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a  b  s  t  r  a  c  t

Violaxanthin  de-epoxidase  (VDE)  plays  an  important  role  in  protecting  the  photosynthetic  apparatus  from
photo-damage  by  dissipating  excessively  absorbed  light  energy  as  heat, via  the  conversion  of  violaxanthin
(V)  to intermediate  product  antheraxanthin  (A) and  final  product  zeaxanthin  (Z)  under  light  stress.  We
have  cloned  a  VDE  gene  (LcVDE)  from  Lycium  chinense,  a deciduous  woody  perennial  halophyte,  which
can  grow  in  a  large  variety  of soil  types.  The  amino  acid sequence  of  LcVDE  has  high  homology  with
VDEs  in  other  plants.  Under  drought  stress,  relative  expression  of  LcVDE  and  the de-epoxidation  ratio
(Z  +  0.5  A)/(V  + A  +  Z)  increased  rapidly,  and  non-photochemical  quenching  (NPQ)  also  rose.  Interestingly,
these  elevations  induced  by  drought  stress  were  reduced  by  the  topical  administration  of abamine  SG,  a
potent  ABA  inhibitor  via  inhibition  of  NCED  in  the ABA  synthesis  pathway.  Until  now,  little  has  been  done
to  explore  the  relationship  between  endogenous  ABA  and the  expression  of  VDE genes.  Since V  serves
as a common  precursor  for  ABA,  these  data  support  the possible  involvement  of endogenous  ABA in  the
positive  feedback  regulation  of  LcVDE  gene  expression  in L. chinense  under  drought  stress.  Moreover,
the  LcVDE  may  be involved  in  modulating  the  level  of  photosynthesis  damage  caused  by  drought  stress.

Furthermore,  the ratio of  (Z  + 0.5  A)/(V  + A +  Z)  and  NPQ  increased  more  in  transgenic  Arabidopsis  over-
expressing  LcVDE  gene  than  the wild  types  under  drought  stress.  The  maximum  quantum  yield  of  primary
photochemistry  of  PSII  (Fv/Fm)  in  transgenic  Arabidopsis  decreased  more  slowly  during  the  stressed
period  than  that in  wild  types  under  the same  conditions.  Furthermore,  transgenic  Arabidopsis  over-
expressing  LcVDE  showed  increased  tolerance  to drought  stress.

©  2014  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Plants can absorb light energy for the purpose of converting
hem to chemical energy through photosynthesis, but the absorp-
ion of too much light that exceeds the photosynthetic capacity can
e deleterious (Pinheiro and Chaves, 2011). Plants have evolved

 series of photo-protective mechanisms to reduce light damage,
ncluding the non-photochemical quenching of fluorescence (NPQ)
nd redox-regulated changes in gene expression in response to

xcess light. NPQ mediates the thermal dissipation of excess light
nergy absorbed by the light-harvesting antenna complex (LHC) of
hoto-system II (PS II) (Niyogi and Truong, 2013). NPQ is mainly

∗ Corresponding authors. Tel.: +86 22 87402200; fax: +86 22 87402171.
E-mail addresses: jijing@tju.edu.cn (J. Ji), gangwang@tju.edu.cn (G. Wang).

ttp://dx.doi.org/10.1016/j.jplph.2014.06.022
176-1617/© 2014 Elsevier GmbH. All rights reserved.
modulated by the inter-conversion of epoxidized to de-epoxidized
forms of xanthophyll carotenoids during the so-called xanthophyll
cycle (XC). Zeaxanthin (Z), the product of the XC, is formed by
de-epoxidation of violaxanthin (V) via antheraxanthin (A), and is
accumulated in plants that are exposed to excess light. This pro-
cess is catalyzed by violaxanthin de-epoxidase (VDE) under high
light conditions. Under low light conditions, Z is converted back to
V by zeaxanthin epoxidase (ZEP) (Jahns and Holzwarth, 2012).

VDE is classified as a lipocalin-like protein (Frenette Charron
et al., 2005) and the central lipocalin catalytic domain was consid-
ered to be the binding site for the V substrate (Arnoux et al., 2009).
VDE homologs have a conserved C-terminal tail that contains a high

number of glutamate residues and an N-terminal peptide that tar-
gets the protein to chloroplast. The VDE activities are regulated
by the lumen pH and the process requires ascorbate as a cofactor
(Arnoux et al., 2009). Since the cDNA of VDE was first cloned from

dx.doi.org/10.1016/j.jplph.2014.06.022
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2014.06.022&domain=pdf
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omaine lettuce (Bugos and Yamamoto, 1996), the VDE genes have
een characterized from several plants (Bouvier et al., 1996; Huang
t al., 2007; Li et al., 2013). The regulation of VDE could take place
t transcriptional or post-transcriptional levels. It has been con-
idered that the VDE expression pattern is influenced by light and
ther environmental factors (Facella et al., 2008; North et al., 2005;
hao et al., 2012).

Drought is one of the most common environmental stresses that
imit agricultural production worldwide. The cellular and molec-
lar responses in plants to environmental drought stress have
een studied intensively (Farooq et al., 2012). It has been pro-
osed that, under water deficit, plants experience drought stress
hat stimulates a series of physiological and biochemical responses
ncluding stomata closure, inhibition of cell growth, repression
f photosynthesis and activation of respiration (Shinozaki and
amaguchi-Shinozaki, 2007). Drought can inhibit leaf photosyn-
hesis in most green plants, and cause generally a considerable
eduction in contents of important photosynthetic pigments, par-
icularly chlorophyll (Chl). This reduction may  occur due to
tress-induced impairment in pigment biosynthetic pathways or in
igment degradation (Farooq et al., 2012). However, the extent of
hese phenomena depends on the species, variety, duration of plant
xposure, and tolerance to the stress. A number of earlier studies
ave shown that drought stress adversely affected the functionality
f both PSII and PSI, particularly PSII (Ashraf and Harris, 2013).

