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Abstract: The Trihelix is a plant-specific transcription factor family and has critical roles in plant
growth and development and stress resistance. There is less information about Trihelix transcription
factor genes and their potential functions in strawberries (Fragaria vesca). In the present study,
we performed a detailed bioinformatics analysis of the Trihelix family in strawberries including
physicochemical properties, chromosomal location, exon–intron distribution, domain arrangement,
and subcellular localization. Thirty Trihelix family members were identified and divided into five
subfamilies. The expression of FvTrihelix genes in different tissues/organs, i.e., root, stolon, leaf,
flower, and fruit, was measured in strawberries after infection with Colletotrichum. gloeosporioides and
foliar applications of salicylic acid (SA) and jasmonic acid (JA). Most of the genes showed differential
expression responses following C. gloeosporioides infection and hormone treatments (SA and JA),
suggesting critical roles in disease resistance and hormonal signaling pathways. As anticipated, the
ectopic expression of FvTrihelix6 in Arabidopsis thaliana increased resistance against Colletotrichum.
higginsianum infection. FvTrihelix6 protein was localized in the nucleus. We surmise that FvTrihelix6
enhances resistance against pathogens through the SA and JA signaling pathways. This study
provides novel insights into the strawberry Trihelix transcription factor genes and new candidates
for disease-resistance breeding of strawberries.

Keywords: strawberry (Fragaria vesca); trihelix transcription factor; Colletotrichum gloeosporioides;
disease-resistance verification

1. Introduction

Transcription factors (TFs) control the expression of genes by adhering to certain
DNA sequences and form complex structures in the promoter regions of target genes. The
Trihelix gene family was one of the earliest transcription factor families discovered in plants.
Trihelix TFs possess a highly conserved triple helix structure. The Trihelix gene family is
also known as the GT factor family because this unique domain can bind to light-responsive
GT elements. GT protein domains have highly conserved amino acid sequences.

Pea (Pisum sativum) was identified as having the first Trihelix transcription factor [1].
Most recently, research has led to the characterization of the Trihelix transcription factor
family in other species. Trihelix family members have been reported in Arabidopsis thaliana
(30 family members), Oryza sativa (41), Chrysanthemum morifolium (20), Solanum lycoper-
sicum (36), Glycine max (Linn.) Merr. (71), Osmanthus fragrans (56), Sorghum bicolor (40),
Chenopodium quinoa (47), Populus trichocarpa (56), and Ananas comosus (L.) Merr (23) [2–11].
In most species, such as A. thaliana, rice, wheat, and tree peony, the Trihelix family has been
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divided into five subfamilies: GT-1, GT-2, GTγ, SH4, and SIP1 [6,12,13]. In some species,
more than five Trihelix subfamilies have been reported. In tomato and soybean, for exam-
ple, Trihelix members have been divided into six subfamilies [2,7], and seven subfamilies
have been identified in sorghum. The identification of additional subfamilies suggests that
these genes may perform unique functions [8]. In the “Beni Hoppe” strawberry, FaGT-2
plays an important role in coping with salt, drought, cold, and other abiotic stress [14].

Studies of the Trihelix family of transcription factors first concentrated on the control of
genes that respond to light. In addition, Trihelix genes have been involved in plant growth
and development, such as early embryonic development and stomatal development [15,16],
and the regulation of cell wall formation [17]. Trihelix TFs have been found to be essential
for mitigating biotic and abiotic stressors. The OsGTγ-2 gene in rice is an important
positive regulator against salt stress [18]. ShCIGT enhances cold and drought resistance
in cultivated tomatoes [19], while GhGT26 improves tolerance to salt stress in transgenic
A. thaliana plants [20].

Trihelix TFs have been implicated in the response to pathogen stress [5]. PTI is
the immune system of plants in the process of being attacked by pathogens, which are
triggered by microbial patterns through local pattern recognition receptors (PRRs) on the
cell surface [21]. ASR3 of the SH4 subfamily has been shown to have a negative regulatory
effect on pattern-triggered immunity (PTI) in A. thaliana. AlTF1 of the SIP1 subfamily
interacts with ASR3 to co-regulate the plant immune response against pathogens. ASR3 is a
transcriptional repressor located downstream of MRK4 that can finetune the transcription of
immunity genes [22]. GTL1 of the GT-2 subfamily also plays a vital part in plant immunity.
GTL1 coordinates related genes involved in salicylic acid (SA) metabolism, transport, and
response, and is an important part of the MPK4 pathway that positively regulates bacterial-
triggered immunity and SA homeostasis [23]. In maize, knockdown of the ZmGT-3b gene
has resulted in significant up-regulation of many defense-related genes, increased cell wall
content, and increased resistance to Fusarium graminearum [24]. In Populus trichocarpa, all
members of the Trihelix gene family were shown to be strongly expressed in response to
treatments such as SA, methyl jasmonate (MeJA), and pathogen infection, and inhibition of
PtrGT10 resulted in increased reactive oxygen species’ scavenging capacity and reduced cell
death [4]. The expression of SCaM-4 by pathogens in soybean and A. thaliana is significantly
influenced by the interaction between the GT-1 cis-element and GT-1-like transcription
factor [25]. Further, after infection with the blast fungus (Magnaporthe grisea), the expression
of rml1 in rice was significantly up-regulated [26]. Despite extensive characterization of the
Trihelix TFs in plants, to our knowledge, the Trihelix family has not been characterized in
fruit trees.

