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Abstract

Main conclusion A terrestrial orchid, Cymbidium sin-
ense appears to utilizes “remedy strategy”, while an
epiphytic orchid, C. tracyanum, employs a “precaution
strategy” to drought stress based on morphological,
physiological and proteomic analysis.

Drought condition influences plant growth and produc-
tivity. Although the mechanism by which plants adapt to
this abiotic stress has been studied extensively, the water-
adaptive strategies of epiphytes grown in water-limited
habitats remain undefined. Here, root and leaf anatomies,
dynamic changes in physiological and proteomic responses
during periods of drought stress and recovery studied in an
epiphytic orchid (Cymbidium tracyanum) and a terrestrial
orchid (C. sinense) to investigate their strategies for coping
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with drought. Compared with C. sinense, C. tracyanum
showed stronger drought-resistant adaptive characteristics to
drought because its leaves had more negative water potential
at turgor loss point and roots had higher proportion of vela-
men radicum thickness. Although both species demonstrated
quick recovery of photosynthesis after stress treatment,
they differed in physiological and proteomic responses. We
detected and functionally characterized 103 differentially
expressed proteins in C. sinense and 104 proteins in C. tra-
cyanum. These proteins were mainly involved in carbon and
energy metabolism, photosynthesis, and defense responses.
The up-regulated expression of plastid fibrillin may have
contributed to the marked accumulation of jasmonates only
in stressed C. sinense, while ferredoxin-NADP reductase
up-regulation was only found in C. tracyanum which pos-
sibly related to the stimulation of cyclic electron flow that is
linked with photoprotection. These physiological and prot-
eomic performances suggest distinct adaptive strategies to
drought stress between C. sinense (remedy strategy) and
C. tracyanum (precaution strategy). Our findings may help
improve our understanding about the ecological adaptation
of epiphytic orchids.

Keywords Drought adaption - Proteomic analysis -
Orchid - Epiphyte - Terrestrial species

Abbreviations

A, Net photosynthesis

8 Stomatal conductance
Yup  Midday leaf water content

F,/F, Maximum quantum yield of PSII after dark adap-
tation overnight
Maximum photo-oxidizable P700

Cyclic electron flow

Pm
CEF
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JA Jasmonates
ABA  Abscisic acid

Introduction

Epiphytes are an important component of tropical and sub-
tropical flora, and are especially rich within Orchidaceae
(Zotz and Bader 2009). Both epiphytic and terrestrial life
forms occur in the genus Cymbidium (Orchidaceae), which
is distributed in tropical and subtropical Asia, and in north-
ern Australia. Approximately 70% of the members within
Cymbidium grow on trees (Zhang et al. 2001; Motomura
et al. 2008). Numerous species in Cymbidium have long been
cultivated as desirable ornamental plants worldwide. Some
of them are now endangered in wild due to the destruction
of natural habitats and climate change (Luo et al. 2002; Liu
et al. 2009). Therefore, studying the adaptive mechanisms
by which epiphytic and terrestrial Cymbidium species adapt
to abiotic stress is beneficial for their utilization and con-
servation, and can improve our understanding of ecological
strategy in orchids.

Because of their divergent life forms, closely related
species may develop different mechanisms for adapting to
their habitats (Zhang et al. 2016). Compared with terrestrial
environments, epiphytic sites are usually characterized by
restricted capacity to store available water and nutrients, as
well as extreme fluctuations in light and temperature (Théry
2001). Among these abiotic factors, water is arguably the
most limiting for the growth of vascular epiphytes (Zotz
and Hietz 2001). However, the physiological and proteomic
mechanisms that epiphytic orchids utilize under drought
stress have remained undefined.

Plants optimize their morphology, physiology and met-
abolic processes at organ and cellular levels to cope with
drought stress. The strategies for drought resistance include
avoidance and tolerance, with the former being achieved via
enhanced water uptake and reduced water loss (Chaves et al.
2002; Price et al. 2002). An adaptive structure for drought
avoidance is velamen radicum, which may be important
for maintaining the water balance in epiphytic orchids.
This unique dead structure occurs on the root surface of
most epiphytic orchids, acting as a sponge to absorb water
within seconds during and immediately after a rain fall (Zotz
and Tyree 1996; Zotz and Winkler 2013). We previously
reported that epiphytic orchids have higher values for leaf
mass per unit area, leaf thickness, epidermal thickness, satu-
rated water content and the time required to dry saturated
leaves to 70% relative water content. This indicated that abil-
ity to avoid drought of epiphytes is greater than terrestrial
species (Zhang et al. 2015).

The well-known mechanisms for strategies of drought tol-
erance include the biosynthesis/de-conjugation of abscisic
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acid (ABA) and its signaling pathways, which lead to sto-
matal closure. Other tolerance mechanisms are mediated
through osmotic adjustments, various secondary messen-
gers, and transcriptional/post-transcriptional regulation
that activates various drought-related genes (Reddy et al.
2004; Golldack et al. 2014). However, the entire process
is more complex. For example, ABA is not the only phy-
tohormone involved in drought stress response, and much
evidence has been found of cross-talk between it and other
phytohormones, such as jasmonates (JA) (Wilkinson et al.
2012). Furthermore, plants can be divided into two catego-
ries—isohydric or anisohydric—according to their stomatal
regulation of water status (Tardieu and Simonneau 1998).
Isohydric plants show reduced stomatal conductance when
the soil water potential (¥,;) decreases and atmospheric
conditions are dry, making them able to maintain a rela-
tively constant midday leaf water potential (‘¥,.,) regardless
of drought conditions. In contrast, anisohydric species allow
midday ¥, to decline as ¥ ; declines. For C. sinense, the
transportation rate and stomatal resistance are more drought-
sensitive than leaf water content, leaf water potential and
chlorophyll content (Pan et al. 1993). This suggests that this
species relies upon isohydric regulation of stomata. Pho-
toprotection of photosystem II (PSII) and photosystem I
(PSI) is another important process in the drought response.
We have previously determined that, under strong irradi-
ance or chilling stress, the activities of PSII and PSI are
more sensitive in C. sinense than in C. tracyanum, and that
stimulation of cyclic electron flow (CEF) may be a primary
photoprotective mechanism in the latter species (Kuang and
Zhang 2015; Li and Zhang 2016). Therefore, because of
the complexity of mechanisms in drought response, further
studies should focus on the physiological-, biochemical- and
molecular-based aspects of the divergent life forms displayed
among species of Cymbidium.

Although the molecular mechanisms for drought adap-
tations are now better understood (Yordanov et al. 2000;
Shinozaki and Yamaguchi-Shinozaki 2007; Manavalan et al.
2009), investigating those mechanisms in members of Orchi-
daceae are more challenging because of their large genome
size, low transformation efficiency, extended regeneration
period, and long life cycle (Hossain et al. 2013). However,
with the development of the proteomics technologies that
have enabled more holistic studies of a wider range of plant
species (Hajheidari et al. 2005; Bonhomme et al. 2009;
Fulda et al. 2011), researchers can now examine strategies
for drought adaptation in Cymbidium at cell, tissue and
organic levels.

In the present study, we investigated the mechanisms and
strategies underlying the responses by an epiphytic orchid
(C. tracyanum) and a terrestrial orchid (C. sinense) to gradu-
ally anabatic drought stress and consequent water recovery
by applying physiological and comparative proteomics. By
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characterizing the adaptive mechanisms of the two species,
we may ultimately be able to improve their utilization and
conservation.

Materials and methods
Plant materials

We studied two species in Cymbidium to compare differ-
ences in the adaptive strategies by terrestrial and epiphytic
plants to drought. C. sinense is a typical terrestrial orchid
that always occurs on forest floors or in well-drained, shaded
thickets in subtropical and tropical forests of southeastern
China at elevations of 300-1500 m. In contrast, C. tra-
cyanum is an epiphytic orchid that always grows on tree
trunks in the subtropical forests of southwestern China at
1200-2000 m. To minimize the potential effect of develop-
mental differences on our experimental results, we selected
30 mature individuals of fairly uniform size for each species.
They were planted in the plastic pots containing bark mix-
tures, and placed in a greenhouse at the Kunming Institute of
Botany, Kunming, China. Their growing conditions included
an air temperature of 18-24 °C, relative humidity (RH) of
50-70, and 20% full sunlight. The plants were watered to
maintain soil relative water content (RWC) of 65-75%
before experimental treatments began. The soil RWC was
defined by weighing individual pots, and was calculated as:
(initial weight — final weight)/initial weight x 100.

Drought treatments

We investigated the response of C. sinense and C. tracya-
num to gradually anabatic drought stress and water recov-
ery. Before treatment, records were made of leaf morphol-
ogy, root anatomy, gas exchange, chlorophyll fluorescence,
midday leaf water content (¥yp), concentrations of JA
and ABA, activity of antioxidant enzymes catalase (CAT,
EC1.11.1.6) and superoxide dismutase (SOD, EC1.15.1.1),
and the concentrations of nonstructural carbohydrate in sam-
ples from each species. The leaf materials for proteomic
analysis were frozen in liquid nitrogen and stored in —80 °C.
Half of the plants for each species were arranged in a com-
pletely randomized design and watered to maintain soil
RWC of 65-75% as the well-watered control treatment, and
irrigation was halted for the other half to induce different
degrees of drought stress. When the soil RWC values had
declined to 4045, 20-25, 10-15 and 5-10%, the parameters
mentioned above were measured and leaf materials were
collected from both species for proteomic analysis. After
these drought treatments were completed, the soil RWC of
those stressed plants was recovered to 60—75% by rewater-
ing. During this phase of recovery, the gas exchange was

measured daily until the values for stomatal conductance (g,)
and net photosynthesis (A,) returned to the level recorded
before drought treatment began. Following this 3-day recov-
ery period, those parameters were again measured and leaf
materials were collected.

Examination of root anatomy and leaf morphology

For each species, eight fresh mature roots were collected
from individual plants. Transverse sections were examined
and photographed with a digital camera mounted on a Leica
DM?2500 microscope (Leica Microsystems Vertrieb GmbH,
Wetzlar, Germany). Photographs at 1.6X magnification were
used to measure the ratio of velamen thickness to root semi-
diameter with the Image J program, while the photographs at
10x magnification were used to observe the xylem conduits
diameter (XCD) and the number of xylem conduits (NXC)
in the roots.

Values for RWC and saturated water content (SWC) were
calculated according to the method of Ogburn and Edwards
(2012). The time needed to dry a saturated leaf to 70% RWC
(T5,) was measured as described by Hao et al. (2010). Pres-
sure—volume (P-V) curves were acquired using a WP4C
Dewpoint Potentia Meter (Decagon, Pullman, WA, USA),
based on the method of Ogburn and Edwards (2012). Water
relations parameters derived from P-V curves included
osmotic potential at full turgor (Z1,), water potential at tur-
gor loss point (¥ p), relative water content at turgor loss
point (RWCyy p), volumetric elastic modulus (¢), capaci-
tance before turgor loss (Cgy), and capacitance after turgor
loss (Crpp) (Tyree and Hammel 1972; Ogburn and Edwards
2012).

Measurements of gas exchange and chlorophyll
fluorescence

The Li-6400 open gas exchange system (Li-Cor Inc., Lin-
coln, NE, USA) was used to determine the A and g, from
six mature leaves of each species. During this monitoring
period, the RH was 60% and the air temperature was 22 °C,
the CO, concentration was maintained at 400 umol mol~".
All measurements were made from 09:00 to 11:30 when
CO, uptake was maximal.

The in vivo chlorophyll fluorescence of PSII and P700
redox state were measured with Dual PAM-100 (Heinz
Walz, Effeltrich, Germany) that was connected to a com-
puter with control software. The following parameters were
examined: minimum fluorescence (F), maximum fluores-
cence (F,,), minimum fluorescence in light-adapted state
(F!), the maximum quantum yield of PSII after dark adap-
tation overnight (F,/F ), and the effective quantum yield
of PSII [Y(II)] (Kramer et al. 2004). Saturation pulses
(10,000 pmol m~2 s7!) were applied for assessing P700
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parameters. Maximum photo-oxidizable P700 (P,,) was
determined by applying a saturation pulse after pre-illumi-
nation with far-red light. Afterward the maximum change in
P700 in a given light state (P! ), the photochemical quantum
yield of PSI [Y(I)] were calculated (Tikkanen et al. 2014).
The value for Y(NA) represented the fraction of overall
P700 that could not be oxidized by a saturation pulse in
a given state due to a lack of acceptors, was calculated as
(P, — P! )/P,. We estimated cyclic electron flow around
PSI (CEF) as the difference in electron flow between PSI
and PSII (Miyake et al. 2005).

