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ABsTRACT. The Oomycete plant pathogen, Phytophthora capsici, causes root, crown, and fruit rot of winter squash
(Cucurbita moschata) and limits production. Some C. moschata cultivars develop age-related resistance (ARR),
whereby fruit develop resistance to P. capsici 14 to 21 days postpollination (DPP) because of thickened exocarp; how-
ever, wounding negates ARR. We uncovered the genetic mechanisms of ARR of two C. moschata cultivars, Chieftain
and Dickenson Field, that exhibit ARR at 14 and 21 DPP, respectively, using RNA sequencing. The sequencing was
conducted using RNA samples from ‘Chieftain’ and ‘Dickenson Field’ fruit at 7, 10, 14, and 21 DPP. A differential
expression and subsequent gene set enrichment analysis revealed an overrepresentation of upregulated genes in func-
tional categories relevant to cell wall structure biosynthesis, cell wall modification/organization, transcription regula-
tion, and metabolic processes. A pathway enrichment analysis detected upregulated genes in cutin, suberin monomer,
and phenylpropanoid biosynthetic pathways. A further analysis of the expression profile of genes in those pathways
revealed upregulation of genes in monolignol biosynthesis and lignin polymerization in the resistant fruit peel. Our
findings suggest a shift in gene expression toward the physical strengthening of the cell wall associated with ARR to
P. capsici. These findings provide candidate genes for developing Cucurbita cultivars with resistance to P. capsici and

improve fruit rot management in Cucurbita species.

Phytophthora capsici is a soilborne Oomycete with a host
range exceeding 50 plant species (Tian and Babadoost 2004).
This polycyclic pathogen is responsible for significant plant
losses when environmental conditions are favorable (Erwin and
Ribeiro 1996; Granke et al. 2009; Hausbeck and Lamour 2004).
Economically important crops within the Cucurbitaceae (cucur-
bits), Solanaceae, and Fabaceae families are highly susceptible
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to P. capsici infection (Davidson et al. 2002; Gevens and Hausbeck
2005; Hausbeck and Lamour 2004); however, cucurbits are consid-
ered among the most susceptible (Tian and Babadoost 2004). Symp-
toms of P. capsici infection on cucurbits include root and/or crown
rot, foliar blight, and fruit rot (Babadoost 2004). Fruit rot threatens
cucurbit crops annually, including Cucurbita species such as
C. maxima, C. moschata, and C. pepo (squash and pumpkin), in
Michigan, which is a state that is an important producer of these spe-
cies (Gevens et al. 2007; Krasnow and Hausbeck 2016; Lamour and
Hausbeck 2000; US Department of Agriculture, National Agricul-
tural Statistics Service 2018), and other states (Babadoost 2004;
Castro-Rocha et al. 2017). The fruit may become rotted while in
the field (Granke et al. 2012; Meyer and Hausbeck 2013) or after
harvest (Hausbeck and Lamour 2004), leading to a loss of crop
production that may exceed 50% (Babadoost 2000; Meyer and
Hausbeck 2013). Protecting squash fruit from P. capsici infection
is challenging because of the relatively lengthy maturation time
during which the fruit are in direct contact with the soil. Although
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host resistance is critical for long-term management (Granke et al.
2012; Quesada-Ocampo and Hausbeck 2010), complete host resis-
tance in commercial squash or pumpkin cultivars is unavailable
(Café-Filho et al. 1995). However, age-related resistance (ARR) to
P. capsici is expressed in the fruit of specific C. moschata cultivars
(Krasnow and Hausbeck 2016; Meyer and Hausbeck 2013) and
other cucurbits (Ando et al. 2009; Gevens et al. 2006) and Solana-
ceae (Biles et al. 1993) fruit. ARR is associated with resistance
to pathogens at specific developmental stages (Stermer and
Hammerschmidt 1984; Whalen 2005). Fruit of several cucurbits
(Ando et al. 2009; Gevens et al. 2006; Krasnow and Hausbeck
2016; Meyer and Hausbeck 2013) and pepper (Capsicum annuum)
(Biles et al. 1993) exhibit ARR to P. capsici as they mature. How-
ever, wounding negates ARR to P. capsici (Ando et al. 2015; Biles
et al. 1993; Krasnow et al. 2014), suggesting the fruit peel may
provide resistance to fruit rot.

The mechanism of ARR in different host—pathogen systems
has been investigated (Panter and Jones 2002). ARR can be con-
ferred by preformed or induced defenses (Develey-Riviere and
Galiana 2007; Gonzédlez-Lamothe et al. 2009; Panter and Jones
2002), whereby preformed defense is the consequence of struc-
tural/physical and/or chemical barriers (Vergne et al. 2010). The
plant cell wall serves as a physical barrier that forms an obstacle
for the entry of all pathogens, but it can be overcome by pathogen-
generated cell wall-degrading enzymes (Bacete et al. 2018;
Bellincampi et al. 2014). In addition to the cell wall, the plant
surface is covered by the cuticle comprising cutin polymer,
which provides another defensive layer against pathogens
(Chassot and Métraux 2005). The thickening of bean (Phaseolus
vulgaris) hypocotyls is correlated with resistance to Rhizoctonia
solani (Stockwell and Hanchey 1983). Similarly, thickening of the
cuticle has been suggested as the mechanism of ARR in pepper
fruit (Biles et al. 1993) and C. moschata cultivars (Alzohairy et al.
2020) to P. capsici. Thickening of the epidermal walls was also ob-
served in cucumber (Cucumis sativus) fruit with ARR to P. capsici
(Ando et al. 2015). Another form of constitutive defense involving
a strengthened physical barrier is the formation of lignified xylem
vessels in beans that leads to the restriction of lesions spread within
the leaves caused by Colletotrichum lindemuthianum (Griffey and
Leach 1965). In addition, lignin deposition at the cell wall makes
it resistant to cell wall-degrading enzymes, as has been observed
in the resistance of false flax (Camelina sativa) to Sclerotinia
sclerotiorum (Eynck et al. 2012). However, it remains to be deter-
mined whether increased lignin deposition is important for ARR in
cucurbits.

Previous studies of fruit ARR in squash and pumpkin against
P. capsici infection attributed ARR to morphological (Ando
et al. 2009) or physiological changes (Meyer and Hausbeck
2013), but not to chemical changes (Alzohairy et al. 2021). The
different developmental time points of ARR onset have been ob-
served in cultivars of C. moschata (Alzohairy et al. 2020) and
other cucurbits (Ando et al. 2009, Gevens et al. 2006), where
ARR occurs at variable young fruit ages. The difference in ARR
onset has been suggested to be related to the difference in rates
of fruit development (Gevens et al. 2006). However, the genetic
mechanism of ARR in winter squash and how the difference in
ARR is regulated across cultivars are unknown.

Transcriptomic studies have been applied to studying ARR in
at least two species. In cucumber, fruit with ARR showed an in-
crease in the level of terpenoid glycosides in resistant maturing
fruit compared with the susceptible younger fruit, suggesting a
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role of constitutive chemical defense (Mansfeld et al. 2017) un-
like that detected in winter squash (Alzohairy et al. 2021). In ap-
ple (Malus pumila), when the molecular mechanisms controlling
ARR in leaves to Venturia inaequalis was studied, the constitu-
tive upregulation of genes encoding for metallothionein3-like
protein, lipoxygenase, lipid transfer protein, and peroxidase 3
and the downregulation of genes encoding for “enhanced disease
susceptibility 1 protein” were highly correlated with the ob-
served ARR of aging apple leaves (Gusberti et al. 2013). This
study aimed to use transcriptomic studies and differential gene
expression analyses of resistant and susceptible fruit stages to as-
sess the molecular mechanisms of ARR in two C. moschata cul-
tivars with different ARR onset time points.

Materials and Methods

PLANT MATERIAL. Two C. moschata commercial cultivars,
Chieftain (butternut winter squash; Rupp Seeds Inc., Waseon,
OH, USA) and Dickenson Field (processing pumpkin; Rispers
Seeds Inc.), were previously evaluated for ARR (Alzohairy et al.
2020). ‘Chieftain’ develops ARR at 14 d postpollination (DPP)
and ‘Dickenson Field’ develops ARR at 21 DPP. Planting and
fruit harvesting were performed according to Alzohairy et al.
(2020). Briefly, seeds were planted on 15 Jun 2015, into 72-cell
trays containing soilless peat mixture (Suremix Michigan Grower
Products, Inc., Galesburg, MI, USA) and grown for 2 weeks in
the research greenhouse at Michigan State University in East Lan-
sing, MI, USA. Thirty seedlings from each cultivar were trans-
planted on 1 Jul to a field site, previously planted with pumpkin,
at the Michigan State University Plant Pathology Farm in Lan-
sing, MI, USA. The soil type was Capac loam, with no known P.
capsici infestation. Plants were grown on raised plant beds cov-
ered with plastic mulch and irrigated twice each week via drip
emitters. The length of the plant rows was 30.5 m, with 3.7 m be-
tween rows and 61 cm between plants. At anthesis, flowers were
hand-pollinated and tagged with the date; then, fruit were harvested
at 7, 10, 14, and 21 DPP. Fruit of the same age were harvested on
the same day from nine different plants as biological replicates.

RNA EXTRACTION. Fruit of ‘Chieftain’ and ‘Dickenson Field’
at 7, 10, 14, and 21 DPP were surface-disinfested with 70% eth-
anol and air-dried on a paper towel. Sterilized fruit were peeled
using a vegetable peeler and immediately frozen in liquid nitro-
gen. Fruit peels were stored at —80°C until RNA isolation.
RNA was extracted from three biological replicates for each cul-
tivar (three individual fruit at each DPP) using E.Z.N.A. total
RNA kit (OMEGA BIO-TEK, Norcross, GA, USA) and treated
with 2 U/pL Turbo DNase (Invitrogen; Thermo Fisher Scien-
tific, Waltham, MA, USA) to remove DNA contamination. The
RNA concentration was determined using spectrophotometer
(Nanodrop ND-1000, Thermo Fisher Scientific). The RNA in-
tegrity was checked using a DNA fragment analysis system
(2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA,
USA).

