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A B S T R A C T

Physiological responses to differences in light intensity were studied in four genotypes of Cucumis with
differences in leaf greenness. The four genotypes were C. �hytivus (synthesized allotetraploid, yellow-
green); its parents, C. hystrix (wild Cucumis species, dark green) and BeijingJietou (cultivated cucumber,
green); and M1 (a chlorophyll deficient mutant of cultivated cucumber, yellow-green). The plants were
subjected to a photosynthetic photon flux density (PPFD) of either 800 mmol m�2 s�1 or 200 mmol m�2

s�1 in climate chambers for 20 days. Plant growth, chlorophyll (Chl) content, gas exchange, Chl
fluorescence parameters and carbohydrate partitioning in the four genotypes were studied. The four
genotypes showed different amounts of Chl accumulation and the genotypic differences led to divergent
photosynthetic capabilities, carbohydrate partitioning and photosynthetic responses to high light. The
original natural habitat characteristics of the two species may also play an important role in the
divergence. Moreover, the ability of the yellow-green M1 to slowly increase the leaf Chl content during
leaf development was aligned with a long leaf life span, maintaining high levels of photosynthesis, which
was not the case in the yellow-green C. �hytivus. In addition, Fv/Fm is such a sensitive parameter that it
should not be evaluated alone for high light stress without the context of the prevailing growth light
environment.

ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Cucumis�hytivus J.F. Chen & J.H. Kirkbride (hereafter C. �
hytivus) is an allotetraploid obtained between C. hystrix Chakr.
(hereafter C. hystrix), a wild species closely related to cucumber,
and C. sativus L., ‘BeijingJietou’ (hereafter BeijingJietou) through
allopolyploidization (Chen and Kirkbride, 2000) with the aim to
enlarge the narrow genetic base of the cucumber (Dijkhuizen et al.,
1996). In addition to the morphological differences, C. �hytivus
exhibits chlorophyll (Chl)-deficiency resulting in a yellow–green
leaf colour, in contrast to the green and dark green leaves of its
parents (Fig. 1). Induced mutation is another method that can be
used to broaden the genetic base (Ahloowalia and Maluszynski,
2001). A Chl-deficient mutant cucumber, named M1, was obtained
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from a commercial cucumber, C. L. ‘Changchunmici’, through ethyl
methyl sulfone (EMS) induction (Fig. 1).

Chl-deficiency is a common consequence of induced mutation
in many plant species (Falbel et al., 1996; Suzuki et al., 1997; Wu
et al., 2007). In addition to causing the green colour, Chls are
essential molecules that trap light energy in the antenna systems
of the photosystems and drive photosynthetic electron transfer
(Fromme et al., 2003). Given its important role in photosynthesis,
Chl plays a critical role in the acclimation of plants to high light. In
many plant species, Chl formation increases under high light
intensity (Björkman,1981; Mclaren and Smith,1978), but in certain
extreme cases, high light inhibits Chl biosynthesis in cucumber
leaves due to photoinhibition (Aarti et al., 2007). Briefly, changes in
Chl content are related to the photosynthetic performance of
plants and their acclimation to changes in the light environment
(Falbel et al., 1996). Indeed, sensitivity to photoinhibition varies
both within and between plant species (Barber and Andersson,
1992). In addition to the lower Chl content in C. �hytivus, low
carotenoid contents were also observed (Yu et al., 2015).
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Fig. 1. Morphological difference of the four genotypes (from left to right): C. hystrix,
C. �hytivus, BeijingJietou and M1 photographed 24 days after propagation, before the
start of the light treatment; A, intact plants, B, the developing leaves and C, the first
fully developed leaves.
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Carotenoids are not only essential components of the photosyn-
thetic antenna and reaction centre complexes but also protect the
leaves against potentially harmful photo-oxidative processes when
the light energy exceeds the photosynthetic capacity (Bartley and
Scolnik, 1995). Carotenoids are synthesized in the xanthophyll
cycle to reduce the transference of surplus energy to the
photosynthetic apparatus (Demmig-Adams, 1990). In this process,
excess energy is dissipated as heat (non-photochemical quench-
ing) (Müller et al., 2001). Therefore, reduced carotenoid contents
may have an effect on the photoprotection, which leads to
increased sensitivity to high light.

