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ABSTRACT

We aimed to screen cold-tolerant introgression lines (ILs) of bell pepper and investigate stress responses
of these bell peppers under low temperature.

Seedlings of cold-resistant wild-type bell pepper CA157, cultivated bell pepper CA52, and their ILs were
evaluated for their tolerance to low temperature. Electrical conductivity measurement was performed on
ILs and two parents. Then, contents of physiological and biochemical indexes including malondialdehyde
(MDA), proline, and soluble sugar content were examined. Moreover, the superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX), and peroxidase (POD) activities were further investigated.
Finally, the chlorophyll fluorescence (PSIl) parameters in all pant leaves were examined.A total of 22 IL
plants showed better resistance than their recurrent parent CA52. CL122 was one of the most outstanding
plants in ILs that had similar performance with wild bell pepper CA157. Cold resistance analysis based on
physiological and biochemical indexes showed that factors such as electrical conductivity, MDA, and PSII
were closely related to cold resistance among CA157, CA52, and CL122 under low-temperature stress.
In conclusion, ILs constructed in the current study might be used for cold resistance gene introgression
between wild and cultured species. Moreover, CL122 might be a novel bridge material for understanding
low-temperature response in bell pepper. Furthermore, electrical conductivity, MDA, and PSIl might be
used to identify the low-temperature resistance of bell pepper plants in a period of obvious
differentiation.
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Introduction known that the wild-type bell pepper is more tolerant to low
temperature than cultivated bell pepper.” The wild-type bell
pepper CA157 has a strong resistance to low temperature,
which provides an advantageous resource for the exploration
of low-temperature resistance-related QTLs/genes in wild
sweet pepper. Thus, the construction of QTL-NILs via CA157
and cultivated species is vital for the localization of genes that
resist environmental stress.

In this study, in order to evaluate the tolerance of wild-type
bell pepper CA157 with cold resistance, cultivated bell pepper
CAS52, and their ILs to low temperature, the malondialdehyde
(MDA), proline, soluble sugar content, superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX), and per-
oxidase (POD) activity were investigated. The analysis of low-
temperature stress response for current ILs will lay
a foundation for further construction of subpopulations and
key gene cloning in wild bell pepper.

Bell pepper, also known as sweet pepper, is a cultivar group of
the species Capsicum annuum,' and the estimated value of cash
receipts for bell peppers in a year is approximately
$247.5 million.” Preferred growing conditions for bell peppers
include warm environment, moist soil, and moderate tempe-
rate (21-29°C [70°F to 84°F]). Currently, low temperature has
been regarded as the main limiting factor in pepper
cultivation® as low temperature (under 10°C) affects the growth
of bell pepper and its biological yield and even causes plant
death. Thus, the screening of introgression lines (ILs) of bell
pepper is vital for cold-resistant varieties’ breeding and agri-
cultural production.

In recent years, with the development of technology for
quantitative character study of plants, quantitative trait locus
(QTL) has been widely used for identifying the main effect of
resistance QTL in plants.” Several QTLs controlling cold resis-
tance at different growth stages of rice have been identified.’

The ILs are useful materials for the mapping of QTLs and
evaluation of gene action or interaction in breeding.’
Moreover, multiple backcrosses between IL individuals and
receptors can be used to construct QTL-near-isogenic lines
(NILs), which will be useful materials for fine mapping and
resistance gene cloning.”® To our best knowledge, there is no
study about the cold-tolerant ILs of bell pepper. It is well

Materials and methods
Plant material

The seeds of ILs (107 samples) and two parents (wild-type
CA157 as donor; processing CA52 as recipient) were obtained
from Sweet Peppers Genetics Resource Center (TGRC). The
processing CA52 contained more than 85% genome of the
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wild-type bell pepper. Each IL contains one or more chromo-
some replacement of bell pepper.

