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In many agricultural areas, crop production has decreased due to a lack of water
availability, which is having a negative impact on sustainability and putting food security
at risk. In plants, the plasticity of the root system architecture (RSA) is considered to
be a key trait driving the maodification of the growth and structure of roots in response
to water deficits. The purpose of this study was to examine the plasticity of the RSA
traits (mean root diameter, MRD; root volume, RV; root length, RL; and root surface
area, SA) associated with drought tolerance in eight Lagenaria siceraria (Mol. Standl)
genotypes, representing three different geographical origins: South Africa (BG-58, BG-
78, and GC), Asia (Philippines and South Korea), and Chile (lllapel, Chepica, and Osorno).
The RSA changes were evaluated at four substrate depths (from O to 40cm). Bottle
gourd genotypes were grown in 20L capacity pots under two contrasting levels of
irrigation (well-watered and water-deficit conditions). The results showed that the water
productivity (WP) had a significant effect on plasticity values, with the Chilean accessions
having the highest values. Furthermore, lllapel and Chepica genotypes presented the
highest WP, MRD, and RV values under water-deficit conditions, in which MRD and RV
were significant in the deeper layers (20-30 and 30-40 cm). Biplot analysis showed that
the lllapel and Chepica genotypes presented a high WP, MRD, and RV, which confirmed
that these may be promising drought-tolerant genotypes. Consequently, increased root
diameter and volume in bottle gourd may constitute a response to a water deficit.
The RSA traits studied here can be used as selection criteria in bottle gourd breeding
programs under water-deficit conditions.

Keywords: bottle gourd, phenotypic plasticity, root system, water-deficit, water productivity

INTRODUCTION

Drought is a compelling ecological issue that significantly damages plant development and growth
(Fahad et al,, 2017; Igbal et al., 2022). In this sense, water scarcity has had a negative impact on
crop yield, putting food security at risk in many drought-prone areas in the world (Ellsworth et al.,
2020; Payus et al., 2020; Fahad et al., 2021a,b,c). Therefore, in order to enhance the sustainability
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of agriculture, it is necessary to develop genotypes with high
yields, water-use efficiency, and water productivity (WP). In
response to drought stresses, plants have developed several
physiological, phenological, morphological, and biochemical
adaptation mechanisms in different plant organs (i.e., roots,
stems, and leaves) to respond to severe water stress (Fahad
et al,, 2017, 2021c,d,e,f; Mashilo et al, 2018; Kamran et al,
2019; Zacarias Rafael et al., 2020; Igbal et al, 2022). In
particular, root system architecture (RSA) plays an important
role in water extraction from the soil, especially in drought
environments (Strock et al., 2019; Fahad et al., 2021b). Therefore,
the identification and improvement of genotypes based on root
traits have been of interest in crop breeding, mainly for the
maintenance of crop productivity under water-deficit conditions
(Lynch, 2018; Igbal et al., 2022). Root system architecture traits
are important drivers of many ecosystem processes, such as
carbon and nutrient cycling, as well as the response to water-
deficit episodes (Lynch, 2018; Lozano et al., 2020). However,
the responses of RSA traits in plants under drought conditions
have been limited to a small number of plant species (Lozano
et al., 2020). In fact, the conclusions about plant strategies in
terms of root trait responses have been contradictory. Henry
et al. (2012), for instance, concluded that rice plants with
fine roots that have smaller root diameters and specific root
lengths are better adapted to dry conditions, as they allow the
conservation of water resources. Similarly, Awad et al. (2018)
observed that smaller root diameters in winter wheat plants
may be beneficial for mining water under drought conditions
since they may have faster root growth and may be able to
allocate more C to root length. This relationship between root
length and diameter in plants under drought conditions was also
addressed by Comas et al. (2013) and Wasaya et al. (2018). In
contrast, Zhou et al. (2018), through a meta-analysis study, found
that root length and root length density decreased significantly
in response to drought, while root diameter increased. In this
sense, Lozano et al. (2020) pointed out that an increase in
root diameter and a reduction in root elongation are different
strategies that may promote nutrient and water acquisition,
depending on the plant species. Thus, root system traits can vary
from plant to plant, and also from species to species in response
to the environment.

The ability of plant roots to capture water and nutrients
from different depths in the soil profile is related to phenotypic
variation and plasticity in root system traits, such as root
length, diameter, area, and volume (Gorim and Vandenberg,
2017; Brunel-Saldias et al., 2020). For example, Gorim and
Vandenberg (2017) pointed out that, between depths of 40-
60 cm, lentil genotypes with higher total root length (TRL)
proportions of very fine roots (<0.5mm) were able to exploit
both water and nutrients more efficiently; while between
depths of 0-20 and 20-40cm, lentil genotypes with TRL
diameters >2.0mm were more efficient in the long-distance
transportation of water and nutrients. Similarly, Brunel-Saldias
et al. (2020) showed that, under a water-limited regime,
water use (WU) in spring wheat was positively related to
root weight density at different soil layers. Thus, while
root traits such as length, diameter, area, and volume are

important, more information about root systems can be
gained by looking at root distribution patterns at various
soil depths.

