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Background: Age-related resistance (ARR) is a developmentally regulated phenomenon conferring resistance to
pathogens or pests. Although ARR has been observed in several host-pathogen systems, the underlying mechanisms
are largely uncharacterized. In cucumber, rapidly growing fruit are highly susceptible to Phytophthora capsici but
become resistant as they complete exponential growth. We previously demonstrated that ARR is associated with the
fruit peel and identified gene expression and metabolomic changes potentially functioning as preformed defenses.

Results: Here, we compare the response to infection in fruit at resistant and susceptible ages using microscopy,
quantitative bioassays, and weighted gene co-expression analyses. We observed strong transcriptional changes unique
to resistant aged fruit 2-4 h post inoculation (hpi). Microscopy and bioassays confirmed this early response, with
evidence of pathogen death and infection failure as early as 4 hpi and cessation of pathogen growth by 8-10 hpi.
Expression analyses identified candidate genes involved in conferring the rapid response including those encoding
transcription factors, hormone signaling pathways, and defenses such as reactive oxygen species metabolism and

Conclusion: The early pathogen death and rapid defense response in resistant-aged fruit provide insight into potential
mechanisms for ARR, implicating both pre-formed biochemical defenses and developmentally regulated capacity for
pathogen recognition as key factors shaping age-related resistance.
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Background

Ontogenic, developmental, or age-related resistance (ARR),
wherein plants or plant organs transition from susceptibility
to resistance as a result of developmental changes [1-3], has
been described in several different plant-pathogen systems
and in crops such as pepper, grape, rice, wheat, and several
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cucurbit crops [4—8]. While providing protection in agricul-
tural systems and potentially playing an important role in the
evolution and optimization of host resistance [9], the mo-
lecular mechanisms controlling these resistances are not well
understood.

Evidence from various systems suggests possible physical,
chemical, or physiological changes that may result from
age-dependent, non-pathogen specific investment in
defense such as cell wall modifications, production of anti-
microbial phytoanticipins, or altered hormone balance [2, 9,
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10]. There are also some examples where ARR may
result from developmentally regulated expression of a
pathogen receptor. In rice, a developmental increase
in expression of leucine-rich repeat (LRR)-kinase type
genes, Xa3/Xa26 and Xa2l, that peaks at the
maximum-tillering stage of growth, confers ARR to
bacterial blight [7, 11]. Recently, in Arabidopsis, tran-
scriptional control of the canonical immune receptor
FLS2 was also shown to regulate ontogenic resistance
to Pseudomonas syringae [12]. Thus, in these exam-
ples, a newly acquired ability to perceive the pathogen
allows for an induced resistance response at the re-
sistant age.

One model system for organ specific ARR is cucumber
fruit rot by the oomycete Phytophthora capsici [13-15].
This soilborne hemibiotroph is a pathogen of many agri-
culturally important crops including numerous solan-
aceous and cucurbit species [16]. Infection is initiated by
means of biflagellate zoospores which arrive via water
from rain or irrigation [17]. Upon reaching the host tar-
get tissue, zoospores encyst, lose their flagella and ger-
minate forming germination tubes [18]. The germination
tubes penetrate the plant surface using appressoria and
continue growing hyphae. During the early, biotrophic
stages of infection, haustoria are formed mediating direct
interaction with the host cells and nutrient acquisition.
Studies in tomato show that the pathogen then transi-
tions to necrotrophy at approximately 48h post-
inoculation (hpi) and can produce sporangia for asexual
reproduction as soon as 72 hpi [18, 19]. The transcrip-
tome of P. capsici infection has been described in to-
mato leaves using microarray technology [19]. Two
major transcriptomic responses were identified: 1) at ini-
tial infection (8 hpi) at which host primary metabolism
was downregulated and specialized metabolism was up-
regulated, and 2) at the transition to necrotrophy (48
hpi) when large scale transcriptional reprograming oc-
curs in the host [19].

