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IbBBX24 Promotes the Jasmonic Acid Pathway and Enhances
Fusarium Wilt Resistance in Sweet Potato
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Cultivated sweet potato ([pomoea batatas) is an important source of food for both humans and domesticated animals. Here,
we show that the B-box (BBX) family transcription factor IbBBX24 regulates the jasmonic acid (JA) pathway in sweet potato.
When IbBBX24 was overexpressed in sweet potato, JA accumulation increased, whereas silencing this gene decreased JA
levels. RNA sequencing analysis revealed that IbBBX24 modulates the expression of genes involved in the JA pathway.
IbBBX24 regulates JA responses by antagonizing the JA signaling repressor IbJAZ10, which relieves IbJAZ10’s repression of
IbMYC2, a JA signaling activator. IbBBX24 binds to the IbJAZ10 promoter and activates its transcription, whereas it represses
the transcription of IbMYC2. The interaction between IbBBX24 and IbJAZ10 interferes with IbJAZ10’s repression of IbMYC2,
thereby promoting the transcriptional activity of IbMYC2. Overexpressing IbBBX24 significantly increased Fusarium wilt
disease resistance, suggesting that JA responses play a crucial role in regulating Fusarium wilt resistance in sweet potato.
Finally, overexpressing IbBBX24 led to increased yields in sweet potato. Together, our findings indicate that IbBBX24 plays
a pivotal role in regulating JA biosynthesis and signaling and increasing Fusarium wilt resistance and yield in sweet potato,
thus providing a candidate gene for developing elite crop varieties with enhanced pathogen resistance but without yield
penalty.

INTRODUCTION Jasmonic acid (JA) was initially identified as a stress-related
hormone in plants. JA and its methyl ester (MeJA) and isoleucine
conjugate (JA-lle) are derivatives of a class of fatty acids that are
collectively known as jasmonates (JAs; Campos et al., 2014). JA

plays an essential role in plant defense responses against ne-

Sweet potato (Jpomoea batatas) is an economically important root
and tuber crop that is widely used as an industrial and bioenergy
resource worldwide. Fusarium wilt, a disease caused by Fusarium

oxysporumf. sp batatas (Fob),leads toyield losses 0of 10% to 50% in
sweet potato (Ogawa and Komada, 1985; Li et al., 2017). The
hemibiotrophic fungus F. oxysporum causes vascular wilt disease
in over 100 plant species and significantly limits the production of
many crops, such as tomato (Solanum lycopersicum), tobacco
(Nicotiana tabacum), and cotton (Gossypium spp; Michielse and
Rep, 2009; Cole et al., 2014). The symptoms of vascular wilt disease
include vascular browning, stunting, and progressive wilting,
eventually leading to plant death (Michielse and Rep, 2009).
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crotrophic and hemibiotrophic pathogens, especially fungi. Mu-
tants of JA biosynthetic and signaling genes display increased
susceptibility to various fungi. For example, the Arabidopsis
(Arabidopsis thaliana) JA biosynthesis mutant fad3 fad7 fad8 is
significantly more susceptible to Pythium mastophorum than is
the wild type (McConn et al., 1997; Stintzi et al., 2001), while
a mutation in JAI71, the tomato homolog of the Arabidopsis
jasmonate receptor gene CORONATINE INSENSITIVET (COI1),
results in increased susceptibility to Botrytis cinerea and F. oxy-
sporum (Li et al., 2004; Thaler et al., 2004; Abugamar et al., 2008).
Conversely, the Arabidopsis mutant cev1, in which JA is consti-
tutively produced and the JA-related downstream genes PLANT
DEFENSIN1.2 (PDF1.2) and THIONIN2.1 are constitutively ex-
pressed, exhibits enhanced defense responses against fungal
pathogens (Ellis and Turner, 2001).
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IbBBX24 Enhances Fusarium Wilt Resistance

Background: Sweet potato is an economically important root and tuber crop that is widely used as an industrial and
bioenergy resource worldwide and as an important source of food for both humans and domesticated animals.
However, the quality and production of sweet potato are severely threatened by Fusarium wilt disease caused by a
hemibiotrophic fungus (abbreviated as Fob), which causes vascular dysfunction in over 100 plant species. Jasmonic
acid (JA), a stress-related hormone in plants, plays an essential role in plant defense responses against pathogens.
Various transcription factors are involved in regulating JA-responsive gene expression. B-box (BBX) proteins mediate
transcriptional regulation and protein—protein interactions during multiple plant growth and developmental processes.
However, whether BBX proteins function in plant defense responses remains unclear.

Question: Are BBX proteins involved in regulating Fusarium wilt resistance in sweet potato? If so, what are the
underlying mechanisms?

Findings: The BBX-family transcription factor IbBBX24 regulates the JA pathway in sweet potato. When /bBBX24
was overexpressed in sweet potato, JA accumulation increased, whereas silencing this gene decreased JA levels.
Overexpressing IbBBX24 significantly increased Fusarium wilt resistance, suggesting that JA responses play a
crucial role in regulating Fusarium wilt resistance in sweet potato. RNA-sequencing analysis revealed that IbBBX24
modulates the expression of genes involved in the JA pathway. Furthermore, we determined that IbBBX24 modulates
the JA pathway via two mechanisms. First, IbBBX24 represses the expression of /bJAZ10, encoding a JA signaling
repressor, but activates the expression of IbMYC2, encoding a JA signaling activator, by binding directly to their
promoters. Second, IbBBX24 physically interacts with IbJAZ10, thus releasing IbMYC2 from the IbJAZ10 repressor.
Overexpressing IbBBX24 also led to increased yield in sweet potato, suggesting that /bBBX24 may serve as an ideal
candidate gene for developing elite crop varieties with enhanced pathogen resistance but without yield penalty.

Next steps: In future research, the mechanisms underlying Fob infection and IbBBX24-regulated JA biosynthesis
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and storage root yield in sweet potato need to be investigated. Moreover, the utilization of /bBBX24 for enhancing
disease resistance and yield in sweet potato could be an important task for geneticists and breeders.

The exogenous application of MeJA induces plant resistance to
various pathogens (Sun etal.,2013; Krél et al., 2015; Oliveiraet al.,
2015). JAresponses are critical for resistance or susceptibility to F.
oxysporum, depending on the pathogenesis mechanism, as
demonstrated in plants such as Arabidopsis and tomato (Epple
et al., 1997; Berrocal-Lobo and Molina, 2004; Thaler et al., 2004;
McGrath et al., 2005; Van Hemelrijck et al., 2006; Kidd et al., 2009;
Thatcher et al., 2009; Cole et al.,, 2014). In transgenic plants
overexpressing Arabidopsis ETHYLENE RESPONSE FACTORI,
Arabidopsis ETHYLENE RESPONSE FACTOR2, or THIONIN2.1,
which display increased resistance to F. oxysporum, JA-responsive
genes such as PDF1.2 and BASIC CHITINASE are significantly
activated (Epple et al., 1997; Berrocal-Lobo and Molina, 2004;
McGrath et al., 2005). By contrast, the esa? mutant, with enhanced
susceptibility to F. oxysporum, shows delayed induction of
PDF1.2 (Van Hemelrijck et al., 2006). Notably, the perturbation of
JA signaling has no detectable effect on the susceptibility of to-
mato to F. oxysporum f. sp lycopersici (Fol; Cole et al., 2014; Di
et al., 2017). However, although plants employ the JA-mediated
pathway to defend against various microbial pathogens, some
pathogens—including biotrophic and hemibiotrophic patho-
gens—produce and inject toxins and virulence effector proteins
into host cells, thus evading the plant defense system by hijacking
the JA-signaling pathway (Jiang et al., 2013; Cole et al., 2014;
Gimenez-lbanez et al., 2014; Yan and Xie, 2015).

The core JA-signaling module consists of the JA receptor COI1,
a subset of jasmonate-ZIM domain (JAZ) repressor proteins, and
the various transcription factors involved in regulating the ex-
pression of JA-responsive genes (Turner et al., 2002; Zhai et al.,
2017). COI1, an F-box protein, interacts with multiple proteins to
form the SCFCO'" E3 ubiquitin ligase complex (Xie et al., 1998;

Devotoetal.,2002; Xuetal.,2002). JAZ proteins, which function as
transcriptional repressors, contain an N-terminal domain, a cen-
tral ZIM domain, and a C-terminal JA-associated (Jas) domain
(Pauwels and Goossens, 2011; Zhai et al., 2017). These domains
are responsible for the interactions of these proteins with different
signaling partners. For example, the ZIM domain mediates the
interaction of JAZ proteins with NOVEL INTERACTOR OF JAZ
(Pauwels et al., 2010), and the Jas domain is responsible for in-
teracting with COI1 and several families of transcription factors,
including the bHLH transcription factors MYC2 to MYC4 and the
R2R3-MYB transcription factors MYB21 and MYB24 (Chini et al.,
2007; Pauwels and Goossens, 2011; Qi et al.,, 2011, 2015;
Goossens et al., 2015). Crystal structure analysis demonstrated
that COI1 and JAZ form a co-receptor complex with the bioactive
form of JA, JA-lle, indicating that JAZ proteins function as
jasmonate co-receptors (Sheard et al., 2010; Zhai et al., 2017;
Ruan et al., 2019). In the absence of JA-lle, JAZ proteins act as
repressors of the above-mentioned transcription factors; how-
ever, the presence of JA-lle promotes the interaction between
COI1 and JAZ proteins (Thines et al., 2007; Katsir et al., 2008;
Melotto et al., 2008; Ruan et al., 2019), and the JAZ proteins are
subsequently ubiquitinated by SCFCC'" and degraded through the
26S proteasome pathway (Thines et al., 2007; Melotto et al., 2008;
Pauwels and Goossens, 2011; Zhai et al., 2017). Thus, the re-
pression of the transcription factors is relieved, allowing them to
activate the expression of JA-responsive genes (Pauwels and
Goossens, 2011;Qietal.,2011,2015; Songetal.,2011; Zhaietal.,
2015; Zhang et al., 2015). Among these transcription factors,
MYC2 plays a key role in JA signaling (Boter et al., 2004; Lorenzo
etal., 2004; Gfeller et al., 2010; Du et al., 2017; Ogawa et al., 2017;
Zhai et al., 2017).
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The B-box (BBX) proteins are a family of zinc-finger transcription
factors that contain one or two B-box domains in their N termini
and sometimes contain a CCT domain in their C termini
(Gangappa and Botto, 2014). B-box motifs are involved in me-
diating transcriptional regulation and protein—protein interactions
during multiple plant growth and developmental processes, in-
cluding seedling photomorphogenesis (Datta et al., 2006, 2008;
Jiang et al., 2012; Xu et al., 2016), photoperiodic regulation of
flowering (Valverde et al., 2004; Kim et al., 2008; Hassidim et al.,
2009; Ping et al., 2019), shade avoidance (Crocco et al., 2010;
Wang et al., 2013a), pigment accumulation (Bai et al., 2019; Xiong
etal.,2019), abiotic stress responses (Nagaoka and Takano, 2003;
Liu et al., 2012; Crocco and Botto, 2013; Wang et al., 2013b;
Crocco et al. 2018), and the signaling pathways of phytohormones
such as gibberellins (GAs) and brassinosteroids (Weller et al.,
2009; Luoetal.,2010; Fanetal.,2012; Yang et al., 2014). However,
whether BBX proteins function in plant defense responses re-
mains unclear.

