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Abstract The objective of this study was to identify the
effects of exogenous putrescine on photosynthetic perfor-
mance and heat dissipation capacity in cucumber seedlings
under salt stress. The stress of 75 mM NaCl for 7 days caused
a significant decrease in net photosynthetic rate (Py). The
experiment employed a chlorophyll fluorescence imaging
technique and demonstrated that the maximal quantum yield
of photosystem II photochemistry (Fv/Fm) and the actual
photochemical efficiency of photosystem II (®PSII) were
reduced by salt stress. Moreover, salt stress markedly reduced
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the photochemical quenching coefficient (qP) and non-pho-
tochemical quenching coefficient (qN), and significantly
increased non-regulated heat dissipation (PNO). However,
stressed plants supplied with exogenous putrescine exhibited
higher Py and ®PSII, which indicated that putrescine can
alleviate the detrimental effects on photosynthesis induced by
salt stress. Putrescine sprayed on stressed plants significantly
enhanced the regulated energy dissipation (ONPQ) and
decreased ®NO. Application of exogenous putrescine also
changed the levels of xanthophyll cycle components and
further enhanced the de-epoxidation state of xanthophyll
cycle pigments under salt stress. Under control conditions,
putrescine exerted little influence on the photosynthetic
parameters in cucumber leaves. In conclusion, the application
of exogenous putrescine may improve the heat dissipation
capacity by promoting the xanthophyll cycle to reduce the
damage caused by excess excitation energy, thus enhancing
the salt tolerance of cucumber seedlings.

Keywords Putrescine - Salt stress - Heat dissipation -
NPQ - Xanthophyll cycle - Chlorophyll fluorescence
imaging

Introduction

Soil salinity is a serious problem that threatens plant
development and crop productivity worldwide. More than
800 million ha of land have been affected by salt
throughout the world (FAO 2012). Soil salinity causes ion
toxicity, nutrient (N, Ca, K, P, Fe, and Zn) deficiency, and
osmotic/oxidative stress on plants; it thus limits plant
productivity (Parida and Das 2005). In greenhouse culti-
vation, excessive fertilization, over-irrigation, lack of
rainfall leaching, intensive farming, and strong evaporation
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from the soil can lead to severe secondary soil salinization,
which has been a limiting factor for greenhouse crop pro-
duction in China (Yu and others 2005). Several physio-
logical processes in plants are affected by salinity, among
which photosynthesis is affected the most (Shu and others
2012a).

Light intensity sometimes exceeds what leaves are
capable of using for photosynthesis, even when a plant is
growing under conditions considered to be optimal (Hub-
bart and others 2012). Higher plants must dissipate
excessive light energy to avoid molecular damage to pig-
ments and proteins that comprise the photosyn-
thetic apparatus (Gilmore 1997). Additional environmental
stress, such as salinity, can further limit the use of absorbed
light energy, thus leading to photoinhibition of photosys-
tem II (PSII) (Lu and others 2002). Excessive chlorophyll
excitation energy within the light-harvesting antennae of
PSII (LHCII) is dissipated by non-photochemical quench-
ing (NPQ), which is one of the most important photo-
protection responses in higher plants (Kiilheim and others
2002). NPQ is a complex and finely regulated process that
consists of three different components: (1) a rapid phase of
energy- or ApH-dependent quenching (qE); (2) a middle
phase of state-transition quenching (qT); and (3) a slow
phase of photoinhibitory quenching (qI). Nilkens and oth-
ers (2010) identified a slowly inducible zeaxanthin-
dependent component, qZ. The rapidly inducible and
reversible component of NPQ, gE, is usually considered to
be triggered by low lumenal pH, although the xanthophyll
cycle and the PsbS protein are also necessary for this
process (Johnson and others 2011). Amines are known
stimulators of NPQ. Dibucaine, a tertiary amine, can
induce qE via LHCII aggregation (Ioannidis and others
2011). It is reasonable to speculate that endogenous amines
in chloroplasts (such as polyamines) are involved in the
photosynthetic process in a similar manner to dibucaine.

Polyamines (PAs) are low-molecular-weight polycations
implicated in a wide array of fundamental processes in all
living organisms. Putrescine (Put), spermidine (Spd), and
spermine (Spm) are the main PAs present in plants
(Mendes and others 2011). Polyamines are often described
as endogenous plant growth regulators or intracellular
messengers that mediate physiological responses (Galston
1983; Denaxa and others 2013). Polyamines are well
known for their positive effects on photosynthetic effi-
ciency under various stress conditions because of their
acid-neutralizing and antioxidant properties (Velikova and
others 2000). The PA homeostasis regulated by genetic
reprogramming of enzymes involved in PA metabolism
may play important roles in assuring optimal photosyn-
thetic efficiencies and optimal fitness under different
environmental conditions (Ioannidis and others 2013). The
reduction in the quantity of LHCII-associated Put due to

low temperature leads to an increase in the LHCII, which
results in the inactivation of PSII reaction centers and an
increase in dissipated energy (Sfakianaki and others 2006).
Putrescine has been shown to increase light energy use by
stimulating photophosphorylation (Ioannidis and others
2006) as well as ATP synthesis (Ioannidis and Kotzabasis
2007).

