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SUMMARY

The specification of vascular patterning in plants has interested plant biologists for many years. In the last

decade a new context has emerged for this interest. Specifically, recent proposals to engineer C4 traits into

C3 plants such as rice require an understanding of how the distinctive venation pattern in the leaves of C4

plants is determined. High vein density with Kranz anatomy, whereby photosynthetic cells are arranged in

encircling layers around vascular bundles, is one of the major traits that differentiate C4 species from C3 spe-

cies. To identify genetic factors that specify C4 leaf anatomy, we generated ethyl methanesulfonate- and c-
ray-mutagenized populations of the C4 species sorghum (Sorghum bicolor), and screened for lines with

reduced vein density. Two mutations were identified that conferred low vein density. Both mutations segre-

gated in backcrossed F2 populations as homozygous recessive alleles. Bulk segregant analysis using next-

generation sequencing revealed that, in both cases, the mutant phenotype was associated with mutations

in the CYP90D2 gene, which encodes an enzyme in the brassinosteroid biosynthesis pathway. Lack of com-

plementation in allelism tests confirmed this result. These data indicate that the brassinosteroid pathway

promotes high vein density in the sorghum leaf, and suggest that differences between C4 and C3 leaf anat-

omy may arise in part through differential activity of this pathway in the two leaf types.

Keywords: brassinosteroid, Sorghum bicolor, C4 photosynthesis, gene identification, vascular patterning,

kranz anatomy.

INTRODUCTION

Most plants fix atmospheric carbon dioxide (CO2) into a

three-carbon compound as the first product of photosyn-

thesis, and are thus referred to as C3 plants. In contrast,

the first product of photosynthesis in C4 plants is a four-

carbon compound. Compared with C3 photosynthesis, the

more recently evolved C4 pathway often confers increased

productivity, especially in hot, arid conditions (Ludlow,

1985).

The evolution of C4 photosynthesis from ancestral C3

photosynthesis involved multiple changes to leaf anatomy

and biochemistry (Monson, 1999). Despite these numerous

differences, C4 photosynthesis evolved independently in

over 60 different plant lineages (Sage et al., 2011), and thus

represents one of the most remarkable examples of conver-

gent evolution in eukaryotic biology. The increased produc-

tivity of C4 plants is due to the fact that they concentrate

CO2 around Rubisco, effectively eliminating the competitive

(and ultimately energy-consuming) oxygenation reaction of

the enzyme (Chollet and Ogren, 1975; Hatch and Osmond,

1976). In most C4 species, the CO2-concentrating mecha-

nism is facilitated through spatial partitioning of the photo-

synthetic apparatus into distinct mesophyll (M) and bundle
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sheath (BS) cells (Slack et al., 1969), but in a small number

of lineages, spatial partitioning occurs within individual

cells (Voznesenskaya et al., 2001).

The two-cell-type C4 species exhibit a characteristic leaf

anatomy known as Kranz anatomy, which is defined by

concentric wreaths of BS and M cells surrounding the leaf

veins (Haberlandt, 1896; Brown, 1975). In grasses, these

vascular wreaths are iterated across the breadth of the fully

developed leaf such that each pair of veins is separated by

one or two layers of BS cells and a small number of

chlorenchymatous M cells (Hattersley and Watson, 1975;

Dengler et al., 1994). In C4 panicoid grasses such as sor-

ghum (Sorghum bicolor) and maize (Zea mays), there is

only one BS cell layer and a single M cell layer, such that

each pair of veins (V) is separated by only four cells (V-BS-

M-M-BS-V). This anatomical organization is in stark con-

trast to that observed in C3 panicoid leaves, where the

veins may be separated by many more M cells. Our knowl-

edge of the genetic factors that contribute to the specifica-

tion of high vein density in C4 leaves is limited. Within C4

species, loss-of-function mutants in the SCARECROW

(SCR) and SHORTROOT (SHR) genes of maize exhibit

some reduction in vein density (Slewinski et al., 2012,

2014). The regulatory roles of SCR and SHR have also been

inferred through transcriptomic and systems biology

approaches (Wang et al., 2013; Fouracre et al., 2014).

