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ABSTRACT

Bird predation during seed maturation causes great loss to agricultural production. In this study, through

GWAS analysis of a large-scale sorghum germplasm diversity panel, we identified that Tannin1, which en-

codes a WD40 protein functioning in the WD40/MYB/bHLH complex, controls bird feeding behavior in

sorghum.Metabolic profiling analysis showed that a groupof sorghumaccessions preferredby birds contain

mutated tan1-a/b alleles and accumulate significantly lower levels of anthocyanins and condensed tannin

compounds. In contrast, a variety of aromatic and fatty acid-derived volatiles accumulate at significantly

higher levels in these bird-preference accessions. We subsequently conducted both sparrow feeding and

sparrow volatile attractant assays, which confirmed, respectively, the antifeedant and attractant functions

of thesedifferentiallyaccumulatedmetabolites. Inaddition, theconnectionbetweenthebiosynthesispathway

of anthocyanin and proanthocyanidin and the pathwayof fatty acid–derived volatile biosynthesiswas demon-

stratedbydiscovering thatTannin1complexmodulates fatty acidbiosynthesisby regulating theexpressionof

SbGL2 in sorghum, thus affecting the accumulation of fatty acid-derived volatiles. Taken together, our study

identified Tannin1 as the gene underlying themajor locus controlling bird feeding behavior in sorghum, illus-

trating an example of the identification of an ecologically impactfulmolecularmechanism fromfield observa-

tion and providing significant insights into the chemistry of bird–plant ecological interactions.
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INTRODUCTION

Damage by birds is one of the most severe biotic constraints on

crop production worldwide (Coleman and Spurr, 2001; De Mey

et al., 2012; Anderson et al., 2013). In cereal crops, birds cause

damage by provoking lodging, pecking seeds, and sucking the

juice of immature seeds, preventing full development of many

grains and frequently encouraging mildews and other plant

diseases around panicles (Tipton et al., 1970). Some of
Mole
the cereal crops most vulnerable to bird damage include wheat,

barley, rice, sorghum, and millet (Dolbeer et al., 1986).

Sorghum (Sorghum bicolor ([L.]) moench) is a major global

cereal crop that is a steady source of calories for more than
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500 million people worldwide and is also an important source

of forage and biofuel. Sorghum is particularly important in diffi-

cult environments because of its strong ability to resist multiple

abiotic stresses (Gilbert, 2009; Xie and Xu, 2019). Bird species

known to consume sorghum include sparrow (Passer

domesticus), parrot, pigeon (Columba livia), and Quelea

quelea, among others (De Melo and Cheschini, 2012), and

yield losses in sorghum caused by birds have been reported

to reach as high as 52% (Kale et al., 2014). Moreover, there

are few efficient control measures to protect field-grown crops

from bird predation: bagging panicles and/or building anti-bird

nets can require immense manpower and material investment.

It was reported that birds exhibit sorghum germplasm-depen-

dent taste preferences, and it has been proposed

that bird preferences for sorghum are correlated with pheno-

types such as compact panicle shape, the extent of glume

coverage, seed coat color, and tannin content (Perumal and

Subramaniam, 1973). However, the molecular and/or

chemical basis underlying bird feeding behavior remains

unknown.

Tannins, a general term for a class of polyphenolic com-

pounds, are very common in the plant kingdom (Hillis,

1958). The condensed tannins, also widely known as

proanthocyanidins (PAs), are polymeric derivatives of flavan-

3-ols (Dixon et al., 2005). The anthocyanin content in

sunflower is known to be associated with resistance to bird

depredation (Mason et al., 1989), while tannic acid (known as

one of the hydrolyzable tannins) and PAs have astringent

properties and act as deterrents that reduce food digestibility

by binding dietary proteins and digestive enzymes (da Costa

et al., 2008; Espinosa Gomez et al., 2018). Anthocyanin and

PAs are derived from a branch of the flavonoid pathway,

which is well documented in Arabidopsis (Stracke et al.,

2007, 2009). The first rate-limiting step, from which chalcone

is produced, is controlled by CHS (chalcone synthase)

(Ferrer et al., 1999; Austin and Noel, 2003; Grotewold, 2006),

after which DFR (dihydroflavonol 4-reductase) catalyzes

another critical step in the biosynthesis of anthocyanin

and PA, resulting in the formation of the related

compound leucoanthocyanidin. Subsequently, anthocyanidin

is directly biosynthesized from leucoanthocyanidin by

ANS (anthocyanidin synthase) (Grotewold, 2006).