In cucumber, the primary targets of infection of P.
capsici are the fruit, which display symptoms of rot and
tissue collapse followed by appearance of white mycelia
and sporangia. Testing of the cucumber germplasm col-
lection found that very young fruit [less than 8 days post
pollination (dpp)] from the great majority of cucumber
accessions are highly susceptible [20]. The genetics of in-
heritance of young fruit resistance have not yet been de-
termined, and to date, no stable resistance to this
pathogen is deployed in cultivated cucumber. However,
an ARR was observed in a few cucumber cultivars and
plant introduction lines wherein fruit become resistant
as they near the end of their exponential growth phase,
at ~12-15days post-pollination (dpp) [13]. As with
young fruit resistance, the genetics of ARR have not
been determined. However, transcriptional analyses
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indicate that the end of exponential fruit growth is ac-
companied by downregulation of transcription factors
and other genes involved in growth and by increased ex-
pression of defense related genes [14, 15, 21]. This tran-
scriptional transition away from growth and towards
defense, corresponding with the end of rapid growth, is
congruent with current understanding of optimal
defense programing and utilization of resources [22].
With growth largely completed, fruit can invest in
defense to protect the developing seeds during the
period of seed maturation that precedes the final transi-
tion to fruit ripening at ~ 35 dpp.

Further studies showed that the cucumber fruit peel is
important for ARR [14]. Excised peels exhibit equivalent
responses (susceptible or resistant) as do intact whole
fruit, and if the peel is wounded or removed from
resistant-aged fruit the underlying tissue is highly sus-
ceptible [14]. Furthermore, methanolic extracts from
resistant-aged peels had inhibitory effects on pathogen
growth and cucumber peels of resistant-aged fruit vs.
susceptible age are enriched for genes associated with
defense against biotic and abiotic stresses [14]. ARR to
P. capsici also has been observed in whole pepper plants
[4], chile pepper fruit [23], and several cucurbit fruits [6,
10]. Similar to cucumber, wounding overcame the resist-
ance in chili pepper fruit and squash. The ARR in pep-
per and squash was suggested to result from structural
changes in fruit surface properties such as cuticle thick-
ness or cell wall lignification [10, 23].

Collectively, studies of ARR to date suggest that it may
arise by means of preformed and/or induced defenses. In
either case, a developmentally regulated difference in ex-
pression of the defense components is required. A com-
parison of uninoculated peel transcriptomes of ARR
expressing and non-expressing cucumber fruit revealed
the potential for either or both cases [15]. Of the 80
genes that were uniquely upregulated in ARR expressing
fruit at the resistant age, four putative resistance genes
(R-genes) as well as resistance related transcription fac-
tors were identified. Furthermore, this set of genes was
highly enriched for specialized metabolism genes, in-
cluding terpenoid synthesis and decoration genes, and
untargeted metabolomic analyses of the same tissues re-
vealed an increased accumulation of glycosylated terpe-
noids in the resistant tissue [15]. The accumulation of
these preformed compounds may work in inhibiting in-
fection, while at the same time developmentally regu-
lated expression of R-genes may provide the ontogenic
capacity to sense and respond to infection.

A highly resolved transcriptomic characterization of
early of infection in ARR response could shed light on
the mechanism by which this resistance is controlled, re-
vealing if preformed or induced defenses are recruited.
Furthermore, utilizing an ARR pathosystem allows a
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unique opportunity to examine both compatible and in-
compatible interactions within the same plant genotype.
To our knowledge only one other transcriptomic study
of ARR was performed, in that case apple leaves of dif-
ferent ages inoculated with Venturia inaequalis were
sampled at 72 and 96 hpi [24]. In this study, our goal
was to determine whether a developmentally regulated
inducible mechanism contributes to ARR of cucumber
fruit to P. capsici. To address this question, we per-
formed microscopic, quantitative bioassay, and tran-
scriptomic time courses characterizing the response of
cucumber peel to inoculation with P. capsici at resistant
(16 dpp) and susceptible (8 dpp) ages during the first 48
hpi. Differential expression analysis combined with
weighted gene-co-expression network analyses and cubic
spline regression analysis identified modules and
defense-related genes which were uniquely induced in
resistant fruit at early timepoints post-inoculation. The
findings suggest that a developmentally acquired ability
to initiate early defense responses may be crucial in con-
ferring ARR to P. capsici in cucumber.