Plants respond to the challenges posed by the variability of the
natural environment in different ways. It is well known that plants
acclimate to high light by changes in height, biomass, foliage
number and arrangement (Bond et al., 1999; Huang et al., 2011) or
by reducing the size of the light-harvesting complexes (LHCs) and
producing thicker leaves (Müller-Moulé et al., 2004; Walters and
Horton, 1994). Furthermore, plants from different habitats are able
to acclimate to specific light environments (Demmig-Adams et al.,
1997), but high-light species are more plastic than shade species
(Strauss-Debenedetti and Bazzaz, 1991). In other words, the ability
to acclimate to changes in light conditions differs among
genotypes. In addition, heterosis or hybrid vigour is well known,
as hybrid plants grow more vigorously and adaptively than their
parents, an effect that also works in allopolyploids (Chen, 2013).
This effect adds to the interest in investigating the response of four
leaf-greenness Cucumis genotypes to high light conditions.

Increased light intensity can increase carbon gain, leading to
higher yields. However, excessive light can lead to damage to the
photochemical process and to photoinhibition (Demmig et al.,
1987; Srivastava and Strasser, 1996). Thus, to what extent will
higher light levels lead to photoinhibition? Within a range of light
levels, an increase in the light absorption by chlorophyll will lead to
an increase in photosynthetic CO2 fixation. Above a certain light
level, however, the plant will be incapable of utilizing all of the
energy absorbed for photosynthesis, and then photoinhibition
occurs (Demmig-Adams and Adams, 1992). It has been revealed
that photosystem II (PSII) is vulnerable to strong light stress, and
damage to PSII is often the first manifestation of stress in a leaf
(Havaux and Tardy, 1997; Mathur et al., 2011). The functional
consequences of photoinhibition include reduction of the maxi-
mum quantum efficiency of photosystem II (Fv/Fm), making this
parameter a reliable and reproducible measure of photoinhibition
(Krause et al., 1995).

Chl fluorescence measurements provide a rapid, non-invasive
method for the early detection of damage to the photosynthetic
apparatus (Maxwell and Johnson, 2000; Murchie and Lawson,
2013; Zhou et al., 2015) and have been used to detect high light
stress in the tomato (Han et al., 2010; Janssen et al., 1992), lettuce
(Fu et al., 2012) and 14 wild and cultivated species (Ögren and
Rosenqvist, 1992). Moreover, gas exchange measurements and
carbohydrate analysis should be coupled with Chl fluorescence
measurements to obtain a broad picture of plant responses to
environmental changes, such as high light. In addition to the
pigmentation difference in young leaves, it is unclear what
happens to the leaf during leaf development. Non-invasive
physiological approaches enable us to investigate the physiological
state of leaves during different leaf developmental stages.

This study aims to investigate the morphological alternations
and dynamic physiological effects of high light on four Cucumis
genotypes that differ in leaf greenness (C. hystrix, C.�hytivus,
BeijingJietou and M1) by following their developing leaves. The
deficiency of carotenoid in C. �hytivus (unpublished data) may
lead to more severe photoinhibition under high light, which can be
detected by Chl fluorescence parameters. We hypothesize that an
elevated light level can differentiate the varied photosynthetic
response of the four genotypes, in which the variation of Chl plays
an important role.

2. Materials and methods

2.1. Plant material and growth conditions

Four genotypes of Cucumis were used: the wild species Cucumis
hystrix Chakr. (2n = 24, genome HH), the synthesized species
C. �hytivus (2n = 38, genome HHCC), the cultivated cucumber C.
sativus ‘BeijingJietou’ (BeijingJietou, 2n = 14, genome CC) and the
chlorosis mutant of commercial cucumber ‘Changchunmici’ (M1,
2n = 14, genome CMCM). The seeds were sown Sep 30, 2013, and the
seedlings were grown in a greenhouse with set points of 25/20 �C
day/night, ambient CO2, 60–70% relative humidity (RH) and a 20 h
photoperiod with a combination of natural and supplemental light
(SON-T 400W, Philips, Eindhoven, The Netherlands, red/far-red
ratio: 1.2, according to Shibuya et al., 2012). Due to the different
growth rates of the four genotypes, the plants were cultivated in
the greenhouse for 30 days to produce cuttings of equal size. Plastic
pots (11-cm diameter, 0.5 L) filled with a peat-based potting mix
(Pindstrup 2, Pindstrup Mosebrug A/S, Ryomgaard, Denmark) were
used to plant the cuttings. The plants were irrigated every morning
by flooding the greenhouse Table for 15 min with a nutrient
solution (pH 6.0, EC 2.34 dS m�1) consisting of N (185 mg L�1), P
(27 mg L�1), K (171 mg L�1), Mg (20 mg L�1) and micro nutrients.

