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Abstract
This study was conducted to determine the effect of exogenous cyclitol (dl-cyclopentane-1,2,3-triol) on barley (Hordeum vulgare
L.) during the alleviation of drought stress by using proteomics and physiological approaches. With the relative water content,
water potential declined in barley depending on time under drought stress. This decline was lower in cyclitol-treated plants than in
untreated plants. The stomatal pore width and open stoma number were higher in cyclitol-treated barley than in untreated plants
under drought stress. The abscisic acid (ABA) and proline levels increased with the severity of drought in most treatments. The
ABA level was lower in cyclitol-treated plants than in untreated plants under drought stress. Cyclitol treatments reduced O:−

2

fluorescence in leaf cells under drought stress. Total differentially expressed proteins were identified in cyclitol treatment under
stressful and unstressful conditions. Photosynthesis (approx. 49%) and energy metabolism (approx. 27%) were upregulated by
cyclitol treatment under drought. Moreover, CML42, acting as a negative ABA regulator, also increased by cyclitol treatment.
This increase may be important in controlling stomata movements under drought stress. Our results suggest that exogenous
cyclitol enhances the drought tolerance of barley seedlings by modulating the photosynthesis, energy pathway, biosynthesis, and
signal transduction.
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Introduction

Barley is an important crop in the world. It is more suitable for
drought studies, compared with cereals. Environmental stress-
es, such as drought, salinity, flooding, temperature extremes,
heavy metals, wind, and light, can change pH in soil, plant
survival, crop biomass (Bray et al. 2000). Drought is a mete-
orological term defined as a period without rainfall. Drought
stress gives rise to a decrease in yield. Generally, drought
stress occurs when there is constantly water loss in plant
leaves.

Stomata, the small pores surrounded by guard cells that reg-
ulate the gas exchange of plants, respond to environmental and
endogenous signals (Roelfsema and Hedrich 2016). The leaf
water potential of plants can bemaintained by the fast closure of
their stomata. Stomatal closure will alleviate the shortage of
water and turn off the stress response hormone abscisic acid
(ABA) signaling. Plants induce stomatal closing by accumulat-
ing ABA and decrease water loss by transpiration under
drought stress (Roelfsema and Hedrich 2016). Cell turgor is
protected by osmotic adjustment and it can improve yield and
maintain survival under water deficit in several crops. Osmotic
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adjustments have great functions such as maintaining leaf tur-
gor to support stomatal conductance and increasing the water
uptake of roots in crop plants under drought stress (Blum 2009).
Plants have mechanisms to cope with water deficit. The leaf
water status can be maintained by adjusting osmotically and
leaf cell integrity may be an advantage under drought stress.
Changes in either or both tissue elastic properties and solute
concentrations may promote maintenance of turgor and cell
volume despite low water potential (Clifford et al. 1998;
Ayoub et al. 1992). Cyclic carbohydrates (cyclitols) lead to
osmotic adjustments of plants during drought (Piotrowicz
et al. 2007). The accumulation of osmoprotectants such as cy-
clitol, that forms under drought stress, is common in plants.
These molecules are electrically neutral, water soluble, and
non-toxic at molar concentrations in plants (Ahn et al. 2011).
Several researchers reported that cyclitols are synthesized
quersitol in Eucalyptus (Arndt et al. 2008). These
osmoprotectants have great functions such as maintaining leaf
turgor to support stomatal conductance and increasing the water
uptake of roots in crop plants under drought stress (Blum 2009).
They are capable of replacing water on the surfaces of proteins,
protein complexes, or membranes because of their specific hy-
drophilic structure, and thus biological functions of proteins can
be preserved in stress conditions (Mechri et al. 2015). They are
also effective in the protection of specific cellular functions
(Blum 2009). Control of water loss through stomatal closure
and rising uptake of water by increasing root growth can im-
prove plant water status (Clifford et al. 1998). Crop plants,
treated with exogenous cyclitol derivatives in non-toxic con-
centrations, can cope with drought stress by regulating the sto-
matal closing and can lead to more economical use of water as
well as increase incomes in agriculture. Drought-responsive
proteins show several patterns depending on plant species, ge-
notypes, and stress tolerance. Proteomic analyses show that
drought-responsive proteins involved in significant changes oc-
curred in signal transduction and sensing, reactive oxygen spe-
cies scavenging, osmoregulation, gene expression, protein syn-
thesis/turnover, cell structure modulation, and carbohydrate and
energy metabolism (Wang et al. 2016).

So far, the data concerning the role of cyclitols on sto-
matal closing and protein expression is not clear. The ob-
jective of the present study was to investigate the effect on
stomatal closing, protein expression, ABA, water status,
and proline and superoxide accumulation of cyclitol-
applied barley under well-watered and drought conditions.

Materials and Methods

Plant Material, Treatments

Hordeum vulgare L. seeds were obtained from ALATA
Horticultural Research Station. Seeds were imbibed in water

at 22 °C for 1 day and planted to pots containing 70% torf and
30% clay. Plants were grown at 22/16 °C (day/night) temper-
ature, 65 ± 5 humidity, and 230μmolm−2 s−1 light for 10 days.
Cyclitol derivative dl-cyclopentane-1,2,3-triol was prepared
from corresponding allylic hydroperoxides (Gültekin et al.
2004; Çevik et al. 2014). A preliminary experiment was per-
formed to determine the optimum concentration of cyclitol for
barley. Half of the plants were sprayed with cyclitol, until the
leaves were completely wet. Cyclitol was applied 3 days be-
fore the drought treatment. Other plants were sprayed with
distilled water. Then half of the pots were non-irrigated
(droughted plants) and the others were well-watered in every
other day. Seedlings were grown until the leaves of untreated
plants are wilted under drought conditions. On the 1st, 3rd,
and 5th days of drought stress, the width of the stomata pores
was measured depending on time. Moreover, leaf water po-
tential, relative water content, superoxide accumulation, and
proline and ABA levels were determined. Drought-stressed
plants were subjected to rewatering application on 6th day
of drought condition.