These latter studies propose a gene regulatory network for

Kranz development that includes additional members of

the SCR/SHR pathway. Although no other factors have

been identified that regulate vein density in C4 plants,

experimental investigation of the C3 plant Arabidopsis

thaliana has implicated the brassinosteroid (BR) signaling

pathway in the regulation of C3 vascular density. Specifi-

cally, Arabidopsis mutants that over-express components

of the BR signaling pathway exhibit an increased number

of vascular bundles in stems, while those that are deficient

in BR signaling have reduced numbers of vascular bundles

in leaves (Iba~nes et al., 2009).

Here we used a forward-genetic approach to identify

genes that modulate vein density in the C4 monocot Sor-

ghum bicolor. Two independent mutant populations were

generated using ethyl methanesulfonate (EMS) or gamma

(c) irradiation, and plants were screened for altered vein

spacing in the leaf. Two low-vein-density (LVD) mutants,

one from each mutant population, were selected for further

characterization. Using bulk segregant analysis and next-

generation sequencing, we determined that, in both cases,

the causal mutations affected the integrity of CYP90D2, a

gene that encodes an enzyme involved in BR biosynthesis

(Hong et al., 2003). We further validated the causative

mutations by showing that the mutations were allelic when

the two lines were crossed. Our findings provide evidence

that the BR signaling pathway plays a role in specifying

venation patterns in C4 leaves.

RESULTS

Identification of LVD mutants in sorghum

To generate mutant populations for forward-genetic

screens in sorghum, two independent mutagenesis experi-

ments were performed. In the first, 1 million seeds of line

BTx623-Rooney (BTx623-R, WT-R) were treated with EMS,

and in the second, 0.6 million seeds of line BTx623-Zhan-

guo (BTx623-Z, WT-Z) were treated with c irradiation.

Approximately 17 000 M2 lines from each mutagenesis

treatment were screened for altered leaf vein density, and

two LVD mutants, mutant 8 (c-M8) and mutant 30 (EMS-

M30), were chosen from the c and EMS populations,

respectively, for further analysis (Figure 1a). The raw data,

means and standard deviations for all measurements on

all plants used in this study are provided in Table S1. The

mean vein densities in leaves of c-M8 and EMS-M30 were

five and sixveins per mm, respectively; representing a

reduction of 28 and 33% in the number of veins per mm

compared to parental non-mutagenized controls (Fig-

ure 1b–e and Table 1). The LVD phenotype of both

mutants was accompanied by a substantial reduction in

plant height (Figure 1a and Table 1) and a distal shift of

leaf sheath tissue into the blade (Figure 1f). Quantitative

analysis of leaf cross-sections showed that the reduction in

vein density was due to an increase in both the number

and size of M cells between veins (Figure 1g–l). On aver-

age, the number of cells between minor veins increased by

one (Figure 1k), with each M cell containing chloroplasts

(Figure S1) and exhibiting a larger cross-sectional area

than those in the wild-type (WT) (Figure 1l). The size,

shape, area and number of BS cells also showed a signifi-

cant increase (Figure 1m,n). The size of epidermal cells is

also increased (Table S1). As a corollary of the increase in

cell size, both mutants exhibited thicker leaves (Figure 1h,

j). While the light compensation point and quantum effi-

ciency of the LVD mutants were equivalent to those of WT

plants, both mutants exhibited decreased maximum CO2

assimilation rate and carboxylation efficiency (Figure S2).

The lower photosynthetic rate is consistent with the distal

shift of leaf sheath tissue into the blade, as sheath tissue

has a lower photosynthetic rate than blade (Pengelly et al.,

2011).

Generation of a segregating population for bulked

segregant analysis

For bulked segregant analysis, homozygous mutant lines

were crossed to their respective WT parental strains. The

F1 progeny of these crosses were selfed to produce the F2
generation, and the vein density in the F2 progeny was

assessed. For both populations, the ratio of progeny

exhibiting LVD versus WT vein density (WVD) was 1:3,

indicative of a single recessive allele (Figure S3a,b). For

both mutants, the variation in vein density in the F2 lines
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was such that the range of values observed for the LVD

and WVD populations marginally overlapped (Figure S3a,

b). To ensure that the LVD and WVD individuals in each F2
population were correctly segregated prior to sequencing,

a stringent probabilistic classification method was applied

(see Experimental procedures). For c-M8, pooled DNA

samples were generated from 30 LVD and 30 WVD F2 indi-

viduals, and samples from 28 individuals of each type were

pooled for EMS-M30 (Tables S2 and S3).