2.2. Light treatments

Prior to the light treatments, the plants were transferred into
two walk-in growth chambers (MB teknik, Brøndby, Denmark)
with broad-spectrum LED lights (FL300, Fionia Lighting, Søndersø,
Denmark) from Nov 18 to Nov 24 at a density of 25 pots m�2. Each
chamber accommodated two tables, established as plots, and every
plot had four randomly distributed pots of each genotype. The
chamber set points were controlled to 25/20 �C day/night, 60% RH,
400 ppm CO2 concentration, and 14 h/10 h light/dark with
200 mmol m�2 s�1 photosynthetic photon flux density (PPFD)
(daily light integral, DLI: 10.08 mol m�2 day�1) measured at the
tops of the plants using a LI-250A quantum sensor (LI-COR, Lincoln,
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NE, USA). The air temperature and RH were continuously measured
by a Humitter 50U/50Y(X) (Vaisala, Helsinki, Finland) placed at the
tops of the plants and recorded by a logger (Datataker, Thermo-
Fisher Scientific Australia Pty Ltd., Scoresby, Australia). Plants were
irrigated twice per day (> 20% drainage day�1). The electrical
conductivity and pH of the drain water were monitored daily and
adjusted to 1.8 dS m�1 and pH 5.8, respectively. On Nov 25, half of
the plants of each genotype were transferred into another growth
chamber with the same settings except for an increased light level
of 800 mmol m�2 s�1 PPFD (DLI: 40.3 mol m�2 day�1), which is
above the light saturation point of C. hystrix and C. �hytivus and
close to the light saturation point of BeijingJietou (Yu et al., 2015).
At the onset of the light treatments, the plants were approximately
eight leaves old.

The plants were grown at different light levels in the chambers
for a period of 20 days. Non-invasive measurements were taken at
four-day intervals on the developing leaf (young leaf marked with a
label at the beginning of the experiment, which became senescent
at the end of the experiment). During the experiment, the border
plants (adjacent to the chamber walls) were not sampled.

2.3. Plant growth

All of the morphological data were collected with four
repetitions. For each genotype and treatment, the leaf area (LA)
of the developing leaves of four randomly picked plants was non-
destructively measured at an interval of four days. The shape of
developing leaf was manually copied on a piece of paper, and the
paper cut was subsequently measured using a LI-3100C area meter
(LI-COR, Lincoln, NE, USA). At the end of the experiment, the
number of leaves on the main stem was recorded by counting from
the youngest leaf from the top to the last true leaf above the
cotyledonary node. Total leaf number (TLN) was counted for all of
the unfolded leaves above the cotyledonary node from the whole
plant, and total leaf area (TLA) was measured using a LI-3100C area
meter (LI-COR, Lincoln, NE, USA). The leaves, stems and fruits were
dried separately at 80 �C for 24 h to measure the dry weight (DW).
Specific Leaf Area (SLA) was calculated as SLA = TLA/leaf DW.

2.4. Chlorophyll content

The total leaf Chl content was non-invasively monitored using a
Dualex 4 (FORCE-A, Orsay, France), delivering readings in units of
mg cm�2 (Cerovic et al., 2012). For each genotype, three random
plants of each treatment were measured. For each measurement,
readings were taken from three sections on both sides of each leaf,
and the mean value of each leaf was obtained immediately.
Table 1
Plant growth characteristics among the four genotypes under low and high light. Values
differences at 0.05 (P < 0.05). Level of significance: NS, non-significant; *, P < 0.05; **, P

Genotype Treatment TLN, plant�1 Leaf DW, g 

C. hystrix low light 35 � 4b 2.65 � 0.47e

high light 58 � 3a 6.56 � 1.29cd

C. �hytivus low light 29 � 1bc 6.21 � 0.68cd

high light 57 � 3a 16.17 � 0.22b

BeijingJietou low light 18 � 1d 6.41 � 0.14cd

high light 34 � 2b 19.74 � 0.64a

M1 low light 17 � 1d 4.62 � 0.98de

high light 27 � 1c 7.72 � 0.59c

Genotype effect ** ** 

Light effect ** ** 

Genotype � light effect ** ** 
2.5. Gas exchange measurements

An infrared gas exchange (IRGA) system (CIRAS-2; PP-systems,
Amesbury, MA, USA) was used for gas exchange measurements
with a leaf cuvette of 2.5 cm2 (leaf area) and a mounted LED light
unit. The settings were 400 ppm CO2, 25 �C temperature, and 65–
70% RH, resulting in a vapour pressure deficit (VPD) of
approximately 1.0 kPa with a 200 cm3min�1 cuvette flow. Meas-
urements were taken on the developing leaf at 200 and 800 mmol
m�2 s�1 PPFD in the morning (9:00–12:00). All parameters were
recorded when the net photosynthetic rate (Pn) and stomatal
conductance (gs) reached steady-state, at least 5 min after
acclimation.

