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Abstract

Light and temperature are two major factors for plant growth. Carotenoids are important photoprotective and light-
harvesting pigments in photosynthetic organs. Therefore, this study explored photosynthesis and carotenoid-related
metabolism under control (CK), low-light (L), and low-temperature and low-light (LL) conditions by using the pepper
(Capsicum annuum L.) varieties Longjiao 5 and Hangjiao 4. We found the increased inhibition of plant growth and
photosynthetic capacity under both L and LL stress. Meanwhile, carotenoid-related metabolic compounds accumulated
in pepper showed different responses to the two stresses. Significantly, zeaxanthin contents were 6.69-8.88 times higher
under LL than that of CK, a-carotene contents were 0.9-2.1 times higher under L than that of CK, which may enhance the
tolerance to LL and L. Our findings provide a foundation for further research on the molecular mechanism of carotenoid
functions regarding L and LL tolerance by regulating photosynthesis.

Additional key words: chilling injury index; chlorophyll fluorescence; pigment content.

Introduction a result, low light (L) or low temperature combined with

low-light (LL) stress occur in many regions of northern

Alterations in anatomical, physiological, and biochemical
traits occur when plants acclimate to abiotic stress (Pengelly
et al. 2010, Parida et al. 2016, Cao et al. 2017, Skupien
etal. 2016, Arena and Vitale 2018, Saez et al. 2018, Sahoo
et al. 2018). Temperature and light, which are two key
environmental factors for plants, are responsible for plant
growth regulation, development, survival, and distribution
(Kami et al. 2010, Barrero-Gil et al. 2016). In recent
years, the occurrence of unfavorable weather conditions,
such as fog, haze, continuous overcast and rainy days, and
extremely low temperatures, has increased in China. As

China during mid-winter and has become a predominant
limiting factor of off-season vegetable production in
greenhouses (Ou et al. 2015, Yu et al. 2016, Zhu et al.
2017). L and LL are the most detrimental among stresses
and consistently lead to a reduction in plant growth and
crop production. Pepper, a thermophilous and heliophilic
vegetable, originally from South America (McLeod et al.
1982), is strongly affected by L and LL at its growth stage.

The damage to plants caused by low light and low
temperature originates from an imbalance between the
light energy absorbed by photosystems and the energy
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consumed by metabolic activities (Ruelland et al. 2009).
In the study of Page et al (2012), the number of leaves and
tillers in wheat decreased with decreasing light from 380
to 100 pmol(photon) m2 s, and wheat plants had long but
minimally branched roots. In another study, the leaves of
dicot Flaveria bidentis plants grown at a low light intensity
[150 pmol(photon) m2 s™'] were 21% thinner than those
grown at a medium light intensity [S00 pmol(photon)
m? s'] and had 42% less mass per unit area (Pengelly
et al. 2010). L also blocks photosynthetic electron trans-
port and F./F,, and the carbon assimilation enzyme
activity of Chinese mini cabbage (Brassica pekinensis L.)
(Hu et al. 2017). Moreover, low temperature can induce
a membrane fluidity and water availability decline,
irreversible reduction of photosynthetic rate, and impair-
ments of PSII activity (Hikosaka et al. 2006).

Carotenoids (Car), a large group of natural pigments,
play two vital roles in photosynthesis, namely, as light
harvesting and photoprotection pigments due to their
function as light acceptor and capability to protect photo-
synthetic organisms from oxidative damages by dissipating
excess energy (Sies and Stahl 1995, Stahl and Sies 2003,
Demmig-Adams and Adams 2006). Researchers have
performed numerous studies on the Car compositions
in plants, and most of them have contributed to the
knowledge on the relationships between the formation
of fruit color and Car contents (Daood and Biacs 2005,
Perkins-Veazie et al. 2006, Giacalone et al. 2010, Guzman
et al. 2010, Serrano et al. 2010, Wahyuni et al. 2011,
Enfissi et al. 2017). However, studies on the influence
of L on Car compositions are limited. In a previous work
(McElroy et al. 2006), the amounts of zeaxanthin (Zea) and
antheraxanthin (Ant) of creeping bentgrass decreased from
5.1 and 34 pg g’ to 9 and 0.6 pg g!, respectively, while
violaxanthin (Vio), lutein (Lut), and lutein-5,6-epoxide
(Lut-epoxide) increased after 24 h and then decreased from
24 to 168 h when transferred from high-irradiance to low-
irradiance conditions. Notably, Lut was the predominant
substance regardless of irradiance (McElroy et al. 20006).
Another study showed that the amount of Zea in big tooth
maple in shaded area was lower than that in unshaded
areas, but the xanthophyll pigment pool was unchanged
(Bowen-O'Connor ef al. 2013).