Leucoanthocyanidin and anthocyanidin are directly converted

into flavan-3-ols including catechin and epicatechin by LAR

(leucoanthocyanidin reductase) and ANR (anthocyanidin

reductase), respectively. Flavan-3-ols can subsequently poly-

merize into proanthocyanidin via an as yet unsolved mecha-

nism (Xie and Dixon, 2005). Using genetic linkage mapping,

Wu et al. (2012) cloned the Tannin1 (Tan1) gene, a

homolog of Arabidopsis TTG1 that encodes a WD40 repeat

protein functioning in the WD40-MYB-bHLH complex and

controls the synthesis of anthocyanin and PA, and found that

Tannin1 may have a regulatory function similar to that of Ara-

bidopsis TTG1.

It is well known that fatty acid (FA) biosynthesis is involved in the

development of major seed-storage compounds in plants (Baud

et al., 2002). Acetyl-coenzyme A (CoA), which is derived from

glycolysis, can be further converted into malonyl-CoA. Both

acetyl-CoA and malonyl-CoA are common building blocks for
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FA biosynthesis in the embryo, while malonyl-CoA also functions

as a major precursor for flavonoid biosynthesis (Lepiniec et al.,

2006). A large amount of plant short-chain volatile organic

compounds (VOCs) originate from C18 unsaturated FAs (linoleic

acid or linolenic acid) via branches of the lipoxygenase (LOX)

pathway (Feussner and Wasternack, 2002; Dudareva et al.,

2013). Among them, C6 and C9 aldehydes are mainly produced

from hydroperoxide FA derivatives in reactions catalyzed by

hydroperoxide lyase. Short-chain aldehydes commonly are

converted to alcohols by alcohol dehydrogenases (Gigot et al.,

2010). Most short-chain aldehydes and alcohols naturally carry

their own characteristic ‘‘fresh green’’ aroma in plants, and are

produced as a strategy for either pollinator attraction or plant

defense (Raguso, 2008; Unsicker et al., 2009; Huang et al., 2012).

There are few control measures to combat damage by birds,

and crops such as sorghum and millet, which are grown in

marginal agroecosystems, are known to be particularly vulner-

able to yield loss from bird predation. In this study, we identi-

fied a single major locus, Tannin1, which controls both poly-

phenols and bird-attractant volatiles in sorghum

simultaneously. Metabolic and gene expression analyses re-

vealed that the Tannin1 complex potentially regulates the

expression of SbGL2 and thus controls FA-derived

volatile accumulation by affecting the FA biogenesis pathway.

Our study provides new insights about the chemistry of bird–

plant ecological interactions and suggests multiple strategies

for developing new control measures to prevent the cata-

strophic yield losses caused by birds each year.
RESULTS

Identification of the Tannin1 Locus Linked to Bird
Feeding Behavior by GWAS Analysis

In the course of large-scale germplasm diversity panel studies,

we made the serendipitous observation of apparently extreme

differences in the preferences of birds for consuming particular

germplasm accessions (Figure 1A). Specifically, we analyzed

two large germplasm diversity panels—one comprising 352 US

Sorghum Association Panel (SAP) lines (Casa et al., 2008;

Morris et al., 2013) and the other comprising 219 sweet

sorghum lines (Burks et al., 2015), which were grown for two

consecutive years at three Chinese sites in field experiments

with no control measures to prevent bird feeding—and

observed major and apparently binary differences in bird

preferences for particular accessions. We phenotyped each of

the accessions as being either a ‘‘bird-avoidance’’ or ‘‘bird-

preference’’ accession, which revealed that 42.4% of the SAP

population and 53.8% of the sweet sorghum population were

‘‘bird-avoidance’’ accessions (Supplemental Data 1).

Using these phenotypic data, as well as a single-nucleotide

polymorphism (SNP) dataset generated for each of the acces-

sions in the diversity panels, we conducted genome-wide

association studies (GWAS; mixed linear model [MLM])

seeking to identify loci putatively associated with bird

feeding behavior. A single major locus that apparently contrib-

utes to bird feeding behavior was detected in both of the pop-

ulations. The most significant SNP, S4_61667908 (P =

3.41e�08), was located in the sole exon of the Tannin1 gene
.



Figure 1. Bird Preferences in the Open Field, and GWASAnalysis of Bird Feeding Behavior and Condensed Tannin Content in Natural
Sorghum Populations.
(A) Representative lines from the SAP population illustrating the extent of bird feeding under no protection in the field. Left shows a bird-preference

sorghum line and right shows a bird-avoidance sorghum line. Scale bar, 1 cm.

(B–D) Genome-wide Manhattan plots of bird feeding behavior in the natural populations. (B) Bird feeding behavior in the SAP sorghum population. (C)

Bird feeding behavior in the sweet sorghum population. (D) Condensed tannin content in the SAP population. Arrows indicate the SNPs most strongly

associated with bird feeding behavior and condensed tannin content. The gray dashed line indicates a region associated with both bird feeding behavior

and tannin content.

