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Editorial on the Research Topic

Wild plant genetic resources: a hope for tomorrow
The demand of food is expected to increase significantly in the coming decades with

growing population and shifting dietary patterns (Tilman et al., 2011). Crop yield is largely

affected by various factors including biotic and abiotic stresses, reduced biodiversity,

degraded soil, and the changing climate (Lobell and Gourdji, 2012; Islam et al., 2016; Zhu

et al., 2022). Plant genetic resources including crop wild relatives (CWRs), landraces and

underutilized crop species are a significant source of traits of agronomic interest (Khan

et al., 2021; Renzi et al., 2022). Conserving and utilizing such genetic resources may be key

for the development of climate resilient crop varieties and to ensure global food and

nutrition security (Figure 1). The conservation of plant genetic resources and the

availability of their omics data is critical for the improvement of crop varieties using

advanced molecular breeding including genome editing (Islam, 2019; Salgotra and

Chauhan, 2023). For the efficient utilization, genetic resources should be

comprehensively examined, however, there has been a dearth in the assessment of their

heritable traits and full characterization (Figure 1). Moreover, more studies are required on

the assessment of genetic variability, level of tolerance against individual and combined

biotic and abiotic stresses, yield performance and nutritional profile of wild plant genetic

resources (Panwar et al., 2022; Pandey et al., 2023). Therefore, this Research Topic aimed to

compile research updates on successful monitoring and utilization of wild plant genetic

resources for modern crop improvement.

The research findings and critical reviews described in eight articles included in this

Research Topic are briefly summarized and discussed in the following sections.
1 Steps toward efficient conservation of CWRs

Being an important source of traits for biotic and abiotic stress tolerance, and nutrients,

crop wild relatives (CWRs) can largely contribute to the improvement of crops (Kahraman

et al., 2017; Rajpal et al., 2023). However, these natural genetic resources are under

continuous threat due to global climate change and anthropogenic activities. Therefore,
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conservation of these valuable genetic resources must be prioritized.

Brilhante et al. catalogued the diversity of CWRs of genus Vigna in

Mozambique and provided conservation strategies for preferred

targets and regions. This inclusive dataset containing information

on species diversity, dissemination, and threats will facilitate the

sustainable usage of Vigna CWRs in crop improvement. They

suggested that climatic fluctuations and changes in agricultural

practices in that region destruct natural habitats and threaten the

existence of wild populations. Chen et al. explored the influence of

land use change in China from 2001 to 2019 on the survival rate of

three wild rice species (Oryza rufipogon, O. officinalis, and O.

granulata) employing satellite-based Earth observations. Although

the land use change had a suppressive effect on the population of

three wild rice species, it has been suggested that vegetation

surrounding the wild population acts as a biological barrier and

protects the plants from the destruction due to land use change. The

findings of their study emphasize the need of a modified

conservation strategy for wild species of rice. Other than this, the

loss of wild species because of land use change emphasizes the in

situ conservation of wild relatives (Thingnam et al., 2023).

However, genetic characterization of individual samples of such

large populations is difficult due to requirement for the large

resources. Thus, tolerance level of large populations of CWRs

towards different stress conditions at difficult sites can be easily

identified using predictive characterization techniques based on

ecogeographic information. Civantos-Gomez et al. employed a

machine learning-based predictive strategy to characterize the

resistance toward rust disease caused by fungus Uromyces viciae-

fabae in CWR populations of lentils in the Mediterranean basin.

They concluded that rust resistant CWR populations are suitable

candidates for in situ conservation, and specific environmental
Frontiers in Plant Science 025
conditions have a role in developing resistance in them. Davis

et al. provided a contemporary review summarizing taxonomy,

conservation, and potential traits including agronomic performance

and biotic/abiotic stress tolerance of four indigenous species of

coffee in Uganda. This review not only identified that two of the

studied coffee species are at the risk of extinction but also suggested

to prioritize their conservation in Uganda.
2 Utilization of genetic resources to
maintain diversity

An efficient way of utilizing CWRs is to improve the strategies

of their selection based on phenotypic and genomic indices.

Fenstemaker et al. utilized phenotypic, genomic, and combined

strategies to select water-deficit stress tolerant lines developed from

the crosses of tolerant wild tomato relative Solanum galapagense

accession LA1141 and susceptible Solanum lycopersicum L.

OH8245. Thermal images showed a greater phenotypic variance

for canopy temperature trait in the progenies and quantitative trait

loci (QTLs) contributing to water deficit tolerance which were

mapped in LA1141. These findings suggest the opportunity to

introgress water deficit tolerance trait from wild relatives to

modern tomato cultivars. Moreover, understanding the material

developed from the breeding of CWRs can facilitate its utilization

for crop improvement. Sequencing of whole genomes and

transcriptomes of wild genetic resources will be advantageous in

this direction (Brozynska et al., 2016; Pandey et al., 2022; Khan

et al., 2023). Jackfruit (Artocarpus heterophyllus Lam, Moraceae

family) has attracted the attention of food experts and technologists

due to its nutritional health benefits. However, it is an underutilized
FIGURE 1

Outline of different aspects of wild genetic resources that need to be investigated further for the development of modern cultivars.
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and less explored tropical fruit crop, but a highly potential source of

food and nutritional security. Islam et al. for the first time

sequenced the whole genome of a year-round fruiting and high

yielding jackfruit variety, BARI Kanthal-3, which was developed

from a wild accession. Bioinformatics analysis of the sequence data

identified the distribution of a large collection of nucleotide

variation across the genome of jackfruit that can be used to

identify new functional genes and their regulatory activities

specific to BARI Kanthal-3. They also demonstrated that BARI

Kanthal-3 has a higher number of genes related to flowering time.

Their findings not only facilitate marker development for different

traits in jackfruit crop to be utilized in breeding programs, but also

increase the chances of their utilization to ensuring food supply by

understanding their evolution and domestication process.

Reproductive isolation limits the utilization of wild species for

the improvement of cultivated forms. Thus, other existing forms

that are closer to widely utilized cultivated genotypes and that

possess potential stress tolerance and yield related traits should be

preferred for crop improvement. The Waxy (Wx) gene is found to

be responsible for waxy trait in waxy rice that is high-quality rice

with less than 2% of apparent amylose content (AAC) of the starch.

Fu et al. developed wx mutants of rice varieties employing CRISPR-

Cas9 gene-editing system that showed significant decrease in AAC.

However, AAC content of rice genotypes with low initial AAC was

further decreased on mutation of wx genes and thus, preference can

be given to such genotypes in breeding programs. Li et al. studied a

semi-domesticated rice called weedy rice (Oryza sativa f. spontanea)

for the development of early heading trait in japonica rice. Four

genes, two major (Hd1 and OsCCT22) and two minor (Dth7 and

Hd16) were found to be regulating the early heading trait of

weedy rice.

The articles published in this Research Topic address different

aspects of the conservation and utilization of wild plant genetic

resources, however, a consistent research effort is needed for the

efficient conservation and utilization of the invaluable patrimony of

wild plant genetic resources (Figure 1).
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Yiping Liu1, Baoli Zhang1, Rui Liu1, Zizhong Zhu1 and Jun Zhu1,2*

1 Rice Research Institute of Sichuan Agricultural University, Chengdu, China, 2 State Key Laboratory of Crop Gene
Exploration and Utilization in Southwest China, Sichuan Agricultural University, Chengdu, China, 3 Key Laboratory
of Southwestern Chinese Medicine Resources, Chengdu University of Traditional Chinese Medicine, Chengdu, China,
4 Leshan Municipal Bureau of Agriculture and Rural Affairs, Leshan, China

The cooking and eating quality of rice grains is a major focus from a consumer’s
perspective and is mainly determined by the apparent amylose content (AAC) of the
starch. Waxy rice, a type of rice with an AAC of less than 2%, is an important goal for
the breeding of high-quality rice. In recent years, the cloning of the Waxy (Wx) gene has
revealed the molecular mechanism of the formation of waxy traits in rice. However, there
have been limited studies on the physicochemical properties, such as gelatinization
temperature, rapid viscosity analyzer profile, and amylopectin fine structure of wx
mutants. In the current study, a rapid and highly efficient strategy was developed through
the CRISPR/Cas9 gene-editing system for generating wx mutants in the background of
five different rice varieties. The wx mutation significantly reduced the AAC and starch
viscosity but did not affect the major agronomic traits (such as plant height, panicle
number per plant, grain number per panicle, and seed-setting frequency). Incorporation
of the wx mutation into varieties with low initial AAC levels resulted in further reduction
in AAC, but without significantly affecting the original, desirable gelatinization traits and
amylopectin structure types, suggesting that parents with low initial AAC should be
preferred in breeding programs.

Keywords: apparent amylose content, waxy rice, amylopectin structure, Waxy gene, CRISPR/Cas9

INTRODUCTION

Starch consists of two classes of α-polyglucans, amylose and amylopectin. Amylose is primarily
a linear polymer, consisting of 1,4-D-glucopyranosyl units, while amylopectin is a highly
branched polymer (Hizukuri et al., 1981; Hizukuri, 1986), with the amylose: amylopectin ratio in
conventional rice being approximately 20: 80. The amylose content (AC) of the starch is arguably
the most important quality indicator in rice grains, particularly with respect to cooking, processing,
and eating qualities (Juliano, 1998). Rice cultivars can be divided into five categories according
to AC: waxy (0–2%), very low (5–12%), low (13–20%), intermediate (21–25%), and high amylose
(26–33%) (Juliano, 1992). Waxy rice (or glutinous rice) is regarded as high-quality rice, which is
usually sticky when cooked (Juliano, 1998). Because of its unique, functional characteristics, waxy
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rice is widely used in processed food, medicines, and cosmetics
(Bao et al., 2004; Puchongkavarin et al., 2005; Chun et al., 2010).

Amylose is proposed to have a significant influence on the
physicochemical properties of waxy rice flour (Jane et al., 1999).
Waxy rice starch with a certain amount of amylose as the
donor substrate results in increases in the levels of crystallinity,
solubility and paste clarity, gelatinization temperature (GT),
enthalpy (1H), gel strength, and storage modulus (Lu et al., 2008;
Guo et al., 2019). There is a reduction in the retrogradation of
flour, a process in which disaggregated amylose and amylopectin
chains in a gelatinized starch paste reassociate to form more
ordered structures, when waxy rice flour is used, with an
increase in AC (Sasaki et al., 2000). On the other hand, the fine
structure of amylopectin is considered to affect the gelatinization,
retrogradation, and rheology of waxy rice starch (Kalichevsky
et al., 1990; Chung et al., 2008). During retrogradation of waxy
rice starch, GT is positively correlated with the branch chain
length of amylopectin (Jane et al., 1999; Singh et al., 2012), with
the greater branch density of amylopectin being associated with
increasing 1H and solubility but with decreasing viscosity of
waxy rice starch (Sorndech et al., 2015; Ren et al., 2017). These
studies revealed the vital role played by amylopectin fine structure
and AC in the physicochemical properties of waxy rice. However,
there are no effective and rapid means for breeding waxy rice
cultivars by targeting low AC or the fine structure of amylopectin,
and this limitation has constrained the larger-scale production
and consumption of waxy rice cultivars.

The Wx gene is located on rice chromosome 6 and encodes
granule-bound starch synthase I (GBSSI), which mainly controls
amylose synthesis in the seed endosperm and thus directly affects
the quality of rice grains (Sano, 1984; Wang et al., 1995). The use
of numerous allelic variants of Wx (e.g., Wxlv, Wxa, Wxin, Wxb,
Wxop, Wxmp, and wx) in the rice breeding programs has led to
regional differences in the AC of rice (Sano, 1984; Larkin and
Park, 2003; Chen et al., 2008; Mikami et al., 2008; Dobo et al.,
2010; Teng et al., 2011; Zhang et al., 2019) and allows rice breeders
to control the expression of the Wx gene to obtain rice varieties
with desired starch quality traits (Satoh and Omura, 1981; Liu
et al., 2003; Liu et al., 2005; Kong et al., 2015). In recent years, the
CRISPR/Cas9 gene-editing system has been used to knock out or
fine-tune the expression of the Wx gene (Ma et al., 2015). The
first exon of the Wx gene was edited to produce a null mutation
via CRISPR/Cas9, to generate four japonica rice wx mutant lines
with significantly reduced AC, but with an unaltered expression
of agronomic traits (Zhang et al., 2018; Yunyan et al., 2019).
Editing the TATA box of the Wxb promoter downregulated Wx
expression and thus fine-tuned grain AC, which could improve
the grain quality (Huang et al., 2020). However, the relationship
between the physicochemical properties of rice starch in each wx
mutant and its corresponding wild type (WT) remains unclear,
and more information is needed before breeding for high-quality
waxy starch by gene editing can be carried out effectively.

In the current study, we systematically analyzed the
physicochemical properties of wx mutants generated in
different genetic backgrounds by the CRISPR/Cas9 system.
The results showed that the physicochemical properties of wx
mutants are highly correlated with the properties of the WT

parent, suggesting that parents with low initial AAC should be
preferred for generating waxy rice mutants with desirable starch
characteristics. Our work provides new insights into the breeding
of waxy rice with high-quality starch and could contribute
significantly to expanding the waxy rice germplasm resources.

RESULTS

Mutant Isolation and Agronomic Trait
Assessment
We first selected two cultivated rice varieties with different major
Wx alleles, namely, QLD (Wxa) and YSZ (Wxb), which are
both widely grown in the rice-producing region of Southwest
China. We designed a CRISPR/Cas9 (Figure 1A) construct that
accurately targeted the second exon (87–109 bp) of the Wx gene
with the expectation of generating a null mutation (Figure 1B).
In the genetic background of QLD (Figure 1C), we obtained four
homozygous mutant alleles for the target site, with each of these
mutations shifting the reading frame of the candidate gene in
the 5’ coding region, indicating that they were most likely to be
null alleles. Five homozygous mutant alleles of Wxb were also
generated in the background of YSZ (Figure 1D). We observed
that 80% of T0 transformants were mutants in QLD plants and
82.35% in YSZ plants, indicating that the CRISPR/Cas9 system
exhibited a high mutagenesis efficiency (Supplementary Table 1).
Meanwhile, our results showed that the wx mutations did not
change the main agronomic traits of the T1 generation lines,
including plant height, panicle number per plant, grain number
per plant, and seed-setting frequency (Supplementary Figure 1).

Assessment of the Grain Appearance
and Cooking Quality of the wx Mutants
In addition, we identified two single-base homozygous mutants,
YSZwx1 and QLDwx4 (T5 generation), and performed quality
analysis on them (Supplementary Table 2). The results showed
no significant difference in the major grain quality traits of the
two wx mutants, except that the color of endosperm changed
from transparent to milky white (Figure 1E) and the kernel
weight decreased (Supplementary Figure 2). The cooking and
eating quality of YSZwx1 rice was soft but not sticky, while
that of the QLDwx4 rice was very sticky (Figure 1F), and
the grains of both mutants exhibited a significantly higher gel
consistency (GC) than that of flour of the corresponding WT
parents (Figure 1G).

Analyses of Apparent Amylose Content,
Total Protein, Total Starch, and Grain
Yield in wx Mutants
We observed that the AAC values of YSZ and QLD were
significantly decreased to 1.16 and 2.36%, respectively
(Figure 2A) (reduced by 91.01 and 89.80%, respectively) in
the corresponding mutants, leading to increased GC (Figure 2B).
The total protein content of YSZ and QLD was increased by
26.01 and 6.37%, respectively, in the mutants (Figure 2C),
but the total starch content showed no consistent effect in
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FIGURE 1 | New waxy rice by CRISPR/Cas9-mediated mutagenesis of Waxy gene in two rice varieties. (A) Schematic experimental design. From left to right are
wild-type rice, CRISPR/Cas9 system, callus, plantlet, plant, and waxy rice. (B) Schematic diagram of the targeted site in exon 2 of Waxy gene (LOC_Os06g04200).
The numbers in brackets indicate the distance to the start codon (ATG). (C–D) Nucleotide variations at the targets (the protospacer adjacent motif in blank) of
homozygous mutant lines from YSZwx1 and QLDwx4. “−”, base deletion; “+”, base insertion. The targeted sequence is highlighted in brown, and the protospacer
adjacent motif (PAM) sequences are in red. (E) Grain phenotypes of wx mutants and their corresponding WTs. (F) The appearance of cooked waxy rice. (G) Gel
consistency.

the mutants, increasing by 8.11% in the YSZ mutant and
decreasing by 6.19% in the QLD mutant, compared with the
corresponding WT (Figure 2D). Moreover, the rice yield values
indicated that the grain yields of YSZwx1 and QLDwx4 were
8,195 and 9,050 kg/hm2 (= kg/ha), respectively, which were
significantly higher than the yields of the corresponding wild
types (Figure 2E). These results suggest that editing the Wx gene
can significantly improve both the quantity and the quality of the
rice produced by the mutants.

Analyses of Starch Thermal Properties of
the Mutants
The results of analyses of the thermal properties of the starch
from the wx mutants suggested that editing of the Wx gene did
not significantly change the GT, although the two wx mutants
showed a slightly higher GT range than the WT lines (Figure 2F).
For example, the onset temperature (To), peak temperature (Tp),
conclusion temperature (Tc), and 1H of YSZ and YSZ wx1
were 66.28 and 66.65◦C, 70.70 and 71.66◦C, 76.27 and 78.74◦C,
and 1H of 11.6 and 12.55 J/g, respectively (Supplementary
Table 3). Similar results were also obtained for QLD and QLDwx4
(Supplementary Table 3). The results suggest that To, Tp, Tc,
and 1H from the wx mutants were all higher, compared with
the corresponding WT, which led to the mutant starch being

gelatinized later than the WT starch. However, the mutant starch
still belonged to the same GT type as the WT starch.

Analyses of Starch Pasting Properties of
the Mutants
The pasting properties of all wx mutants were significantly
different from those of the corresponding WT lines (P < 0.05)
(Figure 3A). For example, the mean peak viscosity (PKV), hot
paste viscosity (HPV), cool paste viscosity (CPV), breakdown
viscosity (BDV = PKV-HPV), setback viscosity (SBV = CPV-
HPV), peak time, and pasting temperature (PT) of QLD and
QLDwx4 were 2,662 and 2,841 cp, 1,760 and 1,432 cp, 4,210 and
1,497 cp, 939 and 1,488 cp, 1,548 and -1,344 cp, 6.38 and 4.57 s,
and 80.7 and 81.5◦C, respectively (Supplementary Table 4). The
results show that wx mutants have softer pasting properties than
their corresponding WT lines (Figure 3B).

Chain-Length Distribution of
Amylopectin
Subsequently, we compared the chain-length distribution
of amylopectin between the two wx mutants and their
corresponding WT parents. The chain-length distributions
of amylopectin in wx mutants were markedly different from
those of the corresponding WT lines (Figure 4A). Wx mutants
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FIGURE 2 | Apparent amylose content (AAC), gel consistency (GC), total protein, total starch, grain yield, and gelatinization properties of wx mutants and their
corresponding WT lines. (A) AAC of wx mutants and their corresponding WTs. (B) GC of wx mutants and their corresponding WTs. (C) Total protein of wx mutants
and their corresponding WTs. (D) Total starch of wx mutants and their corresponding WTs. (E) The grain yield of wx mutants of NY1 and NY2. NY1 is a japonica
waxy rice (in blue), NY2 is an indica waxy rice (in green). (F) Gelatinization properties curve in wx mutants and their corresponding WTs. Error bars are mean ± SD
(n = 3). Significant differences were determined by Student’s t-test (*P < 0.05, **P < 0.01).

exhibited a higher percentage of short-chain amylopectin
(degree of polymerization, DP 7–20) and a lower percentage of
medium- to long-chain amylopectin (DP > 20) than the WT
lines (Figure 4B). Based on the amylopectin chain ratio (ACR)
[ACR = (6DP ≤ 10)/(6DP ≤ 24)], the amylopectin structure of
the starch from cultivated rice can be classified into one of three
types: L-type (ACR ≤ 0.200), M-type (ACR 0.201–0.239), and
S-type (ACR ≥ 0.240) (Nakamura et al., 2002). Interestingly, even
though the ACR values of thewx mutants were significantly lower
than those of the corresponding WT lines, they still belonged to
the same amylopectin structural type. The amylopectin structure
of QLDwx4 and QLD belonged to the L-type, whereas YSZwx1
and YSZ belonged to the M-type (Figure 4C).

Correlation Analysis of Starch Samples
We used the same method for generating wx mutants with three
other rice cultivars to find a potential link between gene-edited
wx mutants and wild types (WTs) (Supplementary Figure 3
and Supplementary Table 5). These three rice cultivars all
belonged to the Wxb genotype (Supplementary Table 6). The
results showed that the cultivar (Figure 5A) with a low AAC
would generate a wx mutant with a lower AAC (Figure 5B).

Furthermore, the AAC of the wxa mutants was higher than that
of the three wxb mutants, and the AAC values of QLDwx4 and
SH789wx were greater than 2% (Supplementary Tables 2, 6). The
Tc and 1H values of the wx mutants were greater than those of
the corresponding WTs, although their GT types were unchanged
(Table 1). Similarly, the ACR values were altered by mutation
but stayed within the same amylopectin structure type as the
WT (Figure 5B). Further data analysis showed a positive linear
correlation between ACR and GT (Figure 5C). In addition, two
new starch types from the mutants were proposed, based on the
amylopectin structure and the GT, namely, the HGT-type (high
gelatinization temperature type, ACR < 0.18) and LGT-type (low
gelatinization temperature type, ACR > 0.18). We demonstrated
that the GT type and ACR type were not affected by the editing of
the Wx gene, and that, to achieve wx mutants with a lower AAC,
the WT parent exhibiting a lower AAC should be selected.

In this study, we also separately analyzed the relationship
between the physicochemical properties of the starch obtained
from the WT and the wx mutants. Pearson’s linear correlation
analysis indicated that the correlations between rice grain quality,
amylopectin structure, and starch physicochemical properties
differed between WTs and the wx mutants (Figure 6). The WT
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FIGURE 3 | Rapid viscosity analyzer profiles of rice starch in wx mutants and their corresponding WTs. (A) Rapid viscosity analyzer (RVA) profiles of starch in wx
mutants and their corresponding WTs. (B) Rapid viscosity analyzer profile curve of wx mutants and their corresponding WT flour samples. The date of peak viscosity
(PKV), hot paste viscosity (HPV), cool paste viscosity (CPV), breakdown viscosity (BDV = PKV-HPV), and setback viscosity (SBV = CPV-HPV) were derived from the
RVA profiles. NY1 is a japonica waxy rice variety (in blue), and NY2 is an indica waxy rice variety (in green). Error bars are mean ± SD (n = 3). Significant differences
were determined by Student’s t-test (*P < 0.05, **P < 0.01).

data revealed that GT was negatively correlated with both DP 6–
12 and ACR but was positively correlated with DP 13–24. The
AAC was positively correlated with peak time, CPV, HPV, and
SBV, but was negatively correlated with BDV and GC. On the
other hand, the data from wx mutants indicated that GT was
negatively correlated with DP 6–12, DP 6–24, and ACR, but was
positively correlated with DP 13–24, peak time, CL, and DP 25–
100. The AAC of wx mutants showed a negative correlation with
GC and a positive correlation with peak time, HPV, and CPV.
The results indicated that amylopectin structure, AAC, GT, and
pasting properties in different rice cultivars reflected different
physicochemical properties.

DISCUSSION

Over the past few decades, many waxy rice cultivars have
been developed by conventional plant breeding techniques and
mutagenesis. However, these methods have the disadvantages of
unpredictable starch quality, as well as being time-consuming
and laborious (Toda, 1980; Deng, 1992; Olsen and Purugganan,
2002). Recently, the development of genome-editing technology,
particularly the discovery and application of the CRISPR/Cas9

gene-editing system, has led to its widespread use in studying
plant genome functions (Ran et al., 2013; Belhaj et al., 2015;
Bortesi and Fischer, 2015). Several studies have reported that
the Wx gene can be successfully edited with high efficiency in
rice through the use of the CRISPR/Cas9 system, which shows
a high average mutation rate of up to 80%, without affecting
the major agronomic traits in the transgenic lines (Zhang et al.,
2018; Yunyan et al., 2019; Huang et al., 2020). In agreement
with previous studies, the wx mutation rate in the present study
showed a high value of 80% and above, and wx mutants exhibited
major agronomic traits similar to those of their corresponding
WT lines. However, in this study, we identified the Wx allele and
the starch quality of the WT lines before editing and compared
the major starch quality traits of the wx mutants from parents
with different Wx alleles, an approach that is different from that
undertaken in previous studies.

Our results showed that the AAC values of three wxb
mutants were lower than that of wxa mutants (Supplementary
Tables 2, 6), and WT parents with a lower level of AAC
will generate wx mutants with lower AAC values. The AAC
of wxa mutants was higher than the 2% upper threshold, a
characteristic that is widely believed to be unacceptable for the
AAC of elite waxy rice grains (Juliano, 1992). Therefore, our
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FIGURE 4 | The fine structure of amylopectin in wx mutants and their corresponding WTs. (A) Comparison of percentage values of high-performance
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) chromatograms of amylopectin chain length between wx mutants and their
corresponding WTs. The plus values represent the WTs and the minus values represent the wx mutants. (B) The difference in the chain-length distribution of
amylopectin between wx mutants and their corresponding WTs. (C) The 6DP ≤ 10/6DP ≤ 24 values of wx mutants and their corresponding WTs. ACR:
amylopectin chain ratio. Error bars are mean ± SD (n = 3). Significant differences were determined by Student’s t-test: **P < 0.01.

results indicate that it is necessary to select parental rice varieties
with a lower level of AAC to obtain high-quality waxy rice
grains in the breeding program (conventional or mutagenesis
breeding). A recent study reported that silencing the expression
of the Wx gene regulates genes related to amylose synthesis,
with upregulation of granule-bound starch synthase II (GBSSII)
compensating for some loss of amylose in the rice endosperm
(Pérez et al., 2019). This may explain why the same Wx parental
genotype results in different AAC levels after gene editing
(Figure 5A), and further studies are warranted to study the
contribution of different GBSSII types to the amylose content in
endosperm in order to develop new waxy rice varieties with more
precise and desirable AAC levels.

Amylopectin is also proposed to have a significant influence
on the physicochemical properties of waxy rice flour (Man et al.,
2013; Huang and Lai, 2014). Previous studies had shown that
some starch-synthesizing enzymes influence the structure of
amylopectin, such as soluble starch synthases (SSs), branching
enzymes (BEs), debranching enzymes (DBEs), and isoamylase 1
(ISAI) (Umemoto et al., 1995; Man et al., 2013; Shufen et al.,
2019; Zhu et al., 2020). These observations may rationally explain
the differences in chain-length distributions of amylopectin
in different wx mutants obtained from the same Wx allele

(Figures 4, 5 and Supplementary Figure 4). The expression of
the major starch synthesis-related genes is upregulated following
the silencing of the expression of the Wx gene (Pérez et al.,
2019), leading to the differences in chain-length distributions of
amylopectin observed in wx mutants and their corresponding
WTs (Figure 4 and Supplementary Figure 4). Although the
chain-length distributions of amylopectin were changed, the
range of ACR values was not significantly different (Figure 5).
Based on the ACR values, three types of amylopectin could be
distinguished, namely L-type (ACR < 0.2), M-type (0.2–0.24),
and S-type (ACR > 0.24). The GT of rice can also be divided
into three types: low-type (<70◦C), intermediate-type (70–74◦C),
or high-type (>74◦C), and is negatively correlated with ACR
(Kongseree and Juliano, 1972; Nakamura et al., 2002; Vandeputte
et al., 2003). In the current study, we found that wx mutants
exhibited ACR values and amylopectin types similar to those of
their corresponding WTs, and that the ACR value was linearly
correlated with GT, which means that the breeder can obtain a
waxy rice genotype with a GT and an amylopectin structural type
similar to those of the corresponding WT. We also distinguished
two amylopectin structure types based on ACR values: HGT-
type (ACR < 0.18) and LGT-type (ACR > 0.18). The GT of the
HGT-type is more than 77◦C, in contrast to that of the LGT-type,

Frontiers in Plant Science | www.frontiersin.org 6 June 2022 | Volume 13 | Article 88196413

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-881964 June 4, 2022 Time: 15:27 # 7

Fu et al. CRISPR/Cas9 Mutagenesis of Waxy Rice

FIGURE 5 | The apparent amylose content (AAC) and amylopectin chain ratio (ACR) value of five wx mutants and their corresponding WTs (A) AAC of five wx
mutants and their corresponding WTs. (B) ACR value of five wx mutants and their corresponding WTs. AAC and ACR value of WTs (left-hand bar graph) and wx
mutants (middle bar graph). (C) Relationships between ACR value and gelatinization temperature; each point represents the ACR value of a variety of rice or waxy
rice. Black points represent the onset temperature (To), bluish-black points represent the peak temperature (Tp), and red points represent the conclusion
temperature (Tc). Error bars are mean ± SD (n = 3). Values followed by different superscripts in the same column are significantly different (P < 0.05).

which is less than 72◦C (Table 1). Collectively, it can be easier to
discriminate between amylopectin structure types selected on the
basis of GT, which could benefit breeding for rice with specific
waxy starch characteristics.

Previous studies had tended to indicate that, in all
rice cultivars, the GT was negatively correlated with short
amylopectin chains (DP 6–12) and ACR values, but positively
correlated with the medium (12 ≤ DP ≤ 24) and long
amylopectin chains (DP > 37) (Wang and Wang, 2002;
Vandeputte et al., 2003; Wong et al., 2003). However, our
study indicated that GT was only significantly negatively
correlated with ACR and DP 6–12 when the genotypes were
WTs, but was significantly positively correlated with DP 25–100
when all were wx mutants or waxy rice genotypes (Figure 6).
Therefore, carrying out a statistical analysis of starch quality
data combined from both non-waxy and waxy genotypes
may not be the best way to identify a relationship between the
physicochemical properties. On the basis of the above-mentioned
results, we suggest that analyzing the relationship between the
physicochemical properties of the same variety (waxy or non-
waxy) can provide greater accuracy, and that selection on the
basis of ACR value can more effectively identify genotypes with
specific GT values.

CONCLUSION

In the current study, five new waxy rice mutants were generated,
using the CRISPR/Cas9 system to edit the Wx gene. Detailed
analysis of the two wx mutants from QLD and YSZ showed a

significant decrease in AAC and viscosity compared with the
corresponding WT, and a significant increase in GC and total
protein content, with the grain yields of both mutants being
higher than those achieved by the two parental elite cultivated
rice WTs. Based on the ACR value, two types of amylopectin
structure are proposed: HGT-type (ACR < 0.18; GT > 77◦C)
and LGT-type (ACR > 0.18; GT < 72◦C). Our study also
found that WTs with a low level of AAC generated wx mutants
with lower AAC, with the wx mutants also having values of
ACR, GT, and amylopectin structure types similar to those of
their corresponding WTs, suggesting that parents with targets of
specific GT values and low initial AAC should be selected for in
breeding programs. In conclusion, we propose a novel strategy
for generating waxy rice genotypes directly, and provide new
insights into expanding waxy rice germplasm resources for use
in breeding programs.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
We selected five elite rice varieties with different genetic
backgrounds, including four indica varieties (YSZ, QLD, SH789,
and HZ) and one japonica variety (TJG), which were mainly
planted in eastern Asia, central China, and western China. The
seed was supplied by the Rice Research Institute of Sichuan
Agricultural University. The japonica waxy line NY1 and the
indica waxy line NY2 were used as controls. Unless indicated, all
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FIGURE 6 | Pearson’s correlation analysis of the relationship between amylopectin structure of wx mutants and their corresponding WTs. The stronger the red color,
the more significant the positive correlation; the stronger the bluish-black color, the more significant the negative correlation. “×” means no correlation. 1H,
gelatinization enthalpy; To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; AC, amylose content; PKV, peak viscosity; HPV, hot paste
viscosity; CPV, cool paste viscosity; BDV, breakdown viscosity; SBV, setback viscosity; PT, pasting temperature; ACR value, amylopectin chain ratio; CL, chain
length; GC, gel consistency.
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TABLE 1 | Differential scanning calorimetry (DSC) and enthalpy (1H) values of wx mutants and their corresponding WTs.

Cultivar To (1) Tp (◦C) Tc (◦C) 1 H (J/g) Tc – To (◦C) GT type

YSZ 66.0 ± 0.1 70.3 ± 0.2 76.2 ± 0.2 11.9 ± 0.2 10.2 ± 0.2 I

YSZwx1 66.4 ± 0.1** 71.8 ± 0.2** 78.6 ± 0.4** 13.3 ± 0.3** 12.2 ± 0.2**

QLD 73.5 ± 0.5 77.3 ± 0.3 81.9 ± 0.3 12.8 ± 0.2 8.4 ± 0.3 H

QLDwx4 74.8 ± 0.5* 79.6 ± 0.4** 86.0 ± 0.3** 15.2 ± 0.4** 11.2 ± 0.8**

SH789 65.9 ± 0.1 70.1 ± 0.7 74.6 ± 0.2 10.8 ± 0.2 8.8 ± 0.2 I

SH789wx 65.5 ± 0.2* 71.4 ± 0.2* 78.2 ± 0.2** 12.7 ± 0.3** 12.7 ± 0.1**

TJG 66.3 ± 0.1 71.1 ± 0.2 77.6 ± 0.3 10.3 ± 0.2 11.3 ± 0.3 H

TJGwx 66.6 ± 0.1* 72.3 ± 0.2** 80.5 ± 0.2** 14.1 ± 0.2** 14.0 ± 0.3**

HZ 76.3 ± 0.2 79.3 ± 0.3 83.6 ± 0.3 14.0 ± 0.2 7.2 ± 0.2 H

HZwx 74.9 ± 0.2** 79.6 ± 0.4 88.5 ± 0.5** 15.4 ± 0.2** 13.6 ± 0.3

To, onset gelatinization temperature; Tp, peak gelatinization temperature; Tc, final gelatinization temperature; 1H, gelatinization enthalpy (J/g); I, intermediate gelatinization
temperature type; H, high gelatinization temperature type. Data are presented as means l’ sd. *P < 0.05, **P < 0.01.

rice lines were grown in paddy fields in Chengdu, China, during
the normal rice-growing seasons.

CRISPR/Cas9 Gene-Editing and Gene
Cloning
The CRISPR/Cas9-targeted genome editing tool was constructed
and operated as previously described (Feng et al., 2013). The
primer sequences used to construct the vector are shown in
Supplementary Table 7.

The polymerase chain reaction (PCR) amplification
conditions were as follows: initial denaturation at 94◦C for
2 min, followed by 35 cycles of denaturation at 94◦C for 30 s,
annealing at 56◦C for 30 s, extension at 72◦C for 30 s, followed
by a final extension at 72◦C for 5 min, with the PCR mix being
based on the Foregene PCR Fast Mix. The PCR products were
sequenced by the Sanger method. The primers used for Wx
sequences, the Wx allele genotype, target sequences, and reporter
gene detection are listed in Supplementary Table 7.

Tasting Properties of Waxy Rice
A sample (30 g) of milled waxy rice grains was cooked in an
electric rice cooker to determine the tasting properties (model
MDFBZ02ACM, Xiaomi, China). The tasting quality of milled
waxy rice was determined with an RCTA-11A Taste Analyzer
(Satake, Japan) (Zhang et al., 2016).

Measurements of Waxy Rice Starch
Grains of a single wx mutant with stable inheritance in the T5
generation were dried at 37◦C for 2 weeks. The dried grains
were shelled, polished, and milled by a pearling rice mill, and
finally screened through a 74-µ mesh. Starch was prepared by
the method of Precha-Atsawanan et al. (2018). The waxy flour
was steeped in 0.35% sodium hydroxide solution and incubated
at 4◦C for 48 h. The precipitants in the suspension were collected
by centrifugation at 3,000 g for 15 min. The starch layer was
re-mixed with water to which was added 1% alkaline protease
(Sigma), and the pH was adjusted to 9 with sodium hydroxide and
incubated at 37◦C for 8 h. The washing step was repeated at least
three times or until the pH value reached 7. The final precipitant
was collected by centrifuging at 3,000 g for 30 min, and the starch

was dried in a warm air oven at 40◦C for 48 h. The starch was
ground with a mortar and pestle, using a 0.08-mm sieve to collect
the starch powder.

Quantification of Starch and Amylose
The rice flour was equilibrated in a constant temperature and
humidity cabinet for 7 days. The starch content was determined
according to the method of Smith and Zeeman (2006). D-glucose
was stained with the GOPOD reagent (glucose oxidase plus
peroxide and 4-aminoantipyrin) and determined by absorbance
at 510 nm. Amylose content was measured as described in GB/T
15683-2008/ISO 6647-1: 2007. The amylase-iodine blue color
was determined at 720 nm. Standard curves were plotted with
standardized samples of rice amylose and amylopectin (China
National Rice Research Institute, Zhejiang, China).

Quantification of Gel Consistency and
Total Protein
The gel consistency (GC) of grains was evaluated as described
previously (Cagampang et al., 1973). A sample (100 ± 1 mg)
of the starch powder was placed into a 13 × 100 mm tube and
wetted with 0.2 ml of 95% ethanol containing 0.025% thymol
blue, and then 2.0 ml of 0.2 M KOH was added and allowed
to boil for 3 min. GC was measured in ml as the length (mm)
of the gel spreading in the tubes when laid flat on the graph
for 1 h. The total protein content of the grain was assayed
by the Kjeldahl method according to the Comin amylose assay
procedure (Suzhou Comin Biotechnology Co., Ltd).1

Waxy Rice Powder Pasting Properties
To the white rice flour (3 g at 14% moisture content) obtained
from the T5 transformant generation was added 25 ml of
ddH2O2. The setting procedure included the following steps:
incubation for 1 min at 50◦C, increasing the temperature at
a rate of 12◦C/min to 95◦C (over 3.75 min), maintaining the
temperature at 95·C (for 2.5 min), then decreasing it to 50◦C
(over a period of 3.75 min) at 12◦C/min, and maintaining
the temperature at 50◦C (for 2 min). The initial speed was

1www.cominbio.com
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set to 960 r/min for 10 s and then adjusted to 160 r/min.
The pasting parameters of waxy rice flour, such as the peak
viscosity (PKV), hot paste viscosity (HPV), cool paste viscosity
(CPV), breakdown viscosity (BDV = PKV − HPV), setback
viscosity (SBV = CPV − HPV), and pasting temperature (PT),
were evaluated using a rapid viscosity analyzer (RVA, Newport
Scientific, Australia) according to the methods of Chung et al.
(2011).

Thermal Properties of Waxy Rice Starch
The thermal properties of waxy rice starch were measured using
differential scanning calorimetry (DSC Q2000; TA Instruments
Ltd., Crawley, United Kingdom) (Yang et al., 2018). The
onset temperature (To), peak temperature (Tp), conclusion
temperature (Tc), and gelatinization enthalpy (1H) were
recorded using a Universal Analysis 2000 (TA Instruments Ltd.,
Crawley, United Kingdom). A sample (3 mg) of starch was mixed
with 6 µl of distilled water, and the paste was added to an
aluminum pan and incubated at 4◦C for 24 h. The specimens
were then heated from 30 to 100◦C at a rate of increase of
10◦C/min.

Amylopectin Chain-Length Distribution
The chain-length distribution of amylopectin was analyzed
according to the method of Kowittaya and Lumdubwong (2014).
Waxy rice starch was suspended in 95% (v/v) ethanol and
boiled for 60 min. Hydrolyzed polyglucan was treated with
Pseudomonas amyloderamosa isoamylase (1,000 U/µl, Sigma).
The chain-length distribution of waxy rice starch was analyzed by
high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). There were three mobile
phases: A (aqueous solution), B (100 mM NaOH and 1 M
NaAC), and C (100 mM NaOH). The flow rate was controlled at
0.4 ml/min, and the column temperature was controlled at 30◦C.

Data Analysis
All experiments were independently repeated three times. The
results were expressed as the mean ± standard deviation. The
correlation was assessed using Pearson’s correlation coefficient.
Data analysis was performed with SPSS 25.0, and the significance

was defined as P < 0.05 (∗ or lowercase letters) and P < 0.01
(∗∗ or uppercase letters). SnapGene 5.2 was used to visualize
PCR and cloning.
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Crop wild relatives have been used as a source of genetic diversity for

over one hundred years. The wild tomato relative Solanum galapagense

accession LA1141 demonstrates the ability to tolerate deficit irrigation, making

it a potential resource for crop improvement. Accessing traits from LA1141

through introgression may improve the response of cultivated tomatoes

grown in water-limited environments. Canopy temperature is a proxy for

physiological traits which are challenging to measure efficiently and may be

related to water deficit tolerance. We optimized phenotypic evaluation based

on variance partitioning and further show that objective phenotyping methods

coupled with genomic prediction lead to gain under selection for water

deficit tolerance. The objectives of this work were to improve phenotyping

workflows for measuring canopy temperature, mapping quantitative trait

loci (QTLs) from LA1141 that contribute to water deficit tolerance and

comparing selection strategies. The phenotypic variance attributed to genetic

causes for canopy temperature was higher when estimated from thermal

images relative to estimates based on an infrared thermometer. Composite

interval mapping using BC2S3 families, genotyped with single nucleotide

polymorphisms, suggested that accession LA1141 contributed alleles that

lower canopy temperature and increase plant turgor under water deficit.

QTLs for lower canopy temperature were mapped to chromosomes 1 and

6 and explained between 6.6 and 9.5% of the total phenotypic variance.

QTLs for higher leaf turgor were detected on chromosomes 5 and 7 and

explained between 6.8 and 9.1% of the variance. We advanced tolerant BC2S3

families to the BC2S5 generation using selection indices based on phenotypic

values and genomic estimated breeding values (GEBVs). Phenotypic, genomic,

and combined selection strategies demonstrated gain under selection and

improved performance compared to randomly advanced BC2S5 progenies.

Leaf turgor, canopy temperature, stomatal conductance, and vapor pressure

deficit (VPD) were evaluated and compared in BC2S5 progenies grown under

deficit irrigation. Progenies co-selected for phenotypic values and GEBVs
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wilted less, had significantly lower canopy temperature, higher stomatal

conductance, and lower VPD than randomly advanced lines. The fruit size of

water deficit tolerant selections was small compared to the recurrent parent.

However, lines with acceptable yield, canopy width, and quality parameters

were recovered. These results suggest that we can create selection indices

to improve water deficit tolerance in a recurrent parent background, and

additional crossing and evaluation are warranted.

KEYWORDS

thermal images, genomic selection (GS), proximal sensing, high-throughput
phenotyping, inbred backcross method, canopy temperature (CT)

Introduction

Approximately 1.2 billion people worldwide reside in
areas with water scarcity, and this number is growing
(Food and Agriculture Organization [FAO], 2021 accessed
at: https://www.fao.org/land-water/water/drought/en/). In arid
regions, population growth and economic development are
exhausting renewable but finite water resources (Food and
Agriculture Organization [FAO], 2021). Water deficit tolerance
is imparted through morphological and physiological traits
in plants. Traits used to indicate plant response to water
deficit include, but are not limited to, leaf rolling, flower
and fruit set, water use efficiency, recovery after re-watering,
stomatal conductance, plant survival, leaf water potential,
leaf osmotic potential, osmoregulation, transpiration rate,
photosynthetic rate, enzymatic activities, pollen viability,
and seed germination (Foolad, 2007; Galmés et al., 2011).
Mechanical reduction of water loss can be imparted by changes
in plant morphology or mechanisms that promote stomatal
closure. Morphological traits, such as leaf size, shape, thickness,
orientation, reflective capabilities, trichomes, and leaf angle,
can modulate physiological response to deficit irrigation (Inoue
et al., 1990; Kitaya et al., 1998). Additionally, water deficit stress
may influence leaf expansion, osmotic adjustment, biomass
partitioning, and stomatal characteristics (Koch et al., 2019;
Pardo and VanBuren, 2021). Other tolerance mechanisms may
include adjustments of carbon concentration and a reduction
of photorespiration, leading to increased water use efficiency
(Pardo and VanBuren, 2021). Morphological and physiological
responses are often challenging to measure in studies with many
treatments or large population sizes because there is a limited
window of time to capture a response that is physiologically
meaningful and genetically relevant (Smith et al., 2021).

