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Abstract 

Background  Climate change induces perturbation in the global water cycle, profoundly impacting water avail-
ability for agriculture and therefore global food security. Water stress encompasses both drought (i.e. water scarcity) 
that causes the drying of soil and subsequent plant desiccation, and flooding, which results in excess soil water 
and hypoxia for plant roots. Terrestrial plants have evolved diverse mechanisms to cope with soil water stress, 
with the root system serving as the first line of defense. The responses of roots to water stress can involve both struc-
tural and physiological changes, and their plasticity is a vital feature of these adaptations. Genetic methodologies 
have been extensively employed to identify numerous genetic loci linked to water stress-responsive root traits. This 
knowledge is immensely important for developing crops with optimal root systems that enhance yield and guarantee 
food security under water stress conditions.

Results  This review focused on the latest insights into modifications in the root system architecture and anatomical 
features of legume roots in response to drought and flooding stresses. Special attention was given to recent break-
throughs in understanding the genetic underpinnings of legume root development under water stress. The review 
also described various root phenotyping techniques and examples of their applications in different legume species. 
Finally, the prevailing challenges and prospective research avenues in this dynamic field as well as the potential 
for using root system architecture as a breeding target are discussed.

Conclusions  This review integrated the latest knowledge of the genetic components governing the adaptability 
of legume roots to water stress, providing a reference for using root traits as the new crop breeding targets.
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Introduction
The importance of legumes
Legume crops, such as soybean, common bean, pea, 
chickpea, pigeon pea, lentil, mungbean, black gram, and 
cowpea, are major sources of nutrition for both humans 
and livestock [1]. They offer abundant proteins, complex 
carbohydrates, dietary fiber, and oils, contributing to a 
balanced diet [2, 3]. These crops also offer great advan-
tages in the form of sustainable agriculture. Through 
symbiosis with rhizobia to form root nodules, legume 
crops possess the ability to fix atmospheric nitrogen, thus 
enhancing soil fertility. This nitrogen fixation capacity 
plays a pivotal role in curbing greenhouse gas emissions 
and air pollution by reducing the necessity for synthetic 
nitrogen fertilizers derived from fossil fuels. Moreover, 
the incorporation of legumes into intercropping systems 
can substantially enhance crop diversification [4, 5].

Water stresses (drought and flooding stress)
The sustainability of legume production is significantly 
influenced by various external factors, with water avail-
ability being the most critical environmental determi-
nant. Water is an essential resource not only for drinking, 
industrial processes, and various economic activities, 
but also for agriculture. In 2018, agricultural usage con-
stituted about two-thirds of the global freshwater con-
sumption [6]. Unfortunately, the availability of water for 
agricultural purposes is expected to be disrupted by the 
effects of climate change, heightening the risks of drought 
and surface runoffs or flooding, and limiting agricultural 
productivity [7].

Drought stress in the soil, characterized by a decrease 
in soil moisture, leads to plant dehydration due to an 
imbalance between the rates of transpiration and water 
uptake [8]. On the other hand, flooding stress rapidly 
reduces the oxygen content in the soil [9]. Both drought 
and flooding have profound impacts on the yield of major 
crops [10–12]. Notably, there is a growing recognition 
of the nonlinear relationship between the severity of 
drought and yield loss, with the risk of yield loss expected 
to rise [13].

Root system architecture (RSA)
Historically, breeders and scientists have primarily 
focused on improving aboveground parameters such as 
shoot biomass, number of branches, seed number, and 
seed size while overlooking the significance of roots in 
enhancing crop yield [14–17]. Root systems play pivotal 
roles in a multitude of plant processes that encompass 
nutrient and water uptake, interactions with rhizos-
pheric microbes, soil anchorage, and responses to vari-
ous stresses [18]. Only recently has the impact of the root 
system on yield gained substantial attention in legumes 

such as soybean (Glycine max), common bean (Phaseolus 
vulgaris), pea (Pisum sativum L.), lentil (Lens culinaris 
Medik.), and mungbean (Vigna radiata L.) [19–26]. Root 
system architecture (RSA) refers to the spatial distribu-
tion of the root system within the soil matrix, encompass-
ing multiple traits including root biomass, root length, 
root diameter, root angle, and root volume (Fig. 1) [27]. 
The anatomical composition of the root encompasses 
the epidermis, cortex, endodermis, and vascular system 
(Fig. 1). RSA profoundly influences the capacity of roots 
to explore the soil environment, interact with rhizos-
pheric microbes, and react to soil cues, and is therefore a 
major determinant of plant productivity [27, 28].

RSA varies depending on the plant species and the 
soil composition, and is a result of the interplay between 
genetic and environmental influences. As dicots, the 
root systems of legumes commonly adhere to the struc-
ture of tap roots, consisting of primary roots and lateral 
roots (Fig. 1). A distinctive characteristic of legume roots 
is their ability to form nitrogen-fixing nodules through 
symbiosis with rhizobia (Fig.  1) [29]. Furthermore, leg-
umes have developed a range of strategies to cope with 
water stress, with a principal one involving adaptations in 
the RSA. Roots, being subterranean organs, are often the 
initial structures to perceive and react to environmental 
stimuli. This underscores their significance as sensors 
and responders to environmental conditions [30, 31].