Abscisic acid (ABA) is one of the important plant hormones,
hich plays a critical role in triggering plant responses to adverse

nvironmental stimuli including drought stress. The signals during
rought stress appear to be mediated by ABA (Zhang et al., 2006).
ince V serves as a common precursor for ABA and Z is involved in
nergy dissipation (Kalituho et al., 2007), it is reasonable to assume
hat plants supplied with exogenous ABA should show better pro-
ection against the damage from high light stress, because more
f the violaxanthin pool would be available for the formation of Z,
nd thus enhance xanthophyll cycle activities (Zhu et al., 2011). It
as been reported that ABA may  protect photosynthetic appara-
us against photo-damage through an enhanced xanthophyll cycle
Ivanov et al., 1995) and an acceleration of the recovery of the PS
I complex from the photo-inactivated state (Saradhi et al., 2000).
owever, the roles of ABA in modulating the VDE activities remain

o be elucidated.
Due to the positive association between drought stress and

tress-induced endogenous ABA, and the possible correlation
etween ABA treatment and the VDE activity, it is assumed that
here is a positive link between drought stress and the VDE activ-
ty through an ABA-dependent signaling pathway. However, until
ow, little has been done to explore the relationship between
rought stress, endogenous ABA, and the expression of VDE genes
nd we will investigate these link. In the present study, a novel VDE
ene, from leaves of Lycium chinense, was isolated and character-
zed, designated as LcVDE.  The transcriptional expression of LcVDE

as detected in all plant organs. The correlation between LcVDE
ranscript expression and drought induced-endogenous ABA accu-

ulation was explored in this study. We  evaluated if the increase
n endogenous ABA levels observed was a consequence of drought
tress required for the induction of LcVDE gene expression, and
f the over-expression of LcVDE gene enhances plant tolerance to
rought stress-induced photosynthesis damage in Arabidopsis.

aterials and methods
lant growth and drought stress or abamine SG treatment

Lycium chinense seedlings were grown in a controlled-growth
hamber under a 12-h photoperiod at temperatures ranging from
ysiology 175 (2015) 26–36 27

about 17 to 25 ◦C, the photosynthetic photon flux density of
500 �mol  photons m−2 s−1 and the relative humidity of 70–75% in
the growth chamber. Experiments were carried out using 15 weeks
old plants with 35–40 leaves. Different tissues, including flowers,
leaves, stems, and roots were harvested separately from the same L.
chinense plants, which were not treated with any stress. All samples
were immediately frozen in liquid nitrogen before being used.

Drought stress was imposed on 15 weeks old plants and these
plants were maintained at 15% soil moisture level for 4 weeks.
Throughout this period, soil moisture levels were monitored using
a moisture meter HH2 (Delta T devices). The remaining batch of
plants was  used as controls and watered frequently. Since the
beginning of drought stress, the younger fully expanded leaves
were used for QF-PCR, endogenous ABA content, Fv/Fm, NPQ and
de-epoxidation ratio assays on days 0, 7, 14, 21, and 28 from control
and stressed plants. Five replications were maintained by growing
them independently.

Treatments with ABA were performed by spraying cis-, trans-
ABA (Sigma) solution, at a concentration of 100 �M, onto the plants
without drought stress treatment until fully soaked. Abamine
SG (Sigma) is a potent ABA inhibitor via inhibition of nine-
cisepoxycarotenoid dioxygenase (NCED) in the ABA synthesis
pathway (Kitahata et al., 2006). Ten micromolar was  sprayed topi-
cally onto leaves of unstressed or drought stressed seedlings once
a day (approximately 250 �L/plant) with at least 10 pots of plants
per treatment. At the same time, at least 10 pots of plant were used
as control without any treatments.

Cloning of the LcVDE gene

The L. chinense plants used for the investigation were cultivated
at 25/18 ◦C in a controlled-growth chamber (16 h light/8 h dark).
The fresh leaves were collected, frozen immediately in liquid nitro-
gen and stored at −80 ◦C prior to total RNA extraction. Total RNA
was extracted by TRIzolTM reagent according to manufacturer’s
instructions (Tiangen, China).

Primers of the VDE gene were designed based on the EST unigene
of L. chinense sequenced by BGI (Beijing Genomics Institute). A gene
specific upstream primer LcVDEF1 5′-ATGGCTCTCGCCCCTTATTC-
3′ was  designed and synthesized for 3′ RACE analysis according
to manufacturer’s instructions. An aliquot of 1 �g total RNA from
leaves was reversely transcribed to get the 1st strand cDNA with
reverse transcriptase M-MLV  and 3′-adaptor primer A using the
3′-Full RACE Core Set Ver.2.0 Kit (Takara, Japan). Subsequently,
LcVDEF1 and 3′RACE Outer Primer (provided in the kit) were
used for PCR amplification of target gene. The amplified prod-
uct was purified, ligated into pMD18-T vector and cloned into
Escherichia coli strain DH5  ̨ followed by sequencing.

Bioinformatic and molecular evolution analysis

The obtained DNA sequence and deduced protein were
analyzed using bioinformatic tools provided by the following web-
sites www.ncbi.nlm.nih.gov and www.expasy.org. The multiple
sequence alignment was conducted with Vector NTI 8.0. Phy-
logenetic analysis of LcVDE was aligned with CLUSTAL W and
evolutionary analysis was  constructed with the neighbor-joining
(NJ) method using MEGA 2 software (Tamura et al., 2007).

Arabidopsis transformation and drought treatment in transgenic
Arabidopsis
To produce transgenic plants, the coding region of the LcVDE
cDNA was cloned into the pCAMBIA2300 vector, which con-
tains the CaMV35S promoter by using a gene specific upstream
primer LcVDEF2: CGCGGATCCATGGCTCTCGCCCCTTATTC, and

http://www.ncbi.nlm.nih.gov/
http://www.expasy.org/
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ownstream primer LcVDER2: ACGCGTCGACATGGCTGAATAAT-
CTCTC. Arabidopsis plants (Col-0 ecotype) were transformed
y the floral-dip method using Agrobacterium tumefaciens strain
BA4404 (Bechtold and Pelletier, 1998). Transformants were
elected on 50 mg  L−1 kanamycin, and T2 lines were used for the
xperiments.