Polyamines may stimulate qE in Nicotiana tabacum
(Ioannidis and Kotzabasis 2007). Spermidine and spermine
up-regulate NPQ in isolated LHCII of Scenedesmus obli-
quus, whereas the effect of Put is marginal (Ioannidis and
others 2011). Given that dissipation of excessive excitation
energy is essential for higher plants, especially under stress
conditions, we speculated that Put may play a role in NPQ
induction of plants in a challenging environment. In addi-
tion, reports about the effects of PAs on energy dissipation
of salt-stressed plants are rare. In this study, we examined
the effects of Put on photosynthetic performance, NPQ
induction, and xanthophyll cycle capacity in control and
salt-stressed cucumber seedlings. The objective was to
clarify the possible mechanism by which PAs protect the
photosynthetic apparatus from salt-induced damage in
cucumber plants.

Materials and Methods
Plant Material and Experimental Conditions

Seeds of the salt-sensitive cucumber (Cucumis sativus L.)
cv. Jinyou No. 4 were placed on filter paper moistened with
sterile distilled water in petri dishes and germinated in the
dark for 24 h at 29 £ 1 °C. The germinated seeds were
sown in washed quartz sand and transferred to a green-
house in which the air temperature was maintained at
28 £ 1 °C/19 £ 1 °C (day/night), with a maximum pho-
tosynthetic photon flux density (PPFD) of about
1,200 pmol m~2 s™! and relative humidity of 75-80 %.
When the second true leaves were fully expanded, healthy
seedlings of uniform size were selected and transplanted to
plastic containers (the length, width and depth were 55, 40,
and 10 cm, respectively) containing 20 L full-strength
Hoagland solution, with 12 seedlings per container. The
nutrient solution was aerated using an air pump with
alternate on/off intervals of 20/10 min to maintain the
dissolved oxygen concentration at 8.0 &+ 0.2 mg L™".

Experimental Design
After pre-culture for 2 days, the cucumber seedlings were
divided into four groups and treated as follows: (a) control,

seedlings cultured in full-strength Hoagland nutrient solu-
tion (Cont); (b) seedlings cultured in full-strength
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Hoagland nutrient solution with 8§ mM Put applied as a
foliar spray (Put); (c) salt stress-treatment, seedlings cul-
tured in full-strength Hoagland nutrient solution with
75 mM NaCl (NaCl); (d) seedlings cultured in full-strength
Hoagland nutrient solution with 75 mM NaCl and § mM
Put applied as a foliar spray (NaCl + Put). The containers
were arranged in a completely randomized block design
with three replicates per treatment, comprising a total of 12
containers with 144 seedlings in the four treatments (36
seedlings per treatment). The concentrations of NaCl and
Put were selected on the basis of the results of our previous
experiment (Shu and others 2012a). The Put treatment in
(b) and (d) was applied at 18:00 every day, and distilled
water was applied as a foliar spray in the (a) and (c) treat-
ments. The NaCl concentration in the nutrient solution was
increased at the rate of 25 mM per day until a final con-
centration of 75 mM was obtained. The nutrient solutions
were renewed every 2 days to maintain stable ion con-
centrations. Leaf and root samples from healthy cucumber
seedlings were harvested at 7 days after the final concen-
tration of NaCl was reached. Samples were frozen at
—80 °C until chemical analyses were performed.

Morphological Analyses

The height and stem diameter of the seedlings were
determined using a ruler and vernier caliper, respectively.
The length and volume of roots were measured with an
EXPRESSION 1680 scanner (Epson, Sydney, Australia)
and image analysis software (WinRHIZO; Regent Instru-
ments, Montreal, Canada). For determination of fresh
weight, the plants were washed with distilled water and
weighed after wiping the water off. The plant samples were
oven dried at 75 °C until a constant weight was attained
and subsequently the dry weight was recorded.

Gas-Exchange Parameters Measurement

The net photosynthetic rate (Py), stomatal conductance
(Gs), transpiration rate (Tr), and intercellular CO, con-
centration (Ci) of the third fully expanded leaf from the
shoot tip were monitored using a portable photosynthesis
system (LI-6400; LI-COR, Inc., Lincoln, NE, USA).
Cuvette conditions were maintained at a PPFD of
1,000 pmol photons m~2 s™', relative humidity of 70 %,
leaf temperature of 25 °C, and external CO, concentration
of 380 + 10 pmol mol .

Chlorophyll Fluorescence Parameters Measurement
Chlorophyll fluorescence imaging of cucumber leaves was

performed using an imaging-PAM fluorometer (Walz, Ef-
feltrich, Germany). The third fully expanded leaf from the
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shoot tip was placed in darkness for 30 min prior to mea-
surement. The maximum quantum yield of PSII (Fv/Fm),
actual photochemical efficiency of PSII (®PSII), photo-
chemical quenching coefficient (qP), non-photochemical
quenching coefficient (qN), quantum yield of regulated
energy dissipation in PSII (PNPQ), and non-regulated
energy dissipation in PSII (®PNO) were measured or cal-
culated in accordance with Lu and others (2003). The PAM-
software selected areas in the fluorescence image for each
plant. The mean of the corresponding area of all samples
(obtained from 15 to 20 different plants) was calculated.
Further information on chlorophyll fluorescence imaging
measurements can be found in Calatayud and others (2006).
The PAM fluorometer (Walz) was used to obtain light
response curves for NPQ and ®PSII. Leaves were illumi-
nated with an internal halogen lamp of different intensities
(0, 5, 70, 120, 200, 300, 470, 700, 1,120, 1,570, and
2,310 pmol m~2 s™"). For each light intensity level, actinic
light was irradiated for 20 s. The specific measurement
procedure is described by Perkins and others (2006).