The strawberry (Fragaria × ananassa) harboring (2 n = 8 x = 56) and genome size of the
strawberry genus, ∼240 Mb, is a perennial herb that contains nutrients such as minerals,
vitamins, fatty acids, and dietary fiber. The phenolic substances contained in strawberries
can prevent cancer and cardiovascular and other diseases [27,28]. Strawberries are one of
the most widely grown fruit crops in the world. However, the production and cultivation of
strawberries are often exposed to various stresses such as salt, drought, and both fungal and
bacterial pathogens. Anthracnose is one of the most devastating diseases caused by several
species of fungi in the genus Colletotrichum that hinders strawberry production [29]. During
growth and development, it will affect the root, fruit, leaf, stolon, and other strawberry
organs [30]. So far, little is known about the strawberry TTF genes, especially concerning
their responses to common stresses.

Here, TTF genes were identified in the strawberry and detailed bioinformatic analyses
were performed. The identified genes were divided into subfamilies based on phylogenetic
analysis. Expression analysis of genes against C. gloeosporioides infection and treatments of
SA and JA were calculated. Based on the results, FvTrihelix6 was selected and functionally
characterized. Ectopic expression of FvTrihelix6 in A. thaliana enhanced resistance against
C. higginsianum via modulating the SA and JA signaling pathways. This study provides
the groundwork for the functional characterization of strawberry TTF genes.
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2. Materials and Methods
2.1. Plant Materials and Seedlings Treatment

The plant materials F. vesca ssp. accession Hawaii 4 (National Clonal Germplasm
Repository accession #PI551572) and A. thaliana (Col-0) were collected from the School of
Horticulture, Fujian Agricultural and Forestry University. Incubators were used to grow
strawberries at 85% humidity and 23–25 ◦C temperature. For 4 weeks, A. thaliana was
grown under controlled conditions with a dark cycle at 20–25 ◦C, 12 h light, and 70% RH.
Three technical replicates of each independent experiment were performed, with six plants
per replicate. Two strains of the pathogen, C. gloeosporioides and C. higginsianum, were
prepared as spore suspensions at a concentration of 1 × 106/mL. Approximately 2 mL of C.
gloeosporioides spore suspension was sprayed on strawberries, and samples were collected
at 0, 3, 6, 12, and 24 h post inoculation (hpi). RNA samples were placed in a −80 ◦C
refrigerator for cryopreservation. C. higginsianum was cultured and inoculated according
to previous methods [31,32]. C. higginsianum spore suspension was sprayed on wild-type
and transgenic A. thaliana to assess the biological activity of FvTrihelix6 at a concentration
of 1 × 106/mL against anthracnose. Samples were collected at 0, 6, 12, 24, and 48 hpi
and stored at −80 ◦C. For exogenous hormone treatment, 1.5 mL of either 50 mM methyl
jasmonate (MeJA) or 5 mM salicylic acid (SA) solution was sprayed on strawberry leaves,
and distilled water was used as a control. RNA extraction was performed at 0, 3, 6, 12,
and 24 hpt and stored at −80 ◦C. RNA from roots, stolons, leaves, flowers, and fruits of
strawberries was sampled and extracted. The obtained samples were immediately frozen
in liquid nitrogen and kept at −80 ◦C. For each experiment, three biological and technical
replicates were used.

2.2. Identification of Trihelix Genes in the F. vesca Genome

The amino acid sequences of the Trihelix genes from O. sativa and A. thaliana were re-
trieved from PlantTFDB (http://planttfdb.gao-lab.org, accessed on 20 April 2023). From the
Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html, accessed on 20 April
2023), the genomic sequence and gene annotation files of F. vesca V4.0.a2 were downloaded,
while the presence of an intact Myb/SANT-like protein domain in all putative Trihelix
genes was checked through TBtools and the conserved domain database (CDD) (https:
//www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi, accessed on 20 April 2023). After
eliminating redundant genes, a total of 30 FvTrihelix genes were selected for further study.
The physicochemical properties, instability index, amino acid count, molecular mass, and
isoelectric point of the FvTrihelix genes were obtained using the ProtParam tool in the
ExPASy database (https://web.expasy.org/protparam/, accessed on 20 April 2023), while
the Plant-mPLoc Server (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on
20 April 2023) was used for the prediction of the subcellular position of FvTrihelix proteins.

2.3. Phylogenetic Analysis, Gene Structure, Motif Analysis, and Multiple Sequence Alignment

The phylogenetic tree among TTF genes of A. thaliana, F. vesca, and O. sativa was
generated by MEGA7.0 using the maximum likelihood (ML) method with 1000 bootstrap
values. The conserved motifs of TTF members were identified with a limit of 10 motifs
through MEME (http://meme-suite.org/tools/meme, accessed on 20 April 2023), whereas
the gene structure map of TTF genes was developed through TBtools [33].

