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Abstract

Background: Sorghum [Sorghum bicolor (L.) Moench] is ranked as the fifth most important grain
crop and serves as a major food staple and fodder resource for much of the world, especially in
arid and semi-arid regions. The recent surge in sorghum research is driven by its tolerance to
drought/heat stresses and its strong potential as a bioenergy feedstock. Completion of the sorghum
genome sequence has opened new avenues for sorghum functional genomics. However, the
availability of genetic resources, specifically mutant lines, is limited. Chemical mutagenesis of
sorghum germplasm, followed by screening for mutants altered in important agronomic traits,
represents a rapid and effective means of addressing this limitation. Induced mutations in novel
genes of interest can be efficiently assessed using the technique known as Targeting Induced Local
Lesion IN Genomes (TILLING).

Results: A sorghum mutant population consisting of 1,600 lines was generated from the inbred
line BTx623 by treatment with the chemical agent ethyl methanesulfonate (EMS). Numerous
phenotypes with altered morphological and agronomic traits were observed from M, and M; lines
in the field. A subset of 768 mutant lines was analyzed by TILLING using four target genes. A total
of five mutations were identified resulting in a calculated mutation density of 1/526 kb. Two of the
mutations identified by TILLING and verified by sequencing were detected in the gene encoding
caffeic acid O-methyltransferase (COMT) in two independent mutant lines. The two mutant lines
segregated for the expected brown midrib (bmr) phenotype, a trait associated with altered lignin
content and increased digestibility.

Conclusion: TILLING as a reverse genetic approach has been successfully applied to sorghum.
The diversity of the mutant phenotypes observed in the field, and the density of induced mutations
calculated from TILLING indicate that this mutant population represents a useful resource for
members of the sorghum research community. Moreover, TILLING has been demonstrated to be
applicable for sorghum functional genomics by evaluating a small subset of the EMS-induced mutant
lines.
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Background

Sorghum (2n = 2x = 20, 7.35 x 108 bp for 1C nucleus) is a
C, crop that displays excellent tolerance to both drought
and high temperature stresses [1]. Sorghum has the high-
est water use efficiency among major crop plants and is
unusually tolerant to low soil fertility, traits essential for
survival and productivity in arid and semi-arid areas with
limited irrigation capability. Worldwide, sorghum is the
5th most important grain crop, providing food and fodder
for the inhabitants of drought-susceptible regions http://
www.fao.org. Recently, sorghum has been demonstrated
as a viable bioenergy feedstock [2]. Compared with other
bioenergy grain crops, sorghum is particularly advanta-
geous because it can be grown profitably on marginal land
and therefore, would not remove more fertile land from
existing food and fiber production [3].

As a close evolutionary relative of both rice and maize,
sorghum research contributes directly to a better under-
standing of the structure, function, and evolution of cereal
genomes [4,5]. Being unusually tolerant to drought and
high temperature stresses, sorghum also serves as a repos-
itory of genes that have the potential to improve stress tol-
erance in other crops. Recent progress in sorghum
genomic studies has generated a series of important tools
that can be used to identify favorable genes or alleles for
further enhancement of resistance to abiotic stresses and
for improved biofuels-related traits. For example, well-
established genetic, physical, and cytological maps facili-
tate the mapping and identification of genes responsible
for important agronomic traits [6-8]. Syntenic alignment
of the sorghum genome with those of maize, rice, and
other cereals provides important insight into genome evo-
lution [9-11]. Furthermore, the construction of cDNA
microarrays provides a platform for high throughput gene
discovery [12,13]. An important milestone was the recent
completion and posting of the genomic sequence of an
inbred sorghum line, BTx623 http://www.phyto
zome.net/sorghum. Utilization of these important
genomic, genetic, and biotechnological resources such as
Targeting Induced Local Lesions In Genomes (TILLING)
will undoubtedly speed-up the elucidation of sorghum
gene function and the identification of candidate genes
for improving sorghum germplasm.

TILLING was first developed in Arabidopsis thaliana [14]
and has been successfully applied to identify knockout
mutations and provide allelic mutations in target genes
from pathogenic bacteria [15], animals, and plants
[16,17]. The application of TILLING to animal species
includes Caenorhabditis elegans [18], zebrafish [19], and
Drosophila [20]. The application of TILLING to plant spe-
cies includes Arabidopsis [21], barley [22,23], lotus
[24,25], wheat [26], maize [27], Populus [28], rice [29,30],
pea [31], and soybean [32]. The technique has proven to
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be valuable in characterizing the function of target genes
[18,24,29,30,32,33].