Low-temperature-resistant IL selection

The full-grain seeds of transgenic sweet pepper were selected
for sprouting after sowing in a hole plate containing nutritional
soil. Some seedlings in the hole plate (20 samples of each group,
a total of six group repetition) with the same growth were
transplanted to the black nutrition bowl when the seedlings
grew to two leaves and one heart stage. Then, all these plants
were treated in 4°C low-temperature cold storage (light inten-
sity: 120 pmol m > s, relative humidity: 70-80%) to reveal the
effect of low-temperature treatment on seedling stage at 4°C.
Plant phenotypes were observed every 2 h during treatment.
Meanwhile, some seedlings in hole plate (20 samples of each
group, a total of six group repetition) were cultured under
natural light in a glass greenhouse (day temperature: 24-28°
C, night temperature: 20-25°C, relative humidity: 70-80%) to
reveal the effect of low-temperature treatment on potted seed-
lings at 4°C. When the seedlings grow to two leaves and one
heart stage, the seedlings with the same growth will be trans-
planted to the black nutrition bowl (vermiculite: peat, perlite:
garden soil). After the growth cycle, the plants with the same
growth were selected for low-temperature treatment (3 repeti-
tions for each treatment, and 12 strains in each repeat). The
selected materials were randomly placed in a white tray. Then,
all plants were treated in 4°C low-temperature cold storage
(light intensity: 120 pmol m™> s7', relative humidity:
70-80%). The phenotype of the plants was observed daily
during the process. The grade of blade injury was investigated
and evaluated with criteria including grade 0 (the blade is
normal), grade 1 (the edge of the leaf is slightly crinkled),
grade 2 (the leaf blade atrophy), grade 3 (more than half of
the leaves are severely crinkled, the petiole drooping), and
grade 4 (the whole plant atrophy, the top drooping).

Electrical conductivity measurement

The electrical conductivity was measured according to Campos
et al.,'’ with slight modification. A total of 25 ml deionized water
was added to the clean cape bottle. Then, totally 20 tablets were
punched from the fourth leaves on the plants under normal
conditions and low-temperature stress, followed by treatment
with rocking bed (60 r/min, 5 h). The conductivity of the soak-
ing solution (S1) was measured by a portable conductance meter
(DDB-303A). After treatment of boiling water bath for 30 min,
the electrical conductivity of the solution S2 was measured.
Relative conductivity (%) = (S1 x 100)/S2.

MDA content examination

MDA content in leaves of bell pepper was examined according
to Campos et al.,"’ with slight modification. The powder sam-
ple (0.2 g) after liquid nitrogen grinding was added in the 10 ml
centrifuge tube. After treatment of acetocaustin and 2-thiobar-
bituric acid, the absorbance values of the supernatant at the
wavelength of 450, 532 , and 600 nm were measured,

respectively. The MDA concentration (mol/l) was calculated
with formula (1):

MDA (mol/L) = 6.45 x (A450 — A600) — 0.56A450 (1)

where A450, A532, and A600 represent the absorption values at
wavelengths of 450, 532, and 600 nm, respectively. The MDA
content (pmol) in the leaves of bell pepper was further calcu-
lated with formula (2):

\%4

MDA (pmol) = C X ———
1000 x W

2)
where V is the sample crystal extract volume (ml), and
W represents the quality of the product (g).

Proline and soluble sugar content examination

The standard curve of proline content was constructed accord-
ing to Bates et al.,'" with slight modification. Then, based on
the standard curve, the proline content (%) of bell pepper was
calculated with formula (3):

Vt

Proline(%) = 100 x X X —e————
10° X W x Vs

3)
where X represents the proline content in the solution; Vt
represents the volume of extraction solution (ml); Vs repre-
sents the sample volume (ml); and W is the sample quality (g).

The standard curve of soluble sugar content was determined
by anthrone colorimetry according to Fukao et al.,'* with slight
modification. Then, the soluble enamel content (%) in bell
pepper was calculated with formula (4):

Solubleenamel(%) = 100 x X x Vt x (4)

10° x W x Vs

C represents the content (pg) obtained from the standard curve;
V represents the total volume of extraction liquid (ml); Vs repre-
sents the sample extract volume (ml); N represents the dilution
multiple; and W represents the quality of the product (g).

