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Abstract

Purpose Crops rely on microbes for critical ser-
vices, but host benefits can be influenced by local
makeup of microbiota and the host’s capacity to
select optimal strains. We investigated host benefits
that cowpeas receive from microbiota depending on
plant genotype, their domestication status, and soil
source.
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Methods We performed a full factorial soil inocula-
tion experiment. Twenty diverse cowpea genotypes,
selected from wild and domesticated populations,
were exposed to soil rinsates from four agricultural
sites across California, all having cowpea cultivation
and varied physicochemical features. Cowpea invest-
ment in and benefit from microbiota was quantified
by measuring host growth response to inoculation,
nodulation, and segregating trait variation.

Results  Variation in induction of root nodulation
and strikingly heterogenous benefits to host growth
were observed among soil sites. These effects were
restricted to live soil inocula but were absent in auto-
claved soil controls that lacked microbiota. Cowpeas
expressed heritable variation in nodulation, but there
was negligible effect of plant population or domesti-
cation status on the net benefit that hosts gained from
microbiota.

Conclusion Soils varied substantially and con-
sistently among cultivation sites and were the most
prominent driver shaping host growth effects on cow-
peas. While growth benefits vary among host culti-
vars, soil microbiota (and the conditions that main-
tain them) predominantly shape plant performance in
agricultural settings.

Keywords Symbiosis - Legume - Cowpea -
Rhizobia - Inoculation - Agriculture
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Introduction

Plant-associated microbial mutualists are abun-
dant, exceptionally diverse, and provide varied ser-
vices to hosts (Friesen et al. 2011). However, the
taxonomic makeup of microbial communities — and
consequently the benefits they provide — can vary a
great deal over space and time (Heath and Stinch-
combe 2014). The drivers that shape soil microbiota
can be broadly categorized as top down and bottom
up forces. Top down forces are driven by symbiosis
traits, host phenotypes that regulate the colonization
and infection of associated microbes (Bulgarelli et al.
2013; Porter and Sachs 2020). Symbiosis traits are
predicted to play a significant role in shaping sym-
biont communities (Foster et al. 2017). For instance,
plants can release specific flavonoids and other com-
pounds from roots to attract and regulate the growth
of microbial partners (Sasse et al. 2018; van Dam
and Bouwmeester 2016). Plant exudates can reshape
the associated microbial community by enriching
or reducing specific microbial taxa on plant roots
and in the rhizosphere, and parallel processes occur
on leaves (Balachandar et al. 2006; Micallef et al.
2009; Morella et al. 2020). Plants are also thought
to impose selection by restricting infection to a sub-
set of microbial strains, and by selectively reward-
ing or punishing strains post-infection depending on
the benefits that they provide (Denison 2000; West
et al. 2002). However, symbiosis traits can vary sub-
stantially among plant species and even among host
genotypes or populations of the same species (Haney
et al. 2015; Pahua et al. 2018; Torres-Martinez et al.
2021; Wendlandt et al. 2019), potentially mitigating
microbial benefits on plant health, yield, and fitness
(Lareen et al. 2016; Mueller and Sachs 2015).
Bottom up forces shape the community makeup
of microbes during free-living phases in soil, includ-
ing abiotic factors such as soil pH, particle size, water
availability, nutrient composition, and biotic factors
such as microbial predators, competitors, and facilita-
tors (Agler et al. 2016; Bonkowski 2004; Fitzpatrick
et al. 2019; Hussain et al. 2018; Leite et al. 2017; Li
et al. 2019). In natural settings, soil texture and nutri-
ent availability are primary factors that alter the com-
position and abundance of bacterial communities (Xu
et al. 2018). In managed settings, tillage and fertiliza-
tion impact soil abiotic factors, affecting species rich-
ness and evenness in soil microbial communities (He
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et al. 2007; Legrand et al. 2018; Zhong et al. 2010).
These environmental factors can interact with host
selection to drive variation in plant-associated micro-
bial communities (G x E interactions; Peiffer et al.
2013; Wagner et al. 2016). Additionally, the expres-
sion of genetic variation for symbiosis traits among
related host genotypes can vary with environmen-
tal inputs (Batstone et al. 2020; Wood and Brodie
2016). Moreover, symbiosis traits can be degraded
in agricultural settings, as domesticated plants often
gain less fitness benefits from microbiota than their
wild relatives (Porter and Sachs 2020). Staple crops
with evidence of reduced benefits from microbiota
include soybean, maize, potatoes, wheat, and rice
(Bouffaud et al. 2012; Engelhard et al. 2000; Hetrick
et al. 2011; Kiers et al. 2007; Zhu et al. 2001). Deg-
radation of symbiosis can be due to artificial selec-
tion of above-ground plant traits that tradeoff with
belowground symbiosis functions, relaxed selection
on belowground traits in rich agricultural settings, or
demographic changes in crop plants such as inbreed-
ing or founder effects (Denison 2015; Porter and
Sachs 2020). A key aspect of domestication is the
movement of plant genotypes to new regions (Gaut
et al. 2018), introducing plants to novel soil charac-
teristics and belowground communities which can
directly impact host benefits from symbiosis and the
expression of symbiosis traits. Examining the relative
effects and interplay between host-mediated and envi-
ronmental forces on soil microbiota and the expres-
sion of host symbiosis traits is critical to predicting
soil health and plant fitness in natural and agronomic
settings.

