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study identified 11 significant quantitative trait loci (QTL) 
from manually scored root architecture traits and 21 QTL 
from root architecture traits phenotyped by DIRT image 
analysis. Subsequent comparisons of results from this root 
study with other field studies revealed QTL co-localiza-
tions between root traits and performance indicators includ-
ing seed weight per plant, pod number, and Striga (Striga 
gesnerioides) tolerance. The data suggest selection for root 
phenotypes could be employed by breeding programs to 
improve production in multiple constraint environments.

Introduction

Cowpea (Vigna unguiculata (L.) Walp) is a primary protein 
source and food security crop for large portions of Africa, 
Asia and South America. Cowpea plays a significant role 
in contributing nitrogen (N) to agroecosystems and fodder 
to livestock especially in the low-input systems common 
in cowpea production zones (Ehlers and Hall 1997; Singh 
et  al. 1997, 2003; Huynh et  al. 2013). Cowpea is already 
cultivated in marginal environments commonly experienc-
ing drought, low fertility and pest attack and these con-
straints are likely to become more severe with the effect of 
climate change (Yadav et al. 2015). Breeding efforts com-
monly target above-ground traits or incorporate studies on 
water balance of shoots. An underexploited breeding strat-
egy is trait-based selection focused on linking specific root 
traits to efficient resource acquisition (Cattivelli et al. 2008; 
Lynch 2015).

Phenes are the elementary unit of the plant phenotype 
(Lynch 2011; York et al. 2013). The term was used as early 
as 1925 to describe phenotypic traits under genetic con-
trol (Serebrovsky 1925). While “trait” is often used inter-
changeably with phene its use is ambiguous and can cross 
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several scales of biological organization. Phene is more 
precise and refers to an elementary unit at a given level of 
biological organization (Lynch and Brown 2012). The term 
‘metric’ is used in this article to describe some of the math-
ematically derived observations generated using computer 
based image analysis. The term ‘trait’ is used in this article 
to refer to groups comprised of phenes and metrics. Agro-
nomically relevant traits of field grown root crowns can be 
quantified using shovelomics (Burridge et al. 2016) a man-
ual phenotyping method, or DIRT (Digital Imaging of Root 
Traits). DIRT is an image-based phenotyping software 
(Bucksch et al. 2014) publically available online (Das et al. 
2015). Following identification of genes controlling root 
phenes or metrics, marker-assisted selection (MAS) would 
enable trait-based selection orders of magnitude faster than 
field-based phenotyping of mature plants (Varshney et  al. 
2014). Modern breeding programs using these technologies 
can phenotype thousands of entries per three-month period 
(an average growing season) while a field-based breeder 
using shovelomics could phenotype only hundreds of 
entries in the same period. Indirect selection of root traits 
by MAS would also eliminate the need to phenotype roots 
at each generation during breeding advancement.

Cowpea production is commonly limited by multiple 
factors that may occur simultaneously, including biotic 
stress and limited access to water and nutrients. The para-
sitic weed Striga (Striga gesnerioides) is a constraint to 
cowpea production and can be devastating in certain geo-
graphic areas (Rubiales and Fernández-Aparicio 2012; 
Kamara et  al. 2014). Several genome regions conferring 
Striga resistance have been identified in different environ-
ments and cowpea lines but resistance is not completely 
conferred by a single locus, indicating resistance may be 
highly quantitative and may depend on a variety of resist-
ance mechanisms (Ouedraogo et  al. 2001; Ouédraogo 
et  al. 2002; Li et  al. 2009; Noubissie Tchiagam et  al. 
2010), of which avoidance could be one (Van Delft et  al. 
2000). Furthermore, some previous studies to characterize 
genetic control of Striga tolerance used pot assays (Atok-
ple et al. 1995; Noubissie Tchiagam et al. 2010; Omoigui 
et al. 2011), which may negate avoidance mechanisms and 
amplify hypersensitive responses and chemical and physi-
cal exclusion strategies.

Soil resources are frequently stratified, with immobile 
resources such as phosphorus (P) and potassium (K) being 
more available in shallow soil strata (Lynch and Brown 
2001) and mobile resources such as water being more 
available in deeper soil strata (Lynch and Wojciechowski 
2015). Constraints to root growth and resource acquisition 
are often stratified, especially in oxisols, which are com-
mon in many cowpea production areas, and in which acid-
ity and aluminum toxicity increase with depth (Lynch and 
Wojciechowski 2015). Biotic factors also may be stratified 

such as occurs with greater concentration of Striga seeds 
in the top 10 cm of the soil profile (Van Delft et al. 2000). 
For these reasons root architectural phenes that affect spa-
tial and temporal distribution of roots can have profound 
effects on efficient soil exploration and resource acquisition 
and avoidance of biotic or abiotic constraints (Lynch and 
Wojciechowski 2015). In maize and common bean, several 
root architectural phenes have been related to increased 
productivity under stressful conditions such as deep root-
ing for increased water acquisition in bean (Ho et al. 2005), 
maize (Zhu et  al. 2010), and wheat (Kirkegaard et  al. 
2007). Shallow rooting has been shown to be advantageous 
for immobile nutrients in maize (Bayuelo-Jiménez et  al. 
2011) and bean (Bonser et al. 1996; Miller et al. 2003; Ho 
et al. 2005; Beebe et al. 2006; Miguel et al. 2015). Given 
the similarity between common bean and cowpea phenol-
ogy and root architecture we speculate that homologous 
phenes may have similar benefits. The limited body of cow-
pea root studies indicates deep rooting may be beneficial 
for drought tolerance (Matsui and Singh 2003; Barros et al. 
2007; Agbicodo et  al. 2009) but others highlight the lim-
ited payback when investing in deeper roots when very lit-
tle additional water can be acquired (Hall 2012). Research 
conducted in soil cylinders suggests restricting water use is 
important for water use efficiency (Belko et  al. 2012a, b, 
2014). Limited research on low P tolerance has been con-
ducted in cowpea, but roots may be important to increase P 
efficiency (Kugblenu et al. 2014).

Cowpea performance in low fertility environments 
could be related to efficient resource acquisition and use, 
especially when low nutrient soils and water limitation co-
occur, as is the case for many production environments. In 
this context, drought escape by accelerated phenology can 
be important, and in cowpea development of extra early 
maturing varieties has been used as a strategy to avoid 
drought effects in West Africa (Hall 2012). However, trade-
offs inherent in such strategies may include decreased time 
to acquire immobile resources such as P and K (Bayuelo-
Jiménez et al. 2011; Nord et al. 2011) and decreased yield 
potential and limited use of leaf fodder in cowpea (Hall 
2012) and yield penalty in bean (White and Singh 1991). 
Plants with a strong, deep root system may be better at 
scavenging for available moisture and nutrients, contribut-
ing to stay-green.

The acquisition of immobile resources is important 
early in phenology before the topsoil becomes dry, which 
increases the tortuosity of the diffusive pathway and 
decreases root growth rates, contributing to making the 
acquisition of immobile soil resources more difficult (Bar-
ber 1995). In other legumes such as common bean, P acqui-
sition is related to efficient shallow soil exploration and 
may enable late season root growth into deep soil where 
more water is available (Ho et al. 2005). As pods elongate 
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and seeds fill, grain sink strength and water acquisition 
become stronger regulators of successful maturation than 
new mineral resource acquisition, as significant amounts 
of resources are redistributed within the plant (Rao et  al. 
2013). We hypothesize that in a terminal drought situation 
the acquisition of immobile resources would be especially 
important in the first four vegetative stages of phenology 
and water acquisition is critical throughout development. 
A dimorphic root system possessing phenes enabling both 
shallow and deep exploration may be particularly well 
suited to environments characterized by dual limited water 
as well as P. Phenes that modulate access and rate of water 
extraction from a given soil domain should be considered 
when developing ideotypes (Vadez et al. 2012; Belko et al. 
2014). Quantifying and understanding the utility of the 
spatiotemporal deployment of roots in heterogeneous and 
dynamic soil as it relates to efficiently accessing resources 
is important for production in environments constrained by 
multiple resources. Comparisons of cowpea lines with sim-
ilar genetic background but varying in root architecture and 
water use phenes will be important to assess the contribu-
tion of root phenotypes to stress tolerance.

