the plant journal

The Plant Journal (2019) 100, 784-800 doi: 10.1111/tpj. 14477

Melatonin enhances cotton immunity to Verticillium wilt via
manipulating lignin and gossypol biosynthesis

Cheng Li"?, Qiuling He®, Fan Zhang™?, Jingwen Yu'?, Cong Li'?, Tianlun Zhao'?, Yi Zhang'?, Qianwen Xie'?,

Bangrong Su'?, Lei Mei"%, Shuijin Zhu'?* (©%) and Jinhong Chen?*

"Zhejiang Key Laboratory of Crop Germplasm, Zhejiang University, Hangzhou 310058, China,

2Institute of Crop Science, Zhejiang University, Hangzhou 310058, China, and

3Zhejiang Key Laboratory of Plant Secondary Metabolism and Regulation, Zhejiang Sci-Tech University, Hangzhou 310018,
China

Received 11 April 2019; revised 3 July 2019; accepted 15 July 2019; published online 26 July 2019.
*For correspondence (e-mail: shjzhu@zju.edu.cn; jinhongchen@zju.edu.cn).

SUMMARY

Plants endure challenging environments in which they are constantly threatened by diverse pathogens. The
soil-borne fungus Verticillium dahliae is a devastating pathogen affecting many plant species including cot-
ton, in which it significantly reduces crop yield and fiber quality. Melatonin involvement in plant immunity
to pathogens has been reported, but the mechanisms of melatonin-induced plant resistance are unclear. In
this study, the role of melatonin in enhancing cotton resistance to V. dahliae was investigated. At the tran-
scriptome level, exogenous melatonin increased the expression of genes in phenylpropanoid, mevalonate
(MVA), and gossypol pathways after V. dahliae inoculation. As a result, lignin and gossypol, the products of
these metabolic pathways, significantly increased. Silencing the serotonin N-acetyltransferase 1 (GhSNATT1)
and caffeic acid O-methyltransferase (GhCOMT) melatonin biosynthesis genes compromised cotton resis-
tance, with reduced lignin and gossypol levels after V. dahliae inoculation. Exogenous melatonin pre-treat-
ment prior to V. dahliae inoculation restored the level of cotton resistance reduced by the above gene
silencing effects. Melatonin levels were higher in resistant cotton cultivars than in susceptible cultivars after
V. dahliae inoculation. The findings indicate that melatonin affects lignin and gossypol synthesis genes in
phenylpropanoid, MVA, and gossypol pathways, thereby enhancing cotton resistance to V. dahliae.
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INTRODUCTION

The bio-molecule melatonin (N-acetyl-5-methoxytrypta- et al., 2014b; Zhang et al., 2014; Sun et al., 2015). Plant

mine) is found in almost all living kingdoms, including ani-
mals and plants (Arnao and Hernandez-Ruiz, 2014; Nawaz
et al., 2015). It has been characterized as a neurohormone
with wide-ranging roles in animals, including the regula-
tion of circadian rhythms, immune system, reactive oxygen
species (ROS), sleep, food intake, mood, and body temper-
ature (Dollins et al., 1994; Rodriguez et al., 2004; Brainard
et al., 2011; Carrillo-Vico et al., 2013). Melatonin was first
identified in plants in 1995 (Dubbels et al., 1995; Hattori
et al., 1995) and has drawn increased attention from phy-
tologists due to its wide existence and versatile functions
in the plant kingdom. In plant development, for example, it
regulates seed germination, root development, photopro-
tection, flowering, leaf senescence, seed yield, and fruit
ripening (Wang et al., 2012; Byeon and Back, 2014; Byeon
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melatonin also alleviates abiotic stresses from cold, heat,
drought, salt, to heavy metals (Shi et al., 2015b,d; Wei
et al., 2015; Li et al., 2016b,c; Ding et al., 2018). Studies
have implicated melatonin in plant immunity (Yin et al.,
2013; Lee et al., 2015; Shi et al., 2015¢,d; Mandal et al.,
2018), but the underlying mechanisms remain unclear.
Regulating plant innate immunity offers a promising and
sustainable approach for controlling microbial diseases.
Plants have evolved two innate immunity strategies
against pathogens (Chisholm et al., 2006; Jones and Dang|,
2006). The first strategy, pattern-triggered immunity,
involves recognition of microbial-associated molecular pat-
terns by host pattern-recognizing receptors. The second
strategy, known as effector-triggered immunity (ETI), con-
fers resistance through the recognition of effectors
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released from pathogens by intracellular resistance (R) pro-
teins (Boller and Felix, 2009; Dodds and Rathjen, 2010;
Cook et al., 2015). The downstream responses triggered by
these two innate immunity strategies are not independent
but instead partially overlap, including expression induc-
tion of pathogenesis-related (PR) genes, phytohormone
homeostasis regulation, ROS production, and secondary
metabolite accumulation (La Camera et al., 2004; Pieterse
et al., 2009; Feng and Shan, 2014).

Phenylpropanoids function as inducible antimicrobial
compounds and as signaling molecules in plant-pathogen
responses (Dixon et al.,, 2002; Naoumkina et al., 2010).
Moreover, phenylpropanoid metabolism is the most
important plant metabolic pathway during plant defense
against biotic stress (La Camera et al., 2004; Cass et al.,
2015). Lignin biosynthesis is a downstream branch of the
phenylpropanoid pathway. Specifically, the pathway syn-
thesizes monolignols, which are substrates of lignin poly-
merization (Boerjan et al, 2003; Mottiar et al, 2016).
Before pathogen inoculation, lignin can enhance plant
mechanical strength and thicken cell walls to form a physi-
cal barrier and inhibit pathogen invasion and colonization
(Hu et al., 2018). At the same time, lignin accumulation in
the infected cells not only inhibits the spread of pathogens
and pathogen-produced toxins and enzymes but also pre-
vents pathogens from extracting water and nutrients from
host plants (Mottiar et al., 2016).

Most plants produce specialized secondary metabolites
that confer pathogen resistance (Dixon, 2001). Gossypol is
a phytoalexin exclusively biosynthesized in Gossypium
plants and represents a group of cadinene-type sesquiter-
pene aldehydes with defense functions. In cotton (Gossyp-
ium spp.), the presence of gossypol can contribute to
pathogen defense (Sunilkumar et al.,, 2006; Mao et al.,
2007). Gossypol is synthesized via the mevalonate (MVA)
and gossypol pathways (Heinstein et al., 1970; Chen et al.,
1995, 1996; Liu et al., 1999; Luo et al, 2001; Tian et al.,
2018). Although the MVA pathway that converts acetyl-
CoA to farnesyl pyrophosphate (FPP) is found in almost all
plants, the conversion of FPP to hemigossypol in the
gossypol pathway is exclusive to Gossypium. Gossypol is
subsequently biosynthesized by the free-radical coupling
of two molecules of hemigossypol (Benedict et al., 2006).

