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Abstract

Efficient acquisition and use of available phosphorus from the soil is crucial for plant

growth, development, and yield. With an ever-increasing acreage of croplands with

suboptimal available soil phosphorus, genetic improvement of sorghum germplasm

for enhanced phosphorus acquisition from soil is crucial to increasing agricultural

output and reducing inputs, while confronted with a growing world population and

uncertain climate. Sorghum bicolor is a globally important commodity for food, fodder,

and forage. Known for robust tolerance to heat, drought, and other abiotic stresses,

its capacity for optimal phosphorus use efficiency (PUE) is still being investigated for

optimized root system architectures (RSA). Whilst a few RSA-influencing genes have

been identified in sorghum and other grasses, the epigenetic impact on expression

and tissue-specific activation of candidate PUE genes remains elusive. Here, we pre-

sent transcriptomic, epigenetic, and regulatory network profiling of RSA modulation

in the BTx623 sorghum background in response to limiting phosphorus

(LP) conditions. We show that during LP, sorghum RSA is remodeled to increase root

length and surface area, likely enhancing its ability to acquire P. Global DNA

5-methylcytosine and H3K4 and H3K27 trimethylation levels decrease in response

to LP, while H3K4me3 peaks and DNA hypomethylated regions contain recognition

motifs of numerous developmental and nutrient responsive transcription factors that

display disparate expression patterns between different root tissues (primary root

apex, elongation zone, and lateral root apex).
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In response to low P, epigenetic and transcriptional changes stimulate lateral root growth in Sorghum bicolor BTx623, increasing the root surface area for enhanced “mining” of P from the soil.
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1 | INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] was domesticated in northern

Africa �6000 years ago (de Wet & Huckabay, 1967; Dillon

et al., 2007). A C4 grass crop with notable tolerance to drought, heat,

and high-salt conditions, sorghum is a top-10 global crop in terms of

acreage use. It also serves as a useful model for crop research due to

its completely sequenced compact genome (�730 Mb) (Cooper

et al., 2019; McCormick et al., 2018; Paterson et al., 2009) and similar-

ity to crops with larger genomes where repetitive sequences are more

prevalent, such as in maize.

Adequate supply of phosphorus (P), which, as one of the most

three most widely used crop fertilizers (N, P, and K), is limited by

finite P reserves worldwide (Cordell & White, 2013), limits many

cropping systems throughout the world (Calder�on-Vázquez

et al., 2009). Over 30% of the global cropland are phosphorus defi-

cient (MacDonald et al., 2011), due mainly to P fixation, which is the

tendency of phosphate anions to be tightly bound to the surface of

soil clay minerals (L�opez-Arredondo et al., 2014). This has been exac-

erbated because high quality rock phosphate reserves are localized

to and extracted from a small number of countries (Cordell

et al., 2009). While steady advances in yield have been made across

multiple crop species (http://www.fao.org/faostat/en/#data), more

will have to be done on the germplasm side to increase overall

cropping system PUE.

In recent years, genetic variation in root system architecture

(RSA) has been recognized to play an important role in the efficient

acquisition of mineral nutrients from the soil, especially with regard to

root phosphorus acquisition (Bellini et al., 2014; Lynch, 2011). Sor-

ghum adaptation to low-P conditions in the soil is largely governed by

P acquisition efficiency with higher root surface area and reduced root

diameter acting in concert to enhance P uptake and grain yield

(Bernardino et al., 2019; Hufnagel et al., 2014). In fact, a generalized

response to low soil phosphorus (LP) involve alterations in root archi-

tecture such as those leading to longer and thinner lateral roots, more

shallow lateral root angles, and increased root hair production, which

all can act to enhance the plant’s ability to mine this diffusion-limited

nutrient from the soil (L�opez-Bucio et al., 2002; Péret et al., 2014;

Schulze et al., 2006). While there is both intra- and inter-species varia-

tion in RSA that are associated with P efficiency (defined in this study

as improved crop yield on low P soils) (Bayuelo-Jiménez et al., 2011;

Miller et al., 2003), most grasses can show similar structural responses

to LP. The molecular mechanisms underlying morphological changes

in the root system likely involve a number of signaling cascades

(Barros et al., 2020; Hu et al., 2011; Hufnagel et al., 2014; Park

et al., 2014; Thibaud et al., 2010) that can be under epigenetic control

(Yong-Villalobos et al., 2015) as well as numerous transcription factors

(Devaiah et al., 2007; Zhou et al., 2008). Aside from hormone

responses in auxin, cytokinin, ethylene, and jasmonic acid pathways

(Khan et al., 2016; Li et al., 2012; L�opez-Bucio et al., 2002; Nguyen

et al., 2013; Thibaud et al., 2010), there are also notable changes in

the epigenetic landscape of the genome that influences transcription

factor binding and subsequent cis-regulation of gene expression

(Chen et al., 2018; Dai et al., 2012; Deng et al., 2016; Nguyen

et al., 2013; Smith et al., 2010).

Genetic variation leads to sorghum adaptation to abiotic stress

conditions (Doumbia et al., 1993, 1998; Hufnagel et al., 2014; Leiser

et al., 2014), and there has been recent progress with evincing the

genetic components underlying sorghum adaption to soils with low P

availability (Bernardino et al., 2019; Hufnagel et al., 2014; Leiser

et al., 2014). Specifically, after the identification of the important ser-

ine/threonine receptor kinase PSTOL1 in rice (Gamuyao et al., 2012),

sorghum PSTOL1 homologs were identified and shown to enhance P

acquisition and grain yield under low-P conditions (Hufnagel

et al., 2014).

However, much of the epigenetic contribution to nutrient

response regulatory networks remains nebulous. Some advancements

have been made into regulatory network construction incorporating

transcriptomic and regulatory epigenetic regions, such as enhancers,

in the related crops of rice and maize (Deng et al., 2016; Shi

et al., 2014; West et al., 2014; Zhou et al., 2020), along with investiga-

tions of other genes that play roles in plant response to a low phos-

phorus environment which possibly could be involved in P efficiency

(Li et al., 2012; Mora-Macías et al., 2017).

