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Abstract: Mentha longifolia is a wild mint species being used as a model to study the genetics of
resistance to the fungal wilt pathogen Verticillium dahliae. We used high-throughput Illumina se-
quencing to study gene expression in response to V. dahliae inoculation in two M. longifolia USDA
accessions with contrasting phenotypes: wilt-resistant CMEN 585 and wilt-susceptible CMEN 584.
Roots and stems were sampled at two early post-inoculation time points, four hours and twenty-
four hours, and again at ten days and twenty days post-inoculation. Overall, many more genes
were differentially-regulated in wilt-resistant CMEN 585 than in wilt-susceptible CMEN 584. The
greatest numbers of differentially expressed genes were found in the roots of CMEN 585 at the
early time points. Specific genes exhibiting early, strong upregulation in roots of CMEN 585
but not in CMEN 584 included homologs of known plant defense response genes as well as
genes involved in monoterpene biosynthesis. These genes were also upregulated in stems at the
later time points. This study provides a comprehensive view of transcription reprogramming
in Verticillium wilt-resistant mint, which will be the basis for further study and for molecular
marker development.
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1. Introduction

Vascular wilt disease caused by the soil-borne deuteromycete fungus Verticillium
dahliae is a devastating disease of commercial peppermint (Mentha × piperita). The fungus
invades through the root system and proliferates in the xylem. Symptoms of Vertcillium
wilt disease in mint range from mild chlorosis and “crescent leaf” (Figure 1) to wilting and
death of plants. V. dahliae is a widespread plant pathogen, affecting annuals, perennials,
and woody plants. As such, Verticillium wilt disease has been studied in many different
crops, including cotton, lettuce, and the Solanaceae [1–8].

Genetic resistance to Verticillium wilt was first mapped in tomato, and two linked
genes at the mapped locus, Ve1 and Ve2, were cloned in 2001 [9,10]. Ve1 but not Ve2
was shown to confer resistance to tomato Verticillium wilt. Subsequent studies identi-
fied positive regulators of Ve1 as well as downstream signaling components in the Ve1-
mediated pathway.

Mint is an excellent model system for the study of Verticillium wilt disease. Mint plants
produce abundant stems with relatively uniform internode lengths, making experimental
replication straightforward. Plants have square stems, with vascular bundles located at
each corner. When fungal hyphae clog xylem of susceptible mints, expansion of apical
leaves is inhibited, causing the classic “crescent leaf” symptom (Figure 1). The crescent leaf
curves toward the infected stem corner, meaning that specific infected vascular bundles are
readily observed.
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Figure 1. Verticillium wilt disease symptoms in mint. (A). Left: uninoculated M. longifolia. Right:
V. dahliae-inoculated M. longifolia displaying chlorosis and crescent leaf symptoms. (B). M. longifolia
stem cross-sections were taken 20 days after plants were root dipped in either water (control) or a
spore suspension of GFP-labeled V. dahliae (inoculated). Stem sections were incubated on water/agar
for several days before examining by fluorescent microscopy and imaging. The arrow shows GFP-
labeled fungal hyphae.
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M. longifolia has been developed as a diploid model system to study mint genetics,
including Verticillium wilt resistance, as the available germplasm for this species represents
a broad range from resistance to susceptibility [11]. While much has been learned about
the genetics of response to V. dahliae infection in other crops, it has become clear that there
is not one uniform set of genes to interrogate in all plant genera. Therefore, the aim of this
study is to identify the most important genetic components of Verticillium wilt resistance
in mint.

To this end, we present a comprehensive profile of gene expression in roots and stems
of two South African M. longifolia accessions representing extremes of Verticillium wilt
resistance vs. susceptibility. Wilt-resistant accession CMEN585 belongs to M. longifolia L.
subsp. capensis, and its essential oil is predominantly pulegone. Wilt-susceptible accession
CMEN584 is M. longifolia L. subsp. polyadena and produces mainly carvone [11]. By
sampling root and stem tissues at four post-inoculation time points, we captured transcripts
from early in the infection process to the beginning of symptoms display.

2. Results
2.1. Transcriptome Data Summary

Transcriptome sequencing was done on RNA samples isolated from roots and stems
of either water- (control) or V. dahliae spore-inoculated CMEN 585 and CMEN 584 plants.
Samples were collected at early (4 and 24 h post-inoculation (hpi)) and late (10 and 20 days
post-inoculation (dpi)) stages of V. dahliae infection.

Sequence data obtained per replicate sample ranged from 2.6–13.4 Gb, the equivalent
of 50.2x–256.2x coverage of gene annotations in the reference genome (Supplemental Table
S1). Transcriptome coverage depths per biological replicate were similar between CMEN
585 and CMEN 584. The 10-dpi and 20-dpi time points had ~15–20x lower coverage depth
per replicate than the 4-hpi and 24-hpi time points.

2.2. Overview of Differentially-Expressed Genes

Pairwise comparisons of gene expression levels between control and inoculated CMEN
585 and CMEN 584 plants were made for each tissue at each time point. The numbers of
differentially expressed genes were highly variable between the two mint genotypes as
well as across time points, ranging from <10 to >4000 (Table 1, Figures 2 and 3).

Table 1. Numbers of statistically significant differentially expressed genes for two M. longifolia
genotypes sampled at time points from four hours to 20 days post-inoculation with Verticillium dahliae.
(p < 0.05, logFC > 2).

Genotype Time Point Tissue Up Down Total

CMEN 585 4 hpi root 2138 2339 4477
CMEN 584 4 hpi root 191 142 333
CMEN 585 24 hpi root 2278 2410 4688
CMEN 584 24 hpi root 118 14 132
CMEN 585 10 dpi root 17 7 24
CMEN 584 10 dpi root 2 5 7
CMEN 585 20 dpi root 109 28 137
CMEN 584 20 dpi root 6 2 8
CMEN 585 4 hpi stem 26 7 33
CMEN 584 4 hpi stem 189 441 630
CMEN 585 24 hpi stem 9 59 68
CMEN 584 24 hpi stem 18 34 52
CMEN 585 10 dpi stem 327 234 561
CMEN 584 10 dpi stem 28 12 40
CMEN 585 20 dpi stem 152 34 186
CMEN 584 20 dpi stem 90 37 127
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No genes in roots or stems of either genotype were consistently upregulated or
downregulated across all sampling times (Figure 3). However, the following four genes
were upregulated in CMEN 585 roots at three time points from 4 hpi through 10 dpi:
Mlong585_01266 (similar to SBT1.9: Subtilisin-like protease SBT1.9 (Arabidopsis thaliana)),
Mlong585_00612 (similar to LAC14: Laccase-14 (Arabidopsis thaliana), Mlong585_16146
(similar to BZIP53: bZIP transcription factor 53 (Arabidopsis thaliana)), and Mlong585_16791
(similar to Glucan endo-1,3-beta-glucosidase, acidic isoform PR-Q).