A single nucleotide change in EMS-M30 results in a

premature stop codon in the CYP90D2 gene

To identify the chromosomal region linked to the causative

EMS-M30 mutation, paired-end read libraries were gener-

ated from the pooled DNA samples using Illumina proto-

cols (Table S4). Reads were mapped to the appropriate

reference genome (see Experimental procedures), and then

the distribution of likely EMS mutations (i.e. C?T conver-

sions) in the genome was analyzed. Using this approach,

the frequency of mutations in the LVD pooled sample

should be approximately 0.5 in genomic regions that are

not linked to the causative mutation, and should

tend towards 1 in regions that are linked (Abe et al., 2012).

A plot of the mutation frequencies along each

chromosome clearly identified a set of variants linked to

the mutant allele within the first 10 Mb region of chromo-

some 3 (Figure 2a and Figure S4). All SNPs within this

(a)

(b) (c)

(d) (e)

(f)

(g) (h)

(i) (j)

(k) (l)

(m) (n)

Figure 1. . Phenotype of LVD mutants c-M8 and EMS-M30.

(a) Whole-plant phenotype for mutants and corresponding WT progenitor

lines. Photographs were taken 60 days after sowing.

(b–e) Images of the leaf surface of (b) WT-Z, (c) WT-R, (d) c-M8 and (e) EMS-

M30.

(f) Images of plants, with arrows indicating proximal shift of leaf sheath tis-

sue into the blade.

(g–j) Transverse leaf sections of (g) WT-Z, (h) c-M8, (i) WT-R and (j) EMS-

M30.

(k) Number of M cells between veins.

(l) Area of the M cells.

(m) Number of bundle sheath cells (BSC) around veins.

(n) Area of the bundle sheath cells (BSC).

Asterisks indicate significant differences from the respective wild-types

(tested using Student’s t-test) at a confidence level of 95%. Error bars indi-

cate standard deviation. The number of samples (n) is 10 in all cases.

Table 1 Vein density and plant heights of c-M8 and EMS-M30
mutants

Plant line (generation,
parent)

Number of
veins per mm
(means � SD)

Plant height
30 days after
sowing (cm)

c-M8 (M2, BTx623-Z) 5.30 � 0.11 64
BTx623-Z 7.12 � 0.33 111
EMS-M30 (M2, BTx623-R) 6.15 � 0.41 73
BTx623-R 9.45 � 0.44 231

© 2015 The Authors
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region were therefore annotated, and investigated to dis-

cover potential causative mutations. A total of 41 SNPs

were observed within this window, of which three caused

changes to predicted coding sequences and two occurred

near coding sequences, i.e. were potentially located in

UTRs or regulatory regions (Table S5). All five of these

coding sequence-associated mutations were independently

validated by PCR and Sanger sequencing (Table S6). Only

one of the three coding sequence mutations resulted in a

change in the encoded protein. This mutation led to a pre-

mature stop codon in the gene CYP90D2 (So-

bic.003G030600), and was located near the center of the

peak in the allele frequency plot.