Overall, many studies have reported on the influence
of low light or low temperature alone on plant seedlings
(Ogweno et al. 2009, Sui et al. 2012, Zhu et al. 2017,
Megha ef al. 2018, Lu et al. 2019), but only a few focused
on the effects of LL, which is similar to the environment
in greenhouses during winter-spring days. In particular,
the Car composition in plants, especially in pepper leaves,
under L and LL has not been reported. Our previous study
examined the relationship between total Car content and
tolerance to L or LL in pepper seedlings (Xie ef al. 2010),
but it still remains unclear which carotenoid compositions
exert effect. Based on our preliminary experiments, we
choose two varieties of pepper — Longjiao 5 and Hangjiao
4, which exhibited the most significant differences in the
tolerance to low light and low temperature combined
with low light. The present study aims to investigate
the changes in photosynthetic pigments, photosynthetic
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properties, chlorophyll (Chl) fluorescence characteristics,
and the core carotenoid-related metabolic compounds in
response to normal temperature and light (CK), L, and LL.
Our findings could provide a basis for further research on
the molecular mechanism of chilling and weak light stress
tolerance in pepper leaves and a theoretical basis for the
breeding of pepper that is tolerant to L and LL.

Materials and methods

Plant material and growth conditions: Pepper (Capsicum
annuum. L) seeds of Longjiao 5 (L5) and Hangjiao 4 (H4),
obtained from the Gansu Academy of Agricultural Science
and Tianshui Shenzhou Lvpeng Agricultural Technology
Company, were soaked in water at 55°C with constant
stirring for 30 min and then immersed in tap water for
another 4 h. The seeds were germinated on a moist
towel saturated with tap water in a climate incubator at a
temperature of 28°C in the dark for 3—4 d. Two seeds with
radicle of the same size were transplanted into a black,
plastic nutritive pot (9 X 9 cm) containing seedling substrate
(peat:vermiculite, 2:1) and grown in the Gansu Agricultural
University greenhouse (36°05'39.86"N, 103°42'31.09"E)
with regular water and fertilizer management under the
following conditions: a temperature of 28/18°C (day/
night), a 12-h photoperiod, a PPFD of 300 pmol(photon)
m 2 s and a relative humidity of 65-70%.

Stress treatments: The uniform seedlings that reached
the stage of seven fully expanded leaves were subjected
to L and LL stress. The seedlings were transferred to
a growth chamber (RDN-400E-4, Zhejiang, China).
Temperature was set at 28/18°C (day/night) and PPFD of
300 pmol(photon) m™= s (CK), 28/18°C (day/night) and
PPFD of 100 pumol m2s7! (L), and 15/5°C (day/night) and
PPFD of 100 pmol m™2 s™! (LL). The seedlings at different
treatments were exposed to an average relative humidity
of 65-70%, a 12-h photoperiod, and kept under the same
water and fertilizer management.

The functional leaves (third—fourth fully expanded
leaves) were collected for measurements after 20 d. For
each treatment, three replicates were performed, and each
replicate included 60 pots of seedlings.

Morphological parameters: On the 20" day of treat-
ments, the height, stem diameter, leaf number, shoot and
root fresh mass, shoot and root dry mass, and seedling
index of varieties L5 and H4 were analyzed. The seedling
index was calculated using the following formula: (stem
diameter/height + root DM/shoot DM) x DM, where total
dry mass — DM, root dry mass — root DM, and shoot dry
mass — shoot DM.

Assessment of chilling injury index and dry mass:
The chilling injury (CI) index, representing the chilling
tolerance, was assessed according to Semeniuk et al
(1986) with some modification after 20 d in darkness
at 4°C. All the pepper leaves were assessed using the
following CI grades (each variety had three replicates of
15 plants): £ = 0, no damage; ¢ = 1, leaf margin slightly
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dehydrated; ¢ = 2, leaf margin severely dehydrated; ¢ = 3,
leaf margin severely dehydrated and several dark spots;
t=4, leaf severely dehydrated with dehydrated patches and
partial leaf shrinkage; and ¢ = 5, whole leaf dehydration
and wilting. Following formula was used to calculate the
CI of each seedling: CI = (Zn x ¢)/(N x T), where n is the
grade of one leaf, 7 is the leaf number of one grade, N is
the highest grade of one seedling, and 7'is the total number
of grades of one seedling. On the 20" day of L and LL
treatment, the samples were divided into shoots and roots,
kept in oven at 80°C until they reached a constant mass,
and then weighed.

