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Abstract. Flooding stress severely impacts plant growth and productivity by reducing
oxygen availability, disrupting photosynthesis, and inducing oxidative stress. Al-
though extensive studies have been conducted to examine drought and heat stress in
Capsicum species, relatively little is known about response to flooding. In this study,
we evaluated 17 entries from five Capsicum species (Capsicum annuum, Capsicum bac-
catum, Capsicum chacoense, Capsicum chinense, and Capsicum frutescens) under con-
trolled flooding conditions to assess physiological and morphological response. Plant
height, width, pollen activity, wilt index, chlorophyll content (SPAD), and leaf temper-
ature (Tleaf) were measured to determine flooding tolerance. Principal component
analysis revealed distinct flooding responses, with members of C. annuum and C. chi-
nense exhibiting greater sensitivity, whereas members of C. frutescens and C. bacca-
tum demonstrated higher tolerance to flooding stress for 5 days. Plant height and
width were generally reduced under flooding stress, although responses varied by spe-
cies and season. Pollen activity remained largely unaffected, suggesting that reproduc-
tive structures may be less sensitive to short-term flooding. Seasonal differences
influenced flooding responses, with greater physiological stress observed in the sum-
mer, likely due to elevated temperatures. Wilt index was the most responsive indica-
tor, showing significant interspecific variation. Tleaf increased under flooding stress,
correlating with reductions in chlorophyll content and growth parameters. Proline ac-
cumulation increased significantly but was more closely associated with heat stress
than flooding stress. These findings provide insights into species-specific flooding re-
sponses in Capsicum and highlight key traits for breeding flood-tolerant pepper varie-
ties to improve climate resilience in pepper production.

Pepper (Capsicum annuum) is the most
important spice and an important vegetable
crop worldwide, with a substantial and con-
tinuous increase in consumer demand over
the past 4 decades, especially for hot pepper
(Bosland and Votava 2012). It has been esti-
mated that peppers are consumed daily by
about a quarter of the world’s population
(Halikowski-Smith 2015). Global production
of pepper was 41.9 million tonnes on an area
of 3.7 million hectares in 2022 and �70% of
pepper is produced in Asia (FAO 2023).
Climate change significantly reduces agri-
cultural productivity (Ortiz-Bobea et al.
2021) and exposure to the effects of cli-
mate change are most severe in Asia, par-
ticularly South Asia (Byers et al. 2018),
where most pepper production occurs and
large populations of people, who are vul-
nerable to poverty, live.

The primary limitations to increased pep-
per productivity and quality are biotic and
abiotic stresses (Gull et al. 2019). The major
abiotic stresses limiting pepper productivity
include high or low temperatures, water defi-
ciency, or flooding stress (Palada and Wu
2010). Although a significant body of re-
search on the response of pepper to high tem-
peratures (Aloni et al. 1992; Erickson and
Markhart 2002; Guo et al. 2014; L�opez-Mar�ın
et al. 2013) and water deficit stress (Alvino
et al. 1994; Delfine et al. 2001; Lim and Kim
2013; Lurie et al. 1986; Yanez et al. 1992) ex-
ists, there are a limited number of flooding
stress studies in pepper. However, it has been
known for more than 40 years that pepper is
particularly sensitive to soil inundation (Cotter
1980; Tindall 1983). Flooding of pepper plants
for 96 h significantly reduced photosynthetic
rate and mean leaf size and the resulting seeds
from flooded plants had lower viability and
germination rates (Sundstrom and Pezeshki
1988).

Flooding stress significantly impacts plant
growth and productivity by causing oxygen
deficiency (hypoxia or anoxia) in the root
zone, leading to a shift from aerobic to anaer-
obic respiration, reduced ATP production,
and the accumulation of toxic by-products
such as ethanol and lactic acid (Loreti et al.
2016). Photosynthetic activity is suppressed
due to chlorophyll degradation, stomatal clo-
sure, and damage to the photosynthetic appa-
ratus (Jackson and Colmer 2005), whereas
nutrient imbalances arise from inhibited up-
take, leaching, and ion toxicity (Striker 2012).
Oxidative stress from reactive oxygen species
(ROS) accumulation damages cellular compo-
nents (Voesenek and Bailey-Serres 2015),
further exacerbated by hormonal imbalances
such as increased ethylene and abscisic acid
levels, which mediate stress responses like ad-
ventitious root formation and stomatal closure
(Renziehausen et al. 2024). Morphological
adaptations, including aerenchyma forma-
tion and stem elongation, are common sur-
vival strategies (Sasidharan et al. 2018), but
growth inhibition, carbohydrate depletion,
and susceptibility to pathogens often hinder re-
covery. The array of physiological responses to
flooding stress highlight the complexity of the
plant response and underscore the need for re-
silient crop varieties and effective management
practices to mitigate the effects of flooding
stress. Screening flooding stress tolerance in
crop varieties from diverse genetic back-
grounds could be efficiently conducted by
assessing their phenotypes using these physi-
ological indices.

The flooding tolerance of various Capsi-
cum species differs due to their unique physi-
ological and genetic characteristics. Members
of C. annuum generally exhibit sensitivity to
waterlogging, often resulting in plant death
and yield reduction, although genotypic vari-
ability exists within C. annuum (Gong et al.
2022). In contrast, members of C. frutescens
have demonstrated a degree of tolerance to
short-term waterlogging, with certain varie-
ties withstanding up to 10 d of flooding with-
out significant adverse effects (Saptiningsih
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et al. 2023). However, detailed studies on the
flooding tolerance of other species, such as
C. baccatum, C. chinense, and C. chacoense, are
limited, necessitating further research to fully
understand their responses to flooding stress
(Tajima 2020). The variation in response to
flooding underscore the importance of species-
specific investigations to enhance flooding tol-
erance in peppers through targeted breeding
and effective management practices.

To address this gap in knowledge, the ob-
jectives of the present study were to assess
the flooding tolerance of members of C. ann-
uum, C. frutescens, C. baccatum, C. chinense,
and C. chacoense by evaluating their physio-
logical and morphological responses to water-
logging stress. Specifically, we aimed to
identify phenotypic traits associated with
flooding tolerance. By comparing these spe-
cies, we sought to contribute to the develop-
ment of more resilient pepper varieties capable
of withstanding the increasing challenges posed
by climate change and waterlogging conditions.