Bottle gourd [Lagenaria siceraria (Mol. Standl)] was one of
the earliest plant species domesticated for human utilization
(Decker-Walters et al., 2004). According to Kistler et al. (2014),
this species originated in Africa and was taken from Africa
to Eurasia by humans, but it reached America by natural
transoceanic dispersal. Due to this dispersal, L. siceraria is divided
into two subspecies: Asian bottle gourd [L. siceraria. subsp.
asiatica (Kobyakova) Heiser] and American/African bottle gourd
(L. siceraria. subsp. siceraria) (Kobiakova, 1930; Schlumbaum
and Vandorpe, 2012). Currently, bottle gourd is widely used as
a rootstock in watermelon due to its tolerance to different biotic
and abiotic stress factors (Yetisir et al., 2003; Yetisir and Uygur,
2009; Ulas et al., 2019; Aslam et al., 2020; Yavuz et al., 2020).
Notably, bottle gourd has been an important crop in the arid and
semi-arid regions of sub-Saharan Africa, where heat and drought
stresses are major constraints for crop production (Sithole and
Modi, 2015; Mashilo et al., 2017). Landraces or varieties of bottle
gourd from Africa are thought to be drought tolerant due to
several years of selection and cultivation by farmers living in
drought-prone areas (Mashilo et al., 2017). Thus, these materials
may possess unique genetic, physiological, and morphological
attributes that may not be present in modern varieties, making
them potentially key genetic resources for crop improvement
(Zacarias Rafael et al., 2020).

A recent study conducted with bottle gourd reported that
drought-tolerant genotypes showed a reduced length and density
of lateral roots, constituting a response to a water deficit (Zacarias
Rafael et al., 2020). However, until now, no study has examined
the length, diameter, surface area, and volume root patterns
at different substrate depths in the L. siceraria species under
drought conditions. Therefore, in this study, eight bottle gourd
genotypes, representing three different geographical origins (i.e.,
South Africa, Asia, and Chile), were selected to determine
changes in the root system at different substrate depths under
drought and well-watered conditions. This information will
be useful for the development of bottle gourd varieties that
can tolerate drought stress conditions by developing optimal
root systems.

MATERIALS AND METHODS

Plant Material

The plant material used in this study consisted of eight bottle
gourd accessions that represented different geographical
origins: South Africa, Asia, and Chile. Three accessions
were sourced from the Limpopo Department of Agriculture
and Rural Development (Towoomba Research Station)
of South Africa, two accessions were from the Genetic
Resource Center of Japan, specifically from the National
Agriculture and Food Research Organization (NARO), and
three were collected from three different regions of Chile.
Details about the bottle gourd accessions are shown in
Supplementary Table 1.
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Experimental Design and Growing

Conditions
The seeds of the bottle gourd accessions were sterilized by
immersion in 2% (v/v) sodium hypochlorite in water for 10 min,
rinsed 2 times with deionized water for 10 min, and germinated
for 5-7 days at 20-25°Cin 7 x 7 x 8 cm (0.23 L) pots with peat
and sand substrate in an equal ratio of 1:1. The plants with the
first fully expanded true leaf and with an absence of damage or
disease were considered as criteria for transplantation to pots.
The experiment was conducted in February 2021 in glasshouse
conditions using a shade net cover (Raschel sun-shading net
with 50% light transmittance), the average air temperature
was 23.8 £ 2.7°C with relative humidity of 54% and a solar
radiation level of 27 Mj/m?. The experiment was established
in a randomized complete block design (RCBD) with an 8 x
2 factorial arrangement and three replicates by block. Factors
consisted of eight bottle gourd accessions and two water regimes
(well-watered and water-deficit regimes) totaling 16 treatments.
Each pot with 20 L of capacity (top diameter 30 cm, bottom
diameter 26.5cm, and height 40cm) was filled with 30kg of
the substrate (1:1 peat/sand v/v) (volume 0.01766 m?3). Prior to
transplant, each pot was saturated with water, allowed to drain,
and covered with plastic bags to avoid evaporation for 24h
according to Opazo et al. (2020). Thereafter, the weight of each
pot was recorded and this was established as 100% of substrate
water content and considered as field capacity. Three days
after transplanting, the plants were subjected to two irrigation
conditions: well-watered (WW) and water-deficit (WD). Plants
under the WW condition were irrigated 3 times per week during
the period of the experiment (35 days), with water being added
to each pot to reach the corresponding 100% of field capacity.
In contrast, the WD condition was induced by suspending the
irrigation supply for 35 days. All pots in WW and WD were
weighed 3 times per week to determine the amount of water
consumed by each assessed genotype. All pots included holes for
water drainage. The plants were fertilized individually with 5g
of Basacote® Mini 3M 16-8-12(+2) N-P,05-K,0(+MgO+-S) at
the initial stage of the experiment, after which no fertilizer was
applied during the entire experiment to avoid confusion about
the applied stress. The experiment ended when the weight of
the pots under WD conditions had no variations and the plants
had died.

