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Abstract 

Background  The plant hormone auxin plays a crucial role in regulating important functions in strawberry fruit 
development. Although a few studies have described the complex auxin biosynthetic and signaling pathway in wild 
diploid strawberry (Fragaria vesca), the molecular mechanisms underlying auxin biosynthesis and crosstalk in octop-
loid strawberry fruit development are not fully characterized. To address this knowledge gap, comprehensive tran-
scriptomic analyses were conducted at different stages of fruit development and compared between the achene 
and receptacle to identify developmentally regulated auxin biosynthetic genes and transcription factors dur-
ing the fruit ripening process. Similar to wild diploid strawberry, octoploid strawberry accumulates high levels of auxin 
in achene compared to receptacle.

Results  Genes involved in auxin biosynthesis and conjugation, such as Tryptophan Aminotransferase of Arabidopsis 
(TAAs), YUCCA (YUCs), and Gretchen Hagen 3 (GH3s), were found to be primarily expressed in the achene, with low 
expression in the receptacle. Interestingly, several genes involved in auxin transport and signaling like Pin-Formed 
(PINs), Auxin/Indole-3-Acetic Acid Proteins (Aux/IAAs), Transport Inhibitor Response 1 / Auxin-Signaling F-Box (TIR/
AFBs) and Auxin Response Factor (ARFs) were more abundantly expressed in the receptacle. Moreover, by examining 
DEGs and their transcriptional profiles across all six developmental stages, we identified key auxin-related genes co-
clustered with transcription factors from the NAM-ATAF1,2-CUC2/ WRKYGQK motif (NAC/WYKY), Heat Shock Transcrip-
tion Factor and Heat Shock Proteins (HSF/HSP), APETALA2/Ethylene Responsive Factor (AP2/ERF) and MYB transcrip-
tion factor groups.

Conclusions  These results elucidate the complex regulatory network of auxin biosynthesis and its intricate crosstalk 
within the achene and receptacle, enriching our understanding of fruit development in octoploid strawberries.
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Introduction
The garden strawberry (Fragaria × ananassa), an allo-
octoploid fruit crop (2n = 8x = 56), originated from the 
hybridization of two wild octoploid species, F. chiloen-
sis subsp. chiloensis and F. virginiana subsp. Virginiana. 
It presents a genomic complexity with four subgenomes 
derived from different diploid progenitors: F. vesca, F. 
iinumae, F. nipponica, and F. viridis, as proposed by previ-
ous studies, [1, 2]. Strawberries belonging to the Rosaceae 
family, are distinguished by their unique achenetum 
fruit architecture, where a single flower produces many 
achenes (fertilized ovaries), contrasting with the fleshy 
fruits of apples, peaches, and pears [3, 4]. This distinc-
tion in fruit type, notably in strawberries and raspberries 
as aggregate fruits significantly influences morphology, 
production, storage, and distribution of their unique 
fruits [3–5]. Fertilization-induced fruit development in 
strawberries is of interest due to their unique flower and 
fruit structure. The strawberry fruit consists of numerous 
individual achenes embedded in a fleshy receptacle [6]. 
It is worth noting that what is commonly referred to as 
the fleshy fruit of a strawberry is actually a pseudocarp 
derived from the enlarged receptacle, while the true fruit 
(achene) is located on the epidermal layer [7, 8]. The fruit 
set is the primary and crucial point for fruit growth in 
plants, and typically triggered by positive signals gener-
ated during the process of fertilization [9]. Fruit set can 
arise from different parts of the flower, such as the ovary 
in tomato (Solanum lycopersicum), receptacle in straw-
berry, and accessory part of hypanthium in apple (Malus 
domestica) [10–13]. In many plant species, the process of 
fruit set is largely dependent on the occurrence of ferti-
lization. After successful pollination and fertilization, a 
series of physiological and molecular changes occur, ulti-
mately leading to fruit development [14]. Flowers that do 
not undergo pollination and fertilization typically wither 
and fall off.

Plant growth hormones such as auxin, gibberellin, 
abscisic acid (ABA), and cytokinin, are essential regula-
tors of strawberry fruit development. These hormones 
regulate diverse biological processes, including promot-
ing growth, increasing fruit size, and enhancing fruit 
set and yield [15–17]. Particularly, auxin is essential for 
fruit development, as it regulates cell division and dif-
ferentiation in the receptacle, and its levels are dramati-
cally regulated during fruit growth and ripening [18]. 
Although auxins such as indole-3-acetic acid (IAA) and 
phenylacetic acid (PAA) are crucial for plant growth 
and development, the complex biosynthetic pathways 
and enzyme redundancy within these pathways have 
hindered their complete understanding in plants, rang-
ing from the model plant Arabidopsis to the crop model 
for fruit development [19, 20]. Previous studies have 

demonstrated that auxin transport in the achene ceased 
during the late stages of mid-green fruit development 
to the ripening process of strawberry. This leads to a 
decrease in auxin levels in the receptacle and the subse-
quent ripening process [21]. Furthermore, prior studies 
also reported that removal of the achene from the recep-
tacle after pollination inhibits fruit enlargement, while 
exogenous application of auxin promotes receptacle 
growth in the absence of achene [22–24]. Consequently, 
the achenes play a key role in auxin production needed to 
accelerate receptacle development [23]. Despite numer-
ous studies on the complex biosynthesis and signaling 
pathways of auxin in wild diploid strawberries (F. vesca), 
the fundamental molecular mechanisms of auxin bio-
synthesis in octoploid strawberries, based on the high-
quality haplotype-phased reference genome, have not yet 
been elucidated. Additionally, the intricacies of the differ-
ential gene expressions between achenes and the recep-
tacle during fruit development in octoploid strawberries 
still need to be characterized.