The challenge for researchers is to decipher the function of
sorghum genes, particularly those that are unique to the
species. Unfortunately, many of the reverse genetic tools,
such as T-DNA tagging and transposon-tagging are still
not available in sorghum. Although active transposon ele-
ments have been identified in sorghum, no viable trans-
poson-tagged population has been established [34,35].
RNAIi has emerged as an effective gene knockout/knock-
down tool for many but, has yet to be applied to sorghum.
Development of RNAi technology requires genetic trans-
formation and very little work on transformation proto-
cols have been undertaken in sorghum due to the concern
that transgenes may transmit to wild related species.

In contrast to transgenic methods, chemical mutagenesis
can be applied to most species including sorghum. Chem-
ical mutagenesis does not require gene transfer and is
therefore not subject to biosafety and extensive regulatory
concerns [36]. Chemical mutagenesis has been used in
sorghum breeding previously; unfortunately, these muta-
genized populations were not annotated and preserved
[37,38]. Here, we report the generation of an ethyl meth-
anesulfonate (EMS)-mutagenized sorghum mutant popu-
lation, phenotyping of mutant lines in the population,
TILLING analysis of a subset of mutant lines using four
target genes, and verification of the observed mutations
with the resultant phenotypes.

Results

Generation of mutant population

Chemical mutagen, EMS, was used to generate the muta-
genized population because of its high rate of success in
many plant species [21]. Previously published reports
demonstrate that it is a beneficial strategy to try a range of
concentrations of the chemical mutagen being applied to
evaluate the toxicity and sterility on germinal tissue before
preparing large mutant populations [39]. Therefore, the
first step was to test the effect of EMS on sorghum germi-
nation. A range of concentrations from 0.1 to 0.6% (v/v)
EMS was applied and evaluated. The M; plants were
scored for germination, reduced plant height, frequency
of leaf chimeras, and fertility of M, panicles. No signifi-
cant reduction in the germination rate was observed in
any of the applied concentrations of EMS from 0.1% to
0.6%. However, seedling growth was severely stunted at
concentrations of 0.3% or higher. Even at 0.1%, most M,
plants exhibited wrinkled leaves. Over 10% of the M,
plants treated with 0.1% EMS had at least one leaf with
chimeric white stripes. Based on this result, 0.1%, 0.15%,
0.2%, 0.25%, and 0.3% EMS were used to generate the
mutagenized sorghum populations following the scheme
outlined in Figure 1.
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Mutant population generation. Dry seeds of sorghum inbred BTx623 are mutagenized with chemical mutagen EMS and
germinated to produce M, plants. M, plants are self-fertilized to produce the M, seeds. One fertile M, plant from each M, head
row was used to produce M; progenies. Duplicate leaf samples were collected from the same M, plant for extracting DNA
used in TILLING analysis. Systematic phenotyping was deferred to M; generation to ensure the mutant phenotypes observed is
represented in the M; seed pool. Ten heads for each M; head row were pooled as M, seed pools for public release. Once the
DNA is extracted from the mutant population, the DNA is normalized and pooled together as eight-fold pools. The targeted
gene is amplified using a forward primer with 700 nm dye label and a reverse primer with an 800 nm dye label attached to the
5' ends. The PCR products are analyzed on LI-COR DNA Analyzer with 700 and 800 nm duel channel following standard TILL-

ING protocol [59].

In 2005, about ~50,000 sorghum seeds were treated with
EMS (~10,000 for each concentration mentioned above)
and field planted at 120,000 seeds per hectare. In a previ-
ous study, an examination of resulting M, plants using
four hyperpolymorphic sorghum simple sequence repeat
(SSR) markers, Xtxp287, Xtxp270, Xtxp51, and Xtxp295
(publicly available, [6]) showed that over 30% of the M,
plants were the result of cross pollination from unknown
sources (data not shown). In order to prevent cross fertili-
zation with other sorghum varieties growing in the region,
each healthy panicle was bagged before anthesis. There
was an inverse correlation between M, plant fertility and
mutagen dosage (Figure 2). Typically, lowering the treated
dosage will decrease the overall mutation rate. Therefore,
the key for determining the optimal mutagen dosage is to
maximize mutational density while minimizing lethality

and aneuploidy [21,40]. Seed setting was greatly affected
by EMS treatment. Untreated BTx623 plants set about 40
g (~1,200 seeds) per panicle. After EMS treatment, not
only the number of seeds per panicle was greatly reduced
but the number of sorghum panicles that set seeds at all
also decreased with increasing concentrations of EMS
treatment. At a 0.1% concentration of EMS, about 41% of
the bagged panicles set seeds (Figure 2). On the other
hand, an applied concentration of 0.3% EMS produced
only a few panicles that set seeds (with most of them pro-
ducing fewer than 20 seeds). Moreover, the seeds from the
0.3% treated M, plants had poor germination rates and
very few lines produced healthy plants that set seeds in the
next generation. Overall, a concentration of 0.25% EMS
was the highest dosage at which treated seeds developed
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Figure 2

Histogram detailing the seed setting of EMS-treated M, plants. Sorghum panicles were harvested manually and
threshed individually. The amount of seed set on each panicle was weighed and classified as < 0.5 g (< 20 seeds), 0.6 to 1.0 g
(20 to 50 seeds), I.l to 5 g (50 to 200 seeds), and > 5.0 g (over 200 seeds). The wild-type BTx623 set ~1200 seeds/panicle on
average. The x-axis showed the EMS concentrations used and the panicle classes within each concentration. The y-axis showed
the percentage of each panicle class over the total panicles bagged for the concentration of EMS used.

into healthy M, plants (13.5%) and produced viable
M,seeds.

