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Abstract

Background: In soft fruits, the differential expression of many genes during development and ripening is
responsible for changing their organoleptic properties. In strawberry fruit, although some genes involved in the
metabolic regulation of the ripening process have been functionally characterized, some of the most studied genes
correspond to transcription factors. High throughput transcriptomics analyses performed in strawberry red
receptacle (Fragaria x ananassa) allowed us to identify a ripening-related gene that codes an atypical HLH (FaPRET)
with high sequence homology with the PACLOBUTRAZOL RESISTANCE (PRE) genes. PRE genes are atypical bHLH
proteins characterized by the lack of a DNA-binding domain and whose function has been linked to the regulation
of cell elongation processes.

Results: FaPRET sequence analysis indicates that this gene belongs to the subfamily of atypical bHLHSs that also
includes IL-1 from rice, SIPRE2 from tomato and AtPRET from Arabidopsis, which are involved in transcriptional
regulatory processes as repressors, through the blockage by heterodimerization of bHLH transcription factors.
FaPRET presented a transcriptional model characteristic of a ripening-related gene with receptacle-specific
expression, being repressed by auxins and activated by abscisic acid (ABA). However, its expression was not
affected by gibberellic acid (GAs). On the other hand, the transitory silencing of FaPRET transcription by
agroinfiltration in receptacle produced the down-regulation of a group of genes related to the ripening process
while inducing the transcription of genes involved in receptacle growth and development.

Conclusions: In summary, this work presents for the first time experimental data that support an important novel
function for the atypical HLH FaPRET during the strawberry fruit ripening. We hypothesize that FaPRET modulates
antagonistically the transcription of genes related to both receptacle growth and ripening. Thus, FaPRE1 would
repress the expression of receptacle growth promoting genes in the ripened receptacle, while it would activate the
expression of those genes related to the receptacle ripening process.
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Background

During the processes of development and ripening of
soft fruits, many metabolic pathways that are responsible
for organoleptic properties are differentially expressed.
In strawberry fruits, it is very well established that the
increase in the ABA/auxins ratio triggers the transcrip-
tion of many ripening-related genes involving the differ-
ent organoleptic properties such as aroma, color, taste
and softening [1-10]. However, with the exception of
some transcriptional factors (TFs), the functional
characterization of genes involved in the regulation of
these metabolic pathway is very scarce until now. Thus,
it has been described the function played by a few tran-
scription factors. FaMYB10, a R2R3 MYB TF related to
the secondary metabolism, is described as a ripening-
related master regulatory gene of the structural flavon-
oid/phenylpropanoid metabolic pathway genes [9]; and
the EMISSION OF BENZENOIDS II (FaEOBII), a posi-
tive regulator of flavonoids/phenylpropanoids volatile-
related genes, regulates the CINNAMYL ALCOHOL DE-
HYDROGENASE (FaCADI) and the EUGENOL SYNT
HASE 2 (FaEGS?2), which controls the production of eu-
genol, a volatile phenylpropanoid, in ripe strawberry re-
ceptacles [8]. Recently, a DOF-type TF (FaDOF2) has
also been identified as a positive regulator of eugenol
biosynthesis in ripened strawberry receptacle. Both
FaEOBII and FaDOF2 seem to act synergistically in the
activation of the FuEGS2 gene transcription [11]. In this
way, an ERF-MYB TF complex regulates furaneol bio-
synthesis by means of a quinone reductase transcription
regulation [12]. The functional role played by FcMYBI,
another R2R3 MYB TF, was also characterized. This TF
acts as regulator of the branching point of the anthocya-
nins/proanthocyanidins biosynthesis [13]. Also, FaGA-
MYB has been described as a regulator in the transition
from vegetative growth to ripening process [14]. In
addition, it was demonstrated that the transient down-
regulation of the C-type MADS-box TF expression
(SHATTERPROOF-like gene; FaSHP) gave rise to a
slightly shorter delay in the time required to reach the
pink stage of ripening [7]. Besides, transcription of sev-
eral ripening-related genes as well as the content of sev-
eral metabolites was altered in these transiently modified
fruits [7]. It was proposed that SCARECROW-LIKE 8
(FaSCL8) could modulate the transcription regulation of
genes related to the flavonoid/anthocyanin biosynthesis,
probably through their influence on FaMYBI0 gene ex-
pression [15]. Moreover, FaMYB44.2 has been proposed
to interact with FaMYBIO in sucrose accumulation,
which would have an impact on the ripening process
[16]. On the other hand, four TFs (FaMYB9/FaMYBI11,
FabHLH3 and FaTTG1) have been described as positive
activators of genes that are involved in the proanthocya-
nidins (PAs) biosynthesis in strawberry immature fruits
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[17]. A comparation between a mutant whited coloured
strawberry and a red natural one has discovered some
TF potentially involved in the anthocyanin biosynthesis
[18].

High throughput transcriptomics analyses previously
performed by our group [19] have allowed us to identify
a ripening-related gene that codes an atypical HLH
(FaPRE1) belonging to the basic helix-loop-helix/helix-
loop-helix (bHLH/HLH) TFs family. FaPRE1 was se-
lected for its expression characteristics: a) ripening-
related; b) receptacle-specific; c) negatively regulated by
auxins, and d) induced by ABA [19]. According to their
DNA-binding ability, these proteins are classified into
two groups; DNA-binding bHLH (bHLH) and non-
DNA-binding bHLH (HLH) proteins, also called atypical
HLH [20-24]. bHLH TFs contain two clearly differenti-
ated domains, a basic domain located at the amino
terminus of the proteins, which contains 13-17 basic
amino acids, and an HLH region, located at the carboxy
terminus that comprises two amphipathic a-helices
which are rich in hydrophobic amino acids and are con-
nected by a loop of variable length. The basic domain
gives the transcription factor the ability to bind to the
DNA [24-26] while the presence of the HLH motif con-
fers the ability to establish homo- or heterodimeric in-
teractions with other bHLH proteins, which is essential
for DNA recognition and DNA-binding specificity [22,
24]. On the contrary, HLH proteins are particularly di-
verged at the basic region, that usually lacked critical se-
quences for a proper DNA binding domain and, in
consequence, they did not present DNA-binding ability
[25]. HLH proteins may dimerize with other bHLH pro-
teins [24, 27-29], thus acting as negative regulators of
bHLH protein action through the formation of heterodi-
mers. This interaction will avoid bHLH protein to inter-
act with other bHLH and, in this way, with their
corresponding cis sequences on the DNA [24, 29-34].

Several studies have shown that atypical HLH proteins
play important regulatory roles in hormone signaling and
cell elongation [20, 35-38], light signaling [39], vascular
and fruit development [30, 34] or grain size [40, 41]. In
this sense, functional analysis identified AtPRE1 (Arabi-
dopsis PACLOBUTRAZOL RESISTANCE 1), an atypical
HLH protein that plays an activator role of genes that re-
spond to gibberellin, presumably downstream of DELLA
proteins [20]. AtPRE1 also regulates organ elongation in
response to BRs [31, 32]. Thus, AtPRE1 interacts with
IBH1 (ILI1 binding bHLH 1), another atypical HLH that
negatively regulates ACE1 (Activator of Cell Elongation
1). When AtPRE1 interacts with IBH1, it prevents its
binding to ACE1 and restores the transcription ability of
ACE to induce cell elongation [31, 32]. Thus, this trianta-
gonistic bHLH system, which is generally used for these
transcriptional regulators to perform its function, seems
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to be important in determining the final size of plant cells
[31, 32].

Furthermore, in tomato, the PRE-like gene SIStyle2.1
controls both the elongation and length of floral style,
and has also been related to the evolution of self-
pollination flowers in cultivated varieties [42]. In all
these cases, the balance of triantagonistic bHLH proteins
might be important to determine both the size of plant
cells and the regulation of cell elongation, acting
downstream of multiple external and endogenous signals
[31, 32, 43].