Xanthophyll Cycle Components Analysis

Violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z) are
xanthophyll cycle pigments. Leaf segments for determina-
tion of xanthophyll cycle components were ground in liquid
nitrogen and then immersed in cold acetone in the dark for
pigment extraction. After centrifugation, pigments in the
supernatant were separated by gradient reversed-phase high-
performance liquid chromatography using a spherisorb C18
column (4.6 x 250 mm, 5 pm Kromasil) with a two-solvent
system. The specific procedure followed the method of Shu
and others (2012b). The de-epoxidation state of the xan-
thophyll cycle (DEPS) was calculated as: (Z + A)/
(V + A + Z) (Peguero-Pina and others 2008).

Statistical Analysis

Every experiment other than the morphological analyses was
conducted using three biological replicates. Morphological
analyses were performed with 15 biological replicates. All
data were statistically analyzed with SAS software (SAS
Institute, Inc., Cary, NC, USA) using the Duncan’s multiple
range test at the o = 0.05 level of significance.

Results
Morphological Parameters
As shown in Table 1, plant height, stem diameter, fresh and

dry weight, and root length and volume of cucumber
seedlings were markedly decreased by NaCl stress. The
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Table 1 Effects of exogenous putrescine (Put) on growth parameters of cucumber seedlings exposed to 75 mM NaCl

Treatments Plant height Stem diameter Fresh weight Dry weight Root length Root volume

(cm) (mm) (g plantf') (g plantfl) (m) (cm3 plantf')
Cont 24.5 + 0.15* 6.19 + 0.10* 34.2 + 3.40° 3.13 £ 0.40° 20.6 + 1.33* 18.9 £+ 0.85*
Put 25.9 + 0.22* 6.53 + 0.21* 41.5 + 3.98* 3.23 £+ 0.66* 20.7 £ 0.31* 18.7 + 0.53*
NaCl 10.1 £+ 0.19¢ 427 + 0.16° 12.3 £ 0.93¢ 1.01 &+ 0.12° 9.65 + 0.95° 525 + 041°
NaCl + Put 17.6 + 0.53 4.71 + 0.19° 21.6 £ 0.59° 1.64 + 0.05° 13.6 + 0.54 10.8 £ 0.69"

Each value is the mean £ SE of 15 seedlings. Different letters indicate significant differences at P < 0.05 according to Duncan’s multiple range

test

Cont control, seedlings cultured in full-strength Hoagland nutrient solution, Put seedlings cultured in control nutrient solution with 8 mM Put
sprayed on leaves, NaCl salt stress, seedlings cultured in nutrient solution supplemented with 75 mM NaCl, NaCl 4+ Put combination of NaCl

and Put treatments
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Fig. 1 Effects of exogenous putrescine (Put) on net photosynthetic
rate (Py), transpiration rate (Tr), intercellular CO, concentration (Ci),
and stomatal conductance (Gs) in leaves of cucumber seedlings under
NaCl stress. The parameters were measured on the third fully
expanded leaf, numbered basipetally. The data represent the
mean £ SE (n = 3). Different letters indicate significant differences

values of these parameters were reduced by 58.8, 31.0,
64.0, 67.7, 53.2, and 72.2 %, respectively, compared with
those of the control plants. However, exogenous Put alle-
viated salt stress-induced inhibition of growth. The values
of the above parameters showed increases of 1.74-fold,
1.10-fold, 1.76-fold, 1.62-fold, 1.41-fold, and 2.06-fold,
respectively, compared with those of non-Put-treated salt-
stressed plants. Under non-stress conditions, Put exerted no
effects on these parameters.

Gas-Exchange Parameters

Application of 8 mM Put as a foliar spray did not affect
gas-exchange parameters under the control conditions
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at P < 0.05 according to Duncan’s multiple range test. Cont control,
seedlings cultured in full-strength Hoagland nutrient solution, Put
seedlings cultured in control nutrient solution with 8 mM Put sprayed
on leaves, NaCl salt stress, seedlings cultured in nutrient solution
supplemented with 75 mM NaCl, NaCl 4+ Put combination of NaCl
and Put treatments

(Fig. 1). Salt stress reduced Py, Tr, Ci, and Gs to 43.9,
52.6, 72.1, and 32.3 % of the control levels, respectively.
However, salt-induced negative effects were significantly
diminished by exogenous Put, which increased Py, Tr, and
Gs by 73.3, 18.6, and 23.4 %. The changing pattern of Tr
was consistent with Gs, whereas Ci was further decreased
by Put application in stressed plants.

