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Down-regulation of Fra a 1.02 in strawberry fruits
causes transcriptomic and metabolic changes
compatible with an altered defense response
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Abstract

The strawberry Fra a 1 proteins belong to the class 10 Pathogenesis-Related (PR-10) superfamily. In strawberry, a large
number of members have been identified, but only a limited number is expressed in the fruits. In this organ, Fra a 1.01
and Fra a 1.02 are the most abundant Fra proteins in the green and red fruits, respectively, however, their function
remains unknown. To know the function of Fra a 1.02 we have generated transgenic lines that silence this gene, and
performed metabolomics, RNA-Seq, and hormonal assays. Previous studies associated Fra a 1.02 to strawberry fruit
color, but the analysis of anthocyanins in the ripe fruits showed no diminution in their content in the silenced lines.
Gene ontology (GO) analysis of the genes differentially expressed indicated that oxidation/reduction was the most
represented biological process. Redox state was not apparently altered since no changes were found in ascorbic acid
and glutathione (GSH) reduced/oxidized ratio, but GSH content was reduced in the silenced fruits. In addition, a
number of glutathione-S-transferases (GST) were down-regulated as result of Fra a 1.02-silencing. Another highly
represented GO category was transport which included a number of ABC and MATE transporters. Among the
regulatory genes differentially expressed WRKY33.1 and WRKY33.2 were down-regulated, which had previously been
assigned a role in strawberry plant defense. A reduced expression of the VQ23 gene and a diminished content of the
hormones JA, SA, and IAA were also found. These data might indicate that Fra a 1.02 participates in the defense

against pathogens in the ripe strawberry fruits.

Introduction

The family of Fra a 1 proteins in strawberry (Fragaria
spp) belong to the superfamily of Pathogenesis-Related
class 10 (PR-10) proteins. PR-10 proteins are con-
stitutively expressed in the cytoplasm of different plant
tissues and organs and are frequently up-regulated after
biotic and abiotic stress'. Different molecular roles have
been proposed for some members of the PR-10 family,
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mostly based on in vitro studies. Some examples include
their involvement in enzymatic processes, biosynthesis of
secondary metabolites, and binding, storage and transport
of phytohormones and other hydrophobic ligands'.
However, a unique biological function has not been
assigned to these proteins yet.

A large number of PR-10 genes have been identified in
different species with expression patterns that differ
between normal growth and stress conditions™. In
strawberry, 39 Fra a I genes have been identified to date”.
Transcriptome analysis of the ripening fruit, achenes and
receptacle separately, and vegetative tissues showed dif-
ferent expression patterns for each Fra a I gene®. In these
tissues, Fra a 1.01 to Fra a 1.08% are highly expressed. In
the achenes, Fra a 1.01 showed the highest expression
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level followed by Fra a 1.03. In the receptacle, Fra a 1.01
and Fra a 1.02 were highly abundant, with Fra a 1.01
peaking at the green stage and Fra a 1.02 at the red stage”.
Transcripts of Fra a 1 genes are present in most straw-
berry organs, with expression levels depending on the
member of the family®. Within the species, there is also a
wide variability in the content of Fra a 1 proteins in ripe
fruits®.

The specific functions of Fra a 1 proteins are largely
unknown, but they could play a role in the response to
biotic and abiotic stresses, as members of the
PR10 superfamily’. Fra a 1 have been associated with
color development, since proteomic studies showed a
lower content of these protein in white-fruited strawberry
varieties compared to the red ones'®. However, a new
study among different strawberry genotypes has not been
able to correlate color of the ripe fruits with the Fra a 1
content’. Recently, it has been reported that some of the
Fra a 1 proteins, Fra a 1.04 to Fra a 1.08, present RNase
activity depending on their phosphorylation state®. The
RNase activity of these proteins could be related to a
possible role in the plant defense against different
pathogens.

The PR10 family is well characterized at the structural
level'. These proteins share a common fold with the
START domain, which is characterized by a seven-
stranded beta sheet that encloses a central hydrophobic
cavity. This cavity also presents some polar residues that
facilitate the binding of small ligands'. Several crystal
structures of Fra a 1.01E, Fra a 1.02 and Fra a 1.03, the last
one bound to catechin, have been resolved'""'*. These
structures show high similarity, and they all exhibit the
characteristic START fold. Previous studies showed that
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these three Fra a 1 proteins bind specific metabolites of
the flavonoid pathway with affinities in the low puM
range''. In addition, a flavonoid glycoside has been
identified as natural ligand of Mal d 1, a homologous
protein to Fra a 1 from apple'®. The functional relevance
of these interactions remains unclear, but the specificity of
the interactions and the subtle conformational change
associated to the natural ligand binding'"'* suggest that
Fra a 1 proteins could play a regulatory role in intracel-
lular signaling.