Water Relations

Leaf water potential (WP, Ψleaf) was measured depending on
time by using the PMS Instrument Model 1000 pressure
chamber. The leaf relative water content (RWC) was deter-
mined according to Smart and Bingham (1974), based on
the following equation:

RWC ¼ FW−DW
TW−DW � 100 where FW is leaf fresh weight, DW

is dry weight of leaf after drying at 85 °C for 3 days, and TW is
the turgid weight of leaf soaked in water for 4 h.

Microscopy Set-up and Stomatal Assay

Intact barley plants were placed on a table of an upright mi-
croscope (Olympus BX53, https://www.olympus-lifescience.
com). The plants were tilted and adaxial side of a leaf was
fixed onto a glass microscope slide using a double-sided ad-
hesive tape. White light was supplied by the microscope lamp
(HAL 14/100W; Olympus). Stomata on the abaxial side were
visualized using Olympus objective (× 40) and images were
obtained using DP26 CCD camera (https://www.olympus-
ims.com). Width of the stomata pore was measured by using
OLYMPUS Stream image analysis software (http://www.
olympus-ims.com) or IMAGEJ software (http://rsb.info.nih.
gov/ij). The experiment performed at 8 AM–3 PM. Stomata
were monitored for at 75 min. Stomatal response to light was
measured at the first moment (0) and by 15, 30, 45, 60, and
75 min in all application groups. The number of open and
closed stomata at the 75th minute was determined and given
as a percentage.
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Leaf ABA and Proline Measurements

Leaf sample preparation and ABA detection were per-
formed according to Enzyme-Linked Immunoassay Kit
protocol (Cloud-Clone Corp. ELISA KIT-CEB218Ge).
Fresh leaf (1 g) was grinded in cold 80% methanol.
Homogenate was vibrated for 24 h at 4 °C, and then fil-
tered the homogenate, collected the supernatant. Methanol
(80%, 2 mL) was added and vibrated for 1 h at 4 °C and
then centrifuged at 2000g 4 °C for 10 min, collected the
supernatant. Supernatants were evaporated on rotary evap-
orator to about 2 mL. Petroleum ether (1 mL) was added to
the samples, mixed and then removed the layer of petro-
leum ether and collected the methanol at bottom. The
methanol was evaporated on rotary evaporator to move
methanol and collected the aqueous solution and then the
solutions were used in ABA detection.

Proline contents were determined according to Bates
et al. (1973). Fresh leaf sample (0.5 g) was homogenized
with 3% sulfosalicylic acid (10 mL). After that the homog-
enate was centrifuged at 3000g for 15 min. Supernatant
(2 mL) was mixed well with 2 mL acetic acid and 2 mL
acid ninhydrin and boiled for 1 h. The products were ex-
tracted with 4 mL of toluene by vortex mixing and the
toluene phase decanted into a glass cuvette and the absor-
bance was read at 520 nm by using UV-visible spectropho-
tometer (Jena, Specord 210Plus). Proline concentration
was calculated by using proline standard curve and
expressed as μmol proline g−1 FW.

Detection of Superoxide Radicals

The detection of superoxide radicals in barley leaf sections
was performed using the fluorophore dihydroethidium
(DHE), according to Corpas et al. (2006). Leaf sections
(25 mm) were incubated with 20 μM DHE in 10 mM
Tris-HCl buffer (pH 7.8) and samples were washed twice
with the same buffer for 30 min. Then, leaf segments were
embedded in 15% acrylamide-bisacrylamide stock solu-
tion. A total of 100-mm-thick segments were cut under
10 mM phosphate–buffered saline (PBS). Leaf segments
were taken into glycerol:PBS (containing azide) (1:1 v/v)
and observed in a confocal laser scanning microscope
(CLSM) system (Zeiss LSM 700) using an Ar-488 laser
source and two different magnifications (× 20 and × 40).
A small pinhole size (30 μM) was used. The fluorescent
signal was supplied especially in the range of the 515—
560-nm emission wavelengths and was recorded in red
color. The auto-fluorescence of chlorophyll and other pig-
ments was isolated. Identical settings were used for image
capture in both well-watered and droughted groups.
Ascorbate (10 μM) was used as a scavenger.