Cotton is an important industrial and economic crop and
is cultivated widely around the world (Sunilkumar et al.,
2006). Verticillium wilt caused by the hemibiotrophic fun-
gus Verticillium dahliae is a soil-borne vascular disease
affecting many plant species, including cotton (Wang
et al., 2004; Mo et al., 2015; Zhang et al., 2016b,c). Because
its hyphae reside in the vascular tissue of plants, V. dahliae
is extremely difficult to control using fungicides. The dor-
mant microsclerotia of V. dahliae can survive in soil for
many years (Klosterman et al., 2009; Gao et al., 2011b;
Zhao et al., 2016). The typical symptoms of Verticillium wilt
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in cotton plants include leaf chlorosis and wilt, leaf defolia-
tion, vascular tissue browning, and plant death (Xu et al.,
2011; Li et al., 2016a; Zhang et al., 2018a,b). Its widespread
and destructive effect has led to huge economic losses for
the cotton industry in China (Xu et al, 2011; Li et al.,
2017b; Gong et al., 2018). Verticillium wilt is therefore a
critical issue for the cotton industry and will require new
research breakthroughs for the development of effective
disease control measures.

In this study, we demonstrate that exogenous melatonin
enhanced cotton resistance to V. dahliae through changes
in the metabolic flux into phenylpropanoid, MVA, and
gossypol pathways, subsequently affecting lignin and
gossypol accumulation. Meanwhile, suppressing endoge-
nous melatonin levels led to compromised resistance, with
reduced lignin and gossypol biosynthesis after inoculation
with V. dahliae. The findings therefore reveal that the
metabolic mechanism underlying melatonin-mediated
resistance to V. dahliae in cotton involves accelerated lig-
nin biosynthesis and the antifungal activity of the phy-
toalexin gossypol.

RESULTS

Exogenous melatonin enhanced cotton resistance to
V. dahliae

After pre-treatments with different melatonin concentra-
tions (0, 10, 25, 50 or 100 um), 2-week-old TM-1 cotton
seedlings were inoculated with a V. dahliae spore suspen-
sions. Different responses to the disease infection were
observed in melatonin-pre-treated and control seedlings
(Figure 1a). The symptoms, including wilt, chlorosis, and
dark brown streaks in stems, were much more severe in
the control than in pre-treated seedlings at 22 days post
inoculation (dpi) (Figure 1a,b). The disease index increased
with prolonged dpi, but disease development was slower
in the pre-treated seedlings. At 22 dpi, the disease index
was 56, 50, 15, 21 and 34% for the control, 10, 25, 50 and
100 um melatonin-pre-treated seedlings, respectively (Fig-
ure 1d). While almost all control seedlings were dead at 28
dpi, seedlings pre-treated with 25 or 50 um melatonin
showed less stunting and chlorosis and had a lower dis-
ease index (36 and 47%, respectively) (Figure 1d). In addi-
tion, fungal recovery assays indicated reduced fungal
hyphae in the stems of pre-treated seedlings (Figure 1c),
and real-time quantitative polymerase chain reaction (PCR)
analysis showed a significantly lower quantity of V. dahliae
in the leaves of pre-treated seedlings compared with the
control (Figure 1e).

To determine whether exogenous melatonin acted as a
fungicide and protected the pre-treated cotton seedlings
against the disease, V. dahliae was cultured on potato dex-
trose agar (PDA) medium with different melatonin concen-
trations (0, 10, 25, 50 or 100 um) (Figure S1a). There were
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Figure 1. Effect of exogenous melatonin pre-treatment on cotton resistance to Verticillium dahliae.
(a) Disease symptoms of cotton plants pre-treated with different melatonin concentrations (0, 10, 25, 50, and 100 pm) following inoculation with V. dahliae strain

Vd086 at 22 dpi. Bar = 1 cm.

(b) Fungal accumulation in the stems of cotton plants pre-treated with different concentrations of melatonin at 22 dpi. Bar = 1 cm.
(c) Growth of hyphae recovered from the V. dahliae-infected cotton. The stem sections were plated on PDA medium, incubated at 25°C, and photographed at

5 days post plating. Bar = 1 cm.

(d) Disease indexes of the melatonin-pre-treated cotton were determined from 10 dpi to 32 dpi. The values are the means + SD; n = 32.
(e) Detection for the relative quantification of fungal biomass. Total DNA from the leaves of melatonin-pre-treated cotton plants inoculated with V. dahliae for
22 days was extracted as the template for fungal biomass detection by gPCR. GhUBQ7 was used as the internal control. The values are the means + SD; n = 3.

Statistical analyses were performed using Student's t test. *, P < 0.05; **, P < 0.01.

no significant differences in the diameters of V. dahliae
mycelium and sclerotium between the treatments (Fig-
ure S1b,c). Therefore, melatonin itself did not have a fungi-
cidal effect against the disease, suggesting instead that
melatonin might act as a regulator to enhance cotton host
resistance against Verticillium wilt. Based on the above
assay results, the 25 um melatonin concentration was used
for the subsequent analyses.

Transcriptome sequencing

To gain insights into how exogenous melatonin might
induce a defensive mechanism leading to enhanced resis-
tance to V. dahliae, a comparative transcriptome analysis
was performed. Complex perception, signal transduction,
and exchange of chemicals usually occur in the early

stages of pathogen inoculation (Kunkel and Brooks, 2002;
Jones and Dangl, 2006), so the selected sampling time
points were 0, 6, 12, 24, and 48 h post V. dahliae inocula-
tion. Ten root samples were obtained at each time point
from the control (V_0, V_6, V_12, V_24, and V_48) and from
seedlings pre-treated with 25 um melatonin  (M_V_0,
M_V_6, M_V_12, M_V_24, and M_V_48). All samples were
used for transcriptome sequencing with three biological
replicates (Table S1). In total, 870.22 million raw reads
were obtained for the V libraries (V_0, V_6, V_12, V_24, and
V_48), and 833.47 million raw reads were obtained for the
M_V libraries (M_V_0, M_V_6, M_V_12, M_V_24, and
M_V_48). After removing adapter and low-quality
sequences along with contaminated reads, 124.93 Gb and
119.94 Gb high-quality clean bases remained from the V
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and M_V libraries, respectively. Using the G. hirsutum gen-
ome, the number of mapped clean reads was 46.88-57.18
million for the V libraries (93.38-94.93% mapped rate) and
41.91-56.47 million for the M_V libraries (93.63-95.00%
mapped rate) (Table S2). Comparing the melatonin-pre-
treated and control seedlings after V. dahliae inoculation,
9114 differentially expressed genes (DEGs) were identified,
with 4577 significantly upregulated and 4537 significantly
downregulated genes (Table S3).

Exogenous melatonin promoted lignin accumulation after
V. dahliae inoculation

Comparative transcriptome changes for genes involved in
phenylpropanoid pathway were examined. Figure 2(a)
shows an overview of phenylpropanoid pathway and the
melatonin-induced expression pattern changes of nine
genes in this pathway during the defense response of cot-
ton to V. dahliae infection. Phenylpropanoids derive from
the amino acid phenylalanine, with different steps of the
pathway catalyzed by nine types of enzymes: ammonia
lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate--
CoA ligase (4CL), cinnamoyl-CoA reductase (CCR),
hydroxycinnamoyl transferase (HCT), caffeoyl-CoA O-
methyltransferase (CCoAMT), ferulic acid 5-hydroxylase
(F5H), O-methyltransferase 1 (OMT1), and cinnamyl alcohol
dehydrogenase (CAD). The pathway produces guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) lignin, and the three
types of monolignols polymerize to form lignin. Gene
expression levels were illustrated using a heatmap (Fig-
ure 2a) and estimated by log,(fold change); fold change
indicates the fragments per kilobase of transcript per mil-
lion (FPKM) reads sequenced ratio of the melatonin-pre-
treated samples to the control samples. Although there
were some cases of downregulation or non-significant
upregulation for some of the genes at different time points,
most of the nine types of genes in this pathway were
upregulated in melatonin-pre-treated seedlings within 48 h
post inoculation (hpi) compared with the non-melatonin-
pre-treated control. Generally, the upregulation of phenyl-
propanoid pathway genes began at 6 hpi, except for
GhC4H which was upregulated at an earlier time point after
V. dahliae infection. The peaks of relative expression of
these genes occurred between 12 and 48 hpi.