RSA as a potential breeding target
Recognizing the pivotal role of root systems, plant breed-
ers and researchers have lately identified RSA traits as 
crucial targets for crop breeding and enhancement, par-
ticularly in the context of adapting to diverse environ-
mental stresses [28, 32–34]. Agronomic traits are derived 
from the interplay between genetic and environmental 
factors. Genetic elements underpinning these traits can 
be discerned using methodologies such as linkage map-
ping and association mapping. Root traits, characterized 
by their complexity, are often governed by multiple genes 
(polygenes) and are highly influenced by environmental 
conditions, making the quantification of the association 
between these genes and the corresponding phenotypic 
traits challenging [35–37]. Endeavors have been dedi-
cated to identifying quantitative trait loci (QTLs) respon-
sible for various root traits that display strong 
associations with drought or flooding stress. The insights 
gleaned from such QTL identification can be harnessed 
by breeding programs to develop new plant varieties har-
boring favorable root traits for sustaining crop yields in 
the face of environmental stressors [38, 39].

To characterize RSA-related traits, various methods 
have been used to delineate and quantify root shapes 
according to their architectural features [40–43]. One 
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of the foremost challenges is to devise non-destructive 
root phenotyping techniques capable of precisely gauging 
RSA across diverse developmental stages. While certain 
advanced 2-D and 3-D techniques have been devised to 
accommodate distinct experimental conditions, there is 
an urgent need to establish cost-effective, field-deploya-
ble, and high-throughput protocols required for the effi-
cient examination of extensive genetic populations within 
breeding programs.

To facilitate the breeding of legume crops with 
improved tolerance to water stresses, genetic mapping 
and association studies have been pivotal in identify-
ing gene targets from diversified germplasm resources. 
However, most of these studies only focused on the 
responses of aboveground traits, but not root traits, to 
water stresses [44–46], even though a thorough under-
standing of root traits is essential for developing opti-
mal RSA for better water-stress adaptations in legumes. 
To bridge this gap, this review offers a comprehensive 
perspective on the genetic mapping and association 
studies on the adaptability of legume roots to drought 
and flooding stresses, as well as the phenotypic altera-
tions in the RSA of various legumes in response to 
water stress. In addition, the technical challenges, and 
progress made, in developing root phenotyping meth-
odologies for evaluating RSA were also discussed in 
detail. This review highlighted the importance of RSA in 
legume adaptations to water stress and its potential role 
as a new breeding target.

Responses of root system architecture (RSA) to water stress 
in legumes
Responses of legume RSA to drought stress
Lynch introduced the concept of a ‘steep, cheap, and 
deep’ ideotype to optimize water uptake efficiency in the 
maize root system [47]. This idea aligns with the under-
standing that improved drought tolerance in legumes 
is often associated with specific root traits. These traits 
include a larger root angle [48, 49], deeply penetrat-
ing roots [48, 50–52], increased total root length (TRL) 
[53–55] and larger root diameter [48, 56]. For instance, 
legumes possessing deeper root systems are believed to 
be able to access water from deeper soil layers, therefore 
able to supply more water for shoot growth. This deeper 
root system is thought to confer greater drought resist-
ance and maintain a more stable yield under drought 
stress, particularly when the topsoil dries out. Conse-
quently, the development of an optimal root type has 
emerged as a key strategy for enhancing drought toler-
ance in legumes [57, 58].

While optimizing RSA according to the ideotype can 
theoretically enhance drought tolerance in legumes, it is 
important to note that drought stress can also alter the 
legume root morphology [59, 60]. Although drought 
stress was found to inhibit root growth and develop-
ment in legumes under controlled laboratory conditions 
[53, 61, 62], it was observed to increase root branching 
in both drought-tolerant and drought-sensitive soy-
bean cultivars in the field, likely as the plants adapted 

Fig. 1  Typical root system architecture and anatomical features (cross-section) of the legume root. The legume root consists of the primary root, 
lateral roots, and specialized nodules. For some legume species, basal roots and adventitious roots are also developed and form a large proportion 
of the whole root system. Root system architecture (RSA) is a composite of the root growth angle, root diameter, primary root length, total root 
length, total root surface area, total root volume, lateral root number, and root biomass. The anatomical features of the mature region of a soybean 
root are shown in the cross-section. This figure was generated using unpublished original photos and the software Adobe Illustrator
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by exploring a larger area for soil water to maintain nor-
mal growth [48]. Similarly, in chickpea (Cicer arietinum 
L.), drought stress resulted in elevated root length, root 
density and root biomass, and decreased root diameter 
in field conditions [55]. Similar results have also been 
reported with polyethylene glycol (PEG)-induced simu-
lated drought stress [54]. In any case, these studies imply 
that genotypes with a greater overall root system tend to 
exhibit higher drought tolerance. Drought-tolerant geno-
types often demonstrate the ability to adjust their RSA 
to effectively contend with low soil moisture, allowing 
for increased water absorption to support above-ground 
growth [48, 56].

Various root anatomical traits, such as the cor-
tex-to-stele area ratio, xylem-to-stele area ratio, and 
aerenchyma-to-cortex area ratio, play a key role in deter-
mining a plant’s ability to adapt to different soil water 
levels [63]. For instance, certain legumes have adopted 
strategies such as changing the metaxylem morphology 
and increasing the number of metaxylem elements to 
improve water uptake efficiency and root conductance 
during drought, ultimately minimizing yield loss [64, 65]. 
Additionally, the width of the cortex and the ratio of cor-
tex width to vascular bundle width have been observed to 
increase significantly in drought-stressed soybean plants 
compared to non-stressed controls [66]. These anatomi-
cal adaptations further emphasize the significance of root 
traits in enabling plants to respond effectively to varying 
soil water conditions.