Plants in the legume family (Fabaceae) associate
with rhizobia, proteobacteria that trigger formation
of symbiotic root nodules and fix nitrogen (Kakraliya
et al. 2018; Sawada et al. 2003), and other rhizos-
phere associated bacteria that can provide metabolite
solubilization, phytostimulation, and other services
(Rascovan et al. 2016). Rhizobia can provide substan-
tial amounts of fixed nitrogen, such that host plants
can thrive with little or no added nitrogen in the soil
(Regus et al. 2017). Individual rhizobia strains, both
in natural and agricultural soils, vary tremendously
in their effects on hosts, ranging from highly ben-
eficial strains to ones that are ineffective for nitrogen
fixation (Gano-Cohen et al. 2020; Moawad and Beck
1991; Thrall et al. 2000). Legumes exert host control
by selecting genetically compatible rhizobia and by
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sanctioning less beneficial strains (Kiers et al. 2003;
Heath and Tiffin 2009; Oono et al. 2011; Sachs et al.
2010a, b). These symbiosis traits can vary among leg-
ume populations (Heath and Tiffin 2009; Wendlandt
et al. 2019). Furthermore, variation in expression of
symbiosis traits (such as nodulation) among legume
genotypes can be influenced by environmental fac-
tors, such as planting location and light availability
(Batstone et al. 2020; Heath et al. 2020).

Cowpea (Vigna unguiculata) is a genetically
diverse legume with cultivars that require minimal
nutrient inputs, offer a high proportion of edible plant
mass, and are ideal for regions with limited eco-
nomic or agricultural resources (Herniter et al. 2020;
Muiioz-Amatriain et al. 2017). Wild cowpeas (subsp.
dekindtiana) are distributed throughout Africa and
are the progenitors of cultivated cowpea varieties (Ali
et al. 2015; Coulibaly et al. 2002). Early domesticated
cowpeas, known as landraces, are comprised of two
distinct populations, Genepool-1 and Genepool-2
(FST=0.18), distributed across separate regions in
northern and southern Africa, respectively, and each
of which is diverged from wild cowpeas (FST=0.13;
Ortiz-Barbosa et al. 2022). The patterns suggest that
divergent subsets of wild cowpeas were transported
and bred in northern and southern regions of Africa
during waves of human migration, with only modest
gene flow between them, indicating separate domes-
tication events (Huynh et al. 2013; Mufioz-Amatriain
et al. 2017). Both populations of landraces share a
suite of improved traits, including large seeds, shat-
ter-resistant pods, and flexible flowering time (Lo
et al. 2018; Xiong et al. 2016). Cowpea landraces are
grown under simple agricultural conditions and have
not been expanded or adapted to new regions, con-
sistent with an early stage of crop domestication (i.e.,
stage two of four proposed stages; Gaut et al. 2018).

Here, we examined the roles of plant genotype and
soil source in shaping the expression of cowpea host
symbiosis traits in response to soil microbiota. We
conducted a full factorial soil inoculation experiment
where the effects of cowpea host population, geno-
type, and soil inoculum source were simultaneously
analyzed. We used eight wild cowpea genotypes and
twelve early-domesticated landraces to examine the
role of host genotype — and effects of host domesti-
cation — on the expression of host performance and
symbiosis traits. We selected cowpea from differ-
ent populations to account for known variation in

symbiosis traits among legume populations and to
examine the effects of separate domestication events
among the two landrace populations (Ortiz-Barbosa
et al. 2022). Plants were inoculated with soil rinsates
generated from four agricultural field sites distributed
across a 460 km transect in California, having cur-
rent or recent cultivation with cowpea. We quantified
aboveground plant biomass and root-nodulation pat-
terns to estimate host growth response to inoculation.
Additionally, we tested whether the differences in the
soil sources could influence the expression of seg-
regating variation in symbiosis traits by quantifying
soil physicochemical properties and estimating addi-
tive genetic variances and heritability among cowpea
genotypes. The goals were to i) evaluate the roles of
cowpea host genotype and soil source in mediating
the expression of plant symbiosis traits, ii) examine
whether domestication has influenced plant invest-
ment into and benefits from symbiosis when exposed
to diverse soil sources, and iii) quantify heritable
variation in symbiosis traits and test whether associa-
tion with diverse soil microbial sources can shape this
expression.