Optimizing strategies to select for water stress tolerance
may be a key to successfully exploiting genes from exotic
germplasm. Plant canopy temperature has been proposed as
a proxy to indicate stress under water deficit (Perera et al.,
2020) and may provide an efficient phenotyping alternative to

physiological measurements (Grossiord et al., 2020). Therefore,
image-based phenotyping may provide an opportunity to
increase the precision and throughput of trait measurement.
For example, estimates of canopy temperature obtained from
images could substitute as a measure of water deficit stress
and is potentially a viable trait for the efficient assessment of
plant physiological responses. Quantifying the genetic variation
associated with specific traits offers a framework to identify
and optimize appropriate phenotyping strategies. For plant
breeding applications, improving the genetic resolution of trait
measurements can increase the relative efficiency of selection
procedures on a per cycle, per cost, and per time basis (Heffner
et al., 2010).

The foundation of crop improvement is based on genetic
variation underlying traits of interest. Previous studies have
shown that wild tomato species possess tolerances to predatory
insects, excessive moisture, salinity, and water deficit (Rick,
1973). The introgression of genes from wild tomato species that
impart tolerance to abiotic stress specifically has been reported
from Solanum pimpinellifolium, Solanum peruvianum, Solanum
cheesmaniae, Solanum habrochaites, Solanum chmielewskii,
and Solanum pennellii (Rick, 1978; Saeed and Fatima, 2021).
Introgressions from the wild relative S. pennellii have improved
tomato response under water deficit (Dariva et al., 2020).
Accessing traits from wild relatives by conventional breeding
is challenging because of reproductive barriers and linkage
drag (Swarup et al., 2021). A wild tomato species endemic
to the Galápagos Islands, Solanum galapagense (Darwin
et al., 2003), is a potential donor of abiotic stress tolerance
(Brozynska et al., 2016). S. galapagense is adapted to harsh
environments, including low moisture and saline coastal
habitats (Rick, 1956; Rush and Epstein, 1976; Pailles et al.,
2020). The relative merit of a wild accession as a source of
tolerance can be determined by using the observations made by
collectors in native habitats (Rick, 1973, 1978). S. galapagense
accession LA1141 was found growing on the interior walls
of a crater on the island of Santiago on the north-facing
slope, which received average annual precipitation from
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1991 to 2020 of 7.7 cm (World Bank Group, 2021, accessed
at: climateknowledgeportal.worldbank.org). The habitat
described in the collection notes suggested that LA1141 is
adapted to an arid environment (Castro, 1968, accessed at:
tgrc.ucdavis.edu/Data/Acc/dataframe.aspx?start=AccSearch.asp
x&navstart=nav.html) and is plausibly a suitable candidate
to improve cultivated tomatoes through introgression.
Introgression of tolerance from wild accessions from the
more closely related red-fruited tomato, such as S. galapagense,
may have advantages, such as greater recombination and
potentially less linkage drag, compared to crosses with a
more distantly related, green-fruited wild tomato relative like
S. pennellii (Hamlin et al., 2020).

The objectives of this study were to evaluate methods
of measuring plant response to water deficit and compare
selection strategies to identify germplasm with lower canopy
temperature, higher turgidity, higher stomatal conductance,
and lower vapor pressure deficit (VPD). Using an inbred
backcross strategy (Kabelka et al., 2002; Robbins et al., 2009),
we created tomato populations derived from the tolerant donor
parent, S. galapagense accession LA1141 (Fenstemaker et al.,
2022). This population was used to do the following: (1)
Improve and compare phenotyping workflows for measuring
canopy temperature based on high throughput image analysis
to indicate water deficit tolerance. (2) Associate measures
of water deficit stress with single nucleotide polymorphisms
(SNPs) to describe the genetic basis of low canopy temperature
and high turgidity under water deficit in LA1141. (3)
Discover and introgress chromosomal regions contributing
to canopy temperature and severity of wilt in regions of
the genome derived from accession LA1141. (4) Evaluate
phenotypic and genomic-based selection strategies to identify
water deficit tolerant progenies and evaluate the recovery of
horticultural traits from an elite commercial parent in tolerant
selections. Results from this study can be directly used to
enhance the introgression of water deficit tolerance from wild
relatives of tomato.

Materials and methods

Plant materials, crosses, and growing
conditions

An inbred backcross (IBC) population was created
using S. galapagense S.C. Darwin and Peralta (formerly
Lycopersicon cheesmaniae f. minor) (Hook. f) C.H.Mull.)
accession LA1141, as a source of traits for tomato improvement,
and Solanum lycopersicum L. (formerly Lycopersicon esculentum
Mill) OH8245 (Berry et al., 1991), as the recurrent parent
(Fenstemaker et al., 2022). The IBC population was derived
from an initial hybridization of S. galapagense LA1141 as the
female parent and OH8245 as the male. BC1 progenies were
used as females for further crosses to OH8245. The C.M. Rick

Tomato Genetic Resources Center, University of California,
Davis, provided the seed for LA1141. During these studies,
IBC selections were further inbred to BC2S5. Selected BC2S5

progenies were advanced based on BC2S3 phenotypic values,
genomic estimated breeding values (GEBVs), and random
selection.

Seedling care for greenhouse and field trials followed the
same protocol. Seeds were sown in 288-cell trays with a
cell volume of 13 mL. Greenhouse temperatures were set
to 27◦C during the day and 25◦C at night with a 16 h
photoperiod. Photosynthetically active radiation (PAR) was
supplied by natural sunlight, 1,000-W metal-halide lamps
(Multi-Vapor R© GE Lighting, East Cleveland, OH, United States),
and 1,000-W high-pressure sodium lamps (Ultra Sun R© Sunlight
Supply, Vancouver, WA, United States) with a target threshold
of 250 m−2 s−1 for natural sunlight before initiating
artificial lighting to maintain light levels. PAR values in the
greenhouse ranged from 250 to 637 µmol m−2 s−1 with an
average of 391.4 µmol m−2 s−1. Fertilization was applied
using a 20-20-20 fertilizer (20% N, 20% P2O5, and 20%
K2O) (Jack’s professional All-Purpose Fertilizer, JR Peters
INC., Allentown, PA, United States) and delivered at a
concentration of 200 mg L−1 twice per week. For greenhouse
evaluations, plants with three to five expanded leaves were
transferred to 3.7-L plastic containers, filled with PRO-MIX
(Premier Horticulture, Quakerstown, PA, United States), and
spaced 30 cm apart on a greenhouse bench. Transplants
in 3.7-L plastic containers were automatically irrigated four
times per day, for 6 min, at a volume of 220 mL per
irrigation cycle.

Greenhouse evaluations of plants
under water deficit

Greenhouse trials were conducted to evaluate water-deficit
stress in the LA1141 and OH8245 parents, the segregating
LA1141 × OH8245 BC2S3 families, and selections were
advanced to the BC2S5 generation using phenotypic, genomic,
and combined selection strategies or randomly chosen BC2S3

families advanced to the BC2S5 generation. The LA1141 and
OH8245 parents were evaluated using a randomized complete
block design with three blocks and three replicates within
each block. The segregating BC2S3 families were evaluated
in augmented designs as single replicates, with 36 replicates
of each LA1141 and OH8245 parent distributed in a grid-
like pattern corresponding to the row and column blocks
across environmental gradients established between cooling
pads, fans, and differences in solar radiation. The LA1141 and
OH8245 parents were both used as over-replicated controls
to correct for environmental variation in the greenhouse
(Federer and Raghavarao, 1975; Bojacá et al., 2009). The BC2S3

families were evaluated in the greenhouse twice, in a summer
environment and a fall environment. The BC2S5 advanced lines
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selected randomly or using phenotypic, genomic, and combined
strategies were evaluated in an augmented design with three
blocks, and a single replicate within each block. In the BC2S5

evaluation, each LA1141 and OH8245 parent was replicated
nine times in each unique row by column spatial designation
to account for environmental variation in the greenhouse as
described above.

Water deficit treatments followed the same protocol in
all greenhouse evaluations. When the plants reached the
growth stage of six to eight expanded leaves in 3.7-L
containers, irrigation was simultaneously withheld on all genetic
treatments, and plants were evaluated daily, and the first
evaluation happened at saturation. Pots were weighed at
saturation, after 72 h of deficit irrigation, and at 144 h to estimate
evapotranspiration. A Decagon GS3 sensor (Decagon Devices,
Pullman, WA, United States) was calibrated for soilless potting
media and used to measure volumetric water content (VWC)
at saturation. The Decagon GS3 sensor utilized capacitance
probes that measure real dielectric permittivity values and are
generally preferred for water deficit evaluations compared to
instruments that use time-domain reflectometry to measure soil
water content changes in greenhouse pot experiments (Sharma
et al., 2017). Estimates of VWC and gravimetric evaluations
confirmed that starting saturation was even and consistent at the
beginning of each experiment.

The leaf turgor status of individual genetic treatments was
assessed daily during the dry-down phase on a whole plant basis
using a visual turgor index as an estimation of whole plant wilt
severity. Turgor index ratings ranged from 1 to 5 (5 = turgid,
4 = soft to the touch, 3 = beginning to wilt, 2 = wilted with
complete loss of turgor, and 1 = dead), consistent with previous
studies (Waterland et al., 2010). The turgor index was used to
rate whole plant wilt status with higher scores indicating higher
turgidity. Canopy temperature was measured with a handheld
infrared thermometer (IRT) (Zhuhai JiDa Huapu Instrument
Co., Hong Kong) and with an image-based methodology (see
section High-throughoutput thermal image analysis). Canopy
temperature was estimated with IRT by measuring the surface
temperature (◦C) of two fully expanded leaves per plant.
IRT-estimated canopy temperature was monitored daily under
ambient environmental conditions in the greenhouse between
10:00 and 12:00. The IRT was calibrated against a standard
laboratory thermometer using a water bath calibration method
(Horwitz, 1999). Additionally, the IRT was set to a constant
emissivity of 0.97 for measurements of plant canopy consistent
with previous studies (Kustas et al., 2012). Image-based whole
plant canopy temperature was estimated using a FLIRONE
GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR,
United States) and calibrated relative to water baths at a known
temperature (Horwitz, 1999). The thermal camera was also
set to a constant emissivity of 0.97. Images were captured
against a standardized background using a 50 cm × 76 cm
black polystyrene core foam board (Elmer’s Westerville, OH,
United States) at 1 m; extraction of temperature data from

images is further detailed in section “High-throughput thermal
image analysis.” The IRT measurements and thermal images
were recorded simultaneously.

The physiological response of LA1141, OH8245, and
BC2S5 advanced selections were assessed daily during the
dry-down phase and measured on a single, upper, and fully
expanded leaf using the LI-600 porometer/fluorometer (LI-
COR Biosciences, Lincoln, NE, United States). Measurements
of stomatal conductance (gsw), vapor pressure deficit (VPD),
and light-adapted chlorophyll fluorescence (PhiPS2) were taken
under ambient conditions in the greenhouse between 10:00 and
12:00.

Phenotypic data collected on LA1141 and OH8245 plants
grown under water deficit were analyzed as a fixed-effects model
using the function “lm” in the R core package version 4.0.3 (R
Core Team, 2020). The model Yij = µ + genotypei + Blockj
+ εij: where Yij was the response variable, µ was the mean
response of the parents, genotypei represented the replicated
LA1141 donor parent (N = 9) and OH8245 recurrent parent
(N = 9), Blockj was used to estimate variation in the greenhouse
across the air movement gradient established between cooling
pads and fans, and εij was the associated experimental error.
Factors with significant p-values (p < 0.05) were analyzed using
Tukey’s Honest Significant Difference test, with the “HSD.test”
function in the R package Agricolae (De Mendiburu, 2017).

The random-effects model, Yij = µ + genotypei + Rowij +

Columnij + εij, was used to evaluate the BC2S3 families and
over-replicated parental controls. The analysis was conducted
using the “lmer” function in the R package lme4 (Bates et al.,
2015). For this analysis, Yij was the response variable, genotypei
represented 160 individuals from the population as single
replicates, and 36 replicates each of OH8245 and LA1141 as
over-replicated controls. The environmental terms Rowij and
Columnij were used to capture spatial variation within the
greenhouse as described above, and εij was the associated error.
Data were analyzed in the R core package version 4.0.3 (R Core
Team, 2020). The significance of the main effects in these tests
was determined by comparing a fully parameterized model to
a model with a single term dropped using a likelihood ratio
test based on a chi-square distribution (Snijdgers and Bosker,
2012). A significant p-value was interpreted as evidence that
the parameter dropped was important to the fit of the model,
and Bayesian Information Content (BIC) values were used to
confirm that the full model provided a better fit to confirm the
significance of genetic and environmental terms.

The germplasm screen of BC2S3 families was repeated twice,
once in July and once in November. Best Linear Unbiased
Predictors (BLUPs) were extracted for genetic treatments
in the model using the “ranef” function in lme4 (Bates
et al., 2015). BLUP values for canopy temperature and turgor
response variables represented the spatially adjusted values for
each BC2S3 family in each germplasm screen. The BLUPs
estimated for canopy temperature and plant turgidity and
were then averaged across the two experiments and used
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for the quantitative trait loci (QTL) mapping study and for
developing phenotypic and genomic selection indices. Similarly,
the random model described above was used to evaluate and
analyze BC2S5 progenies in the selection strategies validation
experiment. For this analysis, Yij was the response variable,
genotypei represented 30 individuals from the population
replicated three times. The LA1141 and OH8245 parents were
each replicated nine times. Rowij and Columnij were used to
capture environmental variation as mentioned previously.

High-throughput thermal image
analysis

Thermal images were captured with a FLIRONE GEN3
iOS thermal camera as described above. Images were analyzed
in a workflow that entailed extracting radiometric data as an
integer matrix using the “readflirJPG” function in the R package
Thermimage (Tattersall, 2021). The function “raw2temp” was
used to convert the raw values obtained from the binary thermal
image into estimated temperature with the equation (Eq. 1):

temperature = PB/log(PR1/(PR2 ∗ (raw + PO))

+ PF)− 273.15 (1)

Where PB was Planck’s constant B, the log was the base
10 logarithm, PR1 was Planck’s constant R1, PR2 was Planck’s
constant R2, raw was a 16-bit encoded value associated with
the radiance hitting the thermal camera sensor, PO was Planck’s
constant O, PF was Planck’s constant F, and –273.15 was the
conversion of temperature from K to ◦C. The Planck constant
values were calibration constants that are specific to each FLIR
thermal camera and were extracted using the software ExifTool
(Harvey, 2020) as implemented in the R package “Thermimage”
using the function “flirsettings (camvals = -∗Planck∗)”. The
emissivity of the plant object, atmospheric temperature, and
temperature of the ambient surroundings were extracted from
the sensor on the FLIRONE GEN3 iOS thermal camera and were
used to estimate plant canopy temperature.

Raw files with pixel values corresponding to the plant
canopy surface temperature were then imported into the
open-source software ImageJ (Java-based distribution
Fiji) (Schindelin et al., 2012) for image processing and
analysis. A collection of ImageJ functions and macros called
“ThermImageJ” (Tattersall, 2019) was used to import data
extracted from the thermal images, isolate regions of interest
(ROI), and estimate plant canopy temperature. Histogram-
based thresholding algorithms were accessed in the core ImageJ
package using the steps “Image” > “Adjust” > “Threshold”.
Image thresholding was performed to isolate the plant canopy
ROI from the background of the image and employed the
labeling operator Tr which labeled a pixel in the image only if
its intensity g exceeded a specific threshold value Tmin (Eq. 2):

Trα
[
g (x) ≥ Tmin

]
: g (x)→ 1 (x) (2)

Where 1 was the binary pixel label denoting the foreground
value and g was the pixel intensity at the vector x (Prodanov
and Verstreken, 2012). Tmin values can be determined using
specific thresholding methods and we used "MEAN" described
in Glasbey (1993). The “MEAN” method was chosen for our
workflow because the proportion of total phenotypic variance
attributed to genetic factors associated with canopy temperature
was higher than the other tested thresholding methods
(Supplementary Table 1). The “MEAN” thresholding algorithm
was applied following these steps: “MEAN” > “Apply” > “set
to NaN”, resulting in a 32-bit image with the plant canopy
ROI isolated from the image background. We estimated
canopy temperature from our final image following the steps:
“Analyze” > “Measure”, which calculated the average estimated
surface temperature of the plant canopy remaining in the image.
Macros were written to automate and standardize the processes
described above and to facilitate batch image analysis.

Comparisons of phenotyping methods

Phenotypic measurements for selected BC2S5 progenies
were compared using linear regression and variance partitioning
to identify traits with higher genetic variance. The slope of
the regression line was used to estimate the relationship of
thermal image estimated canopy temperature to IRT, turgor
ratings, and physiological traits measured with the LI-600. The
random model described in section 3.2, above, was used to
estimate the proportions of variance due to genetics (genotypei),
environmental factors (Rowij and Columnij), and experimental
error (εij) in the models. The proportions of environmental
and genetic variance provided an estimate of the broad-sense
heritability and repeatability of each trait (Falconer and Mackay,
1996).

Genotyping and linkage map
construction

Genomic DNA was isolated from fresh, young leaf tissue
from the 160 BC2S3 families and parental lines using a
modified CTAB method (Fenstemaker et al., 2022). The 157
polymorphic SNP markers and linkage map construction were
described previously (Fenstemaker et al., 2022). Briefly, a genetic
linkage map was constructed using the R/qtl package version
1.47-9 in the R statistical software environment version 4.0.3
(Broman et al., 2003; Shannon et al., 2013; R Core Team,
2020) based on the LA1141 × OH8245 BC2S3 population
(Fenstemaker et al., 2022). Marker data corresponding to the
LA1141 × OH8245 BC2S3 was deposited in Zenodo.1 Map
construction with the BC2S3 population was a compromise

1 https://doi.org/10.5281/zenodo.5650152
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that provided genetic structure, captured a high percentage of
elite parent background underlying important agronomic and
horticultural traits, and offered opportunities to fix desirable
donor alleles in further generations.

Quantitative trait loci analysis in the
LA1141 × OH8245 BC2S3 population

The QTL analysis was conducted with composite interval
mapping (Zeng, 1994) using the “cim” function in the R/qtl
package. Analysis was performed using a 2 centimorgan (cM)
step, one marker selected as a cofactor, and a marker window
set to 40 cm. The marker cofactor number and window size
was due to limited recombination in the BC2S3 population. The
Haley Knott regression (Haley and Knott, 1992) method was
used for QTL detection. A significance threshold of LOD = 3.3
for both canopy temperature and plant turgor was determined
by resampling the data (α = 0.05, n = 1,000; Churchill and
Doerge, 1994). A cut-off of LOD = 2.4 significance threshold
corresponded to p < 0.01. Genetic effects were estimated as
differences between phenotypic averages expressed as regression
coefficients using the “fitqtl” function with the argument
“get.ests = TRUE” and “dropone = FALSE” in the R/qtl package.
The percentage of phenotypic variance explained was estimated
using the “fitqtl” function with the argument “dropone = TRUE”
in the R/qtl package.

Genomic selection models

Genomic estimated breeding values were calculated using
ridge regression (RR) as implemented in the rrBLUP package in
the R statistical software environment version 4.0.3 (Endelman,
2011; R Core Team, 2020). The RR computations were
performed using the function “mixed.solve” in rrBLUP. Markers
were considered as random effects associated with plant turgor
and canopy temperature response variables. The estimated
marker effects were used to calculate the GEBV of each
LA1141 × OH8245 BC2S3 family. The equation used was:
GEBV = X×MV: where GEBV was the vector of dimension (n,
1) containing the GEBVs for n families, X (n, m) was the matrix
of scores for m markers and n families, and MV (m, 1) was a
vector of marker effects for the m markers. GEBVs estimated
from RR were used for genomic selection.

Validation and comparison of selection
methods

The phenotypic selection was based on the BC2S3 family
visual ratings corresponding to plant turgor and canopy
temperature values estimated using image-based methods.
Phenotypic values were expressed as BLUPs estimated from

the population screens described in section “High Throughput
Phenotyping Using Thermal Images.” The BLUP values
corresponding to each trait were sorted numerically and
assigned a rank. The BC2S3 family with the highest value
associated with plant turgor was ranked 1 (best), and the family
with the lowest value associated with canopy temperature was
ranked 1 (best). Plant turgor and canopy temperature BLUP
ranks were summed into a single value that resulted in a rank-
sum list. Top-ranking progenies (N = 10) were chosen according
to this simplified multi-trait index (MTI). The selection intensity
K was defined in standard deviation (SD) units relative to the
mean. All phenotypic selections for plant turgor were made
at a selection intensity of K = 1. Three canopy temperature
phenotypic selections were made at a selection intensity of K = 2,
and seven were made at a selection intensity of K = 1.

The genomic selection model mentioned above was used
to calculate GEBVs for each trait. The GEBVs were sorted
numerically and assigned a rank as described above. Canopy
temperature GEBV and plant turgor GEBV ranks were summed
into a single value used as an MTI as described in the section
above, and top progenies were chosen based on this GS selection
index. The top six selections for plant turgor GEBV were made
at K = 2, with four additional selections at K = 1. All genomic
selections for canopy temperature were made at K = 2. The final
groups of selections consisted of phenotypic selections (Pheno,
N = 9), genomic selections (GS, N = 8), randomly selected
(Random, N = 10) families, and a group that was co-selected as
top-ranking phenotypic and genomic selections (Pheno + GS,
N = 3). These groups consisted of the top 10 ranking phenotypic
selections, top 10 ranking genomic selections, and 10 randomly
selected families totaling 30 progenies for further inbreeding.

The prediction abilities of the GS models were evaluated
using cross-validation (theoretical accuracy) and empirical
validation (realized accuracy). Cross-validation was conducted
using a leave-one-out strategy (Liabeuf et al., 2018) on the
BC2S3 families, which were considered our training population.
Empirical validation was conducted using greenhouse
performance data for plant turgor and canopy temperature
measured on advanced BC2S5 lines derived from inbreeding
selected BC2S3 families from the training population. The
abilities of GS models to predict performance were estimated
by two different models. First, the cross-validation prediction
accuracy (rg) was evaluated using the Pearson coefficient of
the correlations between GEBVs and phenotypic BLUPs in the
BC2S3 families. Second, empirical validation rg was evaluated
using the Pearson coefficient of the correlations between the
BC2S3 family GEBV and phenotypic BLUPs in the advanced
BC2S5 selections. Additionally, the percentage of co-selection
(% co-selection) was calculated using the number of selected
families identified as both top 10 ranking phenotypic values
at a minimum selection intensity of K = 1 and top 10 ranking
GEBVs at a minimum selection intensity of K = 2 divided by the
total number BC2S3 families selected using phenotypic values
and GEBVs (N = 20).
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The LA1141 × OH8245 BC2S3 phenotypic, genomic,
and randomly selected families were advanced to the BC2S5

generation and evaluated in an augmented design in the
greenhouse as described in section “Greenhouse evaluations of
plants under water deficit.”

Trait BLUP values from selections were combined according
to selection strategy, which was considered a treatment factor in
the analysis. A fixed-effects model with selection strategy as a
factor was used to determine if BC2S5 progenies chosen using
selection strategies were significantly different from randomly
advanced lines. The linear model used was Y∼ µ + Selection+
ε: where Y was the trait BLUP, µ was the trial mean, Selection
was the selection strategy used (GS, Phenotypic, Pheno + GS,
and Random), and ε was experimental error. Factors with a
significant p-value (p < 0.05) were analyzed using Tukey’s
Honest Significant Difference with the “HSD.test” function in
the R package Agricolae (De Mendiburu, 2017). The traits
evaluated in the selection strategy validation experiment were
turgor, canopy temperature, gsw, and VPD.

Evaluation of selections for
horticultural traits

Advanced genomic and phenotypic selections were also
evaluated in a field trial to assess whether OH8245 horticultural
traits were recovered. The field trial was designed as a
randomized complete block design with two blocks and a single
replicate in each block. The experimental unit was the plot. The
field site was located at the Horticulture Unit 1 Research Farm
in Wooster, Ohio. Each plot consisted of seven to ten plants and
was spaced 30 cm apart in rows, with each row separated by
1.5 m. Maintenance of field plots followed standard practices for
tomato production in the Midwest (Philips et al., 2021 accessed
at: mdc.itap.purdue.edu). The genetic treatments consisted of
the OH8245 recurrent parent, the BC2S5 phenotypic selections
(N = 10), and BC2S5 genomic selections (N = 10). Seedlings
were transplanted to the field four weeks after emergence.
Plots were harvested when 80% of fruit in a plot reached
the red ripe stage of maturity, which averaged 107 Julian
calendar days. Before harvest, the plant canopy’s width and
height were measured in cm by hand. Three plants were hand-
harvested from the middle of each plot. The fruit was sorted
into ripe, green, and cull maturity categories, and each group
was weighed separately. Cull fruits were fruit with cracks,
blemishes, or disease. Total yield was measured as the combined
harvested weight of the three groups. A sub-sample of 20 fruit
was analyzed using color and chemical traits associated with
tomato fruit quality. Fruit color was measured on a cross-
section of 11 fruit and shoulder cuts of nine fruit using the
image-based software Tomato Analyzer (Darrigues et al., 2008).
Soluble solids (Brix◦) were quantified by filtering juice through a
KimwipeTM (Kimberly-Clark Corp., Neenah, WI, United States)

and measured using a handheld refractometer (PAL-1, Atago
U.S.A., Bellvue, WA, United States).

Field performance of OH8245 and BC2S5 advanced lines
that were chosen using phenotypic and genomic selection was
evaluated using the fixed effects model Yij = µ + genotypei
+ Blockj+ εij: where Yij was the response variable, genotypei
represented the BC2S5 selections (N = 20), and the OH8245
recurrent parent, Blockj was replication within the field, µ was
the trial mean associated with the yield or quality parameters,
and εij was the error. Genetic and environmental factors with a
significant p-value (p< 0.05) were analyzed with Tukey’s Honest
Significant Difference using the “HSD.test” function in the R
package Agricolae (De Mendiburu, 2017).

Results

LA1141 under water deficit stress

Based on plant turgor, canopy temperature, and
physiological measurements, LA1141 is more tolerant to water
deficit stress than the OH8245 recurrent parent (Figures 1, 2
and Supplementary Table 2). Experiments were conducted
over 144 h of deficit irrigation, with differences in turgor and
canopy temperature observed between parents at 48 h through
termination of the experiment (Supplementary Table 2). For
simplicity, turgor and canopy temperatures are reported when
they reach their maximums. Significant differences in turgor
between LA1141 and OH8245 (p = 1.50e-15) are shown at
72 h (Figures 1, 2A and Supplementary Table 2). Accession
LA1141 maintained a lower canopy temperature as measured

FIGURE 1

Response of, Solanum lycopersicum OH8245, S. galapagense
accession LA1141 and LA1141 × OH8245 inbred backcross line
SG18-197 at 72 h of water deficit. Turgor ratings ranged from 1
to 5 (5 = turgid, 4 = soft to the touch, 3 = beginning to wilt,
2 = wilted with complete loss of turgor, and 1 = dead),
consistent with previous studies (Waterland et al., 2010).
Accession LA1141 (labeled) (center) received a rating of 5,
OH8245 (left) received a rating of 3, and LA1141 × OH8245
inbred backcross line SG18-197 (right) received a rating of 4.
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FIGURE 2

Boxplots comparing water-deficit stress response of the Solanum galapagense accession LA1141 donor parent (N = 9) to the S. lycopersicum
OH8245 recurrent parent (N = 9). The traits measured were (A) turgor ratings ranging from 1 to 5 (5 = turgid, 4 = soft to the touch,
3 = beginning to wilt, 2 = wilted with complete loss of turgor, and 1 = dead) consistent with previous (Waterland et al., 2010). (B) Canopy
temperature estimated using a handheld infrared thermometer (IRT) (Zhuhai JiDa Huapu Instrument Co., Hong Kong), and (C) from images
captured with the FLIRONE GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR, United States). Physiological measurements were taken
with the LI-600 Porometer/ Fluorometer (LI-COR Biosciences, Lincoln, NE, United States) and included (D) stomatal conductance (gsw

mol m−2 s−1), (E) vapor pressure deficit (VPD kPa), and (F) light-adapted chlorophyll fluorescence (PhiPS2 1-Fs/FMAX). Values are reported at
the time point where they reach their maximums. Different letters indicate statistically significant differences among groups (Tukey’s Honest
Significant Difference, p < 0.05).

by both an infrared thermometer (IRT) (p = 0.032) and thermal
images (p = 0.049) (Figures 2B,C and Supplementary Table 2).
Accession LA1141 and OH8245 exhibit different physiological
responses, which become significant at 72 h of deficit irrigation
(Supplementary Table 2). LA1141 maintains higher stomatal
conductance (gsw) (p = 1.80e-07), lower vapor pressure deficit
(VPD) (p = 0.025), and higher light-adapted chlorophyll
fluorescence (PhiPS2) (p = 0.009) compared to OH8245
(Figures 2D–F and Supplementary Table 2). Observable and
measurable differences in response between accession LA1141,
OH8245, and their progenies (Figure 1) provided the basis for
genetic studies describing water deficit tolerance derived from
S. galapagense.

High-throughput phenotyping using
thermal images

Thermal image-based phenotyping and analysis detected
greater differences in canopy temperatures between genotypes

under water deficit compared to canopy temperature measured
with the infrared thermometer (IRT) (Figure 3). To test
whether the high-throughput thermal image analysis pipeline
offered advantages over the IRT, we evaluated LA1141,
OH8245, and LA1141 × OH8245 BC2S3 families and BC2S5

selections for canopy temperature using both phenotyping
approaches. Regression of canopy temperature measured with
the IRT to values estimated by thermal images in the BC2S3

families showed a significant linear relationship (p < 2.20e-16,
R2 = 0.30) (Supplementary Figure 3). Variance components
for “Genotype” and experimental factors attributed to the
environment, including “Row,” “Column,” and “error,” were
partitioned to estimate the proportion of genetic variance
associated with canopy temperature (Table 1). The total
phenotypic variation partitioned into genetic effects associated
with canopy temperature measured with IRT was 19.23%
(Table 1). In contrast, the percentage of total phenotypic
variance attributed to genetic factors measured with thermal
images was 22.16% (Table 1). Thermal image estimated canopy
temperature, therefore, provides higher repeatability.
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FIGURE 3

Estimating canopy temperature (◦C) using images and an infrared thermometer (IRT) as a measure of plant water deficit stress. (A) Original
images of LA1141 (top), OH8245 (middle), and inbred backcross line SG18-237 (bottom). The original image of the plant canopy was captured
with the FLIRONE GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR) and temperature (◦C) was measured using a handheld IRT (Zhuhai
JiDa Huapu Instrument Co., Hong Kong) simultaneously. (B) Plots of the temperature data extracted from thermal images using the function
“plotTherm” in the R package Thermimage (Tattersall, 2021). (C) Histogram-based thresholding using “MEAN” (Glasbey, 1993) in the JAVA-based
distribution of ImageJ “Fiji” (Schindelin et al., 2012). Images were analyzed in a workflow that entailed extracting radiometric data using the
“readflirJPG” function in the R package Thermimage (Tattersall, 2021). Raw files with pixel values corresponding to the plant canopy surface
temperature were then imported into the open-source software ImageJ (Schindelin et al., 2012) for image processing and analysis. A collection
of ImageJ functions and macros called “ThermImageJ” (Tattersall, 2019) was used to import the temperature data extracted from the thermal
images, isolate regions of interest (ROI), and estimate temperature. The image calibration bar was added to each individual image in panel C
using the ImageJ macro “ThermImageJ” (Tattersall, 2019).

Comparisons between image-based canopy temperature at
48 h and turgor ratings at 72 h show a significant correlation
(p = 0.031), suggesting that canopy temperature can predict
the onset of wilt (Supplementary Figure 4A). Image-based
canopy temperature measurements at 48 h are also significantly
correlated to gsw (p = 0.023) and VPD (p = 0.002), but
not to PhiPS2 (p = 0.583) at 72 h, suggesting that canopy

temperature is predictive of gsw and VPD (Supplementary
Figures 4B–D). Notably, a higher percentage of phenotypic
variance is partitioned into genetic effects associated with
canopy temperature than gsw, VPD, and PhiPS2 (Table 1).
However, the percentage of phenotypic variance partitioned into
genetic effects associated with turgor is higher than canopy
temperature and physiological measurements (Table 1). Still,
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TABLE 1 Percentage of total variance estimates for turgor ratings, canopy temperature, and LI-600 physiological measurements in S. galapagense
LA1141, S. lycopersicum OH8245, and LA1141 × OH8245 BC2S5 progenies.

Sources of variationa Turgorb Image (◦C)c IRT (◦C)d gsw mol m−2s−1e VPD kPaf

Genotype 45.55 22.16 19.23 16.99 10.87

Row 11.40 0.00 0.04 2.59 2.19

Column 5.64 2.80 25.56 17.99 12.37

Residual 37.41 75.04 55.17 62.43 74.57

aGenotype is represented by S. galapagense accession LA1141 (N=9) and S. lycopersicum OH8245 (N=9), and advanced inbred progenies that have been backcrossed to OH8245 two times
and self-pollinated five times (BC2S5) (N = 30, replicated three times). Row and Column were used as environmental terms to capture spatial variation across the greenhouse and each
row by column location contained both replicated parental controls.
bPlant turgor ratings ranged from 1 to 5 (5 = turgid, 4 = soft to the touch, 3 = beginning to wilt, 2 = wilted with complete loss of turgor, and 1 = dead) consistent with previous studies
(Waterland et al., 2010).
cWhole plant canopy temperature (◦C) measured using a FLIRONE GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR, United States).
dLeaf surface temperatures (◦C) of two fully expanded leaves per plant measured with infrared thermometer (Zhuhai JiDa Huapu Instrument Co., Hong Kong).
eStomatal conductance to H2O (mol m−2s−1) measured with the LI-600 porometer/fluorometer (LI-COR Bioscienes, Lincoln, NE, United States).
fVapor pressure deficit kPa at leaf temperature measured with the LI-600 porometer/fluorometer (LI-COR Bioscienes, Lincoln, NE, United States).

an image-based canopy temperature appears to be a suitable
proxy for more intensive physiological measurements, such as
gsw and VPD in our water deficit germplasm screens. Finally,
the ability of images to predict the onset of wilt demonstrates
that image-based measurements can improve the efficiency of
germplasm screens.

LA1141 × OH8245 BC2S3 families
under water deficit stress

The BC2S3 families that differed from the trial mean
by a selection intensity of K = 1 indicated tolerance or
susceptibility to water deficit stress. Tolerance in specific
LA1141 × OH8245 BC2S3 families for canopy temperature
and turgor was recovered. Germplasm evaluations were
conducted in the greenhouse in two seasonal environments
(July and November). A summary of greenhouse conditions
in summer and fall environments is provided (Supplementary
Table 5). Genetic effects for turgor (p < 2.20e-16) and
canopy temperature (p = 8.17e-07) were significantly different
(Supplementary Table 6). Additionally, summer and fall
environments were significantly different for turgor (p < 2.20e-
16) but not significantly different for canopy temperature
(p = 0.736) (Supplementary Table 6). The environmental
term “Column” corresponds to a solar radiation gradient in
these experiments. The term “Row” corresponds to an air
movement gradient between the greenhouse cooling pad and
fans. The interaction between the seasonal environment and
row, or column, terms represent a unique greenhouse position
within each environment. The “Environment × Row” term was
significantly different for turgor (p = 0.007) but not canopy
temperature (p = 0.371) (Supplementary Table 6). However,
Environment × Column was significantly different for both
turgor (p = .0002) and canopy temperature (p = 5.05e-
14) (Supplementary Table 6). The experimental design used
over-replicated checks to estimate the best linear unbiased

predictors (BLUPs) as described in the methods section
“Greenhouse evaluations of plants under water deficit” to
account for the variation in the greenhouse described above.
Trait values expressed as BLUPs exhibit shrinkage around the
mean and provided conservative estimates of turgor and canopy
temperature adjusted to environmental differences based on the
over-replicated LA1141 and OH8245 parental checks.

Additionally, estimates of evapotranspiration were not
significantly different based on genotype (p = 0.461) but were
significantly different between experimental environments
(p = 3.42e-08) (Supplementary Table 6). However, the
environmental interaction factors Environment × Row
(p = 0.089) and Environment × Column (p = 0.732) were
not significantly different (Supplementary Table 6). These
results suggested that the position in the greenhouse and
genetic differences for estimated evapotranspiration within
an experimental environment did not explain significant
differences in water-deficit stress response. Differences detected
between the screening environments are not surprising because
the average temperature in the greenhouse was higher in
the summer compared to the fall (Supplementary Table 5).
Consequently, observed genetic variation in the germplasm
appears to be independent of estimated evapotranspiration,
both for canopy temperature and plant turgor. These traits
were subsequently used in interval mapping studies, genomic
selection models, and the development selection indices.

Quantitative trait loci analysis in the
LA1141 × OH8245 BC2S3 population

Four putative QTLs were identified, and explained between
6.6 and 9.49% of the phenotypic variation for canopy
temperature and turgor (Figure 4 and Table 2). Phenotypic
values were expressed as an average of trait BLUPs across
environments with a mean of 0, and the effect of an allele
substitution was expressed relative to the mean. All QTLs
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FIGURE 4

Composite interval mapping of LA1141-derived tolerance to water deficit stress. The traits measured were canopy temperature estimated using
images (grey), canopy temperature estimated with an infrared thermometer (dotted), and plant turgor ratings (black) ranging from 1 to 5
(5 = turgid, 4 = soft to the touch, 3 = beginning to wilt, 2 = wilted with complete loss of turgor, and 1 = dead) consistent with previous studies
(Waterland et al., 2010). Traits were measured in the LA1141 × OH8245 BC2S3 inbred backcross families (N = 160). The y-axis is the logarithm of
the odds (LOD). The solid (black) horizontal line (LOD = 3.3) is the resampled LOD significance cutoff (α = 0.05, N = 1,000 permutations). The
dotted (gray) horizontal line (LOD = 2.4) represents a significance level of p < 0.01. The x-axis represents linkage groups corresponding to the 12
chromosomes in tomato and chromosome distance in centimorgans (cM). The genetic distance was calculated using the Kosambi function
Kosambi (1943) to correct for multiple crossovers.

contributing to water deficit tolerance were derived from the
LA1141 donor parent (Table 2). A region on the distal arm
of chromosome 1 (linkage group 1b) had a LOD score of
2.66, explained 6.6 % of the total phenotypic variation, and
lowered canopy temperature by 0.02◦C (Table 2). A region on
the proximal arm of chromosome 6 had a LOD score of 3.46,
explained between 6.02 and 9.09 % of the total phenotypic
variation, and lowered canopy temperature by 0.03◦C (Table 2).
A region on the proximal arm of chromosome 5 had a
LOD score of 3.33, explained 9.14 % of the total phenotypic
variation, and increased turgor ratings between 0.33 and 0.36
units (Table 2). A region on the distal arm of chromosome 7
had a LOD score of 2.5, explained 6.78% of the phenotypic
variation, and increased ratings associated with higher turgor
by 0.42 units (Table 2). The QTL found on chromosomes
1, 5, and 7 were detected in both individual screens and
the combined dataset (Table 2). The QTL associated with
canopy temperature detected on chromosome 6 was detected
in the summer and combined environments but not the fall
environment (Table 2).

Validation of selection strategies

Prediction accuracy (rg) was evaluated with cross validation
in the LA1141 × OH8245 BC2S3 training population and
empirically in BC2S5 lines derived from further inbreeding.
Cross-validation correlations between GEBVs and phenotype
were significant for canopy temperature (p = 1.53e-15), and
accuracy was rg = 0.57. Similarly, correlations for turgor were
significant (p = 4.61e-09) with an accuracy of rg = 0.44 (Table 3).
Correlations between GEBVs based on the BC2S3 training
population and observed values of BC2S5 lines were significant
for canopy temperature (p = 0.009, rg = 0.57) and turgor
(p = 0.021 rg = 0.31) (Table 3).

Improvement in plant performance in our experiments is
demonstrated by high plant turgor, low canopy temperature,
high gsw, and low VPD. Selection strategies based on phenotype,
genomic selection models and a combination of the two were
compared to randomly advanced lines. The selection strategy
was significantly different from random selections for turgor
(p = 0.004), canopy temperature (p = 0.006), gsw (p = 0.026),
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TABLE 2 Quantitative trait loci (QTL) and flanking single nucleotide polymorphism (SNP) markers associated with canopy temperature and turgor ratings in S. galapagense LA1141 x S. lycopersicum
OH8245 BC2S3 families.

LA1141 X OH8245 BC2S3

Traita

SNP marker LODb pc QTL × seasonal
environmentsd

Donor allele Allele
substitution

effecte

Percent
phenotypic

variance
explainedf

Chromosome Physical
position

(bp)g

Genetic
position

(cM)h

Thermal image
canopy
temperature

solcap_snp_sl_2234 0.00 0.998 Summer, fall,
combined

LA1141 0.00 0.001 1b 79025804 00.00

solcap_snp_sl_14323 2.66 0.004 Summer, fall,
combined

LA1141 –0.02 6.60 1b 87223580 20.37

solcap_snp_sl_13404 1.41 0.041 Summer, fall,
combined

LA1141 –0.02 3.98 1b 88561836 25.81

solcap_snp_sl_14458 2.71 0.002 Summer, combined LA1141 –0.03 7.18 6 36520866 19.42

solcap_snp_sl_1337 2.19 0.007 Summer, combined LA1141 –0.03 6.02 6 37305722 23.28

solcap_snp_sl_12757 1.00 0.090 Summer, combined LA1141 –0.01 2.8 6 38186675 29.74

IRT canopy
temperature

solcap_snp_sl_14458 1.97 0.010 Summer, combined LA1141 –0.02 5.53 6 36520866 19.42

solcap_snp_sl_1337 3.46 0.000 Summer, combined LA1141 –0.03 9.49 6 37305722 23.28

solcap_snp_sl_12757 2.15 0.007 Summer, combined LA1141 –0.03 6.01 6 38186675 29.74

Turgor ratings solcap_snp_sl_19102 3.33 0.000 Summer, fall,
combined

LA1141 0.33 9.14 5 1909149 00.00

solcap_snp_sl_5050 1.84 0.015 Summer, fall,
combined

LA1141 0.36 5.15 5 6045160 32.00

solcap_snp_sl_22065 0.26 0.54 Summer, fall,
combined

LA1141 0.07 0.76 7 3718124 34.18

solcap_snp_sl_5861 2.5 0.003 Summer, fall,
combined

LA1141 0.42 6.78 7 59688274 42.51

solcap_snp_sl_7025 0.104 0.29 Summer, fall,
combined

LA1141 0.08 0.97 7 63561726 57.45

aTolerance to water deficit measured as canopy temperature and plant turgor ratings in the OH8245 × LA1141 families that were backcrossed twice to OH8245 and self-pollinated three times (BC2S3). Thermal image canopy temperature and Infrared
thermometer (IRT) both represent maximum canopy temperature values. Trait values were expressed as Best Linear Unbiased Predictors (BLUPs).
bLogarithm to base 10 (LOD) scores. A significance threshold of LOD = 3.3 for both canopy temperature and plant turgor was determined by resampling the data (α = 0.05, n = 1,000; Churchill and Doerge, 1994). A cut-off of LOD = 2.4 significance
threshold corresponded to p < 0.01.
cThe p-value retrieved using the Haley-Knott regression formula: y ˜ Q1, where y is the response variable and Q1 is the marker.
dSignificant (p=<.01) QTLs detected in summer environments, fall environments, and in the combined dataset.
eGenetic effects evaluated as differences between phenotype averages expressed as regression coefficients.
fPercent variance explained estimated by 1 – 10−2 LOD/n , where n is the sample size and LOD is the LOD score for the marker.
gPhysical position in base pairs corresponds to the Tomato Genome version SL4.0 (Hosmani et al., 2019).
hGenetic position corresponds to the LA1141 x OH8245 BC2S3 linkage map previously developed (Fenstemaker et al., 2021).
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TABLE 3 Evaluation of accuracy and genetic gain for selection
strategies during inbreeding of the S. galapagense LA1141 ×

S. lycopersicum OH8245 population.

Populationa Canopy
temperature

◦Cb

Turgor
ratingsc

BC2S3 families Minimum 18.50 1

Maximum 28.90 5.00

Mean 24.50 3.14

s.d.d 1.56 1.18

Cross validation
(rg )e

0.57
(p = 1.53e-15)

0.44
(p = 4.61e-09)

BC2S5 families Minimum 18.05 2.16

Maximum 27.74 4.07

Mean 22.13 3.05

s.d. 2.44 0.53

Empirical
validation (rg )f

0.47 (p = 0.009) 0.31 (p = 0.021)

BC2S5 GS Minimum 22.01 2.61

Maximum 25.97 3.49

Mean 23.71 3.15

s.d. 1.51 0.38

Genetic gaing -0.79 0.01

BC2S5 Pheno+
GS

Minimum 20.66 2.76

Maximum 25.37 3.93

Mean 23.07 3.44

s.d. 2.35 0.61

Genetic gain -1.43 0.31

BC2S5
Phenotype

Minimum 22.38 2.76

Maximum 25.06 4.08

Mean 23.93 3.41

s.d. 0.86 0.47

Genetic gain -0.57 0.27

BC2S5 Random Minimum 22.41 2.17

Maximum 30.05 3.35

Mean 26.81 2.64

s.d. 2.87 0.39

Genetic gain 2.31 -0.5

aPopulation represents LA1141 × OH8245 were backcrossed twice to OH8245 and
self-pollinated three tiems (BC2S3) (N = 160) and advanced selections that underwent
additional self-pollination (BC2S5) based on genomic estimated breeding values
(GEBVs) (GS, N = 8), LA1141 × OH8245 BC2S3 canopy temperature and turgor best
linear unbiased predictors (BLUPs) (Pheno, N = 9), a combination of the two (GS +
Pheno, N = 3), and randomly advanced lines (Random, N = 10).
bCanopy temperature measured as whole plant canopy temperature (◦C) using a
FLIRONE GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR, United States).
cPlant turgor based on a rating scale ranged from 1 to 5 (5 = turgid, 4 = soft to the touch,
3 = beginning to wilt, 2 = wilted with complete loss of turgor, and 1=dead) consistent
with previous studies (Waterland et al., 2010).
dStandard deviation.
eCorrelation coefficient between genomic estimated breeding values (GEBVs) and
phenotypic values in BC2S3 progenies (training population).
fCorrelation coefficient between genomic estimated breeding values (GEBVs) and
phenotypic values in the advanced BC2S5 progenies.
gIncrease in performance through selection (lower canopy temperature and
higher turgor scores). Bold values are self-evident.

and VPD (p = 0.046) (Supplementary Table 7). Phenotypic,
genomic, and combined strategies resulted in positive gain
under selection, with selected lines showing higher turgor and
lower canopy temperatures under water deficit. Differences
between the BC2S3 families and BC2S5 lines chosen based on
GEBV resulted in gain under selection by increasing turgor by
0.01 units (Table 3). Lines selected using combined strategies
resulted in gain under selection by increasing turgor ratings by
0.31 on the five-point scale (Table 3). Phenotypically selected
BC2S5 advanced lines resulted in gain under the selection
of 0.27 units (Table 3). In contrast, differences between the
BC2S3 training population and the randomly advanced BC2S5

progenies did not result in gain under this selection and
lowered turgor ratings by 0.50 on the five-point scale (Table 3).
Importantly, phenotypic, and combined strategies had higher
turgor compared to randomly advanced progenies (Figure 5A).
However, chosen progenies using genomic selection alone did
not have different turgor ratings when compared to phenotypic,
combined, or random selection (Figure 5A).