2.6. Chlorophyll fluorescence

The maximum quantum efficiency of photosystem II (Fv/Fm)
was measured in the afternoon (3 h before darkness) using a
Handy-PEA, Plant Efficiency Analyser (Hansatech Instruments,
Kings Lynn, UK) after dark-adapting the leaf for 30 min using a leaf
clip (Hansatech, Instruments, Kings Lynn, UK). The maximum light
intensity was 3000 mmol m�2 s�1, which was sufficient to generate
maximal fluorescence (Fm). Measurements were performed on the
developing leaf and the first fully developed leaf. Three random
spots in each leaf were measured with three replications each,
resulting in nine values for each treatment and genotype.

2.7. Carbohydrate content

Leaf samples for carbohydrate analysis were taken from the first
fully developed leaf, immediately frozen in liquid nitrogen and
stored at �80 �C. Carbohydrate content was analysed according to
the method of Shanmugam et al. (2013). Before extraction, the
samples were freeze-dried using a lyophilizer (Martin Christ
GmbH, Gamma 1–20, Schwabach, Germany) for three days, then
ground in a mixer mill (MM200, Retsch Inc., Haan, Germany) with a
steel ball. The soluble sugars (including glucose, fructose and
sucrose) were extracted with 80% ethanol and 20% HEPES. The
pooled supernatants containing the soluble sugars were analysed
by ion chromatography using a pulsed amperometric detector
(PAD) with a gold electrode (Dionex, ICS 3000, Sunnywale,
Canada), using 200 mM NaOH as the eluent. Then, ddH2O was
added to the tubes with the leaf pellets and autoclaved for 90 min.
To degrade the starch into glucose units, the samples were mixed
together with enzyme buffer solution. The samples were
centrifuged and filtered, and the glucose units representing the
starch fraction were measured by ion chromatography using PAD.
 are mean � SE (n = 4). Different letters within the same column indicate significant
 < 0.01.

Stem DW, g Fruit DW, g TLA, cm2 SLA, cm2 g�1

0.78 � 0.16d – 638 � 100.2f 243 � 8.6ab

1.81 � 0.47cd – 1079 � 203.5ef 165 � 1.7c

1.94 � 0.28cd 0.27 � 0.097c 1713 � 173.4cd 277 � 7.8a

5.08 � 0.10b 0.63 � 0.113c 3154 � 46.8b 195 � 0.3bc

2.97 � 0.25c 0.54 � 0.037c 1882 � 157.5c 293 � 20.8a

10.91 � 0.98a 1.97 � 0.302b 3995 � 121.9a 202 � 0.9bc

1.56 � 0.33cd 1.29 � 0.666bc 1283 � 124.9de 295 � 43.1a

2.61 � 0.23c 4.97 � 2.422a 1239 � 126.9de 160 � 4.7c
** * ** NS
** ** ** **

** NS ** NS
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2.8. Statistical analysis

Two-way analysis of variance (ANOVA) was performed to reveal
the differences between the genotypes and light treatments within
one day of treatment using the R software (i3862.15.0, www.r-
project.org/). Mean separations were performed using the Duncan
Multiple Range Test of P < 0.05. SPSS 16.0 (SPSS Inc., Chicago, IL,
USA) was used for the Pearson correlation analysis.

3. Results

3.1. Morphology

The morphology of the four genotypes is clearly different
(Fig. 1), as shown by the genotypic dependency of plant growth
parameters in Table 1 and Fig. 2. Further, the leaf expansion and Chl
accumulation are different among the four genotypes. The
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differences in physiology are reflected in the different gas exchange
and Chl fluorescence parameters.

The high light treatment (20 days at 800 mmol m�2 s�1 PPFD
for 20 h) did not result in photo-bleaching or other macroscopic
damage to any of the genotypes. On the contrary, all four
genotypes exhibited significantly increased total leaf number
(TLN) and DW (Table 1). However, the increase in light had no
effect on the leaf number of the main stem in M1, whereas
BeijingJietou had significantly more leaves by day 5 (Fig. 2C and
D). High light also increased the number of leaves on the main
stem in C. �hytivus and C. hystrix after day 15 and day 20,
respectively (Fig. 2A and B). BeijingJietou showed the highest
increase in DW under high light: leaf DW increased by 208%,
stem DW by 267%, and fruit DW by 265%. LA also increased by
112%. C. hystrix had higher leaf DW (148%) in high light than in
low light. C. �hytivus also showed higher leaf DW (160%), stem
DW (162%) and TLA (84%) under high light. In M1, the leaf DW
was increased by 67%, and the fruit DW was 3.9 times higher
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under high light (Table 1). Significantly lower SLA was observed
in all four genotypes under high light (Table 1). As shown in
Fig. 2, the developing leaves of the four genotypes consistently
expanded rapidly during the first five days. C. hystrix had
significantly smaller leaves than the others. The developing leaf
of C. hystrix and C. �hytivus was fully expanded on day 5, but
decreasing leaf area was observed on day 20. The leaf area of
the developing leaves in M1 and BeijingJietou continued to
increase for the following 15 days but more slowly than the first
five days. The LA of developing leaves in C. hystrix and
C. �hytivus was not affected by the high light treatment, but a
significant increase in the LA of developing leaves was observed
on day 20 in BeijingJietou and from day 10 to 20 in M1 (Fig. 2G
and H).