Analysis of JA and ABA accumulation

After the leaf tissue was ground in fine power under liquid
nitrogen, approximately 200 mg of each sample was col-
lected in centrifugal tube. 1 mL of ethyl acetate was spiked
with 200 ng of D,-JA and 40 ng of D,-ABA which was used
as the internal standards for JA and ABA, was added to each
crushed sample, respectively. The samples were then vor-
texed for 10 min. After centrifugation at 13,000g for 10 min
at 4 °C, the supernatants were transferred to fresh 2-mL
tubes. Each sample was re-extracted with 0.5 mL of ethyl
acetate without internal standard. The supernatants were
combined and then evaporated to dryness on a vacuum con-
centrator (Eppendorf, Hamburg, Germany). Each residue
was re-suspended in 0.5 mL of 70% methanol (v/v), vortexed
for 10 min, and centrifuged at 13,000g for 10 min at 4 °C to
clarify phases. The supernatants were pipetted to glass vials
and then analyzed by HPLC-MS/MS (high pressure liquid
chromatography—mass spectrometry; LCMS-8040 system,
Shimadzu, Kyoto, Japan). Measurements were conducted on
a 1200 L LC-MS (Varian, Palo Alto, CA, USA). At a flow
rate of 0.1 mL min~!, 15 mL of each sample was injected
onto a Pursuit C8 column (3 m, 150 X 2 mm; Varian). A
mobile phase comprising solvent A (0.05% formic acid) and
solvent B (0.05% formic acid in methanol) was used in a
gradient mode for separation.

Analyses of total soluble sugars and starch

Approximately 0.1 g of dried leaves was put into a 10-mL
centrifuge tube, and 5 mL of 80% ethanol was added. This
mixture was incubated in an 80 °C water bath for 30 min,
and then centrifuged at 4000g for 15 min. The concentration
of total sugars was determined with a UV—visible spectro-
photometer (UV-2500; Shimadzu, Kyoto, Japan) at 620 nm
by the anthrone method (Seifter et al. 1949), and was cal-
culated on a dry matter basis (% d.m.). Starch in the residue
was released in 2 mL of distilled water for 15 min in a boil-
ing water bath, and the concentration was measured with
the UV-visible spectrophotometer 620 nm, using anthrone
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reagent. It was calculated by multiplying the glucose con-
centrations by a conversion factor of 0.9 (Li et al. 2008).

Monitoring the activities of antioxidant enzyme activity

Approximately 0.3 g of leaf collected from each sample was
homogenized in 5 mL of 50 mM sodium phosphate (pH 7.0)
buffer containing 1 mM EDTA, 1 mM dithiothreitol (DTT),
1 mM glutathione, 5 mM MgCl,.6H,0, 1% (w/v) PVP-40,
and 20% (v/v) glycerin. The homogenates were centrifuged
at 12,000g for 15 min at 4 °C, and the concentration of
total soluble protein in the supernatants was measured by
the Bradford method (Kruger 1994). Activity of CAT and
SOD, activities were determined as the previously described
(Nakano and Asada 1981; Jiang and Zhang 2001).

Protein extraction and two-dimensional gel
electrophoresis

Protein extraction and two-dimensional electrophoretic
(2DE) separation were performed according to a reported
method with minor modifications (Yang et al. 2012; Li et al.
2014). Approximately 10 g of the leaf sample was ground in
liquid nitrogen. Total soluble protein was extracted with 10%
(w/v) TCA and 1% (w/v) DTT. The homogenates were main-
tained at —20 °C for 4 h, and then centrifuged at 25,000g
for 30 min at 4 °C. The resultant pellets were washed with
acetone containing 1% (w/v) DTT at —20 °C for 1 h, and
then centrifuged. The final pellets were vacuum-dried and
then dissolved in 8 M urea, 20 mM DTT, 4% (w/v) CHAPS,
and 2% (w/v) ampholyte (pH 3-10). Samples in the ampho-
lyte were vortexed thoroughly for 1 h at room temperature
and then centrifuged at 25,000g for 20 min at 20 °C. Those
supernatants were collected for 2DE experiment, and each
experiment was repeated three times.

In-gel digestion, MALDI-TOF/TOF analysis
and database search

Protein spots that showed significant changes in expression
in parallel with changes in water status were excised manu-
ally from colloidal CBB-stained 2-DE gels. After the pro-
teins were digested with trypsin mass spectrometry analyses
were conducted using a MALDI-TOF/TOF mass spectrom-
eter 4800-plus Proteomics Analyzer (Applied Biosystems,
Farmington, MA, USA). The primary and secondary MS
data were transferred to Excel files and used as inputs to
search against an NCBI non-redundant database. This search
was restricted to viridiplantae (green plants) using the MAS-
COT search engine.



Planta (2018) 247:69-97

73

Statistical analysis

Our statistical analyses were performed with SPSS 16.0. All
data were subjected to analysis of variance (ANOVA), and
Tukey’s multiple comparison tests was used at the level of
a = 0.05 level to determine whether significant differences
existed between treatments.

Results

Differences in water-related traits between C. sinense
and C. tracyanum

The cross-sections of roots from C. sinense and C. tracya-
num were anatomically similar, with showing a multilayer
velamen radicum, epidermis, cortex, and pericycle (Fig. 1).
However, C. tracyanum had higher ratios of velamen

radicum thickness to root semi-diameter and xylem conduit
diameter (Supplement Information Table S1).

Compared with C. sinense, the ¥ p value for C. tra-
cyanum was more negative, its RWCp, p was lower, and its
T,, was longer (Table S1). These findings suggested that
leaf water was better conserved in C. tracyanum than in C.
sinense.

Physiological responses of C. sinense and C. tracyanum
to drought

Under well-watered control conditions, the values were
significantly higher for A, (p < 0.01) and g, (p < 0.05) in
C. tracyanum than in C. sinense. However, the levels of
both parameters were decreased for both species when the
drought stress was intensified. Under both stress and recov-
ery conditions, values for Wy did not change significantly
(Fig. 2a). Nevertheless, A, remained significantly higher

Fig.1 Anatomical observations of organs from Cymbidium sinense
and C. tracyanum. a Root cross section from C. sinense; b root cross
section from C. tracyanum; ¢ pericycle cross section from C. sinense;

d pericycle cross section from C. tracyanum. VR velamen radicum,
XC xylem conduits
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Fig. 2 Changes in midday leaf water potential (¥\;p) (a); stomatal »

conductance (g,) (b); net photosynthesis (A,) (¢); concentrations of
jasmonic acids (JA) (d); and abscisic acid (ABA) (e) in Cymbidium
sinense and C. tracyanum plants during drought-stress treatment.
Each vertical bar represents mean + SE for five measurements from
individual plants. Different letters above bars indicate significant dif-
ferences in each parameter between treatments (p < 0.05, based on
ANOVA, followed by Tukey’s post hoc tests for comparison)

(p < 0.05) in C. tracyanum than in C. sinense after the soil
RWC dropped to 10-15% (Fig. 2b, c). In parallel with the
decline in g, ABA concentration in both species increased
gradually as soil RWC decreased. Although the ABA con-
centration was higher in C. tracyanum than in C. sinense
under control conditions, it was lower when the soil RWC
dropped to 10-15% (p < 0.01) (Fig. 2e). JA concentration
did not significantly change in C. tracyanum during drought
treatment, but dramatically increased in C. sinense when soil
RWC dropped to 10-15% (Fig. 2d). After the plants were
re-watered for 3 days, the values for A, g,, ABA and JA
concentration recovered quickly within 3 days.

During both the drought period and 3 days of recovery,
neither F/F,, nor P, changed significantly (Fig. 3a). How-
ever, CEF,_,, was more strongly stimulated by drought in
C. tracyanum than in C. sinense during treatment (Fig. 3b).
The value for Y(NA),35 significantly increased in C. sinense
when soil RWC dropped to 5-10% at a photon flux density
of 233 mol m™2 s™!. In contrast, no remarkable change was
observed in C. tracyanum. Under both stress and recovery
conditions, Y(NA),s; values were higher in the former than
the latter (Fig. 3c).

Before the drought treatments began, sugar concentration
was higher in C. tracyanum than in C. sinense (p < 0.05),
starch concentration was not significantly different between
species before treatment, but decreased dramatically in C.
sinense when soil RWC dropped to 10-15%, and did not
recover after 3 days of re-watering (Fig. 4a, b). Finally,
under both stress and recovery conditions, the activity did
not significantly altered for either CAT (Fig. 4c) or SOD
(Fig. 4d).

Leaf protein profiles for C. sinense and C. tracyanum

The leaf proteome was analyzed under different soil water sta-
tus, i.e., control (65-75% RWC) drought stress (4045, 20-25,
10-15, or 5-10%), and 3-day water recovery (60-75%).
Those experimental conditions led to significant variations
in the protein yields for both species. Out of the 410—-460
protein spots detected 132 (C. sinense) and 139 (C. tracya-
num) significantly changed in response to stress (p < 0.05).
When compared with the samples from the control plants,
all of these proteins showed increased abundance (>1.5) or
decreased abundance (<—1.5) under stress and recovery con-
ditions. Among them 103 proteins from C. sinense and 104
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Fig. 3 Changes in maximum quantum yield of photosystem II after
dark adaption (F,/F,,) and maximum photo-oxidizable P700 (P,,) (a),
maximum ratio of cyclic electron flow around PSI (CEF,,,) (b) and
PSI acceptor side limitation at 233 pumol photons m=2 s™' [Y(NA),3;]
(¢) for Cymbidium sinense and C. tracyanum plants during drought-
stress treatment. Each vertical bar represents mean + SE for four
measurements from individual plants. Different letters above bars
indicate significant differences in each parameter between treatments
(p < 0.05, based on ANOVA, followed by Tukey’s post hoc tests for
comparison). Statistical differences (p values) between the two spe-
cies at each treatment were determined with independent-sample ¢
tests. (p > 0.05; *p < 0.05; **p < 0.01, ***p < 0.001)

proteins from C. tracyanum were identified by MALDI-TOF/
TOF and corresponded to eight putative classes of biologi-
cal functions (Fig. 5). For C. sinense, the proteins related to
carbon and energy metabolism (28.2%), defense responses
(16.5%) and photosynthesis (13.6%) accounted for 58.3% of
the total proteins; whereas for C. tracyanum, proteins related
to carbon and energy metabolism (29.8%), photosynthesis

(17.4%) and antioxidation (14.4%) accounted for 61.6% of
all proteins. Other functions included protein kinase and phos-
phatase, cell structure and division, protein synthesis, deg-
radation and refolding and transcriptional and signal factor
(Fig. 6). The results of our Venn diagram analysis proved that
more proteins were up-regulated rather than down-regulated
as drought conditions were intensified (Fig. 7).

The expression levels of several proteins involved in pho-
tosynthesis were altered with water status. The expression
of oxygen-evolving enhancer protein (Table 1; spot T66,
spot T67, spot T69) in C. tracyanum was up-regulated at soil
RWC of 4045, 20-25 and 10-15%, but was down-regulated
for C. sinense (Table 1; spot S68, spot S94) when soil RWC
dropped down to 40-45 and 10-15%, and the recovery. In C.
tracyanum, the FtsH-like protein Pftf (Table 1; spot T17) was
down-regulated as soil RWC decreased to 5-10%, but was
recovered as the stress alleviated. The level of ferredoxin-
NADP reductase (FNRs) was up-regulated during the stress
period and recovery phase (Table 1; spot TS5). However, the
expression level of cytochrome bg-f complex iron—sulfur sub-
unit (Table 1; spot S99; spot T100) fluctuated in both species.

