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Low soil phosphorus (P) availability is a major constraint for crop production in tropical regions. The rice (Oryza sativa) protein kinase,
PHOSPHORUS-STARVATION TOLERANCE1 (OsPSTOLT), was previously shown to enhance P acquisition and grain yield in rice under
P deficiency. We investigated the role of homologs of OsPSTOLI in sorghum (Sorghum bicolor) performance under low P. Association mapping
was undertaken in two sorghum association panels phenotyped for P uptake, root system morphology and architecture in hydroponics and
grain yield and biomass accumulation under low-P conditions, in Brazil and/or in Mali. Root length and root surface area were positively
correlated with grain yield under low P in the soil, emphasizing the importance of P acquisition efficiency in sorghum adaptation to low-P
availability. SbPSTOLI1 alleles reducing root diameter were associated with enhanced P uptake under low P in hydroponics, whereas
Sb03g006765 and Sh03g0031680 alleles increasing root surface area also increased grain yield in a low-P soil. SbPSTOLI genes colocalized
with quantitative trait loci for traits underlying root morphology and dry weight accumulation under low P via linkage mapping. Consistent
allelic effects for enhanced sorghum performance under low P between association panels, including enhanced grain yield under low P in the
soil in Brazil, point toward a relatively stable role for Sb03g006765 across genetic backgrounds and environmental conditions. This study
indicates that multiple SbPSTOLI genes have a more general role in the root system, not only enhancing root morphology traits but also
changing root system architecture, which leads to grain yield gain under low-P availability in the soil.
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Increasing food production is one of the major global
challenges in dealing with continuously growing pop-
ulation and food consumption (Godfray et al., 2010).
One of the major obstacles to improve crop production
in tropical regions is phosphorus (P) deficiency caused
by P fixation in the soil clays. P is one of the most
important plant nutrients, contributing approximately
0.2% of a plant’s dry weight, and is a component of key
organic molecules such as nucleic acids, phospholipids,
and ATP (Schachtman et al., 1998). On tropical soils,
even when the total amount of soil P is high, its bio-
availability is low due to P fixation by aluminum and
iron oxides in clay minerals (Marschner, 1995) and im-
mobilization into organic forms (Schachtman et al,
1998). Approximately half of the world’s agricultural
lands occurs on low-P soils (Lynch, 2011); hence, crop
adaptation to P insufficiency should be a major breeding
target to enable sustainable agricultural production
worldwide. In addition, because phosphate rock fertilizer
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is a nonrenewable resource that is being depleted by ag-
ricultural demands, increasing fertilizer prices negatively
impact agriculture, particularly for small-holder farmers
in developing countries in the tropics and subtropics
(Cordell et al., 2009; Sattari et al., 2012). In sorghum
(Sorghum bicolor), breeding strategies for low-P adapta-
tion have been developed based on multienvironment
trials in West Africa, indicating the importance of un-
dertaking selection in low-P soil conditions (Leiser et al.,
2012a, 2012b). Therefore, developing crops with greater
ability to grow and maintain satisfactory yields on soils
with reduced P availability is expected to substantially
improve food security worldwide.

Tolerance to P deficiency in plants can be achieved by
mechanisms underlying both P acquisition and P internal
utilization efficiency (Parentoni and Souza Junior, 2008).
One of the major mechanisms that plants have evolved
to overcome low-P availability is to maximize the abil-
ity of the roots to acquire and absorb P from the soil.
Plants can mobilize P through the exudation of organic
acids, acid phosphatases, and ribonucleases, resulting
in enhanced P availability and uptake (Hinsinger, 2001;
Ryan et al., 2001; Dakora and Phillips, 2002; Hammond
and White, 2008; Ma et al., 2009; Pang et al., 2009).
Another strategy to cope with low-P availability is to
increase the soil volume accessed by root systems by
forming mycorrhizal symbioses (Li et al., 2012; Smith
and Smith, 2012; Rai et al., 2013). Due to low-P mobility
on tropical soils, changes in root architecture and mor-
phology enhance P uptake by facilitating soil explora-
tion (Williamson et al., 2001; Ho et al., 2005; Walk et al.,
2006; Svistoonoff et al., 2007; Lynch, 2011; Ingram et al.,
2012; Niu et al., 2013). Root structural changes leading
to higher P uptake include increased root hair growth
(Yan et al., 2004; Haling et al., 2013; Lan et al., 2013) and
length and enhancing lateral root over primary root
growth (Williamson et al., 2001; Wang et al., 2013). In
addition, increased root surface area is achieved by a
combination of reduced root diameter and enhanced
elongation of relatively thinner roots (Fitter et al., 2002).
There is both intraspecific and interspecific genetic var-
iation for P deficiency tolerance in crop species (Lynch
and Brown, 2001, 2012; Mudge et al., 2002; Paszkowski
et al., 2002; Rausch and Bucher, 2002; Huang et al., 2011;
Zhang et al,, 2011; Leiser et al.,, 2014a) that can be ex-
plored to develop P-efficient cultivars.

In rice (Oryza sativa), Phosphorus uptakel (Pupl), a
major quantitative trait locus (QTL) for P deficiency tol-
erance donated by an aus-type Indian variety, Kasalath,
was mapped to the long arm of chromosome 12 (Ni
et al., 1998; Wissuwa et al., 1998, 2002; Heuer et al., 2009).
Near-isogenic lines bearing the Kasalath allele at Pupl
showed 3-fold higher P uptake and grain yield in low-P
trials compared with the recurrent parent, cv Nippon-
bare, which is intolerant to P starvation (Wissuwa and
Ae, 2001). Following high-resolution mapping of Pupl,
comparative sequence analyses of homologous bacterial
artificial chromosomes showed that a Kasalath geno-
mic fragment contained several genes not present in
cv Nipponbare, highlighting an approximately 90-kb
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deletion in the cv Nipponbare reference genome that
encompassed the Pupl locus (Heuer et al., 2009). Within
this insertion/deletion, OsPupK46-2, a gene encoding
a Ser/Thr kinase of the Receptor-like Protein Kinase
LRK10L-2 subfamily, was found to enhance grain yield
and P uptake in rice lines overexpressing this gene, in-
dicating that this protein kinase underlies the Pup1 locus
(Gamuyao et al., 2012). OsPupK46-2, which is now des-
ignated PHOSPHORUS-STARVATION TOLERANCE1
(OsPSTOL1), was found to be up-regulated in the root
tissues of tolerant near-isogenic lines under P-deficient
conditions and was shown to increase P uptake by
a physiological mechanism based on the enhance-
ment of early root growth and development. Fur-
thermore, lines overexpressing OsPupK46-2 showed
an approximately 30% grain yield increase in com-
parison with the null lines, suggesting that PSTOL1
has potential for molecular breeding applications to
improve crop performance under low-P conditions.
Consistent with the proposed physiological mecha-
nism underlying OsPSTOL1, the superior performance
of the transgenic lines was related to enhanced root dry
weight, root length, and root surface area (Gamuyao
et al., 2012).

Sorghum is the world’s fifth most important cereal
crop and is a staple food for more than half a billion
people. It is widely adapted to harsh environmental
conditions, and more specifically, to arid and semiarid
regions of the world (Doumbia et al., 1993, 1998). It has
been estimated that rice diverged from its most recent
common ancestor with sorghum and maize (Zea mays)
approximately 50 million years ago (Kellogg, 1998;
Paterson et al., 2000, 2004; Paterson, 2008). About 60%
of the genes in the sorghum genome are located in
syntenic regions to rice (Paterson et al., 2009), empha-
sizing the potential for using comparative genomics for
cross-species identification of genes underlying abiotic
stress tolerance in the grass family. Here, we applied
association analysis to specifically study the role of sor-
ghum homologs of rice OsPSTOLI in tolerance to P
starvation in sorghum. Single-nucleotide polymorphisms
(SNPs) within PSTOLI homologs in sorghum, collec-
tively designated SbPSTOLI1, were significantly associ-
ated with grain yield under low-P conditions and also
root morphology and root system architecture (RSA)
traits phenotyped from hydroponically grown plants.
Under low P, SbPSTOL1 genes increased biomass accu-
mulation and P content in the African landrace panel
and grain yield in the sorghum association panel phe-
notyped in a low-P Brazilian soil. This suggests a stable
effect across environments and sorghum genotypes that
potentially can be used for molecular breeding applica-
tions. QTL mapping with a large sorghum recombinant
inbred line population was used to validate the associa-
tion results, indicating that ShPSTOLI homologs coloc-
alize with QTLs related to root morphology and
performance under low P. Our results indicate that
SbPSTOL1 homologs have the ability to enhance P uptake
and sorghum performance in low-P soils by a mechanism
related not only to early root growth enhancement, as
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was the case for rice OsPSTOLI, but also by modulating
RSA.

RESULTS

Phenotypic Characterization of the Sorghum
Association Panels

Two association panels were used in this study: the
Sorghum Association Panel Subset (SAPst), which is
composed of both tropical converted and breeding ac-
cessions, and the West African Association Panel (WAP),
consisting of landraces and breeding lines primarily
from Mali, Niger, Senegal, and Burkina Faso. The SAPst
was phenotyped for grain yield performance in a low-P
soil in Brazil, root morphology, P uptake, and biomass
accumulation in a paper pouch system where nutrients
are supplied to the root systems hydroponically, and
RSA in nutrient solution using a mesh system as detailed
in “Materials and Methods.” The WAP was phenotyped
in pots for biomass and P uptake under low P in the soil.

Extensive genotypic variation for agronomic perfor-
mance under low-P conditions was observed for both
association panels. Broad sense heritabilities were high,
with values of 0.63 for grain yield under low P in the
SAPst and 0.42 and 0.59 for P content in single tillers
and single tiller biomass, respectively, in the WAP. For
assessing root morphology traits in a paper pouch
system, our RootReader2D system (Clark et al., 2013)
was used to process the root systems images and the
WhinRhizo software was used to automatically calcu-
late a number of root morphology traits including root
length, root diameter, volume of fine roots and root
surface area under low-P conditions (de Sousa et al.
2012). Heritability estimates for the root morphology
traits were high (#* > 0.72), indicating good experi-
mental precision for these measurements.