Proteomic Analysis

The protein extraction was examined according to Kim et al.
(2001). Three replicates of leaf samples were grounded into a
fine powder in liquid nitrogen by using the Retsch MM400
system and transferred to pre-cooled Mg/NP-40 extraction
buffer and left on ice for 15–20 min. After that, the homoge-
nate was centrifuged and the supernatant was shifted to a new
tube and mixed with 15% PEG4000. Samples were incubated
on ice for 15–20min. They were centrifuged at 12,000 rpm for
15 min at 4 °C. The supernatant was precipitated by adding
cold acetone and put at − 20 °C overnight. The total proteins
were collected by centrifugation (at 14,000 rpm for 10 min at
4 °C) and then washed with ice-cold acetone. Then, pellets
were collected and re-suspended in 2 ml suspension buffer.
After centrifugation at 14,000 rpm for 30 min at 22 °C, pro-
teins in the supernatant were determined according to the
Bradford assay with the BSA standard (Bio-Rad, USA).
Supernatants containing the soluble protein were stored at −
80 °C until analysis in Lo-bind tubes (Eppendorf, USA). A
two-dimensional polyacrylamide gel electrophoresis (2D-
PAGE) was performed (Görg et al. 1988). Briefly, IPG strips
(17 cm, linear gradient pH 5–8 ReadyStrip, Bio-Rad) were
actively rehydrated using 2DE rehydration buffer containing
200 μg protein at 20 °C for 16 h. Isoelectric focusing (IEF)
was performed at 20 °C by using Protean IEF system (Bio-rad,
USA). After focusing, the strips were equilibrated in equili-
bration buffer I and equilibration buffer II for 30 min. After
IEF, the second-dimension SDS-PAGE was performed ac-
cording to Laemmli (1970). Proteins were separated on 12%
polyacrylamide gels by using the PROTEAN Plus II
DodecaCell system (Bio-Rad, Hercules, CA, USA). Proteins
on gels were visualized with the help of Colloidal Coomassie
stain (KeraFast, USA). To ensure the reproducibility of the
gels, 2DE was repeated at least three times for each sample.
For image analysis and spot cutting, the VersaDoc4000 MP
(Bio-Rad, USA) system was used to display the gels, and to
compare protein spot profiles, PDQuest Advance (Bio-Rad,
USA) 2DE analysis software was used. For automated spot
detection sensitivity of used parameters were (13.8), spot size
scale (3), and minimum peak intensity (258). Automated anal-
yses were performed to determine the total spot numbers and
volumes within the normalized area. A manual editing tool
was used to inspect the determined protein spots detected by
the software. Spots were cut with the help of an automated
spot cutting tool, ExQuest spot cutter (Bio-Rad, USA), and
disposed into 96-well plates for protein identification. Protein
identification experiments were performed at Kocaeli
University, DEKART proteomics laboratory with ABSCIEX
MALDI-TOF/TOF 5800 system. The recommended protocol
of the manufacturer (Pierce, USA) was used for the in-gel
tryptic digestion of the proteins. Zip-Tip (Millipore, USA)
cleaning was performed for each digested sample before
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deposition onto a MALDI plate. Peak data were determined
with MASCOT by using a streamline software, Protein Pilot
(ABSCIEX, USA). The parameters for searching were as fol-
lows: enzyme of trypsin, 1 missed cleavage, fixed modifica-
tions of carbomidomethyl (C), variable modifications of oxi-
dation (M), peptide mass tolerance: 50 ppm, fragment mass
tolerance: ± 0.4 Da, peptide charge of 1+ and monoisotopic.
Only significant hits, as defined by the MASCOT probability
analysis P < 0.05), were accepted. A freely available classifi-
cation system, PANTHER, was used for the classification of
the proteins.

Statistical Analysis

Data (means ± SD, n = 3) were statistically analyzed by the
variance (ANOVA) with STATISTICA 13.3 software pack-
age, and the significant differences between the treatments
were tested by Duncan’s multiple range tests at P < 0.05.

Results

Growth and Water Status Responses to Drought
and/or Cyclitol Treatments

We examined tolerance to drought in barley by withholding
irrigation when droughted plants began to wilt. RWC declined
in barley on the 3rd day of drought stress. On the 5th day of
drought stress, the leaf RWC level strongly decreased in un-
treated barley, compared with well-watered plants (P < 0.001)
(Fig. 1a). With increasing drought stress, the water potential
significantly decreased in untreated and treated barley, com-
pared with control plants (P < 0.001) (Fig.1b). The decline in
cyclitol-treated barley was less than that of untreated plants.
Plants began to show wilting on the 5th day of drought
(Fig. 1e), compared with well-watered plants (control).
Under severe drought stress (5th day), untreated plants were
more wilted than cyclitol-treated plants (Fig. 1e). We were
irrigating plants again on the 6th day of drought stress
(Fig. 1f).

Stomatal Behaviors

Stomatal behaviors were observed by applying microscope
light for 75 min to intact plants placed as indicated in the
BMaterials and Methods^ section. The stomatal closure is
one of the most important drought stress responses. Light
responses of stomata were measured in treated and untreated
groups. The stomatal aperture of intact plants was measured at
the 0th, 15th, 30th, 45th, 60th, and 75th minute on 1st, 3rd,
and 5th days of drought conditions. Stomatal behavior was
also measured after the rewatering treatment. The stomatal
pore width (Fig. 2) and open stomata number (Fig. 3) were

more in cyclitol-treated barley than in untreated plants. The
cyclitol-treated plants a showed much slower stomatal closure
than untreated barley depending on days under drought stress
(Fig. 2F, G, H). In the presence of cyclitol, the pore width was
significantly greater in barley than in untreated plants on the
1st and 3rd days of drought (2.83 μm and 0.65 μm, respec-
tively) (Fig. 2 A, B and F, G). The open stomata number was
three times higher than that of untreated plants in cyclitol-
treated plants on the 3rd day of drought stress (Fig. 3). All
stomata closed in treated and untreated plants on the 5th day of
drought. When droughted plants were irrigated again, the sto-
mata of cyclitol-treated plants opened slower than untreated
plants.

ABA and Proline Contents

Drought-stressed plants had significantly higher ABA levels
than cyclitol-treated plants (Fig. 4). ABA level significantly
increased in untreated plants depending on time during
drought stress (P < 0.001). The highest ABA level (0.87 ng/
mL) was determined in untreated plants on the 5th day of
drought stress. The level of ABA in cyclitol-treated plants
was lower than untreated plants under drought stress. Proline
is an efficient osmotic regulation substance in plants. Proline
increased in barley on the 5th day of drought (24.44 μmol g−1

FW) (Fig. 4). The proline level was higher in cyclitol-treated
barley than in untreated plants (27.31 μmol g−1 FW).

Superoxide in Cyclitol-Treated Barley Under Drought

The confocal laser scanning microscopy (CLSM) was used to
analyze superoxide radicals (O:−

2 Þ in barley by using a fluores-
cence probe dihydroethidium (DHE). Red (O:−

2 Þ -dependent
fluorescence of DHEwas observed in drought-stressed barley,
but was not visible in leaves from control plants. Red fluores-
cence was significantly observed in stomata cells and their
walls and mesophyll cells of cyclitol-treated and cyclitol-
untreated plants under drought stress (Fig. 5). Images showed
higher fluorescence in chloroplasts and spherical organelles of
mesophyll cells, such as peroxisomes, or mitochondria.
Cyclitol treatments reduced fluorescence in leaf cells under
drought stress, compared with untreated leaf cells.