In addition to the root system itself, recent research 
has highlighted the significance of the symbiotic rela-
tionship between legumes and rhizobia in enhancing 
nutrient transport to legume plants and bolstering their 
resilience against drought stress. Notably, a positive cor-
relation between soybean nodule size and seed yield was 
observed under drought conditions [48]. For instance, 
the soybean cultivar ’Prima 2000’, despite having an 
intermediate root phenotype, displayed abundant nod-
ule formation, substantial shoot biomass accumulation, 
and higher grain yield under drought stress compared 
to deep-rooted cultivars [48]. Similarly, Chinese milk 
vetch plants (Astragalus  sinicus  L.) with active nodules 
exhibited greater drought tolerance than those with low-
activity nodules or no nodules [67]. Furthermore, the 
introduction of rhizobia into the soybean rhizosphere 
has been shown to enhance plant growth during drought 
stress, by influencing antioxidant enzyme activities and 
proline metabolism [68]. Nevertheless, recent studies 
have also uncovered instances where drought stress led 
to reduced nodule numbers and nodule weights in soy-
bean [48, 68], alfalfa (Medicago sativa  L.) [69] and guar 
(Cyamopsis tetragonoloba [L.] Taub.) [70]. Furthermore, 
symbiotic nitrogen fixation (SNF) in legumes is highly 

affected by drought stress [71, 72]. SNF-related traits, 
such as percentage of nitrogen derived from the atmos-
phere (%Ndfa) and total nitrogen fixed in the seed, were 
severely inhibited in soybean by drought stress [73]. 
These findings underline the complexity of legume-rhizo-
bium interactions and their impact on drought tolerance, 
reflecting that the role of nodulation in drought tolerance 
varies across different legume species.

Flooding stress and RSA of legumes
In contrast to drought stress, flooding stress in agricul-
tural fields often arises from heavy and prolonged rain-
fall. The presence of excess water in the field diminishes 
the availability of oxygen to the roots, leading to the inhi-
bition of aerobic processes. Generally, flooding stress can 
be categorized into two types: waterlogging stress and 
submergence stress [74]. Waterlogging occurs when only 
the root system of the crop is submerged in water, while 
submergence describes a situation where a significant 
portion of the aerial parts of the plant is also underwa-
ter. Flooding events frequently have detrimental effects 
on crop growth and can seriously jeopardize crop yield. 
Given the increasing unpredictability of precipitation 
patterns as a result of climate change, it becomes more 
important to uncover the mechanisms that important 
crops employ to respond to flooding conditions in order 
to enhance their survival.

Different crops have evolved various strategies to cope 
with flooding stress, including the escape strategy, which 
can be beneficial in shallow submergence conditions, and 
the quiescence strategy, which is adaptive in temporary 
deep submergence conditions [75–77]. In soybean, flood-
ing leads to decreased primary root growth but increased 
numbers of adventitious roots near the soil surface 
[78–80]. Similar phenotypes have also been observed in 
other legumes. Prolonged flooding stress inhibits root 
extension and significantly reduces the overall root sys-
tem size in crops including faba bean (Vicia faba L.), 
white lupin (Lupinus albus L.), pea (Pisum sativum), len-
til (Lens culinaris), mungbean (Vigna radiata  [L.] Wilc-
zek), and blackgram (Vigna mungo [L.] Hepper) [81–83], 
with the more tolerant varieties being less affected [84]. 
Two major structural adaptations to counteract hypoxic 
conditions during flooding include the development of 
shallow adventitious roots and aerenchyma in root tis-
sues [80, 83, 85]. The former enhances gaseous exchange 
by increasing the surface area and reducing the distance 
from the water surface, while the latter facilitates gas dif-
fusion across tissues.

In legumes, SNF in nodules is highly dependent on gas-
eous exchange in the rhizosphere. Flooding treatment of 
soybean led to reduced nodule weights, and the develop-
ment of most nodules on the adventitious roots rather 
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than on the primary and lateral roots [78, 79]. Addition-
ally, it has been observed that the aerenchyma structure 
can form on the surface of soybean nodules under flood-
ing conditions [86]. In mungbean and blackgram, nodules 
were also found near the soil surface under waterlogging 
stress. Moreover, nodules formed on deep roots appeared 
white in color, indicating a reduction or even loss of func-
tion in these nodules [83]. However, in contrast to the 
observations in soybean, no nodules were formed on the 
adventitious roots of mungbean and blackgram under 
waterlogging conditions [83].

Genetic mapping and association studies 
of drought‑adaptive RSA variations in legumes
The RSA is crucial for the adaptation to drought stress 
by crops. Genetic variations in RSA have been reported 
among different legume genotypes. Therefore, stud-
ies investigating the genetic factors that control RSA 
are important for improving legume crop performance 
under drought conditions (Table 1).

Common bean (Phaseolus vulgaris L.)
Common bean (Phaseolus vulgaris L.) is a significant leg-
ume that provides humans with high-quality nutrients, 
but its yield is severely affected by drought stress [94]. 
Different genetic populations have been used to identify 
the genetic loci related to root trait responses to drought 
stress.

A recombinant inbred (RI) population derived from the 
cross between a high-yield commercial line (DOR364) 
and a deep-rooted line (BAT477) was employed to iden-
tify the quantitative trait loci (QTLs) for rooting pattern 
traits under both water-stressed and well-watered con-
ditions. QTLs for traits such as total root length, root 
volume, and root biomass were found to co-localize on 
linkage group b11 under both well-watered and water-
stressed conditions. This suggests that these QTLs con-
tribute to drought adaptations through the constitutive 
expression of genes related to these RSA-related traits. 
Analyses of the additive effects of QTLs revealed that the 
positive alleles for most of these QTLs originated from 

Table 1  A summary of quantitative trait locus (QTL) mapping and genome-wide association studies (GWAS) of root system 
architecture (RSA) in legumes under drought stress

SNPs Single-nucleotide polymorphisms

Species Cross Population Traits Numbers of 
significant QTLs/
SNPs

Chromosomes References

Common bean
(Phaseolus vulgaris L.)