Root surface area was highly correlated both with
root length (r = 0.95, P < 0.001) and the volume of fine
roots (r = 0.77, P < 0.001; Fig. 1) in the SAPst. The
volume of fine roots showed strong but comparatively
lower correlation coefficients of approximately 0.6 with
root length and diameter, whereas root diameter tended
to be independent from root length and weakly asso-
ciated with root surface area. Root length and root
surface area were positively correlated with grain yield
(r =0.11-0.12, P < 0.10; Fig. 1).

Supplemental Table S1 shows the results of a corre-
lation analysis among the same root morphological
traits shown in Figure 1 and traits related to P uptake
and biomass accumulation in hydroponics. Significant
positive correlations were found between root length
and P content as well as between root length and bio-
mass accumulation for roots and shoots, whereas root
diameter was negatively correlated with these same
traits. These results indicate that greater root length
combined with smaller root diameter contributed to
enhanced P uptake and biomass accumulation for sor-
ghum plants subjected to low P in hydroponics.
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Identification of PSTOL1 Homologs in Sorghum and
SNP Discovery

A sequence similarity search using the amino acid
sequence of rice PSTOL1 (OsPSTOL1; GenBank acces-
sion no. BAK26566) identified a large gene family con-
taining approximately 100 members in the sorghum
genome. Based on BLASTP and BLASTN, six likely
PSTOL1 homologs in sorghum (SbPSTOLI; E < e-35 and
identity > 50%) were selected (Table I). The sorghum ho-
molog with the closest sequence similarity to OsPSTOL1
was Sb07¢002840, which is located on sorghum chro-
mosome 7, and another five highly similar homologs
are located on sorghum chromosome 3. Similar to
OsPSTOLL, all six sorghum PSTOL1 proteins (SbPSTOL1)
are predicted to have a Ser/Thr kinase domain (Pfam
identifier PF00069.18) and are members of the Corn root
protein kinasel family (CRPK1) (Takezawa et al., 1996).

A phylogenetic analysis including OsPSTOL1, the
six SbPSTOLL1 proteins in Table I, and related kinases
from rice, Arabidopsis (Arabidopsis thaliana), and maize
revealed the presence of three distinct clades (Fig. 2).
All sorghum PSTOL1-like proteins clustered together
in the largest clade (highlighted in Fig. 2), which also
included maize, Arabidopsis, and rice proteins. In this
clade, a branch including five sorghum homologs and
OsPSTOLL1 was identified (split depicted by the aster-
isk in Fig. 2), also depicting a close relationship be-
tween OsPSTOL1, Sb07g002840, and the maize protein
AC193632.2. The two remaining clades were composed
entirely of other rice PSTOL1 homologs except for a
single sequence from maize.

Protein structural predictions indicate that the kinase
domain is commonly present in OsPSTOL1 and in the six
selected SbPSTOL1 proteins (Fig. 3; Supplemental Fig.
S1). However, distinctly different features were predicted
for the SbPSTOL1 proteins, namely a signal peptide sug-
gesting a secretory pathway, a transmembrane domain,
and cell wall interaction domains. These are a Cys-rich
wall-associated receptor kinase galacturonan-binding
(GUB-WAK-bind) domain, which is the extracellular part
of the Ser/Thr kinase that is expected to bind to the cell
wall pectins, and a conserved Cys-rich wall-associated
receptor kinase C-terminal (WAK_association) domain,
located C terminal to the GUB_WAK bind domain.
These cell wall association domains were neither found in
OsPSTOLL1 nor in the closely related proteins, Sb07g002840
and AC193632.2, and differed in the remaining SbPSTOL1
proteins. While the WAK_association domain was found
in all SbPSTOL1 proteins except for Sb07g002840, the
GUB_WAK _bind domain was specifically found in
Sb03g006765 and Sb03g031700. In agreement with
the structural predictions, the sequence alignment of
the sorghum and rice proteins indicates that the se-
quences were conserved mostly at the kinase domain
(Supplemental Fig. S1), which is typical from receptor-
like kinases (RLKs; Zhang et al., 2005).

Despite the high similarity among SbPSTOLI homo-
logs, particularly with regard to the kinase domain, vi-
sual inspection of the multiple alignments of polypeptide
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Figure 1. Correlation matrix of root length (mm), root surface area (cm?), average root diameter (mm), and volume of fine roots
(mm?), all assessed in hydroponics-grown plants, as well as grain yield (kg ha™") for plants grown on a low-P soil for the SAPst.
Correlation coefficients (r) and P values are shown.

sequences confirmed that PrimerBlast was effective in Population Structure and Association Model Selection
identifying paralog-specific primers. We were able to . .

identify 31 paralog-specific SNPs across the six sorghum The presence of population structure in the SAPst
homologs, with the number of SNPs per gene ranging was assessed by estimating AK, the second-order rate of

from five to eight for Sb03g006765, Sb03g031690, change of the log-likelihood of the data obtained with
Sb03¢031700, and Sb07¢002840, whereas only one and STRUCTURE (Pritchard et al., 2000), Ln(k), divided by
two SNPs were discovered within Sb03g031670 and its sp (Evanno et al, 2005). Upon plotting AK as a
5b03g031680, respectively. function of the number of subpopulations, a break in

Table 1. Selected SDPSTOL1 homologs

Physical locations in bp on sorghum chromosomes 3 and 7 are shown. Sequence similarity searches in sorghum were performed as described in
“Materials and Methods” using the NCBI (www.ncbi.nlm.nih.gov) and Phytozome (version 1.4; www.phytozome.net) databases using the OsPSTOL1
sequence as query. E, Expect value of the alignment. Chromosomal positions are denoted by the first two numbers after Sb in the gene designations.

BLASTN BLASTP
Gene Location Size
E Identity E Identity

bp % %
Sh03g006765 7,009,497-7,012,497 3,001 2.00e-37 83 2.00e-108 55
S5b03g031670 60,080,358-60,084,458 4,100 2.00e-123 71 1.00e-129 70
Sh03g031680 60,085,127-60,088,181 3,054 3.00e-121 71 2.00e-130 70
5b03g031690 60,103,142-60,107,812 4,670 7.00e-73 73 6.00e-76 69
Sh03g031700 60,110,148-60,113,362 3,214 9.00e-78 68 1.0e-115 63
S5b07g002840 3,011,700-3,016,004 4,304 0 76 6.0e-143 73
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Figure 2. Relationship among PSTOL1 homologs. The phylogenetic tree comprises PSTOL1-like proteins in sorghum (Sb), rice
(LOC_Os), maize (GRMZM and AC), and Arabidopsis (At) in addition to OsPSTOL1. The highlighted clade comprises selected
sorghum proteins with high identity with OsPSTOL1, and the asterisk depicts a branch split including five of the six selected
SbPSTOL1 proteins. Amino acid sequences of 33 proteins were used. The unrooted phylogenetic tree was constructed using the
maximum likelihood method and displayed using the MEGAG6 software (http://www.megasoftware.net/index.html). [See online

article for color version of this figure.]

the slope is expected at the most likely subpopulation
number. Supplemental Figure S2A reveals an evident
change in AK with four subpopulations, indicating that
this is a reasonable level of differentiation for the
SAPst. As described previously, the pattern of genetic
diversity in sorghum largely reflects racial and geo-
graphical origins (Casa et al., 2008; Caniato et al., 2011;
Morris et al., 2013). The largest subpopulation, with 112
accessions, comprised mostly caudatum sorghums,
followed by subpopulations with prevalence of durra,
guinea/kafir, and breeding lines, with 93, 50, and 32
accessions, respectively. The probability distribution
under the null hypothesis was then obtained by plotting
the P values resulting from association analysis against
the cumulative P values (Supplemental Fig. S2B). The

Plant Physiol. Vol. 166, 2014

naive model, without correction for population struc-
ture (Q) or kinship (K), produced a markedly nonuni-
form distribution of P values resulting in the highest
type I error rate. Considering the Q model, 9.5% of all
P values are under a P < 0.05 threshold, indicating im-
provement in type I error control over the naive model,
but still there was considerable detection of false-
positive associations. The model incorporating familial
relatedness (K) resulted in efficient type I error control,
with 5.7% of P values under P < 0.05. Because the Q+K
model led to a negligible improvement in false-positive
control, the K model was selected for association
analysis with SbPSTOL1 homologs. Similar results for
model selection were found by Casa et al. (2008) when
evaluating the complete Sorghum Association Panel for
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Figure 3. Schematic representation of protein domains of OsPSTOL1 and SbPSTOL1. Depicted are the predicted signal peptide
(SP), the GUB_WAK_Bind domain, the wall-associated receptor kinase C-terminal domain (WAK_ASSOC), the transmembrane
domain (TM), and the Ser/Thr kinase domain (KINASE). Full complementary DNA sequences were obtained for Sb07g002840,
Sb03g031670, Sb03g031690, and Sb07g006765. Reverse transcription-PCR of SbPSTOLT genes was undertaken with root
tissues from the sorghum line, BROO7, after 13 d in nutrient solution (Magnavaca et al., 1987) with low P (2.5 um P) as described
for root morphology analysis. Roots were collected, and total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen; http://
www.giagen.com/). For Sb03g006765, a start codon located 72 bp upstream of the first codon (TCA) in the coding sequence
reported in Phytozome (http://www.phytozome.net/sorghum) was considered for structural predictions. aa, Amino acids. [See

online article for color version of this figure.]

different agronomic traits, with the K model resulting in a
good approximation to a uniform distribution of P values.

Association Analysis of Root Morphology, P Uptake, and
Traits Related to Performance under Low P

Association analysis was undertaken following the
same procedure used above for type I error simulations
but using SNPs within SbPSTOLI genes and the models
that provided the appropriate error control, as detailed
in “Materials and Methods.” Based on the SAPst, a total
of 23 SNPs from all six SbPSTOL1 genes were signifi-
cantly associated with different traits related to root
morphology, P uptake, and biomass accumulation in
hydroponics in addition to grain yield under low P in
the field (Table II). SNPs within the SbPSTOL1 homo-
logs Sb03g006765 and Sb03g031690 were associated
with root diameter and root surface area, whereas two
5b03g031690 SNPs were weakly associated with the
volume of fine roots.