Since the EMS concentrations used to generate this muta-
genized sorghum population was relatively low compared
with that used in other plants [21,30,32,41], only the M,
seeds from 0.25% EMS treated plants were used to con-
duct the pilot TILLING study. To maximize the utility of
the limited M, seeds, 50 (or all if less than 50) of the M,
seeds from each M, panicle were planted as a head row.
Three panicles from each row were bagged before anthe-

sis. To prevent redundancy of mutations, only one fertile
plant from each M, head row were selected to produce M,
seeds. The plants were barcoded and leaf tissues were sam-
pled for DNA preparation. A total of 1,246 M, lines were
produced in the field. An additional 500 M, lines were
produced in the greenhouse following a similar procedure
as noted in Figure 1.

Phenotyping of the mutagenized population
Among the 1,246 M, families planted in the field, 1,160
families had good stand (> 10 healthy plants). Through-
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out the growing season these families were repeatedly
evaluated for phenotypes distinctive from wild-type
BTx623. The phenotypes were organized into seedling
phenotypes, tillering types, leaf necrosis, senescence,
panicle shapes, and seed size (Table 1). In the field, all M,
families were inspected closely for novel morphological
traits compared to the wild type. Every M, family segre-
gated for at least one distinctive mutant phenotype and
many lines segregated for multiple mutant phenotypes at
an approximately 1:3 ratio (mutant phenotype to wild
type). For example, one line (P5A3) was homozygous for
brown midrib (bmr) but, heterozygous for male sterility
and dwarfing. Many lines that segregate for multiple phe-
notypes can be found online at http://www.lbk.ars.usda.
gov/psgd/sorghum/till/index.aspx.

The observed phenotypes are listed in Table 1 arranged in
order from the highest to lowest frequency. Albinism, usu-
ally used as an indicator for mutation frequency [41],
occurred in 14.8% of the head rows in the M, generation.
About 17% of the rows segregated for "dwarf" or "semi-
dwarf" plants, the most frequently observed phenotype

http://www.biomedcentral.com/1471-2229/8/103

characterized by reduced height but, largely normal leaf
size and stem thickness. Over 6% of the rows segregated
for "tiny plants", which differed from "dwarf plants" by
reduction in the size of all organs, such as small leaves and
thin stems (Figure 3). Leaf lesions, ranging from tiny yel-
low spots to large blotches of necrosis, were frequently
observed (Figure 3). In addition to these frequent mutant
features, a number of other mutant phenotypes with
altered agronomic traits (such as number of tillers, lodg-
ing, early senescence, altered seed size, and flowering
time) were also observed. A selection of the mutant phe-
notypes observed in the field is presented in Figure 3. Fur-
ther information on the phenotypes observed from the
forward genetic screen can be found online at http://
www.lbk.ars.usda.gov/psgd/sorghum/till/index.aspx. The
assortment and frequency of the various mutant pheno-
types observed in the population suggested that it will be
a useful resource for screening informative sorghum
mutants for forward and reverse genetic studies.

Table I: Frequency of M; families segregating for typical mutations observed in the field

Phenotype description Symbol* Number of mutant observed Frequency
dwarf and semi-dwarf dw 201 17.3%
albino w 171 14.8%
narrow leaf nrl 87 7.5%
multiple tillers mtl 86 7.4%
tiny plants tny 85 7.3%
spot leaf lesion sp 76 6.5%
leaf rolling rl 58 5.0%
erect leaf erl 53 4.6%
short leaf sl 51 4.4%
necrotic leaf ncl 40 3.4%
chlorotic leaf chl 40 3.4%
stacked leaf stl 36 3.1%
adherent leaf adl 35 3.0%
wide leaf wdl 32 2.8%
yellow splotch leaf ysp 25 2.2%
undeveloped panicles udp 22 1.9%
brown midrib bmr 21 1.8%
leaf bronzing Ibr 21 1.8%
light green leaf Igl 19 1.6%
twisted leaf twl 17 1.5%
pineapple leaf pnl 14 1.2%
single stalked Tx 13 1.1%
early maturity ma 12 1.0%
zebra crossbands zb 10 0.9%
bloomless bm 10 0.9%
grass leaf grl 8 0.7%
variegated leaf var 7 0.6%
lodging Idg 7 0.6%
leaf striations str 6 0.5%
late flowering Ma 5 0.4%
poor panicle exertion exr 5 0.4%

