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Sorghum, an ancient old-world cereal grass, is the dietary staple of
over 500 million people in more than 30 countries in the tropics
and semitropics. Its C4 photosynthesis, drought resistance, wide
adaptation, and high nutritional value hold the promise to
alleviate hunger in Africa. Not present in other major cereals, such
as rice, wheat, and maize, condensed tannins (proanthocyanidins)
in the pigmented testa of some sorghum cultivars have been
implicated in reducing protein digestibility but recently have been
shown to promote human health because of their high antioxidant
capacity and ability to fight obesity through reduced digestion.
Combining quantitative trait locus mapping, meta-quantitative
trait locus fine-mapping, and association mapping, we showed
that the nucleotide polymorphisms in the Tan1 gene, coding
a WD40 protein, control the tannin biosynthesis in sorghum. A
1-bp G deletion in the coding region, causing a frame shift and
a premature stop codon, led to a nonfunctional allele, tan1-a. Like-
wise, a different 10-bp insertion resulted in a second nonfunc-
tional allele, tan1-b. Transforming the sorghum Tan1 ORF into
a nontannin Arabidopsis mutant restored the tannin phenotype.
In addition, reduction in nucleotide diversity from wild sorghum
accessions to landraces and cultivars was found at the region that
codes the highly conserved WD40 repeat domains and the C-ter-
minal region of the protein. Genetic research in crops, coupled
with nutritional and medical research, could open the possibility
of producing different levels and combinations of phenolic com-
pounds to promote human health.
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Diets rich in phytochemicals are beneficial to human health
because of their significant antioxidant properties (1, 2).

These antioxidant compounds fall into three major categories:
phenolic acids, flavonoids, and tannins. Of these, tannins account
for about 19% of total dietary antioxidant capacity (3). Tannins,
also known as condensed tannins or proanthocyanidins (PAs),
are oligomers and polymers of flavan-3-ols. Beneficial effects
from diets rich in tannin-containing foodstuffs include immu-
nomodulatory and anticancer activity; antioxidant and radical
scavenging functions; antiinflammatory, cardioprotective, vaso-
dilating, and antithrombotic effects; and UV-protective functions
(1, 4). Tannins are widespread throughout the plant kingdom,
with diverse biological and biochemical functions, such as
protection against predation from herbivorous animals and
pathogenic attack from bacteria and fungi (5). Foliar tannin
concentration has been shown to be significantly correlated with
community phenotypes among diverse organisms (6). Tannins in
fruits, vegetables, and certain beverages contribute the bitter
flavor and astringency. Interestingly, tannins are also found in
grains, such as sorghum [Sorghum bicolor (L.) Moench] with
a pigmented testa layer, some finger millets, and barley, but not
in major cereal crops, such as rice, wheat, and maize (7).

Although tannin content in sorghum grains can vary consid-
erably among different genetic backgrounds (8), it is generally
much higher than in other cultivated fruits, nuts, and grains (7)
(Fig. 1). Tannin sorghums are often grown in hot, humid regions
of Africa for their better resistance to grain mold and bird
damage, and they have been used in many traditional products,
such as porridges and alcoholic beverages (9). Because tannins in
sorghum grains have been shown to decrease protein digestibility
and feed efficiency in humans and animals, grain sorghum pro-
duction as a feedstock in the United States has been almost
entirely restricted to nontannin types, exemplifying strong arti-
ficial selection against tannins in breeding and production.
However, a niche market has evolved to capitalize on the ben-
efits of tannin sorghum through developing quality bread with
high antioxidant and dietary fiber levels.
Although almost all wild sorghums contain condensed tannins