For the SNP loci associated with root diameter
changes, the alleles underlying smaller root diameter
for Sb03g006765 (allele G at SNP 2002), Sb03g31690
(allele G at SNP 4085), and Sb03002840 (allele C at SNP
3975) were associated with increased biomass accu-
mulation and/or P uptake traits (Supplemental Table
S2). This is consistent with the negative correlation ob-
served between root diameter and biomass accumulation
and P uptake traits (Supplemental Table S1), indicating
that genotypes with smaller root diameter performed
better under low-P conditions in hydroponics. The
only exception to this trend was SNP 2644 within
5b03g0031690, where the A allele increased root diameter
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and also root P concentration. However, because the A
allele was also associated with higher root surface area,
changes in root surface area likely more strongly influ-
ence the higher root P concentration for SNP 2644 within
5b03g0031690.

For Sb03g031690, SNP 2305 was consistently associ-
ated with root surface area (0.01 < P < 0.05) and P
concentration in the root, with the same allele, T, posi-
tively contributing to both traits (Supplemental Table
S2). The results for both Sb03g031670 and Sb03g031700
in principle do not point toward an effect in root mor-
phology for these genes. However, because we were
able to identify only one and two paralog-specific SNPs,
respectively, for these genes, we cannot rule out the
possibility that the lack of association with root traits
was due to the few SNPs that were tested.

Six SNPs within Sb03g006765 and one SNP within
5b03g031680 were associated with grain yield in the
low-P soil in the SAPst (Tables II and III). Considering
the SNP effects, the resulting grain yield increase varied
from 6.4% to 8.1% relative to the grain yield under low-P
conditions. Within Sb03g031680, SNP 1541 was signifi-
cantly associated with grain yield (Table II), resulting in
the highest increase in yield among all the SNPs as-
sociated with this trait, with the A allele increasing
grain yield by 200 kg ha™" (Table IIT). A possible posi-
tive effect in P acquisition via changes in root mor-
phology was observed for Sb03g031680, where SNP
1541 was jointly associated with root surface area and
grain yield, with the A allele positively contributing to
both traits (Table III; Supplemental Table S2). Another
case of consistent allelic effects between root surface
area and grain yield was found for Sb03g006765, where
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Table Il. Association results for SNP loci within SbPSTOLT homologs in the SAPst phenotyped for root morphology traits (Hydroponics) and for grain

yield performance in a low-P soil (Field) using the K model

Numbers represent the proportion of the phenotypic variation explained by each SNP in percentage. Asterisks are as follows: ****P < 0.001,

**%0.001 = P < 0.01, **0.01 = P < 0.05, and *0.05 = P < 0.1.

Hydroponics

Root Morphology

Gene Position

- - Field
P Uptake and Biomass Accumulation

Volume of Fine Root Surface
Roots Area

Root
Diameter

Root P

Shoot P
Content

Root P
Content

Grain
Yield

Root Dry
Weight

Shoot Dry

Shoot P Weight

mmJ sz

bp mm
1,912
1,998
2,002
2,042
2,067
2,073
2,141
1,312
1,541
1,591
2,305
2,644
4,020
4,085
4,121
4,170
2,096
2,304
3,783
3,795
3,810
3,939
3,975

Sh03g006765
2.46**
1.80**

Sb03g031670
Sh03g031680 1.83*

2.74%*
2.24%

5b03g031690
4.09%**
1.22%

1.10* 1.38*

S$b03g031700

Sb07g002840

1.00*

2.28*

—1

g kg

3.7

gkg! kg ha™'
2.00**

1.95%*

mg mg g

2.14* 2.23* 2.65**
1.53*
2.46**
1.65*
2.27%*
1.70%* 1.78*
2.26*
2.25% 2.17*

2.51** 2.42%*

7.56****
3.24**

1.09*

1.41%**

1.42%
2.12*
2.02*
1.96*
2.03*
2.13*

1.80* 2.05*

1.92*

3.06**
2.69**
2.09*

2.32%*
2.98**

1.68*
2.03*

the C allele at SNP 1998 increased both traits (Table III;
Supplemental Table S2). Overall, the fraction of the total
phenotypic variation explained by each SNP (%) ranged
from 1 (Sb07g002840_3975; with root diameter) to 7.5%
(5b03g031690_2305; P concentration in the roots).
Association analysis was also conducted with the
WAP with the same SNP loci used in the SAPst (Table
IV). Multiple associations were detected for SNPs within
S5b03¢006765 with P concentration and content in the
shoots in addition to single tiller biomass accumulation.
Strikingly, in the SAPst, the same SNPs were associated
with grain yield under low-P conditions (Table II). The
single SNP within Sb03g031670, SNP 1312, was associ-
ated with P content in single tillers in the WAP and
shoot P content in the SAPst grown on hydroponics
(Tables II and IV). For Sb03g031690 and Sb03g031700,
associations were detected for P content and traits re-
lated to biomass accumulation (Table IV). The pheno-
ic variance explained in the WAP ranged from 2.8%
(Sb03g006765_2042; P concentration in the shoot) to 6.8%
(5b03g006765_2042; P content of single tiller biomass).

Genome Structure and Linkage Disequilibrium

The genome structure of the SbPSTOL1 homologs se-
lected for association analysis revealed a possible double
tandem duplication event encompassing a rather narrow

Plant Physiol. Vol. 166, 2014

physical region of approximately 33 kb at position
approximately 60 Mb on chromosome 3 (Fig. 4). This
duplication includes Sb03g031670 and Sb03g031680
at positions 60,080 to 60,088 kb and Sb03g031690 and
5b03¢031700 at 60,103 to 60,113 kb. The remaining
SbPSTOL1 gene on chromosome 3, Sb03g006765, is lo-
cated at position 7 Mb, thus toward the beginning of
chromosome 3 and physically distant from the other ho-
mologs at position 60 Mb. As expected, all SNPs within
Sb03g006765 were under strong linkage disequilibrium
(LD), which was also in general the case for the cluster
at position 60 Mb. In that region, occasional low LD was
observed mostly for SNPs within different genes, occa-
sionally within genes belonging to possibly different tan-
dem duplicates, and frequently involving Sb03g031700 at
the outer edge of the 60-Mb region. As expected, SNPs
within Sb03g006765 were not in LD with SNPs within the
genes in the 60-Mb cluster, indicating that association re-
sults between the 7- and 60-Mb region were independent.
The SbPSTOL1 homolog on chromosome 7, Sb07g002840,
was located at position 3 Mb, and complete LD was ob-
served for SNPs in this gene (Supplemental Fig. S3).

Consistency of SNP Effects across Association Panels
Phenotyped in Brazil and Africa

Next, we compared the SNP effects estimated in
the SAPst and WAP, looking for alleles consistently
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Table I1l. SNP effects on grain yield for SDPSTOL1 homologs

The alleles marked in boldface contribute positively to grain yield.
Genotypic effects were estimated as deviations from the alleles with
effects set as 0.

Gene Position Genotype Effect
bp kg ha™'
Sh03g006765 1,912 A 173.3
G 0
1,998 C 169.1
T 0
2,042 G 158.4
C 0
2,067 G 181.7
C 0
2,073 C 154.5
T 0
2,141 T 180.9
G 0
Sh03g031680 1,541 A 200.1
G 0

contributing to better performance under low-P con-
ditions. In general, the effects in grain yield in the
SAPst ranged from 154 to 200 kg ha ! (Table III). Five
SNPs within Sb03g006765 were strongly associated
with P content in single tillers and biomass accumu-
lation in the WAP grown on low-P conditions (Table
IV). All of these five SNPs, which were under complete
LD within Sb03g006765 in the SAPst (Fig. 4), had the
same alleles positively contributing to biomass accu-
mulation and shoot P content in the WAP (Fig. 5) and
grain yield in the SAPst grown on a low-P soil (Table III).
For example, the A and C alleles at SNP loci 1912 and
1998, respectively, enhanced single tiller biomass and to-
tal P content in single tillers in the WAP (Fig. 5) and grain
yield in the SAPst (Table III), with similar results being
observed for SNP loci 2042, 2067, and 2141.

SbPSTOL1 genes belonging to each one of the tandem
duplications at position 60 Mb on chromosome 3,
5b03g031670 and Sb03g031690, also showed consistent
allelic effects across the two association panels for certain
traits. This was the case for Sb03¢031690_2305, where the
T allele had a positive effect on root P concentration in the
SAPst and single tiller biomass accumulation in the WAP,

although no association was found for P content in the
WAP (Supplemental Fig. 54). The A allele of Sb03g031670
at SNP 1312 increased P content in both the SAPst and
the WAP.

Validation of PSTOL1 Homologs via Biparental Mapping

Due to the reduced power of association analysis to
detect associations with quantitative traits such as P
efficiency, validation of the association results was un-
dertaken within a higher LD context, in a large sorghum
recombinant inbred line (RIL) population whose par-
ents contrasted for root morphology traits. This pop-
ulation was genotyped by genotyping-by-sequencing
(GBS; Elshire et al.,, 2011) and phenotyped for root
morphology, biomass accumulation and P uptake traits
in hydroponics, following the same procedures used
for the SAPst. A fixed-effects linear model was applied
to test for associations between the different SNP loci
and the phenotypes, as detailed in “Materials and
Methods.”

5b03g006765, within which SNP 2002 was associated
with root diameter in the SAPst (Table II), closely
colocalized with a QTL for shoot dry weight accumu-
lation in the RIL population (P < 0.05), being separated
from the SNP with the highest —log;,(P) by 1 Mb (Fig.
6). Interestingly, our data suggest the presence of a
possible QTL for root diameter at position 3 Mb, thus
separated from Sb03g006765 by 4 Mb, although the
significance for this QTL (P = 0.146) was below the P <
0.05 threshold. In addition, a highly significant QTL
controlling root length, root surface area, and volume of
fine roots was found 12 to 13 Mb from the 60-Mb
physical position on chromosome 3, suggesting that the
SbPSTOL1 cluster at position 60 Mb underlies these
QTLs. With regard to the ShPSTOL1 gene on chromo-
some 7 and using a P < 0.05 threshold, Sb07g002840
was near a QTL for root dry weight, located 6 Mb from
the SNP with the highest —log;(P) (Supplemental Fig.
S5). In addition, this SDPSTOL1 gene was also 0.6 Mb
from a possible QTL for root diameter at position
3.6 Mb, although the P value for this QTL (P = 0.114)
was below the P < 0.05 threshold.

Table IV. Association results for SNP loci within SbPSTOL1 homologs in the WAP phenotyped in pots
Numbers represent values of explained phenotypic variation. Asterisks are as follows: ****P < 0.001, ***0.001 = P < 0.01, **0.01 = P < 0.05,

and *0.05 = P < 0.1.