To validate the transcriptome expression data, four
phenylpropanoid pathway genes, Gh4CL (Gh_Sca008083
901), GhHCT (Gh_D06G2073), GhCCoAMT (Gh_D04G2028),
and GhOMTT1 (Gh_D10G1979), were randomly selected for
gPCR analysis. The fold changes for the gPCR analysis indi-
cated the relative expression ratio of the melatonin-pre-trea-
ted samples to the control, and the transcriptome profile
fold changes were similar to those from the qPCR analysis
(Figure S2a).

Based on the upregulation of genes related to phenyl-
propanoid pathway, we also investigated changes in lignin

© 2019 The Authors.

in stems by safranin and fast green staining at 10 dpi (Fig-
ure S3). The red staining area in stems after V. dahliae
inoculation was larger than in the non-inoculation control,
indicating that the pathogen infection induced lignin
biosynthesis (Figure S3a,b). The red staining area was
much larger in the stems of melatonin-pre-treated samples
compared the non-melatonin-pre-treated control after V.
dahliae inoculation (Figure S3c,d), suggesting a combined
effect of melatonin pre-treatment and V. dahliae inocula-
tion resulting in accelerated lignin biosynthesis. Figure 2(b)
shows the lignin contents for different tissues at 0 dpi and
10 dpi. Although lignin levels were induced by pathogen
infection in both melatonin-pre-treated and control seed-
lings, the levels were higher in the tissues of the pre-trea-
ted seedlings compared with the control after V. dahliae
inoculation. At 10 dpi, lignin content increased by 77.74%
in leaves, 65.45% in stems, and 83.07% in roots of the
melatonin-pre-treated samples, while the increases in the
control were 53.08, 37.72, and 49.56%, respectively. Fur-
thermore, lignin content was higher in the melatonin-pre-
treated samples than in the control at 0 dpi, especially in
leaves and stems, indicating that melatonin pre-treatment
increased lignin biosynthesis in cotton seedlings before V.
dahliae inoculation (Figure 2b). Therefore, exogenous
melatonin led to increased lignin biosynthesis through
phenylpropanoid pathway, thereby enhancing the resis-
tance of cotton to V. dahliae.

Exogenous melatonin promoted gossypol accumulation
after V. dahliae inoculation

To investigate whether gossypol, a specialized phytoalexin
in Gossypium, was involved in the exogenous melatonin-
induced resistance of cotton to V. dahliae, the expression
of genes in MVA and gossypol pathways was investigated.
Figure 3(a) illustrates these pathways and shows the
expression pattern changes of genes in both pathways
when cotton seedlings were infected with V. dahliae. The
acetyl-CoA precursor enters MVA pathway, and the pro-
duction of FPP is catalyzed by acyl CoA-cholesterol acyl-
transferase (ACAT), 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) synthase (HMGS), HMG-CoA reductase (HMGR),
mevalonate kinase (MVK), phosphomevalonate kinase
(MVP), diphosphomevalonate decarboxylase (PMD), and
FPP synthase (FPS). The heatmap shows that only
GhHMGR, the key gene for the conversion of HMG-CoA to
MVA in MVA pathway, was significantly upregulated in
melatonin-pre-treated samples at certain infection time
points compared with the control (Figure 3a).

In Gossypium, gossypol pathway is one of the down-
stream branches of MVA pathway. Although gossypol
pathway is not fully characterized, six critical enzymes
have been identified, including (+)-6-cadinene synthase
(CDNS), CYP706B1, alcohol dehydrogenase (DH1),
CYP82D113, CYP71BE79 and  2-oxoglutarate/Fe(ll)-
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Figure 2. Expression profiles of phenylpropanoid pathway genes and the lignin content in different cotton tissues.

(a) Overview of phenylpropanoid pathway and the melatonin-induced changes in the expression of phenylpropanoid pathway genes after Verticillium dahliaeinocu-
lation. Expression levels are indicated by the heatmap at 0, 6, 12, 24, and 48 h post inoculation, estimated using log,(fold change) for each transcript. Fold change is
the ratio of FPKM (fragments per kilobase of transcript per million reads sequenced) for melatonin-pre-treated samples to non-pre-treated control samples. PAL,
phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; HCT, hydroxycinnamoyl transferase; CCoAOMT, caffeoyl-CoA O-
methyltransferase; F5H, ferulic acid 5-hydroxylase; OMT1, O-methyltransferase 1; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase.

(b) Melatonin-induced changes in lignin content in different tissues after V. dahliae inoculation. Values are the means + SD; n = 6. Statistical analyses were per-
formed using Student’s t-test. *, P < 0.05; **, P < 0.01.
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Figure 3. Expression profiles of MVA and gossypol pathway genes and gossypol content in different cotton tissues.

(a) Overview of MVA and gossypol pathways and the melatonin-induced changes in the expression profiles of MVA and gossypol pathway genes after Verticil-
lium dahliae inoculation. The expression levels are indicated by the heatmap at 0, 6, 12, 24, and 48 h post inoculation, estimated using log,(fold change) for
each transcript. Fold change is the ratio of FPKM (fragments per kilobase of transcript per million reads sequenced) for melatonin-pre-treated samples to non-
pre-treated control samples. Dashed arrows indicate unidentified reactions. ACAT, acyl CoA-cholesterol acyltransferase; HMGS, 3-hydroxy-3-methylglutaryl-
coenzyme-A (HMG-CoA) synthase; HMIGR, HMG-CoA reductase; MVK, mevalonate kinase; MVP, phosphomevalonate kinase; PMD, diphosphomevalonate decar-
boxylase; FPS, farnesyl diphosphate synthase; CDNS, (+)-3-cadinene synthase; CYP706B1, CYP82D113, and CYP71BE79DH1, three cytochrome P450 monooxyge-
nases; DH1, alcohol dehydrogenase; 2-ODD-1, 2-oxoglutarate/Fe(ll)-dependent dioxygenase.

(b) Melatonin-induced changes in gossypol content in different tissues after V. dahliae inoculation. The values are the means + SD; n = 6. Statistical analyses
were performed using Student's t-test. *, P < 0.05; **, P < 0.01.
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dependent dioxygenase (2-ODD-1). Expression analysis of
these six genes revealed that they were upregulated in
melatonin-pre-treated samples during V. dahliae infection
(Figure 3a), and the peaks of relative expression occurred
between 6 and 48 hpi. Moreover, we observed more signif-
icant upregulation of genes in the downstream positions
of gossypol pathway, suggesting that the metabolic flux
from MVA pathway was more prone to enter gossypol
pathway to biosynthesize gossypol in melatonin-pre-trea-
ted seedlings after V. dahliae inoculation.