in their grains, both tannin and nontannin types are naturally
present in cultivated sorghums. Having a low level of digestion-
reducing chemical compounds or complete removal of such
compounds in edible parts of crops (e.g., cereal grains) is one of
several domestication syndrome traits that differentiate domes-
ticates from their wild progenitors (10, 11). Given the function of
tannins in sorghum grain’s chemical defense against bird pre-
dation and bacterial and fungal attack but their digestion-
reducing qualities for human and animal consumption, the
coexistence of tannin and nontannin sorghums suggests that
elimination of this compound from sorghum grains during do-
mestication is incomplete, unlike in other major cereals, such as
rice, wheat, and maize. Similar phenomena have been docu-
mented for various traits in different crops (10). This outcome in
sorghum may be a result of a balance between the two coun-
tering forces of artificial selection for the benefit of humans vs.
natural selection for the benefit of plants.
Here, we report the cloning of the Tannin1 (Tan1) gene for

grain tannins in sorghum by genetic linkage mapping, fine-
mapping through meta-quantitative trait locus (QTL) analysis,
association validation with diverse genetic accessions, and
transgenic complementation with an Arabidopsis nontannin
mutant. Naturally occurring allelic variants in a highly conserved
region of a WD40 protein cause frame shifts and premature stop
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codons, resulting in truncated amino acid sequences and the
absence of tannins in sorghum grains. Compared with wild rel-
atives, sorghum landraces and cultivars exhibit reduced nucleo-
tide diversity in the Tan1 coding region. Our findings facilitate
genetic research in relation to health, pharmaceutical, and
nutritional values, as well as genetic manipulation of tannins
in cereals.

Results
Genetic Cloning of Tan1. In the first mapping study, we identified
two tannin QTLs using a recombinant inbred line (RIL) pop-
ulation derived from Tx430/ShanQuiRed. Tx430 is a nontannin
inbred, and ShanQuiRed is a tannin inbred. These two QTLs
explained 52% of the total phenotypic variation of tannin presence
evaluated with the bleach test (12) (SI Appendix, Table S1). Both
QTLs were further validated when tannin content was measured
quantitatively with the vanillin-HCl test (SI Appendix, Fig. S1).
Two additional populations were analyzed to fine-map these two
QTLs, Tx430/SC1345 with 212 RILs and Tx430/SC1103 with 192
RILs. SC1345 and SC1103 are tannin parents. A different set of
simple sequence repeat (SSR) markers from chromosomes 2 and 4
was then genotyped across the three populations. Composite in-
terval mapping (CIM) was conducted independently for individual
populations, followed by a meta-QTL analysis. The first consensus
QTL (Qsct-2) was fine-mapped to a 797.3-kb region between
common markers CT100 and CT072 on chromosome 2, and the
second consensus QTL (Qsct-4) was fine-mapped to a 25.4-kb
region between common markers CT015 and CT017 on chromo-
some 4 (Fig. 2 and SI Appendix, Fig. S2). We decided to pursue the
chromosome 4 QTL further because Qsct-2 covered a wide range.
In a complementary analysis, we identified 20 candidate genes
involved in the PA biosynthetic pathway from Arabidopsis and
other species. BLAST search of these genes against the sorghum
genome sequence (13) detected four sorghum gene models:
Sb04g037630.1, Sb04g030570.1, Sb04g031710.1, and Sb04g031730.1
under the original chromosome 4 QTL region identified in
Tx430/ShanQuiRed. These genes were predicted as homologs

of Arabidopsis TT12, Vitis vinifera LAR1, Arabidopsis LEC2 and
FUS3, and Arabidopsis TTG1 (SI Appendix, Table S2). All four
genes were then mapped across three mapping populations
using sequence-tagged site markers CT1, CT2, CT5, and CT7,
respectively.
Combining results from the meta-QTL analysis and the can-

didate-gene search revealed that CT1 (Sb04g037630.1, Arabi-
dopsis TT12) was 5,539.3 kb from the flanking marker CT017,
CT2 (Sb04g030570.1, V. vinifera LAR1) was 1,119.2 kb from
CT015, and CT5 (Sb04g031710.1, Arabidopsis LEC2 and FUS3I)
was 17.2 kb from CT015 but outside the Qsct-4 region flanked by
common markers. Only CT7 (Sb04g031730.1, Arabidopsis TTG1)
was located right in the consensus QTL Qsct-4 region, suggesting
that Sb04g031730.1 is likely to be the causal gene. Sequence
annotation indicated that Sb04g031730.1 encodes a WD40 pro-
tein; thus, it was designated as Tannin1 (Tan1).