RNA SEQUENCING AND RNASEQ READ PROCESSING. RNA li-
brary construction and sequencing were performed at the Re-
search Technology Support Facility at Michigan State University,
East Lansing, MI, USA. RNA libraries were prepared using a
TruSeq Stranded mRNA kit (Illumina, San Diego, CA, USA) fol-
lowing the manufacturer’s protocols. RNA sequencing was per-
formed using the Illumina HiSEq 4000 platform with the 2 x 150-bp
paired-end format. A total of 24 libraries were divided into two
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pools of 12, and each pool was sequenced on two lanes (libraries
were bar-coded before pooling). Each lane produced ~30 million
reads/sample. Trimmomatic version 0.23 (Bolger et al. 2014) was
used for the paired-end reads to remove adaptors and low-quality
sequences. The sliding window method was used to scan the reads
with four-base wide and cut when the base quality was below a
threshold of 2. The minimum read length cutoff was 20 bases.
STAR version 2.5.1b (Dobin et al. 2013) was used to map the
RNAseq reads to the C moschata cv. Rifu reference genome ver-
sion NEWMO01000000 (Sun et al. 2017) from the Cucurbit Geno-
mics Database (Zheng et al. 2019). STAR was used with the
default settings using the two-pass mode basic option with intron
size 21-6000 nt. In all samples, >88% of the RNAseq reads were
mapped to the reference genome. The raw reads, filtered reads,
and mapping information are presented in Supplemental Table 1.

DIFFERENTIAL EXPRESSION AND CLUSTERING ANALYSIS. The
HTseq-count function in HTseq version 0.6.1 (Anders et al.
2015) was used in the default mode and stranded-reverse for
generating read counts. The HTseq-count output was fed into
DESeq?2 (Love et al. 2014) for the differential expression analy-
sis using the DESeq function. A gene was considered differen-
tially expressed between two RNA-seq samples if the adjusted
P = 0.05 and the log2 fold change =1. The probability value
was adjusted using the Benjamini-Hochberg method (Benjamini
and Hochberg 1995). Differentially expressed genes (DEGs)
from all comparisons among cultivars were categorized into
three main sets, including genes that are upregulated or downre-
gulated among all tested comparisons across cultivars (set 1),
genes that are commonly upregulated or downregulated in all
comparisons per cultivar (set 2), and genes that are expressed in
at least one comparison in both cultivars (set 3). The clustering
of expression data was performed using k-means clustering with
the Complex Heatmap package in R (Gu et al. 2016), with k =
16. After dividing genes into clusters using the k-means algo-
rithm, hierarchical clustering of the k-means clusters was per-
formed using the complete algorithm based on the Euclidean
distance measure to assess which k-means clusters were most
similar.

IDENTIFICATION OF PUTATIVE ARABIDOPSIS THALIANA HOMOL-
OGOUS GENES AND INFERENCE OF SQUASH CELL WELL PATHWAY
GENES. Putative homologous A. thaliana genes of C. moschata
DEGs and non-DEGs were identified using BLASTX (Altschul
et al. 1990) by comparing the translated coding sequences of the
C. moschata DEGs and non-DEGs to the peptide sequence of
A. thaliana using an E-value threshold of le-10. The homologs
were identified as reciprocal best matches across species. Because
of this criterion, only the best match for each gene was identified.
A. thalianas pathways related to cell wall structure/composition
were downloaded from AraCyc version 15.0 (Mueller et al.
2003). The pathways include cuticular wax biosynthesis, cutin
biosynthesis, long-chain fatty acid activation, suberin monomers
biosynthesis, esterified suberin biosynthesis, cellulose biosynthe-
sis, homogalacturonan biosynthesis, xylogalacturonan biosynthesis,
phenylpropanoid biosynthesis, and xylan biosynthesis.

FUNCTIONAL ANNOTATION AND PATHWAY ENRICHMENT ANALYSIS.
All DEGs and non-DEGs were functionally annotated by ex-
tracting the Gene Ontology (GO) annotations, Interpro, and de-
scriptions from the Cucurbit Genomics database (Zheng et al.
2019). The GO enrichment analysis was performed for the dif-
ferent DEG lists for both cultivars. A pathway enrichment analy-
sis was performed using the C. moschata genes homologous to
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the A. thaliana genes in 10 targeted biosynthesis pathways: cu-
ticular wax, cutin, long-chain fatty acid activation, suberin
monomers, esterified suberin, cellulose, homogalacturonan, xy-
lan, xylogalacturonan, and phenylpropanoid. Both the GO and
pathway enrichment analyses were based on Fisher’s exact tests.
Probability values were corrected for multiple testing (Benjamini
and Hochberg 1995) and reported as g-values. A GO term or
pathway was assessed to determine if it contained significantly
overrepresented numbers of DEGs by performing Fisher exact
tests and calculating log ratios between proportions of genes in a
GO term or pathway that are DEGs and proportions of genes in
a GO term or pathway that are not DEGs. When the log ratio of
a GO term or pathway was positive and the test probability value
after multiple testing correction was P = 0.05, the GO term or
pathway was defined as overrepresented. Fisher’s exact tests
were performed using manual Python scripts, which use the Py-
thon package Fisher 0.1.5 (Tang and Pederson 2017). The en-
richment analysis and Fisher’s exact test scripts can be found on
GitHub (GitHub, Inc., San Francisco, CA, USA).

Results

SEQUENCING AND GENE EXPRESSION PROFILES AMONG CULTI-
vARS. Our study specifically focused on comparing the changes
in gene expression between young susceptible fruit and aging re-
sistant fruit within the same cultivar or between two cultivars
that exhibited ARR to P. capsici. Therefore, the fruit peel tran-
scriptomes of two cultivars, Chieftain and Dickenson Field, at
different developmental time points before and after the develop-
ment of ARR, as previously identified by Alzohairy et al.
(2020), were sequenced. C. moschata genes were classified into
16 clusters using the transcriptome of both cultivars at different
developmental time points to assess how gene expression pat-
terns correlated with ARR onset (Fig. 1). These clusters were
classified into four groups based on the similarity of the gene ex-
pression profile during different time points and between culti-
vars. We anticipated that ARR-associated genes would have two
expression patterns. The first pattern was found among genes
with a consistent change in expression either by upregulation or
by downregulation in both cultivars during at least one resistant
time point (groups 1 and 2) (Fig. 1). The second pattern was
found among genes whose expression was upregulated or down-
regulated during at least one resistant stage in only one cultivar
(groups 3 and 4) (Fig. 1). Dividing the genes into different clus-
ters facilitated the identification of a group of genes that were
likely candidates for ARR (groups 1 and 2) (Fig. 1). Therefore,
we performed a differential expression analysis to detect poten-
tial ARR-associated genes.

DIFFERENTIAL GENE EXPRESSIONS OF ‘CHIEFTAIN’ AND ‘DICKEN-
soN FIeLp’. In ‘Chieftain’, ARR develops at 14 DPP and continues
through 21 DPP, whereas ARR in ‘Dickenson Field” develops at
21 DPP. To identify candidate genes relevant to resistance devel-
opment at these ages in ‘Chieftain’, we compared the gene expres-
sion of the susceptible fruit peels at 7 and 10 DPP to the resistant
ones at 14 DPP and 21 DPP. Similarly, gene expressions of the
susceptible fruit peels at 7 DPP, 10 DPP, and 14 DPP were com-
pared with the resistant fruit peels at 21 DPP in ‘Dickenson Field’.
Candidate genes responsible for resistance against P. capsici were
significantly upregulated or downregulated at 14 DPP and 21 DPP
in ‘Chieftain’ and at 21 DPP in ‘Dickenson Field’ compared with
their susceptible fruit peel ages (Fig. 2A, Supplemental Table 2).
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The overlap between the different contrasts of each cultivar for
both upregulated (Fig. 2B and D) and downregulated genes
(Fig. 2C and E) was used to identify DEGs that were consistently
upregulated or downregulated during the resistant stages compared
with their susceptible stages. When comparing the resistant stages
at 14 DPP and 21 DPP in ‘Chieftain’ to the susceptible stages at
7 DPP and 10 DPP, DEGs tended to be similarly upregulated or
downregulated (Fig. 2A). Thus, there are groups of genes with ex-
pression patterns that are correlated with the resistant phenotype.
Additionally, fewer DEGs were detected when comparing 14 DPP
and 21 DPP to 10 DPP than when comparing 14 DPP and 21 DPP
to 7 DPP (Fig. 2B and C), and that difference in DEGs helped to
narrow the list of DEGs that are likely candidate genes for ARR.
Similarly, in ‘Dickenson Field’, there was an apparent decrease in
the number of DEGs as the fruit gradually transitioned toward re-
sistance that developed at 21 DPP (Fig. 2D and E). From the dif-
ferential gene expression analysis, we narrowed the DEGs to three
sets potentially included in the ARR-associated genes (Fig. 2A).
The set 1 genes are likely to include genes associated with resis-
tance when the mechanism of ARR is similar across cultivars.
The set 2 genes are likely to be cultivar-specific genes; therefore,
we can determine if the mechanism is different between cultivars.
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The set 3 genes can be related to the resistance mechanism specific
to any resistant stage in both cultivars.