Similarly, selection for lower canopy temperature resulted
in observed genetic gains. Differences between the BC2S3

families and BC2S5 lines chosen based on GEBVs for
canopy temperature lowered the canopy temperature to 0.79◦C
(Table 3). Lines selected using combined strategies lowered the
canopy temperature to 1.43◦C (Table 3). Phenotypically selected
BC2S5 progenies resulted in gain under selection by lowering
canopy temperature to 0.57◦C (Table 3). In contrast, random
selection raised canopy temperature by 2.31◦C (Table 3). In
conclusion, all selection strategies lowered canopy temperature
compared to random selection (Figure 5B).

Selected water deficit tolerance based on high turgor and
low canopy temperature also had the result of improving
physiological measurements. Statistical differences for
physiological measurements were observed for advanced
lines chosen using combined selection strategies. Selected lines
based on combined strategies maintained higher gsw and lower
VPD compared to randomly advanced lines (Figures 5C,D)
suggesting that genomic selection can be used to augment
phenotypic selection and indirectly select for improved plant
physiological status under water deficit. Therefore, genomic,
and phenotypic selection for turgor and canopy temperature
are indirect methods to improve plant physiological response
under water deficit stress. On average, genomic, phenotypic,
and the combined strategies had gsw values that were 0.007 mol
H2O m−2 s−1 higher and VPD values that were 0.047 kPa lower
relative to randomly advanced lines (Figure 5). These results
suggested that progress toward tolerance to water deficit stress
measured by turgor, canopy temperature, gsw, and VPD was
achieved with phenotyping workflows and selection indices.

To gain additional insight into the genetics of low
canopy temperature and high turgor under water deficit stress,
we evaluated our selections for recovery of putative QTL
derived from LA1141. Four selections based on phenotype
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FIGURE 5

Boxplots comparing group performance of groups corresponding to selection strategies under water deficit. Traits were measured as best linear
unbiased predictors (BLUPs) and include (A) plant turgor ratings, (B) canopy temperature, (C) stomatal conductance (gsw), and (D) vapor
pressure deficit (VPD). Selection strategy groups were based on GEBVs (GS, N = 8), LA1141 × OH8245 BC2S3 canopy temperature, and turgor
BLUPs (Pheno, N = 9), a combination of the two (GS + Pheno, N = 3), and randomly advanced lines (Random, N = 10). Each IBL was replicated
three times within the selection strategy. Turgor ratings ranged from 1 to 5 (5 = turgid, 4 = soft to the touch, 3 = beginning to wilt, 2 = wilted
with complete loss of turgor, and 1 = dead) as described previously (Waterland et al., 2010). Canopy temperature was estimated using the
FLIRONE GEN3 iOS thermal camera (FLIR Systems Wilsonville, OR, United States). Physiological measurements were measured with the LI-600
Porometer/Fluorometer (LI-COR Biosciences, Lincoln, NE, United States) and included stomatal conductance (gsw mol m−2 s−1) and vapor
pressure deficit (VPD kPa). Values are reported at the time point where they reach their maximums. Different letters indicate statistically
significant differences among groups (Tukey’s honestly significant difference, p < 0.05).

(20% of total selections) possess the LA1141 introgression
on chromosome 1b associated with canopy temperature
(Table 2). First selection based on GEBV and second selection
based on phenotype (15% of total selections) have the
introgression from LA1141 on chromosome 6 associated
with canopy temperature (Table 2). Three selections based
on GEBV, four based on phenotype, and one selected
with combined strategies (40% of total selections) have the
introgressions from LA1141 on chromosome 5 associated
with high turgor (Table 2). Three selections based on
phenotype, one selected by combined strategies, and one
selected based on genomic selection (20% of total selections)
have the introgression from LA1141 on chromosome 7
associated with high turgor (Table 2). The expected frequency

of a LA1141 allele in the BC2S3 population is 12.5%.
The observed frequency of QTLs is, therefore, higher than
expected on chromosome 1b (χ2 = 5.14, p = 0.022),
chromosome 5 (χ2 = 69.14, p = 0.001), and chromosome 7
(χ2 = 5.14, p = 0.022). However, recovery of the QTL on
chromosome 6 approaches the expected frequency (χ2 = 0.57,
p = 0.450).

Evaluation of BC2S5 selections for
horticultural traits

A field trial was conducted to evaluate the performance
of advanced BC2S5 selections that were chosen using genomic
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TABLE 4 Evaluation of the LA1141 × OH8245 BC2S5 selected progenies for horticultural traits compared to the OH8245 recurrent parent.

Field traitsy Color traitsx

Genotypez

Average
fruit weight

(g)

Total yield
(t ha−1)

Marketable
yield (t
ha−1)

Canopy
width (cm)

Brix◦

% YSD L* Hue

OH8245 68.9 a 111.5 a 53.5 abcd 86 abc 5.05 bcde 20.30 bc 42.81 ab 50.55 bc

SG18-257 55.3 b 93.4 abcd 49.0 abcd 88.5 abc 5.45 abcde 18.12 bc 39.11 abc 50.19 bc

SG18-129 44.5 c 112.7 a 78.2 abc 85 bc 5.50 abcde 11.91 c 36.99 c 48.50 c

SG18-121 36.3 cd 102.7 abc 60.9 abcd 81.5 bc 4.80 bcde 25.66 bc 40.67 abc 52.39 bc

SG18-251 36.3 cd 92.4 abcd 53.2 abcd 67.5 c 4.80 bcde 14.91 c 40.10 abc 50.36 bc

SG18-195 34.5 de 91.1 abcd 61.5 abcd 73.5 bc 4.45 de 25.69 bc 42.27 abc 52.94 bc

SG18-197 33.6 def 69.8 abcd 25.5 bcd 127 ab 5.65 abcde 17.57 bc 40.78 abc 50.56 bc

SG18-223 29.9 defg 90.9 abcd 48.5 abcd 82.5 bc 4.85 bcde 39.39 abc 39.94 abc 54.35 abc

SG18-295 29.9 defg 56.5 bcd 18.8 d 102.5 abc 4.85 bcde 31.97 abc 38.76 abc 54.00 abc

SG18-165 29.0 defg 84.0 abcd 60.7 abcd 58.5 c 4.60 cde 40.22 abc 40.17 abc 54.83 abc

SG18-167 29.0 defg 52.7 cd 15.8 d 98 abc 6.15 abc 61.48 a 43.21 a 62.16 a

SG18-143 28.1 defg 83.1 abcd 43.8 abcd 77.5 bc 5.20 bcde 36.78 abc 39.16 abc 54.49 abc

SG18-177 25.4 efg 108.5 abc 89.6 a 108.5 abc 4.85 bcde 49.28 ab 41.81 abc 57.94 ab

SG18-292 24.5 fgh 102.2 abc 41.6 abcd 141 a 6.45 ab 38.73 abc 40.32 abc 55.74 abc

SG18-145 22.7 ghi 96.4 abcd 40.4 abcd 95 abc 7.00 a 14.71 c 37.24 bc 48.52 c

SG18-182 20.9 ghi 106.0 abc 79.4 ab 75 bc 4.75 cde 38.00 abc 41.26 abc 53.29 bc

SG18-188 15.4 hij 41.4 d 13.6 d 92 abc 5.80 abcde 31.30 abc 41.26 abc 56.17 abc

SG18-248 14.5 ij 43.2 d 19.3 bcd 79.5 bc 6.05 abcd 36.11 abc 39.15 abc 54.14 abc

SG18-255 10.0 j 65.2 abcd 38.9 abcd 71 c 4.20 e 42.07 abc 38.25 abc 54.83 abc

Mean 31.0 84.4 46.9 88.94 5.28 31.27 40.17 53.47

HSD (p < 0.05)W 9.9 56.1 60.2 55.92 1.65 33.38 5.79 8.21

zOH8245 is the S. lycpersicum elite parent. The remaining genotypes are selected LA1141 × OH8245 progenies that were backcrossed twice to OH8245 and self-pollinated five times
(BC2S5). Phenotypic selections include SG18-129, SG18-143, SG18-177, SG18-195, SG18-197, SG18-248, SG18-251, and SG18-295. Genomic selections include SG18-121, SG18-145,
SG18-167, SG18-182, SG18-188, SG18-255, SG18-257, and SG18-292. Combined selection strategies include SG18-165 and SG18-223.
yAverage fruit weight (g) of 25 randomly sampled fruit divided by 25 to estimate average fruit weight. Harvested fruit was sorted into marketable, green, and cull groups and each group
are weighed separately. Total yield was measured as harvested weight of the three groups.
xColor data measured with Tomato Analyzer (Darrigues et al., 2008) on a sub sample of 25 fruit from each plot. Yellow shoulder disorder (%YSD), represents yellow, green-yellow color.
L* coordinate indicates darkness (0) to lightness (100) of color. Hue is an angular measurement representing the visible property of color.
wThe same letters in each treatment indicate non-significant differences among genotypes at p < 0.05 based on Tukey’s honest significant difference (HSD). Minimum significant
difference is reported. Bold values are self-evident.

and phenotypic strategies to establish whether important
agronomic and quality traits from the OH8245 recurrent
parent were recovered. The fruit size of all BC2S5 selections
was smaller (p = 8.07e-13) than the OH8245 (Table 4).
However, some BC2S5 selections have acceptable yield, canopy
width, fruit color, and fruit quality (Table 4). Acceptable
values of traits were based on ranges observed in processing
tomato germplasm (Merk et al., 2012). The acceptable range
for canopy width in processing tomatoes is between 75 to
110 cm. In our trial, 65% of selections had an acceptable
canopy size, while 25% had canopy size that was too small,
and 10% had canopy sizes that were too large (Table 4).
Lower values of hue, an angular measurement, represent the
visible property of color. Values of L∗, a coordinate that
indicates the darkness (0) to lightness (100) of color, are
associated with increased redness of tomatoes. Ten percent
of our selections had improved L∗ values relative to the

recurrent parent, and 100% of selections had an acceptable
range of L∗ (Table 4). Additionally, 10% had improved hue
measurements relative to the recurrent parent, and all selections
had an acceptable range of hue (Table 4). Low estimates of
the physiological color disorder, yellow shoulder (%YSD), are
also associated with improved tomato color (Table 4). Forty-five
percent of selections exceeded the acceptable cutoff for %YSD
(Table 4).

All selections had acceptable Brix◦ values relative to the
OH8245 recurrent parent (Table 4). One selection had a
higher Brix◦ than OH8245. However, this selection ranked 14th
out of 20 in fruit size (Table 4). A BC2S5 selection chosen
based on phenotype, SG18-129, and a BC2S5 selection chosen
with genomic selection, SG18-145, had improved tomato color
relative to OH8245. SG18-129 and SG18-145 also had acceptable
canopy sizes (Table 4). Additionally, BC2S5 selection SG18-
129 had numerically higher yield and numerically higher Brix◦
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than OH8245. However, those differences in yield were not
significant (Table 4).

Discussion

Response of LA1141 to water deficit
stress

Solanum galapagense accession LA1141 and S. lycopersium
OH8245 have different physiological responses to water deficit
stress. Both morphological and physiological responses can
contribute to water deficit tolerance (Koch et al., 2019; Pardo
and VanBuren, 2021). Accession LA1141 demonstrates the
ability to withstand deficit irrigation for as much as 144 h before
wilting is observed. The physiological basis of this tolerance
requires further investigation, but a mechanism mediated by
stomatal conductance (gsw) is plausible. Similarities of gsw at
saturation and genetic variation in advanced selections are
promising indicators that it is possible to select for gsw while
maintaining plant growth and yield. Previous studies have
shown that VPD and gsw are suitable proxies for osmotic
adjustment and yield maintenance in plants grown under
water deficit stress (Bazzer and Purcell, 2020). Accession
LA1141 and advanced selections have lower VPD, higher
gsw, and lower canopy temperature after 72 h of water
deficit compared to OH8245 and randomly advanced lines,
suggesting genetic variation for osmotic adjustments under
water deficit stress is present in the population. The putative
osmotic adjustment mechanism appears to be independent of
leaf anatomy as advanced lines are 87.5% recurrent parent
genome and most of the tolerant selections possess the
recurrent parent leaf morphological phenotype. For example,
the phenotypic selection SG18-197 is shown (Figure 1) and
leaf morphology is characteristic of the OH8245 recurrent
parent.

Tomato plants often exhibit isohydric (saver) and
anisohydic (spender) responses to water deficit stress (Sade et al.,
2012). A typical isohydric response involves a decline in gsw
before any adverse effects of water shortage arise in the canopy
(Sade et al., 2012). In contrast, ansiohydric response involves
a decline in leaf water potential and stomatal conductance
proportional to soil moisture (Sade et al., 2012). Physiological
data suggest that LA1141 behaves more like an isohydric plant
because of its ability to maintain low canopy temperature,
higher gsw, and lower VPD after 72 h of water deficit. In
contrast, OH8245 appears to behave like an ansiohydric plant,
a response that is associated with higher yields and biomass
under moderate stress. This response of OH8245 is consistent
with its previously described physiology compared to water
deficit tolerant Mediterranean tomato germplasm (Galmés
et al., 2011). In situations of water deficit that result in a plant
reaching a permanent wilting point, anisohydric behavior may

endanger plant survival (Sade et al., 2012). However, plant
recovery after deficit irrigation was not evaluated in these
studies.

High-throughput thermal image
analysis

Image-based estimations of canopy temperature in plants
subjected to water deficit can serve as a proxy to plant
physiological response. Interest in using canopy temperature as
an indicator of plant stress has an extensive history (Jackson
et al., 1981; Jones et al., 2002; Gerhards et al., 2016; Perera
et al., 2020). Canopy temperature is directly proportional to
stomatal conductance in many crops that are subjected to water
deficit conditions (Jackson et al., 1988; Ramírez et al., 2016;
Fukuda et al., 2018). Canopy temperature can be measured
radiometrically using infrared thermometry and by extracting
temperature from digital images (Blum et al., 1982; Babar
et al., 2006; Gräf et al., 2021). Increased efficiencies achieved
using infrared thermometry (Blum et al., 1982) or thermal
images (thermography) (Ru et al., 2020; Vieira and Ferrarezi,
2021) enable high throughput data collection to characterize
the physiological and genetic consequences of water-deficit
stress in large populations or germplasm screens. Genetic
variation for canopy temperature has been identified and used
for plant improvement in both grain (Lopes et al., 2012) and
vegetable crops (Prashar et al., 2013). For example, genetic
variation for canopy temperature in runner beans and wheat
is linked to maintaining stomatal conductance in water-limited
environments (Fischer et al., 1998; Jones, 1999).

Genetic studies suggest tolerance to water deficit stress is a
polygenic trait controlled by several small-effect QTLs (Sacco
et al., 2013). Hundreds of genes can be activated or repressed
in response to water deficit stress (Bray, 2004), making it hard
to pinpoint which gene contributes to tolerance. An improved
understanding of both the physiological traits and the genetic
basis of plant response to water deficit may result in genetic gains
in breeding programs by determining the proportion of genetic
variation present in populations, estimating the heritability of
traits associated with response to water deficit, and modeling
environmental effects on traits of interest (Mir et al., 2012).

Generally, when plants experience water deficit stress,
their stomata close as a strategy to conserve water. As
stomatal conductance declines in response to this closure, leaf
temperature can increase rapidly due to loss of evaporative
cooling, and an increase in convective heat exchange (Jackson
et al., 1988; Lambers et al., 2008). The physical phenomenon
of stomatal closure in response to water deficit is inversely
proportional to VPD, and the closure also leads to decreased
transpiration and carbon assimilation (Lambers et al., 2008).
Measuring plant canopy temperature under water deficit
may, therefore, provide an efficient phenotyping alternative
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to physiological measurements of both stomatal conductance
(Zhao et al., 2021) and VPD (Grossiord et al., 2020).

Assessment of canopy temperature provided an efficient
measure of response to water deficit stress. Plants under
water deficit stress generally have reduced gsw, limited
transpiration, and increased canopy temperature. Therefore,
canopy temperature was used to proxy these traits. Additionally,
canopy temperature was used to phenotype and select tolerant
BC2S3 families and recovered progenies that maintain higher
gsw and lower VPD under deficit irrigation. This suggested that
indirect selection was possible with canopy temperature and
turgor evaluations. The image analysis workflow was scalable
to large populations and efficient for accurate phenotyping in
the greenhouse. Water deficit stress evaluations of plants with
images partitioned a higher proportion of the total variance
into genetics, improved the objectivity of evaluations, and saved
time.

Thermal image and IRT estimated canopy temperature are
both effective phenotyping strategies, but IRT measures canopy
temperature using single-point leaf measurements. These
single-point measurements may not capture the entire gradient
of temperature across the canopy (Figure 3). Temperature
gradients across the canopy are likely why point measurements
partition more variance into environmental factors and error
relative to genetic factors (Table 1). Thermal image analysis
also detected a greater range of differences in susceptible
genotypes than the IRT. Additionally, the image-based analysis
identified a canopy temperature’s QTL on the distal arm of
chromosome 1 in our composite interval mapping study that
was detected across seasonal environments but not detected
with IRT (Table 2 and Figure 4). Canopy temperature measured
by image-based methods may bring greater discrimination and
sensitivity for selection and genetic analysis. Importantly, the
thermal imaging workflow detected stress before the appearance
of wilt symptoms (Supplementary Figure 4). Although thermal
imaging was an effective method for trait evaluation in our
studies, plant turgor ratings had the highest estimates of variance
partitioned into genetic effects (Table 1). High-throughput
phenotyping is promoted to reduce time, costs, and resources
to screen populations in breeding programs (Cabrera-Bosquet
et al., 2012; Fahlgren et al., 2015; Araus et al., 2018). However,
visual evaluation of plant response to water deficit using a visual
turgor index (Waterland et al., 2010) appears to be an effective
method for evaluating germplasm.

Genetics of water deficit tolerance
derived from LA1141

Composite interval mapping helped discover chromosomal
regions associated with low canopy temperature and higher
turgor under water deficit stress (Figure 4). We found evidence
for four QTLs, three of which were reproducible across

environments and within the combined analysis. As expected,
tolerance derived from LA1141 appears to be mediated by many
loci and no large-effect QTLs were found. One interpretation of
these results is that water deficit tolerance as measured by turgor
and canopy temperature is genetically complex, with many QTL
falling below the detection threshold. Genomic selection models
offered a solution to the genetic complexity of water deficit stress
tolerance because of their capacity to handle traits with many
small-effect QTL (Crossa et al., 2017). The number of selections
that possessed introgression from LA1141 that were associated
with putative QTL and were discovered in the mapping study
ranged from 15 to 40%, suggesting that we can select for putative
QTL and make progress using an introgression strategy, even if
the effects of allele substitutions and proportion of phenotypic
variance explained are relatively low.

Selection strategies

Phenotypic selection based on high throughput thermal
image analysis via proximal sensing and genomic selection
provides methods to improve response to deficit irrigation
in progenies derived from the LA1141 × OH8245 families.
Selection strategies based on canopy temperature and turgor
also indirectly improved plant physiological response under
water deficit measured by gsw and VPD. Overall, prediction
accuracy suggested that genomic selection alone may be an
effective strategy for evaluating germplasm for tolerance to
deficit irrigation as measured by low canopy temperature and
high turgor. Additionally, using genomic selection in the future
may save time spent phenotyping in additional generations
during germplasm screens. Gain under selection was achieved
for canopy temperature and turgor ratings. Selection models
that incorporate low canopy temperature and visual plant
ratings associated with high turgor have also indirectly selected
lines with higher gsw and lower VPD under deficit irrigation.
Again, this suggests that our phenotyping methodology can be
used to proxy plant physiological response and will potentially
save time during future germplasm screens. In summary,
phenotypic, genomic, and combined selection strategies have
identified advanced lines with improved performance when
grown under water deficit stress relative to randomly advanced
lines. In our evaluations, improved performance was indicated
by lower canopy temperature, higher turgor ratings, higher
gsw, and lower VPD. These results provided a measure and
confirmation of direct and indirect genetic gain toward water-
deficit stress tolerance in our parent material, inbred backcross
families, and selected progenies.

Water-deficit stress tolerance may also be selected for
in-breeding populations using knowledge of marker-trait
associations. Quantifying canopy temperature responses in large
populations rapidly with objective and repeatable methods
may improve QTL discovery. The genetic complexity of water
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deficit tolerance and the number of loci that may potentially
be involved suggests that alternative strategies that estimate
genome-wide effects to predict progeny performance have
merit. Genomic selection (GS) (Heffner et al., 2010; Lorenz
et al., 2011) changes the focus of analysis from identifying
significant associations for QTL to estimating the effect of
each marker across the genome. The sum of individual
effects provides a genomic estimated breeding value for
each family in the population. Our results confirm that GS
strategies can be coupled with quantitative phenotyping to
develop appropriate selection methods for traits associated with
improved physiological status under water deficit. If adequate
selection accuracies for complex traits can be achieved, GS has
the potential to expedite genetic gain (Heffner et al., 2010;
Cabrera-Bosquet et al., 2012). Selection indices developed in this
study provide a framework to improve water deficit tolerance
using both GS and phenotypic strategies.

Agronomic and quality traits of
selections

Acceptable yield, canopy width, and quality parameters were
recovered in selections that were chosen based on phenotypic,
genomic, and combined strategies. These results demonstrate
that we can create selection indices to improve water-deficit
tolerance in a recurrent parent background. Additionally,
future crossing and evaluation are warranted. The fruit size
of selections was small compared to the recurrent parent.
Still, some selections yield well and have a canopy size that
falls within the acceptable range for commercial processing
tomatoes. The failure to recover acceptable fruit size is not
surprising in an advanced BC2 population that used a small-
fruited wild accession as the tolerant donor parent. Further
crossing and selection will be needed to combine water-deficit
stress tolerance and recurrent parent fruit size. However, traits
associated with water deficit stress tolerance were successfully
introgressed, and at the same time, important agronomic and
quality traits associated with commercial processing tomatoes
were also recovered.

Conclusion

This work was initiated for the simultaneous introgression
and discovery of tolerance to water deficit exhibited by the crop
wild relative S. galapagense accession LA1141. A thermal image
analysis workflow was developed for the population screens,
provided an efficient measure of canopy temperature, and was a
suitable proxy for physiological traits like gsw and VPD. Analysis
of canopy temperature using thermal images at 48 h of water
deficit was able to predict turgor ratings, stomatal conductance,
and vapor pressure deficit at 72 h water deficit stress. These

results suggested that additional efficiencies based on time
can be achieved for population evaluations. We were able to
identify putative QTL derived from LA1141 associated with low
canopy temperature and the ability to maintain high turgor
in plants under water deficit. However, no large-effect QTLs
were identified. Genomic and phenotypic selection indices
offered a feasible strategy to recover tolerance in advanced lines
despite the complexity of the trait. Additionally, applying both
phenotype-based and genomic selection resulted in the recovery
of the putative QTL at a higher-than-expected frequency.
Although we successfully selected tomato lines tolerant to water
deficit stress, we were unable to recover the fruit size for the
direct commercial use of these selections. Finally, the germplasm
created in these studies provides a resource for studying traits
from LA1141, and we can use the advanced BC2S5 selections for
future tomato improvement.
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Effects of land use change on 
population survival of three wild 
rice species in China since 2001
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Linfeng Li 1, Ji Yang 1 and Zhiping Song 1*
1 The Ministry of Education Key Laboratory for Biodiversity Science and Ecological Engineering, 
Institute of Biodiversity Science, Institute of Botany, Fudan University, Shanghai, China, 2 Nanjing 
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Land use change stemming from human activities, particularly cropland 

expansion, heavily threatens the survival of crop wild relatives that usually occur 

nearby or scatter in farming systems. Understanding the impacts of land use 

change on wild populations is critical in forming the conservation decision-

making of wild relatives. Based on the investigations on the population survival 

of three wild rice species (Oryza rufipogon, O. officinalis, and O. granulata) 

in China over the past 40 years (1978–2019), the effect of land use change 

during the past 20 years (2001–2019) on the natural populations of the three 

species was examined using the land use type data of satellite-based Earth 

observations (data from GlobCover). From 1978 to 2019, the number of 

populations (distribution sites) of the three wild rice species had decreased by 

65–87%, mainly because of the habitat destruction or disappearance caused 

by human-induced land use change. The three wild rice species display 

different habitat preferences, resulting in specific land use types surrounding 

their populations. In the recent 20 years, although the surrounding community 

composition of the wild rice population has been relatively stable, the 

surrounding vegetation cover area of the survived populations was significantly 

more extensive than that of the extinct ones (p < 0.05). These findings suggest 

that habitat vegetation plays a “biological barrier” role in the survival of wild 

populations through resisting or mitigating the disturbing impact of land use 

change on wild populations. This study provides not only direct guidelines 

for the conservation of wild rice but also new insights into the mechanisms 

underlying the influence of land use change on wild populations.

KEYWORDS

conservation, habitat, land use, community, wild rice, wild population

Introduction

Crop wild relatives (CWRs) are the most important genetic resources for germplasm 
innovation and crop improvement (Xiao et al., 1996; Hajjar and Hodgkin, 2007; Feuillet 
et al., 2008). They play an important role in raising the yield and quality of grains and other 
economic crops (Vitousek et al., 1997). However, CWRs have been seriously threatened by 
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human activities around the world. On the one hand, people need 
to increase land use to supply food for the rapidly growing 
population; this increased land use involves land exploitation and 
agricultural expansion that inevitably leads to the destruction or 
even loss of natural habitats, threatening the survival of wild 
populations. On the other hand, CWRs have habitat requirements 
similar to those of domesticated crops. Thus, they usually scatter 
in agricultural systems, and their habitats tend to be  directly 
exploited or disturbed by agricultural activities, such as the use of 
agrochemicals (pesticides and fertilizers), grazing, and the 
introduction of nonnative competitors, resulting in population 
decline or even extinction of CWRs (Newbold et al., 2015; Pimm 
et al., 2018; Nicholson et al., 2019). Therefore, land use change is 
the main threat to CWRs survival (Davies et al., 2006). Evaluating 
the effect of land use change on wild populations is critical for 
CWRs conservation.

As an important genetic resources, CWRs have attracted the 
attention of conservationists and plant breeders. However, little is 
known about how land use change impacts the survival of their 
wild populations. Several studies that focused on the population 
genetics of CWRs suggested that the genetic population decline is 
associated with habitat fragmentation due to human activities 
(Ceballos et  al., 2017). Consequently, in situ conservation 
strategies have been established to maintain population genetic 
variations, thereby protecting the evolutionary potential of the 
wild population. The survival of wild populations mainly depends 
on the habitat quality and the stability of the natural community 
surrounding wild populations (Blowes et al., 2019; Newbold et al., 
2020). Community stability is highly related to landscape structure 
and heterogeneity. However, land cover changed stemming from 
land use change directly alter landscape properties, thereby 
affecting the CWRs population through cascading effects (da Silva 
and Hernández, 2014). For example, the change of land cover 
causes landscape composition changes. Thus, the change or 
disappearance of a biological community and the loss of the 
natural or seminatural habitat of wild populations eventually lead 
to population decline or even extinction of CWRs (Niedrist et al., 
2009; Malavasi et al., 2018). The community and its shift, which is 
usually accompanied by land use change, have a great effect on 
wild populations (Newbold et al., 2015). Thus, we need a deep 
understanding of how land use change affects the communities 
surrounding CWRs populations.

The practices of biodiversity conservation, including those for 
CWRs, have been continuously moving forward. For example, the 
European Union (EU) has implemented sustainable enhancement, 
organic agriculture, and agricultural environment programs to 
reduce the negative impact of agricultural activities on biodiversity 
(Andersson et al., 2012; Batáry et al., 2015). Meanwhile, China has 
carried out the most extensive programs for ecosystem services 
worldwide, such as the Natural Forest Conservation Program 
(NFCP) and Grain-to-Green Program (GTGP; also known as the 
Farm-to-Forest Program), as well as important agricultural 
biological resource protection actions, to restore natural vegetation 
and protect biodiversity (Xu et al., 2006; Liu et al., 2008). Since the 

implementation of these programs, many national in situ and ex 
situ protection zones of CWRs have been established. Thus far, 
China has built 205 in situ conservation zones for 39 CWRs, 
including 65 in situ conservation zones for wild rice species. In 
particular, China established two national wild rice germplasm 
resource nurseries, where the plants of more than 17,000 wild rice 
germplasm resources are growing (Xu et al., 2020). Although these 
conservation practices greatly benefit the survival of wild 
populations of CWRs, the attention to the effects of these practices 
experiencing the impacts of land use change on the community 
surrounding the CWRs population and the comparison of in situ 
conserved populations with not conserved ones remain lacking.

Wild rice species are the wild relatives of cultivated rice 
(Oryza sativa; Zheng et  al., 2019). They are also important 
germplasm resources for rice breeding because they contain 
abundant insect-resistant, stress-tolerant, high-yield, or/and male 
sterility genes. For instance, the utilization of male sterility genes 
from the common wild rice (O. rufipogon) generated the world-
famous hybrid rice (O. sativa) (Liu et al., 2014). Three wild rice 
species are distributed in China: O. rufipogon, O. officinalis, and 
O. granulata (Dai et al., 2004). The three wild rice species mainly 
occur on the edges of farmlands and forest zones. Their habitats 
are constantly disturbed by land use changes mainly caused by 
agricultural activities, resulting in a serious decline in their 
population. The Chinese government has listed the three wild rice 
species as national class II protected species and launched two 
national surveys for wild rice resources (1978–1982 and 2001–
2004; Xu et al., 2020). Consequently, dozens of natural populations 
of wild rice were conserved in situ. Moreover, the results of the two 
national surveys show that Chinese wild rice populations are still 
declining, even though great effort has been paid to wild rice 
population conservation and the surviving wild rice populations 
generally hold relatively rich genetic diversity (Yang et al., 2013). 
This population decline may be due to habitat destruction or loss 
caused by land use change. In addition, the three wild rice species 
display remarkable niche differentiation (Zhang and Yang, 2003). 
The three plants have specific habitat preferences and occur in 
different ecological systems. Moreover, their populations may face 
different land use changes due to agricultural activities. Therefore, 
the three wild rice species provide us an ideal system to compare 
the population survival statuses of CWRs with different typic or 
intensive disturbances and obtain general insights into the effects 
of land use change on CWRs.

The present study used the three wild rice species as a model, 
aims to examine the effects of land use change on the survival of 
wild populations. We  performed another national wild rice 
population survey in 2019 based on the historical survey records 
(1978–2004). We investigated the influence of land use change on 
wild rice populations by using the data of population survival 
status combined with the Landsat Earth observation information 
of land use change in the recent 20 years (2001–2019), covering 
the range of the three wild rice species. This study aims to answer 
the following questions: (1) What is the habitat preference of wild 
rice species? (2) What kind of land use change have the three wild 
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rice species experienced? (3) Do land use change and population 
decline in wild rice species have significant correlations? The 
obtained data provide not only direct guidelines for the 
conservation of wild rice but also new insights into the 
mechanisms underlying the influence of land use change 
on CWRs.

Materials and methods

Study area

The basic unit of the research object is the population in the 
ecological concept. We  recorded the three wild rice species 
(O. rufipogon, O. officinalis, and O. granulata) with a geographical 
space interval of less than 300 m as the same population. The first 
national wild rice survey (1978–1982) comprehensively recorded 
the geographical distribution range of all wild rice populations in 
China (excluding Taiwan Province), showing that O. rufipogon is 
distributed in Jiangxi, Hunan, Yunnan, Guangxi, Guangdong, 
Fujian and Hainan Province; O. officinalis in Yunnan, Guangxi, 
Guangdong and Hainan Province; and O. granulata in Yunnan 
and Hainan Province (Supplementary Figure S1; The Cooperative 
Team of Wild Rice Resources Survey and Exploration of China, 
1984; Xu et al., 2020). Subsequent studies are all based on these 
data of geographical distribution range and population status. The 
second national survey (2001–2004; Xu et al., 2020) covered the 
geographical range entirely as the first one. In the present study, 
the sampled populations were randomly selected from those 
survived in the second national survey and also cover the whole 
distribution range of the three wild rice species in China. GPS data 
were recorded at the center of the geographical range of 
each population.

Population information

The data of the first national survey were from the survey 
reports (The Cooperative Team of Wild Rice Resources Survey 
and Exploration of China, 1984). The population data of the 
second national survey were obtained from the literature reports, 
survey reports, books, and other records of the Provincial 
Academy of Agricultural Sciences (Pang et al., 2000; Pang and 
Chen, 2002; Zhang and Yang, 2003; Gai et al., 2005; Xu et al., 
2020). Some of the original recorded “populations” were combined 
and recorded as the same population when the distance between 
individual “populations” is less than 300 m, then we obtained the 
basic data of population survival status of the three wild rice 
species in 2001. To further monitor the population survival status 
of the three wild rice species in China recently, we conducted a 
filed survey across the entire range of the three wild rice species 
from 2016 to 2019. A total of 195 populations survived were 
investigated in our survey, including 118 O. rufipogon, 35 
O. officinalis, and 42 O. granulata (Supplementary Tables S1–S3), 

in which wild rice plants still exist was recorded as present 
population; otherwise, it was noted as lost one. We used the data 
of population status in 2001 and 2019 to do land use 
change analysis.

Land use type

Land use type is usually characterized as land cover type, 
such as farmland, water body, natural vegetation, and so on, 
that all are easily recorded by satellite (Zalles et  al., 2021). 
Therefore, we can describe the land use change of wild rice 
habitats during a period based on the land cover data observed 
by satellite in different years. The satellite-observed land cover 
data were derived from GlobCover version 2.32009.1 These 
data are available as a raster with 23 land cover classes at a 
resolution of 300 m. The data include natural land cover and 
artificial land use types, which are uniformly recorded as land 
use in this study. We  used land use types in grids of GPS 
points that were repositioned in the center of the population 
to obtain the land use types of the 195 populations. To obtain 
the data of the land use types of communities around the 
habitats of wild rice populations, we extracted all land use 
types of each population within a radius of 5 km centered on 
the GPS point and calculated the area of each land use type in 
the circle to represent the composition and area of the 
community surrounding the population. The information of 
four populations of O. rufipogon could not be  extracted. 
Finally, we extracted the data of 191 populations and their 
surrounding communities. Among them, for O. rufipogon, 
there are 64 population in presence, and 50 population lost; 
for O. officinalis, there are 23 population in presence, and 12 
population lost; for O. granulata, there are 31 population in 
presence, and 11 population lost (Supplementary Tables S1–S3). 
In this study, 12 land types were obtained. They comprise 
three types of TC (tree cover): tree cover, broadleaved, 
evergreen; tree cover, broadleaved, deciduous; tree cover, 
needle leaved, evergreen. The following are the other nine land 
types: cropland, rainfed (RC); cropland, irrigated, or 
postflooding (IC); mosaic cropland (MCN, > 50% natural 
vegetation, < 50%); mosaic natural vegetation (MNC, > 50% 
cropland, < 50%); mosaic tree and shrub (MTH, > 50% 
herbaceous cover, < 50%); shrubland (SL); tree cover, flooded, 
fresh, or brackish water (TCF); urban areas (UA); water bodies 
(WB). The extracted data also include NA, indicating no data. 
The data remained stable from 2000 to 2019, so we leave them 
out. The extraction of land use types of each population in 
satellite observation data was performed in R 4.0.1 using a 
self-written R script.

1 http://due.esrin.esa.int/page_globcover.php
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Data analysis

The survey data in 1978–2019 that we used were divided into 
two periods: 1978–2000 and 2001–2019. We also calculated the 
loss proportion of wild rice populations in each period. The loss 
proportion of the population from 1978 to 2000 was obtained by 
comparing the second national survey data (2001–2004) with the 
first national survey data (1978–1982). The loss proportion of the 
population in 2001–2019 was obtained by comparing the 
populations survey data of 2016–2019 with the data of the second 
national survey (2001–2004).

We considered 4 years as the statistical unit to reduce the 
statistical error of the community area around the population. 
This statistical unit was divided into five periods: 2000–2003, 
2004–2007, 2008–2011, 2012–2015, and 2016–2019. The average 
value of the 4-year data in each period represents this time. The 
period from 2000 to 2003 was used as the baseline, and the area 
proportion of each type in the other four periods was compared 
with the baseline to obtain the change proportion of the current 
period relative to the baseline period. In this study, in order to 
compare the difference of land use area between the present and 
lost populations, the significance test between the present 
population and the lost population (the area of each type within 
the 5 km range in 2001) was conducted in R 4.0.1 using Wilcoxon 
rank sum test.

Results

Survival dynamics of wild rice 
populations

After 20 years since the first national survey [1978–2000 (S1)], 
the survival rates of wild populations of O. rufipogon, O. officinalis, 
and O. granulata decreased to 20, 63, and 40%, respectively, when 
the land change was first clearly observed by satellites in 2001. 
Population decline for the three wild rice species has continued in 
the recent 20 years [from 2001 to 2019 (S2)], with population loss 
rates of 43.2, 44.3, and 26.2% (Figure 1). These findings indicate 
that the three wild rice populations have experienced a high-speed 
extinction trend in the past 40 years. The comparison of the loss 
proportions of the populations in the two periods indicated that 
the population loss proportion of O. rufipogon and O. granulata 
decreased considerably in the S2 period. This decrease was 
approximately 1/2 of that in the S1 period (80.3–43.2% and 59.3–
26.2%). However, the population loss proportion of the 
O. officinalis population has accelerated (37.5–44.3%; Figure 1).

Land use types of habitats of the three 
wild rice populations in 2001

The land use types of the three wild rice population habitats 
are basically the same in 2001 (Figure 2). They include the land 

use types of RC, IC, MCN, MNC, TC, and MTH, but their 
proportions vary greatly. The proportion of farmland (RC and IC) 
and mosaic farmland (MCN and MNC) in the habitat  
of O. rufipogon populations is 94.7% (Figure  2A; 
Supplementary Table S4). The proportions of either type in the 
habitats of O. officinalis (31.4%) and O. granulata (47.6%) are low 
(Figures 2B,C; Supplementary Table S4). The proportion of TC in 
the habitats of O. officinalis and O. granulata is the highest, 
accounting for 51.4 and 31.0%, respectively; however, it is less than 
1% in the habitat of O. rufipogon. This finding shows that obvious 
habitat preference differences exist among the three wild 
rice species.

Further analyses of the habitat types of the lost populations 
from 2001 to 2019 showed that the populations whose habitats 
were in the farmland system (RC, IC, MCN, and MNC) reached 
a high loss proportion: 96% of the lost population habitats of 
O. rufipogon (Figure 2A) and 66.7% of the lost population habitats 
of O. officinalis (Figure 2B) and O. granulata (Figure 2C) are in the 
farmland system. This finding suggests that the populations in 
agricultural systems are under a great threat from agricultural  
activities.

Composition and dynamics of 
communities around the habitat of the 
three wild rice populations

The land use types of communities around the habitats of the 
three wild rice populations include 10 types: RC, IC, MCN, MNC, 
TC, MTH, SL, TCF, UA, and WB. However, the area proportion 
varies greatly. The communities around the habitats of the three 
wild rice populations mainly comprise farmland systems (RC, IC, 
MCN, and MNC; Figure 3). The results show that the present 
population of O. rufipogon has significantly low RC (Wilcoxon 
rank sum test, p = 0.0047) area proportion and significantly high 

FIGURE 1

The proportion of lost populations in two period (1978–
2001,2001–2019). The data of surveys in 1978–1982 as baseline, 
the proportion of loss population in 1978–2001 was compared 
with data of two national surveys 1978–1982 and 2001–2004; 
The proportion of lost populations in 2001–2019 was compared 
with data of national surveys (2001–2004) and our data in 2019.
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MCN (p = 0.0338) and MNC (p = 0.0036) area proportion 
(Figure 3A; Table 1). The present population of O. officinalis has a 
significantly low area proportion of MCN (p = 0.0106) and SL 
(p = 0.0207; Figure  3B; Table  1). The present population of 
O. granulata has a significantly low area proportion of RC 
(p = 0.0402), and significantly high area proportion of MCN 
(p = 0.0149) and SL (p = 0.0014; Figure 3C; Table 1). Compared 
with the lost populations, the communities around the habitat 
have a significantly high proportion of vegetation area, indicating 
the potential protective role of vegetation in the survival of the 
three wild rice populations.

The dynamics of the communities around the 
populations from 2001 to 2019 were analyzed further 
(Supplementary Figures S2–S4). The area proportion of farmland 
systems (RC and IC) around almost all populations of the three 
wild rice species showed a gradually decreasing trend in four 
periods (2004–2007, 2008–2011, 2012–2015, and 2016–2019), 
whereas the area proportion of the natural communities (TC, 
MTH, SL and TCF) showed an increasing trend. This observation 
shows that the area of farmland around the population has been 
decreasing and the area of vegetation has been increasing in the 
recent 20 years. The proportion of mosaic farmland (MCN and 
MNC; Supplementary Figures S3C,D) in some populations for 

O. officinalis has shown a considerable decline in lost populations 
relative to the present populations, whereas the proportions of TC 
and SL for O. officinalis have shown a considerable increase 
(Supplementary Figures S3E,G) in the recent period (2016–2019). 
This finding suggests that the transformation of mosaic farmland 
(MNC and MCN) to natural vegetation (TC and SL) has occurred 
in the recent period.