2.3. Extensive Transcriptome Reprogramming in Roots of CMEN 585, but Not CMEN 584, at
Early Time Points

By far, the greatest numbers of differentially expressed genes were detected in roots of
wilt-resistant genotype CMEN 585 at the four-hour (4477 genes) and 24-h (4688 genes) post-
inoculation time points (Figure 2, Table 1). Numbers of upregulated and downregulated
genes were similar. The most notable overrepresented gene ontology (GO) categories in
these gene sets concerned response to biotic stimulus/defense response, transmembrane
transport, cell wall biosynthesis, and terpene biosynthesis (Supplemental Figure S1).

Figure 2. Cont.
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Figure 2. More genes are differentially regulated in roots of CMEN 585 than in roots of CMEN 584
early after exposure to V. dahliae. The volcano plots show genes that are significantly upregulated or
downregulated (red data points) in (A). Resistant M. longifolia CMEN 585 and (B) susceptible CMEN
584 at 24 h post-inoculation with V. dahliae.

In contrast to roots of wilt-resistant CMEN 585, wilt-susceptible CMEN 584 roots
showed only a few hundred differentially expressed genes at 4 hpi and 24 hpi (Figure 2,
Table 1). As a result, there were few overrepresented GO categories, most of which
were related to transmembrane transport. One notable exception was genes regulat-
ing biosynthesis of quinones, which were upregulated at 4 hpi in CMEN 584 but not
CMEN 585.

2.4. Gene Expression in Stems at Early Time Points Differs from Roots

Gene expression patterns in stems at 4 hpi and 24 hpi were markedly different from
those of roots (Table 1). CMEN 585 had only 101 differentially expressed genes over both
time points, none of which was represented at both time points. At the 4-hpi time point,
CMEN 584 had nearly twenty times more differentially expressed genes than CMEN 585,
70% of which were downregulated. GO categories enriched in the downregulated gene set
were associated with oxidative stress (response to oxidative stress, GO:0006969; response
to toxic substance, GO:0009636) and with biosynthesis of quinones (quinone biosynthetic
process, GO:1901663).
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2.5. Role of Disease Resistance Gene Homologs in Early Response to V. dahliae Infection

Several M. longifolia genes with homology to known or implicated plant disease
resistance genes showed a pattern of steep upregulation in roots of CMEN 585 and not in
CMEN 584 at 4 hpi. This initial spike was followed by a decrease in expression such that at
24 hpi, expression levels in roots in inoculated plants were at or even below levels in controls
(Figure 4A,C). Genes showing this pattern included two homologs of DOWNY MILDEW
RESISTANCE 6 (DMR6) from Arabidopsis thaliana, Mlong585_20848 on chromosome 6
and Mlong585_36694 on chromosome 11; two homologs of CASP-like protein PIMP1,
Mlong585_02628 on chromosome 1 and Mlong585_14355 on chromosome 4; and two
chitinase-like genes, Mlong585_18213 and Mlong585_18310 on chromosome 5. These
were upregulated relative to controls 3.6–5.9-fold in CMEN 585 roots and 5.4–8.4-fold
in stems. In CMEN 584, these genes were not found to be differentially expressed in
either tissue. Mlong585_18213 is adjacent to three other chitinase homologs that were not
differentially expressed.

Besides the two chitinase-like genes, three of the most highly upregulated genes in
CMEN 585 at 4 hpi were located near one or more NBS-LRR genes on chromosome 5. One
of them, Mlong585_17212, is a homolog of the Prunus armeniaca major allergen Pru ar 1.
This gene was adjacent to five other Pru ar 1 homologs and nearby homologs of two other
major plant allergen genes: MALD1 (Malus domestica) and PRUA1 (Prunus avium).

Figure 3. Cont.



Plants 2022, 11, 674 7 of 18

Figure 3. Overlaps among differentially-expressed gene sets in (A) CMEN 585 roots across all
sampling times (hours post-inoculation (hpi), days post-inoculation (dpi)); (B) CMEN 584 roots across
all sampling times; (C) CMEN 585 and CMEN 584 roots at four hours post-inoculation (hpi).
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Figure 4. Quantitative RT-PCR (qRT-PCR) results from genes showing upregulation in response to
V. dahliae inoculation in CMEN 585 but not in CMEN 584. RFU, relative fluorescence units.

2.6. Role of Monoterpene Biosynthesis-like Genes in Response to V. dahliae

A cluster of 13 monoterpene biosynthesis gene homologs annotated as
“isopiperitenone reductase (ISPR)-like”, located in a region on chromosome 11 be-
tween 2.1 Mb and 3.3 Mb, showed contrasting early expression profiles in CMEN 585
and CMEN 584. Two of these genes, Mlong585_36604 and Mlong585_36605, had the
highest homology to the canonical peppermint ISPR gene that is expressed in mint
glandular trichomes (Vining et al., in press). The ISPR-like genes showed a range
of relative expression levels from low to very high, following a pattern like that of
the plant disease-resistance genes (Figure 4B). They were upregulated 1.56–3.86-fold
in inoculated roots relative to controls at 4 hpi, after which expression decreased
and was similar to controls at 24 hpi. At 10 dpi, in both CMEN 585 and CMEN 584,
expression of the genes was not significantly different from controls. At 20 dpi, three
of the ISPR genes, namely Mlong585_36604, Mlong585_36587, and Mlong585_36597,
were significantly upregulated relative to controls (Figure 4B).
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In stems at the early time points, none of the ISPR or ISPR-like genes was significantly
differently regulated relative to controls in either genotype. At 10 dpi, eleven of the genes
were significantly upregulated in stems of inoculated plants relative to controls in CMEN
585, but none were upregulated in CMEN 584. By 20 dpi, ten of the genes were upregulated
in both CMEN 585 and CMEN 584.

Alignments of the ISPR genes and their predicted proteins showed that they differed
from each other by SNPs and indels that translated into amino acid sequence differences,
including at the identified coenzyme binding and active site motifs (Figure 5) [12]. However,
ambiguous nucleotides (Ns) in these genes in the M. longifolia reference genome precluded
identification of all possible polymorphisms.