3.2. Pigmentation

The four genotypes exhibited differences in Chl accumulation
during leaf development under both low and high light (Fig. 1 and
3). On day 0, the developing leaf (i.e., the first unfolded young leaf)
had the highest Chl content in C. hystrix, followed by BeijingJietou,
whereas it was lowest in C. �hytivus and M1, reflecting the
variation in leaf colour (Fig. 1B and 3). On day 5, the Chl content of
the developing leaf in BeijingJietou reached its maximum,
27.4 mg cm�2, whereas C. hystrix had the highest Chl content of
its developing leaf on day 10. Developing leaves of C.�hytivus and
M1 showed delayed Chl accumulation, achieving the maximum
Chl content on day 15 (Fig. 3C and D). However, the percentage of
Chl increase and maximum Chl content in C. �hytivus were 209%
and 30.0 mg cm�2, which were significantly lower than the values
in M1 of 259% and 43.8 mg cm�2 (Fig. 3). After reaching the
maximum value, the Chl content of the four genotypes decreased
due to leaf senescence, being most pronounced in BeijingJietou
(Fig. 3C). The Chl accumulation of C. hystrix and M1 was not
affected by the high light treatment (Fig. 3A and D), whereas
significantly higher Chl content (increased by 58% on day 5) was
observed under high light in BeijingJietou during the first 10 days
(Fig. 3C). In contrast, the Chl content of C. �hytivus under high light
was significantly lower than under low light from day 15 (Fig. 3B).
Fig. 3. The development of leaf chlorophyll content (monitored by Dualex 4) of the devel
and M1 (D, diamonds) in the low light (black shapes) and the high light (white shapes) tre
significant difference between the treatments.
3.3. Photosynthesis

On day 0, no significant genotypic difference in Pn was observed
among the four genotypes (Fig. 4). However, a significant genotypic
difference in Pn was observed under both low and high measuring
light from day 5 to 20. A decrease in Pn due to Chl degradation and
senescence of the leaves was observed in all four genotypes but was
most pronounced in BeijingJietou (Fig. 4C). High light affected the
developing leaf of the four genotypes at different times during the
experiment, correspondingtothe dayof themaximumChl content.A
significant high light effect on Pn was observed on day 5 under low
measuring light and on days 5 and 10 under high measuring light.
Moreover, significant interactions between genotypes and PPFD
treatments were observed on day 20 under low measuring light and
on days 5, 10 and 20 under high measuring light. In C. hystrix, Pn
increased by upto 41%underhigh measuring lighton days 5 and10 of
the high light treatment (Fig. 4A). BeijingJietou grown at high light
exhibited significantly higher Pn (up to 57%) under both low and high
measuring light levels on day 5 (Fig. 4C). InM1, significantly higher Pn
was measured at both light intensities at the end of the light
treatments (Fig. 4D). High PPFD led to a significant increase in Pn in C.
�hytivus on day 10, while decreased Pnwas observed in C. �hytivus
under both high and low measuring light intensities at the end of the
treatment (Fig. 4B). Significant linear correlation between Chl
content and Pn under both low and high measuring light was
observed in C. hystrixand BeijingJietou(Fig. 5A and C). No correlation
was observed in C. �hytivus, while there is a significant linear
correlation between Chl content and Pn under 200 mmol m�2 s�1

PPFD in M1 (Fig. 5B and D).

3.4. Chlorophyll fluorescence

The four genotypes exhibited varied Fv/Fm patterns (Fig. 6). The
Fv/Fm of the developing leaf in C. hystrix decreased gradually with
leaf age (Fig. 6A) while Fv/Fm remained unchanged in the
developing leaf in BeijingJietou (Fig. 6C). As the leaf Chl content
increased in C. �hytivus and M1, their Fv/Fm ratios both increased
marginally (Fig. 6B and D). In C. hystrix, a significant decrease in
Fv/Fmwas observed on day 15 of the high light treatment (Fig. 6A).
oping leaf of C. hystrix (A, squares), C. �hytivus (B, triangles), BeijingJietou (C, circles)
atment. The data are mean values � SE (n = 3), and *(P < 0.05) and **(P < 0.01) indicate