Materials and methods
Cowpea genotypes

Eight wild cowpea accessions (i.e., genotypes)
were sampled from natural populations in Bot-
swana (PI 632890), Zimbabwe (PI 632891), Tanza-
nia (PI 632876, PI 632892), and Niger (PI 632882,
PI 632879, PI 632880, PI 632881). Twelve cowpea
landraces were selected from populations in north-
ern and southern Africa. For the northern population,
genotypes were sampled from Egypt (TVu-9492),
Senegal (TVu-14346), Benin (TVu-8834), Niger
(TVu-15591, TVu-14971), and Nigeria (TVu-3804),
and southern population genotypes were sampled
from Mozambique (NamuesseD, Nhacoongo-3,
Muinana-Lawe), Tanzania (TVu-1280), Malawi
(TVu-9848), and Zambia (TVu-13305) (Huynh et al.
2013). The African cowpea genotypes are photo-
period sensitive and do not flower or set seed under
the summer conditions tested herein. Under shorter
day lengths, these lines take about 40 days to flower
and 70 days to form pods. Landraces were chosen to
maximize genetic diversity and were only selected
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from germplasm collections made before 1975, after
which African breeding programs began transferring
cowpea germplasm, leading to admixture among gen-
otypes (Huynh et al. 2013; Ortiz-Barbosa et al. 2022).
Accessions were previously genotyped using an Ilu-
mina iSelect Consortium array developed for cowpea,
which targets more than 50,000 single-nucleotide pol-
ymorphisms. (Mufioz-Amatriain et al. 2017; Ortiz-
Barbosa et al. 2022). Seeds were obtained from the
USDA germplasm collection (Griffin, GA).

Soil inocula preparation

Soil sampling locations were selected from fields
based on history of agricultural management and
sampling accessibility, including at the Coachella
Valley Agricultural Research Station in Thermal,
CA, the University of California Riverside Agricul-
tural Experiment Station, the Kearney Agricultural
Research and Extension Center in Parlier, and a
commercial cowpea grower’s field near Shafter, CA
(Fig. 1, Table S1). The Thermal, Riverside, and Par-
lier sites were fallow during sampling and had not
been recently irrigated or fertilized, though they did
receive low levels of fertilization during prior growth
seasons. The grower’s field in Shafter was unique
in that it had growing cowpeas at the time of sam-
pling, was recently fertilized, and cowpea had been

inoculated via a peat-based seed-coat inoculant prior
to planting (Exceed Peat for Cowpea/Lespedeza/
Mung Bean, product #: 2013; Visjon Biologics). The
conditions of fertilization and seed inoculation at the
Shafter site are typical of the current cowpea agricul-
tural process in California (Long et al. 2010). Parlier
& Shafter sites were sampled on 6/17/19, Thermal
was sampled on 6/21/19, and Riverside was sampled
on 6/29/19.

Approximately six liters of topsoil were sampled
from four randomized sampling plots at each field
site. Soil samples were pooled by field site, sieved,
mixed with an equal portion of sterile water, filtered
through cheesecloth, left to settle overnight, and
the supernatant from each flask was removed (i.e.,
top~50%) and divided into five portions. This pro-
tocol enables plants to be inoculated with dominant
microbiota, while minimizing addition of nutrients
that could change the soil makeup (Unkovich and
Pate 1998). Three portions were reserved at room
temperature to be used as a ‘live’ inoculum, while the
rest were autoclaved and allowed to cool to serve as a
dead control. The next day, seedlings were inoculated
with 10 ml of the appropriate inoculum. Live and
dead inocula from each site were separately spread
inoculated (100 pl) onto plates with a modified ara-
binose gluconate medium (MAG; Sachs et al. 2009)
and incubated at 29 °C for eight days to confirm the

Fig. 1 Sampling sites for
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presence of soil microbiota in live inocula and like-
wise confirm the sterility of dead inocula. Live inoc-
ula from all four source soils formed dense lawns on
the MAG plates, whereas control dead inocula did
not generate any colonies. Soil inocula were prepared
at two time points from the same sampled soils to
account for variation in germination speed among the
diverse cowpea genotypes (7/6/19, 8/3/19).

Soil analysis

Soil samples collected at each site in February 2021
were analyzed for organic matter, nitrogen, phos-
phorus (weak Bray and sodium bicarbonate-P), pH,
extractable cations (potassium, magnesium, calcium,
sodium), hydrogen, sulfate-S, cation exchange capac-
ity, percent cation saturation, and soil texture (A&L
Western Labs, Modesto, CA). A portion of the origi-
nal soils from 2019 were also analyzed for nitrate
nitrogen as a comparison. Principal components
analysis (PCA) of quantitative soil measures was per-
formed to reduce dimensionality. Data on soil com-
position, available water storage, drainage, and pro-
portion of hydric soils were extracted via geolocation
from the UC Davis California Soil Research Lab.

Pot and seed preparation

One-gallon nursery pots were filled with wetted soil
and autoclaved twice (50:50 silica sand mix of #12
and #30 size). Seeds were surface sterilized in a 6%
sodium hypochlorite solution and vortexed intermit-
tently for 3 min, then rinsed four to six times with
sterile water, nick-scarified, and planted the same
day. Wild cowpea genotypes were planted on 6/12/19
and landraces were planted on 6/19/19 to account for
germination timing and growth. Seeds were planted
in triplicate per pot and extra seedlings were later
removed or redistributed to pots lacking visible
growth. Each treatment by genotype combination
had 5 live inoculation replicates and 3 controls that
received the dead inoculum. These replicates were
divided across 8 blocks in the greenhouse, each con-
taining a random arrangement of all treatment com-
binations (20 plant genotypesx4 soil sources=80
plants per block). Controls for each treatment com-
bination were randomly assigned among the eight
blocks, with each block containing a mix of live
and control-inoculated plants to reduce confounding