In Arabidopsis, IAA biosynthesis occurs mainly 
through the two-step biosynthetic pathways catalyzed 
by the amino transferases (Tryptophan aminotrans-
ferase of Arabidopsis (TAA) and TAA-related (TAR)), 
and monooxygenases belonging to the YUCCA (YUC) 
family that respectively convert Trp to Indole-3-pyru-
vic acid (IPyA) and IPyA to IAA [20, 25]. Homologs of 
TAA/TAR and YUC have been identified in strawberry 
and implicated in various developmental processes, 
including fruit development. Several transcriptome 
profiling studies with F. vesca have shown that the 
auxin biosynthetic genes such as FvYUC​ and FvTAA​
, are predominantly induced in the endosperm after 
fertilization. Specifically, FvYUC5, FvYUC11, and 
FvTAR1 were primarily expressed in the achene, with 
low expression in the receptacle, and highly expressed 
in ghost (seedcoat + endosperm) and less so in the 
embryo and ovary wall [11]. It was also reported that 
FvYUC4 and FvTAR2 were more abundantly expressed 
in the embryo, indicating their potential roles in 
embryonic development, while FvYUC10, FvGA20ox1, 
FvGA20ox2, and FvGA3ox1 were present across vari-
ous fruit tissues, exhibiting minimal to no expression 
within embryos. The expression of most of these bio-
synthetic genes gradually increases from stage 1 (open 
flower) to stages 5 (big green), likely due to the effect 
of fertilization [11]. Additionally, it was discovered that 
the wild strawberry F. vesca possesses nine genetic loci 
of YUCs genes, eight of which encode functional pro-
teins. Specifically, the overexpression of FvYUC6 exhib-
ited delayed flowering and male sterility in transgenic 
strawberry plants. Plants with reduced expression of 
FvYUC6 through RNAi demonstrated alterations in 
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floral organ structure and root development [26]. In 
the transcriptome analysis of cultivated strawberries, 
two YUC​ genes, FaYUC1 and FaYUC2 (homologous 
to AtYUC6 and AtYUC4, respectively), were identi-
fied. FaYUC1 and FaYUC2 are highly expressed in the 
large green fruit stage. Notably, the expression level 
of FaYUC2 is much higher compared to FaYUC1 [27]. 
During late-stage fruit development, FaYUC2, FaTAR2, 
and FaTAA1 were highly expressed in fruit receptacle 
[18, 28].

Research on the plant hormone auxin, especially its 
perception and transcriptional regulation, is a critical 
aspect of plant phytohormone studies. Previous stud-
ies have identified auxin receptors, including the F-box 
protein Transport Inhibitor Response 1 (TIR1), which 
facilitates the degradation of Auxin/Indole-3-Acetic Acid 
(Aux/IAA) transcriptional repressors [29]. At low auxin 
levels, Aux/IAA proteins act as repressors for express-
ing target genes like Auxin Response Factors (ARF). 
However, when auxin levels increase, Aux/IAA proteins 
are degraded by the 26S proteasome, leading to release 
ARFs to activate auxin responses [30]. In F. vesca, stud-
ies on Aux/IAA and ARF genes suggest that the percep-
tion and transcriptional regulation of auxin involve 21 
FvAux/IAAs and 19 FvARFs genes [11]. Furthermore, the 
expression of 19 FaAux/IAA genes was detected in the 
receptacle of cultivated strawberries. Most of these genes 
exhibited a consistent decrease in expression as the fruit 
transitioned from green to red stages. However, FaAux/
IAA14b and FaAux/IAA11 showed maximum expression 
during the turning red stage, followed by a decrease in 
the red stage. For FaARF genes, while most showed low 
levels of expression from green to red stages, FaARF6a 
was notably more highly expressed during this transi-
tion compared to other FaARF genes [28]. Despite the 
large amount of evidence, a detailed molecular mecha-
nism controlling auxin perception and gene regulation 
in octoploid strawberries, particularly within specific tis-
sues such as achenes and receptacles remains unclear.

In this study, a genome-wide transcriptome analysis 
was performed with a recent complete haplotype-phased 
octoploid strawberry reference genome of ‘Royal Royce’ 
(FaRR1) at various fruit developmental stages [31]. Our 
results showed specific genes differentially expressed 
in receptacle and achenes during fruit development in 
octoploid strawberry. This deep transcriptome profiling 
identified genes involved in auxin biosynthetic signaling 
and metabolism pathways in strawberry. Moreover, our 
study identified novel transcription factors intricately 
linked to the auxin signaling network, marking a signifi-
cant advancement in understanding the complex inter-
play between achenes and receptacles during the fruit 
development phase.

Results
Accumulation of IAA in achene and receptacle during fruit 
development
To investigate the developmental variations in IAA con-
tent of achenes and receptacles during fruit maturation, 
fruits of six different developmental stages were char-
acterized. Stage 1; Small Green (SG), Stage 2; Medium 
Green (MG), Stage 3; Large Green (LG), Stage 4; White 
(W), Stage 5; Turning Red (TR), and Stage 6; Red (R) 
(Fig.  1A). For each developmental stage, achenes and 
receptacles of individual fruits were separated and the 
concentration of IAA was quantified. The IAA con-
tent was consistently higher in achenes of all six stages, 
compared to the IAA detected in receptacles (Fig.  1A 
and B). The highest IAA content was observed in the 
achenes of the SG and MG stage (approximately 4,000 
– 7,000  pmol/g FW). The concentration of IAA in 
achenes decreased as the fruit matured and showed the 
lowest level of IAA at stage R (approximately 1000 – 
2000 pmol/g FW) (Fig. 1B). Based on one-way ANOVA 
Tukey’s test, achenes at stages SG and MG contained 
significantly greater IAA content compared to the R 
stage (P < 0.05). In contrast, receptacles exhibited sig-
nificantly reduced IAA content in all stages of fruit 
development, but the highest IAA level was seen in the 
SG stage (approximately 50–110  pmol/g FW). A rapid 
decrease in IAA content at the MG stage of recepta-
cles was observed, with concentrations dropping below 
20 pmol/g FW (Fig. 1C). This reduction in IAA content 
in the receptacles after the SG stage persisted to maturity 
at the R stage.