A consensus genetic map for cowpea (2n =  2x =  22) 
was constructed based on genotyping of 6 bi-parental 
recombinant inbred line (RIL) populations using an Illu-
mina GoldenGate assay for 1,536 EST-derived SNP 
markers (Muchero et  al. 2009). The map resolution was 
improved by genotyping seven additional RIL populations, 
which revealed further synteny with soybean and offers 
increased possibilities to identify gene function (Lucas 
et  al. 2011). In addition, a core germplasm of traditional 
landraces across cowpea-growing regions in African and 
the world has been collected and characterized (Huynh 
et  al. 2013). Using these markers and genetic resources, 
quantitative trait loci (QTL) have been discovered for key 
traits including tolerance to drought (Muchero et al. 2010; 
Muchero et al. 2013), seed quality (Lucas et al. 2013b) and 
resistance to root-knot nematodes (Huynh et al. 2016), root 
pathogens including Macrophomina phaseolina (Muchero 
et al. 2011) and Fusarium wilt (Pottorff et al. 2014; Pottorff 
et al. 2012), insects (Huynh et al. 2015; Lucas et al. 2013a), 
and the parasitic weed Striga (Ouedraogo et  al. 2012). 
These performance traits could be driven by root develop-
ment but until now, no research on genetic mapping has 
been reported for root traits in cowpea due to challenges 
in root phenotyping; the practical aspects of growing and 
excavating mature plant roots can be particularly challeng-
ing compared to above ground phenotyping. In this study, 
we aimed to identify genomic regions controlling root 
architecture in a cowpea diversity panel using state-of-the-
art root phenotyping systems and established relationships 
between root trait QTL and yield, stress tolerance or resist-
ance, and other agronomically important traits.

Materials and methods

Genetic materials and experimental design

A diversity panel of 189 entries including traditional culti-
vars (landraces) and elite breeding lines representing world-
wide cowpea genetic diversity was assembled and seed-
multiplied by University of California—Riverside (UCR) 
(Supplemental File). The panel was phenotyped in 2012 
and 2013 at Ukulima Root Biology Center (URBC), Lim-
popo Province South Africa (24°33′00.12S, 28°07′25.84E, 
1235 masl). Both experiments were designed as rand-
omized complete blocks with four replications each year. 
Each line was planted in a single-row plot consisting of ten 
plants per plot. Row width was 76 cm and distance between 
plants within a row was 30 cm. URBC has a deep Clovelly 
loamy sand (Typic Ustipsamment). Experiments were fer-
tilized with complete N–P–K fertilizers before planting, 
treated with foliar feed during the growing season and 
irrigated regularly with a center pivot irrigation system to 
ensure non-limiting growing conditions. The agrochemical 
Nemacur 400 EC was applied twice during the season to 
prevent interference by insects or nematodes.

Root phenotyping

Shovelomics was conducted 4–6  weeks after planting on 
two plants per plot. Following excavation of six plants per 
plot, the two most representative were selected for pheno-
typing. A complete description of the methodology is avail-
able in Bucksch et  al. (2014) and Burridge et  al. (2016). 
In brief, the method involves excavation of the root crown 
with a shovel to 0.25 m average depth, rinsing of the root 
crown in a bucket of water, followed by manual measure-
ments using a phenotyping board and digital calipers. 
Eleven manual root architectural parameters were collected 
in 2012 and 14 in 2013 (Table 1). Shoot biomass was col-
lected both years at the same time as the root crowns.

To acquire the image needed for automated image anal-
ysis (DIRT), the washed root system was placed on a flat 
black background with circular scale marker, plot identifier 
tag and a standard color image was obtained using a stand-
ard digital camera mounted on a tripod. The color image 
was converted to a grayscale image, segmented into fore- 
and background and the foreground images were separated 
into root, scale marker, and tag. Then the root image was 
used to calculate the root-width profile and root tip paths 
(RTPs) and the metrics derived from the profile and RTPs. 
The scale marker was used to transform pixels to millim-
eters and to correct for imperfect lens to board alignment. 
A complete set of images was taken in 2013 from which 47 
measures per root crown were extracted (see Bucksch et al. 
2014 for a full list of traits and descriptions).
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Broad-sense heritability on an entry mean basis was 
calculated for the manually acquired root phenotypic data 
from the two seasons. Repeatability on an entry mean basis 
was calculated for the image-acquired root phenotypic data 
from four replications of each season (Fehr 1993).

Repeatability of DIRT traits was calculated as

where σ2(G) is the genotypic variance and σ2(E) is the error 
variance.

Heritability on an entry mean basis was calculated for 
the manual measurement traits with the following formula:

where σ2(G) is the genotypic variance, σ2(GY) is the geno-
type by year variance, σ2(E) is the error variance, r is the 
number of replications and y is the number of years.

Normality of residuals was checked and data were 
power-transformed using the lambda identified by Box-
cox transformations. Spearman and Pearson correlations 
between years, replications, and samples suggested data 
could be combined using best linear unbiased predictors 

R2
=

σ 2(G)

σ 2(E)+ σ 2(G)
× 100,

H2
=

σ 2(G)

σ 2(E)
ry

+
σ 2(GY)

r
σ 2(G)

× 100,

(BLUPs). BLUPs were calculated and used for subsequent 
analysis. Statistical analyses were performed in R version 
3.1.2 (R Core Team 2014).

Association mapping

Genotypic data of 1536 SNP markers for the cowpea diver-
sity panel were derived from (Lucas et al. 2011). Version 6 
of the consensus genetic map containing 1091 SNPs was 
retrieved from HarvEST:Cowpea (http://harvest.ucr.edu/). 
Genome-wide association study (GWAS) was performed 
on root phenotypes collected via DIRT image analysis in 
2013 and via manual measurements in 2012 and 2013. 
Genotypic data for GWAS included 1091 SNP mark-
ers genotyped on 189 lines of the cowpea diversity panel. 
GWAS was performed using the mixed linear Q + K model 
(MLM) (Zhang et  al. 2010) implemented in the Genomic 
Association and Prediction Integrated Tool (GAPIT) R 
package (Lipka et al. 2012) using the following model:

where y is a vector of phenotypic observations; β is a 
vector of unknown fixed effects except the SNP marker 
under testing, m is a vector of fixed marker effects (i.e. 
SNP), v is a vector of subpopulation effects, u is a vector 

y = Xβ +Wm+ Qv + Zu+ e,

Table 1   List of root trait names with abbreviation and definition

Trait Definition

Adventitious root growth angle (ARGA) Average adventitious (hypocotyl) root growth angle relative to horizontal (0 is horizontal, 90 is 
vertical, scored in units of 10°)

Adventitious root number (ARN) Number of 1st order lateral roots emerging from the hypocotyl

Average root density Ratio between foreground and background pixels of the extracted root

Basal root growth angle (BRGA) Average basal root growth angle relative to horizontal (0 is horizontal, 90 is vertical, scored in units 
of 10°)

Basal root number (BRN) Number of roots in the basal region of the hypocotyl

Branching density 10 (BD10) Number of 1st order laterals emerging from the primary root between 5 and 10 cm below soil level 
(tap root laterals)

CPD 25, 50, 75, 90 Diameter at 25, 50, 75, 90% length of the central path diameter