2.4. Chromosomal Distribution and Promoter Analysis

The genome annotation files (https://www.ncbi.nlm.nih.gov/genome/browse#!/
overview/, accessed on 20 April 2023) of F. vesca were retrieved from NCBI (https://
www.ncbi.nlm.nih.gov/genome/browse#!/overview/, accessed on 20 April 2023). TBtools
software was used to show the chromosomal locations of the genes. Putative promoter
sequences (2kb upstream of transcription start sites) of all TTF genes were obtained from the
strawberry genome database. PlantCARE software (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/, accessed on 20 April 2023) was used for cis-element analysis.
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2.5. RNA Extraction and PCR Analysis

Reverse transcription and RNA extraction were carried out using the RNAprep Pure
Plant Kit (Tiangen, Beijing, China) and Prime ScriptTM RT Kit (Takara, Dalian, China),
respectively. Quantitative Real-Time PCR was conducted using TB Green® Premix Ex
TaqTM II kit (Takara, Dalian, China). Each reaction mixture’s total volume was 10 µL and
consisted of 5 µL TB Green® Premix Ex TaqTM II, 0.4 µL ROX Reference Dye, 0.8 µL of each
primer, 2 µL sterile water, and 1 µL cDNA. The reaction conditions were as follows: 95 ◦C
for 30 s, 95 ◦C for 5 s, 60 ◦C for 30 s, and 72 ◦C for 15 s, for a total of 38 cycles. The strawberry
FvActin gene (GenBank accession number: AB116565) was used as an internal reference
gene and each reaction was carried out with three biological and technical replicates. Primer
sequences information is shown in Table S1.

2.6. Plasmid Construction and Transformation

RNA was extracted from the strawberries and reverse transcribed into cDNA using the
PrimerScriptTM II cDNA synthesis kit (Takara Bio Inc., Dalian, China). The product was
ligated with pMD18-T (Takara Bio Inc., Dalian, China). The samples were sequenced and
analyzed by FuZhou ShangYa BioInc. (FuZhou, 155 China). FvTrihelix6 was transformed
into the target vector pCMBIA1300-HA, and the constructed pCMBIA1300-HA-FvTrihelix6
vector was transformed into Agrobacterium tumefaciens GV3101. The floral dip method was
used to transform FvTrihelix6-GV3101 into A. thaliana [34]. The inflorescences of all the
Arabidopsis plants were dipped for a few seconds into the 5% sucrose solution containing
0.05% (v/v). Silwet L-77 and resuspended Agrobacterium cells carrying 35S::construct FvTri-
helix6. The transformed A. thaliana plants were grown on a solid MS medium supplemented
with 50 mg/L hygromycin and, at maturity, seeds were collected and grown for the next
generations [35].

2.7. Subcellular Localization of FvTrihelix6

The open reading frame (ORF) region of FvTrihelix6 was amplified using specific
primers FvTrihelix6-GFP-F and FvTrihelix6-GFP-R and restriction sites (BamH I and Kpn I).
The resultant product was inserted into the pGFPc vector. The sequence-verified fusion
vector was transformed into onion epidermal cells with A. tumefaciens GV3101. The empty
vector was also transformed as a control. After two days of dark culture, the GFP (Green
Fluorescent Protein) fluorescence response in the onion epidermis was observed using laser
scanning confocal microscopy (OLYMPUS IX83-FV3000) [36].

2.8. Cloning of FvTrihelix6 Promoter, GUS Protein Staining, and GUS Activity Assay

The bacterial β-glucuronidase (GUS) gene is often introduced into plants as a reporter
gene fused to a promoter because of its advantages over other reporter genes [37]. The
promoter fragments of FvTrihelix6 were amplified using specific primers P-FvTrihelix6-GUS-
F and P-FvTrihelix6-GUS-R containing EcoR I and Pst I restriction sites, and the product
was incorporated into the GUS reporter plasmid to create the pFvTrihelix6::GUS vector. The
pCaMV35S::GUS and pC0380::GUS vectors were used as positive and negative controls,
respectively. The fusion vectors pFvTrihelix6::GUS, pCaMV35S::GUS, and pC0380::GUS
were transformed into A. tumefaciens GV3101, resuspended, and then vacuum-infiltrated
into tobacco (Nicotiana tabacum) leaves. Before infiltration, tobacco leaves were kept in
freshly prepared X-Gluc staining solution for two days at 25 ◦C in low light. The leaves were
removed after sufficient staining, submerged in 90% ethanol, and placed in boiling water
until the green color faded. This was repeated 3–5 times using 8–10 tobacco leaves each
time [36,38]. Agrobacterium suspension containing the pFvTrihelix6::GUS fusion vector was
injected. The Agrobacterium suspension contained the positive control pCaMV35S::GUS, and
SA into the back of the well-grown tobacco leaves, which were then cultured in darkness at
25 ◦C for two days. The leaf samples were collected and ground into powder, and the GUS
enzyme activity was measured using the microplate reader (TECAN M200 PRO).
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2.9. Statistical Analyses

At least three independent replicates were used to generate averages and standard
deviations in all trials. The statistical analysis was performed with the help of SPSS 21.0.
The differences in mean expression levels were assessed with the Student’s t-test. Significant
differences were denoted by the symbols * p < 0.05 and ** p < 0.01, respectively.