SOD, CAT, APX, and POD activity examination

The SOD activity was examined according to the method of Al-
aghabary et al."> A total of 1.6 ml 50 mmol/l phosphate buffer,
0.3 ml 130 nmol/l Met solution, 0.3 ml 750 mol/l NBT solution,
0.3 ml 100 mol/l EDTA-Na, solution, 0.3 ml 20 pmol/l riboflavin,
and 0.2 ml enzyme extract were added in 10 ml glass test tube each
time. Two pairs of tubes were placed to replace the enzyme
solution with phosphate buffer. One tube was placed in dark,
while the other was placed under light for 20 min. At the end of
the reaction, the absorbance of the reaction solution at 560 mn of
each tube was measured (tube in black was set as control). The
SOD activity (U/g) was calculated with formula (5):
\%

SOD(U/g) = 2(Ac — Ag) X Aa X W x Vit (5)
where Ay represents the absorbance of black control, while Ag
represents the absorbance of sample tube. V represents the
sample liquid volume (ml), while Vt represents the sample
dosage (ml) at the time of measurement. W represents the
sample fresh weight (g).



The CAT activity was examined according to the method of
Al-aghabary et al.,"” with slight modification. The CAT activity
(U/minxg) was calculated with formula (6):

CAT(U/mi = AA240 v 6
(U/min > g) = AxvxTxw O
where V represents the total volume of sample (ml), while Vt
represents the sample dosage for examination (ml).
T represents the examination time (min), while W represents
the sample fresh weight (g).

The APX activity was examined according to the method of
Jimenez et al.,'* with slight modification. The activity of APX
was calculated with formula (7):

APX(Mm x g~! x min™") = AOD x S (7)
AXVtxWxT

where AOD represents the change of absorbance during reac-
tion, while T represents reaction time (min). V represents the
volume of extracting solution (ml), while A represents the
extinction coefficient (2.8 mm). Vt represents the volume of
test solution (ml), while W represents the sample fresh
weight (g).

The POD activity was examined using the guaiacol method
according to Morohashi,"”” with slight modification. POD
activity was calculated with formula (8):

POD(U/mi AA470 v 8

(U/min > g) = “OIXVXTXW ®

where V represents the total volume of the sample solution

(ml), while Vt represents the sample consumption (ml).

T represents the time of examination (min), while
W represents sample fresh weight (g).

Chlorophyll fluorescence parameter examination

The chlorophyll fluorescence for leaves in the plant from the
control group and the treatment group (the third leaf from the
top) was measured using a portable pulse-modulated fluores-
cence instrument (FMS-2, Hansatech, UK). The measuring
method was according to Wingler et al.'® The blade was fully
adapted to 20 min after using dark adaptation clamp. Then, the
maximum fluorescence Fm and initial fluorescence Fo were
examined under dark. The following equations were used for

PLANT SIGNALING & BEHAVIOR e1773097-3

calculating photosynthetic parameters. The maximum quan-
tum efficiency of photosystem II photochemistry was calcu-
lated with Fv/Fm = (Fm - F0)/Fm; quantum efficiency of
excitation energy capture by open photosystem II centers was
calculated with F,’/F = (F,, ‘- Fo)/Fm’; Fm’ represents max-
imum fluorescence of light-adapted leaves; Fs represents
steady-state fluorescence; and Fy represents ground fluores-
cence. Meanwhile, the actual photochemical yield of photosys-
tem II (OPSII) was calculated with (Fm’-Fs)/Fm’.

Statistical analysis

All the experimental data in this study were sorted, analyzed,
and plotted using SigmaPlot software (version 12, Systat
Software Inc.).'” The data were expressed as mean + SE. The
significance of difference was analyzed by one-way analysis of
variance. p < 0.05 indicated significant result.

Results
Low-temperature-resistant IL construction

After 3 d of low-temperature (4°C) treatment on CA157 and
CAS52 plants (6 weeks old), there was a significant difference
(p < 0.05) in the occurrence of plant wilt between two groups.
In order to identify which chromosomal regions in wild sweet
peppers contribute to cold resistance, a total of 93 ILs from
CA157 IL population of wild sweet pepper at seedling stage
(6 weeks old) were treated at 4°C low temperature. After 3 d of
treatment, the ILs showed different degrees of wilting
(Figure 1). A total of 22 IL leaves were lighter in atrophy degree
than those of the recurrent parent CA52. The low-temperature
stress was performed on these 22 ILs, and a plant, named
CL122, showed similar performance with wild bell pepper
CA157 during the whole treatment, significantly better than
other ILs and recurrent female parent CA52. After 2 weeks of
low-temperature treatment, the survival rate of CA157 and
CL122 was higher than others. Most of the leaves on the top
of the plant returned to normal, while most of the other ILs
died. Repeated test (three times) showed that the phenotype of
CA157 and CL122 was similar under low-temperature stress,
and the cold resistance was significantly higher than that of
CA52.