Gene SNP Position P Shoot P Content of Single Tiller Biomass Single Tiller Biomass Biomass per Plant
bp mg kg™’ mg g g
5b03g006765 1,912 2.72%* 6.66**** 5.19%**
1,998 2.72%* 6.66**** 5.20%**
2,042 2.77** 6.80%*** 5.471%%*
2,067 3.59** 3.94**
2,141 2.71%* 6.66%*** 5.19%**
5b03g031670 1,312 4.16%*
5b03g031690 2,305 1.91*
S5b03g031700 2,096 1.61* 2.50**
2,304 1.77* 2.86**
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Figure 4. LD across SbPSTOLT homologs on chromosome 3. The standardized LD coefficient (D’; Lewontin, 1964) was es-
timated among all pairwise combinations between associated SNP loci within $b03g006765 (position 7 Mb) and the SbPSTOL1
cluster at position 60 Mb. Squares shows D’ between two loci and the log of the odds (LOD) of two loci being in LD (Barrett
et al., 2005). The red color indicates strong (D’ > 0.8) and statistically significant (LOD > 2) LD. Numbers inside squares
represent D' values expressed in percentages (squares without numbers represent D' values of 1). LD plots were generated using

Haploview version 4.2 (Barrett et al., 2005).

Association Analysis of RSA Traits in the SAPst

RSA traits were assessed in the SAPst using our
RootReader3D platform as described by Clark et al.
(2011) to image and generate three-dimensional (3D)
reconstructions for the entire root systems of the sor-
ghum accessions in the SAPst. Then, the RootReader3D
software was used to compute 19 different RSA traits,
which were then employed as different phenotypes
in the association analysis. Large genotypic variation in
RSA traits was observed among sorghum accessions in
this panel. Heritability estimates for the four RSA traits
shown in Figure 7A, which are related to root branching
and depth of the root system, varied from 0.16 (for
centroid) to 0.39 (median number of roots). Bushiness,
which is the ratio of the maximum number of roots
divided by the median number of roots (Iyer-Pascuzzi
et al., 2010), was negatively correlated with centroid,
which is the vertical position of the center of mass of the

Plant Physiol. Vol. 166, 2014

entire root system (r = —0.24, P < 0.001). Bushiness was
also negatively correlated with the median number of
roots in a root system (r = —0.46, P < 0.001). Specific
root length, which is the ratio of total root length to the
volume of the entire root system and a measure of the
benefit-to-cost ratio for root systems, was negatively
correlated with the median number of roots (r = —0.27,
P < 0.001), whereas centroid was positively correlated
with the median number of roots (r = 0.42, P < 0.001).

Association analysis performed on the SAPst indi-
cated that SbPSTOL1 homologs on chromosome 3 were
associated with four RSA traits, bushiness, centroid,
median number of roots, and specific root length
(Fig. 7A; Supplemental Table S3). Three SNPs within
5b03031690 (4020, 4085, and 4121) were associated with
variations in bushiness and centroid, which were neg-
atively correlated. In agreement with that, alternative
alleles at these SNPs increased centroid and bushiness
(Supplemental Table S3). These same SNPs, in addition
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Figure 5. Effects for SNPs within Sh03g006765 estimated in the WAP in Africa. Effects for single tiller biomass and P content in
single tillers are shown. The P values from association analysis are shown in Table IV. [See online article for color version of this

figure.]

to SNP 4170 in Sh03¢031690, were also associated with
the median number of roots, whereas the two SNPs
within Sb03g031680 were associated with specific root
length. The same alleles at commonly associated SNP
loci within Sb03g031690 increased the value for centroid
and the median number of roots, which again is con-
sistent with the positive correlation between these two
traits. Associations for Sb03g006765 and Sb03¢031670
were found for centroid and median number of roots,
respectively, with higher P values compared with those
for Sb03g031690 and Sb03g031680. Using a P < 0.05
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threshold, SbPSTOL homologs on chromosome 7 were
not associated with RSA traits.

DISCUSSION

Exploiting the conservation of gene content and order
across genomes (Bonierbale et al., 1988) has held great
promise in the identification of important genes in the
grass family. Within the comparative genomics frame-
work, information regarding functional variation in one
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Figure 6. Validation of PSTOL7 homologs on chromosome 3 by biparental mapping. A, QTL analysis of root morphology traits,
shoot and root dry weight accumulation, and P content in the BROO7 X SC283 RIL population. Physical positions on chro-
mosome 3 are shown on the x axis (Mb). The positions for Sb03g006765 (depicted as 006765 in the graphs) at the beginning of
chromosome 3 and for the cluster encompassing $b03g031670, Sb03g031680, Sb03g031690, and Sb03g031700 (031670~
031700) at the end are shown. Blue asterisks denote significant QTLs declared based on permutation tests at 0.01 = P < 0.05
(**) and 0.001 = P < 0.01 (***). Numbers in blue indicate the physical positions (Mb) of SNPs at the —log,,(P) peak within the
different QTLs in addition to the closest SODPSTOLT genes. The SNPs that are closest to SODPSTOL1 homologs are highlighted in
green. B, Root morphology for the parents of the mapping population.

species can be transferred to related species, and in that
scenario, molecular breeding applications may be
greatly expedited. However, examples of the successful
application of comparative genomics targeting agro-
nomically relevant genes are still scarce, which can be
attributed at least in part to the dynamic nature of the
fine-scale structure among plant genomes (Bancroft,
2001). The availability of complete sequences for several
plant genomes now provides for a much more complete
framework where functional variants can be identified
via comparative genomics, even in potentially complex
situations arising from ancient gene duplication events.
This is likely the case of RLKs in plants (Lehti-Shiu
et al., 2009), a protein class to which PSTOL1 belongs.
In view of that, based on the isolation of OsPSTOL1
in rice, we undertook a cross-species effort to identify
homologs in the sorghum genome that are functional
with regard to enhancing agronomic performance un-
der low-P conditions, a common constraint for sus-
tainable crop yield worldwide (Ismail et al., 2007).

Plant Physiol. Vol. 166, 2014

According to Parentoni and Souza Junior (2008), P ac-
quisition efficiency in maize was more important than
P internal utilization efficiency to explain the total
variation for P use efficiency in a tropical soil. This was
also the case for the SAPst phenotyped in a tropical
soil in Brazil, where P availability to roots is reduced
due to the high P fixation to clay minerals in the soil.
Because OsPSTOL1 in rice has been shown to enhance
early root growth (Gamuyao et al., 2012), which is an
important mechanism leading to enhanced P acquisi-
tion efficiency under low-P availability, we assessed
root morphology traits in sorghum plants from the
SAPst grown hydroponically using low-P nutrient
solution in a paper pouch system. We observed that
total root length and root surface area were positively
correlated with grain yield under low-P conditions,
which is in agreement with reports indicating that re-
sults of root morphology analysis in paper pouches
correlate with those of plants grown in soil (Liao et al.,
2001; Hund et al., 2009; Miguel et al., 2013). This makes
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Figure 7. Association analysis between SbPSTOLT homologs and RSA
traits in 266 accessions of the SAPst. A, Association results. Numbers
indicate the fraction of the phenotypic variation explained by the SNP
loci. B, Lines contrasting for centroid. Line 071 has a large centroid
(9.27 cm), whereas line 291 has a small centroid (4.86 cm).

root morphology assessed in younger plants a useful
proxy to identify genes related to agronomic perfor-
mance under low-P conditions. The correlation coef-
ficients were nevertheless low, which is expected
given the complex genetic architecture governing both
grain yield and different P efficiency mechanisms that
are likely to take place in such a diverse association
panel.

SNP markers within sorghum homologs to OsPSTOL1
were associated with both root morphology traits
and P acquisition and biomass accumulation in hy-
droponically grown plants and also with grain yield
assessed in a low-P soil in Brazil. The SNPs used for
association mapping within Sb03g006765 at position
7 Mb on chromosome 3 are in complete LD. Indeed,
multiple SNPs within Sb03g006765 were associated
with grain yield under low P availability in the SAPst.
Jointly considering the WAP and SAPst, the same al-
leles based on five SNPs within Sb03g006765 enhanced
P acquisition and biomass accumulation (assessed in
the WAP) and grain yield (assessed in the SAPst),
suggesting that this gene has a broad role in contrib-
uting to sorghum performance under low-P conditions
across diverse genetic backgrounds and environmental
conditions. This may be achieved by enhancing root
surface area, since the C allele at SNP 1998 was asso-
ciated with both increased root surface area and grain
yield in a low-P soil in the SAPst.
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The functionality for Sb03g006765 in sorghum P effi-
ciency is consistent with the reported role of OsPSTOL1
in rice, which was shown to enhance P acquisition and
performance under low P (Wissuwa et al., 1998;
Gamuyao et al., 2012). One SNP within Sb03g006765
was associated with root traits, namely root diameter.
Using biparental mapping, we found indications of
a QTL for root diameter approximately 4 Mb from
S5b03g006765, although the significance of this QTL
was above the P < 0.05 threshold. However, we detec-
ted a significant QTL for shoot dry weight with this
PSTOL1 homolog, supporting a role for Sb03g006765 in
enhancing P acquisition in sorghum, possibly by re-
ducing root diameter, thus increasing the root surface
area and reducing the costs to the plant of exploring the
soil for P (Bates and Lynch, 2001).