Results

The cultivar ‘Poinsett 76’ displays age-related resistance
to P. capsici

Our previous ARR studies [6, 13—15] examined ‘Vlaspik’,
an F; hybrid commonly grown for processing cucumber
production in the midwestern USA. To facilitate future
analyses, we sought to identify a homozygous inbred cul-
tivar expressing ARR. Testing of 22 inbred cucumber
cultivars was performed using a detached fruit assay
[13]. Hand-pollinated fruit were harvested at 8 and 16
dpp. The unwounded fruit surface was inoculated with
droplets of P. capsici zoospore suspension and evaluated
over a period of ten days using a 9-point disease score
rating (Supplementary Table 1). Two of the inbred culti-
vars were identified to exhibit ARR, including the fresh
market cultivar ‘Poinsett 76’ (Fig. 1). As described for
‘Vlaspik’, very young ‘Poinsett 76’ fruit are extremely
susceptible to infection, showing severe symptoms and
extensive mycelial growth and sporulation (Fig. 1 a).
Fruits then become increasingly resistant as they
complete their exponential growth phase. As fruits
reached full size, at ~ 16 dpp, they primarily exhibited
localized necrosis at sites of inoculation, with occasional
successful infection at inoculation sites (Fig. 1 b).

Age-dependent differential transcriptomic responses to
infection

As a first step to explore the early stages of infection in
susceptible age fruit (8 dpp) we observed germination
and growth of a constitutively fluorescent isolate of P.
capsici NY-0644-1 [25]. Peel sections from young fruit
were inoculated with droplets of zoospore suspension,
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prepared for microscopy, and observed for 72 h. Consist-
ent with observations of P. capsici development on to-
mato leaves [19], appressoria formation was observed by
4 hpi, extensive growth by 24 hpi, and sporangia forma-
tion by 72 hpi (Fig. 1 c).

Based on these results we compared transcriptomic re-
sponses of resistant (16 dpp) and susceptible (8 dpp)
fruit peels at 0 (uninoculated), 4, 24, and 48 hpi. For
each age and timepoint three fruit were inoculated with
6—12 droplets. All inoculation sites for a given fruit were
harvested and pooled for sequencing providing ~20 M
reads per sample. An average of ~82% reads uniquely
quasi-mapped to the cucumber transcriptome (Supple-
mentary Figure 1). Pearson’s correlations of replicate
samples were at least 96% (Supplementary Figure 2)
showing high reproducibility among replicates.

To first identify any age-dependent differences be-
tween 8 and 16 dpp fruit, we performed transcriptional
comparisons of the uninoculated control fruit peels. This
analysis revealed that over 3400 and 4300 genes were
up- and down-regulated genes with age, respectively.
Gene Ontology (GO) term enrichment analyses (Supple-
mentary Table 2) revealed that “specialized metabolic
processes” (p-value = 7.50e-05) and “defense response to
fungus” (p-value =9.11e-03) were among the upregu-
lated terms. These results are consistent with our previ-
ous developmental analyses of other cucumber cultivars
[14, 15] indicating potential differences in pre-formed
factors contributing to resistance. Also consistent with
prior studies and with the difference in developmental
stages of the fruits, the most significantly enriched
down-regulated term was “photosynthesis, light reac-
tion” (p-value = 1.40e-26).

Principal component analysis (PCA) of the transcrip-
tome data from inoculated and uninoculated samples
showed that the first principal component largely reflected
time post inoculation, while the second largely reflected
fruit age (Fig. 2). A similar transcriptional shift in direction
and magnitude was observed along the positive direction
of PC1 at 4 hpi regardless of age (8 dpp — circles, 16 dpp
— triangles) of the tissue, suggesting a somewhat compar-
able initial response to infection (Fig. 2 a). In contrast,
subsequent timepoints (colors) exhibited differential tran-
scriptional responses to infection as evidenced by the
PCA. The susceptible 8 dpp samples progressively moved
along the positive direction of PC1 with time, while resist-
ant 16 dpp samples largely stayed in same position relative
to PC1, suggesting little subsequent change in gene ex-
pression. One 16 dpp sample in each of 24 and 48 hpi
timepoints  exhibited transcription signatures that
approached those of infected 8 dpp fruit at the same re-
spective timepoints. As successful infection can occasion-
ally occur on 16 dpp fruit, this was likely the case for
those two samples. These samples had little effect on
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Fig. 1 Cucumber cultivar ‘Poinsett 76" exhibits age-related resistance to P. capsici. a Fruit length and disease rating (DR) as a function of fruit age.
-9 DR scale (1 =no symptom; 9 = extensive mycelial growth and sporulation) at 5 days post-inoculation. The dotted line
at DR = 3 represents localized necrosis. Points are means of 5-6 fruit. Error bars represent +/— standard error of the mean. b Representative fruit

and disease progression at 5 dpi. ¢ Fluorescently labeled P. capsici on < 8 dpp cucumber fruit at 4 (left) and 72 (right) hpi. sp. — spore; gt — germ

results (due to treatment of outlier genes in DESeq2),
therefore analysis of differential gene expression was per-
formed including the two samples.