Arabidopsis transgenic lines 5, 9 and 13 expressing the
aMV35S::LcVDE construct were selected and grown side by side
ith the wild type for comparison. Seeds were sown on petri dishes

ontaining half-strength Murashige and Skoog salts, 0.8% (w/v)
hytoagar, and appropriate antibiotics (50 mg  L−1 kanamycin).
wo-week-old seedlings were transplanted into 4-in. standard pots
lled with mixed soils (3:2:1 peat moss:vermiculite:perlite). Plants
ere grown at 23 ◦C, 60% relative humidity under a 12-h photope-

iod light (500 �mol  m−2 s−1).
For the drought stress evaluation, the Arabidopsis transgenic

ines 5, 9 and 13 expressing the CaMV35S::LcVDE construct or wile-
ype lines were grown in pots for 7 days with constant watering
efore water was withheld. After 14 days without water, all the
ots were re-watered simultaneously, and the plant re-growth was
cored 7 days later. Plants were considered dead if all the leaves
ere brown and there was no re-growth 7 days after re-watering.

During the first 8 days of treatment, 20 pots of transgenic Ara-
idopsis plants (lines 13) and 10 pots of wile-type lines were used
or Fv/Fm, NPQ and de-epoxidation ratio assays. Since the begin-
ing of drought stress, the youngest fully expanded leaves from
ransgenic or wile-type plants were used for assays on days 0, 2, 4,
, and 8.

uantitative fluorescent PCR (QF-PCR) analysis

Total RNA was extracted by TRIzolTM reagent according to
anufacturer’s instructions (Tiangen, China). The primers used

or the expression analysis of LcVDE were: 5′-CCTGCATGTGCA-
CTAATGTTG-3′ (F) and 5′-GTATGGAACTCATGCAATTG-3′ (R). The
rimers were designed to yield fragments of approximately 300 bp.
F-PCR reactions were carried out using the first strand cDNA from

eaf tissues as a template, specific primers, and SYBR Green Master
ix  (PE BioSystems) in a final volume of 25 �L. All PCR experiments
ere performed on a Bio-Rad IQ-5 thermo-cycler with 40 cycles

nd an annealing temperature of 55 ◦C was used. Cycle threshold
alues were determined by IQ-5 Bio-Rad software assuming 100%
rimer efficiency. Three mRNA samples from three independently
arvested leaf samples (biological replicates) were analyzed. The
onstitutively expressed �-actin gene was used as an internal con-
rol to show the normalization of the amount of templates in the
CR reaction (Actin-F1: GGAAACATAGTGCTCAGTGGTG, Actin-R1:
CTGAGGGAAGCCAAGATAG).

RNA sample (1 mg)  was also used for semi-quantitative reverse
ranscription PCR (RT-PCR) analysis. RT-PCR product (15 �L) was
oaded on each lane and separated by electrophoresis on 1% (w/v)
garose gel. The actin product was used as a control.

ndogenous ABA determination

The samples of leaf dry matter were extracted in 80% (v/v) ace-
one containing BHT (butylated hydroxy-toluene) at 0.45 mM and
HA (butylated hydroxy-anisole) (Sigma chemicals) at 0.55 mM,
uring 7 days under 4 ◦C, according to Ozfidan et al. (2012)
ith minor modifications. Subsequently the extract was  incu-

ated in saline buffer (Tris–NaCl at 50 mM pH 7.5) (Sigma

eagents), centrifuged at 8000 × g for 10 min  at 10 ◦C, and the
upernatant removed. The quantification was carried out using
hytodetek-ABA-kit (Agdia, Elkhart, IN). Precaution was  also taken
o select plants and leaves with similar age and size.
ysiology 175 (2015) 26–36

Chlorophyll fluorescence measurement

Chlorophyll fluorescence induction was measured from the
adaxial side of leaf segments using a pulse amplitude modulation
(PAM-2000) portable fluorometer (Walz, Germany) (Demmig-
Adams and Adams, 1996). Before each measurement, the plants
were adapted in the dark for 30 min  at 22 ◦C. The minimal fluo-
rescence level (Fo) was  measured by measuring light which was
sufficiently low that it could not induce any significant variable
fluorescence (1.6 kHz, 10 �mol  photons m−2 s−1). A single satu-
rating pulse light (0.8 s, 3000 �mol  photons m−2 s−1) was then
applied and the maximal fluorescence intensity (Fm) was  measured
during the fluorescence induction. The maximal photochemical
efficiency (Fv/Fm) was  calculated as (Fm − Fo)/Fm (Genty et al.,
1989). After the decline of the signal from Fm to its initial Fo
level, white actinic light (500 �mol  photons m−2 s−1) which was
provided by arrays of 635-nm LEDs was switched on for 5 min
and the Fm′ was measured during the fluorescence induction.
After switching off the actinic light, a recovery of the Fm′′ level
was followed in the dark for 5 min. The maximum fluorescence
in the course of actinic illumination (Fm′) and in the darkness
post-illumination (Fm′′) were all determined using a 0.8-s saturat-
ing light pulse (3000 �mol  photons m−2 s−1). The NPQ was defined
as Fm/Fm′ − 1. The reversible component of NPQ (relaxing within
5 min) was  assigned to energy-dependent NPQ (qE) and calculated
as Fm′′/Fm′ − , where Fm′′ is the maximal yield of fluorescence after
5 min  of dark relaxation following the actinic illumination (Strasser
et al., 1997). All measurements were repeated three times for each
treatment.