Proteomic Analysis

A total of > 500 spots were determined by analysis of 2-DE
gels (Fig. 6). To show the protective effect of exogenous cy-
clitol treatment on the barley, 2-DE and MALDI-TOF- MS
were used and a total of 81 differentially expressed spots were
identified under control, drought stress, and rewatering condi-
tions. Identified proteins were investigated in 7 categories
based on their biological functions. Among the 81 proteins,
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the majority was classified into photosynthesis (49%), follow-
ed by energy and metabolism (27%), biogenesis and biosyn-
thesis mechanism (10%), antioxidant system (5%), protein
folding (3%), signal transduction (3%), and unknown (3%)
(Fig. 7). A total of 67 proteins were upregulated and 14 pro-
teins downregulated by cyclitol treatment (Table 1). Also,
scatter plot graph that showed the expression levels of all
proteins (Figure 8), 2-DE gel photos, PDQuest-generated
master gel photos, fold change ratios of identified proteins,
and expression profiles of protein spots for each group were
shown in supplementary data (Figures 9, 10, 11, 12, 13, 14
and 15).

Discussion

Osmotic adjustment for turgor maintenance is essential for cell
viability, elongated cells and stomata (Blum 2009; Roelfsema
and Hedrich 2016). Water status and water potential were

higher depending on time in cyclitol-treated barley than in
untreated plants under drought stress. In the previous study
also, water potential was determined higher in cyclitol-treated
chickpea than that of untreated plants under drought condition
(Çevik et al. 2014). Some researchers also reported that
drought tolerance is associated with the ability of tissues to
withstand low water potential by osmotically adjusting (Klein
et al. 2013). Exogenous synthetic cyclitol may improve the
tolerance of crop to drought stress.

The stomatal closure is one of the most important drought
stress responses. Although RWC showed no statistically sig-
nificant differences between cyclitol-treated and cyclitol-
untreated barley plants on the 3rd day of drought stress, sto-
mata aperture was more open in treated plants than in untreat-
ed plants under drought. Closure of the stomata on the fifth
day may be due to the insufficient concentration of cyclitol.
Perhaps, exogenous cyclitol maintained the guard cell water
status (by adjusting osmotically), because the stomata pore
width in cyclitol-treated plants is higher than that in untreated
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plants due to the higher water potential at 3rd day. Namely,
more stomata opening can be a result of water retention of
cyclitol-treated plants under drought stress, due to their spe-
cific hydrophilic structure, compared with untreated plants.
Stomatal regulation plays an important role in plant metabo-
lism when water supply is limited (Klein et al. 2013). Several
researchers stated that plants can sense the water status in the
soil and regulate stomatal behavior (Dodd et al. 1996; Ali et al.
1999). Also, Assmann and Wang (2001) and Schroeder et al.
(2001) reported that stomatal apertures affect photosynthesis,
water use efficiency, and yields of agricultural crops.
However, the lower number of open stomata in cyclitol-
treated plants after rewatering can be due to higher ABA level
(Fig. 4) than in untreated plants. When droughted plants were
irrigated again, the stomata of cyclitol-treated plants opened
slower than untreated plants.

Proline is an efficient osmotic regulation substance in plants.
Proline was the only amino acid that accumulates in photosyn-
thetic organs in response to drought stress of barley (Hein et al.
2016). We detected that proline accumulated in barley under
severe drought stress (5th day). Despite the ABA level lower in
the treated plants than that of untreated, proline level is highest
in treated plants. Exogenous cyclitol may have affected proline
synthesis independent of abscisic acid. The level of ABA in

cyclitol-treated plants was lower than untreated plants under
drought stress. ABA may improve the drought tolerance of
barley by increasing the proline level Zhang et al. 2015.
When leaf water potential decreased below the level of well-
watered plants, the leaf ABA content increased in the droughted
barley. Increased ABA levels cause stomatal closure and reduce
water loss in plants challenged by drought stress (Roelfsema
and Hedrich 2016). Stomatal closure was slower in treated
plants depending on time than that of untreated barley under
drought stress. This may be because of increase CML42, acting
as a negative ABA regulator, with cyclitol treatment.
Exogenous cyclitol may regulate water retention of guard cells
under stress condition. Osmotic protectants or osmotic adjust-
ments have great functions such as maintaining leaf turgor to
support stomatal conductance and increasing the water uptake
of roots in crop plants under drought stress (Blum 2009).
Exogenous cyclitol may have been delayed stomatal closing
by binding the water under drought stress and affected the stress
signal pathway in stomatal closing. Li and others (Li et al.
2015) reported that some cyclitol analogues are the only allo-
steric inhibitors of Ser/Thr protein kinase. Serin/threonine ki-
nases are involved in response to ABA-dependent plant devel-
opment under stress conditions (Kuli et al. 2011). So far, the
physiological role of cyclitol derivatives in stomatal closing and
stress signal pathway is not clear.