A chromosome inversion in c-M8 disrupts the CYP90D2

gene

To identify the chromosomal region linked to the causa-

tive c-M8 mutation, Illumina sequencing and read map-

ping were performed as for EMS-M30. In this case,

however, when the genome-wide distribution of muta-

tions was analyzed, a wider range of mutation types was

found (Figure S5). As observed for EMS-M30, in the LVD

pool only the first 10 Mb region of chromosome 3 con-

tained mutations (n = 7) that had allele frequencies typi-

cal of a region linked to a causal mutation (Figure 2b and

Table S7). Analysis of these seven SNPs showed that five

occurred in intergenic regions, one was located in an

intron, and one was located in a 30 UTR (Table S7). None

of the variants were predicted to cause changes to

encoded protein sequences. However, in addition to

these SNPs, a structural mutation was identified that

comprised an approximately 3.3 Mb inversion of chromo-

some 3 and an inter-chromosomal translocation of

approximately 3 kb from chromosome 1 to chromosome 3

(Figure 3a,b). These structural changes were predicted to

disrupt three genes, namely CYP90D2 (Sobic.003G030600),

Sobic.001G154100 and Sobic.003G070400 (Table S8). The

terminal exon and 30 UTR were separated from the rest of

the CYP90D2 gene, a small portion of the 50 UTR of

Sobic.003G070400 was lost, and Sobic.001G154100 was

split into two equally sized partial gene fragments (Fig-

ure 3a,b). To validate these structural changes, primer sets

were designed to flank and amplify the predicted break-

points (labeled 1, 3, 5 and 6 in Figure 3a,b) and the corre-

sponding non-mutagenized reference genome (labeled 2

and 4). PCR amplification of genomic DNA from parental

WT, parental c-M8 and F2 progeny of a WT 9 c-M8 cross

confirmed the translocation and inversion events (Fig-

ure 3c) in the parental c-M8 line. Notably, however, the

deletion on chromosome 1 that was caused by the

translocation event (captured by primer pair 1, Figure 3c)

was repaired in the F2 individual selected for this analysis.

Figure 2. Mutant allele frequencies in chromosome

3.

(a) Plot of mutant (alternate) allele frequency of

chromosome 3 variants in the LVD pool of EMS-

M30.

(b) Allele frequency plot of chromosome 3 variants

in the LVD pool of c-M8.

© 2015 The Authors
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Allelism confirms that LVD in both c-M8 and EMS-M30 is

caused by mutations in the CYP90D2 gene

To confirm that c-M8 and EMS-M30 mutant phenotypes

were caused by mutations in the same gene, homozygous

mutants were crossed and the F1 progeny assessed (Fig-

ure 4a). F1 plants were first screened by PCR using a poly-

morphic marker that distinguishes the two parental lines

(Figure 4b). Seventy-five PCR-positive F1 hybrid plants

were then examined for the LVD phenotype. The mean

vein densities in leaves of homozygous c-M8, homozygous

EMS-M30, and F1 progenies of a c-M8 9 EMS-M30 cross

and of an EMS-M30 9 c-M8 cross were not significantly

different from each other (Table 2). As these F1 plants rep-

resent crosses between two different parental lines,

appropriate control crosses were also performed with WT

lines BTx623-R and BTx623-Z. The progeny of control

crosses between the WT lines exhibited WVD (Table 2).

Heterosis in plant height was more pronounced in WT

lines than in mutant lines, presumably due to the

decreased variance in plant height observed in the mutant

lines (Table 2).

Phylogenetic analysis demonstrates that sorghum

CYP90D2 is orthologous to rice CYP90D2

To determine phylogenetic relationships between the iden-

tified sorghum CYP90D2 gene and homologous sequences

from other monocot and dicot species, a phylogenetic tree

was generated. The tree demonstrates that the gene

belongs to the cytochrome P450 superfamily, and that a

gene duplication event that preceded diversification of the

grasses resulted in the presence of two copies of this gene

in each of the grass species used in this analysis (Figure 5).

In rice (Oryza sativa), these duplicated genes (Os01 g10040

and Os05 g11130) have been named CYP90D2 and

CYP90D3, respectively (Hong et al., 2003), and have been

shown to encode enzymes that catalyze intermediate steps

in BR biosynthesis (Kim et al., 1998, 2005; Hong et al.,

2003).

(a)

(b)

(c)

Figure 3. Structural variants in LVD pool of c-M8

mutants.

(a) Diagram showing the location in the genome of

the chromosomal rearrangements supported by the

read data. Three sets of paired reads (red, blue and

green) support the location of these rearrange-

ments.

(b) The reconstructed mutant genome, inferred

from this read data. The genes in the vicinity of the

chromosomal rearrangements are shown with

peach blocks indicating exons and grey blocks and

lines indicating UTR and introns respectively. The

numerical labels at the location of the rearrange-

ments indicate those that were verified experimen-

tally by PCR. Each number corresponds to a primer

pair.

(c) PCR gel image validating the structural variant

breakpoints shown in Figure 3a–b. Primer set 1 was

designed to amplify a small fragment spanning the

region of the deletion on chromosome 1. It was not

expected to amplify the reference genome as the

predicted fragment would be too large. Primer pairs

2 and 4 were designed to amplify chromosome 3

fragments from the reference genome only,

whereas primer pairs 3, 5 and 6 were designed to

amplify the region spanning the rearrangement in

the mutant samples (c-M8 and the LVD F2 segre-

gant). Numbers above the gel lanes indicate primer

pair used; W = BTx-623-Z; M = c-M8; F2 = LVD plant

from F2 population; L = DNA size ladder.