To advance our understanding of the function of Fraa 1
in the ripe strawberry fruit, we have produced transgenic
strawberry plants that silence, by RNAi, Fra a 1.02. Other
members of the gene family were also silenced at different
degree. Transcriptomic, metabolomic and hormone level
analysis of the silenced ripe fruits support a role of Fra a
1.02, the member of the family with highest expression in
the red fruits”®, in the defense of the plant against
pathogens.

Results
Silencing of Fra a 1.02 in strawberry fruits has no effect on
fruit color development

The analysis of Fra a 1 proteins in the receptacle of
strawberry fruits (cv. Camarosa) at different develop-
mental stages (Fig. 1a) confirmed the highest expression
of Fra a 1.02 in the ripe fruits”®. Antibodies were gen-
erated against Fra a 1.02, but they also recognize other Fra
a 1 proteins due to the high similarity of their protein
sequences. Thus, the three Fra a 1 proteins, which were
most highly expressed along fruit development and
ripening® were detected by this antibody. Differences in
size allowed to distinguish Fra a 1.01 from Fra a 1.02 and
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Fig. 1 Analysis of Fra a 1 proteins in strawberry fruits along ripening and in transgenic lines. a Photographs of fruits representative of green,
white, turning and red stages of fruit development, and western blot analysis of extracts from strawberry receptacles at these stages, using anti-Fra a
1.02 antibodies. FaFra a 1.01, FaFra a 1.02, and FaFra a 1.03 recombinant proteins, with a 6X His tag, purified from E. coli were used as controls. Equal
amounts of total protein extracts from strawberry were loaded. b Western blot of fruit extracts from transgenic lines L4, L5, L6, at three
developmental stages, using anti-Fra a 1.02 antibodies. Controls correspond to plants transformed with the empty vector. A positive control of ripe
fruit extract of the cv. Camarosa is included. Membranes stained with Coomassie Brilliant Blue (CBB) are also shown for each stage sample.
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Fra a 1.03. A silencing construct was designed against the
Fra a 1.02 gene using the 124 bp fragment of the coding
region of Fra 1.02 that showed the highest specificity for
the gene (Figure S1). Since other Fra a I genes present
high homology to Fra a 1.02, and are also expressed in the
strawberry fruits, it is expected some of them will be co-
silenced together with our target gene>® Strawberry plants
were transformed with the Fra a 1.02 RNAi construct (35
S:Fra a 1.02i) and with an empty vector (pBINPLUS) as a
control. For the analysis, three independent transgenic
lines transformed with the Fra a 1.02 RNAi construct, and
two control lines were selected.

Western blot analysis of proteins isolated from the
transformed fruits, at different stages, including protein
extracts of fruits of untransformed strawberry plants (cv.
Camarosa), was performed (Fig. 1b). At the green stage,
the Fra a 1.01 protein is highly abundant (Fig. 1a) but we
observed a diminished content of this protein in the 35S:
Fra a 1.02i fruits. At the white stage, Fra a 1.01 was only
detectable in one of the 35S::Fra a 1.02i fruits as a weak
band (Fig. 1b, 35S::Fra a 1.02i-L5). At the red stage, when
expression of Fra a 1.02 is highest in the control plants,
only a very faint band is detected in the silenced L5 line
(Fig. 1b, 35S::Fra a 1.02i-L5). The efficient Fra a 1 silen-
cing, especially of Fra a 1.02 in ripe fruits, prompted us to
analyze these fruits to investigate the role of Fra a 1.02 in
the ripe strawberry fruits.