Materials and Methods

Plant material. For this experiment, we
evaluated 17 entries, five members of C. ann-
uum, four C. baccatum, two C. chacoense,
three C. chinense, and two C. frutescens

(Table 1). The previously reported tolerant
C. frutescens entry ‘Toom’ was used as a posi-
tive control (Palada and Wu 2008). The se-
lection of these lines was based on preliminary
experimental results, which are unpublished,
and observations under open-field production
conditions.

Experimental conditions. The experiment
was conducted at the World Vegetable Center
in Shanhua, Tainan, Taiwan (lat. 23.1�N,
long. 120.3�E, elevation 12 m). The location
has a warm, humid subtropical climate (K€oppen
Cfa) and a tropical wet and dry climate (K€oppen
Aw) (Kottek et al. 2006). The experiment was a
complete randomized design with four plants
per treatment (unflooded control and flooded).
Individual plants were used as experimental
units. Seeds of each entry were sown into 72-
cell plastic trays filled with sterilized coconut-
coir media. At the four to six true-leaf stages,
the seedlings were transplanted into 7-inch pots
filled with triple-autoclaved soil. The experi-
ment was repeated two times, once during win-
ter, with sowing on 12 Oct and transplanting on
12 Nov, and then once during the summer sea-
son, with sowing on 3 May and transplanting
on 31 May. The plants were maintained in a
polyhouse without climate control and managed
as uniformly as possible. The plants were hand-
watered twice daily, from sowing until treat-
ment. A balanced fertilizer was applied ev-
ery 2 weeks throughout the growing season
and scouting for pests and diseases was
done twice weekly, and appropriate pesti-
cides were applied as needed.

Pretreatment data collection. Before the
flooding treatment, measurements of plant
height, plant width, flower number, leaf tem-
perature, wilting score, chlorophyll content,
proline content, pollen concentration, and
pollen activity were taken as baseline meas-
urements. Plant height was measured using a
ruler from the soil line to the top of the plant
at its highest point. Similarly, plant width
was measured from the top of the plant can-
opy at the widest points. The flower number
was the total number of flowers per plant. Pol-
len concentration and pollen activity were mea-
sured on six flowers from each replication
using impedance flow cytometry, following the

protocol established by Lin et al. (2022). For
proline analysis, 10 leaves were collected from
each of four replications at 8:00 AM to 9:00
AM 5 d after flooding. Free total proline (PRL)
was determined by a colorimetric assay
(Claussen 2005) with some modifications. Leaf
samples were stored at �80 �C for 24 h, then
the samples were lyophilized (�72 �C) in a
freezer dryer (IlShinBioBase, Dongducheon,
South Korea) for 3 d. Leaf samples were
ground to a fine powder in liquid N2 and
300 mg (dry weight) was taken and ho-
mogenized with 1.5 mL of 3% (wt/vol)
aqueous sulfosalicylic acid solution. The
homogenate was centrifuged at 14,000 rpm
for 7 min. Then 1 mL of supernatant was trans-
ferred to 5 mL microtubes and 1 mL acid ninhy-
drin solution was added. Acid ninhydrin was
prepared by adding 2.5 g ninhydrin to 100 mL
solution containing glacial acetic acid, distilled
water, and 6M ortho-phosphoric acid 85% at a
ratio of 6:3:1. The reaction mixtures were then
immediately incubated in a boiling water bath
for 1 h and subsequent absorption was read at
546 nm on a spectrophotometer (EONTM Bi-
oTek Instruments, Winooski, VT, USA)
and the proline content was estimated using
a standard curve determined with 0, 4, 8,
12, 16, and 20 mg·mL�1 proline.

Flooding treatment. For the flooding treat-
ment, the pots were submerged in irrigation
water to the level of �2 cm above the soil
line (Supplemental Fig. 1). The submergence
was accomplished by placing the pots into
buckets that were then filled with water
(day 0). The plants were maintained in the
flooded conditions for 5 d (day 5), through-
out which measurements were taken each
day. Then, the plants were removed from
the flooded conditions and not irrigated for
3 d to allow the plants a recovery period.
After the recovery period of 3 d (day 8),
measurements were taken again.

Wilt index and chlorophyll content. Data
were collected on wilting (visual score), leaf
temperature, plant height, canopy size, and
chlorophyll content estimated by SPAD in-
dex (SPAD-502, Konica Minolta Inc., Tokyo,
Japan). The wilting score was determined us-
ing a scale from 0 (normal) to 5 (severe). To
measure the SPAD index, readings were
taken from five leaves per plant using the
SPAD device at 10:00 AM.

Statistical analysis. The data underwent
analysis using R version 4.3.2 (R Core Team
2021). Given the different environmental con-
ditions over the two growing seasons of the
study (Fig. 1), which was also confirmed by
the clustering by principal components analy-
sis (PCA) (Fig. 2), the focus of the statistical
analysis was on evaluating the effects of flood-
ing stress on the growth and physiological re-
sponses of the pepper entries. Consequently,
the data from the winter (cool) and summer
(hot) seasons were analyzed separately, and
the outcomes are presented accordingly.

To understand the underlying data structure,
PCA was conducted using the winter and sum-
mer season data to evaluate the influence of spe-
cies and flooding treatments on the measured
variables. For multivariate analysis, Pearson’s

Table 1. The pepper entries used in the study.

Entry Other name Species
VI037629 PBC 743 C. annuum
PBC 2029 17HT3 C. annuum
PBC 2021 14DI3 C. annuum
VI046870 PBC 481 C. annuum
AVPP9824 C. annuum
VI028788 PI 439372 C. baccatum
VI029116 PI 441596 C. baccatum
VI012904 PBC 2075 C. baccatum
VI013286 PBC 2074 C. baccatum
VI029119 PI 260427 C. chacoense
VI044312 PBC 2077 C. chacoense
VI057807 PBC 2078 C. chinense
VI044313 PI 152225 C. chinense
AVPP1923 PBC 1423 C. chinense
VI029485 PI 224431 C. frutescens
PBC 934 Green chuna -Acc.1 C. frutescens
VI037646 Toom C. frutescens

Fig. 1. Daily air temperatures (maximum, average, minimum, and difference) over the course of the
study (left: winter growing season; right: summer growing season).
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correlation coefficients (Pearson’s r) were
computed to assess the relationship between
the growth and the physiology variables in
both untreated control and flooding stress-
treated groups, with the aim of investigating
the impact of flooding stress on these correla-
tions in the entries. Furthermore, a simple linear

regression model was employed to examine
the associations between variables. The re-
gression coefficients derived from this model
were then compared between untreated and
flooding-stressed groups using Zou’s method
(Zou 2007), which is based on Fisher’s z-trans-
formationwitha5 0.05 for all analyses.