Four additional PSTOL1 homologs, Sb03g031670,
5b03g031680, Sb03g031690, and Sb03g031700, are close
together at position 60 Mb on sorghum chromosome
3 and are possibly the result of tandem duplication
events. SNP 2305 within Sb03g031690 jointly increased
both root P concentration in the SAPst and biomass
accumulation in the WAP under low P. The same allele
was also associated with increased root surface area in
hydroponics, suggesting that altered root morphology
is the physiological mechanism underlying improved
P acquisition via Sb03g031690. A connection between
enhanced root surface area and grain yield under low-P
conditions in the soil was also found for Sb03g031680,
where the A allele at SNP 1541 jointly increased both
traits in the SAPst. Indeed, P deficiency has been shown
to enhance root growth, leading to significant increases
in root length and root surface area in Cucumis melo
(Fita et al., 2011) and Brassica napus (Zhang et al., 2011).
The hypothesis that Sb03g031680 and Sb03g031690
control root morphology, as was the case for OsPSTOL1
in rice (Gamuyao et al., 2012), is reinforced by the
presence of highly significant QTLs related to root
morphology traits at approximately 12 Mb from the
PSTOL1 homologs at position 60 Mb on chromosome 3.
Because the SOPSTOL1 genes at position 60 Mb are in
close physical proximity on chromosome 3, multiple
associations detected for these genes may be the re-
sult of LD in the region. However, SNPs within
5b03g006765 at position 7 Mb are not in LD with those
within the SPPSTOLI cluster at position 60 Mb, sug-
gesting that multiple SHPSTOLI homologs enhance
sorghum performance under low-P conditions, likely by
the same overall physiological mechanism based on
root morphology modulation. Lehti-Shiu et al. (2009)
found that RLKs present in tandem repeats were more
likely than nontandem RLKs to be up-regulated by bi-
otic stress factors and UV-B light in Arabidopsis, sug-
gesting that the SbPSTOLI homologs close together at
position 60 Mb on chromosome 3 may constitute a
functional module controlled by common regulatory
elements. If so, similar to the case for maize alumi-
num tolerance (Maron et al.,, 2013), tandem dupli-
cation events may provide an additional level of
regulation, leading to enhanced gene expression and
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increased P acquisition controlled by PSTOLI ho-
mologs in sorghum.

In addition to root morphology, changes in the spa-
tial configuration of the root system, known as RSA, is
another mechanism implicated in P acquisition effi-
ciency. Because on acidic tropical soils phosphate ions
tend to bind fairly tightly to aluminum and iron oxides
on the surface of clay minerals, the soil phosphate tends
to be fixed in the surface soil horizons, and it is logical
that root systems that participate in topsoil P foraging
would be an adaptive advantage on these soils. In
general, compared with the associations detected with
two-dimensional (2D) root morphology traits, we ob-
served stronger associations with RSA traits, particu-
larly for bushiness, centroid, and median number of
roots for Sb03g031690. Centroid measures the tendency
of a root to grow at different depths (i.e. a larger cen-
troid value is indicative of a more deeply growing root
system), whereas bushiness is a measure of the global
branching of the root system (Clark et al., 2011). The
associations detected for centroid and bushiness for
5b03g031690 suggest that SDPSTOL1 enhances the ca-
pacity of the sorghum root system to forage the P that is
more available in superficial soil layers. This is consis-
tent with studies in maize, bean (Phaseolus vulgaris), and
soybean (Glycine max), indicating that the proliferation
of shallow lateral roots increases topsoil foraging of P
(Liao et al., 2001; Lynch, 2011).

Although the mechanism(s) by which PSTOLI in-
creases root growth and presumably changes RSA
has not yet been determined, Gamuyao et al. (2012)
reported on a dirigent gene (OsPupK20-2) that is
located close to OsPSTOL1 in the rice genome, and
its expression was induced both in 355::0sPSTOL]1
plants and in a near-isogenic line harboring the Pup1
QTL region including OsPSTOLI. A dirigent domain-
containing protein, ENHANCED SUBERIN1, was re-
cently shown to play a critical role in the formation of
the Casparian strip in Arabidopsis, as it is required for
the correct patterning of lignin depositions into this
endodermis structure (Hosmani et al., 2013). In view of
observations that environmental stresses such as sa-
linity may change the fine structure of plant roots and
the development of the Casparian strip (Degenhardt
and Gimmler, 2000), it is tempting to speculate that
dirigent genes link root system architectural changes
to PSTOLI.

RLKs constitute the largest family of receptors in
plants, and the diverse structures in the receptor do-
mains suggest that there are likely to be several bio-
logical functions for these proteins (Lehti-Shiu et al.,
2009; Tor et al., 2009). Although RLKs have been found
to be important regulators of root hair growth in
Arabidopsis under low-P conditions (Lan et al., 2013),
their role seems to be much more general, as they also
function in defense and stress responses, including
drought, salinity, and cold (Lehti-Shiu et al., 2009; Ye
et al, 2009; Das and Pandey, 2010; Marshall et al.,
2012; Schulz et al., 2013; Vivek et al., 2013), possibly
acting as hubs in stress signaling and development
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(Das and Pandey, 2010; Asano et al., 2012; Schulz et al.,
2013). Several RLKs such as CRPK1 have been shown
to play key roles in abiotic stress tolerance, positively
or negatively regulating stress tolerance by modulat-
ing abscisic acid signaling and reducing the accumu-
lation of reactive oxygen species (Lan et al., 2013).

In addition to a conserved Ser/Thr kinase domain,
the selected SbPSTOL1 proteins are predicted to share
distinctly different structural features from rice
OsPSTOL1, including a transmembrane domain and
extracellular domains that are likely in contact with the
pectin fraction of the cell wall. These features are
typical of cytoplasmic Ser/Thr wall-associated kinase
(WAK) proteins, which span the plasma membrane
and extend to the extracellular region to bind tightly to
the cell wall (He et al.,, 1999). According to our se-
quence data, all selected sorghum SbPSTOLI genes
possess three exons and two introns, which is the
typical intron-exon organization of Arabidopsis (He
et al, 1999; Kanneganti and Gupta, 2008), barley
(Hordeum vulgare; Kaur et al., 2013), and rice (Zhang
et al, 2005) WAKSs. In addition, five highly similar
WAK genes were found to lie in a 30-kb cluster in
Arabidopsis (He et al., 1999), which resembles the
genome organization of the S)PSTOL1 genes at posi-
tion 60 Mb on chromosome 3.

By physically linking the cell wall to the cytoplasm,
these unique WAK proteins have been hypothesized to
function as cell wall sensors (Steinwand and Kieber,
2010), possibly mediating cross talk whereby envi-
ronmental cues may alter pectin content, structure, and
biological activity (Kanneganti and Gupta, 2008). In-
deed, expression of WAKI1 in Arabidopsis was found
to be induced by aluminum treatment (Sivaguru et al.,
2003), and WAKILA4 is related to mineral nutrition re-
sponses (Hou et al., 2005). Wall-associated kinases are
necessary for normal cell enlargement (Cosgrove, 2001;
Wagner and Kohorn, 2001), and in barley and rice, WAK
genes were found to affect root growth (Kanneganti and
Gupta, 2008, 2011; Kaur et al., 2013). Our results indicate
that multiple SNPs within Sb03g006765 are consistently
associated with sorghum performance under low P in
the two association panels. The Sb03g006765 protein was
predicted to possess a GUB-WAK-Bind domain in ad-
dition to a WAK-association domain. Thus, it is possible
that a singular and perhaps tighter interaction between
this protein and the cell wall results in increased root
surface area, P’ uptake, and finally sorghum performance
under low P in the soil via an as yet unidentified
mechanism. As hypothesized by Gamuyao et al. (2012),
it is conceivable that PSTOLI plays a broader role in
abiotic stress tolerance than just P efficiency. As such, our
results in sorghum reveal a possibly larger potential for
SbPSTOLI1 genes to contribute to overall adaptation to a
range of abiotic stresses via changes in root development,
such as drought tolerance and the uptake of other min-
eral nutrients besides P.

In a genome-wide association study targeting adap-
tation to low P in sorghum (Leiser et al.,, 2014b), the
most significant association with grain yield was found
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for an SNP at position 71.1 Mb on chromosome 3
(71178053), only 35.7 kb from the aluminum tolerance
gene Sorghum bicolor multidrug and toxic compound ex-
trusion (SbMATE), which underlies the aluminum tol-
erance locus Aluminum tolerance Sorghum bicolor (Altgy
Magalhaes et al., 2007). As SNPs associated with grain
yield were also found within Altgz and SODMATE, this
suggests a possible pleiotropic effect of SODMATE in
providing tolerance to aluminum toxicity and to low-P
conditions (Leiser et al., 2014b). The 71178053 SNP and
one Altgg-specific SNP showed grain yield effects of
240 kg ha™! (W. Leiser, personal communication) and
250 kg ha*, respectively, under low P (Leiser et al.,
2014b). In turn, the grain yield effect for SNPs within
Sb03g006765 and Sb03g031680 were 154 to 200 kg ha ™",
which was comparable to the effects reported by Leiser
et al. (2014b). The grain yield effect for SNPs within
SbPSTOL1 genes described in this study are now being
validated in different sorghum breeding contexts, in-
cluding random mating populations, which should
provide for a more realistic view of the breeding value
of SbPSTOL1 genes when targeting adaptation to acid
soil conditions.

Together, aluminum toxicity and low P availability
are two of the major abiotic stress factors limiting
sorghum production on tropical soils. We recently
reported on the development of tag markers for the
major aluminum tolerance locus in sorghum, Altgg,
which confers aluminum tolerance by a physiological
mechanism based on aluminum-activated root citrate
release to the rhizosphere (Caniato et al., 2014). Alu-
minum toxicity and low P availability in general co-
exist in tropical soils. As such, markers developed for
sorghum SbPSTOL1 genes as well as for Altg;, which
are available through the Integrated Breeding Platform
of the Generation Challenge Program (https://www.
integratedbreeding.net/), now have the potential to
benefit sorghum production and thus food security in
the large areas of acid soils that exist worldwide.

MATERIALS AND METHODS
Plant Material
SAPst

A subset of the association panel described by Casa et al. (2008) with 287
accessions, comprising both tropical converted (185) and breeding (102) ac-
cessions, was used in this study. Tropical converted accessions were produced
by introgressing genomic regions conferring early maturity and dwarfing
genes from an elite donor into exotic accessions (Stephens et al., 1967) and
were selected to broadly represent the genetic diversity of cultivated sorghum
(Sorghum bicolor). The breeding accessions included photoperiod-insensitive
elite inbreds, improved cultivars, and landraces that either have been or are
still used extensively in the United States and Brazil for sorghum breeding
(Casa et al., 2008).