Chlorophyll Fluorescence
Compared with the control, 75 mM NaCl stress significantly
decreased Fv/Fm, ®PSII, qP, and N by 13.7, 35.5,35.2, and

8.6 %, respectively (Fig. 2). In contrast, application of Put
increased these parameters compared with NaCl-only
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Fig. 2 Effects of exogenous 10 04 a
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treatments. Respective pseudo-color images of leaves indi-
cated the status of the six parameters under different treat-
ments (Fig. 3). The values of Fv/Fm, ®PSII, and qP across
the leaf surface decreased unevenly under salt stress. Spots
on the leaf margins indicated areas damaged by NaCl. Salt
stress caused a decline in photosynthetic capacity across the
whole leaf, and the inhibition in localized areas was partic-
ularly severe. The inhibition due to salinity began from the
leaf margin. Photosynthetically active and inactive areas
within the leaf showed great spatial heterogeneity. Apart
from the suppressed spots on the leaf margin, under stress qN
near the veins decreased significantly compared with the
control. Exogenous Put significantly enhanced Fv/Fm and
@PSII in salt-stressed plants. Treatment with Put also greatly
enhanced ®NPQ and decreased ®NO of salt-stressed plants.
In addition, it was found that Put and salt stress can change
the energy distribution ratio (Fig. 4). Under normal condi-
tions, approximately one-third of the light energy absorbed
by PSII was dissipated by the photochemical process. When
subjected to salt stress, the proportion decreased to 22 %,
while more energy was consumed through non-regulated
energy dissipative processes (about 40 % compared with
26 % in Cont). These results showed that exogenous Put

@ Springer

could alleviate the decrease in photochemical efficiency of
cucumber through regulating the heat dissipation capacity.
Under the control conditions, foliar application of Put
exerted no significant influence on chlorophyll fluorescence
parameters.

NPQ and ®PSII Light Response Curves

In all four treatments, NPQ was induced rapidly with
increasing light level (Fig. 5). When the light increased to a
certain intensity level, the increasing rate of NPQ slowed
down and gradually reached a stable value. In low-light con-
ditions (<200 pmol m~2 s~ 1), the differences in NPQ among
the treatments were not significant. At a light intensity level
higher than 200 pmol m™2 s™', the NPQ value was signifi-
cantly decreased by NaCl compared with that of the control.
Foliar application of Put increased NPQ in salt-stressed leaves
under different light intensities (200-2,300 pmol m2sh.
Compared with the control, exogenous Put alone exerted no
significant influence on the NPQ light response curve.

In contrast to NPQ, ®PSII decreased with the increase in
light intensity (Fig.5). In low-light conditions
(<200 pmol m~2 s~ "), ®PSII decreased rapidly. As the
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Fig. 3 Detection of the effects
of exogenous putrescine (Put)
on cucumber leaves under NaCl
stress using a chlorophyll
fluorescence imaging technique.
Images of Fv/Fm, ®PSII, gP,
gN, ONPQ, and ®NO with
actinic illumination of

450 pmol photons m~> s~ are
shown. Each image in the same
column represents the same
leaf. From left to right: Cont
(control, seedlings cultured in
full-strength Hoagland nutrient
solution), Put (seedlings
cultured in control nutrient
solution with 8 mM Put sprayed
on leaves), NaCl (salt stress,
seedlings cultured in nutrient
solution supplemented with

75 mM NaCl), and NaCl + Put
(combination of Put and NaCl
treatments). The color scale at
the bottom indicates values
from O (black) to 1 (pink)
(Color figure online)

Cont

Fv/iFm

OPSII

qP

gN

®NO

ONPQ

NaCl NaCl+Put

Put

I I I I 4 $ 3

light intensity increased, the decline gradually slowed.
Compared with the control, salt stress reduced the ®PSII
value in cucumber leaves. Under high-light conditions

0.2

03 0.4 0.5 0.6 07 038 0.9 1
(>600 pmol m > s_l), the difference in ®PSII between
control and stressed plants was significant. Foliar applica-

tion of Put to NaCl-treated plants alleviated the decline,
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Fig. 4 Effects of exogenous
putrescine (Put) on energy
dissipation via photochemical
energy conversion (OPSII,
white), regulated (ONPQ, light
gray), and non-regulated
mechanisms (ONO, dark gray)
of PSII in cucumber leaves
under NaCl stress. The
parameters were measured
using an imaging-PAM
fluorometer and calculated with
the equation:

OPSII + ®NPQ + ®NO =1
(Kramer and others 2004). Cont
control, seedlings cultured in
full-strength Hoagland nutrient
solution, Put seedlings cultured
in control nutrient solution with
8 mM Put sprayed on leaves,
NaCl salt stress, seedlings
cultured in nutrient solution
supplemented with 75 mM
NaCl, NaCl 4+ Put combination
of NaCl and Put treatments

and the effect was particularly significant under high-light
conditions. Similar to NPQ, Put application to non-salt-
stressed plants did not influence the ®PSII light response
curve significantly.