Resistant-age fruit mount a successful response by 24 h
post inoculation

To assess the changes in gene expression during infec-
tion we analyzed the transcriptional changes that oc-
curred between consecutive timepoints at each fruit age
(4 vs. 0 hpi, 24 vs. 4 hpi, and 48 vs. 24 hpi). Differential

expression analysis showed that approximately 1800
genes were differentially expressed (up or down) at 4 hpi
compared to uninoculated tissue, for both the 8dpp and
16dpp fruit, indicating a rapid and strong response to in-
fection at both ages (Fig. 2 b). However, as suggested by
the PCA, progressive changes in gene expression were
markedly different in the susceptible and resistant tis-
sues at subsequent contrasts. While there was an in-
crease in differentially expressed genes (DEG) in the
susceptible 8 dpp fruit peels with time, (4758 and 2505
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Fig. 2 Age-dependent differential transcriptomic responses to infection. a Principal component analysis (PCA) of 8 and 16 dpp inoculated fruit at 0, 4,
24, and 48 hpi. b Number of differentially expressed genes in each of three within-age consecutive contrasts: 4 vs. 0 hpi, 24 vs 4 hpi, and 48 vs 24 hpi.
c-e VVenn diagrams comparing all significantly differentially expressed (adjusted P < 0.05, fold change 22) genes in 8 and 16 dpp inoculated fruit at (c)
4 vs. 0 hpi, (d) 24 vs 4 hpi, and (e) 48 vs 24 hpi. Counts in red and blue denote up- and downregulated genes, respectively. Blue and red highlighted
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DEG at 24 and 48 hpi, respectively) the resistant 16 dpp
samples had a smaller number of DEG at 24 hpi vs 4 hpi
(2223) and by 48 hpi only about 500 genes were differ-
entially expressed compared to 24 hpi. This approach
allowed us to identify key points of transcriptional
change during early infection.

To further understand the biological processes in-
volved in the two responses, the most significantly
enriched GO-terms (Fisher-weight0l p-value <0.01)
were compared for each of the consecutive contrasts
(Fig. 3). At 4 hpi, upregulated genes in inoculated 8 and
16 dpp fruit were strongly enriched for defense related
genes. “Response to wounding”, “defense response”, “re-
sponse to chitin”, “phenypropanoid biosynthetic process,
“response to oxidative stress”, “response to karrikin”,

» o«

“organonitrogen compound catabolic process”, “defense
response to fungus”, “aromatic compound catabolic
process”, and “drug catabolic process” were the ten most
enriched terms in both ages at this time point. Although
the number and GO categories of genes differentially
expressed at 4 hpi was comparable between the two
ages, fewer than half of the DEG in the resistant samples
was shared with those differentially expressed in the sus-
ceptible samples (Fig. 2 ¢; blue shading). Analysis of the
613 genes uniquely upregulated in the resistant 16 dpp
samples at 4 hpi revealed a potentially unique set of
defense related genes involved in an early incompatible
interaction (Supplementary File 1).

When comparing 24 hpi to 4 hpi, and 48 hpi to 24 hpi,
less than 15% of the thousands of up- and