Quantitative analysis of pigments

The L. chinense and Arabidopsis plants were grown under a pho-
ton flux density of 500 �mol  photons m−2 s−1 (12-h photoperiod)
with different treatment as indicated above. Since the beginning
of water deficit stress, the youngest fully expanded leaves were
harvested on day-0, 7, 14, 21, and 28 from control and stressed
plants. Leaves were immersed in liquid N2 immediately and stored
at −80 ◦C until use. The carotenoids of the xanthophyll cycle were
determined according to the procedures described by Thayer and
Björkman (1990). Briefly, samples were harvested at an indicated
time and extracted in 100% ice-cold acetone. The pigment extracts
were then filtered through a 0.45 �m membrane filter and sep-
arated and quantified by an HPLC system (Agilent 1100 series;
USA) at room temperature. The de-epoxidation state of the xan-
thophyll cycle carotenoids was  calculated as a (Z + 0.5 A)/(V + A + Z)
ratio (Müller et al., 2006). All measurements were repeated three
times for each treatment.

Chlorophyll content

The fresh leaf disks were harvested as indicated above, and the
Chl content was  determined according to our previous study (Guan
et al., 2014).

Statistical analysis

The significance of the differences between control and treated
groups was analyzed using Student’s t-test or one-way ANOVA.
Asterisks indicated significant differences between control and

treated-group by Student’s t test (*P < 0.05). Values marked with
different letters represented significant differences between the
treatments (one-way ANOVA, P < 0.05). All experiments were
repeated at least two  times. Data were expressed in means ± SE.
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ig. 1. Alignment LcVDE (L. chinense, Accession no. KJ486598) with SlVDE (S. lycop
tVDE  (N. tabacum, Accession no. AFP5768.1.1) were presented here.

esults

equence analysis and of the phylogenetic tree construction

The full-length cDNA of VDE was isolated from L. chinense and
as given the name LcVDE (GenBank accession No. KJ486598),

ncoding a 470 amino acid polypeptide. The deduced amino acid
equence of the cDNA showed that it encoded a polypeptide of
pproximately 53.6 kDa. Early studies on various VDEs from dif-
erent species showed that there were three strong sequence

omology regions (blocks I–III) in this member of the lipocalin

amily (Bugos et al., 1998). Amino acid sequence alignment revealed
hat the LcVDE contained previously defined regions (Fig. 1), includ-
ng the cysteine-rich domain in block I, the lipocalin signature
, Accession no. ACM92036.1), AtVDE (A. thaliana, Accession no. NP172331.1), and

domain in block II and the C-terminal glutamate-rich domain in
block III, all of which have been shown to form a catalytically essen-
tial site in VDE and are overall conserved. The cysteine-rich domain
in block I was suggested to be the active site of VDE. The lipocalin
signature domain could be a possible binding site for violaxan-
thin and monogalactosyldiacylglycerol (MGDG), which is the most
effective lipid for supporting VDE activity. At the C-terminal region,
the glutamate-rich domain in block III was thought to be involved
in binding of VDE to the thylakoid membrane.

Amino acid sequence alignment of LcVDE with VDEs of other

species was performed and a phylogenetic tree was constructed
(Fig. 2). LcVDE can be grouped into the VDE family and it is closely
linked to VDEs of Solanum lycopersicum and Nicotiana tabacum
species.
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Fig. 3. Semi-quantitative RT-PCR and QF-PCR analysis of the LcVDE transcripts in
different tissues. PL, primordial leaf; YL, young leaf; ML,  mature leaf; MR, mature
roots; RT, root tips; F, flower; S, stem. Actin gene was used as an internal control to
show  the normalization of the amount of templates in the PCR reaction. The relative
changes of LcVDE transcripts were calculated as X-fold changes relative to the root
ig. 2. Phylogenetic relationships of LcVDE with other plants VDE as indicated.

xpression patterns of LcVDE in different tissues

The expression of the LcVDE gene was analyzed in various plant
rgans (Fig. 3). As shown by the relative expression data, this gene
as active in all analyzed tissues including roots, stems, flowers

nd leaves. The transcript level in leaves and stem were higher
han that in roots and flowers. Furthermore, the transcript level
f LcVDE in mature leaves was higher than in primordial and young
eaves. The lowest transcript level of LcVDE was detected in root
ips. These results suggested that the expression of LcVDE was  not
issue specific but varied greatly among different organs.

hlorophyll contents and morphology observation of L. chinensis
lants under drought stress

Drought stress induces a range of physiological and biochemi-
al responses in plants, including stomatal closure and repression
f plant growth and photosynthesis, which consequently affect
iomass and seed productivity. The result of this study shown that
o visible damage was observed in the drought stressed young L.
hinense plants, although the drought treatment caused an increase
n the number of yellow leaves (Fig. 4). When L. chinense plants were
o-treated with drought stress and abamine SG, more yellow leaves
ere observed than the plant treated by drought stress alone. Con-

rol plants and plants treated by abamine SG alone were all growing

ell except that the abamine SG treatment caused a slight increase

n the number of yellow leaves.
Chlorophyll contents of L. chinensis plants under drought stress

ere in accordance with the morphology observation as indicated

Fig. 4. The representative photographs of L. chinensis plants under control, 28 day
tips  samples. Data shows the average ± SE of five-independent experiments. Values
marked with different letters represent significant differences between different
tissues (one-way ANOVA, P < 0.05). Error bars indicate the standard error of the
means.

above. As shown in Table 1, drought stress resulted in signifi-
cantly lower Chla and Chla/b in L. chinense than controls. When
L. chinense plants co-treated with drought stress and abamine
SG, more decrease in chlorophyll content was  observed than the
plant treated by drought stress alone. There were not significant
changes in plants treated by abamine SG alone compared to control
(Table 1).

The accumulation of endogenous ABA in L. chinense under
drought stress

The accumulation of endogenous ABA in the leaves of L. chi-
nense grown under different days of drought treatments was
measured. As shown in Fig. 5, leaf ABA content in control was about
6.6 nmol g−1 DW (dry weight) in L. chinense, while it was increased
fast on day 7 of the drought treatment to reach a value about
23.5 nmol g−1 DW.  Then the ABA level was increased slowly from

day 7 to day 14 and reached to the highest value (about 27 nmol g−1

DW)  on day 14, before decreased to 21 nmol g−1 DW on day 21.
To confirm that the application of abamine SG causes a reduc-

tion in the ABA content in the leaves of L. chinense grown under

s of abamine SG, drought stress or drought stress + abamine SG treatment.
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Table  1
Effect of drought stress on the contents of Chla, Chla b and the ratio Chla/b in leaves L. chinense plants.