Xanthophyll Cycle Components and De-Epoxidation
State

Xanthophyll cycle components and their de-epoxidation
state in cucumber leaves were modified by treatments with
NaCl and/or Put. The contents of violaxanthin, zeaxanthin,
and total xanthophyll cycle pigments were reduced by
NaCl, but the reduction was alleviated by foliar spray of
exogenous Put, which increased the above contents by
27.7,132.9, and 30.7 %, respectively, in the leaves of salt-
stressed plants (Fig. 6). In contrast, the content of anther-
axanthin was significantly increased by NaCl, but was not
responsive to exogenous Put application. Furthermore, Put
enhanced the DEPS in salt-stressed plants but had no effect
on the xanthophyll cycle components of non-salt-stressed
plants. These results suggested that Put alleviated salt-
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36%
t
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induced inhibition of photochemical efficiency via regu-
lation of xanthophyll components and acceleration of the
de-epoxidation state of the xanthophyll cycle.

Discussion

It has been well documented that metabolic activity
decreased in plants subjected to stressful environments
(Fariduddin and others 2013; Parida and Das 2005). Plants
may reduce their growth as an avoidance strategy in
response to stress (Rollins and others 2013). Sharma and
others (2011) found that Put may regulate the absorption
and accumulation of ions and improve antioxidant enzyme
activities, thus improving the tolerance of the salt-suscep-
tible Karna khatta. In the present study, NaCl stress sig-
nificantly suppressed the growth of cucumber seedlings,
whereas exogenous Put enhanced the growth and photo-
synthetic characteristics of salt-stressed plants. Putrescine
might be involved in improving heat dissipation capacity
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Fig. 5 Light response curves for non-photochemical quenching
(NPQ) and actual photochemical efficiency of PSII (®PSII) of
cucumber leaves exposed to putrescine (Put) and/or NaCl treatments.
Leaves were illuminated with an internal halogen lamp of different
intensities (0, 5, 70, 120, 200, 300, 470, 700, 1,120, 1,570, and
2,310 pmol m~2 s™'). For each light intensity level, actinic light was
irradiated for 20 s. The data represent the mean &+ SE (n = 3). Cont
control, seedlings cultured in full-strength Hoagland nutrient solution,
Put seedlings cultured in control nutrient solution with 8 mM Put
sprayed on leaves, NaCl salt stress, seedlings cultured in nutrient
solution supplemented with 75 mM NaCl, NaCl + Put combination
of NaCl and Put treatments

and regulating the de-epoxidation state of the xanthophyll
cycle.

The reduction of CO, assimilation is a common
response to stress conditions as a result of stomatal closure
and further damage to the photosynthetic apparatus.
Interestingly, whether a stomatal or non-stomatal factor is
the main cause of the reduced Py can be judged by the
trends of changes in Gs and Ci (Long and Bernacchi 2003).
In the current study, NaCl stress decreased Py mainly
because of deterioration of stomatal conditions, which can
be deduced by the simultaneous decreases in Ci and Gs
(Fig. 1). The decrease in Ci was probably caused by sto-
matal limitation. Partial closure of stomata also suppressed
transpiration, which led to a decrease in the absorption and
use of water and nutrients in cucumber (Yuan and others

2012). Application of exogenous Put increased Gs but
aggravated the reduction of Ci, probably because Put
enhanced the photosynthetic capacity of mesophyll cells,
which thus consume higher quantities of CO, (Yang and
Lu 2005). Wang and others (2008) found that a significant
positive correlation exists between Gs and Tr. Similarly,
enhancement of Tr was directly related with the increase in
Gs induced by Put in the present study. In light of this
result, we speculated that Put improved the photosynthetic
capacity by enhancing the carbon assimilation capacity in
leaves as well as regulating stomatal movement under salt
stress.

Photosynthetic activity over the leaf surface is usually
heterogeneous. This fact makes conventional chlorophyll
fluorescence analysis based on point measurements highly
error prone. Chlorophyll fluorescence imaging solves this
problem and presents an instantaneous overview of the
fluorescence emission pattern of the whole leaf surface
(Gorbe and Calatayud 2012). The heterogeneous decrease
in Fv/Fm and ®PSII (Fig. 3) in the present study suggested
that salt stress caused a decline in photosynthetic capacity
across the whole leaf, and that inhibition in localized areas
was particularly severe.