In this study, we demonstrated that the BBX family transcription
factor IbBBX24 participates in the JA pathway by modulating the
JAZ-MYC module in sweet potato. In addition to regulating JA
levels, IbBBX24 represses the expression of IbJAZ10 but acti-
vates the expression of IbMYC2 by directly binding to their pro-
moters. Furthermore, IbBBX24 physically interacts with IbJAZ10,
thus relieving its inhibition of IbMYC2 activity. Finally, the over-
expression of IbBBX24 led to increased Fob resistance and sweet
potato yields. Collectively, our data demonstrate that IbBBX24
promotes the JA pathway and enhances Fusarium wilt resistance
in sweet potato without yield penalty, providing insights into the
roles of BBX transcription factors in regulating biotic stress re-
sistance in plants.

RESULTS

IbBBX24 Is Highly Induced by Fob and MeJA

We previously demonstrated that JA signaling-related genes were
upregulated in the Fob-resistant sweet potato line ND98 and that
JA accumulated in ND98 after infection with Fob (Zhang et al.,
2017a, 2017b). Here, we performed cDNA-amplified fragment
length polymorphism (cDNA-AFLP) analysis to identify differen-
tially expressed genes (DEGs) between ND98 and the Fob-
susceptible variety Lizixiang after Fob infection. This analysis
led to the identification of 32 genes whose expression was dif-
ferentially regulated in ND98 and Lizixiang after Fob infection
(Supplemental Table 1). Among these genes, four transcription
factor genes, including IbBBX24, were differentially expressed in
these Fob-susceptible and -resistant sweet potato plants. We also
performed RNA-sequencing (RNA-seq) analysis to compare the
transcriptomes of ND98 and Lizixiang. Notably, IbBBX24 was
significantly differentially expressed in these transcriptomes
(Zhangetal., 2017b). Therefore, we focused on IbBBX24 due to its
potential role in Fob resistance in sweet potato.

We performed RT-qPCR to confirm the differential expression
of IbBBX24in ND98 and Lizixiang. The expression of IbBBX24 was
induced almost 16-fold in ND98 but only 3-fold in Lizixiang at 1 d
after Fob infection (Figure 1A). In addition, IbBBX24 was induced

31-fold in ND98 and 3-fold in Lizixiang after 0.5 h of MeJA
treatment (Figure 1B). In ND98, IbBBX24 was expressed at the
highest level in the roots of 4-week-old, in vitro-grown plants
(Supplemental Figure 1A), whereas in 3-month-old field-grown
plants, the highest expression level of IbBBX24 was observed in
leaves (Supplemental Figure 1B). Collectively, our data demon-
strate that IbBBX24 is highly induced by Fob and MeJA treatment
in sweet potato and that it is expressed at significantly higher
levels in ND98 than in Lizixiang.

Rapid amplification of cDNA ends assays revealed that the 1,069-
bpfull-length/bBBX24 cDNA contains a 696-bp open reading frame
(ORF). 1bBBX24, belonging to clade IV of the BBX transcription
factor family (Khanna et al., 2009), contains two conserved B-box
domains and a VP motif (Figure 1C; Supplemental Figure 1C) and
shares the closest phylogenetic relationship with AtBBX24 among
Arabidopsis homologs (Figure 1C; Supplemental Figure 1C). The
genomic sequence of IbBBX24 contains three exons and two in-
trons, which is similar to the exon-intron pattern of AtBBX24
(Figure 1D). We examined the subcellular localization of IbBBX24 by
transiently expressing the IbBBX24-GFP fusion protein in Nicotiana
benthamiana epidermal cells. Confocal microscopy indicated that
IbBBX24-GFP was located in the nucleus, whereas GFP alone was
located throughout the cytosol (Supplemental Figure 1D).

We generated anti-IbBBX24 polyclonal antibodies; the speci-
ficity of the antibodies is demonstrated in Supplemental Figure 2.
We used these antibodies to examine endogenous |IbBBX24
protein levels in Fob-resistant line ND98 after Fob and MeJA
treatment via immunoblot analysis. IbBBX24 protein levels in-
creased in these plants in response to both Fob and MeJA
treatment, peaking at 1 d after Fob infection and after 1 h of MeJA
treatment (Figure 1E).

IbBBX24 Plays a Positive Role in Resistance to Fob

To further investigate whether IbBBX24 contributes to Fob re-
sistance in sweet potato, we generated 20 overexpression lines
(designated as OE-1 to OE-20) and six RNA interference (RNAI)
lines (designated as Ri-1 to Ri-6) from 1,500 and 1,200 cell ag-
gregates, respectively, of the Fob-susceptible variety Lizixiang via
Agrobacterium tumefaciens-mediated transformation (Supplemental
Figure 3). After examining the levels of IbBBX24 mRNA in these
transgenic lines, we selected two overexpression lines (OE-3 and OE-
16) and two RNAi lines (Ri-1 and Ri-3) for further study (Supplemental
Figure 3J). To exclude the potential for cross silencing in the RNAI
transgenic lines, we examined the expression levels of IbBBX14,
1bBBX21, IbBBX25, and IbBBX22 in two independent IbBBX24-Ri
lines via RT-gPCR using sequence-specific primers (Supplemental
Data Set 1). The encoded proteins of these four BBX genes showed
highest homology to 1bBBX24 (Supplemental Figure 4A). Only
1bBBX24 was downregulated in both IbBBX24-Ri lines, while the
expression of IbBBX14, IbBBX21, IbBBX25, and IbBBX22 either
increased (IbBBX14 and IbBBX22) or remained unchanged (IbBBX21
and IbBBX25; Supplemental Figure 4B). These data suggest that
these IbBBX24-homologous genes were not knocked down due to
cross-silencing via RNAI.

The overexpression or loss-of-function of AtBBX24 led to
various physiological, developmental, and hormonal phenotypes
in Arabidopsis (Li et al., 2014). However, the overexpression or
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Figure 1. The Responses of IbBBX24 to Fob and MeJA Treatment.

(A) Expression of IbBBX24 in Fob-susceptible Lizixiang and Fob-resistant ND98 sweet potato after infection with Fob. The leaves of pot-grown Lizixiang and
ND98 plants were sampled 0, 0.5, 1,2, and 3 d afterinoculation with Fob spores at adensity of 1.5 X 107 mL~'. The values were determined by RT-qPCR from
three biological replicates consisting of pools of five plants. The error bars indicate *sb (n = 3). Different lowercase letters indicate a significant difference at
P < 0.05 based on Student’s t test.

(B) Expression of IbBBX24 in Fob-susceptible Lizixiang and Fob-resistant ND98 under 100 nM of MeJA treatment. Four-week-old in vitro-grown plants
were submerged in half strength MS medium containing 100 nM of MeJA and sampled at 0, 0.5, 1, 3, 6, and 12 h after treatment. The error bars indicate =sb
(n = 3). The values were determined by RT-qPCR from three biological replicates consisting of pools of five plants.

(C) Phylogenetic analysis of BBX proteins from sweet potato (IbBBX24) and Arabidopsis using the neighbor-joining method in MEGAB.0 with 1,000
bootstrap iterations. The numbers at the nodes of the tree indicate bootstrap values from 1,000 replicates. IbBBX24 is marked with a black box.

(D) Comparison of the genomic structures of IbBBX24 and AtBBX24. Boxes indicate exons, and lines indicate introns.

(E) Immunoblots showing that Fob and MeJA induce the accumulation of IbBBX24 protein in Fob-resistant ND98. Anti-HSP was used as a sample loading
control.

suppression of CmBBX24 in chrysanthemum resulted in no ob-
vious morphological variations during vegetative growth (Yang
et al., 2014). Therefore, we carefully compared the morphological
changes in in vitro-grown wild type versus IbBBX24-OE or
IbBBX24-Ri transgenic plants. The IbBBX24-OE plants showed
greener, larger, and increased numbers of leaves, whereas the
IbBBX24-Ri plants exhibited yellower, longer, larger, and reduced
numbers of leaves compared with wild-type plants (Supplemental
Figures 5A to 5E). Furthermore, the IbBBX24-OE and IbBBX24-Ri
plants had longer roots than wild-type plants, and the internode
distance was shorter in the IbBBX24-Ri lines than in the other lines

(Supplemental Figures 5B and 5F). However, one month after
transfer to soil (in both the greenhouse and field), the morpho-
logical differences between transgenic and wild-type plants
were almost undetectable (Supplemental Figures 5G, 5H, 5J,
and 5K). Notably, overexpression of IbBBX24 led to increased
storage root yield (the total weight of storage roots) per plant,
whereas knockdown of IbBBX24 did not obviously affect yields
(Supplemental Figures 51 and 5L).

The cultivation of sweet potato, an asexually propagated tu-
berous root crop species, relies on stem cuttings. Fob is primarily
spread via the entry of airborne fungal spores into external wounds
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(e.g., those from insects) or the invasion of soil-borne spores into
the stem cutting incision. We used two methods, mycelial in-
fection and spore infection, to examine the severity of Fob in-
fection in transgenic plants.

For the mycelial infection method, pieces of potato dextrose
agar (PDA) medium containing Fob mycelia were placed onto 1-
cm-long wounds on the stems of ND98, Lizixiang (wild type), and
IbBBX24 transgenic plants. Sterile PDA medium was applied si-
multaneously as a mock treatment. No significant differences in
the growth of the wounded stems or the length of the necrotic
regions on wounded stems were observed in mock-infected
plants (Supplemental Figures 6A, 7A, and 7B). However, at 15-
d after inoculation (DAI) with Fob, the IbBBX24-Ri plants died, their
leaves and stems were withered and brown, and the number of
diseased leaves and length of the necrotic regions on wounded

stems were significantly higher than those of wild-type plants. By
contrast, the Fob-resistant ND98 and IbBBX24-OE plants showed
only minor symptoms and sustained normal growth, and the
number of diseased leaves and the length of the necrotic regions
on wounded stems were significantly lower than those of the wild
type (Figure 2A; Supplemental Figures 7A and 7B).

For the spore infection method, cuttings (~25 cm) from 6-
week-old ND98, Lizixiang (wild type), and IbBBX24 transgenic
plants were dipped in spore-containing water or sterile water
(mock treatment; with 5-cm-long stems from the cutting site
dipping into the liquid) and cultivated in sterilized sand irrigated
with sterilized Hoagland solution. No significant differences in
growth were observed in mock-infected versus untreated plants
(Supplemental Figures 6B, 7C to 7E). However, at 5 DAI with Fob,
most leaves of wild-type and /IbBBX24-Ri plants began to turn
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Figure 2. Overexpression of IbBBX24 Enhances Fob Resistance in Sweet Potato.