Treatment/day 0 7 14 21 28

Control (mg  g−1 FW)
Chla 0.92 ± 0.13 0.90 ± 0.08 0.88 ± 0.07 0.87 ± 0.12 0.89 ± 0.09
Chlb  0.34 ± 0.05 0.32 ± 0.08 0.31 ± 0.09 0.30 ± 0.10 0.32 ± 0.08
Chla/b  2.71 ± 0.35 2.81 ± 0.21 2.84 ± 0.36 2.9 ± 0.25 2.78 ± 0.29

Abamine SG (mg  g−1 FW)
Chla 0.90 ± 0.13 0.88 ± 0.08 0.86 ± 0.07 0.85 ± 0.12 0.84 ± 0.09
Chlb  0.33 ± 0.06 0.32 ± 0.09 0.31 ± 0.07 0.31 ± 0.08 0.30 ± 0.06
Chla/b  2.73 ± 0.41 2.75 ± 0.39 2.87 ± 0.37 2.83 ± 0.29 2.89 ± 0.26

Drought (mg  g−1 FW)
Chla 0.90 ± 0.13 0.83 ± 0.12* 0.77 ± 0.09* 0.72 ± 0.08* 0.65 ± 0.08*
Chlb  0.32 ± 0.08 0.30 ± 0.07 0.28 ± 0.06 0.28 ± 0.08 0.27 ± 0.06*
Chla/b  2.81 ± 0.34 2.77 ± 0.38* 2.65 ± 0.28* 2.57 ± 0.43* 2.5 ± 0.46*

Drought + abamine SG (mg  g−1 FW)
Chla 0.90 ± 0.13 0.80 ± 0.12* 0.74 ± 0.09* 0.68 ± 0.08* 0.62 ± 0.08*
Chlb  0.32 ± 0.07 0.29 ± 0.09 0.28 ± 0.08 0.27 ± 0.07 0.26 ± 0.09*
Chla/b  2.81 ± 0.32 2.76 ± 0.29* 2.64 ± 0.38* 2.52 ± 0.41* 2.38 ± 0.26*

Values are means (n = 3) with SD, and a significant difference between treatment and control in a column is indicated by * (P < 0.05).

Fig. 5. The endogenous ABA accumulation in the leaves of L. chinense grown under
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Fig. 6. The accumulation of LcVDE transcripts was determined using QF-PCR (upper)
and semi-quantitative PCR (lower). Total RNA was  isolated from young leaves of
L.  chinense plants subjected to conditions of control, abamine SG treatment, ABA
treatment, drought stress treatment or drought stress + abamine SG application as
nstressed or stressed conditions as indicated in Fig. 4 legend. Data showed the
verage ± SE of five-independent experiments. Values marked with different let-
ers  represent significant differences between the treatments (one-way ANOVA,

 < 0.05).

rought treatment, the ABA content in leaves of L. chinense co-
reated by drought and abamine SG was evaluated. As shown in
ig. 5, application of abamine SG caused an approximately 2-fold
eduction in the ABA content of leaf tissues than those treated by
rought stress alone after 7 days of treatment. The similar reduc-
ion in the ABA content of leaf tissues was observed during the next
1 days of co-treatment with drought stress and abamine SG. In
ummary, these data support the application of abamine SG causes

 reduction in the ABA content in the leaves of L. chinense grown
nder drought stress treatment. It should be noted that the effect of
bamine SG on ABA content of L. chinense plants under unstressed
onditions was  not statistically significant compared with control.
t may  be because that the concentration of abamine SG was so
ow that it cannot reduce the basic amount of ABA content of L. chi-
ense plants under unstressed conditions. However, for a long-term
xperiment, we have to choose this low concentration of abamine
G, for that L. chinense plants subjected to a high concentration of
bamine SG application cannot survive for a long time according to
ur pre-experiments.

cVDE transcript expression in leaves of L. chinense under drought

tress

As shown in Fig. 6, a significant induction of LcVDE transcript
evels was detected in L. chinense seedlings after 7 days of drought
mentioned during 0, 7, 14, 21 and 28 days. Data showed the average ± SE of five-
independent experiments. Values marked with different letters represent significant
differences between the treatments (one-way ANOVA, P < 0.05).

stress treatment. The expression levels showed highly elevated

transcript levels after 14 days of drought stress treatment. Also, the
transcript expression levels decreased after 21 days of drought tress
treatment. The LcVDE transcript of L. chinense plant under control
condition was  always maintained at low level from 0 to 28 days.
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Fig. 7. Effects of drought stress on leaf maximal quantum yield of PSII photochemistry (Fv/Fm) (A), the de-epoxidized fraction of xanthophylls (V + 0.5 A/V + A + Z) (B), the
NPQ  (C), the qE (D) and the V + A + Z pool (E) under conditions as indicated above. Data showed the average ± SE of five-independent experiments. Pigment composition of
leaves  was  determined in L. chinense exposed to a photon flux density of 500 �mol  photons m−2 s−1 (12-h photoperiod) with different treatment as indicated. Fv/Fm was
measured after the leaf discs were adapted in the dark for 30 min. The NPQ induction was  initiated by the onset of white light (500 �mol  photons m−2 s−1) for 5 min and
defined as Fm/Fm′ − . The reversible component of NPQ (relaxing within 5 min) was  assigned to energy-dependent NPQ (qE) and calculated as Fm′′/Fm′ − . The maximum
fl ion (Fm
s differe
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uorescence in the dark-adapted state (Fm), during the course of actinic illuminat
aturating light pulse (3000 �mol  photons m−2 s−1). Asterisks indicated significant 

The potential involvement of endogenous ABA in modulating
he LcVDE transcript levels was investigated by following the LcVDE
ranscript levels after topical exogenous application of 10 �M
bamine SG (Fig. 6). The LcVDE transcript appeared to be signifi-
antly down-regulated when the plants were treated by exogenous
bamine SG application together with drought stress than those
reated by drought stress alone from day 7 to day 28 during the
reatments.