Discussion

Monitoring habitat change and evaluating its effect on 
population survival help in understanding the impact of land use 
change on biodiversity (Fahrig et al., 2011; Kennedy et al., 2013; 
Zabel et al., 2019; Zalles et al., 2021). The present study evaluated 
the influence of land use change on the population survival of the 
three wild rice species in China for the first time through 
integrative analysis of the data on population survival in the recent 
40 years and the remote sensing data of land use change across the 
range of wild rice distribution in the recent 20 years. The 
populations of the three wild rice species are affected by different 
land use change depending on their specific habitat preference. 
O. rufipogon, which constantly exists in farmland systems, suffers 

A

C

B

FIGURE 2

Population proportion per land use type of (A) O. rufipogon (B) O. officinalis (C) O. granulata during 2001~2019. Present population is the population 
survived during 2001~2019; Lost population presented in 2001 but disappeared in 2019. RC, rainfed cropland; IC, irrigated or postflooding cropland; 
MCN, mosaic cropland, >50% / natural vegetation, <50%; MNC, mosaic natural vegetation, >50% / cropland, <50%; TC, tree cover; MTH, mosaic tree 
and shrub, >50% / herbaceous cover, <50%; SL, shrubland; TCF, tree cover, flooded, fresh, or brackish water; WB, water bodies.
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the most consequential impacts of land use change. The natural 
vegetation surrounding wild populations can considerably 
mitigate the destructive effect of land use change on the habitat of 
wild rice species, allowing the refuge of wild populations.

The combined analyses of historical records of population 
distribution and our field investigation data show that the three wild 
rice species are distributed inconsistently, resulting in populations 
isolated from one another. Although their habitat land cover types 
are basically the same, the proportion of each cover type considerably 
varies (Dai et al., 2004; Yang et al., 2013). O. rufipogon is mainly 
distributed in the shallow water or wet regions of inland swamps, 

such as ponds, swamps, streams, and riversides in hills and plains. 
The land cover types of its habitat are mainly farmland (RC and IC) 
and mosaic farmland (MCN and MNC; Figures 2, 3), resulting in its 
populations being often nearby rice fields (Song et al., 2003), and 
suggesting the similar habitat requirements between O. rufipogon 
and cultivated rice. O. officinalis is a hydrophilic plant and commonly 
distributed in mountainous streams, puddles, and other humid 
areas. The land cover type of its population is mainly forest (Figure 2). 
O. granulata is a xerophyte and understory plant. It is often found in 
the gaps of shrub and arbor forests on the hillside. The land cover 
type of its habitat is also mainly forest (Figure  2). These results 

A

C

B

FIGURE 3

The land use area proportion in (A) O. rufipogon (B) O. officinalis (C) O. granulata within a radius of 5 km during 2001~2019. Present population is 
the population survived during 2001~2019; Lost population presented in 2001 but disappeared in 2019. *p < 0.05, and **p < 0.01 (Wilcoxon rank sum 
test). RC, rainfed cropland; IC, irrigated or postflooding cropland; MCN, mosaic cropland, >50% / natural vegetation, <50%; MNC, mosaic natural 
vegetation, >50% / cropland, <50%; TC, tree cover; MTH, mosaic tree and shrub, >50% / herbaceous cover, <50%; SL, shrubland; TCF, tree cover, 
flooded, fresh, or brackish water; UA, urban areas; WB, water bodies.

TABLE 1 p-Values generated from Wilcoxon Rank Sum test testing the difference of land use types area around populations.

Species RC IC MCN MNC TC MTH SL TCF

O. rufipogon W 1121.5 1,627 1994 2,132 1725.5 1783.5 1,654 1725.5

P 0.0047 0.9706 0.0338 0.0036 0.5432 0.3301 0.8339 0.1235

O. officinalis W 90.5 183.5 64 134.5 143 166.5 75 162

P 0.1022 0.1171 0.0106 0.9167 0.8725 0.3054 0.0207 0.1385

O. granulata W 78.5 164.5 67.5 132 143 166.5 50 168

P 0.0402 0.3654 0.0149 0.8479 0.8736 0.3055 0.0014 0.0909

RC, rainfed cropland; IC, irrigated or postflooding cropland; MCN, mosaic cropland, > 50% /natural vegetation, < 50%; MNC, mosaic natural vegetation, > 50% /cropland, < 50%; TC, tree 
cover; MTH, mosaic tree and shrub, > 50% /herbaceous cover, < 50%; SL, shrubland; TCF, tree cover, flooded, fresh, or brackish water. W, Wilcoxon Rank sum test statistics; p, p-values.
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demonstrate that the land cover types of population habitats are 
different between the three rice species and the habitat preferences 
of the three rice species are specific. This pattern is related to niche 
differentiation during speciation.

The analysis of land use change reveals that the three wild rice 
species have experienced changes in habitats (land cover types) 
with different extents. The populations of O. rufipogon are usually 
scattered in farmland systems with little space for reclamation 
(wasteland or barren land). Thus, O. rufipogon shows a relatively 
stable state (Supplementary Figure S5A). Conversely, the 
populations of O. officinalis and O. granulata, commonly 
occurring in seminatural or natural systems nearby farmland 
systems, face a serious threat of habitat change 
(Supplementary Figures S5B,C). This pattern hints that land use 
change is much intensive at the edge of the farmland system or 
forest edge (Bryant et al., 2020). Further analysis of the community 
(land cover area) around the population shows that the 
populations of the three wild rice species have a similar trend of 
community shift, with a slightly decreased area of farmland and 
increased area of natural vegetation (Supplementary Figures S2–S4). 
This pattern may be attributed to the implementation of NFCP 
and GTGP (Liu et al., 2008; Deng et al., 2014).

We further analyzed the relationship between land use change 
and the population decline of wild rice species. The population 
numbers of the three wild rice species have considerably varied 
since the first survey in the 1980s (Figure 1). This population decline 
is obviously caused by habitat development or/and destruction (Dai 
et al., 2004). We found that the survival rates vary between the wild 
rice populations occurring in different habitats (different land cover 
types and type proportions) and almost all the lost populations of 
the three wild rice species come from the farmland system, and the 
lost rate of populations in other habitats is very low (Figure 2). 
These results can be explained by the fact that the habitat of wild rice 
is directly occupied because of land use change or/and habitat 
destruction due to agricultural activities, such as the use of chemical 
fertilizers, pesticides, and herbicides (Tilman et  al., 2001). It 
supports the view that the change in agricultural practices strongly 
affects the biodiversity in the farmland ecosystem (Sala et al., 2000; 
Titeux et al., 2016; Ellis, 2019). The populations of O. officinalis and 
O. granulata are influenced by other types of land use (Figure 2), 
such as abandonment of farmland or orchard that leads to intensive 
interspecific competition due to weed spring up (Matus et al., 2003; 
Deák et al., 2011).

The status of wild rice populations (including population 
stability and survival) in different habitats is correlated with the 
area of their surrounding vegetation. Our field investigation 
showed that dozens of in situ conserved populations, including the 
three wild rice species, grow well; however, the community type 
and the proportion of different land cover types of these conserved 
populations seem to be  similar to those of populations that 
disappeared (Supplementary Figure S6). The reason is that human 
disturbance is effectively avoided by physical barriers, such as 
fences or wire entanglements, or mitigated by the buffer zone 
around the conserved populations (Gonçalves-Souza et al., 2021). 
For the un-conserved populations, those with a small area of 

natural vegetation exhibit high extinction rates (Figure 3). The 
lower the area of vegetation/farmland surrounding wild rice 
populations is, the lower the landscape heterogeneity is, and the 
weaker the ecological flexibility of wild populations is (Niedrist 
et al., 2009; Malavasi et al., 2018; Newbold, 2018). This finding 
indicates that natural vegetation can effectively mitigate the 
impacts of human activities on wild populations. Playing the role 
of a “biological barrier” (Santoro et al., 2012), natural vegetation 
can buffer the pressure of herbivore grazing and trampling and the 
spillover effect of pesticide spraying and chemical fertilizer on 
wild rice. This “biological barrier” effect coincides with the good 
population survival of O. rufipogon and O. granulata, following the 
increase of natural vegetation since the implementation of natural 
ecological programs (Liu et al., 2008). Thus, the present study 
agrees with the view that, like physical barriers, natural vegetation 
plays the role of a “biological barrier” to alleviate the impacts of 
land use change on wild populations (Reyers et al., 2010).

With the Landsat Earth observation information of land use 
change and the field population investigation, the present study 
reveals that the habitats of three wild rice populations are 
constantly affected by land use change due to human activities, 
particularly agricultural activities. Our findings suggest that 
remote sensing technology can be  used effectively to monitor 
population status, land use changes, and community around wild 
population in real time and quantify the role of vegetation type 
and area in buffering the impact of human activities. This study 
also aims to consider the composition of communities around wild 
populations as a critical component of the assessment system in 
monitoring the population dynamics of wild rice species. In 
addition, our results call for the management and limitation of 
human agricultural activities, such as the use of herbicides, the 
expansion of cultivated lands, and grazing, to reduce the impact of 
agriculture on community integrity and improve the resilience and 
sustainability of the ecosystem of sympatric wild relative species. 
Generally, the present study highlights the biological barrier role 
of natural vegetation surrounding wild populations in suffering 
from the destructive effect of land use change on wild rice species. 
To further understanding the effects of land use change on CWRs, 
we need more studies monitoring the dynamics of population and 
its surrounding vegetations by using remote sensing technology.
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for in situ conservation
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Crop Wild Relatives (CWR) are a valuable source of genetic diversity that can be

transferred to commercial crops, so their conservation will become a priority in

the face of climate change. Bizarrely, in situ conserved CWR populations and the

traits one might wish to preserve in them are themselves vulnerable to climate

change. In this study, we used a quantitative machine learning predictive

approach to project the resistance of CWR populations of lentils to a common

disease, lentil rust, caused by fungus Uromyces viciae-fabae. Resistance is

measured through a proxy quantitative value, DSr (Disease Severity relative),

quite complex and expensive to get. Therefore, machine learning is a convenient

tool to predict this magnitude using a well-curated georeferenced calibration

set. Previous works have provided a binary outcome (resistant vs. non-resistant),

but that approach is not fine enough to answer three practical questions: which

variables are key to predict rust resistance, which CWR populations are resistant

to rust under current environmental conditions, and which of them are likely to

keep this trait under different climate change scenarios. We first predict rust

resistance in present time for crop wild relatives that grow up inside protected

areas. Then, we use the same models under future climate IPCC

(Intergovernmental Panel on Climate Change) scenarios to predict future DSr

values. Populations that are rust-resistant by now and under future conditions

are optimal candidates for further evaluation and in situ conservation of this

valuable trait. We have found that rust-resistance variation as a result of climate

change is not uniform across the geographic scope of the study (the

Mediterranean basin), and that candidate populations share some interesting

common environmental conditions.

KEYWORDS

crop wild relatives, climate change, machine learning, rust resistance, lentils, in situ
conservation, predictive characterization
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1 Introduction

In the coming decades, food security will be seriously

compromised by the lack of adaptive resilience to climate

change of cultivars currently used in crops (Smith et al.,

2017; Wiebe et al., 2019; Anderson et al., 2020). This lack of

adaptive resilience is caused by the low genetic diversity that is

inherent to most modern cultivars (Rauf et al., 2010; Van de

Wouw et al., 2010; Rufo et al., 2019). Indeed, it has been

estimated that major crops are likely to experience sensible

yield reductions in the coming decades. In their review of 2015

for Eastern Africa, Adhikari et al. depict a gloomy scenario for

main staples by the end of this century. They predict a 72%

drop for wheat, around 40% for other cereals, and 10% for

potatoes (Adhikari et al., 2015). A recent study predicts a drop

that ranges from 3% to 12% by 2050 and from 11% to 25% by

2090 for rice and soybeans (Wing et al., 2021). This will be the

result of losses caused by the arrival of new pests and

pathogens, the intensification of the effects of those active

right now, and potential mismatches to the new climate

regimes, including increasing temperature and drought and

higher incidence of extreme events (e.g., hail, strong winds,

floods, etc). Anyway, those statistical projections could hide the

fact that climate change may result beneficial for some crops

and regions (Ray et al., 2019).

Crop wild relatives (CWR) are one of the most important

sources of genetic diversity to transfer key adaptations to crops, a

relevant fact in the context of climate change (Heywood et al.,

2007; Maxted, 2008; Zhang et al., 2017). For example, they have

been effectively used in plant breeding in crops such as sunflower

(Helianthus annuus L.) (Seiler et al., 2017), narrow−leafed lupin

(Lupinus angustifolius L.) (Mousavi-Derazmahalleh et al., 2018),

durum wheat (Triticum turgidum subsp. durum (Desf.) Husn.)

(El Haddad et al., 2021) or pea (Pisum sativum L.) (Rubiales

et al., 2020).

Interestingly, the genetic diversity of crop wild relatives is, at

the same time, being severely eroded mainly due to habitat

modification and destruction by human activities (Iriondo et al.,

2008; Khoury et al., 2022). A recent survey of 600 species of crop

wild relatives in the United States, estimated that more than one-

half are endangered and 7% in a critical condition (Khoury et al.,

2020). As a result, a global effort is being made to promote the

establishment of genetic reserves or the in situ conservation of

crop wild relatives (Maxted et al., 2008; van Treuren et al., 2017;

Labokas et al., 2018).

In the process of deciding which populations of a given crop

wild relative should be selected for in situ conservation, there are

a number of considerations that must be taken into account. On

one hand, genetic reserves should be representative of the range

of genetic diversity present in the species (Dempewolf et al.,

2017). The best way of characterizing genetic diversity is through

sequencing as it provides complete information about the

genome and its cost is drastically decreasing. Nevertheless, the
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characterization of hundreds or thousands of populations that a

given crop wild relative might have is a highly time-consuming

task that would require huge human and economic resources as

well. Ecogeographic information arises as a useful tool that

provides a proxy to estimate among-population genetic

diversity and helps in the selection of representative

populations (Vincent et al., 2019). Plant breeders are often

interested in identifying and conserving candidates that

display a targeted phenotypic trait (e.g., resistance to a

pathogen). Once again, ecogeographic information associated

with the CWR populations is critical to identifying these

candidate populations given the impossibility of conducting

evaluation experiments with plant material from so many

sites. In this sense, predictive characterization techniques

based on FIGS (Focused Identification Germplasm Strategy)

have been applied to identify wheat resistance to stem rust,

caused by the fungus Puccinia graminis (Endresen et al., 2012;

Bari et al., 2014), and barley resistance to leaf rust, caused by

Puccinia hordei (Amouzoune et al., 2022). Different

methodological approaches predicted phenotypic traits

through a calibration approach, using as a starting point a set

of training data where the targeted trait of a set of populations is

known and the corresponding ecogeographic information may

be retrieved from public repositories (Endresen, 2010; Sánchez

et al., 2019). In the search for resistance to pathogens, several

researchers have followed qualitative approaches in which the

material is previously evaluated as resistant or non-resistant

(Bari et al., 2012; Rubio Teso et al., 2022). However, resistance to

pathogens could be evaluated using numerical variables as well

(Arojju et al., 2018; Ren et al., 2021). Predictive characterization

of quantitative resistance traits such as DSr (Disease Severity

relative) to lentil rust (Uromyces vicia-fabae (Pers.) Schröt), is

likely to benefit from machine-learning models with quantitative

dependent variables (Rubiales et al., 2013).

The second aspect of great relevance when identifying the

most appropriate CWR populations relates to the adequacy of

the site for the long term in situ conservation. The land use of the

site has to be compatible with the long-term viability and

persistence of the candidate population (Hunter, 2012; Hunter

et al., 2012). Those within protected areas are less vulnerable to

human disturbance and are, therefore, preferred in this context

(Maxted et al., 2012). In any case, the in situ conservation of

CWR in genetic reserves may also be feasible in other instances

(e.g., farms), whenever there is a long-term commitment by the

landowners (Maxted and Kell, 2009).

Ex situ conservation is the best and most adequate approach

for conserving and utilizing plant genetic reserves. One of the

main benefits of complementing it with in situ conservatio of

CWR is that in situ conserved wild populations are constantly

evolving as a result of changing biotic and abiotic environmental

factors (Fu, 2017). Adapting to such changes favours genotypes

that maximize their fitness under current and potentially future

environmental conditions (Meilleur and Hodgkin, 2004). On the
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contrary, the germplasm conserved ex situ in genebanks allows

rapid access to genetic variation but represent a static genetic

diversity of the population in the moment of sampling

(Castañeda-Álvarez et al., 2016) that, in any case can be useful

in recovering populations. In the identification of the most

appropriate CWR populations for in situ conservation, one

must take into account not only the environmental conditions

currently present in the target population but also those expected

to occur in the future as a result of climate change, and whether

those future conditions are compatible with the preservation of

the population or the targeted traits. The vulnerability of

protected areas to the effects of climate change is starting to be

assessed in terms of global biodiversity or emblematic species

but has not been studied in the context of CWR in situ

conservation (Hannah, 2010; Triviño et al., 2018).

In this study we used a predictive characterization approach,

based on machine learning, to quantitatively project the rust

resistance of crop wild relative populations of lentils (Lens

culinaris subsp. culinaris) in the Mediterranean basin. Rust is a

severe foliar disease in lentils (Rubiales et al., 2011). Breeding

with CWRs to increase rust resistance of cultivars is a convenient

method for this disease control in legume crops (Barilli et al.,

2009; Rubiales et al., 2011; Negussie and Pretorius, 2012; Sillero

et al., 2017).

Climate change is expected to unevenly affect agriculture in

different parts of the world (Howden et al., 2007). There is large

variation in climatic conditions, soils, land use, infrastructure,

and political and economic conditions across the European

continent (Olesen and Bindi, 2002; Cramer et al., 2018;

Fellmann et al., 2018). These differences are expected to

influence the responsiveness of CWR populations to climate

change. Here we apply climate change projections and Shared

Socio-Economic Pathways (SSPs) to predictive characterization

in order to compare the potential changes in rust-resistance of

lentil CWR populations in Europe and Turkey (Dufresne et al.,

2013; Voldoire et al., 2013; O’Neill et al., 2014; Wu et al., 2014).

We, then, aimed to identify a set of rust-resistant candidate

populations that could be designated for in situ conservation in

genetic reserves, searching for those that occur in protected areas

and selecting those with the lowest vulnerability to changes in

the environment that might result in the loss of this trait.

The results of the calibration method of the predictive

characterization techniques should answer the following

questions: (i) which variables are the most important to

predict rust resistance? (ii) which CWR populations are likely

to show strong resistance to rust under present time

environmental conditions? and (iii) which of them are likely to

keep this trait under forthcoming climate change scenarios? We

expect selected populations to have evolved to develop rust

resistance over time and consider them to be a valuable asset

under present and future conditions.
Frontiers in Plant Science 03
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2 Data description

Lentil was cultivated for the first time in the Fertile Crescent

around 5000 BP (Zohary et al., 2012). It probably spread out

through the Mediterranean basin, the Indian subcontinent, and

the Horn of Africa at a relatively fast pace driven by its high yield

(Liber et al., 2021). Thus, it didn’t face the selective pressure of its

wild relatives, the subspecies orientalis and odemensis and the

three species Lens nigricans (M. Bieb.) Godr., Lens ervoides

(Brign.) Grande and Lens lammotei. Czefr. We considered in

our study all Lens taxa naturally occurring in Europe and

Turkey. These are L. ervoides, L. nigricans and L. lammotei, as

well as L. culinaris subsp. orientalis (Boiss.) Ponert. and L.

culinaris subsp. odemensis. (Ladiz.). Lens taxa distribution data

were extracted from a database of crop wild relative populations

in Europe and Turkey generated for the Farmer’s Pride project

(www.farmerspride.eu) (Rubio Teso et al., 2020). Due to the

imbalance in the number of samples ofthe original database (443

populations of L. nigricans found in 12 countries, 145 of L.

ervoides in 9 countries, 29 of L. lamottei and 9 of L. culinaris

subsp. orientalis), we decided to build a unique model and

exclude the species as an input variable. We made this choice

to avoid overfitted models, being aware that there is a loss of

input information, but taking into account that the four taxa

belong to the same genus.

Raw data downloaded were further cleaned and filtered as

indicated in (Rubio Teso et al., 2022). The calibration dataset

holding rust evaluation data has 351 samples of five Lens taxa,

both wild and cultivated (L. culinaris, L. culinaris subsp.

culinaris, L. culinaris subsp. orientalis, L. ervoides and L.

nigricans). Each sample is georeferenced and its DSr value is

the mean of four years’ field trials. Each field trial followed a

complete block design with 3 replications, artificially inoculating

the samples and including frequent rows of susceptible checks to

act as spreaders to ensure a high and uniform disease pressure.

Disease Severity on mature plants in the field is assessed as a

visual estimation of the leaf area covered by rust pustules, which

is influenced by environmental factors. This value (DS) is

standardized each year by expressing each DS value as a

percentage of the highest one in each location that is set at

100% (DSr) (Sillero et al., 2017).

Each record of the filtered lentil CWR distribution database

and of the calibration dataset was associated to the values of 65

bioclimatic, 35 edaphic and 18 geophysic variables at 2.5 arc-min

resolution, corresponding to the sites of the populations. This

information was obtained from the ecogeographic database of

CAPFITOGEN3 (Parra-Quijano et al. 2020). Latitude and

longitude were also added to the variable selection procedure.

SelecVar function of CAPFITOGEN3 was used to estimate

variable importance according to the random forest

classification (RFC) and detected redundant variables through
frontiersin.org

http://www.farmerspride.eu
https://doi.org/10.3389/fpls.2022.1010799
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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bivariate correlation analysis (Garcia et al., 2017). The first 15

variables of each bioclimatic, edaphic and geophysic component

with the highest Mean Decrease Accuracy (MDA) values (Cutler

et al., 2007; Rubio Teso et al., 2022) were checked for colinearity.

Pairs of variables with Pearson correlation coefficient > |0.50|

and p-value< 0.05 in the same ecogeographical component were

identified and the variable with the lowest MDA removed.

Hence, in the bioclimatic component, only annual mean

temperature (°C) and annual precipitation (mm) were kept. In

the edaphic component, four non-correlated variables were

selected: bulk density (fine earth) of topsoil, topsoil available

soil water capacity until wilting point, topsoil total exchangeable

bases and topsoil sand fraction. Finally, in the geophysic

component, three non-correlated variables were selected:

annual solar radiation (kJ/m2perday), December solar

radiation, and longitude. Further information and details

about the generation and characteristics of this environmental

database can be found in (Rubio Teso et al., 2022).

To identify the populations of lentil, crop wild relatives of

Europe and Turkey that occur within protected areas, we

considered the protected areas registered at the World Database

of Protected Areas (WDPA) for this territory and those included

in the Natura 2000 network. The file with the polygons of the

WDPA was downloaded in April 2021 from the website ‘Explore

the World’s Protected Areas’ (protectedplanet.net). The polygons

of the Natura 2000 network were downloaded from the European

Environment Agency website (https://www.eea.europa.eu/data-

and-maps/data/natura-11/natura-2000-spatial-data/natura-2000-

shapefile-1, last accessed 2021/07/20). The shapefile polygons

from N2000 and WDPA obtained were merged into a single

shapefile that contained all available protected areas in Europe and

Turkey, using the function ‘join vector layers’ in QGIS

v.3.18.2-Zürich (QGIS Org, 2021). All protected areas in the

resulting shapefile were considered for the selection of

candidate populations.

The dataset of lentil CWRs comprises 583 populations of

four Lens taxa; 236 out of them grow inside a protected area

(Supplementary Table S1).
3 Climate change models

Considering that climate change is expected to influence the

evolutionary dynamics of CWR populations, one of the aims of

this study was also to apply predictive characterization under

future climate conditions. To do so, we incorporated climate

change projections and Shared Socio-Economic Pathways (SSPs)

to assess whether the environmental conditions that are likely to

promote at present the presence of rust resistance in wild

populations still remain in the forthcoming future. According

to this, we combined the ecogeographic variables with the

projected temperature and precipitation to quantitatively
Frontiers in Plant Science 04
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project the rust resistance of crop wild relative populations in

future climate scenarios. A potential role of the results extracted

here is their applicability in the selection of candidate

populations (Stockwell and Peterson, 2002; Guisan and

Thuiller, 2005; Araújo and Guisan, 2006).

The future climate Geographical Information System (GIS)

layers were downloaded from the Worldclim database (http://

www.worldclim.org/) at 2.5 arc-min resolution (around 5x5

km). From the available periods, we selected the 2021-2040 as

the future climate scenario. We chose three global circulation

models (GCMs) for climate change projections, produced by the

Coupled Model Intercomparison Project Phase 6 (CMIP6)

(O’Neill et al., 2016). For every GCM, we analysed three

different shared socioeconomic pathways(SSPs), the most

“pessimistic” or “conservative” scenario, a “balanced” scenario

and an “optimistic” scenario, so we can cover the range of

expectations to do a sensitivity analysis. Only the two bioclimatic

variables that had been previously selected (Annual mean

temperature and Annual mean precipitation) were considered.
4 Methods

4.1 Predictive characterization for
evaluation accessions

In this study, we rely on the evaluated accessions that

constituted the calibration dataset to carry out a quantitative

predictive characterization using a machine learning regression

approach. This dataset includes, on the one hand, the

continuous range of the DSr as the dependent variable and the

selected ecogeographical variables, at present time.

Rubio Teso et al. addressed the issue of predicting resistance

to rust by means of the calibration method and a qualitative

strategy with the same dataset (Rubio Teso et al., 2022). This

method consisted of the binarization of DSr numerical values

into qualitative values (resistant, susceptible), prior to

prediction. According to this, accessions with the lowest DSr

values were classified as rust-resistant, i.e., those located in the

first decile of the distribution. The binarized levels of expression

(0 = susceptible; 1 = resistant) were used as the dependent

variable. Ecogeographical variables were the inputs to predict the

binarized DSr resistance through nine classification algorithms.

Then, the best predictor model was projected on the non-

evaluated populations.

We followed a different path in this research, predicting the

numerical value of DSr. We built and evaluated three different

families of predictive models with the present time

environmental values and DSr values for evaluated accessions:

Ridge Regression (Hoerl, 1962, Random Forest (Breiman et al.,

1984) and XGBoost (eXtreme Gradient Bosting) (Friedman,

2001; Chen and Guestrin, 2016).
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4.1.1 Regression models
DSr quantitative prediction is a regression problem with

tabular data. We have implemented in Python the three

regression models to tackle the task to identify populations

potentially resistant to lentil rust.

Initially, we used the calibration dataset at present to train

the models. From this dataset, we carry out a cleaning process in

which we discard duplicate values and samples with incomplete

variables, leaving us with a total of 255 samples. Considering the

small sample size situation, in order to avoid cross-validation

overfitting Ng et al. (1997) and achieving robust predictions for

the different scenarios proposed, we address the following

approach. We build 500 models that only differ in the random

split of training and testing sets, including all variables.

According to this, the dataset was split into different random

train and test subsets, set to a 70/30 ratio. We train the model

using the training subset and then we perform the predictions

with the test subsets. Once the 500 models had been trained

we collected all the predictions to better understand

their distribution.

For visualization purposes we used the R programming

language. A full list of the packages used is provided at the

end of the methods section.

Ridge Regression is the simplest choice to achieve a balance

between interpretability and precision. Since linear regression

establishes a relationship between dependent variable and one or

more independent variables that might be correlated, Ridge

Regression imposes a penalty term on the size of the

coefficients to overcome this issue, which is called

multicollinearity (Gruber, 1998).

The aim of both Ordinary Least Squares (OLS) and Ridge

Regression coefficients is to minimize the residual sum of

squares (Saleh et al., 2019) and thus, the MSE. According to

this, the penalty hyperparameter must be tuned so that model

coefficients change in order to optimize the model error, by

decreasing the residual sum of squares. As well as linear

regression, the Ridge regressor explains the outcome as a

function of multiple input variables. Thus, as a result, each

input variable has an associated weight that will be positive or

negative depending on its contribution to the model.

As well as linear regression, the Ridge regressor explains the

outcome as a function of the multiple input variables. Thus, as a

result, each input variable has an associated weight that will be

positive or negative depending on its contribution to the model.

Random Forest Regression (RFR) is a tree-based ensemble

method and belongs to the family of Classification and

Regression Trees (CART). An ensemble method is a technique

that combines the predictions from multiple machine learning

algorithms together to make more accurate predictions than any

individual model (Breiman, 2001).

RFR operates by constructing a multitude of decision trees,

which are trained with a random subset of samples that have

been drawn with replacement from the training sample. The
Frontiers in Plant Science 05
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number of variables included in each tree is limited to a

percentage of the total variables that must be initially set. This

ensures that the ensemble model does not rely too heavily on any

individual variable, and makes fair use of all potentially

predictive variables. As a result, the output estimation is the

mean prediction of the individual trees.

Regarding interpretability, it is known that decision trees can

be easily converted into rules which increase human

interpretability of the results and explain why a decision was

made. However, in the case of Random Forest it is not

straightforward to find out the contribution of each of the

variables (Rogers and Gunn, 2005). In Random Forests each

Decision Tree is a set of internal nodes and leaves. In the internal

node, the selected variable is used to make decision how to divide

the data set into two separate sets with similar responses within.

The variables for internal nodes are selected with some criterion,

which for regression tasks is variance reduction. We can measure

how each variable decrease the impurity of the split (the variable

with highest decrease is selected for internal node). For each

variable we can collect how on average it decreases the impurity.

The average over all trees in the forest is the measure of the

variable importance.

XGBoost (eXtreme Gradient Boosting) is another ensemble

method that relies on the concept of gradient tree boosting.

Boosting is a sequential algorithm that makes predictions for

several rounds on the entire training sample and iteratively

improves the performance of the algorithm with the

information from the prior round’s prediction accuracy.

However, XGBoost produces black box models, hard to

visualize and tune compared to RFR (Agarwal and Das, 2020).

Note that our aim is not to compare performance across a wide

range of modelling techniques, but to show how different

modelling approaches ranging from simple Ridge regression to

more complex XGBoost can be explored within our framework.

4.1.2 Variable engineering
To optimize the regressors, we followed a three-step process.

In particular, we proceeded as follows:
I. Variable selection. The environmental variables that

might be the most relevant for explaining lentil taxa

distribution were identified using a modified R script

developed for the SelecVar tool from CAPFITOGEN3

(Parra-Quijano et al. 2020).

II. Data normalization. Machine learning regressors

typically require variables to have a close scale

(Kotsiantis, 2011). The scale difference between

variables can influence the performance of a ML

regressor. Hence, we performed a data normalization

scenario, namely standardization.

III. Variable Importance. For the three regression models

(Ridge Regression, Random Forests, and XGBoost), we

ran a procedure after the training process to estimate
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Fron
variable importance. The importance of variables

explaining rust resistance was carried out by

analysing the weights assigned to the predictors for

each model during the training step.
4.1.3 Model evaluation
To assess the performance of regression models we

computed the Root Mean Square Error (RMSE). Although

Pearson correlation coefficient is widely used in quantitative

genetics (González-Recio et al., 2014), Mean Squared Error

(MSE) and RMSE yield better performance in model selection

when the sample size is small and there is a high variance in the

outcome variable (Oliveira et al., 2018; Waldmann, 2019). RMSE

is a distance between the vectors of recorded values (yi) and

predicted values (ŷ i) (Chai and Draxler, 2014).

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

n

i=1
(yi − ŷ i)

2

s
(1)
4.2 Non-evaluated projections under
current conditions

As it was previously mentioned, regression models were

initially trained using present time data for rust-resistance

evaluated accessions. After that, we applied the best performing

model to non-evaluated populations. This dataset had the same

present-time ecogeographic variables than the calibration dataset.

We used the trained regression model to perform DSr

projections on crop wild relative populations. Thus, we can

identify those wild populations that are most likely to be

resistant according to their predicted DSr value. Those

populations for which DSr projection falls within the first

quartile for the continuous range of rust-evaluated populations

(DSr ≤ 30.48) and which are located in a protected area were

selected as candidates to the long term in situ conservation.
4.3 DSr variation under climate change

Climate change models provide the future estimations for

average temperature and yearly precipitation. According to this,

we replaced both bioclimatic variables with future climate

projections and applied these datasets as inputs to the predictive

model. Those candidate populations to in situ conservation whose

projected DSr under future climate conditions still falls within the

first quartile of DSr distribution at present time were considered to

be the populations most likely to retain the rust resistance trait,

and, therefore, were selected as the most valuable populations for

the establishment of genetic reserves.
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List of statistical packages used

Python: python 3.8.8 (Van Rossum and Drake, 1995),

matplotlib 3.3.4 (Hunter, 2007), numpy 1.20.1 (Harris et al.,

2020), pandas 1.2.4 (Wes McKinney, 2010), seaborn 1.11.1

(Waskom, 2021), scikit-learn 0.24.1 (Pedregosa et al., 2011),

verde 1.6.1 (Uieda, 2018), xgboost 1.4.2 (Chen and Guestrin,

2016). R: r-base 4.1.0 (R Core Team, 2020), countrycode 1.2.0

(Arel-Bundock et al., 2018), dplyr 3.4.0 (Wickham et al., 2022),

forcats 0.5.1 (Wickham, 2021), gensysr 1.0.0 (Obreza, 2019),

ggplot2 3.3.3 (Wickham, 2016), maps 3.3.0 (Brownrigg, 2018),

readxl 1.3.1 (Wickham and Bryan, 2022), rgbif 0.9.8

(Chamberlain et al., 2017), scico 1.3.0 (Pedersen and Crameri,

2021), seewave 2.2.0 (Sueur et al., 2008).
5 Results

5.1 Predictive characterization

The training models generated with the three regression

models rendered similar global results. Figure 1A shows the

RMSE distributions for each of the three predictive models at

present time, evaluated for the samples whose DSr values were

known in advance. The Ridge model yielded the lowest median

value, however this measure of centrality is not the only criterion

to decide which is the most appropriate predictive model. Thus,

the Ridge model showed a larger error spread than Random

Forest, and, in addition, it was less accurate for small DSr values,

precisely those corresponding to the most resistant samples and,

therefore, the most valuable for conservation purposes

(Figure 1B, Supplementary Table S2). Finally, a visual

comparison of the distribution of the actual values and those

predicted by the three methods reveals that the Ridge

model tends to overpredict in the intermediate value range.

Figures 1C–E include the values of the Kolmogorov-Smirnov

distance which measures how the predicted and the evaluated

values differ. Although the value of this difference is slightly

lower for XGB than for Random Forest (0.114 vs. 0.116), the

RMSE distribution of XGB showed a greater median value and

error spread. For all these considerations, we selected Random

Forest as the most suitable model to predict the DSr value of

non-evaluated populations both at present and under different

climate change scenarios.

We run the Variable Importance method for the Random

Forest predictor, where results show that annual precipitation

(mm) is the second most relevant, after Longitude. This fact

becomes relevant specially when introducing the Climate

Change models (Table 1), since annual precipitation was a

variable susceptible to be modified, as well as annual average

temperature that was at the fifth position in the variable

importance ranking.
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5.2 DSr variation under climate change

One of the main questions of this research is to assess how

climate change may impact the ability of populations to

maintain resistance to rust. An interesting result when

comparing projections under current conditions and under

climate change scenarios is that the global distribution of DSr

values doesn’t drift in a clear direction. Figure 2A shows that the

distribution of the DSr value is very similar for the present and

future predictions under the BCC370 model. The median

remains almost unchanged, going from 33.70 to 33.85.

We have built the Random Forest predictor for all the

climate change models described in methods. In what follows
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we always refer to the Random Forest regression under the

conditions of change of the BCC370 model.

The variation in annual precipitation is weakly positive, with

a median increase of 6 mm (Figure 2B). This change is highly

concentrated around the median with -9 mm variation at the

limit of the first quartile and 22 mm at the limit of the third

quartile. In other words, locations with the lowest precipitation

tended to lower their precipitation even further, whereas the

other locations increased their precipitation, especially those

which initially had the highest precipitation. Average annual

temperature increases, on the other hand, are remarkable with

values 1.28 °C, 1.56 °C and 1.71 °C for the first quartile, the

median and the third quartile (Figure 2C).

The highest values of sensitivity to rust are found in some

locations in the interior of the Iberian Peninsula, in regions with

very hot and dry summers where rust cannot thrive (Figure 3A).

Something similar occurs in the interior of France, but in this

same country there is a cluster of potentially resistant populations

in the final course of the Rhone, an area with much higher

humidity conditions. Proximity to sea seems to foster

populations with low DSr, as it happens in Greece, the

Anatolian shoreline and Southern Crimea. Figure 3B shows the

map of DSr variation with respect to the present time for the same

wild accessions using Model BCC_370 instead. Spatial patterns

are easy to spot. According to this, DSr values will decrease in the

mountains of the Iberian Peninsula, but will be higher in the

Rhone region and Southern Greece (See Supplementary Figures

S2 and S3 for details). Annual precipitation is the main driver of
TABLE 1 Variable importance for the Random Forest predictor.

Variable Importance

Longitude 0.2916

Annual precipitation 0.1623

Bulk density topsoil 0.0917

Available soil water capacity until wilting point 0.0866

Average annual temperature 0.0708

Topsoil sand fraction 0.0697

Topsoil total exchangeable bases 0.0651

Annual solar radiation 0.0615

Latitude 0.0548

Solar radiation December 0.0455
A B

D EC

FIGURE 1

(A) RMSE of predicted DSr for evaluated samples for each of the three methods, average values are marked as color-filled diamonds. (B) The
cumulative RMSE per sample is the sum of RMSE over the number of evaluated samples, and its value is equal to the average value for the last one.
Random Forest is the best performer for low values of DSr. (C–E) plots compare the evaluated data distribution of DSr to the predicted one.
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these changes, with a general trend to drought. Figure 3C shows

the variation of precipitation according to the BCC_370 model.

Supplementary Table S1 shows the number of populations

whose present DSr value falls under the first quartile for the

present time (DSr ≤ 30.48) and are inside a protected area: 14

belong to Lens ervoides and 36 to Lens nigricans. Out of these 51

populations there are 16 that have a DSr value under 30.48 under

the BCC370 hypothesis of Climate Change, 7 of Lens ervoides

and 9 of Lens nigricans. They are encircled in magenta in

Figure 3B. They are the most valuable populations for in situ

conservation and are listed in Table 2.
6 Discussion

In this study, we addressed the pressing problem of the lack of

adaptive resilience in modern cultivars in the context of climate

change and the need to identify crop wild relative populations that

might provide the genetic diversity needed to obtain specific traits.

Rust is a severe disease for lentil production and breeding with

resistant CWRs is a convenient way to reduce this problem but

systematic straight identification of wild samples that have evolved

to resist the fungus is not possible because of the expensive and

time-consuming method to estimate Disease Severity. We tackled

this problem by building a Machine Learning model using a rich

dataset of calibrated samples grown under controlled

environmental conditions. We used the model to predict the

sensitivity to rust of a set of samples of wild relatives of Lens

culinaris subsp. culinaris, in the present time and under 9 scenarios

of Climate Change. As DSr is a quantitave measurement, we have

gone straight to a regressive model instead of a qualitative binarized

approach as in previous works. Our goal was to identify natural
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CWR populations in protected areas, that are likely to be resistant to

rust at present time and to maintain this trait in the future due to

themaintenance of selective pressures (i.e., have a projected lowDSr

at present time and in the future scenarios of climate change

models). A quantitative estimation is better suited for the purpose

of finding extremely resistant accessions.

With this methodological approach we aimed to answer three

questions. The first one is which variables have more impact the

model. Variable importance analysis revealed that Longitude is the

most relevant one. This fact comes as no surprise given the East-

West distribution of lentil wild species populations across the

Mediterranean basin (Ladizinsky et al., 1983; Ladizinsky et al.,

1984), and the evidences of westward migration from Near East of

other wild Fabaceae like wild peas (Smỳkal et al., 2017; Hellwig

et al., 2022) or wild lupins (Mousavi-Derazmahalleh et al., 2018).

Rust sensitivity is higher in the West Mediterranean basin, with

extreme values in inner areas of the Iberian Peninsula and France,

where the conditions are less prone to rust development. These

results are in line with (Singh et al., 2014) who experimentally

evaluated 405 wild lentil accessions and identified 27 promising

rust-resistant populations which were mostly located in the

Eastern Mediterranean (Syria and Turkey). Besides longitude,

annual precipitation, bulk density topsoil, available soil water

capacity and annual average temperature are the most relevant

for the RFR predictor.

In response to the second question we identify 51

populations whose DSr values are under the first quartile in

present time and grow inside a protected area. These are good

rust-resistant candidate populations which should be evaluated

for this trait and could be easily conserved in situ.

The third question constituting a relevant landmark of this

work was to identify which of those 51 populations are likely to
A B

C

FIGURE 2

(A) Histogram of DSr prediction using Random Forest for non-evaluated wild populations in present time and in the future under BCC370
climate change model. Vertical lines mark the median value of each distribution. (B), (C) Histograms of variation of average annual precipitation
and average annual temperature between present time and future conditions under BCC370 climate model.
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maintain the environmental conditions that are favourable for the

occurrence of rust-resistant genotypes under the projected Climate

Change scenarios. Although longitude is the variable with the

greatest weight in the prediction of our model, this variable is

constant through time and not affected by climate change. Annual

precipitation and average annual temperature were the variables

that had an impact in the different scenarios on the future sensitivity

to rust. The effect on the variation of DSr was similar for them all

(Supplementary Figure S1; Supplementary Table S3), possibly

because of the short span over which the change is projected

(year 2040). Locations with the lowest precipitation tended to

lower their precipitation even further, whereas the other locations

increased their precipitation, especially those which initially had the

highest precipitation. Average annual temperature increases, on the
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other hand, are remarkable with values 1.28 °C, 1.56 °C and 1.71 °C

for the first quartile, the median and the third quartile. This could

suggest that rust resistance is not affected by the changes in annual

precipitation and mean temperature, but quite the opposite, we

found clear patterns of DSr variation by geographic area. Annual

precipitation was found to be the main driver of change and those

regions with increased precipitation were associated to conditions

more favourable for rust-resistant populations (lower DSr values).

In particular, the accessions of South Crimea, the Iberian plateaus

and Western France would be the ones that experiment a greater

increase in precipitation and consequently a decrease in projected

DSr. Just the opposite would happen on the Southern shore of

Anatolia, where precipitation is going to decrease sharply reducing

the chances of finding rust resistant genotypes in those locations.
A

B

C

FIGURE 3

(A) DSr predicted median value, using Random Forest, for wild accessions under present climate conditions. (B) Variation of the same parameter
according to BCC370 model. Encircled samples in (A) show a low DSr (first quartile) both in present time and in the future and are located
inside a protected area. (C) Variation of annual precipitation.
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We identified 16 populations in protected areas with DSr

values below 30.48 (first quartile of the distribution of the DSr

projection) at the present time and under the future

environmental conditions (Table 2). Eight populations are

located in the Eastern Mediterranean basin (6 belonging to Lens

ervoides and 2 to Lens nigricans). In the Western basin, 7

populations are in the South of France (all of them belonging to

Lens nigricans) and only 1 is in the Iberian Peninsula (Lens

ervoides). There is a remarkable difference among the CWR

species. While 7 out of 14 populations of Lens ervoides selected

at present time will remain of high interest in the future from the

rust-resistance point of view, only 9 of 37 populations of Lens

nigricans fall within this category. They all share a common

geographic feature, they are very close to the coast, and 5 of

them are on islands (Rhodes, Zakhyntos, Crete and Cyprus).