*Phenotypes were named according to Rooney [60] wherever possible; new phenotypes are named using a three letter code according to [61].
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Figure 3
A gallery of selected mutant phenotypes. Selected mutant phenotypes were presented to illustrate the diversity muta-

tions observed from this sorghum mutagenized population. Additional mutant phenotypes can be found online http://

www.lbk.ars.usda.gov/psgd/sorghum/till/index.aspx.
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Identification of mutations by TILLING

Eight-fold pools of genomic DNA from leaf tissues of M,
plants were used for TILLING. Four gene targets were
selected based on their potential contribution to bioen-
ergy, nutrition, and agronomic performance for high
throughput TILLING (Table 2). A total of five mutations
were detected from 3.24 Mb of DNA analyzed by TILLING
in four gene targets (Table 3). The overall mutation den-
sity was calculated to be ~1/526 kb for the EMS generated
mutant population (Table 3). This was calculated by
dividing the total number of mutations revealed by TILL-
ING by the total base pairs screened, which includes the
sum of the total length of the four amplicon sizes x the
total number of individuals screened (3,424 bp x 768
individuals). Previous studies have reported the difficulty
of tracking mutations on the ends of the fragment (~100
bp) [16,21,30,32]; therefore, 200 bp was subtracted off
each amplicon.

EMS mutagenesis is reported to typically produce G:C to
AT transition mutations because it alkylates G residues
[42] and these alkylated G residues base pair with T
instead of the conventional base pairing with C [36].
Three of the mutations uncovered via TILLING were G:C
to AT transitions as expected. The remaining two muta-
tions detected were A:T to G:C transitions which have also
been reported as occurring in other TILLING studies; how-
ever, generally these mutations occur at a much lower fre-
quency than the predominant G:C to AT mutation
[30,32]. Of the five mutations identified, one of the
mutant lines was determined to be homozygous (P5A3)
and the other four were heterozygous. Heterozygosity was
evaluated by examining the sequence data and by forming
a heteroduplex on a single individual sample, applying
the mismatch endonuclease Cel I, separating products on
a denaturing acrylamide gel, and verifying the presence or
absence of the predetermined cleaved fragment. All five
mutations detected by TILLING were reexamined by mor-
phological observation and re-sequenced to verify the
results. The genetic data were consistent with morpholog-
ical observations. No mutations were detected for one of
the targets, 1-aminocyclopropane-1-carboxylate oxidase
(ACO1).

Table 2: A list of gene targets and primer sequences

http://www.biomedcentral.com/1471-2229/8/103

A graph of the target genes marking the location of the
induced polymorphisms is shown in Figure 4. A PARS-
ESNP graph was not produced for ACO1 or myoinositol
kinase 1 (MIK1) because no induced mutation was iden-
tified in the population or information was not available
on the predicted gene structure. The mutations revealed
via TILLING from the gene targets caffeic acid O-meth-
ytransferase (COMT) and phytochrome A (PHYA) were all
determined to be missense mutations. Based on the PSSM
difference and SIFT score, the mutation revealed in COMT
gene for individual P7HG6 is predicted to be damaging to
the protein. This induced mutation in P7H6 altered the
codon from a hydrophobic glycine amino acid to a
hydrophilic serine amino acid (Figure 4), which may
affect the protein structure. No silent, splice site, or non-
sense mutations were identified in this pilot study. How-
ever, since there is no information available on the
predicted exon/intron borders (gene structure) for MIK1,
except some similarity to deposited annotated maize
genes, the mutations found in this target could represent
any of the various mutation classes.

Verification of identified genotype with observed
phenotype

Five mutations were identified by TILLING of 768 mutant
lines using four target genes. Two mutant lines (P5A3 and
P7HG6) were identified in the target gene COMT, contain-
ing missense mutations at different positions in exon 2.
Alterations in the COMT gene are associated with bm or
bmr mutations in maize and sorghum, respectively, char-
acterized by a brown midrib with reduced lignin content
and increased digestibility [43,44]. The two mutant lines
(P5A3 and P7H6) identified in this study also showed a
similar brown midrib phenotype (Figure 5A) comparable
to the previously reported sorghum bmr mutants that have
nonsense mutations in exon 1 and exon 2 of COMT, pro-
duced by chemical mutagen diethylsulphonate (Bout and
Vermerris, 2003).