Photosynthetic pigment contents: The pigment contents,
including chlorophyll (Chl) a, Chl b, Chl (a+b), and
total carotenoid (Car) were determined according to Hu
et al. (2015). Fresh pepper leaf samples (0.5 g) were
immersed in 10 mL of 80% acetone for 48 h until the
leaves became white. Then, the supernatant was assayed at
absorbances of 645, 663, and 445 nm using an ultraviolet
spectrophotometer (7U-1900, Beijing, China).

Chl fluorescence parameters were measured in pepper
seedlings with Imaging-PAM fluorometer (Walz, Germa-
ny). After being stored in darkness at room temperature
for 30 min, the third youngest pepper leaf was selected
for the measurement of parameters and three areas of one
leaf were chosen. First, the minimal fluorescence (F) was
recorded after illumination of the leaf with a measuring
light, maximum Chl fluorescence (F.,) was obtained after
a saturation pulse, the variable Chl fluorescence (F,) was
defined as F,, — Fo, and the maximum photochemical
efficiency was calculated as F,/F,, (Krause and Weis
2003). The photochemical quenching coefficient (qp),
nonphotochemical quenching coefficient (qn), nonphoto-
chemical quenching (NPQ), photochemical quenching (qv),
electron transport rate (ETR), energy allocated for
photochemical reactions [ Y 1], fraction of absorbed photon
energy heat dissipated [Y o)), and excess energy [Y neq)]
were determined by kinetics curves of the saturation pulses
applied after 320 s of illumination at 81 pumol(photon)
m2 s with a 20-s interval (Kramer et al. 2004). Light
curves were plotted using the relative measure of the
apparent ETR at different PARs. The operation and data
processing were evaluated using Imagining Win v. 2.46i
software.

Photosynthetic parameters: The stomatal conductance
(gs), intercellular CO, concentration (C;), transpiration
rate (£), and net photosynthetic rate (Py) of the third
fully expanded leaves were measured with a portable
photosynthesis system (CIRAS-2, PP-systems, UK) after
treatment for 0, 5, 15, and 20 d. The instrument was
deployed at a PPFD of 800 umol m™2 s!, a relative
humidity of 75%, an atmospheric CO, concentration of
380-390 pumol mol ™! and at room temperature. Data were
recorded after steady values were reached.

Car-related metabolic compounds: Three replicates of
2 g of fresh pepper leaves lyophilized with liquid nitrogen

were prepared for Car determination. The carotenoids were
extracted and quantified according to Li ef al. (2017), the
ten carotenoid compositions were ultrasonically extracted
using 16 ml of acetone:ethyl acetate (v/v, 1:2) and passed
through a 0.22-um millipore membrane. Waters 2695
HPLC (Waters, Milford, MA, USA) equipped with a
Waters 2489 absorbance ultraviolet detector (45 nm) was
used to quantify Neo, Vio, Ant, Lut, Zea, Lut-epoxide,
lycopene, phytoene, a-Car, and B-Car. The mobile phase
consisted of acetonitrile (A), water (B), methyl tert-butyl
ether:methanol (v/v, 1:1) (C), and ethyl acetate (D). 20 uL
of extract was injected into the HPLC system at a flow
rate of | mL min™!. HPLC analysis was performed using a
Welch ultimate column XB-C30 (5 um, 250 X 4.6 mm in
diameter) under 30°C.

Data analysis: The values used in figures and tables are
the means of three replicates, and error bars represent
the standard deviation of three independent experiments.
The data were analyzed by one-way analysis of variance
(ANOVA) to compare the means of different levels in the
same treatment, including variance homogeneity. Duncan's
multiple range test was used to assess the significance of
the mean difference between treatments (P<0.05). All
statistical analyses were carried out using SPSS 79.0. All
figures were created in Origin v. 8.5 and Adobe Photoshop
CS 6.

Results

Morphological parameters and chilling index: The seed-
lings under CK and L flowered when treated for 10-15 d
and after 15-20 d, however, no flowers were observed
under LL. The changes of height, stem diameter, leaf
number, fresh mass, dry mass, and seedling index of L5 and
H4 under stresses were analyzed (Table 1S, supplement).
Compared with CK, among the six parameters, the values
of stem diameter, dry mass, and seedling index declined
significantly by 15.3, 22.9, and 26.9%, respectively, in L5
under L, while no significant changes were observed in any
of those parameters of H4. Moreover, when treated with
LL, the values of all those six parameters of L5 decreased
by 10.8, 11.0, 28.6, 29.5, 31.3, and 48.1%, respectively,
as for H4, the values of stem diameter, leaf number, fresh
mass, dry mass, and seedling index decreased significantly
by 22.7,25.0, 35.7, 27.0, and 40.0% , respectively, and the
height slightly increased.