Water Productivity

Water productivity (WP) was estimated from the water-supplied
data. To avoid evaporation, the surface of the pot was covered
with black bags. For that, three plants per genotype and water
treatment were harvested at the end of the experiment. Root
and aerial (leaves and shoots) tissue dry matter weights (RDW
and SDW, respectively) were measured using the leaves, shoots,
and roots of each plant, which were separated and dried in
an oven at 60°C to obtain the dry weights. The root:shoot
ratio was determined by dividing the RDW and SDW for each
plant. The plant water consumed over the 4-week period was
estimated from the sum of the daily water consumption (WU)
minus the water drained out of the pots and plant biomass gain.

For this, the water drained was estimated through control pots,
which included holes for water drainage (without plants), while
the plant biomass gain (PBG) was estimated at the end of the
experiment and corresponds to PBG = [final fresh weight—
initial fresh weight]/[number of days in the experiment]. The
WU was determined as follows:

n
WU = Y (PW;_y — PW;) — (CPW;_; — CPW)) — PBG;

1

where i corresponds to each of the n measurements (being i-
1 the past measurement), PW and CPW represent the weight
of the pots and control pot, respectively. Finally, the WP was
determined as follows:

WP (kg m_3) _ (RDW + SWD)
wuU

Root Measurements

The whole root system of each of the bottle gourd plants was
analyzed. The root length (RL), root surface area (SA), mean root
diameter (MRD), and root volume (RV) were determined using
WinRhizo 2019a software (Regent Instruments Inc., Canada).
The roots were cleaned by washing them over a sieve. Each
sample was scanned with a flatbed scanner (Epson Perfection
V800 Photo and V850 Pro, SEIKO EPSON CORP., Japan,
resolution 6400 dpi). The roots were partitioned into nine
diameter classes in 0.5 mm steps (0.0-0.5, 0.5-1.0, 1.0-1.5, 1.5—-
2.0, 2.0-2.5, 2.5-3.0, 3.0-3.5, 3.5-4.0, and 4.0-4.5), and the root
lengths for each root diameter class were computed. The root
images were analyzed at four different substrate depths (0-10,
10-20, 20-30, and 30-40 cm).

Morphological Plasticity Index

The phenotypic plasticity for a trait is related to the difference
in this trait between two individuals of the same genotype under
different water conditions (Marchiori et al., 2017). Therefore,
the phenotypic plasticity was described by the absolute distance
between two selected individuals (j and j, j = 1, 2, and 3) of the
same genotype grown under distinct water conditions (i and i,
i = WW and WD). According to the above, for a given trait
x, the distance among values (dij— i/j/) is the difference Xi/j/ -
xij, and the relative distances (rdij— i/j/) are defined as dij—
i j// (xi j/ + xij) for all pairs of individuals of a given variety grown
under different water availability. Finally, the relative distance
plasticity index (RDPI) was calculated as X' (rdij— i j/)/n, where
n represents the number of distances.

Statistical Data Analysis

An analysis of variance (ANOVA) was performed after testing
the homogeneity of variances and the normality of the residuals
using Bartlett and Shapiro-Wilk tests, respectively. A two-way
ANOVA was performed for RSA traits, WU and WP traits, while
a one-way ANOVA was used for RDPI traits (WP, root:shoot,
RDW, SDW, RL, SA, RV, and MRD). Fisher’s least significant
difference (LSD) test and orthogonal contrasts were performed
on multiple comparisons of the mean values of the genotypes.
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Statistical analyses were carried out using R 4.0.5 software (R
Core Development Team, 2020).

The mean values of the studied RSA, WU and WP traits
for each condition (WW and WD) were used to compute
the Pearson’s linear correlation coefficients using the “chart.
Correlation” function of the PerformanceAnalytics package
(Peterson et al.,, 2018) in R 4.0.5 software (R Core Development
Team, 2020).

A principal component analysis (PCA) based on the
correlation matrix was performed using the “princomp” function
in R. The PCA-biplot was then generated using the “ggbiplot”
function of ggbiplot2 package (Vu, 2011) in R to describe and
group bottle gourds according to their level of drought tolerance
pursuant to Zacarias Rafael et al. (2020).

RESULTS

Analysis of Variance and Correlations
Among WP, Biomass Production, and Root

Traits

The root dry weight (RDW) of the plants in the drought
treatment ranged from 1.2 (Osorno) to 2.6 g (GC); while for
the well-watered (WW) plants, the dry weight varied from 2.0
(Philippines) to 4.6 g (GC). The leaves and shoots dry matter
weight (SDW) ranged from 14.4 (Philippines) to 22.4 g (Chepica)
for plants under water-deficit (WD) conditions and 68.8
(Philippines) to 119.7 g (GC) for WW (Supplementary Table 2).
There was a significant difference (p < 0.01) in the RDW
among two South African bottle gourd genotypes (BG-78 and
GC) and the Osorno, Philippines, and South Korea genotypes
in the drought treatment, which was not observed in WW
(Supplementary Table 2). This indicates that, in WD conditions,
the South African genotypes have higher root growth compared
with the Osorno and Asiatic bottle gourd. It should be noted
that, under this same condition, the Osorno genotype had the
lowest water use (WU), which coincides with its root growth
(Supplementary Table 2).