Finally, for the individual variable analy-
sis, a fixed-effect three-way analysis of vari-
ance (ANOVA) model was employed, with
genotype effects of the entry, stress effects of
the flooding treatments, and time effects of
the flooding treatments [days after flood treat-
ment (DAT)] designated as fixed effects,
and their interaction effects were integrated
into the model. Following the ANOVA of the
three main factors, a post hoc mean separation
was conducted on the variables measured at
each time point using the t test procedure to
investigate the effects of treatment between
control and treated plants.

Results

Environmental data. The mean daily aver-
age air temperature was 17.7 and 28.1 �C in
the winter and the summer, respectively (Fig.
1). The mean daily maximum and minimum
air temperatures were 26.2 and 11.9 �C for
the winter and 34.0 and 23.8 �C for the sum-
mer. The mean solar radiation was similar be-
tween the two seasons at 5164 and 5277
MJ·m�2 for the winter and the summer, re-
spectively. The mean reference evapotranspi-
ration was greater in the winter, at 4.65 mm,
than in the summer, at 3.77 mm. Notably, the
differences in average temperature, and also
the mean daily temperature deficits, were
higher at 14.4 �C in the winter season, com-
pared with 10.2 �C during the summer.

Principal components analysis. We identi-
fied differences in the response variables to
flooding stress by season (Fig. 2). The distri-
bution and the segregation of the response
variables to flooding stress differed among
the species and entries, but not as drastically
as the seasonal differences. Treated groups
moved toward positive principal component
(PC)2 in the winter vs. negative PC2 in the
summer.

PC1 and PC2 explained 39.1% and 15.7%
of the variance in the data, respectively, and
together explained 54.8% of the total vari-
ance (Fig. 2). There was an overlap between
the winter and summer seasons. However,
the seasons were largely distinct, indicating
that the first two PCs captured a significant
separation between these groups. The winter
season tended to cluster toward the negative
side of PC1, indicating higher values for the
pollen variables of pollen concentration, ac-
tive pollen, the proportion of active to inac-
tive pollen (hereafter pollen activity), and
SPAD values. The summer season tended to
cluster toward the positive side of PC1 and
PC2, suggesting higher values for wilt index,
numbers of flowers, and Tleaf.

For the winter season, although the first
two PCs explained a substantial portion of
the variance, they did not fully distinguish be-
tween the different species, given the overlap
in the ellipses (Fig. 3A). Members of C. ann-
uum and C. frutescens had wider dispersions,
indicating more variability within these spe-
cies, whereas members of C. chinense and C.
chacoense had more compact distributions,
indicating less variability within these spe-
cies. The variable wilt index separated some

Fig. 2. Principal component analysis results separated by season (blue: winter; red: summer). Arrows
indicate the loadings of each variablei on principal component (PC)1 (horizontal) and PC2 (verti-
cal). iflw_cnt = numbers of flowers; hgt = plant height; pol_acpt = numbers of acceptable pollen; pol_act =
numbers of active pollen; pol_ conc = pollen concentration; pol_pct = active pollen in percent; pro = proline
content; spad = chlorophyll content in SPAD unit; temp = leaf temperature; wilt = wilt index; wth = plant
width.

Fig. 3. Principal component analysis results, separated by species and by season (blue: winter; red:
summer). Arrows indicate the loadings of each variablei on principal component (PC)1 (horizontal)
and PC2 (vertical). iflw_cnt = numbers of flowers; hgt = plant height; pol_acpt = numbers of acceptable
pollen; pol_act = numbers of active pollen; pol_ conc = pollen concentration; pol_pct = active pollen in
percent; pro = proline content; spad = chlorophyll content in SPAD unit; temp = leaf temperature; wilt =
wilt index; wth = plant width.
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species along PC2, whereas the pollen varia-
bles separated along PC1. The pattern in vari-
able loadings was also observed in the PCA
plot by treatments (Fig. 3B). The control group
had a wider dispersion, indicating more vari-
ability within this group. The treated group
showed a more compact distribution, indicating

less variability within this group. The two groups
(winter and summer seasons) were not fully
distinguishable. Similarly, for the summer sea-
son, although the first two PCs explained a
substantial portion of the variance, given the
overlap in the ellipses, they did not fully distin-
guish between the different species (Fig. 3C).

The control group had a compact distribution,
whereas the treated group had a dispersed dis-
tribution of the PCs (Fig. 3D) and this pattern
was opposite to the winter season. In addition,
despite the overlap, subtle discrimination of
the control group cluster against the treated
group cluster was observed. Notably, the load-
ing of proline content on PC2 was negative
for the winter season (Fig. 3B) but positive for
the summer season (Fig. 3D).

Time-course correlation analysis. The
correlations between the variables (indices)
changed over the time of the measurements
(Fig. 4). At 1 DAT (Fig. 4A), drastic differ-
ences between treatment were found across
the seasons. Growth was slightly greater in
the summer compared with the winter, as in-
dicated by greater height, width, and numbers
of flowers. Importantly, there were weak cor-
relations between all the measured variables,
and as a result, the correlation coefficients
were less than ± 0.5 at 3 DAT (Fig. 4B). Pro-
line content was correlated with both the wilt
index and Tleaf only in the summer season. At
5 DAT (Fig. 4C), Tleaf was lower in the sum-
mer than in the winter, with a positive corre-
lation with wilt index.

As the time after flooding treatment pro-
gressed, the physiological indices responded
at a different pace, indicated in the progression
of Tleaf, wilt index, and SPAD. We detected
changes in leaf temperature, in response to
flooding treatment, at early time points (at
3 DAT) than for wilt index and SPAD. The
wilt index followed the flooding stress re-
sponses; differences were found at 3 DAT
to some extent, which became notable at 5
DAT. SPAD was found to be lower in treated
groups by 5 DAT, compared with the control.
Proline content was higher in treated groups
by DAT 3, compared with the control, but
little association with the other indices was
found.

Height and width were positively corre-
lated (0.32–0.48), which was greater in the
winter (0.44 and 0.48 for control and treated,
respectively) than in the summer (0.32 and
0.35 for control and treated, respectively).
The correlation coefficients were nominally
greater under flooding treatment, as com-
pared with the control, but not significant.
The number of flowers and plant width con-
sistently correlated across the seasons and
time after treatment, which differed from
plant height and flower number. With the ex-
ception at 1 DAT, flower number and plant
height were consistently negatively correlated.
In the summer, the correlations of proline con-
tent and SPAD were reversed after treatment
(both significant), compared with the winter.