3. Results
3.1. Identification of Strawberry TTF Members

Thirty FvTrihelix family members were identified from the strawberry genome. The
genes were named based on their chromosomal locations, i.e., FvTrihelix1 to FvTrihelix30.
Physicochemical properties, instability index, isoelectric point (pI), molecular weight (MW),
amino acid sequences, and other related information is shown in Table 1 and Data S1. The
FvTrihelix genes’ coding sequences ranged in length from 684 to 2871 bp, the pI values
ranged from 4.68 to 9.78, the MW values ranged from 25.75 to 99.00 kDa, and the instability
index varied from 35.38 to 72.34. Twenty-nine FvTrihelix genes were supposed to reside
in the nucleus. However, there were exceptions. For example, FvTrihelix21 was expected
to be in the chloroplast, whereas FvTrihelix25 and FvTrihelix30 were predicted to be in the
chloroplast and nucleus and FvTrihelix14 was predicted to be localized in the chloroplast
and cytoplasm.

Table 1. Specifics of the Trihelix gene family found in Fragaria vesca.

Name Accession No Locus Name Chr Location CDS (bp) ORF
(aa)

MW
(kDa) pI Instability

Index
Predicted
Location

FvTrihelix1 XM_004288645.2 XP_004288693.1 1 458973..461535 1095 364 42.27 4.87 54.62 Nucl
FvTrihelix2 XM_004301984.2 XP_004302032.1 1 346457..349017 1824 607 69.18 6.17 72.34 Nucl
FvTrihelix3 XM_004290471.2 XP_004290519.1 2 14323195..14325618 1737 578 65.76 6.21 55.76 Nucl
FvTrihelix4 XM_004290472.2 XP_004290520.1 2 14336737..14340021 1920 639 71.32 6.35 59.55 Nucl
FvTrihelix5 XM_011460207.1 XP_011458509.1 2 14397063..14399118 1356 451 52.00 6.27 52.21 Nucl
FvTrihelix6 XM_004292325.2 XP_004292373.1 2 9441933..9443903 840 279 32.40 5.91 71.36 Nucl
FvTrihelix7 XM_004291753.2 XP_004291801.1 2 31810046..31812474 1356 451 51.28 6.08 48.94 Nucl
FvTrihelix8 XM_004293354.2 XP_004293402.1 3 1308854..1311352 1419 472 52.26 6.15 52.56 Nucl
FvTrihelix9 XM_011462305.1 XP_011460607.1 3 7431462..7435172 930 309 34.22 5.10 49.46 Nucl
FvTrihelix10 XM_011462154.1 XP_011460456.1 3 5320278..5321873 1119 372 40.81 9.06 66.70 Nucl
FvTrihelix11 XM_004307199.2 XP_004307247.1 3 13178449..13180706 1071 356 39.37 9.27 68.86 Nucl
FvTrihelix12 XM_004298478.2 XP_004298526.1 5 19672557..19675420 1083 360 40.95 5.49 64.73 Nucl
FvTrihelix13 XM_011464980.1 XP_011463282.1 5 20486591..20487951 725 239 27.29 9.07 64.54 Nucl
FvTrihelix14 XM_004297485.2 XP_004297533.1 5 20506253..20513461 2694 897 99.00 8.65 43.88 Chlo/Cyto
FvTrihelix15 XM_004309446.2 XP_004309494.1 5 151517..156036 2310 769 83.55 5.56 66.17 Nucl
FvTrihelix16 XM_004300273.2 XP_004300321.1 5 22767294..22768593 792 263 29.49 9.40 50.32 Nucl
FvTrihelix17 XM_004301682.2 XP_004301730.2 5 22820370..22821359 990 329 37.67 9.32 50.04 Nucl
FvTrihelix18 XM_004300356.2 XP_004300404.1 5 24151374..24159101 840 279 32.74 8.91 52.34 Nucl
FvTrihelix19 XM_004302539.2 XP_004302587.1 6 7489058..7490852 948 315 36.96 6.38 50.81 Nucl
FvTrihelix20 XM_011468504.1 XP_011466806.1 6 13448505..13450635 1470 489 55.60 6.14 58.04 Nucl
FvTrihelix21 XM_004305323.2 XP_004305371.1 6 13433800..13437353 1533 510 55.46 7.60 40.45 Chlo
FvTrihelix22 XM_004305314.2 XP_004305362.1 6 13068235..13071846 1740 579 65.77 6.42 51.56 Nucl
FvTrihelix23 XM_011468923.1 XP_011467225.1 6 20865049..20867313 1689 562 63.95 5.83 57.07 Nucl
FvTrihelix24 XM_004302867.2 XP_004302915.1 6 11311732..11314065 1188 395 45.27 4.68 52.21 Nucl
FvTrihelix25 XM_004305721.2 XP_004305769.1 6 24878967..24881044 1137 378 40.84 9.78 48.36 Chlo/Nucl
FvTrihelix26 XM_004306551.2 XP_004306599.1 7 2582175..2584656 1695 564 63.61 6.13 67.38 Nucl
FvTrihelix27 XM_004307044.2 XP_004307092.1 7 10119028..10121258 1005 334 37.01 9.37 64.51 Nucl
FvTrihelix28 XM_004308502.2 XP_004308550.1 7 9002471..9004601 1302 433 48.97 6.19 35.38 Nucl
FvTrihelix29 XM_004308900.2 XP_004308948.2 7 18420295..18421713 684 227 25.75 8.29 52.00 Nucl
FvTrihelix30 XM_011472120.1 XP_011470422.1 7 23036260..23040696 2871 956 107.64 6.73 49.91 Chlo/Nucl.