© 2015 The Authors
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DISCUSSION

The specification of venation patterns in which two M cells

separate each vascular bundle is a defining characteristic

of all two-cell-type C4 grasses. However, the genetic com-

ponents that facilitate this patterning are largely unknown.

Here, the results of two independent mutagenesis experi-

ments converged to reveal a role for the CYP90D2 gene in

the specification of vein spacing in the C4 plant sorghum.

Both EMS and c-rays were used as mutagens to maximize

the types of mutations obtained. The fact that two compre-

hensive screens identified the same gene suggests that

there may be a genetic constraint with regard to the way in

which vein density may be perturbed in C4 plants whilst

maintaining plant viability. This, combined with a lack of

bona fide examples of reversion from C4 to C3 species (In-

gram et al., 2011), may reflect an implicit evolutionary diffi-

culty in the reversion of C4 to C3 photosynthesis.

In rice, CYP90D2 has been shown to mediate the C3 oxi-

dation of 6-deoxoteasterone/teasterone, an intermediate in

the BR biosynthesis pathway (Sakamoto et al., 2012). Nota-

bly, both c-M8 and EMS-M30 sorghum mutants were

dwarfed (the c-irradiated mutant had a more severe pheno-

type, Figure 1a), resembling known BR-deficient mutants

of Arabidopsis (Szekeres et al., 1996), tomato (Solanum

lycopersicum) (Bishop et al., 1996) and rice (Hong et al.,

2003). Other BR-related mutant phenotypes such as

reduced internode elongation and delayed flowering (Li

et al., 2010), were also observed in c-M8 and EMS-M30.

The LVD mutants identified in this study exhibit many fea-

tures characteristic of BR-deficient mutants.

The most closely related gene to CYP90D2 in Arabidop-

sis is CYP90D1 (AT3G13730), which is expressed predomi-

nantly in the leaf vasculature (Kim et al., 2005). The role of

BR in shoot vascular differentiation (by inducing xylem cell

differentiation and repressing phloem differentiation) has

been demonstrated previously in Arabidopsis (Ca~no-Del-

gado et al., 2004). Moreover, Arabidopsis mutants with BR

deficiencies have a reduced number of vascular bundles

(Iba~nes et al., 2009), while transgenic lines with enhanced

BR signaling exhibited an increased number of vascular

bundles in the flowering stem (Iba~nes et al., 2009). In addi-

tion to this, the BR-deficient mutant cpd exhibits a signifi-

(b)

(a)
Figure 4. c-M8 and EMS-M30 mutants are allelic.

(a) Plant phenotype of WT, mutants and the F1 pop-

ulation derived from a cross between c-M8 and

EMS-M30 mutants.

(b) PCR verification of F1 plants using polymorphic

primers for WT-R and WT-Z. One of the F1 plants

derived from the crossed panicle was found to have

self-pollinated, as verified by PCR (labeled ‘self

M30’).

Table 2 Vein density and height of the mutants and WT, and F1
progeny of crosses between mutants and and between WT lines

Genotype

Number
of veins
per mm
(means � SD)

Plant height
60 days after
sowing (cm,
means � SD)

EMS-M30 5.4 � 0.4 87.2 � 12.0
c-M8 5.2 � 0.2 64.8 � 7.0
F1 (EMS-M30 9 c-M8) 4.7 � 0.3 79.4 � 4.0
F1 (c-M8 9 EMS-M30) 4.7 � 0.4 86.4 � 8.0
BTx623-R 8.2 � 0.7 266.7 � 19.0
BTx623-Z 8.2 � 0.6 116.6 � 20.0
F1 (BTx623-Z 9 BTx623-R) 7.7 � 0.6 308.2 � 30.0

Measurements were taken 30 days after sowing. The correlation
coefficient between vein density and height (Pearson’s correlation,
r) was 0.75.