The statistical results showed that the CI of 0.841 in H4
was markedly higher than the CI of 0.453 in L5. As shown
in Fig. 1, both varieties displayed irreversible damage and
all leaves severely wilted, curved, and exhibited brown
blotches. Specifically, all the leaves of the H4 seedlings
turned yellow or brown, and stems of almost all seedlings
were dehydrated, withered, and lodged from the root base.
However, most leaves of L5 remained green and the stem
remained upright, just only a few stems were lodged from
the 3% to 4" blades.

Photosynthetic pigment contents: Fig. 2 shows the con-
centration of photosynthetic pigments varying with the
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treatments (CK, L, and LL) in pepper seedlings of both
cultivars. The Chl a (Fig. 24), Chl b (Fig. 2B), Chl (a+bd)
(Fig. 2C), and total Car (Fig. 2D) contents were signifi-
cantly lower in the L and LL treatments than that in CK.
L lowered Chl a, Chl b, Chl (a+b), and Car contents by 6.0
and 8.5%, 7.5 and 6.1%, 6.3 and 7.8%, and 17.1 and 1.6%
in LS and H4, respectively. Under LL, the Chl a, Chl b,
Chl (a+b), and Car contents all dramatically decreased by

Fig. 1. Seedlings of L5 (Longjiao 5) and H4 (Hangjiao 4) treated
for 20 d under low temperature and dark (4/4°C, day/night
temperature). The chilling injury (CI) was calculated. Data are
the means of three independent replicates with 30 seedlings.

23.2,33.7,26.2, and 29.4% in L5 and by 31.1, 29.8, 30.7,
and 27.1% in H4 pepper, respectively.

Photosynthetic gas-exchange parameters, including E,
g, Pn, and Ci, were measured in the third fully expanded
leaves on days 0, 5, 10, 15, and 20 after treatment (Fig. 3).
Under L, the £ (Fig. 34), g (Fig. 3B), and Py (Fig. 3C) of
L5 dramatically declined and then increased with values
ranging from 4.80 to 3.75 mmol m™2 s, 267.3 to 273.7
mmol m2 s}, and 8.83 to 8.70 umol m™ s7!, respectively.
Moreover, the E and Py values were clearly lower at all
time points after treatment compared with CK. Although
gs was higher after day 20, no significant differences were
observed. By contrast, C; (Fig. 3D) increased from 202.0
to 299.3 umol m2 s! and then declined to 223.3 umol
m~ s, showing significant differences between day 0 and
5, 10, and 15. In H4, E significantly increased and then
decreased to the minimum value of 3.88 mmol m2 s/,
representing a 14.3% reduction after 20 d. However, the
g values obtained on 5, 15, and 20 d were much higher
than those of CK and the highest g; of 417.3 mmol m™2 s™!
was reached after 15 d (66.9% increase compared to the
value obtained on day 0). The Py values significantly
declined by 19.6, 30.3, 17.8, and 12.9% after treatment
for 5, 10, 15, and 20 d, respectively. On the contrary, the
C; values significantly increased by 30.1, 52.9, 67.5, and
43.4%, respectively.

Under LL, both L5 and H4 exhibited significant
rapid decreases in E (Fig. 34.F), g, (Fig. 3B,G), and Py
(Fig. 3C,H) every 5 d of the treatment. The lowest values
were 0.61 mmol m~2 s, 27.3 mmol m~ s, and 0.47 umol
m2 s7! for L5, which represented decrements of 87.3,
89.8, and 94.7%, respectively. In variety H4, the lowest
values were 0.32 mmol m?2 s, 13.7 mmol m? s!, and
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Fig. 3. Changes in photosynthetic gas exchange in the leaves of cultivars L5 (Longjiao 5) and H4 (Hangjiao 4) under different treatments:
CK (normal temperature and light, 28/18°C and 300 pmol m2s™"), L (low light, 28/18°C and 100 pmol m™s™"), and LL (low temperature
and low light, 15/5°C and 100 pmol m™ s™"). (4,F) E — transpiration; (B,G) g; — stomatal conductance; (C,H) Px — net photosynthetic
rate; (D,/) C; — intercellular CO, concentration. (4—D) — cultivar L5, (F—/) — cultivar H4. Data are means = SD (n = 3), and significant
differences (Duncan's test of one-way ANOVA, P<0.05) between different treatment days are indicated by different letters.

0.23 pmol m™? s”', which showed considerably more
drastic reductions of 92.9, 94.5, and 97.5%, respectively,
when compared to L5. Nevertheless, the C; values in
both varieties increased from 202.0 to 367.3 pmol m2 s™!
(81.8% increase) in L5 (Fig. 3D) and from 192.7 to 368.3
pmol m2 s7! (91.1% increase) in H4 (Fig. 37). Statistically
significant increments were detected between the periods
before and after treatment.