(E) Natural variantions of Tannin1 detected in sorghum germplasms.
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on chromosome 4 in the SAP population (Figure 1B and

Supplemental Table 1), while the SNP most strongly

associated with bird feeding behavior in the sweet sorghum

population was W_4_58856219 (P = 4.02e�07), which is

located very close to Tannin1 (Figure 1C and Supplemental

Table 1). Also, the major locus Tannin1 was detected by

GWAS of condensed tannin content in the SAP population

(Figure 1D and Supplemental Table 1). The overlap between

the genomic regions associated with bird feeding behavior

and tannin content indicates a definite connection between

these traits in sorghum (Figure 1B–1D). Tannin1 is a

homolog of Arabidopsis TTG1 and encodes a WD40 repeat

protein that is assumed to affect the stability of basic helix-

loop-helix (bHLH) and MYB transcriptional factors that

control the biosynthesis of anthocyanins and PAs in sorghum

(Wu et al., 2012). Wild-type Tannin1 and two mutated alleles,

tan1-a/b, were found in the SAP population (Figure 1E

and Supplemental Data 1). In addition, we observed no

significant differences when we performed a binary logistic

regression analysis of the bird-avoidance/bird-preference

data versus panicle shape, glume coverage, the presence/

absence of awns, or seed coat color. These results correct
Mole
the previously reported findings (Perumal and Subramaniam,

1973) (Supplemental Figure 1).
Metabolites of the Anthocyanin and PA Biosynthesis
Pathway Are Responsible for Bird Avoidance

Previous work has demonstrated that Tannin1 regulates the

expression of anthocyanin and PA biosynthesis genes including

DFR, LDOX, and ANR (Grotewold, 2006; Wu et al., 2012);

therefore, we used liquid chromatography–mass spectrometry

(LC–MS)-based targeted metabolic profiling analysis to examine

whether metabolites of this pathway may contribute to the

observed bird feeding behavior. Specifically, we measured 15

metabolites from the anthocyanin and PA biosynthesis pathway

in filling-stage seeds that were harvested from six bird-avoidance

(Tan1) and 12 bird-preference sorghum accessions (tan1-a/b)

(Supplemental Table 2). We found that the bird-preference acces-

sions had significantly reduced accumulation of pathway metabo-

lites, including quercetin, rutin, and kaempferol, involved in flavo-

noid synthesis; and leucocyanidin, catechin/epicatechin,

anthocyanin (peonidin, petunidin, and malvidin), and PA involved

in anthocyanin and PA biosynthesis (Figure 2A, Supplemental
cular Plant 12, 1315–1324, October 2019 ª The Author 2019. 1317



Figure 2. Identification of Metabolites for Anthocyanin and PA Biosynthesis Pathways and Sparrow Feeding Experiments.
(A) Fifteen metabolites of the anthocyanin and PA biosynthesis pathways were examined in the six bird-avoidance sorghum accessions and 12 bird-

preference sorghum accessions; note that different forms of some metabolites were also detected. For comparison of the relative amounts of metab-

olites from bird-avoidance and bird-preference sorghum samples, the mean values of each metabolite, calculated from six bird-avoidance accessions,

were set as 1.0. Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001.

(B and C) Inferential statistical evaluation of the weight of remaining seeds upon treatment with different secondary metabolites. Student’s t-test:

*P < 0.05, **P < 0.01, ***P < 0.001.

(D and E) Sparrow feeding experiments were performed with seeds treated using various concentrations (high versus low, see concentrations

in Supplemental Table 3) of malvidin and PA. Upper and lower panels show seed amount before and after these feeding assay experiments. Scale bars,

10 cm.
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Figure 2A, andSupplemental Data 2). AnMBWcomplex consisting

of TT2 (MYB), TT8 (bHLH), and TTG1, a WD-repeat (WDR) protein,

isnecessary forPAbiosynthesis inArabidopsis (Baudryet al., 2004;

Gonzalez et al., 2008). This suggests that genetic polymorphism(s)

at the Tannin1 (ortholog of TTG1) locus of the bird-preference ac-

cessions may downregulate anthocyanin and PA biosynthesis

pathway by decreasing transcriptional regulation of the MBW

complex.