Comparative transcriptome profiling analysis 
between achene and receptacle during fruit development
To investigate the transcriptional changes during 
achene and receptacle development (SG, MG, LG, 
W, TR, and R) related to auxin homeostasis an RNA 
sequencing approach was used. Sequencing reads were 
mapped to the octoploid strawberry reference genome, 
cv. ’Royal Royce’ (FaRR1) (www.​rosac​eae.​org), result-
ing in a high average mapping rate of 95.6% for achene 
samples and 95.3% for receptacle samples (Table  S1 
and S2). Principal component analysis (PCA) was per-
formed for the data quality assessment and exploratory 
analysis. Principal component 1 (PC1) accounted for 
70% of the total variance, clearly delineating between 
achene and receptacle samples. Furthermore, principal 
component 2 (PC2) accounted for 22% of the total vari-
ance, distinguishing between the early and late stages 
of development. The PCA results suggest that the dif-
ferences between achene and receptacle samples may 
reveal significant distinctions in the transcriptomes 
of these tissues across various stages of development 
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(Supplemental Fig.  1). To identify differentially 
expressed transcripts between achene and recepta-
cle, we performed DESeq2 analysis using a signifi-
cance cut-off padj < 0.05. The larger number of DEGs 
was identified in the comparison between achene and 
receptacle at the MG stage (32,686 DEGs total; 17,608 
up-regulated and 15,078 down-regulated). In contrast, 
the comparison between achene and receptacle at the 

R stage yielded the smallest number of DEGs, total-
ing 7,131 DEGs from which 6,217 were up-regulated 
and 914 were down-regulated (Fig.  2A, Supplemental 
Fig. 2 and Supplemental Table 3). Venn diagrams were 
generated for pairwise comparisons between achene 
and receptacle at each stage (SG, MG, LG, W, TR, and 
R). A total of 2,892 genes commonly expressed across 

Fig. 1  IAA levels in strawberry achene and receptacle during fruit development. A Attached and detached achene and receptacle developmental 
stages of cultivar ‘Florida Brilliance’ (Fragaria × ananassa Duch). Stage 1; Small Green (SG), Stage 2; Medium Green (MG), Stage 3; Large Green (LG), 
Stage 4; White (W), Stage 5; Turning Red (TR), and Stage 6; Red (R). Scale bar: 2 cm. IAA contents in B achenes and C receptacles. Statistical analysis 
was conducted using one-way ANOVA Tukey’s test (P < 0.05). Different letters indicate significant differences in the amount of free IAA. Mean 
and standard deviation are shown (n = 3)



Page 5 of 17Jang et al. BMC Plant Biology          (2024) 24:876 	

all stages of fruits were identified and further focused 
on analyzing their potential role in key metabolism, 
transport, signal, and response gene expression specific 
to each subgenome level (Fig. 2). To narrow down and 
analyze the transcription factors commonly involved, 
we also utilized this common 2,892 DEGs for the GO 
analysis. Moreover, stage-specific analyses revealed 
that 3,612, 4,396, 3,069, 1,583, 817, and 189 genes 
were uniquely expressed at SG, MG, LG, W, TR and R 
stages, respectively (Fig. 2A). Intriguingly, our findings 
reveal a notable decrease in the number of differentially 
expressed genes, particularly during the later develop-
mental stages, including the W, TR, and R stages. Our 
results also showed a significant increase in the expres-
sion levels of achene-specific transcripts across the 
different fruit developmental stages. Additionally, the 
expression patterns of achene or receptacle-specific 
genes varied throughout different developmental stages 
(Fig.  2B). These observations highlight the substantial 
expression of achene-specific transcripts during fruit 
maturation. The observed variation in differentially 
gene expression patterns between achenes and recepta-
cles during fruit maturation can be attributed to their 
distinct tissue compositions. Achenes, as more complex 
organs consisting of the embryo, endosperm, and seed 
coat, naturally display greater complexity and a higher 
number of differentially expressed genes. Conversely, 
the receptacle, a simpler organ composed of cortex and 

pith, shows less variability in gene expression due to its 
more uniform tissue structure.

Dynamic differential gene expression in achene 
and receptacle during fruit development
To elucidate the functional dynamics of gene expres-
sion between achene and receptacle tissues across six 
developmental stages, we conducted Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analyses using 
the ShinyGO web tool. We used a total of 2,892 DEGs 
identified across all different developmental stages of 
achene and receptacle (padj < 0.05) and subjected them 
to GO analysis to determine their associated Biological 
Process (BP), Cell Components (CC), and Molecular 
Functions (MF) associated with each gene (Fig.  3 and 
Supplemental Table  4). Within the BP category, DEGs 
between achene and receptacle common to each of 
the six developmental stages were primarily involved 
in pathways including the phenylpropanoid metabolic 
process, post-embryonic development, phenylpro-
panoid biosynthesis, as well as lignin metabolism and 
biosynthesis. Of particular note, we observed a com-
mon expression pattern of genes related to the response 
to hormone (GO:0009725) across all six stages (Fig. 3, 
Supplemental Table  4). Additionally, in the CC cat-
egory, the DEGs were found to relate to cellular com-
ponents such as the vacuole, bounding membrane of 

Fig. 2  Transcriptional changes across six stages of fruit development in achene and receptacle tissues. A Venn diagram displaying unique 
and overlapping sets of 2,892 DEGs identified in achene and receptacle tissues, padj < 0.05. B Heatmap analysis of 2,892 overlapping DEGs. Gene 
expression values are shown as Z-score, padj < 0.05. Developmental stages are color coded. Small Green (SG) in red. Medium Green (MG) in yellow. 
Large Green (LG) in green. White (W) in purple. Turning Red (TR) in blue and Red (R) stage in black
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organelle, vacuolar membrane, plant-type vacuole, and 
Golgi apparatus, among others (Fig.  3, Supplemental 
Table 4). Interestingly, in the MF category, a significant 
enrichment of transcription factors and DNA bind-
ing activities was observed, including DNA-binding 
transcription factor activity, transcription regulator 
activity, transcription cis-regulatory region binding, 
transcription regulatory region nucleic acid binding, 
and sequence-specific DNA binding (Fig.  3, Table  S4). 
These findings suggest the presence of genes commonly 
expressed in both the achene and receptacle, and pos-
sibly linked to important functional mechanisms in 
the process of fruit development in octoploid straw-
berry. We also performed a KEGG pathway enrichment 
analysis on the 2,892 overlapped stage candidate DEGs 
identified. The primary signaling pathways associated 
with strawberry in the comparison between achene and 
receptacle include: Biosynthesis of secondary metabo-
lites (139), Phenylpropanoid biosynthesis (31), Plant 
hormone signal transduction (32), Cutin, suberine and 
wax biosynthesis (9), stilbenoid, diarylheptanoid, and 
gingerol biosynthesis (4), Diterpenoid biosynthesis (6), 
Fatty acid degradation (9), and Flavonoid biosynthesis 
(6) (Fig. 3B and Supplemental Table 5).