Nucl: Nucleus, Chlo: Chloroplast, Cyto: Cytoplasm, Chr: Chromosome, ORF: Open reading frame, MW:
Molecular weight, CDS: Coding sequence, pI: isoelectric point.

3.2. The Distribution of FvTrihelix Genes across Chromosomes and Evolutionary Relationships

The 30 FvTrihelix genes were found to be unevenly distributed across 6 chromo-
somes of the strawberry (Fragaria vesca), with no genes on chromosome 4. The highest
FvTrihelix genes were found on chromosomes 5 and 6, and the lowest were found on
chromosome 1. Clusters of FvTrihelix genes were found on chromosomes 2, 5, and 6,
indicating possible origins via duplication events (Figure 1A, Table 1). Studying gene
replication events can provide further insights into the evolution of species. Four tan-
dem (FvTrihelix3/FvTrihelix4/FvTrihelix5, FvTrihelix13/FvTrihelix14, FvTrihelix16/FvTrihelix17,
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FvTrihelix20/FvTrihelix21) and only one pair of segmental duplication (FvTrihelix11 and FvTri-
helix16) was identified among FvTrihelix genes (Figure 1B). To explore the evolutionary
relationships among different species, the phylogenetic tree was constructed among Trihe-
lix members of A. thaliana, O. sativa, and F. vesca. The phylogenetic tree was constructed
using MEGA7 with the maximum likelihood method (ML) with default parameters. All
genes were divided into five subfamilies (GT-1, GT-2, SIP1, SH4, and GTγ) based on their
phylogenetic relationships (Figure 1C).
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Figure 1. Phylogenetic linkages and analysis of collinearity. (A) Distribution of FvTrihelix genes
across chromosomes. A vertical scale denotes chromosome size (Mb). (B) Tandem and segmental
duplications in the FvTrihelix family. The arc length represents the length of each chromosome and
the red line indicates the duplicated Trihelix gene pair. (C) Phylogenetic tree among TTF genes of
O. sativa, A. thaliana, and F. vesca. The red circle, blue square, and yellow triangle denotes O. sativa,
A. thaliana, and F. vesca genes, respectively. Different subfamilies are represented with different colors.

3.3. Phylogenetic and Gene Structure Analysis

Thirty FvTrihelix genes were unevenly distributed among the five subfamilies. For
example, there were 2, 11, 11, 3, and 3 genes in GT-1, GT-2, SIP1, SH4, and GTγ, respectively.
The MEME suite was used to identify the conserved motifs in the FvTrihelix proteins
(Figure 2B). The conserved motifs within each subfamily were largely similar. Except for
FvTrihelix21, all other members of the SIP1 subfamily contained similar motifs (motifs 1, 2,
5, and 6). Similarly, the three FvTrihelix members in the SH4 subfamily contained motif
1, though other motifs were not shared among all three members. There were 2 members
of the GT-1 subfamily that contained similar motifs (1, 3, 4, and 5). All members of the
GT-2 subfamily contained motif 3 except FvTrihelix13 and FvTrihelix14. Moreover, with
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the exception of FvTrihelix28, all GT-2 family members contained motif 1 and motif 4.
This indicates that different motifs may be associated with unique functions within each
subfamily. Nineteen FvTrihelix genes contained more than one intron (Figure 2C).
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3.4. Cis-Acting Elements Analysis

PlantCARE was used to find potential cis-acting elements in the promoter regions of
TTF genes (Figure 3). Most of the genes have stress and hormone-responsive cis-elements.
For example, elements responsive to methyl jasmonate, salicylic acid, abscisic acid, drought,
anaerobic induction, defense, and low temperature stress were detected (Table S2). The
FvTrihelix promoter regions contained G-box elements, CGTCA motifs, and TGACG mo-
tifs associated with methyl jasmonate and salicylic acid induction. They also contained
anaerobic-inducible elements (ARE elements), elements associated with drought stress
(MBS elements), and abscisic acid-inducible elements (ABRE elements). Taken together,
these results indicate a strong association between the FvTrihelix family and biotic and
abiotic stresses. Moreover, TTF members also contained circadian control, auxin responsive-
ness, meristem expression, seed-specific regulation, flavonoid biosynthesis, and endosperm
expression responsive elements, suggesting that the Trihelix genes may be crucial for plant
growth and development.
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Figure 3. Identification of putative cis-acting regulatory elements in the promoter regions of
30 FvTrihelix genes using PlantCARE.