There are not populations of Lens lamottei and Lens culinaris

subsp. orientalis in the selected subset of high interest populations

for in situ conservation, but the initial number of populations for

these species was small compared to the other species. This fact

suggests an interest for focusing future field work on these

underrepresented taxa.
7 Conclusion

Crop Wild Relatives of Lens culinaris subsp. culinaris are a

source of genetic resistance to a commonrust disease caused by the

fungus Uromyces viciae-fabae. The quantitative field evaluation of

rust resistance is a hard, expensive, and time-consuming task. The

use of Machine Learning approaches provided a way to mitigate

this obstacle, using a carefully built calibration set. Our results
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identified 16 populations that are likely to be resistant to rust,

occur in protected areas, and are expected to be resilient under

predicted Climate Change conditions. Thus, they are sound

candidates for the establishment of genetic reserves for in situ

conservation. Further characterization by field evaluation of these

populations is needed to check the validity of Machine Learning

predictions and improve the genetic value of the calibration set.

The same method may be extended to predict pest and pathogen

resistance traits of CWRs of other crops.
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González-Recio, O., Rosa, G. J., and Gianola, D. (2014). Machine learning
methods and predictive ability metrics for genome-wide prediction of complex
traits. Livestock. Sci. 166, 217–231. doi: 10.1016/j.livsci.2014.05.036
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1010799/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1010799/full#supplementary-material
https://doi.org/10.1002/fes3.61
https://doi.org/10.1007/s10722-021-01268-4
https://doi.org/10.1016/j.pbi.2019.12.006
https://doi.org/10.1016/j.pbi.2019.12.006
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.21105/joss.00848
https://doi.org/10.1186/s12863-018-0613-z
https://doi.org/10.1017/S0021859613000543
https://doi.org/10.1016/j.fcr.2009.07.017
https://doi.org/10.1007/s10722-011-9775-5
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1201/9781315139470
https://cran.r-project.org/package=maps
https://cran.r-project.org/package=maps
https://doi.org/10.1038/nplants.2016.22
https://doi.org/10.5194/gmdd-7-1525-2014
https://doi.org/10.5194/gmdd-7-1525-2014
https://cran.r-project.org/package=rgbif
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1890/07-0539.1
https://doi.org/10.2135/cropsci2016.10.0885
https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1002/csc2.20223
https://doi.org/10.2135/cropsci2010.03.0174
https://doi.org/10.2135/cropsci2011.08.0427
https://doi.org/10.1007/s11027-017-9743-2
https://doi.org/10.1214/aos/1013203451
https://doi.org/10.2135/cropsci2017.01.0014
https://doi.org/10.7717/peerj.3494
https://doi.org/10.1016/j.livsci.2014.05.036
https://doi.org/10.3389/fpls.2022.1010799
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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Genetic basis of the early
heading of high-latitude
weedy rice

Zhuan Li, Rui Gui, Xiaoyu Yu, Chengwei Liang, Juan Cui,
Xue Zhao, Xuemin Zhang, Pengcheng Yu,
Wenfu Chen* and Jian Sun*

Rice Research Institute, Shenyang Agricultural University, Shenyang, China
Japonica rice (Oryza sativa L.) is an important staple food in high-latitude

regions and is widely distributed in northern China, Japan, Korea, and Europe.

However, the genetic diversity of japonica rice is relatively narrow and poorly

adapted. Weedy rice (Oryza sativa f. spontanea) is a semi-domesticated rice. Its

headings are earlier than the accompanied japonica rice, making it a potential

new genetic resource, which can make up for the defects of wild rice that are

difficult to be directly applied to japonica rice improvement caused by

reproductive isolation. In this study, we applied a natural population

consisting of weedy rice, japonica landrace, and japonica cultivar to conduct

a genome-wide association study (GWAS) of the heading date and found four

loci that could explain the natural variation of the heading date in this

population. At the same time, we developed recombinant inbred lines (RILs)

crossed by the early-heading weedy rice WR04-6 and its accompanied

japonica cultivar ShenNong 265 (SN265) to carry out a QTL mapping analysis

of the heading date and mapped four quantitative trait locus (QTLs) and three

epistatic effect gene pairs. The major locus on chromosome 6 overlapped with

the GWAS result. Further analysis found that two genes, Hd1 and OsCCT22, on

chromosome 6 (Locus 2 and Locus 3) may be the key points of the early-

heading character of weedy rice. As minor effect genes, Dth7 and Hd16 also

have genetic contributions to the early heading of weedy rice. In the process of

developing the RIL population, we introduced fragments of Locus 2 and Locus

3 from the weedy rice into super-high-yielding japonica rice, which

successfully promoted its heading date by at least 10 days and expanded the

rice suitable cultivation area northward by about 400 km. This study

successfully revealed the genetic basis of the early heading of weedy rice

and provided a new idea for the genetic improvement of cultivated rice by

weedy rice.
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GWAS, genetic resources, heading date, weedy rice, QTL mapping
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Introduction

Japonica rice (Oryza sativa L.) is a staple food for most

people in China, particularly in the northeast. It is crucial for

economic development and ensuring global and national food

security (Mao et al., 2017). Superior japonica varieties have been

applied over a wide range for a long time. However, their long-

term application will reduce genetic diversity (Wang et al.,

2014). Due to genetic bottlenecks, new improvement strategies

have encountered challenges.

Although wild rice resources have been widely suggested for

rice improvement, the unfavorable characteristics of the hybrid

offerings of wild rice and japonica rice far exceed the favorable

characteristics due to reproductive isolation and geographic and

genetic distance. Thus, wild rice is difficult to apply in breeding

programs (Brambilla and Fornara, 2013; Brar and Khush, 2018;

Xie et al., 2019).

As a semi-domesticated genetic resource, weedy rice (Oryza

sativa f. spontanea) has no reproductive isolation with

accompanied cultivar and adapts to the current paddy field

ecosystem. In addition, weedy rice also possesses some adaptive

alleles that cultivars lack. Among these alleles, the early-heading

genes have great application potential for improving japonica

cultivars, while the underlying molecular genetic mechanisms of

the early heading in weedy rice are still not revealed, which

hinders its use in breeding applications (Zhao et al., 2018; Sun

et al., 2019).

With the rapid development of next-generation high-

throughput sequencing technology and multi-omics, many

genes related to the rice heading have been identified. The

identification of genes related to photoperiodic pathway and

analysis of their molecular regulatory network mechanisms can

not only reveal the genetic variation in the rice heading but also

guide the genetic improvement of rice breeding, which is of great

significance and necessary to the high-yield breeding of rice

(Ebana et al., 2011; Brambilla and Fornara, 2013; Shrestha et al.,

2014; Hori et al., 2015; Onogi et al., 2016). Rice has two known

relatively conserved photoperiodic flowering pathways: theHd1-

centered gene and its related genes under short-day (SD)

conditions and the Ehd1-centered gene and its regulatory

genes under long-day (LD) conditions (Li et al., 2015; Chen

et al., 2022).

So far, many heading genes have been identified; however,

the reason for weedy rice heading earlier than their

accompanied cultivars is stil l largely unknown. We

performed a genome-wide associated study (GWAS) and

QTL mapping to reveal this genetic basis in this study.

Meanwhile, we provide new genetic materials and gene

resources for breeding early-heading and widely adapted

japonica cultivated rice.
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Materials and methods

Plant materials and growth conditions

A total of 274 accessions, including 154 modern japonica

cultivars, 87 japonica landrace, and 33 japonica weedy rice at

Asian high latitudes (WRAH), were planted in the paddy field in

three consecutive years from 2019 to 2021 for GWAS of the

heading date. Another recombinant inbred line (RIL) population

of 165 individuals derived from the weedy rice WR04-6 and

japonica cultivar ShenNong 265 (SN265 called super rice) was

used for QTL mapping of the heading date. All materials were

planted at Shenyang Agricultural University (123°25′E, 41°48′N,
Liaoning Province, China, temperate semi-humid continental

climate, under natural long day-length conditions, average day

length >14 h from May to September, average temperature of

23.5°C, fertilizer applied in the field with the following standards:

urea 300 kg/hm2, diammonium 220 kg/hm2, potassium chloride

220 kg/hm2). Each variety was planted in three rows with 1.2-m

row length, 30 cm apart between rows, and 12-cm space in rows,

with one plant per hill. Field management followed normal

agricultural practices. The list of accessions used in this study is

displayed in Supplementary Tables S1, S2.
Phenotyping and statistical analysis

The first panicle beyond flag leaf 1 cm was recorded as the

heading. The heading date was calculated as the date from

sowing to the heading of half of the accession. The phenotype

data are displayed in Supplementary Tables S1 and S2. Microsoft

Excel 2019 and GraphPad Prism 9.0 were used for statistical

analysis. The heading date difference of three ecotypes was tested

by one-way ANOVA multiple comparisons. The D’Agostino–

Pearson test method was used for the normal distribution test of

the RIL population.
Genome-wide association study

The genotype of the GWAS panel for the heading date has

been effectively used to study the genetic basis of agronomic

traits in weedy rice (Sun et al., 2022). All raw reads were screened

for high quality with Q20 quality scores >95% and Guanine and

cytosine (GC) content <50%. The reads of each accession were

aligned and then mapped to the reference genome (IRGSP1.0)

using BWA software. We used samtools v0.1.19 and GATK v4.0

for population SNP variant data, and potential PCR duplicates

were removed. It is also necessary to control the single

nucleotide polymorphism (SNP) quality with a minor allele
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frequency >0.05 and no more than 50% missing data. Finally, we

got a high-quality SNP haplotype map with an average coverage

depth of 23.2 times for each sample to proceed with follow-up

analysis (Supplementary Figure S1). We performed the GWAS

based on 1,311,445 genetic markers and a heading date of 3 years

by using EMMAX software to fit a linear mixed model. To

control the population structure during the GWAS, the first two

principal components of the principal component analysis

(PCA) were used as covariates. The Manhattan plots of GWAS

results were drawn by R package CMplot. The threshold for

genome-wide significance was determined by 10-5 and 10-6.
Linkage disequilibrium block analysis and
candidate gene association analysis

Based on the result of the GWAS, we performed linkage

disequilibrium (LD) block analysis for the 2MB region

surrounding the leading SNP. The LD block was defined by

LDblockShow software. The genes located within the high LD

blocks were selected for checking the gene annotation (https://

rapdb.dna.affrc.go.jp/). Then, a haplotype-based association

analysis for the genes within the LD block was conducted by

candihap software (Li et al., 2020).
Genotyping for genetic map
construction and quantitative trait locus
(QTL) mapping

DNA was extracted from fresh leaves of RILs by the

Cetyltrimethylammonium Bromide (CTAB) method. The

genotypes were obtained using a 50K liquid-phase sequence

capture chip (Guo et al., 2021). According to the genotyping

results, 13,097 polymorphic sites were used for genetic map

construction. Finally, a linkage map containing 2,275 bins was

constructed based on the 13,097 polymorphic sites, spanning a

total genetic distance of 2,068.6 cM, and the average genetic

distance between adjacent markers was 0.91 cM. Marker

information for the genetic map constructed is listed in

Supplementary Table S3. This linkage map was used for QTL

mapping of the heading date (Supplementary Figure S2).
QTL mapping for RILs

The heading date of the RIL population was used as

phenotype data combined with a high-quality bin marker map

to proceed with QTL mapping by IciMapping software with a

threshold Likelihood of Odd (LOD) value of 2.5. Two models

were applied in this study: inclusive composite interval mapping

with an additive effect (ICIM-ADD) and inclusive composite

interval mapping with an epistasis effect (ICIM-EPI).
Frontiers in Plant Science 03
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Molecular marker-assisted selection for
breeding improvement

In developing RILs derived from WR04-6 and SN265,

individuals with the early heading and other elite

characteristics were selected. We extracted these individuals’

DNA by the CTAB method and designed primers by https://

primer3.ut.ee/to detect the locus responsible for the early

heading. Primers used in this study are displayed in

Supplementary Table S6.
Haplotype network analysis

In order to further reveal the domestication and evolution

relationship of Hd1 in different rice ecotypes, we used the

sequencing data of 1,293 accessions to perform haplotype

network analysis including five ecotypes, temperate japonica,

tropical japonica, japonica intermediate, weedy rice, and wild

rice [Oryza rufipogon (Or-IIIa)]. The sequence data of wild rice

and weedy rice were from Sun et al. (2022), and the sequence of

the japonica population was obtained from the database http://

ricevarmap.ncpgr.cn/. The haplotype network was built based on

14 SNP variations of the Hd1 Coding sequence (CDS) region

with Or-IIIa as an outgroup by using the “Median Joining

Network” approach implemented in Popart software

(Version 1.7).
Results

High-latitude weedy rice heading earlier
than that of cultivated rice and landrace

In high-latitude paddy ecosystems, weedy rice tends to

heading earlier than cocultivated rice for rapid completion of

reproduction. In the present study, we collected 274 accessions

from three japonica rice ecotypes as a GWAS panel: the high-

latitude modern japonica cultivar and its accompanied japonica

weedy rice and japonica landrace. The heading date of this panel

was investigated for three consecutive years (2019, 2020, and

2021) as the phenotype for GWAS. In three ecotypes, weedy rice

(average 85 days) exhibited significantly earlier heading than

cultivated rice (average 96 days) and landrace (average 106 days)

(Figures 1A–C).
Dissecting the genetic basis of
the weedy rice early heading by
genome-wide association study

In the present japonica rice panel, the heading date exhibits

significant variations. To find quantitative trait nucleotides
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(QTNs) that are significantly associated with this phenotypic

variation, the heading date was investigated for three consecutive

years (2019, 2020, and 2021). The Manhattan plots of the GWAS

(using a linear mixed model and the first two principal

components of PCA as covariates) showed that the four

strongest associated signals (Locus 1, Locus 2, Locus 3, and

Locus 4) were stable and detected for at least 2 years

(Figures 2A–C). The specific GWAS results and the locus

distribution of ecotype information are displayed in Table 1.

Considering the following QTL analysis in this study and the

background knowledge on the known heading date genes in rice,

Locus 2 and Locus 3 on chromosome 6 were the main objects of

interest for further analysis. We expanded the 2MB physical

distance surrounding the lead SNP of Locus 2 and Locus 3 to

find highly LD regions. We finally detected two LD blocks in

Locus 2 and one LD block in Locus 3 that involved 361 and 85

genes, respectively (Figure 2G). Based on the candidate gene

association analysis, we further narrowed down the candidate

genes to 24 in Locus 2 and 38 in Locus 3 (Supplementary Table

S4). On the other hand, three genes according to the annotation

(http://rice.uga.edu/),OsCCT20,OsCCT21 (Hd1), andOsCCT22,

within the three LD blocks were considered as candidate causal

genes due to all of them being CCT family members that were

reported to have important roles in flowering regulation (Zhang

et al., 2021) (Figures 2D–F). However, considering the candidate

gene association analysis, different haplotypes of OsCCT20 did
Frontiers in Plant Science 04
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not show significant differences in the heading date. Finally,

OsCCT21 (Hd1) and OsCCT22 were speculated to be the causal

genes for responding to the natural variation of the heading date

in Locus 2 and Locus 3 (Figures 3A–C).
QTL mapping for the heading date
differences between WR04-6 and SN265

Japonica rice SN265 with a high yield advantage was

recognized as a “super rice” by the Chinese Ministry of

Agriculture, and its accompanied weedy rice (named WR04-6)

showed 10–15 days earlier heading than SN265. The heading date

showed continuous variation in the RIL population from 74 days

to 123 days, but not following a normal distribution (k2 = 30.19)

(Figure 1D). We crossed SN265 with WR04-6 to develop an RIL

population for detecting the genetic basis of these differences in

the heading date by QTL mapping. We applied the ICIM-ADD

model for additive-effects QTL mapping and found four QTLs

above the threshold, as shown in Figure 4A; they were distributed

on chromosomes 3, 6, 7, and 12 (Table 2). Among them, we

noticed that three genes within the three QTL genomic regions

were reported before: Hd1/OsCCT21 (Chr6), Dth7 (Chr7), and

Hd16 (Chr3). Among them, Hd1 can explain the largest

phenotypic variation (PVE = 35.9%); the phenotypic variance

explained (PVE) of Hd16 is 8.3% and that of Dth7 is 6.1%.
B

C D

A

FIGURE 1

The heading date in the GWAS and RIL population. (A–C) The heading date of weedy rice, landrace, and japonica cultivar for 2019, 2020, and
2021 in the GWAS population. (D) Distribution of the RIL progenies of the weedy rice WR04-6 and japonica cultivar SN265. Bars are the
maximum and minimum values of samples. Data were analyzed by one-way ANOVA multiple comparisons. ****, ***, and * represent significant
differences at P = 0.0001, P = 0.001, and P = 0.05, respectively; red dots indicate samples. The D’Agostino–Pearson test method was used for
the normal distribution test. weedy, weedy rice; landrace, japonica landrace; cultivar, modern japonica cultivar.
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Moreover, the additive effect of Hd1 is 6.3111, while the additive

effect of Hd16 and Dth7 is -2.1566 and -1.83, respectively. We

further analyzed the genotype of the three genes between the two

parents, weedy rice WR04-6 and japonica cultivar SN265, to

confirm the specific variants (Figures 5A–C). We found that the

genotype ofHd1 in WR04-6 in the coding region is different from

that of SN265 and Nipponbare (reference genome). The changed

base located in 134 coding regions in the zinc finger domain of
Frontiers in Plant Science 05
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Hd1 caused a non-synonymous substitution from valine to

glycine, which may cause the functional variation of Hd1

between SN265 and WR04-6 (Figure 5A). Considering the

GWAS results of the heading date in the japonica panel of the

present study, we have reason to believe that OsCCT21 (Hd1) is

the common cause of the early-heading feature in weedy rice.

How Hd1 of weedy rice evolves is another important

scientific issue. Therefore, we established the genetic
B

C

D

E

F

G

A

FIGURE 2

Results of the genome-wide association study. (A–C) Manhattan plot of 274 accessions in 2019, 2020, and 2021. Gray lines indicate threshold lines
by 10-5 and 10-6; red and green dots mean SNPs above the threshold line. (D–F) Annotation of genes that are in highly linkage disequilibrium block
(G) linkage disequilibrium block analysis of 2MB region surrounding the lead SNPs, highly linkage disequilibrium blocks are displayed in bold lines.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1059197
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2022.1059197
relationship between weedy rice and other ecotypes of japonica

through the haplotype network. As shown in Supplementary

Figure S4, weedy rice has four haplotypes, Hd1:Hap2, Hap3,

Hap6, and Hap7. Most of the weedy rice (76.9%) is Hap7, which

is exclusive to weedy rice and derived from Hap4, the major

haplotype shared by temperate japonica, tropical japonica, and

japonica intermediate. This result implies that selection pressure

on weedy rice resulted in its Hd1 diverging from cultivated rice

under long-term natural selection, which is further evidence of

the genetic contribution of Hd1 in the early heading of

weedy rice.
Frontiers in Plant Science 06
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The genotype of Dth7 and Hd16 in minor effect QTL

genomic regions also showed functional variations between

WR04-6 and SN265. Dth7 has two non-synonymous

substitutions in the WR04-6 coding region nearby the PR

domain; although this haplotype of Dth7 has been reported

before, its function is still unknown (Gao et al., 2014; Li et al.,

2015; Li et al., 2018). A non-synonymous substitution in the

WR04-6 S/K kinase domain caused the loss of function of Hd16

(Kwon et al., 2014) (Figures 5B, C). The other QTLs located on

chromosome 12 were new unknown QTLs for the rice heading

date reported by this study. In addition, we found three gene
TABLE 1 Results of the genome-wide association analysis.

Locus Chr Lead SNP (bp) -log10(P) Year Variation Weedy Landrace Cultivar

Locus 1
1 35,416,622 5.77 2021 T/C 0.455 0.689 0.903

1 36,347,597 6.59 2019 G/GA 1.000 0.770 0.903

2 7,738,314 6.73 2019 T/A 0.969 0.851 0.968

2 19,840,643 6.32 2020 G/A 0.000 0.172 0.084

Locus 2
6 8,621,625 7.4 2019 A/G 0.879 0.598 0.617

6 8,718,748 8.1 2021 A/G 0.879 0.621 0.643

6 8,721,885 6.02 2020 A/C 0.121 0.299 0.425

Locus 3
6 10,973,241 4.87 2019 C/T 0.849 0.736 0.636

6 10,962,053 5.66 2020 T/A 0.819 0.759 0.630

6 10,958,625 6.71 2021 A/G 0.030 0.770 0.266

Locus 4
11 22,255,595 6.95 2019 G/A 0.969 0.805 0.864

11 22,305,044 5.83 2020 A/G 1.000 0.851 0.877

11 24,600,828 7.40 2021 ATG/A 0.848 0.471 0.623
fron
The right three columns represent the distribution of the lead SNP variant in the weedy, landrace, and modern cultivar.
Chr, Chromosome; weedy, weedy rice; landrace, japonica landrace; cultivar, modern japonica cultivar.
B

C

A

FIGURE 3

Boxplots of the heading date phenotype for different haplotypes of candidate genes. (A) A 3-year heading date box for the different haplotypes
of OsCCT20. (B) A 3-year heading date box for the different haplotypes of Hd1. (C) A 3-year heading date box for the different haplotypes of
OsCCT22. Duncan’s test at p ranks the phenotypic differences. The letter a and b are ranked by Duncan’s test at p<0.05.
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pairs that may regulate the heading date by epistasis effect

interaction based on the ICIM-EPI (Figure 4B). Interestingly,

one epistasis gene pair occurred betweenHd1 and another locus;

the specific details are displayed in Supplementary Table S5.
Breeding early-heading high-yield
Japonica rice by applying early-heading
genes from weedy rice

In developing the RIL population using the weedy rice WR04-

6 and the super-high-yielding japonica rice SN265, we also

performed genetic improvement practices of early-heading lines.

From the F3 to the F8 generation, individuals with early heading

and good comprehensive traits were selected as the selection targets

in each generation. Finally, six genetically stable lines with different

genetic backgrounds were successfully bred, and their heading

dates ranged from 81 to 92 days, at least 10 days earlier than that of

the japonica parent SN265. After detecting the genotype, we found

that all of the fragments of Locus 2 and Locus 3 on chromosome 6

of these six lines were derived from the weedy rice parent WR04-6

(Supplementary Figure S3). We then cultivated the six lines in

higher latitudes, Wuchang, Heilongjiang province (127°16′E, 44°
93′N), and confirmed that they could safely head. Thus, our

practice of this genetic improvement using weedy rice as a
Frontiers in Plant Science 07
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genetic resource has successfully expanded the planting range of

super japonica rice northward by about 400 km.We also developed

molecular markers for this early-heading interval that combined

with the early-heading genetic resources of weedy rice will greatly

contribute to breeding the early-heading japonica rice.
Discussion

Molecular genetic basis of early-heading
characteristics in weedy rice

In high-latitude paddy ecosystems, weedy rice tends to head

early than cocultivated rice for rapid completion of reproduction.

In this study, we performed a GWAS and QTL mapping to reveal

the genetic basis of the early-heading feature of weedy rice. Our

research has found that Hd1 and OsCCT22may be responsible for

the heading date variations in the natural population by GWAS

(Takahashi et al., 2009; Zhang et al., 2021). Furthermore, Hd1,

Dth7, andHd16 were colocated using the ICIM-ADDmodel in the

RIL population, and the three genes do have variations between

parents. We also found the epistatic effect of Hd1 for another QTL

by the ICIM-EPI model. Considering the GWAS results with QTL

mapping, we believe that Hd1 is the common cause of the early-

heading feature in weedy rice. Our findings provide a new
BA

FIGURE 4

QTL mapping results of the heading date. (A) Additive effect for the heading date calculated by the ICIM-ADD model. (B) The epistatic effect for
the heading date calculated by the ICIM-EPI model. The threshold line was set with an LOD score ≥ 2.5.
TABLE 2 RIL QTL mapping result by ICIM-ADD.

Trait Name Chr Position(cM) L-Position(bp) R-Position(bp) LOD PVE (%) Add Known Gene Reference

2022dth 3 184.7 32,196,269 33,001,571 7.6207 8.316 -2.1566 Hd16 Hori et al., 2013

2022dth 6 110.5 9,676,469 9,035,697 26.4224 35.9071 6.3111 Hd1 Yano et al., 2000

2022dth 7 169 28,914,563 29,617,569 5.9928 6.1069 -1.8338 Dth7 Yan et al., 2013

2022dth 12 85.6 21,255,481 21,603,023 3.1934 3.1561 -1.3223 – –
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perspective for studying the molecular genetic mechanisms and

regulatory networks governing the heading date in rice.

Hd1 contains the B-box zinc finger domain and CCT domain,

which is the first cloned gene that can regulate the heading in rice

fromNipponbare (Yano et al., 1997); it may be a selection target in

the process of domestication of flowering diversity of cultivated

rice (Takahashi and Shimamoto, 2011). In our study, we found a

new haplotype of Hd1 in WR04-6, which contains a new non-

synonymous substitution in the B-box binding domain. Based on

available data, we speculate that this new haplotype is functional

because the conserved CCT domain has no variation in WR04-6,

and the additive effect of Hd1 is 6.311 in the RIL population,

which means that the early-heading characteristic comes from the

weedy rice WR04-6 (Takahashi et al., 2009). In addition, this

substitution in the B-box binding domain may change the protein

interaction and affect the other aspect of rice growth. More

importantly, this single base substitution variation only exists in

weedy rice and is not detected in other accessions, but we did not

validate the activity of the Hd1 protein of weedy rice.
Variant genes in weedy rice change
the complex regulatory network of
the heading date

The flowering time of rice is regulated by plenty of genes;

different combinations of these allelic genes determine the rice
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adaptability and regional distribution (Ebana et al., 2011; Guo

et al., 2013; Lee and An, 2015; Brambilla et al., 2017). Hd1 has a

basic function of promoting the expression of florigen genes

Hd3a/RFT1 and heading regardless of the day length (Zong

et al., 2021). Hd1 interacts with the Ghd7 (OsCCT26) CCT

domain to form a complex that represses the rice heading. The

Dth8/Hd1 complex binds to the promoter of Ghd7 (OsCCT26) to

form a ternary complex (Lin et al., 2003; Nemoto et al., 2016; Du

et al., 2017; Wang et al., 2019; Zhang B. et al., 2019; Zhang Z. et al.,

2019; Zong et al., 2021). Dth7 (OsCCT28) is a major gene

regulating the flowering time in the northeast of China, which

also regulates the plant height and grains per panicle. Dth7 acts

downstream of phyB, inhibiting the expression of Ehd1 (upstream

regulator of rice florigen genes Hd3a and RFT1), thereby delaying

flowering under day length (Liu et al., 2013; Gao et al., 2014; Liu

et al., 2021). We speculate that the Dth7 haplotype found in

WR04-6 is non-functional because the additive effect of Dth7 is

-1.8338 in the RIL population (Table 2); the non-functional Dth7

leads to the early heading of weedy rice by reduced suppression of

Ehd1 and promotes the expression offlorigen genesHd3a/RFT1 in

the shoot apical meristem. The non-functional Dth7 reduced the

competition for Hd1, which means that Hd1 will play a greater

role in promoting the heading under long day-length conditions.

Hd16 can phosphorylate Ghd7 (OsCCT26), which contributes to

the later heading in japonica rice under LD conditions. Hd16 can

also interact with and phosphorylate Dth7, although the

underlying mechanism is still unknown (Kwon et al., 2015).
B C

A

FIGURE 5

Genotype analysis between the weedy rice WR04-6 and japonica cultivar SN265. (A) The variation of Hd1 between WR04-6 and SN265 with
Nipponbare genotype as a reference in the coding region. (B) The variation of Dth7 between WR04-6 and SN265 with Nipponbare genotype as a
reference in the coding region. (C) The variation of Hd16 between WR04-6 and SN265 with Nipponbare genotype as a reference in the coding
region. The blue box indicates a single base variation; the orange and green boxes represent insertion and deletion, respectively. F, Functional; WF,
Weak functional; NF, Non-functional. The gray top bar represents the coding region; the colorful region means the domain of the gene.
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The genetic interactions between Ghd7 and Dth7 and between

Dth7 and Hd16 are also involved in the heading under LD

conditions (Shibaya et al., 2011). The non-functional Hd16 in

weedy rice will reduce the expression of Dth7 and Ghd7, thereby

enhancing the expression of Ehd1 and promoting the heading.

Variations found in weedy rice change the complex regulatory

network of the heading date and other aspects of rice growth.

Based on the above research, we can conclude that the early

heading of weedy rice results from natural selection and

competition with cultivated rice; however, how selections shape

the early-heading loci in the weedy rice genome is still unknown.

We uncovered this scientific question through the GWAS and

QTL mapping in this study.
Weedy rice as a gene resource for
improving cultivated rice

As an important ecological characteristic, the heading date

plays a decisive role in the rice breeding practice. It affects

cultivation environments, yield, rice quality, nutritional value,

and other traits; suitable heading dates will maximize the use of

light, heat, and other ecological resources in the local ecological

environment (Brambilla et al., 2017). The early heading is a

necessary feature for weedy rice to survive. Under long-term

natural selection, the elite dominant allele of the early heading in

weedy rice has been fixed. It is easy to reproduce naturally in the

paddy field and breed offspring for weedy rice (Xia et al., 2011;

Sun et al., 2013). Therefore, exploring early-heading gene

resources of weedy rice is of great value for cultivating the

early-heading cultivated rice.

Weedy rice can be an excellent genetic resource for its large

number of elite characteristics, the most important is that weedy

rice has no reproductive isolation with cultivars. Thus, these elite

genes can be applied in the breeding practice and improvement

programs for cultivars by Molecular marker-assisted selection

(MAS). The genetic diversity of cultivated rice has decreased

yearly due to the single breeding objective, so the genetic

resource from weedy rice is very precious (Ebana et al., 2011).

Applying the early-heading genes from weedy rice makes more

elite cultivated varieties that can be planted in more expansive

areas (Imaizumi et al., 2021). In the present study, we also

developed several molecular markers to assist the selection of the

early-heading varieties and expand the rice-suitable cultivation

area northward.

Besides the early-heading characteristics, weedy rice still has

many other fine biological characteristics that can be used in

breeding. All these make weedy rice more competitive than the

cultivated rice. Weedy rice is a precious genetic material for

cultivated rice that is reported to be a hidden gold mine in the

paddy field (Tang et al., 2011; Qiu et al., 2017; Sun et al., 2019;

Wu et al., 2022). Especially in high latitudes where wild rice is
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difficult to apply, weedy rice might be the best choice to expand

the genetic diversity of japonica rice.
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Jackfruit (Artocarpus heterophyllus Lam.) is the national fruit of Bangladesh and

produces fruit in the summer season only. However, jackfruit is not

commercially grown in Bangladesh because of an extremely high variation in

fruit quality, short seasonal fruiting (June-August) and susceptibility to abiotic

stresses. Conversely, a year-round high yielding (ca. 4-fold higher than the

seasonal variety) jackfruit variety, BARI Kanthal-3 developed by the Bangladesh

Agricultural Research Institute (BARI) derived from a wild accession found in

Ramgarh of Chattogram Hiltracts of Bangladesh, provides fruits from

September to June. This study aimed to generate a draft whole-genome

sequence (WGS) of BARI Kanthal-3 to obtain molecular insights including

genes associated with year-round fruiting trait of this important unique

variety. The estimated genome size of BARI Kanthal-3 was 1.04-gigabase-

pair (Gbp) with a heterozygosity rate of 1.62%. De novo assembly yielded a

scaffolded 817.7 Mb genome while a reference-guided approach, yielded 843

Mb of genome sequence. The estimated GC content was 34.10%. Variant

analysis revealed that BARI Kanthal-3 included 5.7 M (35%) and 10.4 M (65%)

simple and heterozygous single nucleotide polymorphisms (SNPs), and about

90% of all these polymorphisms are in inter-genic regions. Through BUSCO

assessment, 97.2% of the core genes were represented in the assembly with

1.3% and 1.5% either fragmented or missing, respectively. By comparing

identified orthologous gene groups in BARI Kanthal-3 with five closely and

one distantly related species of 10,092 common orthogroups were found

across the genomes of the six species. The phylogenetic analysis of the shared
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orthogroups showed that A. heterophyllus was the closest species to BARI

Kanthal-3 and orthogroups related to flowering time were found to be more

highly prevalent in BARI Kanthal-3 compared to the other Arctocarpus spp. The

findings of this study will help better understanding the evolution,

domestication, phylogenetic relationships, year-round fruiting of this highly

nutritious fruit crop as well as providing a resource for molecular breeding.
KEYWORDS

BARI Kanthal-3, genome sequencing and assembly, heterozygosity, SCOS, SNPs,
scaffolds, flowering gene orthologues
1 Introduction

Jackfruit (Artocarpus heterophyllus Lam), which belongs to

the Moraceae family, has attracted the attention of food experts

and technologists due to its nutritional health benefits (Zhang

et al., 2022). It is a tropical evergreen tree, which produces the

largest edible single fruit in the world (up to 50 kg/fruit) (Naik,

1949; Simmonds and Preedy, 2015; Lin et al., 2022). The place of

origin of this fruit tree is still unclear, but it is widely grown in

tropical countries including China, India, Malaysia, Thailand,

Indonesia, Philippines and Bangladesh (Zhang et al., 2021b), and

parts of central and eastern Africa, Florida (USA), Latin America

and the Caribbean (Rahman et al., 1999; Sidhu, 2012; Sahu et al.,

2020). Jackfruit (popularly known as ‘Kanthal’) is the national

fruit of Bangladesh. Its demand is increasing gradually due to its

low price, high nutritious value, diversified uses and potential for

commercial cultivation (Sidhu, 2012). The crop is commonly

referred to as “poor man’s food” due to its lower market price as

well as high abundance in the summer season (Rahman et al.,

1995; Sahu et al., 2020). Jackfruit flesh, the main edible portion,

has a unique aroma and contains high levels of sugars (mainly

sucrose, fructose and glucose), carboxylic acids, minerals,

vitamins, and dietary fiber (Ong et al., 2006; Lin et al., 2022).

The flesh is used as an ingredient in salads, or made into ice

cream, jams, nectars, fruit bars, juices, chutney, cakes, jelly and

fermented beverages (Zhang et al., 2021a). Notably, jackfruit

seeds are rich in starch (60–80% based on dry matter), protein,

vitamins and minerals, which may be boiled or roasted and

eaten, or boiled and preserved in syrup like chestnuts (Anaya-

Esparza et al., 2018).

Bangladesh is one of the largest producers of jackfruit and

accounts for about 21% of total fruit production of the country,

second only to Mango as the principal fruit crop. During 2019-

20, Bangladesh produced 1.1 million tons of jackfruit covering

16,592 hectares area (Statistics., 2020). Despite its numerous

advantages, jackfruit trees are not commercially grown as a crop

because of an extremely high variation in fruit quality, which is

due to its cross-pollinated nature, seed-mediated propagation,
02
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short seasonal fruiting and susceptibility to abiotic stresses

(Sidhu, 2012). Therefore, the potential of this unique

nutritious fruit crop has not yet been utilized in Bangladesh

for ensuring food and nutritional security through commercial

cultivation and industrial processing. Genetic improvement of

existing germplasm to overcome these problems will accelerate

jackfruit to become a commercial crop in Bangladesh (Dhar,

1998). A series of earlier studies evaluated the yield, quality and

genetic diversity of jackfruit of Bangladesh but none of these

studies are systematic and comprehensive (Hossain, 1996; Saha

et al., 1996; Rahman et al., 2016) and the underlying molecular

mechanisms of the trait diversity in jackfruit is largely unknown.

The harvesting period of jackfruit is short (June-August)

resulting in a large wastage of this fruit amounting to 20-30%

of the crop or even more during some seasons. The Bangladesh

Agricultural Research Institute (BARI) developed a year-round

jackfruit variety namely, BARI Kanthal-3 in 2014. The number

of fruits per plant per year ranges between 219-245 (average =

232), fruits are medium in size (averaging 5.43 kg each) and yield

is 1,334.6 (ranges between 1165-1504.2) kg fruit/plant (Table 1).

The ripened edible portion contains 35.06 mg/g ß- carotene and

23.6% of total soluble sugar (TSS) (Azad et al., 2007).

Whole-genome sequencing (WGS) provides complete

coverage of the coding and noncoding regions of the genome

(Galperin and Koonin, 2010), which allows a comprehensive

assessment of the genome of any organism including those of

plants (Chen et al., 2019). It provides a genetic foundation that

enables a greater efficiency to identify genetic diversity at key

genes that can be used to enhance, reduce or add certain features

to a plant phenotype (Chen et al., 2019). Since the first WGS of

the model plant, Arabidopsis thaliana in 2000, a large number of

plants from diverse taxonomic groups have been sequenced, and

genes responsible for various plant traits have been characterized

and cloned (Gardner et al., 2016; Chen et al., 2019; Hübner et al.,

2019). Recently, WGS of economically important plants and

animals such as jute, Corchorus spp. (Islam et al., 2017), hilsa

(Tenualosa ilisha) (Das et al., 2018), and goat (Capra hircus)

(Siddiki et al., 2019) have created huge public interest in
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Bangladesh. Recent advances in genomic analyses have revealed

large numbers of single nucleotide polymorphisms (SNPs) as the

most common form of DNA sequence variation between alleles

in several plant species (Morgil et al., 2020). Because of their high

abundance, significant information content, when associated

with genes, SNPs have gained the center stage as the principal

markers of choice for molecular genetics studies. This includes

their application in shortening the time of breeding new varieties

in many crops through marker assisted selection (Mammadov

et al., 2012; Morgil et al., 2020). SNPs have also been applied for

several years to assess diversity in specific genes or genomic

regions, revealing the phylogenetic relationships between

species. However, the emergence of high throughput

sequencing technologies allows the SNP-based genetic diversity

studies to be carried out at scale and can be useful in conserving

diversity in domesticated populations. Plant phylogenetic and

evolutionary studies are conventionally based on variation that

exist at genes, and hence the knowledge of SNPs in these regions

is essential for this analysis (Lasky et al., 2012). It is also

important to know the location of SNPs in the whole genome,

because if a SNP is present in the coding or regulatory region of a

gene, it can greatly affect the functional activity of the resulting

protein, such as an enzyme in a biosynthetic pathway

(Somerville and Koornneef, 2002) by affecting gene expression

and transcriptional and translational promoter activities.

Therefore, SNPs can often be responsible for phenotypic

variations that exits between individuals and be utilized as

selectable genetic markers for improving agronomic traits.

However until now, only a limited amount of genomic

information has been made available for the genus of A.

heterophyllus (Laricchia et al., 2018; Sahu et al., 2020; Lin et al.,

2022). Although the development of a year-round fruiting variety

BARI Kanthal-3 from a wild accession offers an opportunity for

commercial cultivation and processing of the jackfruit, nothing is
Frontiers in Plant Science 03
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known about the underlying molecular mechanism of its year-

round fruiting characteristics and other beneficial traits. Molecular

understanding of the extremely high phenotypic variabilities in

jackfruit would facilitate the future development of high yielding,

year-round fruiting, biotic and abiotic stress (e.g., flood, saline,

drought, pathogen and pest) tolerant jackfruit varieties through

molecular breeding, which is essential for establishing a jackfruit-

based processing industry in Bangladesh and elsewhere. We report

here an annotated Whole-genome assembly of the year-round

fruiting A. heterophyllus cv. BARI Kanthal-3 for first time. The

results of the promising phenotypic characteristics of the BARI

Kanthal-3 variety, together with both the de novo and reference-

guided assemblies, the identified SNPs, and copy number variation

in genes that impact flowering time sheds light on the genetic

diversity that exists within the A. heterophyllus genome.
2 Materials and methods

2.1 Collection of phenotypic data

The mean values (n = 5) of the phenotypic and biochemical

data on tree and fruit characteristics of Artocarpus heterophyllus

(BARI Kanthal-3) were obtained using the standard protocols,

and compared with the published data of seasonal jackfruit

(Goswami and Chacrabati, 2016; Rahman et al., 2016).
2.2 Collection of leaf samples, genomic
DNA extraction, WGS library
construction, and sequencing

The year-round jackfruit cultivar ‘BARI Kanthal-3’, a

superior variety of jackfruit of Bangladesh, was used for
TABLE 1 Tree and fruit characteristics of Artocarpus heterophyllus L. (Year-round vs seasonal jackfruit).

Parameters Features/traits Reference (Seasonal jackfruit)
Year-round (BARI Kanthal-3) Seasonal jackfruit

Average No. of fruits/plant 232 57 (Rahman et al., 2016)

Average fruit yield/plant/year (kg) 1,334 308 (Rahman et al., 2016)

Average fruit weight (kg) 5.43 5.8 (Rahman et al., 2016)

Harvesting period September-June June-August (Goswami and Chacrabati, 2016)

Edible portion (%) 52.5 53.43 (Rahman et al., 2016)

pH 5.21 6.0 (Goswami and Chacrabati, 2016)

TSS (%) 23.6 19.87 (Rahman et al., 2016)

Vitamin C (mg/100g) 2.0 6.46 (Goswami and Chacrabati, 2016)

Total sugar (%) 21.74 14.95 (Goswami and Chacrabati, 2016)

Reducing sugar (%) 6.02 6.43 (Goswami and Chacrabati, 2016)

Nonreducing sugar (%) 15.72 8.52 (Goswami and Chacrabati, 2016)

Moisture content (%) 69.10 81.6 (Goswami and Chacrabati, 2016)

Dry matter 30.90 18.4 (Goswami and Chacrabati, 2016)
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genome sequencing. We collected fresh leaf samples from

germplasm repository at BARI, Joydebpur, Bangladesh. The

samples were identified as jackfruit by Professor Md. Abdul

Baset Mia of Department of Crop Botany of Bangabandhu

Sheikh Mujibur Rahman Agricultural University (BSMRAU)

in Bangladesh. A voucher specimen was deposited in the

herbarium of the Department of Crop Botany of BSMRAU

with an accession No. VS (HM) 005/2021. The origin of this

germplasm is from a wild accession found in Chattogram

Hiltracts (Ramgarh) of Bangladesh. Genomic DNA was

extracted from freshly harvested leaves using the QIAGEN

DNeasy Plant Mini Kit (QIAGEN, Valencia, California, USA)

following the manufacturer’s protocol. The quality of the DNA

was visually inspected by 1% agarose gel electrophoresis. The

quantity of the DNA was assessed by a Qubit Fluorometer

(Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instruction. Whole-genome sequencing

(WGS) library preparation was performed using Nextera XT

DNA library preparation kit (Illumina Inc., San Diego, CA,

USA) according to the manufacturer’s protocol. Briefly, after

normalization, DNA samples were fragmented and tagged by

tagmentation in a single-tube reaction (Hoque et al., 2019). The

tagmented DNA was amplified through a limited-cycle PCR

program using a unique combination of barcode primers, the

Index 1 (i7), Index 2 (i5) and full adapter sequences required

for cluster generation. Amplification was followed by a cleanup

step that purified the library DNA, and removed small library

fragments by using Agencourt AMPure XP beads (Beckman

Coulter, Inc.). Finally, prepared libraries were loaded onto a

reagent cartridge, clustered on the NextSeq 550 System, and

paired-end sequencing (2×150 bp) was performed using the

Illumina NextSeq 550 High-Output Kit on the NextSeq 550

desktop sequencer.
2.3 Retrieval of data from the GenBank

In addition to the WGS data of BARI Kanthal-3, we also

collected the genomic data (WGS) of five related and one

distantly related species viz., Artocarpus heterophyllus (family

Moraceae) i.e., A. heterophyllus, A. altilis, Morus notabilis,

Arabidopsis thaliana and Ficus carica from the AOCC ORCAE

platform and the National Center for Biotechnology

Information (NCBI) under GenBank accession numbers of

CNGB CNP0000486 (https://bioinformatics.psb.ugent.be/

orcae/aocc/overview/Arthe), CNGB CNP0000715 (https://

bioinformatics.psb.ugent.be/orcae/aocc/overview/Artal), NCBI

ASM41409v2 (https://www.ncbi.nlm.nih.gov/genome/?term=

ASM41409v2), NCBI TAIR10.1 (https://www.ncbi.nlm.nih.

gov/genome/?term=TAIR10.1) and, NCBI Bioproject

PRJNA565858, respectively.
Frontiers in Plant Science 04
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2.4 De novo genome assembly
and annotation

The generated WGS data were filtered through Trimmomatic

v0.38 (Bolger et al., 2014) with option “LEADING:20

TRAILING:20 SLIDINGWINDOW:4:15 MINLEN:50”

parameters to remove Illumina adapter, known Illumina

artifacts, phiX, and low-quality regions. The processed reads

were assembled by SOAPdenovo2 v2.04 (Luo et al., 2012) with

k-mer=39 and subsequently scaffolded using a reference guided

approach by RAGTAG (Alonge et al., 2019) software with default

parameters. GapCloser v1.12 (Luo et al., 2012) with default

parameters (“-l 150 -t 32 -p 31”) was utilized for gap closing

using the pair-end data. The assembled genome was analyzed by

EDTA (Ou et al., 2019) software to create a non-redundant

transposable element database which was then used to soft-

mask the genome sequence. Genome annotation was performed

by using Braker2 (Brůna et al., 2021) software with coding-gene

sequence evidence from A. heterophyllus.
2.5 Genome assembly validation

The scaffolded sequences were compared against the

reference genome by nucmer v4.0.0rc1 (Kurtz et al., 2004)

using the default parameters. The genome assembly

completeness was assessed using BUSCO (Benchmarking

Universal Single-Copy Orthologues), v4.1.4 (Seppey et al.,

2019) to evaluate the presence of conserved plant orthologs

with the Embryophyta database 10 lineage.
2.6 Genome size estimation

The high-quality data (~50X depth) were provided to Jellyfish

v2.2.6 (Març ais and Kingsford, 2011) with “-C -m 21 -s 5G –min-

quality=25” parameters to generate k-mer (K=21) frequency

distribution. The output histograms were analyzed using

GenomeScope (Vurture et al., 2017) to estimate the genome

size, heterozygosity level, error rates, and repeat fraction.
2.7 Variant calling

Processed Illumina data were aligned against the draft A.

heterophyllus genome (Sahu et al., 2020) using Burrows-Wheeler

Aligner (BWA) v 0.7.17 (Li and Durbin, 2009). The aligned reads

mapped with a quality score 30 or greater were analyzed by

samtools/bcftools (Li, 2011) to produce the raw variant calls.