In the group of protein carbon and energy metabolism,
the expression level of Rubisco activase was up-regulated
under drought as well as recovery (Table 1; spot T41; spot
T42, spot T49) in C. tracyanum, while for C. sinense, some
Rubisco activase (Table 1; spot S33, spot S29, S35) was
down-regulated during drought treatment and even recov-
ery condition. Expression of phosphoglycolate phosphatase
(Table 1; spot T70) was up-regulated in C. tracyanum, and
the expression of fructose-bisphosphate aldolase (Table 1;
spot S42) was significantly up-regulated (7.7- to 13.1-fold)
in drought stress in C. sinense.

In the group of antioxidation, the expression level of CAT
(Table 1; spot S19) was up-regulated at the beginning of
the drought treatments, and down-regulated during recovery
phase in C. sinense. The expression level of SOD (Table 1;
spot T97, spot T101) was continuously up-regulated during
the drought treatment period in C. tracyanum. Expression
level of APX of C. tracyanum (Table 1; spot T77, spot T85)
was up-regulated during the drought period. For C. sinense,
the expression of chloroplast L-ascorbate peroxidase isoform
(Table 1; spot S53) was up-regulated during water recovery.

The expression level of plastid fibrillin (Table 1, spot
S84), a protein related to defense response, was up-regulated
only in C. sinense when soil RWC dropped to 10-45%.

Discussion
Water-adaptive traits of C. sinense and C. tracyanum

When compared with C. sinense, C. tracyanum showed
stronger adaptive characteristics of drought resistance. This
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Fig. 4 Changes in starch concentration (a), sugar concentration (b), »

activities of antioxidant CAT (c) and SOD (d) for Cymbidium sinense
and C. tracyanum during period of drought-stress. Each vertical bar
represents mean + SE for four measurements from individual plants.
Different letters above bars indicate significant differences in each
parameter between treatments (p < 0.05, based on ANOVA, followed
by Tukey’s post hoc tests for comparison). Statistical differences (p
values) between the two species at each treatment were determined
with independent-sample 7 tests. ("p > 0.05; *p < 0.05; **p < 0.01,
*#%p < 0.001)

is consistent with our earlier conclusion that epiphytes are
more drought-resistant than terrestrial species in Cymbid-
ium (Zhang et al. 2015). The velamen radicum has been
studied extensively in Orchidaceae (Porembski and Barthlott
1988). Although it is more common in epiphytic orchids, it
occurs in both epiphytic and terrestrial species of Cymbid-
ium (Yukawa and Stern 2002). The most important role of
velamen radicum appears to be the absorption of water and
nutrients, but it also reduces water loss (Zotz and Winkler
2013; Benzing et al. 1982). Here, the epiphytic C. tracyanum
had a higher radio of velamen thickness to root thickness,
along with larger-diameter xylem conduits than those of the
terrestrial C. sinense. This further indicated that C. fracya-
num has a greater capacity to conserve water and avoid the
negative effects of drought (Chaves et al. 2002).

The loss of cell turgor has an important impact on cel-
lular structural integrity, metabolism and whole-plant per-
formance (Brodribb et al. 2003; McDowell 2011). Thus,
researchers use the parameter of leaf water potential at turgor
loss to assess physiological drought tolerance. Plants with
low ¥, p tend to maintain more normal stomatal conduct-
ance, hydraulic conductance, photosynthetic gas exchange,
and growth under drought stress (Blackman et al. 2010;
McDowell 2011). We also noted that the ¥y p of C. tracya-
num was more negative than C. sinense, indicating that the
former has greater capacity for drought tolerance.

Drought-induced stomatal closure in C. sinense and C.
tracyanum

Values for g, gradually decline in both species along with
the stability of ¥p. Anisohydric tree species tend to occupy
more drought-prone habitats when compared with isohydric
species, and xylem in the former is more resistant to negative
water potential (McDowell et al. 2008; Klein 2014). Thus,
stomatal regulation in our two tested species appears to be
isohydric.

Although the two species utilize similar mechanisms for
controlling stomatal activity, they differ somewhat in their
regulatory processes. Under well-watered condition, g, was
significantly higher in C. tracyanum than in C. sinense, but
no statistically significant difference in g, was observed
between species during the drought period. As a controlling
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factor of stomatal closure and positive response to drought
stress (Mittler and Blumwald 2015), ABA concentrations
increased faster and reached a higher level in C. sinense
than in C. tracyanum, possibly showing that the stomatal
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Fig. 5 Dynamic changes in protein spot abundance in Cymbidium
sinense and C. tracyanum during drought-stress treatment. Plant sam-
ples were collected at different soil relative water content (65-75,
40-45, 20-25, 10-15, 5-10, 60-75%) and 1 mg of total protein was

control is more flexible in the latter. In contrast, amount of
ABA in C. sinense was perhaps remedied by improving the
level of signals.

The phytohormone JA has also been proposed as an
important signal for stomatal closure considering its accu-
mulation and positive regulatory role in stomatal clo-
sure under drought stress (Suhita et al. 2004). Here, JA

extracted and loaded into gels BR-20-stained 2-D gels of total pro-
tein. Enlarged windows from panel a showing spot changes in the
representative gels from samples collected during drought-stress
treatment

concentration in C. sinense was dramatically increased and
was higher than in C. tracyanum when soil RWC dropped
to 10-15%. This phenomenon might support the above-
mentioned “remedy strategy”. In Arabidopsis, plant fibrillin
(FIB1-2) initiates the chloroplast stress-related biosynthesis
of JA (Youssef et al. 2010). For C. sinense, the level of plas-
tid fibrillin (Table 1; spot S84) was up-regulated when soil
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Fig. 6 Functional classification of proteins differentially expressed in Cymbidium sinense and C. tracyanum during drought-stress treatments

Fig. 7 Venn diagram of pro-
teins differentially expressed
during drought-stress treatment

Cymbidium sinense C. tracyanum

Up-regulated §
W
: =
proteins 5
3
NS
Down-regulated
proteins

%SL-S9 / %S1-01
%SL-S9 / %S1-01

@ Springer



79

jrungns Ingns

S1puvis -uodt xa[dwod AOONA
8¢ 11— S0C— 8I'1— 485 14 ¥8°9¢ 881  €9°9/1°Cl SL'8/Y'CT snydSong J-99 SwoIyROIK) T LINE6S0VOV 66S
onserdox
wnaloqio -0[yo *y'9 Surpuiq dvSOoD
ST1- 8CC— 90— orr— S €Sy Lye 1€9/9°¢1 TTo/0°Le windgsson q-v 11kydoroy) “9OHIN0F0VOV 86S
urjoxd
Surpuiq-g/v 114yd
DILIUN.LY -0I0[Yo T xo[dwod Rareci
€el— €51 0S'T 6¢I— 9 £€eee 68  88V/IOLI 96'7/6°SC 03I SunsoArey-1ysry TTAVATLOVOV L6S
viyLouls 7 urdjoxd 1o0uByUD
1T1- SET— 10°1— 91— 9 ST1S 0CI  0C°S/v 9l 16'7/9°L1 DaamInLg SuIA[0Ad UASAXQ ADMII TMVING6O ¥6S
-z urjoxd Surpuiq
sniopfip) -q/v 11Aydoioyo
0L 01 €9'1 Y0'1 C 1761 SET O¥'S/SLT 9°6/9'8C snupooipuaq Sunsoarey JySIT VINAA 0€NT6A 68
onserd
-010[Y0 ‘9ZdD
urajold Surpuiq
ST1— LST— LTl II'l— S 09°'1¢ €91 SP'6/9°81 ¥€'9/6'0¢ plos au1dd1D g-v [[fydoio[yd  OSATO 0dddCdOvVOY 16S
urajoid Surpuiq
9¢'— eve— 6C 11— [43 S £9°9¢ 601  08°S/S91 €0°L/0'81 Daafiuia SYIA q/v 11kydoropy) IALIA” SH0A90 €8S
pdapooyorsy  urjoid Afwrej aseu
0rc— £8'1— [0 oI'l— Ll 14594 €L YO'Y/IL'IT 61°L/0°S9 snpndod  -e301pAyap dud0lAyd ALdOd €EAND6L LLS
onsejdoworyd ‘1D
IeA) uraoid pajeroosse
-Tno prIqAy -pIOUS}0IEd OYID
8¥'1— L9T— LET— SEI— 6 0LC9 Yor  €6V/L'EC €eS/ILYE wnipoug -ads-ysedowony) DHONO [D¥HD 9LS
onsejdowoIyd ‘gD
IeAT) urajoid pajeroosse
-Tno pLqAy -pIOu2)0IEd OYID
9 oL T— 6¢1— €I 8 9 %Y 8¢y €0°6/9°¢C 8V S/IL'vE wnipouQ -ads-ysedowony) DHONO ¢D¥HD SLS
SUDSNA 1 urajoxd 190UByUD
8I'1 65 1— 901 Ivi- Cl 1€729 9¢l  8ES/YVL 80°9/C°S¢E snjoasvyd SUIA[OAR-UA3AX(Q NAVHd 8INdZL 89S
junqns eq@y €€
x9[dwod uoneprxo
I9)eM O1OYIUAS
6C1— 4% 69°'1— L8 T— 01 ¢6'L9 9¢T  89°S/SVC 81°6/S'8C vasu sniopy  -ojoyd isefdoroy) INJOIW TNDTILVY L9S
SHULIDUION]
YTl €S 1— 0¢'T 9¢'I— 0c sT'6v €L L¥'S/T0E 96'9/0'89  §1220202.150Q oseury [IDH'T N1LSO 1dESyV 8¢S
puvyvY)
LT 1= 10C— Pel 6¢'1 YT 10°6¢ L €6°6/09¢ 29°6/0°¢l sisdopiqoay g Qwoyoolkyd HLVIV 9AHd S
s1sayuksoloyd
%SL %SL %SL %SL
—C9/%01=S —S9/%BS1-01 —€9/%ST-0C —S9/%Sy—0v
opndad 1d/mIN
opey POYOIR]N 9TvISA0D 100§ ooyl [d/mNdxg sa10adg Qwieu U0l "ou uoIssadde Joxdrupy  -ou jodg

Planta (2018) 247:69-97

SIN/SIN-IQ'TVIN Aq pazATeue spwmun opay ") pue asuauls wniplqui) Jo soAed] Ul judunear) Surmoroj surojoid passaidxa-A[[enuaIaljip Jo uoneoynuap] | dqel,