Chl fluorescence parameters: The effects of L and LL on
photosynthetic capacity were measured after 20 d. Figs. 4
and 5 showed that F,/F,, and ETR slightly increased under
L in H4 but slightly decreased in L5 compared with CK.
However, they both dramatically decreased under the LL
treatment and more drastic reductions were observed in
H4 compared to L5, which is in agreement with the data

listed in Table 18S.

The qv and NPQ of pepper seedlings exposed to L
and LL were higher than those of CK seedlings, these
increments in qu differed significantly between the three
treatments in L5. The values were 4.9 and 29.0% higher
for qn and 22.0 and 128.9% higher for NPQ in H4 under
L and LL, respectively, compared with CK. By contrast,
qr and qp exhibited opposite tendencies, namely, the
results listed in Table 18 illustrate that L and LL caused a
significant decrease, expressing larger reduction under LL.
In addition, two stresses reduced the efficiency of Y in
all pepper seedlings but increased Y weq). A larger reduction
in Yqy or increase in Ynrg was found in the seedlings
grown under LL compared to those grown under L. The
Y o) values in all treatments remained nearly unchanged

(Fig. 6).
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Carotenoid-related metabolic compounds: The concen-
trations of Car compounds in the pepper leaves of LS5
(Fig. 7; Fig. 1S, supplement) and H4 (Fig. 8; Fig. 28,
supplement) varied in response to L and LL. The main Car
in the two varieties were Vio, Neo, Lut, Phy, a-Car, and
B-Car (concentration > 10 ug g™'), but Ant, Zea, and Lut-
epoxide were detected in small amounts (concentration
<1 ug g") under L. These results are in accordance with
those for LL, except for Zea, which significantly increased
100-fold.

By contrast, the concentrations of Neo, Vio, Lut, Lyc,
Phy, and B-Car in L5 pepper leaves treated under L and
LL were considerably higher than those under CK; it
increased by 109.5, 63.3, 104.5,5.9,99.6, and 57.5% under

Fig. 4. Changes in the images of maximum quantum efficiency of
photosystem II (F./F,) in the leaves of cultivars L5 (Longjiao 5)
and H4 (Hangjiao 4) 20 d after treatment: CK (normal temperature
and light, 28/18°C and 300 pmol m2 s™'), L (low light, 28/18°C
and 100 pmol m™2 s™!), and LL (low temperature combined with
low light, 15/5°C and 100 wmol m2s™!). The fluorescence images
of F./F, are given in false colors that represent the absolute
values of the ratio ranging from 0 (black) to 1.0 (purple).
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Fig. 5. Changes in the electron transport rate (ETR) in the
leaves of cultivars L5 (Longjiao 5) and H4 (Hangjiao 4) 20 d
after treatment: CK (normal temperature and light, 28/18°C and
300 umol m? s"), L (low light, 28/18°C and 100 pmol m™2 s™),
and LL (low temperature combined with low light, 15/5°C
and 100 umol m™2 s™!). Each value (mean + SD) represents the
average of three independent experiments for each treatment.
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Land 160.8, 88.4, 189.2, 3.5, 40.1, and 103.7% under LL,
respectively. However, Ant and Lut-epoxide significantly
declined by 88.5 and 58.9% in L and 88.5 and 87.0% in
LL, respectively. Notably, Zea, with a markedly enhanced
concentration of 8.68 ug g!, was considerably high under
LL (0.25 pg g'). Furthermore, the a-Car was higher in
response to L but showed no significant changes in LL.
The increments in Vio under L and LL were associated
with a substantial increase in Zea and directly contributed
to significant differences in ) V+A+Z. The deepoxidation
status (DPS), (A+Z)/(V+A+Z), which was consistent with
Zea enhancement, declined from 0.21 to 0.03 under L but
increased to 0.42 under LL. The total concentrations of
the ten carotenoids (Car T) increased by 85.1 and 112.8%
under L and LL, respectively, these in turn led to an
increase in Car (Figs. 7, 15).

In H4, the L and LL significantly altered the Neo,
Vio, Zea, Lyc, and a-Car contents, the concentration of
B-Car significantly changed under LL but not under L,
whereas Lut-epoxide showed significant changes under
L but not under LL. Specifically, the Neo, Vio, Lut, Lut-
epoxide, Phy, a-Car, and B-Car concentrations increased
by 117.9, 121.5, 140.2, 1272.4, 4.4, 95.1, and 12.6%,
respectively. However, the others, such as Ant, Zea, and
Lyc, decreased to varying degrees under L (i.e., 86.0,
76.9, and 25.1%, respectively). LL resulted in increments
in Neo, Vio, Lut, Lut-epoxide, Zea, a-Car, and B-Car
concentrations of 150.1, 136.5, 159.8, 20.7, 888.5, 47.5,
and 58.0%, respectively. However, Ant, Lyc, and Phy
declined by 84.4, 19.9, and 22.2%, respectively. After L
and LL stresses, V+A+Z increased from 6.54 to 11.70 and
18.03 pg g', respectively. These results are attributed to
Vio and Zea, but not to Ant. A minimum DPS value of
0.02 was observed, but the a-Car/B-Car ratio (1.74) was
the highest under L, which coincided with the results for
L5. The total amounts of the ten carotenoids increased by
97.1 and 93.6% under L and LL, respectively, resulting in
an increase in the Car T/Car (Figs. 8, 25).