Very little is known about the role of bHLH/HLH reg-
ulators in fruit ripening. In fruits, only an atypical HLH
has been described in tomato (SIPRE2) that seems to
participate in the development of the immature fruit but
not in the stages of fruit ripening [33, 34]. This tran-
scriptional factor is predominantly expressed in the fruit
development and the silencing of its transcription dimin-
ished fruit size due to a thinning of the fruit pericarp
[34]. Furthermore, SIPRE2 transcription was GAjz-indu-
cible in immature green fruits. The authors suggest that
SIPRE2 may regulate fruit size through the regulation of
the cell expansion [34].

However, the specific role played by the bHLH/HLH
in the fruit ripening process is not known. In this paper,
we present the functional characterization, along the rip-
ening of the strawberry receptacle, of an atypical HLH
protein (FaPRE1). The transcription pattern of this gene
is receptacle specific and clearly inducible along the rip-
ening stages. In addition, the FaPREI transcription is
regulated positively for the internal concentration of
abscisic acid (ABA) in the receptacle but not for the
content of GAj. The transitory silencing of FaPREI tran-
scription by agroinfiltration in receptacle produced the
down-regulation of a group of genes related to the rip-
ening process while it induced the transcription of genes
involved in receptacle growth. All these results indicate
that FaPRE1 plays a novel and important pivotal func-
tional role along the receptacle ripening process differ-
entially coordinating the antagonistic transcription of
genes related to the receptacle growth and of those
genes involved in receptacle ripening.

Results

FaPRE genes encode atypical HLH proteins

Bioinformatics analysis of the available Fragaria vesca
(v2.0.a2) [44] and Fragaria x ananassa genome (v1.0-al) [45]
has allowed us to identify three PRE genes (FaPRE) in straw-
berry genome that we have named FaPREI (gene30478),
FaPRE2 (gene28320) and FuPRE3 (gene03986). The compari-
son of the deduced proteins from FaPRE genes had a 90%
amino acid sequence identity among them (Fig. 1a). Phylo-
genetic analysis showed that FaPRE1, FaPRE2 and FaPRE3
proteins can be classified into the atypical HLH subgroup 16
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of the 32 plant bHLH/HLH subfamilies [22] (Add-
itional files 1, 2).

In addition, the analysis of the FaPREs amino acid de-
duced sequence with InterProScan software revealed
that, as in other similar PRE-like proteins, FaPREs lack
the basic region at the amino terminal end of the protein
which is characteristic of the bHLH transcription factors
and responsible for their specific DNA binding ability.
The atypical HLHs interact with bHLHs transcription
factors and, in this way, interfere with their regulatory
activity by blocking its binding to the cis-regulatory se-
quences positioned on the gene promoters that regulate.
In this sense, the existence of a putative helix-loop-helix
(HLH) domain, which is important for the interaction
with other HLH transcription factors, was observed in
the three FaPREs deduced proteins (Additional file 3B).
It is noteworthy that this HLH domain is highly con-
served in all PRE family members from A. thaliana [20],
as well as in other plants as rice and grape
(Additional file 3C) [23, 46]. Using the Plant-mPLoc
program  (http://www.csbio.sjtu.edu.cn/cgi-bin/Plantm-
PLoc.cgi) to determine the bioinformatic prediction of
FaPREs, a nuclear subcellular localization for these pro-
teins was predicted (Additional file 3D), as has previ-
ously been described in other plant species [47, 48].

FaPRE1 protein is located in nucleus

To confirm bioinformatics predictions related to the sub-
cellular location of FaPRE1 protein, we carry out in vivo
heterologous studies in N. benthamiana. For that, a N-
terminal translational fusion protein construct between
FaPRE1 and GFP proteins was driven under the control of
a CaMV35S promoter. Confocal imaging analysis of the
agroinfiltrated leaves indicated that the fusion protein co-
localized with the nucleus marker DAPI (Fig. 2).

The spatio-temporal expression of FaPRE genes indicates
that FaPRE1 is a ripening-related gene

qRT-PCR studies were performed to determine the spatial
expression of the three FaPRE genes. Our analysis showed
that FaPRE2 and FaPRE3 transcription was restricted to
vegetative tissues with a scarce or negligible transcription in
the receptacle. However, FaPREI was almost exclusively
expressed in ripe receptacle (Fig. 1b). For this reason, a
more detailed spatio-temporal study of FaPREI expression
was carried out in the strawberry receptacle at different
stages of growth and ripening. The data indicated that the
amount of FaPREI transcript increased steadily along the
development and receptacle ripening stages, reaching their
highest levels of transcription in the fully ripe stage (R).
Afterwards, a slight decrease of transcript was observed in
the overripe stage (OR), that was more pronounced in the
senescent stage (SN), where only a low transcription level
was detected (Fig. 1c). In contrast, transcript levels in
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Fig. 1 a Alignment of the predicted amino acid sequences of FaPRE1, FaPRE2 and FaPRE3 proteins. b-d Analysis by gRT-PCR of FaPRE genes
expression in different tissues of Fragaria x ananassa “Camarosa” plants. b Analysis of FaPRE genes expression in some selected developing
receptacles compared with vegetative tissues. Analysis of FaPRE genes expression in receptacles (c) and achenes (d) in different stages of
development. Rec G1 and G1, small-sized green fruit; G2, middle-sized green fruits; G3, full-sized green fruit (G1 and G3: stages of development);
Rec W and W, white stage; Rec R and R, ripe stage; OR, overripe stage; SN, senescent stage. Results were obtained using 3'UTR specific primers
and quantification is based on Ct values. Relative expression values were calculated relative to receptacles G1 stage Ct value, which was assigned
an arbitrary value equal to unity. Values are mean + SD of five independent experiments. Statistical significance with respect to the reference
sample was determined by the Student's t-test: **p < 0.01, ***p < 0.001

achenes, corresponding to the different development and
ripening stages, were negligible with respect to the values
observed in the receptacle (Fig. 1d). Besides, the FuPREI
expression was not significant in vegetative tissues. All
these data taken together suggest the participation of
FaPREI in the strawberry receptacle ripening process while
FaPRE2 and FaPRE3 would develop their function in the
vegetative tissues of the plant.

Hormonal regulation of FaPRE genes transcription
Considering that FaPREI is a ripening-related gene, its
regulation by auxins and ABA was studied. It has been

previously reported that achenes removal from the sur-
face of immature G3-stage fruits decreases the inner
concentration of auxins in the receptacle, which induces
the transcription of many ripening-related genes [9, 19].
Similarly, the FaPREI transcription increased in de-
achened receptacles (G3-achenes) with respect to that
observed in control receptacles (G3) (Fig. 3a). As ex-
pected, this induction was abolished by the external ap-
plication of the synthetic auxin IAA (Fig. 3a). Both
results suggest that FaPREI gene transcription was nega-
tively regulated by the internal content of auxins in im-
mature receptacles. On the other hand, and supporting
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Fig. 2 Subcellular localization of FaPRE1-GFP or free GFP upon transient expression in Nicotiana benthamiana leaves. Leaves from N. benthamiana
were agroinfiltrated with translational constructs 355-GFP-FaPRE1 and with 355-GFP as control. Fluorescence signal detected using a confocal
microscope. GFP, green fluorescent protein; DAPI, 4'6-Diamidino-2-Phenylindole; AF, Autofluorescence; MERGE, merged view of the GFP and DAPI

AF ~ MERGE

the previous data, the transcription of FaPRE1 decreased
in receptacles where ABA production was diminished ei-
ther by the inhibition of FaNCED1 enzymatic activity
through the fruit treatment with NDGA or by the transi-
tory silencing of the FuNCEDI transcription (Fig. 3b)
[9]. This differential hormonal expression pattern shows
that, as in the case of many ripening-related genes,
FaPRE1 gene transcription is regulated, directly or indir-
ectly, by the ratio ABA/auxins [19].