© 2015 The Authors
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cant reduction in the complexity of leaf veins (Zhiponova

et al., 2013). In rice, a CYP90D2 null mutant has an altered

number of bulliform cells, resulting in a rolled and twisted

leaf morphology (Li et al., 2013). The nature of anatomical

changes observed in the sorghum mutants (altered vein

density mainly due to changes in the size and number of

M cells) indicates a conserved role for BR in vascular differ-

entiation and patterning.

Although BR has been implicated in vascular differentia-

tion processes, auxin signaling is more commonly associ-

ated with the specification of vein spacing patterns

(Scarpella et al., 2006). Intriguingly, however, studies in

Arabidopsis revealed that an interaction between auxin

transport and BR signaling may be necessary to establish

periodic vascular patterns in the shoot (Iba~nes et al., 2009).

This suggestion is consistent with the fact that loss-of-

function CYP90D2 mutants in sorghum show a domain

shift in the leaf, such that blade tissue differentiates more

like sheath tissue (i.e. the leaves were thicker with lower

vein density). In the C4 plant maize, this same phenotype

was observed in gain-of-function KNOTTED1 mutants

(Freeling and Hake, 1985), and in plants treated with auxin

transport inhibitors (Tsiantis et al., 1999). Furthermore, the

KNOTTED1 transcription factor has been shown to directly

suppress BR signaling in rice (Tsuda et al., 2014). We

therefore hypothesize that co-ordination of BR and auxin

signaling networks is required for accurate domain specifi-

cation in the sorghum leaf.

EXPERIMENTAL PROCEDURES

Plant materials

Seeds of Sorghum bicolor accession BTx623 were gifts from Wil-
liam L. Rooney (Department of Soil and Crop Sciences, Texas
A&M University, College Station, TX, USA) and Xin Zhanguo
(United States Department of Agriculture, Agricultural Research

Figure 5. Bootstrapped majority-rule, maximum-

likelihood phylogenetic tree of the CYP90C and

CYP90D sub-family.

The scale bar indicates the number of amino acid

changes per orthologous site. The values shown at

selected nodes indicate the proportion bootstrap

support from 100 replicates. Arabidopsis genes are

indicated in green. The mutated sorghum gene

identified in this study is indicated in red. Clades

are shaded according to prior nomenclature of the

named Arabidopsis or rice genes (Kim et al. 1998,

2005; Hong et al. 2003).
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Service (ARS), Washington D.C., USA). The two stocks were
named BTx623-Rooney (BTx623-R) and BTx623-Zhanguo (BTx623-
Z), respectively.

Mutagenesis experiment

BTx623-Z seeds were treated with 400 Gy of c rays, and BTx623-R
seeds were treated with 0.28% EMS, and were grown to obtain M1

plants. The panicles of M1 plants were bagged for self-pollination
and harvested individually to generate M2 lines. Twenty-four
seeds were grown for each M2 line. Seedlings from the M2 gener-
ation were screened for LVD as described below. A single mutant
line exhibiting LVD from each mutagenesis pool (c-M8 and EMS-
M30) was selected for further characterization. These individual
lines were crossed as described by Rizal et al. (2014) to obtain
both self- and cross-pollinated seeds. c-M8 and EMS-M30 mutants
were also selfed to maintain homozygous mutant stocks, and
were also crossed with WT to generate F1 heterozygous lines. The
F1 lines were selfed to produce segregating F2 populations.

Phenotypic analysis of leaf venation patterns

To ensure uniformity of the vein density measurements, all mea-
surements were made on the mid-section of the 12th leaf once it
was at the youngest fully expanded stage. Other veins, including
transverse veins, were not assessed. Vein density was approxi-
mated as the number of minor veins that were orientated orthog-
onal to a 2 mm transect line in the mid-section of the 12th fully
expanded leaf. For initial mutant screening, at least four 2 mm
windows per leaf were counted by visualizing the upper leaf sur-
face using a handheld Dino-Lite� (http://www.dino-lite.com/) USB
microscope. Plants exhibiting a vein density of fewer than seven
veins per mm were selected as candidate LVD mutants for further
analysis. Transverse sections were cut by hand, and images were
obtained using an Olympus DP71 camera attached to an Olym-
pus BX51 microscope (http://www.olympus-lifescience.com/). For
detailed phenotypic analysis of selected mutants, between 9 and
20 12th leaves for each genotype were assessed. Multiple fea-
tures were recorded, including the number of M cells between
each vein pair, and BS cells around each vein were counted. Lin-
ear inter-veinal distance, vein width, vein height, M cell width
and vascular bundle area were also measured for each mutant
line (Table S1). In all cases, unpaired two-sample Student’s t-
tests were used to assess the probability that mutant and WT
lines were different. Fluorescence images of calcofluor-stained
cellulose and chlorophyll autofluoresence were taken using an
Olympus BX61 microscope with DAPI and RFP filters, respec-
tively.