Allelic Variation at Tan1. To identify whether the sequence poly-
morphisms in Tan1 are responsible for the tannin presence/
absence phenotype in sorghum grains, we sequenced the
Sb04g031730.1 from −1,409 nt to +1,222 nt in a 24-accession set
that contains 6 tannin and 18 nontannin accessions (SI Appendix,
Table S3). Multiple sequence alignment revealed 26 SNPs and
indels. Of these polymorphisms, 23 were found in the promoter
region and 3 in the exon (SI Appendix, Table S4). In the exon
region, a G deletion at position 580 nt (194 aa) results in a frame
shift in the second WD40 repeat domain. The frame shift
introduces a premature stop at the fourth WD40 repeat domain,
resulting in a truncation of 55 amino acid residues from the
C-terminal region (Fig. 3). A G-to-T transition at position 798 nt
(266 aa) is in complete linkage disequilibrium (LD) with the
deletion, forming a haplotype block. However, because the de-
letion site precedes the transition site and the transition itself is
synonymous, it is not likely to be the causal site. An earlier
mutagenesis study with Arabidopsis TTG1 indicated that the

Fig. 1. PA content (milligrams of CE per 100 g) and antioxidant capacity
[measured as oxygen radical absorbance capacity (ORAC), micromoles of TE
per gram] across a variety of grains, nuts, and fruits. PA content is signifi-
cantly (r = 0.82, P = 1.4 × 10−6) correlated to ORAC value, and both
parameters are higher in sorghum than in other foods. Data are from the US
Department of Agriculture databases of selected foods in 2004 and 2010.
(Inset) Bleach test for tannin determination. CE, catechin equivalents; TE,
trolox equivalents.

Fig. 2. Fine-mapping with the meta-QTL analysis identified a 25.4-kb ge-
nomic region that harbors the Tan1 gene. (A) QTL mapping for the Tx430/
ShanQuiRed population using the consensus map. (B) Consensus map and
QTL confidence intervals (green band) identified on chromosome 4 (Qsct-4)
across three sorghum mapping populations: Tx430/ShanQuiRed (SQR),
Tx430/SC1345, and Tx430/SC1103. (C) Sb04g031730.1 (Tan1) gene is the only
gene identified jointly by the confidence interval of the meta-QTL analysis
and the candidate gene search. LOD, logarithm of odds.
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C-terminal region is vital for the structure and function of the
WD40 protein (14). Accordingly, we hypothesized that the 1-bp
deletion is likely the causal site in determining tannin presence/
absence in the mapping populations.
All six tannin accessions have the WT Tan1 haplotype found in

ShanQuiRed, which agrees with the known complementary effect
of two tannin loci from classic segregation analysis in sorghum
(15). Tannin presence requires functional alleles at this locus and
another locus, but one or both loci being homozygous recessive
results in nontannin. The mutant haplotype (designated tan1-a)
was found in all but three of the nontannin accessions (Tx623,
Macia, and Malisor 84-7), which harbor a different mutant allele,
a 10-bp insertion (CGGGCAGCGG) in the exon region (desig-
nated tan1-b) (Fig. 3). Similarly, this 10-bp insertion causes a frame
shift at position 923 nt (309 aa) and, finally, a truncated protein
with a length of only 318 aa. Predicted protein structures of dif-
ferent Tan1 alleles further visualized the effect of the frame shifts
in tan1-a and tan1-b, which led to disruption of the WD-40 protein
structure (SI Appendix, Fig. S3). Further analysis of the protein
sequences coded by tan1-a and tan1-b and seven independent
mutations in the Arabidopsis TTG1 gene revealed that the trun-
cation of the C-terminal region is the common feature of the
nonfunctional alleles in both species (SI Appendix, Fig. S4).