In A. thaliana, it has been previously demonstrated
that gibberellic acid (GA) regulates cell elongation
through the increase of AtPRE1 transcription [20]. On
the other hand, SIPRE2 also shows an important role in
the cell enlargement along tomato fruit development
through GAs [34]. In strawberry fruit receptacles, al-
though endogenous GA content has been measured
along receptacle development and ripening [49, 50], the
relationship between GAs and fruit ripening has not
been established. To determine whether FaPREI tran-
scription is under the control of GAs, strawberry fruit
were injected with gibberellic acid (GA3) or paclobutra-
zol (PBZ), a compound that blocks gibberellin biosyn-
thesis. Interestingly, in both cases, no significant changes
were detected in FaPREI transcription between treated
fruits versus untreated control fruits while GA20x3, a
control gene related with the GA degradation in straw-
berry fruit, was induced by GAs and repressed by PBZ
treatment respectively (Fig. 3c). Besides, no phenotypic
changes were observed in treated fruits compared to

controls (data not shown). These results discard that
gibberellins affect the FAPREI gene transcription in ripe
fruits. This fact was reinforced by the bioinformatic ana-
lysis of the pFaPREI promoter that showed the absence
of GARE cis-regulatory sequences (DNA recognition
sites of gibberellin response) in this promoter (Fig. 4).
On the contrary, in vitro strawberry plants treated
with GAj3; showed morphological changes that resulted
in elongated plants while PBZ treated-plants displayed a
dwarfed phenotype (Additional file 4). The analysis of
FaPRE genes transcription in leaves, pedicel and root of
the treated versus untreated plants showed that FaPRE2
increased its transcription in all the analyzed tissues
from GAj treated-plants while FaPRE3 transcription did
not vary with respect to the control (Additional file 4B-
D). In addition, FaPRE2 and FaPRE3 transcription was
significantly reduced in all tissues in the presence of
PBZ (Additional file 4 B-D). This suggests that both
FaPRE2 and FaPRE3 are under the regulation of GA3
and probably play an active role in gibberellin signaling
in vegetative tissues but not in fruits. Moreover, the pro-
moter analysis of both genes presents GARE-motifs. In
the pFaPRE2 promoter region two GARE-motifs were
present, whereas in pFaPRE3 only one was present
(Fig. 4). These data not only support the idea that the
FaPRE2 and FaPRE3 transcription is regulated by gibber-
ellins but relate the transcript level of each gene in re-
sponse to this hormone with the number of GARE-motifs
identified in their promoter sequences. Furthermore, these
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results support the proposal that the transcription of
FaPRE] is independent of GAj; levels.

High-throughput transcriptional analysis of transgenic
receptacle where the FaPRE1 transcription was silenced
Considering that FaPRE1 is a transcriptional co-regulator,
to determine the putative functional role that FaPRE1
plays along the ripening process, we proceeded to transi-
torily silence its transcription in ripened fruit by RNAi-
FaPREI agroinfiltration approaches. RNAi-FaPREI si-
lenced receptacles did not shown any phenotypical
changes when compared to control receptacles (data not
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shown). Using a custom-made oligo-based microarray
platform [19], a transcriptomic comparison between
transgenic receptacle, where the FaPREI transcription was
silenced, versus control receptacles was carried out (Add-
itional files 5, 6) and the obtained data were validated by
qRT-PCR (Additional file 7). The transcriptomic results
and their comparison with red receptacle transcriptomes
[19], showed that the transcription of 227 genes was
down-regulated in FaPREI silenced ripen receptacles, out
of which160 (70%) were also ripening-related genes (Add-
itional files 8, 9). By way of contrast, the transcription of
276 genes was up-regulated in RNAi-FaPREI receptacles,
out of whom 211 (76%) were overexpressed in immature
strawberry receptacles (Additional files 8, 10).

Among the ripening related genes whose transcription
was downregulated in RNAi-FaPREI ripen receptacles, we
found transcription factors as FaMybl0 (gene31413) and
FaEOBII (gene28435) [8, 9] (Additional files 9, 10). Both
TFs, with a regulatory role in the flavonoid/phenylpropa-
noid pathway during ripening, were significantly down-
regulated in transgenic receptacle with FuPRE1 transcrip-
tion silenced (Table 1). The same behavior was shown by
other genes whose function is described in strawberry
during its ripening process, such as gene21638 (FaPGl,
polygalacturonase-1 [51]) and gene31030 (FaRGlyasel,
rhamnogalacturonate lyase-1 [52]), which synthesize
hydrolytic enzymes related with the cell wall dismantling
during the ripening; gene28407 (FaQR, Quinone oxidore-
ductase [53]), gene07931 (FaAAT2, Alcohol acyl
transferase-2 [6]) and gene34009 (FaAATI1, Alcohol acyl
transferase-1 [54]), which synthesize enzymes involved in
the biosynthesis of esters that contribute to the final
aroma of the fruit; and genel4611 (FaF3H, Flavanone 3-
hydroxylase [55]), gene20700 (FaCADI1, cinnamyl alcohol
dehydrogenase-1 [56]) and gene25260 (FaEGS2, Eugenol
synthase-2 [57]), related to the phenylpropanoids biosyn-
thesis in strawberry ripe fruit (Table 1). All these results
seem to indicate that FaPREI gene might have a regula-
tory function in the strawberry ripening process.

On the other hand, the FaPRE]I silencing induced the ex-
pression of genes whose transcription was higher in imma-
ture green receptacles, in the development and growth
stages, but not in ripening stages. Most of these genes are
related with the metabolism and remodeling of the cell wall,
both vital processes for the fruit growth and development.
Thus, the FaPRE] silencing induced clearly the transcrip-
tion of the gene01986 and gene02631 that encode a Xyloglu-
can endotransglucosylase/hydrolase and a Xyloglucan
glycosyltransferase respectively (Table 2). These genes could
be related with the hydroxylation and reconnection of xylo-
glucan fragments during the wall growth [58]. Similarly,
gene23429 (Pectate lyase 12) and gene04435 (Expansin-Al)
are also up-regulated in FaPREI-RNAI receptacles. PLs and
Expansins have been related to cell elongation and cell wall
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extensibility [58] (Table 2). In addition, the transcription of
gene20426 and gene26607 was also induced in the same re-
ceptacles. Both genes encode beta-glucosidases, enzymes
that are potentially involved in cellulose degradation [58]
(Table 2). Otherwise, the transcription of gene09384,
genel1861 and gene24005, that encode an Auxin efflux car-
rier, an Auxin-responsive protein IAA27, and an Indole-3-
acetic acid-amido synthetase GH3.1 respectively, was add-
itionally over-expressed in FaPREI-RNAi receptacles
(Table 2). These three genes are related to the response to
auxins which is the hormone that regulates the strawberry
receptacle growth and development [59].

Discussion

In this article, we present the functional characterization
of the FaPRE1, a gene belonging to the strawberry
FaPRE family (FaPREI, FaPRE2 and FaPRE3), which are

the putative orthologous of the A¢PRE genes from Ara-
bidopsis thaliana.

FaPRE1 gene was classified as member of the subfam-
ily of atypical bHLHs by lacking a DNA binding domain.
In this subfamily are also included both the ILI-1 gene
from rice [32], SIPRE2 from tomato [33], as well as the
members of the Arabidopsis PRE family [22] (Add-
itional files 1, 2, 11). AtPRE1 [20], ATBS1 [39], PGL1
and APG [40, 60], and IBH1 [31] which are involved in
transcriptional regulatory processes as repressors,
through the blockage by heterodimerization of bHLH
transcription factors. As expected by bioinformatic
analysis, a nuclear localization of FaPRE1 (Fig. 2,
Additional file 3D) supports their relationship with tran-
scriptional regulatory processes. According to our ex-
perimental data the FaPRE1 could play a similar role in
strawberry fruit ripening process.
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Table 1 Selected genes down-regulated in strawberry FaPRET-RNAI receptacles (fold FaPRET-RNAI) and up-regulated in strawberry
red receptacles (fold ripening). Gene ID and corresponding annotations as reported in Fragaria vesca Genome Database (https://

www.rosaceae.org/) [73]