In the present study, exogenous Put played a role in
protecting PSII against excessive energy through improv-
ing the thermal dissipation of the excitation energy. To our
knowledge, fluorescence yield is the result of competition
for excitation energy among several decay pathways (Ra-
scher and others 2000).The relationship among dissipative
processes is described by the equation ®PSII 4+ ®NP-
Q + ®NO = 1 (Kramer and others 2004). The decrease in
gN indicated that the radiant energy dissipation process
was affected by NaCl stress. The decrease in Fv/Fm
implied that NaCl stress-induced photoinhibiton fluores-
cence quenching (Xia and others 2009). Krause and Weis
(1991) considered that lower Fv/Fm values indicated that
excessive energy is dissipated as heat in the antenna
complex, thus resulting in a decreased quantum yield.
However, our present results indicated that the decrease in
@PSII was mainly ascribed to the substantial increase in
energy dissipation via a non-regulated mechanism, ®NO
(Fig. 4). Exogenous Put largely improved photoprotective
down-regulation of PSII (as estimated by the ®NPQ value)
and inhibited the non-regulated energy dissipative process
in salt-stressed plants, thus enhancing the photoprotective
capacity of the photosynthetic apparatus. This finding is
consistent with the study by loannidis and Kotzabasis
(2007), who found that PAs can increase NPQ and acti-
vate photo-protection. Putrescine also increased the pro-
portion of energy used in photochemical reactions (®PSII),
resulting in the improved photosynthetic activity (Fig. 1).
We inferred that exogenous Put may be involved in alle-
viating the photoinhibition of ®PSII and enhancing the
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photochemical quenching process as well as thermal dis-
sipation, thus protecting leaves from damage caused by
excessive energy excitation in the reaction centers. This
deduction agrees with the results of He and others (2002)
who showed that Spd can alleviate the low-tempera-
ture photoinhibition of isolated thylakoids.
Non-photochemical quenching processes quench sin-
glet-excited chlorophylls and harmlessly dissipate exces-
sive excitation energy as heat, thus helping to regulate and
protect photosynthesis in response to excess light energy
(Miiller and others 2001). Recent studies demonstrated that
Spm can increase NPQ under low-light conditions both in
higher plants and green algae (Ioannidis and others 2011;
Ioannidis and Kotzabasis 2007). In the current research, we
found that Put also stimulated NPQ in cucumber seedlings
under saline conditions. Trimeric LHCII is a putative site
of gE, a rapid phase of NPQ (Pascal and others 2005).
Positively charged PAs can neutralize the negative charges
of LHCII so that repulsion between different complexes is
minimized (Navakoudis and others 2007). Thus, putrescine
may induce aggregation of LHCII by screening the surface
charge, which in turn increases energy dissipation. In
addition to the conformational changes of LHCII,

@ Springer

zeaxanthin is essential for qE formation (Demmig-Adams
and others 1990). Violaxanthin, antheraxanthin, and zea-
xanthin are xanthophyll cycle pigments located in the
protein complexes of the thylakoid membrane. Their main
function is to increase thermal dissipation of excess exci-
tation energy and protect chloroplasts from high-light
stress. Violaxanthin de-epoxidase catalyzes the de-epoxi-
dation of violaxanthin to zeaxanthin via the intermediate
antheraxanthin as part of the xanthophyll cycle (Bukhov
and others 2001; Demmig-Adams and others 1996). Zea-
xanthin may either directly dissipate the excess excitation
energy as heat (Horton and others 2005) or interact with
protonated chlorophyll-binding proteins to induce NPQ
(Gilmore 1997). In the present work, the content of zea-
xanthin in salt-stressed plants was drastically increased by
exogenous Put, most likely because of enhanced de-epox-
idation of violaxanthin. Stressed plants treated with exog-
enous Put exhibited not only an increased xanthophyll
cycle pool but also a higher xanthophyll de-epoxidation
state, thereby enhancing the capacity for thermal energy
dissipation. These results indicated that exogenous Put can
initiate xanthophyll cycle-dependent NPQ, and dissipate
excessive excitation energy as heat to protect the



J Plant Growth Regul (2014) 33:798-808

807

photosynthetic structures from photoinhibition damage
caused by salt stress.

In conclusion, our experimental results suggested that
exogenous Put promoted the growth of cucumber seedlings
subjected to salt stress through improving photosynthetic
performance. Putrescine enhanced the thermal dissipation
capacity by accelerating the de-epoxidation state of the
xanthophyll cycle and regulating xanthophyll components,
thus protecting the reaction centers of PSII from damage
caused by excess excitation energy. Overall, exogenous Put
improved the salt tolerance of the photosynthetic apparatus,
which further enhanced plant salt tolerance in general.

Acknowledgments This work was financially supported by the
National Basic Research Program of China (973 Program, No.
2009CB119000), the National Natural Science Foundation of China (No.
31071831 and No. 31272209), the China Earmarked Fund for Modern
Agro-industry Technology Research System (CARS-25-C-03), and the
Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD), and sponsored by the Research Fund for the Doc-
toral Program of Higher Education (20130097120015).

Conflict of interest The authors declare that they have no conflict
of interest.

References

Bukhov NG, Heber U, Wiese C, Shuvalov VA (2001) Energy
dissipation in photosynthesis: does the quenching of chlorophyll
fluorescence originate from antenna complexes of photosystem
II or from the reaction center? Planta 212(5-6):749-758

Calatayud A, Roca D, Martinez PF (2006) Spatial-temporal variations
in rose leaves under water stress conditions studied by chloro-
phyll fluorescence imaging. Plant Physiol Biochem 44(10):
564-573. doi:10.1016/j.plaphy.2006.09.015

Demmig-Adams B, Adams WW, Heber U, Neimanis S, Winter K,
Kriiger A, Czygan FC, Bilger W, Bjorkman O (1990) Inhibition
of zeaxanthin formation and of rapid changes in radiationless
energy dissipation by dithiothreitol in spinach leaves and
chloroplasts. Plant Physiol 92(2):293-301

Demmig-Adams B, Gilmore A, Adams W (1996) Carotenoids 3:
in vivo function of carotenoids in higher plants. FASEB J
10(4):403-412

Denaxa NK, Roussos PA, Vemmos SN (2013) The possible role of
polyamines to the recalcitrance of “Kalamata” olive leafy
cuttings to root. J Plant Growth Regul. doi:10.1007/s00344-013-
9407-8