Interestingly, during the ripening process there was no
phenotypic difference between the controls and the
silenced lines. Thus, size and color of the ripe fruits of
the transgenics and controls were not different (Fig. 2a).
Since anthocyanins are the main compounds responsible
for strawberry fruit color, their contents were analyzed,
jointly with other flavonoids and metabolites present in
the strawberry fruit (Table S1), in the control and the
silenced fruits at the ripe stage. The results showed that
there were no clear differences between the two sets of
lines, but the comparison of the mean values showed
that the fruit content of some cyanidin and pelargonidin
derivatives is even slightly higher in the silenced lines
(Fig. 2b). This was relevant since the primary assignment
of a function to the Fra a 1 proteins in strawberry fruits
was associated with color development, based on their
low level/absence in the white varieties of this species'®.
To further investigate the content of Fra a 1 protein in
different strawberry varieties, we performed western
blots in ripe fruits of white-fruited F. chiloensis and two
accessions of F. vesca (Fig. 2c). We used ripe fruits of F.
ananassa (cv. Camarosa) as control as well as a mix of
equivalent amounts of Fra a 1.01, Fra a 1.02, and Fra a
1.03 produced in E. coli''. Fra a 1 proteins were detected
in all the samples, at different levels, even in the white
varieties (Fig. 2c).
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RNAseq analysis of silenced fruits identify redox processes
and membrane components as major categories of
differentially expressed genes

RNAseq was performed on RNA isolated from the same
set of fruits used for the metabolic analysis (i.e. the three
independent silenced lines and the two controls) to ana-
lyze the transcriptome of ripe fruits (Table S2). First, the
expression of the Fra a 1 genes3 was examined. Fra a 1.02
expression was down-regulated by more than 92 percent,
as were Fra a 1.04, Fra a 1.05, and Fra a 1.06 (Figure S2).
The other set of Fra a 1 genes, Fra a 1.01, Fra a 1.03, and
Fra a 1.07 were down-regulated by more than 50 percent,
and Fra a 1.08 by 22 percent. The dendrogram obtained
from the alignment of the DNA sequences (Figure S2)
showed the observed degree of silencing correlated well
with the sequence homology between Fra a I genes. This
result points to a silencing effect of the hairpin generated
from the RNAi construct, and the similarity among the
DNA sequences (Figure S1).

Two-hundred and five differentially expressed genes
(DEG) were identified in the three silenced lines com-
pared to the two controls (Table S3). Analysis of the GO
terms of the DEGs showed that oxidation-reduction was
by far the most represented category among the Biological
Processes (Table S4, Figure S3). In terms of the Cellular
Component the membrane/integral component of mem-
brane was the most strongly represented of the 205 DEGs
with 78 percent of the assigned GO terms. The high
number of DEGs assigned to the oxidation-reduction
process prompted us to measure the content of the two
main compounds responsible for the maintenance of the
redox status in plants, i.e. L-ascorbic acid and glutathione
(GSH). While the content of L-ascorbic acid was not
different in the fruits of the control and the silenced lines,
the concentration of reduced GSH was diminished in the
Fra a 1.02-silenced fruits (Fig. 3a). However, the oxidized
GSH also decreased in the silenced fruits and, conse-
quently, the redox potential of GSH was not altered
(Fig. 3a). Overall, the total GSH content in the transgenic
fruits thus decreased compared to the controls.

GSH (y-Glu-Cys-Gly) is synthesized in plants from the
constituent amino acids in two steps, catalyzed by the
y-glutamylcysteine synthetase and the glutathione syn-
thetase'*. Their corresponding genes were not differen-
tially expressed in the silenced receptacle in comparison
with the controls (Table S2) and the concentrations of the
precursor amino acids Glu and Gly were not altered in the
transgenics (Table S5). However, two genes encoding
enzymes of critical steps in the synthesis of Cys, the serine
acetyltransferase (SERAT) and the O-acetylserine (thiol)
lyase (OASTL) were down-regulated in the silenced fruits
(Fig. 3b). Changes in the expression in these genes alter
GSH levels in ArabidopsislS'16, and could be the cause of
the decreased GSH levels in the silencing lines.
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Fig. 2 Effect of Fra a 1.02 silencing in the content of anthocyanins of the fruit. a Ripe fruits of the control (L5) and the transgenic lines (L4, L5,
L6) silenced with the Fra a 1.02 RNAI construct. b Concentration of selected anthocyanins in the fruits of independent transgenic lines, and the
average of the two controls and the three fra a 1.02-silenced lines. Data for each line are the average of three biological repetitions, each with two
technical repetitions. Concentrations are expressed as equivalents of g/kg (ppm) 4-methylumbelliferyl glucoside (dry weight). For significant
differences (different letters) a Kruskal-Wallis test was performed followed by a Dunn-Bonferroni-Test using a p-value of <0.05. ¢ Western blot of ripe
fruit extracts from a white variety of Fragaria chiloensis, two white accessions of Fragaria vesca and the cv. Camarosa of Fragaria x ananassa. Purified
Fra a 1 proteins produced by heterologous expression in E. coli is included. Membranes stained with Coomassie Brilliant Blue (CBB) are also shown for
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(see figure on previous page)