It is known that tannins can reach levels of more than 5% in sor-

ghum seeds,most of which is stored in the seed coat (Mehansho

et al., 1983). We therefore dissected caryopses and quantified

the PA content as a percentage of the total weight of the seed

coat material. Simple ammonium ferric citrate-staining-based

analysis showed that the condensed tannin content of seed

coats was more than 4-fold greater than that of whole seeds
1318 Molecular Plant 12, 1315–1324, October 2019 ª The Author 2019
(Supplemental Figure 2B). Next, we conducted a series of

standard feeding experiments whereby sparrows were offered

seeds of the BTx623 accession (a bird-preference accession)

that were untreated or had been soaked in aqueous solutions

of quercetin, kaempferol, catechin, malvidin, or PA. Whereas

we observed no significant difference in the amount of seeds

eaten for the quercetin, kaempferol, and catechin samples

(Supplemental Figure 3), treatment with malvidin or PA

(condensed tannins) significantly reduced the amount of seeds

eaten by sparrows (Figure 2B–2E; Supplemental Videos 1 and

2). In addition, we found that treatment with tannic acid (a

hydrolyzable tannin compound) also significantly reduced the

preference of the sparrows for the seed (Supplemental

Figure 4 and Supplemental Video 3). Moreover, we noted that

the extent of the reduction increased with increasing

concentration of these compounds (Figure 2B–2E and
.



Figure 3. Identification of Volatile Compo-
nents Related to Bird Feeding and Sparrow
Behavioral Assays.
(A) Twenty-three different kinds of volatiles were

measured in six bird-avoidance and 12 bird-

preference sorghum accessions, the same as

used for anthocyanin and PA metabolic analysis.

For comparison of the relative VOC content from

bird-avoidance and bird-preference sorghum

samples, the mean values of each VOC, calcu-

lated from six bird-avoidance accessions, were

set as 1.0. Student’s t-test: *P < 0.05, **P < 0.01,

***P < 0.001.

(B and C) Average residence time for a bird per

minute was evaluated using birds placed in

experimental cages with seeds treated with

1-octen-3-ol or hexanal (or ethanol control). Stu-

dent’s t-test: *P < 0.05, ***P < 0.001.

(D) Comparison of linolenic acid measurements

between Tan1 and tan1-a/b accessions. For

comparison of the relative linolenic acid content

from bird-avoidance and bird-preference sor-

ghum samples, the mean value calculated from

bird-avoidance accessions was set as 1.0. Stu-

dent’s t-test: *P < 0.05.
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Supplemental Figure 4). Given that these three compounds are

polyphenols and that the flavonoid monomers tested

apparently had no effect, we conclude that condensed and

hydrolyzable tannins are at least partially responsible for the

observed differences in bird feeding behavior.
Bird-Preference Sorghum Accessions
Accumulate VOCs to Attract Bird Predation

It is known that some plant secondary metabolic products such as

VOCs facilitate the attraction of pollinators and seed dispersers

(Knudsen et al., 2004, 2006). On the other hand, plants can also

divert substantial resources to the production of aposematic

volatiles, which are also produced by aggregating animals, to

advertise their toxicity to their predators (Gittleman and Harvey,

1980; Ruxton and Sherratt, 2006; Barlow et al., 2017; Wei et al.,

2019). To explore whether the volatile components are related to

bird attraction in sorghum, we next used gas chromatography

(GC)–MS to measure short-chain volatiles in filling-stage seeds.

Nine of the 23 detected VOCs were present at significantly

higher levels in the bird-preference accessions than in the bird-

avoidance accessions, with the increase in some FA-derived vola-

tiles reaching as high as 30-fold (Figure 3A and Supplemental Data

3). This finding led us to speculate that the substantially increased

volatile content of the bird-preference sorghum accessions may

function as an attractant semiochemical for birds.

To test our hypothesis that these volatiles are bird-

attractant compounds, we conducted sparrow-attracting exper-
Molecular Plant 12, 1315–
iments using two volatiles that exhibited

statistically significant differences in

accumulation between the bird-avoidance

and bird-preference sorghum accession

samples: 1-octen-3-ol and hexanal.

Because the physiological concentration of
1-octen-3-ol was found to range from �0.002 to �1 mg/g fresh

weight (FW) while that of hexanal ranged from �0.01 to �5 mg/

g FW in the seeds of soybean, barley, and wheat (Cramer et al.,

2005; Matsui et al., 2018), we soaked the filling seeds in

sorghum panicles with 1 mg/g 1-octen-3-ol or 5 mg/g hexanal

to perform bird feeding experiments. Values from these tests

were scored as the average residence time of a bird for the

control versus volatile treatments, and we found that the pres-

ence of both 1-octen-3-ol and hexanal in sorghum seeds caused

a significant increase in the duration of sparrow residence

(Figure 3B and 3C; Supplemental Videos 4 and 5). Thus,

compared with the bird-avoidance accessions, bird-preference

sorghum accessions produce increased levels of volatiles

that specifically attract birds to approach, thereby at least

partially explaining the observed behavioral differences from

our large-scale field-based germplasm diversity quantitative

genetics studies.
Loss of Tannin1 Function Enhances Fatty Acid-Derived
Volatile Production through Downregulation of SbGL2
Expression