Simple single nucleotide polymorphisms (SNPs) were defined as

SNPs with greater than 90% ALT allele frequency observed in at
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least 30 high quality reads (MAPQ>30). Following variant calling,

we used snpEff to annotate variants and predict their effects on

genes using a custom database generated using the A. heterophylus

genome and annotation from https://bioinformatics.psb.ugent.be/

gdb/aocc/arthe/ (Sahu et al., 2020).
2.8 Orthologous gene analysis

Gene orthology and orthogroups were inferred by

Orthofinder (Emms and Kelly, 2019) based on protein

sequence similarity searches using Diamond (Buchfink et al.,

2015) software. 306 genes involved in A. thaliana flowering-time

gene networks were downloaded from the Flowering-Interactive

Database (FLOR-ID) (Bouché et al., 2016). Gene expansion or

contraction were assessed based on relative gene count within

each orthogroup relative to A. thaliana.
3 Results and discussion

3.1 Source and phenotypic features of
the BARI Kanthal-3 variety

To develop the variety of BARI Kanthal-3, germplasm was

collected from locations all over the Bangladesh including in the

ChattogramHiltracts, such as Ramgarh of Khagrachari. In 2014, an

accession of Ramgarh was certified for cultivation in Bangladesh

with a varietal name of BARI Kanthal-3, representing a new and

unique variety of jackfruit in Bangladesh that bear fruits for ten

months of the calendar year (September to June) while the seasonal
Frontiers in Plant Science 05
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plant gives fruit only for three months (June to August) each year.

This year-round fruiting variety produces more than 4-fold higher

average number of fruits per plant and fruit yield per plant per year

compared to seasonal jackfruit. Amature plant produces an average

of 232 (range 219-245) fruits per plant yielding about 1,334.6 kg

(1165 -1504.2 kg) fruit/plant/year (Table 1). The fruits of BARI

Kanthal-3 were medium (average 5.43 kg each) and average yield

was 133.2 t/ha/year. This variety was not affected by any sort of

infectious pathogens or pests (data not shown). The tree is erect and

medium bushy, and the pulp of the fruit is medium soft, slightly

yellow, medium juicy, highly sweet and aromatic (Figure 1). The

amounts of ß- carotene and total soluble solid (TSS) in fruits were

35.06 mg/g and 23.6%, respectively. The edible portion of the fruit

was 52.5% (Table 1). A large body of literature has revealed that

jackfruit is a rich source of carbohydrates, minerals, carboxylic

acids, dietary fiber, vitamins andminerals and bioactive compounds

(Azad et al., 2007; Khan et al., 2021). Clearly, BARI Kanthal-3 is an

extremely high yielding (ca. 4-fold higher than average fruit yield of

a seasonal jackfruit per year) and high quality jackfruit.
3.2 Genome sequencing, assembly
and annotation

A total of 472 million raw Illumina pair-end sequencing

reads from the extracted DNA of A. heterophyllus cv. BARI

Kanthal-3 leaf tissues were generated. The genome size of BARI

Kanthal-3 was estimated to be 1.04 Gb with a heterozygosity rate

of 1.62% based on K-mer analysis of the short read data

(Figure 2). The estimated size is similar to the recently

reported 1.01Gb genome size of seasonal A. heterophyllus
FIGURE 1

Phenotypic characteristics of BARI Kanthal-3. (A) Tree in situ, (B) Leaf, (C) Young fruits from the tree, (D) Mature fruit, (E) Kernel (flesh), and (F) Seed.
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(Sahu et al., 2020), and is consistent with the c-value of 1.20 pg

(Ohri and Kumar, 1986). BARI Kanthal-3 has a higher

heterozygosity rate compared to the available reference

genomes of seasonal jackfruit recently published, at 0.90 and

0.91, respectively (Sahu et al., 2020; Lin et al., 2022).

After quality filtering of the short reads using Trimmomatic,

439 million clean reads were obtained (Table 2). The high-

quality reads assembled into different contigs using

SOAPdenovo2, which ultimately yielded a base assembly of
Frontiers in Plant Science 06
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1.36 M scaffolds, totaling 817.7 Mb. The N50s of scaffolds

were 1.8 Kb (Table 2). The BARI Kanthal-3 contigs were then

further scaffolded together using the reference guided approach

using the existing published draft reference genome of jackfruit

(Sahu et al., 2020) and the software RAGTAG, and finally gaps in

the scaffolds were filled using the same pair-end Illumina data and

Gapcloser software. In this case, SOAPdenovo2 + RAGTAG +

GapCloser produced a base assembly of N50 size = 425 Kb in

218,562 scaffolds (Table 2). Themapping of paired-end short read
FIGURE 2

Genome size prediction of Artocarpus heterophyllus cv. BARI Kanthal-3. The X-axis represents the coverage of the genome while the Y-axis
represents the frequency levels.
TABLE 2 Result of de novo and reference guided genome assembly of Artocarpus heterophyllus cv. BARI Kanthal-3.

Assembly N50
number

N50 size
(Kb)

N90
number

N90 size
(Kb)

Longest Sequence
(Kb)

Num
Sequence

Total Bases
(Mb)

SOAPdenovo2 88,402 1.8 720,032 0.2 65 1,364,052 817.7

SOAPdenovo2 + RAGTAG +
Gapcloser

561 425 14,076 1.4 2,611 218,562 843
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data against the de novo scaffolded assembly and out of 439

million read pairs, 400 million (91.1%) aligned to the assembly

were properly paired indicating a high proportion of the original

data is represented in the assembly. The GC content of BARI

Kanthal-3 was 34.10%which is comparable to the GC content of a

seasonal A. heterophyllus from Indian and Chinese origins that

were recorded at 32.9% and 34.9%, respectively (Table S1) (Sahu

et al., 2020; Lin et al., 2022).

We annotated 41,088 protein-coding genes in BARI-

Kanthal-3 assembly using the Braker2 gene prediction

pipeline. The gene number is comparable to the two existing

A. heterophyllus genome assemblies with 35,858 (Sahu et al.,

2020) and 41,997 (Lin et al., 2022) annotated genes, respectively.
3.3 Genome assembly validation

To assess the representation of a complete conserved core

gene set in the BARI Kanthal-3, assembly, an analysis was

carried out to assess the quality and completeness of the draft

genome using the Benchmarking Universal Single-Copy

Orthologs (BUSCO) datasets and an orthologue data base

(Figure 3). We identified 1,614 single copy orthologs (SCOs).

Among these SCOs, 97.2% (1569/1614) were complete (single

copy = 1094, and duplicated = 475), whereas 21 and 24 were

fragmented and missing, respectively (Figure 3). Our present

findings aligned with the recently reported findings of Sahu et al.

(2020), who reported that out of 1440 BUSCO ortholog groups

searched in the A. heterophyllus assembly, 95% (1369/1440) were

complete BUSCOs, 932 (64.7%) were “complete single-copy”,
Frontiers in Plant Science 07
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437 (30.3%) were “complete duplicated”, and 15 (1%) were

“fragmented”, and 56 (4%) were “missing”.

We then carried out an orthologous gene analysis across the

BARI Kanthal-3 genome and the genomes of five other species

(A. heterophyllus, A. altilis, F. carica, M. notabilis, A. thaliana)

based upon a protein similarity search using Diamond software

and the inference of gene orthology and orthogroups using

Orthofinder software. In this study, 10,924 orthogroups were

found to be shared across the genomes of the six species

(Figure 4A) with 399 found to be unique for BARI Kanthal-3

genome. Phylogenetic analysis was performed across the 10,924

shared orthogroups using the rooted gene tree method in

Orthofinder (Figure 4B). The analysis revealed that the two

genomes of A. heterophylus (BARI Kanthal-3 and A.

heterophyllus) clustered more closely related to the other three

Moraceae genomes with A. thaliana as an outgroup in the

phylogenetic tree (Figure 4B). Finally, to assess if there was a

relationship between differences in flowering time between BARI

Kanthal-3 and seasonal A. heterophyllus and differences in the

representation of orthogroups related to flowering time between

them, we identified the relative numbers of these orthogroups in

each of the Moraceae genomes compared to Arabidopsis

(Figure 4C and Table S2). This identified large scale expansion

in the Artocarpus spp. likely reflecting the whole genome

duplication event previously identified in their evolution (Lin

et al., 2022). However, a higher number of duplications were

identified in the BARI Kanthal-3 genome compared to the other

Artocarpus spp. indicating the longer season nature of the

accession could be explained by an overall expansion of these

gene families, although the more fractured nature of the genome

assembly could also be impacting this observation. The

availability of more contiguous long read genome assemblies

for BARI Kanthal-3 and other Artocarpus spp. would enable this

observation to be confirmed.
3.4 Variant analysis

The processed WGS reads were aligned against the A.

heterophyllus draft assembly. Out of a total of 439 M reads,

417 M (95.1%) were found to be aligned in exact pairs. A total of

16 million single-nucleotide polymorphisms (SNPs) were called

from the dataset including 5.7 M (35.0%) simple and 10.4 M

(65.0%) heterozygous SNPs (Table 3 and Figure S1).

Approximately, 90% of all polymorphisms are located in

intergenic regions. In this study, 144,787 (2.5%) and 426,997

(7.5%) of the simple SNPs, and 250,715 (2.4%) and 739,288

(7.1%) of the heterozygous SNPs, were found in the exons and

introns, respectively (Table 3). We further predicted the effects

of variants on genes. As expected, large fraction of the variants

was in the intergenic (64.5%), intronic (5%) and up/down-

stream regions (29%) of the genes (Figure 5A). There are

232,587 missense mutations and 4,750 gained stop codons
FIGURE 3

BUSCO (v.4.0.4) assessment results of BARI Kanthal-3. BUSCO
completeness in Artocarpus heterophyllus cv. BARI Kanthal-3 is
high indicating that the genome assemblies are of high gene
space completeness.
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suggesting an altered protein function in BARI Kanthal-3

(Figure 5B). One of the important findings of this study is the

high level of heterozygosity in the year-round fruiting jackfruit

genome. The high level of heterozygosity in A. heterophyllus

genome raises the question of which allele, for each heterozygous

locus, is represented by the reference genome (Table S2).

Therefore, the inherent differences between individual plants
Frontiers in Plant Science 08
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should always be considered when utilizing the reference

genome to detect SNP variants (Hawkins et al., 2016).

SNPs have been indicated as the major factors in the creation

of phenotypic variation and their effect on functional changes of

genes is used as a tool in functional genomics of organisms

(Hirakawa et al., 2013). In plants, many traits of interest have

been linked with SNPs (Mammadov et al., 2012; Huq et al., 2016;

Zhang et al., 2018), including roles in metabolism, cellular

processes and signaling, that could have an impact on

breeding. This study for the first time identified the SNPs in

the genome of a year-round fruiting jackfruit cultivar, which

promises the development of genetic markers associated with the

important traits of this economically important species

including the genes regulating flowering and fruit

development. The availability of SNPs within the coding and

regulatory sequences also offers the prospect of identifying the

causative variations influencing these processes (Varshney,
B C

A

FIGURE 4

Distribution of orthogroups in the genomes of five species (Artocarpus heterophyllus, A. altilis, Ficus carica, Morus notabilis, Arabidopsis thaliana
and BARI Kanthal-3). (A) diagram showing unique and shared orthogroups in three genomes of Artocarpus species, M. notabilis, F. carica and
Arabidopsis. Each number represents the number of orthogroups in common between each pairing. (B) Inferred phylogenetic tree constructed
with common orthogroups from A. heterophyllus, A. altilis, M. notabilis, F. carica, A. thaliana and BARI Kanthal-3 (A. heterophyllus) genomes. The
tree was constructed using rooted gene tree method in OrthoFinder. (C) Relative numbers of flowering gene orthogroups in each of the
Moraceae genomes compared to Arabidopsis thaliana.
TABLE 3 Results of variant analysis of Artocarpus heterophyllus cv.
BARI Kanthal-3.

Genomic region Simple SNPs Heterozygous SNPs

Exonic 144,787 250,715

Intronic 426,997 739,288

Inter-genic 5,111,742 9,369,507

Total 5,683,526 10,359,510
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2010). One of the hallmark findings of this study is that majority

of the SNPs (47.29%) of BARI Kanthal-3 were localized in the

intergenic regions in the proximity of genes (including 5′ UTR,
3′ UTR, and introns). Approximately, 25% of the intergenic

SNPs were detected within the region spanning 10 kb upstream

of the gene start site and 10 kb downstream of the gene end site

(Yamamoto et al., 2007), implying the possibility that some of

these SNPs affect the expression of the nearest neighboring

genes. It has been reported that a high frequency of genetic

variants in the noncoding regions likely results from less

selection pressure from natural selection and/or domestication

(Barreiro et al., 2008). However, DNA polymorphisms in these

regions have been reported to play important roles during

evolution and domestication. For example, a mutation in the

5′ regulatory region of the qSH1 gene, an ortholog of the

Arabidopsis homeobox gene REPLUMLESS (RPL) results in

the absence of abscission zone formation and thus loss of seed

shattering in a subset of temperate japonica cultivar of rice

(Konishi et al., 2006). Similarly, a considerable number of

mutations in introns in pre-harvest sprouting (PHS) genes
Frontiers in Plant Science 09
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lead to PHS in rice plant (Lee et al., 2017). Among the 12 PHS

mutants (phs), mutations in genes encoding major enzymes of

the carotenoid biosynthesis pathway, cause photo-oxidation and

ABA-deficiency phenotypes, of which the latter is a major factor

controlling the PHS trait in rice (Fang et al., 2008). Interestingly,

in jackfruit, MADS-box genes and carotenoid biosynthesis

genes, were the primary targets for domestication (Laricchia

et al., 2018). However, the role of inter-genic SNPs in A.

heterophylus in domestication of this horticultural plant needs

to be explored further.

SNP markers have become extremely popular in plant

molecular genetics due to their genome-wide abundance and

amenability for high-throughput detection platforms. For

example, SNPs regulating various Quantitative Trait Loci (QTL)

responsible for cold and disease resistance such as such as blight,

bacterial canker and gray mold have been reported (Zhang et al.,

2003; Coaker and Francis, 2004), and SNPs associated with

flowering in Raphanus sativus have recently been discovered by

transcriptome sequencing and computational analysis (Kim et al.,

2019). An additional transcriptomics study in BARI Kanthal-3 is
B

A

FIGURE 5

Variant annotation and effects of variant on genes. (A) Distribution and abundance of variants in the genome of BARI Kanthal-3, and (B) Number
of effects by type and region of the gene variants.
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needed for the identification of genes associated with flowering

time and year-round fruiting.
4 Conclusions

Although genomic information has been made available for

seasonal jackfruit, this is the first report of an assembled and

annotated genome for a year-round fruiting jackfruit variety.

The annotation yielded a very similar number of annotated

genes to a recent genome assembly of a seasonal jackfruit

together with a high representation of core othologous genes.

An orthologous gene analysis with other Moraceae gennomes

confirmed the close realtionship between BARI Kanthal-3 and

other Arctocarpus spp. but also indicated a higher number of

genes related to flowering time were present in the year-round

fruiting variety.

This study also reported the distribution of a large collection

of nucleotide variation identified across the genome that can be

used to identify new functional genes and their regulatory

activities specific to BARI Kanthal-3. Furthermore, the

genomic data and the identified SNPs of this year-round

fruiting jackfruit cultivar could facilitate further genomics and

post-genomics studies for detecting other trait-specific genes

that are essential for molecular breeding of jackfruit. One of the

limitations of this study is lack of information on the role of

inter-genic SNPs in BARI Kanthal-3 and the impact on gene

function (i.e., changes in protein-coding genes, differential gene

expression, and the specific functions of protein-coding genes).

To further understand the underlying molecular mechanisms of

unique traits of this new variety, a high quality long read genome

assembly of BARI-Kanthal-3 and comparative transcriptome

analysis with seasonal jackfruit are needed.

The fruit nutritional quality, yield and year-round fruiting

properties of BARI Kanthal-3 indicate a unique and valuable

genetic material for the improvement of commercial cultivation

and development of jackfruit-based processing industry in

Bangladesh. The genomic data, associated orthogroups, and

SNPs identified in this research will be useful for

characterization of trait-specific genes and development of

markers for molecular breeding for the improvement of

jackfruit, and provides an opportunity to develop this

underutilized crop for ensuring food and nutritional security

for the increasing population of Bangladesh and other

tropical countries.
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Mozambique supports a high diversity of native legume species, including

many Crop Wild Relatives (CWRs). Among them, the still understudied genus

Vigna is a particularly notable and promising donor of favorable traits for

crop improvement. This study aims to provide an updated overview of Vigna

CWRs diversity in Mozambique, defining a conservation strategy for priority

target taxa and areas. A checklist of Vigna taxa was prepared and using

five criteria (taxonomic group, ethnobotanical value, global and regional

distributions, and ex situ conservation status), the prioritization of each taxon

was determined. The distribution of Vigna native to Mozambique was studied

and diversity hotspots were detected; gaps in in situ conservation were

analyzed by overlaying species distribution with Mozambique’s Protected

Areas Network. Maps predicting the differences between future conditions

and baseline values were performed to investigate expected changes in

temperature and precipitation in Vigna’s occurrence areas. There are 21

Vigna native taxa occurring in Mozambique, with the Chimanimani Mountains

and Mount Gorongosa, as diversity hotspots for the genus. Following the

IUCN Red List criteria, 13 taxa are of Least Concern, while the remaining

eight are currently Not Evaluated. According to their priority level for further

conservation actions, 24% of the taxa are of high priority, 67% of medium

priority, and 9% of low priority. The important hotspot of Chimanimani

Mountains is among the areas most affected by the predicted future increase

in temperature and reduction of rainfall. The obtained distribution and species

richness maps, represent a relevant first tool to evaluate and improve the

effectiveness of Protected Areas and IPAs of Mozambique for the conservation

of Vigna CWRs. The in situ gap analysis showed that 52% of the Vigna

taxa are unprotected; this could be overcome by establishing reserves in

Vigna diversity centers, considering the different types of habitats to which

the different taxa are adapted, and by increasing in situ protection for the
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high priority ones. The ex situ conservation of Vigna is very limited and

storing seed collections of these CWRs, is an essential component in global

food security, as some taxa seem suitable as donors of genetic material

to increase resistance to pests and diseases, or to drought and salinity.

Overall, we provide recommendations for future research, collecting, and

management, to conserve Vigna CWR in Mozambique, providing new data

for their sustainable use in crop enhancement, as well as proposing measures

for future conservation programs.

KEYWORDS

conservation strategies, cowpea, gap analysis, protected areas, East Africa, species
richness, crop wild relatives

1. Introduction

Crop Wild Relatives (CWRs) are undomesticated plants,
related to crop species that have the potential to contribute
genetic material for crop enhancement (Heywood et al., 2007).
Considering the potential negative impact of climate change
on biodiversity and food security, strategies for the study
and conservation of genetic resources in CWRs must be
considered a global priority (Maxted et al., 2010). CWRs offer
important sources of useful agronomic traits, which could be
incorporated into crop breeding programs, including: tolerance
to abiotic and biotic stress; nutraceutical characteristics; and
significantly improved crop yields (Pimentel et al., 1997;
Tanksley and McCouch, 1997; Meilleur and Hodgkin, 2004;
Maxted et al., 2010). Considering the often-limited lifespan
of resistant cultivars, the demand for wild genetic breeding
material is imperative (e.g., Rocha et al., 2021; Mba and
Ogbonnaya, 2022; Vincent et al., 2022). Crop improvement is
especially important in areas most likely to be affected by climate
changes and with poor management practices of agricultural
soils, such as in sub-Saharan Africa (SSA), where food security is
particularly alarming (Sintayehu, 2018) and agricultural systems
are highly dependent on rainfall rather than on manmade
irrigation schemes (Thornton and Herrero, 2015). Sustainable
crop production also requires efficient soil fertility management,
but soils in wide areas of SSA are highly affected by leaching
and erosion, leading to depletion of nutrients (Vidigal et al.,
2019). Importantly, more efficient use of nitrogen is urgently
needed (Yadav et al., 2017). Crop species from the legume family
(Fabaceae or Leguminosae), especially the so-called pulse crops
(dry beans, chickpeas, and lentils), can fix atmospheric nitrogen,
besides having a high nutritional value as a source of protein
(Snapp et al., 2018; Brilhante et al., 2021). African legume species
include many CWRs as well as many underutilized locally-
adapted crops; thus, promoting and enhancing the productivity
of local legume crops will be a valuable contribution to the
sustainability of cropping systems and the maintenance of food
security in SSA (Vidigal et al., 2019). Many African CWRs are

currently threatened, largely due to anthropogenic influences
such as habitat loss, unsustainable soil exploitation, and invasive
species (e.g., Angola: Catarino et al., 2021a; Malawi: Khaki
Mponya et al., 2021; Zambia: Ng’uni et al., 2019). Despite these
studies, the CWRs in SSA are still poorly studied, despite being
a very rich flora.

Mozambique is recognized as one of the most vulnerable
countries to climate change in Africa. More frequent and severe
droughts, heatwaves, floods, cyclones, and wildfires are expected
in the near future, with a strong negative impact on native flora
and food production (INGC, 2009). As an example of climate
change effect in Mozambique, it stands out the Cyclone Idai
which hit the central area of this country (Sofala) in March 2019
(Charrua et al., 2021a).

A strong candidate genus with high agronomic and food
source potential is Vigna Savi (Simon et al., 2007), which
includes several widely disseminated crops such as cowpea
(Vigna unguiculata). Most taxa of Vigna occur in Africa (Singh,
2020), and ca. 20 are known in Mozambique, where they grow
under different ecological conditions (Mackinder et al., 2001;
Odorico et al., 2022). In this region, local populations use pulses,
particularly of Vigna, for human consumption due to their great
protein and iron content, medicinal properties, and as a cheaper
mean to enrich the soil with nitrogen (N) (Charrua et al., 2021b).
This latter factor is particularly important given that the main
factor limiting yield production in this region at present is the
lack of N, as a result of the poor agricultural practices as slash-
and-burn methods used in tropical and sub-tropical conditions
(Simon et al., 2007; Catarino et al., 2021b). The conservation
of Vigna CWRs in situ is thus particularly important, but
effective conservation of these bioresources requires a detailed
knowledge of the species diversity, distribution, and threats,
which is lacking in many SSA countries such as Mozambique
(Darbyshire et al., 2019).

In this study, we established a comprehensive dataset
containing information on the diversity of native Vigna CWRs
in Mozambique, as well as georeferenced occurrence records
for each taxon. Overall, we aim to provide an updated
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understanding of the diversity of Vigna CWRs, to contribute
new data to support their conservation and sustainable use
in Mozambique. Specifically, we intend to: (i) characterize
the diversity of the Vigna CWRs occurring in Mozambique,
focusing on their taxonomy, distribution, and main uses; (ii)
identify the Vigna CWRs taxa prioritary for future conservation
measures; and (iii) identify the Vigna CWRs centers of diversity
in Mozambique and gaps in in situ and ex situ conservation.
Finally, some guidelines to define a conservation strategy for the
sustainable use of Vigna CWRs in Mozambique are proposed.

2. Materials and methods

2.1. Study area

Mozambique is located in the south-eastern sector of the
African continent with an area of 801,509 km2, bordering
Tanzania to the north, the Indian Ocean to the east, Zambia to
the northwest, Malawi, and Zimbabwe to the west, and Eswatini
and South Africa to the southwest. Its territory is divided into 10
provinces, of which Maputo City, located in the extreme south,
encompasses the country’s capital. About 70% of the country
is covered by forests or woody vegetation and 26% is included
within the network of terrestrial Protected Areas (Ministry for
the Coordination of Environmental Affairs, 2014).

Mozambique has a tropical climate in general, with a
subtropical climate in the southernmost region. In general, the
country has two well-defined seasons: a cold and dry season
(from April to October) and a warm and wet season (from
October to April) (Barbosa et al., 2001). Due to its great extent,
the average annual temperature is differentiated as follows: the
northern region with 25.5◦C in the coastal region and 18.0◦C in
the higher regions; followed by the central region with 25.0◦C in
the coastal region and 20.0◦C in the higher interior regions, and
finally the southern region with 23.0◦C in the coastal region and
25.0◦C in the interior region. The average annual rainfall reaches
1,030 mm, ranging from 300 mm/year in the southern region
(e.g., lower in Gaza inland toward the border with South Africa
and higher along the Maputo coast) to 1,400 mm/year in the
Zambezi basin (Uamusse et al., 2017).

The country is considered an important area for plant
biodiversity, with high species richness (i.e., about 6,157 native
and naturalized plant taxa; Hyde et al., 2022a) and a high level
of endemism (Darbyshire et al., 2019), resulting from a great
diversity of ecosystems, from dry coastal forests to lowland and
montane moist forests, savannas, and mangroves, comprising
13 main ecoregions (Burgess et al., 2004) in which seven
plant communities are defined, namely: miombo, mopane,
and undifferentiated woodland, Afromontane, halophytic and
swamp vegetation, and coastal area (Bandeira et al., 1996).

The geographic distribution of plant richness in
Mozambique has been demonstrated in several studies
(e.g., Darbyshire et al., 2019; Odorico et al., 2022), which

report the following centers of plant endemism: Chimanimani-
Nyanga (including the highlands of Manica and Sofala),
Mulanje-Namuli-Ribáuè (including the highlands of Nampula
and Zambezia), Maputaland [subdivided in three subcentres:
Maputaland sensu stricto (including Maputo and Gaza),
Lebombo Mountains (in Maputo province only), and
Inhambane Center (including Gaza and Inhambane)], and
Rovuma (including the coastal area of Cabo Delgado, Nampula,
and Zambezia).

2.2. CWRs inventory and data
collection

A comprehensive dataset on the native Vigna taxa occurring
in Mozambique was collated, which includes the scientific
and (where available) common names, taxonomic section,
global and regional native distribution, International Union for
Conservation of Nature (IUCN) conservation status, and the
main uses of the species. These data were obtained by means
of a comprehensive review conducted through herbarium
collections, relevant publications on Mozambique Flora, and
online databases. Therefore, this study was made using three
main sources:

(1) Herbarium specimens of Vigna collected in Mozambique
from the Herbarium of the Instituto de Investigação
Científica Tropical, University of Lisbon (LISC) and
Herbarium of the Royal Botanic Gardens, Kew (K) were
studied in detail to collect data on the main uses, ecology,
life-form, and distribution.

(2) A thorough investigation of native Vigna from
Mozambique data described in the literature. The
following relevant publications were consulted: Singh et al.
(1997), Mackinder et al. (2001), Da Silva et al. (2004),
Maxted et al. (2004), Darbyshire et al. (2019), Singh (2020),
and Odorico et al. (2022).

(3) Relevant online databases, namely: (i) POWO–Plants of
the World Online (POWO, 2022)1 for taxonomic and
global distribution data; (ii) Flora of Mozambique (Hyde
et al., 2022a)2 for regional distribution data; PROTA–
The Plant Resources of Tropical Africa (PROTA, 2022)3

to access the main uses of Vigna species; (iii) IUCN–
Red List of Threatened Species (IUCN, 2022)4 to access
data on threats and conservation actions; (iv) Genesys
Database (Genesys, 2022)5 for ex situ conservation data; (v)
“The Crop Wild Relatives Project” (CWR Project, 2022)6

1 https://powo.science.kew.org

2 https://www.mozambiqueflora.com/

3 https://www.prota4u.org/

4 https://www.iucnredlist.org/

5 https://www.genesys-pgr.org/

6 https://www.cwrdiversity.org/
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to investigate the Vigna wild species identified as CWR
of crop species; and (vi) Global Biodiversity Information
Facility (GBIF) (GBIF, 2022a)7 to extract distribution data
from sources in addition to the herbaria listed above; and
(vii) Germplasm resources information network (GRIN
Taxonomy) (USDA, 2022) for data on gene pool, trait type
and breeding type.

The scientific names of each species were checked
and updated according to Plants of the World Online
(POWO, 2022). Moreover, subgenera and sections of Vigna into
which each species is placed follow the classification of Maxted
et al. (2004).

2.3. CWR prioritization

The conservation of CWRs is essential to guarantee the
existence of useful genetic resources to supplement the breeding
pool of cultivar species. Therefore, conservation planning is
necessary, and prioritization is one of the key steps to developing
conservation strategies. Here, based on the collated data, we
prioritized the 21 Vigna taxa native to Mozambique based on
the criteria described by Magos Brehm et al. (2010), which
were selected and adapted to the context of the present study.
Therefore, we applied the following five criteria: (i) potential
utilization for crop improvement; (ii) ethnobotanical uses; (iii)
regional distribution; (iv) global distribution; and (v) ex situ
conservation status. Each criterion was applied as follows:

(i) The potential use for crop improvement was based on the
concept of the Taxonomic Group (TG) which recognizes
the relatedness between crop species and CWRs using the
known taxonomic hierarchy. By the application of the TG
concept, in decreasing order of affinity with the cultivar,
Taxon Group 1 (TG1) includes the cultivar species and
other taxa of the same species; Taxon Group 2 (TG2)
includes taxa from the same infrageneric section of the
cultivar; Taxon Group 3 (TG3) includes taxa of the same
subgenus as the cultivar; and Taxon Group 4 (TG4)
includes taxa of the same genus as the cultivar (Maxted
et al., 2006). We used TG instead of the Gene Pool (GP)
concept given that crossbreeding and genetic diversity
information was not available for all the studied species.
The TG concept was applied based on cowpea (Vigna
unguiculata subsp. unguiculata) due to its importance in
Mozambique as it constitutes the most important crop in
the country. The potential use for crop improvement was
then scored as: TG1 (score 4); TG2 (score 3); TG3 (score
2); TG4 (score 1).

7 https://www.gbif.org/

(ii) The ethnobotanical value was based on the main
traditional uses of Vigna CWRs, with food use as the main
focus. Following the criteria defined by Catarino et al.
(2021a), we categorized and scored the ethnobotanical
value as: used as food (score 4); two or more uses, excluding
food (score 3); one use, excluding food (score 2); no
recorded uses (score 1).

(iii) The regional distribution was based on the distribution
of Vigna CWRs, through the 10 Mozambique provinces.
Therefore, we categorized and scored as: one or two
provinces (score 4); three, four, or five provinces (score
3); six, seven, or eight provinces (score 2); nine or ten
provinces (score 1).

(iv) The global distribution was categorized and scored as:
restricted to the neighborhood countries of Mozambique
(i.e., Malawi, South Africa, Eswatini, Tanzania, and
Zimbabwe) (score 4); restricted to Zambezian Region
(score 3); confined to the African continent (score 2); also
present outside Africa (score 1). Note that there are no
endemic taxa of Vigna in Mozambique (Darbyshire et al.,
2019).

(v) The ex situ conservation status considers the number
of accessions available in worldwide germplasm banks.
Therefore, we categorized and scored this criterion as: zero
accessions (score 4); one to four accessions (score 3); five
to nine accessions (score 2); more than ten accessions
(score 1).

For each Vigna CWR taxon, the scores assigned to each
criterion were accumulated, with the total score varying from
5 to 20. Considering the obtained scores, prioritization for
conservation was established as follows: high priority (scores
between 16 and 20); medium priority (scores between 11 and
15); and low priority (scores between 5 and 10).

2.4. Hotspot diversity and conservation
analysis

The geographic distribution of Vigna species native to
Mozambique was obtained based on occurrence data extracted
from the GBIF databases (GBIF, 2022b), in total 1,014 records.
Duplicate records (i.e., records with the same collector and
collection number) were excluded and the location of all
records was confirmed using Google Earth Pro 7.3.4.8573
(Serea, 2018). The occurrence database was supplemented with
data from herbarium specimens, as noted above. The location
data obtained through the labels of the herbarium specimens
were georeferenced according to the criteria established by
Chapman and Wieczorek (2006). The final database contained
295 occurrence records belonging to 21 taxa, which served as the
basis for distribution studies and hotspot identification. Species
richness maps were constructed in QGIS v.3.4.4 software (QGIS

Frontiers in Ecology and Evolution 04 frontiersin.org

89

https://doi.org/10.3389/fevo.2022.1057785
https://www.gbif.org/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1057785 January 4, 2023 Time: 11:27 # 5

Brilhante et al. 10.3389/fevo.2022.1057785

Development Team, 2022) to detect the areas of high diversity
of Vigna CWRs in Mozambique (i.e., diversity hotspots). To
identify the gaps in the in situ conservation of Vigna CWRs, the
areas with high conservation interest were identified based on
local species distribution by overlaying the species distribution
map with the Protected Areas Network and Important Plant
Areas of (IPAs) Mozambique. The geographic boundaries of
Mozambique’s Protected Areas were obtained as GIS shapefiles
from Protected Planet: The World Database on Protected
Areas (WDPA) and World Database on Other Effective Area-
based Conservation Measures (WD-OECM) (UNEP-WCMC
and IUCN, 2022). Mozambique’s network of Important Plant
Areas (hereafter, IPAs) was obtained from Darbyshire et al.
(in press).

We produced two maps forecasting the differences between
future conditions and the baseline values to analyze the
predicted changes in temperature and precipitation in Vigna
occurrence areas. Baseline data (1970–2000) were retrieved from
the WorldClim database (WorldClim, 2020a). Future mean
annual temperature (Bio1) and mean annual precipitation
(Bio12) for 2061–2080 were obtained from the Coupled
Model Intercomparison Project 6 (CMIP6) (Eyring et al.,
2016), also available at the WorldClim website (WorldClim,
2020b). The predicted values of future annual temperature and
precipitation were obtained as the mean values of the 21 climate
models available for the years 2061–2080 (namely, ACCESS-
ESM1-5, BCC-CSM2-MR, CanESM5, CanESM5-CanOE,
CMCC-ESM2, CNRM-CM6-1, CNRM-CM6-1-HR, CNRM-
ESM2-1, EC-Earth3-Veg, EC-Earth3-Veg-LR, GFDL-ESM4,
GISS-E2-1-G, INM-CM4-8, INM-CM5-0, IPSL-CM6a-LR,
MIROC6, MIROC-ES2L, MPI-ESM1-2-HR, MPI-ESM1-2-LR,
MRI-ESM2-0, and UKESM1-0-LL). The data were selected
from the Shared Socio-economic Pathway 3-70 (SSP 3-7.0)
since this scenario is in the middle of the range [more details
in Hausfather (2019)]. The amplitude of the changes was
obtained by subtracting the value of baseline temperature and
precipitation from future values using QGIS v.3.4.4 software
(QGIS Development Team, 2022).

Regarding the ex situ conservation, the total number of
Vigna CWRs accessions collected in Mozambique were accessed
through the Genesys Database (Genesys, 2022). Thus, the
representativeness of Mozambique’s Vigna genetic resources in
worldwide Genebanks was assessed.

3. Results

3.1. Diversity of Vigna CWRs in
Mozambique

Our results revealed the occurrence of 21 Vigna native
taxa in Mozambique, including 13 species, six subspecies,
and two varieties (Table 1). Among the 21 taxa, most are

perennial climbing herbs (eleven taxa), followed by perennial
non-climbing herbs (nine taxa) and only one annual non-
climbing herb, V. reticulata.

Most taxa of Vigna occurring in Mozambique (ca. 80%) are
confined to the African continent; the exceptions are V. luteola,
V. marina, V. vexillata var. angustifolia, and V. vexillata var.
vexillata, which have wider distributions outside Africa.

The information gathered from the IUCN Red List indicated
that 62% of those taxa were already evaluated according to the
IUCN criteria and categories, with 13 of them classified as of
Least Concern; eight taxa remain unevaluated (Table 1).

Regarding the infrageneric taxonomic classification
of Vigna, three subgenera (Haydonia, Plectotropis, and
Vigna) and seven sections (Catiang, Comosae, Haydonia,
Liebrechtsia, Plectotropis, Reticulatae, and Vigna) are recorded
in Mozambique (Figure 1; Table 1). The most diverse subgenus
is Vigna, with 18 taxa, followed by Plectotropis with two taxa and
Haydonia with one. The most diverse section is Catiang, which
includes the six V. unguiculata subspecies and V. schlechteri,
whilst section Vigna contains four taxa, Reticulatae and
Plectotropis three taxa, and Liebrechtsia two taxa. Sections
with only one taxon are Comosae (V. comosa) and Haydonia
(V. juncea).

Through the study of infrageneric categories, it was possible
to apply the concept of taxonomic group, which allows to know
the proximity between the CWRs taxa and the cultivar.

The results (Figure 1; Table 1) showed that TG1 is
composed of six subspecies of V. unguiculata; TG2 is
represented by only one species, V. schlechteri; TG3 includes
11 taxa belonging to the same subgenus; and TG4 gathers the
remaining three taxa.

Of the 21 taxa, 11 (52%) are used by local human
populations (Table 1), each one for various purposes. All the
11 taxa are used as forage, eight as medicines, seven as food,
six as fiber, six as ornamental, and three as auxiliary (i.e.,
cover crop and soil improver with nitrogen). Vigna vexillata
var. vexillata is the taxon with most uses (auxiliary, fiber, food,
forage, and medicine). Moreover, except for V. unguiculata
subsp. dekindtiana, with no recorded uses, the remaining five
subspecies of V. unguiculata also share five uses (fiber, food,
forage, ornamental, and medicine); V. frutescens and V. luteola
have three uses, and V. marina and V. reticulata two uses; Vigna
oblongifolia has only one recognized use (forage).

3.2. Priority taxa and in situ
conservation gap analysis

Based on prioritization criteria (Table 1), our results
revealed that, from the 21 studied taxa, five (24%) are of high
priority, 14 (67%) of medium priority, and two (9%) of low
priority (Figure 2).
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TABLE 1 Scientific name, life form, regional and global native distribution, International Union for Conservation of Nature (IUCN) conservation status, main uses, cowpea taxonomic groups, scoring of
the prioritization criteria and conservation priority level of native Vigna from Mozambique.

Taxon Life form Native
range

IUCN1 Main
uses

Taxonomic
group

(cowpea)

Prioritization criteria Total Prioritization

Potential
utilization
for crop

Ethnobotanical
value

Regional
distribution

Global
distribution

Germplasm
bank

accessions

Score Level

Vigna
antunesii
Harms

Perennial
non-climbing
herb

Tanzania to S.
Tropical Africa

LC TG3 2 1 4 3 4 14 Medium

Vigna
comosa
Baker

Perennial
non-climbing
herb

Tropical Africa LC TG3 2 1 3 2 4 12 Medium

Vigna
frutescens A.
Rich.

Perennial
climbing herb

Tropical and S.
Africa

LC Food,
Forage,

Ornamental

TG3 2 4 3 2 2 13 Medium

Vigna
gazensis
Baker f.

Perennial
climbing herb

S. Tropical
Africa,
Madagascar

LC TG3 2 1 3 3 4 13 Medium

Vigna juncea
Milne-Redh.

Perennial
non-climbing
herb

Tanzania to S.
Tropical Africa

LC TG4 1 1 4 3 4 13 Medium

Vigna kirkii
(Baker f.) J.
B. Gillett

Perennial
non-climbing
herb

Tropical Africa LC TG4 1 1 4 2 4 12 Medium

Vigna
luteola
(Jacq.)
Benth.

Perennial
climbing herb

Tropics and
Subtropics

LC Auxiliary2 ,
Forage,

Medicinal

TG3 2 3 2 1 4 12 Medium

Vigna
marina
(Burm.)
Merr.

Perennial
non-climbing
herb

Tropical and
Subtropical Old
World to
Pacific

LC Auxiliary2 ,
Forage

TG3 2 3 3 1 3 12 Medium

Vigna
oblongifolia
A. Rich.

Perennial
climbing herb

Tropical and S.
Africa,
Madagascar

LC Forage TG3 2 2 4 2 4 14 Medium
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TABLE 1 (Continued)

Taxon Life form Native
range

IUCN1 Main
uses

Taxonomic
group

(cowpea)

Prioritization criteria Total Prioritization

Potential
utilization
for crop

Ethnobotanical
value

Regional
distribution

Global
distribution

Germplasm
bank

accessions

Score Level

Vigna
platyloba
Hiern

Perennial
non-climbing
herb

Tanzania to S.
Tropical Africa

LC TG3 2 1 4 3 4 14 Medium

Vigna
pygmaea R.
E. Fr.

Perennial
non-climbing
herb

Cameroon to
Tanzania and
Botswana

LC TG3 2 1 4 3 4 14 Medium

Vigna
reticulata
Hook.f.

Annual
non-climbing
herb

Tropical Africa,
Madagascar

LC Forage,
Medicinal

TG3 2 3 3 2 4 14 Medium

Vigna
schlechteri
Harms

Perennial
non-climbing
herb

S. Tropical
Africa to
KwaZulu-Natal

LC TG2 3 1 4 4 4 16 High

Vigna
unguiculata
(L.) Walp.
subsp.
dekindtiana
(Harms)
Verdc.

Perennial
climbing herb

Tropical and S.
Africa

NE TG1 4 1 2 2 3 12 Medium

Vigna
unguiculata
(L.) Walp.
subsp.
pawekiae
Pasquet

Perennial
climbing herb

Kenya to S.
Tropical Africa

NE Fiber, Food,
Forage,

Ornamental,
Medicinal

TG1 4 4 4 2 4 18 High

Vigna
unguiculata
(L.) Walp.
subsp.
pubescens
(R. Wilczek)
Pasquet

Perennial
climbing herb

South Sudan to
Mozambique

NE Fiber, Food,
Forage,

Ornamental,
Medicinal

TG1 4 4 3 4 4 19 High
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TABLE 1 (Continued)

Taxon Life form Native
range

IUCN1 Main
uses

Taxonomic
group

(cowpea)

Prioritization criteria Total Prioritization

Potential
utilization
for crop

Ethnobotanical
value

Regional
distribution

Global
distribution

Germplasm
bank

accessions

Score Level

Vigna
unguiculata
(L.) Walp.
subsp.
stenophylla
(Harv.)
Maréchal,
Mascherpa
and Stainier

Perennial
climbing herb

S. Tropical and
S. Africa

NE Fiber, Food,
Forage,

Ornamental,
Medicinal

TG1 4 4 4 2 3 17 High

Vigna
unguiculata
(L.) Walp.
subsp. tenuis
(E. Mey.)
Maréchal,
Mascherpa
and Stainier

Perennial
non-climbing
herb

S. Tropical
Africa to
KwaZulu-Natal

NE Fiber, Food,
Forage,

Ornamental,
Medicinal

TG1 4 4 3 3 2 16 High

Vigna
unguiculata
(L.) Walp.
subsp.
unguiculata

Perennial
climbing herb

Cape Verde,
Tropical and S.
Africa

NE Fiber, Food,
Forage,

Ornamental,
Medicinal

TG1 4 4 2 1 3 14 Medium

Vigna
vexillata (L.)
A. Rich. var.
angustifolia
(Schumach.
and Thonn.)
Baker

Perennial
climbing herb

Tropical and
Subtropical Old
World

NE TG4 1 1 3 1 3 9 Low

Vigna
vexillata (L.)
A. Rich. var.
vexillata

Perennial
climbing herb

Tropics and
Subtropics

NE Auxiliary2 ,
Fiber, Food,

Forage,
Medicinal

TG4 1 4 2 1 2 10 Low

1IUCN conservation status: CR, critically endangered; EN, endangered; VU, vulnerable; NT, near threatened; LC, least concern; DD, data deficient; NE, not evaluated.
2Auxiliary use: Cover crop and soil improver with nitrogen.
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FIGURE 1

Infrageneric classification of Vigna taxa native to Mozambique standing out subgenus, sections, and taxonomic groups of each taxon.