D10, D20, D50, D60 Percentage of width accumulation at x% depth

Disease score (DS) Disease rating where 1 is severely infected with stem and root rots and 9 is extremely healthy

DS10, DS20… DS80 Slope of the line made by two sequential Dx values

Max width Maximum width of root calculated from root image

Median width Median width of root calculated from root image

Nodule score (NS) Rating of nodule size and number with 1 having no nodules and 9 having many large nodules

Number of root tip paths (nr. of RTPs) Number of unique paths from top of stem to each root apex

RTA range Range of all calculated root tip paths

Stem diameter (SD) Diameter of stem (mm) at soil level

Tap diameter (TD5, TD10, TD15, TD20) Tap root diameter (mm) 5, 10, 15 and 20 cm below the soil surface

Third order branching density (3BD) Rating of number and order of laterals with 1 being very low branching and 9 having many orders 
and dense spacing of laterals

1.5BD5, 1.5BD10 Number of 1st order laterals with greater than 1.5 mm diameter 2 cm from origin emerging from 
0–5 cm below soil level (1.5BD5) and from 5–10 cm below soil level (1.5BD10)

http://harvest.ucr.edu/
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of unknown random effects, and e is a vector of residual 
effects. Q is an incidence matrix of principal component 
scores of marker-allele frequencies. X, W and Z are inci-
dence matrices of ones and zeros relating y to β, m and u, 
respectively. The covariance of u is equal to KVA, where K 
is the kinship matrix that was estimated with a random set 
of SNPs using the VanRaden method and VA is the addi-
tive variance estimated with restricted maximum likelihood 
(REML). The kinship matrix estimation and the principal 
component analysis were performed in the GAPIT R pack-
age. The optimum number of principle components/covari-
ates included in the model for each trait was determined by 
forward model selection using the Bayesian information 
criterion.

Additive effects were estimated relative to the minor 
allele. SNPs with a LOD score greater than 2.9 were con-
sidered to be significantly associated with the trait.

QTL comparison of root architecture and other traits

QTL information for yield, plant biomass, seed weight, 
stay-green, resistance or tolerance to biotic and abiotic 
stress was obtained from previous studies using GWAS 
and bi-parental mapping (Muchero et al. 2010, 2011, 2013; 
Lucas et  al. 2013a, 2013b; Huynh et  al. 2015, 2016; Pot-
torff et al. 2012, 2014; Ouedraogo et al. 2012). These QTL 
locations were aligned on the cowpea consensus genetic 
map for identification of regions that coincided with QTLs 
for root architecture. Root architecture SNPs with LOD 
score equal or greater than 2.6 were considered significant 
for correlations with agronomic traits.

Results

Root phenotypic assessment

Significant genotypic and phenotypic variation of root 
phenes is measureable using DIRT and manual shov-
elomics and there is some correlation between DIRT and 
manual measures of related traits (see Table 1 for trait defi-
nitions and Table S1 for correlations). General phenotypic 
results from DIRT and manual shovelomics have been 
discussed at length elsewhere (Bucksch et  al. 2014; Bur-
ridge et  al. 2016). However, several key points regarding 
genotypic variation and heritability are highlighted in this 
paragraph to prepare the reader for novel genetic and allo-
metric analysis that follow. All manually measured traits 
had greater than three-fold range in values and the majority 
had greater than eight (Fig S1). Individual accessions are 
distinguishable from each other based on normalized mean 
values of their root phenotypic descriptor data (Bucksch 
et  al. 2014). Heritability for root traits had a wide range. 

Root traits phenotyped manually for two years at URBC 
with high heritability scores included 1.5BD5 (0.80), TD5 
(0.27), ARN (0.27), and NS (0.45) (Burridge et  al. 2016) 
replotted in Table S2). Repeatability of root trait values 
acquired by one season of image analysis highlight D20, 
Nr. of RTPs, and SD (DIRT) with repeatability over 0.25 
(Burridge et  al. 2016) (replotted in Table S3). Allometry 
between root phenes and shoot biomass from the 2013 
South African trial was modeled as a linear regression 
using the log10 transformed trait values to identify power-
law relationships between traits and shoot biomass.

Analysis of marker‑trait association

Eleven significant QTL (LOD  >  2.9) were identified for 
manually measured phenotypes including SD (manual), 
BRGA, ARGA, TD10, and TD15 and 21 significant QTL 
were identified for DIRT measured phenotypes includ-
ing SD (DIRT), CPD25, CPD75, D10,20,50,60, RTA 
range, max width, median width and average root density 
(Table  2). The most significant QTL were identified for 
median width (linkage group (LG) 8, 24.9 Cm), SD (DIRT 
and manual, LG 7, 47.4 cM and LG 3, 92.9 cM), ARGA 
(LG 6, 48.4 cM, LOD 3.92, allelic effect −1.8) and BRGA 
(LG 10, 2.3  cM, LOD 3.14, allelic effect −2.6). Median 
and max width co-localize on LG 8, 24.9 cM with LOD of 
4.46 and 3.83 and allelic effects of 12.5 and 13.6, respec-
tively. QTL for stem diameter identified from manual 
measurements co-localized with QTL for stem diameter 
identified from DIRT measurements of stem diameter on 
LGs 1, 3, 6, 7 (Table 2; Fig. 1).

Six root architecture QTL identified using DIRT and 
manual measurements co-located with previously identi-
fied regions for agronomically relevant traits including 
seed weight, seed number, pod number and Striga toler-
ance measured in previous studies using the same genetic 
materials (Table 3). SNP marker 2227_693 on LG 6 affect-
ing root system median width is co-located with QTL for 
seed weight per plant (Muchero et  al. 2013) in which the 
SNP haplotype conferring high root system median width 
also significantly increased seed weight per plant. Mark-
ers on LG1 affecting CPD25, a measure of hypocotyl size, 
co-localized with QTL for pod number (Muchero et  al. 
2013), in which the SNP haplotype gave a negative effect 
on CPD25 but a slightly increased pod number effect. 
Markers affecting root width accumulation metrics D20, 
D50 and D60 were co-located on LG10, which coincided 
with QTL for seed number per plant (Muchero et al. 2013), 
however, allelic effects for D20, D50, and D60 are small 
and vary in the direction of their effect. When analyzed by 
individual trials, markers for median width and CPD 25 
showed contrasting effects in different environments, sug-
gesting their environmentally specific trait utility (Tables 5, 
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6). Median width positively correlated with seed weight in 
the Kano field site but negatively in the Kamboinse field 
site (Table 6).

Markers associated with BRGA and D60 on LG10 also 
co-located with QTL for Striga resistance (Ouédraogo et al. 
2002). Interestingly, the positive alleles for BRGA and 
D60 are identical to SNP haplotypes of SuVita-2, which 
is a donor parent for Striga resistance (Ouédraogo et  al. 
2002) (Table S4). Phenotypic root evaluations of SuVita-2 
found few and steep basal and adventitious roots (top 10 

percentile for BRGA, bottom 5 percentile for ARN), a 
relatively strong tap root, and low median and maximum 
widths.