ANOVA. The three-way interaction was
not significant for all the variables measured
except for wilt index (Table 2), whereas the
two-way interactions of entry and flooding
treatment and the 2-way interactions of treat-
ment and time (DAT) all significantly con-
tributed to the variability observed during the
summer evaluation. As a follow-up, we dis-
sected two-way interactions into main effects
at each level of one factor at each time point

Fig. 4. Correlation matrix of measured variables at 1 d (A), 3 d (B), and 5 d (C) after flooding treatment
separated by season. SPAD 5 chlorophyll content; Tleaf 5 leaf temperature.
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(i.e., DAT). Then, within-group comparisons
of the means were conducted.

For Tleaf, treatment effects were substan-
tial with all two-factored interactions being
significant. Likewise, SPAD showed a high
sensitivity to flooding treatment. Wilt index
was the most responsive variable measured
over the treatment period, including the re-
covery after the flooding event. Three-way
interactions were also significant for both sea-
sons for wilt index. Unexpectedly, pollen ac-
tivity showed no significant differences by
either treatment or the two-way interaction of
entry by treatment and statistical differences
were observed only for entries.

The difference by treatment for plant
width was found only at 5 DAT for both
the winter and the summer. Flower counts in
the winter did not show meaningful differ-
ences, whereas in the summer, both treatment
and the two-way interaction of entry by treat-
ment were significantly different for flower
count. A difference by treatment was detect-
able in Tleaf at 3 DAT from the data in the
winter. The observation was consistent over
at 1, 3, and 5 DAT in the winter. The summer
data showed no difference by treatment at 1
DAT. At 3 DAT, all effects were significant;
the entries responded differently to flooding
treatment (stress effects) (TRT).

For SPAD, only at 5 DAT, a significant
difference was detected from treatment in
both the winter and the summer. In addition,
the interaction effect of entry by treatment
was also observed in the summer.

For non–time-series variables, treatment did
not affect pollen activity in either the winter or
summer seasons. Proline was significantly

different for the flooding treatment during
both seasons.

Most of the variables changed as time af-
ter flooding treatment progressed. We con-
firmed that the development of the symptoms
detected by the variable depended on the sen-
sitivity of the variables. Less sensitive varia-
bles could be detected at 5 DAT; more
sensitive variables at 3 DAT.

Physiological indices. During the winter
season, VI044312 had an increase in plant
height at 1 DAT under flooding treatment (Fig.
5A). During the summer season, plant height
was reduced for two entries, PBC 2029 and
PBC 743 at 5 DAT, indicating these two
entries were rapid in response to flooding stress.

Plant width was more responsive to flood-
ing stress compared with plant height (Fig.
5B). The width of PBC 743 under flooding
stress was significantly reduced at 5 DAT in
the summer. For VI029119, a decrease in
width was found on all time points at 1, 3, and
5 DAT in the winter. For the summer, two en-
tries—PBC 934 and VI037646—had reduced
plant width after flooding at 3 and 5 DAT.

As expected, flower counts for most of
the entries were not significantly different be-
tween control and treated groups by flooding
(Fig. 5C). However, only VI028788 and
VI044312 in the summer displayed a signif-
icant difference at 5 DAT.

As flooding stress was imposed, from 1 to
3 DAT, Tleaf decreased in the winter and in-
creased in the summer (Fig. 5D). The increases
in Tleaf by flooding were distinct in the summer
across all entries. Over the recovery period, from
3 to 5 DAT, Tleaf returned to the levels at 1
DAT. For Tleaf, highly significant differences

were found, especially for the summer at 3 DAT
(Fig. 5D). With the exception of VI046870, all
the entries showed substantial increases in Tleaf
under flooding stress. The Tleaf during the winter
season increased for some of the entries as flood-
ing treatment progressed to 5 DAT.

Three C. frutescens entries (PBC 934,
VI029485, and VI037646) had a reduction in
SPAD values as the flooding stress progressed
(Fig. 5E), during the summer season, and no other
significant differences were found for SPAD.

Clear differences between seasons and by
species were found for wilt index (Fig. 5F).
The impacts of the flooding treatment in
the summer appeared to be greater than in
the winter. In the winter, two C. annuum
entries (AVPP9824 and VI046870), three
C. baccatum entries (VI012904, VI013286,
and VI029116), and two C. chacoense en-
tries (VI029119 and VI044312) had low
wilt index under flooding treatment, but with
varying degrees.

A single entry, PBC 2021 had reduced pol-
len activity after the 3-d flooding (Fig. 6A).
Most entries had significant increases in pro-
line content only in the summer (Fig. 6B). Av-
erage pollen activity values were lower (less
than 60% even for control groups) in the sum-
mer than those in the winter (�90% overall)
(Fig. 6A).

After 5 d of flooding treatment, plant
height decreased in all entries except for
AVPP9824, VI029116, VI013286, VI057807,
and VI037646, which showed no significant
difference from the control (Fig. 5A). Plant
canopy width was slightly smaller in the
flooding treatment for all C. pubescens en-
tries. Wilting did not occur quickly during

Table 2. Three-way analysis of variance results on the physiological parameters measured (F-statistics with P values in parentheses).

Parametersi

Season Factorii f Height Width Flower count Leaf temp. SPAD Wilt index Pollen activity Proline content
Winter VI 6 742.1 342.2 45.5 52.7 476.1 11.3 5.589 10.34

(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
TRT 1 0.34 7.44 1.90 156.8 21.3 448.4 0.009 14.68

(0.561) (0.007) (0.169) (<0.001) (<0.001) (<0.001) (0.927) (<0.001)
DAT 2 97.8 45.3 23.8 481.0 1.7 155.1 — —

(<0.001) (<0.001) (<0.001) (<0.001) (0.193) (<0.001)
VI�TRT 16 2.63 4.95 0.45 3.3 3.2 10.4 0.599 0.715

(0.001) (<0.001) (0.969) (<0.001) (<0.001) (<0.001) (0.868) (0.773)
VI�DAT 32 1.62 1.98 1.04 3.0 3.3 4.54 — —

(0.022) (0.002) (0.407) (<0.001) (<0.001) (<0.001)
TRT�DAT 2 1.30 2.12 0.23 95.4 30.8 145.3 — —

(0.273) (0.122) (0.973) (<0.001) (<0.001) (<0.001)
VI�TRT�DAT 32 0.33 0.44 0.35 0.9 0.9 4.32 — —

(0.999) (0.997) (1.000) (0.612) (0.696) (<0.001)
Summer VI 6 231.3 180.6 181.6 50.7 289.3 19.4 15.3 3.7