(A) Development of disease symptoms in Fob-resistant line ND98, wild-type (WT), and IbBBX24 transgenic pot-grown plants after Fob inoculation by the
myceliainfection method. Sterile PDA tablets (mock, shown in Supplemental Figure 6A) or Fob mycelia tablets at the same growth state were placedona 1-
cm-long wound on the stems of plants. Surface and transverse sections of diseased stems are shown. The images were taken at 15 DAI.

(B) Development of disease symptoms in ND98, wild-type (WT), and IbBBX24 transgenic plants after Fob inoculation by the spore infection method. The pot-
grown plants were inoculated with water (mock, shown in Supplemental Figure 6B) oran Fob spore solution at adensity of 1.5 X 107 mL~"for9 d of treatment.
(C) Histological examination of transverse sections of stems of ND98, wild-type (WT), and IbBBX24 transgenic plants infected with Fob by the spore infection
method at 0, 5, and 9 DAI. The red arrows indicate loose cells. Scale bars = 100 pm.

(D) Scanning electron microscopy images of fungus growing in the leaf stomata of ND98, wild-type (WT), and IbBBX24 transgenic plants infected with Fob at
3 DAl by the spore infection method. The red circles indicate fungus growing from the stomata, and the blue arrows indicate Fob spores. Scale bars = 10 pm.
(E) JA contents in ND98, wild-type (WT), and IbBBX24 transgenic plants at 0 DAl and 1 DAI by the spore infection method. The pot-grown plants were
inoculated with water (mock, shown in Supplemental Figure 6B) or an Fob spore solution at a density of 1.5 X 107 mL~" (Fob, shown in Figure 2B) for 9 d of
treatment. Leaves located in the same position (the fourth leaf) from three plants were pooled as one replicate. Three biological replicates were performed.
Different letters indicate statistically significant differences. Multiple comparisons were calculated by two-way ANOVA followed by Bonferroni post hoc tests
(P < 0.05). FW, fresh weight.

€20z Joquisidag €0 uo Jasn Aysieaiun [eanynouby eulyd Aq 89S 1L L9/Z0L L/v/ZE/BI0Mey|[89]d/Wwoo" dno olwapee/:sdiy Woly pepeojumod


http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1
http://www.plantcell.org/cgi/content/full/tpc.19.00641/DC1

yellow and fell off, starting from the bottom of the plant and
progressing to the top, whereas only a few leaves of ND98 and
IbBBX24-0E plants displayed these symptoms (Figure 2B). At 9
DAI, the number of diseased leaves and the length of the necrotic
regions of stems were significantly reduced in ND98 and /bBBX24-
OE plants and significantly increased in IbBBX24-Ri plants
compared with wild-type plants (Supplemental Figures 7C and
7D). Notably, the transgenic plants produced fewer new roots
after infection with Fob compared with mock-treated plants
(Supplemental Figure 7E).

We performed histological analysis to examine the degree of
Fob damage to the stems of ND98, wild-type, and transgenic
plantsat0, 5, and 9 DAl to obtain a before-and-after comparison of
disease symptoms. At 5 DAl with Fob, the cells in the piths of wild-
type and IbBBX24-Ri plants were deformed and loosely arranged,
whereas the stem structure of ND98 and /bBBX24-OE plants
remained intact, with compact cells in the pith and cortex
(Figure 2C). At 9 DAl with Fob, the stems of wild-type and
IbBBX24-Ri plants exhibited destroyed pith and cortex structures,
but these structures displayed much less damage in IbBBX24-OE
plants (Figure 2C). We then observed the growth of Fob on the
plants via scanning electron microscopy. Mycelia and spores
grew from the stomata of leaves, with more spores observed in
IbBBX24-Ri plants and fewer spores observed in Fob-resistant
ND98 and IbBBX24-0OE plants compared with wild-type plants at 3
dpi (Figure 2D).

Next, we quantified endogenous JA levels in mock- and Fob-
treated plants. In general, JA was much more abundant in ND98
and IbBBX24-0OE plants than in wild-type plants under both mock
and Fob treatment. At 1 DAI with Fob, ND98 and IbBBX24-OE
plants contained higher levels of JA than mock- or Fob-infected
plants at 0 DAI (Figure 2E). By contrast, IbBBX24-Ri plants con-
tained less JA than the controls (Figure 2E). These results indicate
that overexpressing IbBBX24 increases JA contents and Fob
resistance in the Fob-susceptible variety Lizixiang.

JA Inhibits Fob Growth and Promotes Fob Resistance in
Sweet Potato

The exogenous application of MeJA (a stable derivative of JA)
activates the defense system against pathogenic organisms in
some plant species (Sunetal.,2013;Kréletal.,2015; Oliveiraetal.,
2015). Therefore, we examined whether exogenous MeJA treat-
ment would affect Fob growth in sweet potato. We cultured Fob
mycelia at the same growth period and state on PDA plates
containing different concentrations of MeJA. Notably, treatment
with higher concentrations of MeJA increasingly inhibited the
growth of Fob (Supplemental Figures 8A and 8B). In addition,
higher concentrations of MeJA inhibited the formation of Fob
macroconidia (Supplemental Figure 8C). These results indicate
that MeJA treatment inhibits the growth of Fob.

Because 0.5 mM of MeJA appears to be a relatively low con-
centration but effectively inhibited the growth of Fob (Supplemental
Figure 8), we tested the effect of exogenous 0.5-mM MeJA treat-
ment on Fob resistance in sweet potato. No significant differences
in the growth of sweet potato were observed after exogenous
treatment with 0.5 mM of MeJA, as indicated by the phenotypes of
aboveground parts and the number of new roots (Supplemental
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Figure 9). We then applied Fob (by the spore infection method) to
various genotypes of sweet potato plants that had been treated with
orwithout 0.5 mM of MeJA. Exogenous MeJA treatment effectively
slowed the spread of the fungus (Figure 3A). Specifically, at 3 DAI,
the leaves of plants not treated with MeJA began to turn yellow from
the bottom of the plant, whereas in plants treated with MeJA, the
leaves remained green (Figure 3A). In MeJA-treated sweet potato
plants at 7 DAI, the number of diseased leaves and the infected
regions of the stems decreased by 23% to 51% and 37% to 76%,
respectively, compared with mock-treated plants (Figures 3B and
3C). Collectively, our data indicate that MeJA treatment promotes
Fob resistance in sweet potato.

IbBBX24 Regulates the Transcription of Genes Involved in
the JA Pathway

To better understand how IbBBX24-mediated Fob resistance is
regulated, we performed RNA-seq analysis of Lizixiang (wild type)
and IbBBX24 transgenic plants (OE-16 and Ri-3) at 1 DAI after
infection with Fob. Because cultivated sweet potato (2n = B,B,B,
B,B,B, = 6x = 90) is a highly heterozygous and generally self-
incompatible autohexaploid, its genome is difficult to assemble
and is highly polymorphic (Liu, 2017). To select an appropriate
reference genome, we aligned the RNA-seq reads to previously
released sweet potato genome sequences (Hirakawa et al., 2015;
Yang et al., 2017; Wu et al., 2018). Among our RNA-seq reads,
72.99%, 78.09%, 73.82%, and 79.09% were successfully aligned
to the genomes of wild sweet potato relatives jpomoea ftrifida
0431-1 (2n = 2x = 30; Hirakawa et al., 2015), /. trifida NCNSP0306
(2n = 2x = 30; Wu et al., 2018), and Jpomoea triloba NCNSP0323
(2n = 2x = 30; Wu et al., 2018), and the sweet potato variety
Taizhong 6 (2n = 6x = 90; Yang et al.,, 2017), respectively
(Supplemental Table 2). As the highest percentage of reads was
mapped to the Taizhong 6 genome, and because the Taizhong 6
genome was the only published hexaploid sweet potato genome,
we used this genome sequence for further RNA-seq analysis.

We used RNA-seq to examine the expression of 57,377 genes in
overexpression line OE-16, RNAI line Ri-3, and wild-type plants
(Figure 4A; Supplemental Figure 10). Further comparisons of the
RNA-seq data of OE-16, Ri-3, and wild-type plants at 1 DAI (with
a threshold of False Discovery Rate [FDR] < 0.05) revealed 19,777
DEGs. Compared with the wild type, 6,370 upregulated and 6,054
downregulated genes were identified in OE-16, whereas 7,084
upregulated and 9,248 downregulated genes were identified in Ri-
3 (Figure 4B). In addition, 2,470 genes were upregulated in OE-16
but downregulated in Ri-3, and 1,407 genes were downregulated
in OE-16 but upregulated in Ri-3 after infection with Fob
(Figure 4B; Supplemental Data Set 2). Therefore, these 3,877
genes wereregulated in an opposite manner in the overexpression
and knockdown lines of IbBBX24. We functionally annotated and
classified these 3877 genes using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. KEGG enrichment
analysis revealed that these DEGs were enriched in processes
such as protein processing in endoplasmic reticulum (ath04141),
plant hormone signal transduction (ath04075), biosynthesis of
amino acids (ath01230), and plant-pathogen interaction (ath04626;
Supplemental Figure 11A).
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Figure 3. Effects of MeJA Treatment on Fob Resistance in Sweet Potato.

(A) Development of disease symptoms in Fob-resistant line ND98, wild-type (WT), and IbBBX24 transgenic plants after Fob inoculation by the spore infection
method with or without MeJA treatment. Pot-grown plants were inoculated with Fob spore solution at a density of 1.5 X 107 mL~" for 7 d of treatment. Plants
were irrigated with 100 mL of 0 mM or 0.5 mM of MeJA solution per pot once a day. The disease phenotypes were photographed at 0, 3, 5, and 7 DAI. The
experiment was independently repeated four times with three plants per replicate.

(B) and (C) Statistical analysis of the number of diseased leaves (B) and the length of the necrotic regions of stems (C) of ND98, wild-type (WT), and IbBBX24
transgenic plants at 7 DAI by the spore infection method with or without MeJA treatment. The values represent =sp (n = 12) from four independent biological
replicates with three plants perreplicate. The dots represent outlier points. Different letters indicate statistically significant differences. Multiple comparisons
were calculated by two-way ANOVA followed by Bonferroni post hoc tests (P < 0.05).

Notably, based on sequence similarity with Arabidopsis homo-
logs, regulatory genes involved in JA biosynthesis and signaling,
such as encoding lipoxygenases (Oliw and Hamberg, 2017), en-
coding allene oxide synthase (Park et al., 2002), encoding OPDA
reductase3 (Schaller et al., 2000), IbMYC2 (Dombrecht et al., 2007),
and IbCHI (encoding the antimicrobial protein chitinase; Ebrahim
et al., 2011) were upregulated in OE-16 but downregulated in Ri-3
versus the wild type after Fob infection (Figure 4C; Supplemental
Data Set 2). IbJAZ10 was downregulated in OE-16 but upregulated
in Ri-3 versus wild type after Fob infection (Figure 4C; Supplemental
Data Set 2). RT-gPCR demonstrated that the expression levels of
IbMYC2 and IbCHI were significantly higher, but the expression
level of IbJAZ10 was significantly lower, in IbBBX24-OE plants
compared with both wild-type and IbBBX24-Ri plants before and
after infection (Figure 4D).