pringer

a's



3
2
= DILIUN.LY
S Syl 1T LS'T 0s'1 LS'T L §Tee 81T 99°6/L°0C 169/8°6¢ 03I utLqy puseld YLAAN ¥OvILD ¥8S
© wnovgvy onserd
m 14 %% 81'C— YTv— oLe— 89'L— 8 19°8% 8€l  YL'G/L'81 0L°6/6°8¢ DubyOoIIN -OI0[YD *[-UNLLId OvdOL 1144 18S
s urajoxd
nlna DSSDUDUD paonpur-Suruadrr
A 80°1 er'l G8'1— Se'l Y- 4 80°¢CS g9 SSG/T0E £0'9/0'1¢ DLDEDL] pue-ssans -ygv NVVId 9IALED LSS
puLIDUL
eL'e— ILe— 08'¢— 0LS— OL'L— 9 £e'ee 01 88°S/L'81 €L°S/T°6C pruuaday U™ ANIAY 8MAYO 6LS
aseA|
ori— (£ L9'1— SS'1 10°1 L LSVY 681  6T'S/8°6C SI'9/0'1g  sisuaups snapiy  ouoleIn[SA00eT  ISLID EAHDLIOVOV 19S
onserdor
-O[U0 ‘0vLETBIV
pupyvY) urajoxd oy1[-ose)
S - 0¢'1 60C— [4N! S6'1— 8 6L°9¢ 16 SES/01E o 8/1°1¥ s1sdopiqpay  -OnpaIOPIXo duouIng HIVIV TI00 09S
(ea e
Jo urajoxd ssoms
paonpur-1ysnoip
wnso.aqny jserdoroqyo)
60'1 Y0'1— 61— LTl 99°1 6 8S°ey OIT  8€9/€vC L0'8/8'¢E wnupjog urajord 7edSAD ALTOS 200700 ¥9S
wnpUIDd urajoxd oy
€51 9L'T [N! 9T'1 8¢'1 S 69°CE 0€T  SS9/6°LT LY SITYE wniqoipua(y -9seIoNpaI SUOABHOS]  VASV6 SAYHS90VOV 0SS
urojoxd
YI[-osBIoNpal
1939 O1jAZuaq
10°1 11— LET— 901 9I'l € 6691 6¥1  +¥9°9/0°8C 10'9/8°€E  psoduynLf viajog uerewnod[Auayq INVI6 OvfAEd 6¥S
wnovgny urajoxd
0¢'1— (445 o' 1— 1T¢ ST1- 4 yrec Syl 1TS/8¥E 98'v/L'SE pupyodlN  dAIsuodsar-Sul[Iy) JvdOL 0WO¥9d LYS
wnjofisua
€ - IS1— 80°C— SO'1 w1 SI 80°L6 98C 96°S/6'1Y €681y wniprquiy unoy NANAD 8€9N9H 9¢S
aseu
¥0'1 LT 1= LLT— €0'l 'l 0l 89°¢S 081  8€'9/1'9¢ POLIL Ty SISUayoss vasld  -9801pAyap dle[ey ISDId 6LAN6V 9¢s
pupyvY)
8¢ 1— ' 1- T ¥0'1 0¢'1— 6l L9'€S S  TS'S/1'99 009/T¥L sisdopigoay  uta101d 0$60€DTLY HLVYV 0dHd6d vIS
CHSI1d
osedjordoyrerowr
48! 148 (400 [0 90— 9¢ 99°9L €S 96°6/9°69 S6'S/T YL syiqpiou sniopy  duiz yudpuadep-d IV VSOd6 6dHA6M (AN
urejoxd o[qronpur
DI -ssons;/urajoxd
S I— 08— 10C— Iel-= ori— el crse 991  96°9/T°69 119/8+%9  -wops siKonq Surziuesio dsy T00vAd 9d6dcd IS
asuodsar asuajog
%SL %SL %SL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
olpey PoydlelN 95BISA0D) 2I00S 'yl Jd/mNdxg soroadg oweu ur)old  -ou uoIssaooe joxdiun  -ou jodg
2 (penunuoo) T d[qer,

pringer

Qs



81

Planta (2018) 247:69-97

aseuaSoipAyop
112gf eydsoyd-¢

9I'l 40! SO'1 861 oL'T 11 789 6€S  19°9/0'9¢ LT9/6'9¢ wnpiqui) -opAyopreIadkD VdSV6 cOddy §cs
pjjaqn.1 asejopre 9yeyd

w1 LO'T 81— L8'1 Se'l €l LST9 16T  €L°9/8'8¢ 6S°L/6'8¢ vjjasdn) -soydsiq-asolonig SVdd6 0ANHOY €¢S
pINILIOUNL] asejeIpAy

LLT— 69'1— 90C— 601 ol'1— 11 1686 LLT  TES/I'1S 06'S/S'9% 03voIpapy ajeanikdoydsoyq YLAAN SANMLD cs

S1SUDIIVIDIU

-dsqns vipu ©10q JIU

9% 9Ll LT'T— o'l 1! SI SI'18 Ley  1€°6/8°€S SES/IESY -1unop psnpy - -nqns oseqiuks d 1V INVSOIN SHZY0N 1cS
onserd
nuupw -0IO[Yo ‘B19q U

9’1 L6'1 €e’l 9¢'1 99°1 9C ereel S8y ¥9'C/T°ES LESI6'ES wmipiquic)y  -nqns aserpuks JIvV VdSV6 vANA6IN 0cs
aseynw
Qye1a0A3oydsoyd

juopuadopur-ojerd OSATD

8TT— 61— 6LT— 8€T— 81— vI o 6LOv  ¥ST 19'S/S€9  S¥g/1'19  plosauddn  -ok[Soydsoydsig-€ T7909¢d0voV [N
Vv unqns
onAees aseyuks

LL 1= - 1ve— 65 1— 91— el S0ce ¥6  99°S/1'L9 0€°S/L'89 s&out Doz d.LV IejondeA HZIVIN SSHN94 01S
uroxd v
junqns ‘xo[duiod

oW oL'1— Y9°C— 61— 8¢ 1— Ll Tes 6l ¥9°6/0°69 9¢°6/8°89 spwi vaz A ‘sedLV 2Aaneng HZIVIN 0d9ALM 6S

urjoxd ey 0L OSAIO

SS1- Y- 0€C— 6C'1 Iv1- v 09CL 19¢ €TSHIL  vIS/UIL  plosoupdn  9eusod yooys 1oy g (014: (1) 8S
0L

60'1— €9'1— 6CC— €0'1 o1t Ic LOTL 80C I¥'S/9°0L 90°6/9'1L vaunp vasiuzy  uieloxd yooys Loy INVT6 ¢908S LS
urojoxd
o1y Jo0ys 1eay JySrom

yI'i— LO0C— ¥6'1— 0T'1 10°T L ¥§°SC S6  SYS/TIL LU'S/9' 1L -Sawiop Snp Te[noafouwr ySTH OATVYIN TI9N6D 9S
onserdox

vl 0Tl Se'l— 001 €e'l 01 6591 9L 16°S/0°€L LY'SIEEL spwi a7 -O[y ‘dSEOJeNSUBI], HZIVIN DLML €S
jiunqns a31e|
punj ase[Axoqres ojeyd

90°1 245 69°1— € l— 8¢'1 81 (454 €6 96°6/6CL 979/0'1S  -uow syriapig  -soydiq-g*1 asonqry TNVT6 61ON80D [

wisrjoqelowr A310u9 pue uaSonIu ‘uoqie)

v¢ urjoxd
wnovgyy Jo0ys Jeay [[ews

9 T— 09°C— VLT~ 01— 4% L 6798 SOT  ¥0'9/6°I1 08°S/0¥1 DubyodIN [ SSE[D JI[0SOIAD) JvVdOL 97d£SO 101S

SISUDIIVIDIU

“dsqns vpu IseA[

ol'l— 8I'I— o1 crl- w91- €l [487%} 61T 91'S/€91 L6°9/v'9C -nunop psnpy - duolyeIn[s[Kojoe INVSOIN 9NNION £6S

%SL %SL %BSL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu U)0Id  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

82

onserd
-0JO[[[0 ‘9SBIWOST

- - S6'1— €0 1— - 8 €9y 8T S8'S/8°61 009/0°CE  21vatad 2|p2ag areydsoydasoriy, HDDdS DIdL 8LS
7 9seuadoip
20) -Ayap juapuadop

10°1 el'l— 91— 8¢'1 6C'1 9 L1°CS c6  LT9/9°0C YOS/ LT wmdxondiy -AVN eAheind dDA¥d vAZY91 0LS
ovovd VD ‘1 oseipAyue

LTy €6'1— 0c'l L0C 66'1 01 SLOL el 65°9/0vC Ce9/L6C puiol1qoayJ ooqied ewwe) JDFHL 1T4AI90VOV €98

OSATO

Iv'i— [4! 1e1 S6'1 80 1— Cl £0'6Cl 16 vL'S/T°0E €Co/Lel plos au1dd1D aseury aso[n[Ax TYZA4TIOVOV ges
jiungns J31e[
ase[Axoqres ayeyd

STl 9¢'1 LET— Ly'1 Yol (44 €0'16 6 16°9/9'8C €CO/L'8Y  qaYo DIS|PYLLOY -soydsiq aso[nqry I'T16 8 TAX10 1SS

ojaut ~dsqns

9T’ 1— e LTT— 0¢'1 SI'1 L £eCe ST 91°6/9°¢e 19°6/8'SE oot spumnony Sseun{0JONI{ HANDND ¥62D5H 8¥S
asejeyd
synpoynmu -soydsiq-/ ‘1-oso[n}

0Tl (Nt - 122! €e - L £9'1¢ SEl 6I°S/6°SE 90'9/8°Ct “Tea pqpv sn.opy  -deyopas iserdorofy) TVIOW LVNASY S
urajoxd pazi

1TI-= - 9¢1— 801 (Va 4! 8L'8S 9¢e  9T'S/SSE S6°S/6'CY Dadfiuia SyIA - -19108IRYOUN dATIRING IALIA €HNLLA S¥S
puiLL asejopye ayeyd

86'11 798 LY°L 66'6 SO€l 11 0L'9¢ YLT 60°9/TTE 18°8/CCy  ~2qj8 v2840 -soydsiq-asoloni] TOAJO LAINIT wSs
B19q 9SBATIOE 9SeU
-08Kx0/9se[AX0qIeD
aSUIPPGIDq areydsoydsiq

or'1- SI'i— 61— or'1- SI'1— €l 81°88 Loy LS SIV6E 60°6/1°¢e wnd{sson  aso[nqu 1serdorory) VdaSOD PDAILN LES
JSBATIOER 9SeU
sapro -93Ax0/ase[Ax0qIed
-14D]]2INIS areydsoydsig-g‘|

w- €0l 91— or'1- cre— 01 1214 S0E  SES/L9Y oU'8/L'LY snyung2a]d  -osonquisedoroy) NS 1¥TI1D ges
1819q 9SBATIOR 9seU
-08Kx0/9se[AX0qIRD
aSUIPPGIDq areydsoydsiq

60°1 ' 1— €eC— 61— ye1— 6 SE9L eLE  SSS/T9Y 60°S/T°€E wmd{ssop  sso[nquiisedorory) VdaSOD YOLSLA £es
1 9seAnoe
aseuadAxo/ase|
WISy -KxoqIes 9eyds

16'1— S8 1— 16°¢— 0c1— 00°1 14! LT09 L8C L9°S/99Y VS SIT8y wmdfsson -oydsiq-g*-aso[ngry THSOD 19XV60 6¢CS
onserdoroyd ‘g
JSBAT}OR 9SBUAZAXO
UD3INa /ase[Axoqred eyd

erl— 61— I8°1— 611 LET 4! Iv'LS SIe  ¥8°6/8°9% 6S°LIV'LY wnapiog -soydsiq aso[nqry NAMOH 9vDd 8¢S

%SL BSL %BSL BSL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg sar0adg Jwieu U)oId  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

Qs



83

Planta (2018) 247:69-97

D2IDUI]O onserdoroqyo ‘oseu
SO T— 16°1— 61C— ST'T - 6 LY'SS I8¢  9¢°6/¢°8¢ 8'S/E Sy vvuldg -myo[nquioydsoyq TOIdS dddA 6¢S
S1UDS
-jna ~dsqns
ST'T— 96— 96— oI'l— Y0'T— 6 CILL 0ce  #¥'S/1°8¢ SI'S/80E  supSpna piag  eseunjonqrioydsoyq NALAd LHAS60 8¢S
piyjup aseuny
861 791 €l oWl LET 01 oWy G68C 809/9°Cy 0€'S/6'Ty  -Ayoviq 2840 ajeradf[3oydsoyq YIAIO SHSINESL LTS
asejeydsoyd pue sseurnyura)old
onserdororyo OSAIO
€0'1 80°1 6'1— €0’ 1— 90°1 € 81y evl IS°G/0'TT [L°L/8'81 plos 2u1ddn  *1—HT-UIXOPaIIX0Iod “LAOTIOVOV [
sns
-001JU2S SN asep
0S'1 ST'I— y1'C— SET— 65— L 66°LS 181  L6'S/Y'YI 0£'8/6'81  -20204ayimajy  -1X01ed suorpeInin VIdV6 €rSnyd 001S
oIt l- 65 1— AN} 1! L LY 81 LO'S/T9T 0$°S/L'8C  vipni pusip  urxoparxorad sA)-g VIDIA LdNdSA 96S
IeAT)
-[no prqAy asep
LET— eL1— 0S¢~ 001 SI'1— 9 6V'IL Sy 8€°6/L°0T 1€°6/9'LT wnpug -1x01ad 91eqI00S Y DHONO 804X84 68S
DA2UD] "TRA SIS aseprxorad
81— 61— 8Y'1— w1 60'1— 9 88°69 0ge  8Y'S/S°0C TS/ LT -udouns s1av]7  9YeqIOdsE OI[0S0IKD ADVTH OTNLET L8S
wnnuup asep
' I— €S 1— €9'1— €1 8¢ 1— L 0099 0LT  €T9/¥'0C TES/ILLT wmgisdp)  -1x01ad 9)eqIodsE-T NVdVD 199Z+0 ILS
IeAT) ] WIOJOSI
-[no prqAy aseprxorad ajeq
L9'1 171 or'1 AN} 6C'1 S1 06'0L 96¢  68'S/L'8C VL8V 1Y wniproug  -10ose-11se[doIory) OHDNO TdLHYIN €SS
7d 9sejonpail puoq
pupypY] 9[qnop Teuaye
LET LO'T or't— 8v'1 08°1 9 Iy SLT  ¥T9/Tve 60'8/C'8¢ sisdopiqoy epuadop-daqvN HLVYV d IS
IeAT)
-[no EBE 9SBJONPAI 9)eq
e LS'T— Y0'C— 10'1— or'i— S1 G8'8¢ yie C9S/Tvy 9T'S/8°9% wniptouQ  -1035e0IPAYSPOUOIN DHONO 714X89 (43
DA2UI] “TeA SIS
86— 148 10'1— LS'T 69°C 01 §T8¢ Sl S9°9/S°SS LY9/E’LS -udoumns siavjq ose[eIe) ADVTH SATLed 61S
uonepIxonuy
11 (43 91— SO'1 SI'l el y1°ce ¥9  0I'S/L91 €6°S/'T6  sndvu poisspag @ asedrjoydsoyd VNV 0Z9I8LOVOY S6S
nfliopuajjaout
8Y'y 'S €Cs (45 % S8y L 14434 01 ¥6'S/E°LT £8'6/9°¢C Djjpuis]ag  ASBIPAYUE OIUOGIED) TNTES 90Vd8d 08S
%SL %SL %SL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu U)0Id  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