(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
TRT 1 0.08 45.7 1.67 423.9 46.4 2036 0.023 122.1

(0.776) (<0.001) (0.198) (<0.001) (<0.001) (<0.001) (0.881) (<0.001)
DAT 2 49.8 5.72 25.3 2286 16.7 352.2 — —

(<0.001) (0.004) (<0.001) (<0.001) (<0.001) (<0.001)
VI�TRT 16 4.46 6.06 1.43 2.5 4.4 11.8 1.08 3.02

(<0.001) (<0.001) (0.127) (0.002) (<0.001) (<0.001) (0.383) (<0.001)
VI�DAT 32 1.21 2.47 2.74 5.7 2.6 2.26 — —

(0.205) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
TRT�DAT 2 20.1 18.2 2.34 82.7 11.3 364.8 — —

(<0.001) (<0.001) (0.098) (<0.001) (<0.001) (<0.001)
VI�TRT�DAT 32 0.27 0.46 0.77 0.90 1.2 2.16 — —

(1.000) (0.996) (0.810) (0.561) (0.188) (<0.001)
i Height, width, flower count, and chlorophyll content (SPAD) were measured 1, 3, and 5 d after flooding treatment (DAT), whereas leaf temperature was
measured also on 4 DAT and wilt index 2, 4, and 8 DAT. Pollen activity and proline content were measured only on 3 DAT.
ii VI, entries (genotype effects); TRT, flooding treatment (stress effects); DAT, days after flooding treatment (time effects).
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the winter; however, 3 d after flooding, the
wilt index was severe for C. pubescens and
C. chinense entries (Fig. 5F). The Tleaf of
most entries increased at 5 d after flooding
compared with the first day (Fig. 5D).
However, after recovery, the wilt index of
VI046870, AVPP9824, VI029116, VI012904,
VI013286, VI029119, VI044312, and VI0
29485 was less than 2.5 (Fig. 5F). The
SPAD index decreased in most entries ex-
cept in PBC 2029, VI029116, and VI0443
12 in response to flooding (Fig. 5E). In
most entries, pollen viability was reduced
in the flooding treatment, but pollen viabil-
ity of PBC 743, VI046870, VI029116,

VI013286, VI029485, and PBC 934 was not
significantly different from the nonflooded con-
trol (Fig. 6A). Flower number tended to decrease
with flooding stress, but was not significantly
different among the treatments, except for
VI028788 and VI044312, which both were
reduced (Fig. 5C). Proline content signifi-
cantly increased in flooding-treated plants,
and variability occurred among the entries
(Fig. 6B).

Discussion

The PCA findings on species (Fig. 3A and
3C) indicate that C. annuum and C. chinense

exhibit similar responses to flooding stress in
both seasons. However, they were distinctly
separated from C. chacoense, which appears
more tolerant to flooding stress, particularly
in the summer season. In contrast, three en-
tries of C. frutescens were found to be sensi-
tive to flooding stress (Pahlevi et al. 2019).
Entries of C. annuum and C. chacoense are
known to be sensitive to flooding stress, thus
requiring careful water management. Com-
pared with C. annuum and C. chacoense,
C. chinense exhibits better flooding tolerance.
Wild species tend to have a greater flooding
stress resistance than domesticated species of
Capsicum (Ou et al. 2011).

Fig. 5. Time-course responses of the measured variables—height (A), width (B), flower counts (C), leaf temperature (Tleaf) (D), chlorophyll content (SPAD)
(E), and wilt index (F)—of 17 chili pepper entries of five Capsicum species—annuum, baccatum, chacoense, chinense, and fruitescens—grown during
winter (wtr) and summer (smr) seasons. The plants were subjected to 5-d flooding stress and the subsequent 3-d recovery with drainage. Open symbols
indicate the means from nonflooded control plants (ctrl) and closed symbols indicate those from flooding-treated plants (fld) with four replications. Error
bars present ±1 standard error of the means. The flooding tolerance reference entry, VI037646, is annotated with Toom.
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Greater average daily air temperatures
(Fig. 1) during the summer season likely
contributed to the variations between sea-
sons observed in the study. Distinct cluster-
ing between the two seasons in the PCA
(Fig. 2) also supports the segregation of the
data from the winter and the summer sea-
sons. Increased temperatures tend to exacer-
bate flooding stress on the plants (Schulze
et al. 1973), which aligned with the observa-
tions that higher Tleaf (Fig. 5D) and lower
SPAD (Fig. 5E) occurred in the summer, as
compared with the winter. The higher Tleaf

and lower SPAD contributed to more distin-
guished clustering between the control and
flooding-treated groups in the summer (Fig. 3D)
than in the winter (Fig. 3B). The increased air
temperature likely affected Tleaf (Fig. 5D), lead-
ing to damage to chlorophyll (Hu et al. 2020),
supported by the decreased concentration
of chlorophyll during the flooding condi-
tions (Fig. 5E). The chlorophyll degrada-
tion of the leaves under flooding can be
attributed to decrease in oxygen availability
(Bailey-Serres and Colmer 2014), activa-
tion of chlorophyllase enzymes (Panda and
Barik 2021), production of ROS (Guo et al.
2022), and promotion of the senescence
pathway (Banga et al. 1997).

The summer experiment resulted in a
greater intensity of flooding stress responses
as compared with the winter season, as
demonstrated by the differences in Tleaf and
wilt index (Fig. 5D and 5F, respectively).
However, biomass indices, such as height
(Fig. 5A), width (Fig. 5B), and flower num-
ber (Fig. 5C), did not respond timely enough
to be used as a proxy for flooding tolerance.
Similarly, none of the pollen-related indices
were markedly reduced by flooding treatment
(Fig. 6A). Proline content seemed to be re-
lated to both the wilt index and Tleaf only in
the summer season (Fig. 6B), indicating that
the heat stress was likely more associated
with proline content and not the flooding
stress or a combination of both stress factors.