2.7. Transcriptional Reprogramming Extends to CMEN 585 Stems at Later Sampling Points

Gene expression was profiled in roots and stems at 10 dpi and 20 dpi to compare
gene expression profiles early in infection with those later in infection. Consistent with the
earlier time points, CMEN 585 had more differentially expressed genes than CMEN 584 at
the 10-dpi and 20-dpi sampling points. However, in contrast to the early sampling points,
the later time points showed more differentially expressed genes in stems than in roots of
both genotypes.

In roots, the number of differentially expressed genes was drastically lower at 10 dpi
and 20 dpi relative to 4 hpi and 24 hpi (Figure 6). For CMEN 584, the numbers of differ-
entially expressed genes at the later time points were fewer than ten. CMEN 585 roots
had 24 differentially expressed genes at 10 dpi and 137 differentially expressed genes that
were predominantly up-regulated at 20 dpi. Overrepresented GO categories in the latter
group were associated with transmembrane transporter activity, manganese ion binding,
and nutrient reservoir activity.

In stems at 20 dpi, CMEN 584 had more up-regulated than down-regulated genes.
Overrepresented GO categories were associated with secondary metabolic processes and
cellular amino-acid-derivative metabolic processes. Transmembrane transport was also
overrepresented and included both up- and down-regulated genes.

As in roots at the earlier time points, CMEN 585 had noticeable transcriptional
reprogramming in stems at the later time points. At 24 hpi, there were fewer than 70
differentially expressed genes in stems, the majority of which were down-regulated.
At 10 dpi, there were 561 differentially expressed genes, more showing up-regulation.
The upregulated gene set was enriched for GO categories associated with terpene
and monoterpene synthesis. The defense response GO category was also overrep-
resented, including pathogenicity-related genes, such as chitinases, glucanases, and
thaumatin. In 20-dpi stems, overrepresented GO categories in the differentially ex-
pressed gene set included oxidoreductase activities, monooxygenase activity, and
heme binding.

Some of the most highly upregulated genes at the 10-dpi time point in CMEN 585
were upregulated in both roots and stems. One example is a set of three thaumatin-like
genes on chromosome 8 that were upregulated ~2–9-fold. These genes are located at a
gene cluster in a 3-Mb region on chromosome 8 that also includes NBS-LRR genes, a MYB
transcription factor, and two genes predicted to be involved in increased DNA methylation
(IDM1). In CMEN 584, these genes were downregulated in roots 0.5–2.4-fold relative to
controls and in stems were upregulated only 0.33–1-fold.
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Figure 5. Alignment of 13 M. longifolia isopiperitenone reductase amino acid sequences with the
canonical sequence (QSWAU1) from peppermint [12]. X characters indicate ambiguous nucleotides
in the M. longifolia reference genome. Conserved coenzyme motif (Motif I), NNAG site (Motif II), and
active site motif (Motif 3) are underlined.
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Figure 6. Volcano plots showing differentially expressed gene profiles in stems of (A) CMEN585 and
(B) CMEN584 at 10 and 20 days post-inoculation.
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3. Discussion

M. longifolia accessions CMEN 585 and CMEN 584 are part of a long-term mint research
program aimed at building foundational mint genetic and genomic resources. While both
accessions were collected from South Africa and superficially appear very similar, they
are classified as different subspecies, and they show many contrasting phenotypes, with
Verticillium wilt resistance being one that was identified early in the research program [11].
The two plants have been frequently used in subsequent screening trials as resistant and
susceptible checks. Dissection of inoculated plants has shown that the fungal hyphae enter
stems of susceptible CMEN 584 between 10–20 dpi, coincident with the first noticeable
wilt disease symptoms, such as typically mild crescent leaf and/or chlorosis (unpublished
data). Hyphae are also sometimes observed in stems of CMEN 585, but symptoms are
typically mild or absent. These observations led to the first experiment in the present study,
aiming to answer questions about which genes were differentially expressed in the two
plant genotypes during the 10-dpi–20-dpi time window and potentially played a role in
limiting disease symptoms in CMEN 585.

Analysis of the data from the first experiment led to questions about gene regulation
early in the infection process that might influence later gene expression. In the interim, a
new Illumina sequencing instrument with higher data output became available. The early
gene expression experiment included both more biological replicates and up to ~20x higher
coverage depth per biological replicate of mapped reads over the annotated transcriptome.
Some of this difference in coverage depth can clearly be attributed to sequencing done on
different Illumina instruments, but fungal proliferation within plant tissues, especially in
roots, may also be a factor. V. dahliae is able to colonize roots of both CMEN 584 and CMEN
585 although the latter typically shows no or mild disease symptoms.

Lower transcriptome coverage depth may have contributed to the relatively lower
numbers of differentially expressed genes identified at the later time points but does not
entirely explain the overall wide variability in numbers of differentially expressed genes.
Another consideration is the reference genome used in this study, which was generated
from CMEN 585. CMEN 585 and CMEN 584 are categorized as different subspecies;
CMEN 585 is M. longifolia ssp. capensis, while CMEN 584 is M. longifolia ssp. polyadena.
The two accessions have phenotypic differences beyond Verticillium wilt susceptibility,
including chemotype and male fertility. Allelic divergence and structural variations may
have contributed to lower overall percentage read mapping of CMEN 584 to the CMEN
585 reference, but this also does not explain the variability in numbers of differentially-
expressed genes between the genotypes. In many cases, transcriptome coverage depths
were comparable between the two genotypes, but numbers of identified differentially-
expressed genes were vastly different. For example, in stems at the 24-hpi time point, the
median per-replicate coverage depths for CMEN 585 and CMEN 584 were 72.3x and 67.2x,
respectively, but only 33 differentially expressed genes were found in CMEN 585, while
630 were found in CMEN 584. Ultimately, while data quantity and within-species genetic
diversity may partially explain some of the variation in numbers of differentially-expressed
genes, these results also support a biologically based hypothesis: an early, strong response
in CMEN 585 roots is crucial to Verticillium wilt resistance in mint, and it is lacking in
CMEN 584. CMEN 584 appears to have activation of some crucial resistance responses,
such as generation of reactive oxygen species. However, by 20 dpi, CMEN 584 begins to be
overwhelmed by the fungus.