Previous metabolic flux analysis in Arabidopsis revealed that loss

of function of TTG1, TT2, or TT8 could lead to accumulation of

long-chain FAs in the embryo by indirectly inhibiting the genes

involved in FA biosynthesis (Chen et al., 2014, 2015; Wang

et al., 2014) (Supplemental Figure 5). We subsequently

measured the amount of long-chain linolenic acid in filling seeds

of different sorghum accessions. Strikingly, higher accumulation
1324, October 2019 ª The Author 2019. 1319



Figure 4. Analysis of Gene Expression in PA
and VOC Biogenesis Pathways.
(A–E) Relative expression of genes involved in the

fatty acid (FA)-derived volatile pathways in

randomly selected (three accessions each) Tan1,

tan1-a, and tan1-b accessions at the seed-filling

stage. (A) SbGL2 is involved in regulation of the

FA pathway. (B) SbMOD1.1. (C) SbCDS2.1. (D)

SbFAD3.2 are involved in synthesis of FAs. (E)

SbLOX3 is involved in decomposition of FAs.

Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001.

(F–J) Relative expression of genes involved in the

anthocyanin and PA biosynthesis pathways in the

same Tan1, tan1-a, and tan1-b accessions at

the seed-filling stage. (F) SbCHS and (G) SbF3H

are involved in synthesis of flavonoids. (H) SbDFR,

(I)SbANS (J), andSbLAR are involved in synthesis

of anthocyanins and specific PAs. Student’s

t-test: *P < 0.05, **P < 0.01, ***P < 0.001.
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of linolenic acid was observed in three bird-preference (tan1-a/b)

accessions than in three bird-avoidance (Tan1) accessions

(Figure 3D). Decomposition of FAs in various FA-derived volatile

components via the LOX pathway is also well known in plants

(Dudareva et al., 2013) (Supplemental Figure 5). This result

demonstrates that Tannin1 indeed negatively controls FA levels

and then leads to the reduction of the downstream FA-derived

volatiles in sorghum.

In Arabidopsis, studies have shown that phosphorylated

TTG1 can promote the accumulation of FAs by down-

regulatingGL2, which encodes a homeodomain transcription fac-
1320 Molecular Plant 12, 1315–1324, October 2019 ª The Author 2019.
tor that functions as a key negative regulator

of FA biosynthesis in Arabidopsis (Shi et al.,

2012; Li et al., 2018). To further investigate

how Tannin1 regulates FA-derived volatile

accumulation in bird-preference sorghum

accessions, we examined the expression of

SbGL2, the only homolog of Arabidopsis

GL2in sorghum, and found that it was signif-

icantly less expressed in tan1-a/b acces-

sions (Figure 4A). Moreover, a potential

MYB binding element, ‘‘ACCAAAC,’’ was

found in the promoter region of the

SbGL2 gene. This indicates that the MBW

complex might directly regulate the

expression of SbGL2. To analyze whether

the expression of FA metabolic pathway

genes is altered in tan1 accessions, we

compared the FA metabolic pathway gene

expression in Tan1, tan1-a, and tan1-b ac-

cessions (three accessions per genotype)

(Supplemental Table 2). We observed

significantly upregulated expression of

genes in the FA biosynthesis pathway,

including SbMOD1.1 (enoyl-[acyl-carrier-

protein] reductase [NADH]), SbCDS2.1

(cytidine diphosphate diacylglycerol

synthase 2), and SbFAD3.2 (fatty acid

desaturase 3), in the tan1-a/b accessions

as compared with the Tan1 accessions
(Figure 4B–4D). SbLOX3, which is involved in FA decomposition,

was also significantly upregulated in the tan1-a/b accessions

(Figure 4E).

We also measured the relative expression levels of several key

genes involved in the biosynthesis of anthocyanins and PAs.