Identification of genes involved in auxin homeostasis 
in achene and receptacle during fruit development 
of octoploid strawberry
The expression levels of genes associated with auxin 
homeostasis were determined in achene and recep-
tacle, and a total of 181 genes were identified. We fil-
tered these genes based on the criteria of padj < 0.05 
and TPM < 0.5, resulting in the final selection of 159 
auxin-related genes (Fig.  4, Supplemental Table  6). The 
TAAs and YUCs are essential components for the bio-
synthesis of the major natural auxin in plants, IAA. As 
the IPyA pathway mediated by TAAs and YUCs pro-
duces the majority of free IAA, the expression of TAAs 
and YUCs is indispensable for various essential devel-
opmental processes, including fruit development. In the 
octoploid strawberry ‘Royal Royce’, we identified TAA1 
homoeologous gene copies located in the four subge-
nome of chromosome 4, Fxa4Ag102498, Fxa4Bg102453, 
Fxa4Cg202161, and Fxa4Dg101990 (Fig. 4). Among these 
copies, we found that Fxa4Bg102453, Fxa4Cg202161, 
and Fxa4Dg101990 had high expression levels at the SG 
stage of achenes. Moreover, we identified homoeolo-
gous gene copies of TAR1/2, including Fxa5Ag200524, 
Fxa5Bg100503, Fxa5Cg200481, and Fxa5Dg200494, 
respectively (Fig.  4). All four copies showed high 

Fig. 3  GO and KEGG pathway enrichment analyses of differentially expressed genes in achene and receptacle. A Fold enrichment for GO biological 
process (BP), cellular component (CC) and Molecular function (MF). The x-axis indicates the -log10 FDR, and the y-axis shows the GO terms. Colors 
represent the degree of enrichment. B Bubble diagram highlights eight significant KEGG pathways, with circle sizes reflecting the number of DEG 
counts. Pathways with the highest significance (FDR < 0.05) are delineated within respective clusters
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expression levels only during the SG and MG stages. For 
TAR3/4, four homoeologous gene copies, Fxa2Ag101303, 
Fxa2Bg201139, Fxa2Cg202166, and Fxa2Dg201128 were 
identified. Interestingly, only both Fxa2Cg202166 and 
Fxa2Dg201128 were highly expressed in the recepta-
cle, particularly during the MG stage, compared to the 
achene (Fig. 4).

In addition, four FaYUC​ genes, FaYUC2, FaYUC4, 
FaYUC10 and FaYUC11, were found in the octoploid 
strawberry. Protein analysis using the FvYUC2 sequence 
from diploid strawberry showed high similarity with 
four homoeologous copies of FaYUC2, Fxa1Ag100425, 
Fxa1Bg200419, Fxa1Cg100379, and Fxa1Dg200387 
(Fig.  4). The gene expression result showed that only 
Fxa1Cg100379 appears to be dominantly expressed 
at the LG stage at achene, while the expression of the 
other three copies is either absent or very low. For 
FaYUC4, interestingly, all four homoeologous cop-
ies of Fxa2Ag102968, Fxa2Bg202798, Fxa2Cg201097, 
and Fxa2Dg202579 located in chromosome 2 are highly 

expressed during the MG stage of achene development. 
However, the expression of FaYUC4 was only found at the 
subgenome A (Fxa2Ag102968), and B (Fxa2Bg202798) 
at the SG and LG stages. The gene FaYUC10 has four 
homoeologous copies, Fxa2Ag102487, Fxa2Bg202327, 
Fxa2Cg203233 and Fxa2Dg202176, in all subgenomes of 
chromosome 2. The expression levels were constitutively 
higher during the SG, MG, and LG stages of the achene 
compared to other stages. In receptacle, Fxa2Ag102487, 
Fxa2Bg202327, and Fxa2Cg203233 show relatively higher 
expression levels at the SG and MG stages. For FaYUC11, 
three homoeologous gene copies, Fxa4Ag101793, 
Fxa4Bg101727, and Fxa4Cg201512, were found and 
showed higher expression in all developmental stages of 
the achene compared to the receptacle (Fig. 4).

Furthermore, we identified high expressions of GH3 
genes, which belong to one of the major auxin-responsive 
gene families. FaGH3.1, FaGH3.5, FaGH3.6a, FaGH3.6b, 
FaGH3.9, and FaGH3.17 showed expression levels with 
LogFC values from 0.48 to 6.06 (average = 2.4) at the 

Fig. 4  Transcriptional analysis reveals differential gene expression patterns of auxin metabolism, transport, signaling, and response genes in achene 
and receptacle during fruit development. Gene expression levels were normalized to z-scores using a log2(1 + TPM) transformation and visualized 
using a color scale heatmap plot. Color gradients ranging from green to red represent the respective gene expression values, with green indicating 
lower expression and red indicating higher expression. Small Green (SG), Medium Green (MG), Large Green (LG), White (W), Turning Red (TR) 
and Red (R) stages
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SG stage and from 0.57 to 7.97 (average = 2.67) at the 
MG stage in achenes, respectively (Fig.  4, Supplemen-
tal Tables  3 and 6). It has been known that GH3s play 
crucial roles in auxin homeostasis through conjugating 
free auxin with amino acids [32]. We identified that the 
FaGH3.5 homoeologous gene copies, Fxa6Ag104259, 
Fxa6Bg103912, Fxa6Cg103796, and Fxa6Dg103714, 
were highly expressed in the achene during the SG and 
MG stages. Interestingly, only one copy of FaGH3.6 
(Fxa3Ag100357) was highly expressed in receptacle 
during the SG and MG stages compared to the achene. 
Furthermore, FaGH3.6a, FaGH3.6b, FaGH3.9, and 
FaGH3.17 showed predominantly high expression lev-
els at the SG and MG stages of achene. Particularly, the 
three homoeologous copies of FaGH3.6b, Fxa3Bg201817, 
Fxa3Cg101795, and Fxa3Dg201745, showed high expres-
sion levels in the achene at the SG stage (Fig. 4).

To investigate the alternative auxin biosynthesis path-
ways in octoploid strawberries, we analyzed the expres-
sion levels of genes involved in known auxin synthetic 
pathways, such as the IPA, IAOx, and IAM pathways 
(Supplemental Fig. 3). Several genes related to alternative 
auxin biosynthesis were identified. Notably, the FaAMI1 
gene family, which encodes amidase 1, is involved in 
converting IAM (Indole-3-Acetamide) to IAA (Indole-
3-Acetic Acid). The heatmap shows variable expression 
levels of AMI1 across different tissues, with predominant 
expression at the LG stage in the receptacle, indicating 
its active role in the IAM pathway. The genes CYP79A2/
B2 and CYP79B3 (Fxa3Ag100864), part of the pathway 
converting tryptophan to IAOx (Indole-3-Acetaldox-
ime), exhibited high expression levels in specific red each 
achene and receptacle developmental stages, suggesting 
their involvement in the IAOx pathway.