WAP

The West African sorghum diversity panel consists of 187 sorghum genotypes
from six West and Central African countries, consisting of seven racial groups
(three pure races and four intermediate groups) including breeding accessions
and landraces with various degrees of photoperiod sensitivity and internode
lengths (Leiser et al., 2014b).
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Root Morphology Analysis in the SAPst

Root morphology data were obtained in a paper pouch system supplied
with nutrient solution as described by de Sousa et al. (2012). The experiments
were organized in a completely randomized design with three replicates. Seeds
were surface sterilized with sodium hypochlorite (0.5% [w/v] for 5 min) and
germinated in moistened paper rolls. After 4 d, uniform seedlings were trans-
ferred to moistened blotting papers placed into paper pouches (24 X 33 X
0.02 cm) as described by Hund et al. (2009). Each experimental unit consisted of
one pouch (three seedlings per paper pouch), whose bottom 3 cm was immersed
in containers filled with 5 L of the nutrient solution described by Magnavaca et al.
(1987) with a P concentration of 2.5 um (as phosphate; 10 pouches per container).
The nutrient solution was changed every 3 d, and the pH was maintained at 5.6.
The containers were kept under continuous aeration in a growth chamber with
27°C/20°C day/night temperatures and a 12-h photoperiod.

After 13 d, root images were captured with a digital photography setup and
analyzed using both the RootReader2D program (Clark et al., 2013; http://
www .plantmineralnutrition.net/rr2d.php) as well as WinRHIZO (http://
www.regent.qc.ca/assets/winrhizo_about.html) software. The following root
traits were measured as described by de Sousa et al. (2012): total root length
(designated root length; in cm), average root diameter (designated root di-
ameter; in mm), volume of fine roots (diameter between 1 and 2 mm; in mm?),
and total root surface area (designated root surface area; in cm?).

ANOVA was performed using GenStat version 16 software (Payne, 2009).
Broad sense heritability was calculated as:
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where (rzg = (MS; - MS,)/r and o*, = MS,, where (rzg is the genetic variance,
a?, is the error variance, MS,_ and MS, are the genetic and error mean squares,
respectively, and r is the number of replications.

Phenotyping for Low-P Adaptation

SAPst

A set of 243 accessions of the SAPst consisting of three dwarf types were
selected for the field trials. Soil P (Mehlich 1) was 5 ppm at 0- to 20-cm soil
depth and varied between 0 and 5 ppm at the subsuperficial soil layer (2040 cm).
The field trial was located on a clayed and highly weathered tropical soil,
representative of the types found in the agriculture areas of Central Brazil,
dominated by kaolinite and iron and aluminum oxides in the clay fraction.
The soil fertility in natural conditions is low, presenting low pH and high toxic
aluminum levels and low P. One additional area, with approximately 10 ppm
P, was used as the P sulfficiency control. Experiments were set up as three
a-lattice designs with nine incomplete blocks, nine accessions from the asso-
ciation panel and two checks per incomplete block, and three replications in
2 years of evaluation (2010 and 2011). Statistical analyses were performed
jointly for both years based on mixed models using the GenStat version 16
software, considering genotypes and blocks within replications as random
effects and years, experiments, replications, and checks as fixed effects. First, a
series of model selection steps were performed, starting from a model in-
cluding both spatial (rows and columns; taken as random) and phenology-
related (i.e. plant height, flowering time, and number of harvested panicles;
fixed effects) covariates, which were kept in the model based on the likelihood
ratio test and the Wald test, respectively, considering a significance level of
5%. Then, different structures of the variance-covariance matrices for the ge-
netic (G matrix) and residual (R matrix) effects across years were compared
via the Akaike information criterion (Akaike, 1974). An unstructured and a
diagonal variance-covariance model were selected for the G and R matrices,
respectively. Best linear unbiased predictions for grain yield were finally
obtained for genotypes, combining the information for both years of evalua-
tion. Broad sense heritability was calculated based on variance components as:
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where 0°;, 0%, and 0, are the variance components for the genetic, genotype-by-
environment interaction, and error terms, respectively, in which environment

corresponds to the different years of evaluation; and e and r are the number of
years and replications, respectively.
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P uptake was assessed in 13-d sorghum plants grown in hydroponics (i.e.
shoot and root P) at the end of the root morphology experiments. Plant tissues
were dried at 65°C until constant weight. For P analysis, plant tissues were
subjected to a nitric/perchloric acid digestion (da Silva, 2009), and P quantification
was done using inductively-coupled argon plasma emission spectrometry. Total P
content, designated as P content, was calculated by multiplying plant total dry
weight by tissue P concentration.

WAP

Experiments were conducted at the International Crops Research Institute for
the Semi-Arid Tropics experimental station in Mali. A pot trial with four repli-
cations laid out in an a-design was carried out for 38 d. Ten-liter pots were filled
with soil from a low-P field, having a Bray-1 P value of 5.2 ppm, a pH of 6.9, and
an exchangeable acidity of 12%. In each pot, 10 seeds of each genotype were
sown at 1.5-cm depth into five holes (two seeds per hole) and covered with sand.
Fourteen days after sowing, plantlets were thinned to two plants per pot. Plants
were treated three times during the experiment primarily against shoot fly
(Atherigona soccata) and other insects using insecticides commonly used in the
region. Some genotypes exhibited prolific tillering (more than four tillers per
plant), observed in some materials grown in the off-season (night temperatures
of less than 15°C and short days), while others did not tiller at all. Total shoot
biomass was harvested 38 d after sowing, with plants having approximately six
to eight leaves. Number of plants and number of tillers were recorded to cal-
culate shoot biomass accumulated per plant and per tiller. Fresh plant material
was stored in paper bags and dried at 45°C for 7 d. Total shoot dry matter was
recorded, and P concentration was analyzed using inductively coupled plasma
emission spectrometry as described by VDLUFA (2011).

Biomass, P concentration, and P content data were separately analyzed
using mixed models, considering the effect of genotypes as fixed and repli-
cations and incomplete blocks nested within replications as random. Broad

sense heritability was estimated, considering genotype as random:
2
w8
T2
ozt

where O'Zg is the genotypic variance component, UZE is the error variance, and r
is the number of replications.

In Silico Identification of Sorghum PSTOL1 Homologs

A sequence similarity search based on the OsPSTOL1 amino acid and
nucleotide sequences (GenBank accession no. BAK26566) was undertaken with
the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.
gov) and Phytozome (www.phytozome.org) databases. At the NCBI, the
sorghum bicolor taxid ID 4558 database was used for BLASTP and BLASTN
searches. At Phytozome, the sorghum genome sequence version 1.4 (Paterson
et al., 2009) was used for BLASTP and BLASTN analyses. We selected the
seven top hits that were coincident across procedures considering E < 1e-100
as the inclusion threshold. These amino acid sequences were aligned with
those of proteins highly similar to PSTOL1 in rice (Oryza sativa), Arabidopsis
(Arabidopsis thaliana), and maize (Zea mays). For that, we selected proteins with
E < 1e-100 when aligned with rice PSTOL1, and a total of 33 sequences were
selected. The phylogenetic tree was inferred using the maximum likelihood
method based on the JTT matrix-based model developed by D.T. Jones,
W.R. Taylor, and J.M. Thorton (Jones et al., 1994; Rzhetsky and Nei, 1992).
Initial trees from the heuristic search were obtained automatically by applying
the neighbor-joining and BioNJ (Gascuel, 1997) algorithms to a matrix of
pairwise distances estimated using the JTT model and then selecting the
topology with the superior log-likelihood value. Five hundred bootstrap
resampling steps were applied to the data. The tree was drawn to scale, with
branch lengths measured as the number of substitutions per site. Evolutionary
analyses were conducted in MEGA6 (Tamura et al., 2013).

Protein sequences were predicted by the Translate tool (http:/ /web.expasy.
org/translate/), and multiple sequence alignment analysis was performed
using ClustalW (http://www.ebi.ac.uk/clustalw /index.html). Structural
predictions were carried out using Pfam (http:/ /pfam.xfam.org/), the TargetP
1.1 server (http://www.cbs.dtu.dk/services/TargetP/), Phobius (http://
www.ebi.ac.uk/Tools/pfa/phobius/), and iTAK (Plant Transcription Factor
& Protein Kinase Identifier and Classifier; http:/ /bioinfo.bti.cornell.edu/cgi-bin/
itak/index.cgi). MyDomains (http://prosite.expasy.org/mydomains/) was used
as a tool for diagramming domain positions for predicted proteins. All tools were
used with default parameters.
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SNP Discovery

Primers amplifying amplicons specific to each of the six selected candidates
were designed using Primer-Blast (ncbi.nlm.nih.gov/tools/primer-blast/
index.cgi) using the sorghum genome as reference. This tool uses local and
global alignment algorithms to identify specific primers based on a user-
selected database (Ye et al., 2012).

A set of 22 diverse accessions was used for SNP discovery. Genomic DNA
was isolated from approximately 500 mg of leaf tissue (five plants per acces-
sion) as described by Saghai-Maroof et al. (1984). PCR was done in a 20-uL
reaction volume with 30 ng of genomic DNA, 1 unit of Taq DNA polymerase
(Invitrogen), 10X Taq reaction buffer, 2 mm MgCl,, 2 mm deoxyribonucleotide
triphosphates, 5% (v/v) dimethyl sulfoxide, and 1 pmol of each primer.
Thermocycling consisted of 4 min at 94°C followed by 35 cycles of 30 s at 94°C,
30 s at the specific annealing temperature for each primer (described in
Supplemental Table S4), and 45 s at 72°C, followed by 7 min at 72°C. PCR
products (5 uL) were treated with 2 uL. of ExoSAP-IT reagent (Invitrogen) in a
volume of 12 uL according to the manufacturer’s specifications. A sample of
3 uL of treated PCR products was sequenced with the same forward and
reverse primers used for PCR amplification with the BigDye Terminator
version 3.1 cycle sequencing kit on an ABI PRISM 3100 sequencer (Applied
Biosystems). The resulting sequences were subjected to quality-control pro-
cedures, trimmed with the Lasergene 7 software, and aligned by using the
MegAlign program (DNAStar).

SNPs with a minor allele frequency higher than 0.1 were converted to the
Kompetitive Allele Specific PCR genotyping system (KASP, LGC Genomics)
following genotyping of the sorghum association panels. SNP loci were
named based on the respective gene within which each SNP is located fol-
lowed by the position relative to the beginning of the gene sequence (http://
www.phytozome.net). For example, Sb03¢031690_2305 refers to an SNP locus
at position 2,305 bp within gene Sb03g031690.