Fig. 4. The development of the rate of net photosynthetic (Pn) of the developing leaf of C. hystrix (A, squares), C. �hytivus (B, triangles), BeijingJietou (C, circles) and M1 (D,
diamonds) measured under 200 mmol m�2 s�1 (solid lines) and 800 mmol m�2 s�1 (dash lines) in the low light (black shapes) and high light (white shapes) treatment. The data
are mean values � SE (n = 3), and *(P < 0.05) and **(P < 0.01) indicate significant difference between the treatments.
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The developing leaf of C. �hytivus had lower Fv/Fm values in high
light compared to low light (Fig. 6B). For BeijingJietou, lower values
of Fv/Fm were also observed in high light (Fig. 6C). High light
resulted in a significant drop in Fv/Fm in M1, particularly in the
young leaf, from 0.77 to 0.66 (Fig. 6D). No correlation was observed
between Chl content and Fv/Fm.

3.5. Carbohydrates

After 20 days of high light treatment, neither genotype nor
treatment effect was observed on the glucose content (Table 2).
However, there was a significant genotype dependency of the
fructose content, with significantly higher fructose content in C.
hystrix (Table 2). For the sucrose content, total soluble sugar
content and starch content, no genotype effect was found;
however, there were significant light effects (Table 2). High light
led to the accumulation of sucrose in BeijingJietou, which
contributed to the higher total soluble sugar content. Both
BeijingJietou and M1 showed starch accumulation after 20 days of
high light treatment. No significant high light treatment effect was
found on the carbohydrate content in C. hystrix and C. �hytivus.

4. Discussion

4.1. High light acclimatization

We explored the response of four genotypes of cucumber (
Cucumis) with varied Chl content towards elevated light intensity
for a period of 20 days. The four genotypes displayed divergent
photosynthetic acclimation to the high light. However, none of
them were severely photoinhibited. A long-term increase in light
often results in an increased capacity for photosynthesis in terms
of leaf area, dry weight and Chl (Murchie and Horton, 1997). All
four genotypes showed increased growth and biomass accumula-
tion under high light.

Plants respond to changes in environmental conditions in
many ways, ranging from long-term processes such as altered
leaf anatomy to the short-term adjustment of protein stoichi-
ometry within the photosynthetic apparatus (Demmig-Adams
and Adams, 1992). Photosynthetic acclimation is defined as
adjustment in the composition of the photosynthetic apparatus
within individual cells, and lies between long-term and short-
term changes (Walters, 2005). However, the capacity to alter
the photosynthetic components according to the light environ-
ment is dependent on species, as the light requirements for a
given species depend on habitat and growth strategy (Murchie
and Horton, 1997). As we hypothesized, the response to high
light was linked to the leaf greenness of the different related
genotypes. In addition to the clear difference in Chl accumula-
tion of the four genotypes per se, high light also affected Chl
depending on genotype. The Chl content of the developing leaf
in BeijingJietou increased immediately under high light,
corresponding to the results in the sun leaves of wheat
(Lichtenthaler et al., 1981). High light did not significant
changes in Chl content in C. hystrix and M1, but decreased
the Chl content in the later experimental period in C. �hytivus.
The higher Chl content in BeijingJietou under high light aligns
to the enhanced photosynthesis, which ultimately resulted in
more leaves and increased biomass. However, it is not clear that
whether higher Chl concentration promotes photosynthesis or
enhanced photosynthesis induces an increase in Chl content
because it needs more. Anderson et al. (1988) demonstrated
that it is the ratio of Chl a/b showed a strong correlation to the
growth irradiance, rather than Chl concentration per leaf area. In
our case, the effect of changing light intensity on Chl
concentration varied among species within Cucumis.

The long-term developmental process in response to changes in
light conditions takes effect over a period of weeks. After 20 days,
all four genotypes had consistently lower SLA in high light, which
can be a result of thicker leaves in terms of longer palisade cells,
additional cell layers and larger cells, as Lichtenthaler et al. (1981)
observed in beech, and/or accumulated starch. Moreover, M1 also
differs morphogenetically from the other genotypes in response to
high light. Under high light, M1 increased TLN by more leaves on
branches but showed an unchanged number of leaves on the main
stem, whereas the other genotypes showed increases in leaf
number on both the main stem and the branches. In Sinapsis alba
high light resulted in the accumulation of soluble sugars and starch
(Wild and Zerbe, 1977). In our study, BeijingJietou accumulated
sucrose and starch, whereas M1 only accumulated starch in the
leaves. No high light effect on the carbohydrates was observed in C.
hystrix and C. �hytivus. The significantly higher sucrose content of



Fig. 5. Correlations between Chl content and Pn, measured under 200 mmol m�2 s�1 (black, left) and 800 mmol m�2 s�1 (white, right), of C. hystrix (A, squares), C. �hytivus (B,
triangles), BeijingJietou (C, circles) and M1 (D, diamonds).
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BeijingJietou leaves under high light might explain the overall
increased dry weight in the leaf, stem and fruit.