Fig. 3 Redox compounds and expression of glutathione-related genes in the transgenic lines. a Concentration of ascorbic acid and reduced
and oxidized glutathione in the fruits of independent transgenic lines, and the average of the two controls and the three Fra a 1.02-silenced lines.
Data for each line are the average of three biological repetitions, each with two technical repetitions. Concentrations are expressed as equivalents of
g/kg (ppm) 4-methylumbelliferyl glucoside (dry weight). For significant differences (different letters) a Kruskal-Wallis test was performed followed by
a Dunn-Bonferroni-Test using a p-value of <0.05. b Expression values of genes of cysteine biosynthesis differentially expressed in the three silenced
lines compared to the two controls. Values correspond to fragments per kilo base per million mapped reads (FPKM). ¢ Insertion of the GSTs from
Fragaria vesca in the different families of GST of the phylogenetic tree generated from Dixon et al.'” in Arabidopsis and some model organisms.
Circled numbers indicate the F. vesca genes in each class. d HeatMap representing the expression values of the GSTs differentially expressed in the
control and the Fra a 1.02-silended lines. Red and blue color represent the maximum and minimum values, respectively, for each gene. Analysis of
differentially expressed genes (b-d) was performed with Cufflinks, establishing a p-value < 0.002 with the Benjamini-Hochberg procedure for
multiple comparisons. Values correspond to fragments per kilo base per million mapped reads (FPKM).

Glutathione, in addition to its role in redox signaling,
plays important roles in defense and detoxification'®.
In these processes, GSH is conjugated to compounds
for detoxification or transport. The reaction is cata-
lyzed the glutathione-S-transferase (GST) enzymes'’.
In the F. vesca genome 67 GST genes have been iden-
tified”. The dendrogram generated from their amino
acid alignment (Fig. 3c) showed that GSTs from five
classes are represented in F. vesca'®. Six GSTs were
significantly down-regulated in the Fra a 1.02-silenced
fruits (Fig. 3d).

Membrane and integral components of membrane
represent 68 percent of GO terms for cell components,
and transmembrane transport is among the most repre-
sented GO terms of the biological processes (Table S4).
We found that transcript levels of four members of the
ABC family of transporters were down-regulated in the
silenced fruits compared to the controls (Fig. 4a-d). In
addition, two members of the Multidrug and Toxic
Compound Extrusion (MATE) transporter, also known as
Detoxification Efflux Carrier (DTX), were down-regulated
in the fruits of the Fra a 1.02-silenced lines (Fig. 4ef). In
plants, these proteins are involved in the transport of
secondary metabolites and in the defense response,
among other functions'.

Regulatory WRKY genes are down-regulated in ripe fruits
as result of Fra a 1.02 silencing

Regulation of transcription is another GO category
highly represented in the DEGs (Fig. S3). Among these
regulatory genes, we found four WRKY genes, all of them
down-regulated in the Fra-silenced fruits (Fig. 5). The
WRKY genes were named by their closest homolog in
Arabidopsis. In this species, WRKY23 seems to be
involved in the auxin transpor’’, and WRKY28 and
WRKY33 are probably associated to the defense
response”*?, In Arabidopsis, two VQ proteins act as co-
activator of WRKY33 in its plant defense response”. The
corresponding strawberry gene, VQ23, is also down-
regulated in the Fra a 1.02-silenced fruits (Fig. 5).

In strawberry, the infection by Colletotrichum acutatum
caused an enhanced expression of WRKY33.I and
WRKY33.2, as well as higher concentration of both JA and
SA**, Noteworthy, the expression of the strawberry VQ23
gene was also up-regulated in strawberry fruits after
Colletotrichum infection as well as after external treat-
ment with MeJA and SA**. Therefore, the expression of
genes involved in the biosynthesis and signaling of these
hormones was analyzed in the Fra a 1.02-silenced fruits.