Allometry

The slope of the regression line represents the scaling 
coefficient (α) (Niklas 1994) (Table  4). In our analysis, 
isometry is established for α =  0.33, because traits con-
sidered have one-dimensional units whereas biomass has 

Table 2   Root architecture QTL with LOD >2.9

Units for diameter measurements (SD, TD, CPD) are millimeters, Dx values are percent of total accumulated width at the specified depth mean-
ing 0.01 corresponds to 1%, BRGA, ARGA, root tissue angle (RTA) are measures in degrees from 0 to 90, max and median width are measured 
in millimeters, Avg root density is the ratio of background to foreground pixels in the root image and ranges from 0.2 to 6.5. See Table 1 for 
abbreviation definitions
a  Marker additive effect, *, ** are significance level at P > 0.01 and 0.001, respectively; a positive allele effect indicates the favorable allele con-
tributing to a positive phenotypic value, while a negative allelic effect indicates the favorable allele contributing to a negative phenotypic value

Trait SNP marker Linkage group Position (cM) Allelica effect LOD Favorable allele Alternative allele

Stem diameter (manual) 13772_1075 1 22.4 −0.5** 3.76 C G

Stem diameter (DIRT) 13772_1075 1 22.4 −0.5** 3.81 C G

Stem diameter (DIRT) 5084_519 1 23.6 −0.4** 3.26 C G

Stem diameter (manual) 5084_519 1 23.6 −0.4** 3.25 C G

Stem diameter (manual) 4836_807 2 6.7 0.7** 3.17 G C

Avg root density (DIRT) 10811_937 2 71 −0.1** 3.13 A T

RTA range (DIRT) 2326_226 3 42.7 3.0** 3.94 G A

TD10 (manual) 12501_343 3 76.7 0.2** 3.1 G A

Stem diameter (DIRT) 139_439 3 92.9 −0.6** 4.03 A G

Stem diameter (manual) 139_439 3 92.9 −0.07** 2.92 A G

TD10 (manual) 5061_428 4 21 −0.2** 3.34 A G

CPD75 (DIRT) 7102_965 4 21.8 0.03** 4.1 G A

Avg root density (DIRT) 1004_587 5 21.2 −0.2** 3.96 A G

Stem diameter (DIRT) 8969_1386 6 2.2 −0.3** 3.36 A C

Stem diameter (manual) 8969_1386 6 2.2 −0.3** 3.36 A C

Median width (DIRT) 2227_693 6 2.9 6.5** 3.05 G A

CPD 25 (DIRT) 9645_589 6 5.4 −0.03** 3.21 A G

CPD 25 (DIRT) 5428_339 6 6.1 −0.03** 3.32 A G

D10 (DIRT) 3211_511 6 21.7 0.02** 3.49 G A

D20 (DIRT) 3211_511 6 21.7 0.02** 3.71 G A

Adventitious root angle (manual) 4749_1972 6 48.4 −1.81** 3.92 A G

Stem diameter (DIRT) 11138_624 7 47.4 0.5** 4.25 G A

Stem diameter (manual) 11138_624 7 47.4 0.5** 4.26 G A

Max width (DIRT) 14604_737 8 24.9 13.6** 3.83 G A

Median width (DIRT) 14604_737 8 24.9 12.5** 4.46 G A

TD15 (manual) 13848_735 9 42.1 0.1** 3.29 G A

Basal root angle (manual) 11851_914 10 2.3 −2.6** 3.14 A G

D20 (DIRT) 4245_136 10 50.5 0.01** 2.91 G A

D50 (DIRT) 4245_136 10 50.5 0.01** 2.99 G A

D60 (DIRT) 4245_136 10 50.5 −0.01** 3.01 A G

D50 (DIRT) 2391_614 11 25.8 0.01** 3.66 G A

D60 (DIRT) 2391_614 11 25.8 0.01** 3.65 G A
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a three-dimensional unit. Traits with a scaling coefficient 
α  >  0.33 plus 0.15 are positively allometric and indicate 
that the trait scales faster than shoot biomass. Traits with 
α  <  0.33 are negatively allometric and demonstrate trait 
increases at a rate lower than expected from shoot bio-
mass. The value 0.15 ± 0.33 was chosen to create a zone 
where trait scaling was roughly proportional to biomass 

to increase categorization precision. We discuss here only 
traits with significant P values (P < 0.001) for the regres-
sion line. We calculated the adjusted R2 of the relation-
ship as a measure of the predictive power of the trait in 
question. Five traits had a significant adjusted R2 and P 
value of the slope. Two traits, TD10, and TD15, have 
α > 0.33 ± 0.15 indicating they are positively allometric. 

Fig. 1   Chromosome map, showing significant QTL for manually 
measured and DIRT root architecture traits. Black dots represent root 
architecture QTL, grey dots represent root architecture QTL that co-
localize with agronomic traits. Traits in light grey boxes refer to root 

trait QTL measured by DIRT. Traits in white boxes refer to manu-
ally measured root QTL. Trait abbreviations and descriptions can be 
found in Table 1

Table 3   Marker locations, allelic effects and LOD scores for root traits with annotation indicating co-localization with agronomic traits

See Table 1 for abbreviation definitions
a   Colocation of QTL affecting root traits and agronomical traits measured in other studies: 1 = seed weight per plant (Muchero et al. 2013); 
2 = Striga tolerance (Ouédraogo 2002); 3 = seed number per plant (Muchero et al. 2013); 4 = pod number (Muchero et al. 2013)
b  Marker additive effect, *, ** are significance level at P < 0.01 and 0.001, respectively; a positive allele effect indicates the favorable allele 
contributing to a positive phenotypic value for the root trait, while a negative allelic effect indicates the favorable allele contributing to a negative 
phenotypic value for the root trait

Traita SNP marker Linkage group Position (cM) Allelic effectb LOD Favorable allele Alternative allele

Median width (DIRT)1 2227_693 6 2.8579 6.5** 3.05 G A

BRGA (manual)2,3 4510_497 10 50.1197 6.0* 2.63 T A

D20 (DIRT)3 4245_136 10 50.5343 0.001** 2.91 G A

D50 (DIRT)3 4245_136 10 50.5343 0.009** 2.99 G A

D60 (DIRT)2,3 4245_136 10 50.5343 −0.007** 3.01 A G

CPD 25 (DIRT)4 10905_418 1 45.1436 −0.029* 2.59 A G
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The non-significant R2 for TD10 indicates it is not strongly 
controlled by shoot biomass. TD and TD15 have highly 
significant R2 and P value of slope. However, the slope (α) 
of TD and SD are within ±0.15 of 0.33 and are considered 
to be nearly isometric with shoot biomass. Highly signifi-
cant R2 for TD and SD, 0.23 and 0.36, respectively, were 
observed indicating greater predictive power. CPD 25 and 
stem diameter measured with DIRT had significant slopes 
close to zero and low R2, suggesting that the trait increases 
independently from shoot biomass.

Discussion

We suggest root phenotyping has utility for identifying 
mechanisms that drive performance. This statement is 
supported by moderate to high heritabilities of root traits 
(Tables S2 and S3) and GWAS-based co-localizations 
between root traits and performance indicators (Tables 2, 3; 
Fig. 1). Greenhouse and field based studies in other crops 
have identified several root phenes, particularly those that 
lead to more efficient deep and shallow exploration, as 

being related to drought and low P tolerance, respectively. 
This study integrates root phenotyping over two seasons in 
the same environment with yield trials from multiple dis-
tinct environments. The effects of environmental variability 
on root architecture, shoot growth, Striga infestation, and 
ultimately yield introduced by these cross-location compar-
isons is undoubtedly large. Allelic effect and the number of 
co-localizations between root traits and performance indi-
cators would likely increase if both root and performance 
data were collected from the same environment. Further-
more, the limited marker density available for cowpea 
means that the SNPs used might not be perfect markers for 
traits and one should not place undue importance on weak 
allelic effects. Nevertheless, several interesting associations 
were found between root traits and performance indicators 
that merit further investigation.