DOR364 × BAT477 Recombinant inbred line Rooting depth, total root 
length, fine root length, 
thicker root length, specific 
root length, root volume, 
root length distribution, 
root dry weight

4 1, 9, 10, 11  [87]

Common bean (Pha-
seolus vulgaris L.)

- Natural population Root surface area, root 
average diameter, root 
volume, total root length, 
taproot length, lateral root 
number, root dry weight, 
lateral root length, special 
root weight/length

196 loci/230 SNPs -  [88]

Pea
(Pisum sativum L.)

P665 × Messire Recombinant inbred line Root length 1 3  [89]

Lentil
(Lens culinaris Medik.)

ILL6002 × ILL5888 Recombinant inbred line Dry root weight, lateral root 
number, taproot length, 
specific root length, aver-
age taproot diameter, root 
surface area

6 3, 4, 7, 9  [90]

Soybean
(Glycine max (L) Merr)

- Natural population Nodules symbiotic nitro-
gen fixation (SNF)-related 
traits

5 6,10,13,14,19  [73]

Chickpea
(Cicer arietinum L.)

ICC 4958 × ICC 1882 Recombinant inbred line Root length density, ratio 
of root dry weight and total 
plant dry weight

2 4  [91, 92]

Chickpea
(Cicer arietinum L.)

GPF2 × ILWC 292 Recombinant inbred line Root to shoot ratio, root 
length density, root dry 
weight, the ratio of root dry 
weight to total plant dry 
weight

7 2,4,5,6,7  [93]
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the deep-rooted parent BAT477, confirming the signifi-
cance of the deep-root genotype in drought adaptations 
[87].

In a genome-wide association study (GWAS), a natu-
ral population comprising 438 common bean accessions 
was subjected to drought and normal conditions, and 
196 root trait-related loci significantly associated with 
drought stress were identified [88]. These studies have 
enhanced our understanding of the genetic controls of 
root traits during drought stress in common bean.

Pea (Pisum sativum L.)
A QTL analysis of drought tolerance-related root traits 
in pea revealed three QTLs (rwclF-2, rwcsF-2, and audpc_
rwcs-2) explaining 11.37–19.64% of the phenotypic vari-
ance, and they were discovered to co-localize within the 
same genomic region as the QTL (rl3) associated with 
longer root length, along with the QTLs for Didymella 
pinodes resistance previously identified in another study 
[89]. This discovery implies that modifying root traits 
could result in several simultaneous advantageous out-
comes in pea plants.

Lentil (Lens culinaris Medik.)
In lentil, six QTLs linked to root traits (dry root biomass, 
lateral root number, root surface area, root-to-shoot 
ratio, and specific root length) were consistently identi-
fied under progressive drought stress across two growing 
seasons [90]. These QTLs were estimated to account for 
5–28.9% of the phenotypic variance. Notably, the QTLs 
for dry root biomass, lateral root number, and root sur-
face area were found to co-localize within a QTL hotspot 
region along with the QTLs associated with shoot length 
and dry shoot weight [90].

Chickpea (Cicer arietinum L.)
Chickpea is an important cool-season legume which is 
also severely affected by drought stress [39]. To dissect 
the genomic loci for root trait responses to drought, dif-
ferent genetic populations have been evaluated. Two 
intra-specific RI populations ICCRIL03 and ICCRIL04 
were used to identify genetic loci associated with drought 
tolerance-related traits. A QTL hotspot was found on 
CaLG04 which contained QTLs for root length density 
(RLD), ratio between root dry weight and total plant 
dry weight (RTR) and other shoot traits [91]. Later, this 
QTL-hotspot region was refined to a narrower distance 
with 14 centimorgan (cM) in genetic map, and candidate 
genes related to drought responses, such as dehydration-
responsive element-binding protein (DREB), were identi-
fied [92]. Similarly, another study used an RI population 
generated by crossing a drought-tolerant genotype and 
a drought-sensitive one to tease out the QTLs related to 

root traits under drought stress and non-stressed condi-
tions [93]. A total of seven QTLs on chromosomes 2, 4, 
5, 6, and 7, were evaluated for root-to-shoot ratio (RSR), 
root length density (RLD), root dry weight (RDW), and 
the ratio of root dry weight to total plant dry weight 
(RDW/TDW). Notably, the QTL related to root dry 
weight was co-located with the QTLs for shoot traits, 
such as yield and harvest index. The discovery of QTL 
hotspots indicated that the root-related traits under 
drought stress in chickpea were highly genetically linked 
to shoot traits.

Soybean
In soybean, the identification of QTLs related to RSA and 
their effects on drought resistance has been quite lim-
ited. However, the examination of QTL co-localization 
can indirectly reveal the potential impacts of RSA-related 
QTLs on drought resistance. In a QTL mapping study, 
five QTLs associated with soybean fibrous roots were 
detected on chromosomes Gm01, Gm03, Gm04, Gm08, 
and Gm20 [95]. Some of these QTLs were in close prox-
imity or overlapped with QTLs associated with drought 
tolerance, suggesting that QTLs related to fibrous roots 
could contribute to drought resistance in soybean [95].