To validate the transcriptome expression data for
genes involved in both MVA and gossypol pathways,
the following genes were randomly selected for gPCR
analysis: GhCYP706B1 (Gh_A12G2396), GhCYP82D113
(Gh_A05G2685), GhCYP17BE79 (Gh_A04G0398), and Gh2-
ODD-1 (Gh_D10G0613). The transcriptome profile fold
changes were consistent with those from the qPCR anal-
ysis (Figure S2b).

The gossypol contents in different cotton tissues at 0 dpi
and 10 dpi are listed in Figure 3(b). Pathogen inoculation
induced gossypol accumulation with or without exogenous
melatonin pre-treatment, but melatonin pre-treatment led
to a much higher gossypol level after V. dahliae inocula-
tion. In the control, gossypol content increased by 59.61%
in leaves, 47.34% in stems, and 51.80% in roots at 10 dpi;
in contrast, the increases were 97.69, 69.55, and 86.82%,
respectively, with melatonin pre-treatment. Therefore,
gossypol biosynthesis was induced and intensified by
exogenous melatonin plus V. dahliae inoculation, suggest-
ing that MVA pathway, gossypol pathway, and the synthe-
sized product gossypol are involved in melatonin-
mediated resistance to V. dahliae in cotton.

Identification of melatonin biosynthesis genes in cotton

Melatonin is biosynthesized from tryptophan in plants
through the sequential action of several enzymes including
tryptophan decarboxylase, tryptamine 5-hydroxylase
(T5H), serotonin N-acetyltransferase (SNAT), and caffeic
acid O-methyltransferase (COMT) (Figure S4) (Kang et al.,
2013; Byeon et al., 2014a; Lee et al., 2014; Arnao and Her-
nandez-Ruiz, 2018). Using AtSNAT1 (AT1G32070) and
AtCOMT (AT5G54160) as queries, BLAST analyses were
performed to identify their homologs in the cotton gen-
ome. We obtained a putative SNATT gene (Gh_A02G0898
in the A subgenome and Gh_D02G17063 in the D subge-
nome) and a putative COMT gene (Gh_A12G2227 in the A
subgenome and Gh_D12G2714 in the D subgenome). The
putative SNAT1 gene encoded a predicted protein of 251
amino acid residues with a conserved N-acetyltransferase
motif (pfam13508) from amino acid 159 to 232; the
sequence identity with the AtSNAT1 protein was 60.75%
(Figure Sba). The putative COMT gene encoded a predicted
protein of 365 amino acid residues with a conserved
dimerization motif (pfam08100) and a conserved O-

methyltransferase motif (pfam00891) from amino acid resi-
dues 34 to 83 and 127 to 347, respectively; the sequence
identity with the AtCOMT protein was 78.90% (Figure S6a).
Functional complementation experiments were performed
by transforming the putative SNATT (Gh_D02G1063) and
COMT (Gh_D12G2714) genes into Arabidopsis snat? and
comt mutants, respectively. The melatonin-deficient phe-
notypes of the snat7 and comt mutants were both comple-
mented by the introduced sequences (Figure S7),
indicating the involvement of the putative SNATT
(Gh_D02G1063) and COMT (Gh_D12G2714) genes in mela-
tonin biosynthesis in cotton. The genes are hereafter
referred to as GhSNATT and GhCOMT.

Phylogenetic analysis was performed for the GhSNAT1
and GhCOMT proteins using 20 homologs from 16 and 15
species, respectively, representing algae, fern, moss, gym-
nosperms, monocotyledons, and dicotyledons (Tables S4
and S5). The analysis indicated that both SNAT1 and
COMT proteins are ancient and conserved in plants (Fig-
ures Sbb and S6b). Expression profiling in different cotton
tissues revealed higher expression of the D subgenome
homologs than those from the A subgenome (Figures S5¢
and S6c). We therefore selected the D subgenome homo-
logs of both genes for further analysis.

Suppressing endogenous melatonin led to susceptibility
of cotton to V. dahliae

To investigate the effect of endogenous melatonin on cot-
ton resistance to V. dahliae, we reduced endogenous mela-
tonin levels by suppressing GhSNAT1 and GhCOMT
expression using TRV-based virus-induced gene silencing
(VIGS) technology. TRV:CLA1, TRV:PGF, and TRV:
CLA1+PGF plants were used as positive controls to validate
the effects of the gene silencing and co-silencing systems.
TRV:CLA1 and TRV:PGF plants had bleaching and gland-
less phenotypes, respectively, from the first true leaves.
TRV:CLA1+PGF plants exhibited both the bleaching and
glandless phenotypes from the first true leaves (Figure S8).
These observed phenotypes confirmed that the gene
silencing and co-silencing systems used in this study were
stable and effective. Two weeks after Agrobacterium infil-
tration, GhSNAT1 and GhCOMT expression levels were
significantly suppressed in the leaves, stems, and roots of
TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT plants
compared with the TRV:00 negative control, according to
gPCR and reverse transcription PCR (RT-PCR) assays (Fig-
ure S9a,b). Similarly, melatonin levels in the three plant tis-
sues were also significantly reduced (Figure S9c). When
the VIGS cotton seedlings were inoculated with V. dahliae
at the two true-leaf stage, the disease infection in TRV:
SNAT1 and TRV:COMT plants was more severe than in the
TRV:00 control at 22 dpi (Figure 4a,b). Most significantly,
TRV:SNAT1+COMT plants were almost dead at this time
point. The disease indexes increased sharply from 10 to 28
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dpi, but the index always remained higher in TRV:SNAT1,
TRV:COMT, and TRV:SNAT1+COMT than in TRV:00 plants
(Figure 4c). Accordingly, the amount of fungal biomass
was significantly higher in TRV:SNAT1, TRV:COMT, and
TRV:SNAT1 + COMT plants (Figure 4d). Therefore, sup-
pression of endogenous melatonin biosynthesis led to an
increased susceptibility of cotton to V. dahliae.

The lignin contents of different tissues in TRV:SNAT1,
TRV:COMT, and TRV:SNAT1+COMT plants were measured
before and after V. dahliae inoculation. At 0 dpi, the lignin
contents did not differ among TRV:00, TRV:SNAT1, TRV:
COMT, and TRV:SNAT1+COMT plants (Figure 5a). In con-
trast to the 55.29% increase in lignin accumulation in
TRV:00 roots at 10 dpi, the increases were only 16.97,
14.63, and 9.69% in TRV:SNAT1, TRV:COMT, and TRV:
SNAT1+COMT roots, respectively (Figure 5a). The lignin
accumulation in other tissues of TRV:00, TRV:SNAT1, TRV:
COMT, and TRV:SNAT1 + COMT plants followed a trend
similar to that observed in 10 dpi roots (Figure 5a). These
results may be attributable to the inhibited expression of

lignin biosynthesis genes in phenylpropanoid pathway,
including GhPAL, Gh4CL, GhHCT, GhCCoAMT, GhOMTT,
and GhCAD, as these genes had reduced expression levels
in TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT plants
at 12 hpi (Figure 5b).