FAO (2012) FAO land and plant nutrition management service. http://
www.fao.org/ag/agl/agll/spush

Fariduddin Q, Khalil RR, Mir BA, Yusuf M, Ahmad A (2013)
24-Epibrassinolide regulates photosynthesis, antioxidant enzyme
activities and proline content of Cucumis sativus under salt and/
or copper stress. Environ Monit Assess 185:7845-7856

Galston AW (1983) Polyamines as modulators of plant development.
Bioscience 33:382-388

Gilmore AM (1997) Mechanistic aspects of xanthophyll cycle-
dependent photoprotection in higher plant chloroplasts and
leaves. Physiol Plantarum 99(1):197-209

Gorbe E, Calatayud A (2012) Applications of chlorophyll fluores-
cence imaging technique in horticultural research: a review. Sci
Hortic 138:24-35

He LX, Nada K, Kasukabe Y, Tachibana S (2002) Enhanced
susceptibility of photosynthesis to low-temperature photoinhibi-
tion due to interruption of chill-induced increase of S-adenosyl-
methionine decarboxylase activity in leaves of spinach (Spinacia
oleracea L.). Plant Cell Physiol 43(2):196-206

Horton P, Wentworth M, Ruban A (2005) Control of the light
harvesting function of chloroplast membranes: the LHCII-
aggregation model for non-photochemical quenching. FEBS
Lett 579(20):4201-4206

Hubbart S, Ajigboye OO, Horton P, Murchie EH (2012) The
photoprotective protein PsbS exerts control over CO, assimila-
tion rate in fluctuating light in rice. Plant J 71(3):402-412.
doi:10.1111/.1365-313X.2012.04995.x

Toannidis NE, Kotzabasis K (2007) Effects of polyamines on the
functionality of photosynthetic membrane in vivo and in vitro.
BBA-Bioenergetics 1767:1372-1382

Toannidis NE, Sfichi L, Kotzabasis K (2006) Putrescine stimulates
chemiosmotic ATP synthesis. BBA-Bioenergetics 1757:821-828

Ioannidis NE, Sfichi-Duke L, Kotzabasis K (2011) Polyamines
stimulate non-photochemical quenching of chlorophyll a fluo-
rescence in Scenedesmus obliquus. Photosynth Res 107(2):
169-175

Ioannidis NE, Zschiesche W, Barth O, Kotakis C, Navakoudis E,
Humbeck K, Kotzabasis K (2013) The genetic reprogramming of
polyamine homeostasis during the functional assembly, matura-
tion, and senescence-specific decline of the photosynthetic
apparatus in Hordeum vulgare. J Plant Growth Regul. doi:10.
1007/s00344-013-9387-8

Johnson MP, Goral TK, Duffy CD, Brain AP, Mullineaux CW, Ruban
AV (2011) Photoprotective energy dissipation involves the
reorganization of photosystem II light-harvesting complexes in
the grana membranes of spinach chloroplasts. Plant Cell 23(4):
1468-1479

Kramer DM, Johnson G, Kiirats O, Edwards GE (2004) New
fluorescence parameters for the determination of QA redox state
and excitation energy fluxes. Photosynth Res 79(2):209-218

Krause G, Weis E (1991) Chlorophyll fluorescence and photosynthe-
sis: the basics. Annu Rev Plant Biol 42(1):313-349

Kiilheim C, Agren J, Jansson S (2002) Rapid regulation of light
harvesting and plant fitness in the field. Science 297(5578):
91-93

Long SP, Bernacchi CJ (2003) Gas exchange measurements, what can
they tell us about the underlying limitations to photosynthesis?
Procedures and sources of error. J Exp Bot 54(392):2393-2401

Lu CM, Qiu NW, Lu QT, Wang BS, Kuang TY (2002) Does salt
stress lead to increased susceptibility of photosystem II to
photoinhibition and changes in photosynthetic pigment compo-
sition in halophyte Suaeda salsa grown outdoors? Plant Sci
163:1063-1068

Lu CM, Qiu NW, Wang BS, Zhang JH (2003) Salinity treatment
shows no effects on photosystem II photochemistry, but
increases the resistance of photosystem II to heat stress in
halophyte Suaeda salsa. J Exp Bot 54(383):851-860

Mendes AFS, Cidade LC, Otoni WC, Soares-Filho WS, Costa MGC
(2011) Role of auxins, polyamines and ethylene in root
formation and growth in sweet orange. Biol Plantarum 55(2):
375-378

Miiller P, Li XP, Niyogi KK (2001) Non-photochemical quenching. A
response to excess light energy. Plant Physiol 125(4):1558-1566

Navakoudis E, Vrentzou K, Kotzabasis K (2007) A polyamine-and
LHCII protease activity-based mechanism regulates the plastic-
ity and adaptation status of the photosynthetic apparatus. BBA-
Bioenergetics 1767:261-271

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Muller M, Holzwarth
AR, Jahns P (2010) Identification of a slowly inducible zeaxan-
thin-dependent component of non-photochemical quenching of