JA-mediated signaling activates the transcription of pathogen
defense genes and regulates the production of reactive oxygen
species (ROS) and lignin (Denness et al., 2011). Higher concen-
trations of ROS dramatically promote oxidative damage in plants
under stress (Apel and Hirt, 2004), while lignin and phenols play
essential roles in the defense response to invading pathogens
(Nicholson and Hammerschmidt, 1992; Brisson et al., 1994). After
Fob infection, DEGs such as pathogenesis-related genes, disease-
resistance genes (Nepal et al., 2017), late blight resistance genes

(Pel et al., 2009), genes encoding leucine-rich repeat domain-
containing proteins (Hu et al.,, 2018), ROS scavenging-related
genes (Apel and Hirt, 2004), and lignin/cell wall synthesis-related
genes (Douchkov et al., 2016) were significantly upregulated in OE-
16 but downregulated in Ri-3 compared with the wild type
(Supplemental Figure 12). We measured pathogen defense-related
indices in wild-type and IbBBX24 transgenic plants after infection.
Superoxide dismutase (SOD) and peroxidase (POD) activity and
total phenolic and lignin contents were significantly higher in the
1bBBX24-OE lines but lower in the IbBBX24-Ri lines compared with
the wild type (Supplemental Figures 13A, 13B, 13E, and 13F). By
contrast, malondialdehyde (MDA) and hydrogen peroxide (H,O,)
contents were significantly lower in the IbBBX24-OE lines and
higher in the IbBBX24-Ri lines compared with the wild type
(Supplemental Figures 13C and 13D). These data indicate that
IbBBX24 affects the transcription of genes involved in the JA-
mediated defense pathway in sweet potato.

Genome-wide Binding Analysis of IbBBX24 by Chromatin
Immunoprecipitation Sequencing

Next, we explored the target genes of IbBBX24 by performing
chromatin immunoprecipitation sequencing (ChlP-seq) assays
using specific polyclonal anti-IlbBBX24 antibodies in line OE-16 at
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Figure 4. Genome-wide Analysis of the Role of the IbBBX24 Regulon in the Fob Response.

(A) Venn diagram of the number of expressed genes in OE-16, Ri-3, and wild type (WT) at 1 DAI with Fob by RNA-seq.

(B) The number of DEGs among OE-16, Ri-3, and wild type (WT) at 1 DAl with Fob by RNA-seq.

(C) Heat map of DEGs involved in the JA pathway based on RNA-seq analysis of OE-16 and Ri-3 at 1 DAl of Fob. Higher transcript levels are showninred (0 to
2), and lower transcript levels are shown in blue (-2 to 0). WT, wild type.

(D) Relative expression levels of IbMYC2, IbJAZ10, and IbCHI in wild-type (WT) and IbBBX24 transgenic plants at 0 DAl and 1 DAl with Fob. The values were
determined by RT-gPCR from three biological replicates consisting of pools of five plants. The error bars indicate +sp (n = 3). Different lowercase letters
indicate a significant difference at P < 0.05 based on Student’s t test.

(E) Distribution of IbBBX24 binding regions in the sweetpotato genome. ChIP was performed in line OE-16 at 1 DAl with Fob with anti-lbBBX24 antibody.
Promoter 5-k region, —5 kb to TSS; terminator 2-kb region, 2 kb downstream of the terminator.

(F) Peak distance from the TSS of IbBBX24. The peaks were highly enriched from —1 kb to 0 from the TSS.

(G) Venn diagram showing the number and overlap of DEGs detected by RNA-Seq and ChIP-Seqat 1 DAl with Fob. a, 2,470 DEGs were upregulated in OE-16
and downregulated in Ri-3 compared with the wild type, as detected by RNA-seq; b, 1,407 DEGs were downregulated in OE-16 and upregulated in Ri-3 line
compared with the wild type, as detected by RNA-seq; ¢, 3,778 putative targets containing peaks associated with a gene model detected by ChIP-seq.

1 DAl after Fob infection. We mapped the sequencing reads of
ChIP DNA to the Taizhong 6 genome using BWA v0.7.12
(Langmeadet al., 2009; Yang et al., 2017). We identified 1,427,515
uniquely mapped reads, which were distributed throughout the
Taizhong 6 genome. Intotal, 7,930 binding peaks of IbBBX24 were
detected with a Q-value < 0.05 for the ChIP-seq data sets
(Supplemental Data Set 3). Approximately 56% of the 7,930
IbBBX24 binding peaks were located in the genic regions of 3,778
genes. Of these, 24% were located in promoter regions (—5 kb to
thetranscription start site [TSS]), 16% in exonregions, 5% inintron
regions, 2% in 5’-UTRs, 1% in 3’-untranslated regions (UTRs),
and 8% interminator regions (2 kb downstream of the terminators;
Figure 4E). The binding peaks were significantly concentrated

within the 1,000-bp region upstream of the TSS, and 602 peaks in
this region were assigned to 534 genes (Figure 4F). The 3,778
genes were functionally annotated and classified using the KEGG
database. KEGG enrichment analysis revealed that they were
mainly enriched in the pathways’ oxidative phosphorylation
(ath00190), plant hormone signal transduction (ath04075), bio-
synthesis of amino acids (ath01230), protein processing in the
endoplasmic reticulum (ath04141), and plant-pathogen inter-
actions (ath04626; Supplemental Figure 11B).

As described above, our RNA-seq analyses identified 2,470
DEGs that were upregulated in OE-16 but downregulated in Ri-3
and 1,407 DEGs that were downregulated in OE-16 but upre-
gulated in Ri-3 after Fob infection (Figure 4B). A comparison of our
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RNA-seq results with the ChIP-seq data showed that of the
IbBBX24-regulated genes, 253 of the 2,470 DEGs and 142 of the
1,407 DEGs described above were bound by IbBBX24 in vivo
(Figure 4G; Supplemental Data Set 4), suggesting that their ex-
pression is directly regulated by IbBBX24. Of the 395 direct targets
of IbBBX24, 64% were located upstream of the TSS (including
10% located in the region 1 kb upstream of the TSS), 8% were
located within gene bodies, and 28% were located downstream of
coding sequences (Supplemental Data Set 4). Next, we selected
two putative direct targets of IbBBX24, IbCHI and IbCRK (en-
coding a CDPK-related kinase), to verify that they are indeed
directly regulated by IbBBX24. IbBBX24 binding peaks were lo-
cated immediately upstream of the TSS of both genes. Yeast one-
hybrid (Y1H) assays indicated that IbBBX24 directly bound to their
promoters in yeast cells, and transient dual-luciferase assays
showed that IbBBX24 strongly activated IbCHIpro-LUC but in-
hibited IbCRKpro-LUC expression in sweet potato protoplasts
(Supplemental Figure 14). Collectively, combining our genome-
wide analysis of IbBBX24 binding to DNA and differences in RNA
expression in IbBBX24-overexpressing and -silenced lines, we
conclude that 253 and 142 genes are likely direct targets of ac-
tivation and repression by IbBBX24, respectively.

IbBBX24 Participates in JA-Mediated Disease Resistance by
Binding to the Promoters of IbJAZ10 and IbMYC2

Given the finding that overexpression of IbBBX24 increases JA
contents and Fob resistance in the Fob-susceptible variety
Lizixiang (Figure 2) and that IbBBX24 affects the transcription of
genes involved in the JA-mediated defense pathway (Figure 4C), it
was interesting to note that IbJAZ70 and IbMYC2, two important
components in the JA-signaling pathway, are direct target genes
of IbBBX24 (Supplemental Data Set 4). To further verify their
regulation by IbBBX24, we examined the expression of IbJAZ10
and IbMYC2 in wild type, OE-16, and Ri-3 plants before and after
infection with Fob. RT-qPCR analysis indicated that IbJAZ710 was
downregulated by IbBBX24 after infection, whereas IbMYC2 was
upregulated by this transcription factor (Figures 5A and 5B), which
is consistent with our RNA-seq data (Supplemental Data Set 2).

The finding that IbBBX24 interacts with genomic sequences
located upstream of the coding sequences of IbJAZ10 and Ib-
MYC2 suggests that IbBBX24 directly regulates these genes by
binding to their promoters (Figures 5C and 5D). We performed
electrophoretic mobility shift assays (EMSAs) to further verify the
binding of IbBBX24 to these promoters. Indeed, in Arabidopsis,
BBX proteins bind to the T/G-box elements in the promoters of
their target genes (Xu et al., 2016, 2018). Although analysis of the
IbJAZ10 promoter sequence failed to reveal the presence of
a typical T/G-box, in the EMSA, 6His-tagged IbBBX24 bound to
a 51-bp promoter fragment of IbJAZ10 (~105 bp upstream the
ATG start codon) in vitro (Figure 5E). We also identified two typical
T/G-boxes in the IbMYC2 promoter. To investigate whether
IbBBX24 binds to the IbMYC2 promoter through these T/G-boxes,
we performed EMSAs using a 62-bp wild-type probe and mutant
probes in which one or both of the T/G-boxes were mutated
(Figure 5F). IbBBX24 directly bound to the wild-type probe.
However, the mutation of either T/G-box1 or T/G-box2 decreased
IbBBX24 binding, whereas the mutation of both T/G-box1 and

T/G-box2 totally abolished the binding of IbBBX24 to the IbMYC2
promoter probe (Figure 5F). Together, these data indicate that
both T/G-box1 and T/G-box2 are important for mediating
IbBBX24 binding to the IbMYC2 promoter.

We performed transient dual-luciferase assays in sweet potato
protoplasts to investigate how IbBBX24 regulates the expression
of IbJAZ10 and IbMYC2. When IbJAZ10pro-LUC was cotransformed
with 35S-1bBBX24, the IbJAZ10 promoter was inhibited by the
presence of IbBBX24. By contrast, when IbMYC2pro-LUC was
cotransformed with 35S-1bBBX24, the IbMYC2 promoter was ac-
tivated by the presence of IbBBX24 (Figures 5G and 5H). Collec-
tively, our data demonstrate that IbBBX24 directly represses
IbJAZ10 but activates IbMYC2 expression by binding to their
promoters.

Physical Interaction between IbBBX24 and IbJAZ10

The Arabidopsis homolog BBX24 physically interacts with
CONSTITUTIVE PHOTOMORPHOGENIC1, ELONGATED HY-
POCOTYL5, and DELLA proteins (Yan et al., 2011; Jiang et al.,
2012; Crocco et al., 2015). To explore the possible interacting
partners of IbBBX24 involved in Fob resistance in sweet potato,
we screened a yeast two-hybrid (Y2H) library constructed using
RNA from sweet potato leaves. Because IbBBX24 acted as
a transcriptional activator in yeast cells, and 133 amino acid
residues from the carboxy-terminus were required for its trans-
activation activity (Figure 6A), we used 98 amino acid residues
from the N terminus of IbBBX24 (BD-1bBBX24N98), which includes
the two B-box domains, as the bait in Y2H screens. This effort led
to the identification of 17 putative IbBBX24-interacting proteins
(Supplemental Table 3), including IbJAZ10 (Figure 6A).