3.5. Expression Analysis of TTF Genes in Various Parts of the Strawberry

qRT-PCR was employed to analyze the expression of all 30 genes in 5 tissues/organs
(leaf, stolon, root, flower, and fruit) of the strawberry. Most of the genes showed a different
expression in different plant parts (Figure 4A). FvTrihelix1, 2, 4, 5, 6, 7, 8, 9, 10, and 11
showed high expression in fruit. Only Trihelix19 and FvTrihelix28 were expressed in roots.
FvTrihelix4, 10, and 12 were expressed in both leaves and fruits. FvTrihelix3, 10, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30 were all highly expressed in leaves.
FvTrihelix11 and FvTrihelix16 (segmentally duplicated) were highly expressed in fruits and
leaves, respectively, indicating that functional divergence occurred after duplication.
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3.6. Evaluation of the FvTrihelix Genes’ Expression following C. gloeosporioides Inoculation

According to the results of qRT-PCR, we observed four trends in the expression
response of FvTrihelix genes in strawberry leaves after inoculation with C. gloeosporioides
(Figure 4B). The most common trend (trend I) was observed in 18 genes (FvTrihelix1, 2, 3, 4,
5, 6, 7, 8, 11, 12, 13, 14, 15, 16, 17, 18, 23, and 30). These genes showed up-regulation and
displayed peak expression at 12 hpi, followed by subsequent down-regulation and then
modest up-regulation at 48 hpi. There were 7 FvTrihelix genes (FvTrihelix20, 21, 24, 25, 26,
28, and 29) that were first down-regulated, then up-regulated to peak expression at 12 hpi,
and then gradually down-regulated thereafter (trend II). Interestingly, all genes (trend I
and trend II) had the highest expression at 12 hpi; however, the peak expression at 12 hpi
was significantly less in trend II genes than trend I genes. This shows that genes associated
with trend I are particularly crucial for preventing C. gloeosporioides infection. Four genes
(FvTrihelix9, 19, 22, and 27) showed two consecutive periods of up-regulation followed
by down-regulation (trend III). These genes showed only slight up-regulation at 12 hpi,
suggesting that trend III genes do not play more roles in the plant response to pathogens.
FvTrihelix10 gene was down-regulated over time after inoculation with C. gloeosporioides
(trend IV).

3.7. Expression Profiling of Selected Strawberry TTF Genes in Strawberry Leaves following SA and
MeJA Treatments

Four genes were examined by qRT-PCR after SA and MeJA treatments (Figure 5). These
genes were selected based on the presence of MeJA- and salicylic-acid-responsive cis-acting
elements in their promoter regions’ high expression levels against C. gloeosporioides infection.
All genes showed strong expression responses to SA or MeJA treatments. FvTrihelix4
showed a strong response to SA treatment and peak expression at 12 hpt (9.78-fold) followed
by down-regulation at 24 hpt. The response of FvTrihelix4 to MeJA was less with peak
expression at 6 hpt (4.15-fold) followed by down-regulation. FvTrihelix6 expression was
induced by C. gloeosporioides infection as well as by SA and MeJA treatments, indicating its
involvement in pathogen resistance. FvTrihelix12 showed a strong response to SA treatment
with high expression at 3, 6, and 12 hpt (6.18-fold, 6.02-fold, and 6.13-fold, respectively),
but no significant response to JA treatment. FvTrihelix29 responded strongly to JA, showing
up-regulation with peak expression at 6 hpt (11.31-fold) and subsequent down-regulation.
The response of FvTrihelix29 to SA was not high, with a slight up-regulation followed by
down-regulation.

3.8. FvTrihelix6 Ectopic Expression in A. thaliana Enhanced Resistance to C. higginsianum

Based on FvTrihelix6 expression against C. gloeosporioides infection, and SA and MeJA
treatments, FvTrihelix6 (840 bp, Acc. NO. OQ319481) was cloned in A. thaliana for further
investigation (Figure S1 in Supplementary Material). FvTrihelix6 belongs to the SIP1 subfam-
ily and is located on chromosome 2. It has a molecular mass of 32.40 kDa and pI of 5.91 and
is predicted to be localized in the nucleus. Three transgenic plants (T3-2, T3-10, and T3-23)
showing the highest expression levels of FvTrihelix6 were selected for further studies.
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Figure 5. Four FvTrihelix genes’ expression patterns in response to SA, MeJA, and water treatments.
For exogenous hormone treatment, methyl jasmonate or salicylic acid solution was sprayed on
strawberry leaves and distilled water was used as a control. Standard deviations (SD) from three
biological replicates are shown by error bars.