Figure 1. Different chilling injury degree of bell pepper after treated with 4°C for 3 d. (a) chilling injury degree 0 (no chilling injury symptoms); (b) chilling injury degree 1
(the edges of one or two leaves shrunk and curled slightly); (c) chilling injury degree 2 (one or two leaves shrunk and curled); (d) chilling injury degree 3 (more than half
of the plant leaves shrunk and curled severely, and the leaf stalk drooped); (e) chilling injury degree 4 (the whole plant leaves shrunk and curled, and stem flexed).
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Cold resistance difference among CA157, CA52, and CL122

Plant phenotypes of CA157, CA52, and CL122 in control groups
are shown in Figure 2a. After 3 d of low-temperature (4°C)
treatment, CA52 plants wilted severely, with the tip of the stem
beginning to curve, while the CA157 and CL122 plants showed
only a slight curl at the margin of basal leaf blade (Figure 2b).
After 10 d of low-temperature treatment, the leaves of CA52
were further dehydrated and withered, and the leaves curled up
together (Figure 2c). After 2 weeks of recovery, most of the top
leaves of CA157 and CL122 returned to normal. Most of the

surviving CA52 plants had completely dried-up leaves, and only
lateral lumbar lateral buds or terminal buds had new leaves
(Figure 2d). These results indicated that the cold resistance of
CA157 and CL122 was significantly higher than that of CA52.

Effects of low-temperature stress on cell membrane of bell
pepper seedlings

Under low-temperature stress, the relative conductivity of
CA157, CA52, and CL122 increased with the prolongation of

Figure 2. Comparison of phenotypic and physiological responses of seedlings of CA157, CA52, and CL122 under low-temperature stress. Seedlings of CA157, CA52, and
CL122 in control (a), treated at 4°C for 3 d (b), treated at 4°C for 10 d (c), and recovered for 2 weeks after 10 d of cold treatment (d).



treatment time, but the amplitude was larger in cold-sensitive
CA52 (Figure 3a). Under normal conditions and low tempera-
ture for 1 d, the difference in the relative conductivity among
CA157, CA52, and CL122 was not significant. From the 3rd d,
the leaf relative conductivity of CA52 was significantly higher
than that of CA157 and CL122 (p < 0.05). The variation trend
of MDA was basically consistent with relative conductivity.
The MDA content in leaves of CA157 and CL122 was signifi-
cantly lower than that of CA52 at 5th d and 7th d at low
temperature (p < 0.05) (Figure 3b). These results indicated
that the changes in cell membrane permeability and plasma
membrane peroxidation of cold-resistant plants were signifi-
cantly lower than those of cold-sensitive plants at the late stage
of low-temperature stress.

Under low-temperature stress, the proline content in
CA157 leaves increased continuously, while in the leaves of
CA52 and CL122, it showed fluctuations. As shown in
Figure 3¢, the proline content in CA52 and CL122 leaves
increased at first day, decreased at the 5th d, and then increased
again. Moreover, after 5 d of low-temperature treatment, the
proline content of CA157 was significantly higher than that of
CL122 and CA52 (p < 0.05). The soluble sugar content in wild
bell pepper CA157 leaves was significantly lower than that of
CAD52 at the first and third days of low-temperature treatment
(p < 0.01), but its content continuously increased and was
higher than that of CA52 and CL122 at 7th d. The soluble
sugar content in leaves of CA52 and CL122 reached the max-
imum value on the first day of low-temperature stress, but little
change thereafter (Figure 3d).