To verify the interaction between IbBBX24 and IbJAZ10 in plant
cells, we conducted bimolecular fluorescence complementation
(BiFC), firefly luciferase complementation imaging (LCI), and
coimmunoprecipitation (co-IP) assays in N. benthamiana leaves.
The coexpression of n-terminal yellow fluorescent protein (nYFP)-
IbBBX24 and IbJAZ10-cYFP led to clear YFP signals in the nu-
cleus, and the coexpression of nLUC-IbBBX24 and IbJAZ10-
cLUC resulted in strong LUC activity in N. benthamiana leaves.
By contrast, no signal (BiFC) and only background levels of LUC
activity (LCI) were observed in the negative controls (Figures 6B
and 6C). In a co-IP assay, IbJAZ10-Myc was coprecipitated by
anti-HA antibody using total proteins extracted from N. ben-
thamiana leaves co-expressing HA-IbBBX24 and IbJAZ10-Myc,
but not using total proteins extracted from control leaves ex-
pressing IbJAZ10-Myc alone (Figure 6D). Together, our data
demonstrate that 1bBBX24 physically interacts with IbJAZ10
in vivo.

IbBBX24 Enhances the DNA Binding Activity of IboMYC2 by
Releasing It from Suppression by IbJAZ10

We performed Y2H assays to identify the domains of IbJAZ10
responsible for interactions with IbOMYC2 and IbBBX24. Both the
ZIM domain and Jas domain of IbJAZ10 interacted with IbMYC2,
whereas the Jas domain of IbJAZ10 interacted with both IbBBX24
and IbCOI1 in yeast cells (Figure 7A). Indeed, the Jas domain of
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JAZ proteins interacts with COI1 (Melotto et al., 2008). The Jas
domain also mediates the interaction of JAZ proteins with MYC2
(Chini et al., 2009; Pauwels and Goossens, 2011; Goossens et al.,
2015).

Next, we asked how IbJAZ10 and |bBBX24 affect the tran-
scriptional activity of Ib0MYC2. Tomato MYC2 binds to the pro-
moters of the NAC transcription factor gene JA2L and the ERF
transcription factor gene ERF.C3 through the consensus CACATG
element (Du et al., 2017). Based on our RNA-seq data, we identified
a NAC transcription factor gene in sweet potato, IbNAC72, whose
expression was activated by IbBBX24 (Supplemental Data Set 2).
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However, IbNAC72 was not bound by IbBBX24 in vivo, suggesting
that IbBBX24 activates IbNAC72 indirectly. Notably, the IbNAC72
promoter contains a typical CACATG element. We thus asked
whether the expression of IbNAC?72 is regulated by IbMYC2. We
performed transient dual-luciferase assays using sweet potato
protoplasts and a reporter construct in which the expression of the
LUC reporter gene was driven by the IbNAC72 promoter. The
coding sequences of IbMYC2, IbJAZ10, and IbBBX24 were cloned
separately into pGreenll 62-SK as effectors. LUC activity analysis
indicated that IbMYC2 directly activated the IbNAC72 promoter
(Figure 7B). However, when IbJAZ10 was co-expressed with
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Figure 5. IbBBX24 Regulates IbJAZ10 and IbMYC2 Expression by Binding Directly to Their Promoters.

(A) and (B) Expression analysis of IbJAZ10 (A) and IbMYC2 (B) in IbBBX24 transgenic and wild-type (WT) plants at different DAl with Fob by the spore
infection method. The values were determined by RT-gPCR from three biological replicates consisting of pools of three plants. The error bars indicate +sp
(n = 3). Different lowercase letters indicate a significant difference at P < 0.05 based on Student’s t test.

(C) and (D) Y1H assays of IbBBX24 binding to the IbJAZ10 and IbMYC2 promoters.

(E) Using EMSAs, it was found that the recombinant protein 6His-IbBBX24 retarded the shift of the probe, indicating that IbBBX24 binds to the IbJAZ10
promoter. 100X indicates the usage of excess nonlabeled probe as a competitor. “+” and “—” indicate presence and absence, respectively.

(F) EMSASs using 6His-IbBBX24 and wild-type (wt) or various mutated versions of the IbMYC2 promoter subfragments as probes. The terms “mut1,” “mut2,”
and “mut3” stand for mutated probes in which the various T/G-box “ACGT” motifs were replaced with “GGGG.”

(G) and (H) IbBBX24 inhibits IbJAZ10pro-LUC (G) but activates IbMYC2pro-LUC (H) activity, as determined by dual-LUC assays in sweetpotato protoplasts.
The expression level of REN was used as aninternal control. The LUC/REN ratio represents the relative activity of the IbJAZ10 promoter. Data are values from
four independent experiments. The error bars indicate +sb (n = 4). “P < 0.01; Student’s t test.
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Figure 6. Interaction of IbBBX24 with IbJAZ10 In Vitro and In Vivo.

(A) The B-box domain of IbBBX24 is necessary and sufficient for interaction with IoJAZ10 in a Y2H system. BD-IbBBX24N98 contains IbBBX24 amino acid
residues 110 98, whereas BD-IbBBX24C133 contains amino acid residues 99 t0 231. Yeast cells were plated onto SD/—Ade/—His/—Leu/—Trp + 3mM of 3AT
medium to screen for possible interactions.

(B) Confirmation of the interaction of IbBBX24 and IbJAZ10 by BiFC in N. benthamiana leaf epidermal cells, as shown by a yellow fluorescent signal. The N
terminus of YFP was respectively fused to IbBBX24 and IbBBX29, while the C terminus of YFP was fused to IbJAZ10. IbBBX29 from the BBX protein family
was used as arelated noninteracting protein for anegative control. The images were observed under aconfocal microscope 2 d later. EV, empty vector. Scale
bars = 10 pm.

(C) LCl assay showing that IbBBX24 interacts with IbJAZ10. The N terminus of LUC was fused to IbBBX24, and the C terminus of LUC was fused to IbJAZ10.
The images were observed using chemiluminescence imaging 2 d later.(D) In vivo interaction between IbBBX24 and IbJAZ10, as revealed by the co-IP
assay. Total proteins from N. benthamiana leaf cells expressing HA-IbBBX24 and IbJAZ10-Myc. Total proteins were extracted and incubated with anti-HA
agarose beads. Proteins before (input) and after IP were detected with anti-HA and anti-Myc antibodies.

IbMYC2, LUC expression significantly decreased, indicating that
IbJAZ10 inhibits the trans-activation activity of IbMYC2. Moreover,
when we expressed IbBBX24 together with IbJAZ10 and IbMYC2
in sweet potato protoplasts, LUC expression again increased
(Figure 7B), suggesting that IbBBX24 enhances the ability of Ib-
MYC2 to regulate its target gene. In addition, IbBBX24 promoted
IbMYC2 activity in the absence of transiently expressed IbJAZ10
(Figure 7B), perhaps due to the suppression of endogenous JAZ
activity by IbBBX24. Together, our data indicate that IbJAZ10 in-
hibits the trans-activation activity of IbMYC2, but IbBBX24 relieves
this inhibition.

To further dissect the molecular mechanisms underlying how
IbBBX24 regulates IbBBX24 activity, we performed EMSAs using
6His-tagged IbJAZ10, IbBBX24, and IbMYC2 recombinant pro-
teins and a 30-bp promoter fragment of IbNAC72 containing the
CACATG element. As expected, 6His-IbMYC2 bound to the wild-
type promoter fragment of IbNAC72, but not to the mutant probein
which CACATG was mutated to GGGGGG (Figure 7C). However,
the addition of IbJAZ10 abolished the binding of IbMYC2 to the
wild-type IbNAC72 promoter, which is consistent with the finding
that JAZ proteins inhibit the binding activity of transcription factors

involved in JA signaling (Song et al., 2011; Qi et al., 2015; Zhang
et al., 2015). The addition of IbBBX24 together with IbJAZ10 and
IbMYC2 restored the binding of IbMYC2 to the IbNAC72 promoter
(Figure 7C). These results, together with the finding that both
IbMYC2 and IbBBX24 interact with the Jas domain of IbJAZ10
(Figure 7A), suggest that the presence of IbBBX24 releases Ib-
MYC2 from IbJAZ10, thus allowing IbMYC2 to bind to its target
gene promoter. Collectively, our data demonstrate that IbBBX24
suppresses the inhibitory activity of IbJAZ10 toward IbMYC2,
thereby leading to the activation of IbMYC2.

Overexpression of IbJAZ10 Decreases Fob Resistance
in Tobacco

JAZ proteins act asrepressors of JA signaling, and the roles of JAZ
proteins in plant responses to biotic stress have been extensively
studied (Demianski et al., 2012; Yamada et al., 2012; de Torres
Zabala et al., 2016; Thatcher et al., 2016; Ortigosa et al., 2019). To
investigate the role of IbJAZ10 in Fob resistance, we overex-
pressed /bJAZ10 intobacco cv Wisconsin 38 (W38), because W38
can also be infected by Fusarium wilt fungus (Yun et al., 1996; Ntui
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Figure 7. IbBBX24 Enhances the DNA Binding Activity of IbMYC2 by Releasing It from Suppression by IbJAZ10.

(A) Y2H analysis showing that IbJAZ10 interacts with IbBBX24, IbMYC2, and IbCOI1. Yeast cells were plated onto SD/-Ade/-His/-Leu/-Trp and 3 mM 3AT
medium for stringent screening of possible interactions.

(B) Interaction of IbMYC2, IbJAZ10, and IbBBX24 with the IbNAC72 promoter, as determined by dual-LUC assays in sweetpotato protoplasts. The
expression level of REN was used as an internal control. The LUC/REN ratio represents the relative activity of the IbNAC72 promoter. Data are values from
three independent experiments. The error bars indicate *sb (n = 3). Different lowercase letters indicate a significant difference at P < 0.05 based on Student’s
t test.

(C) EMSA showing that the DNA binding of IbMYC2 is suppressed by IbJAZ10 but stimulated by IbBBX24 in vitro. Biotin-labeled probes were incubated with
various combinations of the same amount of purified 6His-IbBBX24, 6His-IboMYC2, and 6His-IbJAZ10 proteins, and the free and bound DNAs were
separated on an acrylamide gel. mut, mutated probe in which the G-box motif CACATG was replaced with GGGGGG; wt, wild type.
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et al., 2011). We examined the transcript levels of IbJAZ10 in
various transgenic lines by RT-gPCR and screened four in-
dependent transgenic lines (L4, L7, L18, and L25) in which /b-
JAZ10 was dramatically overexpressed (Figure 8C) for Fob
resistance. Under normal growth conditions, these IbJAZ10-OE
lines exhibited significantly smaller leaves, longer but thinner
stems, and shorter roots than wild-type W38 plants (Figures 8A to
8F). Upon infection with Fob spores, the IbJAZ10-OE lines
showed a severe Fob-susceptible phenotype, with wilted leaves
and stems, whereas control W38 plants maintained normal growth
and formed new roots (Figures 8G and 8H). Consistent with this
finding, the number of diseased leaves and the length of the

W38 L4 L7 L18 L25

No. of diseased leaves

O=_=2NwWkhoo

necrotic regions of stems were significantly greaterin IbJAZ10-OE
plants compared with wild-type plants (Figures 81 and 8J). Taken
together, these results indicate that IbJAZ10 functions as a neg-
ative regulator of the Fob response in plants.