Among the three transgenic lines, the expression level of FvTrihelix6 was highest in
T3-2 and lowest in T3-10, and no FvTrihelix6 expression was shown in WT (Figure 6G).
These transgenic lines and control plants (WT) were then inoculated with C. higginsianum.
All leaves displayed disease symptoms, with brown necrotic spots appearing in the center
of the leaves. However, the lesions developed in transgenic plants were smaller than
the lesions developed in WT plants, and transgenic plants showed less severe disease
signs than WT plants (Figure 6A,B). We also investigated the expression patterns of genes
involved in JA (AtPDF1.2 and AtLOX3) and SA (AtPR1 and AtICS1) signaling for exploring
the molecular basis of the C. higginsianum resistance mechanism. AtPR1 was up-regulated
at 6 hpi and 48 hpi. AtPR1 displayed 8.30-fold more expression at 6 hpi expression in the
T3-10 line compared with WT, while AtPR1 expression in T3-23 was up-regulated 8.70-fold
at 48 hpi (Figure 6C). AtICS1 was expressed 4.13-fold higher in T3-2 than the WT control
at 48 hpi (Figure 6D). AtPDF1.2 was up-regulated 4.30-fold in T3-2 at 48 hpi compared to
the WT control (Figure 6E). The expression of AtLOX3 in T3-23 was almost 2-fold higher at
48 hpi compared to the WT control (Figure 6F).
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served 35S:FvTrihelix6-GFP in onion epidermal cells using laser scanning confocal mi-
croscopy. As shown, the control 35S:GFP was detected as green fluorescence in the nu-
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Figure 6. Expression comparison of genes in transgenic A. thaliana and wild type lines following
C. higginsianum infection. (A) Disease symptoms in wild type and transgenic A. thaliana lines after
two days of C. higginsianum inoculation. (B) Disease lesion diameter in wild type and transgenic
A. thaliana leaves after two days of inoculation. (C) Expression of AtPR1 via qRT-PCR. (D) qRT-PCR
analysis of AtICS1. (E) qRT-PC analysis of AtPDF1.2. (F) qRT-PCR analysis of AtLOX3. Asterisks
represent significant differences between wild type and transgenic A. thaliana (* p < 0.05, ** p < 0.01,
Student’s t-test). (G) Expression of FvTrihelix6 in transgenic A. thaliana and wild type lines following
C. higginsianum infection.

3.9. Subcellular Localization of FvTrihelix6

To identify the subcellular location of FvTrihelix6, a 35S:FvTrihelix6-GFP fusion protein
was constructed and transiently expressed in onion epidermis (Figure 7). We observed
35S:FvTrihelix6-GFP in onion epidermal cells using laser scanning confocal microscopy.
As shown, the control 35S:GFP was detected as green fluorescence in the nucleus and
in the cell membrane. In addition, 35S:FvTrihelix6-GFP fluorescence was detected in the
nucleus, indicating that FvTrihelix6 does not localize in the cell membrane and may localize
in the nucleus.
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Figure 7. Subcellular localization of 35S:GFP control and 35S:FvTrihelix6-GFP in onion epidermis.

3.10. Response of the FvTrihelix6 Promoter to SA and C. gloeosporioides Using a GUS Reporter

PlantCARE software was used to identify putative cis-acting elements in the promoter
region of FvTrihelix6 (1099 bp, Acc. NO. OQ357817, Figure S2). There were light-, stress-
, drought-, salicylic-acid-, and MeJA-responsive cis-elements (Figure S2 and Table S2).
This indicates that the FvTrihelix6 promoter may play important roles in plant growth,
development, and resistance to biotic and abiotic stresses. We fused the FvTrihelix6 promoter
to a GUS reporter to generate the pFvTrihelix6::GUS vector (Figure 8A). pFvTrihelix6::GUS
tobacco leaves showed blue staining but it was lighter than the positive control leaves. The
negative control leaves were white (Figure 8B). This indicated that the pFvTrihelix6 gene
promoter can drive GUS expression and FvTrihelix6 gene expression. The pFvTrihelix6::GUS
fusion vector was transferred into tobacco leaves by injection. Three treatments were
performed: a control group, an SA treatment group, and a C. gloeosporioides inoculation
group. The pCaMV35S::GUS vector was also transformed as a positive control and GUS
activity was measured after two days of dark culture. GUS activity driven by pFvTrihelix6
was 1.43-fold that of the control after inoculation with C. gloeosporioides solution. The
GUS activity of pFvTrihelix6 was 1.24-fold compared to the control after treatment with
SA. The GUS activity in the pFvTrihelix6 leaves was significantly lower than that of the
positive control. These results indicated that the FvTrihelix6 promoter could respond to
both C. gloeosporioides and SA by positively regulating gene expression (Figure 8C).
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Figure 8. Detection of GUS enzyme activity in tobacco leaves transformed with the pFvTrihelix6::GUS
vector, a GUS reporter under the control of the FvTrihelix6 promoter. (A) Structure of the
promoter−FvTrihelix6::GUS construct. LB is left border, RB is right border, NOS is nos−terminator and
GUS is β−glucuronidase. (B) (a) staining indicating GUS activity after pC0380::GUS was transformed
into tobacco leaves (b) staining indicating GUS activity after pCaMV35S::GUS was transformed into
tobacco leaves (c) staining indicating GUS activity after pFvTrihelix6::GUS was transformed into
tobacco leaves (C) Transient expression of GUS enzyme activity in tobacco. Control represents control
group, SA represents SA treatment group, and GC represents C. gloeosporioides inoculation.