2 | RESULTS

2.1 | Sorghum root system responses to low vs
sufficient phosphorus supply

Figure 1 shows representative root images of BTx623 plants grown in

our 2D root imaging system. As described in detail in the Materials

and Methods, these individual growth systems contain the roots in

acrylic chambers, which allow for unrestricted growth of the root sys-

tems while maintaining their 2-dimensional RSA and allow for high

resolution imaging and analysis of the individual root systems at high

throughput. The plants depicted in Figure 1 are representative of the

growth response for five replicates grown under sufficient P (SP;

200-μM phosphate) or low P (LP; 2.5-μM phosphate), which were

imaged at 7, 10, and 14 days after transfer to the SP and LP nutrient

solution. Several results are highlighted here: (1) Although seedlings of

some sorghum cultivars can produce several seminal roots from the

sorghum embryo, for the root systems on all five replicate BTx623

plants, only one seminal root was produced, as is shown for one of

the five replicate plants in Figure 1,and all of the lateral roots emerge

from that seminal root. (2) In response to growth on LP nutrient solu-

tion, a significant enhancement in lateral root growth is observed.

The root trait data for BTx623 root systems grown on SP and LP

nutrient solution for 7, 10, and 14 DAT are presented in Table 1. It is

clear that LP conditions trigger a general increase in both root surface

and volume, favoring proliferation of finer roots. The most dramatic

low P-induced responses were increases in total root length and root

volume (an approximation of root biomass) which is dominated by

increases in lateral root growth. A statistically significant decrease in

root diameter is also seen by 10 and 14 DAT of growth in LP vs. SP
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conditions, consistent with the tendency observed at 7 DAT. All of

these trait changes are consistent with known alterations in the root

system triggered by low P conditions to more effectively explore a

greater soil volume and thus more effectively acquire phosphate

anions from soils with low P availability.

2.2 | Root system transcriptional responses to low
phosphorus

To understand the molecular response to LP, a transcriptomic analy-

sis that was performed on the seminal primary root apex (first 2 cm),

the seminal primary root elongation zone (2–4 cm from root tip),

and the root apices of the lateral roots (first 2 cm) reveals that the

low P induction of sorghum homologs of phosphorus starvation

induced (PSI) genes was greatest in the lateral root apices

(Figure 2a). Based on a gene ontology (GO) analysis within the lat-

eral root apex, genes that displayed an expression change of twofold

or greater in low phosphorus-grown plants were associated with a

number of processes, including different P-related metabolic and sig-

naling pathways, protein phosphorylation, plant response to changes

in mineral nutrient availability, lipid modification, and metabolism

(Table 2). Other general P-responsive changes in gene expression in

the three root regions studied included increased decreased

F I GU R E 1 Sorghum root system
architecture (RSA) under sufficient
(SP) and limiting phosphorus (LP).
BTx623 seedlings were germinated for
4 days then transferred to hydroponic
solutions containing either SP (200 μM)
or LP (2.5 μM) nutrient media and grown
for an additional 7, 10, or 14 days.
Compared with SP conditions, LP
stimulates more lateralization of the RSA
in addition to deeper root growth
through elongation of the apex and
intermediate root zones

T AB L E 1 Root system growth and architecture traits quantified for BTx623 grown in nutrient media for 7, 10, and 14 days after
transplanting (DAT) under sufficient phosphorus (SP: 200 μM) and low phosphorus (LP: 2.5 μM) conditions

Trait
Average root
diameter (cm)

Primary root
length (cm)

Root system
width (cm)a

Convex hull
area (cm2)b

Root system
surface area (cm2)

Total root system
length (cm)

Total root system
volume (cm3)

7 DAT

SP .033 � .0004 13.3 � .4* 11.1 � .5 94 � 4* 33 � 2 324 � 16 0.31 � 0.01

LP .032 � .0004 16.4 � 1.1 12.2 � 1.0 129 � 12 37 � 3 361 � 25 0.33 � 0.02

10 DAT

SP .033 � .0005* 13.6 � .5* 1.4 � 0.3* 96 � 4* 37 � 2* 361 � 21* 0.36 � 0.02

LP .032 � .0001 19.1 � 1.2 14.9 � 1.4 188 � 22 58 � 7 581 � 68 0.51 � 0.06

14 DAT

SP .036 � .0012* 13.7 � .4* 1.5 � .5* 96 � 4* 43 � 4* 386 � 26* 0.48 � 0.07

LP .031 � .0004 22.7 � 1.5 18.8 � 1.5 283 � 31 87 � 13 906 � 135 0.74 � 0.11

Note: Data shown are the means � SE for 5 replicates. Asterisk indicates the significance of differences (P < .05) between the P treatments, as determined

by Students t-test.
aRoot system width is the maximum width of the entire root system.
bConvex hull area is the area of the smallest convex polygon that encloses all of the set of points that define a specific 2D root system image.
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expression of genes involved in metabolic processes, as well as post-

transcriptional and translational regulation within the seminal root

apex. Also observed was increased expression of genes involved

with synthesis of terpenoids and isoprenoids and repression of

genes involved in RNA processing and modification, translation and

regulation of gene expression in the seminal root subapical region

(root elongation zone).

Upon inspecting distinct genes families, several well-known PSI

genes were strongly upregulated in response to low P in the lateral

root apices (Data S1 and S2). Many of these PSI transcripts belong

to transporters, metabolic, and transcription factor family genes, and

for these genes, in general their largest change in expression in

response to low P was in the lateral root apex. To determine if a

particular root region or gene family was responsible for the greatest

variation within the transcriptomic data, a principal component anal-

ysis (PCA) was performed against the RNA-seq expression data for

all BTx623 genes as well as for specific gene families (families asso-

ciated with PSI, metabolic pathways, transcription factor families,

etc.). No specific gene family was found to be clustered in the PCA,

but gene expression in the lateral root apex displayed a noticeable

difference in correlation compared with either the root apex or root

elongation zone based on their PCA eigenvectors direction and

intensity (Figure 2b,c). This indicates a stronger transcriptional corre-

lation between the root apex and subapical regions versus the lateral

root regions with regards to low P induced changes in gene

expression.