Mansfeld et al. BMC Genomics (2020) 21:628 Page 6 of 25
-
A T4 vs TO T24 vs T4 T48 vs T24 B T4 vs TO T24 vs T4 T48 vs T24
response to abiotic stimulus response to karrikin
response to stress taboli
lipid catabolic process metabolic process
dr'ugllr‘ansp(?rth hat taboli defense response
regulation of phosphate metaboli... . .
immune system process phenylpropanoid It‘uosymhetlc pro...
regulation of catalytic activity hormone metabolic process
fatty acid blosYntheﬂc process regulation of transcription, DNA...
plant-type cell wall organization R
response to nitrogen compound plant-type cell wall biogenesis
defe?se res?onse to othde; organism response to UV
regulation of protein modificati.. . :
small molecule blos&/mhetlc process hormone-mediated signaling pathway
monocarboxylic a% metabolic pr... signal transduction
nitrogen compound transport
hormone biosynthetic process cofac(gr metabol\f: process
i ion homeostasis abscisic acid-activated signalin...
leaf senescence . anion transmembrane transport
response to starvation N i :
cellular response to nutrient le... carboxylic acid catabolic process
cellular cheng)ical homeostasis nitrogen compound transport
response to bacterium "
cellular carbohydrate metabolic ... peptide transporl
protein ubiquitination drug catabolic process
cellular carbohydrate biosynthet... antibiotic metabolic process
anion transmembrane transport y
regulation of cell communication response to chitin
lipid modification ethylene-activated signaling pat...
response to fungus t di
innate immune response response to wounding
res oﬂsg tot og\er ortganlbsm " response to oxidative stress
carbohydrate derivative biosynth...
regulat‘(on of defense response defense resp.;onse (o. fungus
chromosome organization response to jasmonic acid
g?r‘\é’l!tiﬁ)ign cell wall macromolecule metaboli...
DNA replication macromolecule localization
ribosome biogenesis chemical homeostasis
aﬁét:'s%%?lﬂglyrggon chromatin organization
regulation oé |mr|r|13ne system process response to heat
programmed cell deatf id bi i
cellular aromatic compound metab... lipid biosynthefic process .
positive regulation of response ... phosphorelay signal transduction...
cellular modified amino acid met. cofactor biosynthetic process
nucleic acid-templated transcrlp . .
establishment of localization in.. cellular metal ion homeostasis
reh?ponsle to light stimulus response to cold
chloroplast organization .
chromatin organization anatom'\ca\ struct\jlre formation i...
photosynthesis, light reaction fatty acid metabolic process
L’inee;:?\to‘csgﬁgr?/ gﬁ)ﬁmcess 1 cellular response to radiation
gene silencing plastid organization
{reasrt):pf:ﬁ to light intensity regulation of cellular metabolic...
cellular amide metabolic process drug transport
devel;pmehn;ﬁ]l process involved i.. organic cyclic compound biosynth...
circadian r m i o
metal ion transport n.sgatlve regulation of RNA metab...
pe| Inde metabollc process circadian rhythm
pollination teolysi
macromolecule catabolic process pr9 eolysis .
cellular response to auxin stimulus lipid catabolic process
mnﬁm organism reproductive process aging
cell communication "
cellular response to oxygen-cont... = response {0 auxin _
response to antibiotic transition metal ion homeostasis
system development small molecule metabolic process
purine nucleoside triphosphate m... N
negative regulation of biologica... cell wall biogenesis
response to heat . pigment biosynthetic process
carbohydrate derivative metaboli... .
cellular catabolic process chloroplast organization
cation lrarlsmem?rane transport response to gibberellin
response to reactive oxygen species i
secondary metabolic process response to red 0'_' f.ar red light
—E protein phosphorylation response to cytokinin
response to cadmiumion carbohydrate metabolic process
defense response to bacterium e .
defense response, incompatible i... _E oxidation-reduction process
fggULirS;efggglsteszgegtrace"ul.~ hormone biosynthetic process
drup catabolic process terpenoid biosynthetic process
gn;i iotic metal oli((: p;ocess cellular glucan metabolic process
efense response to fungus response to other organism
response to chitin
resgonse to salicylic acid transmembrane receptor protein t...
cellular response to acid chemical cell wall organization
ethylene-activated signaling pat... ) "
response to jasmonic acid polysaccharide catabolic process
I re?‘ptl)nse to woun(d lal st plant-type cell wall organization
cellular response to chemical st... _
oxidation-reduction process microtubule-based process
defense response response to salt stress
alpha—amino acid metabolic process unidimensional cell growth
carboxylic acid catabolic process P
phenylpropanoid biosynthetic pro... cytoskeleton organization
response to water deprivation cell division
cellular response to stress Il I haride b th
|| response to oxidative stress cellular polysacchande biosynth...
response :o toxic substa%(:? macromolecule biosynthetic process
response to inorganic substance o .
organonitrogen compound cataboli... multicellular organ.lsm development
resporl:se to karrikin response to organic cyclic compound
growtt auxin-activated signaling pathway
agin
cgr{,gs(ylhc acid transport heterocycle metabolic process
metabolic process developmental process involved i...
cellular response to abiotic sti... hot P thesi p‘. ht "
response to ethylene photosynthesis, light reaction
responsebto clt_:ld b " fatty acid biosynthetic process
monocarboxylic aci iosyn etic... o
organic cyclic compound cataboli.. reproductive §hgo( system develo...
aromatic compound catabolic process response to biotic stimulus
;g’;‘cg‘r’]‘;eofgga%f;;g%fédmE(abO" Ll post-embryonic plant morphogenesis
Co,gc,o, metabolic process cellular component organization
selt‘:ond”a[r’y metabolite biosyntheti... response to stimulus
cell wall biogenesis N
organic substance transport photosynthesis .
polysaccharide catabolic process response to light stimulus
Pelp"de transport . response to water deprivation
cell wall macromolecule metaboli... .
phenylpropanoid metabolic process organic substance transport
8dpp 16dpp 8dpp 16dpp 8dpp 16dpp 8dpp 16dpp 8dpp 16dpp 8dpp 16dpp
Age Age