Gossypol contents were not significantly different in
TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT
plants at 0 dpi (Figure 6a). At 10 dpi, gossypol accumula-
tion in response to V. dahliae infection was suppressed in
the leaves, stems, and roots of TRV:SNAT1, TRV:COMT,
and TRV:SNAT1 + COMT plants compared with TRV:00
plants (Figure 6a). Specifically, the gossypol content only
increased by 15.39, 14.86, and 8.51% in TRV:SNAT1, TRV:
COMT, and TRV:SNAT1 + COMT roots at 10 dpi, respec-
tively, in contrast to the 55.92% increase in TRV:00 roots.
The expression levels of six known gossypol pathway
genes (GhHMGR, GhFPS, GhCDNS, GhCYP706B1,

GhCYP82D113, and Gh2-ODD-1) were also decreased in
TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT plants
compared with TRV:00 plants at 12 hpi (Figure 6b).
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Figure 4. Recovery of the compromised resistance to Verticillium dahliae in VIGS plants by exogenous melatonin pre-treatment.(a) Disease symptoms of H,0O-
pre-treated and melatonin-pre-treated TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT inoculated with V. dahliae; photographs were taken at 20 dpi.
Bar = 1 ¢m.(b) Fungal accumulation in the stems of H,0-pre-treated and melatonin-pre-treated TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT inocu-
lated with V. dahliae at 20 dpi. Bar = 1 cm.(c) Disease indexes of H,O-pre-treated and melatonin-pre-treated TRV:00, TRV:SNAT1, TRV:COMT, and TRV:
SNAT1 + COMT inoculated with V. dahliae were determined from 10 dpi to 28 dpi. The values are the means + SD; n = 32.(d) Relative quantification of fungal
biomass. Total DNA from leaves of H,0-pre-treated and melatonin-pre-treated TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT inoculated with V.
dahliae for 20 days was extracted as the template for fungal biomass detection by qPCR. GhUBQ7 was used as the internal control. The values are the
means + SD; n = 3. Statistical analyses were performed using Student’s t-test. *, P < 0.05; **, P < 0.01.
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Figure 5. Lignin content and expression levels of phenylpropanoid pathway genes in VIGS plants. (a) Melatonin-induced changes in lignin content in different
tissues of TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT inoculated with V. dahliae for 10 days. The values are the means + SD; n = 3. (b) Mela-
tonin-induced changes in the expression levels of phenylpropanoid pathway genes in TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT at 12 dpi. The
values are the means + SD; n = 3. Statistical analyses were performed using Student’s t-test. *, P < 0.05; **, P < 0.01.

Exogenous melatonin pre-treatment of the above VIGS
plants restored their resistance to the disease. When
TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT
plants were pre-treated with 25 um melatonin before V.
dahliae inoculation, both the exhibited disease symptoms
and severity resembled that observed in TRV:00 plants
(Figure 4a and b). Notably, their disease indexes followed
a similar trend, and there were no significant differences in
the amount of fungal biomass in the plant tissues (Fig-
ure 4c and d). Lignin and gossypol levels in different tis-
sues of TRV:SNAT1, TRV:COMT, and TRV:SNAT1+COMT
plants after V. dahliae inoculation were also restored by
exogenous melatonin pre-treatment (Figure S10a,b). All

these findings suggested that suppressing endogenous
melatonin in cotton plants increased the susceptibility of
cotton to V. dahliae through the downregulation of lignin
and gossypol biosynthesis.

Melatonin levels in different cotton cultivars after V.
dahliae inoculation

To investigate whether endogenous melatonin content is
related to V. dahliae resistance in cotton, we compared the
melatonin contents of two V. dahliae-resistant (JM-958 and
ZZM-2) and two V. dahliae-susceptible (Ejing-1 and JM-1)
cultivars. Figure 7(a) shows their disease symptoms at 22
dpi. At this time point, the susceptible plants were almost
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Figure 6. Gossypol content and expression levels of MVA and gossypol pathway genes in VIGS plants.
(a) Melatonin-induced changes in gossypol content in different tissues of TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT inoculated with V. dahliae

for 10 days. The values are the means + SD; n = 3.

(b) Melatonin-induced changes in the expression levels of MVA and gossypol pathway genes in TRV:00, TRV:SNAT1, TRV:COMT, and TRV:SNAT1 + COMT at
12 days dpi. The values are the means + SD; n = 3. Statistical analyses were performed using Student’s t-test. *, P < 0.05; **, P < 0.01.

all dead, with disease indexes of 78 and 80% for Ejing-1
and JM-1, respectively. In contrast, the resistant cultivars
exhibited minimal wilt and chlorosis, with disease indexes
of 21 and 18% for JM-958 and ZZM-2, respectively (Fig-
ure 7b). The difference in disease resistance was con-
firmed by an assay for fungal biomass (Figure 7c).

The melatonin levels in different tissues were higher in
the resistant cultivars than in the susceptible cultivars (Fig-
ure 7d). Although melatonin was induced in all of the culti-
vars after V. dahliae inoculation, the induction was more
pronounced in the resistant cultivars. At 12 hpi, the mela-
tonin content in the leaves of JM-958 and ZZM-2 increased

© 2019 The Authors.

by 5858 and 51.03%, respectively; in contrast, the
increases were only 36.28 and 27.11% in Ejing-1 and JM-11
leaves, respectively (Figure 7d). These results indicated
that endogenous melatonin is involved in the resistance of
these cotton cultivars to V. dahliae.

DISCUSSION

Verticillium wilt is one of the most destructive fungal dis-
eases affecting plant species, and in cotton, it causes great
reductions in yield and fiber quality (Xu et al, 2011; Hu
et al., 2018). Understanding the mechanisms underlying
cotton resistance to V. dahliae is critical for minimizing
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Figure 7. Correlation between melatonin level and resistance to Verticillium dahliae.
(a) Disease symptoms of V. dahliae-resistant (JM-958 and ZZM-2) and V. dahliae-susceptible (Ejing-1 and JM-11) cotton cultivars inoculated with V. dahliae; pho-

tographs were taken at 22 days post inoculation (dpi). Bar = 1 cm.

(b) Disease indexes of the resistant and susceptible cotton cultivars were determined from 10 to 32 dpi. The values are the means + SD; n = 32.

(c) Relative quantification of fungal biomass. Total DNA from leaves of the resistant and susceptible cotton cultivars inoculated with V. dahliae for 22 days was
extracted as template for fungal biomass detection by qPCR. GhUBQ7 was used as the internal control. The values are the means + SD; n = 3.

(d) Pathogen-induced melatonin levels of the resistant and susceptible cotton cultivars at 12 dpi. The values are the means + SD; n = 3. Statistical analyses were per-

formed using Student'’s t-test. *, P < 0.05; **, P < 0.01.

production loss in the cotton industry, and the related
research questions have therefore drawn much interest.