block effects. Beginning the first week of July, plants
with true leaves were fertilized twice weekly with
10 mL of sterilized Jensen’s solution, which contains
micronutrients and was supplemented with a mini-
mal concentration of nitrogen to allow for cowpea
survival under symbiont free conditions (0.4 g/L of
KNO;; Somasegaran and Hoben 1994). Germination
was unexpectedly slow for the wild cowpeas, and five
additional seeds were planted in pots without visible
seedlings on 6/25/19. Prior to inoculation, pots with
visible seedlings were rearranged with unsuccessful
pots from blocks 1-3 to complete as many blocks as
possible. Inoculation of germinated plants (including
all landraces and roughly half of the wild plants) took
place on 7/7/19. By 7/15/19, nearly all previously
planted wild seeds had germinated. These late-ger-
minated plants were then inoculated on 8/4/19. Plants
with true leaves were treated with 10 ml of inocu-
lum, directly onto the soil. The greenhouse received
weekly pesticide treatments.

Measurement of plant and symbiosis traits

Harvest of plants occurred block by block start-
ing on 8/19/19 and ending on 10/26/19 (Table S2)
to account for time necessary to dissect and pro-
cess plants. Plants which had germinated earlier
and received the first round of inoculation were har-
vested first to minimize variation in growth period.
Plants were de-potted, true leaves were counted, and
roots were rinsed of soil. Nodules were dissected,
counted, photographed, and dried in an oven at 60 °C
to weigh biomass. If available, up to ten nodules per
plant were set aside prior to drying, surface steri-
lized, and stored at -80 °C for a separate genotyping
study. Roots and shoots were separated and dried in
an oven at 60 °C to weigh biomass. To account for
the weight of nodules set aside for culturing, fifty
nodules of varied size (i.e., nodule radius) were
photographed, dried, and weighed individually to
generate an area-by-weight curve: estimated nodule
mass =0.00602 + (0.000135 X nodule volume). This
curve was used to estimate nodule biomass for plants
with 20 or fewer total nodules to reduce potential
bias from extrapolation of biomass from low nodule
counts. For plants with greater than 20 total nodules,
total nodule biomass was estimated by extrapolating
from the initial biomass to account for nodules that
were set aside for genotyping and were not weighed.
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Traits were quantified, including the number of
nodules formed, total nodule biomass, mean indi-
vidual biomass of nodules, total plant biomass, and
host growth response. Host growth response was
calculated by dividing the total dry biomass of each
inoculated plant by the mean dry biomass of the dead
inoculum controls of the same genotype. The result-
ing ratio reflects the effects of inoculated microbiota
on plant growth, separate from growth effects due
to other soil features (i.e., nutrient variation). This
calculation also controls for variation in plant size
among cultivars, indicating that genotype or popula-
tion-level effects in our models are due to variation
in response to inoculation, rather than natural size
differences (Sachs et al. 2010a, b; Regus et al. 2015;
Ortiz-Barbosa et al. 2022).

Linear mixed models were implemented to test
whether the trait response varied among soil treat-
ments, among wild and domesticated cowpea popu-
lations, and whether differences between wild and
domesticated populations depended on the soil treat-
ment while accounting for the cowpea genotypic
effects. Soil treatment, cowpea population, and their
interaction were treated as fixed factors, and cowpea
genotype as a random factor. Days post inoculation
was added as a covariate to account for the variation
attributed to the different harvest time points. Mod-
els with block as a random factor indicated that block
was not significant, so it was excluded. For all analy-
ses, host growth and mean nodule biomass were log-
transformed, and the number of nodules was square
root transformed to meet the assumptions of normal-
ity and heteroscedasticity. Tukey’s post-hoc tests were
conducted to test for differences among soil treat-
ments and cowpea populations. A variance partition-
ing test, which assesses the proportionate variation
explained by two or more variables, was performed to
compare the relative influence of host genotype and
soil treatment on host growth response using the pub-
licly-available POV Engine JSL script for JMP, devel-
oped by Thomas A. Little Consulting (TLC), 2022.
All analyses were performed in JMP® Pro, Version
15.0.0. SAS Institute Inc., Cary, NC, 1989-2022.

Expression of trait genetic variation and heritability
Genetic variation was assessed for symbiosis traits by

examining the significance of the random factor with
a log-likelihood ratio test between a null model that
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excluded the genotypic factor and the main model
described above. We tested whether the genetic vari-
ance component varied significantly among soil inoc-
ulum treatments by comparing models with different
variance—covariance structures (Shaw 1991; Saxton
2004; Torres-Martinez et al. 2019). A model where
the genotype variance component was allowed to
vary among soil treatments (heterogeneous variance
model) was compared to a model where the genotype
variance component was constrained to be identical
across soil treatments (homogeneous variance model;
Table S3). To evaluate whether a genotype-by-envi-
ronment (G x E) interaction was observed, we also
compared a model where no G x E is assumed with a
model where G x E is present (Table S3).