Gene Expression Analysis. We analyzed Tan1 expression in dif-
ferent tissues: mature leaf from a flowering plant, immature
panicle before heading, seed coat 15 d after pollination, and seed
coat 30 d after pollination. Tan1 was expressed in all these tis-
sues, but the expression levels increased during panicle and seed
coat development (SI Appendix, Fig. S5). In Arabidopsis, a WD40
repeat protein, together with an R2R3-MYB transcription factor
and a basic helix–loop–helix domain protein, form a complex
(TTG1-TT2-TT8) to regulate the late flavonoid pathway and PA-
specific pathway gene ANR (16). To determine whether sorghum
Tan1 has a similar function, we analyzed expression of nine sor-
ghum genes in ShanQuiRed and Tx430 (SI Appendix, Table S5).
Among these genes, SbLAR is specific for the PA pathway; the
other eight genes are either from the late anthocyanin pathway or
involved in pathway regulation and transportation. SbLAR and two
late anthocyanin pathway genes, SbCHI and SbANS, were not
expressed in tannin-absent Tx430. Two other genes, SbCHS and
SbDFR, were down-regulated in Tx430, and SbF3H was only
weakly expressed at the seed coat 1 stage in Tx430. This result
suggests that Tan1 may have a similar regulatory function in the
anthocyanin and PA pathways in sorghum seed coat.

Association Analysis Across Diverse Accessions. Because both tannin
and nontannin types are present naturally in cultivated sorghum,
we further expanded our examination to a population of 161
diverse sorghum accessions. This diverse panel represents major

cultivated races and important US breeding lines and their
progenitors (17) (SI Appendix, Table S6). Of the 161 sorghum
accessions, 84 are tannin types and 77 are nontannin types. The
frequency of the Tan 1 allele is 78%, and that of the tan1-a allele
is 20%. The tan1-b allele has a low frequency of 2%. Association
of all polymorphisms found in the Tan1 promoter and exon
regions with tannin presence revealed consistent signals (Fig. 4).
LD analysis further showed that many of the association signals
from the promoter regions were attributable to the LD between
these SNPs and the first two exonic polymorphisms (tan1-a),
which had the strongest association (P = 4.1 × 10−11). The as-
sociation signal at the third exonic mutation site (tan1-b) was not
significant because of its low frequency. When three haplotypes
were analyzed together, a significant association of Tan1 and
tannin phenotype was evident (P = 2.9 × 10−12). Notably, all 84
accessions exhibited the same sequence encoded by the Tan1
allele in ShanQuiRed, indicating a strong conservation. Because
nontannin sorghums must be homozygous recessive at one or
both of the two complementary genes (15), 35 nontannin inbreds
with tan1 (tan1_a or tan1_b) alleles have the tan1tan1_ _ genotype.
Likewise, the other 42 nontannin sorghum accessions with the
Tan1 allele are expected to be of the Tan1Tan1tan2tan2 geno-
type (SI Appendix, Table S6). Taken together, the complete
conservation of the Tan1 allele among tannin accessions, the
distribution pattern of the Tan1 and tan1 (tan1-a and tan1-b)
alleles among nontannin accession, and the strong gene-pheno-
type association provided further evidence that Tan1 controls
tannin development in sorghum grains.

Tan1 Transgenic Complementation Experiment. To validate that the
identified sequence polymorphisms between Tan1 and tan1 are
the causal sites, we introduced the ShanQuiRed Tan1ORF under
the control of the 35S promoter into the Arabidopsis ttg1-1mutant
in the Landsberg erecta (Ler) background (Fig. 5). Among avail-
able mutants, the ttg1-1 mutant is the best Arabidopsis mutant for
complementation experiments because it has a C-terminal trun-
cation of 25 aa residues, which is shorter than truncations in other
mutants (SI Appendix, Fig. S4). The ttg1-1 mutant exhibits four
characteristics: yellow seeds attributable to the absence of tannins
in seed coat, severe trichome differentiation, lack of anthocyanin
pigmentation, and seed coat mucilage (18). The transgenic Ara-
bidopsis containing the 35S-Tan1-ORF construct restored three of
the four phenotypes: brown seed color from tannins in the seed
coat, less trichome differentiation, and anthocyanin pigmentation
(Fig. 5). Because the sorghum Tan1 allele restored most of the
phenotypes in the ttg1-1 mutant and because protein sequence
changes in the tan1-a and tan1-b aremore severe than in the ttg1-1,
this complementation experiment further confirmed that the se-
quence polymorphisms among Tan1, tan1-a, and tan1-b are re-
sponsible for the tannin phenotype in sorghum grains.