wnaysap wno

“BLL X 91D loyquyut
65’1 (40! L €0ty 101 CS9/L°LT LE9/9°9C -2420 2|p2ag  oseurojoid auIRISK) TVOd6 TSLMII €LS
vl P81 9T 12474 99  LG9/T8I STS/TY1 Siigpiou Sniop dI¥o urejoid VSO¥6 THOS6M CLS
puvyvY] urojoxd
ceel 9L'9 €C or'ey 8L  98°C/H'ST 8L'S/TLY sisdopiqory uoneInew paog HIVIV €ZINMOO 998
urdj01d VNVad
S6'¢ 66'¢ L £eee LIT  9¥'9/T'8C €8°G/Spe  sndvu possvug dorogo3uupeug “9SIHSLOVOV csS
uofyovisip asejeIpAyep proe
SOv— LET— 11 6C'1S yee  LY'S/IOvy €9°G/L'9y  wnipod{yop.g drurnAL[OUIE-BIR 1avad 8viIOIl yeS
wWna10qip 9SBIQJSUBTOU AVSOD
66'¢ €r'e 01 Loy 9CC  €S9/8°1Y CUL/IT'IS wnid{sson -Twe dyeyredsy T98AN0IOVOV yes
onserd
-o10[yo ‘eydre
junqns urjord
wna Surpuiq-jiungns
YL 1— 9T'1 0l 0°€S €61 LI'S/6'8S €8 V/L'LS  -1soD wnonLlL o3re] QDsIENY IvAHM vdNd 8IS
urajoxd Y
wWna10q.ip -onserdoIoyo ‘g AVSOD
LO'T 1= €T 6L29 879 66'V/STL STSILYL wniddsson ey (L ¥00ys 1eoH “PAMINOFOVOV LIS
e1oq
jiungns ursjord
Surpurg-jyrungns
6v'1— 801 Ll LYY 9ly  ¥¥'S/ST19 86°G/9°€8  Si1gpIOU SNAO a31e] QDSIENY VSO¥6~ £AmMO6M 9IS
[y
“dsqns oy
- y0'1 91 €109 09  8¥°S/0°19 €L'S/IL'E9 sisdopiquay  urejord Surpuiq d LV TIVAV 9STALA SIS
[BLIPUOYOOIIW 7 OSATO
So'1— €Cl- 14! LS'ES 0€C  ¥9°S/9°19 SL'G/S'T9 plos au1dd1n  -O9NJD uruoradey) T69dANCHOVOY I1S
1Yyosnp]  SL[AX0QILdIP proe
€01 (40! 81 £9'ey 68  98°6G/6CL YT s/ess sdoji3ay  -ounue-1-onewory VLOAV vASOSIN ¥S
SuIp[OJaI puE UONEPRISIP ‘SISOYIUAS UIJ0I]
sunw aanend ‘aseyeyd
Lyl L6'T (] LYS 691  16°6/5°8C 9L'8/0°0% w02 snupdly  -soydiAuoydoniN- ODDId YTINd6d 98
0LOLY3SIV
pupyDY] oseuny urojoxd oy
€6'l 0re SI 9¢°LS IL 19°6/0°0€ LS'6/0°LY sisdopign.ay -10)deoar s[qeqoid HLVIV LOLSA 9¢S
%SL %SL
—S9/%01-S —€9/%ST0C
opndad /M
olpey PoydlelN 95BISA0D) 2I00S 'yl Jd/mNdxg soroadg oweu ur)old  -ou uoIssaooe joxdiun  -ou jodg

84

(ponunuod) [ Aqel,

pringer

Qs



85

Planta (2018) 247:69-97

SN 65— £€8°¢— S6'1— 76'1— 0¢ 8ce L9 61°S/1v1 LL'6/0'T9 plos ouppf}n  urdlo1d oYI-uIsaUTY  OSATO 9d90TAOVOV €01S
pIDAL]

‘dsqns p.A] uroyoxd

Sl or'l— LOT— 0S'1 &'l T 9'ce 68 1L°S/8°LT LE9/T98 sisdopigo.ay Apruey urngny, TIVIV TIANTILA 8S
urojoxd
DINIPIUN.L] A[rurey ureyo

SO'I— €S~ 81'¢— L6'T— £€8°¢— LT 8¢6v 8 96'S/¥'ST 11°6/¢°S9 08voIpo Aneoy 11 ursok N YLAIIN SMINILD ¢9S
©)9q ureyo
SISUDLIDEDU *] Kaeay | UIQUAp

SOl we 60'1— 96'C (0150 €S 8Tl 98 1¥°6/€°0€ OO/ TS M21DD X0AJOA  WITE JOUUT Je[[aSe[] VOTOA S0IN8d 6SS

61— 10C— €r'T— LO'T— 8¢ 1— 0T ov'Ly 6L 61°S/LTL 00°9/¥°C8 xpwt ou1dd]n  urdjoxd SYI[-uIsaury NIAOS vINSILA ¢S

UOISTAIP PUE 2IMjoNnIs [[0)

urayord
a8ueyoxe-opno
ppmpound)  -o[onu duruens pajr

LT'T LTT— 81— PS1— ' 1— 0¢ et €L 6%°'S/L'81 0L’S/0'61 08voIpoW -qUuI-y uIp[ejaIg YLAIIN YHIALD 06S
OIS

99'1— 8T'1 a4 00’1 €L'e 14! ¢sa9 1L LES/6'TT TI1/9'1¢ sHIqeou SNION urdjoxd [ewosoqry VSOd6 9AA06M 88S
DAIUD] “TCA SIS QseIgjsuer)-g

10'1 811 11c— 9T'1 68'1— 9 00°6€ 96 I’ SILTT €6°6/9'LT  -udoumns s1vg auonyen(H ADVTH 0MTLED 98S

urajord VNVIA

I¢l 811 691 (4! 10°'1 91 sTov 69 GSe/SIT YI'8/1I'9y  sndpu poissvig dozLyo3uudeug ~0TADSLOVOV ¢8s
urjoxd
pdvo0y1L) A[rwrey pajear

Y0'1— SEI— 11— Y0 T— €61 L 0599 861 10'S/6'VC 0€'9/C°CT snndod  -ose1ojsuen[KIApLin YLdOd 8LMH64 LS
[ WIOJOSI U1}
-o1d Afrwreyrodns
(75175} PIOJ-UUBWSSOY

- eyl 901 €01 SO'1 L gees 8¢¢  LT9/STIT 67°6/S'9¢ pul01qoayJ, Supuig-()AVN  DDFHL 9TIAT90VOV 69S

pdp20YOLLY

€0'1 0g'T— 01— LTT SO'1 0T L6795 °TT  08'S/8°0¢ S0'6/6'Ct snpndoq ASEYIUAS QUIAISKD) YLAOd 9am4dsn ¥SS
4B1Rq U
-nqns aserdwAjod

6T’ 1— 19°C— L9 T— 60 T— €0'1 1€ LE9T 66 SL'S/8°SE €6/L'S1 pinu402 Xa1] - YN PIO_1P-VYNA vNOV6 6dMed €S
V junqns ¢ 10}

-Oj uoneniur uon VNVI4d

0T'1— 0g'1— 00C— (40 6 - ¥ 17°9¢ YL 90°S/1°Ty 6S'8/1°66 Sndpu voissvag  -e[suen onokrexnyg “YHOASLOVOV oS
onserdoioyo

61'C— YL 1= e~ o011 911 Cl 90’6 L9T  89°S/T°Ey 12°9/7°CS xput 2u1d{]H  ‘ng, 10joey UONEIUO[H NAAOS 10149 1€S

SO'L LTT— Y- 1T1— 140! el 6C°CS 99C 9L S/TEY 12°9/€°CS Xpuwi ouldA]H N, 10J08] UOTIESUO[H NIAOS TOXI11 0gsS

10)08) [euSts pue [euondriosuely,
%SL %SL %SL %SL
(K10A000%)  —G9/%0T-S —S9/%ST-01 —S9/%ST—0T —S9/%St—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg sar0adg Jwieu uI)oIg ‘ou uoIssadoe joxdiun  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

86

PUDIUDYIUIG

Se'l €0'1 S9'1 7'l e C o6l L6 YAYIN! ¥8'9/L'8C DUPHOIIN £dasd iserdorofyD HGOIN LIL9OT 06L
onserdox

wna10q.1o -0[yo ‘y'9 Surpuiq AVSOHD

€Cl— 1v'C L1 90°1 11 S L88¢ 0LT  009/S°LT cT9/0°LT wniddsson q- qi&ydoory) “9OHN090VOV 88L
onserd
-OI0[Y2 ‘9zdD
urjoxd Surpuiq

6L'1 0¢'l 8¢'1 40! LS'T 9 gsor L0g  09°6/9°0C LS/ T1E plos au1od19 g-v [i&ydoro[y)  OSATO ¢ALATAOVOV 98L
[ WJIOJOSI U1}
-o1d Afrureyrodns
(75175} PIOJ-UUBWSSOY

99°C 00°¢ 6C'C L8'T 'l 8 ey 00€  S99IVYC 6C°6/5'9¢ Duo4qoayJ Surpuiq-()AVN  DOHHL 9TIHI90VOV 9LL

PUDIUDYIUIG

€0'1 61— LS'T 8¢'1 09°1 01 10°¢S 6€C  €TS/YLT 19°6/¥°6¢ pupiodIN  7OQqsd serdorory) HADIN ZILLOT ILL

onserdoroyo
‘1 urgjoxd 1o0UBYUD OSXA D

01’1 81l [4! 6C'1 9Ll 4! §0°S9 0LT 9¢S/0°LT 8¥°9/0°6¢ plos aud]n SUIA[OAR-USSAX( TIMSITIOVOV 69.L
porpur dsqns 1 urdjoxd 190UBYUD

'l 01— (! w91 8’1 C 1Lee 16 T¥'s/6'sT 6L'¥/0°61 DAYDS 2840 SurA[oAR-ue3Ax(O ISAMO €TINSV L9L
DIIPIUNL] urojoid 1eoueyUe

[4N! LT'T— [4! STl €'l L 1484 8SI 6V’ S/E°LT 6CT'8/V'LT 03voIpapy SurA[oA9-Ua3AXQ YLAAN SAAZLD 99.L
onserd
-0I0[Ud ‘@seIonpal

S0C 90'C £€0'C €r'l oLl 4! LL'EIT  CTLT  ¥S9/9'v¢ L'8/8°0% pqof 1A AAVN--UIXOPALId] VADIA INdd SCL
sipra1a sisdoj aseIe[aYd X