AZZY(NO) [ZZZJY(NPQ) [ IYII|B

0.8

0.6 -

04

Y(I)+Y(NPQ)+Y(NO)

0.2 -

0
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Fig. 6. Changes in the electron transport rate (ETR) in the
leaves of cultivars L5 (Longjiao 5) and H4 (Hangjiao 4) 20 d
after treatment: CK (normal temperature and light, 28/18°C and
300 umol m? s7"), L (low light, 28/18°C and 100 pmol m2 s™!),
and LL (low temperature combined with low light, 15/5°C and
100 umol m2 s7'). (4) — cultivar L5, (B) — cultivar H4. Each
value (mean + SD) represents the average of three independent
replicates for each treatment.
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Fig. 7. Chromatograms of carotenoid compositions in L5 pepper leaves 20 d after treatment: (4) CK (normal temperature and light,
28/18°C and 300 umol m™ s™'); (B) L (low light, 28/18 °C and 100 umol m™ s"), and (C) LL (low temperature combined with low
light, 15/5°C and 100 pmol m™? s7!). 1 — neoxanthin; 2 — violaxanthin; 3 — antheraxanthin; 4 — lutein; 5 — zeaxanthin; 6 — lutein epoxide;

7 — lycopene; 8 — phytoene; 9 — a-carotene; and 10 — -carotene.

Discussion

Light and temperature are two crucial factors that affect
plants during their life cycle and are spatial and temporal
indicators of appropriate conditions for development
(Franklin et al. 2014). L and LL inhibit plant growth,
interfere with physiological and biochemical processes
(e.g., pigment synthesis and photosynthesis), and damage
plant morphology and anatomy (Tattini et al. 2006,
Seyfabadi ef al. 2011, Greer and Weedon 2012, Caliandro
etal 2013, Liet al. 2015). In this study, LL decreased plant
growth and leaf number, and the seedlings of two pepper
varieties did not flower (Table 1S). These results are similar
to those of other studies, which showed that compared with

the control, the plant height, stem diameter, and fresh and
dry mass display reductions of 36, 23.6, 65.1, and 78.8%,
respectively, under LL in tomato seedlings (Lycopersicon
esculentum Mill.) (Shu et al. 2016). However, our results
differ from studies that concluded that heights and fresh
mass are obviously higher under L than under CK, which
is a consequence of shade avoidance response that is
characterized by increased hypocotyl and stem caused
by L with spectral signatures that differ from those under
CK (Franklin 2008). Moreover, increased height and fresh
mass are beneficial for pepper seedlings because these
factors enable them to receive more light energy, which
leads to slight inhibition and suggests that several plants
have evolved the ability to survive and acclimate to shade
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Fig. 8. Chromatograms of carotenoid compositions in H4 pepper leaves at 20 d after treatment under different treatments: (4) CK
(normal temperature and light, 28/18°C and 300 pwmol m2 s™'); (B) L (low light, 28/18 °C and 100 umol m™ s™), and (C) LL (low
temperature combined with low light, 15/5°C and 100 pumol m™ s™'). 1 — neoxanthin; 2 — violaxanthin; 3 — antheraxanthin; 4 — lutein;
5 — zeaxanthin; 6 — lutein epoxide; 7 — lycopene; 8 — phytoene; 9 — a-carotene; and 10 — B-carotene.

(Casal 2012, Gommers et al. 2013).