FUNCTION OF UPREGULATED GENES IN BOTH CULTIVARS. The
function of genes upregulated in the resistant fruit peel stages
compared with their susceptible stages was investigated to deter-
mine which genes are candidates for controlling ARR. This was
performed by identifying the GO categories (as the proxy of
gene function) enriched in upregulated genes resulting from indi-
vidual contrasts. In ‘Chieftain’, we included the resistant stages
of 14 DPP and 21 DPP to determine whether there are stage-
specific genes that could be related to ARR compared to those
that may be constant during both 14 DPP and 21 DPP. First,
the function of the upregulated genes detected from the contrast
between 14 DPP to 7 DPP and 10 DPP was investigated to de-
tect the functions that were consistently present during the resis-
tant stage 14 DPP and were likely related to ARR. Among 3226
and 1120 upregulated genes in ‘Chieftain’ resulting from the
contrast of the early resistant time point, 14 DPP, compared to
susceptible time points, 7 DPP and 10 DPP, they were enriched
in 33 and 44 GO terms, respectively (Supplemental Table 3).
The most significantly overrepresented GO terms during early
resistant time points include those relevant to cell wall structures
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Fig. 2. Differential gene expression analysis of Cucurbita moschata cultivars Chieftain and Dickenson Field (Dickenson) fruit at 7, 10, 14, and 21 d postpolli-
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(e.g., lignin biosynthesis process) and phenylpropanoid biosyn-
thesis (e.g., cinnamyl alcohol dehydrogenase activity, sinapyl al-
cohol dehydrogenase activity, stilbene biosynthetic process, and
coumarin biosynthetic process), oxidoreductases (e.g., peroxi-
dase activity), and defense (e.g., defense response to bacterium)
(Fig. 3, Supplemental Table 3). This result indicates that a group
of genes functioning in cell wall structures and phenylpropanoid
biosynthesis is likely related to ARR at 14 DPP fruit in ‘Chieftain’.

Next, we studied the function of the upregulated genes de-
tected from the contrast between the late resistant stage (21
DPP) and susceptible stages (7 DPP and 10 DPP) in ‘Chieftain’.
By defining the function of the upregulated genes in the late re-
sistant stage (21 DPP), the functions related to ARR can be de-
tected by filtering the shared functions with the early resistant
stage (14 DPP). Also, comparing the functions detected in the
early (14 DPP) and late (21 DPP) resistant stages will define
differences in functions that could be related to each resistant
time point. Among 2047 and 1482 ‘Chieftain’ upregulated
genes when comparing expression levels during the late stage
of resistance (21 DPP) to those during susceptible time points
(7 DPP and 10 DPP), they were enriched in 38 and 41 GO
terms, respectively (Supplemental Table 3). Similar GO terms
detected between the early (14 DPP) and late (21 DPP) resistant
stages include cell wall structures (e.g., lignin biosynthesis pro-
cess) and phenylpropanoids biosynthesis (e.g., cinnamyl alcohol
dehydrogenase activity, sinapyl alcohol dehydrogenase activity,
stilbene biosynthetic process, and coumarin biosynthetic pro-
cess), oxidoreductases (e.g., peroxidase activity), and defense
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(e.g., defense response to bacterium) (Fig. 3, Supplemental Table
3). Fewer GO terms were different between 14 DPP and 21 DPP
when compared with 7 DPP and 10 DPP, including GO terms rele-
vant to fruit ripening (e.g., Xylem development) and sugar hydroly-
sis (e.g., beta-galactosidase, glycosaminoglycan catabolic process)
(Supplemental Table 3). The different GO terms between 14 DPP
and 21 DPP did not indicate specific enrichment in functions appar-
ently relevant to resistance (Supplemental Table 3). In contrast, it is
apparent that the resistance-associated genes are likely consistently
upregulated at both 14 DPP and 21 DPP compared with the suscep-
tible stage (7 DPP and 10 DPP) (Fig. 3, Supplemental Table 3).

In ‘Dickenson Field’, functions of upregulated genes detected
at 21 DPP compared to 7 DPP, 21 DPP compared to 10 DPP,
and 21 DPP compared tol4 DPP were enriched in 45, 43, and
48 GO terms, respectively (Supplemental Table 3). Overrepre-
sented GO terms most relevant to the resistance, such as lignin
biosynthesis process, cinnamyl alcohol dehydrogenase activity,
and sinapyl alcohol dehydrogenase activity, stilbene biosynthetic
process, and coumarin biosynthetic process, are similar to those
detected in ‘Chieftain’, but contrasts included cell wall structures
and phenylpropanoids biosynthesis (Fig. 3). Cultivars’ distinct
GO terms were not apparently related to resistance (Supplemen-
tal Table 3). Taken together, this group of GO terms was consis-
tently enriched in the upregulated genes detected in the resistant
stages in both cultivars when contrasted to their susceptible
stages, suggesting that the genes involved in ARR are similar
across cultivars with differences only in the timing of their
upregulation.
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tained. Therefore, a positive value =1.3 indicates significant overrepresentation and a negative value =—1.3 indicates significant underrepresentation. The
black rectangles point to functions related to cell wall structures and phenylpropanoid biosynthesis processes that are overrepresented only in the upregulated

genes in both cultivars.

FUNCTION OF DOWNREGULATED GENES IN BOTH CULTIVARS. To
identify the genes that are downregulated during fruit develop-
ment and the transition to a resistant state, the function of the de-
tected downregulated genes in the resistant stages in both
cultivars using GO was assessed. In ‘Chieftain’, among the 4628
and 1688 downregulated genes at 14 DPP compared to 7 DPP
and at 14 DPP compared to 10 DPP, 127 and 149 GO terms
were enriched, respectively. Among the 2896 and 1792 downre-
gulated genes at 21 DPP when compared to 7 DPP and 10 DPP,
152 and 161 GO terms, respectively, were observed (Supple-
mental Table 4). These GO terms are highly overrepresented in
photosynthesis (e.g., chlorophyll-binding, photosystem II, chlo-
roplast thylakoid membrane), cell growth (e.g., regulation of
meristem growth, tissue development, regulation of cell size),
and cell differentiation (e.g., stomatal complex morphogenesis,
root morphogenesis) (Fig. 3, Supplemental Table 4). In ‘Dicken-
son Field’, the 4644, 3577, and 1284 downregulated genes dur-
ing the contrasts of 21 DPP compared to 7 DPP, 10 DPP, and 14
DPP were enriched for 165, 167, and 170 GO terms, respectively
(Supplemental Table 4). Shared categories of GO terms among
the three different contrasts of ‘Dickenson Field” are overrepre-
sented with high significance during photosynthesis (e.g., photo-
systems I and II, plastid organization, chloroplast thylakoid
membrane) and metabolic processes (e.g., sucrose and starch
metabolic process) (Fig. 3, Supplemental Table 4). Our findings
from the functional annotation of both upregulated and
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downregulated genes detected during the comparisons of resis-
tant and susceptible fruit ages in both cultivars indicate that the
mechanism of ARR is most likely controlled similarly in both
cultivars.

ComPARISON OF ARR MECHANISMS AMONG CULTIVARS. The
studied cultivars of C. moschata have a different onset of ARR to
P. capsici, with ‘Chieftain’ developing resistance at 14 DPP and
‘Dickenson Field’ developing resistance at 21 DPP. Based on the
GO term enrichment analyses, both cultivars have similar enriched
terms in upregulated and downregulated genes when comparing
the resistant and susceptible stages (Fig. 3). To further determine
the extent to which the mechanism of ARR to P. capsici is similar
across cultivars, DEGs between the two cultivars and among the
different developmental stages were examined based on the three
sets of genes defined previously (Fig. 2A, Supplemental Table 2).

First, we compared GO terms enriched in set 1 upregulated
genes (Setl_up), which are genes that are consistently upregulated
in resistant stages in both cultivars, and they were enriched in 38
GO terms (Supplemental Table 3). The overrepresented GO terms
included cell wall structures, phenylpropanoid biosynthesis (e.g.,
lignin biosynthesis process, sinapyl alcohol dehydrogenase activ-
ity, cinnamyl alcohol dehydrogenase activity, stilbene biosynthetic
process, and coumarin biosynthetic process), and oxidoreductases
(e.g., peroxidase activity).

In set 2, upregulated genes in ‘Chieftain’ (Set2_up_Chieftain)
were enriched in 40 GO terms (Supplemental Table 3). The top
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10 significantly overrepresented GO terms included the oxidore-
ductase activity, stilbene biosynthetic process, sinapyl alcohol
dehydrogenase activity, and cinnamy! alcohol dehydrogenase ac-
tivity (Fig. 3, Supplemental Table 3). Other overrepresented GO
terms for the lignin biosynthetic process, peroxidase activity, and
coumarin biosynthetic process were also detected (Supplemental
Table 3). Upregulated genes of set 2 in ‘Dickenson Field’
(Set2_up_Dickenson) were enriched in 49 GO terms with the
highest scores, including sinapyl alcohol dehydrogenase activity,
cinnamyl alcohol dehydrogenase activity, lignin biosynthetic pro-
cess, peroxidase activity, and coumarin biosynthetic process
(Supplemental Table 3). We also questioned whether the ARR
phenotype is correlated with genes that are expressed (upregu-
lated or downregulated) in both cultivars (set 3) during any
comparison. The function of DEGs in set 3 was enriched in
29 overrepresented GO terms but did not seem relevant to ARR
such as zinc ion binding, chromatin binding, chloroplast-thylakoid
membrane, heme binding, and starch and sucrose metabolic pro-
cesses (Supplemental Tables 3 and 4).