Association Analysis

SAPst

The Bayesian cluster analysis implemented in the STRUCTURE software
(Pritchard et al., 2000) was used to estimate population structure in the as-
sociation panel based on 310 SNPs distributed across the sorghum genome
(Murray et al., 2009). The number of subpopulations, k, was allowed to vary
from 1 to 12, with three independent runs for each value of k. The admixture
model with correlated allele frequencies was adopted, with a burn-in length of
50,000 and a 50,000 run length, and a correction factor for Hardy-Weinberg
equilibrium departure, A, was estimated with an independent run with k = 1.
The optimal k value was determined based on the estimated log-likelihood of
the data (Yu et al., 2006) and on the second-order rate of change in the log-
likelihood of the data (AK; Evanno et al., 2005). Based on this procedures, we
chose k = 4 as the optimal number of subpopulations.

The familial relatedness or kinship (K) matrix depicting similarity between
individuals (Yu et al., 2006) was estimated in TASSEL version 4.0 based on the
same 310 SNPs used to assess population structure. In this matrix, each ele-
ment d;; was equal to the proportion of the SNPs that are different between
taxon i and taxon j. The distance matrix was converted into a similarity matrix
by subtracting all values from 2 and then scaling so that the minimum value in
the matrix is 0 and the maximum value is 2.

Model selection for association analysis was based on type I error simulations
to select the model yielding the fewest false-positive associations, based on root
traits and grain yield. The 310 randomly distributed SNP markers used here do
not provide genome saturation within the low LD context in the association
panel (Bouchet et al., 2012); consequently, the chances of association with the
phenotypic traits can be considered negligible. Thus, it provides a null distri-
bution to test the efficiency of different models to control for false-positive as-
sociations. The different models were (1) y = Aa + ¢, a naive model that does not
control for population structure or relatedness; (2) an association model incor-
porating population structure (Q), y = A + Qu + ¢; (3) a model controlling for
familial relatedness or kinship (K), y = Aa + Zu + ¢; and (4) a mixed model that
jointly accounts for both population structure and kinship (Q+K; Yu et al., 2006),
y =Aa + Qv+ Zu + e. In these models, y is a vector of phenotypic observations, «
and v are vectors of fixed effects related to SNPs and population structure, re-
spectively, whereas 1 and e are vectors of polygenic background effects related
to familial relatedness and residuals, respectively. Q is a population membership
assignment matrix relating y to v, and A and Z are incidence matrices of 1 s and
0 s relating y to a and u, respectively. The naive and Q models were fitted using
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the General Linear Model procedure, while Mixed Linear Model was used for
the K and Q+K models in TASSEL version 4.0 (Bradbury et al., 2007). SNPs with
minor allele frequency > 0.05 were considered for simulating type I error. The
quantile-quantile plots of estimated —log;,(P) were constructed using the ob-
served P values from marker-trait associations and the expected P values
based on the assumption that no association exists between markers and
all traits. Finally, association analysis was undertaken with SNPs within
SbPSTOL1 genes and the different phenotypic traits using the kinship model,
which was found to provide appropriate control of type I error, following the
same model definition and procedures used for type I error simulations as
described above.

WAP

Association analysis was carried out with 31 SNPs within sorghum PSTOL1
homologs using TASSEL version 4.0. A compressed mixed linear model cor-
recting for population structure and kinship was fitted, using two principal
components estimated with SNP relate (Zheng et al., 2012) and a kinship
matrix calculated using the EMMA algorithm within GAPIT (Lipka et al.,
2012). The principal components and the kinship matrix were calculated using
220,934 SNPs genotyped by sequence (Elshire et al., 2011) for this population,
excluding the SNPs within SbPSTOLI genes. Adjusted means of single tiller
biomass, biomass per plant, shoot P, and P content in single tillers were used
as response variables.

Biparental Mapping in Sorghum RILs

A total of 400 RILs derived from the cross between inbred lines SC283 and
BR007, which show contrasting root morphology phenotypes, was used for QTL
detection. This RIL population was phenotyped for root traits according to the
same conditions described for the converted association panel. Genotyping was
done by GBS (Elshire et al., 2011) using GBS pipeline 3.0 in the TASSEL software
package (Bradbury et al., 2007; Glaubitz et al., 2014). Missing genotype calls
were imputed using the NPUTE version 4.0 software (Roberts et al., 2007). SNPs
with minor allele frequency > 0.4 were considered for the analysis. Genome
scans were undertaken using a general linear model with TASSEL version 3.0,
with a total of 10,810 SNPs on chromosome 3 and 4,218 SNPs on chromosome 7,
looking for QTLs related to root morphology, dry matter accumulation, and P
content. The high marker density provided by GBS precluded the need for es-
timating conditional probabilities of marker genotypes in the high-LD context of
the RIL population. Marker significance was determined based on a significance
level of 5% and 1,000 permutations (Anderson and Braak, 2003). Accordingly,
this method calculates the predicted and residual values of the reduced model
(excluding markers) and then permutes the residuals, which showed greater
power compared with permutation of the raw data.

RSA Association on the SAPst

RSA data were assessed in the 266 accessions of the SAPst in a
hydroponics-based 3D RSA system. The experiments consisted of a random-
ized block designs with two replicates. Seeds were surface sterilized with
sodium hypochlorite (0.5% [w/v] for 5 min) and germinated in moistened
paper rolls. After 4 d, seedlings were planted between the two top mesh layers
using polyethylene foam in a mesh system, created from Acrylonitrile Buta-
diene Styrene plastic circles of 20-cm diameter made with a 3D printer. Each
mesh system consists of eight layers of the plastic circles spaced 10 cm from
each other by four anodized aluminum rods. This mesh system serves to
constrain the roots but not impede their growth. The mesh systems were
placed into clear glass cylinders or in large polyethylene tank containers filled
with nutrient solution as described by Magnavaca et al. (1987) with 2.5 um P
and maintained at pH 5.6. The containers were kept under continuous aera-
tion in a growth chamber with 27°C/20°C day/night temperatures and a 12-h
photoperiod.

Root images for 3D reconstruction of the RSA and computation of RSA
traits were taken after 8 and 10 d with a digital camera. In general, the
methods described in detail by Clark et al. (2011) were used except that the
plants were grown as described above hydroponically instead of in gel cyl-
inders. For each plant’s root system, 100 2D digital images as the plant was
rotated through 360° with 2D images were taken every 3.6°. Our imaging and
analysis software first digitally eliminates the image of the colored mesh and
any other extraneous elements from the photographs of the root systems.
Then, the RootReader3D software reconstructs the 3D image of the specific
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root system from the 100 2D digital images and automatically calculates 19
different RSA traits as described by Clark et al. (2011). The 19 RSA traits
calculated from each sorghum root system are listed here: total root length
(cm), maximum width of the root system (cm), minimum width of the root
system (cm), maximum depth of the root system (cm), centroid (cm), exploi-
tation volume (cmS), exploitation index (cm3 cmfl), median number of roots,
maximum number of roots, bushiness (i.e. maximum number of roots/median
number of roots), surface area (cm?), surface area-volume ratio (cm® cm™?),
surface area-length ratio (em® em™?), one-third /two-third volume distribution
(ecm® em %), convex hull volume (cm®), solidity (i.e. volume/convex hull vol-
ume in em® em™?), narrowness index (cm cm™Y), volume (cm®), and specific
root length (i.e. root length/root volume in cm cm ™). Broad sense heritability
was estimated via mixed models, considering genotype as random:

2

h2: g
2 0%
o°+ =

where azg is the genotypic variance component, o, is the error variance, and r
is the number of replications. Replications and blocks within replications were
considered as fixed and random effects, respectively.