Chl content is a vital index that indicates the develop-
ment of chloroplast and the capacity for photosynthesis.
Previous studies have reported reductions in Chl a,
Chl b, Chl (a+b), and Car contents in the leaves of mini
Chinese cabbage (Hu et al. 2015), sweet pepper (Sui ef al.
2012), and tomato (Shu et al. 2016) under L and LL.
These results are in line with our findings which may be
attributed to the acceleration of Chl-degrading enzyme
activity by regulation of chlorophyllase caused by stress
(Bajguz and Hayat 2009). In the present study, a larger
reduction in photosynthetic pigments was observed in both
varieties under LL than under L (Fig. 2), suggesting that
LL damaged the chloroplast structure, whereas L affected
only the distribution and shape of chloroplasts and did not
damage them (Ou et al. 2015).
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Photosynthetic gas-exchange parameters (i.e., E, g,
Py, and C)) directly reflect the state of photosynthesis. The
reasons for the decrease in the Py of plants under stress
include stomatal and nonstomatal factors (Shu ez al. 2016).
In the current study, the £ and Py values of the pepper
seedlings were significantly lower than those in CK and
declined with the prolongation of the treatment time. We
performed the correlation analysis between the water
content and £; no significant correlation was found in
L5 (r = 0.418, P = 0.262 > 0.05), while a significant
positive correlation was observed in H4 (»r = 0.952,
P =0.000 < 0.05), which means that the low water content
of H4 plant seedlings was caused by £ under L and LL.
On the contrary, the C; dramatically increased (Fig. 3),
indicating that the decrease in Py was caused by
nonstomatal factors. This finding is in agreement with the
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results observed for low temperature (13/10°C), which
led to a decrease in the photosynthetic rate in sorghum
seedlings (Janowiak ef al. 2015). Several researchers have
suggested that the reason for the restriction of ribulose-
1,5-bisphosphate carboxylation and reduction of Py under
striking stress can be explained by the damaged photo-
chemical reaction center and increased intercellular CO,
concentration that inhibits CO, utilization, thus showing
nonstomatal limitation (Pilon et al. 2018, Sarabi et al.
2019). However, under L, plants always exhibit stomatal
limitation due to stomatal closure caused by a high abscisic
acid content. Therefore, the CO, supply is restricted. We
found that the Py and £ in LS declined with decrease of
C; compared with those in CK after the 20-d treatment.
This result is in agreement with that of Hu et al. (2015),
who demonstrated that low-light-related reduction in
photosynthesis is probably due to a decline in C; and
not due to the light-harvesting capacity. Furthermore, L
downregulates the transcript levels of six Calvin cycle-
related genes, namely, rbcL, rbeS, GAPDH, FBA, FBPase,
and 7K, which also explains the decrease in Py (Hu et al.
2017).

Chl fluorescence is used to assess photosynthetic
activity and evaluate the extent of damage to the photo-
synthetic apparatus. F./F,, represents the activity of
PSII. In this study, L slightly increased the F./F,, but
LL decreased it in both varieties (L5 and H4). These our
results disagree with the experiments where F,/F, does
not significantly change along with the leaf aging in sweet
pepper under L (Sui et al. 2012), which might be likely
due to the effects of different varieties and leaf ages. The
gr and qu are often used in assessment of the fraction of
open PSII reaction centers and reflect the photochemical
quenching of electron capture in the reaction centers.
In our study, L and LL caused ETR to decrease (Fig. 5;
Table S2, supplement). The qp declined under L and LL
in both L5 an H4. Nevertheless, higher impairments were
observed under LL. These findings suggest that L and LL
can decrease the open proportion of PSII reaction centers,
block electron transfer, reduce PSII receptors in the electron
transport chain and Qa, and decrease the maximum light
energy capture efficiency. Y corresponds to the fraction
of energy converted into the photochemical portion in
PSII, and Y o) corresponds to the fraction of energy that is
dissipated in the form of heat and fluorescence caused by
the closed PSII reaction centers. Y o) reflects the fraction
of energy dissipated in the form of heat via the regulated
photoprotective nonphotochemical pathway. In this study,
the decrease in Y ;) accompanied by increases in Y pq) and
Y oy were observed under L and LL stresses. Additionally,
a larger reduction in Yy or an increase in Y npo) was found
in the seedlings grown under LL compared to those grown
under L. The values of Y o) in both treatments in L5 slightly
increased, but the reduction observed in H4 under LL was
compensated by a large increase in Y npo) (Fig. 6). Previous
reports have indicated that the stress generally damages
the photosynthetic apparatus, resulting in an increase in
Yoy A corresponding increase in Yoy can compensate
for a reduction in Y, and a decrease in Y, or Yo is
quantitatively compensated for by a high Yarg (Klug-

hammer and Schreiber 2008).