Overproduction ofO:−
2 was observed in chloroplasts, spher-

ical organelles of stomata and guard cell wall and mesophyll
cells. This can be associated with oxidative damages imposed
by drought stress. O:−

2 generation was also observed using
DHE in Olea leaves (Bates et al. 1973). Because cyclitol treat-
ments decreased the accumulation ofO:−

2 and the ABA levels,
stomatal closure may have been result in to later than untreat-
ed plants under drought. Expressions of proteins, such as
ferredoxin-NADP reductase (FNR), chlorophyll a-b binding
protein 8, oxygen-evolving enhancer protein 1 (OEE), and
oxygen-evolving enhancer protein 2. have been affected by
cyclitol treatment. They may contribute to the detoxification
of toxic radicals such as O:−

2 . Some researchers have also
reported that FNR (Kopyra and Gwodz 2003) and OEE
(Krapp et al. 1997) participate in cellular defense against ox-
idative damage. Several researchers reported that ABA in the
guard cells of plants could induce the generation of oxygen
radicals and regulate the physiological process of stomatal
closure under drought stress (Saradadevi et al. 2014). Hein
and others (Hein et al. 2016) reported that osmolytes can de-
toxify reactive oxygen species (ROS) and stabilize subcellular
structures in drought-stressed tissues. Cyclitol application can
adjust the stomatal behavior in response to drought, and this
process may be closely associated with photosynthesis and
water use efficiency. These data suggest that exogenous cycli-
tol might play a significant role in the drought stress tolerance
of barley seedlings.
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Fig. 3 Stomatal number (open and close) during drought and/or cyclitol
treatments and rewatering in barley. Data are showed as mean ± SE of
three independent biological replicates. Significant differences between
days are indicated with lower letters among unstressed plants, with capital
letters among stressed plants by Duncan’s multiple range test (P < 0.05).
Asterisks indicate the significance of differences at ***P < 0.001 level
when compared with well-watered and untreated plants
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�Fig. 2 Stomatal responses to drought and/or cyclitol treatments of barley.
A–D Measurements of stomatal aperture depending on time. E–H
Stomatal apertures of barley leaves. Width of the stomata pore were
measured indicated by arrow (E). Data are showed as mean ± SE of three
independent biological replicates. Significant differences between days
are indicated with lower letters among unstressed plants, with capital
letters among stressed plants by Duncan’s multiple range test
(P < 0.05). Asterisks indicate the significance of differences at
*P < 0.05 level (A) and at ***P < 0001(B) level when compared with
well-watered and at *P < 0.05 level when compared with untreated (B)
unstressed (D) plants



Cyclitol treatment significantly changed abundance of pro-
teins, especially related to photosynthesis, energy, biosynthesis,
and signal mechanisms. Abundance of photosynthesis-related
proteins, oxygen-evolving enhancer protein 1, phosphoglycerate
kinase, ferredoxin-NADP reductase, sedoheptulose-1,7-
bisphosphatase, phosphoribulokinase, and fructose-
bisphosphate aldolase, were upregulated by cyclitol treatment
under stressful, well-watering, and rewatering conditions. The

abundance of biogenesis-related proteins—the ribosome
recycling factor (RRF), a nuclear transcriptional factor–
activating genes associatedwith the development of chloroplasts,
and the Photosystem II stability/assembly factor, an essential for
photosystem II biogenesis (Król and Weidner 2017)—were also
increased in barley by cyclitol treatment. The increase in the
amount of proteins involved in the photosynthesis mechanism
may improve photosynthetic activity and this may be an
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Fig. 4 ABA and proline contents during drought and/or cyclitol treat-
ments and rewatering in barley. Data are showed as mean ± SE of three
independent biological replicates. Significant differences between days
are indicated with lower letters among unstressed plants, with capital

letters among stressed plants by Duncan’s multiple range test
(P < 0.05). Asterisks indicate the significance of differences at
*P < 0.05, **P < 0.01, and ***P < 0.001 levels when compared with
well-watered and untreated plants
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advantage for better plant growth. On the other hand, interesting-
ly, on the third day of cyclitol treatment, the abundance of Calvin

cycle–related proteins, phosphoribulokinase and phosphoglycer-
ate kinase, decreased. This decline may be related to the decrease

Fig. 5 Imaging of superoxide O:−
2

� �
-dependent DHE fluorescence in control, drought, and/or cyclitol-treated and rewatered barley. As positive control,

leaves of barley were incubated with 10 μM ascorbate (ASC) for scavenging H2O2

Fig. 6 Analysis of the 2-DE gel images of differential proteins during drought and/or cyclitol treatments and rewatering in barley
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of 2-cys peroxiredoxin BAS1 that reduce cell-toxic alkyl hydro-
peroxides to their corresponding alcohols. Baier andDietz (1999)
reduced the amount of 2-cysteine peroxiredoxins in Arabidopsis
mutants and showed that the amount of some Calvin cycle–
related proteins also decreased. We suggest that more detailed
study should be performed to understand how andwhy the abun-
dance of 2-Cys peroxiredoxin BAS1 decreased by cyclitol treat-
ment. The abundance of S-adenosylmethionine synthetase de-
creased by cyclitol treatment under drought stress–free condi-
tions. S-adenosylmethionine synthetase has an important role in
biosynthesis of S-adenosylmethionine, a precursor for the bio-
synthesis of ethylene and polyamines (Mao et al. 2015). This
decline may lead to the decrease in biosynthesis of ethylene
and polyamines. Energy pathways (ATP synthase, mitochondrial
malate dehydrogenase, triosephosphate isomerase) were
enriched by cyclitol treatment under drought stress–free condi-
tions. The cyclitol treatment may induce growth and develop-
ment of barley plants by enhancing the energy level. Also, 20-
kDa chaperonin was upregulated by cyclitol treatment under
control and drought conditions. The major role of chaperons is
to prevent protein misfolding and aggregation, both under nor-
mal and stresses conditions (Vabulas et al. 2010). The upregula-
tion of the 20-kDa chaperonin may protect proteins by
preventing misfolding.