Most differentially expressed genes were detected as such at only one or two time
points. However, four genes were an exception to this trend, showing up-regulation in
CMEN 585 roots from 4 hpi through 10 dpi. These genes had similarity to a subtilisin
protease, a laccase, a bZIP transcription factor, and a glucan endo-1,3-beta-glucosidase.
Plant subtilases are abundant serine proteases, some of which become glycosylated and
accumulate in the extracellular matrix in response to pathogen attack [13,14]. Beta 1,3-
glucanases are part of the pathogen-related (PR) protein category, which, along with
chitinases, are induced by fungal pathogen attack and degrade fungal cell walls [5]. Both
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types of genes have been subjects of transgenic approaches to confer disease resistance in a
variety of crop species [15–17]. This study provides evidence for a role of these genes in a
successful V. dahliae resistance response in mint.

Since V. dahliae enters plants via their roots, we expected to find induction of defense-
related genes soon after pathogen inoculation. This was where a crucial difference in gene
expression between the two mints was revealed. Verticillium wilt-resistant CMEN 585
had increased expression of sets of genes related to plant defense responses, intercellular
signaling, and monoterpene biosynthesis. In contrast, the only functional category of
genes upregulated early after inoculation in CMEN 584 roots but not in CMEN 585 roots
was that of quinone biosynthesis. CMEN 584 did not simply lack the transcriptome
reprogramming that occurred in CMEN585; rather, CMEN584 had an overall different
response. Broadly, plant defense consists of a collection of different responses. These
can include a hypersensitive response; production of physical barriers, such as papillae
or tyloses; and production of antimicrobial toxins [18]. The most effective plant defense
responses are usually induced by early molecular recognition of specific pathogens. In the
absence of pathogen-specific recognition, plant defense responses can be induced in a more
generic way, such as in response to abiotic stress or wounding. Biosynthesis of quinone
and derivatives can be considered a generic response, implicated in reactive oxygen species
production in response to fungal attack but also in response to herbivory and abiotic
stress [19–21]. Therefore, the results of this study indicate that CMEN 585 recognizes V.
dahliae and mounts a rapid, robust defense, whereas CMEN 584 does not. In the tomato-V.
dahliae pathosystem, the Ve protein plays the recognition role. Mint has Ve homologs [22],
but the M. longifolia Ve1 and Ve2 genes were not found to be differentially expressed in
either mint genotype at any of the sampling times in this study. Therefore, follow-up work
will closely investigate alleles of defense genes that are most likely to be involved in early
recognition of V. dahliae.

Defense genes showing the greatest early upregulation in CMEN585 roots were ho-
mologs of CASP-like protein Pathogen-Induced Molecular Protein 1 (PIMP1) and Downy
Mildew Resistance 6 (DMR6). PIMP1 encodes an integral membrane protein and has been
shown in pepper to play a role in both resistance to bacterial pathogen Xanthomonas
campestris and susceptibility to Pseudomonas syringae [23,24]. The DMR6 gene was first
identified and cloned from an Arabidopsis EMS mutant, where dmr6 mutants lost sus-
ceptibility to Hyaloperonospora arabidopsidis [25]. Subsequent studies identified partially
redundant DMR6-like oxygenase genes in Arabidopsis and tomato [26,27] and showed that
dmr6 mutations conferred resistance to a broad range of bacterial, oomycete, and fungal
plant pathogens. DMR6 encodes a 2-oxoglutarate (2OG)-Fe(II) oxygenase that is a negative
regulator of salicylic acid (SA) production. SA itself serves as a mediator of intersecting
defense signaling pathways, where multiple genes, including Enhanced Disease Susceptibility
1 (EDS) and ALD1, regulate SA synthesis and accumulation, and others, such as PR1 and
NPR1, act as signal transducers [28–30].

At the later 10-dpi and 20-dpi time points, the most up-regulated genes in CMEN585
were up-regulated in both roots and stems. These included and thaumatin-like genes and
genes encoding chitinases. The role of chitinases in plant resistance to fungal pathogens has
been known since the 1980s [31]. A number of recent publications have reported genome-
wide surveys of the chitinase gene family in plants as diverse as Eucalyptus grandis [32],
Brassica spp. [33,34], Camellia (tea) [35], and the Asian evergreen shrub Ammopiptanthus
nanus [36]. This study adds to the body of knowledge of plant chitinase diversity and
expression as a defense against fungal pathogens.

Plant defense genes in CMEN 585 showed an early, strong pulse in expression in roots
followed by a decrease within 24 h post-inoculation. In some cases, this was followed by
an expression increase in stems during the 10–20-day post-inoculation time period. This
indicates a long-range signaling cascade spanning roots and stems, likely involving SA,
that ultimately results in systemic acquired resistance (SAR).



Plants 2022, 11, 674 14 of 18

Terpenes are the largest, most diverse class of plant secondary metabolites, and the
fact that terpene biosynthesis itself is a plant defense response is well known [37]. Work
with peppermint (M. × piperita) has shown that inoculation of roots with Rhizobacteria can
increase both salicylate and jasmonate production while also increasing phenolic content
and monoterpene essential oil production [38,39]. Some breeding programs are already
targeting increased terpene production as a disease-resistance breeding strategy [40]. This
study implicates a particular monoterpene biosynthesis gene in mint resistance to V. dahliae:
isopiperitenone reductase. A cluster of ISPR-like genes spanning ~1 Mb on chromosome
11 showed upregulation in CMEN585 roots at 4 hpi and in stems at 20 dpi. Sequence
divergence among these paralogous genes make it likely that RNA-seq reads aligned to
their true loci of origin rather than nonspecifically. In fact, we were able to target individual
ISPR-like genes in the cluster with qRT-PCR, indicating that the detected levels of expression
of these genes reflect biological reality.

Besides defense-related and monoterpene biosynthesis-related gene expression, many
genes up-regulated early post-inoculation in CMEN585 concerned cell wall synthesis,
general cell growth, and cell proliferation. Since the sampled root tissues included root
tips/meristems, it was expected that genes in this category would be expressed. How-
ever, these genes were significantly more highly expressed in inoculated roots than in
control roots, indicating that an increase in transcription of these genes was a response to
V. dahliae challenge.

Altogether, the results presented here provide a comprehensive view of gene expres-
sion changes in roots and stems of M. longifolia in response to V. dahliae inoculation and
show how different those gene expression profiles are in two species accessions with con-
trasting wilt susceptibility phenotypes. While adding to the foundational knowledge of
mint genetics and disease resistance mechanisms, this work also has a practical objective.
We have identified genes that can now be candidates for molecular marker development.
Surveys of allelic diversity for DMR6-like, ISPR-like, and other genes can be conducted in
mint germplasm. Molecular markers will ultimately be applied in marker-assisted selection
in service of our ultimate goal: breeding new Verticillium wilt-resistant cultivars for the
mint industry.