JA biosynthesis starts in the chloroplast by oxidation of
linolenic acid to (13S)-hydroperoxyoctadecatrienoic
acid, which is converted into cis-(+)-12-oxophytodienoic
acid (OPDA) by the activity of two pathway-specific
enzymes”, The OPDA is reduced by a 12-
oxophytodienoate reductase (OPR) enzyme. In the Fra a
1.02-silenced fruits two OPR genes, OPRI and OPR?2, are
down-regulated (Fig. 6a). In JA signaling the JAZ proteins
play a key role, as repressors of the expression of a
number of TFs?*®. We found that the expression of JAZI,
also named TIFYI0a, was significantly decreased in the
silenced fruits (Fig. 6a). Similarly, a member of the YABBY
family of TFs (YAB2) that have been reported to be targets
of JA repression was down-regulated (Fig. 6a). Regarding
SA, no changes in expression were found among the key
genes involved in its biosynthesis?” (Table S2), but two
genes involved in its modification were down-regulated
(Fig. 6b). In Arabidopsis, the UGT74F2 gene encodes a
glycosyl transferase that catalyzes the glucosylation of SA
and the enzyme encoded by MESI gene produces a
methyl esterase acting on the methyl ester of SA
(MeJA)*. Interestingly, the Arabidopsis MES1 also
hydrolyzes the methyl ester of indole-3-acetic acid
(MeIAA)*.

The previous results pointed to a decreased synthesis
and signaling of JA in the Fra a 1.02-silenced fruits.
Therefore, the content of JA was measured in the recep-
tacle of the control and the silenced fruits. We restricted
the analysis to the receptacle of the ripe fruits, since in this
organ and this stage Fra a 1.02 is by far the most highly
expressed member of the family among all the Fra a 1
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genes (Fig. S4). We found that the contents of JA and JA-
Ile, the active form of JA, were decreased in the three
silenced lines compared to the control (Fig. 6¢). Similarly,
the concentrations of SA and IAA were decreased in the
silenced lines compared to the control (Fig. 6¢). In addi-
tion, the hormone auxin has been proposed to be involved
in the plant defense response against different types of
pathogens®’.

Discussion

We have transformed strawberry plants with a RNAi
construct to silence Fra a 1.02 and analyze the function of
Fra a 1 proteins in strawberry fruit. We should emphasize
that the silencing approach has been effective, being an
adequate alternative to gene editing, which might be dif-
ficult to pursue in this octoploid species, Fragaria x
ananassa, whose assembled genome is still uncomplete.
The analysis of the transcript levels of Fra a 1 proteins in
the different transgenic lines showed that the effectiveness
of silencing was highest at the red stage of fruit devel-
opment, where no Fra a 1 proteins were detected (Fig. 1).
The transcriptional analysis of the fruits at the red stage
showed that silencing of Fra a 1.02 exceeded 92%. Other
Fra a 1 genes were also down-regulated in the transgenic
fruits, and the degree of silencing correlated to their DNA
sequence similarity (Fig. S2). Since Fra a 1.02 is by far the

most expressed gene of the Fra a 1 family in the ripe
strawberry fruit®, it can be assumed that the molecular
effects of silencing in the red fruits reported here are
mostly associated with Fra a 1.02.

Fra a 1.02 influences the cell transport system
Anthocyanins are flavonoid compounds present in the
ripe colored fruits of Fragaria species. Initially, a role of
Fra a 1.02 in the color development in strawberry fruit
was proposed, based on the absence of this protein in
white species of the Fragaria genus'®, but this correlation
was not further confirmed®>*', We observed that silen-
cing Fra a 1.02 in ripe strawberry fruits by more than 92%
did not cause a diminution on the content of anthocya-
nins, but a minor increase was observed when the mean
values for control and silencing lines were compared.
Anthocyanins are synthesized in the cytosol and their final
destination is the vacuole, but the mechanisms for tagging
and transport into this organelle have not been fully
characterized. At present, two main models have been
proposed for the vacuolar sequestration of anthocyanins:
a microautophagy-like mechanism and a transporter
mediated system where ABC and MATE-type transpor-
ters are involved®*?®. In addition, the involvement of
certain GSTs in the transport to the vacuole has been
reported®®. Our analysis of the Fra a 1.02-silenced fruits
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showed that a number of genes encoding for GSTs, ABC,
and MATE transporters are down-regulated.

Glutathione transferases (GSTs) are enzymes that cat-
alyze the conjugation of GSH to a variety of molecules,
but are also involved in the transport of a number of
hydrophobic molecules through membranes, including
hormones and, tentatively, anthocyanins'”*®, Of the six
GSTs, which were down-regulated in the Fra a 1.02-
silenced fruits one belongs to the Phi (GSTF) class and
five to Tau (GSTU) class. A mutant of a member of a GST
subfamily (RAP) produced white fruits of the woodland
strawberry (Fragaria vesca)®. Transient down-regulation
of RAP in cultivated strawberry reduced fruit coloration.
In this study, we found that a paralog of the F. vesca RAP
(RAP_LI), GSTF9, was down-regulated in the silenced
fruits, although no difference in fruit coloring was
observed in the silenced lines. The expression of GSTF9 in
strawberry is relatively high in root and achene, but low in
receptacle®. This can explain that a reduction in the
expression of this gene in the transgenic lines has no
consequence for the content of anthocyanins in the
whole fruit.