@ Springer


http://dx.doi.org/10.1016/j.plaphy.2006.09.015
http://dx.doi.org/10.1007/s00344-013-9407-8
http://dx.doi.org/10.1007/s00344-013-9407-8
http://www.fao.org/ag/agl/agll/spush
http://www.fao.org/ag/agl/agll/spush
http://dx.doi.org/10.1111/j.1365-313X.2012.04995.x
http://dx.doi.org/10.1007/s00344-013-9387-8
http://dx.doi.org/10.1007/s00344-013-9387-8

808

J Plant Growth Regul (2014) 33:798-808

chlorophyll fluorescence generated under steady-state conditions
in Arabidopsis. BBA-Bioenergetics 1797:466-475

Parida AK, Das AB (2005) Salt tolerance and salinity effects on
plants: a review. Ecotox Environ Safe 60(3):324-349

Pascal AA, Liu Z, Broess K, van Oort B, van Amerongen H, Wang C,
Horton P, Robert B, Chang W, Ruban A (2005) Molecular basis
of photoprotection and control of photosynthetic light-harvest-
ing. Nature 436(7047):134-137

Peguero-Pina JJ, Morales F, Flexas J, Gil-Pelegrin E, Moya I (2008)
Photochemistry, remotely sensed physiological reflectance index
and de-epoxidation state of the xanthophyll cycle in Quercus
coccifera under intense drought. Oecologia 156(1):1-11

Perkins RG, Mouget JL, Lefebvre S, Lavaud J (2006) Light response
curve methodology and possible implications in the application
of chlorophyll fluorescence to benthic diatoms. Mar Biol
149(4):703-712

Rascher U, Liebig M, Liittge U (2000) Evaluation of instant light-
response curves of chlorophyll fluorescence parameters obtained
with a portable chlorophyll fluorometer on site in the field. Plant
Cell Environ 23(12):1397-1405

Rollins J, Habte E, Templer S, Colby T, Schmidt J, von Korff M
(2013) Leaf proteome alterations in the context of physiological
and morphological responses to drought and heat stress in barley
(Hordeum vulgare L.). J Exp Bot 64(11):3201-3212

Sfakianaki M, Sfichi L, Kotzabasis K (2006) The involvement of
LHClII-associated polyamines in the response of the photosyn-
thetic apparatus to low temperature. J Photoch Photobio B
84(3):181-188

Sharma DK, Dubey A, Srivastav M, Singh A, Sairam R, Pandey R,
Dahuja A, Kaur C (2011) Effect of putrescine and paclobutrazol
on growth, physiochemical parameters, and nutrient acquisition

@ Springer

of salt-sensitive citrus rootstock Karna khatta (Citrus karna
Raf.) under NaCl Stress. J Plant Growth Regul 30(3):301-311

Shu S, Guo SR, Sun J, Yuan LY (2012a) Effects of salt stress on the
structure and function of the photosynthetic apparatus in
Cucumis sativus and its protection by exogenous putrescine.
Physiol Plantarum 146(3):285-296

Shu S, Yuan LY, Guo SR, Sun J, Liu CJ (2012b) Effects of exogenous
spermidine on photosynthesis, xanthophyll cycle and endoge-
nous polyamines in cucumber seedlings exposed to salinity. Afr
J Biotechnol 11(22):6064-6074

Velikova V, Yordanov I, Edreva A (2000) Oxidative stress and some
antioxidant systems in acid rain-treated bean plants: protective
role of exogenous polyamines. Plant Sci 151(1):59-66

Wang T, Wang S, Guo SR, Sun YJ (2008) Effects of exogenous
spermidine on the photosynthesis of Cucumis sativus L. seed-
lings under rhizosphere hypoxia stress. Front Agric China
2(1):55-60

Xia XJ, Huang LF, Zhou YH, Mao WH, Shi K, Wu JX, Asami T,
Chen Z, Yu JQ (2009) Brassinosteroids promote photosynthesis
and growth by enhancing activation of Rubisco and expression
of photosynthetic genes in Cucumis sativus. Planta 230(6):
1185-1196

Yang X, Lu C (2005) Photosynthesis is improved by exogenous
glycinebetaine in salt-stressed maize plants. Physiol Plantarum
124(3):343-352

Yu HY, Li TX, Zhou JM (2005) Secondary salinization of greenhouse
soil and its effects on soil properties. Soils 37(6):581-586

Yuan LY, Shu S, Sun J, Guo SR, Tezuka T (2012) Effects of
24-epibrassinolide on the photosynthetic characteristics, antiox-
idant system, and chloroplast ultrastructure in Cucumis sativus L.
under Ca (NOj) ; stress. Photosynth Res 112(3):205-214



	Effects of Exogenous Putrescine on Chlorophyll Fluorescence Imaging and Heat Dissipation Capacity in Cucumber (Cucumis sativus L.) Under Salt Stress
	Abstract
	Introduction
	Materials and Methods
	Plant Material and Experimental Conditions
	Experimental Design
	Morphological Analyses
	Gas-Exchange Parameters Measurement
	Chlorophyll Fluorescence Parameters Measurement
	Xanthophyll Cycle Components Analysis
	Statistical Analysis

	Results
	Morphological Parameters
	Gas-Exchange Parameters
	Chlorophyll Fluorescence
	NPQ and Phi PSII Light Response Curves
	Xanthophyll Cycle Components and De-Epoxidation State

	Discussion
	Acknowledgments
	References