For the PIN family genes, six homologs of PIN 1, 2, 4, 
5, 8, and 10 were identified in F. × ananassa utilizing F. 
vesca as a query. Among them, FaPIN1, FaPIN4, FaPIN5, 
and FaPIN8 exhibited stronger expression in the recep-
tacle at SG than in achene at SG, but FaPIN10 showed 
the opposite pattern. Homologs of AUX/LAX genes, 
including AUX/LAX2, AUX/LAX3, and AUX/LAX4, 
were identified in F. × ananassa. While FaAUX/LAX2 
exhibited high gene expression at MG of achene. FaAUX/
LAX4 showed stronger gene expression at SG and MG 
of achene compared to receptacle (Fig.  4). We also dis-
covered nine Aux/IAA genes and 14 ARF gene family 
homologs in F. × ananassa. Among them, FaAux/IAA26b 
displayed differences in gene expression between achene 
and receptacle at MG. FaAux/IAA27a and FaAux/
IAA27b showed slight differences in expression between 
achene and receptacle at SG and MG. Notably, at SG 
and MG, FaARF3, FaARF6a, FaARF19a, and FaARF19b 
gene families exhibited higher expression in receptacle 

than in achene. However, FaARF1b displayed higher 
expression in achene from MG to W stage, and some 
genes including FaARF16a, FaARF16b, and FaARF17a,c 
showed higher expression in SG of achene compared to 
receptacle. Lastly, TIR1, AFB2, and AFB5 homologs were 
also identified in F. × ananassa. These auxin biosynthesis-
related genes influence various aspects of F. × ananassa 
fruit effects, including growth, perception of auxin, and 
more, throughout the stages from early to late, suggest-
ing their multifaceted impact on the fruit development of 
octoploid strawberry (Fig. 4).

Transcription factors involved in auxin biosynthesis 
signaling networks between achenes and receptacles 
during fruit development
To further understand auxin biosynthesis and trans-
port between achene and receptacle, we used the entire 
list of DEG and clustered them across all six develop-
mental stages based on their transcriptional expression. 
We identified four distinctive patterns of expression 
(Fig.  5, Table  S7). Cluster 1 was formed by 1209 genes 
with increasing expression in achene having the high-
est expression at LG. Genes in cluster 1 have a low or 
no expression in the six receptacle developmental stages 
(Fig.  5A). Cluster 2 formed by 1229 genes showed a 
decreased expression from achene to receptacle in a 
developmental manner. The more advanced the devel-
opmental stage the lower the expression (Fig. 5A). Clus-
ter 3 showed an opposite pattern as cluster 1, having 
lower expression in the achene and higher expression in 
the receptacle (Fig. 5A). Finally, cluster 4 formed by 177 
genes, showed variable expression across developmental 
stages in achene and receptacles samples (Fig. 5A).

Since cluster 1 showed opposite developmental expres-
sion between achene and receptacle, we selected the 
entire set of genes identified in this cluster to conduct a 
correlation analysis to pinpoint transcription factors with 
shared expression profiles with genes involved in auxin 
biosynthesis and transport between achene and recepta-
cle. A large portion of the strawberry genes are described 
as uncharacterized or unknown. Therefore, we removed 
them from the analysis. After removal of unrooted genes, 
the remaining genes were clustered using an edge confi-
dence of at least 0.7. Our analysis yielded six main hubs 
containing transcription factors associated with auxin 
related genes (Fig.  5B). These transcription factor hubs 
were grouped into NAC/WYKR (blue), bZIP (black), 
heat shock transcription factor-HSF/HSPs (red), home-
obox (orange), bHLH (brown), APETALA2/Ethylene 
Responsive Factor-AP2/ERF (purple), and MYB (green). 
Since we were interested in auxin biosynthesis and 
transport, we identified the auxin related genes (yellow) 
that clustered together with other transcription factors. 
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Fig. 5  Novel transcription factors involved in gene regulation between achenes and receptacles of strawberry fruits. A Clustering analysis 
including all differentially expressed genes. B Gene network analysis of differentially expressed genes between achenes and receptacles. 
Transcription factors are shown in red. Auxin related genes are shown in yellow. All other differentially expressed genes are shown in green. 
A threshold of 0.7 of edge confidence was used. A detailed list of the genes included in the gene interaction analysis can be found in Supporting 
Table S7
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Interestingly, four of the seven transcription factor hubs 
identified in our analysis contained auxin-related genes. 
The FaARF4 gene (Fxa2Bg202325) and the Auxin efflux 
carrier (Fxa4Ag100605), along with a DNA-binding 
pseudobarrel domain superfamily gene (Fxa5Dg200932, 
homologous to FvARF11), were found to cluster with 
the NAC/WRKY transcription factors. The ABC-2 type 
transporter gene (Fxa6Ag100719) was associated with 
the HSF/HSPs group, while FaYUC11 (Fxa4Bg101727) 
and the B3 DNA binding domain gene (Fxa7Cg101837, 
homologous to FvARF16c) clustered with the AP2/
ERF and MYB transcription factor hubs, respectively 
(Fig. 5B). To validate these findings, we performed qRT-
PCR analysis on the auxin-related genes marked in yel-
low in Fig.  5B. This analysis confirmed that these genes 
were predominantly expressed in the achenes across all 
six developmental stages, as opposed to the receptacles 
(Supplemental Fig. 4).

Discussion
The plant hormone auxin plays a fundamental role in 
regulating cell expansion and cell division [33, 34]. Pre-
vious studies indicate that fruit development is intri-
cately linked to achene growth, with the maturation of 
fleshy fruits being inhibited in the absence of achene. 
This repression is relieved when fertilized achenes release 
auxin signals to the ovary wall and receptacle [35]. In 
strawberries, achenes are considered the principal sites 
for auxin accumulation, playing a pivotal role in regu-
lating auxin distribution across the entire fruit, thereby 
influencing its development [11, 21, 36]. Studies on auxin 
in wild diploid strawberry, Fragaria vesca, have shown 
that auxin increases both the width and length of the 
fruit during the early stages of fruit development, while 
gibberellic acid (GA), mainly promotes vertical growth 
[17].