-log10(p-value)

10 15 20 25

Fig. 3 Resistant-aged show transient upregulation of defense related genes. Gene Ontology enrichment of up- and down-regulated genes (a and b,
respectively). Each row represents an enriched term at one of the three consecutive contrasts: 4 vs. 0 hpi, 24 vs 4 hpi, and 48 vs 24 hpi. Enrichment p-
value threshold of 0.01. Terms clustered by Euclidean distances




Mansfeld et al. BMC Genomics (2020) 21:628

downregulated genes were shared between the ages, re-
spectively (Fig. 2 d and e). Susceptible 8 dpp fruit con-
tinued to upregulate defense (top five enriched terms:
“defense response”, “DNA replication”, “translation”, “re-
sponse to cadmium ion”, and “response to salicylic acid”)
while down-regulating photosynthetic processes and
other homeostatic processes, such as carbohydrate meta-
bolic processes. In contrast, by 24 hpi, resistant 16 dpp
fruit were upregulating photosynthetic and growth-
related genes and downregulating defense (top five
downregulated terms: “response to wounding” “ethylene-
activated signaling pathway”, “macromolecule
localization”, “response to oxidative stress”, “defense re-
sponse to fungus”) suggesting a return to normal state
(Fig. 3 b). This is especially evidenced by the large num-
ber of inversely regulated genes in the 8 dpp vs. 16 dpp
samples at 24 hpi indicating an opposite response (red
shading). The set of 251 genes upregulated in 16 dpp
and downregulated in 8 dpp was strongly enriched for
photosynthesis (p-value = 5.2e-13). Collectively these ob-
servations suggest that the resistant fruit have success-
fully mounted a defense by 24 hpi, indicating the
importance of further investigation prior to that
timepoint.

Analysis of pathogen growth provides evidence for
infection failure in the first 24 h on resistant fruit

The transcriptomic suggestion of a rapid and potentially
successful defense response within 24 h prompted us to
more closely investigate pathogen growth during the
first 24 h of infection using electron microscopy and a
high throughput microplate assay. Samples were col-
lected for Scanning Electron Microscopy (SEM) from 8
dpp and 16 dpp aged cucumber fruit inoculated with
droplets of zoospore suspension (5 x 10° spores/ml) at
time intervals of 0, 2, 4, 8, 12, 18, and 24 hpi. At each
timepoint, three samples were collected, each from a dis-
tinct inoculated fruit. Morphological differences between
8 dpp and 16 dpp fruit were readily observed; the youn-
ger susceptible fruits had smaller more densely packed
cells and trichomes, as well as warts that produced valley
regions that in some cases increased spore density due
to the surface topography (Fig. 4).