The 3-way ANOVA results showed the
vegetative indices were more sensitive to

flooding stress than the reproductive indices
(Table 2). This may imply that the vegetative
organs and tissues would be quickly affected
by flooding due to the lack of O2 delivery to
the cells over the imposed flooding stress,
while the reproductive capacity would be
slowly reduced. The pollen that had already
formed at the beginning of treatment could
maintain its viability and activity at the time
of measurement (i.e., 3 DAT), suggesting
that sampling timing might have been too
early to detect the differences. As for height,
entry was the greatest contributor to variability
observed for plant height during both the win-
ter and summer seasons. Post hoc pairwise
comparison differentiated entries on height;
however, these differences only tell the general
phenotypical characteristics of each entry, not
providing much information about how toler-
ant they are against the flooding treatment.

We can divide the measured variables into
three groups in relation to their sensitivity to
treatment. Less responsive time-series variables
were plant height, flower counts, and pollen ac-
tivity, while more responsive time-series varia-
bles were plant width (notably in the summer),
Tleaf, SPAD, and wilt index. Among these,
quickly measurable physiological indices—Tleaf
and SPAD—would have the potential to be
used in screening phenotypes. Particularly, in re-
lation to SPAD, genotypes differ in their SPAD
response to flooding under higher temperatures
(i.e., the summer), although the threshold critical
time is at 5 DAT.

In line with these observations, Tleaf

(Fig. 5D) was a sensitive variable that can
enable us to easily detect flooding stress,
while not distinguishing the indiscreet differ-
ences in tolerance to the stress. Using Tleaf

was effective for selecting a hyper-flooding-
tolerant entry. We speculate that the in-
creased Tleaf (Fig. 5D) affected the leaf pho-
tosynthetic functions at 3 DAT, began to
damage the photosynthetic pigments and the
composition of the light-harvesting complex,
and in the end, led to the decreased SPAD (Fig.
5E) (i.e., a proxy for chlorophyll content) at 5

DAT. The observation is similar to the results
reported by Rho et al. (2022).

Wilt index was confirmed as the most cru-
cial index of all the variables, associated with
flooding tolerance, collected in the study
(Fig. 5F). In both the winter and summer sea-
sons, at the onset of flooding, entries did not
show any differences, whereas 5 DAT ap-
pears to be the critical time to observe the
wilting responses and up to at 8 DAT. Even
at 3 DAT, the wilt index demonstrated signif-
icant differences for treatment and entry �
treatment. The same pattern was observed at
5 DAT, with a highly significant influence of
treatment. As also indicated in the three-way
ANOVA results, the wilt index was the most
responsive variable to detect the symptoms of
flooding at the physiological level.

The entry VI044312 has an adaptive trait
to elongate (etiolate) the stem (Fig. 5A) to
supposedly get more oxygen during the
flooded soil. This stem (or leaf) elongation
can be a strategy to avoid damage of flood-
ing stress and previous work has demon-
strated that leaf or stem elongation strategy
under flooding can differ even within the
same species (Chen et al. 2010).

A 3-d flood was not enough to observe re-
ductions in biomass-related responses. Along
with the wilt index, Tleaf is a highly respon-
sive index for evaluating flooding tolerance.
The relationship between proline content and
flooding tolerance was not explicit enough to
draw a conclusion (Fig. 6B), although previ-
ously it was reported that flooding treatment
dramatically increases proline content (Ou et al.
2011). We found that C. pubescens entries were
highly sensitive to flooding stress, which is con-
tradictory to the previous research. Entries of
C. annuum (VI046870, AVPP9824), C. bacca-
tum (VI029116, VI012904, VI013286), C.
chacoense (VI029119, VI044312), and C.
frutescens (VI029485) could be tolerant to
flooding, but only observed in the summer
season with heat likely influencing the results;
further research is needed to confirm this.

Overall, this study provides new insights
into interspecific variation in flooding tolerance

Fig. 6. Pollen activity (A) and proline content (B) of 17 chili pepper entries from five Capsicum species—annuum, baccatum, chacoense, chinense, and fruitescens—
grown during winter (wtr) and summer (smr) seasons. The plants were subjected to 5-d flooding stress and the measurements were made 3 d after the flooding
treatment. Open symbols indicate the means from nonflooded control plants (ctrl), whereas closed symbols indicate those from flooding-treated plants (fld) with
four replications. Error bars present ±1 standard error of the means. The flooding tolerance reference entry, VI037646, is annotated with Toom.
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among Capsicum species and identifies wilt in-
dex, leaf temperature, and chlorophyll content
as key indicators of stress response. These find-
ings offer a foundation for developing rapid,
canopy-based phenotyping tools and support
breeding efforts to enhance flooding resil-
ience in pepper cultivars under changing
climate conditions.

References Cited

Aloni B, Karni L, Daie J. 1992. Effect of heat stress
on the growth, root sugars, acid invertase and
protein profile of pepper seedlings following
transplanting. J Hortic Sci. 67(5):717–725. https://
doi.org/10.1080/00221589.1992.11516302.

Alvino A, Centritto M, Lorenzi FD. 1994. Photo-
synthesis response of sunlit and shade pepper
(Capsicum annuum) leaves at different posi-
tions in the canopy under two water regimes.
Funct Plant Biol. 21(3):377–391. https://doi.
org/10.1071/PP9940377.

Bailey-Serres J, Colmer TD. 2014. Plant tolerance
of flooding stress - recent advances. Plant Cell
Environ. 37(10):2211–2215. https://doi.org/10.1111/
pce.12420.

Banga M, B€ogemann GM, Cornelis WPMB,
Laurentius ACJV. 1997. Flooding resistance
of Rumex species strongly depends on their
response to ethylene: Rapid shoot elongation or fo-
liar senescence. Physiol Plant. 99(3):415–422.
https://doi.org/10.1111/j.1399-3054.1997.tb00555.x.

Bosland PW, Votava EJ (eds). 2012. Peppers: Veg-
etable and spice capsicums. CABI, Cambridge,
UK.

Byers E, Gidden M, Lecl�ere D, Balkovic J, Burek
P, Ebi K, Greve P, Grey D, Havlik P, Hillers
A, Johnson N, Kahil T, Krey V, Langan S,
Nakicenovic N, Novak R, Obersteiner M,
Pachauri S, Palazzo A, Parkinson S, Rao
ND, Rogelj J, Satoh Y, Wada Y, Willaarts
B, Riahi K. 2018. Global exposure and vul-
nerability to multi-sector development and
climate change hotspots. Environ Res Lett.
13(5):055012. https://doi.org/10.1088/1748-
9326/aabf45.