FIGURE 2

Prioritization scores per Vigna native crop wild relatives (CWRs) to Mozambique, grouped by prioritization level (high, in orange; medium, in
yellow; low, in blue). Taxa are listed by decreasing priority score.
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Those classified as highly prioritary for conservation are:
V. unguiculata subsp. pubescens, V. unguiculata subsp. pawekiae,
V. unguiculata subsp. stenophylla, V. schlechteri, V. unguiculata
subsp. tenuis, that is, four of the six subspecies of V. unguiculata.
Of these, only V. schlechteri, has been evaluated according to
the IUCN Red List criteria. Among the 14 taxa considered as
of medium priority for conservation, 12 are classified as LC by
IUCN, while two remain unevaluated (V. unguiculata subsp.
dekindtiana and V. unguiculata subsp. unguiculata). Only two
taxa are considered of low priority for conservation, V. vexillata
var. vexillata and V. vexillata var. angustifolia, neither of which
evaluated for the IUCN Red List. However, they are likely to be
of Least Concern since they have a wide distribution, and are not
exclusive to the African continent, unlike the other taxa.

The distribution of the genus Vigna in Mozambique was
studied based on 295 occurrences corresponding to 21 taxa.
A species richness map was constructed and the areas of high
diversity in Vigna CWR in Mozambique were identified (i.e.,
diversity hotspots of the genus). Based on 25 km circular buffers,
the number of taxa ranged from 1 to 7, as shown in Figure 3.
The diversity hotspots of Vigna genus are in the provinces of
Manica, Maputo, Sofala, and Tete. The map (Figure 3) shows six
main centers of diversity, namely the Chimanimani Mountains
in Manica, and Namaacha in Maputo, with seven taxa each;
and Vila Coutinho in Tete, Mount Gorongosa, and Plateau in
Sofala, and Manhiça and Inhaca Island in Maputo, all with six
taxa. Therefore, the greatest diversity is found in the central and
western areas of the country.

The maps of predicted changes in temperature (Figure 4A)
and precipitation (Figure 4B) for 2061–2080 anticipate the
high pressure imposed by climatic changes on Mozambique’s
biodiversity. The mean annual temperature will significantly
increase, with expected changes ranging from 4.5◦C to 6◦C. The
highest increase is predicted to occur in the western provinces,
where the only population of V. schlechteri is found, a species
of high priority level. Vigna antunesii and V. juncea, both
of medium priority level, also occur only in this area. Two
important diversity hotspots, namely Vila Coutinho in Tete,
and the Chimanimani Mountains in Manica, are located in
areas with a predicted increase of more than 5.5◦C. The lowest
increase in mean temperature is expected to occur near the
coast.

Changes in precipitation are predicted to increase the
annual mean in the north of the country and to decrease it
in the central and southeast regions. The important hotspot of
Chimanimani Mountains in Manica is among the most affected
areas by such a decrease; this region includes all the records
of V. unguiculata subsp. pawekiae, a taxon of high priority
level. A similar decrease is predicted for the eastern region of
Inhambane and Bazaruto Archipelago National Park, affecting
many species distributed near the coast.

Approximately 9% of the occurrences of Vigna are within
the boundaries of Protected Areas, including 10 (48%) of the

21 studied taxa. On the other hand, 32% of the occurrences
are found in IPAs, comprising 12 (57%) of the 21 studied
taxa (Figure 5; Table 2). The Gorongosa National Park
(including Mount Gorongosa, a portion of the Rift Valley
and the southern portion of the Cheringoma Plateau) in
the province of Sofala hosts the highest number of taxa
(V. gazensis, V. luteola, V. schlechteri, V. unguiculata subsp.
dekindtiana, V. unguiculata subsp. pubescens, V. unguiculata
subsp. stenophylla, V. vexillata var. vexillata, and V. vexillata
var. angustifolia). The Chimanimani National Park (Manica
province) includes two taxa (V. gazensis and V. vexillata
var. angustifolia); the Bazaruto National Park (Inhambane
province) includes two taxa (V. marina and V. unguiculata
subsp. tenuis); and the Marromeu National Reserve (Sofala
province) includes one single taxon (V. unguiculata subsp.
tenuis).

Our results show that all the five taxa categorized
as highly prioritary for conservation were found in
IPAs, and four of them (V. schlechteri, V. unguiculata
subsp. pubescens, V. unguiculata subsp. stenophylla, and
V. unguiculata subsp. tenuis) were also found in Protected
Areas (Supplementary Figure 1). Of the 14 taxa categorized
as of medium priority for conservation, only four were in
Protected Areas (V. gazensis, V. luteola, V. marina, and
V. unguiculata subsp. dekindtiana); these, together with

FIGURE 3

Vigna taxa richness in Mozambique (including subspecies),
based on occurrence records by applying a circular buffer of
25 km around each occurrence point.
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FIGURE 4

Occurrence of Vigna taxa in Mozambique with details of predicted changes in temperature (A) and precipitation (B) for 2061–2080, obtained
with the shared socio-economic pathway 3-70 (SSP 3-7.0).

V. unguiculata subsp. unguiculata, were also found in IPAs
(Supplementary Figure 2). The taxa of low priority for
conservation (V. vexillata var. angustifolia and V. vexillata var.
vexillata) were found in different Protected Areas and IPAs
(Supplementary Figure 3).

3.3. Ex situ conservation

The data on the accessions available worldwide revealed that
only 30 accessions of native Vigna collected in Mozambique
are preserved in germplasm banks (Table 3). Of the 21
studied taxa, only eight (38%) had at least one accession
preserved, being represented by fewer than ten accessions
each. The taxa V. unguiculata subsp. tenuis and V. vexillata
var. vexillata had the highest number of accessions (eight
and seven, respectively), followed by V. frutescens with
five accessions, V. unguiculata subsp. unguiculata with four
accessions, V. marina and V. unguiculata subsp. dekindtiana
with two accessions, and V. unguiculata subsp. stenophylla and
V. vexillata var. angustifolia with one accession each.

Most of the 30 accessions are stored at the International
Institute of Tropical Agriculture in Nigeria (33%), the rest
being at Meise Botanic Garden in Belgium (23%), Centro
Internacional de Agricultura Tropical in Colombia (17%),
Australian Grains Genebank in Australia (17%), Australian
Pasture Genebank in Australia (7%), and International
Livestock Research Institute in Ethiopia (3%) (Supplementary
Table 1). Notably, Mozambique national germplasm banks lack
registered native Vigna accessions.

4. Discussion

4.1. Diversity of Vigna CWRs in
Mozambique

The present study analyzed and detailed for the first time
the diversity of the genus Vigna in Mozambique, showing that
21 native Vigna taxa occur in this country, with no endemic
taxa being recorded. Hyde et al. (2022a) had only referred 19
Vigna taxa recorded for Mozambique, but the present study
adds V. oblongifolia and V. unguiculata subsp. dekindtiana
to the list, which is consistent with the new checklist of the
plants of Mozambique (Odorico et al., 2022) and Maxted
et al. (2004), respectively. In comparison to other surrounding
African countries, where the occurrence of Vigna is recorded,
Mozambique is surpassed by Tanzania (POWO, 2022), Zambia
(Bingham et al., 2022), Angola (Catarino et al., 2021a), and
Malawi (Hyde et al., 2022b) that have 44, 30, 28, and 24 taxa,
respectively. On the other hand, with lower Vigna taxa richness,
only Zimbabwe (Hyde et al., 2022c) and Botswana (Hyde et al.,
2022d) have 19 and nine taxa, respectively.

The provinces with more taxa are Maputo, Manica,
Zambezia, and Sofala, with more than 2,000 taxa recorded
from different families. Except for Zambezia, these provinces
are also among those with the highest number of occurrences
of native Vigna taxa in Mozambique, unevenly distributed
across the country. Specifically, the Chimanimani Mountains
(Manica), Mount Gorongosa and Plateau (Sofala), Inhaca island
(Maputo), Manhiça (Maputo), Namaacha (Maputo), and Vila
Coutinho (Tete) are the centers of diversity for the Vigna
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FIGURE 5

Occurrence of Vigna taxa in Mozambique with details of (A) Protected Areas of total conservation and (B) Important Plant Areas (IPAs). Green
lines indicate the IPAs. Red lines indicate the Protected Areas and those with Vigna taxa are highlighted by the respective acronyms [BZ,
Bazaruto National Park; CH, Chimanimani National Park; GZ, Gorongosa National (including Mount Gorongosa, a portion of the Rift Valley and
the southern portion of the Cheringoma Plateau); MU, Marromeu National Reserve]. Only Protected Areas of total conservation were included,
according to Mozambique’s legislation (Diário da República de Moçambique, law no. 205/2017, p.404).

TABLE 2 Occurrence of Vigna taxa within Protected Areas and Important Plant Areas (IPAs) of Mozambique.

Acronym Designation Taxa

BZ Bazaruto Archipelago
National Park

Vigna marina; Vigna unguiculata subsp. dekindtiana, Vigna unguiculata subsp. tenuis

CH Chimanimani National Park Vigna gazensis, Vigna vexillata var. angustifolia

GZ Gorongosa National Park Vigna gazensis, Vigna luteola, Vigna schlechteri, Vigna unguiculata subsp. dekindtiana; Vigna unguiculata subsp.
pubescens, Vigna unguiculata subsp. stenophylla, Vigna vexillata var. vexillata, Vigna vexillata var. angustifolia

MU Marromeu National Reserve Vigna unguiculata subsp. tenuis

IPAs Important Plant Areas Vigna gazensis, Vigna luteola, Vigna marina, Vigna schlechteri, Vigna unguiculata subsp. dekindtiana, Vigna
unguiculata subsp. pawekiae, Vigna unguiculata subsp. pubescens, Vigna unguiculata subsp. stenophylla, Vigna
unguiculata subsp. tenuis, Vigna unguiculata subsp. unguiculata, Vigna vexillata var. angustifolia, Vigna
vexillata var. vexillata

genus in Mozambique. In this sense, Gorongosa National Park
(including Mount Gorongosa, a portion of the Rift Valley
and the southern portion of the Cheringoma Plateau) and
Chimanimani Mountains were identified as two of the main
centers of diversity for Mozambique flora (e.g., Darbyshire et al.,
2019; Odorico et al., 2022). Gorongosa National Park, crossed by
the Urema rift, is a site of unique characteristics. The climatic,
geological, topographic, and edaphic framework promotes
an enormous diversity of different plant communities, with
woodlands and grasslands standing out as the main ecosystems
(Coates-Palgrave et al., 2007). The Chimanimani Mountains are
located on the border between Mozambique and Zimbabwe, on
the Great Escarpment of Africa (Clark et al., 2017). These are
part of the Eastern Afromontane biodiversity hotspot of Critical
Ecosystem Partnership Fund (CEPF; Timberlake et al., 2016)
and are also considered a subcenter of endemism associated with

the larger Chimanimani-Nyanga Center (Van Wyk and Smith,
2001). In addition, it is where the highest number of endemics
in any one site in southern tropical Africa is found (e.g., Wursten
et al., 2017), being considered an IPA (Darbyshire et al., 2019).
The topography and local geology determine the presence of a
high number of plant species, most of which restricted to soils
derived from quartzite sandstones that are very poor in nutrients
(e.g., deficient in phosphorus) (Wursten et al., 2017; Cheek et al.,
2018).

It should be noted that the patterns of distribution and
species richness maps presented in this study may be spatially
biased due to uneven botanical collection effort, as shown by
several studies (e.g., Romeiras et al., 2014). A high floristic
diversity is recognized in Mozambique; however, although a
lot more studies have been carried out since 2014, there are
still significant gaps of knowledge about Mozambique’s flora
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TABLE 3 Available accessions in worldwide germplasm banks of
Vigna Crop Wild Relative (CWR) native in Mozambique, assessed
through the Genesys Database (Genesys, 2022).

Taxa Number of
accessions

Vigna frutescens 5

Vigna marina 2

Vigna unguiculata subsp. dekindtiana 2

Vigna unguiculata subsp. stenophylla 1

Vigna unguiculata subsp. tenuis 8

Vigna unguiculata subsp. unguiculata 4

Vigna vexillata var. angustifolia 1

Vigna vexillata var. vexillata 7

(especially concerning the geographic coverage), but Flora
Zambesiaca is now over 90% complete, and the recent work
on IPAs (Darbyshire et al., 2019) and associated expansion of
the Red List (IUCN, 2022) have resulted in major advances in
the current knowledge. Historically, the botanical expedition
to Mozambique that allowed the first major advance in
the knowledge of local flora took place between 1942 and
1948, when 7,600 herbarium specimens were collected and
several plant species were described (Conde et al., 2014).
Furthermore, the period from 1963 to 1973 is added to
the aforementioned dates, which was also recognized as very
important in terms of botanical missions to Mozambique and,
consequently, in increasing the country’s botanical knowledge
(Martins and Duarte, 2010). After these expeditions, due to
the instability caused by two consecutive wars (i.e., war of
independence and civil war), botanical studies in the country
only restarted from 2000 onward, resulting in the publication of
several works, namely: Da Silva et al. (2004), Harris et al. (2011),
Timberlake et al. (2011), Wursten et al. (2017), Burrows et al.
(2018), Darbyshire et al. (2019), Darbyshire et al. (2020), and
Odorico et al. (2022). Even so, more studies and field surveys,
to collect occurrence data for future studies on plant diversity
and its conservation, are needed to discover new species in
Mozambique (Darbyshire et al., 2019). Also, given that the
boundaries of most of the proposed centers of endemism are still
not fully ascertained, the contribution of botanical collection
would be crucial to completely define them. This will make it
possible to generate and improve tools for the sustainable use of
genetic resources in Mozambique, namely the Vigna CWRs.

4.2. In situ and ex situ conservation of
Vigna CWRs in Mozambique

Our results showed that 48% of the studied taxa occur in
the Protected Areas of total conservation (i.e., Vigna gazensis,
V. luteola, V. marina, V. schlechteri, V. unguiculata subsp.

dekindtiana, V. unguiculata subsp. pubescens, V. unguiculata
subsp. stenophylla, V. unguiculata subsp. tenuis, V. vexillata
var. angustifolia, and V. vexillata var. vexillata); however, this
should be regarded as preliminary information and further field
confirmation is needed. It should be noted that one of the high
conservation priority taxa, V. unguiculata subsp. pawekiae, is
not protected in situ.

The protected area with the highest number of Vigna CWRs
taxa (i.e., eight taxa) is Gorongosa Natural Park, considered an
important area of plant diversity by several previous studies,
housing more than 500 taxa (e.g., Da Silva et al., 2004; Müller
et al., 2012; Darbyshire et al., 2019). Moreover, this site holds the
highest number of Vigna taxa with conservation priority (three
of high and three of medium priority).

The IPAs of Mozambique highlight key sites for protecting
plant diversity and rare and threatened species nationally
(Darbyshire et al., 2017), and 15 of them are currently
known to support 12 taxa of Vigna CWRs, of which five
are classified as of medium priority (V. gazensis, V. luteola,
V. marina, V. unguiculata subsp. dekindtiana, V. unguiculata
subsp. unguiculata) and five as of high priority for conservation
(V. unguiculata subsp. pubescens, V. unguiculata subsp.
pawekiae, V. unguiculata subsp. stenophylla, V. schlechteri, and
V. unguiculata subsp. tenuis).

The coverage of plant diversity in Mozambique’s Protected
Areas network has some gaps. This is supported by the fact that
less than 50% of Mozambique’s IPAs network coincides with
currently Protected Areas (in terms of numbers of sites rather
than area). In this respect, IPAs contain more Vigna CWRs than
Protected Areas, despite their much smaller total area (less than
3% of Mozambique’s total land area, in contrast with 30%, in
terms of Protected Areas), as they are more targeted to plant
diversity. In this sense, and in agreement with the presented
data, it is recognized that the in situ conservation of CWRs in
Protected Areas is scarce (Maxted and Kell, 2009).

One of the diversity hotspots for Vigna CWRs, with seven
taxa, is located near Vila Coutinho (Tete province), outside
Mozambique’s network of Protected Areas and IPAs, and there
is no conservation support. Although there are few studies on
the flora of Mozambique that highlight this area as important
in terms of floristic richness, according to Odorico et al.
(2022) Tete is among the five regions with the highest species
richness for plants. Nonetheless, specifically for endemic/near-
endemic plants, it is the poorest in terms of number of taxa
(Darbyshire et al., 2019). It is also worth noting that Vila
Coutinho includes five taxa classified as of medium priority for
conservation (V. antunesii, V. frutescens, V. juncea, V. reticulata,
and V. unguiculata subsp. dekindtiana). Furthermore, our
analyses revealed that this region will be one of the most affected
by climate change in a medium to long term, namely by the
increase of mean annual temperature.

Although Mozambique’s terrestrial Protected Areas occupy
around 30% of its territory (UNEP-WCMC and IUCN,

Frontiers in Ecology and Evolution 13 frontiersin.org

98

https://doi.org/10.3389/fevo.2022.1057785
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1057785 January 4, 2023 Time: 11:27 # 14

Brilhante et al. 10.3389/fevo.2022.1057785

2022), our data indicate that they are inadequate to protect
Mozambique’s native CWRs at present. Therefore, management
plans must be applied to ensure the sustainable conservation
of CWRs in situ (Maxted et al., 2008). The establishment of
genetic reserves located in the diversity centers of the genus
Vigna, considering the different types of habitats to which they
are adapted, can be an alternative to protect and conserve the
diversity of these genetic resources (Dulloo et al., 2008).

The ex situ conservation of plant genetic resources in
Mozambique, especially CWRs, has been very limited, with
little effort to characterize, assess and preserve this genetic
heritage. The number of Vigna accessions in world germplasm
banks, whose place of origin was Mozambique, only represents
eight of the 21 (38%) taxa native to this region (Genesys,
2022). Similarly, and supporting the weak representation of
the genus in germplasm banks, Catarino et al. (2021a), found
only one accession of the 28 Vigna CWRs taxa from Angola,
preserved in a single European germplasm bank. Furthermore,
according to Castañeda-Álvarez et al. (2016), the number of
accessions preserved in germplasm banks is unrepresentative of
the diversity of CWRs that exist globally. Thus, the inherent
genetic diversity of Vigna CWRs is neglected and therefore
inaccessible to studies for future crop breeding programmes.
This is of particular concern for taxa classified as highly
prioritary for conservation. To complement the few collections
currently conserved ex situ, additional collections should be
considered a priority for underrepresented taxa and those
of high conservation concern. Moreover, as recommended in
studies such as that by Contreras-Toledo et al. (2019), all of
the 21 taxa under study should be considered priorities for
collection since they each have less than 50 preserved accessions
in germplasm banks at present. The diversity hotspots detected
for native Vigna in Mozambique can serve as targeted collection
sites to maximize the efficient collection of a high number
of taxa, providing the germplasm banks with representative
samples of the Vigna genetic diversity of Mozambique. The
Vigna diversity hotspots represent crucial areas for conservation
actions, including further seed collection and habitat protection.
Furthermore, the high priority taxa should receive a particular
attention for increased in situ protection, especially given their
close relationship with the commercial crops.

4.3. Potential use of Vigna CWRs for
crop improvement

Studies on genetic diversity and relationships between
Vigna taxa are scarce and, therefore, the Gene Pool (GP) for
some of these is unknown. Due to this fact, we applied the
concept of Taxonomic Group (TG) as a proxy for GP to
assess the potential use for the improvement of the main crop,
cowpea (V. unguiculata subsp. unguiculata) (Supplementary

Table 2). However, the use of TG has some limitations,
as stated by Catarino et al. (2021a), such as the fact that
taxonomic relationships are unclear and there is little consensus
between the various studies carried out previously for the
genus (Maxted et al., 2004; Tomooka et al., 2011; Pasquet
and Padulosi, 2013). There is an imperative need to carry out
new studies to clarify the phylogenetic relationships between
species.

In order to expand the cowpea breeding pool for tolerance
to abiotic (e.g., drought and salinity) and biotic (e.g., pest
resistance) stresses, the Vigna CWRs of GP/TG 1 and 2 represent
the most closely related taxa and, therefore, are the most likely to
be used as sources of genetic material associated with beneficial
traits for plant breeding (e.g., Maxted et al., 2006). Thus, by
studying taxa from different populations and different regions,
these CWRs are important sources to evaluate adaptive genetic
variation in situ, considering the various ecological conditions
they are adapted to (Monteiro et al., 2013).

In Mozambique, the wild Vigna taxa are ecologically
diverse, occupying various habitats, from arid to humid
areas (Mackinder et al., 2001; Supplementary Table 3). Their
growth across a range of environments makes them develop a
natural resistance/tolerance to stressful abiotic conditions and
guarantees their survival and integrity during their life cycle
(e.g., Duque et al., 2013). So, the study of their natural genetic
variability in situ would promote their role as potential donors of
candidate genes involved in adaptive responses associated with
these environments.

Previous studies on Vigna CWR revealed greater resistance
to pests and diseases than to drought and salinity. In fact,
according to van Zonneveld et al. (2020), potential resistance
to pests and diseases was reported for 16 of the 20 taxa
studied in the present work; with lower incidence only three
taxa (V. luteola, V. marina, and V. vexillata var. vexillata)
were reported as having potential of resistance to drought and
salinity. Moreover, potential resistance to aphids and pod bugs
was reported in V. unguiculata subsp. stenophylla (Timko and
Singh, 2008; Badiane et al., 2014) and, to aphids, bruchid,
cowpea mottle carmovirus, flower thrip, pod bug, pod borer,
and yellow mosaic virus, in V. vexillata (Gomathinayagam et al.,
1998; Timko and Singh, 2008; Boukar et al., 2015).

5. Conclusion

To the best of our knowledge, this is the first study focused
on crop wild relative species of Vigna in Mozambique. The
conservation gap analysis revealed that the main Vigna centers
of diversity are located outside Protected Areas and that most
of the Mozambican genetic diversity of Vigna is not represented
in ex situ conservation programmes. Furthermore, the coverage
of wild Vigna germplasm accessions from Mozambique in
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worldwide germplasm banks is insufficient. A targeted seed
collecting programme to support future management and ex
situ conservation of plant genetic resources in Mozambique
is therefore recommended. Further studies concerning the
ecological and genetic diversity of the genus should also be
carried out to assess the potential of those species for crop
improvement under a climate change scenario (e.g., drought
conditions). Overall, our data contribute to the understand
the status of Vigna CWR taxa in Mozambique, providing
new resources and knowledge for their sustainable use in
food crop enhancement as well as for measures for future
conservation programmes.
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Uganda is a major global coffee exporter and home to key indigenous (wild) coffee

resources. A comprehensive survey of Uganda’s wild coffee species was

undertaken more than 80 years ago (in 1938) and thus a contemporary

evaluation is required, which is provided here. We enumerate four indigenous

coffee species for Uganda: Coffea canephora, C. eugenioides, C. liberica (var.

dewevrei) and C. neoleroyi. Based on ground point data from various sources,

survey of natural forests, and literature reviews we summarise taxonomy,

geographical distribution, ecology, conservation, and basic climate

characteristics, for each species. Using literature review and farm survey we also

provide information on the prior and exiting uses of Uganda’s wild coffee resources

for coffee production. Three of the indigenous species (excluding C. neoleroyi)

represent useful genetic resources for coffee crop development (e.g. via breeding,

or selection), including: adaptation to a changing climate, pest and disease

resistance, improved agronomic performance, and market differentiation.

Indigenous C. canephora has already been pivotal in the establishment and

sustainability of the robusta coffee sector in Uganda and worldwide, and has

further potential for the development of this crop species. Coffea liberica var.

dewevrei (excelsa coffee) is emerging as a commercially viable coffee crop plant in

its own right, and may offer substantial potential for lowland coffee farmers, i.e. in

robusta coffee growing areas. It may also provide useful stock material for the

grafting of robusta and Arabica coffee, and possibly other species. Preliminary

conservation assessments indicate that C. liberica var. dewevrei and C. neoleroyi

are at risk of extinction at the country-level (Uganda). Adequate protection of

Uganda’s humid forests, and thus its coffee natural capital, is identified as a

conservation priority for Uganda and the coffee sector in general.

KEYWORDS

genetic resources, climate change, Uganda, excelsa coffee, conservation, robusta coffee,
coffee, Crop Wild Relative (CWR)
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Introduction

Uganda is the world’s seventh largest exporter of coffee, and

Africa’s second largest exporter, after Ethiopia. In 2019/20 Uganda

exported c. 330,540 metric tons (International Coffee Organization

(ICO), 2022) of robusta (Coffea canephora) and Arabica (C. arabica)

coffee, at an estimated ratio of around 4:1, respectively (Uganda Coffee

Development Authority (UCDA), 2017). Uganda is now the fourth

largest robusta producer in the world, after Vietnam, Brazil and

Indonesia (Uganda Coffee Development Authority (UCDA) 2017).

Coffee accounts for c. 15% of Uganda’s annual export revenue, with c.

4.2% of the population (1.7 m people) engaged in coffee farming

(Uganda Coffee Development Authority (UCDA), 2017), and c. 20% (8

m people) working in the coffee sector (Kiwuka et al., 2021). Despite its

success, the Ugandan coffee sector faces major challenges, which are set

to accelerate over the coming decades, due to climate change and other

disruptive influences. Uganda is fortunate, however, in possessing key

wild (indigenous) coffee genetic resources, which offer promise for

coffee crop development, climate-resilience potential (Kiwuka et al.,

2021) and commercial enrichment.

Wild coffee (genetic) resources, both from within the two major

crop species, C. arabica and C. canephora, and other species, have

played a vital role in sustaining coffee production (farming) and thus

the sector as whole (Davis et al., 2019). Examples include the use of wild

material for: coffee berry disease (CBD; Colletotrichum kahawae

J.M.Walter & Bridge) resistance for Ethiopian C. arabica (Yonas

et al., 2014); coffee wilt disease (CWD; Gibberella xylarioides R.

Heim & Sacca) resistance for Ugandan C. canephora (Kiwuka et al.,

2021; Mulindwa et al., 2022); coffee leaf rust (CLR; Hemileia vastatrix

Berk. & Broome) resistance, globally, for C. arabica, through crossing

with C. canephora (Clarindo et al., 2013; Avelino et al., 2015) and C.

liberica (Narasimhaswamy, 1960; Surya Prakash et al., 2002); and coffee

leaf miner (Perileucoptera coffeellaMéneville) resistance (Medina Filho

et al., 1977a; Medina Filho et al., 1977b) and drought tolerance (Grisi

et al., 2008; Melo et al., 2014; Carvalho et al., 2017) in C. arabica,

through crossing with C. racemosa (Davis et al., 2021a). It is worth

noting that wild species were used to sustain the global coffee industry

in response to the devasting influence of CLR at the end of nineteenth

century, firstly using C. liberica, from c. 1875–1900, and then C.

canephora from the early 1900s onwards (McCook, 2014; Davis

et al., 2019; McCook, 2019; Davis et al., 2022). Other coffee species

are exported on a small-scale, including: C. congensis (Congo coffee)

and particularly the hybrid ‘congusta’ (BharathaNandhini et al., 2013),

C. eugenioides (see main text),C. racemosa andC. zanguebariae (Ibo or

Zanzibar coffee) (Davis et al., 2021a). Coffea stenophylla was once

exported from Upper West Africa (Davis et al., 2020), and may have

potential as a crop plant on the basis of being able to provide an

Arabica-like flavour at much higher temperatures compared to C.

arabica (Davis et al., 2021b). Many species are used locally, across

Africa, the Indian Ocean Islands (Madagascar and the Mascarene

Islands) and Asia, as a substitute for C. arabica (Cheney, 1925; Davis

et al., 2006). There could be further potential for coffee crop plant

development (Davis et al., 2019) amongst the 130 species ofCoffea now

known to science (Davis and Rakotonasolo, 2021).

The most recent (and only) review of Ugandan wild coffee genetic

resources was undertaken by A.S. Thomas in 1938, and published six
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years afterwards (Thomas, 1944). Thomas (1944) included four

species in his review C. eugenioides, C. canephora, C. excelsa (now

known as C. liberica var. dewevrei), and C. spathicalyx, although the

last of these species has since been transferred to the genus

Calycosiphonia (C. spathicalyx) (Davis et al., 2006). Despite the

abundance of useful information in the review of Thomas (1944),

much has changed since 1938 and more data is now available. In this

contribution, we undertake a contemporary review of indigenous

coffee resources, with an emphasis on their potential for coffee sector

sustainability. We use ground point data from various sources

(herbarium specimens and occurrence databases), survey of natural

forests (2015 to 2022), and literature reviews, to summarise the

taxonomy (and common names), geographical distribution,

ecology, conservation, and basic climate characteristics, for each

species. Using literature review and farm survey (2015 to 2022), we

also provide information on the prior, existing, and potential future

uses of Uganda’s wild coffee resources for coffee production.

Our objectives were to review: (1) the eco-geography and climate

requirements of Uganda’s indigenous coffee species; (2) the extinction

risk of these species at the country level; and (3) the application of this

natural capital for the development and sustainability of the coffee sector.
Methods

Use of scientific names

Scientific names follow the accepted nomenclature for Coffea, based

on peer-reviewed taxonomic and systematic research, as summarised in

global plant name checklists (Govaerts et al., 2022). Synonyms for species

names and other taxa are not included here, but are available from other

sources (Davis et al., 2006; Govaerts et al., 2022).
Data for mapping, climate profiling and
conservation assessments

Occurrence data points derived from herbarium specimens and

field surveys (see below) were used to provide the data for the

production of distribution maps and basic climate profiling analyses

for C. canephora, C. eugenioides, C. liberica var. dewevrei and C.

neoleroyi. We consulted herbarium specimen records from seven

herbaria (BM, BR, K, MHU, P, WAG); herbarium codes follow

(Holmgren et al., 1990; Thiers, 2019). Location data were

georeferenced (if lacking coordinates), manually checked for

geolocation accuracy (1 km or less) using GoogleEarth® and

corrected if necessary. The herbarium and field surveys provided a

dataset of 583 records, comprising, 275 for C. canephora, 198 for C.

eugenioides, 109 for C. liberica var. dewevrei and 1 for C. neoleroyi.
Fieldwork and other data

Study of wild populations of C. canephora, C. liberica var. dewevrei,

and C. eugenioides, and farm study visits for C. canephora and C. liberica

var. dewevrei, were undertaken between 2015 and 2022. Location, habitat
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and ecology data were collected from forest sites, and basic agronomy

observations were made during the farm visits. Herbarium specimens

(see above) and literature were consulted for additional information

(including habitat, vegetation, uses and vernacular names). Information

on the global distribution of coffee species was taken from published

sources (Davis et al., 2006; Davis et al., 2019).
Mapping

A total of 583 data records were used to produce the distribution

maps (Figure 1) for the four species (see Data for Mapping, Climate

Profiling and Conservation Assessments). The maps were produced in

QGIS 3.16 (QGISDevelopmentTeam, 2022), using the ESRIGray (light)

basemap available through the QuickMapServices 19.11.1 version plugin

(NextGIS, 2019) and administrative area boundaries from GDAM

version 1.0 (https://gadm.org/). For mapping the protected areas, we

used the World Database on Protected Areas data, obtained via the

Protected Planet portal (https://www.protectedplanet.net/en/thematic-

areas/wdpa?tab=WDPA) [accessed November 2022].
Conservation assessments

To produce preliminary national conservation assessments, we

followed the IUCN Red List of Threatened Species criteria (IUCN

Standards and Petitions Subcommittee, 2022). Area-based

conservation metrics were generated from the mapping data set of

583 records (see above) using GeoCat (Bachman et al., 2011) GeoCAT

(kew.org) [accessed 1 September 2022] with default settings (Area of

Occurrence (AOO) cell width of 2 km).
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Climate profiling analyses

We resampled all specimen data to remove duplicates within 1

km of each other, reducing the total number of records used from 583

to 176 (85 for C. canephora, 80 for C. eugenioides, 10 for C. liberica

var. dewevrei and 1 for C. neoleroyi. To understand the fundamental

climatic requirements, the statistics package R (R Core Team, 2020)

was used to sample specimen data against 19 Bioclim variables

(Busby, 1991) from the CHELSA dataset (Karger et al., 2017). For

our overview of climatic parameters, we selected the following three

Bioclims: Bio1 Annual mean temperature, Bio12 Annual

Precipitation, and Bio15 Precipitation Seasonality. Of the 19

Bioclim variables (Busby, 1991), these three have been shown to

provide a pragmatic summary of basic climate requirements for

Coffea (Davis et al., 2021a; Davis et al., 2021b); and are included

amongst the key drivers of modelled coffee distribution (Moat et al.,

2017; Moat et al., 2019). Scatter (Figure 2) and density (Figure 3) plots

were plotted using R (R Core Team, 2020), using the ggplot2

(Wickham, 2016) and ggpubr packages (Kassambara, 2020). These

modelling methods have been shown to provide climate metrics that

are similar to those provided for coffee species in cultivation

(including farmed conditions) and in the wild, produced by direct

measurement and other means (Davis et al., 2021b). For validation

purposes, our modelled mean annual temperatures (from Bio1), total

annual precipitation (Bio12) and precipitation seasonality (Bio15),

were compared against publicly available monthly mean temperature

precipitation charts for Uganda and published data for cultivated C.

canephora (DaMatta and Ramalho, 2006; Kath et al., 2020; Venancio

et al., 2020); published data are not available for the three other

species studied here.
D

A B

C

FIGURE 1

Distribution maps for the four indigenous Coffea species of Uganda. (A) C. canephora; (B) C. eugenioides; (C) C. liberica var. dewevrei; (D) C. neoleroyi.
Protected areas based on World Database on Protected Areas (see Methods).
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Results

Survey of wild (indigenous) Ugandan
coffee species

We enumerate four indigenous (wild) coffee species for Uganda: C.

canephora, C. eugenioides, C. liberica var. dewevrei and C. neoleroyi. For

each species, this survey includes: the global distribution and global

IUCN conservation assessment; and for Uganda, the distribution,

ecology, elevation, preliminary conservation assessment, protected area
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occurrence, common names, uses (other than beverage) and

miscellaneous notes.
Key to Ugandan coffee (Coffea) species
A. Leaves deciduous and/or restricted to short branches; flowers

appearing terminal on short shoots; corolla tube much longer

than wide …………………………………….. 4. C. neoleroyi
FIGURE 2

Scatter plots of modelled annual mean temperature (CHELSA Bio1) vs. total mean annual precipitation (CHELSA Bio12) for four indigenous Ugandan Coffea
species (mean values in parentheses): C. canephora (21.8°C/1,389 mm); C. eugenioides (21.3°C/1,370 mm); C. liberica var. dewevrei (24.4°C/1,560 mm); and
C. neoleroyi (data not available).
D

A B

C

FIGURE 3

Density plots based for key climate variables and elevation (see Methods) for C. canephora, C. eugenioides, and C. liberica var. dewevrei. (A) total mean
annual precipitation (mm year) from CHELSA Bio1; (B) mean annual temperature (°C) from CHELSA Bio12; (C) precipitation seasonality from CHELSA
Bio15; (D) elevation (m). Summary statistics: (mean values in parentheses): C. canephora (21.8°C/1,389 mm/44/1187 m); C. eugenioides (21.3°C/1,370
mm/42/1261 m); and C. liberica var. dewevrei (24.4°C/1,560 mm/51/857 m). See Table 1.
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Fron
A. Leaves evergreen, distributed evenly along the side branches;

flowers distinctly axillary; corolla tube shorter or not much

longer than wide …………………………………………… B

B. Leaves 12–40 × 4.5–22 cm, with 8–17 pairs of secondary veins C

B. Leaves 3–12 × 1–7 cm, with 5–7 pairs of secondary veins 2.C. eugenioides

C. Leaves thick (rather leathery), domatia present and usually

obvious, on the secondary vein (at the base) or in the

secondary vein-midrib axil……… 3. C. liberica var. dewevrei

C. Leaves thin (paper-like to slightly leathery), domatia absent

or inconspicuous, if present in the secondary vein-midrib

axil ………………………………………….. 1. C. canephora
1. Coffea canephora Pierre ex A.Froehner, Notizbl. Bot. Gart.

Berlin-Dahlem 1: 237 (1897) Figures 4A–D, 5C.

Global distribution: west Tropical Africa (western Ghana, Guinea,

Ivory Coast, Liberia [inferred or observed; no herbarium specimen data

known], Nigeria); west-central Tropical Africa (Cabinda, Cameroon,

Congo, Central African Republic, Democratic Republic of Congo,

Gabon); north-east Angola. Tropical Africa (southern South Sudan);

east Tropical Africa (Tanzania, Uganda); south Tropical Africa

(northern Angola). The exact limit of natural distribution is difficult

to ascertain owing to introduction and naturalisation. Widely

cultivated as robusta coffee across the tropical belt of the world and

frequently as Conilon in Brazil; naturalised in Tropical Africa and other

tropical areas (not listed here).

Global IUCN conservation assessment: Least Concern (LC)

(Chadburn and Davis, 2017a).

Information for Uganda
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Distribution: Throughout Uganda but mainly in eastern and

western parts of the country. Uganda is a centre of diversity for C.

canephora (Gomez et al., 2009; Cubry et al., 2013; Merot-L'anthoene

et al., 2019; Kiwuka et al., 2021), and is the only country on the eastern

side of the Great Rift Valley that holds substantial wild populations of

this species. Figure 1A.

Ecology: An exclusively forest-dwelling species, found in the

understorey of humid, evergreen forest (rainforest), occurring with

a wide range of dominant tree species. Often occurring in the same

forests and in close proximity to C. eugenioides (Figures 1, 4A) and at

low elevations with C. liberica var. dewevrei (Figure 1).

Elevation: 655–1570 m (observed and recorded); 675–1660

m (modelled).

Preliminary country-level IUCN conservation assessment: Least

Concern (LC). The Extent of Occurrence (EOO) is 128,922 km2 (LC);

and Area of Occurrence (AOO) is 392 km2 (Endangered (EN)).

Whilst the EOO for C. canephora in Uganda is substantial, the AOO

calculation falls within the limits for EN, indicating that the

preservation of this species should not be taken for granted and

that careful monitoring is required. Over most the eastern part of its

distribution in Uganda (Figure 1A), C. canephora is now restricted to

smaller and increasingly fragmented forests; if these populations were

extirpated, the EOO would be severely reduced (c. 33,102 km2) and

the EOO-based rating increased to Near Threatened (NT).

Populations in the larger protected areas appear to be healthy, with

a high density of individuals, but encroachment, deforestation and

disturbance in some protected areas (e.g. Zoka and Itwara Central

Forest Reserves) are negatively affecting AOO, number of mature

individuals, habitat quality, and population health.
TABLE 1 Basic climate profiling and elevations for three indigenous Ugandan coffee species, based on location records for Ugandan distributions, with
comparative data from published sources.

Species

Min./max.
mean values
(data points);
and mean of
all data points

(bold)

Mean annual
temperature (°C)

Mean total annual precipitation (mm/year) Precipitation
seasonality

Elevation
(m)

CHELSA Bio1 CHELSA Bio12 CHELSA
Bio15

C. canephora

Min. 18.7 851 31 675

Max. 24.7 2144 54 1666

Mean 21.8 1389 44 1187

C. eugenioides

Min. 18.7 857 31 700

Max 24.6 2544 54 1693

Mean 21.3 1370 42 1261

C. liberica var. dewevrei

Min. 23.5 983 46 686

Max 25.2 2115 58 1118

Mean 24.4 1560 51 857

Published mean values for annual temperature and precipitation (Davis et al., 2021b); and precipitation seasonality (Davis et al., 2021a).

C. arabica 18.7 1614 58

C. canephora 23.7 1601 56

C. liberica sensu lato 23.9 1699
Mean minimum, mean maximum and mean annual temperatures (CHELSA Bio1); mean total annual rainfall (CHELSA Bio12), and precipitation seasonality (CHELSA Bio15), from the CHELSA
modelled dataset (Karger et al., 2017). Numbers in bold indicate mean of all data values. Data for C. neoleroyi not given (single datapoint only).
frontiersin.org

https://doi.org/10.3389/fpls.2022.1057317
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Davis et al. 10.3389/fpls.2022.1057317
FIGURE 5

Seeds (unroasted coffee beans) of three Ugandan coffee species, with some cultivated species for size comparison. (A) C. liberica var. dewevrei (excelsa
coffee), cultivated in central Uganda; (B) C. eugenioides, cultivated in Kampala, Uganda (1921), from RBG Kew Economic Botany Collection;
(C) C. canephora (robusta coffee), cultivated in Uganda; (D) C. arabica (Arabica coffee), cultivated in Ethiopia; (E) C. liberica var. liberica (Liberica or
Liberian coffee), cultivated in Malaysia; (F) C. canephora (robusta coffee), cultivated in India. Each sample comprises 25 seeds.
FIGURE 4

Coffea canephora (robusta coffee) and C. eugenioides. (A) Dr Robert Acidri: right hand holding C. canephora and left hand holding C. eugenioides; (B) C.
canephora, fruiting shoot (immature); (C) C. canephora, leaves; (D) C. canephora, unripe fruiting branch (immature); (E) C. eugenioides, fruiting branch
(immature); (F) C. eugenioides, larger leaved variant. (A–C), (E, F): Itwara Forest (wild), western Uganda; (D) farmed in Masaka, central Uganda.
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Main protected area occurrence: Budongo (CFR), Bugoma (CFR),

Itwara (CFR), Kagombe (CFR), Kalinzu (CFR), Kasyoha - Kitomi

(CFR), Kibale (NP), Kisangi (CFR), Mabira (CFR), Murchison Falls

(NP), Queen Elizabeth National Park (NP/BR), Rwensama (CFR),

Semuliki (NP), South Maramagambo (CFR), Tero (CFR), Zoka

(CFR). Key: Central Forest Reserve (CFR), National Park (NP),

UNESCO-MAB Biosphere Reserve (BR).

Ugandan names: From (Eggeling and Dale, 1952): Mwanyi

(Luganda, Lutoro, Kuamba, Lunyoro). From (Kalema and

Hamilton, 2020): Mwanyi (Kwamba, Rutooro), Mumwanyi

(Luganda), Omwanyi (Runyoro).

Other names: Wild robusta Coffee (Eggeling and Dale, 1952;

Kalema and Hamilton, 2020).

Uses (other than beverage): As a masticatory-stimulant (due to the

presence of caffeine), and snack, either fresh or dried. A traditional

usage is to take a small number (c. 10) of prepared fruits (unripe or

semi-ripe and dried whole, sometimes boiled in water) and package

them in dried banana leaves, for sale in local shops and at roadsides

(personal observation and Thomas (1944). Coffea canephora is used

in various traditional and ritualistic activities, as an emblem for

brotherhood and deep friendship. Even though this activity is

steadily declining, it is still used in traditional marriage ceremonies

in the Buganda culture.

2. Coffea eugenioides S.Moore, J. Bot. 45: 43 (1907) Figures 4E,

F, 5C.

Global distribution: west-central Tropical Africa (Burundi

[inferred or observed; no herbarium specimen data known],

Rwanda, eastern Democratic Republic of Congo); north-east

Tropical Africa (southern South Sudan); east Tropical Africa

(central & eastern Kenya, eastern Tanzania, Uganda).