Plants that occupy sunny habitats (sun plants) are generally
capable of higher photosynthetic rates at high light levels than
plants restricted to shaded locations (shade plants) (Björkman,
1981). In some shade-adapted species, even moderate increases in
growth light intensity can lead to reversible photoinhibition rather
than acclimation (Jurik et al.,1979). We assume that BeijingJietou is
relatively better at acclimating to sunny conditions, showing a
higher Pn increase under high light than the other genotypes. This
ability to acclimate consequently leads to higher improvement of
dry matter accumulation, which is the target for breeders in
selecting suitable genotypes for high yield production as a
commercialized cucumber cultivar. C. hystrix was considered as
a shade-adapted plant (Yu et al., 2015). However, our results
showed that C. hystrix is a facultative shade plant, as suggested by
the significant increased Pn and biomass and 68–69% lower SLA
(same to BeijingJietou) under high light, which is also fit for a
climber plant.

4.1.1. The role of Chl in the photosynthetic acclimatization
In fully developed healthy leaves of pea, the Chl concentration

per area was unaffected by the growth light level, even though the
rate of oxygen evolution was gradually acclimating to the increased
light level (Anderson et al., 1988). Even though the photosynthetic
apparatus acclimated by changing stoichiometry between Chl



Fig. 6. The development of Fv/Fm of the developing leaves of C. hystrix (A, squares), C. �hytivus (B, triangles), BeijingJietou (C, circles) and M1 (D, diamonds) measured by Handy
PEA in the low light (black shapes) and the high light (white shapes) treatment. The data are mean values � SE (n = 3), and *(P < 0.05) and **(P < 0.01) indicate significant
difference between the treatments.
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allocated to different components there was no correlation
between Chl concentration per leaf area and photosynthesis
(Anderson et al., 1988), which has also been shown in other studies
(Hesketh, 1963; Šesták, 1966). In our experiment, we observed a
linear correlation between Chl content per leaf area and Pn in the
parent species, C. hystrix and BeijingJietou. However, in our
experiment we followed the developing leaf so the increase in Chl
content was accompanied by an increase in Pn as the leaf
approached maturation. In the end of the experiment the drop
in Chl content was most pronounced in BeijingJietou accompanied
with low Pn and this species showed clearest visual signs of
yellowing leaves in the end of the experiment. However, even
though the high light caused moderately lower Fv/Fm in
BeijingJietou, two out of four measuring days PSII was still not
severely degraded during the experiment. As for the synthesized
allotetraploid, C. �hytivus, unlike it parents, no correlation was
observed. It can be related to the effect of “genomic shock”
(McClintock, 1984; Zhuang et al., 2009) resulting in disruption in a
number of regulatory and developmental processes, including Chl
deficiency.
Table 2
Carbohydrate content among the four genotypes under low and high light. Values are
difference at 0.05 (P < 0.05). Level of significance: NS, non-significant; *, P < 0.05; **, P <

Genotype Treatment Glucose, mg g�1 Fructose, mg g�1

C. hystrix Low light 0.41 � 0.05a 4.11 � 0.26a

High light 0.48 � 0.14a 4.43 � 0.36a

C. �hytivus Low light 0.36 � 0.03a 2.45 � 0.47bc

High light 0.52 � 0.13a 2.71 � 0.48bc

BeijingJietou Low light 1.13 � 0.66a 1.67 � 0.36c

High light 0.95 � 0.53a 1.76 � 0.23c

M1 Low light 0.43 � 0.09a 2.19 � 0.12bc

High light 0.47 � 0.04a 3.16 � 0.79ab

Genotype effect NS **

Light effect NS NS

Genotype � light effect NS NS 
4.2. Delayed Chl accumulation

Although C. �hytivus and M1 exhibited similar phenotypic
changes in leaf colour corresponding with later Chl accumulation,
they behaved differently in response to high light. This difference
may be related to the different origins of the induction of Chl
deficiency. Chl deficiency in mutants always results in decreased Pn
and thereby reduced carbon-related biomass production, which is
the reason for abortion or slow growth in most cases (Chen et al.,
2009; Wu et al., 2007). However, the result of blocked Chl
biosynthesis can be substantially overcome over time (Falbel et al.,
1996; Wu et al., 2007; Dong et al., 2013), which is also consisitent
with the results for M1. Moreover, M1 maintained high Pn
throughout the experimental period, giving M1 a longer leaf life
span to accumulate more photosynthetic products. In addition to
the higher fruit DW under high light, M1 showed potential for yield
improvement in cucumber.