Measurements of photosynthetic rate

Gas exchange measurements were performed on the 12th fully
expanded leaf inside the glasshouse between 9:00 and 13:00 h.
Plants were watered before the measurements. Three replicates
were measured for each mutant and WT plant using a Li-COR
6400XT infra-red gas analyzer (Li-COR Inc., http://www.licor.com/).
CO2 assimilation curves were obtained for a range of CO2 concen-
trations between 10 and 1600 lmol CO2 mol�1 air, at a constant
light intensity of 2000 lmol photons m�2 sec�1. Light-dependent
CO2 assimilation was measured at decreasing light intensity at a
constant CO2 concentration of 400 lmol CO2 mol�1 air.

Selection of individuals for bulk segregant analysis

The distribution of vein densities in individuals of the F2 segregat-
ing population was fitted to a mixture model comprising two

normal distributions using a generalized additive model for loca-
tion, scale, and shape (GAMLSS) (version 4.1-1) (Stasinopoulos
and Rigby, 2007). Using this approach, all individuals were
assigned a probability of having either LVD or WVD, and individu-
als from both populations were selected for bulk segregant analy-
sis only if the probability of their belonging to either the LVD or
WVD pool was ≥ 0.999. For c-ray segregants, two pools each con-
taining 30 individuals were constructed from each of the LVD and
WVD populations. Similarly, for EMS segregants, two pools each
comprising 28 individuals were made from each of the LVD and
WVD populations.

DNA extraction and sequencing

Total genomic DNA was extracted from young leaves using a cetyl
trimethylammonium bromide protocol (Murray and Thompson,
1980). The DNA quantity and quality were evaluated using a Nan-
odrop ND-8000 spectrophotometer (Thermo Scientific, http://
www.thermoscientific.com) and agarose gel electrophoresis.
Equal quantities of DNA from each individual were pooled for
each group (LVD and WVD), and sequenced using Illumina
(https://www.illumina.com) HiSeq platforms at the Beijing Geno-
mics Institute, Shenzhen, China. DNA from the WT parental lines
BTx623-Z and BTx623-R was also extracted and sequenced.

Generation of a reference genome for sorghum WT lines

BTx623-Z and BTx623-R

The parental lines used in this experiment were expected to con-
tain a number of variants not found in the published genome ref-
erence for sorghum. To prevent these variants from influencing
downstream analyses, the respective parental WT lines were also
sequenced, and a reference genome sequence for each specific
parental line was generated by correcting for the WT-specific alle-
les (Table S9). Reads were first filtered/trimmed for base quality
using the FASTXtoolkit (version 0.0.13; http://hannon-
lab.cshl.edu/fastx_toolkit/index.html). The parameters used were
base quality ≥ 20, minimum length after 30 trimming ≥ 30, and
fraction of read length with high-quality bases ≥ 0.85. Longer
reads (approximately 100 bp) were aligned using BWA-MEM (Li,
2013), whereas shorter reads (< 50 bp) were aligned using Bowtie
2 (Langmead and Salzberg, 2012). Only paired-end reads that
mapped consistently with the library construction protocol were
used for further analysis. To correct differences between the pub-
lished sorghum genome reference and the experimental lines,
Pilon (version 1.5) (Walker et al., 2014) was run iteratively using
the using the ‘fix all’ option. Pilon was run iteratively, as changes
at each iteration corrected ambiguous and erroneous bases and
enabled subsequent increases in the number of correctly mapped
reads and hence further corrections.