DISCUSSION

Accumulating evidence indicates that the immunity hormone JA
regulates diverse plant defense responses and various de-
velopmental processes by interacting with other signaling path-
ways (Zhaietal.,2017; Yang et al., 2019). The JAZ-MYC moduleis
extensively involved in the crosstalk between JA signaling and
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Figure 8. Overexpression of IbJAZ10 in Tobacco Increases Plant Susceptibility to Fob.

(A) Phenotypes of one-month-old L4 and W38 tobacco plants grown in half strength MS medium. Scale bar = 1.5 cm.

(B) Leaf phenotypes of one-month-old L4 and W38 plants grown in half strength MS medium. Scale bar = 1.5 cm.

(C) Transcript levels of IbJAZ10 in W38 and transgenic tobacco lines. The results are expressed as relative values with respect to W38, which was setto 1.0.
The values were determined by RT-gPCR from three biological replicates consisting of pools of three plants. The error bars indicate +sb (n = 3). "P <0.01;

Student’s t test.

(D) to (F) Root length (D), stem length (E), and stem diameter (F) of one-month-old L4 and W38 plants grown in half strength MS medium. The error bars

indicate *+sp (n = 3). ‘P < 0.05; “P < 0.01; Student’s t test.

(G) Development of plant disease symptoms in W38 and IbJAZ10 transgenic plants after Fob inoculation. W38 and /bJAZ10 transgenic plants were

inoculated with Fob spores at a density of 1.5 X 107 mL~" for 14 d.

(H) Development of disease symptoms in leaves of W38 and IbJAZ10 transgenic plants after Fob inoculation. W38 and IbJAZ10 transgenic plants were

inoculated with Fob spores at a density of 1.5 X 107 mL~" for 14 d.

() and (J) Number of diseased leaves (I) and the length of the necrotic regions of stems (J) in W38 and IbJAZ10 transgenic plants at 14 DAI. The error bars

indicate *=sp (n = 9). ‘P < 0.05; “P < 0.01; Student’s t test.
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other signaling pathways. For example, JAZ1 and JAZ4 interact
with INDUCER OF CBF EXPRESSION1 (ICE1) and ICE2 to inhibit
the ICE-CBF signaling pathway (Hu et al., 2017), and TOE1 and
TOE2 interact with a subset of JAZ proteins (JAZ1, JAZ3, JAZ4,
and JAZ9) to regulate JA-mediated flowering (Zhai et al., 2015). In
addition, DELLAs, which are key repressors of GA signaling,
modulate JA signaling by interacting with JAZs to enhance the
ability of MYC2 to regulate its target genes (Hou et al., 2010). In this
study, we demonstrated that the BBX family transcription factor
IbBBX24 participates in the JA pathway by modulating the JAZ-
MYC module in sweet potato. IbBBX24 represses IbJAZ10 ex-
pression but activates IbMYC2 expression by binding directly to
their promoters (Figure 5). In addition, IbBBX24 physically inter-
acts with IbJAZ10, thus relieving its inhibition of IbMYC2 activity
(Figure 7). Therefore, our study demonstrates that IbBBX24 me-
diates the JA-signaling pathway and Fusarium wilt resistance in
sweet potato by regulating target gene expression and pro-
tein—protein interactions (Figure 9).

Although JA plays an important role in plant defense responses
to necrotrophic and hemibiotrophic fungal pathogens, the interactions

KbBBX%?} >
{(bJAZT0 }—
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between plants and pathogens are far more complex than pre-
viously thought (Yan and Xie, 2015). Pathogens may secrete
toxins and inject virulence effector proteins into host cells, which
target components of JA signaling, thus suppressing or evading
host defense responses (Cui et al., 2010; Thatcher et al., 2012;
Jiang et al., 2013; Zhu et al., 2013; Cole et al., 2014; Gimenez-
Ibanez et al., 2014). For example, Pseudomonas syringae pv
Tomato DC3000 secretes coronatine (a JA-lle mimic) and HopZ1a
(a virulence effector protein) to destabilize JAZ repressor proteins
andinappropriately activate the JA-signaling pathway in host cells
(Feysetal., 1994; Kloek et al., 2001; Laurie-Berry et al., 2006; Jiang
et al., 2013). This sabotages SA-dependent host defense in wild-
type plants, leading to increased susceptibility to Pseudomonas
syringae pv Tomato DC3000 (Kloek et al.,2001; Laurie-Berry et al.,
2006). Some F. oxysporum f. sp, such as F. oxysporum f. sp
conglutinans and F. oxysporum f. sp matthioli (Fom), produce
jasmonate-related metabolites and use them as effectors to
promote infection in Arabidopsis (Thatcher et al., 2009; Cole et al.,
2014; Yan and Xie, 2015). In addition, F. oxysporum hijacks COI1-
mediated JA signaling in host cells to promote plant susceptibility
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Figure 9. Proposed Working Model of the Role of IbBBX24 in JA-mediated Fob Resistance.

IbBBX24 binds to the promoters of IbJAZ10 and IbMYC2, repressing IbJAZ10 transcription but activating IbMYC2 transcription. In IbBBX24-OE plants,
elevated levels of IbBBX24 compete with IbMYC2 to interact with IbJAZ10 and enhance the ability of IbMYC2 to regulate its target genes. This process
results in the activation of JA signaling, leading to Fob resistance. Yellow balls represent IbBBX24, blue balls represent IbJAZ10, and red balls represent

IbMYC2. WT, wild type.
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in Arabidopsis (Thatcher et al., 2009). However, different ob-
servations have been made regarding the infection mechanisms
of various F. oxysporum f. sp in plants. For example, tomato Fo/
cannot secrete jasmonate-related metabolites, and the pertur-
bation of JA signaling has no detectable effect on the sus-
ceptibility of tomato to Fol (Cole et al., 2014; Di et al., 2017).
Consistent with these observations, we did not detect jasmonate-
related metabolites (including JA, JA-lle, and MeJA) in culture
filtrates of Fob strains (Supplemental Table 4), indicating that
jasmonate-related metabolites were not secreted by Fob. We
conclude that Fob does not perturb the JA-signaling pathway in
sweet potato by producing jasmonate-related metabolites, but
additional studies are needed to further characterize its infection
mechanisms. Nevertheless, our data demonstrate that IoBBX24
regulates Fob resistance in sweet potato by modulating both JA
biosynthesis (Figure 2E) and JA signaling (Figure 9) in the host
plant. Although we uncovered the molecular mechanisms un-
derlying IbBBX24-mediated JA signaling, it would also be worth
investigating how IbBBX24 regulates JA biosynthesis in sweet
potato in the future.

The overexpression of IbJAZ10 led to inhibited growth and
decreased Fob resistance in tobacco (Figure 8). Consistent with
these observations, the overexpression of JAZ proteins enhances
susceptibility to pathogens and inhibits growth in several plant
species (Chung and Howe, 2009; Yamada et al., 2012; de Torres
Zabalaetal.,2016; Ortigosa et al., 2019). Notably, the Arabidopsis
activation-tagged linejaz7-1D, in which T-DNA was inserted in the
JAZ7 promoter to cause constitutive expression of this gene,
displays increased susceptibility to F. oxysporum but enhanced
JA-responsive gene expression (Thatcher etal. 2016). Perhaps the
host JA-signaling pathway is hijacked by F. oxysporum, leading to
hyperactive JA-signaling and senescence processes, and thus
suppresses defense responses mediated by salicylic acid sig-
naling (Thatcher et al. 2016).

Genetic immunity to disease is usually accompanied by un-
intended reductions in plant growth and yield (Ning et al., 2017).
The yield penalties associated with disease resistance in crops
was first reported for late blight disease in potato (Solanum tu-
berosum) in the early 1960s (Vanderplank, 1963). Since then,
similar observations have been made in other crops (Jorgensen,
1992; Sharp et al., 2002; Ning et al., 2017). Thus, the balance
between immunity and yield has become one of the most im-
portantissues in crop breeding (Ning et al., 2017). In this study, we
showed that overexpressing IbBBX24 significantly increased JA
accumulation and signaling as well as Fob resistance in sweet
potato. Moreover, overexpressing /bBBX24 led to increased
storage root yields (Supplemental Figures 51 and 5L). The mo-
lecular mechanism underlying IbBBX24-induced yield promotion
in sweet potato is currently obscure. The formation and de-
velopment of sweet potato storage roots is a complex process
that is thought to be mediated by interactions of phytohormones
such as auxins, GAs, and JAs (Ravi et al., 2009). Consistent with
this notion, our ChIP-seq and RNA-seq data revealed a range of
genes associated with auxins, GAs, and JAs (Supplemental Data
Sets 2 and 3). Together, our study reveals IbBBX24 as an ideal
candidate gene for developing elite crop varieties with enhanced
pathogen resistance but without yield penalty.

In summary, IbBBX24 plays a pivotal role in regulating the JA
pathway, Fob resistance, and storage root yields in sweet potato.
Because our current understanding of the interactions between JA
signaling and F. oxysporum mainly comes from studies in Ara-
bidopsis and tomato, and different infection mechanisms for in-
vading plants may be adopted by different F. oxysporum f. sp, our
study provides insights into the roles of JAs in regulating plant
defense responses and developmental processes in crops.

METHODS

Plant Material and Growth Conditions

The Fob-resistant sweet potato (Jpomoea batatas) line ND98, Fob-
susceptible variety Lizixiang, and tobacco (Nicotiana tabacum) cv W38
were used as the wild types. In vitro-grown transgenic sweet potato, ND98,
and Lizixiang plants were cultured on Murashige and Skoog (MS) medium,
and transgenic and W38 tobacco plants were cultured on half-strength MS
medium at 27 * 1°C under 13 h of cool-white fluorescent light at 54 pmol
m~2s~1. The sweet potato plants were cultivated in the field, greenhouse,
or growth chamber at the campus of China Agricultural University, Beijing,
China.

Gene Identification and Phylogenetic Analysis

Total RNA was extracted using TRIzol Reagent (Invitrogen) from fresh
leaves of Fob-susceptible Lizixiang and Fob-resistant ND98 plants at 0, 1,
2,and 3 d afterinoculation with Fob. The corresponding cDNA was used for
cDNA-AFLP analysis according to Leymarie et al. (2007). Fragments were
separated on a sequencing polyacrylamide gel and visualized by silver
staining according to Bassam et al. (1991).