Fig. 3. Nucleotide polymorphisms in the Tan1 gene coding region and their function prediction. (A) Three mutations and sequence chromatograms within
the Tan1 coding region. (B) Amino acid polymorphisms in the three alleles (Tan1, tan1-a, and tan1-b). Four WD40 repeat domains are indicated with boxes
and solid triangles.
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Phylogenetic Analysis of Tan1 Orthologs.Because the PA pathway is
present in many species, we further conducted phylogenetic
analysis of the sorghum Tan1 gene and its homologs at amino
acid sequence level. Clustering of the two clades, monocot and
eudicot, is evident, although SbiTAN1’s homologs are highly
conserved among all 23 plant species (SI Appendix, Fig. S6 and
Table S7). The more diverged N-terminal region from positions
1–150 occupies the outer layer of the protein scaffold (SI
Appendix, Fig. S7), which indicates that the function specificity of
the WD40 protein in coordinating multiprotein complex assem-
blies may have been acquired after the divergence of monocot
and eudicot from the ancestral copy. The more conserved WD40
repeat domains and the C-terminal region within each group (and
to a lesser degree between groups) occupy the inner layer of the
protein scaffold, agreeing with its critical role as the functional
domain. This is consistent with the loss of function caused by the
natural mutations in tan1-a and tan1-b alleles in sorghum, and the
induced mutation in ttg1-1 mutant in Arabidopsis. The C-terminal
region was affected in all three cases.

Nucleotide Diversity Analysis. To reveal the dynamics of tannin
presence and Tan1, we further obtained the full-length Tan1 ge-
nomic sequences across the 18 sorghum landraces; 86 cultivars (a
subset of the 161 accessions used in association mapping); and a set
of 18 diverse accessions within the genus Sorghum, including wild
(S. bicolor subsp. verticilliflorum), weedy (S. bicolor nothosubsp.
drummondii), and other sorghum relatives (e.g., Sorghum propinq-
uum, Sorghum halepense, and S. bicolor × S. halepense) (SI Appen-
dix, Tables S8–S10). One weedy accession and another accession
with an incomplete record were found to be nontannin (likely
attributable to introgression), and both have the tan1-a allele.
Although similar levels of genetic diversity were observed in

the Tan1 promoter regions across three groups, both nucleotide
diversity π and θw (an estimate of 4Neμ, where Ne is the effective
population size and μ is the mutation rate per nucleotide) for
sorghum landraces and for cultivars, but not for the wild group,
approached zero in the part of the Tan1 coding region that codes
the conserved WD40 repeat domains and the C-terminal region
(Fig. 6 and SI Appendix, Fig. S8 and Table S11). No such

differences were found in the neutral gene, Adh1. There are
essentially no other nucleotide polymorphisms within the
accessions examined in S. bicolor subsp. verticilliflorum, S. bicolor
nothosubsp. drummondii, and S. halepense, other than the pres-
ence of tan1-a in one weedy drummondii accession. Sequence
polymorphisms were present in other sorghum relatives. Across
the whole set of 18 accessions within the genus Sorghum, Taji-
ma’s D test was significant (P < 0.01) for the region that codes
the four WD40 repeat domains and the C-terminal region, in-
dicating the presence of rare mutations. This agreed with the
absence of nucleotide polymorphisms in this region, other than
what was in tan1-a and tan1-b, across the cultivars and sorghum
landraces, which is a much narrower set than the wild set.