Analysis of variance showed a significant effect of the
water regime in all traits except for WP (Table 1). Moreover,
genotypic significant differences were observed under root:shoot
ratio (root:shoot), RDW, root length (RL), and root surface
area (SA) (Table1). Similarly, the genotypic effects were
significant for root:shoot and RL under the WW condition,
while under the water-deficit condition, RDW and RD
were significant (Supplementary Table 2). The South African
genotypes exhibited the highest values of biomass production
(RDW and SDW) and RL, while two of the Chilean genotypes
(Hlapel and Chepica) showed the highest values in mean root
diameter (MRD), root volume (RV), and SA. In particular, in
the WD regime, the Illapel and Chepica genotypes showed MRD
values that were significantly higher than those of the Asiatic and
South African bottle gourds; while for RDW, the BG-78 and GC
genotypes displayed significantly greater values than those of the
Asiatic bottle gourds (Supplementary Table 2).

In most of the tested bottle gourd genotypes, the contrasting
means in the comparison of the WW and WD water regimes

(Table 2) showed that, for WU and SDW, drought stress
significantly reduces their values, while root:shoot significantly
increased its values under this watering regime. In general, the
water-deficit treatment led to a reduction in all traits, except in
some genotypes (WP and root:shoot). Notably, the Illapel and
Chepica genotypes showed the highest values of WP under the
WD condition (being even higher than those of the WW regime),
while the GC and Philippines bottle gourds showed the lowest
values of WP (Supplementary Table 2).

The Pearson correlation coeflicients among WP, root and
leaves biomass, and root traits are presented in Figure 1. Under
the WW condition, WP showed a positive and significant
(p < 0.01) correlation with SDW (0.78). Similarly, WU was
significantly and positively associated with SDW (0.94) and
RL (0.73). Furthermore, RDW showed strong and significant
positive correlations with RL (0.88), SA (0.95), and RV (0.67).
In particula, WP had a negative correlation with MRD
(—0.70) (Figure 1A). These results indicate that, under the WW
condition, greater shoot biomass production and a reduction
in MRD are associated with more efficient use of water in the
plant. On the other hand, under the WD condition, WP was
significantly (and positively) correlated with SDW (0.82) and
positively correlated with MRD (0.6) and RV (0.63), although
not significant (p = 0.11 and 0.09, respectively). Furthermore,
RDW showed a positive correlation with RL (0.80) and SA (0.63)
(Figure 1B). These results indicate that, under WD conditions,
WP is strongly associated with greater shoot biomass production.

Response of Root Traits to Drought Stress
Figure 2 shows the four root traits evaluated at four different soil
depth layers (0-10, 10-20, 20-30, and 30-40 cm). The maximum
root depth was similar among the eight genotypes in both water
regimes. However, the water regimes changed the root trait values
through the different layers of depth. In all layers under the WD
condition, the traits decreased by at least 50% compared with the
WW condition. Notably, in all genotypes in the WD treatment,
the RL presented the highest value in the second depth layer
(10-20 cm), while the SA, MRD, and RV traits were decreased
as the depth increased in almost all genotypes (except for the
Philippines and Chepica genotypes, which had the highest values
in the second depth layer; Supplementary Table 3).

Under the WW condition, significant genotypic differences
in RL values were detected for most substrate layers (except 0-
10 cm), while differences in SA and RV only were observed in the
deepest layer (30-40 cm) (Figure 2 and Supplementary Table 3).
In this sense, the GC and Philippines genotypes showed the
highest and lowest values of RL, respectively, both being
significantly different from each other. Similarly, the Philippines
genotype presented the lowest SA and RV values, while the
Illapel genotype had significantly high values in both traits. On
the other hand, in the WD treatment, three layers (0-10, 20-
30, and 30-40cm) presented significant genotypic differences
with regard to MRD and only two substrate layers (20-30
and 30-40 cm) with regard to RV (Supplementary Table 3). In
particular, the bottle gourd accessions from Illapel and Chepica
showed the highest values in MRD and RV in all substrate
layers, while the South Korea and GC genotypes had the lowest
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TABLE 1 | ANOVA results for the effect of water regime (W), genotype (G) and their interaction (G'W) on water consumption (WU), water productivity (WP), root and shoot
biomass (RDW and SDW, respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area) evaluated in eight bottle gourd
genotypes under well-watered (WW) and water-deficit (WD) conditions.