Melatonin helps enhance resistance to V. dahliae in cotton

Melatonin is a biomolecule with a wide range of roles in
plants under stress conditions, including plant immunity
(Arnao and Hernandez-Ruiz, 2014). In this study, we pre-
treated cotton seedlings with different concentrations of
melatonin (0, 10, 25, 50, and 100 um) before V. dahliae
infection. While the disease symptoms became less severe
as the pre-treatment concentration increased from 0 to
25 um, the symptoms worsened as the concentration
increased from 25 to 100 pw, indicating that the 25 um con-
centration was optimal for enhancing cotton resistance to

V. dahliae (Figure 1). Suppressing endogenous melatonin
by VIGS technology led to susceptibility of cotton to V.
dahliae (Figure 4). Co-silenced TRV:SNAT1+COMT plants
with extremely low endogenous melatonin content were
more susceptible than TRV:SNAT1 and TRV:COMT plants
during V. dahliae infection, indicating a dosage effect of
endogenous melatonin on cotton resistance to V. dahliae.
In other words, cotton plants became more susceptible to
V. dahliae as the endogenous melatonin levels decreased.
The compromised resistance to V. dahliae was restored
when these VIGS plants were pre-treated with melatonin
before V. dahliae inoculation (Figure 4). We also observed
that endogenous melatonin was induced by V. dahliae
infection in different cotton cultivars  (Figure 7).
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Furthermore, melatonin itself has no inhibitory effect on
the growth of V. dahliae colonies in vitro (Figure S1). These
results suggest that melatonin is a regulator involved in
the cotton response to V. dahliae infection. This study
uncovers that melatonin plays an important role in the
interaction between cotton and a fungal pathogen.

Diverse mechanisms of melatonin-mediated plant
resistance to pathogens

Previous studies have shown that melatonin contributes to
enhanced plant immunity to different pathogens. Exoge-
nous melatonin enhanced the resistance of Malus to
Marssonina apple blotch (Diplocarpon mali) by maintain-
ing steady-state hydrogen peroxide (H,0,) levels and
increasing the activity of plant defense-related enzymes
(Yin et al., 2013). Melatonin pre-treatment increased nitric
oxide (NO) levels and the expression of SA-related genes
to enhance the innate immunity of Arabidopsis to the bac-
terial pathogen Pseudomonas syringae pv. tomato (Pst)
DC3000 (Shi et al., 2015a,c). Melatonin alters the expres-
sion of genes involved in both PAMP-mediated and ETI-
mediated defense in watermelon leaves during Phytoph-
thora capsici infection (Mandal et al., 2018). Therefore, we
propose that melatonin mediates broad-spectrum patho-
gen resistance in plants via diverse mechanisms, possibly
depending on the disease mechanism of the pathogen. For
example, the infection of cotton roots by V. dahliae hyphae
in soil leads to the colonization of vascular tissues; from
the parasitic to the saprophytic phases, the hyphae and
dormant microsclerotia propagate in the infected cotton,
resulting in vessel blockage and cotton wilt disease (Gerik
and Huisman, 1988).

Secondary metabolites play an important role in plant-
pathogen interactions (Piasecka et al., 2015; Kumari et al.,
2016). Phenylpropanoid pathway and its product lignin
exist in all plant species and enhance resistance to patho-
gens (Lange et al., 1995, Menden et al, 2007; Bhuiyan
et al., 2009). Our transcriptome and metabolic studies
show that melatonin pre-treatment upregulated the expres-
sion of phenylpropanoid pathway genes and increased lig-
nin accumulation in cotton seedlings after V. dahliae
inoculation (Figures 2 and S3). Consistently, overexpres-
sion of GhlLacl and GhLac15, genes related to phenyl-
propanoid pathway and lignin biosynthesis, was
previously found to enhance V. dahliae resistance in cotton
(Hu et al., 2018; Zhang et al., 2018a,b). Transcriptional and
histochemical analysis of resistant cotton (G. barbadense
cv. 7124) revealed that genes involved in phenylpropanoid
pathway and lignin accumulation were significantly
induced after V. dahliae infection (Xu et al., 2011). Gossy-
pol is a major secondary metabolite specific to Gossypium
plants, and it plays a crucial role in the defense against
pathogen invasion (Luo et al., 2001). In cotton, V. dahliae
infection induces the expression of the gene encoding (+)-

© 2019 The Authors.

d-cadinene synthase (CDNS), a key gossypol pathway
enzyme (Townsend et al., 2005). Silencing the GbCAD1
gene, which encodes another key gossypol pathway
enzyme, compromises cotton resistance to V. dahliae (Gao
et al., 2013). In the present study, exogenous melatonin
pre-treatment upregulated the expression of genes
involved in MVA and gossypol pathways and increased
gossypol accumulation in cotton seedlings after V. dahliae
inoculation (Figure 3). VIGS assays confirmed the involve-
ment of lignin and gossypol in melatonin-mediated cotton
resistance, as lignin induction and gossypol induction were
inhibited in melatonin-suppressed cotton seedlings during
pathogen infection (Figure 5). As expected, exogenous
melatonin pre-treatment rescued the inhibition of lignin
and gossypol biosynthesis after V. dahliae inoculation (Fig-
ure S10). We therefore concluded that melatonin regulates
phenylpropanoid, MVA, and gossypol pathways to pro-
mote lignin and gossypol biosynthesis, therefore enhanc-
ing cotton resistance to V. dahliae.

It is worth noting that plant small-molecule hormones,
including jasmonic acid (JA) and salicylic acid (SA), play
key roles in the plant response to V. dahliae infection
(Glazebrook, 2005; Campos et al, 2014; Zhang et al.,
2016a, 2017). However, we did not observe any significant
differences in JA and SA levels (Figure S11) or changes in
the expression of genes involved in these hormone signal-
ing pathways between melatonin-pre-treated and control
samples during V. dahliae infection (Figure S12). We there-
fore presume that melatonin-mediated cotton resistance to
V. dahliae is likely to be independent of these hormone sig-
naling pathways.

The present findings shed light on the metabolic mecha-
nisms of melatonin-mediated resistance of cotton to V.
dahliae. However, further molecular and genetic evidence
is needed to support the identified resistance mechanisms.
Wei et al. (2018) recently reported the first melatonin
receptor (CAND2/PMTR1) in plants. In our transcriptome
data, 86 differentially expressed transcription factor (TF)
genes were identified at 12 hpi. Among these TF genes, 59
were significantly upregulated in the melatonin-pre-treated
samples and included bHLH, bZIP, NAC, and MYB family
members (Table S6). Based on these lines of evidence,
future studies should focus on the melatonin signaling
pathway to uncover melatonin-mediated mechanisms
important for the plant-pathogen response.

Plant-pathogen interactions have led to the evolution of
sophisticated defense systems in plants to recognize
pathogens and limit their invasion, colonization, and infec-
tion. In the context of crop production, inducing or manip-
ulating certain plant systems may enhance the ability of
plants to overcome the destructive impact of diseases. In
this study, we have demonstrated that melatonin is an
important factor regulating plant immunity and that exter-
nal melatonin application can promote lignin and gossypol
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synthesis, therefore enhancing cotton resistance to Verticil-
lium wilt. Our findings may help establish available ave-
nues for plant breeding strategies aimed at fungal
pathogen resistance via melatonin-mediated enhanced
plant immunity.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Gossypium hirsutum cv. TM-1 is a standard genetic line of upland
cotton. Gossypium hirsutum cv. JM-958 and ZZM-2 were used as
the positive controls and are resistant to V. dahliae. G. hirsutum
cv. EJ-1 and JM-11 were used as the negative controls and are
susceptible to V. dahliae. All cotton accessions were cultivated in
a growth chamber at 25°C under a 16 h light/8 h dark cycle. Ara-
bidopsis thaliana Columbia ecotype (Col-0) and the T-DNA inser-
tion mutants snat7 (SALK_032239) and comt (SALK_135290) were
obtained from the Arabidopsis Biological Resource Center (ABRC,
Columbus, OH, USA). Arabidopsis plants were grown in a growth
chamber at 22°C under a 16 h light/8 h dark cycle. Nicotiana ben-
thamiana was used for subcellular localization and was grown in
a growth chamber at 28°C under a 16 h light/8 h dark cycle. All
biological samples used for further analysis, including RNA and
DNA extraction and content determination of melatonin, gossypol,
and lignin, were frozen in liquid nitrogen and stored at —80°C.