We also investigated the function of downregulated genes de-
tected in the different sets. Downregulated genes in set 1 (setl_
down), which are consistently downregulated in both cultivars
during all comparisons, set2_down in ‘Chieftain’, and set2_
down in ‘Dickenson Field’ were enriched in 114, 154, and 174
GO terms, respectively (Supplemental Table 4). The highly
scored GO terms for the three sets involved photosynthesis (e.g.,
chlorophyll-binding, protein chromophore linkage, photosynthe-
sis, chloroplast thylakoid membrane, and photosystems I and II)
(Fig. 3, Supplemental Table 4). According to GO term findings
in upregulated and downregulated sets of genes, we questioned
which cell wall structures are specifically regulated during devel-
opment and can be candidates for the winter squash ARR mech-
anism against P. capsici.

PATHWAY ENRICHMENT OF CELL WALL STRUCTURE-RELATED
GENES. During the GO enrichment analysis, we detected enrich-
ment of cell wall structures and phenylpropanoid biosynthesis
processes in the upregulated genes during the resistant stages in
both cultivars. Based on our current findings and previous find-
ings of Alzohairy et al. (2020), who showed evidence of cuticle
and epidermal wall thickness increases in the resistant fruit ages,
we hypothesized that cell wall structure biosynthesis is related to
ARR. To define which cell wall structure may be related to
ARR, we assessed whether certain cell wall structure biosynthe-
sis pathways were enriched among upregulated and downregu-
lated genes detected in the peel of resistant fruit ages in both
cultivars. To annotate winter squash genes with likely functions
in pathways for cell wall structure biosynthesis, we identified
squash genes homologous to A. thaliana genes involved in 10 cell
wall structure biosynthesis pathways. Five pathways were en-
riched in DEGs during the resistant fruit stages in both cultivars,
including cutin, phenylpropanoid, suberin monomers, homoga-
lacturonan, and cellulose biosynthesis (Fig. 4). Cellulose and ho-
mogalacturonan biosynthetic pathways were overrepresented in
downregulated genes in resistant stages of both cultivars. Al-
though the cutin biosynthetic pathway was overrepresented in
both upregulated and downregulated genes in both cultivars, the
overrepresentation is higher among downregulated genes in
‘Chieftain’ (Fig. 4). Suberin monomers and phenylpropanoid
biosynthesis pathways were more overrepresented in the upre-
gulated lists of genes for both cultivars than in the downregu-
lated lists of genes (Fig. 4).
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To determine which genes are highly associated with the
ARR of winter squash fruit peel, the expression of a few upregu-
lated genes from the three pathways (cutin, suberin monomers,
and phenylpropanoid) was plotted for both cultivars for all com-
parisons (Fig. SA—C). Genes encoding for acyl COA thioester-
ases and long-chain fatty acid CoA ligase involved in the cutin
biosynthesis pathway were upregulated in both cultivars (Fig.
5A). Three upregulated genes were encoding for phenylalanine
ammonia-lyase, caffeoyl-CoA O-methyltransferase, and cinna-
mate 4-hydroxylase involved in suberin monomers (Fig. 5B).
Three genes encoding for cinnamyl alcohol dehydrogenase
(CAD), cinnamoyl-CoA reductase (CCR), and cytochrome P450
protein (Fig. 5C) associated with monolignols biosynthesis and
phenylpropanoid biosynthesis pathways were consistently upregu-
lated during all resistant fruit peel ages in both cultivars when con-
trasted to their susceptible fruit peel ages. Exceptions occurred
with CCR and cytochrome P450 protein, which were not upregu-
lated during the contrast of 14 DPP to 10 DPP or of 10 DPP to
21 DPP in ‘Chieftain’, respectively.

Discussion

We performed transcriptome profiling of the fruit peel of two
C. moschata cultivars at developmental stages exhibiting suscep-
tible and resistant phenotypes against P. capsici. Furthermore,
k-means clustering showed two interesting groups of genes that
were expected to include ARR-associated genes (groups 1 and
2) (Fig. 1). We studied the gene expression profiles of resistant
and susceptible fruit peel ages in both cultivars to identify the
candidate genes associated with ARR. A comparison of the gene
expression profile along the cultivar time points and cultivars
resulted in consistently upregulated genes (Fig. 2A) with enrich-
ment in function for cell wall structures and phenylpropanoids
biosynthesis (Figs. 3 and 4). Several downregulated genes de-
tected in all comparisons between resistant and susceptible fruit
peel ages were enriched during photosynthesis and cell growth
(Fig. 3). This was expected as the fruit age increased, and the
fruit color of both cultivars changed from green to beige. Also,
by 14 DPP or 21 DPP in ‘Chieftain’ and 21 DPP in ‘Dickenson
Field’, the fruit reach full expansion, and cell division is not
likely to continue. Although fruit are approaching complete de-
velopment, other cellular processes, including structural or meta-
bolic, may occur similarly in cucumber (Ando et al. 2015;
Mansfeld et al. 2017). Following the complete fruit expansion or
elongation stage, cell wall structural changes occur with the de-
position of cell wall materials in the secondary cell wall, such as
lignin or xylan (Bacete et al. 2018). Deposition of primary cell
wall polymers, such as cellulose, hemicellulose, and pectin, is
less likely to occur because the primary cell wall has been com-
pleted (Bacete et al. 2018).

In different plant systems, ARR can be regulated by pre-
formed or induced resistance mechanisms, and both are regu-
lated by changes in gene expression (Gonzalez-Lamothe et al.
2009; Panter and Jones 2002). Preformed defense mechanisms
include physical barriers such as cell wall strengthening (Juge
2006) or chemical barriers such as the resistance of oat (Avena
sativa) root against attack by the take-all disease of wheat (7¥iti-
cum aestivum) (Osbourn et al. 1994). The plant cell wall con-
structs the physical barrier that all pathogens must degrade to
infect and colonize the plant (Bacete et al. 2018; Bellincampi
et al. 2014). Changes in cell wall-related genes, by upregulation
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or downregulation, significantly affect disease resistance (Bellincampi
et al. 2014; Miedes et al. 2014).

Among the upregulated genes detected in our study in all dif-
ferent comparisons within and between the two studied cultivars
(Fig. 2A, B, and D), we identified a candidate group of ARR
genes that function in monolignol biosynthesis, sinapyl alcohol
dehydrogenase activity, cinnamyl alcohol dehydrogenase activ-
ity, stilbene biosynthetic process, coumarin biosynthetic process,
and peroxidase activity. These genes were upregulated consistently
during resistant stages of both cultivars (Fig. 3, Supplemental
Table 2), indicating that metabolic changes in the fruit cell wall
are targeting the phenylpropanoids biosynthetic pathway because
lignin, coumarins, and stilbenes are products of the general phenyl-
propanoids pathway (Boerjan et al. 2003; Deng and Lu 2017
Vogt 2010). This suggests that physical strengthening of the cell
wall increases resistance to P. capsici.

Genes encoding for peroxidase enzymes were upregulated
during all resistant stages in both cultivars (Fig. 3, Supplemental
Table 2). Peroxidases are oxidoreductases involved in several
physiological processes during plant development, such as lignin
polymerization, fruit ripening, and defense against biotic stress
(Passardi et al. 2005), cell wall lignification, and suberization
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(Quiroga et al. 2000). The last enzymatic step in lignin biosynthe-
sis is catalyzed by peroxidases, which act to oxidize monolignols
using H,O, (Higuchi 1985). The biosynthesis and deposition of
suberin and lignin polymers in the plant’s secondary cell wall are
developmentally regulated and strengthen the cell wall to perform
the physical barrier function against pathogen attack (Miedes
et al. 2014; Pandey et al. 2017).

Sinapyl alcohol dehydrogenase and CAD are enzymes in the
phenylpropanoids pathway that catalyze monolignols biosynthe-
sis from phenylalanine (Deng and Lu 2017; Miedes et al. 2014;
Vogt 2010). Multiple genes functionally annotated to be in-
volved in the lignin biosynthetic process were detected during
the resistant stages of both ‘Chieftain’ and ‘Dickenson Field’,
and the highest fold change in the resistant fruit peel ages oc-
curred for lignin biosynthetic genes encoding for CCR and CAD
(Fig. 5C). In addition, genes encoding for MYB transcription
factor regulators of the lignin biosynthesis process were signifi-
cantly upregulated during several contrasts of both cultivars. A
group of MYB proteins has been demonstrated as a positive reg-
ulator of cell wall structure biosynthesis, such as lignin (Zhong
et al. 2007, 2008; Zhou et al. 2009) and cutin, and consequently
control cuticle and epidermis development (Oshima et al. 2013).
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Our findings suggest that ARR is potentially regulated in
C. moschata winter squash cultivars through the regulation of
cell wall structure biosynthesis. We questioned which cell wall
structure is a potential candidate that provides resistance to win-
ter squash fruit against P. capsici. The pathway enrichment
analysis detected enrichment in cutin, suberin monomers, and
phenylpropanoids biosynthesis pathways during at least one re-
sistant stage in both cultivars (Fig. 4). However, enrichment in
the phenylpropanoids biosynthesis pathway was consistently de-
tected in upregulated genes during all resistant stages in both cul-
tivars (Fig. 4). Therefore, we examined the expression profile of
individual genes involved in the three pathways.