Broad and narrow sense heritability were esti-
mated for traits where a significant genotypic varia-
tion was observed. A soil treatment-specific heritabil-
ity was estimated when the expression of trait genetic
variation varied among soil treatments. To better
visualize changes in genetic variance, we estimated
breeding values of each cowpea genotype under each
soil inoculum with Best Linear Unbiased Predictions
(BLUPS; Henderson 1975; Liu et al. 2008). BLUPs
were calculated from the model that best fit the vari-
ation for each trait (Tables S3 and S4). Genetic vari-
ation estimates were calculated using the R package
sommer (Covarrubias-Pazaran 2016).

Results
Soil physicochemical features

The four soil sources varied in physical and chemical
features. Soil textural analysis revealed that all soils
were predominantly sandy (i.e., particles 50-2000 pm
in diameter), but that the Thermal soil had the highest
sand proportion (78%, compared to an average of 54%
for the remaining sites; Table S5). The first principal
component (PC1) of the quantitative soil analysis
explained 45.8% of the variation in physicochemical
properties (Fig. 1, Table S5). PC1 was mainly driven
by variation in the proportion of silt and sand parti-
cles, available phosphorous, and salinity (Table S5).
Parlier and Riverside field sites were classified by
the Hanford soil series, with Shafter and Thermal
sites classified by the Lewkalb & Myoma series,
respectively (Table S1). Both Hanford and Lewkalb
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soils are characterized as deep, well-drained,
coarse-loamy, and mixed, while Lewkalb soils are
also calcareous (Soil Survey Staff, USDA). Myoma
soils are characterized by fine, moderately alkaline
sands which are somewhat excessively drained (Soil
Survey Staff, USDA).

Symbiosis trait variation

Total plant biomass Live and dead soil treatments
resulted in significant differences in plant biomass,
as did the soil source and the interaction effect (live/
dead x soil source; Table S6). Cowpea host popula-
tion and genotype also had significant effects on plant
biomass, indicating natural size variation among gen-
otypes not due to inoculation. In all models for total
plant biomass, days post inoculation was a significant
factor and was therefore included as a covariate in
analysis (Tables S6 & S7).

Fig. 2 Variation in a
symbiosis traits among

Host growth response Live soil treatments had sig-
nificant positive effects on host growth, with signifi-
cant variation among soil sources that ranged 2-3X in
magnitude (Fig. 2a). In contrast, treatment with steri-
lized dead soils did not produce any significant dif-
ferences in total plant biomass among soil treatments
(Table S7). While total plant biomass did vary signifi-
cantly among cowpea populations (Table S7), indi-
cating natural differences in plant size, host growth
response to inoculation did not vary significantly
among cowpea populations, and mean host growth
response values by population did not vary by soil
treatment (no Population x Treatment interaction
effect, Table 1). Host genotype had a significant effect
on host growth response, but these differences were
modest, and most genotypes (16/20) were not signifi-
cantly different from one another (Table 1; Fig. 3). A
partition of variance (POV) test indicated that differ-
ences among soil treatments explained almost twice
the variance in host growth response (25.98%) com-
pared to differences among host genotypes (14.94%;
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Table 1 Variation in plant symbiosis traits among cowpea populations exposed to different soil inocula (Linear mixed model)

Host growth response

Number of nodules

Total nodule biomass Mean nodule biomass

Fratio df p Frato df p Fratio df p Fratio df p
Fixed effects
Host population 0.140 2 0.880 20.871 2 <.0001* 16341 2 <.0001* 5702 2 0.0122%
Soil treatment 63.129 3 <.0001* 212.718 3 <.0001* 10.389 3 <.0001* 137290 3 <.0001*
Population x Treatment  1.262 6  0.2968 9.797 6 <.0001* 1.150 6 0.3335 3528 6 0.0053*
Days post inoculation® 78249 1  <.0001* 6.144 1 0.0137* 42415 1 <.0001* 2868 1 0.0913
Random effects
Host genotype ° 0.0171%* 1 0.0260%* 0.0287* 1 0.0886

(*) indicates significant effect, where p <0.05

# Days post inoculation has 1 degree of freedom (df) as it is a continuous variable with a single regression coefficient (i.e. slope)
® Host genotype has 1 degree of freedom, as calculated by JMP’s Wald Test, because it is a random effect
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host genotype is shown in black. Boxes below each host geno-
type denote the host population (white =wild, grey =landrace
population 1, black =landrace population 2), showing that host
populations are highly intermixed when genotypes are ranked
by HGR
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Table 2 Partitioned effects

. Component Population % of Total Sqrt (Variance F Ratio P
of host genotype and soil variance components)
inoculation treatment
(Partition of variance Between total 0.0604 40.91 0.2457 10.9522  0.000%
analysis) Between genotype  0.0220 14.94 0.1485 46296 0.000%
Between treatment 0.0383 25.98 0.1958 50.9950 0.000*
Within total 0.0872 59.09 0.2953
Within genotype 0.0153 10.36 0.1236
Within treatment 0.0277 18.80 0.1666
Common 0.0001 0.08 0.0111
Within error 0.000 0.00 0.0000
Total 0.1476 100.00 0.3842

Table 2). While host genotype and soil source were
both significant factors in our model of host growth
response, these data indicate that variation in soil
treatment (rather than host domestication or prov-
enance) was the prominent factor mediating host
benefits. Days post inoculation was also a significant
factor and was included as a covariate during analysis
(Table 1).