60°€— 9¢°T— LOT— €€l 9Ty T TPLS ST vSS/Ter  OLv/Les  -jassuuvugo  utikydiodojord-Siy IALTO LLH0ZO Pl
6L1-S0Suayoex SuneAxoqredop
IeATI[NO PLIQAY “aseuagoIpAyap

o' 1— €0'1 9¢'1 €e'l (4! cl L99Y LOT  00'9/L'SS £€6'6/8'CS wm.apy2ovg  oyeuooni3oydsoyd-9 TVOd6 INISSM L
pdvo0y1.4] id

9T 1— 1TC— 71— 6¢'1 €1 S1 68y YLy 1S SIYYL 909/¥'vL snindod urojord I[-HSI YLdOd STvied LTL
onserd
-OI0[Y2 ‘T HSI1d
puvypYy] aseajordoreiow

STl 61— 8CT1— 11— 8¥'1 81 91'ey OIT  ¥9°S/9°LL ¥9°6/6'9L sisdopiqnay  outz yuopuadep-d LV HLVIV THS1d 8L

11Yosnpy
(4! 08’ 1— 40! 0T'1— (40 b 61 16'8C 1€ L8P/8'Co 61°S/6€1 sdoji8ay urwsejdopug VIOAV €IMOIN SL
s1sayuAsoloyq
wnupfonay )
%SL %SL %SL %SL
(K10A000%)  —G9/%0T-S —S9/%ST—01 —S9/%ST—0C —S9/%St—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu U)0Id  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

Qs



87

Planta (2018) 247:69-97

vof 0L
08¢ (4% b 99°1 43! oI'l (44 09°LS SIc  STS/1e8 €0'S/STIL  -naipua pijjad  urdjold dooys JesH DAVING 93IOM6D CIL
uroyoxd
Sl 8I'I— (4! (45 08— 71 geee €Ic  6CS/L°08 cTS/6°0L spwivaz e (L Y0US 1eoH HZIVIN 0LdSH I1L
pIIDIUN.LY urajoxd ey 0L
w9'1- 9T [4ON! oI'l 611 Cl 1243 61  €€°S/6'6L 80°S/Y'IL 03poIpapy  AYEUS0d JO0US JLOH YLAAN 6LXMLD 0rL
suaypd BHATV-1
‘dsqns suaipd ureyd AAeay |
IT1 80°1 69°1 9T~ LOT— €9 6LCl 201 68°S/6'C8 9°6/T'TS D210 dsly wire uroukp Jouug VdAHd 9IMTIS6V LL
or'l— 9T 11— 4% €S- SI'1— 4! (444 ¥6  ¥6'S/L'C8 1€°9/L°08 Siiqviou sniopy 9SE[O)aYSURL], VSOd6 SSDI6M 9L
pipdiaia aseunyip areyd
0T~ 6C1— 60'1— 0¢'1— LLT— SI w9ve y€C  98°6/9'86 1T°S/L'96 s1py209) - -soydoyio ajeAnikq TVOd6 876£70 <L
WNIDUIIDO 9se[Ax0qIed 9reA
€'l [A! S 091 0ce 94 £6°8¢ 68 ¥6°9/8°S01  009/0°011 wmqolpuaq -nikdjousoydsoyq VdSV6 ved19d 1L
wsIjogelaw A310U9 pue uoqie))
LOY 0T 61'¢ w91 IS S 90°6% eyl L8'G/ETIT 96°6/6'6¢ xout 2uld1D unLLog NIAOS™ €€8INLA €8L
DI1ULIOf1]DD ase)
'l 9Tl IS°1 y0'1— SS'1 4 81'vC g6C  0T9/L€T L6'v/9'6C DIZjoyDSYdsH  -ONpal duLIEUNFuLg vIIOSd aayvs 6LL
urojoxd
YI[-osBIoNpal
1939 O1jAZuaq
09°1 61'C 061 €0'1 L8'T 4 LOET gl 8S°9/1'Ce 10'9/8°€E  psoduynLf viajog uerewnod[Auayq INVI6 OvfAEd 9¢L
snayps aseu
LO'T 80°1— el 9¢'l 6S°1 S €0°LT Y61 91°9/6°0% 9L'S/1°9¢ suunon)  -o301pAyap AlEN  VSOND SITOVOVOY yeL
urajoxd s[qronpur
DIvLd -ssons/urajoxd
€0C S0¢C 861 Sv'e SLT 11 6£'¢ce 91 SS9/L6L 119/8+%9  -wops siKonq Surzruesio dsy TO0vVAd 9d6dcd SIL
wnyousip
“TRA 2UDSNA
€61 171 w'1- LET 2! L 66°CI ITT  65°9/0°6L EL'LIL'SL wnapiof QWAZUD RN dAdOH 0Ssdcd V1L
asuodsar asusjoq
jiunqns Ingns
-uodr x9[dwod
€51 9¢'l 9I'¢ (! 0€'e 14 Loy 081 ¥To/eel 88'9/6'0C puafiuia SHIA §-99 owoIPOIA) IALIA™ LILH99 00T.L
ursjoxd
Surpuiq-g/v 114uyd
DIIPIUNL] -010[Yyo | xo[dwod YLAIN
[ ! 80°1— €6'1 00'T— Ll ¥ 8L°CC el 8LY/1°0C 96'1/6'ST 03I SunsoArey-1ysI] TTAVATLOVOV SolL
1- urayoxd Surpuiq
snLo}1p] -q/v 11Aydoioyo
6S°S (! 0’1 (14! 10T € 1061 el €0's/9'6l C9°6/9'8C smuvpooipusq Sunsoarey JYSI] VINAd 0€NT6A 6L
%SL %SL %BSL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
olpey PoydlelN 95BISA0D) 2I00S 'yl Jd/mNdxg soroadg oweu ur)old  -ou uoIssaooe joxdiun  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

88

I
QSBAT}OR 9SBUAZAXO

/ase[Axoqres eyd

8S'1 [4N! 0s'1 7'l 6S°1 11 S6'9v sy ¥SS/STIS 6€9/1°CS  syIqpiou Sniop -soydsiq aso[nqry VSOd6 04TS6M wl
7©19q 9SBAT)OR ISBeU
-03Kx0/9se[AX0q 18D
asuapnqinq 9reydsoydsiq

171 'l VLT €l (42! €l YeSL I8C  99°6/¢°Sy 60°S/1°€€ wmd{sson  aso[nqui iseidorory) vdaSOD ¥DAILN 7L

payps

6C'1 8T'1 8S°1 LS'T 181 6 L99L g6 I8 S/6TY £€9°6/T0¢ 03I 9SBANOE 00SIqy VSAQaN ¥A1980 oL
aseuagoIpAyap
puiLL areydsoyd-¢

Y 06'1 10°€ 14 6¢'¢ L 601 9¢e  1€9/9°ty 11°9/9°LE  ~2qp)8 v2£40) -opAyop[eIadk|n TOAMO 664011 9¢L
ppodoyoriy asejopye 9eyd

6v'C [4%4 €eC €0'1 L1 8 9T'6C Icl 1S°9/9°1v VI'8/LCY pjja1oquiy -soydsiq-asoloniy DLV 12ddIM (2NN
aseuaSoipAyop
souisvad Jreydsoyd-¢

8l 0S'T 171 [EA! LET L 8€°6¢ veT  19°9/6'6v oV eEy $122008410g -opAyop[eIadkD OTHO6 166483 IeL

poyDLYdna

'l 01— 69'1 L= SI'T 4 0000C 8 €TS/E8S 6LV/ISL'T snindod ose[ouy NddOd ONd 0L
pILIOUNL] asejeIpAy

1! 1el 80°1— Iz €61 €l 0¥'0L 65C  8T'S/9'8S 6'6/S 9% 03voIpapy ajeanikdoydsoyq YLAAN SANMLD 6CL
aserofsuen[A|
an3ma  -Apum 9yeydsoyd-|

9T I— €1 88°1— or't 6C'1 8 09°6C S0C  9¢°S/v'09 0T'S/8°1S wnapiof -0s09n[3--d LN NAJOH VdDN 8CL
muvypjo  asejKioydsoydorhd

Lyl SI'1 LT'T— 65— 1TI- L 200¢ 60C  16°6/S°09 SES/1TS psnquivg osoon[3-4dn TONVE €79X90 LeL
onserdoioryo
wnup£on4] ‘eydye yungns

Ie'l [4N! or'1 €S 1— SS'1 61 S9°L9 869 09°6/€C9 LTS/E'SS wnipiqui)y aseqIuAs LV VdSV6 ONJA6IN 9CL
onserd
wnijofioyp -0I0[Ud ‘BJ2q JIU

181 19C or'c €0 1— 8S°1 4 89°0CT  8¢L ¥9°6/6°6S LESI6°CES wnpiqui€)  -nqns ASEYIUAS JIV VdASV6 vAXA6IN [SAR
13u11203 ©)oqQ JIU

el vl Syl orr- 6C'1 LT LL'88 0Sy  €L'S/8°8S ye'8/es wnmpiqui€)  -nqns ASEYIUAS J1V VdSV6 6€D00vd YL
CHSI1d
oseajordofrelowr

oI'l or'l el SO'1 12! 0c 65°89 9¢6  9S°S/TEL YOS/ pL  siiqpiou sniopy  duiz yuepuadop-d 1y VSO¥6 6dHI6M 9IL

%SL %SL %SL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
olpey PoydlelN 95BISA0D) 2I00S 'yl Jd/mNdxg soroadg oweu ur)old  -ou uoIssaooe joxdiun  -ou jodg

(ponunuod) [ Aqel,

pringer

Qs



89

Planta (2018) 247:69-97

urojoxd oyI[-ase)

e 6v'1 or'1 (45 [4n! 9 06°LC 91T +8°6/9°9¢ LE'Q/S'EE  SHIGDIOU SNIOJ  -ONPIIOPIXO JUOUINY VSOd6 6NSS6M 6SL
pun vy ase1onpal

811 8CTC (AN} YL 1— 6C'1 I G881 €61 1€°6/SPe 18°6/8°Cl brioavd suoumb:HJAVN NOVING6 98HDIVOVOV PSL
DA2UD] "TRA SIS urajoxd oy

11 9T'1 (4! 091 6¢'1 8 LS'8E SIc  19°6/6'1¥ LES/90F -uoaums s1ovjq  -OseIOWOSI-OpY[NSI ADVTIH LATLEL vl
pnuup ase)

9T~ Ly'1 4! 10'1— LTl 9 16°¢E 91T TT9/8'8¢ ¥0°9/€°8¢ pistua)4y - -Onpal puoq d[qnog NVLIV €LAdEN LEL

uoneprxonuy

(75175} urdjoxd yrungns

SI'T ¥$'C 8¢'1 01— 991 S SL'8E 9IC TO'¥/191 88'L/6'ST Du01qoY ] -e)ep osepuhs JIV  DDHHL 8S8A190VOV 66L
[eLIp

opovd -UOYO0IIW “UTBYD DDdHL
SO I— 10— 0C'l LT'T— 0Ll € 01'8¢ LIT  90°S/L°CT [TS/L61 Dulo1qoayJ d dseqiuks 1y “0dNAT190V0V 86L
nflaopuajjaout

IL'T S¢Sl 6S°1 I£A! 08°1 14 9°9C 8L  LI'9/L°0C 6L'8/8°SC Djjpuis]ag  ASBIPAYUE OIUIOqIED) TNTES SSL98d I8L
onserd
-0IO[YD ‘QSBIQWOST

€'l o'l STl 0¢'1 191 6 €9vy L91  T8'S/TTT 009/0°CE  21paiad 2]p2ag areydsoydasoriy, HDDdS DIdL 8L
wnauISnss oserowrde-¢

44 €ee 0r'c 901 £€9C 9 60°61 061 v¥9/L'1C 0€'8/9°6¢ vuiynz - oyeydsoyd-osonqry VSLNd 6NV TIrA 08L
0PIV 1VD ‘1 aseipAyue