When evaluating subsets of other notable gene families, such as

transcription factors and specifically the DNA binding domains of TF

families involved in plant stress responses, such as AP2, WRKY, NAC,

bZIP and B3, the lateral root apex displays a larger number of genes

that also exhibit a greater up-regulation of P deficiency response

genes compared with either the seminal root apex and the seminal

root sub-apical regions. The later regions display either negligible or a

greater number of P responsive down-regulated genes. A GO analysis

of these transcription factor gene families that are strongly up-

regulated (twofold expression or greater) in the lateral root regions

shows an enrichment of auxin-activated signaling pathway genes

(GO:0009734), whereas the down-regulated genes in the root apex

are enriched for response to chitin (GO:0010200) and abscisic acid

(ABA)-activated signaling pathway (GO:0009738), as well as the

(b)

(a)

(c)

F I GU R E 2 (a) Heatmap of all sorghum PSI gene orthologs with their root tissue RNA-seq profiles (smaller inset) and an expanded selection of
highly differentially expressed PSI genes that shows that most of these genes are concentrated in the lateral root apex. The heatmap legend
(lower left of panel) displays the frequency distribution (histogram - cyan trace) of expression of individual genes across the entire range of log2
fold change expression values. See Data S1 for topmost up- and down-regulated PSI genes. (b) PCA analysis of gene expression data with
eigenvectors for different root regions, and (c) PCA analysis showing contribution of all PSI genes; importance of contribution is displayed as cos2
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auxin-activated signaling pathway (GO:0009734). The strongly

down-regulated WRKY transcription factors that are a part of the

canonical PSI genes are paralogs involved in the salicylic acid pathway

and had association with fungal and chitin-responsive pathways

(SORBI_3002G202800 and SORBI_3002G202700), displaying

potential overlap of biotic and abiotic stress responsive pathways.

T AB L E 2 Gene ontology enrichment of up-regulated genes with 2-fold expression or higher during LP conditions

Enriched GO terms in seminal root apex in response to LP

GO biological process complete Fold enrichment Raw P value FDR

Posttranscriptional regulation of gene expression

(GO:0010608)

0.38 8.85E�06 6.19E�03

Positive regulation of protein metabolic process

(GO:0051247)

0.38 8.70E�05 4.73E�02

Positive regulation of cellular protein metabolic

process (GO:0032270)

0.36 6.78E�05 4.15E�02

Regulation of translation (GO:0006417) 0.23 7.03E�08 5.74E�05

Regulation of cellular amide metabolic process

(GO:0034248)

0.23 4.99E�08 4.89E�05

Positive regulation of translation (GO:0045727) 0.04 1.54E�09 2.51E�06

Positive regulation of cellular amide metabolic

process (GO:0034250)

0.04 1.54E�09 1.89E�06

Positive regulation of cytoplasmic translation

(GO:2000767)

<0.01 1.04E�09 5.09E�06

Regulation of cytoplasmic translation (GO:2000765) <0.01 1.04E�09 2.54E�06

Enriched GO terms in seminal subapical root region in response to LP

GO biological process complete Fold enrichment Raw P value FDR

Terpenoid biosynthetic process (GO:0016114) 2.04 3.23E�04 2.08E�02

Terpenoid metabolic process (GO:0006721) 1.9 5.83E�04 3.52E�02

Isoprenoid biosynthetic process (GO:0008299) 1.86 4.07E�04 2.55E�02

Isoprenoid metabolic process (GO:0006720) 1.78 2.79E�04 1.87E�02

Lipid metabolic process (GO:0006629) 1.3 3.17E�04 2.07E�02

Oxidation–reduction process (GO:0055114) 1.29 1.80E�07 2.52E�05

Enriched GO terms in lateral root apex in response to LP

GO biological process complete Fold enrichment Raw P value FDR

Response to nutrient levels (GO:0031667) 2.06 7.87E�04 4.94E�02

Phosphatidylinositol metabolic process (GO:0046488) 1.92 4.69E�04 3.02E�02

Glycerophospholipid metabolic process (GO:0006650) 1.8 1.56E�04 1.14E�02

Lipid modification (GO:0030258) 1.78 7.56E�04 4.81E�02

Small molecule catabolic process (GO:0044282) 1.71 1.11E�04 8.95E�03

DNA repair (GO:0006281) 1.68 1.00E�06 1.14E�04

Nucleic acid phosphodiester bond hydrolysis (GO:0090305) 1.49 4.57E�04 2.98E�02

Chromosome organization (GO:0051276) 1.45 8.70E�05 7.22E�03

RNA processing (GO:0006396) 1.33 1.23E�04 9.45E�03

Phosphorus metabolic process (GO:0006793) 1.32 3.14E�12 7.68E�10

Protein phosphorylation (GO:0006468) 1.29 2.90E�06 3.09E�04

Aromatic compound biosynthetic process (GO:0019438) 1.29 4.18E�04 2.80E�02

Organic cyclic compound biosynthetic process (GO:1901362) 1.28 3.90E�04 2.73E�02

Cellular nitrogen compound metabolic process (GO:0034641) 1.28 1.47E�11 3.28E�09

Organic substance biosynthetic process (GO:1901576) 1.17 7.94E�05 6.70E�03

Note: Fold enrichment = log2 gene expression on LP/gene expression on SP. Seminal Root Apex is the first 2 cm of the primary seminal root. Seminal

subapical root region is the region located 2–4 cm behind the primary seminal root tip. Lateral root apex is the first 2 cm of the lateral root.
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2.3 | DNA and histone methylation profile
throughout the sorghum genome

To further understand the changes chromatin accessibility during

LP conditions, ChIP-seq profiling and Bisulphite sequencing was

performed. ChIP-seq Histone 3 (H3) lysine trimethylation showed

distinctive signaling at different regions throughout the sorghum

genome in the intergenic and genic space. H3K27me3 (repressive) and

H3K4me3 (activation) marks had similar averaged global coverage

nearby and within genic regions (Figure 3a). However, there was a drop

(�50%) in H3K4me3 enrichment within the TSS, genic, and 50 prime

UTR regions under LP conditions compared with SP. When interrogat-

ing intergenic regions, H3K4me3 enrichment increased by �50% in

response to LP growth conditions compared with SP, whereas K27me3

enrichment remained mostly unchanged under either phosphorus

growth treatment in the intergenic space (Figure 3b). Clustering analysis

revealed that H3K4 trimethylation can be grouped into three primary

k-means clusters: upstream, from >3,000 bp to the transcriptional start

site (TSS), genic, and downstream/non-specific (Figure 3c,d). The

H3K27 trimethylation k-means clusters cover genic, downstream

(from transcriptional end site [TES] to >�3000 bp), and upstream/

non-specific regions. In agreement with the enrichment observations,

the heatmap analysis indicates that both the H3K4me3 and

H3K27me3 signals appear to decrease across all regions under low

phosphorus, with K4me3 decreasing noticeably more than K27me3.