Effect of low-temperature stress on PSII of bell pepper
seedlings

Temperature is a major factor controlling the photosynthetic
rates,'® and low-temperature stress mainly accelerates photo-
inhibition by inhibiting PSII repair. Thus, we detected the
changes of Fv/Fm and PSII in three ILs under low temperature.
Overall, Fv/Fm and PSII of CA157, CA52, and CLI122
decreased gradually with the prolongation of treatment time
under low-temperature stress (Figure 4). At the 7th d of low-
temperature stress, the Fv/Fm of CA157 and CL122 was sig-
nificantly higher than that of CA52 (p < 0.05 for CA157;
p < 0.01 for CA122). At low-temperature stress for 7 d, the
PSII of CA157 and CL122 was significantly higher than that of
CA52 (both p < 0.01). These results indicated that the PSII
activity of resistant materials was significantly higher than that
of cold-sensitive materials under long-term stress.

Effect of low-temperature stress on antioxidant activity of
bell pepper seedlings

Various abiotic stresses result in excessive accumulation of
reactive oxygen species (ROS) in plants, and the effective anti-
oxidant enzymes such as CAT, SOD, POD, and APX can
eliminate excessive ROS. In this study, the changes of APX,
POD, CAT, and SOD activities in CA157, CA52, and CL122
under low-temperature stress were analyzed. The result
showed that under low-temperature stress, the activity of
APX and POD showed an upward trend (Figure 5a). The
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Figure 3. Changes in relative conductivity, malondialdehyde, proline, and soluble
sugar contents in leaves of CA157, CA52, and CL122 under low-temperature
stress. (a) Variation tendency of relative conductivity; (b) variation tendency of
malondialdehyde; (c) variation tendency of proline; (d) variation tendency of
soluble sugar. Data are presented as mean + SE; *p < 0.05, **p < 0.01.

activity of APX increased dramatically in CA52. After 3 d of
low-temperature stress, the APX activity of CA52 leaves was
significantly higher than that of CA157 and CL122 (both,
p < 0.05). On the contrary, POD activity in leaves of CA157
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Figure 4. Effect of low-temperature stress on the maximum quantum efficiency of ®PSII photochemistry (Fv/Fm) and the quantum yield of PSII electron transport (PSII)
among CA157, CA52, and CL122. The Y-axis represented the Fv/Fm value; the X-axis represented the 6-week-old seedlings measured at 0, 1, 3, 5, and 7 d of 4°C

treatment. Data are presented as mean + SE. *p < 0.05, **p < 0.01.
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Figure 5. The change in APX, POD, CAT, and SOD activities among CA157, CA52, and CL122. (a) Variation tendency of APX; (b) variation tendency of POD; (c) variation
tendency of CAT; (d) variation tendency of SOD; X-axis represented the value of activity; Y-axis represented the time after low-temperature stress. Data are presented as
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and CL122 was significantly higher than that of CA52 at 3 d of
low-temperature stress (Figure 5b; p < 0.05). Under low-
temperature stress, the activity of CAT and SOD showed
a dynamic trend of rising first, then decreasing, and then rising
(Figure 5¢,d). At 5th to 7th d of low-temperature stress, the
CAT activity of CA157 leaves was significantly lower than that
of CA52 (p < 0.05). There was no significant difference in CAT
activity between CA52 and CL122 during the whole process of
low-temperature stress. Moreover, there was no signiﬁcant
difference in SOD activity among CA157, CA52, and CL122
during the whole low-temperature treatment.

Discussion

Low temperature is an important inhibitor in the cultivation of
bell pepper.'” The establishment of the ILs that constructed by
wild bell pepper and cultivated species provides a favorable
intermediate resource for low-temperature stress response

investigation. In the present study, based on the cold-
residence wild-type bell pepper CA157 and cultivated bell
pepper CA52, the ILs were established and evaluated for their
tolerance to low temperature. The results showed that CL122
was one of the most outstanding plants in ILs that had similar
performance with wild bell pepper CA157. Cold resistance
analysis based on various physiological and biochemical
indexes showed that factors such as electrical conductivity,
MDA, and PSII were closely related to cold resistance among
CA157, CA52, and CL122 under low-temperature stress. The
establishment of the ILs of wild sweet pepper can provide
a beneficial intermediate resource for utilizing the resistance
resources in wild sweet pepper.