Expression of SbCHS and SbF3H, which are involved in

flavonoid synthesis, SbDFR and SbANS, which are involved in

anthocyanin synthesis, and SbLAR, which is involved in PA syn-

thesis, were significantly downregulated in tan1-a/b sorghum ac-

cessions, consistent with previous reports (Wu et al., 2012)

(Figure 4F–4J). These results suggest a possibility that genetic



Figure 5. A Working Model for the Ecological Impact of the
Tannin1 Locus.
A proposed working model for bird avoidance and bird preference

associatedwith Tannin1. The intactWD40/MYB/bHLH complex promotes

anthocyanin and PA accumulation in sorghum seeds to prevent bird at-

tacks. Mutations in the WD40 protein Tannin1 lead to low amounts of

anthocyanins and PAs but high levels of volatile organic compounds

(VOCs) to attract feeding birds.
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polymorphisms at a single locus, Tannin1, may have extensive

metabolic regulatory impacts on multiple anabolic and

catabolic pathways of plant phenylpropanoid and

FA metabolism, which ultimately determine whether a given

sorghum accession will be deemed an attractive food source

by birds.

DISCUSSION

In this study, we identified Tannin1 underlying a major locus con-

trols bird feeding behavior in sorghum. Tannin1 encodes a WD40

protein functioning in theWD40/MYB/bHLH complex. Our obser-

vations about the increased accumulation of FA-derived volatiles

in multiple tan1 accessions are consistent with our observations

from the same accessions regarding the decrease of metabolites

from the anthocyanin and PA biosynthesis pathways: the acces-

sions with high volatile content have low accumulation of antho-

cyanin and PA biosynthesis pathway metabolites, and vice versa

(Figure 5). Thus, beyond accumulating volatiles that function as

semiochemicals that attract feeding by birds, the bird-
Mole
preference accessions also have the ostensibly feeding-

promoting feature of decreased condensed tannin content,

which may reduce astringency in the oral cavity of birds and

thereby improve the perceived taste and/or digestibility of seeds

from these accessions.

High-tannin sorghum may gradually lose its competitiveness

when compared with non-tannin sorghum for feeding by mam-

mals, such as monkeys and rats, due to the presence of indigest-

ible chemical compounds (Mehansho et al., 1983; Shimada,

2006; Espinosa Gomez et al., 2018). In this study, we showed

experimentally that sparrow feeding behavior was also affected

by increased levels of anthocyanins and condensed tannin

compounds in sorghum grains. It is known that plants and

animals emit VOCs to attract stakeholders to pursue mutual

benefit or protect themselves from predators. We also found

that FA-derived volatiles could attract sparrows to seek and

stay. Instances of massive numbers of harmful birds being

guided from elsewhere in the field to fly toward, feed on, and

destroy filling and mature crop seeds may be explained by this

strong attraction to aromatic volatiles. Although we have

demonstrated the role of gene expression in the control of

FA-derived volatiles by Tannin1 complex, all intermediates and

enzyme activities involved in the biogenesis pathway require

further investigations in the future.

The particular effect of sorghum Tannin1 on the transcriptional reg-

ulatory function of bHLH and MYB transcriptional factors, as well

as characterization of how this WD40 protein finely regulates the

expression of downstream genes, awaits confirmatory studies.

Nevertheless, our discovery that Tannin1 has an enormous impact

on the feeding preferences of birds would guidemolecularmarker-

assisted selection efforts in crop improvement programs seeking

to limit or prevent bird damage to agricultural production systems.

Moreover, our insights about which compounds attract birds and

which compounds are distasteful to birds suggest a variety of

novel control measures that could be undertaken to prevent yield

losses, for example, by chemically or genetically blocking the ac-

tivities of enzymes in attractant volatile biosynthesis and/or pro-

gramming of condensed tannin content.
METHODS

Materials

A diverse sorghum panel consisting of 571 accessions was collected. The

sorghum natural population comprising 352 lines was derived from the

SAP, which has been previously reported (Morris et al., 2013). The

sweet sorghum natural population comprising 219 lines was collected

from the United States Department of Agriculture (USDA). All seeds

were ordered from the USDA Agricultural Research Service.

Phenotype Evaluation

The diverse sorghum panels were planted under a complete randomized

block design in three different areas of China (Beijing [39.5�N, 116.4�E],
Sanya [18.3�N, 108.8�E], and Yinchuan [38.5�N, 106.3�E] of Ningxia prov-

ince), with duplicates per site in years 2016 and 2017. Each line was

planted in a single 4-m-long plot with 1-m row spacing. A reference line,

BTx623, which was used as a host plant to attract bird predation, was

randomly planted every 20 lines. The morphological trait panicle shape

was scored as three levels: 0 (Disperse type), 1 (Medium type), and 2 (Tight

type). Glume coverage was scored as six levels: 0 (Very low glume

coverage), 1 (Low glume coverage), 2 (Moderate glume coverage), 3
cular Plant 12, 1315–1324, October 2019 ª The Author 2019. 1321
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(High glume coverage), 4 (Very high glume coverage), and 5 (All envel-

oped). Awn was scored as a qualitative trait: 0 (Awn) and 1 (Awnless).