Photosynthesis provides to a large extent energy as well
as organic molecules for plant growth and development
which is severely affected by drought stress (Chaves
et al. 2009). In our study, the exogenous cyclitol enhanced
the amount of the phosphoribulokinase (PRK), Oxygen-
evolving enhancer protein 1 and 2, Ferredoxin-NADP re-
ductase, Phosphoglycerate kinase (PGK), Rubisco, and
Chlorophyll a-b binding protein 8 are only compared to
the drought stress. It is known for a long time that plant
growth and photosynthesis is limited by drought stress
(Chaves et al. 2009). However, exogenous cyclitol had
positive effects on photosynthesis-related proteins. The
sensitivity and speed of stomata closing are important in
terms of the no deterioration of carbon assimilation and
preservation of photosynthesis efficiency (Lawson and
Blatt 2014). Increasing abundance of photosynthesis-
related proteins by exogenous cyclitol treatment suggests
that cyclitol may improve photosynthetic carbon

assimilation because of no stomatal closing. This may con-
tribute to the biomass accumulation under drought stress.
The increasing of photosynthesis efficiency by cyclitol
treatment may also improve the yield potential under
drought stress conditions.

The abundance of energy metabolism–related proteins,
ATP synthase, malate dehydrogenase, and cytosolic phospho-
glycerate kinase, were increased by exogenous cyclitol treat-
ment under drought stress. Sufficient ATP is necessary for
plants to cope with abiotic stresses (Hu et al. 2014). Our re-
sults suggest that cyclitol treatment may trigger an energy
pathway for higher energy supply under drought stress. The
higher expression of energy metabolism–related proteins may
improve the energy supply to protect barley from damage
under drought stress conditions.

The other important protein, that its abundance is en-
hanced by cyclitol treatments under drought stress, is car-
bonic anhydrase. Carbonic anhydrase, an important photo-
synthetic enzyme, catalyzes the reversible hydration of
CO2 into bicarbonate (Tiwari et al. 2005). CAs facilitate
CO2 supply to phosphoenolpyruvate carboxylase (PEPC)
in C4 and CAM plants, and facilitate CO2 supply to
Rubisco in C3 plants (Studer et al. 2014). In our study,
cyclitol treatment increased carbonic anhydrase abundance
in all drought–stressed groups. This increase may be im-
portant for the high CO2 concentration, essential for the
Calvin cycle under drought stress. On the other hand,
Stimler et al. (2012) also demonstrated that carbonic
anhydrases have an important role in early CO2 signaling
pathway and stomatal closure. Hu et al. (2010) also report-
ed that decrease of carbonic anhydrase activity in guard
cells impairs stomatal closure in response to elevated at-
mospheric CO2 concentrations. These findings showed that
high carbonic anhydrase activity may be important for con-
trolling of stomata movements under stress conditions. The
relationship between cyclitol treatment and carbonic
anhydrase activity may be important for plants that under
drought stress and detailed studies should be conducted to
understand this intercourse.

Calmodulin-like proteins (CMLs), being calcium-
sensing proteins, are only present in higher plants, act as
Ca2+ sensors, and are known to be involved in plants in
various stress reactions (CLM42-2). Scholz et al. (2015)
showed that CML42 acts as a negative regulator of ABA
accumulation induced by drought stress. In our study, cy-
clitol treatment increased CML42 accumulation on the first
and the third day of drought stress, and this may lead to a
decrease of ABA amount in plant leaves. The decrease in
ABA may lead to keep the stomata open. Keeping the
stomata open may be important for the continuation of
the gas exchange required for photosynthesis under
drought stress. Further studies will focus on finding out
relationships between cyclitol and ABA signal pathway.

Photosynthesis (49%)

Energy and
Metabolism (27%)

Biogenesis and
Biosynthesis (10%)

An�oxidant system
(5%)

Fig. 7 Functional classification of the 81 identified differentially
expressed proteins during drought and/or cyclitol treatments and
rewatering in barley
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Table 1 Differentially expressed proteins identified by MALDI-TOF/TOF-MS/MS in Barley leaves