The co-localization between CPD25 and pod number 
with a slightly negative allelic effect, indicated a smaller 
hypocotyl was correlated with greater pod number. Analy-
sis by individual trials revealed that marker effect depends 
on environment, suggesting the advantage of a given phe-
notype depends on environment. A large diameter hypoco-
tyl could be useful as a reserve of carbohydrates for future 
reallocation in a perennial, fodder or multiple harvest crop-
ping system (Gwathmey et  al. 1992). However, research 
in common bean indicates this “insurance” strategy con-
strains yield in terminal drought annual cropping systems, 
which rewards a decisive shift to reproduction (Rao et al. 
2009, 2013; Beebe 2012). Thus, a large diameter hypoco-
tyl could constitute a misallocated reservoir of resources 
if those resources are not readily reallocated to reproduc-
tive processes. QTL with both positive and negative allelic 
effects were detected for a related measure, SD (accessed 
via DIRT and manual measurements), highlighting distinct 
loci that are related to greater and smaller SD. This sug-
gests that selection may be possible to move towards either 
a smaller or larger hypocotyl.

The fact that QTL affecting root system shape (includ-
ing BRGA, D20, D50 and D60) co-localized with QTL for 
Striga resistance also indicates a possible role of root archi-
tecture in avoiding Striga attachment and growth. An allele 
with a large positive effect for BRGA and an allele with 
a small negative effect for D60 both conferred Striga tol-
erance and indicated that steeper basal root growth angles 
are related to Striga tolerance. Since the positive allele 
for D20 and D50 is similar to the Striga susceptible allele 
while the positive allele for D60 conferred a slightly nega-
tive allelic effect on Striga tolerance, we hypothesize that 
D60 represents the inflection point where placing more root 
length above increases susceptibility and more root length 
below increases resistance. The implication is that less root 
length in the topmost layer of soil is related to Striga tol-
erance. The greater abundance of Striga seeds in shallow 

Table 4   Allometric comparisons of correlations between plant bio-
mass and root traits

Allometric analysis was performed by plotting a linear regression of 
log10 of each trait against log10 of total plant dry weight. The allomet-
ric scaling coefficient (α) of 0.33 with a margin of ±0.15 was used 
as the threshold where trait response was proportional to a change 
in biomass. Traits with significant slopes greater than 0.45 exceeded 
proportional increase in biomass and traits with significant slopes less 
than 0.18 increased more slowly than if proportional to biomass. See 
Table 1 for abbreviation definitions

Trait Adjusted R2 Intercept Slope (α) P value (slope)

TD10 0.16 −0.47 0.61 <0.001***

TD15 0.34*** −0.53 0.58 <0.001***

TD 0.23*** 0.17 0.37 <0.001***

SD (manual) 0.36*** 0.71 0.22 <0.001***

Avg root density 0.05 −0.076 0.16 0.004**

CPD 75 0.12 −0.24 0.14 <0.001***

Median width 0.02 1.97 0.12 0.011*

Stem diameter 
(DIRT)

0.15*** 0.98 0.1 <0.001***

CPD 25 0.07*** 0.026 0.079 <0.001***

BRGA 0 1.51 0.071 0.07

Max width 0 2.35 0.037 0.16

ARGA 0 1.63 0.027 0.49

RTA range 0 1.65 0.005 0.82

D60 0.02 −0.16 −0.01 0.4

D50 0.02 −0.19 −0.02 0.17

D20 0.02 −0.33 −0.046 0.02*

D10 0.02 −0.41 −0.07 0.006**
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soil suggests that avoidance of the shallow soil domain 
may prevent triggering Striga germination or avoid Striga 
attachment (Van Delft et al. 2000). Based upon phenotypic 
data on the number and angle of adventitious and basal 

roots, the donor parent of this trait, SuVita-2, deploys very 
few roots in shallow soil zones compared to other lines in 
the diversity panel (see Fig. 2 for example of Striga attach-
ment). The resultant root architecture resembles a narrow 
but deep cone with a predominate tap root, which places 
few roots in shallow soil zones and may also be related to 
greater water extraction from deep soil (Fig.  3). Similar 
biotic stress avoidance mechanisms may also play a role 
in other parasitic plant or nematode resistance. A potential 
tradeoff between Striga avoidance and arbuscular mycor-
rhizal avoidance may exist as they occur in similar shal-
low soil and take advantage of similar chemical plant cues 
(Parniske 2008).

The QTL co-localization and their positive effects on 
both median root width and seed weight per plant (Muchero 
et  al. 2013) suggest that a moderately large, broad cone-
shaped root system is likely to be beneficial in most envi-
ronments. However, marker effects for median width 
(marker 2227_693) and CPD 25 (marker 10905_418) on 
performance indicators such as seed weight and seed num-
ber varied by environment (Table 5). Correlations between 
median width and performance indicators also varied by 

Fig. 2   Example of Striga attachment on cowpea (IT86D 1010) root 
grown at URBC, note horizontal growth angle and relative enlarge-
ment of host lateral root

Fig. 3   From left to right SuVita-2 showing steep, narrow, tap root 
dominated architecture; TVu 9557 showing average root system with 
many adventitious and basal roots and steeper growth angle: Gorum 

Local showing shallow root system with many adventitious roots and 
shallow adventitious and basal roots

Table 5   Marker allelic effects 
on median width and CPD 25 
and associated agronomic traits 
in three environments

USA, Kamboinse, Kano and Pobe refer to different locations of trials. SeedWTPlant means seed weight 
per plant. SeedNumberPlant means seed number per plant

Trait Marker 2227_693 (median 
width)

Marker 10905_418 (CPD 25)

AA GG P value AA GG P value

2013_CPD25 1.3 1.3 0.267 1.4 1.3 0.002

2013_MedianWidth 119.6 139.1 0.001 132.5 129.6 0.541

2009_USA_Seed Weight 63.6 58.6 0.038 69.6 58.4 0.001

2008_Kamboinse_Seed Weight 21.8 17.9 0.020 25.4 18.1 0.001

2008_Kamboinse_SeedWtPlant 3.6 2.9 0.016 4.1 3.0 0.004

2008_Kamboinse_SeedNumberPlant 6.0 6.2 0.502 5.5 6.3 0.032

2007_Kano_Seed Weight 11.4 16.0 0.006 10.6 15.0 0.028

2009_Pobe_Seed Weight 21.1 19.3 0.089 23.4 19.4 0.002
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environment (r = 0.25 in Kano, r = −0.25 in Kamboinse) 
(Table 6). This suggests that median width and CPD 25 are 
related to enhanced performance in some environments and 
related to inferior performance in others. Tradeoffs between 
costs and benefits are in general extremely dependent upon 
environment, particularly when soil resources and environ-
mental constraints occur in contrasting spatial or temporal 
arrangements.

A positive allelic effect on both median width and 
yield components suggests that a broad root system con-
fers an advantage that leads to greater yield. We hypoth-
esize that this root system architecture offers a balanced 
foraging strategy that maximizes benefits relative to costs 
and efficiently explores both shallow and deep soil zones. 
In an environment in which water is most limiting and 
the ideal strategy is to escape drought by rapid matura-
tion or deep soil exploration a minimalistic or steep root 
system may be best. Future research needs to address 
the complexities of matching phenotype to environment 
highlighted by these environmentally dependent allelic 
effects.

It is a central but often overlooked task of physiolo-
gists, geneticists and breeders to distinguish independent 
fundamental phenes from auto-correlations and allometric 
relationships. This study found SD and TD to be isometri-
cally related to plant biomass and TD15 to be positively 
allometrically related to plant biomass. TD10 is positively 
allometric but the insignificant R2 indicates it can scale 
independently from shoot biomass. This suggests that it 
may be possible to select for a strong tap root on a rela-
tively small plant. We speculate that TD10 affects deep 
soil exploration more than TD because a larger diameter 
root may be able to access deeper soil domains, sup-
ply greater quantities of water and contribute to drought 
avoidance.

