig@jeal., 1992; Beltrano et al.,
1999, Kalantari et al,. 2000, Sobeih et al., 2004). In this stindy,increase has been shown to
coincide with an LWP range of -0.8 — 1.8 MPa in the FR/ads.

For ACO, previous characterization of the ACO multi-gemailfahas been undertaken in white
clover and three genes have been shown to undergo differentialstapresring leaf development
(McManus et al., 1999). The TR-ACO1 expressed in the apexCOR-expressed in mature green
leaves while TR-ACO3 expressed in the yellowing and senekerds (McManus et al., 1999).
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Therefore, changes in the expression of these TR-ACO gesede corresponding to responses of
white clover to stress stimuli. In the FFE leaf tissuanexed here, two of the three TR-ACO genes
are known to be expressed at this developmental stage but eas@dn transcription in response to
the water deficit in the Apex. A third ACOgene, TR-ACO,nisrmally expressed in older and
senescing leaves, and expression was also slightly indreatlee SFE-leaves at different SWC in
this study. This suggests that these tissues were gmbili slight accelerated aging or wounding
responses (as also confirmed by the chlorophyll data)edses in ACC levels were originally
reported in response to drought using detached leavethépe & Yang 1981), but using whole
wheat seedlings, an increase in ACC levels was only wedein response to a faster rate of
dehydration (Yang et al., 2006). In the milder treatment, amgh in ACC levels were reported, a
trend also observed in field grown Rosemary plants (MBoeeh et al., 2002). Fewer studies have
reported changes in ACO gene expression, but an induction 6 A468d ACS7 has been reported in
hydroponically grown 7-day-old seedlings Afabidopsisthat were exposed to an osmotic stress
treatment using 200 mM mannitol (Kreps et al., 2002), while sedse in the expression of ACS4
has been observed Arabidopsisseedlings exposed to a water with-holding treatment tinatileaf
RWC reduced by 25% (Wilkins et al,. 2010).

The expression of ACO has been shown to be influenced l»r @aficit both in terms of an
increase or decrease of transcription observed (Ouvaratd 8996; Kreps et al., 2002; Seki et al.,
2002; Huang et al., 2008). However, these studies have notdreate changes in expression
observed to signature physiological markers of a water deficivhether the gene family members
are normally expressed in the particular tissue at thefgpdevelopmental stage examined. For the
current study, therefore, we focused on the expression and aletiom of three of the vegetative-
tissue-associated ACOs of white clover at the develomhesthges in which these genes are
normally expressed. For TR-ACO1, changes in gene expressionRed€CD1 accumulation were
examined in the apical structure of the stolon as previous sthdak shown that expression of this
gene (using TR-ACO1::GUS reporter constructs) is assodciatiéh meristematic and ground
meristem tissue (Chen and McManus 2006). Recently it has diemvn that ethylene may play a
role in arresting the cell cycle in proliferating leavéf\mbidopsis in response to osmotic stress (to
create a 'pause’ in growth (Skirycz et al., 2011). Howevercorwomitant increase in ACO
expression was oassociated bserved, although as the droaghirelonged then AtACCO1 was
induced. In the apical structures of the white clover stabonchange in TR-ACO1 expression or
TR-ACO1 accumulation was observed. It is known from other ghibstudies that the enclosed
apical meristematic (or intercalary) structures aefgoentialy protected (West et al., 1990; Hare &
Cress, 1996; Abernethy et al. 1998; Clark et al. 2004) and s@lthly £nsheathed structure of the
stolon meristem (including the axillary meristems) dhite clover may also be buffered from
changes in the SWC. No change in TR-ACO1 expression or CR1Aaccumulation would support
this notion and can confer an ecological advantage torstedous habit in drought recovery.

For TR-ACO2 expression and TR-ACO2 accumulation, changtseifirst-fully expanded leaf
of the stolon were examined, as this is the leaf develomingiaige in which expression of the gene
and accumulation of the protein is optimal (Hunter ett8B9; Gong & McManus, 2000; Chen &
McManus, 2006). In this experiment, no significant change in T2 was observed in common
with other studies using leaf tissues (Kreps et al., 2B2&ng et al., 2008; Wilkins et al., 2010).
However, an increase in TR-ACO2 accumulation was obsepasticularly over the later part of the
dry-down time course. This increase correlated withingnease in total chlorophyll and dramatic
increase in proline levels (suggesting the onset of a aektiess), provided us with a discernable bi-
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phasic time-course. The first phase comprised the tigbgytated decrease in PER with a decrease
in SWC (at ca. 28 — 10% SWC), while the second was marketieopnset of defined metabolic
changes associated with osmolyte and osmoprotectagnthesis just prior to the total cessation of
growth (ca. 10 — 8% SWC.

This examination of the tight regulation of ACO expression acmimulation in the first fully
expanded leaf was extended to an older leaf as it has beemeub®t any predisposition of leaves
to succumb to the effects of a water stress in ternehioy into the senescence syndrome was more
marked in older tissues (Sobeih et al., 2004; Young eP@04). Again, to determine the effects of
the water deficit, we firstly measured chlorophyll levielg did not note any change in the SFE
leaves suggesting that the drought treatment was notesewmugh to induce any pre-mature
senescence (as also shown by the non-induction of the seoesssociated TR-ACO3 gene). We
do know that TR-ACO3 can be induced in mature-green leavessuee in which it is not expressed
during normal leaf ontogeny, in response to wounding (Scalt &04.0). In this older leaf, we found
that the changes in TR-ACO2 expression and TR-ACO2 accupwldid occur and showed a
similar pattern to that observed for the first fulkpanded leaf.

We do not know why the induction of ACO gene expression and prateumalation in the FFE
leaf tissue did not result in an increase in ethyleneugool We do know from this study, and
previously (Hunter et al., 1999) that the rate of ethylene ewolutieasured from the leaves is very
low, and so any localized increase in ethylene evolution ironsgpto quite tissue-limited induction
of ethylene biosynthesis gene expression may be undetectableowehat the water deficit stress
we have imposed is not a significant one as the PER catisad-1.8 MPa (-18 bar), and in the FFE
leaves, no induction of the senescence-associated TR-ACO3 gsnebgerved. What we can say
though is at the early stages of a drought, when the dry-goimmposed gradually, then significant
changes in ACO expression do occur. While TR-ACO1 expressidheirmpex and TR-ACO3
expression in the FFE- and SFE-leaves did show tight rémulatith respect to the SWC, the
induction of TR_ACO2 did occur. Together these observationsriimel¢he exquisite nature and
tiers of control of the pathway in response to a wateciteFurther, we can now add that these
changes also include the genes and proteins that compriséhtfene biosynthetic pathway. Thus
these changes may be part of a intrinsic mechanism hwants cope and respond to the early
stages of a drought as it is widely accepted that ethgl@néoth inhibit and promote root and shoot
growth depending on the prevailing developmental and environneerésl

4. CONCLUSION

Water deficit altered the LWP, PER, chlorophyll, proliA€C-Oxydase gene expression and protein
accumulation in white clover. The total chlorophyll and pmlcontent of the FFE leaf increased by
water deficit below 14%. In addition, a water deficit stiatat expression and accumulation of TR-
ACO gene and protein in the FFE leaf tissue, but did notgshéhese in the apex and the SFE leaf
tissue. These results show that ethylene biosynthesis tegtéde clover responses to water deficit,

both in the genes and proteins that comprise the ethylene thiesgrpathway.
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