Number of nodules Host population and soil
source both had significant effects on the number of
nodules formed, with a significant interaction effect
(Table 1). The wild cowpea population formed signif-
icantly fewer nodules (mean=35.5+2.8) than either
landrace populations 1 or 2 (86.3+8.2; 93.6+7.8,
respectively; Table S8) and there were also signifi-
cant differences between the landrace populations
(Table S9). When including total plant biomass as
a covariate, the wild population still formed signifi-
cantly fewer nodules than either landrace population
1 or 2, respectively (Tzq;=3.14, p<0.01; T3¢;=3.87,
p <0.01). Days post inoculation also had a significant
effect on nodulation and was included as a covariate
during analysis (Table 1).

Each soil treatment resulted in significantly different
nodule counts (Table S9). Despite the similar appear-
ance of treatment ranking among populations with
regard to nodulation (Fig. 2b), there was a significant
Population x Treatment effect (Table 1). The Shafter
soil inoculation induced nodules in only 59 of 98
plants (~60%). In contrast, the Thermal soil induced
nodulation in 98% of plants, and Parlier and Riverside
soils had 100% nodulation. Within the Parlier and
Riverside inoculum treatment groups, both landrace

populations formed significantly more nodules than
the wild population, while within the Thermal and
Shafter treatment groups, landrace population 2
formed significantly more nodules than either of the
other populations (Table S9).

Twelve of 239 control plants had nodules (~5%),
indicating contamination, and were excluded from
analysis (Table S2). Nine of the contaminated plants
had 8 or fewer nodules, whereas the mean nodule
count for an inoculated plant was 66. We were una-
ble to detect potential cross-contamination by other
microbiota. Additionally, 28 plants had lost over
50% of their leaves, indicating senescence likely due
to stress from late-harvest pest control spray treat-
ments, or had mature seed pods, indicating senes-
cence due to shorter day lengths. These plants were
also excluded from analysis. Among these senesced
plants, 16 individuals (64%) belonged to two host
genotypes, TVu-1280 and TVu-9848, both from lan-
drace population 2. One individual was incorrectly
harvested at 22 days post inoculation. For all remain-
ing plants, days post inoculation ranged from 42 to
105 days. The majority of plants were harvested
within two weeks of the mean days post inoculation
(66 days, 52% of plants).

Nodule biomass Host population, soil source, and
their interaction all had significant effects on total and
mean individual nodule biomass (Table 1). Nodules
from landrace population 1 were the largest, and pop-
ulation 2 were the smallest nodules (Tables 2 and 3).
Shafter and Thermal soils induced significantly larger
nodules on average than either of the other treatment
groups, despite their association with lower levels of
host growth (Table S9, Fig. 2d).
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Table 3 Effects of soil characteristics on symbiosis traits (Linear mixed model)

Host growth response

Number of nodules

Total nodule biomass Mean nodule biomass

Fratio df p Frato df p Fratio df p Frato df p
Fixed effects
PC1? 23988 1 <.0001* 183.388 1 <.0001* 3476 1 0.0632 292.302 2 <.0001%*
Population 0.063 2 0.9394 17.219 2 <.0001* 16.273 2 0.0001* 5.677 2 0.0130%*
Population x PC1 2.038 2 0.1319 10.383 2 <.0001*  0.640 2 0.5279 8271 2 0.0002*
Days post inoculation 47.138 1 <.0001%* 1.877 1 0.1716 34.110 1 <.0001* 5.175 1 0.0236*
Random effects
Host genotype 0.0288°* 0.0890 0.0529 0.1291

# See Table S5 for soil physicochemical properties

Both cowpea landrace populations had a higher
total nodule biomass than the wild population (49%
and 77% higher, respectively), which was consistent
across most treatments (Table S9). We found no sig-
nificant differences in total nodule biomass among
soil treatments within landrace population 2 or the
wild population (Fig. 2c). With total plant biomass
as a covariate, the wild population still had a lower
total nodule biomass than either landrace 1 or 2 pop-
ulations (Ts,5=3.07, p <0.01; T5,5=5.06, p<0.01).
These data suggest that wild cowpeas had a pro-
portionally lower investment into nodule tissues.
Soil from Thermal induced the highest total nodule
biomass (mean=202.72 mg, Table S8), which was
significantly higher than both the Shafter and Riv-
erside soils. Days post inoculation had a significant
effect on total nodule biomass and was included as
a covariate; however, days post inoculation was not
a significant factor in our model for mean nodule
biomass.