Primary root length is widely regarded as a critical 
parameter for drought resistance. Various studies have 
pinpointed different QTLs for root length using differ-
ent genetic populations [38, 96–98] For instance, a major 
QTL controlling primary root length was identified in 
recombinant inbred lines (RILs) derived from the cross 
between ‘K099’ (with short primary roots) and ‘Fendou 
16’ (with long primary roots) [98]. Located on chromo-
some 16, this major QTL explained approximately 30% of 
the phenotypic variation and its validity was confirmed 
across different genetic populations [98].

More recently, an extensive study detected eight QTL 
clusters associated with various RSA-related traits in soy-
bean, including primary root length, lateral root number, 
and root biomass [38]. This comprehensive analysis has 
provided a wealth of genetic insights into soybean RSA 
development, which can further contribute to soybean 
breeding for enhanced drought resistance. However, 
there still exists a gap in the identification of candidate 
genes within drought stress-related RSA QTLs.

Genome-wide association studies (GWAS) have 
emerged as a popular tool for detecting single nucleotide 
polymorphisms (SNPs), or genes linked to complex traits 
like RSA. By evaluating RSA traits in a natural soybean 
population using GWAS, a significant locus on chromo-
some 16 was found to be closely linked to lateral root 
number. Notably, soybean genotypes carrying the “G” 
and “A” variants in Glyma.16G141800 exhibited distinct 
root cortical cell properties and lateral root numbers, and 
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demonstrated superior yield protection in water-limiting 
conditions [99]. Similarly, another study utilizing a panel 
of 137 Canadian soybean core collection identified ten 
QTL regions associated with total root length and root 
diameter. Within these regions, Glyma.03g06570 and 
Glyma.07g096000 were pinpointed as the candidate 
genes for total root length and primary root diameter, 
respectively [100]. It is important to note that further 
functional validation of these candidate genes is neces-
sary to confirm their regulatory roles in soybean RSA and 
their effects on water stress responses.

In soybean, drought stress is a major factor restrict-
ing SNF in nodules [72]. A recent study investigated 
SNF-related traits under drought condition by utilizing 
a diverse panel of 103 early-maturity Canadian soybean 
cultivars [73]. After conducting GWAS analyses, five 
QTL regions associated with %Ndfa and drought toler-
ance were identified [73].

Genetic mapping and association studies 
of flooding‑adaptive RSA variations in legumes
Compared to drought stress, fewer studies have delved 
into the genetic underpinnings of plant RSA in response 
to flooding stress using techniques such as QTL mapping 
and GWAS. The latest findings in the genetic foundation 
of RSA responses under flooding stress in various legume 
species were summarized below (Table 2).

Soybean
Utilizing an RI population from the cross between a 
hypoxia-sensitive cultivar Tachinagaha and a hypoxia-
tolerant landrace Iyodaizu, Van Nguyen and colleagues 

successfully identified ten QTLs linked to six root-related 
traits (root length, root length development, root sur-
face area, root surface area development, root diameter, 
change in average root diameter) on chromosomes 11, 
12, 13, and 14 during the seedling stage under hypoxic 
conditions [101]. These QTLs accounted for 11% to 23% 
of the overall phenotypic variance, with logarithm of the 
odds (LOD) scores ranging from 2.60 to 6.15 [101].

In a separate study, the fine mapping of a prominent 
waterlogging tolerance QTL, qWT_Gm03, narrowed it 
down to a 380-kb segment on chromosome 3. The toler-
ant allele of qWT_Gm03 was found to regulate soybean 
RSA and root plasticity in waterlogged conditions within 
field settings, enhancing waterlogging stress tolerance 
[102].

Furthermore, a total of 15 significant SNPs associated 
with root length during the germination stage under 
flooding conditions were discovered through a GWAS 
involving 34,718 SNPs in a population comprising 243 
plant introductions originating from 22 countries [103].

Common bean
In a recent GWAS, the Middle-American Diversity Panel, 
comprising 272 common bean genotypes, was subjected 
to flooding stress under greenhouse conditions [104]. 
A region on Pv08/1.6Mb exhibited a strong association 
with root weight under flooding stress. This region was 
found to be syntenic with the simple sequence repeat 
(SSR) marker Sat_064, the flooding-associated marker in 
soybean, through synteny analyses. This finding implies 
an evolutionarily conserved flooding response mecha-
nism shared between common bean and soybean [104]. 

Table 2  A summary of QTL mapping and GWAS analyses of RSA in legumes under flooding stress

Species Cross Population Traits Numbers of 
significant QTLs/
SNPs

Chromosomes References

Soybean Tachinagaha × Iyodaizu Recombinant inbred 
line

Root length, root 
length development, 
root surface area, root 
surface area develop-
ment, root diameter, 
change in average root 
diameter

10 11, 12, 13, 14  [101]

Soybean S99‐2281 × PI 561271 Recombinant inbred 
line

Flooding injury score 1 3  [102]

Soybean - Natural population Root length 15 1, 3, 4, 5, 8, 11, 13, 15, 
16, 19

 [103]

Common bean - 272 genotypes 
from the Middle-Amer-
ican Diversity Panel

Root weight 1 8  [104]

Common bean - 277 genotypes 
from the Andean 
Diversity Panel

Root weight 
and adventitious root 
formation

4 7,8,9  [105]
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Similarly, another GWAS on the genetic basis of flood-
ing tolerance in common bean, utilizing the Andean 
Diversity Panel of 277 genotypes, led to the identifica-
tion of two significant QTLs located on Pv09/13.5 Mb 
and Pv08/62.3 Mb which were associated with root 
weight, and four QTLs on Pv07/28.7 Mb, Pv08/62.3 Mb, 
Pv09/13.5 Mb and Pv09/20.2 Mb governing the forma-
tion of adventitious roots under flooding conditions 
[105].