ABC transporters are membrane proteins that facilitate
the exchange of compounds across different membranes,
in most cases against electrochemical gradients, thus
requiring the hydrolysis of ATP. Anthocyanins have been

identified as the transported compounds®’, Many ABC
transporter genes are expressed in the strawberry fruit®,
but only two members of the subclass B, ABCB4 and
ABCBI1, and two members of the G subclass, ABCG11
and ABCG22 were down-regulated in the transgenic
fruits. The orthologs of these four genes in Arabidopsis
have not yet been shown to be involved in transporting
anthocyanins. Thus, none of the ABC genes differentially
expressed in the Fra a 1.02 silenced fruits are apparently
related to anthocyanin transport to the vacuole.

In the transport-mediated model, some studies support
the involvement of multidrug and toxic extrusion
(MATE) proteins in the transport of anthocyanins to the
vacuole®®. This large family of cation antiporters is
represented by 58 members in Arabidopsis'® and 53 in the
diploid Fragaria vesca’. In cultivated strawberry, transient
silencing in fruits of a member of the family, FaTTi12 1
(DTX41), reduced the content of the proanthocyanidins
but not the anthocyanins in the fruits®’. However, we
found that only DTX16 and DTX27 were down-regulated
in the Fra a 1.02-silenced fruits. Although the substrates
for some of these transporters are known'*>°, there is no
information on the substrates of DTX16 and DTX27.
Some members have been involved in hormone signaling
and defense responsegs’gg. Thus, the changes observed in
the MATE transporters must be considered within the
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general effects observed in the Fra a 1.02-silenced fruits,
i.e, there are no significant changes neither in the flavo-
noids content nor in the redox state of the silenced fruits.

Fra a 1.02 might be involved in the plant defense response

The protein structure of Fra a 1.01, Fra a 1.02, and Fra a
1.03 have been resolved'"'* and natural flavonoids have
been identified as potential ligands of these three pro-
teins''. Ligand binding is followed by a conformational
change of the proteins, which points to a role of the Fra a
1 proteins in the initiation of a signaling pathway in
response to a stimulus. The transcriptional analysis of ripe
fruits in which Fra a 1 proteins were down-regulated in
three silenced lines showed that 205 genes were differ-
entially expressed. Among them, GO categories such as

defense, response to biotic stress, and regulation of tran-
scription were among the most strongly represented. The
last category included four WRKY genes. WRKY TFs play
significant roles in regulating plant response to biotic and
abiotic stresses, although they also control various
developmental and physiological processes’. In F. vesca,
the expression of a gene homologous to WRKY33
(FvWRKY42) was induced in the seedlings after the
infection by powdery mildew*'. In strawberry (F. x ana-
nassa) plants, the infection of the crown and the petiole
with Colletothricum acutatum led to an enhanced
expression of WRKY33.1 and WRKY33.2**, Interestingly,
the Fra a 1.02 gene was up-regulated in the tissues
infected by Colletothricum®*. In parallel, an increase in the
JA and SA content of the aerial tissues of the infected
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plantlets was detected**. We found that the content of
these two hormones was lower in the three Fra a 1.02-
silenced fruits. Although this decrease was not significant,
the reduced expression of gene involved in JA and SA
biosynthesis and metabolism, such as OPRI, OPR2,
UGT74F2, and MESI*>* was in agreement with an
apparent reduction of the hormone contents. In addition,
the down-regulation of JA signaling genes such as JAZI,
GL3, and YAB2?® further supports the involvement of Fra
a 1.02 in the JA-dependent defense response in ripe
strawberry fruits. The crosstalk between these two hor-
mones, JA and SA, in the defense response in the plants,
albeit complex, is known*?, particularly in the strawberry
response to Colletotrichum infection®**?,

It has been reported that auxin is a negative factor for
plant defense since elevated auxin signaling correlates
with increased susceptibility to biotrophic pathogens™*.
However, we found a significant lower content of auxin in
the silenced fruits, what appears to go against a weakened
defense response of these fruits. An alternative explana-
tion is the occurrence of a number of defense-related
compounds generated from Trp and auxin®, whose
content would be diminished in a low auxin context.
Some indole-derivative phytoalexins and signaling com-
pounds are key elements in the resistance against necro-
trophic fungi®. It is necessary a more detailed study to
know whether the total pool of indolic compounds is
really reduced. Regarding auxin content, we did not find a
change in the expression of the auxin biosynthesis or
conjugation genes, but it is possible that the transport can
be altered due to the low expression of the ABC4 trans-
porter, which might be involved in auxin transport*®, and
the down-regulation of WRKY23. The Arabidopsis
WRKY23, an auxin responsive gene”’, has been also
proposed to mediate auxin transport in the root*’.