The discrepancy in the allometric relationships between 
seemingly comparable traits such as TD and CPD 25, and 
stem diameter measured manually and using DIRT lies 
in the trait definition. TD is a diameter measurement at a 
defined location below the soil line. TD traits capture dif-
ferential secondary growth at a given point in time inde-
pendent of total plant biomass or total root system size. 
In contrast, CPD traits measure diameter increments rela-
tive to excavated taproot length meaning CPD 25 does not 
always measure the same point as TD. Because CPD traits 
may measure diameter at different points than TD traits 
they may be under different genetic control, as suggested 
by GWAS. Stem diameter measured manually and using 
DIRT differs slightly from each other. Stem diameters 
measured with DIRT resulted in α values and adjusted R2 
about half than achieved for SD measured manually. Man-
ual stem diameter is taken at a point determined by subtle 
color variations indicating soil level. DIRT measures stem 
diameter at the topmost point of the excised stem, which 
does not always coincide with soil level. While the allo-
metric relationships are not consistent, significant SNPs for 
manually and image accessed measures of stem diameter 
co-locate on the genome suggesting both have utility for 
trait-based selection. Identification of genetic control using 
different methods indicates that both manual and image 
analysis based tools have utility for breeding programs.

Our introductory study posits a root ideotype with large 
median width and steeper BRGA. As this root system may 
efficiently explore both shallow and deep zones it is termed 
dimorphic. This type of root system may increase tolerance 
to multiple edaphic stresses while avoiding Striga parasit-
ism in shallow soil. The ideal stay-green phenotype for a 
combined stress environment may be built upon optimized 
root and hypocotyl phenes, including a balanced but deep 
root architecture and more parsimonious water uptake. 
Combining these phenes may permit an increased period of 
water extraction (Vadez et al. 2013) with a positive balance 
between benefit and costs of resource acquisition.

Ongoing work is investigating the mechanisms regulat-
ing soil water use and in particular the effects of root ana-
tomical phenes such as xylem diameter on conductance 
and soil moisture budgets. One example of this is tap root 
diameter, which seems intuitively linked to greater total 
xylem area and to increased ability to extend into deep soil 
zones in a terminal drought situation. We hypothesize that 
a strong tap root with large number of small diameter ves-
sels offers a balance that extracts large volumes of water in 
a metered fashion without depleting soil water before the 
growing cycle is over.

We present data indicating that both manual and 
image-based phenotyping of mature, field-grown cowpea 
root systems detected QTL describing root architectural 

Table 6   Trait correlations between median width and CPD 25 with 
performance indicators in three environments

*, ** are significance at P < 0.05 and 0.01, respectively. USA, Kam-
boinse, Kano and Pobe refer to different locations of trials. SeedWT-
Plant means seed weight per plant. SeedNumberPlant means seed 
number per plant

Correlation coefficients 2013_MedianWidth 2013_CPD25

2013_CPD25 −0.139

2007_Kano_Seed Weight 0.252** 0.106

2008_Kamboinse_SeedNum-
berPlant

0.050 0.047

2008_Kamboinse_Seed Weight −0.250** 0.212*

2008_Kamboinse_SeedWtPlant −0.240** 0.182*

2009_Pobe_Seed Weight 0.024 0.074

2009_USA_Seed Weight −0.067 0.229*
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phenes and some of these co-located with QTL related to 
efficient resource acquisition and performance in subop-
timal environments. Phenotyping of mature roots under 
field conditions is important because it more closely 
approximates agricultural conditions than do greenhouse 
or laboratory based phenotyping platforms. Our data sug-
gest that root architectural traits form part of the suite of 
traits conferring abiotic stress tolerance and Striga resist-
ance. We propose that traits contributing to a cone-shaped 
architecture should be investigated further and potentially 
integrated into Striga management strategies such as those 
outlined elsewhere (Franke et al. 2006). Phenotyping root 
architecture may help to identify additional mechanisms 
related to increased productivity in sub-optimal environ-
ments and accelerate the release of climate adapted culti-
vars. Modeling and ideotype approaches could be useful 
to inform physiology studies to investigate trait integra-
tion and tradeoffs. Knowledge of allometric relationships 
should inform breeding targets and root ideotype devel-
opment. Similarities in root architecture between cow-
pea, soybean, common bean, tepary bean and other leg-
umes suggest genetic control may be homologous and 
agronomic impact of certain root architectures may be 
comparable.

Author contribution statement  JB phenotyped roots 
and led writing, analysis, figure preparations and revisions. 
HS performed GWAS on root traits, correlated performance 
indicators to root traits, as well as contributed to writing, 
analysis, figure preparation, interpretation and revisions. 
BLH contributed expertise to genetic analysis, writing and 
interpretation. PR contributed interpretation, analysis and 
manuscript revisions. AB developed the automated image 
phenotyping platform and contributed to interpretation, 
writing and revising the manuscript. JL contributed to con-
ceptual design, interpretation, writing and revisions of the 
manuscript.

Acknowledgements  This work was supported by the Howard G. 
Buffet Foundation, the USAID Feed the Future Innovation Laboratory 
for Climate Resilient Beans, and the Feed the Future Innovation Lab 
for Collaborative Research on Grain Legumes. Genotyping was sup-
ported by the CGIAR Generation Challenge Program. This work was 
also supported by the USDA National Institute of Food and Agricul-
ture, Hatch Project 4372, the NSF Plant Genome Research Program, 
NSF 0820624 and the Center for Data Analytics, Georgia, Institute of 
Technology, Spatial Networks in Biology: Organizing and Analyzing 
the Structure of Distributed Biological Systems. Any opinions, find-
ings, conclusions, or recommendations expressed in this publication 
are those of the author(s) and do not necessarily reflect the view of 
the National Institute of Food and Agriculture (NIFA) or the United 
States Department of Agriculture (USDA).

Compliance with ethical standards 

The authors declare that they have no conflict of interest.

References

Agbicodo EM, Fatokun CA, Muranaka S, Visser RGF, Linden van 
der CG (2009) Breeding drought tolerant cowpea: constraints, 
accomplishments, and future prospects. Euphytica 167:353–370

Atokple IDK, Singh BB, Emechebe AM (1995) Genetics of resistance 
to Striga and Alectra in cowpea. J Hered 86:45–49

Barber S (1995) Soil nutrient bioavailability: a mechanistic approach. 
Wiley, New York

Bayuelo-Jiménez JS, Gallardo-Valdéz M, Pérez-Decelis VA, Magda-
leno-Armas L, Ochoa I, Lynch JP (2011) Genotypic variation 
for root traits of maize (Zea mays L.) from the Purhepecha Pla-
teau under contrasting phosphorus availability. Field Crops Res 
121:350–362

Beebe SE (2012) Common bean breeding in the tropics. In: Jan-
ick J (ed) Plant breeding reviews, vol 36. Wiley, New York, pp 
357–426

Beebe SE, Rojas-Pierce M, Yan X, Blair MW, Pedraza F, Muñoz F, 
Tohme J, Lynch JP (2006) Quantitative trait loci for root archi-
tecture traits correlated with phosphorus acquisition in common 
bean. Crop Sci 46:413–423

Belko N, Zaman-allah M, Cisse N, Ndack Diop N, Zombre G, Ehlers 
JD, Vadez V (2012a) Lower soil moisture threshold for transpi-
ration decline under water deficit correlates with lower canopy 
conductance and higher transpiration efficiency in drought-toler-
ant cowpea. Funct Plant Biol 39:306–322

Belko N, Zaman-Allah M, Diop NN, Cisse N, Zombre G, Ehlers JD, 
Vadez V (2012b) Restriction of transpiration rate under high vapour 
pressure deficit and non-limiting water conditions is important for 
terminal drought tolerance in cowpea. Plant Biol 15:304–316

Belko N, Cisse N, Diop NN, Zombre G, Thiaw S, Muranaka S, Ehlers 
JD (2014) Selection for postflowering drought resistance in 
short- and medium- duration cowpeas using stress tolerance indi-
ces. Crop Sci 54:25–33