sv wu WP Root:shoot SDW RDW RL MRD RV SA

G ns ns * ns * e ns ns *

W - ns - . o ot « *x -
G'W ns ns ns ns ns ns ns ns ns
BG-58 15.44a 4.41a 0.07bcd 68.76a 3.03ab 781.12ab 2.14a 29.07a 526.37ab
BG-78 15.04a 4.16a 0.08abcd 62.46a 3.22a 700.9abc 2.5a 35.61a 548.06ab
GC 15.82a 4.10a 0.1a 67.79a 3.59a 813.74a 2.21a 32.69a 564.94ab
Philippines 11.33a 3.61a 0.09abc 41.60a 1.94bc 449.07e 2.19a 18.26a 313.72¢
South Korea 12.73a 4.50a 0.06cd 56.27a 2.14abc 564.97cde 2.1a 20.92a 382.6bc
lllapel 12.60a 3.93a 0.09ab 46.53a 3.17ab 626.52bcd 3.09a 51.25a 610.92a
Chepica 11.96a 4.19a 0.07bcd 47.41a 2.57abc 591.82cde 3.02a 48.97a 568.88ab
Osorno 13.98a 4.30a 0.06d 66.86a 1.77¢c 500.99de 2.3a 24.72a 382.91bc
ww 21.85 4.36 0.04 95.62 3.31 698.09 2.68 43.15 591.93
WD 5.37 3.94 0.12 18.88 2.10 543.30 2.24 23.25 391.77

kkk

SV, source of variation. The levels of significance (ns, non-significant; *significant at 5%, **significant at 1%; ***significant at 0.1% using the F-test) are indicated. Means with different

letters within a column are significantly different at p < 0.01 according to the Fisher’s LSD test. ns, *, **, *** and letters are defined in the table foot.

TABLE 2 | Orthogonal contrasting test for the difference of mean values between water-deficit (WD) and well-watered (WW) conditions for the water consumption (WU),
water productivity (WP), root and shoot biomass (RDW and SDW, respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV; Root Volume; SA,
Surface Area) evaluated in eight bottle gourd genotypes.

Genotypes wu WP Root:shoot RDW SDW RV RL SA MRD

BG-58 19.2* 1.07 ns —0.08* 1.58* 96.7* 19.4* 299.3 ns 275.4* 0.41ns
BG-78 18.65" 0.42 ns —0.09* 1.38 ns 84.8 ns 21.0ns 41.9ns 173.7 ns 0.57 ns
GC 21.14* 1.11ns —-0.13* 2.06 ns 103.8* 29.9* 422.5* 404.1* 0.51ns
Philippines 13.01** 0.60 ns -0.12* 0.08 ns 54.5* 49ns —30.0 ns 22.5ns 0.21 ns
South Korea 13.92 ns 0.79ns —0.05ns 0.89 ns 68.6* 17.9ns 241.3 ns 250.1 ns 0.52 ns
lllapel 14.41 ns —0.80 ns —0.04 ns 1.89 ns 52.0ns 31.9ns 200.7 ns 256.2 ns 0.37 ns
Chepica 12.44* —00.34 ns -0.07* 0.66 ns 50.1 ns 16.4 ns 29.7 ns 75.2ns 0.25ns
Osorno 19.1* 0.49 ns —0.07 ns 1.10 ns 100.7 ns 17.0 ns 54.8 ns 160.7 ns 0.68 ns

The levels of significance (ns, non-significant; *significant at 5%, **significant at 1%, using the F-test) are indicated.

values in the 0-10 and 20-30 cm layers (Supplementary Table 3).
In this regard, it should be noted that, under the WD
condition, the Illapel and Chepica genotypes had the highest
WP values and presented the highest MRD and RV values
(Supplementary Table 2). Furthermore, these genotypes in the
first depth layers showed low (or close to general average) RL
and MRD values; however, as the substrate depth increases,
all the root trait values in these genotypes also increase. This
may indicate that the Illapel and Chepica genotypes tend to
explore the deeper layers of the substrate, which could be
related to a higher capture of water from the substrate under
drought conditions.

The RL, SA, and RV root traits were classified into different
classes based on root diameter intervals, i.e., 0-0.5, 0.5-1.0, 1.0-
1.5, 1.5-2.0, 2.0-2.5, 2.5-3.0, 3.0-3.5, 3.5-4.0, and 4.0-4.5 mm.
This was performed to compare the fine root distribution across
different diameter intervals under different depths for both
water regimes.

The highest RL values in the four depths and both water
conditions were recorded in the 0.5-1.0 mm diameter interval,
then the values decrease according to the increase in diameter
intervals. Moreover, in the 0.5-10mm interval, significant
genotypic differences were detected for the second depth layer
(10-20 cm) under the WD condition, with the GC and Illapel
genotypes having the highest and lowest values, respectively.
Similarly, for SA, the highest values were observed in the 1.0-
1.5mm interval, and then, as the diameter of the intervals
increased, the SA values decreased. It should be noted that under
the WD regime, the fourth depth layer (30-40 cm) showed stable
SA values after a diameter interval of 0.5-1.0 mm. Moreover, the
RV values increased according to the increase in root diameter
intervals independent of water regime and depth layer (Figure 3).