Table 1. Selected genes down-regulated in strawberry FaPRE -RNAi receptacles (fold FaPRE1-RNAI) and up-regulated in strawberry red receptacles (fold ripening). Gene ID and
corresponding annotations as reported in Fragaria vesca Genome Database (http://www.strawberrygenome.org/) [73].
Gene ID v2.02  Gene ID v4.01 Fold FaPBEl_ p-value .FOlfi p-value Annotation Reference
RNAi ripening
Transcription factors
gene31413 FvH4_1g22020 -4,672 0,00629] 62,013 up  0,0003 R2R3-MYB transcription factor MYB10 [Fragaria x ananassa] [9]
gene28720 FvH4 6238370 -6,114 0,00098 | 24,423 up  0,0001 Probable WRKY transcription factor 71 [Fragaria vesca subsp. vesca]
gone28435 Foli4_6¢50930 3,541 0,0902 | 46,063 up 0,001 Emission of benzenoids 11 prote::]f‘izii)]Bll) [Fragaria x ananassa subsp. (8]
gene24494 FvH4_6g37880 -3,978 0,0018 | 5,938 up  0,0008 Floral homeotic protein AGAMOUS (similar to)
gene30404 FvH4 3204920 -3,714 0,00425] 3,350 up 0,0023 RING finger protein 141 (probable)
Cell wall-related genes
gene31030 FvH4_1g03300 4158 0,00172] 12,019 up  0,0001 Probable rhamnogalacturonastlclblz/ssi:c(;aRGLyasc1) [Fragaria vesca [52]
gene21638 FvH4_6g41380 -12,174 0,00145[143,225up  0,0001 Polygalacturonase (FaPG1) [Fragaria x ananassa] [51]
gene03442 FvH4_ 3223380 -5,179 0,00696 | 68,112 up  0,0001 Endoglucanase 11-like [Fragaria vesca subsp. vesca]
gene23967 FvH4_6g42840 -8,365 0,00229| 2,095up  0,0640 Cellulose synthase-like protein H1 [Rosa chinensis]
gene01127 FvHA4 6241740 -10,229 0,0012 | 14,391 up  0,0036 Exopolygalacturonase, Precursor (putative)
Aroma-related genes
gene28407 FvH4_6g50700 -9,065 0,00173] 24,311 up  0,0057 Quinone oxidoreductase [Fragaria x ananassa] [53]
genel8229 FuH4_6g14170 6,058 0,002 | 9.481up  0,0002 Short-chain dehydrogenase TIC SVZe,S(c:];;oroplastic [Fragaria vesca subsp.
genel4837 FvH4 328240 -9,972 0,00653 936,377 up  0,0001 O-acyltransferase WSD1-like [Rosa chinensis]
genel4266 FvH4_7g03220 -3,223 0,0197 | 3,626up  0,0013 NADPH:quinone oxidoreductase-like [Rosa chinensis]
gene07931 FvH4 3238870 -13,792 0,00112] 23,478 up  0,0377 Alcohol acyl transferase (FAAAT2) [Fragaria x ananassa] [6]
gene34009 FvH4_7g18570 -4,92 0,00136] 4,079 up 0,0013 Alcohol acyltransferase (FAAAT1) [Fragaria x ananassa] [54]
gene34008 FvH4_7g18560 -3,533 0,00437( 10,837 up  0,0006 BAHD acyltransferase At5g47980 (probable)
gene28406 FvH4 650700 3208 00105 | 2304up 0,021 Quinone oxidoreductase-like pr((;l;ri:littlog)ﬁ 740, chloroplastic, Precursor
gene24674 FyH4 303050 631 0,00193] 10,657 up  0,0005 (3S,6E)-Nerolidol synthase 1, chloroplastic-like isoform X2 [Fragaria vesca
subsp. vesca]
Phenylpropanoid-related genes
gene20698 FvH4_1g19270 -4,685 0,00179] 10,549 up ~ 0,0001 Probable mannitol dehydrogenase (putative)
gene31672 FvH4_1g27460 -4,427 0,00187]529,169 up  0,0001 glutathione S-transferase F11-like (FaGST1)
genel4611 FvH4_1g11810 -4,091 0,0149 | 2,749 up 0,0011 Flavanone 3-hydroxylase [Fragaria x ananassa] [55]
gene26825 FvH4_7g01160 -3,492 0,0139 | 3,092up  0,0044 Chalcone synthase [Fragaria x ananassa]
gene20725 FvH4_1g19390 -3,604 0,00226| 10,787 up ~ 0,0028 Putative UDP-rhamnose:rhamnosyltransferase 1 [Rosa chinensis]
gene29482 FvH4_7g01560 -3,196 0,00602| 4,517up  0,0012 Cinnamoyl-CoA reductase 1 isoform X2 [Populus trichocarpa]
gene25260 FvH4 2g09110 -17,792 0,00162207,001 up  0,0001 Eugenol synthase 2 [Fragaria x ananassa] (FaEGS2) [57]
gene20700 FvH4_1g19270 -5,07 0,00587| 11,743 up  0,0001 Cinnamyl alcohol dehydrogenase-1 (FaCAD1) [56]
gene20698 FvH4 _1g19270 -4,685 0,00179] 10,549 up  0,0001 Probable mannitol dehydrogenase (putative)
gene26353 FvH4 2805620 -4,482 0,00821| 3,907up  0,0009 Anthocyanin 3'-O-beta-glucosyltransferase (3'GT) (putative)
2ene29483 FvH4 7201590 -6,681 0,0041 | 6,188 up 0,0003 Dihydroflavonol-4-reductase (DFR) (probable)
Miscellaneous
gene33976 FvH4_6g40060 -8,451 0,0021 | 7,217up  0,0037 BAHD acyltransferase At5g47980 (probable)
gene23793 FvH4_3g07080 -7,991 0,00111| 7,836 up  0,0005 Aquaporin NIP1-1 (similar to)
gene23794 FvH4_3g07080 7,664 0,00103| 8329up  0,0005 Aquaporin NIP1-2 (AtNIP1) (similar to)
gene00277 FvH4_3g07080 -6,197 0,00104| 6,030up  0,0004 Aquaporin NIP1-2 (AtNIP1) (similar to)
gene34011 FvH4_7g18640 -5,525 0,00143| 4,134up  0,0331 BAHD acyltransferase At5g47980 (probable)
genel4841 FvH4_3g28210 -5,884 0,00381| 6,858 up  0,0007 Gibberellin 3-beta-dioxygenase 4 (AtGA3o0x4) (probable)
gene07028 FvH4_4g18550 -4,129 0,00207 {106,577 up  0,0001 Multidrug and toxin extrusion protein 1 (MATE-1) (probable)
gene00616 FvH4 4235840 -2,859 0,0223 | 2,157up  0.1670 Probable NAD(P)H-dependent oxidoreductase 1 [75]

FaPRE1 and fruit ripening

FaPRE1 presented an expression model characteristic of
a ripening-related gene, with transcription values negli-
gible in both immature receptacles and vegetative tis-
sues, but high in ripened stages. In strawberry, this is a
common transcription pattern that is shared by the vast
majority of ripening-related genes [19]. This model of
expression is characterized by being a) ripening-related;
b) receptacle-specific; c) negatively regulated by auxins,
and d) induced by ABA. FaPREI follows these criteria
since the amount of FaPREI transcript increases along
receptacle ripening (Fig. 1c) and is preferentially
expressed in mature red receptacle (Fig. 1b-c). Other-
wise, the FaPREI transcription was also negatively