The heatmap analysis stops at 3 Kb upstream or downstream of the

TSS and TES, respectively. So, the increased enrichment of the

H3K4me3 in intergenic spaces under LP conditions (Figure 3a) must

originate from further away than these margins, suggesting a role of

enhancer elements or more distant promoter-binding locations.

(a) (c) (d)

(b)

F I GU R E 3 Epigenetic profiles of BTx623 whole root systems under normal and limiting phosphorus. (a) Global enrichment profiles of
sorghum H3K27me3 and H3K4me3 across gene model components. (b) Global enrichment profile of K4me3 and K27me3 epigenetic marks
across intergenic space during LP and SP. (c) Global heat map and profile graphs of H3K27 and H3K4 trimethylation around gene models. K-
means analysis generated three major clusters that roughly segregate methylation occurrences to genic, upstream, and/or downstream regions
during normal and LP conditions
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Sequence motif analysis revealed both shared and discrete

DNA-binding motifs for both K27 and K4 histone methylation

peaks, with certain motifs specific for growth on SP conditions and

others specific for LP conditions (Figure 4). The recognition

sequence for the APETALA2/ethylene-responsive element binding

protein (AP2/EREB) transcription factors was enriched in both

K4me3 and K27me3 peaks. While the DNA-binding sequence rec-

ognized by AP2/EREB family proteins was detected, the exact posi-

tion weight matrices between P conditions varied. This could

suggest that either a subset of AP2/EREBs are being regulated in

response to P starvation based on their precise cis-binding motif or

it could be reflective of a broad recognition profile for the

AP2/EREB transcription factors. Other multiple transcription factor

recognition-binding motifs were present upon inspection of the K4

and K27 methylation footprints. These included, but were not lim-

ited to, Trihelix, WRKY, NLP, NAC, ABI3, BZIP, and B3-domain con-

taining TF families.

Bisulphite sequencing revealed that global DNA methylation

(5-methylcytosine) enrichment levels remained mostly unchanged

from SP to LP conditions across averaged genic or intergenic regions

(Figure 5a,b) and decreased globally over genic regions, in line with

previous observations for actively transcribed loci. DNA methylation

levels were enriched the most in intergenic and transcribed regions

and the least at the start and stop codon positions and at the three

and five prime UTRs. DNA methylation was lower in exon regions

compared with entire genes and transcripts, indicating increased

methylation at the intron and non-coding gene space. Differential CG

methylation in response to growth on LP conditions was the

F I GU R E 4 DNA binding motif enrichment analysis. Global MEME motif analysis of the 100 bp flanking sequences from K27me3 and K4me3
peaks during SP and LP conditions. All motifs were detected using the ANR method in the MEME suite program with minimum significance
threshold of e < .01 or less
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predominant form of differential methylated regions (DMRs) and was

more common at surrounding gene elements (promoters, exons, and

introns) than either CHG or CHH methylation (Figures 5c and 6). Most

of the CHG and CHH differential methylation (70–80%) was localized

to the intergenic space (Figure 6b,c). CG hypomethylation is more

common across the genome and specifically at genic and promoter

regions; hypomethylation is also the most common form of CHG

DMR, but such changes were fairly similar at genic and promoter

regions when compared with hypermethylation (Figure 6b,c). Notably,

almost 100% of the statistically detected differential CHH methyla-

tion was hypomethylation. Motif analysis of regions surrounding dif-

ferentially methylated CG marks were found to be enriched for

(a)

(b) (c)

F I GU R E 5 BTx623 global DNA methylation profile. (a) Global enrichment profiles of DNA methylation (BS = CG, CHG, and CHH) across
gene model components during LP and SP conditions. (b) Heat map of 5-methylcytosine methylation across gene models in limiting (LP) and
sufficient (SP) phosphorus. (c) Differential DNA methylation (hypermethylated or hypomethylated) changes over promoter, exon, intron, and
intergenic sequences in LP conditions compared with SP. Almost 100% of differential CHH methylation is hypomethylation
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AP2/EREB, WRKY, NLP, TCP, bZIP, C2H2, BZR, trihelix, and NAC

family transcription factor binding sites (Figure S1). Additionally, CHG

marks were enriched for AP2/EREB, WRKY, NLP, TCP, E2F-like, and

LOB (Lateral Organ Boundary) transcription factors (Figure S2). DNA

surrounding hypomethylated CHH loci were enriched for AP2/EREB,

WRKY, NLP, TCP, and NAC transcription factor binding sites, amongst

others (Figure S3).

The global change in histone trimethylation can also be observed

by taking the ratio of K4 and K27 marks in the genic, 1000 and

5000 bp upstream bins and seeing how their frequency distribution

changes (Figure S4). Across all intervals during growth on LP, the

K4/K27 ratio distribution shrinks to a narrower range of values (spe-

cifically a lower ratio of K4 to K27) when compared with SP,

suggesting that one or both marks are becoming less common and/or

more consolidated across the epigenome in response to P limiting

conditions.

Upon analysis of selected transcription factor gene families iden-

tified from the MEME analysis above and presented in Figure 5, it was

determined that subgroups within these gene families display strong

up- or down-regulation of expression in response to LP conditions

(Figure S5). Specifically, a number of NAC, B3-domain containing,

bZIP, WKRY, and AP2 transcription factors showed strong

upregulation in the lateral root apices, and to a lesser extent in the pri-

mary root regions.