Seed coat color was evaluated at the mature stage and scored as five

levels: 0 (White), 1 (Wax), 2 (Yellow), 3 (Yellowish-brown), and 4 (Red-

dish-brown). For evaluation of bird avoidance, we scored the bird- avoid-

ance trait as ‘‘0’’ (bird-avoidance) and ‘‘1’’ (bird-preference) due to a

certain appearance of quality character. Phenotype data that were re-

corded in at least 8 out of 12 repeats were included in subsequent anal-

ysis, and otherwise were evaluated as missing data.

Statistical Contribution and Significance Tests

Panicle shape, awn, and seed coat color were scored as unordered vari-

ables, glume coverage was scored as an ordered variable, and the

condensed tannin content was scored as a continuous variable. The sta-

tistical contribution of the five bird avoidance-related traits was calculated

by binary logistic regression analysis. Statistical analysis was performed

using IBM SPSS statistics for Windows, version 19.0 (SPSS, Chicago,

IL, USA). Other statistical significance tests were calculated using a gen-

eral Student’s t-test.

Genome-wide Association Analysis

The annotation information for the sorghum reference genome BTx623

was downloaded from the Phytozome website (https://phytozome.jgi.

doe.gov). The genotyping by sequencing (GBS) SNP markers for the

SAP population were obtained from a community resource as previously

described (Morris et al., 2013), and are publicly available at http://www.

morrislab.org/data. The GBS SNP markers for the sweet sorghum

natural population were obtained from a previous sweet sorghum

association study (Burks et al., 2015). Heterozygous SNP loci were

changed to unknown. SNPs with more than 20% missing data and

minor allele frequencies below 0.05 were removed. In total, 82 430 SNP

markers for the SAP population and 41 997 SNP markers for the sweet

sorghum population were used for GWAS analysis. The compressed

MLM was used to perform GWAS analysis by means of the Genome

Association and Prediction Integrated Tool (GAPIT) (Lipka et al., 2012).

Kinship (K) was calculated using the default VanRaden method in GAPIT

(VanRaden, 2008). The significant P-value threshold was determined by

Bonferroni correction (Sedgwick, 2012).

Metabolic Analysis of Anthocyanin, PA Biosynthesis, and
Volatiles

Eighteen accessions were grown in the field as two randomized repli-

cates. We selected three panicles 15 days after the start of the filling stage

for each accession and mixed all samples for grinding in liquid nitrogen.

Samples were used for comprehensive metabolic profiling analysis.

For metabolic profiling analysis of 15 metabolites in the PA pathway, the

sample was prepared with sonication by adding 2ml of 80%methanol so-

lution (containing lidocaine as an internal standard, 0.08 mM), and the

resulting extract was separated on a ZORBAX Extend C18 column

(100 mm 3 2.1 mm internal diameter, 1.8 mm; Agilent, USA). The column

temperature was maintained at 35�C and the autosampler was condi-

tioned at 4�C. The mobile phase consisted of water (solution A, 0.1% for-

mic acid) and acetonitrile (solution B, 0.1% formic acid) at a flow rate of

0.40ml/min. The gradient conditions for themobile phase were as follows:

1% / 99.5% B at 0.1–15.5 min; 99.5% / 99.5% B at 15.5–17 min. The

system was then equilibrated using the initial condition for 3 min. The in-

jection volume was 2 ml. Mass spectra were acquired in positive mode.

The operating parameters were set as follows: capillary voltage, 4000 V

(+); nebulizer pressure, 20 pounds per square inch gauge; drying gas

flow rate, 13 l/min; gas temperature, 225�C; sheath gas flow rate, 12

l/min; sheath gas temperature, 350�C; and fragmentor, �380 V.

The sample preparation and analysis of volatile metabolites were per-

formed as previously described with minor modifications (Wei et al.,

2016). In brief, 200 mg of fresh sample power was weighed, and 50 ng
1322 Molecular Plant 12, 1315–1324, October 2019 ª The Author 2019
of 2-heptone, as an internal standard, was added during sample prepara-

tion. Next, a 50/30-mm divinylbenzene/carboxen/polydimethylsiloxane

(DVB/CAR/PDMS)-coated solid-phase microextraction (SPME; Supelco)

technique was used to measure the volatile metabolites released from

the sorghum sample. The headspace was sampled for 0.5 h at 30�C
with DVB/CAR/PDMS-coated SPME and analyzed by GC–MS. Injection

was performed by thermal desorption of the SPME in the injector at

250�C for 0.5 min in the splitness mode. GC–MS analysis was performed

using an Agilent 7890A GC/5975C MSD system. Metabolites were sepa-

rated on a DB-5MS column (30m3 0.25mm, 0.25 mmfilm thickness) with

He as the carrier gas (1.5 ml/min). The initial oven temperature was held at

40�C for 1.5 min, then ramped by 5�C/min to 150�C, then ramped by

15�C/min to 260�C, and kept at 260�C for 7 min. The inlet temperature

was set at 250�C. The ionization was processed in EI positive mode.