regulated by auxins but positively by ABA (Fig. 3a-b).
The spatial-temporal and the hormonal transcription
profile of FaPREI are in agreement with the above-
mentioned criteria and are also in accordance with the
proposal of [59], who suggested that the ABA/auxins ra-
tio determines the transition from the development to
the ripening stage in the strawberry receptacle. Thus,
auxins would be produced in immature achenes and re-
leased to the receptacle promoting its growth but pre-
venting premature ripening. Afterwards, the auxin
production would be arrested and subsequently the en-
dogenous biosynthesis of ABA in the receptacle would
be stimulated increasing the ABA/auxins ratio and thus
promoting the ripening process [59]. This proposal was
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Table 2 Selected genes up-regulated in strawberry FaPRET-RNAI receptacles (fold FaPRET-RNAI) and down-regulated in strawberry
red receptacles (fold ripening). Gene ID and corresponding annotations as reported in Fragaria vesca Genome Database (https://
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Table 2. Selected genes up-regulated in strawberry FaPRE] -RNAi receptacles (fold FaAPRE1-RNAI) and down-regulated in strawberry red receptacles (fold ripening). Gene ID and
corresponding annotations as reported in Fragaria vesca Genome Database (http://www.strawberrygenome.org/) [73].
Gene ID v2.02  Gene ID v4.01 Fold;Naf;li{El- p-value| Fold ripening p-value Annotation Reference
gene34043 FvH4_3g44790 3,166 0,0117 -2,83 0,0234 Disease resistance response protein 206 (probable)
gene07623 FvH4_2g01540 20,061 0,0028 -7,528 0,0268 Thaumatin-like protein 1, Precursor (similar to)
gene29468 FvH4 7201430 14,096 0,0105 -2,341 0,0050 Polyamine oxidase (PAO)
Cell wall-related genes
gene23429 FvH4_7g18400 9,278 0,0038 -8,326 0,0005 Pectate lyase 12
gene20426 FvH4_ 2208690 4,873 0,0024 -2,571 0,0116 Glucan endo-1,3-beta-glucosidase 7 ((1->3)-beta-glucanase 7)
genel4102 FvH4_3g36000 5,079 0,0070 -2,482 0,0094 fasciclin-like arabinogalactan protein
genel8252 FvH4_ 6220860 11,107 0,0012 -3,61 0,0038 Fasciclin-like arabinogalactan protein 17
genel5268 FvH4_3g29120 19,349 0,0017 -21,293 0,0004 FASCICLIN-like arabinogalactan protein
gene26607 FvH4_ 7322480 11,657 0,0010 -4,075 0,0013 Glucan endo-1,3-beta-glucosidase
gene04435 FvH4_6g48210 6,986 0,0025 -7,725 0,0002 Expansin-Al
gene01986 FvH4_6g43860 14,122 0,0247 7,025 0,0028 Xyloglucan endotransglucosylase/hydrolase protein 9
gene32082 FvH4_5g04440 7,881 0,0012 -2,172 0,0022 Polygalacturonase
gene29850 FvH4_4g10050 4,234 0,0016 -2,24 0,0349 UDP-glucuronate 4-epimerase 1
gene(2631 FvH4 2232570 5,374 0,0014 -2,845 0,0092 Xyloglucan glycosyltransferase 12
Hormones
gene09384 FvH4 5g17310 25,473 0,0054 -28,871 0,0007 auxin efflux carrier
genel1861 FvH4_1g05630 7,803 0,0011 -2,256 0,0466 auxin-responsive protein IAA27
genel0566 FvH4_2g25330 9,006 0,0089 -11,331 0,0053 Putative indole-3-acetic acid-amido synthetase GH3.9 (AtGH3-9)
gene30958 FvH4_ 1204080 8,532 0,0011 -4,069 0,0455 DELLA protein GAI
gene06210 FvH4 4g34110 3,242 0,0026 -2,707 0,0125 GAIL
gene24005 FvH4 1216980 26,543 0,0193 -52,235 0,0007 Indole-3-acetic acid-amido synthetase GH3.1
Phenylpropanoids related genes
genel 5877 FvH4_6g27940 14,144 0,0066 -9,729 0,0022 4-coumarate--CoA ligase 2 (4CL 2)
gene24665 FvH4_3g02980 3,069 0,0402 -11,452 0,0003 Leucoanthocyanidin reductase (LAR) [55]
gene34393 FvH4 3205830 4,36 0,0014 -13,128 0,0006 UDP-rhamnose:rhamnosyltransferase 1
gene03834 FvH4 6248750 9,664 0,0060 -5,902 0,0054 isoflavone-7-O-beta-glucoside 6"-O-malonyltransferase
Transcription factors
genel2308 FvH4_4g06830 3,167 0,0036 -2,967 0,0121 Probable WRKY transcription factor 11
gene28958 FvH4_3g09890 3,823 0,0028 -2,069 0,0293 BTB/POZ domain-containing protein Atlg30440 (similar to)
gene01554 FvH4 1217280 8,053 0,0023 -3,273 0,0007 BTB/POZ domain-containing protein At5g48800 (probable)
Transporter activity
gene23712 FvH4_2g15440 8,28 0,0010 -2,367 0,0266 Aquaporin PIP2-7 [76]
gene25767 FvH4 6231970 16,648 0,0023 -2,439 0,0053 Aquaporin (TIP2;1)

experimentally demonstrated recently [2, 5, 9]. A similar
transcription pattern has been found in other ripening-
related genes that encode transcription factors such as
FaMYBIO [9], FaEOBII [8] or FaDOF2 [11]. Further-
more, it has been reported that PRE-like genes are under
the positive regulation of GAs [20, 43]. That is not the
case of the FaPRE] gene since the treatment of recepta-
cles with GAj3 did not result in an increase of its expres-
sion, unlike theGA20x3 control gene, discarding any
involvement of this hormone in the regulation of
FaPRE1 transcription in ripe strawberry fruit (Fig. 3c).
This assumption is reinforced by the absence of regula-
tory sequences response to GAs (GARE-motifs) in the
pFvPRE1 promoter (Fig. 4). However, these motifs are
present in the pFvPRE2 and pFvPRE3 promoters, two
genes that have a specific expression of vegetative tis-
sues. All these expression data suggest that FaPREI
plays a different physiological role than FaPRE2 and
FaPRE3, mainly focused on the process of fruit ripening.

In soft fruits, with the exception of tomato, the func-
tional role played by PRE-like genes during the fruit rip-
ening process has not been studied. Very recently, the
relationship between a PRE-like atypical HLH gene

(SIPRE2) and the growth of tomato fruit has been estab-
lished [33, 34]. Thus, in tomato immature fruit, SIPRE2
seems to have a repressor role of chlorophyll accumula-
tion and chloroplast development. In addition, it re-
presses the transcription of genes involved in the
carotenoid’s biosynthesis during the fruit ripening
process [33]. However, SIPRE2 presents a different ex-
pression pattern from that observed for FaPREI. Thus,
while SIPRE2 was expressed in both fruit and vegetative
tissues as root, young leaf, mature leaf, senescent leaf,
flower and sepal, the FaPREI transcription was re-
stricted to the ripened receptacle. In tomato vegetative
tissues, the highest transcription levels were found in
young leaf and in flowers where the elongation processes
are more active. This is not the case of FuPREI, whose
transcription is mainly limited to the final stages of re-
ceptacle ripening, in which the processes of cellular
elongation are not significant. Besides, SIPRE2 was
expressed strongly in small tomato immature fruit, but
its transcript level decreased with the growth, although
at a later point its transcription increased slightly along
the ripening process [33, 34]. On the contrary, the
FaPREI transcription raised continuously throughout
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the receptacle ripening. The expression data suggest that
FaPRE1 plays a physiological function different from that
played by SIPRE2 in tomato fruit. Otherwise, the SIPRE2
overexpression (35S-SIPRE2) in tomato fruits gave rise
to a decrease of both chlorophyll and carotenoid content
in unripe and ripe fruits respectively. This fact was ac-
companied by a down-regulation of the transcript levels
of genes related to chlorophyll metabolism and light sig-
naling as GLK2, HY5, RbcS and Cab7 in fruits. Add-
itionally, the transcription of genes involved in the
biosynthesis of carotenoids such as phytoene synthasel
(PSY1), phytoene desaturase (PDS), and (carotene desa-
turase (ZDS) was significantly down-regulated in 35S-
SIPRE?2 transgenic ripe fruits, with a concomitant reduc-
tion of lycopene content [33]. These findings indicated
that SIPRE2 regulates the chlorophyll and carotenoid
content by repressing the expression of these chlorophyll
and carotenoid biosynthetic genes. Besides, SIPRE2 de-
termine fruit size probably through a pathway GA;-
dependent that regulate the pericarp cell expansion [34].
However, in the strawberry ripening process, the regula-
tory FaPREI function seems to be quite different from
that of SIPRE2. Certainly, the comparative analysis car-
ried out between the FaPREI-RNAI and control recepta-
cles transcriptomes have shown that FaPREI plays a
dual function regulating the transcription of two groups
of genes whose expression models are antagonistic. One
of these groups includes those genes that are ripening-
related and mainly expressed in the receptacle during
the fruit ripening process, while the other group con-
tains those genes that have an expression profile that is
more related to the vegetative growth of the receptacle
(Additional files 9, 10).