11— Ly'1 0’1 or'1 60'1 8 89°69 SLT  LE9/OLT ce9/L6C Duo1qoayJ doqred ewwe)  DOHHL 1'TAAI90VOY yLL
yosnvy €1ddy uroxd

8¢ 1— €0l LS'T €0'1 [4n! 9T ¥8°8¢ 709 LGS/SEE 18°8/6°91 sdopsay 9OUB)SISAI ISBISI(] VIOHV vASOSIN €9L
Do ursjord

0¢'l 9Tl €9'1 1z 'l 01 6518 I1e  01°9/9°C¢ £6'6/9°0¢ qp sSniop K108509008 9SEAIN TVIOW 6D6V6d LSL
1P 9SBATIOR owmcow\nxm
-12U10$12.49 /ase[Axoqred areyd

[49! 12! 96°1 S6'1 e 01 99y Sye  CE6/9°CS L6°S/T'ES X snikq -soydsiq aso[nqry VSO¥6 TEINSA 6¥L

Lajpuaf
9¢'l 9¢'l LT y0'1— IL'1 9 IT1S e ors/sey 10°6/6'ST pLDSKYq  dseunjonquioydsoyq HAAHd 944N€D 8YL
saprounu 7 WIOJOST ASBATIOR VavoO
oI'l LO'T 0S'1 el 8¢'1 Cl 6L’ LY g8y Ty’ S/0CS 9T'S/ETS  -svlpuapivy 09sIqny 2AneINg “8MOAOVOVOY 9vL
%SL %SL %BSL BSL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu U)0Id  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

90

1Yosnpy asejeydsoyd
or'1— 10°1— 01’1 L9'T o'l 9 T 6¢e S0¢  6L¥/E0T €O'P/IL'CE sdojisay arejooA[3oydsoyq VIOHV 00ZO8IN 0LL
ojaut “dsqns
18'1 SL'T 171 LET— 8¢'T 9 6L'LT T 8I'S/v'LE 19°6/8°'SE  ojoui stunony QSEUn0JONL{ HNDND ¥609D5H €CL
D2IDUI]O anserdoro[yo ‘eseu
1€°C I'T 78'C w'e 1¢¢ L SL0S 6ce  ege/rey 439254 vrvuUldg -pjonqroydsoyq TOIdS ddd 0SL
aseury
SY'L 8¢C'1T 81T 81'C €L'T 11 8¢'LY 60€  CO9/TLY 62'9/S°TY Dadfiuia SUIA drereoA[3oydsoyq IALIA 94VOSV 8¢L
asejeydsoyd pue aseuryurajold
DILOUN.LY urxop
9L'T 20T LGT 01— 661 T e LL (240! S'8/€°€T 08voIPIW -axrxoxad Iy odAy, ALAIIN €d0SEl YOIL
wnonqy [ osep ovdaoL
[ 6¢'1 6C'1 SOl 79'1 € 10°6¢ 78 6C°S/€01 Ye'S/SLT pupiodlN  -1xoxad urxoparoryy, TON6ALLOVOV €0T.L
onsejdoroyo
9L'1 8¢'1 €'l €rl— 6’1 € 19°C¢ 6L cTs/I0T 80°S/L'61 vlos aud1H ‘HC-UIxopanxord QSATO LS€dTdOVOV 2011
nffiopuajjaow asenu
10'1 YTl 6L'1 €81 €'l T 9t°0¢ 10T 99°¢/T'T1 65°6/S°ST D]jauIsn]ag -SIp oprxoradng TNTAS 8S9S8d 10TL
asejnw
8¢'T 'l w1 [4%4 6¢'1 L 9¢' 1L I8¢ S S/6'vl SL'9/6'TT  vqopiq 03yu1n -SIp oprxoradng T1INID 0ANASH L6L
sns
-021JUds SN asep
0Tl €01 [40! 140! S Al L 9899 191  T9°G/L°ST 0€'8/6'81  -20004aymajy  -1xoxad duoryeino VIdV6 €rsnid 96.L
vprd
18°1 8T'1 (420! 10°1 CIe 14 0T°6C TS Ll 06'9/0°0¢ -1y xvup], - urxoparrxorad so-g AIVI6 62001 6L
unp} PIo}
91 LT'T el LO'T— S6'1 1 LS'6 68 00°6/S°81 1T°6/0'9C §1390202.4350Q AI[-UTXOpaIOIy T, VLLSO ¢12100 €6.L
DAY
-mo prqgiy asep
SI'L 811 LET 1 19'1 14 960y 891  V¥9°S/¥'CC 1€°6/9°LT wnipouQ -1x01ad 91eqI00S Y DHONO 804X84 8L
DAl
-no ES\Q asep
601 LT'T or'1— LL'T 901 € 0L’ST €8 SE9/L¢T 1€°6/9°LT wnip1uQ -1xoxod ojeqIo0sy DOHONO 804X89 LLL
urajoxd VNVYd
(4! el oL'1 SI'L SI'T S 81°¥C SIT  9¢9/0°8¢C OV’ S/ ve  sndpu voissvug aos.9gs9ooeud " Ld8D8LOVOV SLL
onserdoioyo
punijvy} ‘7edSap urdjord
0Tl 8¢'1 L6'T 901 9L'1 8 L'8¢ 6C1  TS9/1°8¢C S9'8/6°¢E sisdopigo.ay AI[-UIXopaIoly, HLVYIV dSdd €LL
%SL %SL %SL %SL
(K10A000%)  —G9/%0T-S —S9/%ST—01 —S9/%ST—0C —S9/%St—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu ur)0Ig ‘ou uoIssadoe joxdiun  -ou jodg

(ponunuod) [ Aqel,

pringer

Qs



91

Planta (2018) 247:69-97

DINIDIUN.L] urajoxd
ore Ly'1 L1'C 6¢’1 0'c 9 8CTLY 91 66'S/S0V 66'S/€°9¢C 03vo1papy Ay oseuisry YLAIIN €NALLD 6¢L
urjoxd
urewop Hgv
DIIPIUN.L] oy1[-10110dsuen)
(45 o SO'1 ! 71 Il 0¢ 86°LC 8L  S6'G/1'8S  969/0°8¥1 03vo1pa Qoue)sIsar S ALAIN INDTLD €L
winiafiu JseIofsuenou
[ LS'T ee’l LT'T— 00C 8 Y0'1S I8¢  S¥°9/6°8S 91'9/9'¢S  -wos uzandpg  -ture yuopuadop-d1d 0SdVd 6VVHSD 1Tl
10108] TeuSts pue [euondriosuel],
[ Junqns oses)
8107ISD -o1d oueiquiowr
6¢’l er'l 10°T 90— €9°1 01 c0'IL §9  LTS/ELT €8'8/4°0¢  ds stuqaspyap  Iouul [BLIPUOYIONIN O THOG6 'TXATI0VOV I6L
puns ad£y e1oq NOAIH
- 44 ol 10— ol L 0Ly 691  LL'S/8°81 €0°6/T°ST a1y UNQGNS SWOSEAJOI] T9¥HOTIOVOY 68L
SISU2IOD]DUL
‘dsqns pyu
crs— eL’1 ev's ort £9°6— 14 00°sT 01 L6°S/T'8C 8LV 1V -IUnoD DS OSEUIUAS QUIBISAD) IWVSOIN 16ZSON 09L
uofyovisip 9sBIRIPAYQP pIoR
LTl 149! 9¢'1 Yo'l 611 4! 808 60¢ CTY'S/L6Y €9°G/L'oy  wnipod{yov.g druInAL[OUIE-BIR( 1avyd sviINIL LYL
aaneind
sunw ‘oserojsuenAow
171 16'1— 1405 S I— el S 09v¢C ILT  1¥'9/8°8¢ 0TL/IL'TY Wod snu1ory -eqIed QuIpIuIQ ODDIY €XLd69 SEL
pdvo0y1L) JseIoJsuenou
90°C 11c 61°C L91 Sy'e 11 90Ty SYC  8¥' 9V 8y L98/T'IS snpndoq -Ture ojeyredsy JLdOd 8TTI6d el
vorodpl
‘dsqns jiungns eyde
71 80°1 01°'l Y= 6¢’1 01 99y 81 11°S/6'89 9¢°S/S' 19 vayps 240 utworddeyd ey 09 [SAIO LV6XLO 0cL
urojord VNVId
8L'C 86°C 66'1 £8'1 €ev'e Ll 8C°LS 98¢  €E'S/00L 98'6/€°€9  sndpu poissvug dozogEs600rUg “0TCHSLOVOV 61L
onserdoioyo
pun1IvY] 7 ©19q Jlunqgns
'l 11 10°1 'l 9’1 11 LOSE ¢ 8E'6/€°89 09°S/L'€9 sisdopiqoy 09 uruoradey) HLVAV ¢dNdD 8IL
WNUDILLIUD 06
'l (40 o ge'l 6¢'1 8¢'1 1c £0'6S 8¢y SI'S/T'68 00°6/9°08 wnpastuudg  ur)od spoys JedH INVNAd 90453 (AN
DI} uroyord
Ie1— [43 148 1T 90°1 01 86°LC 091  LS'S/TOL EL'S/TEL -op4q vInqly B 0L YO0US 1BSH VASV6 9AMILVOVOV 6L
7 WIOJOSI u1d)
(275175 -o1d A[wrey Hdiy DDdHL
2% 89C— 8I'I— LS 1= 171 91 1cce 80C ¥0°S/T°66 88'1/8'¢6 puto1qoayJ, urajoxd ouoredey) TTADIAT90VOV L
Surpjoya1 pue uonepei3ap ‘SISSYIUAS ura)oig
%SL %SL %BSL BSL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
olpey PoydlelN 95BISA0D) 2I00S 'yl Jd/mNdxg soroadg oweu ur)old  -ou uoIssaooe joxdiun  -ou jodg

(ponunuod) [ Aqel,

pringer

a's



Planta (2018) 247:69-97

92

urojord
I-g4 urejord

L9 1— S 1e1 yI'l— erl— €€ 9T'L9 6C8  ¥1'S/0°66 S0°S/S'88  SiIqpIOU SO I[9KD UOISIAID [[0D) VSOd6 9AMI6M el
s1suaLv3vu [
861 (4% 901 'l 1! 9¢ Sy'L1 16 8L'S/S°EE 8I'9/L'8y  M21IDI XOAJ0A WqIDOHA VOTOA 9L1D6d L
urojord VNVId
Iz o'l L9'1 el o'l 67 geee 8 ¥09/0°¢e 11°s/€' 1 sndvu voissoig doso1z3soveug “YOAdSLOVOV 8GL
UOISIAIP PUE 2INjonIs [[0)
DIIPIUN.L] 7 Iojoey
LT Y- 10°1— el el 4! C8'EL 801 00°6/€CC IL'YIv 6T 03popay  KIoje[ngol [elouan ALAAN 6XE[LD L8L
DIIPIUN.L]
71 00'1— 74! 71 9Ll L 91'l€ 68  T6'S/IVET 16'9/8°6C 03vo1pa ul[ILqy pnseid LGN ¥OVILD 8L
pUDLIUDYIUIG qQYd.L urayoxd xord
(4! 61'C LE'T [/ €8'1 84 08°9¢ 6L  S1'9/€°9C 687/0°¢C pupyodlN  -wod dxod responN HIDIN va9M 8LL
urojoxd
pdip20Yyd14] A[rwrey paje[al
601 w1- el Yol 9¢'1 9 8T8y 8LT  ¥0°S/¥'8C 0€9/C°CC snindog  -osereysuen|AlAprin YLdOd 8LMH64 CLL
¢71 oselojsuen-§ OSATO
orr— 611 Ll oWl 69°1 ¥ SO’ 1€ Y6 ¥ESYST SE'6/T'8C plos au1dd1D suotyren[n ~60ZNTIOVOV 89L
urojord
€Tl I S9'1 (4! eyl €l LEES LTl €S°6/T°6T 6%'9/C8¢  sndpu poissvig d0629¢3L0veud YNVIE 0SFHSLOVOY oL
S1SUDIIDIDIU
“dsqns nipu aseA|
oI'l 0= (U} 09°1 9Tl SI 90°C8 S0C 89°6/S'6C SE6/S6C -tunop psnpy - duolyeIn[SiLojoe INVSNIN 9S0NOIN 9L
9SBJONPAI-{ JUOUBA
-e[/ose1onpal-f
[ouoAegOIpAYIp
90°T 8L'1 w61 9¢'l £€9°C 14 LO'LT L8  ¥8C/9IE LL'S/9'ST  Siigpiou Sniop [euonounyrg VSO¥6 9a0S6M 9L
CCO01DIdIN nunqns
“ds avao aserowAod VNI
yT'e vT'e x4 L9'1 8¢ Ie 61°cCC 69  PES/SLE 88'6/8'1¢C -&ydouisviq Pa1021p-YNA OTHO6 ¢TMD880VOV SL
Sunut aaneind ‘urayord
99°1 71 901 SI'e— SO’ 1— SI 19°LY IL I¥°6/8'8¢ 1S°6/L'8¢ oD SNUISLY  IOLLIED 9SEISIP 9ABID 00219 9dD¥6d ISL
VS urajord
STl SI'I— or'l 90°1— Y1 8 Sy'Sy 061 6V'S/8° 1Y Y6'v/9°ce sdput vaz [ewosoqLr SOt HZIVIN 78L194 SPL
%SL %SL %SL %SL
(K10A009Y)  =69/%01-S —S9/%ST-01 —S9/%ST-0T —SY/%SH—0t
opndad /M
opey POYOIB]A 9TvISA0D) 100§ ooyl [d/mNdxg saroadg Jwieu U)0Id  "ou uoIssadde joxdrupy  -ou jodg

(ponunuod) [ Aqel,

pringer

Qs



Planta (2018) 247:69-97

93

RWC dropped to 10-45%, possibly contributing to the rise
in the JA concentration.