In cutin biosynthesis, thioesterases are essential proteins for
the release of de novo free fatty acids required for the biosynthe-
sis process (Lowe 2010). The released fatty acids are attached to
CoA by the action of long-chain acyl-CoA synthetases (LACS)
(Schnurr et al. 2002). LACS enzymes are the plant’s long-chain
fatty acid, AMP-dependent synthetase, and ligase family protein
(Li et al. 2016). The activation of acyl chains to acyl-CoA by the
LACS is an essential step in the biosynthesis of long-chain fatty
acids with variable lengths, which are required for cutin and cu-
ticular wax biosynthesis. Cutin and cuticular wax are the compo-
nents of the plant cuticle and provide a hydrophobic state to the
outer plant surface, the cuticle, which acts as a protective barrier
against abiotic and biotic stresses (Yeats and Rose 2013). Ac-
cording to our results, the upregulated genes in ‘Chieftain’ and
‘Dickenson Field” were enriched for multiple Acyl COA thioes-
terases and long-chain fatty acid CoA ligases that are required
for the initial steps of cutin biosynthesis (Fig. 5A). Genes encod-
ing for thioesterase in resistant fruit were upregulated at 21 DPP
in contrast to those in susceptible fruit at 7 DPP, 10 DPP, and
14 DPP in ‘Dickenson Field” and 14 DPP and 21 DPP in con-
trast to 7 DPP and 10 DPP in ‘Chieftain’ (Fig. 5A). The LACS
gene was only upregulated at 21 DPP in contrast to 7 DPP in
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‘Dickenson Field’ (Fig. 5A). It was upregulated in resistant fruit
at 14 DPP and 21 DPP in ‘Chieftain’ in contrast to 7 DPP and
10 DPP; however, that at 14 DPP was not differentially ex-
pressed compared to that at 7 DPP (Fig. 5A). LACS perform a
key step in cutin and cuticular wax biosynthesis. The absence of
their upregulation in ‘Dickenson Field’ at 21 DPP when com-
pared with susceptible 10 DPP and 14 DPP (Fig. 5A) might indi-
cate that accumulation of cutin in ‘Dickenson’ might not be the
potential mechanism for ARR as the fruit age increases; how-
ever, in ‘Chieftain’, it might be the potential mechanism for
ARR. However, consistently upregulated genes in both cultivars
(Setl_up) were not enriched for cutin biosynthesis (Fig. 4).

Suberin is a heteropolymer that consists of both lipid and phe-
nolic polymers. It deposits between the cell wall and plasma
membrane, preventing water loss and protecting against patho-
gen infection (Nawrath and Poirier 2008). Genes involved in the
biosynthesis of phenolic and aliphatic monomers required for
the assembly and polymerization of suberin have been studied
(Havir and Hanson 1970; Le Bouquin et al. 2001; Lee et al.
2013; Lu et al. 2009; Wang-Pruski and Cantal 2004). We de-
tected that genes involved in suberin biosynthesis were upregu-
lated during some contrasts in ‘Dickenson Field’ but not in
‘Chieftain’. Only phenylalanine ammonia-lyase, which catalyzes
the first step in the phenylpropanoid pathway, was upregulated
during most contrasts between resistant and susceptible fruit
ages in both cultivars. No detected upregulated genes were con-
sistently upregulated (Setl_up) in both cultivars in suberin bio-
synthesis. Therefore, suberin deposition does not seem to be a
candidate responsible for ARR. Another compound is causing
this thickening, which is potentially the primary cause of ARR
to P. capsici in hard squash.

The cytochrome P450 monooxygenase gene superfamily enc-
odes for several essential enzymes involved in the phenylpropa-
noid pathway, such as lyases, transferases, ligases, oxygenases,
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and reductases (Deng and Lu 2017; Ferrer et al. 2008; Gou et al.
2018; Ververidis et al. 2007). Phenylpropanoids are secondary
metabolites that include flavonoids, lignin, coumarins, and other
phenolic compounds (Mander and Liu 2010). In the phenylpropa-
noids biosynthesis pathway, phenylalanine is converted through
multiple steps to p-coumaroyl CoA, which is the precursor for
several secondary metabolites, including monolignols, stilbenes,
coumarins, flavonoids, and other phenolic compounds (Liu et al.
2015; Mander and Liu 2010; Vogt 2010). The lignin biosynthesis
and specific monolignols biosynthesis pathways adapted from
Liu et al. (2018) are presented in Fig. 6. The polymerization of
the produced monolignols into lignin is catalyzed by peroxidases
(Rinaldi et al. 2016; Zhao et al. 2013). Lignin is an insoluble hy-
drophobic polymer that forms a structural component of the sec-
ondary cell wall in plants (Miedes et al. 2014). Lignin provides
structural support to the plant cell wall and has multiple func-
tions, including its role as a structural/physical barrier that de-
fends against wounding and pathogen attacks (Bonello et al.
2003; Buendgen et al. 1990; Labeeuw et al. 2015). Cell wall
lignification has been known as a disease resistance mechanism
in plants (Nicholson and Hammerschmidt 1992; Sattler and
Funnell-Harris 2013; Vance et al. 1980). The mechanical strength
provided to the plant cell wall by lignin hinders pathogen pene-
tration using appressoria (Bellincampi et al. 2014). Furthermore,
the hydrophobic nature of lignin protects against cell wall degra-
dation by the action of the cell wall degrading enzymes produced
by plant pathogens (Vance et al. 1980). Cytochrome P450 pro-
tein, a key gene superfamily involved in suberin, cutin, and lignin
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biosynthesis, was consistently upregulated in all the resistant fruit
peel ages contrasted with susceptible fruit peel ages in both culti-
vars except for one contrast of Chieftain (10 DPP vs. 21 DPP).
The CAD and CCR genes involved in the phenylpropanoid bio-
synthesis pathway were consistently upregulated in all the resis-
tant fruit peel ages in both cultivars when contrasted to their
susceptible fruit peel ages; however, the expression of CCR did
not change during the contrast of 14 DPP to 10 DPP in ‘Chief-
tain’ (Fig. 5C). CAD and CCR are the two primary enzymes dur-
ing the production of the monolignol p-coumaryl alcohol and
other monolignols incorporated in building the H lignin (Rinaldi
et al. 2016). Several studies documented an increase in p-coumaryl
alcohol or H-enriched lignin in squash, cucumber, and other
cucurbit tissues as a response to injury, disease, or elicitors
(Hammerschmidt et al. 1985; Robertsen and Svalheim 1990;
Stange et al. 1999, 2001; Varbanova et al. 2011).

The results suggest that CAD and CCR genes are potential
candidate genes associated with ARR through the production
of monolignols and lignin polymerization at the cell wall by
the catalysis of peroxidases. This additional lignin deposited
in the peel of the resistant aging squash fruit may strengthen
the cuticle and epidermal walls to resist pathogens and envi-
ronmental stresses.

Conclusions

Our results suggest that secondary cell wall structures, cutin,
suberin, or lignin, are potential candidates associated with ARR
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to P. capsici in winter squash. However, the consistency of upre-
gulated expression of genes involved in monolignol biosynthesis
in resistant fruit peel in both cultivars suggests a high probability
of monolignol biosynthesis and lignin polymerization in cell
wall tissues as fruit ages, providing thickening and physical
strengthening of the fruit cell wall against pathogen attack. To
confirm that lignin is the potential material deposited in the ma-
turing fruit peel cell wall as a constitutive structural defense
mechanism against pathogens, further analyses of fruit cell wall
tissues must be performed. This study suggests that both C. mo-
schata cultivars have a similar mechanism that controls ARR to
P. capsici. The observed difference in the onset of ARR between
cultivars is likely attributable to the difference in their days to
maturity because ‘Chieftain’ matures at 80 d and ‘Dickenson
Field’ matures at 100 d. Although we acknowledge that the differ-
ences in days to maturity between the two cultivars may confound
the interpretation of our results, we believe that our dataset still
contributes valuable insights into the understanding of ARR in
winter squash. The observed changes in gene expression are likely
influenced by both ARR and general fruit maturation processes.

References Cited

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic
local alignment search tool. J Mol Biol. 215(3):403-410. https://doi.
org/10.1016/S0022-2836(05)80360-2.

Alzohairy SA, Hammerschmidt R, Hausbeck MK. 2020. Changes in
winter squash fruit exocarp structure associated with age-related re-
sistance to Phytophthora capsici. Phytopathology. 110(2):447-455.
https://doi.org/10.1094/PHYTO-04-19-0128-R.

Alzohairy SA, Hammerschmidt R, Hausbeck MK. 2021. Antifungal ac-
tivity in winter squash fruit peel in relation to age related resistance to
Phytophthora capsici. Physiol Mol Plant Pathol. 114:101603. https://
doi.org/10.1016/j.pmpp.2021.101603.

Anders S, Pyl PT, Huber W. 2015. HTSeg-a Python framework to work
with high-throughput sequencing data. Bioinformatics. 31(2):166-169.
https://doi.org/10.1093/bioinformatics/btu638.

Ando K, Carr KM, Colle M, Mansfeld BN, Grumet R. 2015. Exocarp
properties and transcriptomic analysis of cucumber Cucumis sativus
fruit expressing age-related resistance to Phytophthora capsici. PLoS
One. 10(11):¢0142133. https://doi.org/10.1371/journal.pone.0142133.

Ando K, Hammar S, Grumet R. 2009. Age-related resistance of diverse
cucurbit fruit to infection by Phytophthora capsici. ] Am Soc Hortic
Sci. 134(2):176-182. https://doi.org/10.21273/JASHS.134.2.176.

Babadoost M. 2000. Outbreak of Phytophthora foliar blight and fruit
rot in processing pumpkin fields in Illinois. Plant Dis. 84(12):1345.
https://doi.org/10.1094/PDIS.2000.84.12.1345A.

Babadoost M. 2004. Phytophthora blight: A serious threat to cucurbit indus-
tries. Urbana. 51:61801. https://doi.org/10.1094/apsnetfeature-2004-0404.

Bacete L, Mélida H, Miedes E, Molina A. 2018. Plant cell wall-medi-
ated immunity: Cell wall changes trigger disease resistance re-
sponses. Plant J. 93(4):614—636. https://doi.org/10.1111/tpj.13807.