Among the genes whose transcription may be influ-
enced by FaPRE] in ripened receptacles, we found genes
involved in several metabolic processes related to the or-
ganoleptic properties of fruit. For instance, genes in-
volved in the regulation of the transcription of those
genes belonging to the flavonoid/phenylpropanoid me-
tabolism and that codes two R2R3 MYB transcriptional
factors as FaMYB10 and FaEOBII [8, 9]. We have previ-
ously demonstrated that FaMYBI10 regulates the tran-
scription of most of the Early-regulated Biosynthesis
Genes (EBGs) and Late-regulated Biosynthesis Genes
(LBGs) involved in the flavonoid/phenylpropanoid path-
way, including flavonol-3-hidroxylase (FaF3H), chalcone
synthase (FaCHS), dihidroflavonol reductase (DFR),
cinnamoyl -CoA reductase (FaCCR), cinnamyl alcohol
dehydrogenase (FaCADI), and eugenol synthase-2
(FaEGS2) [9]. Also, FaAMYB10 regulates the FaEOBII ex-
pression, which in turn regulates the transcription of the
gene that encodes the FaEGS2, an enzyme involved in
the biosynthesis of the phenylpropanoid volatile eugenol
[8, 57]. The transcription of all these genes was also
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down-regulated in FaPREI-RNAIi receptacles (Table 3).
These results suggest that FaPRE1 would play an im-
portant regulatory role of the phenylpropanoids path-
way, probably through the regulation of the FaMYBI0
transcription through the sequestering of a bHLH whose
function would be to suppress the gene expression of
this FT in immature receptacle.

In addition, the expression of cell wall-related genes as
FaPG1 and FaRGlyasel [51, 52], that has been previously
demonstrated that are involved in the cell wall disassem-
bly, was also down-regulated in RNAi-FaPREI recepta-
cles (Table 1).

The same behavior was shown by other genes whose
function has been described in strawberry during its rip-
ening process and related with aroma production. For
instance, one of the genes whose transcription was
down-regulated in RNAi-FaPRE] strawberry receptacles
was the ripening-related FaQR gene, that encodes a
quinone oxidoreductase. We have demonstrated that
this enzyme is crucial for the furaneol (4-hydroxy-2,5-di-
methyl-3(2H)-furanone; HDMF) biosynthesis, one of the
most important components of the strawberry fruit
aroma [61]. Besides, the transcription of genes which en-
code two enzymes involved in the biosynthesis of the
key esters that contribute to the final aroma of the rip-
ened fruit, such as FaAAT1 (Alcohol acyl transferase-1)
and FaAAT?2 (Alcohol acyl transferase-2) [6, 54], was also
down-regulated in RNAi-FaPRE] strawberry receptacles.
All these genes share a common expression profile as re-
ceptacle ripening-related genes (Table 1). In general, all
these results seem to indicate that FuPREI gene has a
regulatory function in the strawberry ripening process.

As mentioned above, PREs are HLH proteins which
lack the basic domain required for DNA binding but
dimerize with DNA binding factors bHLH to inhibit
their DNA binding ability [20, 33, 62, 63]. In this sense,
we hypothesize that FaPRE1 might exert its transcrip-
tional regulatory properties through the formation of an
inactive FaPRE1 HLH: bHLHa heterodimeric complex
that would withdraw the amount of bHLHa available to
form a homo or heterodimeric transcriptionally active
complex. We propose that this heterodimerization
should inhibit the formation of a putative heterodimeric
(bHLHa:bHLHDb) transcriptional activator. This complex
would up-regulate the transcription of non-ripening re-
lated genes that are expressed specifically in the imma-
ture receptacle. These genes are related to the growth
and development stages and must be silenced in ripened
receptacles. On the contrary, in ripened receptacles,
FaPRE1 would inhibit the formation of another bHLH
heterodimeric negative regulatory complex that deter-
mines the down regulation of ripening-related genes, but
in non-ripened immature receptacles. This repressor
would be constituted by a heterodimer of two DNA
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Table 3 Selected genes down-regulated in strawberry FaPRET-RNAI receptacles (Fold change FaPRET-RNAI), FaMYB10-RNAI
receptacles (Fold change FaMYB10-RNAi) and NDGA-treatment receptacles and up-regulated in strawberry red receptacle (Fold
change ripening). Gene ID and corresponding annotations as reported in Fragaria vesca Genome Database (https://www.rosaceae.
org/) [73]. FaMYB10-RNAi data are extracted from [9] while NDGA data are extracted from [19]

Table 3: Selected genes down-regulated in strawberry FaPRE[ -RNAi receptacles (Fold FaPREI-RNAi), FuMYB10 -RNAi receptacles (Fold FaMYB10-RNAi), NDGA-treatment
receptacles (Fold NDGA) and up-regulated in strawberry red receptacles (Fold change ripening). Gene ID and corresponding annotations as reported in Fragaria vesca Genome
Database (http://www.strawberrygenome.org/) [73]. FAMYB10-RNAI data are extracted from [9] while NDGA date are extracted from [19]

Fold Fold .
G:zneO;D Gene ID v4.01 | FaPREI- p-value ‘i Fol:;in p-value | FaMYB10- p-value N];;)(l;i A p-value Annotation Bl:“ TO? ?lt Reference
) RNAI pening RNAi ccessio
genel4611 | FvH4_1gl1810 -4,091 0,0149 2,749 0,0011 | -111,839  0,0014 | -44,072 0,00001 | Flavanone 3-hydroxylase | AAU04792.1 [55]
Cinnamyl alcohol
gene20700 | FvH4_1g19270 -5,070 0,0012 | 11,743  0,0001 -37,965  0,0011 | -26,731  0,00000 dehydrogenase (FaCADI ) Q9ZRF1 [56]
gene25260 | Fvid4 2g09110 | -17,793 00016 | 207,001 00001 | -8.58 0,004 | -16,476 0,00001 E”ge(g;é“;?;‘“ 2| AGV02008.1 [57]
gene26826 | FvH4_7g01160 -3,492 0,0120 3,019 0,0051 -22,224  0,0010 | -5,265  0,00000 Chalcone synthase BAE17122
cene28435 | P 6950930 | 3541 00902 | 46063 00001 | 358 00017 | 4173 0,00049 | Emission of bencenoids I o oq 5o 8]
- (FaEOBII)
gene29482 | FvH4_7g01560 -3,196 0,0060 4,517 0,0012 -15,476  0,0021 | -2,564 0,00006 | Cinnamoyl CoA reductase| AAP46143.1 [75]
) R2R3 MYB transcription
gene31413 | FvH4_1g22020 -4,672 0,0063 | 62,013  0,0003 | -419,443  0,0011 | -5,166  0,00001 factor (FaMYBI0) ABX79947 [76]

binding basic helix-loop-helices (h(HLHa:bHLHc). Thus,
the formation of a repressor complex in ripened recep-
tacle would be inhibited by sequestering one of the
monomer partners (bHLHa). In this way, the repression
of ripening-related genes would be avoided thus facilitat-
ing its expression.

A similar but not identical mechanism of interaction
between FaPRE-like genes and bHLHs in response to
different signals, including light, temperature, BRs and
GAs, has been described [31, 32, 43]. For instance, three
PRE genes (PRE1, PRE3/ATBS1, PRE6/KIDARI), posi-
tively regulate organ elongation in response to GAs, BRs
and light signaling [20, 35, 39] through its interaction
with other bHLH transcription factors that negatively
regulate cell elongation, as AtIBH1, AIFs and HFR1 [35,
39, 64]. In Arabidopsis thaliana, a triantagonistic bHLH
system cascade negatively regulates cell elongation in re-
sponse to multiple hormonal and environmental signal-
ing pathways [43]. In this system, the homodimer HBII:
HBI1 is directly bound to the promoter of two EXPAN-
SIN genes activating its transcription. Otherwise, the
interaction of IBH1 with HBI1 inhibits, by heterodimeri-
zation, the production of the activator homodimer which
in turn determines the repression of both EXPANSIN
genes. In addition, PRE1 activates the DNA binding cap-
acity of HBI1 by sequestering its inhibitor IBH1
throughout the PRE1:IBH1 heterodimer formation [43].
Also, this triantagonistic system has been demonstrated
in the interactions between the bHLH Activator of Cell
Elongation 1(ACE1l) and two atypical HLH proteins,
AtIBH1 and PREl, in Arabidopsis [31] and between
ACE1 and ATBSI interaction factors (AIF2, AIF3 and
AIF4) or PRE1 in response to BRs and light [32]. Like-
wise, through a similar regulatory system, the ARF/BZR/

PIF interaction stimulates the hypocotyl elongation in
Arabidopsis [38].