Photoprotection of C. sinense and C. tracyanum

During the drought-treatment period, the leaf water status
in C. sinense and C. tracyanum was stabilized because of
the rapid closure of stomata. However, such quick activity
can limit CO, uptake and the utilization of absorbed light
energy. Redundant energy will lead to an over-accumulation
of electrons in photosynthetic electron transfer chain, which
can then result in photoinhibition. However, we detected no
significant change in the values for F,/F,, in dark-adapted
leaves and in P, for either species under drought stress,
thereby indicating that the activities of PSII and PSI were
not influenced by photoinhibition. While some proteins
were found to be involved in linear electron flow (LEF)
from water to NADP™ via PSII and PSI in series and cyclic
electron flow (CEF) around PSI, our proteomics analysis
showed that these proteins had either a positive or negative
response to drought stress. When we compared the changes
in proteins between species, we found that C. tracyanum had
greater capacity for photoprotection, resulting in little risk of
photoinhibition for PSII, effectively balance between CEF
and LEF and increasing photorespiration.

Within the photosynthetic machinery, PSII is particu-
larly sensitive to abiotic stresses, and its photoinhibition is
determined by the balance between the rate of photodamage
and repair (Nishiyama et al. 2006). Both oxygen-evolving
enhancer protein and two other molecules (33 and 17 kDa)
form an oxygen-evolving complex (James et al. 1989) that is
associated with PSII photodamage (Ohnishi et al. 2005). For
C. sinense, the expression level of oxygen-evolving enhancer
protein (Table 1; spot S68, spot S94) was down-regulated
when soil RWC dropped down to either 40—45 or 10-15%.
This also occurred during the recovery. However, the expres-
sion of oxygen-evolving enhancer protein (Table 1; spot
T66, spot T67, spot T69) in C. tracyanum was up-regulated
at soil RWC of 40-45, 20-25 and 10-15%. Repairing PSII
photodamage requires several steps: degradation of damaged
D1 protein; de novo synthesis of D1 protein; and installa-
tion of the newly synthesized D1 protein into PSII (Taka-
hashi and Murata 2008). In the chloroplasts of Arabidopsis,
FtsH2 and FtsHS5 participate in the repair of photodamaged
PSII by digesting and removing damaged D1 protein (Bailey
et al. 2002; Sakamoto et al. 2002). The FtsH proteases are
involved in the primary cleavage of the D1 protein under
moderate heat stress (Yoshioka et al. 2006). We found that,
in C. tracyanum, the FtsH-like protein Pftf (Table 1; spot
T17) was down-regulated as soil RWC decreased to 5-10%,
but was recovered as the stress abated. This indicated that
there was little risk of PSII photoinhibition in C. tracyanum
under more severe drought conditions.

Cyclic electron flow is an important mechanism for pro-
tecting PSI and PSII against the effects of drought stress
(Lehtiméki et al. 2010; Huang et al. 2013). Here, CEF was
more strongly stimulated in C. tracyanum than in C. sin-
ense. Furthermore, the level of ferredoxin-NADP reduc-
tase (FNRs) was up-regulated during the stress period and
recover phase, but only for C. tracyanum (Table 1; spot
T55). The physiological role of FNRs is catalyze the final
step of photosynthetic electron transport, namely, the trans-
fer of electron from the iron—sulfur protein ferredoxin (Fd)
reduced by PSI to NADP* (Shin and Arnon 1965). A super-
complex mediation CEF including FNRs, has been sepa-
rated in Chlamydomonas reinhardtii, which regulates the
energy balance of PSII and PSI, and switches the mode of
photosynthetic electron flow that is controlled by a photoac-
climation mechanism called state transition to main cellular
ATP homeostasis (Iwai et al. 2010). During the state transi-
tion from state 1 to state 2 (in which most of the excitation
energy is used by PSI photochemistry, and CEF around PSI
prevails over LEF) (Finazzi et al. 2002), cytochrome bg-f
complex migrates from the appressed region in the thyla-
koid membranes, where PSII resides, to the non-appressed
region, where PSI resides (Vallon et al. 1991). Here, we
determined that fluctuations in the expression of cytochrome
be-f complex iron—sulfur subunit (Table 1; spot S99; spot
T100) in both species were possibly related to the state tran-
sition, and therefore, to the balance between CEF and LEF.

Ribulose 1,5-bisphosphate carboxylase/oxygenase
(Rubisco) has dual functions: CO, fixation and oxygenase
reactions. However, because Rubisco has no binding sites
for CO, and O, at the same time, so the competing reactions
between the two depend upon their concentrations (Spreitzer
and Salvucci 2002). Under drought stress, the reduced inter-
cellular CO, concentration in a leaf that results from stoma-
tal closure may lead to the increased oxygenation of RuBP
by Rubisco and photorespiration. In C. tracyanum, expres-
sion of Rubisco activase was up-regulated under drought as
well as recovery (Table 1; spot T41; spot T42, spot T49).
Meanwhile, phosphoglycolate phosphatase (Table 1; spot
T70) involved in the process of photorespiration, was also
up-regulated. This demonstrated that photorespiration in C.
tracyanum can be up-regulated by water stress. Photorespi-
ration can help avoid inhibition of the synthesis of D1 pro-
tein, which is important for the repair of photodamaged PSII
(Takahashi et al. 2007). In contrast, for C. sinense, some
Rubisco activase (Table 1; spot S33, spot S35) was down-
regulated during drought treatment, and even some proteins
(Table 1; spot S29) were down-regulated when the stress
relieved. These findings indicated that C. tracyanum can
alleviate photodamage by increasing its photorespiration,
thereby enhancing its adaptability to drought conditions.

@ Springer



94

Planta (2018) 247:69-97

Changes in the carbon balance and antioxidant activity
during water stress

Sugars play a central role in plant metabolism, because they
are a source of carbon and energy in cells (Pinheiro et al.
2001). However, their role in drought tolerance is debatable.
For example, Ramel et al. (2009) found that the pre-stress
sugar concentration is correlated with subsequent stress tol-
erance. In contrast, Chaves and Oliveira (2004) suggested
that leaf concentrations of soluble sugars are not consist-
ently altered in plants under drought conditions. We also
did not detect any marked change in levels of soluble sugars
in our stressed plants, although those concentrations were
higher in C. sinense than in C. tracyanum. Starch is required
as a buffer during periods of abiotic stress (Kozlowski and
Pallardy 2002). In Arabidopsis, starch appears to be a key
factor in coordinating the drought response, photosynthesis,
ABA accumulations, reactive oxygen species (ROS) acti-
vation, and transcription of several amylases and sucrose
synthases, and it is also possibly associated with transcrip-
tion of amylase and catalase genes (Pinheiro et al. 2001).
We determined that the starch concentration in C. sinense
decreased dramatically when soil RWC dropped to 10-15%,
but did not recover when the stress was alleviated. No sig-
nificant changes in starch concentration were found in C. tra-
cyanum. The expression of fructose-bisphosphate aldolase
(Table 1; spot S42) was significantly up-regulated (7.7- to
13.1-fold) in drought-stressed plants of C. sinense, which
possibly contributed to the decrease in starch levels there.
These alterations in sugar and starch concentrations, com-
bined with elevated levels of proteins associated with carbon
metabolism, might demonstrate that the greater capacity to
balance the carbon source—sink helps to improve the drought
tolerance in C. tracyanum.

When ROS production is induced by various abiotic
stresses, it can disrupt normal metabolism of plants by dam-
aging DNA, and inhibiting the functions of proteins, chlo-
rophyll and membranes (Alscher et al. 1997). In response
to severe drought-related oxidative stress, plants trigger
complex antioxidant enzymes, including SOD and CAT
(Gill and Tuteja 2010). We found that the activities of both
were higher in C. sinense than in C. tracyanum throughout
the entire treatment period. The level of CAT in C. sinense
(Table 1; spot S19) was up-regulated at the beginning of
the drought treatment and down-regulated during recovery
phase. For C. tracyanum, the level of SOD (Table 1; spot
T97, spot T101) was continuously up-regulated through
drought treatment.

The ascorbate—glutathione (ASC—-GSH) cycle also has
a key role in removing H,0,, which is catalyzed by a set
of four enzymes: ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDHAR), glutathione-dependent
dehydroascorbate reductase (DHAR), and glutathione

@ Springer

reductase (GR). In contrast with CAT, APX, as a reductant in
the first step of the ASC—GSH cycle, can efficiently remove
low concentrations of H,O, (Noctor and Foyer 1998). For C.
sinense, the expression of chloroplast L-ascorbate peroxidase
isoform (Table 1; spot S53) was up-regulated during water
recovery. Expression level of APX of C. tracyanum (Table 1;
spot T77, spot T85) was up-regulated during the drought
period. Exogenous JA is effective in protecting plants against
drought-induced oxidative damage because it can enhance
the activity of antioxidant enzymes (Riemann et al. 2015).
This is supported by the increase in JA levels that was found
in C. sinense. Therefore, although the activity of antioxidant
enzymes differed somewhat between two species, C. sinense
could remedy its relatively weak capacity to prevent ROS
generation under drought conditions by improving its ability
to eliminate ROS.

Conclusion

We investigated the adaptive mechanisms of C. sinense and
C. tracyanum to drought stress based on their morphology,
physiology and proteomics. Whereas C. sinense appears to
employ “remedy strategy”, C. tracyanum utilizes a “pre-
caution strategy”. We have modeled these contrasting strat-
egies for adaptations, as presented in Fig. 8. The unique
water-related traits associated with their root anatomy and
leaf physiology mean that C. tracyanum is more drought-
tolerant when compared with C. sinense. In C. tracyanum,
the stimulation of CEF and enhancement of photorespira-
tion improved its photoprotection under water stress. These
plants also demonstrated greater capacity to maintain car-
bon balance and the responded more effectively to ABA.
Although the photosystem of C. sinense was more sensitive
to drought stress, increase of phytohormones concentration

Water stress

N

Cymbidium sinense C. tracyanum
Enhance antioxidant activity Drought-adaptive characteristics
Mechanism for photoprotection
Maintain carbon balance

Respond effectively to ABA

icrease concentrations of ABA and JA

Remedy strategy Precaution strategy

Fast recovery of photosynthesis

Fig. 8 Proposed model demonstrating that Cymbidium sinense and
C. tracyanum employ divergent strategies in response to water stress
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and antioxidant activity helped this species survive under
our stress treatment. All of these findings explained the dis-
tinct water-adaptation strategies of epiphytic and terrestrial
orchids, and may contribute to our understanding about the
ecological adaptations of epiphytic orchids.
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