As shown in Fig. 6, the expression of LcVDE gene can also
e induced by exogenous ABA treatment from day 7 to day 28.

BA may  protect photosynthetic apparatus against photodam-
ge through an enhanced xanthophyll cycle (Ivanov et al., 1995).
lso, it was reported that the addition of exogenous ABA resulted

n enhancement of the size of the xanthophyll cycle pool and
′) and in the darkness post-illumination (Fm′′) were all determined using a 0.8-s
nces between control and treated-group by Student’s t test (*P < 0.05).

promotion of de-epoxidation of the xanthophyll cycle components
(Zhu et al., 2011).

Effect of drought on photosynthetic parameters in L. chinense

The maximal photochemical efficiency of PSII (Fv/Fm) has
been widely used as an indicator of photo-inhibition. As shown
in Fig. 7A, the Fv/Fm was  not significantly changed in both
control and abamine SG-treated plants for 28 days. Upon expo-
sure to drought stress or drought stress + abamine SG, Fv/Fm was

decreased in both treatments. The decrease in Fv/Fm was more evi-
dent in drought stress + abamine SG-treated plants than in drought
stress alone-treated plants. At the end of the stress, Fv/Fm in
drought stress + abamine SG- and drought stress alone-treated
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Fig. 8. The accumulation of LcVDE transcripts was determined using QF-PCR (upper)
and semi-quantitative PCR (lower). Total RNA was isolated from seedlings of
wild-type or transgenic Arabidopsis plants expressing CaMV35S::LcVDE construct
subjected to 8 days of drought stress treatment. Data showed the average ± SE of
five-independent experiments. Asterisks indicated significant differences between
wild-type and transgenic plants by Student’s t test (*P < 0.05).

Table 2
Survival rates of transgenic Arabidopsis under drought stress conditions.

Survivala Totalb Survivalc (%)

Wild-type lines 12 50 24
LcVDE-over-expressed line 5 22 50 44
LcVDE-over-expressed line 9 19 50 38
LcVDE-over-expressed line 13 24 50 48

a Number of surviving plants.
C. Guan et al. / Journal of Pl

lants decreased by approximately 18% and 12% of their initial
alues, respectively. The results showed that neither controls nor
bamine SG-treated plants showed obvious photo-inhibition, how-
ver, drought stress + abamine SG-treated plants and drought stress
lone-treated plants showed more severe PSII photo-inhibition
han controls.

As shown in Fig. 7B, the de-epoxidized ratio of the xanthophyll
ycle pigments, (Z + 0.5 A)/(V + A + Z), was not significantly changed
n both control and abamine SG-treated plants for 28 days. The
ncrease of (Z + 0.5 A)/(V + A + Z) was observed in drought stress-
r drought stress + abamine SG-treated plants. The increase in the
e-epoxidized ratio in drought stress-treated plants was  more pro-
ounced than that in drought stress + abamine SG-treated plants.

The capability for excess energy dissipation in PSII was  inves-
igated by determining NPQ. As shown in Fig. 7C, neither control
or abamine SG-treated plants showed obvious NPQ; however,
rought stress + abamine SG-treated plants and drought stress
lone-treated plants lead to more NPQ than control. In general,
he accumulation of the NPQ was consistent with the values of
Z + 0.5 A)/(V + A + Z) as indicated above in L. chinense under differ-
nt treatments.

The level of qE showed a similar trend with the value of
PQ as indicated above in L. chinense under different treatments

Fig. 7D). The high value of NPQ in plants treated with drought
tress may  due to an increase of qE level which was observed as
he major component (about 75–80%) of the total NPQ (Fig. 7D).
he major component of NPQ relaxing within few minutes is the
H- or energy-dependent component (qE) related to a build-up of

 thylakoid �pH generated by the photosynthetic electron trans-
ort. Simultaneously, the �pH activates the xanthophylls cycle

nvolved in protection mechanisms of the photosynthetic appa-
atus (Arnoux et al., 2009). The result presented here suggested
he close relationship between qE and the accumulation of de-
poxidized xanthophylls, which was similar to the previous study
Ocampo-Alvarez et al., 2013).

As shown in Fig. 7E, the V + A + Z pool was not significantly
hanged in both control and abamine SG-treated plants for 28
ays. The up-regulation of V + A + Z pool was observed in drought
tress- or drought stress + abamine SG-treated plants. The increase
n the V + A + Z pool in drought stress-treated plants was more pro-
ounced than that in drought stress + abamine SG-treated plants.

nhanced drought stress-induced photosynthesis damage
olerance in transgenic Arabidopsis expressing CaMV35S::LcVDE

The involvement of LcVDE in modulating the level of pho-
osynthesis damage caused by the drought stress was further
onferred by transgenic Arabidopsis expressing CaMV35S::LcP5CS.
s shown in Fig. 8, the LcVDE gene was constitutively expressed

n transgenic Arabidopsis plants. To determine the effect of LcVDE
ver-expression on drought stress-induced photosynthesis dam-
ge tolerance, Arabidopsis grown on soil were not watered for 2
eeks and then watered and grown under normal conditions for

 days. After watering was restarted, transgenic plants showed a
tronger growth recovery phenotype than wild-type plants. Only
4% of the wild-type plants survived this treatment. In contrast,
ore than 38% of LcVDE-over-expressed plants survived (Table 2),
hich suggests that the over-expression of LcVDE in transgenic Ara-

idopsis results in greater tolerance to drought stress than in the
ild type.