Melatonin pre-treatment

To study the effects of melatonin on cotton seedlings, 2-week-old
cotton seedlings with two true leaves visible were treated with dif-
ferent melatonin concentrations (0, 10, 25, 50, or 100 uwm) by spray-
ing the aerial parts once a day for 3 days. Control seedlings were
treated with 0 pm melatonin concentration or sterile distilled
water. After melatonin pre-treatment, cotton seedlings were inoc-
ulated with V. dahliae.

Effect of melatonin on the growth of V. dahliae

To investigate the effect of melatonin on the growth of V. dahliae,
the PDA medium containing different concentrations of melatonin,
including 0, 10, 25, 50, or 100 um, was prepared. Next, 0.5-cm
diameter stained blocks cultured for 5 days were plated onto the
prepared PDA medium and grown at 25°C in the dark. Each treat-
ment was repeated at least nine times and observed 2 weeks
later.

Fungal culture conditions and infection of plants

Vd086, a virulent defoliating V. dahliae strain, was isolated from
cotton in Hangzhou, China and grown on PDA medium at 25°C for
5 days. Mycelia were collected and cultured in Czapek’'s medium
for 5 days at 25°C with shaking (150 rpm).

Cotton seedlings at the two true-leaf stage were inoculated with
Vd086 using a sterile needle to inject 20 ml spore suspensions
(107 conidia/ml) into the soil. Control plants in each treatment
were inoculated with an equal volume of sterile distilled water.
The plants inoculated with V. dahliae were cultured in a growth
chamber at 25°C under a 16 h light/8 h dark cycle.

Disease assessment after V. dahliae inoculation

The disease index was calculated by assessing at least 32 individ-
ual plants per treatment and repeated three times with the follow-
ing formula: disease index = ((} disease grade x the number of

infected plants)/(total assessed plants x 4)) x 100. The disease
severity was assessed according to the following point scale: 0,
no visible wilting or yellowing symptoms; 1, one or two cotyle-
dons wilted or dropped off; 2, one true leaf wilted or dropped off;
3, two true leaves wilted or dropped off; and 4, all true leaves
dropped off or the whole plant has died (Xu et al., 2012). The
assessment was performed every 3 days for at least 1 month over
the experiment period.

For the fungal recovery assay, the stems 1 cm above the cotyle-
dons of cotton seedlings were collected at 22 dpi, surface-steril-
ized for 20 min using 5% NaClO, then rinsed with sterile distilled
water five times. The stem sections were plated on PDA medium
and cultured for 5 days at 25°C.

To assess the fungal accumulation in the cotton stems, the
stems 1 cm above the cotyledons were collected at 22 dpi, hand
sectioned, then observed using a Leica MZ95 microscope (Leica,
Wetzlar, Germany).

To detect and quantify the biomass of V. dahliae in cotton seed-
lings, the first true leaf of cotton plants at 22 dpi was collected for
DNA extraction. qPCR was used to quantify the relative amount of
fungal DNA (Chai et al., 2017).

Transcriptome sequencing

The root samples of cotton seedlings pre-treated with 0 or 25 um
melatonin were collected for transcriptome sequencing at 0, 6, 12,
24, and 48 h post inoculation (hpi). The cotton seedlings pre-trea-
ted with 0 um melatonin served as the control. Three biological
replicates were performed for each treatment. Total RNA was
extracted using the RNAprep Pure Plant Kit (Tiangen, Beijing,
China) according to the manufacturer’s instructions. RNA degrada-
tion, purity, concentration, and integrity were detected using elec-
trophoresis, a NanoPhotometer spectrophotometer (IMPLEN, Los
Angeles, CA, USA), the Qubit RNA Assay Kit in Qubit Fluorometer
2.0 (Life Technology, Carlsbad, CA, USA), and the RNA Nano 6000
Assay Kit for the Bioanalyzer 2100 system (Agilent, Santa Clara,
CA, USA). Sequencing libraries were prepared using the NEBNext
Ultra RNA Library Prep Kit for lllumina (NEB, Beverly, CA, USA)
following the manufacturer’'s recommendations. Sequencing was
performed on the lllumina HiSeq4000 platform with 150 bp
paired-end reads. The transcriptome sequencing raw reads were
processed to remove adaptors and low-quality reads using Trim-
momatic (Bolger et al., 2014). All further analysis was performed
using only the high-quality paired-end clean reads. The clean
reads were aligned to the G. hirsutum cv. TM-1 genome (Zhang
et al., 2015) using HisaT 2.0.4 software (Kim et al., 2015). HTSeq
v0.6.1 (http:/www-huber.embl.de/users/anders/HTSeq/doc/overview.
html) was used to count the read numbers mapped to each gene.
The expected number of fragments per kilobase of genes per mil-
lion mapped reads (FPKM) of each gene was calculated based on
the length of the gene and the read count mapped to the gene
(Trapnell et al., 2010). Differentially expressed genes were defined
using the DESeq R package (Anders and Huber, 2010) with an
adjusted P-value (g-value) <0.05. Pathway enrichment analysis
was based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/) (Kanehisa et al.,
2008) using KOBAS (Mao et al., 2005) to test the statistical enrich-
ment of DEGs in the KEGG pathways.

DNA and RNA extraction, RT-PCR, and gPCR

Total DNA was extracted from plant leaves using the Plant
DNA Mini Kit (Aidlab, Beijing, China) according to the manufac-
turer’s instructions. Total RNA was extracted from different tis-
sues using the RNAprep Pure Plant Kit (Tiangen). Total RNA
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(500 ng) was reverse transcribed using the ReverTra Ace gPCR
RT Kit (with gDNA remover) (Toyobo, Osaka, Japan). qPCR
analysis was performed using a LightCycler FastStart DNA Mas-
ter SYBR Green | kit (Roche, Basel, Switzerland) on a LightCy-
cler96 Real-Time PCR detection system (Roche). Three
independent biological replicates were used for each analysis
with at least three technical replicates each. The relative expres-
sion levels were evaluated using the comparative cycle thresh-
old method according to Livak and Schmittgen (2001). GhUBQ7
(Tan et al., 2013) was used as the internal control, which was
stably expressed in cotton plants and not affected by treat-
ments and genotypes. The gene-specific primers were designed
using Primer Premier 5 software. All primers are listed in
Table S6.

Phylogenetic analysis and amino acid sequence alignment
of SNAT1 and COMT orthologs

For constructing the phylogenetic trees, the SNAT7 and COMT
were extracted from 16 and 15 species, respectively, including
fern, moss, gymnosperm, algae, monocotyledons, and dicotyle-
dons. The two gene genomic data of G. arboreum, G. raimondii,
and G. hirsutum was obtained from http://cgp.genomics.org.cn,
http://www.phytozome.net, and  http://mascotton.njau.edu.cn,
respectively. The genomic data of other species were obtained
from http://www.phytozome.net. Meca 5.1 software (Tamura et al.,
2011) was used for constructing the phylogenetic trees using Pois-
son correction model in the neighbor-joining (NJ) method with
1000 bootstrap resamplings.