4. Materials and Methods
4.1. Plant and Fungal Materials

Two M. longifolia accessions from South Africa were used in this study. They were
obtained from the U.S. Department of Agriculture National Clonal Germplasm Repository
in Corvallis, Oregon and maintained in a greenhouse at Oregon State University. CMEN
585 (PI 557767) is considered resistant to Verticillium wilt, as it consistently displays no
symptoms or mild symptoms in response to V. dahliae inoculation [11]. CMEN 584 (PI
557769) is considered susceptible to Verticillium wilt, as it consistently displays a range of
moderate to severe disease symptoms, including stunting, chlorosis, crescent leaf (Figure 1),
and ultimately wilting and plant death.

V. dahliae isolate was collected from infected mint fields in Oregon as described in [41]
and maintained on Czapek-dox agar plates at room temperature until formation of mi-
crosclerotia, then at 4 ◦C.

4.2. Fungal Inoculation and RNA Extraction

Two separate experiments were conducted. The first aimed to identify genes differ-
entially expressed in resistant and susceptible mints at the point when the latter began
to display disease symptoms, typically by 20 days post-inoculation (dpi). Based on those
results, a second experiment was conducted to determine whether any of the same genes
were also expressed early in the infection process, up to 24 h post inoculation (hpi).

Stem cuttings of uniform size (3 internodes) from CMEN585 and CMEN584 were
planted into autoclaved Sungro® Professional Growing Mix (Sungro Horticulture, Agawam,
MA, USA) soil mix and rooted for 2 weeks prior to inoculation in a growth chamber under
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fluorescent lighting (91 µmol/m2) with the following cycle: 22 ◦C, 10 h light /20 ◦C,
14 h dark.

In parallel, GFP-labeled Verticillium dahliae was grown in Difco™ Czapek-dox broth
(Becton, Dickinson and Company, Sparks, MD, USA) on a shaker at 200 RPM at room
temperature for 2 weeks. The liquid medium (200 mL) was inoculated with three to four
~0.5 cm2 agar plugs from a V. dahliae Czapek-dox agar plate. On the day of inoculation,
cultures were strained to remove mycelia and centrifuged at 10,000× g for 5 min pellet
conidia. Conidia were resuspended in H2O to the 1

2 of the original volume of the culture.
Counts were done under light microscope using hemocytometer. Conidia were diluted to a
final concentration to about 107 conidia/mL.

Root-dip inoculation of rooted cuttings were performed as previously described [11].
Briefly, rooted cuttings were removed from soil and cleaned from debris, and 2–3 plants
were submerged into a beaker containing either water or conidial suspension and incubated
for 5 min. Inoculated cuttings were randomly replanted in new flats in autoclaved soil and
incubated in the growth chamber.

Post inoculation, plants were collected at early and late stages of disease progression.
Root tissue and stem tissue representing the first two internodes above the soil line

were collected into separate tubes at four time points post-inoculation: 4 hpi, 24 hpi,
10 dpi, and 20 dpi. Five biological replicate plants were sampled for each genotype for
the 4-hpi and 24-hpi time points, and three biological replicate plants were sampled for
each genotype at the 10-dpi and 20-dpi time points. Tissue samples were immediately
flash-frozen and stored at −80 ◦C prior to RNA extraction.

Both root and stem plant tissues were ground in liquid N2 using mortar and pestle
and followed by RNA extraction protocol provided by Qiagen RNeasy Plant Mini Kit
(Qiagen, Germantown, MD, USA) with on-column DNA digestion protocol. The RNA
concentration was estimated by Nanodrop™ (Thermo Fisher, Waltham, MA, USA), and
quality assessment was done using a Bioanalyzer (Agilent, Santa Clara, CA, USA).

4.3. Transcriptome Sequencing and Differential Gene Expression Analyses

Sequencing libraries were prepared and Illumina sequencing was performed at the
Oregon State University Center for Genome Research and Biocomputing. Samples from
the 10-dpi and 20-dpi time points were sequenced on an Illumina HiSeq2000 (Illumina,
San Diego, CA, USA) instrument. Samples from the 4-hpi and 24-hpi time points were
sequenced on a HiSeq3000 (Illumina, San Diego, CA, USA) instrument.

Transcriptomes of control and inoculated tissues of the two mint genotypes were
compared at each time point in pairwise fashion to identify differentially expressed genes.
Illumina reads were aligned to the mint reference genome, Mlong585 v3, which was
derived from CMEN 585 [42]; (Vining et al., accepted). The HISAT2 pipeline was used
for reference-guided alignment, transcript assembly, and derivation of normalized read
counts per gene [43]. The R/Bioconducor package DESEQ2 (v. 1.50) was used to detect
genes with differential expression. Genes were categorized as differentially expressed if
they exhibited a log-fold change absolute value of two or greater and a p-value < 0.05. Sets
of differentially-expressed genes were analyzed with BLAST2GO version 5 (BioBam) to
determine enriched gene ontology categories.

A subset of differentially expressed genes were validated by RT-qPCR. Selection of
candidate reference genes from RNA-seq data followed the following criteria: (1) The
coefficient variance (cv) values were smaller than 0.3; (2) the calculated Log2FC (fold
change) values at each time point were between −0.1 to +0.1; and (3) the base mean values
were 500–3000. Beta-glucuronosyltransferase (Mlong585_33938) was ultimately chosen as a
reference gene.

Prior to cDNA synthesis a no-RT control was used with all RNA samples to check for
DNA contamination. Samples that showed amplification were additionally treated with
DNase using DNaseMax kit (Qiagen Germantown, MD, USA). The cDNA was prepared
from 1 µg RNA using iScript RT Supermix for RT-qPCR (BioRad, Hercules, CA, USA),
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following manufacturer’s instructions. Primers’ efficiencies were more than 90%. qPCR was
done in a reaction volume of 10 µL containing 1 µL of cDNA, 5 µL of 2 × SYBR SoAdvanced
Univ SYBR Green Suprmix (BioRad, Hercules, CA, USA), and 0.5 µL of 10 ng/µL stock
concentration of each of forward and reverse primer (Supplemental Table S2 and 3 µL
of H2O). The reaction was done on Bio-Rad CFX96™ Real-Time PCR System (Bio-Rad,
Hercules, CA, USA). The qPCR program consisted of 95 ◦C for 5 min, then 40 cycles of
94 ◦C for 15 s, 58 ◦C for 30 s, and 72 ◦C for 30 s and a final melt curve step from 65◦ to
95 ◦C with a rise of 0.5 ◦C for 5 s. The reactions were performed in duplicates using three
biological replicates. The relative expression level of selected transcripts were normalized
with the reference gene and calculated by the comparative ∆∆Ct method [44].