Chen X, Pierik R, Peeters AJM, Poorter H, Visser
EJW, Huber H, de Kroon H, Voesenek LACJ.
2010. Endogenous abscisic acid as a key
switch for natural variation in flooding-induced
shoot elongation. Plant Physiol. 154(2):969–
977. https://doi.org/10.1104/pp.110.162792.

Claussen W. 2005. Proline as a measure of stress in
tomato plants. Plant Sci. 168(1):241–248. https://
doi.org/10.1016/j.plantsci.2004.07.039.

Cotter DJ. 1980. A review of studies on chile [Pro-
duction, yield, cultivars, pungency, color, nu-
trients, capsaicin content]. Bulletin-New Mexico
Agricultural Experiment Station (USA).

Delfine S, Loreto F, Alvino A. 2001. Drought-
stress effects on physiology, growth and bio-
mass production of rainfed and irrigated bell
pepper plants in the Mediterranean region. J
Am Soc Hortic Sci. 126(3):297–304. https://
doi.org/10.21273/JASHS.126.3.297.

Erickson AN, Markhart AH. 2002. Flower develop-
mental stage and organ sensitivity of bell pepper
(Capsicum annuum L.) to elevated temperature.
Plant Cell Environ. 25(1):123–130. https://doi.
org/10.1046/j.0016-8025.2001.00807.x.

Food and Agriculture Organization of the United Na-
tions (FAO). 2023. FAOSTAT statistics database.
Food and Agriculture Organization, Rome, Italy.

Gong X, Xu Y, Li H, Chen X, Song Z. 2022. An-
tioxidant activation, cell wall reinforcement,

and reactive oxygen species regulation promote
resistance to waterlogging stress in hot pep-
per (Capsicum annuum L.). BMC Plant Biol.
22(1):425. https://doi.org/10.1186/s12870-022-
03807-2.

Gull A, Lone AA, Wani NUI. 2019. Biotic and
abiotic stresses in plants, p 1–9. In: Bosco de
Oliveira A (ed). Abiotic and Biotic Stress in
Plants. IntechOpen Limited, London, UK.
https://doi.org/10.5772/intechopen.85832.

Guo H, Tian H, Wang Y, Xiong X, Tian H, Zhang
S, Geng G. 2022. Comparative analysis of
growth, physiological and transcriptomic re-
sponse revealed mechanisms of waterlogging
tolerance of hot pepper (Capsicum annuum var.
conoides). Plant Breeding. 141(6):807–819.
https://doi.org/10.1111/pbr.13050.

Guo M, Zhai Y-F, Lu J-P, Chai L, Chai W-G,
Gong Z-H, Lu M-H. 2014. Characterization of
CaHsp70-1, a pepper heat-shock protein gene
in response to heat stress and some regulation
exogenous substances in Capsicum annuum L.
Int J Mol Sci. 15(11):19741–19759. https://doi.
org/10.3390/ijms151119741.

Hu S, Ding Y, Zhu C. 2020. Sensitivity and re-
sponses of chloroplasts to heat stress in plants.
Front Plant Sci. 11:375. https://doi.org/10.3389/
fpls.2020.00375.

Jackson MB, Colmer TD. 2005. Response and adapta-
tion by plants to flooding stress. Ann Bot.
96(4):501–505. https://doi.org/10.1093/aob/
mci205.

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F.
2006. World map of the Koppen-Geiger climate
classification updated. metz. 15(3):259–263.
https://doi.org/10.1127/0941-2948/2006/0130.

Lim JH, Kim SD. 2013. Induction of drought
stress resistance by multi-functional PGPR Ba-
cillus licheniformis K11 in pepper. Plant Pathol
J. 29(2):201–208. https://doi.org/10.5423/PPJ.
SI.02.2013.0021.

Lin S, Lin T, Yee CKM, Chen J, Wang Y,
Nalla MK, Barchenger DW. 2022. Impedance
flow cytometry for selection of pollen traits
under high temperature stress in pepper.
HortScience. 57(2):181–190. https://doi.org/
10.21273/HORTSCI16258-21.

Lurie S, Shapiro B, Ben-Yehoshua S. 1986. Ef-
fects of water stress and degree of ripeness on
rate of senescence of harvested bell pepper
fruit. J Am Soc Hort Sci. 111(6):880–885.
https://doi.org/10.21273/JASHS.111.6.880.

Loreti E, van Veen H, Perata P. 2016. Plant re-
sponses to flooding stress. Curr Opin Plant
Biol. 33:64–71. https://doi.org/10.1016/j.pbi.
2016.06.005.

L�opez-Mar�ın J, Gonz�alez A, P�erez-Alfocea F,
Egea-Gilabert C, Fern�andez JA. 2013. Grafting
is an efficient alternative to shading screens to
alleviate thermal stress in greenhouse-grown
sweet pepper. Sci Hortic. 149:39–46. https://
doi.org/10.1016/j.scienta.2012.02.034.

Ortiz-Bobea A, Ault TR, Carrillo CM, Chambers
RG, Lobell DB. 2021. Anthropogenic climate
change has slowed global agricultural produc-
tivity growth. Nat Clim Chang. 11(4):306–312.
https://doi.org/10.1038/s41558-021-01000-1.

Ou LJ, Dai XZ, Zhang ZQ, Zou XX. 2011. Re-
sponses of pepper to waterlogging stress. Photo-
synthetica. 49:339–345. https://doi.org/10.1007/
s11099-011-0043-x.

Pahlevi MR, Indriyani S, Mastuti S, Arumingtyas
EL. 2019. Flooding effect to Capsicum frutescens
L. in wilting and death perspectives. AIP Conf

Proc. 2120(1):30010. https://doi.org/10.1063/
1.5115614.

Palada M, Wu D. 2010. Grafting techniques for
tomato and pepper under rice-based cropping
system. Department of Agriculture-Bureau of
Agricultural Research.

Palada MC, Wu DL. 2008. Evaluation of chili
rootstocks for grafted sweet pepper production
during the hot-wet and hot-dry seasons in
Taiwan. Acta Hortic. 767:151–158. https://
doi.org/10.17660/ActaHortic.2008.767.14.

Panda D, Barik J. 2021. Flooding tolerance in rice:
Focus on mechanisms and approaches. Rice
Sci. 28(1):43–57. https://doi.org/10.1016/j.rsci.
2020.11.006.

R Core Team. 2021. R: A language and environ-
ment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.