Bonser AM, Lynch JP, Snapp S (1996) Effect of phosphorus defi-
ciency on growth angle of basal roots in Phaseolus vulgaris. 
New Phytol 132:281–288

Bucksch A, Burridge J, York LM, Das A, Nord E, Weitz JS, Lynch JP 
(2014) Image-based high-throughput field phenotyping of crop 
roots. Plant Physiol 166:470–486

Burridge J, Jochua CN, Bucksch A, Lynch JP (2016) Legume shov-
elomics: high—throughput phenotyping of common bean (Pha-
seolus vulgaris L.) and cowpea (Vigna unguiculata subsp, unguic-
ulata) root architecture in the field. Field Crops Res 192:21–32

Cattivelli L, Rizza F, Badeck FW, Mazzucotelli E, Mastrangelo AM, 
Francia E, Marè C, Tondelli A, Stanca AM (2008) Drought toler-
ance improvement in crop plants: an integrated view from breed-
ing to genomics. Field Crops Res 105:1–14

Das A, Schneider H, Burridge J, Karine A, Ascanio M, Topp CN, 
Lynch JP, Weitz JS, Bucksch A (2015) Digital Imaging of Root 
Traits (DIRT): a high-throughput computing and collaboration 
platform for field-based root phenomics. Plant Methods 11:1–12

de Barros I, Gaiser T, Lange F-M, Romheld V (2007) Mineral nutri-
tion and water use patterns of a maize/cowpea intercrop on 
a highly acidic soil of the tropic semiarid. Field Crops Res 
101:26–36

Ehlers JD, Hall AE (1997) Cowpea (Vigna unguiculata L. Walp). 
Field Crops Res 53:187–204

Fehr W (1993) Principles of cultivar development. Macmillan Pub-
lishing Company, New York

Franke AC, Ellis-Jones J, Tarawali G, Schulz S, Hussaini MA, Kureh 
I, White R, Chikoye D, Douthwaite B, Oyewole BD, Olanrewaju 
AS (2006) Evaluating and scaling-up integrated Striga hermon-
thica control technologies among farmers in northern Nigeria. 
Crop Prot 25:868–878



430	 Theor Appl Genet (2017) 130:419–431

1 3

Gwathmey OC, Hall AE, Madore MA (1992) Adaptive attributes of 
cowpea genotypes with delayed monocarpic leaf senescence. 
Crop Sci 32:765–772

Hall AE (2012) Phenotyping cowpeas for adaptation to drought. Front 
Physiol 3:1–8

Ho MD, Rosas JC, Brown KM, Lynch JP (2005) Root architectural 
tradeoffs for water and phosphorus acquisition. Funct Plant Biol 
32:737–748

Huynh B, Close TJ, Roberts PA, Hu Z, Wanamaker S, Lucas MR, 
Chiulele R, Cisse N, David A, Hearne S, Fatokun C, Diop NN, 
Ehlers JD (2013) Gene pools and the genetic architecture of 
domesticated cowpea. Plant Genome 6:1–8

Huynh B-L, Ehlers JD, Ndeve A, Wanamaker S, Lucas MR, Close 
TJ, Roberts PA (2015) Genetic mapping and legume synteny 
of aphid resistance in African cowpea (Vigna unguiculata L. 
Walp.) grown in California. Mol Breeding 35:36. doi:10.1007/
s11032-015-0254-0

Huynh B-L, Matthews WC, Ehlers JD, Lucas MR, Santos JRP, Ndeve 
A, Close TJ, Roberts PA (2016) A major QTL corresponding to 
the Rk locus for resistance to root-knot nematodes in cowpea 
(Vigna unguiculata L. Walp.). Theor Appl Genet 129(1):87–95. 
doi:10.1007/s00122-015-2611-0

Kamara AY, Ekeleme F, Jibrin JM, Tarawali G, Tofa I (2014) Agri-
culture, Ecosystems and environment assessment of level, extent 
and factors influencing Striga infestation of cereals and cowpea 
in a Sudan savanna ecology of northern Nigeria. Agric Ecosyst 
Environ 188:111–121

Kirkegaard JA, Lilley JM, Howe GN, Graham JM (2007) Impact of 
subsoil water use on wheat yield. Aust J Agric Res 58:303–315

Kugblenu YO, Kumaga FK, Ofori K, Adu-Gyamfi JJ (2014) Evalua-
tion of cowpea genotypes for phosphorus use efficiency. J Agric 
Crop Res 2:202–210

Li J, Lis KE, Timko MP (2009) Molecular genetics of race-specific 
resistance of cowpea to Striga gesnerioides (Willd.). Pest Manag 
Sci 65:520–527

Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, Gore MA, 
Buckler ES, Zhang Z (2012) GAPIT: genome association and 
prediction integrated tool. Bioinformatics 28:2397–2399

Lucas MR, Diop N-N, Wanamaker S, Ehlers JD, Roberts PA, Close TJ 
(2011) Cowpea–soybean synteny clarified through an improved 
genetic map. Plant Genome 4:218–225

Lucas MR, Ehlers JD, Huynh B-L, Diop N-N, Roberts PA, Close TJ 
(2013a) Markers for breeding heat-tolerant cowpea. Molecular 
Breeding 31(3):529–536. doi:10.1007/s11032-012-9810-z

Lucas MR, Huynh B, Vinholes S, Cisse N, Drabo I, Ehlers JD, Rob-
erts PA, Close TJ (2013b) Association studies and legume syn-
teny reveal haplotypes determining seed size in Vigna unguicu-
lata. Front Plant Sci 4:95. doi:10.3389/fpls.2013.00095

Lynch JP (2011) Root phenes for enhanced soil exploration and 
phosphorus acquisition: tools for future crops. Plant Physiol 
156:1041–1049

Lynch JP (2015) Root phenes that reduce the metabolic costs of soil 
exploration: opportunities for 21st century agriculture. Plant Cell 
Environ 38:1775–1784

Lynch JP, Brown KM (2001) Topsoil foraging—an architectural 
adaptation of plants to low phosphorus availability. Plant Soil 
237:225–237

Lynch JP, Brown KM (2012) New roots for agriculture: exploit-
ing the root phenome. Philos Trans R Soc Lond Ser B Biol Sci 
367:1598–1604

Lynch JP, Wojciechowski T (2015) Opportunities and challenges 
in the subsoil: pathways to deeper rooted crops. J Exp Bot 
66:2199–2210

Matsui T, Singh BB (2003) Root characteristics in cowpea related to 
drought tolerance at the seedling stage. Exp Agric 39:29–38

Miguel MA, Postma JA, Lynch JP (2015) Phene synergism between 
root hair length and basal root growth angle for phosphorus 
acquisition. Plant Physiol 167:1430–1439

Miller C, Ochoa I, Nielsen K, Beck D, Lynch JP (2003) Genetic varia-
tion for adventitious rooting in response to low phosphorus avail-
ability: potential utility for phosphorus acquisition from stratified 
soils. Funct Plant Biol 30:973–985

Muchero W, Diop NN, Bhat PR, Fenton RD, Wanamaker S, Pottorft 
M, Hearne S, Cisse N, Fatokun C, Ehlers JD, Roberts PA, Close 
TJ (2009) A consensus genetic map of cowpea [Vigna unguicu-
lata (L) Walp.] and synteny based on EST-derived SNPs. Proc 
Natl Acad Sci USA 106:18159–18164

Muchero W, Ehlers JD, Roberts PA (2010) Restriction site polymor-
phism-based candidate gene mapping for seedling drought tol-
erance in cowpea [Vigna unguiculata (L.) Walp.]. Theor Appl 
Genet 120(3):509–518. doi:10.1007/s00122-009-1171-6