At 2 hpi, encysted P. capsici spores were observed ger-
minating on fruit of both ages. Formation of some ap-
pressoria was also observed as early as 2 hpi. By 4 and 8
hpi, some differences were observable between the re-
sistant (16 dpp) and susceptible (8 dpp) fruit. While
spores on susceptible fruit continued to germinate and
form appressoria, in four of the six 16 dpp samples,
lysed spores and germ tubes were observed, suggesting
either preformed antimicrobial compounds or a rapidly
induced defense response may inhibit successful infec-
tion as early as 4 hpi. As infection progressed, more
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evidence of failure to infect was observed in the majority
of the resistant samples. By 18 and 24 hpi, deflated
spores, germ tubes, and hyphae were observed on most
of the resistant fruit samples, suggesting that spores that
survived an initial defense response may be stopped at a
later time, during the first 24 h. No such histological
signs of deflated or burst pathogen structures were ob-
served at any timepoint in samples from susceptible 8
dpp fruit.

Fluorescence based in vivo infection assays provided
further, quantitative evidence of inhibited infection in re-
sistant aged fruit by 24 hpi. In these assays, fruit peel
plugs (36 replicate fruit sections per fruit age, per experi-
ment) were placed in a 96-well plate and inoculated with
fluorescently labeled zoospores; fluorescence signal was
measured hourly for 24 h. After a short lag phase, the
signal from the labeled P. capsici on inoculated suscep-
tible 8 dpp samples grew linearly throughout the 24-h
period (Fig. 4 b). However, on 16 dpp resistant-aged fruit
samples, intensity of the fluorescent signal plateaued by
8-10 hpi, further suggesting early inhibition of pathogen
growth. Together, the SEM and bioassay results bolster
the transcriptional evidence suggesting that infection is
thwarted by 24 hpi in 16 dpp cucumber fruit.

Transcriptomic investigation of the first 24 h post
inoculation

Concurrent with the collection of samples for SEM (0, 2,
4, 8, 12, 18 and 24 hpi), inoculated and uninoculated tissue
was harvested for a second transcriptome analysis using
3" mRNA sequencing. In total, 78 3'-mRNA libraries were
sequenced to an average depth of ~ 5 M reads/sample and
an average of ~53% reads quasi-mapping to the 3'-ex-
tended cucumber transcript sequences (Supplementary
Figure 3). Two samples (8dpp_T12_Inoc_1 and 8dpp_
T18_Cont_2) had aberrantly low read coverage (<0.5M
reads) and were excluded from analysis. A PCA compari-
son of timepoints shared between the two transcriptome
experiments (0, 4 and 24 hpi) showed tight clustering of
samples within their respective timepoints, indicating high
reproducibility between the two experiments, performed
in different years, and using different sequencing library
technologies (Supplementary Figure 4).

The PCA of data from experiment 2 revealed modest
changes in transcriptomic patterns for uninoculated
samples of both ages (open symbols) relative to time-
point O (asterisks), likely reflecting a combination of di-
urnal changes and the effects of fruit detachment from
the vine (Fig. 5). In contrast, the inoculated samples
(closed symbols) showed strong transcriptional changes,
especially for the susceptible 8 dpp fruit (circles) (Fig. 5
a). From 4 hpi and beyond, the inoculated 8 dpp samples
exhibited a sequential transcriptomic transition. Con-
versely, samples collected from the resistant-aged 16 dpp
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Fig. 4 Evidence for infection failure in the first 24 h post inoculation on resistant fruit. a Scanning electron micrographs of inoculated 8 and 16 dpp
fruit. tr — trichrome; Is — live spore; ap — appressoria; gt — germ tube; bgt — burst germ tube; bs — burst spore; deflated spores (ds), deflated germ tubes
(dgt), and deflated hyphae (dh). Bottom right scale bar for all frames, except for insets. b High-throughput in vivo analysis of pathogen growth on fruit
plugs. For inoculated and control treatments, each point is a mean of 36 and 12 replicates, respectively. Error bars are +/— SEM
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fruit (triangles) all clustered together, and relatively
closely to uninoculated fruit, from 4 hpi and beyond.
Notably, at 2 hpi, samples from uninoculated 8 dpp fruit
clustered with uninoculated control, while 2 hpi samples
from 16 dpp fruit showed a clear difference from the un-
inoculated controls, suggesting an earlier response to in-
fection in the resistant-aged fruit.