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers EES02527.1, EES01294.1, EES01295.1,
EES01297.1, EES01298.1, EES13320.1, and BAK26566.
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SUPPLEMENTAL FIGURE S1
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PSTOL1 KGSLPDGREIAVKMLKDTKGDGEEFINEVAGISKTSHINVVNLLGFSLOGSKRALIYEYM 114
Sb07g002840 RGNLADGREIAVKTLKDTEGDGEDFMNEVASISRTSHVNIVTLLGFCLQGRKRALIYEYM 390
Sb03g031670 RGNLYDGRQVAVKMLKDTKGDGEEFMNEVSSISRTSHVNVVTLLGFCLOGSKRALIYEYM 444
Sb03g031680 KGKLYDGRQVAVKMLKDTNGDGEEFMNEVASISRTSHVNVVTLLGFCLOGSKRALIYEYM 432
Sb03g031690 RGSLSDGGQVAVKMLKDPKGDGEEFMNEVSSISRTSHVNVVMLIGFCLEGSKRALIYEYM 433
Sb03g031700 KGSLPDGRLVAVKMLKELKGDDEQFMNEVASISTTSHVNIVTLLGFCVQGSKRALVYDYM 441
Sb03g006765 RGRLDDGRLVAVKFLHDSKGDGEEFVNEVMSIGRTSHINIVSLFGFCLEGSKRALIYEYM 392
:* * k% :*** *:: :**.*:*:*** .*. ***:*:* *:**.::* ****:*:**
PSTOL1 PNGSLDRYSFGDSSVQGDNTLSWDRLENIIVGIARGLEYLHCHCNIRIVHFDIKPONILL 174
Sb07g002840 PNGSLERYTFGSMSAEGDNSLCWDKLFEIVIGIARGLEYLHNGCNTRIVHFDIKPQONILL 450
Sb03g031670 PNGSLERYAFNS-NMNSENSLSWEKLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILL 503
Sb03g031680 PNGSLERYAFNS-NMNCENSLSWEKLFDIAIGTARGLEYLHRGCNTRIVHFDIKPHNILL 491
Sb03g031690 PNGSLERYAFNS-NMNNONSLGWEKLFDIAIGIARGLEYLHRGCNTRIVHFDIKPHNILL 492
Sb03g031700 TNGSLERFIFSR-HLEDKNSLSWGKLFEIVVGIARGLEYLHRGCKTRIVHFDIKPHNILL 500
Sb03g006765 PNGSLDKYIYSE---NPKAILGWDKLYTIAIGIARGLEYLHHSCNTRIVHFDIKPPNILL 449
**** s s, H . *x % :*: * * XKk kKK Kk k%K *: XKk kkk kA khKh Kk Xk*k%k
PSTOL1 AQDFCPKISDFGLSKLCHLKESRISINGLRGTPGYIAPEVESROYGSASSKSDVYSYGMV 234
Sb07g002840 DONFCPKISDFGLAKLCQQKQSKISMVGMRGTIGYIAPEVENRSYGAVSNKSDVYSYGMM 510
Sb03g031670 DQODFCPKISDFGLAKLCLNKESAISIAGARGTIGYIAPEVYSKQFGLVSSKSDVYSYGMM 563
Sb03g031680 DLDFCPKISDFGLAKLCLNKESAISIVGARGTIGYIAPEVYSKQFGTVSSKSDVYSYGMM 551
Sb03g031690 DHDFCPKISDFGLAKLCPNKESAISIAGARGTIGYIAPEVESKQFGTVSSKSDVYSYGMM 552
Sb03g031700 DENFCPKISDFGLAKLSVQKESAISIGVARGTIGYIAPEVESRQFGVVTSKSDVYSYGMM 560
Sb03g006765 DONFHPKIADFGLAKLCRSKESKLSMTGARGTPGFIAPEVHSRTFGVVSTKSDVYSYGMM 509
:‘k ‘k‘k‘k:‘k‘k‘k‘k:‘k‘k. ‘k:‘k :‘k: * Kk k ‘k:‘k‘k‘k‘k‘k..: :*k -.‘k‘k‘k‘k‘k‘k‘k‘k‘k:
PSTOL1 VLEMAGAKKNI--NVSTGSSSK-YFPOWLYDNLDQFCCPTG-EISSQTTDLVRKMVVVGL 290
Sb07g002840 VLEMVGARKQI--DVGIDTSSN-YFPRWLYDKLDQFCGATISEIGSDTTELVRKMIIVGL 567
Sb03g031670 VLEMVGARDKNNTSASVESSSQ-YFPOWLYEHLDEYCISAS-EINGETTELVRKMIVVGL 621
Sb03g031680 VLEMVGARDKN-TSGNSESSSQ-YFPOWIYEHLDDYCISAS-EIDGETTELVRKMIVVGL 608
Sb03g031690 VLEMVGARGKN-MNADSESSSQ-YFPOQWIYEHLDDYCISAS-EVNSETTELVRKMIVVGL 609
Sb03g031700 ILEMVGSTRTTNNNTNCESTDELYFPLWIYDNLDQYCLDAS-ETSKDDGEVVRKMIVVGL 619
Sb03g006765 LLEMVGGRKNV-KSLAQESSEK-YFPHWIYDHFGQDDGLPACEVTSENEGIAKKMSVIGL 567
:***.*. . *kk k. *.::.: . * . :.:** ::**
PSTOL1 WCIQLVPTDRPSMREVLEMLESNGRDLPLPPKGL—-—-—-—-- 324
Sb07g002840 WCIQLRPIDRPSMSKVLEMLESNTSDLQLPPKAFWTS-- 604
Sb03g031670 WCIQVIPTDRPTMTRVVEMLEGGTSNLELPPKVLLS--- 657
Sb03g031680 WCIQLIPTDRPTMTRVVEMLEGSTSNLELPPKVLLSYQA 647
Sb03g031690 WCIQVIPTDRPTMTKVVEMLEGSTSNLELPPKVIQI--—- 645
Sb03g031700 WCVQVMPIDRPSMSQVVEMLESDLKDLQLPSKPLTLSS- 657
Sb03g006765 WCIQILPMHRPTIGKVLEMFDRGLDELDMPPRONFSEIL 606
**:*: * .**:: .*:**:: . :* :*.:
* = identical amino acid residues in all sequences

highly conserved amino acids

= different but somewhat similar amino acids
blank = dissimilar amino acids or gaps

Signal Peptide

GUB-WAK-bind Domain — Wall-associated receptor kinase galacturonan-binding (GUB-WAK-Bind)
WAK ASSOC Domain — Wall-associated kinase C-Terminal (WAK_ASSOC)

Transmembrane Domain

Kinase Domain

Supplemental Figure S1: Multiple sequence alignment of OsPSTOL1 and SbPSTOLL1 proteins depicting

structural predictions.
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Supplemental Figure S2: Association model selection. (A) Second order change in the log
probability of data (Ak) across different numbers of subpopulations (Evanno et al., 2005). The log
likelihood of data was plotted as a function of successive number of subpopulatons. (B) Type | error
simulation with different models based on 310 SNP markers randomly distributed across the
sorghum genome. Cumulative distribution of p-values is shown for the naive, Q (population
structure), K (kinship) and Q+K models. Methods that appropriately control for Type | error should
show a uniform distribution of p-values near the diagonal line.
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Supplemental Figure S3: Linkage disequilibrium across the SbPSTOL1 gene on chromosome
7. The standardized linkage disequilibrium coefficient (D’, Lewontin, 1964) was estimated
among all pairwise combinations between associated SNP loci within Sb07g002840. Squares
shows D’ between two loci and the log of the odds (LOD) of two loci being in LD (Barrett et al.,
2005). The red color indicates strong (D' > 0.8) and statistically significant (LOD > 2) LD
Numbers inside squares represent D" values expressed in percentages (squares without
numbers represent D' values of 1.0). LD plots were generated using Haploview v4.2 (Barrett et
al., 2005).
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Supplemental Figure S4: Allele effects of SNPs Sb03g031690 2305 and
Sb03g031670_1312. Effects on root P concentration and shoot P content (SAPst), and single
tiller biomass and P content in single tillers (WAP) are shown. The p-values from association
analysis are shown in Tables Il and IV.
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Supplemental Figure S5: Validation of PSTOL1 homologs on chromosome 7 by bi-parental
mapping. QTL analysis of root morphology traits, shoot and root dry weight accumulation in the
BR0O07 x SC283 RIL population. Physical positions on chromosome 7 are shown on the x-axis
(Mb). The positions for Sb07g002840 (depicted as 002840 in the graphs) in the beginning of
chromosome 7 are shown. Blue asterisks denote significant QTL declared based on
permutation tests at 0.01 < p < 0.05 (**). Numbers in blue indicate the physical positions (Mb) of
SNPs at the —logio(p) peak within the different QTL and the closest SbPSTOL1 genes. The
SNPs that are closest to SbPSTOL1 homologs are highlighted in green.



Supplemental Table Sl: Correlation matrix for traits assessed in hydropinically-grown plants. The Pearson Correlations among the
10 traits measured in hydroponics were estimated using Hmisc package (http://biostat.mc.vanderbilt.edu/wiki/Main/Hmisc) on R. The
correlation coefficents (top value) and p-values (bottom value) are shown for each pair of traits.

Root Length (cm Root Length

-0.05
0.397

o) 063 0.60
0.000 0.000

0.95 0.21 0.77

Root Diameter (mm) Root Diameter

Volume of Fine Roots Volume of Fine Roots

Root Surface Area (c) Root Surface Area

0.000 0.001 0.000
. 0.06 -0.02 0.01 0.03
k 1
Root P (9ka") 0.370 0.719 0.890 0.631 Root P
Root Dry Weight (9 0.16 "0.35 0.05 0.06 0.12 Root Dry Weight

0.012 0.000 0.425 0.384 0.070

0.20 -0.23 0.13 0.12 0.58 0.83
0.002 0.000 0.053 0.070 0.000 0.000
0.10 -0.26 0.03 0.03 0.37 0.27 0.37
0.107 0.000 0.637 0.641 0.000 0.000 0.000 Shoot P
0.14 -0.39 0.01 0.02 0.14 0.70 0.60 0.33 :
0.036 0.000 0.835 0.722 0.032 0.000 0.000 0.000 Shoot Dry Weight

0.28 -0.24 0.23 0.21 0.28 0.50 0.53 0.78 0.74
0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

Root P Content (mg) Root P Content
Shoot P (gkg?)
Shoot Dry Weight (9

Shoot P Content (mg) Shoot P Content




Supplemental Table SlIl: SNP effects on RSA traits for SbOPSTOL1 homologs. Genotypic
effects were estimated as deviations from the alleles with effects set as zero.

Polymorphism Bushiness Centroid Median SRL
Gene o Allele 4 Roots 3
Position (bp) (nn?) (cm) n) (cm cm?)
G 0
5b03g006765 2002 C 0.44
C 2.19
5b03g031670 1312 A 0
A 0
1541 G 24.66
Sb03g031680
9 T 0
1591 c 28.94
T 0.49
2305 G 0
C 0 0.46 2.78
4020 A 0.51 0 0
$h030031690 A 0 0.48 2.86
9 4085 G 0.55 0 0
A 0 0.47 2.48
4121 G 0.50 0 0
4170 G 1.98
A 0




Supplemental Table SIV: Sorghum PSTOL1 primers sequences. Sequence of each primer
amplifying SbPSTOL1 genes. D: Direction of the primer. Ta: annealing temperature. F: forward.
R: reverse

v Ta
Sequence (5'->3') D| (c)
Sb03g006765
TGGCTTGGAGCAAAATACGTGGC Floo
GGGCCCGCTTTGAGCCTTCC R

SNPs: 1912 (G/A); 1998 (C/T); 2002 (G/C); 2042 (G/C);
2042 (G/C); 2067 (G/C); 2073 (T/C); 2141(T/C)

$b03g031670
CGTTGGTTTTGCATCGGCCACC Fl oo
TCGTCTCGTCGCGTTGAACACA R
SNPs: 1312 (A/C)
$b03g031680
ATGGCGCTGCGAAAATCCGT .
TGTTGCCCAAAGGGAGGATCAAATC R
SNPs: 1541 (A/G); 1591(T/C)
$b03g031690
GGCAAAAACGGTCCGAAGGGC Fl oo
CGCTGCATCAATGGCGTTGCA R
SNPs: 305 (T/G); 2330 (G/A); 2433 (A/T); 2644 (A/C)
ACGGCGGTCAGGTAGCAGTCA Fl oo
GCACCGGCAATGGAAATGGCA R
SNPs: 4020 (A/C); 4085 (G/A); 4121 (G/A); 4170 (G/A)
$b03g031700
TCGACTGCGTGGACGGCAAC Fl oo
TCGTAAGGGCTGAGTGTGCGT R
SNPs: 381 (C/T); 463 (A/G)
AGGGCATTAAACAGAAGCAGCAGT Fl oo
ACACCACATCCACCTCGCCCT R
SNPs: 2006 (C/T); 2096 (G/A); 2304 (G/A)
$b07g002840
GCAACCTGGCTGATGGCCGT Fl o
AGGCCTTCGGTGGCAACTGC R

SNPs: 3783 (A/G); 3795 (A/G); 3810 (C/T); 3939 (G/A);
3975 (T/C); 3987 (G/A); 4019 (G/C)