Sequencing of individual M; plants from P5A3 and P7H6
indicated that the COMT locus in P5A3 mutant was
homozygous; whereas the COMT locus in P7H6 mutant
was heterozygous. In the M;generation, the individuals

Gene names GenBank ID

Primers

Annealing temperature

|-aminocyclopropane- | -carboxylate oxidase (ACOI) AF079588

5-AATGGTGGTTCCCGTGATCG-3'5'- 69

GGCTCCTTGGCCTGGAACTT-3'

5'-GGCATGGCGTTGTGCTGTAG-3' 5'- 69

CGAGCGACGTACGGAGGACT-3'

5'-CACGTGGCGCTTGACGATAC-3' 5'- 66

CTGCCTGCACCCAGTTGAAA-3'

caffeic acid O-methyltransferase (COMT) AY217766
myoinositol kinase | (MIKI) AF124045
phytochrome A (PHYA) AY466072

5-GCTTGCTGCCAAGGCAATCT-3'5'- 63

AGCCAGTGGAATCCCCATGA-3'
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Amplicon size (bp)  Identified mutants ~ Mutation rate* (kb)

Gene names Mutants screened
I-aminocyclopropane- | -carboxylate oxidase (ACO/) 768
caffeic acid O-methyltransferase (COMT) 768
myoinositol kinase | (MIKI) 768
phytochrome A (PHYA) 768
Total 768

900 0 0

1013 2 1/312
1457 2 1/483
854 | 1/502
4224 5 1/526

*For calculation of the mutation rate, sequences were removed 100 bp

from the mutant line of P7H6 were still segregating for the
brown midrib phenotype at an approximately 1:3 ratio,
while P5A3 was homozygous for the mutation but segre-
gated for plant height and male sterility. P5A3 and P7H6
for the COMT locus are allelic mutants; however, given

from each end due to the base ambiguity.

the morphological traits of P5A3, it may contain addi-
tional, unlinked mutations. The mutation in line P5A3
(proline in wild type to leucine in mutant) is predicted by
PSSM and SIFT scores to be less damaging to the protein
function than the mutation in P7H6 (glycine in wild type

phytochrome A

Genomic Sequence

FrE EIEars | =

Coding Sequence
2 =] — i f

38N bp

2
8

Restriction Enyzme Differences from

View On Nucleotide REBASE PSSM SIFT PN
Effect —— e Description Zygosity
Sequence Change Gained in Difference Score
s Lost from Reference
Variant
1GC A860G K287R Hinfl, Plel 0.6 1.00 P7G12 Hetero
caffeic acid o-methyltransferase
Genomic Sequence
: 8
o
- - m
Coding Sequence
: ik : "
- - %
Restriction Enyzme Differences from
Tiew I 3 REBASE
4 View On Nucleotide Effect — .PSS.\! SIFT DescriglionZygosity
Sequence Change Gained in Difference Score
g Lost from Reference
Variant
1GC C2139T P150L 5.3 0.76 P5SA3 Homo
26G6C G2663A G325 BseYL, NspBII ‘1“7“1“ Bpell, Safl, 464 017  P7H6 Hetero
Figure 4

PARSESNP graphic on COMT and PHYA mutations revealed by TILLING. PSSM or SIFT scores shown in red are
predicted to be damaging to the protein. PSSM score > 10 indicates a mutation that is more likely to have a damage effect on

protein function.
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Figure 5

Phenotype of the bmr mutants. A. A section of the leaf blade from BTx623, P5A3, and P7Hé6. B. Cross section of young
stems before histochemical staining showing the light brown color in bmr mutants. Free-hand sections (~200 um thickness)
were prepared with a razor blade. C. The same section as in B after histochemical staining for lignin with acidified phlorogluci-
nol showing the reduction in lignin in both mutants. The pictures were arranged as wild-type BTx623, P5A3, and P7H6 from
left to right.
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to serine in mutant, Figure 4), both lines displayed brown
midribs in leaves and light brown color in stem-cross sec-
tions (Figure 5A and 5B). Histological staining for lignin
(using acidic phloroglucinol) showed that both lines had
reduced lignin in stem-cross sections when compared to
wild-type BTx623 (Figure 5C). All data to date are consist-
ent with the bmr phenotype of the P5A3 and P7H6 lines
being a direct result of the mutations within the COMT
gene.

Discussion

A TILLING population is developed in sorghum using
chemical mutagen, EMS. The success of chemical muta-
genesis in plants depends on maximizing both the seed
set of the mutagenized plants and the frequency of
induced mutations. An adequate mutation frequency is
required to keep the number of PCR reactions associated
with TILLING to a manageable number. In Till et al.
(2007), the authors argued that efficient TILLING requires
a population with mutation frequency of > 1 mutation/
500 kb to ensure that at least one mutation is found per
gel run in the LI-COR DNA analyzer. Achieving this goal
requires a high concentration of mutagen or special treat-
ments. For example, treatment with 1.6% EMS produced
rice mutant populations that did not meet this threshold
level in mutation density [41]. Adequate mutation fre-
quency was, however, achieved through treatment of
developing rice zygotes on the panicle immediately after
pollination [29].