Apparently, in strawberry, FaPREI does not play a
similar function to that of SIPRE2 and cannot be consid-
ered an orthologous gene. However, its function is
clearly involved in the fruit ripening process. In fact, the
genes regulated by FaPREI are different to those regu-
lated by SIPRE2.

Conclusions

In summary, this work presents, for the first time in straw-
berry ripened fruits, experimental data that support an im-
portant novel function for the atypical HLH FaPREI
during fruit ripening. FaPRE1 antagonistically coordinated
the transcription of genes related to both receptacle
growth and ripening. Thus FaPREL], in ripened receptacle,
represses the transcription of receptacle growth promot-
ing genes while activating the transcription of those genes
related to the receptacle ripening process.

Methods

Plant material

Fragaria x ananassa Duch. (cv. Camarosa) plants were
grown under field conditions in Huelva (S.W. Spain).
Strawberry fruits and achenes were harvested at different
stages of development and ripening: small-sized green
fruits (G1, 2-3 g), middle-sized green fruits (G2, 3-5g),
full-sized green fruits (G3, 4-7 g), white fruits (W, 5-8
g), full-ripe red fruits (R, 10-20 g), over-ripe fruits (OR,
10-20g) and senescent fruits (SN, 10-20g). Flowers,
floral buds, petals and vegetative tissues such as pedicels
and expanding leaves were also collected. Nicotiana
benthamiana and strawberry plants (F. x ananassa
Duch. cv. Elsanta) used for infiltration were grown in
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plant chamber at 25 °C, 10.000 Ix and 80% humidity. All
tissues analyzed were immediately frozen in liquid nitro-
gen and then stored at — 80°C. The strawberry plants
were acquired in “Viveros California S.L.” (Huelva,
Spain) while Nicotiana benthamiana seeds were a gift
from Dr. Mufioz-Alamillo.

Hormonal treatments

With the objective to eliminate the auxins of the fruit,
the achenes were carefully removed from two sets of 50
full-sized green fruits (G3) each, in accordance with [9].
Briefly, one set of de-achened G3 fruits was covered with
lanolin paste containing indole-3-acetic acid (IAA) 1
mM in 1% (w/v) dimethyl sulphoxide (DMSO). The
other group of de-achened fruits (control group) was
covered with the same paste but without IAA. Sample
collection and analysis were performed following the in-
structions by [9].

For the gibberellic acid (GA3) treatment, strawberry
fruits were injected at G2 stage with paclobutrazol (PBZ)
100 uM and GA3100 pM. PBZ is a triazole that slows
plant growth blocking the synthesis of gibberellins [65].
Control fruits were injected with water. For each treat-
ment, 30 fruits were infiltrated. Fruits were harvested
after 24 h of experimentation. In parallel, in vitro straw-
berry plants (F. x ananassa Duch. cv. Chandler), micro-
propagated in a N30K medium supplemented with 2.2
mM kinetin [66], were treated with gibberellic acid. Two
groups of six independent clones were grown in MS
medium supplemented with GAz; (100 uM) and PBZ
(100 uM), respectively, and kept in a growth chamber for
11 days prior harvest. Untreated plants were used as con-
trol. All samples and tissues after collection were immedi-
ately frozen in liquid nitrogen and then stored at — 80 °C.

In order to block ABA biosynthesis, 20 strawberry
fruits (F. x ananassa cv. Elsanta) in G3 stage of develop-
ment were injected with nordihydroguaiaretic acid
(NDGA) 100 pM. NDGA is an ideal inhibitor of the 9-
cis-epoxycarotenoid dioxygenase (NCED) enzyme activ-
ity [67] and it has previously been demonstrated to de-
crease endogenous ABA concentration in ripe fruit
receptacle [9]. The fruits were injected with 1-2 ml of
NDGA solution or water (control fruits) and harvested
after 8d of treatment, frozen in liquid nitrogen and
stored at — 80 °C until use. These samples were used for
measurement of the ABA content and relative expres-
sion of FaPREs and FaNCED]1 genes.

Quantification of abscisic acid content

Deuterated abscisic acid (1ABA) was used as an internal
standard. Both the dABA preparation and ABA extrac-
tion from strawberry samples were performed following
the instructions by [9]. In order to determine the ABA
amount, a HPLC-MS system (VARIAN 1200L Triple
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Quadrupole) was used with a column (150 x 2.1 mm i.d.
Phenomenex C;g with 3 um particle) (California, USA).
The conditions and procedure used for the analysis were
the same described by [9].

Bioinformatic resources

Resources of National Center for Biotechnology Infor-
mation (NCBI) (Bethesda, MD) (http://www.ncbi.nlm.
nih.gov) and the European Bioinformatics Institute ser-
ver (EBI) (http://www.ebi.ac.uk/) were used for in silico
study of FaPRE genes sequences against databases. Mul-
tiple sequence alignment and phylogenetic tree con-
struction were performed with the EBI ClustalW2
program or the MegAlign program (from the Lasergene
DNASTAR software package) as well as the FigTree pro-
gram (http://tree.bio.ed.ac.uk/software/figtree/). The pre-
diction of domains and functional sites was performed
with an InterProScan database (version 4.8) (www.ebi.ac.
uk/Tools/pfa/iprscan/) and the prediction of protein
localization sites in cells was performed with a Plant-
mPLoc computer program (http://www.csbio.sjtu.edu.
cn/cgi-bin/PlantmPLoc.cgi). BlastN was also used to
localize the genes position in F. vesca and F. x ananassa
genome at a GDR databank (https://rosaceae.org). Avail-
able F. vesca (v 2.0.a2) genome [44] were used to deter-
mine FaPRE promoter sequences. The promoter analysis
of FaPRE genes were performed with the PlantCARE
database  (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/).

Generation of RNAi constructs and transfection of
strawberry fruits by agroinfiltration

A fragment of 626-pb (RNAi-fragment) from FaPREI
¢DNA was PCR amplified and cloned into pCR*8/GW/
TOPO® vector (Invitrogen). Later, the RNAi-fragment
was transferred to the pFRN binary vector (courtesy of
Marten Denekamp) by LR recombination. The RNAIi
construct (pFRN-FaPREI) generated was tested by se-
quencing and restriction analyses prior to transform-
ation of strawberry fruit. The RNAi-FaPREI construct
was transformed into Agrobacterium tumefaciens strain
AGL1. RNAi-construct was used to obtain transient
transgenic strawberry fruit with the FaPREI expression
silenced by agroinfiltration [68]. The injection of RNAi-
construct was performed with a syringe into the base on
the entire fruits attached to the strawberry plant follow-
ing the indications of [68]. 30—40 fruits were inoculated
and analysed of a total of 15-25 strawberry plants.

Subcellular localization analysis

The construct used for localization studies was derived
from the binary vector pK7WGEF2, which allows for the
N-terminal fusion of the selected protein with GFP [69].
The 282-bp CDS of the strawberry FaPREI gene was
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amplified from F. x ananassa cDNA using specific
primers (Additional file 12) and cloned into the
pDONR™221. The PCR-product was then transferred to
the pK7WGF2 destination vector, resulting in 35S-GFP-
FaPRE] fusion construct. The generated construct was
tested through sequencing prior to N. benthamiana
leaves agroinfiltration. The procedures used for N.
benthamiana agroinfiltration have been previously de-
scribed [8, 10]. N. benthamiana plants were agroinfil-
trated with clones to express FaPRE1-GFP and GFP. The
samples were imaged 2 days after agroinfiltration on a
Leica TCS SP8 point scanning confocal microscope
using the pre-set settings for GFP with Ex:488 nm, Em:
500-550 nm. For nuclear staining, samples were stained
with a solution of 40 ug/ml DAPI 10 min before imaging
with Ex:405 nm, Em: 448-525 nm.