Auxin dynamics in achene‑derived auxin on receptacle 
growth and strawberry fruit development
Perkins-Veazie classified the ripening stages of strawberry 
fruit into four stages (green, white, pink, and red), with 
pink being reported as the turning point of ripening [8]. 
However, given that several previous studies have indi-
cated the significant role of auxin synthesis and transport 
in the early developmental stages of strawberry growth, 
our research has not only divided the developmental pro-
cess into six distinct stages, from early development to 
maturity but also separated achene and receptacle at each 
stage for hormone measurement and transcriptome anal-
ysis (Fig. 1). A previous study has reported a consistent 
reduction in IAA as the fruit transitions from the small 
green stage to the red stage, as shown in mixed tissue of 
achene and receptacle [37]. In our study, when analyzing 

the auxin content separately in the achene and recepta-
cle of octoploid strawberries, we observed a significantly 
higher concentration of auxin in the achene compared to 
the receptacle, as observed in Fig. 1. This finding agrees 
with the previous report that the receptacle enlargement 
would be associated with auxin in achenes. Our results 
corroborate those of Estrada-Johnson et  al. (2017)  and 
Gu et  al. (2019), who observed elevated IAA levels in 
achenes compared to receptacles during fruit develop-
ment. Our study, however, distinguishes itself by employ-
ing a high-quality reference genome to perform detailed 
tissue-specific analyses across six developmental stages 
in octoploid strawberries, whereas Estrada-Johnson et al. 
(2017)  focused on only four stages. Moreover, while Gu 
et  al. (2019) examined the transcriptome and auxin-
related genes in diploid strawberries, our analysis extends 
to octoploid strawberry varieties, providing a more com-
prehensive understanding of auxin dynamics across dif-
ferent genomic complexities [28, 38]. One intriguing 
finding is the presence of approximately 50—110 pmol/g 
FW of IAA in the receptacles at the small green stage. 
This could support the result of temporal variations in 
auxin distribution, where auxin is synthesized within 
the achene in early stage of fruit development and pos-
sibly associated with the enlargement of receptacle in 
later stages. Although present at a lower concentration 
compared to the achene, the IAA in the receptacle would 
contribute to the coordination of fruit development, 
possibly regulating processes such as cell division and 
expansion. This could support the notion that even with 
a lower concentration of auxin, the receptacle serves as a 
receiver and transporter of IAA to modulate the growth 
and development of the strawberry fruit [6, 11, 39].

Exploring auxin metabolism, transport, signaling, 
and response pathways in achene and receptacle
To investigate the regulation of this phenomenon by spe-
cific genes, we conducted a genome-wide comprehen-
sive analysis of the auxin-specific transcriptome in the 
achene and receptacle of octoploid strawberries using 
the recently developed high-quality haplotype-phased 
reference genome for octoploid strawberries [31]. We 
compared and analyzed the transcriptomes separately for 
the achene and receptacle at each developmental stage. 
According to previous research, strawberry fruit set is 
completed within two to four days after fertilization, 
and it has been shown that transcriptional regulation 
and signaling metabolic changes occur at fertilization. 
This pattern is consistent with our results (Fig.  1 and 
Fig.  4) [11]. To determine the collaborative action of 
gene families involved in the biosynthesis and transport 
of auxin, we conducted a DEG analysis using the crite-
ria under padj < 0.05 to identify significantly differentially 
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expressed genes at each developmental stage. In this 
study, we examined the expressions of homologous 
genes previously studied, such as TAA, TAR, YUC, GH3, 
Aux/IAA, TIR/AFB, and ARF, and found that the genes 
related to auxin biosynthesis were highly expressed dur-
ing SG or MG in the achene. In the diploid strawberry F. 
vesca, Gu et  al. (2019) reported a comprehensive analy-
sis of hormone levels and transcriptomes throughout 
fruit maturation stages. Their study specifically included 
transcriptome analysis of the receptacle, which revealed 
patterns similar to our findings in octoploid straw-
berry receptacle transcriptomes (Supplemental Fig.  5). 
Interestingly, the analysis in F. vesca showed low gene 
expression levels for auxin metabolism genes in the 
receptacle. Based on these observations, we propose that 
the primary site for auxin metabolism in both diploid 
and octoploid strawberry is the achene. Throughout the 
comprehensive analysis in this study, it was found that 
genes such as TAA1, TAR1/2, YUC4, and GH3.6b play 
a pivotal role in auxin biosynthesis primarily within the 
achene. TAA and TAR enzymes are responsible for con-
verting Trp to IAA in the IPA pathway. In this pathway, 
Trp undergoes a reversible amino transfer reaction, cata-
lyzed by TAA1/TARs enzymes, to form IPA [40]. Addi-
tionally, it is notable that one of the TAA genes, FaTAA1/
TAR1,2, shows accumulated transcripts starting from the 
SG stage in the achene (Fig. 4). This pattern is similarly 
coordinated with findings by Elizabeth et  al. 2017 [28], 
which also observed that TAA1 has the highest expres-
sion at the SG stage in the achene. Furthermore, TAR1/2 
genes also displayed elevated expression levels from the 
SG stage to the MG stage. Interestingly, FaYUC10 and 
FaYUC11 show sustained expression in the achene from 
the SG to TR stages. Additionally, FaYUC4 exhibits high 
expression levels during the MG stage across all four sub-
genomes (2A, 2B, 2C, 2D). Notably, EMS mutants Y422 
and Y1011, which carry mutations in the FvYUC4 gene, 
display reduced leaf blade width and altered floral organs 
and fruit size due to the loss of function in the yuc4 gene. 
Complementary experiments demonstrated that increas-
ing YUC4 gene function restored normal leaf and fruit 
development. These findings collectively suggest that 
FvYUC4 plays a crucial role in regulating auxin hor-
mones, which are essential for the overall morphology of 
strawberry leaves, flowers, and fruits [41]. Previous stud-
ies have also reported the high expression of auxin-conju-
gating GH3 genes in ghost and ovary walls at the F. vesca 
[11]. Furthermore, the presence of IAA amide conjugates 
and highly abundant IAA-protein conjugates have been 
reported in the receptacle of strawberries [42, 43]. Our 
transcriptome data corroborate these findings, show-
ing GH3.2 expression specifically in the receptacle. GH3 
proteins are known to maintain auxin homeostasis by 