The IbBBX24 gene was cloned from Fob-resistant sweet potato line
ND98 using rapid amplification of cDNA end. The ORF of /bBBX24 was
predicted using the ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/).
Phylogenetic analysis of the deduced amino acid sequences of IbBBX24
and BBX proteins from Arabidopsis (https://www.arabidopsis.org/) was
performed using the neighbor-joining method in MEGA6.0 with 1,000
bootstrap iterations (Figure 1C; Tamura et al., 2011). Multiple sequence
alignment of the deduced amino acid sequences of IbBBX24 and other
plant BBX proteins was conducted using the software DNAMAN (Lynnon-
BioSoft). The alignments are shown in Supplemental File 1.

Isolation and Sequence Analysis of IbBBX24

Total RNA (TRIzol Reagent; Invitrogen) and genomic DNA (EasyPure Plant
Genomic DNA Kit; TransGen) were extracted from fresh leaves of Fob-
resistant ND98 plants. The corresponding cDNA fragments and genomic
DNA sequences were amplified using /bBBX24 primers (Supplemental
Data Set 1) and analyzed as described by Zhang et al. (2019).

Expression Analysis in Sweet Potato

The leaves of pot-grown Fob-susceptible Lizixiang and Fob-resistant
ND98 plants were sampled at 0, 0.5, 1, 2, and 3 d after inoculation with
Fob at a spore density of 1.5 X 107 mL~". Four-week-old in vitro-grown
plants were submerged in half strength MS medium containing 100 wM of
MeJA andsampled at0, 0.5, 1, 3, 6, and 12 h after treatment. Total RNA was
extracted from leaf, stem, petiole, and root tissues of 4-week-old in vitro-
grown Fob-resistant ND98 plants and from the leaf, stem, petiole, storage
root, and fibrous root tissues of 3-month-old field-grown Fob-resistant
ND98 plants using the TRIzol method (Invitrogen). RT-qgPCR was con-
ducted using the SYBR detection protocol (TaKaRa) on a 7500 Real-Time
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PCR system (Applied Biosystems). The reaction mixture was composed of
first-strand cDNA, primer mix, and SYBR Green M Mix (TaKaRa; code
RR420A) to a final volume of 20 pL. The specific primers used in the assay
are listed in Supplemental Data Set 1. A 169-bp fragment of the sweet
potato B-actin gene (GenBank AY905538) was amplified with specific
primers and used as an internal control (Supplemental Data Set 1).

Immunoblot Analysis

Anti-lbBBX24 polyclonal antibodies were produced by Beijing Protein
Innovation. Briefly, sequence-validated pET-28a-IbBBX24 vectors (No-
vagen; BamHI and EcoRl sites) were introduced into competent Escher-
ichia coli strain Transetta (DE3) cells to produce recombinant 6His-
IbBBX24. 6His-IbBBX24 proteins were purified and used as antigens to
immunize rabbits for the production of polyclonal antiserum. Antigen
affinity-purified anti-lbBBX24 antibodies were used for immunoblot
analysis.

Total proteins were extracted from the leaves of transgenic and wild-
type plants in extraction buffer (50 mM of Tris-HCl at pH 8.0, 150 mM of KCI,
1 mM of EDTA, 0.5% Triton X-100, 1 mM of DTT, 1 mM of PMSF, and a 1 X
protease inhibitor cocktail tablet; Roche). The protein extracts were mixed
with SDS sample buffer and detected by immunoblotting using anti-
IbBBX24 antibodies (1:2,000 [v/v]) and anti-HSP antibodies (1:2,000 [v/
v], AbM51099-31-PU; Beijing Protein Innovation) as a control. Goat anti-
rabbit IgG (H+L) antibodies (1:5,000 [v/v], cat. no. 65-6120, Invitrogen) and
rabbit anti-mouse IgG (H+L; 1:20,000 [v/v], cat. no. 31450, SK2477281E,
Invitrogen) antibodies were used as secondary antibodies.

Subcellular Localization of IbBBX24

The entire IbBBX24 coding region without the stop codon was amplified
and subcloned into the Spel and Ascl sites of binary vector pMDC83 (Curtis
and Grossniklaus, 2003) to produce the IbBBX24-GFP fusion construct
driven by the cauliflower mosaic virus 35S promoter. The plasmids were
transformed into Agrobacterium tumefaciens strain EHA105. The trans-
lational fusion construct and a nuclear-localization marker (NLS-RFP) were
transiently expressed in Nicotiana benthamiana leaf epidermal cells via A.
tumefaciens infiltration (Verweij et al., 2008). The fluorescence signal was
observed under a confocal laser-scanning microscope (LSM710; Zeiss).

Production of Transgenic Sweet Potato Plants

The coding region of IbBBX24 was amplified from Fob-resistant line ND98
using a pair of specific primers and inserted into pBI121 to replace the
glucuronidase gene (Supplemental Data Set 1). The 35S-IbBBX24-NOS
expression cassette was excised from the pBI121-/bBBX24 vector and
ligated between the same cleavage sites in pPCAMBIA3301 to generate the
overexpression vector pC3301-121-/bBBX24. To construct the RNAI
plasmid, the non-conserved sequence of IbBBX24 was identified using the
sequence search tool InterProScan (http://www.ebi.ac.uk/Tools/pfa/ipr-
scan/), and the tool RNAi Target Sequence Selector (http://bioinfo.
clontech.com/rnaidesigner/frontpage.jsp) was used to provide sugges-
tions for designing siRNA for the non-conserved sequence. The unique
346-bp sequence of IbBBX24 (the upstream primer is at the 363th nu-
cleotide and the downstream primer is at the 3'-UTR of /bBBX24;
Supplemental Data Set 1) was cloned into RNAi vector pFGC5941
(McGinnis et al., 2005; digested with Xhol/Swal for the forward fragment
and with BamHI/Xbal for the converse fragment). The expression vector
pFGC5941-IbBBX24 is under the control of the cauliflower mosaic virus
35S promoter and an NOS terminator, and the RNAi construct specifically
targets IbBBX24 due to the specificity of the target sequence. The two
recombinant plasmids for overexpression and RNAi were each transfected
into A. tumefaciens strain EHA105. Transformation and plant regeneration

IbBBX24 Enhances Fusarium Wilt Resistance 1117

were performed using embryogenic suspension cultures of the Fob-
susceptible variety Lizixiang as previously described by Liu et al. (2001)
and Zhang et al. (2019).

Putative transgenic sweet potato plants overexpressing IbBBX24 were
identified using histochemical GUS assays as previously described by
Jefferson et al. (1987). Blue staining of the tissues indicates a positive
reaction. PCR analysis of the GUS-positive plants was conducted using
35S forward and IbBBX24-specific reverse primers (Supplemental Data
Set 1) as previously described by Zhang et al. (2019). To identify IbBBX24-
Ri plants, genomic DNA was extracted from the leaves of plantlets re-
generated from callus tissue, and PCR was conducted using primers
designed to bind within the CHSA intron of pFGC5941 (Supplemental Data
Set 1).

Fusarium Wilt Resistance Assay

Cultures of the fungal pathogen Fob were incubated in the dark at 28°C on
PDA plates for 1 week before use. For the mycelial infection method, Fob
mycelial discs (1 cm in diameter) were obtained from the 8-cm-diameter
position of a PDA plate. Cuttings (~25 cm) were obtained from 6-week-old
field-grown plants and established in a transplanting box. A 1-cm-long
wound was made in the stem using a sterile blade, and a mycelial disc was
placed over the wound using sterile cotton. For the negative control, a 1-
cm-long wound was made in the stem using a sterile blade and covered
with a sterile PDA disc using sterile cotton. The relative humidity was
maintained at 99%. The number of diseased leaves and the length of the
necrotic regions on wounded stems were recorded. Three biological
replicates consisting of pools of six plants were used.

For the spore infection method, fungal cultures grown on PDA plates
were homogenized, suspended in sterile water, and adjusted to a spore
density of 1.5 X 107 mL~". Transgenic and wild-type sweet potato cuttings
(12 cm, without roots) and 40-d-old transgenic and W38 tobacco cuttings
(without roots) were dipped into the spore solution for 30 min and cultivated
in sterilized sand moisturized with sterilized Hoagland solution. Sterile
water without spores was used as a negative control. The plants were
irrigated with 100 mL of sterile water or 0.5 mM of MeJA solution per pot
once daily. The relative humidity was maintained at 99%. The number of
diseased leaves and the length of the necrotic regions of wounded stems
were recorded. Three biological replicates consisting of pools of six plants
were used. Sweet potato stem samples were collected for histological
examination as described by Chai et al. (2014). Sweet potato leaf samples
at 3 DAl with Fob were plated with gold and observed under a model no.
SU3500 scanning electron microscope (Hitachi).

MeJA Treatment of Fob

Cultures of the fungal pathogen Fob were incubated in the dark at 28°C on
PDA plates for 1 week before use. Fob mycelial discs (1 cm in diameter)
were obtained from the 8-cm diameter position on each plate and cultured
onnew PDA medium containing 0,0.1,0.2,0.5,1.0,2.0,5.0,and 10.0 mM of
MeJA. The mycelia and spores were observed under a model no. Ti-U
microscope (Nikon) after 8 d of growth.

Transcriptome Analysis

Total RNA samples were extracted from the leaves of wild-type, IbBBX24-
OE (OE-16), and IbBBX24-Ri (Ri-3) plants treated by the spore infection
method at 1 DAI using the TRIzol method (Invitrogen). Two independent
biological replicates were taken. The cDNA was sequenced using the
HiSeq X Ten PE150 system (lllumina) according to the manufacturer’'s
instructions. Clean reads for each sample were aligned to the reference
genome of hexaploid sweet potato variety Taizhong 6 (https://www.
ipomoea-genome.org/). The FDR was used to determine the threshold of
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the P-value in multiple tests; a threshold of FDR < 0.05 determined by
DESeq2 was considered to indicate differential expression.

Measurement of Pathogen Defense-related Indices

SOD activity, POD activity, H,0, content, and MDA content (Zhang et al.,
2019); total phenolic content (Velioglu et al., 1998); and lignin content
(Syros et al., 2004) were measured as previously described. The JA
contents of plants were quantified by indirect enzyme-linked immuno-
sorbent assay as described in Yang et al (2001). The JA, JA-lle, and MeJA
contents in the culture filtrates of Fob strains were detected using the AB
Sciex QTRAP 6500 liquid chromatography-tandem mass spectrometry
platform according to the method of Cole et al. (2014).