2.4 | Phosphorus responsive regulatory networks

To visualize complex interactions and contributions during root

responses to LP growth conditions, protein–protein interaction net-

works were generated using the STRING database. The gene nodes

were then filtered to reduce the network down to those genes that

had associated K4me3 peaks; the gene nodes were then colorized to

correspond to their expression at lateral root regions. This phosphate

responsive root gene regulatory network (GRN) was organized in a

hierarchical radial layout to better visualize both transcription factor

interactions and biosynthetic and metabolic pathways (Data S3).

Screening for interacting gene products that are up- or down-

regulated during low P conditions revealed several distinct families.

Numerous auxin, autophagy, and photosynthetic genes show distinct

regulatory patterns within the GRN, as do several genes involved in

sulfur and cysteine metabolism. Two up-regulated cysteine-related

metabolism and signaling genes in particular were

SORBI_3008G179900 and SORBI_3001G427300, which encode an

O-acetylserine (thiol) lyase (OAS-TL) and a glycosyl transferase,

respectively. Prior research into hypomorphs of these orthologs have

shown they are either associated with reduced root growth and root

surface area, specifically within lateralization of roots or are essential

for proper response to LP conditions (Mei et al., 2019; Okazaki

et al., 2013; Wang et al., 2015). Upon examination of the enriched

(a)

(b)

(c)

F I GU R E 6 Differential DNA methylation regions in BTx623 (a) breakdown of all differentially methylated peaks (regions) by CG, CHG, and
CHH in the BTx623 genome under LP growth conditions compared with SP growth. (b) Gene model breakdown of CG and CHG
hypermethylation and hypomethylation in LP grown plants compared with SP. CHH DMRs are �100% hypomethylated in roots of LP-grown
plants. (c) Total number of CG and CHG DMRs by hypo- and hypermethylation by genomic location
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peaks of H3K4me3 and H3K27me3 sequencing across the OAS-TL

and transferase gene models, there is a noticeable enrichment for

H3K4me3 peaks at the five prime genic or promoter region in both

genes in LP or SP-grown plants (Figure S6), but there is a narrowing of

the peak width under LP growth conditions.

3 | DISCUSSION

3.1 | BTx623 root responses to P deficiency stress

We observed that P starvation caused a rather drastic remodeling of

root system morphology in BTx623. From 7 DAT to 14 DAT, under

low P growth conditions, root system length, surface area and vol-

ume increased 250%, 235%, and 224%, respectively, compared with

the same root traits for plants grown on sufficient P (Table 1). Fur-

thermore, at 7 DAT there was no difference in average root diame-

ter between the two P treatments, but by 14 DAT, root system

diameter had decreased a moderate (14%) and statistically significant

amount in LP versus SP grown plants. Increases in lateral root

growth in response to P deficiency have been previously observed

in other plants, for example, in beans (Lynch & Brown, 2001), Ara-

bidopsis (Arrese-Igor et al., 2020), and tomato (Hai-Bo et al., 2001).

These changes in root traits are consistent with P acquisition effi-

ciency explaining most of the genetic variation in overall P efficiency

in maize and sorghum (Bernardino et al., 2019; de Sousa

et al., 2012; Parentoni et al., 2010; Parentoni & de Souza, 2008).

Phosphorus uptake is hindered, in part, due to the phosphate anion

interacting strongly with Al- and Fe-oxides on the surface of soil

clay minerals, resulting in much of it being fixed in the soil. This

chemical behavior between P and soil minerals results in P being the

most diffusion limited of the essential mineral nutrients. Hence,

plant developmental strategies that increase root proliferation in the

soil to reduce the distance between roots and soil P in ways that

reduce the carbon cost for producing more roots, such as generating

finer roots that have a higher surface area to volume ratio, appear

to be key aspects of P efficiency. Certainly, the root responses

shown here for sorghum BTx623 are consistent with these

strategies.

3.2 | Gene targets for crop P efficiency
improvement

In a broad sense, the root transcriptome data presented in this

study is consistent with prior investigations on the genes whose

expression is significantly altered by P deficiency stress and are a

resource for P efficiency candidate genes. These include transcrip-

tion factors involved in root development, such as SHORTROOT

(SHR), SCARECROW (SCR) and ROOTLESS CONCERNING CROWN

AND SEMINAL ROOTS (RTCS), phosphate transporters, and genes

associated with auxin signaling, response, and transport. The signifi-

cant changes in gene expression induced by P deficiency primarily

in lateral root apices (compared with the primary root apical and

subapical regions) depicted in Figure 2 correlate at the physiological

level with the root system response to LP in Figure 1 and Table 1,

where lateral root growth stimulation is the major P deficiency

growth response.

When evaluating transcription factors that are strongly up- or

down-regulated in the lateral and apical root regions, a biological pro-

cess ontology analysis suggests that specific hormone shunting is

occurring throughout the RSA, with a specific increase in auxin activa-

tion within the lateral roots, and a shared downregulation of auxin

and ABA signaling possibly occurring in the root apex. There could

also be an overlapping response that is generally believed to be a

response to biotic stress but could also be involved in root low P

responses. This biotic response that plays a role in modulating RSA in

response to chitin, involves the downregulation of WRKY transcrip-

tion factors (Data S1) that play roles in root responses to fungal chi-

tins that alter RSA (Wang et al., 2019, 2020).

An interesting finding from the gene expression and histone

marks data was the identification of multiple genes involved in sulfur

and cysteine metabolism that were discovered through the genera-

tion of a lateral root GRN filtered for H3K4me3 peak enrichment

and up-regulated expression in response to LP. The functional rele-

vance of this finding is supported by previous work indicating that

sulfur metabolic pathways are integral to auxin changes in the root

apex, leading to enhanced lateral root growth (Li et al., 2015; Mei

et al., 2019; Romero et al., 2014; Wang et al., 2015; Zhao

et al., 2014). It is not surprising to find such links between regulatory

networks for two different essential nutrients, in this case, P and

S. Another example of such interactions comes from the growing evi-

dence of cross talk and co-regulation between P and N homeostasis

(Medici et al., 2019) provide evidence that the plant P starvation

response is regulated in part by both local and long-distance N sig-

naling pathways. Another fascinating regulatory interaction of essen-

tial mineral nutrients is the complex interplay and role of Fe

transport, cellular compartmentation and metabolism in P deficiency-

induced alterations in primary root growth (Balzergue et al., 2017;

Mora-Macías et al., 2017; Müller et al., 2015).