Variant discovery

Paired-end reads from c-M8 and EMS-M30 genome sequences
were first filtered/trimmed for base quality using Trimmomatic-
0.32 (Bolger et al., 2014; parameters: leading = 10, trailing = 10,
sliding window = 5:15, minlen = 25), and then mapped using
BWA-MEM (Li, 2013) on the respective WT genomes with a mini-
mum mapping quality of 20 (Table S10). Subsequently, they were
subjected to indel realignment and base quality recalibration
using the ‘Genome Analysis ToolKit’ (GATK, version 2.7.4)
(DePristo et al., 2011). To recalibrate base quality scores the set of
variants identified by both GATK and samtools (Li et al., 2009),
and having high quality (genotype quality ≥ 50; variant quality
≥ 500 and ≥ 200 for GATK and samtools, respectively; depth
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between 0.5 and 2 times the mean depth) were chosen as the ref-
erence set. Variant calls were made using GATK’s Haplo-
typeCaller. To reduce the number of false positives arising from
WT alleles that were not corrected by Pilon, variants were also
called for respective WTs. Stringent filters were applied to the
calls to discard those that (i) also occurred in the WT sample, (ii)
had an allele frequency < 0.3, (iii) had an unlikely coverage depth
or extreme read depth (outside the range of 0.2–5 times the
depth), and (iv) failed the internal programmatic (hard) filters rec-
ommended by GATK.

Phylogenetic inference

An iterative hidden Markov model search was performed starting
with the query gene Sobic.003G030600 (Kelly et al., 2011). The
identified sequences were aligned using MergeAlign to reduce the
impact of evolutionary model selection on multiple sequence
alignment inference (Collingridge and Kelly, 2012). This alignment
was subjected to bootstrapped maximum-likelihood phylogenetic
inference using FastTree (Price et al., 2009) utilizing the JTT model
of amino acid substitution, CAT rates and 100 replicates.

PCR verification of the candidate mutations

PCR primers were designed using primer3 (version 0.4.0) (Unter-
gasser et al., 2012) with default parameters. PCR amplification
was performed using appropriate primer pairs and genomic DNA
extracted from mutants, BC1F2 progenies and corresponding WTs
as appropriate. In all cases, PCR was performed using iTaq DNA
polymerase (Intron Biotechnology, http://eng.intronbio.com). The
PCR products were visualized using SYBR�Safe DNA gel stain (In-
vitrogen, https://www.thermofisher.com) after electrophoresis in
1.5% agarose gels. To validate the sequence of the PCR products,
amplicons were excised from the gel and purified using a QIA-
quick gel extraction kit (Qiagen, https://www.qiagen.com/). The
purified PCR products were sequenced by Macrogen (http://
www.macrogen.com/). The sequences of the PCR products were
then assembled using the sequence assembly tool CAP3 (Huang
and Madan, 1999) with default program parameters.

Sequence data access

The raw read data for this project have been submitted to the
National Center for Biotechnology Information Sequence Read
Archive under accession number BioProject ID PRJNA279538. The
Sequence Read Archive experiment numbers are SRX971817,
SRX973468, SRX974489, SRX974516, SRX974517 and SRX974522.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Fluorescence micrograph image of transverse sections
of mutant and non-mutant parental WT leaves.

Figure S2. Measurements of photosynthetic performance of
mutant and WT plants.

Figure S3. Frequency distribution of vein densities.

Figure S4. Genome-wide plot of the alternate allele frequency of
SNPs observed in the EMS-M30 LVD and WVD pools.

Figure S5. Genome-wide plot of the alternate allele frequency of
SNPs and indels observed in the c-M8 LVD pool.

Table S1. Leaf anatomy traits of the sorghum mutants and the cor-
responding wild-types.

Table S2. EMS-M30 LVD and WVD segregants selected for bulked
segregant analysis.

Table S3. c-M8 LVD and WVD segregants selected for bulked seg-
regant analysis.

Table S4. Whole-genome sequencing of pooled LVD and WVD
samples.

Table S5. Annotation of tightly linked SNP variants in the LVD
pool of EMS-M30.

Table S6. Validation of SNPs in the EMS-M30 mutant by PCR
amplicon sequencing.

Table S7. Variants linked to the unknown causal mutation in the
LVD pool of c-M8.

Table S8. Annotation of structural variants in the LVD pool of c-
M8.

Table S9. Number of variants in parental genomes versus the
starting reference genome.

Table S10. Summary of sequencing data after filtering for base
quality, and alignment onto respective WT reference genomes.
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