4. Discussion

Strawberry TTF members contained a large number of light-responsive elements,
low-temperature-responsive elements, stress and defense elements, drought-inducibility
elements, and hormone (MeJA, SA, GA, ABA, and IAA) response-related elements in their
promoter regions (Figure 3 and Table S2). In Arabidopsis, AtGT-1 was found to contain many
light-responsive elements [39]. In maize, SA- and MeJA-responsive cis-acting elements
were also found in the ZmGT-3b gene, which is associated with resistance to Fusarium
graminearum [24]. These findings suggest that the TTF genes have potential roles in stress
tolerance and plant growth and development.

Some FvTrihelix genes showed differential expression patterns following MeJA and
SA treatments. For example, the expression of FvTrihelix4, 6, and 29 showed up-regulation,
while FvTrihelix12 expression was down-regulated. In C. quinoa, Trihelix genes were strongly
up-regulated in response to SA [10]. OsTrihelix20 in rice showed significant up-regulation
after treatment with MeJA [40]. Our results are in line with previous studies and support the
idea that TTF genes play roles in disease resistance via regulating the SA and JA signaling
pathways. In addition, we further investigated the changes in gene expression of FvTrihelix
family members after C. gloeosporioides infection. Most of the genes showed up-regulation
after C. gloeosporioides infection (Figure 4). They showed significantly high up-regulation
following C. gloeosporioides inoculation, and SA and MeJA treatments. Based on these
results, FvTrihelix6 was selected for functional analysis and further research. FvTrihelix6 is
a member of the SIP1 subfamily and there is information about the roles of SIP1 genes in
disease-resistance mechanisms. In the promoter region of FvTrihelix6, we identified a W-box
element (TTGACT), which has been shown to play an important role in plant resistance to
pathogenic infection [41,42]. The Trihelix disease-resistance gene rml1 also contains W-box
elements [26]. The W-box cis-elements in the promoter of the FvTrihelix6 promoter may
play potential roles in the C. higginsianum resistance mechanisms. The presence of JA- and
SA-responsive cis-elements also supports the involvement of FvTrihelix6 in biotic stress
tolerance. This result is consistent with the results of Zhang et al. [24]. The localization
of FvTrihelix6 in the nucleus implies that FvTrihelix6 may defend against pathogens by
regulating the transcription of disease-resistance target genes [9].

The ectopic expression of FvTrihelix6 improved resistance to C. higginsianum infection.
Previously, the Trihelix family member rml1 has been shown to be up-regulated in response
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to Magnaporthe grisea infection [26]. In maize, ZmGT-3b improved disease resistance to Fusar-
ium graminearum [24]. We also found that ectopic expression of FvTrihelix6 increased disease
resistance in transgenic A. thaliana lines (Figure 6A,B). SA- and JA-mediated signaling path-
ways play an important role in plant disease resistance. SA-mediated signaling pathways
respond in the defense against hemibiotrophic fungal pathogens, which is associated with
resistance to C. higginsianum in A. thaliana [43]. JA-mediated signaling pathways respond in
the defense against necrotrophic fungal pathogens. Plant resistance to pathogenic bacteria
is usually achieved via a complex defense network that is mediated through salicylic acid
(SA) and jasmonic acid (JA) [6,44]. In Arabidopsis, ICS is the key enzyme for SA synthesis.
Infection by pathogens may result in increased levels of AtICS1 transcripts in plants [45,46].
The PR1 gene has been recognized as a marker gene for the SA signal pathway. AtPDF1.2 is
commonly used to detect a JA response [47,48]. To support our results, expression profiling
of genes having presumed roles in the JA and SA signaling pathways was performed.

The expression of AtPR1 was up-regulated at 6 hpi and 48 hpi (Figure 6C). The
expression of AtICS1 gene in the three transgenic lines was higher than that of WT A. thaliana
at almost every time point (Figure 6D). AtPDF1.2 reached its peak at 48 hpi (Figure 6E).
AtLOX3 showed higher expression patterns in three transgenic lines than WT (Figure 6F).
These findings may indicate that the SA signaling pathway-related gene AtPR1 is activated
and up-regulated first, followed by the JA signaling pathway-related gene AtPDF1.2.
This pattern is consistent with the hemibiotrophic mode of infection found in previous
studies [49]. These findings imply that ectopic expression of FvTrihelix6 in A. thaliana
increased resistance against C. higginsianum infection via activating the SA and JA signaling
pathways. This study provides information about the potential role of the FvTrihelix6
gene in the disease-resistance mechanism. It also provides a basis for the functional
characterization of strawberry TTF genes.

5. Conclusions

The 30 Trihelix genes in F. vesca were divided into 5 subfamilies. Most Trihelix genes
exhibited differential expression in different organs of strawberries and were up-regulated
after infection with C. gloeosporioides. Ten genes werere induced after hormone (SA and
JA) treatments. The ectopic expression of FvTrihelix6 in A. thaliana increased resistance
against C. higginsianum infection. Further, pFvTrihelix6-GUS activity increased following
C. gloeosporioides and SA treatments. The FvTrihelix6 protein was localized in the nucleus,
and a pFvTrihelix6-GUS reporter indicated that the promoter of FvTrihelix6 could drive
transcription of downstream genes. This study provides strawberries’ candidate genes for
disease-resistance breeding and a basis for studying the disease resistance of the Trihelix
transcription factor family.
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