converting active IAA into inactive conjugates [44]. This 
regulation ensures that auxin levels do not become exces-
sively high, preventing negative effects on plant growth 
and development. GH3 enzymes act as part of a feedback 
mechanism in auxin signaling pathways. Elevated levels 
of IAA can induce the expression of GH3 genes, which 
then conjugate IAA to maintain balance. Thus, it is plau-
sible that the auxin synthesized in the achene during the 
SG stage is partially maintained and transported, while 
the GH3-mediated regulation in the receptacle helps 
modulate the auxin levels, contributing to the observed 
decrease in auxin concentration in the receptacle at the 
MG stage. Additionally, the PIN gene family, essential 
for auxin efflux facilitation, markedly impacts auxin’s 
directional flow owing to their unique intracellular locali-
zation [45, 46]. In octoploid strawberries, particularly 
during the SG stage, the expression of specific PIN genes 
(FaPIN4, FaPIN5, and FaPIN8) is substantially elevated 
in the receptacle compared to the achene. This reaf-
firms the coordination of achene and receptacle in fruit 
development.

One notable aspect to consider is that in many species, a 
multitude of Aux/IAA proteins modulate ARF-mediated 
transcription and offer extensive signaling interactions in 
various processes involving auxin [47]. Also, the Aux/IAA 
genes has the important role regulating fruit growth and 
negative regulating ripening of strawberry [39]. In this 
research, we discovered that gene copies within the Aux/
IAA family, specifically FaAux/IAA26a (Fxa2Ag103448, 
Fxa2Bg203233, Fxa2Cg200618, Fxa2Dg203024), FaAux/ 
IAA27a (Fxa1Ag100497, Fxa1Bg200482, Fxa1Cg100463, 
Fxa1Dg200444), and FaAux/IAA27b (Fxa6Ag103081, Fxa 
6Bg102848, Fxa6Cg102729, Fxa6Dg102648), alongside 
TIR/AFB genes such as FaTIR1 (Fxa2Ag102496, Fxa2 
Bg202336, Fxa2Cg203243, Fxa2Dg202184), FaAFB2 (Fxa6 
Ag105135), and FaAFB5 (Fxa5Ag203451, Fxa5Bg103235, 
Fxa5Cg202953, Fxa5Dg203023), and ARF genes inclu- 
ding FaARF3 (Fxa3Dg20069, Fxa3Cg100717, Fxa3 
Ag100785), FaARF6a (Fxa3Cg100416, Fxa3Ag100462), 
FaARF19a (Fxa1Cg100787, Fxa1Dg200710), and FaAR 
F19b (Fxa4Ag100540, Fxa4Bg100521, Fxa4Cg200482, 
Fxa4Dg100445), demonstrated notably higher expres-
sion levels in the receptacle than in the achene. This 
differential expression was particularly evident during 
the early developmental stages, from SG to LG, respec-
tively. Although we lack in-vivo evidence to definitively 
link these morphological changes to gene expression, 
our analysis revealed distinct differences in the expres-
sion of auxin-related genes between these stages. Previ-
ous research has shown that treating strawberries with 
exogenous auxin, specifically NAA, leads to increased 
expression of FaAUX/IAA genes, which in turn delays 
fruit ripening [39]. Furthermore, studies in apple have 
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identified a strong association between the ARF106 
gene and fruit size through QTL mapping in various F1 
progeny populations, particularly during cell division 
and expansion phases. Expression analysis across four 
developmental stages further confirmed that ARF7 and 
ARF106 genes are highly expressed during these critical 
phases of fruit growth [48]. Considering our transcrip-
tome data, we observed that FaAUX/IAA and FaARF 
genes in the receptacle exhibit peak expression during 
the SG and MG stages. This pattern suggests a poten-
tial correlation between the differential expression of 
these genes and the observed differences in fruit size. 
Therefore, our findings imply that these genes may play 
a significant role in regulating fruit development and 
growth, possibly contributing to the variations in fruit 
size observed during these stages. This intricate network 
of interactions may stem from gene expression driven by 
specific TIR/AFB, Aux/IAA, and ARF transcription fac-
tors in response to auxin [49].

To further explore the alternative auxin pathways, we 
conducted a comparative analysis of auxin biosynthesis 
genes in achene and receptacle tissues at various devel-
opmental stages. Several genes involved in the IAM and 
IAOx pathways were identified. Notably, the FaAMI gene 
family, exhibited strong expression in the receptacle, 
starting from the MG stage and peaking at the LG stage. 
The AMI1 gene encodes indole-3-acetamide hydro-
lase, an enzyme in an alternative tryptophan-dependent 
auxin biosynthesis pathway using indole-3-acetamide as 
an intermediate. Similar findings have been reported in 
mature apple fruit, where TAA/TAR and YUCCA gene 
expression is minimal in mature apple fruit, while AMI 
genes, such as AMI1 and AMI101, show high expres-
sion levels, indicating the significance of the IAM path-
way [50]. Certainly, seeds (achene) are likely sites for 
auxin biosynthesis during fruit development. However, 
data on the relevant pathways and genes remain lim-
ited. Research in various plant species demonstrates that 
TAA/TAR and YUCCA gene expression is high in seed 
tissues and correlates with auxin accumulation, suggest-
ing that this pathway might also be predominant in fruits 
[51–55].

Characterizing auxin transcription factors in achene 
and receptacle
Our study specifically aime aimed to elucidate the 
transcription factors associated with the genes dis-
covered during fruit development in octoploid straw-
berry. We focused on transcription factors that exhibit 
co-expression patterns with genes involved in auxin 
biosynthesis and transport within both achene and 