5. Conclusions

This work provides the first comprehensive survey of gene expression changes in a
Mentha species in response to V. dahliae infection. We identified upregulated genes with
known roles in plant defense as well as genes typically associated with monoterpene biosyn-
thesis in glandular trichomes. Paralogs of isopiperitenone reductase genes in particular
showed different patterns in root and stem tissues that changed over the course of the
experiment. By comparing Verticillium wilt-resistant and wilt-susceptible M. longifolia
accessions, we uncovered major differences in gene regulation that enabled us to form
hypotheses about the mechanisms of Verticillium wilt resistance in mint.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11050674/s1, Figure S1: Enriched GO terms; Table S1:
Sequence Data Summary; Table S2: RT-qPCR primer sequences.

Author Contributions: Conceptualization, K.J.V.; methodology, K.J.V. and I.P.; validation, I.P.; formal
analysis, K.J.V. and I.P.; writing—original draft preparation, K.J.V. and I.P.; writing—review and
editing, K.J.V. and I.P.; visualization, K.J.V. and I.P.; supervision, K.J.V.; funding acquisition, K.J.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Mint Industry Research Council and the Oregon Mint
Commission.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The Mentha longifolia genome sequence used in the analyses presented
here can be found at the NCBI Eukaryotic Genomes database under accession number PRJNA310613.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gao, X.; Li, F.; Li, M.; Kianinejad, A.S.; Dever, J.K.; Wheeler, T.A.; Li, Z.; He, P.; Shan, L. Cotton GhBAK1 Mediates Verticillium

Wilt Resistance and Cell Death. J. Integr. Plant Biol. 2013, 55, 586–596. [CrossRef] [PubMed]
2. Zhang, Y.; Wang, X.F.; Ding, Z.G.; Ma, Q.; Zhang, G.R.; Zhang, S.L.; Li, Z.K.; Wu, L.Q.; Zhang, G.Y.; Ma, Z.Y. Transcriptome

Profiling of Gossypium Barbadense Inoculated with Verticillium Dahliae Provides a Resource for Cotton Improvement. BMC
Genom. 2013, 14, 637. [CrossRef] [PubMed]

3. Fradin, E.F.; Zhang, Z.; Rovenich, H.; Song, Y.; Liebrand, T.W.H.; Masini, L.; Berg, G.C.M.; van den Joosten, M.H.A.J.; Thomma,
B.P.H.J. Functional Analysis of the Tomato Immune Receptor Ve1 through Domain Swaps with Its Non-Functional Homolog Ve2.
PLoS ONE 2014, 9, e88208. [CrossRef] [PubMed]

4. Song, Y.; Zhang, Z.; Seidl, M.F.; Majer, A.; Jakse, J.; Javornik, B.; Thomma, B.P.H.J. Broad Taxonomic Characterization of
Verticillium Wilt Resistance Genes Reveals Ancient Origin of the Tomato Ve1 Immune Receptor. Mol. Plant Pathol. 2016, 18,
195–209. [CrossRef]

5. Song, R.; Li, J.; Xie, C.; Jian, W.; Yang, X. An Overview of the Molecular Genetics of Plant Resistance to the Verticillium Wilt
Pathogen Verticillium Dahliae. Int. J. Mol. Sci. 2020, 21, 1120. [CrossRef]

6. Zhang, J.; Yu, J.; Pei, W.; Li, X.; Said, J.; Song, M.; Sanogo, S. Genetic Analysis of Verticillium Wilt Resistance in a Backcross Inbred
Line Population and a Meta-Analysis of Quantitative Trait Loci for Disease Resistance in Cotton. BMC Genom. 2015, 16, 577.
[CrossRef]

https://www.mdpi.com/article/10.3390/plants11050674/s1
https://www.mdpi.com/article/10.3390/plants11050674/s1
http://doi.org/10.1111/jipb.12064
http://www.ncbi.nlm.nih.gov/pubmed/23675706
http://doi.org/10.1186/1471-2164-14-637
http://www.ncbi.nlm.nih.gov/pubmed/24053558
http://doi.org/10.1371/journal.pone.0088208
http://www.ncbi.nlm.nih.gov/pubmed/24505431
http://doi.org/10.1111/mpp.12390
http://doi.org/10.3390/ijms21031120
http://doi.org/10.1186/s12864-015-1682-2


Plants 2022, 11, 674 17 of 18

7. Hayes, R.J.; McHale, L.K.; Vallad, G.E.; Truco, M.J.; Michelmore, R.W.; Klosterman, S.J.; Maruthachalam, K.; Subbarao, K.V. The
Inheritance of Resistance to Verticillium Wilt Caused by Race 1 Isolates of Verticillium Dahliae in the Lettuce Cultivar La Brillante.
Theor. Appl. Genet. 2011, 123, 509–517. [CrossRef]

8. Inderbitzin, P.; Christopoulou, M.; Lavelle, D.; Reyes-Chin-Wo, S.; Michelmore, R.W.; Subbarao, K.V.; Simko, I. The LsVe1L Allele
Provides a Molecular Marker for Resistance to Verticillium Dahliae Race 1 in Lettuce. BMC Plant Biol. 2019, 19, 305. [CrossRef]

9. Diwan, N.; Fluhr, R.; Eshed, Y.; Zamir, D.; Tanksley, S.D. Mapping of Ve in Tomato: A Gene Conferring Resistance to the
Broad-Spectrum Pathogen, Verticillium Dahliae Race 1. Theor. Appl. Genet. 1999, 98, 315–319. [CrossRef]

10. Kawchuk, L.M.; Hachey, J.; Lynch, D.R.; Kulcsar, F.; van Rooijen, G.; Waterer, D.R.; Robertson, A.; Kokko, E.; Byers, R.;
Howard, R.J.; et al. Tomato Ve Disease Resistance Genes Encode Cell Surface-like Receptors. Proc. Natl. Acad. Sci. USA 2001, 98,
6511–6515. [CrossRef]

11. Vining, K.J.; Zhang, Q.; Tucker, A.O.; Smith, C.; Davis, T.M. Mentha longifolia (L.) L.: A Model Species for Mint Genetic Research.
HortScience 2005, 40, 1225–1229. [CrossRef]

12. Ringer, K.L.; McConkey, M.E.; Davis, E.M.; Rushing, G.W.; Croteau, R. Monoterpene Double-Bond Reductases of the (−)-Menthol
Biosynthetic Pathway: Isolation and Characterization of CDNAs Encoding (−)-Isopiperitenone Reductase and (+)-Pulegone
Reductase of Peppermint. Arch. Biochem. Biophys. 2003, 418, 80–92. [CrossRef]