Principal Component Analysis
A principal component analysis was carried out to discover
the most contributing root traits under two contrasting
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FIGURE 1 | Plot representing phenotypic distribution and correlation for water consumption (WU), water productivity (WP), root and shoot biomass (RDW and SDW,
respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area), evaluated under well-watered (A) and water-deficit (B)
conditions. The diagonal line of the plot shows the histograms and the distribution of the observed phenotype values. The lower off-diagonal is the scatterplot between
the traits, whereas the upper off-diagonal represents the correlation value between traits. *, **, and *** denote the level of significance at 5, 1, and 0.1%, respectively.

water regimes and for the differentiation of drought-
tolerant and sensitive bottle gourd genotypes. Under the
WW  condition, the two first principal components (PCs)
explained 96% of the cumulative variance observed, with 56%
at the first and 40% at the second axes, with eigenvalues of
1.67 and 1.40, respectively (Figure4). The parameters that
contributed to positive loading to the first principal component
(PCA1) were RL, SA, MRD, and RV; while for the second
component (PCA2), the parameters were WP, RL, and SA.
In contrast, the WP contributed with negative loading to
the first component, while MRD and RV contributed with
negative loading to the second component. Under the WD
condition, the first two PCs explained 89% (69 and 20%,
respectively). PC1 was composed only of positive loadings
(WP, RL, SA, MRD, and RV). In contrast, PC2 consisted of
RL and SA as negative loadings and WP, RV, and MRD as
positive loadings.

Figure 4A (WW condition) shows that MRD has an opposite
direction to WP, which is consistent with the negative correlation
observed between these two traits. In this sense, the BG-58
and GC genotypes were grouped with high values of WP
and low MRD values. On the other hand, the Illapel and
Chepica genotypes had high MRD values and low WP values.
Under the WD condition (Figure 4B), BG-58 and GC were
grouped with low values of WP, while the Illapel and Chepica
genotypes were differentiated by high values of MRD, RV,
and WP, which is consistent with the positive correlation
observed between these three traits. This result suggests that

two of the Chilean genotypes (Chepica and Illapel) adopted
a strategy of drought tolerance associated with MRD and
RV growth, which was more efficient for WP compared with
other genotypes.

WP, Biomass Production, and Root Traits
Analyzed by the Relative Distance
Plasticity Index (RDPI)

Plasticity responses to a water deficit were compared for
WP, root traits, and biomass production by means of the
RDPL In this sense, the Chilean genotypes had significantly
higher plasticity in WP (Table 3), with Osorno genotype being
significantly different from the Asiatic and South African
genotypes. Similarly, the Chilean genotypes had the highest
RDPI values in RDW; however, these values were low (<0.5).
In particular, the Illapel and Chepica bottle gourds showed the
highest RDPI values for MRD when compared with the other six
genotypes. This indicates that the Chilean genotypes presented a
higher phenotypic plasticity response under drought conditions
(Table 3). In On the contrary, with regard to SDW, the highest
RDPI values were observed in the South African plants, with the
values for BG-58 and GC being significantly higher than those
for the Illapel and Chepica genotypes. Regarding root traits, only
the plasticity of RL showed a significant difference among the
genotypes, for which the BG-58, GC, and South Korea genotypes
were significantly higher than the Illapel and Chepica genotypes.
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DISCUSSION

Root architectural phenotypes play primary roles in the capture
of water and soil resources and are important for maintaining
crop yield under water-stress conditions. According to Lynch
(2019), specific root phenotypes or root ideotypes are promising
breeding targets for more stress-resilient and resource-efficient
crops. Based on this idea, this study examined the root
morphology of eight L. siceraria genotypes and investigated
the various root traits at different substrate depths and root
diameter intervals under a water-deficit condition. For instance,
different root-related traits, such as primary root length, number
and length of lateral roots, and average root diameter, have
been proposed as important traits that contribute to regulating
water uptake, which is critical under drought stress (Gorim and
Vandenberg, 2017; Mwenye et al., 2018; Brunel-Saldias et al.,
2020; Gao et al.,, 2020). In this study, a statistically significant
effect of water deficit was reported over all the evaluated root
traits. Furthermore, all root traits decreased in response to
drought; however, the decrease rate of MRD, SA, and RV
was smaller in the genotypes with higher WP (i.e., Illapel and
Chepica). Thus, we suggest that bottle gourd genotypes with
higher MRD, SA, and RV are more efficient in the use of water.
In this sense, the Illapel and Chepica genotypes increased the
MRD, SA and RV at the expense of the RL, while the South
African genotypes (i.e., BG-58, BG-78, and GC) increased the

RL and reduced the MRD and RV. These genotypic differences
in terms of root length, diameter, and surface area may suggest
that they have an important role in L. siceraria in response
to water deficit. Plants with a higher main root diameter have
more growth potential as there is a direct relation with water
absorption (Richards et al., 2001; Zhou et al., 2018). In addition,
it has been reported that root diameter controls the root surface
area and length, hence encapsulating the overall effect in terms of
root length per dry biomass allocated to the root system (Turner
et al., 2001).