Car are involved in plant photosynthesis and photo-
protection (Kumar ez al. 2013, Joubert et al. 2016). Several
reports have shown that two xanthophyll cycles exist in
plant bodies: one is the VAZ cycle, which is commonly
present in all plants and includes Vio, Ant, and Zea that can
be interconverted, and the other is the Iutein epoxide (Lx)
cycle (Lx-L cycle) containing lutein and lutein epoxide
(Esteban and Garcia-Plazaola 2014). Plants grown under
stress exhibit photoinhibition, which results in a decrease
of photosynthesis due to excessive light that cannot be used
by plants and causes light damage to the photosystems.
However, higher plants mitigate photoinhibition through
NPQ and the heat dissipation of excitation energy in the
antenna system, which is primarily dissipated via Zea
(Demmig-Adams et al. 1995). Keyhaninejad et al. (2012)
concluded that high light results in the accumulation of
leaf carotenoids in field-grown chili peppers, especially
of B-Car and other unidentified carotenoid compounds.
However, in the present study, pepper seedlings responded
to L by the significant increase in the concentrations of the
six carotenoids, namely, Neo, Vio, Lut, Phy, a-Car, and
B-Car, whereas the Ant and Zea in both varieties decreased.
Lut-epoxide exhibited the opposite trend in both varieties.
Thayer and Bjorkman (1990) demonstrated that the size of
the xanthophyll cycle pool (V+A+Z) is four times greater
in sun-grown shade-intolerant species than that in shade-
grown shade-tolerant species. This finding is in agreement
with our result, showing 0.67 higher VAZ pool in L5 than
that in H4. However, the authors did not find any differences
in the changes in Lut and Neo between the two groups
and because of the larger increase in a-Car than that in
B-Car, the a-Car/B-Car ratio increased in the shade-grown
leaves. In addition, some researchers have argued that
a-Car and Lx, belonging to the a-branch of carotenoids,
are dominant in shade environments (Demmig-Adams and
Adams 1992). This result is consistent with those of our
study possibly because of the upregulation of e-cyclases
under L (Jahns ef al. 2001). Thus, plants can adjust their
photosystems and photosynthetic enzymes to acclimate
to long-lasting environmental stress. Our study revealed
that a variation in carotenoid compounds is an effective
mechanism of autoregulation, as reported by Ahn et
al. (2008) and Johnson et al. (2009). The xanthophyll
cycle (involving Vio, Ant, and Zea) and the Lx-L cycle
are included in numerous models of NPQ and have the
function of energy dissipation.

In our study, severe inhibition of plant growth,
photosynthetic capacity, photosynthetic gas exchange, and
Chl fluorescence was observed under LL. Among the ten
kinds of carotenoids, Neo, Vio, Lut, Zea, a-Car, and B-Car
were significantly accumulated in both varieties after 20
d. Overall, carotenoids can deactivate 'O, produced under
L and LL to the ground state and then gain excessive
energy to an excited state, and finally release the energy
into the environment to reach the initial state (Stahl and
Sies 2003). Lut was the predominant component in all
treatments regardless of light or temperature (44.51-
128.72 pg g'), and Ant was the least abundant (0.05-0.61
ug g'). Notably, a-carotene significantly changed for
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90-210% upon exposure to L and played an important
role under L. Zea was significantly (6.69-8.88 times)
higher under LL than under CK. Leaf carotenoids present
in the chloroplasts in the form of chlorophyll-carotenoid-
protein complexes function as antennae to harvest light
for photosynthesis and eliminate reactive oxygen species
(i.e., Oy, H,O,, OH", and '0O,) accumulated under stress-
ful conditions by participating in oxygen action with
carotenoids (Hu ef al. 2010, Havaux 2014, Li et al. 2015).
Carotenoids participating in transferring excitation energy
and deactivating thermal energy are considered the first
line of defense against singlet oxygen toxicity (Ramel
et al. 2012). Early studies have indicated that 'O, can be
scavenged by a series of chemical reactions involving the
reduction of B-Car and Lut into aldehydes and f-carotene
endoperoxide (Ramel ef al. 2012). In addition, high
amounts of Zea probably contribute to the deepoxidation
of Vio to Zea (Saini and Keum 2018). Therefore, f-Car
and Zea accumulate rapidly. Differently, a-Car increased
under L, which may be the result of high expression of
LCY-¢, which modulates carotenoid biosynthesis toward
the a-Car branch (Saini and Keum 2018).

Conclusions: Our study showed that L and LL caused
the reductions in plant growth and photosynthesis
capacity, while greater inhibitions were observed under
LL. Moreover, carotenoid-related metabolic compounds
accumulated in pepper (Capsicum annuum L.) showed
different response to stresses. Zea increased dramatically
in our study, which may enhance LL tolerance. The higher
amounts of Zea probably result from deepoxidation of Vio
to Zea (Saini and Keum 2018), and consume the excess
light energy leading to the protection of photosynthetic
organs and elimination of reactive oxygen species.
Moreover, a-Car significantly increased under L, which
improved plants resistance. This increase is probably
a result of high expression of LCY-g, which modulates
carotenoid biosynthesis toward the a-Car branch (Saini
and Keum 2018). In conclusion, the protective carotenoid
compositions in pepper leaves varied to avoid severe
damage and promote acclimation to LL and L.
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