Techniques used in legume root phenotyping
Climate change-induced water stress is posing a global 
threat to crop yields. In response, research into modi-
fications in RSA under water stress can offer potential 
solutions for stabilizing crop production. While signifi-
cant progress has been made in understanding the physi-
ological basis of RSA traits through root phenotyping, 
accurately assessing RSA remains challenging due to the 
absence of precise, high-throughput, and labor-efficient 
technologies.

RSA is an intricate three-dimensional (3-D) structure 
with specific spatial and temporal configurations within 
the soil. Unlike shoot-related traits, RSA-related traits 

are influenced by complex interactions between genetics 
and the environment. Thus, root phenotyping techniques 
need to accurately quantify root traits, dynamically 
depict the 3-D distribution of roots in soil and be suitable 
for population-level measurements. Presently, various 
platforms have been successfully established for investi-
gating root phenotypes in both laboratory and field set-
tings (Fig.  2). Based on the root distribution pattern in 
the environment and data acquisition methods, root 
phenotyping techniques can be broadly categorized into 
two-dimensional (2-D) versus three-dimensional (3-D) 
approaches [106, 107]. Here we presented an overview of 
the common techniques employed in root phenotyping 
(Fig. 2; Table 3).

Two‑dimensional (2‑D) root phenotyping technologies
Two-dimensional phenotyping involves the assessment of 
root parameters based on 2-D images. These techniques 
can be applied in both soil-based and soil-free environ-
ments, including setups such as rhizotrons, hydroponic 
systems, agar gel, and paper pouches. Agar is a suitable 
medium for supporting root growth in transparent con-
tainers to facilitate observation. Agar plates have long 

Fig. 2  Technologies used in root phenotyping studies. Two-dimensional (2-D) technologies include agar medium, paper pouch, semi-hydroponic 
system, rhizoboxes, minirhizotron, and shovelomics. Three-dimensional (3-D) technologies include X-ray computerized tomography (CT), neutron 
radiography, magnetic resonance imaging (MRI) and digital imaging of root traits 3D (DIRT/3D). This figure was generated using unpublished 
original photos and the software Adobe Illustrator
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Table 3  Technologies available for root phenotyping

Technique Growth environment Descriptions References

Two-dimensional (2-D) imaging
  Agar plate/platform based on agar medium Laboratory/soil-free Since agar medium is transparent, root develop-

ment is easily observed for non-destructive pheno-
typing. GrowScreen-Agar system is an automatic 
and high-throughput approach for root phenotyp-
ing. This system has been used in legume root 
phenotyping. Limitations of agar-based pheno-
typing are: 1) sterile operation is needed to avoid 
contamination; 2) it can only be used with young 
seedlings; 3) water evaporation from the agar 
medium might affect the growth environment

[108–111]

  Paper pouch Laboratory/soil-free This technique uses germination paper as support 
material and has been used in legume root pheno-
typing, which is easy to use, low-cost, non-destruc-
tive, and can be adapted for high-throughput root 
phenotyping. This system is beneficial for young 
seedlings but is not suitable for long-term cultiva-
tion

[112–115]

  Semi-hydroponic system Laboratory/soil-free The semi-hydroponic system is suitable for high-
throughput phenotyping with minimal dis-
turbance to root growth and non-destructive 
observations and has been well used in legume 
root phenotyping. This system is suitable for long-
term growth, but the nutrient solution needs to be 
changed frequently

[41, 42, 116–119]

  Shovelomics Field/soil-filled This method offers simplicity, flexibility, speed, 
and cost-effectiveness in visually assessing root 
systems under real soil conditions. It has been used 
in legume root phenotyping. However, the root 
system is often inadvertently disrupted

[43]

  Soil rhizotron system/rhizoboxes Field and laboratory/ soil-filled Employing soil as the substrate for root growth, this 
system enables direct and dynamic root observa-
tion and has been used in legume root phenotyp-
ing. Engineered for the non-destructive monitoring 
of root development, it faithfully replicates field 
conditions. However, a drawback lies in its relatively 
modest resolution

[41, 120, 121]

  Minirhizotron Field and laboratory/ soil-filled The Minirhizotron system is an in-situ root imaging 
system that consists of a transparent tube inserted 
tightly into the soil. This system has been used 
in legume root phenotyping. The root phenotype 
can be recorded by an imaging device in the trans-
parent tube

[57, 122, 123]

Three-dimensional (3-D) imaging
  X-ray computer tomography (CT)/magnetic 
resonance imaging (MRI)/neutron radiography

Laboratory These techniques achieve root phenotyping 
in a three-dimensional (3-D) form, allowing more 
root traits to be investigated than with 2-D meth-
ods. However, these techniques are only applicable 
in laboratory conditions, are low-throughput 
and time-consuming. Also, the facilities are 
relatively expensive. Variations in the soil substrate 
may affect the phenotyping results and cause low 
resolution. These techniques have not been used 
in legume root phenotyping

[124–126]

  Digital imaging of root traits 3D (DIRT/3D) Field and laboratory This technique allows automatic, high-throughput, 
yet time-saving 3-D root phenotyping. However, 
the implementation cost of this system is high 
and has not been used in legume root phenotyp-
ing

[127, 128]
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been used to study Arabidopsis root morphology. Moreo-
ver, vessels such as polypropylene containers or transpar-
ent pots have been employed for plants with larger seeds 
and seedlings, such as maize, barley, and beans [108, 109]. 
Recent advances have refined agar-based systems to cater 
to various experimental requirements. The GrowScreen-
Agar system was developed to enable the dynamic stud-
ies of Arabidopsis roots on agar plates [110]. This system 
has also been used in legumes, such as pea, to allow the 
monitoring of root phenotypes from seedlings to mature 
plants in high-throughput phenotyping [111]. Another 
innovative approach involves embedding fluidic chan-
nels in the agar medium to investigate root development 
in different nutrient solutions [108]. Additionally, a ster-
ile microcosm featuring an agar medium was established 
to observe the interaction between the legume plant 
Medicago truncatula and the rhizobium Sinorhizobium 
meliloti, focusing on root and nodule developments [40].