Effects of soil characteristics on symbiosis traits

In a linear mixed model with PC1 (from the quantita-
tive soil analysis), host population, and their interac-
tion as fixed effects and host genotype as a random
effect, we found that PC1 had a significant effect on
host growth response, number of nodules, and mean
nodule biomass (Table 3). We also found a sig-
nificant host population x PC1 interaction effect for
both number of nodules and mean nodule biomass
(Table 3). Conversely, we found no significant differ-
ences among autoclaved inoculum treatments. These
data suggest that growth differences among soil treat-
ments are driven primarily by variation in microbial
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community, which is modulated by the soil phys-
icochemical characteristics (Table S7). For all traits
except for number of nodules, days post inoculation
was a significant factor, and was included as a covari-
ate (Table 3).

Cowpea genetic variation and heritability

The expression of genetic variation (6°g) for the
number of nodules and total nodule biomass var-
ied with the soil inoculum imposed, respectively
(x* 5=21.85, p<0.01; x? 5=14.20, p=0.01), but
host growth response and mean nodule biomass
did not (x* 5=2.3, p=0.80; x* 5=10.6, p=0.06;
Fig. 4; Table S3), consistent with soil rather than
plant genotype being the prominent driver shaping
host growth effects on cowpeas, despite both host
genotype and soil affecting nodulation patterns. The
highest expression of GZG for the number of nod-
ules was observed within the soil inoculum from
Parlier, and the lowest 6%; was observed within the
soil inoculum from Thermal, further indicating the
highest and lowest heritability for this trait, respec-
tively (Table S4). These patterns were maintained
for the additive genetic variation (c2,) when con-
sidering the additive relationship among cowpea
genotypes (Table S4). With total nodule biomass,
the highest expression of GZG and heritability was
observed within Shafter followed by Thermal, and
no genetic variation was evident within Riverside
and Parlier, which shared the Hanford soil compo-
sition (Table S4). The addition of the relationship
matrix caused an overfit of the model and esti-
mates of 62, within each soil treatment were not
obtained for total nodule biomass, so narrow sense
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Fig. 4 Reaction norms of symbiosis traits with a significant
genotype effect. (a) Host growth response, (b) Number of nod-
ules, (¢) Total nodule biomass, (d) Mean nodule biomass. In
the y-axis are the estimated breeding values for each genotype
based on adjusted BLUP values from each variance—covari-
ance model that best fit the data. These values were back trans-
formed to their original scale. Each dot represents an individ-
ual cowpea genotype

heritability was excluded from total nodule biomass
reports (Table S4).

A G x E interaction was observed for both host
growth and mean nodule biomass (X2 1=6.11,
p=0.01; X2 1=7.97, p<0.01; Table S3) despite
the homogeneity in genetic variances among soil

treatments for these traits (Fig. 4). For the number of
nodules and total nodule biomass, a significant G x E
was evident when genetic variances and covariances
were allowed to differ among treatments, indicating
differences in the phenotypic plasticity of cowpea
genotypes, as well as genetic variation in phenotypic
plasticity (Table S3).

Discussion

We found that soil source strongly influenced both
host benefits and expression of belowground plant
traits in the cowpea-rhizobia symbiosis. Soil source
was a significant factor contributing to host growth
response and nodule counts (Fig. 2, Table 1), and
soil composition appeared to play a prominent role in
these effects. Both Riverside and Parlier sites — which
induced the strongest host growth response — share
the same soil series type (Hanford), and a similar
among-genotype variation was observed in these
soil sources for both nodule counts and total nod-
ule biomass (Tables S1, S4). Conversely, the Shafter
and Thermal soils have distinct soil compositions
(Lewkalb, Myoma) and different among-genotype
variation for these same traits (Tables S1, S4). We
also found that soil physicochemical properties (PC1)
had a significant effect on host growth response, num-
ber of nodules, and mean nodule biomass (Table 3).
As there were no significant differences in plant bio-
mass among the dead inoculum controls due to either
soil treatment or PC1 (Table S7), this suggests that
soil physicochemical properties shape microbiota in
each soil, thus indirectly driving plant benefits from
inoculation. Our analysis of trait heritability suggests
that different soil treatments can shift the expression
of genetic variation in the number and size of nod-
ules, but not for the host growth response of cowpea.
For host growth, we found a significant G x E interac-
tion, suggesting the presence of differences in pheno-
typic plasticity of host growth in cowpea genotypes in
response to the soil rhizobia community.

Previous studies have also suggested soil-driven
effects in the cowpea-microbial symbiosis. For
instance, soil particle makeup and pH influenced
the rhizobia populations in cowpeas sampled from
agronomic fields in Kenya, as well as rhizobia cul-
tured from nearby uncultivated soils (Ndungu et al.
2018). Similarly, soil type played a larger role than
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plant genotype in shaping non-rhizobia cowpea nod-
ule microbial communities (Leite et al. 2017). How-
ever, neither of these studies examined the effect
of soil conditions on plant growth or benefits from
those microbes. Other studies that focus on legume
inoculation benefits have shown that host genotype,
inoculation, and soil type are all significant drivers of
host growth and nodulation; however, in each case,
plants were inoculated with a single strain of rhizo-
bia (Amha and Fassil 2018; Keller and Lau 2018;
Sanchez et al. 2014).