The temperatures of the ion source and quadrupole were set at 230�C
and 150�C, respectively. The mass spectra were acquired at a scanning

range of 50–400 m/z. The metabolites were identified according to the

retention time and mass spectra of authentic standards, and some of

the metabolites were identified by comparison with the mass spectra in

the National Institute of Standards and Technology and Wiley libraries

(Agilent Technologies, Palo Alto, CA).

The extraction and analysis of FAs in the filling seeds were carried out as

described previously (Poirier et al., 1999; Chen et al., 2012). The

quantitative chemical trait condensed tannin content was measured in

fresh matured seeds of 352 SAP lines by a determination (ISO 9648:

1988, MOD). The relative concentrations of metabolites and volatiles

were calculated using an internal standard method, and normalized to

the unit FW of sample. We selected a characteristic ion for each

metabolite, and quantified the metabolites according to the following

formula: C = A/AIS 3 CIS, where C is the concentration of metabolite, A

is the peak area of the characteristic ion for each metabolite, and IS is

the abbreviation for the internal standard (lidocaine for LC–MS analysis

and 2-heptone for GC–MS analysis); W represents sample weight in

grams. For comparison of the relative amount of metabolite from bird-

avoidance and bird-preference sorghum samples, the mean values of

each metabolite, calculated from six bird-avoidance accessions, were

set as 1.0.

qPCR

Expression of the Tannin1 gene was confirmed by qPCR. Total RNA was

extracted from sorghum seeds at the filling and mature stage using a pure

RNA extraction kit (Huayueyang, Beijing) for polyphenol samples, then

washed off and digested by RNase-free DNase I (Invitrogen). A cDNA syn-

thesis kit (TransGen) was used to reverse transcribe 2 mg of RNA of each

sample. qPCR from 1 ml of cDNA diluted 10 times was performed using

SYBR Green qPCR mix (TransGen) on an Applied Biosystems 7900HT

Fast Real-Time PCR System. Data were calculated using the DCt method

and each sample was replicated three times. The sorghum actin EIF was

used as a reference gene (Reddy et al., 2016). Relevant information for

all primer sequences is given in Supplemental Table 4. The flanking

sequences of the primers for all the accessions are given in

Supplemental Figure 6.

Sparrow Feeding Experiments

We used 15–20 sparrows to perform the three biological repeats of the

feeding experiments in cages for each metabolite of the anthocyanin

and PA biosynthesis pathway (Malvidin: CAS 643-84-5; PA: CAS 4852-

22-6; tannic acid: CAS 1401-55-4; quercetin: CAS 117-39-5; kaempferol:

CAS 520-18-3; catechin: CAS 154-23-4) and two selected volatile compo-

nents 1-octen-3-ol (CAS 3391-86-4) and hexanal (CAS 66-25-1). Each

standard cage was a unified model measuring 753 453 45 cm. All spar-

rows were kept in four phytotrons under 26�C and 60% humidity with 16 h

of daylight and 8 h of darkness. Sparrows were fed millet or other crop

seeds for 3 days before starting treatment experiments due to the

selective memory for food intake. Each metabolite or volatile feeding
.

https://phytozome.jgi.doe.gov
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experiment was carried out in an independent phytotron under good

ventilation to avoid cross-contamination of aromatic flavors. All sparrow

feeding experiments followed the animal experiment guidelines of the

Institute of Zoology, the Chinese Academy of Sciences.

To verify the effect of metabolites of the anthocyanin and PA pathway on

sparrow feeding behavior, we used a line, BTx623, carrying a tan1-b allele

(no tannin content) as a control. Thirty grams of BTx623 dry seeds soaked

with water was referred to as the control, and the same amount of seeds

were soaked for 30 min with different concentrations of each metabolite.

The weight of seeds left by sparrows for each experiment was evaluated

at day 3 and day 5. For bird-behavior experiments with FA-derived vola-

tiles, four panicles at the filling stage of a line, P260 (very low

volatile production), were put into the cages. Two panicles were soaked

for 30min in 1 mg/g 1-octen-3-ol or 5 mg/g hexanal while the other two pan-

icles were soaked with ethanol, which was referred to as the control. For

evaluation of the attraction of sparrows by volatiles, the average residence

time for a bird in the supplement-treatment side or control side per

randomly selected minute was analyzed (Supplemental Table 3).
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