Spot
ID

Identified protein Swissprot
accession
number

Best
protein
score

Matched
peptides

%
sequence
coverage

Best
protein
mass

pI Subcellular
localization

Fold
change

Control vs control cyclitol - 1st day

1408 Photosystem II stability/assembly factor HCF136 -
Oryza sativa subsp. japonica

P2SAF_
ORYSJ

211 11 21 45,441 9.02 Chloroplastic Up

2406 Phosphoribulokinase - Triticum aestivum KPPR_
WHEAT

316 18 18 45,113 5.72 Chloroplastic Up

3206 Oxygen-evolving enhancer protein 1 - Nicotiana
tabacum

PSBO_
TOBAC

298 14 22 35,206 5.89 Chloroplastic Up

3303 Putative cytochrome c oxidase subunit II PS17
(Fragments) - Pinus strobus

PS17_PINST 35 4 100 1707 9.63 Mitochondrial Up

3505 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

592 20 36 49,809 6.58 Chloroplastic Up

3611 ATP synthase subunit beta - Hordeum vulgare ATPB_
HORVU

400 26 49 53,841 5.17 Chloroplastic Up

4109 Triosephosphate isomerase - Hordeum vulgare TPIS_
HORVU

470 20 46 26,720 5.39 Cytoplasmic Down

4304 Fructose-bisphosphate aldolase - Oryza sativa
subsp. japonica

ALFC_
ORYSJ

257 12 19 41,980 6.38 Cytoplasmic Down

5307 Ferredoxin–NADP reductase. Leaf isozyme - Pisum
sativum

FENR1_PEA 136 15 23 40,169 8.56 Chloroplastic Up

5410 Malate dehydrogenase - Zea mays MDHC_
MAIZE

210 15 30 35,567 5.77 Cytoplasmic Down

7303 Malate dehydrogenase - Fragaria ananassa MDHM_
FRAAN

146 8 18 35,600 8.72 Mitochondrial Up

Drought vs drought cyclitol - 1st day

1601 Phosphoribulokinase - Triticum aestivum KPPR_
WHEAT

460 24 23 45,113 5.72 Chloroplastic Up

2202 20-kDa chaperonin (Fragments) - Populus
euphratica

CH10C_
POPEU

66 2 18 5466 4.69 Chloroplastic Up

4301 Oxygen-evolving enhancer protein 2 - Triticum
aestivum

PSBP_
WHEAT

380 14 34 27,253 8.84 Chloroplastic Up

6202 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

155 11 26 35,052 8.93 Chloroplastic Up

7201 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

132 14 31 35,052 8.93 Chloroplastic Up

7308 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

120 14 31 35,052 8.93 Chloroplastic Up

7402 Ferredoxin–NADP reductase. Leaf isozyme - Pisum
sativum

FENR1_PEA 110 11 12 40,169 8.56 Chloroplastic Up

7405 Putative cytochrome c oxidase subunit II PS17
(Fragments) - Pinus strobus

PS17_PINST 35 4 100 1707 9.63 Mitochondrial Up

7502 Uncharacterized protein At3g63140 - Arabidopsis
thaliana

Y3314_
ARATH

109 6 7 43,903 8.54 Chloroplastic Down

7602 Phosphoglycerate kinase - Triticum aestivum PGKY_
WHEAT

253 16 36 42,096 5.64 Cytosolic Up

7603 Fructose-bisphosphate aldolase. Isozyme - Cicer
arietinum

ALF_CICAR 67 9 19 38,428 6.21 Cytoplasmic Up

7801 ATP synthase subunit alpha - Oryza sativa ATPAM_
ORYSA

384 26 38 55,339 5.85 Mitochondrial Up

8702 Ribulose bisphosphate carboxylase large chain -
Triticum aestivum

RBL_
WHEAT

595 36 46 52,817 6.22 Chloroplastic Up

8705 Putative cytochrome c oxidase subunit II PS17
(Fragments) - Pinus strobus

PS17_PINST 48 4 100 1707 9.63 Mitochondrial Up

9701 Calcium-binding protein CML42 - Arabidopsis
thaliana

CML42_
ARATH

141 6 29 21,134 4.59 Cytosolic Up

Control vs control cyclitol - 3rd day

1004 2-Cys peroxiredoxin BAS1. (Fragment) - Hordeum
vulgare

BAS1A_
HORVU

444 18 55% 23,284 5.48 Chloroplastic Down

2202 20-kDa chaperonin (Fragments) - Populus
euphratica

CH10C_
POPEU

88 2 18% 5466 4.69 Chloroplastic Up
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Table 1 (continued)