On the other hand, the total root length, which is important
in the acquisition of water and soluble elements, is reduced
due to water deficit. However, in this study, the South African
genotypes showed the highest root length in fine (<2mm
diameter) and very fine roots (<0.5mm diameter) in the
second (10-20 cm) and third (20-30 cm) layers, while the Illapel
and Chepica genotypes presented the highest root length in
the thicker roots (>2mm diameter) in the last layer (30-
40 cm) (Supplementary Data Sheet S1). It has been stated that
plants with root systems with smaller root diameter and long
fine roots are more suited to drought environments (Khadka
et al., 2020). There is evidence that in different crops under
water-deficit conditions, the drought-resistant genotypes showed
higher fine root length than the susceptible genotype (i.e.,
soybean—Chun et al., 2021; wheat—Henry et al., 2012; lentil—
Gorim and Vandenberg, 2017). Moreover, a genotype with
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a higher total root length in the middle or deeper layers
of the soil may be resistant to drought due to an efficient
distribution of roots (Hamedani et al., 2020). In this context,
our results may indicate that L. siceraria genotypes use different
mechanisms of adaptation to tolerate water deficits. This could
imply that the South African genotypes are able to exploit
water resources more efficiently in the second and third soil
layers, as one of the main functions of fine roots is water
uptake, while the Illapel and Chepica genotypes, have thicker
roots with higher proportions of RV and SA gives them the
advantage of being able to penetrate deeper into soil layers,
and they are therefore more efficient at transporting water from
long distances.

The size and shape of pots are generally regarded as a
limitation in the root growth and water uptake, a process
sometimes termed “pot binding” or “root binding” (Sinclair et al.,
2017). In this study, the size of the pot can be a limitation to
the root growth, however, Poorter et al. (2012), who conducted
a metanalysis study, concluded that the plant biomass per

unit rooting volume is more relevant than pot size per se,
being recommended avoid plant biomass to pot volume ratio’s
values larger than 2 gL' (and preferably <1 gL™!) if want to
minimize growth restrictions for harvest. In this context, this
study reported ratios of biomass/root volume between 1.06 and
2.58 gL.=! for each genotype treatment, which is in agreement
with the proposed by Poorter et al. (2012) and more recently by
Turner, 2018. In addition, the duration of our experiment was 4
weeks, which suggests that the plants may grow presumably well
in all pot sizes because as revised by Poorter et al. (2012), after 4
weeks of growth, the biomass is reduced in the smallest volume
pots (Turner, 2018).

This study also evaluated whether root trait relationships with
shoot biomass are affected by drought. In this sense, the water-
deficit condition caused a reduction in plant growth, which
was expressed as a reduction in all plant traits, except for the
root:shoot ratio. The increase in the root:shoot ratio was a
result of a greater reduction in aboveground biomass rather
than an increase in root biomass because the absolute root dry
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TABLE 3 | Relative distance plasticity index (RDPI) considering water productivity (WP), root and shoot biomass (RDW and SDW, respectively) and root traits (RL, Root
length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area), assessed in eight bottle gourd genotypes subjected to a water-deficit condition.

Genotypes WP root:shoot RDW SDW RL SA RV MRD
BG-58 0.13b 0.54ab 0.26a 0.70a 0.21ab 0.28a 0.35a 0.12a
BG-78 0.09b 0.53ab 0.20a 0.66ab 0.13bc 0.18a 0.27a 0.13a
GC 0.13b 0.61ab 0.28a 0.76a 0.25a 0.36a 0.44a 0.14a
Philippines 0.12b 0.66a 0.15a 0.64ab 0.07cd 0.19a 0.31a 0.14a
South Korea 0.10b 0.46b 0.20a 0.61abc 0.21ab 0.32a 0.43a 0.13a
lllapel 0.19ab 0.26¢ 0.29a 0.45¢ 0.17b 0.23a 0.40a 0.20a
Chepica 0.15b 0.48b 0.26a 0.49bc 0.04d 0.22a 0.40a 0.21a
Osorno 0.27a 0.52ab 0.34a 0.63ab 0.18ab 0.31a 0.43a 0.18a

G, genotype; genotype means followed by different letters were significantly different (p < 0.01) using Fisher's LSD test. Means with different letters within a column are significantly

different at p < 0.01 according to the Fisher’s LSD test.

weight under the water-deficit condition was not greater than
that under the well-watered condition. In addition, this ratio
is often observed to increase under adverse conditions such
as drought (Liu et al, 2004; Xu et al, 2015). The reason for
the increased root-to-shoot ratio could be due to the limited
supply of water; hence, root growth occurs at the expense of the
shoot. According to Lozano et al. (2020), the stronger impact of
drought on leaves than on root traits may be linked to differences
in the physiology of roots and leaves. The plant root system
is the organ responsible for the uptake of water and is the
first responder to many types of stress (Brunner et al., 2015;
Weemstra et al., 2016; Lozano et al.,, 2020). Moreover, due to
the ability of roots to grow toward wetter patches in the soil,
the effects of water shortage can be minimized (Eapen et al,
2005; Lozano et al., 2020). Furthermore, from a genetic point
of view, the root:shoot ratio also showed genotypic variation in
bottle gourd in response to a water deficit. A significant genotypic
variation in the root:shoot ratio in response to a water deficit

has also been reported in other crop species (i.e., rice—Cui et al.,
2008; sesame—Hamedani et al., 2020; chickpea—Ramamoorthy
et al, 2017). These findings suggest that a higher root:shoot
ratio in response to drought stress is an advantage that enables
plants to cope with water-limited conditions, depending on the
genotype, the degree, and duration of drought stress, or the
synergistic/antagonistic interaction of these factors (Xu et al,
2015).