It was striking that no significant differences in
host benefits from soil inoculation were observed
among cowpea populations, given that the cowpea
genotypes span the diversity of this species (Huynh
et al. 2013). This also supports the hypothesis that
domestication has not degraded cowpea symbiosis
benefits, as wild and domesticated cowpea respond
similarly when treated with the same soil communi-
ties (Ortiz-Barbosa et al. 2022). Nonetheless, lan-
drace population 2 formed significantly more nodules
than population 1 with the soil treatments from Ther-
mal and Shafter, and had a significantly higher host
growth response than population 1 within the Ther-
mal treatment (Table S9). This indicates that landrace
population 2 might be more resilient under chal-
lenging soil conditions, as the Thermal and Shafter
treatment groups were the least beneficial overall
(Table S8, Fig. 2). However, there are also limitations
in our approach that should be considered. Prepara-
tion of soil for inoculation can change qualitative
and functional diversity of rhizobia present (Alber-
ton et al. 2006). Additionally, some of the observed
soil inoculation effects could be due to density, rather
than community makeup, of compatible microbes
that varied among sites. In particular, low nodula-
tion effects from the Shafter inoculum could indicate
either a reduced or significantly altered rhizobial pop-
ulation. Nonetheless, for growers considering differ-
ent cowpea cultivars as well as different field plots,
our data suggests that the field soil — and the micro-
bial community it contains — is more important for
determining yield. Additionally, analysis of genotypic
variation & expression among specific genotypes
suggests that cowpea genotypes respond to changes
in soil microbial communities in different ways, and
that a change in soil inoculum can alter the ranking of
genotypes when examining host growth (Table S10).
This is a factor which should be considered by plant

@ Springer

breeders and those making planting decisions, when
cultivar-specific consistency in growth response to
inocula is desirable.

The lower nodulation and host growth associ-
ated with the Shafter soil inoculation was surprising,
as this was the only soil that had been treated with
a Bradyrhizobium biofertilizer, as well as the only
inoculum from a field with live cowpea at the time
of sampling, both factors that we expected to enhance
nodulation. However multiple factors can mediate the
success of inoculation. When inocula were derived
from field soils which had been recently fertilized,
treated plants experienced significantly reduced bio-
mass compared with non-fertilized soil inoculation,
suggesting that fertilization impacts soil populations
of nitrogen-fixing rhizobia (Simonsen et al. 2015).
Long term field nitrogen fertilization has also been
shown to stimulate the evolution of less-mutualistic
rhizobia strains (Klinger et al. 2016; Weese et al.
2015). However, chemical analysis of Shafter soils
showed that in 2019, the nitrogen levels (NO3-N) at
this site were low relative to other sites (Table S5),
suggesting that any negative impacts to local micro-
biota are likely not due to recent fertilization. The
crop history at Shafter might also explain some of the
variation seen, as each of the other soils originated
from sites where a multi-parent intercross popula-
tion of cowpea genotypes have been propagated for
multiple seasons (Huynh et al. 2018), while Shafter
had a mixed crop history. In the 3 years prior to sam-
pling, the Shafter field had been used to grow carrots
and cotton. Prior to that, it had been an alfalfa field
for 4 years. Like cowpea, alfalfa is a legume; how-
ever, it generally associates with Emnsifer, and does
not form nodules with Bradyrhizobium (Stajkovic-
Srbinovi¢ et al. 2012; Wang et al. 2018; Woliy et al.
2019). Bioinoculants such as the one used at Shafter
are employed to prime soils without a history of suc-
cessful prior production of a particular legume, mak-
ing this site a perfect candidate for inoculation. Since
Shafter was sampled during the first season of cow-
pea growth, it’s possible that the soils had not yet
been sufficiently enriched with Bradyrhizobium.

Later stages of plant domestication often involve
the introduction of plant genotypes to new regions
and thus to soils with novel characteristics and micro-
bial communities (Gaut et al. 2018). Thus, while the
African cowpea populations might not be adapted to
microbes in Californian soils, introduction to novel
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soils and microbes is a fundamental aspect of agricul-
ture (Gaut et al. 2018). We found that the expression
of genetic variation in host growth response to soil
treatments did not vary significantly among cowpea
genotypes, and that variance in host growth response
was more strongly associated with soil treatment than
host genotype, suggesting that field soil locations
(and their associated microbiota) are more impor-
tant than host cultivar when predicting host benefits
and expected yields. The yield gap — the difference
between actual and maximum expected crop yield
— is substantial for cowpeas grown in Africa (Foyer
et al. 2016). Like other domesticated legumes, mod-
ern cowpeas are most often fertilized to maximize
growth, suggesting that key below-ground traits have
been lost or neglected in the process of domestication
(Denison 2000). However, we did not find significant
differences in host growth response among wild and
landrace populations, confirming results from Ortiz-
Barbosa et al. (2022) that early cowpea domestication
has not degraded host benefits from symbiosis. Future
studies could illuminate how rhizobia communities
in nodules vary among wild and domesticated geno-
types. With the increase in above-ground plant mass
associated with domestication, cowpea could have
adapted strategies to maintain fitness benefits. If so,
identifying these traits would prove useful in breed-
ing cowpea and other domesticated legumes to har-
ness local rhizobia, improve crop yields, and reduce
inorganic fertilization practices.
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