Spot
ID

Identified protein Swissprot
accession
number

Best
protein
score

Matched
peptides

%
sequence
coverage

Best
protein
mass

pI Subcellular
localization

Fold
change

2502 Phosphoribulokinase - Triticum aestivum KPPR_
WHEAT

488 21 26% 45,113 5.72 Chloroplastic Down

3302 Oxygen-evolving enhancer protein 1 - Solanum
tuberosum

PSBO_
SOLTU

181 12 24% 35,367 5.84 Chloroplastic Up

3601 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

453 20 37% 49,809 6.58 Chloroplastic Down

5601 S-adenosylmethionine synthetase 3 - Hordeum
vulgare

METK3_
HORVU

503 20 39% 42,739 5.51 Cytosolic Down

6203 Ribosome recycling factor - Oryza sativa subsp.
indica

RRFC_
ORYSI

142 11 29% 29,634 9.35 Chloroplastic Up

6401 Ferredoxin–NADP reductase - Vicia faba FENR_
VICFA

105 13 32% 40,553 8.7 Chloroplastic Up

7206 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

180 13 27% 35,052 8.93 Chloroplastic Up

7602 Glutamyl-tRNA reductase 1 - Hordeum vulgare HEM11_
HORVU

38 8 11% 57,616 8.69 Chloroplastic Up

7801 Ferredoxin–nitrite reductase - Oryza sativa subsp.
japonica

NIR_ORYSJ 61 7 8% 66,101 6.83 Chloroplastic Up

7901 Putative cytochrome c oxidase subunit II PS17
(Fragments) - Pinus strobus

PS17_PINST 48 4 100% 1707 9.63 Mitochondrial Up

8001 Putative LRR disease resistance
protein/transmembrane receptor kinase PS16
(Fragment) - Pinus strobus

PS16_PINST 40 2 100% 870 9.63 Cytosolic Up

9701 Maturase - Ephedra sinica MATK_
EPHSI

48 9 4% 64,340 9.64 Chloroplastic Up

Drought vs drought cyclitol - 3rd day

1501 Quinone oxidoreductase–like protein At1g23740 -
Arabidopsis thaliana

KON923_
LACC

144 7 12% 40,961 8.46 Chloroplastic Up

2201 Chlorophyll a-b binding protein 1B-21 - Hordeum
vulgare

CB121_
HORVU

129 9 14% 26,447 5.84 Chloroplastic Down

2301 Chlorophyll a-b binding protein 8 - Solanum
lycopersicum

CB13_
SOLLC

119 6 13% 29,344 8.96 Chloroplastic Up

3203 Putative LRR disease resistance
protein/transmembrane receptor kinase PS16
(Fragment) - Pinus strobus

PS16_PINST 31 2 100% 870 9.63 Cytosolic Up

3501 Oxygen-evolving enhancer protein 1 - Solanum
tuberosum

PSBO_
SOLTU

197 15 26% 35,367 5.84 Chloroplastic Up

3701 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

500 22 29% 49,809 6.58 Chloroplastic Up

5203 Putative cytochrome c oxidase subunit II PS17
(Fragments) - Pinus strobus

PS17_PINST 39 3 100% 1707 9.63 Mitochondrial Up

5701 S-adenosylmethionine synthetase 3 - Hordeum
vulgare

METK3_
HORVU

420 26 40% 42,739 5.51 Cytosolic Up

6501 Ferredoxin–NADP reductase. Leaf isozyme - Pisum
sativum

FENR1_PEA 169 12 23% 40,169 8.56 Chloroplastic Up

6604 Malate dehydrogenase - Zea mays MDHC_
MAIZE

288 17 39% 35,567 5.77 Cytoplasmic Up

7402 Carbonic anhydrase -Hordeum vulgare CAHC_
HORVU

386 20 39% 35,052 8.93 Chloroplastic Up

7702 Phosphoglycerate kinase - Triticum aestivum PGKY_
WHEAT

200 15 29% 42,096 5.64 Cytosolic Up

7804 Ribulose bisphosphate carboxylase large chain -
Triticum aestivum

RBL_
WHEAT

559 36 44% 52,817 6.22 Chloroplastic Up

8402 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

119 10 21% 35,052 8.93 Chloroplastic Up

8805 Ribulose bisphosphate carboxylase large chain
Triticum aestivum

RBL_
WHEAT

550 33 46% 52,817 6.22 Chloroplastic Up

9501 Malate dehydrogenase - Fragaria ananassa MDHM_
FRAAN

103 11 20% 35,600 8.72 Mitochondrial Up

9701 157 7 19% 21,134 4.59 Cytosolic Up
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Table 1 (continued)

Spot
ID

Identified protein Swissprot
accession
number

Best
protein
score

Matched
peptides

%
sequence
coverage

Best
protein
mass

pI Subcellular
localization

Fold
change

Calcium-binding protein CML42 - Arabidopsis
thaliana

CML42_
ARATH

Control vs control cyclitol - 5th day

1401 Sedoheptulose-1.7-bisphosphatase - Triticum
aestivum

S17P_
WHEAT

249 20 28% 42,034 6.04 Chloroplastic Up

2402 Photosystem II stability/assembly factor HCF136 -
Oryza sativa subsp. japonica

P2SAF_
ORYSJ

185 13 23% 45,441 9.02 Chloroplastic Up

2503 Phosphoribulokinase - Triticum aestivum KPPR_
WHEAT

378 30 48% 45,113 5.72 Chloroplastic Up

3302 Histone deacetylase HDT1 - Glycine max HDT1_
SOYBN

40 9 23% 41,224 4.78 Nucleus Up

4102 Triosephosphate isomerase - Secale cereale TPIC_
SECCE

445 28 52% 26,720 6 Chloroplastic Up

4401 Fructose-bisphosphate aldolase - Oryza sativa
subsp. japonica

ALFC_
ORYSJ

297 13 17% 41,980 6.38 Chloroplastic Up

5701 Enolase - Oryza sativa subsp. japonica ENO_
ORYSJ

316 22 29% 47,883 5.41 Cytosolic Down

Drought vs Drought Cyclitol - 5th Day

2701 Oxygen-evolving enhancer protein 1 - Triticum
aestivum

PSBO_
WHEAT

275 22 38% 34,872 8.73 Chloroplastic Up

2601 Quinone oxidoreductase-like protein At1g23740 -
Arabidopsis thaliana

KON923_
LACC

109 4 4% 40,961 8.46 Chloroplastic Down

2301 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

161 7 9% 49,809 6.58 Chloroplastic Up

2201 ATP synthase subunit beta - Hordeum vulgare ATPB_
HORVU

543 36 50% 53,841 5.17 Chloroplastic Up

3701 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

675 33 53% 49,809 6.58 Chloroplastic Up

3601 ATP synthase subunit beta - Hordeum vulgare ATPB_
HORVU

416 27 53% 53,841 5.17 Chloroplastic Up

4601 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

172 8 10% 49,809 6.58 Chloroplastic Up

5602 S-adenosylmethionine synthetase 3 - Hordeum
vulgare

METK3_
HORVU

116 10 14% 42,739 5.51 Cytosolic Down

Rewatering vs rewatering cyclitol

1205 Putative oxygen-evolving enhancer protein 1
(Fragments) - Pinus strobus

PSBO_
PINST

49 2 6% 35,206 4.46 Chloroplastic Up

2602 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

321 19 25% 49,809 6.58 Chloroplastic Up

2502 ATP synthase subunit beta - Hordeum vulgare ATPB_
HORVU

360 34 48% 53,841 5.17 Chloroplastic Down

3401 Phosphoglycerate kinase - Triticum aestivum PGKH_
WHEAT

764 34 56% 49,809 6.58 Chloroplastic Up

6303 Uncharacterized protein At3g63140- Arabidopsis
thaliana

Y3314_
ARATH

47 3 4% 43,903 8.54 Chloroplastic Down

8404 Fructose-bisphosphate aldolase. Cytoplasmic
isozyme - Cicer arietinum

ALF_CICAR 193 9 19% 38,428 6.21 Cytoplasmic Up

9602 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

365 30 54% 35,052 8.93 Chloroplastic Up

9901 Ribulose bisphosphate carboxylase large
chain-Hordeum vulgare

RBL_
HORVU

430 32 40% 6.22 Chloroplastic Up

9102 Carbonic anhydrase - Hordeum vulgare CAHC_
HORVU

298 25 51% 35,052 8.93 Chloroplastic Up
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Conclusion

In this study, we established that exogenous cyclitol (dl-
cyclopentane-1,2,3-triol) treatments on barley leaves reduced
O:−

2 accumulation and ABA levels, compared with untreated
plants. Proline accumulation was induced by cyclitol treat-
ment under drought stress. Stomatal pore width and open sto-
mata number were affected during drought, compared with
untreated plants. Also, proteins are related to detoxification
of radicals and decreasing of ABA amount also induced by
cyclitol treatment. In addition, we showed that protein expres-
sions in photosynthesis and energy metabolism were upregu-
lated under stress condition. dl-Cyclopentane-1,2,3-triol could
be an important osmoprotectant for stomatal opening and
could be modulator in the photosynthesis, energy pathway,
biosynthesis, and signal transduction.
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