Plasticity is critical to plant acclimation and survival
under environmental stress, especially drought (Pierik and
Testerink, 2014). In fact, the plasticity of a root system under
drought conditions is considered to be a key trait driving
the modification of the growth and structure of roots in
response to a water deficit (Bristiel et al., 2019). Our results
indicated that all traits studied showed some level of plasticity
in response to a water deficit, even though the plasticity
presented here was relatively low (RDPI < 0.5), with the
exception of the root:shoot dry weight ratio and the shoot
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dry weight. Stotz et al. (2021) pointed out that the costs of
phenotypic plasticity tend to increase in plants under stressful
conditions, resulting in lower phenotypic plasticity values.
Moreover, these costs and limits can be different among traits,
with morphological traits being more limited under stressful
conditions due to higher costs, resulting in lower phenotypic
plasticity. Our results supported the theory of Stotz et al
(2021), since the WP and root traits showed relatively low
RDPI values, with low statistical differences among genotypes.
Despite these results, in our previous study, Zacarias Rafael
et al. (2020) evaluated the plasticity of the morphological and
physiological traits of the roots in bottle gourd under water-
deficit conditions, revealing that the Illapel genotype had the
highest plasticity index for WP. Similarly, in our previous
study, the Illapel genotype, along with the Chepica and Osorno
genotypes, showed greater RDPI values in MRD and WP.
Notwithstanding these results, according to Schneider et al.
(2020a), to better understand and interpret plasticity, first, it
is necessary to have a comprehensive understanding of the
utility of individual phenes (i.e., root phenes). In fact, previous
studies have demonstrated that phenotypic plasticity is phene-
specific, not necessarily genotype-specific (Schneider et al,
2020a,b). Thus, further research is necessary for evaluating
whether plasticity in root diameter growth may be related to
WP performance in genotypes of bottle gourd under water-
deficit conditions.

Understanding the associations among the relevant root
traits associated with drought adaptation/tolerance is important
for improving the selection of superior genotypes for drought
tolerance and the breeding of bottle gourd. In this context, PCA
is a powerful statistical procedure that reduces the dimensions
of the variables and, in our case, helps to discriminate highly
correlated traits in order to identify clusters of individuals in
response to drought stress (Bahrami et al., 2014). Moreover, PCA
biplot analysis has been effectively used by other researchers
for screening drought-tolerant bottle gourd (Mashilo et al,
2017, 2018; Zacarias Rafael et al, 2020). In this study,
PCA analysis identified groups of genotypes with different
strategies to face (or tolerate) drought stress based on WP
and root traits (i.e., MRD, RL, SA, and RV). In this sense,
the Illapel and Chepica genotypes were grouped together
based on high values for WP, MRD, and RV, and were
separated from the Asiatic, Osorno, and two South African
genotypes (GC and BG-58). Similar findings were observed
by Zacarias Rafael et al. (2020), who showed that the Illapel
and Chepica genotypes were grouped together based on water-
use efficiency in WUEwp (whole plant), WUEI (intrinsic), and
WUEins (instantaneous), while the South African genotypes
were localized in a different cluster. In addition, Mashilo
et al. (2017), who performed a biplot analysis based on the
physiological parameters in L. siceraria under drought stress,
suggested that BG-58, BG-78, and GC are drought-tolerant
genotypes based on high values of physiological traits (gs,
stomatal conductance; A, net CO, assimilation rate). In the
present study, under water-deficit conditions, the Chilean and
South African bottle gourds showed different strategies for

tolerating drought stress. In particular, water-deficit conditions
may lead to an increase in the diameter and volume of roots,
which, in turn, may contribute to improving water capture under
these conditions.

The need for drought-resistant crops is critical and will surely
grow in the coming years, considering the notable degradation
of soil and water resources, and the accelerating effects of
global climate change. In this context, the L. siceraria breeding
programs for rootstock should therefore incorporate key root
phenotypes (including morphological and anatomical traits) that
focus on water capture and nutrient uptake, and which are suited
for sustainable production in cucurbit crops (Sudrez-Hernandez
et al., 2017, 2022), as well as those of watermelon, melon and
cucumber (Sudrez-Herndndez et al., 2017, 2022). On the other
hand, the traits that affect the metabolic efficiency of root
growth and soil exploration should therefore also be important
components of drought tolerance and plant productivity, the
effects of which should be evaluated in different combinations of
rootstock varieties.

CONCLUSION

The evaluated bottle gourd showed genotypic variation for
relevant root traits under water-deficit conditions. The Illapel
and Chepica genotypes were associated with better WP, MRD,
RV, and SA to different soil depths, while BG-58 and BG-78
increased the TRL in fine and very fine roots (<0.5 and <2 mm
diameter, respectively) and reduced the MRD and RV. Thus, both
groups of bottle gourd used different strategies associated with
root trait modifications in response to a water deficit. Notably,
the genotypic variation observed for these root traits at different
substrate depths, especially under water-deficit conditions, was
also associated with drought tolerance in L. siceraria. Therefore,
the variation in root traits at different substrate depths should
also be considered in the selection and breeding programs of
bottle gourds.
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