The DNA and histone methylation footprints presented here

agree with prior investigations into epigenetic profiles of genic regions

as we found there was significant enrichment at the gene body for

both K27me3 and K4me3, with a drop in DNA methylation over the

same space (Peng et al., 2019; Regulski et al., 2013; Zhu et al., 2017).

Specifically focusing on histone methylation, K4me3 levels in LP

plants seemed to decrease significantly across the TSS, five prime

UTR, and transcript-encoding components of gene, and while

K27me3 levels also decreased across the same segments, it was not

nearly to the same degree as K4me3 levels (�50% drop). Another dis-

tinct global histone methylation characteristic in response to LP was

the increase in H3K4me3 levels in the intergenic space. This is contra-

sted with global intergenic H3K27me3 and DNA methylation levels

that remained largely unchanged under LP versus SP treatments. Spe-

cifically, the spread of the H3K4me3/H3K27me3 ratio across inter-

genic regions became narrower under limiting phosphorus, more so at
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loci proximal to transcriptional start sites (>1000 bp upstream). Addi-

tionally, it was observed that there are moderately weak positive cor-

relations between gene transcription and H3K4me3 mark intensity at

genic and promoter regions and weakly negative or negligible correla-

tions with H3K27me3 mark intensity across the same intervals (data

not shown; �.3–.4 spearman correlation values for transcript CPM

compared with K4me3 ChIP-seq peaks and ��.1–3 for H3K27me3

peaks). All of these findings suggest that such histone methylation

patterns could play a role in overall phosphate starvation adaptation.

Further investigations into the frequency and location of more open

chromatin marks, such as H3 lysine acetylation, might reveal stronger

correlations with gene expression. Additionally, it was discovered here

that enriched sequences surrounding histone methylation sites and

DNA hypomethylation regions included binding sequences for tran-

scription factors known to be associated with root growth and

response to environmental stimuli (Figure 4). When comparing these

findings to the Arabidopsis limiting phosphorus epigenome study of

Yong-Villalobos et al. (2015), consistencies are observed with higher

rates of CG DMRs compared with CHG and CHH and with overall

enrichment at different gene feature; intergenic space, promoters, and

gene body space comprising the majority of the methylation marks.

Disagreement with the Arabidopsis study appears when noting trends

in hypermethylation versus hypomethylation: sorghum roots under

limiting phosphorus show strong hypomethylated preference, com-

pared with hypermethylated sites in Arabidopsis. These data suggest

potentially divergent functional roles for DNA methylation signaling

between the two species, with the understanding that the experimen-

tal designs are not perfect replications. These data set the stage for

future investigations into promoter, enhancer, and cryptic sequence

regulatory candidates that may play roles in the molecular basis for

enhanced P efficiency, which could be used to improve crop adapta-

tion to low P soils which are prevalent worldwide, limiting agricultural

production especially in the developing world (Kochian, 2012;

Lynch, 2011).

During a shift from growth on sufficient to low phosphorus condi-

tions, there is a coordinated de-methylation in sorghum roots that

occurs both at the K4 and K27 lysine in histone 3, along with a trend

towards increases in hypomethylated DMRs for 5-methylcytosine

DNA methylation. Specifically, K4me3 peaks at the genic and pro-

moter regions have a mild positive correlation with gene expression.

The shift in epigenetic regions containing K4me3, K27me3, or DNA

methylation peaks in response to low P are enriched for numerous

DNA-binding motifs recognized by several transcription factor fami-

lies. Some of which are notably, AP2/ERF, NAC, WRKY, and LOB

transcription factors that can play a role in downstream gene activa-

tion for numerous hormone signaling pathways, specifically auxin, as

well as canonical PSI genes and shared nutrient response pathways

(nitrogen and sulfur). These gene up-regulations seem to be localized

predominantly to the lateral root region, suggesting that the primary

transcriptomic remodeling of the RSA is focused within the lateral

root apices, and that the RSA epigenetic shift likely supports these

changes in RSA to maximize root growth in low soil phosphorus envi-

ronments (Figure S7).

4 | CONCLUSIONS

Imposing phosphorus (P) deficiency stress induced significant changes

in the root architecture of the S. bicolor reference cultivar, BTx623.

These included a significant stimulation of lateral root growth, which

resulted in increases in total root system length, root surface area and

total root system volume. We used genomic and epigenetic

approaches to investigate transcriptional and chromatin changes in

response to these P deficiency-induced changes in root architecture,

which enhance sorghum’s ability to acquire P from the soil. Three dis-

tinct root regions were studied: the primary root apical and subapical

regions, and the lateral root apical region. Intriguing transcriptional

responses were seen, with the majority of the genes whose expres-

sion were significantly up- or down-regulated localized to the lateral

root apex. Under LP growth conditions, the epigenetic profiles of

DNA methylation and histone trimethylation also showed distinct

changes both around gene models and especially in the intergenic

space. Combined together, these data revealed unique epigenetic

shifts under limiting nutrient conditions that were associated with

genes that could influence root development, but also previously

undiscovered candidate genes and regulatory motifs that could influ-

ence changes in sorghum RSA that enhances P acquisition from low P

soils. Taken together, the transcriptomic and epigenetic data in this

study are a resource for future research on sorghum and other related

cereals for the ultimate purpose of generating improved crop PUE

through, in part, root systems that are more efficient and effective at

“mining” P from the soil.

5 | METHODS

5.1 | Plant growth conditions

5.1.1 | Sorghum growth protocols for epigenetic
and genomic assays

Sorghum seeds were surface-sterilized in a solution of 6% (v/v)

sodium hypochlorite for 15 min. The sodium hypochlorite was

removed by washing the seeds with distilled water 5 times. The seeds

were then germinated on filter paper moistened with water for 4 days.