Discussion
Tannins and Multiple Alleles of Tan1. Several factors make tannins
an important research subject: their antioxidant capacity and rel-
evant health benefits, their natural occurrence in a few cereal
crops, and their role in sorghum production. For example,
knowledge of tannins in biosynthesis pathways can be used to
generate lines that produce high-content tannins in sorghum and
other cereals to promote health through their antioxidant capacity
and to fight obesity through reduction of digestion. Although
many structural and regulatory genes have been identified in the
model species Arabidopsis through the mutational approach (1,
19), knowledge of the genetic control of tannins remains limited in
cereal crops (20). In the current study, the sequence variations in
Tan1 gene are proved to be responsible for the presence of tannins
in sorghum grains by combining meta-QTL analysis, association
analysis, and a functional complementation test.
The conservation of the Tan1 allele among all tannin sorghums

indicates a strong purifying selection without human intervention,
because natural selection for self-propagation of the wild pro-
genitors would have favored the tannin type. On the other hand,
artificial selection to reduce digestion-reducing compounds would
have favored the mutations that eliminate tannins in sorghum
grains for better nutrient intake. The low sequence diversity within

Fig. 4. Association mapping of nucleotide polymorphisms within the Tan1
gene and tannins across a diverse set of sorghum accessions. LD between the
causal sites in the coding region and other polymorphic sites in the promoter
region results in the association signals at these noncausal sites. The red dot is
the test with three haplotypes (Tan1, tan1-a, and tan1-b).

Fig. 5. Functional complementation of the Tan1 allele to an Arabidopsis
nontannin ttg1mutant. The 35S-Tan1-ORF construct was transformed into the
mutant (CS89) and restored the WT phenotypes: anthocyanin pigmentation
and tannin (indicated by seed color and bleach test). (Left) WT Ler is shown.
Red arrows indicate the anthocyanin pigmentation in the buds.
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the Tan1 coding region in sorghum cultivars and landraces, the
highly conserved WD40 repeat domain across species, and the
allelic spectrum (Tan1, tan1-a, and tan1-b) support the relevance
of Tan1 to natural and artificial selection.
In the current study, we identified two different naturally oc-

curring nonfunctional alleles, tan1-a and tan1-b, and quantified
their frequencies across a set of wild sorghums, landraces, and
cultivated accessions. Unlike other major cereals, including rice,
maize, and wheat, the nontannin type is not completely fixed in
cultivated sorghum even though it has a significantly higher
frequency in sorghum cultivars and landraces than in wild sor-
ghums. This is possibly attributable to the balance between arti-
ficial selection and natural selection. This balance may also explain
why a signature of selection by the Hudson-Kreitman-Agande
(HKA) test was not found in Tan1 but the reduction in sequence
diversity in the Tan1 coding region from wild relatives to landraces
and cultivars was evident. Previous analyses indicated that the
selection screen approach to detect domestication-related genes
may not be suitable for sorghum (11). It is well known that there is
a very high level of interfertility and intermixing of the crop–weed–
wild complex among domesticated sorghums, weedy types, and
their wild relatives (21), which may also have contributed to
this compromise.

Combining Multiple Approaches in Tan1 Identification. Our cloning
of the Tan1 gene revealed both opportunities and challenges to
identify genes underlying agronomic traits in major crops. Many
genes and their functional polymorphisms have been identified
in model plant Arabidopsis species and in model crops (22).
These findings provided an inventory of genes, functional nu-
cleotide polymorphisms, and genetic mechanisms that might be
involved in crop adaptation to different agricultural or natural
environments. Translating these findings into major crops and
traits with agronomic, evolutionary, and medical importance
requires further research. For example, previous research with
artificially induced mutants has identified several WD40 genes,
including petunia An11, Arabidopsis TTG1, maize PAC1, Medi-
cago trunculata MtWD40-1, and grape WDR1 and WDR2 (23),

but information about the number and frequency of different
alleles cannot be obtained because of the lack of either naturally
occurring tannin or nontannin types (18, 20). The presence of
tannin and nontannin types in sorghum and tannins’ role in feed
production and human health provided a translational opportu-
nity. Our cloning of Tan1 in sorghum benefited from the available
sorghum genome sequence, well-characterized pathways, and
mutant stocks and transformation methods in Arabidopsis. The
combination of these genomic resources with meta-QTL analysis
(24) and association mapping (25) allowed us to identify the Tan1
gene and the causal sequence polymorphisms efficiently.
On the other hand, we also demonstrated the potential chal-