In Arabidopsis, proteins having a VQ motif, VQ proteins,
interact with WRKY33. They act as activators of defense
against necrotrophic pathogens®. Specifically, Arabidopsis
VQ23 interacts with WRKY33 in SA- and JA-mediated
defense response”. We found that silencing of Fra a 1.02
caused down-regulation of VQ25, the corresponding gene
in strawberry to Arabidopsis VQ23". Moreover, the
expression of this gene was enhanced in strawberry fruits
after Colletothricum infection, and after MeJA and SA
treatment of in vitro plants of this species™.

These results show that the defense response in straw-
berry fruits is altered in the Fra a 1.02-silenced lines,
although the question remains as to whether this protein
participates in the defense machinery. It is tempting to
speculate that Fra a 1.02 participates early in the response
to the pathogen, potentially after its interaction with a
ligand, taking into account to the specific transcriptional
changes triggered after its silencing in the ripe fruits, i.e.,
diminished expression of some regulatory WRKY genes
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and altered hormones content. All of these are associated
with the response to pathogens in other species/organs.
However, molecular interactions that support this putative
role need to be studied in detail. To decipher it, it should be
considered that Fra a 1 is a large family of proteins in
strawberry that present a high level of sequence homology.
Although, only a number of these proteins are present in
the fruit, they show a very specific expression pattern that
are different in the achene from the receptacle, and are
variable during fruit development, ripening, and in differ-
ent plant organs®”. The crystal structure of Fra a 1.01 and
Fra a 1.02, as well as an interacting protein partner of Fra a
1 proteins are known'"'**°, and this might help to reveal
their molecular interactions. However, these two proteins
have the capacity of interacting with natural ligands that
trigger a conformational change in the proteins'', which
might be critical for their roles in planta. A precise dis-
section of proteins, ligands, organs, developmental stages,
and possible pathogens are needed for a significant advance
in unraveling the molecular interactions that support a
possible role of Fra a 1 proteins in plant defense.

Materials and methods
Plant transformation

All transformations were performed in Fragaria x
ananassa Duch. cv. Camarosa, grown in a greenhouse
under natural light and temperature ~24 °C, as previously
reported®. The construct for the post-transcriptional
silencing of Fra a 1.02 was generated from a 124-bp
fragment of the gene FaFra a 1.02 (GenBank GQ148818)
as shown in the Fig. S1. The nomenclature of Fra a 1.01 to
Fra a 1.08 is based on the GenBank sequences for the
Fragaria x ananassa genes® and their corresponding
genes in the sequenced genome of the diploid Fragaria
vesca’ (Table S6). The fragment was cloned twice in
antisense in the pHANNIBAL intermediate vector, and
finally in a pBINPLUS vector. Three independent trans-
genic lines (L4, L5, and L6) were selected for analysis.
Transformation with pBINPLUS empty vector were used
as controls (pBIN4 and pBIN5). Transformations were
checked in genomic DNA by PCR with specific primers
for the insert and the kanamycin resistance gene.

Protein analysis by western blot

Proteins were extracted from 100 mg of frozen tissue
that was macerated at short intervals in a vortexer with
liquid nitrogen and 100 pL of Laemmli 2X buffer. The
extract was sonicated for 10 min at 4 °C. Then the extract
was boiled for 5min and centrifuged at 10,000 rpm for
8 min. The supernatant was stored at —20 °C until use.
Equal amounts of total protein were loaded onto a 1-mm-
thick 15% (w/v) polyacrylamide gel. Protein expression in
E. coli and purification of recombinant proteins were
performed as previously described'?.
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For western blotting, proteins were transferred from the
SDS-PAGE gels to a Trans-Blot® nitrocellulose mem-
brane using a Trans-Blot® Turbo™ Transfer System (Bio-
Rad). After the transfer, the membrane was incubated
with 5% blocking solution (5% fatty acid-free powder milk
in TTBS buffer containing 20 mM Tris-HCl pH 7.6,
140 mM NaCl, and 0.05% v/v Tween20) for 2 h at room
temperature, following an overnight incubation with the
primary antibody at 4 °C. The anti-FaFra a 1.02 primary
polyclonal antibody was used at a 1:500 dilution in 1%
blocking solution (1% fatty acid free powder milk in TTBS
buffer containing 20 mM Tris-HCI pH 7.6, 140 mM NaCl,
0.05% v/v Tween20). Chemiluminescent immunodetec-
tion was performed using EC, using either the normal
Clarity™ Western ECL Substrate (BioRad) or the Super-
Signal™ West Femto Maximum Sensitivity Substrate
(Thermo Fisher) for low and high sensitivity, respectively.
To generate the anti-FaFra a 1.02 polyclonal antibody, the
purified full-length FaFra a 1.02 protein'' was used to
immunize rabbits (Abyntek, Spain). Affinity purified
fractions of the collected immune serum were used for
western blot experiments. Anti-rabbit secondary anti-
bodies were purchased from Santa Cruz Biotechnology
(www.scbt.com).