After that, uniformly growing seedlings were transferred to 200 liter

polypropylene tubs grown hydroponically with aerated modified

Magnavaca nutrient solution (see Magnavaca et al., 1987, for nutrient

solution composition). For nutrient solution with sufficient P (SP), the

phosphate concentration was 45 μM and for low P (LP) the phosphate

concentration used was 2.5 μM. As the phosphate was added as

KH2PO4, to maintain the same K concentration in the LP media as in

the SP media, the KCl concentration in the LP media was increased

from 1 to 1.0425 mM (1042.5 μM). The sides of the tub were covered

with white light reflective plastic and the nutrient solution in each tub

was covered with gray, closed-cell polyethylene foam strips

(McMaster-Carr, Elmhurst, IL, USA) to prevent light penetration and

support the seedlings during the experiment (Figure 1b). Plants were

GLADMAN ET AL. 11 of 17



grown under controlled conditions in an EGC walk-in growth chamber

for the duration of the experiment (27�C day/22�C night, 12/12 h

photoperiod, 500 mmol m�2 s�1). After 1 day in sufficient P nutrient

solution, half of the seedlings were transferred to low phosphorus

nutrient solution (LP) where the 45-μM KH2PO4 was replaced with

2.5-μM KH2PO4. The pH of the solution was maintained at the range

of 5.6–5.7 by adjustment with .5-M NaOH or HCl every 2 days. The

nutrient solution was renewed every 5 days. Each treatment had

3 biological replications. Plants were grown in SP and LP conditions

and root tissue was harvested after 10 days of growth on LP or HP

conditions, for preparation of the libraries described below.

5.1.2 | Sorghum plant growth for 2D RSA analysis

Sorghum seeds were surface sterilized and geminated as described

above. After 4 days of germination, uniform sorghum seedlings were

transplanted and grown hydroponically using the same modified

Magnavaca nutrient solution described above except the phosphate

concentration used for SP media was increased to 200 μM. As above,

the pH of the solution was maintained at the range of 5.6–5.7 by

adjustment with .5-M NaOH or HCl every 2 days. The nutrient solu-

tion was renewed every 2 days for the growth of the plants in the

pouch system. Single sorghum seedlings were grown in specially

designed and constructed acrylic chambers which hold the seedling

and root system on the surface of filter paper (described in more

detail below. These 2D root growth chambers were placed vertically

into 100-L polypropylene tubs (L � W � H = 50 � 30 � 65 cm) con-

taining aerated modified Magnavaca nutrient solution whose compo-

sition is given above. Aluminum rails attached to the longer sides of

each tub allowed the growth pouches to hang into the nutrient solu-

tion in the tubs. The level of the aerated nutrient solution was

adjusted so it always was just below the root apex of the fastest

growing seminal root. Each container held 20 plants, each in their indi-

vidual pouches. A cover is placed on top of and sides of the tubs all-

owing the shoot to grow while excluding light from the roots and the

nutrient solution.

The plant growth pouches consist of several layers of different

materials. On the bottom is a perforated plastic back that provides

rigidity to the pouch and the holes in the plastic backing facilitate

better nutrient and air exchange. On top of this plastic back were

placed several layers of germination paper which provide the nutrient

solution to the plant roots. On top of the germination paper is a sin-

gle sheet of black filter paper (Black Qualitative Filter Paper,

Ahlstrom Corp; VWR, Part of Avantor; https://www.avantorsciences.

com/pages/en/vwr-part-of-avantor) that serves as an anchor for the

roots as they grow across its surface, and the black background pro-

vides high contrast with the roots, greatly improving root imaging.

Finally, a sheet of clear polyester film covers the root system and

black filter paper, protecting the root system from drying out and

also contributing to root system anchorage to the black filter paper

during growth, maintaining the root systems two-dimensional

architecture.

5.2 | Sorghum root imaging and analysis

At 7, 10, and 14 days after transplanting, individual pouches with one

sorghum plant were removed from the hydroponic tub, the plastic film

carefully removed, and the plant on the pouch system was carefully

placed oriented horizontally in a glass tray containing water with the

root system totally submerged in the water. The tray with plant was

placed into a 2D root imaging platform consisting of a frame con-

structed from 80:20 aluminum rails, to which is attached a Nikon

D7200 DSLR camera with a 50-mm lens. Also attached to the frame

are flashlights with diffusers (soft boxes) to diffuse the illuminating

light across the root system, preventing shadows that can compromise

the quality of root images. The root systems are submerged in water

to prevent any unwanted diffraction and reflection of the illuminating

light.

Our Plant Root Imaging and Data Acquisition (PRIDA) program,

which is a python-based image acquisition and data management soft-

ware, was used for collecting and storing raw images and project

meta-data into a single Hierarchical Data Format (HDF5) file (https://

www.hdfgroup.org). Images were then extracted as TIFF image files

for further processing and root trait computation. These TIFF images

were then fed into commercial and publicly available software pack-

ages for root trait computation. These software packages process the

images to segment the RSA and separate it from other background

objects by using different techniques, such as global, local, or adaptive

thresholding. The segmentation process provides a clean RSA and for

the next step in the process, skeletonization, which provides a single

pixel line to provide a skeleton of the RSA. This skeleton is used to

estimate a range of root growth and architecture traits. WinRHIZO

software (Regents Instruments, Inc) was used to quantify root growth

and topology traits, and GiA Roots (Galkovskyi et al., 2012) was used

to quantify 2D root architecture traits. Taken together, root topology

and architecture traits including average root diameter (cm), primary

root length (cm), root system width (cm), convex hull area (cm2), spe-

cific root length (cm/cm3), root system surface area (cm2), total root

system length (cm), and total root system volume (cm3) were investi-

gated in this study.

5.3 | RNA-seq library preparation and analysis

The first 2 cm of the seminal root tips were excised with razor blades,

and then the next 2 cm of the same seminal roots were also excised,

and both tissue samples were separately frozen in liquid N2. Addition-

ally, the first 2 cm of the lateral root tips were also excised with razor

blades and frozen, and all three tissue samples were used for prepara-

tion of the different libraries described here and below. Root tip sam-

ples were collected from both SP and LP grown plants, after 10 days

of growth in SP and LP media. The lateral roots emerged starting after

about 5 days of growth and we collected root tips from all lateral

roots that were at least 5 cm in length (as roots shorter than 5 cm

roots were quite thin and hard to cut). We excised and collected the

2 cm long root tips from approximately the 20 longest lateral roots on
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each plant and these lateral roots were approximately 3–5 days in

age. We collected root samples from the one seminal root and

approximately the 20 longest lateral roots. The root samples from

10 plants constituted one biological replicate.