ChIP Assay

The leaves of OE-16 plants infected with Fob at 1 DAl were used for the
ChlIP assay as described in Kaufmann et al. (2010). In brief, leaf tissue (~2 g)
was cross-linked in 1% formaldehyde under a vacuum. The cross-linking
was stopped by the addition of 0.125 M of Gly. The sample was ground to
a powder in liquid nitrogen and subjected to nuclear isolation. Anti-
IbBBX24 (1:150 dilutions) antibodies were used to immunoprecipitate
the protein—-DNA complex, and the precipitated DNA was recovered. The
precipitated DNA (one biological replicate) was sequenced using the HiSeq
2500 SE50 system (lllumina) according to the manufacturer’s instructions.
Sequencing reads (100 bp) were mapped to the genome of hexaploid sweet
potato variety Taizhong 6 using the software BWA v0.7.12 (Langmead
et al., 2009; Yang et al., 2017). Model-based Analysis of ChIP-Seq v2.1.0
was used to implement a peak-finding algorithm to identify regions of IP
enrichment against the background (Zhang et al., 2008). A Q-value
threshold of enrichment of 0.05 was used for all data sets. The chromo-
some, peak width, fold enrichment, significance level, and peak summit
number per peak distributions were all displayed.

Y1H Assay

For the Y1H assays, the coding sequences of genes were inserted into the
pB42AD vector (Clontech), while the promoter fragments were cloned into
the pLacZi2u vector (Lin et al., 2007). All primers used to clone these
constructs are listed in Supplemental Data Set 1. The vectors and the
empty vector were transformed into yeast strain EGY48 by the PEG/LiAc
method, and yeast cells were plated onto the first selective medium without
Ura or Trp. Positive clones were cultured on the second selective medium
(without Ura and Trp) containing Gal (20%), raffinose (20%), buffered salt
(50 mL: 1.95 g of Na,HPO, and 1.855 g of NaH,PO,-2H,0), and X-Gal for
stringent screening of possible interactions according to the protocol of the
Matchmaker One-Hybrid System (Clontech).

Dual-Luciferase Assay

The coding sequences of genes were cloned into the pGreenll 62-SK
vector, which was used as an effector. The empty vector was used as
a negative control. Promoter sequences were inserted into the pGreenll
0800-LUC vector, which was used as a reporter. The primers are listed in
Supplemental Data Set 1. Protoplasts from sweet potato petioles were
isolated and used for the dual-luciferase assays as previously described by
Huang et al. (2018). Firefly LUC and Renilla luciferase (REN) activity levels
were measured using the Dual-Luciferase Reporter Assay System
(Promega). The LUC activity was normalized to REN activity. Three bi-
ological replicates were performed for this analysis.

EMSA

The sequence-validated pET-28a-/1bBBX24, pET-28a-IbMYC2, and pET-
28a-IbJAZ10 vectors (BamHI and EcoRl sites) were introduced into
competent E. coli strain Transetta (DE3) cells to produce recombinant 6His-
IbBBX24, 6His-IbMYC2, and 6His-IbJAZ10 proteins, respectively. The
recombinant proteins were purified as previously described by Sun et al.
(2017). The oligonucleotide probes for EMSAs were synthesized by In-
vitrogen. Labeled probes with biotin at the 5’ end were used as binding
probes, whereas unlabeled probes were used as competitors. The primer
and probe sequences are shown in Supplemental Data Set 1.

EMSAs were performed using a LightShift Chemiluminescent EMSA Kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions. In
brief, 20 nM of biotin-labeled probes were incubated with fusion proteins
(1 ng) in binding buffer (20 mM of MgCl,, 5% glycerol, 0.1% NP-40, and
0.1 mg mL~" poly [dI-dC]). For the competition reaction, 2 mM (100X)
unlabeled probes were mixed with the labeled probes. The DNA-protein
complex was separated by electrophoresis in a 6% (w/v) native poly-
acrylamide gel. After separation, the biotin signal was detected using
a Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol.

Protein Interaction Assay

The Y2H assay was performed as described in the Yeast Protocols
Handbook (Clontech). The full-length (BD-IbBBX24) coding region and
sequences encoding 98 amino acid residues at the N terminus (BD-
IbBBX24N%) and 133 amino acid residues at the C terminus (BD-
1bBBX24C133) of [IbBBX24 were fused in-frame to the GAL4 DNA binding
domain (GAL4 BD) in the BamHI and EcoRl sites of the pGBKT7 vector
(Invitrogen). BD-IbBBX24N% was used as bait for Y2H screening. The
cDNA in the pGADT7 plasmid library was fused to the GAL4 activation
domain (GAL4 AD). These constructs were transformed into yeast strain
Y2H Gold using the lithium acetate method. The yeast cells were plated
onto synthetic defined (SD) medium lacking Ade/His/Leu/Trp (SD/—Ade/
—His/—Leu/—Trp) and containing 3 mM of 3-aminotriazole (3AT) for
stringent screening of possible interactions.

For the BiFC assay, IbBBX29, which shares 15.74% amino acid se-
quence homology with IbBBX24, was used as a related non-interacting
protein for the negative control. IbBBX24 and IbBBX29 were cloned into the
pSPYNE-35S vector and fused to the N terminus of YFP, respectively,
whereas IbJAZ10 was cloned into the pPSPYCE-35S vector and fused to the
Cterminus of YFP (Walter et al., 2004). These vectors were transformed into
A. tumefaciens strain EHA105 and coinjected into N. benthamiana leaves.
After 48 h of growth, yellow fluorescent signals were observed under
a confocal laser-scanning microscope (model no. LSM710; Zeiss) with an
argon laser (488-nm excitation wavelength).

For the LCI assay, the full-length IbBBX24 and IbJAZ10 coding regions
were fused with the N- and C-terminus—encoding regions of the luciferase
reporter gene, respectively (Chen et al., 2008). Agrobacterium harboring
the nLUC-IbBBX24 and IbJAZ10-cLUC constructs were coinfiltrated into
N. benthamiana, and the infiltrated leaves were analyzed for LUC activity at
48 h after infiltration using chemiluminescence imaging.

For the co-IP assay, total protein samples extracted from N. ben-
thamiana leaves were tagged with Myc and HA in co-IP buffer (50 mM of
Tris-HCl at pH 8.0, 150 mM of KCI, 1 mM of EDTA, 0.5% Triton X-100, 1 mM
of DTT, 1 mM of PMSF, and a 1 X protease inhibitor cocktail tablet; Roche).
The protein extracts were mixed with anti-HA agarose beads (A2095;
Sigma-Aldrich) and incubated at 4°C for 2 h. After at least five washes, the
agarose beads were recovered and mixed with SDS sample buffer. The
samples were detected by immunoblotting using anti-Myc (M4439,
026M4825V; Sigma-Aldrich) and anti-HA (H3663, 066M4837V; Sigma-
Aldrich) antibodies. Rabbit anti-mouse IgG (H+L; 1:20,000 [v/v], 31450,
SK2477281E; Invitrogen) secondary antibodies were used as the secondary
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antibodies. The primer sequences are shown in Supplemental Data Set 1.
Three biological replicates from different plants were performed for this
analysis.

Production of Transgenic Tobacco Plants

The coding region of IbJAZ10 was amplified from Fob-resistant sweet
potato line ND98 using a pair of specific primers and inserted into pBI121
to replace the glucuronidase gene (Supplemental Data Set 1). The 35S-
IbJAZ10-NOS expression cassette was excised from the pBI121-/lbJAZ10
vector and ligated between the same cleavage sites in pPCAMBIA3301 to
generate the overexpression vector pC3301-121-/bJAZ10. This recombi-
nant plasmid was transferred into N. tabacum cv W38 via A. tumefaciens-
mediated transformation as described in Horsch et al. (1985). The integration
of the transgene into different transgenic lines was confirmed by GUS assay
and PCR.

Statistical Analysis

All data were analyzed using one-way ANOVA, two-way ANOVA, or a two-
tailed Student’s t test with the software SPSS 25.0 (https://www.ibm.com/
support/pages/downloading-ibm-spss-statistics-25; Supplemental File
2). The values are represented as the means * sp.

Accession Numbers

Sequence data from this article can be found in the GenBank data library
under accession numbers /bBBX24 (MH813941), IbJAZ10 (MH813942),
and /IbMYC2 (MH813943) and the Sweetpotato Genome and Resource
Database Entry (http://sweetpotato-garden.kazusa.or.jp/) under acces-
sion numbers IbCHI (Itr_sc000305.1_g00007.1), IbNAC72 (ltr_sc000543.
1_900010.1), IbCRK (ltr_sc002362.1_g00002.1), and IbCOI1 (Itr_sc000034.
1_900002.1). The RNA-seq data (Series GSE140181) and ChIP-Seq data
(Series GSE140281) were deposited in Gene Expression Omnibus (Series
GSE140283).

Supplemental Data

Supplemental Figure 1. Tissue-specific expression, sequence anal-
ysis, and subcellular localization of IbBBX24.

Supplemental Figure 2. Specificity of the anti-lbBBX24 polyclonal
antibodies used for immunoblot and ChIP analyses.

Supplemental Figure 3. Production of /IbBBX24 transgenic sweet
potato plants.

Supplemental Figure 4. The /bBBX24-homologous genes were not
knocked down due to cross silencing of RNAI.

Supplemental Figure 5. Morphology of IbBBX24 transgenic and wild-
type plants.

Supplemental Figure 6. Mock treatments for the Fusarium wilt
resistance assay.

Supplemental Figure 7. Statistical analysis of the disease phenotypes
of Fob-resistant line ND98, wild-type, and /bBBX24 transgenic plants.

Supplemental Figure 8. MeJA affects the growth and development
of Fob.

Supplemental Figure 9. Mock treatments for the Fusarium wilt
resistance assay with or without MeJA treatment.

Supplemental Figure 10. Heat map of DEGs in wild-type, IbBBX24-
OE, and IbBBX24-Ri plants at 1 DAI with Fob.

Supplemental Figure 11. KEGG enrichment analysis based on RNA-
Seq and ChlIP-seq data.
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Supplemental Figure 12. Heat maps of DEGs based on RNA-seq
analysis of OE-16, Ri-3, and wild-type plants at 1 DAI with Fob.

Supplemental Figure 13. SOD activity, POD activity, H,O, contents,
MDA contents, total phenolic contents, and lignin contents of trans-
genic and wild-type plants at 0, 1, and 3 DAI by the spore infection
method.

Supplemental Figure 14. IbBBX24 regulates IbCHI and IbCRK
expression by binding directly to their promoters.

Supplemental Table 1. Thirty-two DEGs between Fob-resistant ND98
and Fob-susceptible Lizixiang, as detected by cDNA-AFLP analysis.

Supplemental Table 2. Mapping rates of RNA-seq reads aligned to
different sweet potato reference genomes.

Supplemental Table 3. List of IbBBX24-interacting proteins, as
identified by Y2H assays.

Supplemental Table 4. JA, JA-lle, and MeJA contents in axenic Fob
cultures.

Supplemental Data Set 1. Sequences of the primers used in
this study.

Supplemental Data Set 2. DEGs identified by RNA-seq from OE-16,
Ri-3, and wild-type plants at 1 DAl with Fob.

Supplemental Data Set 3. Candidate target genes of IbBBX24, as
determined by ChlIP-seq.

Supplemental Data Set 4. Overlapping targets of IbBBX24 identified
by ChiIP-seq and RNA-seq.

Supplemental File 1. Alignments used to create Figure 1C and
Supplemental Figures 1C and 4A.

Supplemental File 2. ANOVA and t test tables.
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