Bellincampi D, Cervone F, Lionetti V. 2014. Plant cell wall dynamics
and wall-related susceptibility in plant-pathogen interactions. Front
Plant Sci. 5:228. https://doi.org/10.3389/fpls.2014.00228.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J R Stat Soc B.
57(1):289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031 .

Biles CL, Wall MM, Waugh M, Palmer H. 1993. Relationship of Phy-
tophthora fruit rot to fruit maturation and cuticle thickness of New
Mexican-type peppers. Phytopathology. 83(6):607-611. https://doi.
org/10.1094/phyto-83-607.

Boerjan W, Ralph J, Baucher M. 2003. Lignin biosynthesis. Annu Rev
Plant Biol. 54(1):519-546. https://doi.org/10.1146/annurev.arplant.54.
031902.134938.

250

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: A flexible trim-
mer for [llumina sequence data. Bioinformatics. 30(15):2114-2120.
https://doi.org/10.1093/bioinformatics/btul 70.

Bonello P, Storer AJ, Gordon TR, Wood DL, Heller W. 2003. Sys-
temic effects of Heterobasidion annosum on ferulic acid glucoside
and lignin of presymptomatic ponderosa pine phloem, and potential
effects on bark-beetle-associated fungi. J Chem Ecol. 29:1167-1182.
https://doi.org/10.1023/A:1023833707382.

Buendgen MR, Coors JG, Grombacher AW, Russell WA. 1990. Euro-
pean corn borer resistance and cell wall composition of three maize
populations. Crop Sci. 30(3):505-510. https://doi.org/10.2135/
cropscil990.0011183X003000030005x.

Café-Filho AC, Duniway JM, Davis RM. 1995. Effects of the fre-
quency of furrow irrigation on root and fruit rots of squash caused
by Phytophthora capsici. Plant Dis. 79(1):44-48. https://doi.org/
10.1094/pd-79-0044.

Castro-Rocha A, Hulvey JP, Wick R, Shrestha SK, Lamour K. 2017.
Genetic diversity of Phytophthora capsici recovered from Massachu-
setts between 1997 and 2014. Mycol Prog. 16:999-1006. https://doi.
org/10.1007/s11557-017-1334-9.

Chassot C, Métraux JP. 2005. The cuticle as source of signals for
plant defense. Plant Biosyst. 139(1):28-31. https://doi.org/10.1080/
11263500500056344.

Davidson CR, Carroll RB, Evans TA, Mulrooney RP, Kim SH. 2002.
First report of Phytophthora capsici infecting lima bean Phaseolus
lunatus in the mid-Atlantic Region. Plant Dis. 86(9):1049. https://
doi.org/10.1094/PDIS.2002.86.9.1049A.

Deng Y, Lu S. 2017. Biosynthesis and regulation of phenylpropanoids
in plants. Crit Rev Plant Sci. 36(4):257-290. https://doi.org/10.1080/
07352689.2017.1402852.

Develey-Riviere MP, Galiana E. 2007. Resistance to pathogens and
host developmental stage: A multifaceted relationship within the
plant kingdom. New Phytol. 175(3):405-416. https://doi.org/10.1111/
j-1469-8137.2007.02130.x.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
Batut P, Chaisson M, Gingeras TR. 2013. STAR: Ultrafast universal
RNA-seq aligner. Bioinformatics. 29(1):15-21. https://doi.org/10.1093/
bioinformatics/bts635.

Erwin DC, Ribeiro OK. 1996. Phytophthora diseases worldwide,
p 562. American Phytopathological Society Press, St. Paul, MN, USA.
https://doi.org/10.1017/s001447979825109x.

Eynck C, Séguin-Swartz G, Clarke WE, Parkin IA. 2012. Monolignol
biosynthesis is associated with resistance to Sclerotinia sclerotiorum
in Camelina sativa. Mol Plant Pathol. 13(8):887-899. https://doi.org/
10.1111/1.1364-3703.2012.00798 x.

Ferrer JL, Austin MB, Stewart JC, Noel JP. 2008. Structure and func-
tion of enzymes involved in the biosynthesis of phenylpropanoids.
Plant Physiol Biochem. 46(3):356-370. https://doi.org/10.1016/j.plaphy.
2007.12.009.

Gevens AJ, Hausbeck MK. 2005. Phytophthora capsici isolated from
snap beans is pathogenic to cucumber fruit and soybean (abstr). Phy-
topathology. 95:S162. https://doi.org/10.1094/phyt0.2006.96.6.s162.

Gevens AlJ, Ando K, Lamour KH, Grumet R, Hausbeck MK. 2006. A
detached cucumber fruit method to screen for resistance to Phytoph-
thora capsici and effect of fruit age on susceptibility to infection.
Plant Dis. 90(10):1276-1282. https://doi.org/10.1094/PD-90-1276.

Gevens AJ, Donahoo RS, Lamour KH, Hausbeck MK. 2007. Charac-
terization of Phytophthora capsici from Michigan surface irrigation
water. Phytopathology. 97(4):421-428. https://doi.org/10.1094/PHYTO-
97-4-0421.

Gonzélez-Lamothe R, Mitchell G, Gattuso M, Diarra MS, Malouin F,
Bouarab K. 2009. Plant antimicrobial agents and their effects on
plant and human pathogens. Int J Mol Sci. 10(8):3400-3419. https://
doi.org/10.3390/ijms10083400.

Gou M, Ran X, Martin DW, Liu CJ. 2018. The scaffold proteins of lig-
nin biosynthetic cytochrome P450 enzymes. Nat Plants. 4(5):299-310.
https://doi.org/10.1038/s41477-018-0142-9.

J. AMER. Soc. Hort. Sci. 148(5):240-252. 2023.


https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1094/PHYTO-04-19-0128-R
https://doi.org/10.1016/j.pmpp.2021.101603
https://doi.org/10.1016/j.pmpp.2021.101603
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1371/journal.pone.0142133
https://doi.org/10.21273/JASHS.134.2.176
https://doi.org/10.1094/PDIS.2000.84.12.1345A
https://doi.org/10.1094/apsnetfeature-2004-0404
https://doi.org/10.1111/tpj.13807
https://doi.org/10.3389/fpls.2014.00228
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1094/phyto-83-607
https://doi.org/10.1094/phyto-83-607
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.1146/annurev.arplant.54.031902.134938
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1023/A:1023833707382
https://doi.org/10.2135/cropsci1990.0011183X003000030005x
https://doi.org/10.2135/cropsci1990.0011183X003000030005x
https://doi.org/10.1094/pd-79-0044
https://doi.org/10.1094/pd-79-0044
https://doi.org/10.1007/s11557-017-1334-9
https://doi.org/10.1007/s11557-017-1334-9
https://doi.org/10.1080/11263500500056344
https://doi.org/10.1080/11263500500056344
https://doi.org/10.1094/PDIS.2002.86.9.1049A
https://doi.org/10.1094/PDIS.2002.86.9.1049A
https://doi.org/10.1080/07352689.2017.1402852
https://doi.org/10.1080/07352689.2017.1402852
https://doi.org/10.1111/j.1469-8137.2007.02130.x
https://doi.org/10.1111/j.1469-8137.2007.02130.x
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1017/s001447979825109x
https://doi.org/10.1111/j.1364-3703.2012.00798.x
https://doi.org/10.1111/j.1364-3703.2012.00798.x
https://doi.org/10.1016/j.plaphy.2007.12.009
https://doi.org/10.1016/j.plaphy.2007.12.009
https://doi.org/10.1094/phyto.2006.96.6.s162
https://doi.org/10.1094/PD-90-1276
https://doi.org/10.1094/PHYTO-97-4-0421
https://doi.org/10.1094/PHYTO-97-4-0421
https://doi.org/10.3390/ijms10083400
https://doi.org/10.3390/ijms10083400
https://doi.org/10.1038/s41477-018-0142-9

Granke LL, Quesada-Ocampo L, Lamour K, Hausbeck MK. 2012.
Advances in research on Phytophthora capsici on vegetable crops in
the United States. Plant Dis. 96(11):1588-1600. https:/doi.org/
10.1094/PDIS-02-12-0211-FE.

Granke LL, Windstam ST, Hoch HC, Smart CD, Hausbeck MK.
2009. Dispersal and movement mechanisms of Phytophthora capsici
sporangia. Phytopathology. 99(11):1258—1264. https://doi.org/10.1094/
PHYTO-99-11-1258.

Griffey RT, Leach JG. 1965. The influence of age of tissue on the devel-
opment of bean anthracnose lesions. Phytopathology. 55(8):915-918.
Gu Z, Eils R, Schlesner M. 2016. Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics.

32(18):2847-2849. https://doi.org/10.1093/bioinformatics/btw313.

Gusberti M, Gessler C, Broggini GA. 2013. RNA-Seq analysis reveals
candidate genes for ontogenic resistance in Malus-Venturia pathosystem.
PLoS One. 8(11):78457. https://doi.org/10.1371/journal.pone.0078457.

Hammerschmidt R, Bonnen AM, Bergstrom GC, Baker KK. 1985.
Association of epidermal lignification with nonhost resistance of cu-
curbits to fungi. Can J Bot. 63(12):2393-2398. https://doi.org/
10.1139/b85-342.

Hausbeck MK, Lamour KH. 2004. Phytophthora capsici on vegetable
crops: Research progress and management challenges. Plant Dis.
88(12):1292—-1303. https://doi.org/10.1094/PDIS.2004.88.12.1292.

Havir EA, Hanson KR. 1970. L-phenylalanine ammonia-lyase potato
tubers. Methods Enzymol. 17:575-581. https://doi.org/10.1016/0076-
6879(71)17243-6.

Higuchi T. 1985. Biosynthesis of lignin, p 141-160. In: Higuchi T (ed).
Biosynthesis and biodegradation of wood components. Academic
Press, New York, NY, USA. https://doi.org/10.1016/b978-0-12-
347880-1.50011-8.