Wild plant species are important carriers of biotic or non-
abiotic stress resistance genes because of their long-term
growth in harsh natural environments.”” Gene introgression
between wild relatives and cultivated species can be used as the
bridge materials for the development and utilization of new



planting resources.”’ A previous study indicates that pepper
wild relatives are a very important genetic resource for
breeding.”” However, due to linkage barriers, the introduction
of target traits always combined with the unfavorable traits.”’
Actually, the interspecific ILs constructed by wild and cultured
populations are commonly used as a recurrent parent used in
pre-breeding and QTL mapping.”* A previous study has shown
that ILs of pepper can be used to fine map the location of the
traits in the chromosome responsible for fruit production.”
Based on a population-specific genetic linkage map, Eggink
et al. indicated that flavor caption from Capsicum baccatum
can be realized by ILs in bell pepper.”® In the present study, the
ILs that constructed by wild bell pepper and cultivated species
were established. These ILs showed better resistance than
recurrent parent, further indicating a good value for ILs to
realize the gene introgression (such as cold resistance gene)
between wild and cultured species. CL122 was one of the most
outstanding plants in ILs that had similar performance with
wild bell pepper. Thus, we speculated that CL122 might be
a novel bridge material for understanding low-temperature
response in bell pepper. However, the resistance site or clone
of the key gene in CL122 is still unclear. Thus, further hybri-
dization or backcrossing of CL122 with recurrent parent CA52
to construct near-isogenic lines is needed in the further study.

Cold resistance is a complex quantitative trait,”” and hence,
it is very difficult to directly clone the key cold resistance genes
in plants. It has been reported that plants adapt to stress
environment by different mechanisms, including changes in
morphological pattern and physiological and biochemical pro-
cesses. The adaptation associates with the maintenance of
osmotic homeostasis by metabolic adjustments, leading to the
accumulation of metabolically compatible compounds such as
soluble sugar, proline, and MDA. Additionally, it also includes
the modification of cell membrane stability and related enzyme
activity.”®*” Thus, in the present study, we determined the
phenotype, conductivity, contents of soluble sugar, proline
and MDA, and antioxidant enzyme activity of CA157, CA52,
and CL122 wunder low-temperature stress. After low-
temperature (4°C) treatment, the wilting degree of CL122 was
obviously lighter than that of CA52. Relative conductivity is an
important index for reflecting cell membrane permeability,
which to a certain extent reflects cell damage.” A previous low-
temperature stress on maize root system showed that the
electric conductivity increased with the temperature stress
increasing.”’ Accumulation of the proline and MDA levels
can greatly enhance the resistance capability of plants to abiotic
stress.”® The present results showed that the leaf relative con-
ductivity of CA52 was significantly higher than that of CA157
and CL122 from the third day. The MDA and proline contents
in the leaves of CA52 were significantly higher than those of
CA52 after 5 d of low-temperature treatment. These data
indicated the excellent cold resistance of CA52.

Various abiotic stresses often result in excessive accumula-
tion of ROS in plants and inflammation damage to various
cellular structures.’” In order to maintain the dynamic level of
oxidation and reduction in plants, the effective antioxidant
enzymes such as CAT, SOD, and APX in plants can eliminate
excessive ROS.” In our study, the APX activity of CA52 leaves
was significantly higher than that of CA157 and CL122 after 3 d
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of low-temperature treatment. It has been reported that in
pepper leaves, there is correlation between changes in absorp-
tion of light energy by PSII and the variety tolerance under low
temperature.”* PSII in pepper seedling leaves decreases under
low-temperature stress.”” In the present study, the PSII of
CA157 and CL122 was significantly higher than that of CA52
after 7 d of low-temperature stress. Thus, we speculated that
electrical conductivity, MDA, and PSII might be used to iden-
tify the low-temperature resistance of bell pepper plants in
a period of obvious differentiation.

Conclusion

In conclusion, CL122 might be a novel bridge material for
understanding low-temperature response in bell pepper.
Furthermore, electrical conductivity, MDA, and PSII might
be used to identify the low-temperature resistance of bell
pepper plants in a period of obvious differentiation.
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