Muchero W, Ehlers JD, Close TJ, Roberts PA (2011) Genic SNP 
markers and legume synteny reveal candidate genes underlying 
QTL for Macrophomina phaseolina resistance and maturity in 
cowpea [Vigna unguiculata (L) Walp.]. BMC Genomics 12:8. 
doi:10.1186/1471-2164-12-8

Muchero W, Roberts PA, Diop NN, Drabo I, Cisse N, Close TJ, 
Muranaka S, Boukar O, Ehlers JD (2013) Genetic architecture 
of delayed senescence, biomass, and grain yield under drought 
stress in cowpea. PLoS One 8:1–10

Niklas KJ (1994) Plant allometry: the scaling of form and process. 
University of Chicago Press, Chicago

Nord EA, Shea K, Lynch JP (2011) Optimizing reproductive phe-
nology in a two-resource world: a dynamic allocation model of 
plant growth predicts later reproduction in phosphorus-limited 
plants. Ann Bot 108:391–404. doi:10.1093/aob/mcr143

Noubissie Tchiagam JB, Bell JM, Guissai Birwe S, Gonne S, Youmbi 
E (2010) Varietal response of cowpea (Vigna unguiculata (L.) 
Walp.) to Striga gesnerioides (Willd.) vatke race SG5 infesta-
tion. Not Bot Hort Agrobot Cluj 38:33–41

Omoigui LO, Ishiyaku MF, Ousmane B, Gowda BS, Timko MP 
(2011) Application of fast technology for analysis (FTA) for 
sampling and recovery of deoxyribonucleic acid (DNA) for 
molecular characterization of cowpea breeding lines for Striga 
resistance. Afr J Biotechnol 10:19681–19686

Ouedraogo J, Maheshwari V, Berner D, St Pierre C-A, Belzile F, 
Timko M (2001) Identification of AFLP markers linked to resist-
ance of cowpea (Vigna unguiculata L.) to parasitism by Striga 
gesnerioides. Theor Appl Genet 102:1029–1036

Ouedraogo JT, Ouedraogo M, Gowda BS, Timko MP (2012) Devel-
opment of sequence characterized amplified region (SCAR) 
markers linked to race-specific resistance to Striga gesne-
rioides in cowpea (Vigna unguiculata L.). Afr J Biotechnol 
11:12555–12562

Ouédraogo JT, Tignedre J-B, Timko MP, Belzile FJ (2002) AFLP 
markers linked to resistance against Striga gesnerioides race 
1 in cowpea (Vigna unguiculata). Genome 45(5):787–793. 
doi:10.1139/G02-043

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant root 
endosymbioses. Nat Rev Microbiol 6:763–775

Pottorff M, Wanamaker S, Ma YQ, Ehlers JD, Roberts PA, Close TJ 
(2012) Genetic and Physical Mapping of Candidate Genes for 
Resistance to Fusarium oxysporum f.sp. tracheiphilum Race 3 in 
Cowpea [Vigna unguiculata (L.) Walp]. PLoS One 7 (7):e41600. 
doi:10.1371/journal.pone.0041600

Pottorff MO, Li G, Ehlers JD, Close TJ, Roberts PA (2014) Genetic 
mapping, synteny, and physical location of two loci for Fusar-
ium oxysporum f. sp. tracheiphilum race 4 resistance in cowpea 
[Vigna unguiculata (L.) Walp]. Mol Breeding 33(4):779–791. 
doi:10.1007/s11032-013-9991-0

http://dx.doi.org/10.1007/s11032-015-0254-0
http://dx.doi.org/10.1007/s11032-015-0254-0
http://dx.doi.org/10.1007/s00122-015-2611-0
http://dx.doi.org/10.1007/s11032-012-9810-z
http://dx.doi.org/10.3389/fpls.2013.00095
http://dx.doi.org/10.1007/s00122-009-1171-6
http://dx.doi.org/10.1186/1471-2164-12-8
http://dx.doi.org/10.1093/aob/mcr143
http://dx.doi.org/10.1139/G02-043
http://dx.doi.org/10.1371/journal.pone.0041600
http://dx.doi.org/10.1007/s11032-013-9991-0


431Theor Appl Genet (2017) 130:419–431	

1 3

R Core Team (2014) R: a language and environment for statistical 
computing

Rao IM, Beebe SE, Polania J, Grajales M, Cajiao C, Garcia R, 
Ricaurte J, Rivera M (2009) Physiological basis of improved 
drought resistance in common bean: the contribution of photo-
synthate mobilization to grain. Interdrought III: the 3rd interna-
tional conference on integrated approaches to improve crop pro-
duction under drought-prone environments, Shanghai, pp 11–16

Rao I, Beebe S, Polania J, Ricaurte J, Cajiao C, Garcia R, Rivera M 
(2013) Can Tepary Bean be a model for improvement of drought 
resistance in Common Bean? Afr Crop Sci J 21:265–281

Rubiales D, Fernández-Aparicio M (2012) Innovations in parasitic 
weeds management in legume crops. A review. Agron Sustain 
Dev 32:433–449

Serebrovsky AS (1925) ‘Somatic segreation’ in domestic fowl. J 
Genet 16:33–42

Singh BB, Chambliss OL, Sharma B (1997) Recent advances in cow-
pea breeding. In: Singh BB, Mohan Raj DR, Dashiell KE (eds) 
Advances in cowpea research. Copublication of International 
Institute of Tropical Agriculture (IITA) and Japan International 
Research Center for Agricultural Sciences (JIRCAS). IITA, 
Ibadan, pp 30–49

Singh BB, Ajeigbe HA, Tarawali SA, Fernandez-Rivera S, Abubakar 
M (2003) Improving the production and utilization of cowpea as 
food and fodder. Field Crops Res 84:169–177

Vadez V, Soltani A, Sinclair TR (2012) Modelling possible benefits 
of root related traits to enhance terminal drought adaptation of 
chickpea. Field Crops Res 137:108–115

Vadez V, Kholová J, Yadav RS, Hash CT (2013) Small temporal dif-
ferences in water uptake among varieties of pearl millet (Pen-
nisetum glaucum (L.) R. Br.) are critical for grain yield under 
terminal drought. Plant Soil 371:447–462

Van Delft GJ, Graves JD, Fitter AH, Van Ast A (2000) Striga seed 
avoidance by deep planting and no-tillage in sorghum and maize. 
Int J Pest Manag 46:251–256

Varshney RK, Terauchi R, McCouch SR (2014) Harvesting the prom-
ising fruits of genomics: applying genome sequencing technolo-
gies to crop breeding. PLoS Biol 12(6):e1001883

White JW, Singh SP (1991) Sources and inheritance of earliness in 
tropically adapted indeterminate common bean. Euphytica 
55:15–19

Yadav SS, Hunter D, Redden B, Nang M, Yadava DK, Habibi AB 
(2015) Impact of climate change on agriculture production, food, 
and nutritional security. Crop wild relatives and climate change, 
pp 1–23

York LM, Nord EA, Lynch JP (2013) Integration of root phenes for 
soil resource acquisition. Front Plant Sci 4:1–15

Zhang Z, Ersoz E, Lai C-Q, Todhunter RJ, Tiwari HK, Gore MA, 
Bradbury PJ, Yu J, Arnett DK, Ordovas JM, Buckler ES (2010) 
Mixed linear model approach adapted for genome-wide associa-
tion studies. Nat Genet 42:355–360

Zhu J, Brown KM, Lynch JP (2010) Root cortical aerenchyma 
improves the drought tolerance of maize (Zea mays L.). Plant 
Cell Environ 33:740–749


	Genome-wide association mapping and agronomic impact of cowpea root architecture
	Abstract 
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Genetic materials and experimental design
	Root phenotyping
	Association mapping
	QTL comparison of root architecture and other traits

	Results
	Root phenotypic assessment
	Analysis of marker-trait association
	Allometry

	Discussion
	Acknowledgements 
	References