Juge N. 2006. Plant protein inhibitors of cell wall degrading enzymes.
Trends Plant Sci. 11(7):359-367. https://doi.org/10.1016/j.tplants.2006.
05.006.

Krasnow CS, Hausbeck MK. 2016. Evaluation of winter squash and
pumpkin cultivars for age-related resistance to Phytophthora capsici
fruit rot. HortScience. 51(10):1251-1255. https://doi.org/10.21273/
HORTSCI11173-16.

Krasnow CS, Naegele RP, Hausbeck MK. 2014. Evaluation of fruit
rot resistance in Cucurbita germplasm resistant to Phytophthora cap-
sici crown rot. HortScience. 49(3):285-288. https://doi.org/10.21273/
HORTSCI.49.3.285.

Labeeuw L, Martone PT, Boucher Y, Case RJ. 2015. Ancient origin
of the biosynthesis of lignin precursors. Biol Direct. 10(1):23. https://
doi.org/10.1186/s13062-015-0052-y.

Lamour KH, Hausbeck MK. 2000. Mefenoxam insensitivity and the
sexual stage of Phytophthora capsici in Michigan cucurbit fields.
Phytopathology. 90(4):396—400. https://doi.org/10.1094/PHYTO.2000.
90.4.396.

Le Bouquin R, Skrabs M, Kahn R, Benveniste I, Salaiin JP,
Schreiber L, Durst F, Pinot F. 2001. CYP94AS5, a new cytochrome
P450 from Nicotiana tabacum is able to catalyze the oxidation of
fatty acids to the w-alcohol and to the corresponding diacid. Eur J
Biochem. 268(10):3083-3090. https://doi.org/10.1046/j.1432-1327.
2001.02207.x.

Lee Y, Rubio MC, Alassimone J, Geldner NA. 2013. Mechanism for
localized lignin deposition in the endodermis. Cell. 153(2):402—412.
https://doi.org/10.1016/j.cell.2013.02.045.

Li N, Xu C, Li-Beisson Y, Philippar K. 2016. Fatty acid and lipid
transport in plant cells. Trends Plant Sci. 21(2):145-158. https://doi.
org/10.1016/j.tplants.2015.10.011.

Liu J, Osbourn A, Ma P. 2015. MYB transcription factors as regulators
of phenylpropanoid metabolism in plants. Mol Plant. 8(5):689-708.
https://doi.org/10.1016/j.molp.2015.03.012.

Liu Q, Luo L, Zheng L. 2018. Lignins: Biosynthesis and biological
functions in plants. Int J Mol Sci. 19(2):335. https://doi.org/10.3390/
ijms19020335.

J. AMER. Soc. Hort. Sci. 148(5):240-252. 2023.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15(12):550. https://doi.org/10.1186/s13059-014-0550-8.

Lowe C. 2010. A novel family of fatty acyl thioesterases from Arabi-
dopsis thaliana (PhD Diss). Carleton University, Ottawa, Ontario,
Canada. https://doi.org/10.22215/etd/2011-08667.

Lu S, Song T, Kosma DK, Parsons EP, Rowland O, Jenks MA. 2009.
Arabidopsis CER8 encodes LONG-CHAIN ACYL-COA SYNTHE-
TASE 1 LACSI that has overlapping functions with LACS2 in plant
wax and cutin synthesis. Plant. 59(4):553-564. https://doi.org/10.1111/
j-1365-313X.2009.03892 x.

Mander L, Liu HW. 2010. Comprehensive natural products II chemis-
try and biology, p 1. Elsevier Science, Oxford, England. https://doi.
org/10.1016/b978-008045382-8.09004-3.

Mansfeld BN, Colle M, Kang Y, Jones AD, Grumet R. 2017. Tran-
scriptomic and metabolomic analyses of cucumber fruit peels reveal
a developmental increase in terpenoid glycosides associated with
age-related resistance to Phytophthora capsici. Hortic Res. 4:17022.
https://doi.org/10.1038/hortres.2017.22.

Meyer MD, Hausbeck MK. 2013. Age-related resistance to Phytoph-
thora fruit rot in ‘Dickenson Field’ processing pumpkin and ‘Golden
Delicious’ winter squash fruit. Plant Dis. 97(4):446-552. https://doi.
org/10.1094/PDIS-01-12-0082-RE.

Miedes E, Vanholme R, Boerjan W, Molina A. 2014. The role of the
secondary cell wall in plant resistance to pathogens. Front Plant Sci.
5:358. https://doi.org/10.3389/fpls.2014.00358.

Mueller LA, Zhang P, Rhee SY. 2003. AraCyc: A biochemical path-
way database for Arabidopsis. Plant Physiol. 132(2):453-460. https://
doi.org/10.1104/pp.102.017236.

Nawrath C, Poirier Y. 2008. Pathways for the synthesis of polyesters
in plants: Cutin, suberin, and polyhydroxyalkanoates. Adv. Plant
Biochem. Mol. Biol. 1:201-239. https://doi.org/10.1016/S1755-0408
(07)01008-9.

Nicholson RL, Hammerschmidt R. 1992. Phenolic compounds and their
role in disease resistance. Annu Rev Phytopathol. 30(1):369-389.
https://doi.org/10.1146/annurev.py.30.090192.002101.

Osbourn AE, Clarke BR, Lunness P, Scott PR, Daniels MJ. 1994. An
oat species lacking avenacin is susceptible to infection by Gaeumanno-
myces graminis var. tritici. Physiol Mol Plant Pathol. 45(6):457-467.
https://doi.org/10.1016/S0885-5765(05)80042-6.

Oshima Y, Shikata M, Koyama T, Ohtsubo N, Mitsuda N, Ohme-Takagi
M. 2013. MIXTA-like transcription factors and WAX INDUCER1/
SHINE! coordinately regulate cuticle development in Arabidopsis and
Torenia fournieri. Plant Cell. 25(5):1609—1624. https://doi.org/10.1105/
tpe.113.110783.

Pandey VP, Awasthi M, Singh S, Tiwari S, Dwivedi UN. 2017. A
comprehensive review on function and application of plant peroxi-
dases. Biochem Anal Biochem. 6(1):308. https:/doi.org/10.4172/
2161-1009.1000308.

Panter SN, Jones DA. 2002. Age-related resistance to plant pathogens.
Adv Bot Res. 38:252-281. https://doi.org/10.1016/S0065-2296(02)
38032-7.

Passardi F, Cosio C, Penel C, Dunand C. 2005. Peroxidases have more
functions than a Swiss army knife. Plant Cell Rep. 24:255-265.
https://doi.org/10.1007/s00299-005-0972-6.

Quesada-Ocampo LM, Hausbeck MK. 2010. Resistance in tomato
and wild relatives to crown and root rot caused by Phytophthora
capsici. Phytopathology. 100(6):619-627. https://doi.org/10.1094/
PHYTO-100-6-0619.

Quiroga M, Guerrero C, Botella MA, Barcel6 A, Amaya I, Medina MI,
Alonso FJ, de Forchetti SM, Tigier H, Valpuesta V. 2000. A tomato
peroxidase involved in the synthesis of lignin and suberin. Plant Phys-
iol. 122(4):1119-1128. https://doi.org/10.1104/pp.122.4.1119.

Rinaldi R, Jastrzebski R, Clough MT, Ralph J, Kennema M, Bruijnincx
PC, Weckhuysen BM. 2016. Paving the way for lignin valorisation:
Recent advances in bioengineering, biorefining and catalysis. Angew

251


https://doi.org/10.1094/PDIS-02-12-0211-FE
https://doi.org/10.1094/PDIS-02-12-0211-FE
https://doi.org/10.1094/PHYTO-99-11-1258
https://doi.org/10.1094/PHYTO-99-11-1258
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1371/journal.pone.0078457
https://doi.org/10.1139/b85-342
https://doi.org/10.1139/b85-342
https://doi.org/10.1094/PDIS.2004.88.12.1292
https://doi.org/10.1016/0076-6879(71)17243-6
https://doi.org/10.1016/0076-6879(71)17243-6
https://doi.org/10.1016/b978-0-12-347880-1.50011-8
https://doi.org/10.1016/b978-0-12-347880-1.50011-8
https://doi.org/10.1016/j.tplants.2006.05.006
https://doi.org/10.1016/j.tplants.2006.05.006
https://doi.org/10.21273/HORTSCI11173-16
https://doi.org/10.21273/HORTSCI11173-16
https://doi.org/10.21273/HORTSCI.49.3.285
https://doi.org/10.21273/HORTSCI.49.3.285
https://doi.org/10.1186/s13062-015-0052-y
https://doi.org/10.1186/s13062-015-0052-y
https://doi.org/10.1094/PHYTO.2000.90.4.396
https://doi.org/10.1094/PHYTO.2000.90.4.396
https://doi.org/10.1046/j.1432-1327.2001.02207.x
https://doi.org/10.1046/j.1432-1327.2001.02207.x
https://doi.org/10.1016/j.cell.2013.02.045
https://doi.org/10.1016/j.tplants.2015.10.011
https://doi.org/10.1016/j.tplants.2015.10.011
https://doi.org/10.1016/j.molp.2015.03.012
https://doi.org/10.3390/ijms19020335
https://doi.org/10.3390/ijms19020335
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.22215/etd/2011-08667
https://doi.org/10.1111/j.1365-313X.2009.03892.x
https://doi.org/10.1111/j.1365-313X.2009.03892.x
https://doi.org/10.1016/b978-008045382-8.09004-3
https://doi.org/10.1016/b978-008045382-8.09004-3
https://doi.org/10.1038/hortres.2017.22
https://doi.org/10.1094/PDIS-01-12-0082-RE
https://doi.org/10.1094/PDIS-01-12-0082-RE
https://doi.org/10.3389/fpls.2014.00358
https://doi.org/10.1104/pp.102.017236
https://doi.org/10.1104/pp.102.017236
https://doi.org/10.1016/S1755-0408(07)01008-9
https://doi.org/10.1016/S1755-0408(07)01008-9
https://doi.org/10.1146/annurev.py.30.090192.002101
https://doi.org/10.1016/S0885-5765(05)80042-6
https://doi.org/10.1105/tpc.113.110783
https://doi.org/10.1105/tpc.113.110783
https://doi.org/10.4172/2161-1009.1000308
https://doi.org/10.4172/2161-1009.1000308
https://doi.org/10.1016/S0065-2296(02)38032-7
https://doi.org/10.1016/S0065-2296(02)38032-7
https://doi.org/10.1007/s00299-005-0972-6
https://doi.org/10.1094/PHYTO-100-6-0619
https://doi.org/10.1094/PHYTO-100-6-0619
https://doi.org/10.1104/pp.122.4.1119

Chem Int Ed. 55(29):8164-8215. https://doi.org/10.1002/anie.2015
10351.