Root tissue samples were ground in liquid nitrogen and then the

RNA was isolated in Trizol reagent (ThermoFisher) followed by purifica-

tion using Zymo-spin columns (Directzol RNA kit; Zymo Research).

Column-bound RNA was treated with DNase 1 and finally eluted with

50 μl of DNase/RNase-free water. RNA quality was determined using

the Bioanalyzer hardware with the Agilent RNA 6000 Nano Kit

(Agilent). Poly-A RNA was isolated from total RNA using Dynabeads

(ThermoFisher). Libraries for sequencing were created using the

ScriptSeq RNA-seq prep kit (Illumina) following manufacturer protocols.

Final libraries were amplified with 17 cycles of PCR and assessed on

the Bioanalyzer with the High Sensitivity DNA kit (Agilent). All root tis-

sue libraries that were sequenced comprised two biological replicates.

Sequencing platform information. Sequencing was performed at

Cold Spring Harbor Laboratories using the Illumina HiSeq2000 plat-

form with 100 bp paired-end reads. Paired-end fastq files were

trimmed for quality with Trimmomatic and then merged with

Samtools before aligning to the v3.4.1 S. bicolor genome with Kallisto

package in rStudio v3.6.1. Differential gene expression was deter-

mined through DESeq2 after importing Kallisto abundance files with

tximport package. Dimensional analysis was performed using the

factoextra package. Heatmaps and hierarchical clustering were per-

formed with the heatmpap.2 package in rStudio.

The phosphate starvation Induced (PSI) gene set was derived

from the Yong-Villalobos et al. (2015) manuscript. See Data S2.

5.4 | ChIP-seq library preparation and analysis

The entire root systems were harvested for ChIP-seq library prepara-

tion. The root tissue was cut into sections and fixed in 10-mM

dimethyl adipimate (DMA; Sigma-Aldrich) while applying a vacuum.

Samples were ground in liquid nitrogen and then placed in extraction

buffer, filtered through miracloth and then a 30-mm CellTrics filter

(CellTrics). Nuclei were isolated and then chromatin was sheared in

130-ml tubes (Covaris). Shearing was performed on a Covaris S220

sonicator for 5 min at a cycle/burst of 200, peak power of 175, and

duty factor of 10. Immunoprecipitation was performed with anti-

bodies for H3K27me3 (Millipore), H3K4me3 (Abcam), H3 (Abacam)

for input control, and Protein A Dynabeads (ThermoFisher) for input

control. Crosslinking was reversed and samples were purified using

Chip DNA Clean and Concentrator Kit (Zymo Research). Libraries

were created using the Nextflex ChIP-Seq library prep kit (Bioo Scien-

tific) with the NextFlex ChIP-seq Barcodes. Sequencing was done on

a HiSeq 2500 v4 with 125 bp paired-end reads. Paired-end fastq files

were trimmed for quality with Trimmomatic and then mapped to the

v3.4.1 S. bicolor genome with BWA (bwa mem -q 30, -f 2 -ubhS).

Sorted bam files were marked for duplicates with Picard and then

merged with Samtools. Tag directories creation and peak calling, peak

enrichment comparison was performed through the Homer package.

Overlapped peaks were identified through Bedtools (intersectBed).

Peak annotation was performed using the annotatePeaks module of

the Homer software. Samtools was used to obtain flagstat metrics

and perform various file conversion and handling. Various visualization

and file creation was performed using the deepTools package

(Ramírez et al., 2016); aligned bam files (that were input-controlled)

were converted to bigWig format for generating computeMatrix files

for plotHeatmap and plotEnrichment outputs. k-means cluster number

was determined by selecting the result that generated the distinct

read coverage within and around gene models while minimizing clus-

ter overlap.

5.5 | Bisulfite-seq library preparation and analysis

Bisulfite-sequencing was done as described in (Li et al., 2014). The

root apices (first two cm) of all primary and lateral roots were excised

from plants grown as described above after 10 days of growth on SP

and LP media. The root samples from 10 plants constituted one bio-

logical replicate.

DNA was isolated from root sections and sheared into fragments

between 200 and 300 bp in length. These fragments underwent end

repair, dA tailing, and ligation to methylated adaptors for subsequent

bisulfite conversion. Libraries were PCR amplified, purified, and qual-

ity controlled via Agilent DNA 1000 chip. Sequencing was done on a

HiSeq 2500 v4 with 125 bp paired-end reads. Reads were trimmed

and quality controlled using Trim Galore and FASTQC respectively

(http://www.bioinformatics.babraham.ac.uk/projects/index.html).

Reads were aligned and extracted with Bismark (Krueger &

Andrews, 2011). Differential methylation quantification and visualiza-

tions were done with MethylKit (Akalin et al., 2012). Additional visual-

izations were performed with deepTools (Ramírez et al., 2016) after

converting Bismark-aligned bam files to bigWig and then generating

computeMatrix files for plotHeatmap and plotEnrichment outputs.

5.6 | GRN analysis

All available protein–protein interaction data was gathered from the

STRING v11 database (Szklarczyk et al., 2018) for genes that have an

affiliated K4me3 peak at their genic or promoter region, as annotated

by Homer AnnotatePeaks. This phosphate responsive root GRN was

organized in a hierarchical radial layout in Cytoscape v3.8.2 to better

visualize both transcription factor interactions and biosynthetic and

metabolic pathways (Shannon et al., 2003). Gene nodes were then

colorized for the RNA-seq log2 fold change from the lateral root

region.

5.7 | Additional analysis and tools

DNA motif analysis for all sequencing data was performed by the

MEME suite using the ANR method, minimum motif width of six, and
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an e-value threshold of less than or equal to 0.01. Assorted data han-

dling and manipulation was performed with Samtools (Li et al., 2009),

Bedtools (Quinlan & Hall, 2010), and UCSC software packages (Kent

et al., 2010). Genome browser views were carried out with the Inte-

grated Genome Viewer software (Robinson et al., 2011).
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