Global IUCN conservation assessment: Least Concern (LC)

(O'Sullivan et al., 2020).

Information for Uganda
Distribution: Throughout Uganda but mainly in eastern and

western parts of the country. Uganda is a centre of diversity for C.

eugenioides (Thomas, 1944) and is the only country on the eastern

side of the Great Rift Valley that holds substantial wild populations of

this species. Figure 1B.

Ecology: An exclusively forest-dwelling species, found in the

understorey of humid, evergreen forest (rainforest), occurring with

a wide range of dominant tree species. Often occurring in the same

forests and in close proximity to C. canephora (Figures 1, 4A) and at

low elevations with C. liberica var. dewevrei (Figure 1).

Elevation: 910–1828 m (observed and recorded); 700–1693

m (modelled).

Preliminary country-level IUCN conservation assessment: Least

Concern (LC). The Extent of Occurrence (EOO) is 133,516 km2 (LC);

and Area of Occurrence (AOO) is 372 km2 (Endangered (EN). Whilst

the EOO for C. eugenioides in Uganda is substantial, the AOO

calculation returns a rating of EN, indicating that the preservation

of this species should not be taken for granted and that careful

monitoring is required. Over most the eastern part of its distribution

in Uganda (Figure 1B), C. eugenioides is now restricted to smaller and

increasingly fragmented forests; if these populations were extirpated

the EOO would be severely reduced (c. 39,117 km2) and the EOO

based rating increased to Near Threatened (NT). Populations in the
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larger protected areas appear healthy, with a high density of

individuals, but encroachment, deforestation, and disturbance in

some protected areas (e.g. Zoka Forest and Itwara Central Forest

Reserves) are negatively affecting AOO, number of mature

individuals, habitat quality and population health.

Main protected area occurrence: Budongo (CFR), Bugoma (CFR),

Bwindi Impenetrable National Park (NP/WH), Itwara (CFR),

Kagombe (CFR), Kalinzu (CFR), Kasyoha - Kitomi (CFR), Kibale

(NP), Kitubulu (CFR), Luvunya (CFR), Mabira (CFR), Malabigambo

(CFR), Mbale (CFR), Mpanga (CFR), Mukambwe (CFR), Namalala

(CFR), North Maramagambo (CFR), Nsube (CFR), Queen Elizabeth

National Park (BR/NP), Rwensama (CFR), Semuliki (NP), South

Maramagambo (CFR), Zoka (CFR). Key: Central Forest Reserve

(CFR), National Park (NP), UNESCO-MAB Biosphere Reserve

(BR), World Heritage Site (WH).

Ugandan names: From (Katende et al., 1999): Emwanji (Ateso),

Mwanji (Adhola, Luganda, Lugwe), Imwanji (Lugisu), Omwani

(Rukiga, Runyankore, Runyoro, Rutooro), Nkiga [sic] (Rutooro).

From (Kalema and Hamilton, 2020): Mumwanyi (Luganda),

Mwanyi (Ganato), Nkinga (Rutooro), Omwanyi (Runyoro).

Other names: Mukono coffee (English; (Bullock, 1930) but not

widely applied). The name ‘Nandi coffee’ is used in Kenya for C.

eugenioides, but refers to a Kenyan place name and hence a Kenyan

variant of this species.

Uses (other than beverage): From (Katende et al., 1999): the

(‘sweet and tasty’) ripe fruits are eaten as a snack, mainly by

children; eaten in moderate amounts (Batooro, Bamba, Banyankore,

Baganda); the fruits may also be boiled, dried and stored for later use

as dry snacks (Baganda); dried leaves are put on hot charcoal and the

smoke inhaled to relieve headache; the materials for the above uses are

collected from the wild and are not cultivated.

3. Coffea liberica W.Bull, Nursery Cat. (William Bull) 97:

4 (1874).

Global distribution: west Tropical Africa (Benin, southern part),

Ghana, Guinea, Ivory Coast, Liberia, eastern Sierra Leone, Nigeria);

west-central Tropical Africa (Cabinda, Cameroon, Central African

Republic, Congo, Democratic Republic of Congo, Gabon); north-east

Tropical Africa (southern South Sudan); east Tropical Africa

(Uganda); south Tropical Africa (Angola). Naturalised in Tropical

Africa and other tropical areas (not listed here).

Global IUCN conservation assessment: Least Concern (LC).

(Chadburn and Davis, 2017b).

3a. Coffea liberica var. liberica (not indigenous in Uganda).

Global distribution: west Tropical Africa (Benin, Ghana, Guinea,

Ivory Coast, Liberia, Nigeria, eastern Sierra Leone); west-central

Tropical Africa (Cabinda, Cameroon, Central African Republic,

Congo, Democratic Republic of Congo, Gabon); south Tropical

Africa (Angola). Naturalised in Tropical Africa and perhaps other

tropical areas (not listed here); widely cultivated at small scale across

the tropics.

Global IUCN conservation assessment: Not Evaluated.

3b. Coffea liberica var. dewevrei (De Wild. & T.Durand) Lebrun,

Mém. Inst. Roy. Colon. Belge, Sect. Sci. Nat. (8vo) 11(3): 168 (1941).

Global distribution: west-central Tropical Africa (eastern

Cameroon, Central African Republic, eastern Democratic Republic
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of Congo); north-east Tropical Africa (southern South Sudan); east

Tropical Africa (western Uganda).

Global IUCN conservation assessment: Not Evaluated.

Represented in Uganda by the endemic taxon C. liberica var.

dewevrei forma bwambensis (see note below).

3b(i). Coffea liberica var. dewevrei forma bwambensis Bridson,
Kew Bull. 37: 314 (1982) Figures 5A, 6.

Information for Uganda
Distribution: east Tropical Africa (western Uganda). Endemic to

Uganda. Restricted to western Uganda, adjacent to the border with

the Democratic Republic of Congo (in Semuliki Forest) and in north-

eastern Uganda, in Zoka and at Kilak (Killak) Central Forest

Reserves). Comprehensive fieldwork in Itwara Forest (during the

years 2020 and 2021) shows that this species does not occur at this

location, contrary to previous reports (Thomas, 1940b; Thomas, 1944;

Kalema and Beentje, 2012; Kalema and Hamilton, 2020). Figure 1C.

Ecology: In medium elevation, humid, evergreen forest (Zoka Forest)

and lowland semi-deciduous humid forest (Semuliki Forest), with a

diverse range of dominant tree species and various forest communities.

In Semuliki Forest, C. liberica var. dewevrei occurs mainly (c. 90%) in

swamp forest, and even in places that support truly riverine species such

as Pandanus chiliocarpus (screw pine), although it is not exclusively

confined to these habitats in Semuliki Forest, and it grows in drier (soil)

areas of this forest reserve that are not associated with water. In Zoka

Forest, this species is predominantly found in areas that are not

associated with rivers and waterlogged areas.

Elevation: 680–1200 m (observed and recorded); 686–1118

m (modelled).
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Preliminary country-level IUCN conservation assessment:

Endangered (EN). The Extent of Occurrence (EOO) is 7,716 km2

(Vulnerable (VU); and Area of Occurrence (AOO) is 64 km2

(Endangered (EN)). Whilst the EOO for C. liberica var. dewevrei in

Uganda is substantial, a large part of the EOO is without populations

of this species, and a substantial area includes Lake Albert

(Figure 1C). Populations in Semuliki Forest (National Park) have a

high density of individuals, and occur in a large proportion of the

areas of the forest that have been surveyed (i.e. the eastern part).

Encroachment and deforestation in Zoka Forest are affecting AOO,

number of mature individuals, habitat quality and population health.

Conservation management improvements are urgently required in

Zoka Forest to ensure the Ugandan northernmost populations of this

species are protected. Careful monitoring and management of this

species in situ is urgently required for Uganda.

Main protected area occurrence: Semuliki (NP), Zoka (CFR). Key:

Central Forest Reserve (FR), National Park (NP).

Ugandan names: From (Kalema and Hamilton, 2020):

Mumwanyi (Luganda). Kisansa coffee (recorded on farms in the

Luwero District).

Other names: Coffea excelsa A.Chev. (Botanical Latin; numerous

authors). Excelsa coffee (English, numerous authors, widely used);

Shari coffee [English; (Eggeling and Dale, 1952)], not widely used.

Uses (other than beverage): Not known.

Notes: The current consensus of taxonomic and systematic study

(Lebrun, 1941; Bridson, 1988; N'Diaye et al., 2005; Davis et al., 2006;

Baltazar and Buot, 2019; Panaligan et al., 2020; Panaligan et al., 2021)

is that C. liberica should be divided into two botanical varieties: C.

liberica var. liberica and C. liberica var. dewevrei. Whilst this view is
FIGURE 6

Coffea liberica var. dewevrei (excelsa coffee), cultivated in central Uganda. (A) Habit or farmed plant (tree), c. 5 m high, growing with banana; (B) Single
flower (5-merous), old flowers and flower buds; (C) Fruiting branches, with maturing fruits; (D) Fruiting branch, with tight axillary clusters; (E) Single fruit
(cherry), c. 17 × 15 mm; (F) sack of fruit (cherry) from a single tree (c. 70 kg).
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generally accepted, it is also argued that the taxonomy of C. liberica

does not fully account for the extreme morphological (Bridson, 1988;

Stoffelen, 1998) and potential molecular variation (Charr et al., 2020)

within the species, and thus requires further careful critical study. One

of the main problems is that C. liberica has been introduced and

become naturalised throughout tropical Africa, and so sampling for

systematic studies may be biased. There also seems to be confusion

around the plants identified as ‘excelsa’, a name that should only be

used to refer to var. dewevrei but has been used, incorrectly, for

variants of var. liberica (Davis et al., 2022). The botanical forma (f.)

bwambensis (i.e. C. liberica var. dewevrei f. bwambensis) has been

assigned to represent all indigenous Liberica coffee in Uganda, but the

morphological circumscription may possibly also include populations

in South Sudan (Bridson, 1988) and perhaps adjoining areas in the

Democratic Republic of Congo. Given the uncertainty, in this

contribution we refer to the Ugandan populations of Liberica coffee

as C. liberica var. dewevrei.

In 1941, C. liberica var. dewevrei was found near Kilak (Killak), to

the east of Zoka Forest, in riverine forest; fieldwork is required to

ascertain whether this species still exists at this location.

4. Coffea neoleroyi A.P.Davis, Phytotaxa 10: 43 (2010).

Global distribution: north-east Tropical Africa (south-western

Ethiopia, and south-western South Sudan); east Tropical Africa

(north-eastern Uganda).

Global IUCN conservation assessment: Endangered (EN)

(O'Sullivan et al., 2017).

Information for Uganda
Distribution: Restricted to Mt. Zulia in north-eastern

Uganda Figure 1D.

Ecology: On riverbanks, and in seasonally dry Combretum-

Terminalia savanna woodland, often amongst boulders.

Elevation: c. 1200 m.

Preliminary country-level IUCN conservation assessment:

Critically Endangered (CR) or Data Deficient (DD). The Extent of

Occurrence (EOO) cannot be calculated owing to a single data point;

Area of Occurrence (AOO) is 4 km2 (CR), based on a single grid cell

with a cell width of 2 km. Realistically, at the country-level, this would

be better placed in the DD category, given that there is only a single

collection, and the area where this species grows is isolated, and has

not been the subject of detailed botanical survey; dedicated survey

work for this species in north-eastern Uganda is urgently required.

Protected area occurrence: Zulia (FR). Key: Forest Reserve (FR).

Ugandan names: Not known.

Other names: Not known.

Uses (other than beverage): Not known.

Notes: A rare and untypical Coffea species, formerly included in

Psilanthus (Davis et al., 2011), which is characterised by its deciduous

habit, and long-tubed flowers (corolla) with very short (included)

styles (Davis et al., 2005). All other Ugandan Coffea species and most

(but by no means all) other Coffea species have evergreen leaves,

short-tubed flowers, and a long (excluded) style. Like all Coffea

species, C. neoleroyi produces a fruit that contains two seeds, and

each seed possesses the typical coffee-bean morphology. The seeds

(coffee beans) of C. neoleroyi are much smaller than C. canephora and

C. liberica, and smaller than C. eugenioides (Figure 5).
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Prior and existing uses of wild coffee
resources within the Ugandan coffee sector

Coffea canephora (robusta coffee)
The commercial use of C. canephora in Uganda dates to at least

the mid-1800s, when various observers recorded farming for local use

(as a product for chewing and consumption, rather than as a

beverage), and national cross-border trade (Thomas, 1935; Thomas,

1940a; Wrigley, 1988; Kiwuka et al., 2021). Traditional and ritualistic

uses of this species in Uganda are long-established, although the

historical time-line is unclear (Thomas, 1935; Thomas, 1940a).

Arabica coffee (C. arabica) was believed to have been introduced

into cultivation in Uganda in 1900 (Thomas, 1940c), at which time

coffee cultivation in general (including C. canephora) had started to be

promoted as a key agricultural export, gathering increased

momentum from the 1910s onwards (Thomas, 1940a).

A recent survey of the genetic diversity of C. canephora (Kiwuka

et al., 2021) using microsatellite (SSR) markers on a comprehensive

sampling of wild and cultivated accessions from Uganda, as well as

indigenous populations of this species across Africa, has provided

considerable enlightenment regarding the origin of farmed C.

canephora in Uganda. The analyses of Kiwuka et al. (2021) infer

that indigenous populations from the forests of Malabigambo,

Mabira, and Kalangala (Ssese Islands), i.e. the southern-central (SC)

genetic cluster of Kiwuka et al. (2021), as well as introduced

germplasm from other parts of Africa, represent the origin of the

farmed robusta used today in Uganda. There is thus agreement with

what is known about the early years of coffee cultivation in Uganda,

particularly with reference to the development of robusta coffee on the

Ssese Islands and surrounding areas on the mainland (Thomas,

1940a; Thomas, 1944; Wrigley, 1988). The study confirms that

plants of Congolese origin (i.e. Democratic Republic of Congo)

were introduced into Uganda as part of the effort to upscale coffee

production in Uganda, even though there were plentiful indigenous

C. canephora resources present in the forests of Uganda: the transfer

of western African C. canephora to Uganda is recorded in the

literature (Cheney, 1925; Thomas, 1935). The movement of C.

canephora from other parts of Africa, may have been direct, or

indirect, for example via Java (Thomas, 1935; Wrigley, 1988). The

probable reasons for the introduction of non-Ugandan germplasm

were that C. robusta (now a synonym of C. canephora) was then

considered a separate species to C. canephora, and that the variation

across the two species included specific positive traits and qualities

(Cheney, 1925; Thomas, 1935) and would have thus been considered

as worthy introductions. It has been suggested (Thomas, 1935) that

the Nganda type of C. canephora (which has a spreading habit) may

have originated from a forest in Uganda, whereas the Erecta type

(upright habit) was introduced from the Congo Basin. In their

analyses Kiwuka et al. (2021) these morphological types are,

however, intermixed with individuals of the SC group, of both non-

Uganda and Ugandan origin, indicating that their phenotypic

differences are not clearly distinguishable (at least, on the basis of

the 19 microsatellite (SSR) markers used), or may have no genetic

foundation. There may have been a number of man-made

introductions from a range of countries/populations within Africa,

although in some cases the genetic similarity may be signalling
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natural relationships (i.e. without human intervention) with

contiguous and perhaps non-contiguous regions across tropical

Africa (Kiwuka et al., 2021). In summary, and based on the

evidence at hand, it is inferred that most of the farmed germplasm

of Uganda originated from the southern-central forests [the SC

cluster of Kiwuka et al. (2021)], including Malabigambo, Kalangala,

Mabira, but with admixture of material from other countries, and

perhaps intermixing (via spontaneous crosses) between indigenous

and introduced genotypes; although the relative contributions of these

three factors would be difficult to assess (Kiwuka et al., 2021).

The results of Kiwuka et al. (2021) are consistent with the claim

that in the latter part of 1800s, plantation owners and smallholder

farmers in the Lake Victoria Basin region began cultivating

C. canephora using directly sourced wild coffee (Thomas, 1935;

Thomas, 1940a; Thomas, 1944), although there would have been a

considerable amount of selection for the best performing variants at

that time (Thomas, 1935). Kiwuka et al. (2021) also revealed that all of

the six elite clones (KW13, KW14, KW15, KW16, KW18 and KW19)

possessing coffee wilt disease (CWD) resistance and high yield

characteristics (Mulindwa et al., 2022), and which have provided

the mainstay of modern robusta production in Uganda, are

genetically similar to wild SC populations (Kiwuka et al., 2021). It

should also be said that a large proportion of globally cultivated

robusta originated from Uganda, including those grown by major

coffee producers, such as Vietnam and Mexico (Garavito et al., 2016).

Kiwuka et al. (2021) also show that the genetic diversity found in

Uganda’s north-western forests (Zoka, Budongo, Itwara and Kibale)

is distinct from the germplasm currently employed in Uganda’s coffee

farming sector. This is noteworthy because these populations occur in

comparatively warmer and drier climatic zones, and may have climate

resiliency attributes (Kiwuka et al., 2021), i.e. higher thresholds to

abiotic stressors, such as higher temperatures and lower soil moisture.
Coffea eugenioides

Early trials of C. eugenioides as a beverage species, in East Africa

(including Uganda), were unfavourable due to the small size of its

seeds (coffee beans) (Thomas, 1944), susceptibility to coffee leaf rust

(Bullock, 1930), poor quality, and very small yields (Thomas, 1940b;

Thomas, 1944). Early sensory assessments, were not unfavourable,

however, for example: “The liquor was described as pure and entirely

free from undesirable flavours, although the strength was not good,

probably owing to the presence of immature trees” (Thomas, 1940b);

and …“the quality of the bean is mild and agreeable”… (Thomas,

1944). Outside Uganda, and more recently, the flavour of C.

eugenioides has received praise, for example: “The exception is C.

eugenioides, which has a very fine aroma, tasting fruity and clean.”

(Fazouli et al., 2000). Trial plantings of C. eugenioides were made in

Uganda during the 1920s and 1930s (as evidenced by samples housed

at the Economic Botany Collection, RBG Kew), but no further

development of the species seems to have been undertaken there. In

south-eastern Kenya, small scale production of C. eugenioides has

been underway for several decades, as Nandi coffee, although the

current status of this crop is unclear. In Colombia, C. eugenioides is

presently grown on a small scale (i.e. on a single estate that produces

specialty (high quality) coffee), which sells at a substantial premium,
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and has been used in national and international coffee making

competitions (i.e. the World Barista Championships) on account of

its unique, complex flavour and intense natural sweetness. Coffea

eugenioides is reported to be difficult coffee to grow, and low yielding

(e.g. 150 grams per tree of un-milled coffee; https://cafeinmaculada.

com/en/blogs/varieties/variedades). Based on the renewed interest,

and high market price, preliminary trials of C. eugenioides are now

underway in Uganda.

Coffea eugenioides has been used as a breeding partner, for

imparting flavour qualities and other attributes via crosses with

other species. Spontaneous diploid (2n=22) crosses between C.

eugenioides and C. liberica have been identified (Maurin et al.,

2007) and artificial tetraploid crosses (‘Ligenioides’) have been

made (Reddy et al., 1985; Ganesh et al., 2002), and evaluated (see

below). Tetraploid (2n=44) versions of this interspecies hybrid can be

readily backcrossed with C. arabica (2n=44) and C. canephora (using

the Timor Hybrid) to produce hybrids with the potential for

commercial use (Ganesh et al., 2002). Diploid, artificial hybrids

between C. eugenioides and C. canephora have also been made,

which after chromone doubling (2n=44) crossing with C. arabica

and then backcrossing, have produced a line of high yielding hybrids

with acceptable beverage quality and high productivity (Nagai

et al., 2008).
Coffea liberica var. dewevrei (excelsa coffee)

Coffea excelsa A.Chev. (Chevalier, 1903) and C. dewevreiDeWild.

& Th. Dur. (Durand and De Wildeman, 1899) are synonyms of C.

liberica var. dewevrei (Davis et al., 2006). Coffea excelsa features

predominately in early references of this wild plant in Uganda

(Thomas, 1940b; Tothill, 1940; Thomas, 1944), and elsewhere

(Cheney, 1925; Wellman, 1961; Wrigley, 1988). Indeed, the

common name ‘excelsa’ is frequently applied to this plant, just as

Arabica and robusta are applied to C. arabica and C. canephora. It

should be noted, however, that the name ‘excelsa’ whether used as a

common name, or as a species epithet, is often incorrectly applied to

small to medium sized seed (coffee bean) variants of C. liberica var.

liberica (Davis et al., 2022), particularly those cultivated in Asia but

also parts of Africa. The common name ‘excelsa’ should be restricted

to those plants conforming to C. liberica var. dewevrei (Bridson, 1988;

Davis et al., 2022) originating from the eastern Cameroon, Central

African Republic, eastern Democratic Republic of Congo and

western Uganda.

Field trials of excelsa coffee in in Uganda, during 1915 and 1916,

indicated poor yields (Cheney, 1925; Thomas, 1940b). However, the

material used was imported from Java in 1914, and is certainly not C.

liberica var. dewevrei (excelsa) but rather C. liberica var. liberica, as

indicated by the large size of its seeds (Davis et al., 2022). In other

countries, cultivated material of C. liberica var. dewevrei (as C. excelsa)

was more thoroughly assessed and received favourable reviews. Many

identified considerable potential for excelsa as a coffee crop species

(Freeman and Chandler, 1907; Cramer, 1913; Cheney, 1925;

Chevalier, 1929; Cramer, 1957). For example [translated from

French]: “Many farmers consider it to have a great future, as it is

very resistant to diseases and insects, and it gives high yields of good

quality coffee’ (Chevalier, 1929). Some of the information pertaining
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to excelsa coffee is likely to be misplaced owing to the confusion

between var. liberica (Liberica/Liberian coffee) and var. dewevrei

(excelsa) (Davis et al., 2022), as indicated above.

Over recent decades, the timing of which is not clear but which

may date back to at least the 1980s, there has been a dramatic increase

in the number of farmers in Uganda (perhaps more than 200)

growing C. liberica var. dewevrei, either with C. canephora, or as

the dominant coffee crop (Davis et al., 2022). The shift to C. liberica

var. dewevrei has been farmer-led, and has occurred independently of

extrernal influences, other than minor interest in purchasing for

export as a differentiated coffee (Davis et al., 2022). According to

the farmers in lowland Uganda growing C. liberica var. dewevrei, this

plant has been on their farms, in low numbers, for many decades, and

was originally gathered from the forest by previous generations (Davis

et al., 2022), although this requires confirmation. Preference for

farming C. liberica var. dewevrei over C. canephora appears to be

the result of production issues with C. canephora (robusta), and

particularly the increasing occurence and severity of disease

(especially coffee wilt disease), pests (particularly stem/twig borers)

and droughts. A similar upsacling of C. liberica var. dewevrei is also

occurring in South Sudan (Davis et al., 2022). Farmers in Uganda

consistently report high yields for C. liberica var. dewevrei, which

based on yield-per-plant of fresh fruit (e.g. Figure 6F) and an outturn

(conversion) ratio (kg of fresh fruit: kg clean coffee) of 7:1, ranges

between 877 kg/ha (204 trees/ha) to 3,440 kg/ha (400 trees/ha), for

rain-fed, low input (e.g. negligible fertiliser use) farming systems

(Davis et al., 2022). As yet, there are no reports of coffee wilt disease

(Davis et al., 2022), which is a widespread and devastating disease of

C. canephora in Uganda. Improved monitoring and further research

is required to asess the level of resistance of coffee wilt disease in C.

liberica var. dewevrei, as it was first reported on this species in the

Central African Republic in 1927, and later caused widespread

damage to Liberica and robusta coffee across large areas of tropical

Africa (Gaitán et al., 2015).

Unlike C. arabica and C. canephora, C. liberica var. dewevrei

grows into a substantial, medium sized tree (Figure 6A), of around 10

m or more. In Uganda, the fruit development period of C. liberica var.

dewevrei is longer than the aforementioned crop species, and the main

harvest periods do not overlap: the harvest period for C. liberica var.

dewevrei is January to April. The fruits of C. liberica var. dewevrei are

held in tight axillary clusters (Figures 6C, D), like C. canephora and

many cultivars of C. arabica, but unlike many variants of C. liberica

var. liberica. The fruits and seeds of C. liberica var. dewevrei are

approximately the same size and dimensions (Figures 6C–E) as C.

arabica (Figure 5E). This presents a distinct advantage over the large-

fruited, thick pulped variants of C. liberica var. liberica, as processing

can be carried using standard procedures and the outturn (conversion

ratio of fresh fruit to clean coffee) is much more satisfactory (Davis

et al., 2022).

Coffea liberica var. dewevrei (excelsa coffee) produced in Uganda

and South Sudan yields a coffee that is smooth and easy-drinking,

with low to medium acidity, low bitterness, possessing a range of

positive flavour notes, and a caffeine content similar to C. arabica

(Davis et al., 2022).

In Uganda, C. liberica var. dewevrei is mostly exported as, or mixed

with, C. canephora (robusta). This is partly due to confusion over the

identity of excelsa (sometimes considered a large, thick-leaved type of
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robusta) and because of convenience. A separate market for excelsa

coffee (C. liberica var. dewevrei) does not exist in Uganda, although

there have been limited exports of this coffee to Italy in recent years, as

Kisansa coffee (https://www.fondazioneslowfood.com/en/ark-of-taste-

slow-food/kisansa-coffee/) and in 2022 to the UK (Clifton Coffee,

personal communication).

Coffea liberica var. dewevrei may also have considerable utility in

the Ugandan coffee sector as grafting stock. Coffea liberica sensu lato

is used to improve resistance to root nematodes, and increase yield

and survivability of grafted C. arabica, particularly in Hawaii (Myers

et al., 2020). In Uganda, C. liberica var. dewevrei could be used for

grafting of CWD resistant C. canephora clones. Currently, CWD

resistant C. canephora is reproduced by cuttings, which although

successful means that a tap root is not formed. Plants (scions) of C.

canephora would likely benefit from the stout tap root and extensive,

robust root system of C. liberica var. dewevrei, particularly under low

soil moisture conditions. Further research is warranted, including the

identification of the most suitable grafting stock, as undertaken for the

grafting of C. arabica onto C. liberica var. liberica stock in Hawaii

(Myers et al., 2020).

Coffea liberica var. liberica has been used in coffee crop

development, via hybridization with other beverage species. It has

contributed coffee leaf rust resistance to the widely grown Indian

cultivar C. arabica ‘S.795’, via the progenitor cultivars C. arabica

‘S.288’ and ‘S.26’ (Narasimhaswamy, 1960; Surya Prakash et al., 2002).

In Indonesia, crosses between C. liberica var. liberica and C. arabica

have provided a number of tetraploid (and octaploid) hybrids, most

notably the ‘Kalimas’ and ‘Kawisari’ hybrids, which also have a high

degree of resistance to coffee leaf rust, and in some cases high yields

and a fair market price (Cramer, 1957). Diploid hybrids between C.

canephora and C. liberica (possibly var. dewevrei) have also been

documented (Cramer, 1957; Chinnappa, 1970). As mentioned above

(for C. eugenioides), C. liberica hybridizes with C. eugenioides, to form

diploid and tetraploid hybrids. In India, these hybrids showed good

yield potential and coffee leaf rust resistance, although the need for

further development was identified (Reddy et al., 1985; Ganesh et al.,

2002). In Madagascar, tetraploid C. liberica and C. eugenioides have

been crossed, and then backcrossed with C. arabica, to produce high-

yielding hybrids with acceptable sensory characteristics, as part of the

‘Ratelo Hybrid’ programme (Jean Jacques Rakotomalala, personal

communication). Thus, in Uganda, indigenous C. liberica var.

dewevrei could offer potential as a breeding partner, for imparting

required traits to new coffee crop plants, via interspecies crosses.

Coffea neoleroyi
Several factors preclude C. neoleroyi from being a coffee crop

species, including extremely low yields (due to the production of low

numbers of fruits per tree, and small seed (coffee bean) size,

diminutive stature and spindly growth form. It is possible that a

coffee-like beverage could be made from the seeds of C. neoleroyi, but

this remains untested. Given the differences in floral morphology

between C. neoleroyi and coffee beverage crop species (Davis et al.,

2005) breeding with other coffee species would be difficult (Couturon

et al., 1998). Due to the rarity and geographical isolation of C.

neoleroyi in Uganda, and indeed in the other known locations for

this species (South Sudan and Ethiopia), this species remains

poorly known.
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Climate profiling

Our basic modelled climate data analysis for the four wild coffee

species of Uganda is summarised in Table 1. A scatter plot of annual

mean temperature (Bio1) vs. total mean annual precipitation (Bio12)

for Ugandan coffee species is given in Figure 2; C. neoleroyi is included

for illustrative purposes only (as there is only a single data point).

Density plots for Bio1, Bio12, precipitation seasonality (Bio15), and

elevation are given in Figure 3 (except for C. neoleroyi). The modelled

mean annual temperatures, annual precipitation and precipitation

seasonality for the Ugandan populations are: C. canephora (21.8°C/

1389 mm/44), C. eugenioides (21.3°C/1370 mm/42), and C. liberica

var. dewevrei (24.4°C/1560 mm/51). These data (Table 1; Figures 2, 3)

show that C. canephora, C. eugenioides and C. liberica var. dewevrei

overlap for Bio1, Bio12 and Bio15, which is not surprising given that

these species overlap in their distributions (Figure 1), especially C.

canephora and C. eugenioides. A greater density of warmer mean

annual temperature (Bio1) for C. liberica var. dewevrei (compared to

C. canephora and C. eugenioides) is evident because this species is

confined to lower elevation forests in western and northern Uganda

(Figures 1, 2). Coffea liberica var. dewevrei has a higher density of

occurrences in locations with a higher total mean annual precipitation

(Bio12), and precipitation seasonality (Bio15), as shown in Figure 3.

The higher density of lower precipitation (Bio1) and lower

precipitation seasonality (Bio15) for C. canephora and C.

eugenioides is due to the higher number of datapoints in drier

locations, compared to wetter locations, biased by the higher

number of datapoints for these species overall. For C. liberica var.

dewevrei, the density distribution for Bio12 (i.e. number of wetter

locations) is bimodal (Figure 3A) due to the disparity in rainfall for

the north-western locations (Zoka Forest and Kilak (Killak); 938–

1580 mm per year), vs. those in central-western (Semuliki National

Park; c. 2200 mm), and because the number of ground-point data

records are the same in each area (five). The values for precipitation

seasonality (Bio 15) are higher in C. liberica var. dewevrei (51),

compared to C. canephora and C. eugenioides (44 and 42), but

given the above-stated considerations (including the low number of

samples) any firm interpretations are inadvisable. The global values

(i.e. across the entire indigenous distribution) for C. canephora are

higher [56; (Davis et al., 2021b)] than for Uganda alone (44). Given

the higher precision expected with a national (Uganda only) rather

than global (across the African continent) the lower figure is likely to

be more meaningful.
Discussion

Survey of wild coffee species and
conservation priorities

There are four indigenous (wild) coffee species in Uganda: C.

canephora, C. eugenioides, C. liberica var. dewevrei and C. neoleroyi.

Coffea canephora and C. eugenioides are widespread in western

Uganda (Figures 1A, B) where suitable forest habitat exists,

although in central Uganda many populations occur in small and
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often degraded forest parcels, which require improved safeguarding.

Uganda represents important centres of diversity for C. canephora,

C. eugenioides and C. liberica var. dewevrei, and all three are priority

species for coffee crop plant development (i.e. Coffee Crop Wild

Relative (CWR) Group 1; (Davis et al., 2019). Coffea liberica var.

dewevrei is restricted to three populations in western Uganda

(Figure 1C). In Semuliki Forest (National Park) the population

appears to be quite extensive, healthy, and with a reasonably high

density individuals. The forested area covers most of the Semuliki

protected area boundary (219 km²). Conversely, in Zoka Forest the

population is under threat from encroachment and is chronically

suffering from reduced forest cover and poor forest health. The third

population, at Kilak (Killak), has not been surveyed for C. liberica var.

dewevrei since it was last recorded there (Thomas, 1944); dedicated

fieldwork in this area is required. All of the records used by Thomas

(1940b); Thomas (1942); Thomas (1944) for his surveys of indigenous

coffee species were based on, or vouchered, using herbarium

specimens, except the records used for C. liberica var. dewevrei at

Itwara, which were based on observation only. It is likely that he, or

his informants, mistakenly identified large-leaved variants of C.

canephora (which the authors have seen in Itwara) as C. liberica

var. dewevrei. It could be argued that the C. liberica var. dewevrei once

occurred in this forest and has since been extirpated due to partial

deforestation, but this seems unlikely. There are plentiful herbarium

specimens for C. canephora and C. eugenioides collected from Itwara,

and it seems likely that at least one specimen of C. liberica var.

dewevrei would have been collected, especially given the relatively

easy access to this forest. Coffea neoleroyi is only known from a single

collection (Figure 1D) in a remote area of north-eastern Uganda.

Further dedicated field survey for this species is required, to fully

understand the number and density of populations in Uganda, and

across its natural range (i.e. Uganda, Ethiopia and South Sudan).

Our preliminary country-level IUCN Red List conservation

assessments (IUCN Standards and Petitions Subcommittee, 2022) for

the four indigenous coffee species of Uganda are: C. canephora (Least

Concern), C. eugenioides (Least Concern), C. liberica var. dewevrei

(Endangered), and C. neoleroyi (Critically Endangered, or Data

Deficient). Under a Least Concern rating, individual populations

may still be at risk of extirpation, as is the case for C. canephora and

C. eugenioides. In terms of genetic resources, and their value to the

Ugandan coffee sector, this review shows that potentially useful

attributes (diseases resistance, climate resiliency, etc.) are distributed

across populations (as well as the species as a whole) and thus require

conservation. The rating of Endangered for C. liberica var. dewevrei is

of considerable concern, particularly given the level of forest clearance

and land use change at Zoka Forest. Further data is required before a

confident extinction assessment can bemade forC. neoleroyi, but this is

also undoubtedly also a species of concern.
Climate profiling

In Uganda, indigenous C. canephora, C. eugenioides and C.

liberica var. dewevrei occur (grow and reproduce) over the same

range of basic climate variables (Bio1, mean annual temperature;
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Bio12, mean annual precipitation; and Bio15, precipitation

seasonality) as summarised in Table 1 and Figures 2, 3. Coffea

liberica var. dewevrei occurs in much warmer locations (mean

annual temperature 24.4°C) than C. canephora, C. eugenioides

(21.8°C and 21.3°C, respectively) on account of it being restricted

to low elevation forests. The elevation restriction may not be due to

inability, or lack of opportunity, for this species to exist at higher

elevations, although there could be intrinsic factors in play. There is

also the possibility that the distribution and elevation range of C.

liberica var. dewevrei in Uganda may have been more extensive

historically, prior to forest clearance by humankind. The bimodality

in mean precipitation (Bio12) and higher precipitation seasonality

(Bio 15) for C. liberica var. dewevrei (compared to C. canephora and

C. eugenioides; Figure 3) may infer further climatic differences (other

than a mean temperature difference) but based on the data at hand no

firm assumptions can be made. Field observations made by us show

that C. liberica var. dewevrei is often associated with high water tables.

It occurs in swamp forest (at Semuliki National Park) and can be close

to rivers (Zoka Forest), and outside Uganda it has been often recorded

in gallery forest in native habitats (Chevalier, 1929). However, it is by

no means exclusive to these wetter habitats, as observed by us in Zoka

Forest. Published observations (Thomas, 1940b; Thomas, 1944) and

farmer feedback (from farm observation and farmer feedback during

dry spells in 2021 and 2022) indicate that C. liberica var. dewevrei is

more drought tolerant than C. canephora. Drought tolerance

assumptions and observations for C. liberica var. dewevrei (as C.

excelsa) have been made by other workers (Anon, 1890; Cheney, 1925;

Cramer, 1957). The modelling approach used here neither supports

nor refutes drought tolerance (e.g. higher precipitation seasonality),

particularly as the Bio15 values for C. canephora (precipitation

seasonality (PS) value = 44) C. liberica var. dewevrei (PS = 51) are

not that far apart (Table 1; Figure 3E). However, the values for

indigenous C. arabica (Ethiopia and South Sudan (PS = 58; (Davis

et al., 2021b); and indigenous Ugandan C. canephora (PS = 44) infer

that there are precipitation seasonality differences between these two

species. This is supported by observation of wild and farmed

populations of C. canephora, which generally occur in locations

with lower precipitation seasonality than C. arabica (A. Davis

personal observation), although these relationships are complex

(and probably fine-scaled) and require careful evaluation. Coffea

racemosa and C. zanguebariae, two species occurring in areas of

extremely seasonal rainfall, can have Bio15 values of 90 (Davis et al.,

2021a), indicating the scale of difference in precipitation seasonality

between Coffea species. Multi-location variety trials (MLVTs) are

required to substantiate the analyses and observations presented here,

and better understand the climatic tolerances of indigenous Ugandan

coffee species, and cultivated Arabica coffee. Experimentation of this

nature would be critical for understanding the value of Uganda’s wild

species resources for crop development, across different

agroecological conditions under a changing climate.
Prior, existing and future uses of wild
coffee resources

Molecular analyses (Kiwuka et al., 2021) have substantiated the

assumption that indigenous populations of C. canephora (robusta
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coffee) have provided [after selection (Thomas, 1944)] Uganda with

the bulk of the germplasm on which their robusta farming sector is

based (Thomas, 1940a; Thomas, 1944), as elaborated above (see

Results). Indigenous coffee natural capital has also provided the

resources for sustaining robusta production in Uganda and other

countries (Garavito et al., 2016). In particular, wild germplasm

(Kiwuka et al., 2021) has played a key role in developing

cultivars (several clones) to combat the devastating effects of coffee

wilt disease (Rutherford, 2006; Musoli et al., 2009; Musoli et al., 2013;

Mulindwa et al., 2022), which ravaged robusta production in Uganda in

the 1990s and remains an ongoing issue. Despite the

considerable contribution already made by using indigenous C.

canephora resources, much remains untapped (Ngugi and Aluka,

2019; Kiwuka et al., 2021) and may prove to be of value for

addressing sustainability issues. For example: germplasm from wild

populations of C. canephora may offer climate resiliency potential,

particularly those from warmer and drier forests, such as Zoka Forest

(Kiwuka et al., 2021); it has been shown that wild collections of wild

robusta from Kalangala and Itwara forests have a high level of resistance

to coffee wilt disease (Phiri and Baker, 2009); and selections from Itwara

have shown promise under plantation conditions (Thomas, 1944).

The recent farming uptake of C. liberica var. dewevrei (excelsa

coffee) represents an interesting development, and may offer

considerable potential, as a third coffee crop species for Uganda (after

C. arabica and C. canephora). Excelsa coffee fulfils farmers

requirements, as it is easy to grow, appears to possess resistance to

many of the major pests and diseases of coffee, is high yielding, and has

an acceptable conversion (outturn) ratio from fresh fruit to clean coffee,

particularly compared to the large fruited, thickly pulped types of C.

liberica var. liberica (Davis et al., 2022). Coffea liberica var. dewevrei

may be more tolerant of higher temperatures, compared to C.

canephora in Uganda (mean annual temperature 24.4°C vs. 21.8°C;

Table 1), but this requires careful assessment via field trials. Farmers in

Uganda have reported better performance (personal communication)

ofC. liberica var. dewevrei over C. canephora during drought conditions

(in 2021 and 2022). Coffea liberica var. dewevrei is certainly more heat

tolerant than wild and cultivated C. arabica, which has a mean annual

temperature range of 18–22 °C (Alègre, 1959; DaMatta and Ramalho,

2006; Davis et al., 2021b). It is clear that C. arabica cannot be grown

successfully alongside C. liberica var. dewevrei in most lowland

conditions in Uganda, even though it may persist over the short-

term (Thomas, 1940c; Haarer, 1962). Whilst our climate analyses are

not in conflict with these observations they do not support them with

any degree of confidence. The thick, fleshy leaves, stout drunk and

extensive root system of C. liberica var. dewevrei are features that are

likely to constitute drought (and heat) tolerance advantages over C.

canephora. Under wet soil conditions in Uganda, the root-system of C.

canephora has been reported to be superficial and shallow (Thomas,

1944), which is likely to make this species susceptible during drought

periods. It has also been noted that C. liberica var. dewevrei is tolerant of

a wide range of soils (Thomas, 1944). Coffea liberica var. dewevrei

(excelsa) is capable of producing economically viable, good quality

coffee (see above) but further assessment is required to see how it will

perform across the value chain. This species may also offer useful

prospects as a rootstock for C. canephora and perhaps other coffee crop

species, and for coffee crop development via breeding (see Results for

the potential of both uses).
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Due to its highly desirable flavour qualities,C. eugenioidesmay offer

potential as a niche crop for the high-value sector of the coffee market,

as it has in Central America. The development of C. eugenioides in

Uganda would require investment and a proof-of-concept period, to

test for commercial viability. The small seed (coffee bean) size and low

yields represent key constraints, unless better performing variants can

be found within wild populations, although this seems unlikely based

on the field surveys we have carried out so far. Coffea eugenioides is

likely to offer better potential as a breeding partner, for imparting

flavour qualities and other attributes via interspecies crosses.

The wild diversity of C. eugenioides and C. canephora in Uganda

could be of paramount interest, since they are the progenitors of C.

arabica and could be used to produce Arabica analogues. Moreover, it

has been shown that the C. canephora-derived sub-genome of C. arabica

is closely related to the C. canephora accessions from northern Uganda,

and in particular Zoka Forest (Merot-L'anthoene et al., 2019).
Conclusion

In this contribution we enumerate four indigenous coffee species for

Uganda (C. canephora, C. eugenioides, C. liberica (var. dewevrei) and C.

neoleroyi) and provide new ecogeographical data summaries (and other

information) for each of these species. Climate profiling, via simple

modelling methods, shows overlap for basic climate requirements for

three of these species (C. neoleroyi was excluded due to lack of data),

although C. liberica var. dewevrei has a higher density of individual

records in locations of higher temperature, and a higher precipitation

seasonality. At the national level, a draft IUCN Red List assessment

indicates that C. liberica var. dewevrei is Endangered, and that C.

neoleroyi could be Critically Endangered. Many wild Coffea

populations in Uganda are compromised due to land use change (e.g.

deforestation and agricultural encroachment) and some populations may

be threatened with extirpation. The considerable indigenous diversity

reported for C. canephora, and assumed diversity for C. eugenioides and

C. liberica var. dewevrei, based on number of populations and range,

represents valuable natural capital for crop development (e.g. via

breeding) and the sustainability of the Uganda coffee sector in general,

particularly under changing climatic conditions. Wild populations of C.

canephora have provided Uganda with the bulk of diversity for the

establishment and sustainability of its thriving robusta coffee sector.

Coffea liberica var. dewevrei (excelsa coffee) shows potential as stand-

alone crop species, and as a source of grafting stock for C. canephora

(robusta coffee) and other coffee species. The coffee natural capital of

Uganda requires improved protection, in order to avoid the loss of

genetic diversity and coffee crop development options.
Data availability statement

The original contributions presented in the study are included in

the article/supplementary materials. Further inquiries can be directed

to the corresponding author.
Frontiers in Plant Science 116
Author contributions

AD designed the research project, undertook the research and

some of the analyses, and wrote the paper; CK designed the research

project and undertook the research; AF designed the research,

undertook the research and most of the analyses; JM provided

ideas, guidance and logistic support; JK designed the research

project and undertook the research. All authors contributed to the

article and approved the submitted version.
Funding

Funding was provided by the Darwin Initiative, UK (Project 27-

014), the Amar-Franses Foster-Jenkins Trust, and the Bentham-

Moxon Trust.
Acknowledgments

We gratefully acknowledge the National Forest Authority

(NFA) and the Ugandan Wildlife Authority (UWA), for granting

permission to study wild populations of Coffea in Uganda. We

thank Moses Lumu and Robert Acidri at the National Agricultural

Research Organization (NARO) for fieldwork support. We thank

the directors and staff at the Royal Botanic Gardens, Kew (K);

Natural History Museum, London (BM); Makerere University
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