The Chl deficiency in C. �hytivus did not obviously affect its
growth. C. �hytivus exhibited yellow-green young leaves with
lower Chl content, which could be the result of “genomic shock”
(McClintock, 1984; Zhuang et al., 2009). In this study, the Chl
 mean � SE (n = 4). Different letters within the same column indicate a significant
 0.01.

Sucrose, mg g�1 Total soluble sugar, mg g�1 Starch, mg g�1

9.80 � 2.36ab 14.32 � 2.56ab 21.59 � 4.12bc

11.32 � 3.57ab 16.23 � 3.56a 24.63 � 2.43bc

5.61 � 0.61bc 8.42 � 0.90bc 13.76 � 2.57c

11.10 � 2.11ab 14.33 � 1.81ab 19.82 � 0.71bc

3.49 � 0.39c 6.29 � 0.49c 18.77 � 2.10bc

12.91 � 0.91a 15.62 � 1.45a 38.00 � 7.41a

9.29 � 1.12ab 11.91 � 1.13abc 15.13 � 0.52c

9.46 � 1.32ab 13.09 � 2.01ab 28.89 � 5.88ab

NS NS NS

** ** **

NS NS N
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content of developing leaves in C. �hytivus significantly decreased
during the later period of high light. The loss of green colour caused
by Chl breakdown is the most obvious sign of leaf senescence
(Schelbert et al., 2009), and the Pn of C. �hytivus decreased in
concert with the decrease of Chl content. Therefore, it is suggested
that high light accelerated leaf senescence in C. �hytivus. Chl
content can be decreased by high light as a consequence of excess
light energy that exceeds the plant’s needs (Aarti et al., 2007). High
light led to decreased Chl content in C. �hytivus but not in other
genotypes. It could therefore be modelled using the ‘supply and
demand’ dynamic of Chl accumulation and photo-bleaching (Falbel
et al.,1996). From another perspective, this result indicates that the
lower Chl content in C. �hytivus may be sufficient to meet its
photosynthetic requirement. The difference in photosynthetic
performance between C. �hytivus and M1 under high light might
suggest that the Chl deficiency is due to allopolyploidization and/
or mutation.

4.3. Fv/Fm—the indication of high light stress

A lower Fv/Fm is frequently observed when plants are
subjected to abiotic stresses including high light stress (Fu et al.,
2012; Han et al., 2010; Janssen et al., 1992; Krause et al., 1995;
Zhou et al., 2015). The light stress is known as photoinhibition
where the decreased functionality of PSII is shown as a
reduction in Fv/Fm (Barber and Anderson, 1992; Long and
Humphries, 1994; Krause et al., 1995). Therefore, it is possible to
detect plant damage under stress much earlier than by
observing the changes in morphology. The significant decrease
in Fv/Fm found in the four genotypes under high light half of the
measurement days at first glance seems to conflicts with the
increase of Pn and biomass. However, the primary effect of
decreasing Fv/Fm on photosynthesis is a decrease in the
apparent maximum quantum yield at low light where the
decrease in Fv/Fm is on the same magnitude that the decrease in
apparent quantum yield (Ögren and Sjöström, 1990). Therefore,
at moderate photoinhibition the most pronounced effect on the
photosynthetic light response curve is seen at low and
intermediate light and less so at high light. Therefore, a
moderate increase in light level can lead to moderate decrease
of Fv/Fm that is not reflected in photosynthesis at higher light
levels. Furthermore, even slightly photoinhibited plants that are
exposed to higher light level will harvest and successfully
process more light, than plants that are not photoinhibited and
exposed to lower light levels.

5. Conclusions

In summary, we tested the response of four genotypes with
different foliar greenness to differences in light intensity, and none
of the four genotypes were photoinhibited at the high light
intensity. However, the four genotypes exhibited genotypic
differences not only in Chl content but also in photosynthetic
capacity, growth habit and response to high light. Further, with
similar delayed Chl accumulation, M1 exhibited the ability to
prolong its leaf life span, maintaining high levels of photosynthesis,
whereas this ability was not observed in C. �hytivus. In addition, to
evaluate the effect of light stress detected by Fv/Fm it has to be put
into the context of the prevailing growth light environment and
not evaluated alone.
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wangxing
文本框
简介：本文通过对具有不同叶色的4中基因型进行不同光照强度处里，发现叶色型差异不仅表现在Chl含量，而且在光合作用能力，生长习性和对高光的反应。
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