The drought stress-induced photosynthesis damage tolerance
henotype of transgenic plants over-expressing LcVDE was con-

istent with photosynthetic parameters as compared with the
ild type. As shown in Fig. 9A, upon exposure to drought stress,

v/Fm decreased in both wild-type and transgenic seedling leaves.
he decrease in Fv/Fm was more dramatic in wild-type than in
b Total plants used in drought assay.
c Percentage of surviving plants.

transgenic seedlings. The de-epoxidized ratio of the xanthophyll
cycle pigments, (A + Z)/(V + A + Z), was higher in transgenic than
in wild-type seedlings (Fig. 9B). In both wild-type and transgenic
seedling leaves, NPQ significantly increased when plants were
exposed to drought stress. However, NPQ increased more rapidly in
transgenic than in wild-type seedlings (Fig. 9C). The level of qE was
consistent with the values of NPQ as indicated above in Arabidopsis
under drought stress treatment (Fig. 9D) which also indicated that
the qE was the major component of NPQ detected in this study. The
V + A + Z pool in drought stress-treated transgenic Arabidopsis was
higher than that in wild-type plants from day 0 to day 8 (Fig. 9E).

Discussion

Since the cDNA of VDE was  first cloned from romaine lettuce
(Bugos and Yamamoto, 1996), the VDE genes have been character-
ized from several plants (Bouvier et al., 1996; Huang et al., 2007;
Li et al., 2013). Here, we  report the isolation of a novel L. chinense
VDE gene, named LcVDE,  which allowed extended functional
characterization of the VDE gene from a species of woody plants.
Early studies on various VDEs from different species showed

that there were three strong sequence homology regions in this
member of the lipocalin family (Bugos et al., 1998). In the present
study, amino acid sequence alignment revealed that the LcVDE
contained the previously defined regions (Fig. 1). The cysteine-rich
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Fig. 9. Effects of drought stress on leaf maximal quantum yield of PSII photochemistry (Fv/Fm) (A), the de-epoxidized fraction of xanthophylls (V + 0.5 A/V + A + Z) (B), the
NPQ  (C), the qE (D) and the V + A + Z pool (E) under conditions of 8 days drought stress treatment. Data showed the average ± SE of five-independent experiments. Pigment
composition of leaves was determined in transgenic and wild-type Arabidopsis plants grown under a photon flux density of 500 �mol  photons m−2 s−1 (12-h photoperiod)
with different treatment as indicated. Fv/Fm was  measured after the leaf discs were adapted in the dark for 30 min. The NPQ induction was initiated by the onset of white
l −2 −1 ′
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ight  (500 �mol photons m s ) for 5 min  and defined as Fm/Fm − . The reversible
nd  calculated as Fm′′/Fm′ − . The maximum fluorescence in the dark-adapted state (
Fm′′) were all determined using a 0.8-s saturating light pulse (3000 �mol  photon
lants by Student’s t test (*P < 0.05).

omain in block I, the lipocalin signature domain in block II and the
-terminal glutamate-rich domain in block III, all of which have
een shown to form a catalytically essential site in VDE, are overall
onserved. The regulation of VDE could take place at transcriptional
r post-transcriptional levels. It has been considered that the VDE
xpression pattern is influenced by light and other environmental
actors (Facella et al., 2008; North et al., 2005; Zhao et al., 2012).

ABA plays a critical role in several plants developmental
rocesses including mediates plant responses to various environ-

ental stresses, particularly drought and salinity (Cutler et al.,

010; Zhu, 2002). Under drought or salinity stress, the endoge-
ous ABA was quickly synthesized (Zeevaart and Creelman, 1988),
hich facilitates stomata closure and expression of ABA responsive
onent of NPQ (relaxing within 5 min) was assigned to energy-dependent NPQ (qE)
uring the course of actinic illumination (Fm′) and in the darkness post-illumination

s−1). Asterisks indicated significant differences between wild-type and transgenic

genes to protect plants from further water loss and damage. ABA is
synthesized by oxidative cleavage of epoxy-carotenoids in plants
(Zeevaart and Creelman, 1988). Key steps in the pathway have been
identified in some plant species (Nambara and Marion-Poll, 2005).
The epoxidation of Z and A to form V and neoxanthin is catalyzed
by zeaxanthin epoxidase (Lichtenthaler, 1987). The products are
isomerized to produce 9-cis isomers which are cleaved by NCED to
form xanthoxin (Qin and Zeevaart, 1999). Xanthoxin is oxidized to
ABA-aldehyde, which is then converted to ABA by ABA-aldehyde

oxidase (Cheng et al., 2002; Seo et al., 2000). Although the pathway
is clear, the regulation of ABA synthesis remains poorly understood.

In this study, the accumulation of endogenous ABA in the leaves
of L. chinense grown under different days of drought treatment was
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onfirmed (Fig. 5), which is in accordance with previous report
Zhu, 2002). Interestingly, a significant induction of LcVDE tran-
cript levels was also detected in L. chinense after drought stress
reatment. It has been considered that the VDE expression pat-
ern is influenced by several environmental factors (Facella et al.,
008; North et al., 2005; Zhao et al., 2012). For example, under
igh light stress, relative expression of VDE from cucumber (CsVDE)
as increased rapidly. Furthermore, CsVDE was quickly induced by

old and drought stress, reaching maximum levels at the 2nd hour
nd the 9th day, respectively (Li et al., 2013). However, since V
erves as a common precursor for ABA, the up-regulation of VDE
ctivity upon drought stress (and hence converts V to A and Z) in
arallel with an increased endogenous ABA biosynthesis seems a

ittle bit contradictory, due to that both processes require V as sub-
trate and thus may  compete for the same substrate. To explain this
henomenon, the V + A + Z content in leaves of L. chinense under
ifferent treatments was evaluated. As shown in Fig. 7E, the up-
egulation of V + A + Z pool was observed in drought stress- or
rought stress + abamine SG-treated plants. The high content of
anthophylls under stress conditions may  serve as a protection
echanism in leaves. The activation of the xanthophyll cycle has

lso been detected in other plant subjected to drought stress (Fini
t al., 2012). Seo and Koshiba (2002) pointed out that Z might be
n intermediate substrate for the synthesis of ABA. Thus, regulat-
ng the synthesis of ABA may  be another function of xanthophyll
ycle. In excessive light energy, VDE converts V to Z and then maybe
educes the synthesis of ABA. Under low or limiting light, ZEP con-
erts Z to V and then maybe enhances the synthesis of ABA (Jahns
nd Holzwarth, 2012). In tobacco and tomato, ZEP or VDE expres-
ion fluctuates according to a diurnal rhythm during a time lapse
onsisting of light and dark periods (Audran et al., 1998; Thompson
t al., 2000). The diurnal oscillation of ZEP or VDE expression in
eaves of tobacco and tomato are probably related to its role in
he xanthophyll cycle. In this case, the fluctuation of ZEP or VDE
xpression and the quantities of each xanthophyll might not be
imiting for ABA synthesis (Du et al., 2010). For the up-regulation
f V + A + Z pool was observed in drought stress-treated plants, the