lenge of allele frequency in gene cloning. Had we used a non-
tannin sorghum line containing the tan1_b allele (e.g., Tx623) in
the initial crosses, validating the gene cloning results with the
diversity-based association analysis might have been difficult.
Without a thorough haplotype analysis and function prediction,
the low-frequency tan1_b would have prevented us from detecting
a significant signal at the 10-bp insertion site. Furthermore, unlike
the induced-mutation dissection approach, the presence of multi-
ple alleles with different natural mutation sites should be consid-
ered in gene mapping in crops. Interestingly, in another gene
cloning study in sorghum, three different alleles of PRR37 were
identified to remove flower suppression on long days (26). The
identification of multiple naturally occurring alleles in both studies
demonstrates the wide genetic diversity in sorghum.
Recent studies have indicated that tannins from sorghum are

more bioavailable and beneficial to human health (e.g., because
of anticarcinogenic activity against human melanoma cells and as
anticaloric agents for obese individuals) than previously thought
(27, 28), although further research on the exact mechanisms is
needed. Sorghum bran is a low-cost, high-content source of an-
tioxidant and antiinflammatory compounds that fight chronic
diseases, such as inflammation and high oxidative stress (29). In
an ongoing study, we are attempting to identity the gene on
chromosome 2 and to exploit the natural genetic variation po-
tential of tannin content further. These results can facilitate fu-
ture genetic research and breeding efforts to combine tannin
compounds and agronomic properties in unique sorghum lines
for potential nutraceutical applications.

Materials and Methods
QTL Mapping Populations. ShanQuiRed originated in the low-temperature
and high-latitude regions of China and produces seeds with tannins. SC1345
and SC1103 were from the sorghum conversion program, and both have
tannins in the grain. Tx430 was an adapted sorghum inbred line in the United
States without tannins. The RIL populations were obtained by single-seed
descent: Tx430/ShanQuiRed with 109 lines, Tx430/SC1345 with 212 RILs, and
Tx430/SC1103 with 192 RILs. The presence of tannins in sorghum grains was
performed using the standard bleach test. The seeds of three populations
were obtained from Manhattan, KS, in 2004, 2008, and 2009. All bleach tests
were repeated three times.

Leaf tissue was collected at the three-leaf stage, dried in a freeze-drier
(ThermoSavant) for 3 d, andground tofinepowder in aMixerMill (RetschGmbH)
for 5minat 27 timesper secondwith theaidof a3.2-mmmetal bead in each tube.
DNAwas extracted using amodified cetyltrimethylammonium bromide (CTAB)
method. Initial QTL mapping with the Tx430/ShanQuiRed was conducted
with mostly amplified fragment length polymorphism markers (30). For
SSR genotyping, amplified PCR fragments were separated in the ABI Prism
3730 DNA sequencer (Applied Biosystems). SSR data were analyzed using
GeneMarker software, version 1.5 (SoftGenetics LLC).

The genetic linkage map was constructed with JoinMap (31). For chro-
mosome 2, the numbers of polymorphic SSR markers were 14 (Tx430/Shan-
QuiRed), 7 (Tx430/SC1345), and 10 (Tx430/SC1103); for chromosome 4, the
numbers of polymorphic SSR markers were 16 (Tx430/ShanQuiRed), 10
(Tx430/SC1345), and 9 (Tx430/SC1103) (SI Appendix, Table S12). The CIM
method in Windows QTL Cartographer (http://statgen.ncsu.edu/qtlcart/
WQTLCart.htm) was used for QTL mapping in each population. With results
from CIM, multiple interval mapping was used to estimate the additive and
epistatic effects.