A paper pouch provides a simple and cost-effective 
method for root observation, allowing roots to grow 
vertically on germination paper. This approach has been 
utilized for root screening across various plant species, 
including wheat (Triticum turgidum) [112], sorghum 
(Sorghum bicolor) [113], maize (Zea mays) [114], and 
mung bean (Vigna radiata) [115].

A 2-D semi-hydroponic system has been successfully 
developed for high-throughput root phenotyping [116], 
offering rapid, economical and non-destructive meas-
urements with minimal disturbance to root growth. It 
has found wide applications in legumes such as soybean 
(Wang et  al. 2022; Liu et  al. 2021a; Salim et  al. 2022), 
narrow-leafed lupin (Lupinus angustifolius L.) [119] and 
chickpea (Cicer arietinum L.) [42]. The consistent rank-
ings of genotypes with contrasting root characteristics 
across different growth media highlight the capacity of 
the semi-hydroponic system to simulate diverse growth 
conditions [129, 130]. Root samples obtained from this 
soil-free system are then flattened and their images cap-
tured using a camera or scanner. The images are subse-
quently assessed using software such as WinRhizo [131] 
and IJ_Rhizo [132].

All the above platforms offer a straightforward opera-
tion for root phenotyping studies, but the growth con-
ditions they provide are artificial and may not faithfully 
replicate real-life soil conditions. Furthermore, soil-free 
systems are often unsuitable for simulating water stress, 
particularly drought. In light of this, chemical substances 
such as polyethylene glycol (PEG) and mannitol are fre-
quently used to induce osmotic stress in plants and 
mimic drought conditions [133].

To incorporate realistic soil environments in their 
root studies, researchers often opt to extract roots from 
actual field soils. A technique called ‘shovelomics’ was 

introduced to visually assess the root systems of com-
mon bean (Phaseolus vulgaris L.) and cowpea (Vigna 
unguiculata) in the field, which is flexible, rapid, and 
cost-effective [43]. Nevertheless, this method may sub-
stantially disrupt root tissues in the soil, particularly for 
plants with deeper and more extensive root systems. In 
contrast, cone systems, utilizing PVC tubes and plastic 
pots filled with soil as the growth medium for examin-
ing root growth under drought and flooding conditions, 
have gained popularity [134–136]. To minimize root 
disturbance, some soil-based systems are equipped with 
cameras to enable real-time, in-situ observations for the 
dynamic studies of roots.

A classic laboratory-based system for non-destructive 
root observation is the rhizotron. It features a soil-filled 
compartment for plant growth, with a transparent glass 
panel on one side for root observations [137]. In recent 
times, rhizotrons have been widely employed for visual-
izing root systems across various plant species, such as 
soybean, tomato, and maize [41, 120, 121]. The minirhi-
zotron system operates on a similar principle to the rhi-
zotron but differs in that plants are grown in the field 
or in regular pots. A transparent tube housing a camera 
is inserted directly into the soil to capture root images 
[138]. Various imaging systems have been developed for 
the minirhizotron, including SoilCam [122] and EnRoot 
[123]. One such rhizotron system, the GROWSCREEN-
Rhizo phenotyping platform, was used to analyze the 
root phenotype of faba bean germplasms, enabling 
dynamic phenotyping across multiple time points [139].

Recently, researchers have employed both semi-
hydroponic systems and rhizoboxes to assess root traits 
in various soybean germplasms [41, 117]. The majority 
of the root traits measured, including total root length, 
exhibited significant positive correlations between the 
two setups, underscoring the dependability of these phe-
notyping methods. However, certain root traits, such as 
root diameter, did not display consistency between the 
two systems, highlighting the greater sensitivity of cer-
tain root traits to variations in growth conditions.

Three‑dimensional (3‑D) root phenotyping technologies
While 2-D techniques have successfully enabled high-
throughput root phenotyping, certain parameters, such 
as root arrangement, cannot be precisely determined 
in two dimensions as root systems are inherently 3-D 
in nature. To address this limitation, 3-D phenotyping 
approaches have been developed, capable of capturing 
the intricate root architecture. In laboratory settings, 
methods such as X-ray computer tomography (CT), mag-
netic resonance imaging (MRI), and neutron radiography 
have been employed to document root systems within 
growth containers [124–126]. However, these techniques 
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are confined to the laboratory environment due to their 
low-throughput, time-consuming nature, and their reli-
ance on expensive and specialized equipment. In con-
trast, the Digital Imaging of Root Traits (DIRT)/3D, a 3-D 
root phenotyping platform, enables automated, time-effi-
cient, and high-throughput imaging directly in the field 
[127, 128]. Recent applications of DIRT/3D in charac-
terizing 18 maize root traits under field conditions have 
validated its accuracy at both the individual and crown 
levels [127]. It is noteworthy that, compared to cereals, 
the utilization of 3-D root phenotyping platforms in leg-
umes remains relatively limited.