There are many factors that may affect the induced muta-
tion rate, such as mutagen concentration, length of muta-
gen application, wash length, treated organs (pollen or
seeds), and chosen ecotype (or genotype) of the target
species. Seed structure can vary from species to species,
which may also influence mutagen efficacy. For example,
rice seeds have hulls and the applied chemical needs to
penetrate the hulls first and then interact with the embryo
to be effective. This may be one reason why rice seeds
need a higher dosage for mutagenesis than Arabidopsis and
sorghum. The concentration of 0.25% EMS was used in
our pilot TILLING study as sorghum appears to be very
sensitive to EMS treatment. Only about 40% of the M,
plants set seeds even at 0.1% EMS concentration (Figure
2). At 0.3%, the commonly used concentration in Arabi-
dopsis, very few M, sorghum plants set seeds. Moreover,
the seed from fertile M, plants had poor germination rates
(data not shown). The highest concentration of EMS that
produced an acceptable number of fertile plants was
0.25%. At this dose, the population had a mutational den-
sity of ~1/526 kb, which is close to the recommended tar-
get mutational density (~1/500 kb).

The estimated mutation density was lower than typically
reported for Arabidopsis (1/300 kb) [21], slightly higher
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than barley [22] or rice (1/Mb) [41], but similar to the
mutation density reported in soybean 1/550 kb [32] and
pea 1/669 kb [31]. EMS is reported to have a mutational
bias for 5'-PuG-3' sites or a middle G base in a stretch of
three or more G bases [45]. Therefore, TILLING gene tar-
gets with an elevated G/C content may yield higher muta-
tional densities. The mutational density may change after
additional screening of other genes and/or more mutant
lines from the population or changing the pooling strat-
egy. An 8-fold pooling strategy was employed in the cur-
rent study. Lowering the pooling fold (for example, 4-fold
pooling) may increase the sensitivity of mutation detec-
tion in sorghum. If a suitable mutation density can not be
reached with EMS, other chemical mutagens may need to
be explored.

Several other factors also impact the establishment of use-
ful TILLING populations in sorghum. Cross pollination
must be vigorously controlled to produce a high quality
mutagenized population. Under normal growth condi-
tions, sorghum is predominantly self-fertilized with a
cross-fertilization rate ranging from 5-10% [46]. After
EMS-mutagenesis, cross-fertilization increased dramati-
cally. A previous sorghum mutagenesis attempt was
unsuccessful when cloth bags (Lawson Bags, Northfield,
IL) failed to prevent cross pollination. In this attempt,
cross pollination was prevented by covering the panicles
of each mutant generation with rain-proof paper pollina-
tion bags (Lawson Bags Northfield, IL) before anthesis.
This approach effectively minimized cross pollination.
Corn earworm and birds also posed serious threats to the
limited seed set in M; plants during the grain-filling
period. The paper bag was injected with pesticide to con-
trol corn earworm and it was often necessary to put cloth
bags over the paper ones to prevent bird damage.

The resulting mutagenized sorghum population has an
adequate mutation density and low cross-fertilization,
providing a useful community resource for functional
analysis of sorghum genes. The variety of visible pheno-
types observed in the mutant population is a good indica-
tor of the depth of the genetic lesions, strongly suggesting
that the mutant population is altered for multiple traits of
agronomic importance. Three allelic mutants (bmrl2,
bmr18, and bmr26) for the COMT locus were previously
identified in a sorghum line of P898012 (Bout and Ver-
merris, 2003). Our two COMT mutants (P5A3 and P7HG6)
in the BTx623 background are phenotypically similar to
the previously identified bmr mutants, but are the result of
missense mutations within different codons. The previous
bmr mutations have proven to be useful in improving the
digestibility of sorghum plants as forage [47]. Since the
bmr mutations reduce lignin content or improve sacchari-
fication of the sorghum stalk, varieties with bmr mutations
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may also serve as improved bioenergy feedstock for cellu-
losic ethanol production [48-50].

Conclusion

A mutant population in sorghum has been generated
using EMS-mutagenesis. Phenotyping performed in the
field, combined with TILLING of four target genes, dem-
onstrated that chemical mutagenesis is an effective
approach to generate mutants with altered agronomic
traits for genetic studies and to predict the gene function
through identification of an allelic series by TILLING.
Overall, our results demonstrated that the current sor-
ghum mutant population is an adequate resource for
TILLING. As sequence for more target genes becomes
available through the nearly completed sorghum
sequence project, the gene function for more genes can be
elucidated by TILLING of this and additional newly devel-
oped mutant populations. Because of the utility of high
quality chemical mutagenized populations in sorghum
genomic studies, and the inherent difficulties in develop-
ing them, it may take a community effort to effectively
establish populations with a sufficient number of acces-
sions for TILLING and/or other reverse genetic
approaches. Nevertheless, this sorghum mutant popula-
tion will be a valuable resource to isolate mutants for
many other traits. The resource can be accessed for
research  through  contacting the author at
zhanguo xin@ars.usda.gov. Open field day will be held
each year for public touring the mutant plots and selec-
tion of interested mutants. Scientists who need to select
mutants at certain development stage can also be accom-
modated. Some mutant lines with adequate supply of
seeds have already been distributed to a number of sor-
ghum researchers.