13. Figueiredo, A.; Monteiro, F.; Sebastiana, M. Subtilisin-like Proteases in Plant–Pathogen Recognition and Immune Priming: A
Perspective. Front. Plant Sci. 2014, 5, 739. [CrossRef]

14. Tornero, P.; Conejero, V.; Vera, P. Primary Structure and Expression of a Pathogen-Induced Protease (PR-P69) in Tomato Plants:
Similarity of Functional Domains to Subtilisin-like Endoproteases. Proc. Natl. Acad. Sci. USA 1996, 93, 6332–6337. [CrossRef]

15. Cletus, J.; Balasubramanian, V.; Vashisht, D.; Sakthivel, N. Transgenic Expression of Plant Chitinases to Enhance Disease
Resistance. Biotechnol. Lett. 2013, 35, 1719–1732. [CrossRef] [PubMed]

16. Prasad, K.; Bhatnagar-Mathur, P.; Waliyar, F.; Sharma, K.K. Overexpression of a Chitinase Gene in Transgenic Peanut Confers
Enhanced Resistance to Major Soil Borne and Foliar Fungal Pathogens. J. Plant Biochem. Biotechnol. 2013, 22, 222–233. [CrossRef]

17. Balasubramanian, V.; Vashisht, D.; Cletus, J.; Sakthivel, N. Plant β-1, 3-Glucanases: Their Biological Functions and Transgenic
Expression against Phytopathogenic Fungi. Biotechnol. Lett. 2012, 34, 1983–1990. [CrossRef]

18. Bani, M.; Pérez-De-Luque, A.; Rubiales, D.; Rispail, N. Physical and Chemical Barriers in Root Tissues Contribute to Quantitative
Resistance to Fusarium oxysporum f. sp. pisi in Pea. Front. Plant Sci. 2018, 9, 199. [CrossRef]

19. Liu, M.; Lu, S. Plastoquinone and Ubiquinone in Plants: Biosynthesis, Physiological Function and Metabolic Engineering. Front.
Plant Sci. 2016, 7, 1898. [CrossRef]

20. Jan, R.; Asaf, S.; Numan, M.; Lubna; Kim, K.-M. Plant Secondary Metabolite Biosynthesis and Transcriptional Regulation in
Response to Biotic and Abiotic Stress Conditions. Agronomy 2021, 11, 968. [CrossRef]

21. Heyno, E.; Alkan, N.; Fluhr, R. A Dual Role for Plant Quinone Reductases in Host-Fungus Interaction. Physiol. Plant. 2013, 149,
340–353. [CrossRef] [PubMed]

22. Vining, K.J.; Zhang, Q.; Smith, C.A.; Davis, T.M. Identification of Resistance Gene Analogs and Verticillium Wilt Resistance-like
Sequences in Mentha longifolia. J. Amer. Soc. Hort. Sci. 2007, 132, 541–550. [CrossRef]

23. Hong, J.K.; Hwang, B.K. The Promoter of the Pepper Pathogen-Induced Membrane Protein Gene CaPIMP1 Mediates Environ-
mental Stress Responses in Plants. Planta 2009, 229, 249–259. [CrossRef] [PubMed]

24. Hong, J.K.; Choi, D.S.; Kim, S.H.; Yi, S.Y.; Kim, Y.J.; Hwang, B.K. Distinct Roles of the Pepper Pathogen-Induced Membrane
Protein Gene CaPIMP1 in Bacterial Disease Resistance and Oomycete Disease Susceptibility. Planta 2008, 228, 485–497. [CrossRef]

25. Van Damme, M.; Huibers, R.P.; Elberse, J.; Van den Ackerveken, G. Arabidopsis DMR6 Encodes a Putative 2OG-Fe (II) Oxygenase
That Is Defense-associated but Required for Susceptibility to Downy Mildew. Plant J. 2008, 54, 785–793. [CrossRef]

26. Zeilmaker, T.; Ludwig, N.R.; Elberse, J.; Seidl, M.F.; Berke, L.; Van Doorn, A.; Schuurink, R.C.; Snel, B.; Van den Ackerveken,
G. DOWNY MILDEW RESISTANT 6 and DMR 6-LIKE OXYGENASE 1 Are Partially Redundant but Distinct Suppressors of
Immunity in Arabidopsis. Plant J. 2015, 81, 210–222. [CrossRef]

27. de Toledo Thomazella, D.P.; Seong, K.; Mackelprang, R.; Dahlbeck, D.; Geng, Y.; Gill, U.S.; Qi, T.; Pham, J.; Giuseppe, P.; Lee, C.Y.
Loss of Function of a DMR6 Ortholog in Tomato Confers Broad-Spectrum Disease Resistance. Proc. Natl. Acad. Sci. USA 2021,
118, e2026152118. [CrossRef]

28. Ng, G.; Seabolt, S.; Zhang, C.; Salimian, S.; Watkins, T.A.; Lu, H. Genetic Dissection of Salicylic Acid-Mediated Defense Signaling
Networks in Arabidopsis. Genetics 2011, 189, 851–859. [CrossRef]

29. Gao, Q.-M.; Zhu, S.; Kachroo, P.; Kachroo, A. Signal Regulators of Systemic Acquired Resistance. Front. Plant Sci. 2015, 6, 228.
[CrossRef]

30. Janda, T.; Szalai, G.; Pál, M. Salicylic Acid Signalling in Plants. Int. J. Mol. Sci. 2020, 21, 2655. [CrossRef]
31. Schlumbaum, A.; Mauch, F.; Vögeli, U.; Boller, T. Plant Chitinases Are Potent Inhibitors of Fungal Growth. Nature 1986, 324,

365–367. [CrossRef]
32. Tobias, P.A.; Christie, N.; Naidoo, S.; Guest, D.I.; Külheim, C. Identification of the Eucalyptus Grandis Chitinase Gene Family and