CLusTALX 2.0 software (Larkin et al., 2007) was used for amino
acid sequence alignment of SNAT1 and COMT proteins, includ-
ing G. hirsutum, G. arboreum, G. raimondii, Theobroma cacao,
A. thaliana, and Oryza sativa. Geneboc software (http:/www.nrb
sc.org/gfx/genedoc/ebinet.htm) was used for visualizing the
alignment results. All the amino acid sequences were checked
against Pfam (http:/pfam.sanger.ac.uk/) (Finn et al, 2014) and
the NCBI Conserved Domain Database (http://www.ncbi.nIm.nih.
gov/cdd) (Marchler-Bauer et al., 2015) to confirm the conserved
domains.

Construction of overexpression vectors and
transformation of Arabidopsis

Full-length coding sequences of GhSNAT7 and GhCOMT were
amplified by RT-PCR from cDNA of TM-1 using gene-specific pri-
mers (Table S6). Both PCR fragments were inserted into a modi-
fied pCAMBIA1301-GFP binary vector to generate pPCAMBIA1301-
SNAT1-GFP and pCAMBIA1301-COMT-GFP, respectively.
Arabidopsis mutants, snat1 and comt, were sown in pots con-
taining peat and vermiculite (1:1) in a growth chamber at 22°C
under a 16 h light/8 h dark cycle. The transgenic Arabidopsis
plants were created via the floral dip method (Clough and Bent,
1998). The transgenic plants were selected for kanamycin resis-
tance. After selection for four generations, the homozygous
GhSNAT1 and GhCOMT overexpression lines were obtained.

Virus-induced gene silencing system construction

Tobacco rattle virus (TRV)-based vectors (pTRV1 and pTRV2) were
used for VIGS in the study. The GhSNATT and GhCOMT inserts
were amplified from G. hirsutum cv. TM-1 ¢cDNA by PCR. The pri-
mers are listed in Table S7. The GhSNAT1 PCR fragment was dou-
ble digested with EcoRl and BamHl enzymes then ligated into
pTRV2. Similarly, the GhCOMT PCR fragment was ligated into
BamHI—-Kpnl-digested pTRV2. The pTRV1, pTRV2:GhSNAT1, and

© 2019 The Authors.

pTRV2:GhCOMT vectors were introduced into Agrobacterium
strain GV3101 by electroporation. Agrobacterium colonies carry-
ing the desired vectors were cultured overnight at 28°C in an
antibiotic selection medium containing 50 mg L~" rifampicin and
50 mg L~" kanamycin. The transformed Agrobacterium cells were
collected and resuspended in infiltration medium (10 mm MgCl,,
10 mm MES, and 200 mm acetosyringone) then adjusted to an
ODggo value of 1. Agrobacterium strains containing pTRV1 and
pTRV2 vectors were mixed at a ratio of 1:1. For virus-induced co-
silencing, Agrobacterium strains containing pTRV1, pTRV2:
GhSNATT1, and pTRV2:GhCOMT vectors were mixed at a ratio of
2:1:1. The Agrobacterium suspension was injected into the cotyle-
dons of 7-day-old G. hirsutum cv. TM-1 seedlings. After incubation
for 24 h in darkness, the cotton seedlings were transferred to a
growth chamber at 25°C under a 16 h light/8 h dark cycle. The
empty pTRV2 vector was used as the negative control. CLORO-
PLASTOS ALTERADOS 1 (CLA1) (Gao et al., 2011a) and PIGMENT
GLAND FORMATION (PGF) (Ma et al., 2016) were used as positive
controls to validate the silencing effect of our VIGS system. At
least 32 cotton seedlings were used for each analysis, and all VIGS
experiments were performed three times.

Determination of melatonin content using HPLC-MS

The melatonin contents in various plant tissues, including leaves,
stems, and roots, were determined according to a previously
described method (Arnao and Hernandez-Ruiz, 2009) with some
modifications. Fresh samples (0.5 g) were ground in liquid nitro-
gen and homogenized in 3 ml methanol containing 1 pl
50 ng ml~" [,H®-melatonin (M215002, Toronto Research Chemi-
cals Ltd, Toronto, ON, Canada) as an internal standard. After shak-
ing for 12 h at 4°C in darkness and centrifugation at 1500 g and
4°C for 20 min, the supernatant was transferred to another tube.
The remaining residue was washed with 2 ml methanol and com-
bined with the supernatant fraction. The supernatant fraction was
then concentrated by drying with nitrogen. The residue was dis-
solved in 0.5 ml 70% methanol and filtered with a 0.22 pm syringe
filter (Agela, Newark, NJ, USA). HPLC electrospray ionization/MS-
MS analysis was performed on an Agilent 6460 triple quad liquid
chromatography/mass spectrometry (LC/MS) (Agilent) equipped
with an Agilent-XDB C;g column at 35°C.

Measurement of gossypol content by HPLC

To measure the gossypol content in plant tissues, leaf, stem,
and root samples were dried in a lyophilizer and ground to a
fine powder. The powder (50 mg) was suspended in 3 ml ace-
tone, incubated in an ultrasonic bath for 30 min, and cen-
trifuged at 1500 g for 20 min. The supernatant was transferred
to another tube. The residue was washed with 3 ml methanol
twice and combined with the supernatant fraction. The extract
was adjusted to 25 ml with acetone, filtered through a 0.4- mm
syringe filter (Agela), then analyzed using an Agilent 1100 HPLC
(Agilent) according to previously described methods (Li et al.,
2017a).

Histochemical analysis and lignin content determination

Cotton stems at the same position above the cotyledons were col-
lected from cotton seedlings at 10 dpi. Staining with safranin and
fast green was used to visualize lignin deposition. The stems were
dehydrated with different concentrations of ethanol, embedded in
paraffin, then hand-cut into cross sections. After dewaxing with
xylene and ethanol, the sections were stained with 1% safranin for
1-2 h and 0.5% fast green for 60 s, oven-dried at 60°C, then pho-
tographed under a Leica MZ95 microscope (Leica).
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Plant tissues, including leaves, stems, and roots, were collected
from cotton seedlings at 0 dpi and 10 dpi. The lignin content was
determined by the lignin-thioglycolic acid (LTGA) reaction (dos
Santos et al., 2004). After the different compounds in the plant
parts were removed with phosphate buffer, Triton® X-100, NaCl,
water, and acetone, the protein-free cell wall fraction was retained.
The LTGA reaction was used to measure lignin content in this
fraction, and the lignin content was expressed as the weight/dry
weight.

Determination of phytohormones using HPLC-MS

To determine the endogenous contents of JA, JA-lle, and SA,
approximately 100 mg of cotton root samples were homogenized
with methanol and shaken at 4°C overnight in the dark. The disso-
lution, filtration, storage, and quantification of the combined
extract were performed as described in Hu et al. (2016). To each
sample were added 7.5 ng (+) of 9-,10-dihydro-JA, and 75 ng of 1-
naphthaleneacetic acid as internal standards for the JA, JA-lle,
and SA content assays.
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