 + A + Z pool may  be large enough to meet concurrently the Z and
BA biosynthesis even though both processes use V as substrate
nd thus may  compete for the same substrate. Therefore, the up-
egulation of VDE activity upon drought stress in parallel with an
ncreased endogenous ABA biosynthesis in this study was reason-
ble.

Since V serves as a common precursor for ABA, these data sup-
ort the involvement of ABA in the positive feedback regulation of
cVDE gene expression in L. chinense plants under drought stress.
he LcVDE may  be involved in modulating the drought stress-
nduced photosynthesis damage. Indeed, some previous results
lready demonstrated that the positive feedback regulation exists
n ABA biosynthesis, which contributes to ABA accumulation under
rought stress. For example, recent evidence indicates that exoge-
ous ABA significantly enhanced the expression of ABA1 and ABA3
Xiong et al., 2001, 2002). Furthermore, in the ABA deficient mutant
ba1, the transcript of all the inducible ABA biosynthetic genes
nder stress were significantly lower than those in the wild-type
Xiong et al., 2001, 2002). In addition, AtNCED3 transcript were dra-

atically reduced in ABA insensitive mutants snrk2.2/2.3/2.6 and
yr1; pyl1; pyl2; pyl4 in comparison to the wild-type under ABA
reatment (Fujii and Zhu, 2009; Park et al., 2009).

The measurement of photosynthetic parameters in L. chinense
upported the above assumption that ABA may positive feedback
egulate the expression of LcVDE gene in L. chinense plants under

rought stress. As shown in Fig. 7B, the increase of de-epoxidized
atio of the xanthophyll cycle pigments, (Z + 0.5 A)/(V + A + Z),
as observed in drought stress- or drought stress + abamine SG-

reated plants. The increase in the de-epoxidized ratio was more
ysiology 175 (2015) 26–36 35

pronounced in drought stress-treated plants than in drought
stress + abamine SG-treated plants. Also, the increase of NPQ
was consistent with the values of (Z + 0.5 A)/(V + A + Z) (Fig. 7C)
(Kotabová et al., 2011) as indicated above. Although unstressed
plants was not affected too much by photon flux density of
500 �mol  photons m−2 s−1 used in growth chamber (Song et al.,
2011), the NPQ also formed due to that drought stress resulted
in significantly lower Chla and Chla/b in L. chinense than con-
trol (Table 1) (Pascal et al., 2005). These data indicated that,
drought stress-induced endogenous ABA may regulate the expres-
sion of LcVDE gene in L. chinense with positive feedback manner,
and the expression of LcVDE gene leads to the increase in
(Z + 0.5 A)/(V + A + Z), then the rise in NPQ levels can be detected
in L. chinense (Li et al., 2013).

The maximal photochemical efficiency of PSII (Fv/Fm) has been
widely used as an indicator of photo-inhibition. As shown in Fig. 7A,
upon exposure to drought stress or drought stress + abamine SG,
Fv/Fm was  decreased in both treatments. The decrease in Fv/Fm
was more evident in drought stress + abamine SG-treated plants
than in drought stress alone-treated plants. This result is in agree-
ment with the previous study, in which exogenously supplied ABA
alleviated the decrease in actual efficiency of PS II photochemistry,
induced a lower reduction state of PS II, and caused higher capacity
of NPQ in ABA-fed plants than in non-ABA-fed plants (Zhu et al.,
2011).

The involvement of LcVDE in modulating the level of photosyn-
thesis damage caused by the drought stress was further conferred
by transgenic Arabidopsis expressing CaMV35S::LcVDE.  As shown
in Table 2, the over-expression of LcVDE in transgenic Arabidop-
sis resulted in greater tolerance to drought stress than in the
wild type under photon flux density of 500 �mol  photons m−2 s−1.
Furthermore, the drought stress-induced photosynthesis dam-
age tolerance phenotype of transgenic plants over-expressing
LcVDE was consistent with photosynthetic parameters as com-
pared with the wild type (Fig. 9). Such a positive relationship of
photosynthetic capacity to drought tolerance may be a general
rule as shown in other studies. For example, a transgenic line
showed an enhanced activity of the C3 enzyme sedoheptulose-l,
7-bisphosphatase, which was involved in the enhanced photosyn-
thetic capacity as well as the increased tolerance to salt stress (Feng
et al., 2007). It was  reported that the NPK1 expression considerably
improved drought tolerance in transgenic maize, which was  asso-
ciated with the enhanced rate of photosynthesis, suggesting the
effective role of NPK1 in protecting the photosynthetic machin-
ery from the drought-induced injurious effects (Shou et al., 2004).
In another study (Yu et al., 2008), an Arabidopsis mutant with
improved drought tolerance was identified. The mutant showed
significantly reduced leaf stomata density, but enhanced photo-
synthetic capacity (Yu et al., 2008).

Conclusions

Here, we report the isolation of a novel LcVDE gene from L.
chinense. The involvement of ABA in the positive feedback regu-
lation of LcVDE gene expression was  suggested in L. chinense plants
under drought stress. Furthermore, the LcVDE may be involved in
modulating the level of photosynthesis damage caused by the
drought stress in L. chinense, which was  further conferred by trans-
genic Arabidopsis expressing CaMV35S::LcVDE.
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