Expression Characterization under Different Biotic Stress Challenges. Tree Physiol. 2017, 37, 565–582. [CrossRef] [PubMed]
33. Mir, Z.A.; Ali, S.; Shivaraj, S.M.; Bhat, J.A.; Singh, A.; Yadav, P.; Rawat, S.; Paplao, P.K.; Grover, A. Genome-Wide Identification

and Characterization of Chitinase Gene Family in Brassica Juncea and Camelina Sativa in Response to Alternaria Brassicae.
Genomics 2020, 112, 749–763. [CrossRef]

http://doi.org/10.1007/s00122-011-1603-y
http://doi.org/10.1186/s12870-019-1905-9
http://doi.org/10.1007/s001220051075
http://doi.org/10.1073/pnas.091114198
http://doi.org/10.21273/HORTSCI.40.5.1225
http://doi.org/10.1016/S0003-9861(03)00390-4
http://doi.org/10.3389/fpls.2014.00739
http://doi.org/10.1073/pnas.93.13.6332
http://doi.org/10.1007/s10529-013-1269-4
http://www.ncbi.nlm.nih.gov/pubmed/23794096
http://doi.org/10.1007/s13562-012-0155-9
http://doi.org/10.1007/s10529-012-1012-6
http://doi.org/10.3389/fpls.2018.00199
http://doi.org/10.3389/fpls.2016.01898
http://doi.org/10.3390/agronomy11050968
http://doi.org/10.1111/ppl.12042
http://www.ncbi.nlm.nih.gov/pubmed/23464356
http://doi.org/10.21273/JASHS.132.4.541
http://doi.org/10.1007/s00425-008-0824-z
http://www.ncbi.nlm.nih.gov/pubmed/18936963
http://doi.org/10.1007/s00425-008-0752-y
http://doi.org/10.1111/j.1365-313X.2008.03427.x
http://doi.org/10.1111/tpj.12719
http://doi.org/10.1073/pnas.2026152118
http://doi.org/10.1534/genetics.111.132332
http://doi.org/10.3389/fpls.2015.00228
http://doi.org/10.3390/ijms21072655
http://doi.org/10.1038/324365a0
http://doi.org/10.1093/treephys/tpx010
http://www.ncbi.nlm.nih.gov/pubmed/28338992
http://doi.org/10.1016/j.ygeno.2019.05.011


Plants 2022, 11, 674 18 of 18

34. Zhu, M.; Lu, S.; Zhuang, M.; Zhang, Y.; Lv, H.; Ji, J.; Hou, X.; Fang, Z.; Wang, Y.; Yang, L. Genome-Wide Identification and
Expression Analysis of the Brassica oleracea L. Chitin-Binding Genes and Response to Pathogens Infections. Planta 2021, 253, 80.
[CrossRef]

35. Bordoloi, K.S.; Krishnatreya, D.B.; Baruah, P.M.; Borah, A.K.; Mondal, T.K.; Agarwala, N. Genome-Wide Identification and
Expression Profiling of Chitinase Genes in Tea (Camellia sinensis (L.) O. Kuntze) under Biotic Stress Conditions. Physiol. Mol. Biol.
Plants 2021, 27, 369–385. [CrossRef] [PubMed]

36. Cao, S.; Wang, Y.; Li, Z.; Shi, W.; Gao, F.; Zhou, Y.; Zhang, G.; Feng, J. Genome-Wide Identification and Expression Analyses of the
Chitinases under Cold and Osmotic Stress in Ammopiptanthus Nanus. Genes 2019, 10, 472. [CrossRef] [PubMed]

37. Toffolatti, S.L.; Maddalena, G.; Passera, A.; Casati, P.; Bianco, P.A.; Quaglino, F. Role of Terpenes in Plant Defense to Biotic Stress.
In Biocontrol Agents and Secondary Metabolites; Elsevier: Amsterdam, The Netherlands, 2021; pp. 401–417.

38. Cappellari, L.d.R.; Santoro, M.V.; Schmidt, A.; Gershenzon, J.; Banchio, E. Improving Phenolic Total Content and Monoterpene in
Mentha × Piperita by Using Salicylic Acid or Methyl Jasmonate Combined with Rhizobacteria Inoculation. Int. J. Mol. Sci. 2020,
21, 50. [CrossRef]

39. del Rosario Cappellari, L.; Santoro, M.V.; Schmidt, A.; Gershenzon, J.; Banchio, E. Induction of Essential Oil Production in Mentha
× Piperita by Plant Growth Promoting Bacteria Was Correlated with an Increase in Jasmonate and Salicylate Levels and a Higher
Density of Glandular Trichomes. Plant Physiol. Biochem. 2019, 141, 142–153. [CrossRef]

40. Peter, G.F. Breeding and Engineering Trees to Accumulate High Levels of Terpene Metabolites for Plant Defense and Renewable
Chemicals. Front. Plant Sci. 2018, 9, 1672. [CrossRef]

41. Dung, J.K.; Knaus, B.J.; Fellows, H.L.; Grünwald, N.J.; Vining, K.J. Genetic Diversity of Verticillium Dahliae Isolates from Mint
Detected with Genotyping by Sequencing. Phytopathology 2019, 109, 1966–1974. [CrossRef]

42. Vining, K.J.; Johnson, S.R.; Ahkami, A.; Lange, I.; Parrish, A.N.; Trapp, S.C.; Croteau, R.B.; Straub, S.C.; Pandelova, I.; Lange, B.M.
Draft Genome Sequence of Mentha longifolia and Development of Resources for Mint Cultivar Improvement. Mol. Plant 2017, 10,
323–339. [CrossRef] [PubMed]

43. Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-Level Expression Analysis of RNA-Seq Experiments with
HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650–1667. [CrossRef] [PubMed]

44. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

http://doi.org/10.1007/s00425-021-03596-2
http://doi.org/10.1007/s12298-021-00947-x
http://www.ncbi.nlm.nih.gov/pubmed/33707875
http://doi.org/10.3390/genes10060472
http://www.ncbi.nlm.nih.gov/pubmed/31234426
http://doi.org/10.3390/ijms21010050
http://doi.org/10.1016/j.plaphy.2019.05.030
http://doi.org/10.3389/fpls.2018.01672
http://doi.org/10.1094/PHYTO-12-18-0475-R
http://doi.org/10.1016/j.molp.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/27867107
http://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Transcriptome Data Summary 
	Overview of Differentially-Expressed Genes 
	Extensive Transcriptome Reprogramming in Roots of CMEN 585, but Not CMEN 584, at Early Time Points 
	Gene Expression in Stems at Early Time Points Differs from Roots 
	Role of Disease Resistance Gene Homologs in Early Response to V. dahliae Infection 
	Role of Monoterpene Biosynthesis-Like Genes in Response to V. dahliae 
	Transcriptional Reprogramming Extends to CMEN 585 Stems at Later Sampling Points 

	Discussion 
	Materials and Methods 
	Plant and Fungal Materials 
	Fungal Inoculation and RNA Extraction 
	Transcriptome Sequencing and Differential Gene Expression Analyses 

	Conclusions 
	References