To compare the efficacy of various methods for root 
trait phenotyping, a study employed three distinct tech-
niques: hydroponics, rhizotron, and neutron tomogra-
phy, to analyze root traits in grapevine (Vitis vinifera L.) 
[140]. The investigation revealed that the hydroponic sys-
tem offered the simplest and quickest means of observing 
root traits, but it posed challenges in precisely quanti-
fying these traits due to root tangling within the liquid 
medium. On the other hand, both the rhizotron and 
neutron tomography proved more adept at quantify-
ing root traits, particularly adventitious root length and 
root volume. However, it is important to note that these 
two latter methods are notably more intricate to operate 
compared to the hydroponic system.

Phenotyping root anatomical features has traditionally 
necessitated manual sample sectioning followed by micros-
copy. To speed up the process, an innovative 3-D rapid 
anatomical phenotyping platform utilizing laser ablation 
tomography (LAT) has recently been introduced [141]. 
This technology offers high-throughput spatial scanning 
with micron-level resolution in full color [141]. LAT is par-
ticularly well-suited for visualizing root anatomy, allowing 
for the characterization of root structure and the assess-
ment of damage caused by soil pests and pathogens [142]. 
In a recent study, LAT was employed to compare between 
the root anatomy of maize landraces and that of teosinte, 
revealing the impact of artificial selection on maize root 
traits during its domestication from teosinte [143].

Despite these advancements, the root phenotyping 
process mostly remains time-consuming, primarily due 
to the lack of a high-throughput system for analyzing 
large plant populations and the absence of suitable field 
technologies for non-destructive root measurements, 
particularly for water stress conditions.

Challenges and perspectives
Global climate change is driving scientists to explore strat-
egies for enhancing crop survival and maintaining yield 
through the fluctuating environment, while practicing 
sustainable agriculture. Concealed within the soil, the root 
system plays pivotal roles in helping crops adapt to water 

stress. Resilient plants can alter their RSA in response to 
changes in the soil environment, ensuring better growth 
and survival. Despite the significance of root systems, 
selecting legume genotypes with optimal RSA for various 
water stress conditions remains challenging.

First of all, the growth environment for the root sys-
tem is intricate, influenced by numerous factors. Besides 
water stress, root growth and structure are affected by 
multiple external stimuli, including the availability of soil 
nutrients, temperature, and soil composition. Addition-
ally, root-rhizospheric microbe interactions can enhance 
plant stress tolerance and are often influenced by abiotic 
stresses in return [144].

Secondly, the lack of high-throughput root phenotyp-
ing platforms presents a bottleneck, impeding the direct 
selection of a promising RSA for water stress adapta-
tion. Though advanced techniques exist, affordable high-
throughput methods for field applications are limited. To 
circumvent this problem, due to the strong correlation 
between shoot and root traits and the ease of shoot trait 
observation, selecting for desirable shoot traits may serve 
as a proxy for root trait selection. It has been suggested that 
selecting for high shoot biomass could indirectly select for 
high root biomass [145]. QTL mapping has shown strong 
genetic linkage between shoot traits and RSA traits in 
soybean [38]. There are also other above-ground traits or 
related genes that are closely linked to RSA. For example, 
a study on a large teosinte-maize population found that 
flowering time-related QTLs were associated with around 
half of the genetic variations in nodal root number. Flow-
ering time-regulating genes also co-controlled nodal root 
number in maize, indicating that flowering time selection 
could influence nodal root number during maize domesti-
cation [146]. In soybean, RSA-related QTLs were found to 
overlap with the flowering-time QTL E1, and the knock-
down mutant of the E1 family showed a diminished root 
system compared to wild type [38].

Thirdly, breeding crops with optimal root architecture 
using genetic and molecular approaches can face sig-
nificant challenges. Root traits are intricate, regulated by 
multiple genes and environmental factors. While numer-
ous genetic loci controlling water stress-responsive RSA 
traits have been identified, the functional characteriza-
tion of causal genes within these loci is still crucial for 
accelerating breeding efforts. However, identifying a 
decisive key gene for water stress tolerance in legumes 
remains elusive. Marker-assisted selection (MAS) has 
been proven to be valuable in breeding desirable traits 
governed by major loci, but not for complex traits such 
as root structure which is controlled by multiple small-
effect loci. In this regard, genomic selection (GS) and 
stacking of beneficial alleles are better suited to breeding 
optimal root traits. For instance, an upland rice cultivar 
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achieved higher yield by the introgression of four root 
length-related QTLs into its genome [147].

However, uncovering a universal root ideotype for 
drought and flooding tolerance seems unlikely. Develop-
ing plants capable of autonomously adjusting their RSA 
towards drought and flooding might not be currently fea-
sible. Instead, seeding appropriate cultivars with desired 
RSA based on climate model predictions could be a more 
practical solution. Integrating advanced field monitor-
ing systems and agronomic practices is also crucial for 

maintaining legume yield under unpredictable climate 
conditions [148].

In conclusion, root systems are key factors of healthy 
legume growth and development, fundamental to agri-
culture and food security, and therefore should be the 
new focus for crop breeding. The combination of root 
phenotyping, molecular technologies, and genetic meth-
ods will aid in selecting RSAs adapted to diverse scenar-
ios, ensuring that legume crop productivity and yield can 
be sustained under drought and flooding stresses (Fig. 3).

Fig. 3  A conceptual framework for using root system architecture (RSA) as a prospective target for legume breeding for resistance to water stress. 
The red and blue arrows indicate negative and positive effects of water stresses on root development, respectively. Root phenotyping and genetic 
methodologies can be developed by the collaborative efforts of breeders to select and breed the optimal root system architecture to adapt 
to water stress. This figure was generated using unpublished original photos and the software Adobe Illustrator
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