Robertsen B, Svalheim @. 1990. The nature of lignin-like compounds
in cucumber hypocotyls induced by «-1, 4-linked oligogalacturo-
nides. Physiol Plant. 79(3):512-518. https://doi.org/10.1111/1.1399-
3054.1990.tb02111 x.

Sattler S, Funnell-Harris D. 2013. Modifying lignin to improve bioen-
ergy feedstocks: Strengthening the barrier against pathogens? Front
Plant Sci. 4:70. https://doi.org/10.3389/1pls.2013.00070.

Schnurr JA, Shockey JM, de Boer GJ. 2002. Fatty acid export from the
chloroplast. Molecular characterization of a major plastidial acyl-coen-
zyme A synthetase from Arabidopsis. Plant Physiol. 129(4):1700-1709.
https://doi.org/10.1104/pp.003251.

Stange RR Jr, Ralph J, Peng J, Sims JJ, Midland SL, McDonald RE.
2001. Acidolysis and hot water extraction provide new insights into
the composition of the induced “lignin-like” material from squash
fruit. Phytochemistry. 57(6):1005-1011. https://doi.org/10.1016/
S00319422(01)00096-6.

Stange RR Jr, Sims JJ, Midland SL, McDonald RE. 1999. Isolation of
a phytoalexin, frans-p-coumaryl aldehyde, from Cucurbita maxima,
Cucurbitaceae. Phytochemistry. 52:41-43. https://doi.org/10.1016/
S0031-9422(99)00111-9.

Stermer BA, Hammerschmidt R. 1984. Heat shock induces resistance
to Cladosporium cucumerinum and enhances peroxidase activity in
cucumbers. Physiol Plant Pathol. 25(2):239-249. https://doi.org/
10.1016/0048-4059(84)90062-6.

Stockwell V, Hanchey P. 1983. The role of the cuticle in resistance of
beans to Rhizoctonia solani. Phytopathology. 73(12):1640-1642.
https://doi.org/10.1094/phyto-73-1640.

Sun H, Wu S, Zhang G, Jiao C, Guo S, Ren Y, Zhang J, Zhang H,
Gong G, Jia Z, Zhang F. 2017. Karyotype stability and unbiased
fractionation in the paleo-allotetraploid Cucurbita genomes. Mol
Plant. 10(10):1293—1306. https://doi.org/10.1016/j.molp.2017.09.003.

Tang H, Pederson B. 2017. Python package Fisher 0.1.5. https:/pypi.
org/project/fisher/. [accessed 21 Sep 2023].

Tian D, Babadoost M. 2004. Host range of Phytophthora capsici from
pumpkin and pathogenicity of isolates. Plant Dis. 88(5):485—489.
https://doi.org/10.1094/PDIS.2004.88.5.485.

US Department of Agriculture, National Agricultural Statistics Service.
Vegetables summary. 2018. http://usda.mannlib.cornell.edu/usda/
current/VegeSumm/VegeSumm-02-13-2018.pdf. [accessed 13 Mar
2019].

Vance CP, Kirk TK, Sherwood RT. 1980. Lignification as a mecha-
nism of disease resistance. Annu Rev Phytopathol. 18(1):259-288.
https://doi.org/10.1146/annurev.py.18.090180.001355.

252

Varbanova M, Porter K, Lu F, Ralph J, Hammerschmidt R, Jones AD,
Day B. 2011. Molecular and biochemical basis for stress-induced ac-
cumulation of free and bound p-coumaraldehyde in cucumber. Plant
Physiol. 157(3):1056—1066. https://doi.org/10.1104/pp.111.184358.

Vergne E, Grand X, Ballini E, Chalvon SP, Tharreau D, Notteghem JL,
Morel JB. 2010. Preformed expression of defense is a hallmark of par-
tial resistance to rice blast fungal pathogen Magnaporthe oryzae.
BMC Plant Biol. 10(1):206. https://doi.org/10.1186/1471-2229-10-206.

Ververidis F, Trantas E, Douglas C, Vollmer G, Kretzschmar G,
Panopoulos N. 2007. Biotechnology of flavonoids and other
phenylpropanoid-derived natural products. Part II: Reconstruction of
multienzyme pathways in plants and microbes. Biotech J Healthcare
Nutr Technol. 2(10):1235-1249. https:/doi.org/10.1002/biot.200700184.

Vogt T. 2010. Phenylpropanoid biosynthesis. Mol Plant. 3(1):2-20.
https://doi.org/10.1093/mp/ssp106.

Wang-Pruski G, Cantal S. 2004. Cloning and expression of cinnamic
acid 4-hydroxylase in potato, a gene related to after-cooking darkening.
Acta Physiol Plant. 26(3):60—61. https://doi.org/10.1007/bf02853831.

Whalen MC. 2005. Host defence in a developmental context. Mol Plant
Pathol. 6(3):347-360. https://doi.org/10.1111/1.1364-3703.2005.00286.x.

Yeats TH, Rose JK. 2013. The formation and function of plant cuticles.
Plant Physiol. 163(1):5-20. https://doi.org/10.1104/pp.113.222737.

Zhao Q, Nakashima J, Chen F, Yin Y, Fu C, Yun J, Shao H, Wang
X, Wang ZY, Dixon RA. 2013. Laccase is necessary and nonredun-
dant with peroxidase for lignin polymerization during vascular devel-
opment in Arabidopsis. Plant Cell. 25(10):3976-3987. https://doi.org/
10.1105/tpe.113.117770.

Zheng Y, Wu S, Bai Y, Sun H, Jiao C, Guo S, Zhao K, Blanca J,
Zhang Z, Huang S, Xu Y. 2019. Cucurbit Genomics Database (Cu-
GenDB): A central portal for comparative and functional genomics
of cucurbit crops. Nucleic Acids Res. 47:D1128-D1136. https://doi.
org/10.1093/nar/gky944.

Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH. 2008. A battery of
transcription factors involved in the regulation of secondary cell wall
biosynthesis in Arabidopsis. Plant Cell. 20(10):2763-2782. https://
doi.org/10.1105/tpc.108.061325.

Zhong R, Richardson EA, Ye ZH. 2007. The MYB46 transcription
factor is a direct target of SND1 and regulates secondary wall bio-
synthesis in Arabidopsis. Plant Cell. 19(9):2776-2792. https://doi.
org/10.1105/tpc.107.053678.

Zhou J, Lee C, Zhong R, Ye ZH. 2009. MYBS58 and MYBG63 are tran-
scriptional activators of the lignin biosynthetic pathway during second-
ary cell wall formation in Arabidopsis. Plant Cell. 21(1):248-266.
https://doi.org/10.1105/tpc.108.063321.

J. AMER. Soc. Hort. Sci. 148(5):240-252. 2023.


https://doi.org/10.1002/anie.201510351
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1111/j.1399-3054.1990.tb02111.x
https://doi.org/10.1111/j.1399-3054.1990.tb02111.x
https://doi.org/10.3389/fpls.2013.00070
https://doi.org/10.1104/pp.003251
https://doi.org/10.1016/S00319422(01)00096-6
https://doi.org/10.1016/S00319422(01)00096-6
https://doi.org/10.1016/S0031-9422(99)00111-9
https://doi.org/10.1016/S0031-9422(99)00111-9
https://doi.org/10.1016/0048-4059(84)90062-6
https://doi.org/10.1016/0048-4059(84)90062-6
https://doi.org/10.1094/phyto-73-1640
https://doi.org/10.1016/j.molp.2017.09.003
https://pypi.org/project/fisher/
https://pypi.org/project/fisher/
https://doi.org/10.1094/PDIS.2004.88.5.485
http://usda.mannlib.cornell.edu/usda/current/VegeSumm/VegeSumm-02-13-2018.pdf
http://usda.mannlib.cornell.edu/usda/current/VegeSumm/VegeSumm-02-13-2018.pdf
https://doi.org/10.1146/annurev.py.18.090180.001355
https://doi.org/10.1104/pp.111.184358
https://doi.org/10.1186/1471-2229-10-206
https://doi.org/10.1002/biot.200700184
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1007/bf02853831
https://doi.org/10.1111/j.1364-3703.2005.00286.x
https://doi.org/10.1104/pp.113.222737
https://doi.org/10.1105/tpc.113.117770
https://doi.org/10.1105/tpc.113.117770
https://doi.org/10.1093/nar/gky944
https://doi.org/10.1093/nar/gky944
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1105/tpc.107.053678
https://doi.org/10.1105/tpc.107.053678
https://doi.org/10.1105/tpc.108.063321