RNA isolation

Total RNA was isolated from three independent pools
(10 fruits per pool) of strawberry fruits at different devel-
opment stages and plant vegetative tissues following the
indications of [70]. When strawberry fruits were used,
the achenes were always removed before extracting the
RNA from the samples. In any case, the RNA extracted
was always incubated with DNase I (RNase free) (Invi-
trogen) to eliminate the genomic DNA contamination
following manufacturer’s instructions. The RNA quality
and integrity were checked using an Agilent 2100 Bioa-
nalyzer (Agilent Technologies, Deutschland). Only sam-
ples with a RIN value =8 were used for subsequent
transcriptomic analyses.

Microarray generation and analysis

The transcriptomic changes produced by the FaPREI si-
lencing were determined using a custom-made oligo
microarray platform (60-mer length; FraGenomics 35 k)
containing a total of 34.616 singletons corresponding to
those sequences published in the strawberry genome
project (http://www.strawberry.org). We compared the
transcriptomes from control red receptacles injected
with the empty pFRN vector versus red receptacles
injected with the RNAi-FaPREI construct. The same
microarray platform was also used for the transcriptomic
analysis of the strawberry ripening fruit process compar-
ing the transcriptomes from green (G1) receptacle versus
red (R) receptacle [19]. The corresponding data were de-
posited in the GEO database (www.ncbinlm.nih.gov/
geo/) with the GSE125995 for silencing data and
GSE126220 for ripening data [19]. The criteria for the
selection of the differentially expressed genes were log,
fold change > +2 and p<0.05 in both analyses. The
microarray characteristics, hybridization and processing
conditions were as described in [8].
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Validation of microarray data and expression analysis by
quantitative real-time PCR

Expression analyses of the genes herein studied in differ-
ent physiological conditions and for microarray valid-
ation were performed by quantitative real-time PCR
(qRT-PCR) using iCycler system (BioRad), as previously
described by [9, 71]. Specific primers of the 3'UTR re-
gions were designed to analyze the expression of the
PRE-like genes (FaPREI, FaPRE2 and FaPRE3) identified
in the strawberry genome. Besides, to validate the ex-
pression data obtained in the microarray analysis, spe-
cific primers were designed on several genes that
showed differential expression in the experimental situa-
tions analyzed. Additional file 12 depicts the primer se-
quences used for all quantitative amplifications. The
relative increase or decrease of gene expression in the
samples in comparison to that in the control gene was
calculated in accordance with Pedersen and [72]. Inter-
spacer 265—18S gene was selected as control gene owing
to its constitutive expression.

Statistical analysis of data
Statistical significance was tested with a Student’s ¢-test
using SPSS software.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512870-019-2092-4.

Additional file 1. Phylogenetic tree of 184 bHLH/HLH transcription
factors. FaPREs taxa is written in black and grey clade contains sequences
belonging to subgroup 16. The tree was constructed using the IQTREE
web software (http://igtree.cibiv.univie.acat/) by the neighbor-joining
method with 1000 bootstrap replicates.

Additional file 2. Subfamily classification of 182 plant bHLH/HLH
sequences examined in this study and additional information.

Additional file 3. A. Table containing additional information of the
atypical HLH sequences belonging to subgroup 16. B. Screenshot
corresponding to the prediction of domains performed with InterProScan
database (version 5) (http://www.ebi.ac.uk/Tools/pfa/iprscan5). C.
Sequence alignment of bHLH proteins. Identical amino acids are shaded
in black. The two helices are indicated with sets of black arrows and the
loop is indicated with a grey line. Numbers indicate amino acid positions.
D. Screenshot corresponding to the result of protein localization sites
prediction in cells performed with the Plant-mPLoc computer program
(http//www.csbio.sjtu.edu.cn/cgi-bin/PlantmPLoc.cgi).

Additional file 4. Phenotypic analysis of F. X ananassa “Chandler”

in vitro plants grown in N30K medium supplemented with hormones. (A)
General view of control plants (CONTROL) and treated plants with
gibberellic acid (GAs) and paclobutrazol (PBZ) after 11 dpt. Analysis by
gRT-PCR of FaPRET, FaPRE2 and FaPRE3 expression in leaves (B), pedicels
(©) and roots (D) from in vitro strawberry plants (F. x ananassa "Chand-
ler”) treated with GAs and PBZ. Mean values + SD of three independent
experiments are shown. CONTROL, plants in N30K medium; GAs, plants in
N30K medium supplemented with GA3 100 uM; PBZ, plants in N30K
medium supplemented with paclobutrazol 100 uM. Statistical significance
with respect to the reference sample (Control) was determined by the
Student’s t-test: *p < 0.05.

Additional file 5. Analysis by qRT-PCR of FaPRET, FaPRE2 and FaPRE3
gene expression in strawberry transgenic receptacle agroinfiltrated with
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the RNAi-FaPRET construct. Control: receptacle agroinfiltrated with the
empty pFRN vector; Pool 1, 2 and 3: receptacles agroinfiltrated with
FaPRET-pFRN construct.

Additional file 6 Total microarray data from transcriptomic comparison
between transgenic receptacles agroinfiltrated with FaPRET-RNAI
construct and no-transgenic control receptacles. Gene ID and corre-
sponding annotations as reported in Fragaria vesca Genome Database
(https://www.rosaceae.org/) [73].

Additional file 7 Expression data of selected genes in FaPRET-silenced
receptacles obtained by QRT-PCR and microarray analysis.

Additional file 8 \Venn diagrams showing the number of genes down-
regulated (A) and up-regulated (B) in strawberry FaPRE1-RNAI receptacles
respectively and up-regulated in strawberry red receptacle.

Additional file 9 All the genes down-regulated in strawberry FaPRET-
RNAi receptacles (fold change RNAI) and up-regulated in strawberry red
receptacle (fold ripening). Gene ID and corresponding annotations as re-
ported in Fragaria vesca Genome Database (https://www.rosaceae.org/)
[73].

Additional file 10 All the genes up-regulated in strawberry FaPRET-RNAI
receptacles (fold change RNAI) and down-regulated in strawberry
red receptacle (fold ripening). Gene ID and corresponding annota-
tions as reported in Fragaria vesca Genome Database (https://www.
rosaceae.org/) [73].

Additional file 11 Phylogenetic tree of some functionally characterized
atypical HLH transcription factors. The length of each pair of branches
represents the distance between sequence pairs, while the units at the
bottom of the tree indicate the number of substitution events.
FaPRE1(KM655802; Fragaria x ananassa); FaPRE2 (XM_004296502; F. x
ananassa); FaPRE3 (XM_004297270; F. x ananassa); SIStyle2.1
(NM_001247361; Solanum lycopersicum) [42]; SIPRE2 (XP_004233358.1; S.
lycopersicum) [34]; AtPRET (At5g39860; Arabidopsis thaliana) [20]; BNQ3
(NP_190355.2; A. thaliana) [62]; KIDARI (NP_849712; A. thaliana) [35];
ATBS1 (NP_177590; A. thaliana) [32]; AtPRE3 (At1g74500; A. thaliana) [30];
PGL2 (0s02g0747900; Oryza sativa) [40]; AIF2 (At3g06590; A. thaliana) [36];
AIF3 (At3g17100; A. thaliana) [36]; AIF4 (At1g09250; A. thaliana) [36]; PAR1
(At2g42870; A. thaliana) [74]; PAR2 (At3g58850; A. thaliana) [74].
Sequences were aligned using MegAlign (MegAlign 5.00; DNASTAR).

Additional file 12. Primer sequences used in this work. Fw: forward; Rv:
reverse. Up: upper; Low: lower.
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