Methods

Mutagenesis

Sorghum [Sorghum bicolor (L.) Moench] inbred line
BTx623, which was a parent for several mapping popula-
tions in sorghum and the genotype for sequencing the sor-
ghum genome, was used to generate the mutant
populations [51-53]. The mutagenesis scheme is outlined
in Figure 1. BTx623 seeds were obtained from the
National Germplasm Resources of USDA-ARS. Initial
observations found that the seedlings from the original
seeds showed minor variations in height and panicle size,
however, no genetic heterogeneity was detected using 10
publicly available SSR markers. To ensure the homogene-
ity of the seeds used for mutagenesis, the original line was
self-fertilized for six generations by single seed descent
(SSD). At every generation, one plant that displayed the
most typical characteristics of the original BTx623 was
selected for propagating to the subsequent generation.
Batches of 100 g of dry seed (~3300 seeds) were soaked
with agitation (16 hours at 50 rpm on shaker) in 200 ml
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of tap water containing EMS concentrations ranging from
0.1 to 0.6% (v/v). The treated seeds were thoroughly
washed in about 400 ml of tap water for five hours at
ambient temperature, changing the wash water every 30
min. The air-dried seeds were planted at 120,000 seeds per
hectare. Before anthesis, each panicle was bagged with a
400 weight rain-proof paper pollination bag (Lawson
Bags, Northfield, IL) to prevent cross pollination. After
bagging, each bag was injected with 5 ml chlorpyrifos
(Dow AgroSciences) at 0.5 ml/liter to control corn ear-
worms that could hatch within the bag and destroy the
seeds. Sorghum panicles were harvested manually and
threshed individually. Each fertile panicle was planted as
an M, head row. Three panicles were bagged for each row
before anthesis and only one fertile plant was used to pro-
duce the M, seeds. Duplicate leaf samples were collected
from the same fertile plant for extracting DNA, and both
the leaf samples and the panicle were barcoded. To avoid
cross-contamination of leaf samples with dead pollen that
could fall onto the leaves during pollen shedding, leaves
were thoroughly rinsed with de-ionized water before sam-
pling. The seeds from the barcoded plants were harvested
and used to propagate the M, generations. In some cases,
because a substantial number of lines could not produce
sufficient seeds even at the M, generation, 10 panicles
were bagged for each M; head row and pooled as M, seeds.
The M, seeds will be distributed to the sorghum research
community for forward and/or reverse genetic studies.

DNA extraction and quantification

Total DNA was extracted with a modified CTAB method
[54] and purified with a Qiagen Magattract Plant Kit (Qia-
gen, Valencia, CA) using lyophilized leaf tissue from indi-
vidual M, plants. Collecting DNA from only one M,
individual derived from each M, plant minimizes sam-
pling identical mutations [30]. Since DNA samples will be
proportionally pooled for PCR, the DNA concentration of
each sample needed to be precisely quantified. The con-
centration of DNA samples was first quantified using a
Tecan Infinite M200 plate reader (Durham, NC). Subse-
quently, all DNA samples were loaded on agarose gels and
compared with a quantitative DNA ladder (Invitrogen,
Carlsbad, CA.). Samples were normalized for PCR and
loaded on an agarose gel to ensure dilutions were accu-
rate. Once all samples were verified to be diluted to an
equivalent concentration, they were pooled together in
eight-fold pools.

PCR, TILLING, and fragment separation

All PCR reactions were performed in a GeneAmp 9700
(Applied Biosystems®, Foster City, CA.) using 96-well
microtiter plates. Primer sets were designed for this study
from sorghum sequences deposited in GenBank (Table 2).

The web based programs Coddle http://www.proweb.org/
input/ and Primer3 http://frodo.wi.mit.edu/cgi-bin/
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primer3/primer3_www.cgi were used to design the primer
sets for this study [55]. The PCR reactions were performed
in a 20 pl volume consisting of dH,0, 1x PCR buffer
(Promega Corp, Madison, WI), 1.5 mM-3 mM MgCl,
(Promega Corp.), 0.2 mM dNTPs (Promega Corp.),
0.0625 U Taq polymerase (Promega Corp), 0.2 uM unla-
beled forward and reverse primers (Operon Biotechnolo-
gies, Inc., Huntsville, AL), 0.0125 uM 700 nm and 800 nm
5' labeled (MWG Biotech AG, Germany) forward and
reverse primers respectively, 3.125 mg/ml PVP, 0.125 mg/
ml BSA (New England BioLabs, Ipswich, MA), and 0.875-
1.25 ng DNA. The thermocycling conditions were 95°C
for five minutes for initial denaturing, followed by 40
cycles of 95°C for one minute, 63-69°C for one minute,
72°C for one minute, one cycle of 72°C for ten minutes
and 4°C hold for storage.