To further understand the trends in gene expression
changes in response to infection, all genes that were dif-
ferentially expressed in at least one timepoint vs. the re-
spective non-inoculated control were displayed as
stacked bars (strata) in an alluvial plot (Fig. 5 b). The
alluvia (curves) illustrate progressive changes in gene ex-
pression over time post-inoculation (2h to 24 h); each
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alluvium represents a group of genes that shares expres-
sion pattern over time. The large alluvia from the nonDE
strata (blue) show a phased response to infection, in
which certain genes are involved in early timepoints,
while others in later stages of infection.

The figure reveals that response to infection is dramat-
ically different in the two ages. Most evident is that
more than double the number of unique genes is differ-
entially expressed at least once in susceptible fruit com-
pared to resistant fruit. Examination of the trends in 8

dpp susceptible fruit revealed a pattern of sequential ac-
cumulation of DEG, as previously suggested by the PCA.
The number of DEG grew continuously until 18 hpi,
and most genes which were differentially expressed at
one timepoint continued to be differentially expressed at
following timepoints. Of the 697 upregulated genes at 4
hpi, 424 are continuously upregulated in every subse-
quent timepoint. By 24 hpi, 1523 of the 1684 upregu-
lated genes had been previously upregulated at one of
the timepoints and then subsequently upregulated at all
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following timepoints. A similar trend is observable in
downregulated genes.

Conversely, by following alluvia of genes initially up-
regulated at 4 hpi in the 16 dpp resistant-aged samples,
it is evident that most are subsequently not differentially
expressed at further timepoints. Of the 352 genes upreg-
ulated at 4 hpi, 140 genes are not differentially expressed
at 8 hpi, and only 45 are continuously upregulated
through 24 hpi. Though the number of DEG grows until
12 hpi, most genes are timepoint specific, being differen-
tially expressed once or at most at two timepoints. Most
striking is the fact that at 24 hpi, only 263 and 72 genes
are up- and down-regulated, respectively, compared to
uninoculated tissue, further confirming the culmination
of the defense response in resistant-aged fruit.

Gene co-expression is preserved but not expression
patterns over time

To better identify transcriptional co-expression patterns
in the data we employed Weighted Gene Co-expression
Network Analysis (WGCNA) [26]. This analysis identi-
fies genes with highly correlated transcriptional patterns
and groups them into co-expression clusters or modules.
These modules help understand biological processes and
identify key genes associated with these processes [26].
Two independent response networks for the susceptible
and resistant fruit (Fig. 6) were assembled. After module
merging (based on eigengene correlation), a total of 17
and 29 modules were defined for the susceptible and re-
sistant inoculated networks, respectively (Supplementary
Files 2 and 3).

Module preservation statistics [27] showed that gene
co-expression was preserved in many modules when
comparing the susceptible and resistant networks (Sup-
plementary Figure 5). Module gene overlap (Fig. 6 ¢)
also showed significant preservation (Fisher’s Exact test
and FDR <0.001) of gene co-expression between many
modules of the two networks. For example, close to half
of the expressed genes in the susceptible response are
clustered in the Susceptible Module 1 (S1) which is con-
sistently downregulated until 18 hpi (Fig. 6 d). The genes
in this module overlap with subsets of genes in six re-
sistance modules (R2, R3, R6, R8, R12 and R17), indicat-
ing they are also co-expressed in the resistant network,
but in a different manner. For instance, a subset of the
co-expressed genes present in module S1 are co-
expressed in resistant-age fruit in module R12; however,
while the genes in S1 show a drop in expression, in re-
sistant fruit they have minimal fluctuations in expression
over time. Thus, while many groups of genes were
expressed in concert over time, indicating coordinate
regulation regardless of fruit age, the diverse module as-
signment and thus age-specific patterns of expression,
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suggests a reprogramming of the response network in
resistant-aged fruit.

Biological processes identified by weighted gene co-
expression network analysis

Using gene module assignment defined by the resistant
network, expression patterns of the genes within a given
module were compared in control and inoculated fruit
of both ages (Fig. 7). Genes identified in many of the co-
expression modules of infected fruit had distinct pat-
terns from those in uninoculated control fruit, suggest-
ing we were able to isolate specific defense responses in
response to inoculation.

GO-term enrichment analysis of the different modules
demonstrated the biological relevance and function of
identified modules (Supplementary File 4). For example,
Module R1 (Resistance Module 1) (n genes=3013)
showed patterns of increased expression in response to
inoculation in both ages.