Fig. 6. Sliding-window analysis of sequence diversity at the Tan1 locus in
wild sorghums, landraces, and cultivars. The full-length Tan1 genome se-
quence was obtained for this analysis. Nucleotide diversity (π) values ap-
proach zero in the Tan1 coding region in landraces (18 accessions) and
cultivars (87 accessions) but remain at 0.007 in the set (18 accessions) of wild,
weedy sorghums and sorghum relatives.
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Meta-QTL Analysis. Consensus mapping was built with JoinMap using a fixed
order of SSR markers according to their positions on the genome sequence.
MetaQTL (32) was then used to conduct meta-QTL analysis. Command
QTLproj was used to project the QTL position and confidence interval esti-
mated for the individual mapping population onto the consensus map.
Command QTLclust was used to fit the observed QTLs into the Gaussian
mixture model (33) to identify the final consensus QTLs, Qsct-2 and Qsct-4.

Association Mapping and Nucleotide Diversity. For association mapping, we
sequenced the Tan1 gene across 161 diverse sorghum accessions. Multiple se-
quence alignment was conducted with ClustalX 2.0 (http://www.clustal.org/
clustal2). Association of the SNPs and the tannin was conductedwith the χ2 test.

For nucleotide diversity analysis, we obtained the full-length Tan1 genomic
sequence across a set of 18 accessions, including wild, weedy sorghum and
sorghum relatives. The full-length Tan1 genomic sequence was also obtained
across 86 sorghum cultivars (a subset of the 161 accessions was used in
association analysis) and 18 sorghum landraces. Sliding-window analysis of
π and θw was conducted using a 400-bp window with a 50-bp step.

Phylogenetic Analysis. The WD40 repeat gene family is known to be involved
in diverse functions in plants. Accordingly, only the orthologs in other plants
with the highest similarity score to SbiTAN1 were examined in our phylo-
genetic analysis. The neighbor-joining tree was built on the basis of aligned
protein sequences by ClustalX 2.0.

RNA Extraction and Gene Expression Analysis. Total RNA from various organs
was extracted by the RNeasy PlantMini Kit (Qiagen), and 2 μgof RNAwas used
to synthesize first-strand cDNA by SuperScript II RT (Invitrogen) in a 20-μL re-
action mixture. Two microliters of the RT reaction was used as a template in
a 25-μL PCR solution. The sorghumActingenewas used as the control. The PCR
primers for Tan1 are as follows: Sbct3 (5′-CACCAAGCTCCAGTTCAACC-3′) and
Sbct4 (5′-GCCATATAGCGGAGGTCAGA-3′) (SI Appendix, Table S6).

Complementation Experiment. A 1.1-kb cDNA fragment of the Tan1 coding
region from ShanQuiRed was amplified by the PCR method using specific
primers Sbct5 (5′-CCCGATTTCTCCACCCCATGGACCTACC-3′) and Sbct6 (5′-CA-
CCATGGTACCAACCTTGTCAGACCCT-3′). The resulting fragment was cloned
intobinary expression vector PBI121 by replacing theGUSgeneusingXbaI and
SacI sites. The resulting overexpressing vector PBI121-Tan1 contained the 1.1-
kb Tan1 gene, driven by a constitutive 35S cauliflowermosaic virus (CaMV35S)
promoter. After confirmation with sequencing, the construct was introduced
into Agrobacterium tumeficience LBA4404. The Arabidopsis ttg1-1 mutant
plants were transformed with LBA4404-harboring PBI121-Tan1 vector using
the floral dip procedure (34). The ttg1-1 stock (CS89) was obtained from the
Arabidopsis Biological Resource Center. Arabidopsis plants were grown in
a growth chamber with a light/dark cycle comprising 16 h of 120 μE·m−2·s−1

light and 8 h of dark with fluorescent lighting and at 22 °C. To determine the
effect of Tan1 on anthocyanin pigmentation, 5-wk-old seedings of the Ler,
CS89, and transgenic line were subjected to cold stress at 12 °C for 2 wk. The
anthocyanin pigmentation of the flower buds was screened after returning
the seedlings to 22 °C. In addition to the bleach test results (Fig. 5), we further
confirmed the tannin phenotype restoration with the vanillin-HCl test, which
quantifies the tannin content in Ler, CS89, the transgenic line, and Columbia
(Col) (SI Appendix, Table S13).
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