Renziehausen T, Frings S, Schmidt-Schippers R.
2024. ‘Against all floods’: Plant adaptation to
flooding stress and combined abiotic stresses.
Plant J. 117(6):1836–1855. https://doi.org/10.1111/
tpj.16614.

Rho H, O’Shaughnessy SA, Colaizzi PD, Workneh
F, Paetzold L, Rush CM. 2022. Impacts of ze-
bra chip disease and irrigation on leaf physio-
logical traits in potato. Agric Water Manage.
269:107705. https://doi.org/10.1016/j.agwat.2022.
107705.

Saptiningsih E, Darmanti S, Setiari N. 2023. Toler-
ance of Capsicum frutescens L. (Solanales:
Solanaceae) to the duration of waterlogging
and impact on the post-waterlogging and re-
covery periods. Nat Hist Sci. 10(2): https://doi.
org/10.4081/nhs.2023.641.

Sasidharan R, Hartman S, Liu Z, Martopawiro
S, Sajeev N, van Veen H, Yeung E, Voesenek
LA. 2018. Signal dynamics and interactions
during flooding stress. Plant Physiol. 176(2):
1106–1117. https://doi.org/10.1104/pp.17.01232.

Schulze ED, Lange OL, Kappen L, Buschbom
U, Evenari M. 1973. Stomatal responses to
changes in temperature at increasing water
stress. Planta. 110(1):29–42. https://doi.org/
10.1007/BF00386920.

Smith SH. 2015. In the shadow of a pepper-centric
historiography: Understanding the global
diffusion of capsicums in the sixteenth and
seventeenth centuries. J Ethnopharmacology.
167:64–77. https://doi.org/10.1016/j.jep.2014.1
0.048.

Striker GG. 2012. Flooding stress on plants: Ana-
tomical, morphological and physiological re-
sponses. Botany. 1:3–28.

Sundstrom F, Pezeshki S. 1988. Reduction of
Capsicum annuum L. growth and seed qual-
ity by soil flooding. HortScience. 23(3):574–576.
https://doi.org/10.21273/HORTSCI.23.3.574.

Tajima T. 2020. Identification of pepper accessions
with tolerance to flooding. Report No. 74682.
World Vegetable Center, Tainan, Taiwan.
https://worldveg.tind.io/record/74682/.

Tindall HD. 1983. Vegetables in the tropics. Red Globe
Press London, London, UK. https://doi.org/10.1007/
978-1-349-17223-8.

Voesenek LA, Bailey-Serres J. 2015. Flood adaptive
traits and processes: An overview. New Phytol.
206(1):57–73. https://doi.org/10.1111/nph.13209.

Yanez C, Alvino A, Magliulo V, Steduto P.
1992. Pepper response to mild conditions of
combined soil-water and salinity stress. Adv
Hort Sci. 6:3–10.

Zou GY. 2007. Toward using confidence intervals to
compare correlations. Psychol Methods. 12(4):399–
413. https://doi.org/10.1037/1082-989X.12.4.399.

1792 HORTSCIENCE VOL. 60(10) OCTOBER 2025

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-10-02 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/

https://doi.org/10.1080/00221589.1992.11516302
https://doi.org/10.1080/00221589.1992.11516302
https://doi.org/10.1071/PP9940377
https://doi.org/10.1071/PP9940377
https://doi.org/10.1111/pce.12420
https://doi.org/10.1111/pce.12420
https://doi.org/10.1111/j.1399-3054.1997.tb00555.x
https://doi.org/10.1088/1748-9326/aabf45
https://doi.org/10.1088/1748-9326/aabf45
https://doi.org/10.1104/pp.110.162792
https://doi.org/10.1016/j.plantsci.2004.07.039
https://doi.org/10.1016/j.plantsci.2004.07.039
https://doi.org/10.21273/JASHS.126.3.297
https://doi.org/10.21273/JASHS.126.3.297
https://doi.org/10.1046/j.0016-8025.2001.00807.x
https://doi.org/10.1046/j.0016-8025.2001.00807.x
https://doi.org/10.1186/s12870-022-03807-2
https://doi.org/10.1186/s12870-022-03807-2
https://doi.org/10.5772/intechopen.85832
https://doi.org/10.1111/pbr.13050
https://doi.org/10.3390/ijms151119741
https://doi.org/10.3390/ijms151119741
https://doi.org/10.3389/fpls.2020.00375
https://doi.org/10.3389/fpls.2020.00375
https://doi.org/10.1093/aob/mci205
https://doi.org/10.1093/aob/mci205
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.5423/PPJ.SI.02.2013.0021
https://doi.org/10.5423/PPJ.SI.02.2013.0021
https://doi.org/10.21273/HORTSCI16258-21
https://doi.org/10.21273/HORTSCI16258-21
https://doi.org/10.21273/JASHS.111.6.880
https://doi.org/10.1016/j.pbi.2016.06.005
https://doi.org/10.1016/j.pbi.2016.06.005
https://doi.org/10.1016/j.scienta.2012.02.034
https://doi.org/10.1016/j.scienta.2012.02.034
https://doi.org/10.1038/s41558-021-01000-1
https://doi.org/10.1007/s11099-011-0043-x
https://doi.org/10.1007/s11099-011-0043-x
https://doi.org/10.1063/1.5115614
https://doi.org/10.1063/1.5115614
https://doi.org/10.17660/ActaHortic.2008.767.14
https://doi.org/10.17660/ActaHortic.2008.767.14
https://doi.org/10.1016/j.rsci.2020.11.006
https://doi.org/10.1016/j.rsci.2020.11.006
https://doi.org/10.1111/tpj.16614
https://doi.org/10.1111/tpj.16614
https://doi.org/10.1016/j.agwat.2022.107705
https://doi.org/10.1016/j.agwat.2022.107705
https://doi.org/10.4081/nhs.2023.641
https://doi.org/10.4081/nhs.2023.641
https://doi.org/10.1104/pp.17.01232
https://doi.org/10.1007/BF00386920
https://doi.org/10.1007/BF00386920
https://doi.org/10.1016/j.jep.2014.10.048
https://doi.org/10.1016/j.jep.2014.10.048
https://doi.org/10.21273/HORTSCI.23.3.574
https://worldveg.tind.io/record/74682/
https://doi.org/10.1007/978-1-349-17223-8
https://doi.org/10.1007/978-1-349-17223-8
https://doi.org/10.1111/nph.13209
https://doi.org/10.1037/1082-989X.12.4.399