RNA extraction and expression analysis by RNAseq

Three pools for each line were used for RNA extraction,
with at least five fruits from different plants of each line.
Total RNA extraction was as previously reported®. RNA
quality was evaluated with a Bioanalyzer 2100 (Agilent)
and a NanoVue Plus (GE healthcare) using the A260/280
ratio. cDNA libraries of 200-500 bp fragments were pre-
pared. Sequencing strategy included runs of 2X High
Output V2, 150 cycles in the NextSeq550 (Ilumina), with
12 samples per run. The reads were mapped in the
F. vesca genome’. Cleaning, counting, and annotation of
the reads were performed with the programs TopHat,
Cufflinks, and Cuffdiff®’. Analysis of differentially
expressed genes was performed with Cufflinks, estab-
lishing a p-value < 0.002 with the Benjamini—Hochberg
procedure for multiple comparisons (http://cole-trap-
nelllab.  github.io/cufflinks/cuffdiff/#differential-expres-
sion-tests). Functional assignment of the genes by gene
ontology (GO) categories was done with Blast2go applied
to the genes of F. vesca’.

Analysis of metabolites

Samples of the fruits of the control and Fra a 1.02-
silenced lines were individually frozen and homogenized
with a mill to a fine powder. An aliquot of 500 mg of
powder was used for each of the three biological repli-
cates. The extraction and analysis of metabolites by liquid
chromatography-electrospray ionization-mass spectro-
metry (LC-ESI-MSn) was performed as previously
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described* with slight variations. A third extraction step
with 500 pul methanol was added and the scan range was
increased to a mass-to-charge ratio of 50-975. Metabo-
lites were identified by their retention times, mass spectra,
and product ion spectra in comparison with the data
determined for authentic reference material. Biochanin A
was used as internal standard (IS) for the relative quan-
tification of the metabolites. Values are expressed in mg/
kg-equivalent Biochanin A. Relative metabolite quantifi-
cation was performed using the QuantAnalysis 6.2 soft-
ware (Bruker Daltonics), normalizing all results to the IS.
The software R (R: A Language and Environment for
Statistical Computing, version 3.6.2) was used for statis-
tical analysis of the metabolite contents. To find differ-
ences between the lines a Kruskal-Wallis test was
performed followed by a Dunn-Bonferroni-Test using
a p-value of <0.05 for significance.

Analysis of hormones

Achenes were removed from frozen fruits and the
receptacle was lyophilized for 48 h and ground to a fine
powder. In total, 30 mg dry powder of the different
repetitions of the samples were used for a double water
extraction, in the presence of internal standards for ABA,
SA, JA, and IAA, as previously described®. Basically, a
pool of internal standards (IS) at 100 ng/ml containig
abscisic acid-d 6 (ABA-d 6), salicylic acid-d5 (SA-d 5),
indole acetic acid-d 5 (IAA-d 5), jasmonic acid-d6 (JA-
d6), and N15-JA-Ile-d6 was added into each sample.
Precise quantification was performed by using external
calibration curves with each pure chemical, extraction
yield was adjusted according to the recovery of the IS.
After adjusting the pH to 2.5-2.7, extraction was carried
out twice with diethyl ether, the organic fraction being
dried in an evaporator at room temperature. The samples
were resuspended in 1ml of H,O/MeOH (90:10) with
0.01% of HCOOH. Chromatographic separation, identi-
fication of metabolites, data analysis and processing,
was performed as previously reported®®, with the only
difference that the equipment used for IAA analysis was
Xevo-TQS (Waters).
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