PCR products (~0.2 pl) were separated on a 25 cm KBPlus
(LI-COR, Lincoln, NE) polyacrylamide gel (0.25 mm
thick) connected to a LI-COR 4300 DNA Analyzer (LI-
COR, Lincoln, NE) and quantified on a 3% agarose gel
stained with ethidium bromide, along with a low mass
ladder (Invitrogen; Carlsbad, CA). The products were sep-
arated on a denaturing acrylamide gel to ensure that only
a single product was produced; whereas the agarose gel
was used to quantify the product to ensure sufficient
digestion by the mismatch detection enzyme Cel 1. The
PCR products were heated and cooled in a thermocycler to
form a heteroduplex. This consisted of one cycle at 99°C
for 10 minutes to inactivate Taq polymerase followed by
70 cycles of 20 seconds, starting at 70°C and decreasing
0.3°C per cycle. Once the heteroduplexes were formed,
the products were treated with Cel I (Transgenomic, Inc.
Omaha, NE) according to the manufacturer's instructions.
The products were incubated at 42°C for 20 minutes to
digest mismatches in the heteroduplex. After the digestion
was completed, a stop solution (Transgenomic, Inc.) was
added and the products were filtered through a Millipore
MultiScreen filter plate that was packed with hydrated
Sephadex G-50 medium beads (Sigma, St. Louis, MO).
The products were incubated at 80°C for 20-30 minutes
to reduce the volume by about a third. Loading dye was
added and the PCR products were denatured and loaded
onto a polyacrylamide gel attached to a LI-COR 4300
DNA Analyzer for separation.

A total of 768 mutant lines were assayed for mutation
induction in the target genes. Once a mutation was
revealed, the eight-fold pool (samples: 1-8) was remixed
into eight discrete pools consisting of two individuals
each (samples: 1&2, 3&4, 5&6, 7&8, 1&3, 2&4, 5&7, and
6&8). If there is a mutation present, then the two pools
containing the mutated sample will have the cleaved het-
eroduplexes in two separate gel lanes and thus, the indi-
vidual with the mutation will be clearly revealed. Once
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the positives were identified, the mutant sample, BTx623,
and an individual sample from the positive pool was
amplified and prepared for sequencing. Amplicons were
sequenced either in house using a SequiTherm EXCEL™ II
DNA Sequencing Kit (Epicentre® Biotechnologies, Madi-
son, WI) on the LI-COR 4300 DNA Analyzer, or sent to
the University of Georgia core genomics facility to be
sequenced on a 16 capillary ABI 3100. Prior to sequenc-
ing, samples were treated with 1 pl Exonuclease I (10 U/
pl) and 1 pl shrimp alkaline phosphatase (SAP,1 U/ul)
(GE Healthcare; Piscataway, NJ) and purified with a Qia-
gen PCR clean up kit (Valencia, CA) to remove all excess
nucleotides, primers, enzymes or other impurities. All
samples were sequenced multiple times bidirectionally to
verify the induced mutation identified from TILLING.

Phenotyping

Mutation phenotypes were systematically evaluated in the
M; generation. Limited phenotyping was conducted at M,
generation. Due to large number of the mutants selected
at M, generation had poor seed setting, systematic evalua-
tion of mutant phenotypes was deferred to the
M,generation. Each M; row was carefully inspected at
least three times (before flowering, after flowering, and
when the majority of the plants reached physiological
maturity) during the growing season. Distinguishable
phenotypes were recorded and photographed with a dig-
ital camera. The frequency of the phenotypes was also
recorded.

Histochemical analysis of cell walls

Free-hand cross sections of young stems were obtained
from wild type and mutant plants grown in the green-
house. Staining for lignin was performed by immersing
the sections in acidified phloroglucinol solution based on
procedures from [56]. In this method, lignified cell walls
were stained as red to dark purple in color. Sections were
examined and photographed before and after staining
using a Leica MZ6 digital stereomicroscope (Meyer Instru-
ment, Houston, TX).

Data analysis

The  software  program  Gel Buddy  http://
www.proweb.org/gelbuddy/index.html was used to ana-
lyze TILLING gel images and to track the cleaved frag-
ments/variant pools [57]. Once mutants were identified,
individual samples were prepared for sequencing.
Sequences performed in house were scored with the pro-
gram E-Seq version 3.0 (LI-COR, Lincoln, NE) and further
checked manually for errors. All bidirectional reads were
aligned and edited with AlignIR version 2.0 (LI-COR; Lin-
coln, NE). The web based program PARSESNP http://
www.proweb.org/parsesnp/[58] was used to produce the
graphic showing exons and introns in the gene target and
the type of induced mutation uncovered by TILLING.
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