receptacle tissues. Our study uncovered a fascinat-
ing interplay between auxin-related genes and major 
transcription factor hubs, including NAC/WRKY, 
HSF/HSPs, AP2/ERF, and MYB. Notably, the FaARF4 
gene (Fxa2Bg202325) and the Auxin efflux car-
rier gene (Fxa4Ag100605), along with a gene from 
the DNA-binding pseudobarrel domain superfamily 
(Fxa5Dg200932, homologous to FvARF11), were co-
localized with NAC/WRKY transcription factors. In 
the study by Carrasco-Orellana et  al. (2018) on Fra-
garia chiloensis, it was highlighted that multiple TFs 
play critical roles in regulating fruit ripening [56]. Spe-
cifically, the NAC family of transcription factors has 
been associated with cell wall remodeling processes 
during this developmental phase. Additionally, in silico 
analysis identified cis-regulatory elements within these 
genes that are responsive to hormones such as auxin 
and ABA. These elements, known as Secondary wall 
NAC binding elements (SNBE), suggest a coordinated 
regulatory mechanism involving these hormones in the 
modulation of fruit ripening and related physiological 
changes [56]. Additionally, FaYUC11 (Fxa4Bg101727) 
was clustered with the AP2/ERF group, suggesting a 
regulatory synergy in auxin signaling pathways. Auxin 
is thought to indirectly facilitate fruit ripening by 
enhancing the transcription of various ethylene com-
ponents, which subsequently results in ethylene-trig-
gered ripening and fruit softening [57]. The B3 DNA 
binding domain gene (Fxa7Cg101837, homologous to 
FvARF16c) was found within the MYB transcription 
factor cluster. This collective data suggests potential 
transcription factors that may play a crucial role in reg-
ulating auxin biosynthesis and its transport dynamics 
between achene and receptacle during strawberry fruit 
ripening.

Conclusions
In our study provides comprehensive gene expression 
profiling specific at subgenome level of octoploid straw-
berries from early to late fruit developmental stages. 
This information highlights an important yet insuf-
ficiently explored area in the field of octoploid straw-
berry auxin research. Furthermore, identifying pattens 
of subgenome-specific gene expression would implicate 
pathways of auxin metabolites, as well as the transport 
and perception of auxin between achenes and recepta-
cles (Fig.  6). Leveraging recently available high-quality 
haplotype-phased reference genomes and genome-wide 
transcriptome profiling analysis, we were able to unveil 
the network of genes in auxin homeostasis and enhance 
our understanding of the regulatory mechanisms during 
fruit development in strawberry.
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Materials and methods
Sample preparations
The samples of the strawberry fruits (Fragaria × ananassa 
Duch. cv. Brilliance) were used for transcriptome analy-
sis. The six different developmental stages of harvested 
fruits corresponded that stage 1 is Small Green (SG- 
The transverse diameter (width) of the strawberry fruit 
is 1 cm, and the longitudinal diameter (length) is 2 cm), 
stage 2 is Medium Green (MG- The width of the straw-
berry fruit expands to 2  cm, distinguishing it from the 
SG stage, while the length remains 2  cm, similar to the 
SG stage), stage 3 is Large Green (LG- The width of the 
strawberry fruit remains 2  cm, but the length increases 

to 3 cm, distinguishing it from the MG stage), stage 4 is 
White (W), stage 5 is Turning Red (TR), and stage 6 is 
Red (R). In early January, the fruits were harvested from 
the UF strawberry field at Gulf Coast Research and Edu-
cation Center in Balm, Florida. All stages of the fruits, 
including transcriptome sequencing biological repli-
cated, were harvested simultaneously. Using the forceps 
and scalpels, each stage of the achenes and receptacle 
were separated from the fruits.

Auxin measurement
Approximately 20 mg (fresh weight) of achene and recep-
tacle samples from 6 fruit stages were immediately frozen 

Fig. 6  Model of auxin-related genes transcriptional behavior in achene and receptable of strawberry fruits. Auxin signaling pathway in strawberry 
development, highlighting key genetic components. Metabolic processes convert anthranilate to tryptophan, involving genes like TAA1 and TAT1,2, 
which lead to the production of the hormone auxin (IAA). The transport of auxin is facilitated by PIN and AUX/LAX proteins, crucial for establishing 
concentration gradients within the plant. In response to auxin levels, the Aux/IAA proteins may regulate gene expression by either repressing 
or permitting the activity of ARF proteins. High auxin levels trigger the degradation of Aux/IAA repressors, allowing ARF to activate transcription. 
Genes such as TIR1 and AFB2,5 are essential for auxin perception, initiating the proteasomal degradation pathway
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in liquid nitrogen and stored at -80°C. For IAA extraction 
and purification, frozen samples of achenes and recep-
tacles were ground with pestles in liquid nitrogen and 
promptly submerged in 1.1 mL sodium phosphate buffer 
(50 mM, pH 7.0) containing 0.1% diethyl dithiocarbamic 
acid sodium salt and 10 ng/mL of [13C6]-IAA as internal 
standard. Samples were incubated at 4°C with continuous 
shaking for 40 min and then centrifuged at 13000 g at 4°C 
for 15 min. After collecting supernatant and adjusting pH 
to 2.7, samples were purified by solid-phase extraction 
using Oasis™ HLB columns (WAT094225; Waters, MA, 
USA). The final elutes with 80% methanol were evapo-
rated to dryness in vacuo and stored at -20°C until LC/
MS analysis.

Perez et al. (2021) provided the basis for the IAA detec-
tion method employed in this study, which utilized liq-
uid chromatography and mass spectrometry (LC–MS) 
[58]. All samples were resuspended in MilliQ water and 
analyzed using Vanquish Horizon ultra-high perfor-
mance liquid chromatography (UHPLC) installed with an 
Eclipse Plus C18 column (2.1 × 50 mm, 1.8 μm) (Agilent) 
and mass analysis was performed using a TSQ Altis Tri-
ple Quadrupole (Thermo Scientific) MS/MS system with 
an ion funnel. MRM parameters of the standards (pre-
cursor m/z, fragment m/z, radio frequency (RF) lens and 
collision energy) of each compound were optimized on 
the machine using direct infusion of the authentic stand-
ards. IAA and [13C6]-IAA were purchased from Cam-
bridge Isotope Laboratories. For IAA detection, the mass 
spectrometer was operated in positive ionization mode 
at an ion spray voltage of 4800 V. Formic acid (0.1%) in 
water and 100% acetonitrile were used as mobile phases 
A and B, respectively, with a gradient program (0–95% 
solvent B over 4  min) at a flow rate of 0.4  mL per min. 
The sheath gas, aux gas and sweep gas were set at 50, 9 
and 1 (arbitrary units), respectively. Ion transfer tube 
temperature and vaporizer temperature were set at 325°C 
and 350°C, respectively. For MRM monitoring, both Q1 
and Q3 resolutions were set at 0.7 FWHM with collision-
induced dissociation (CID) gas at 1.5 mTorr. The scan 
cycle time was 0.8  s. MRM for IAA was used to moni-
tor parent ion → product ion reactions for each analyte as 
follows: m/z 175.983 → 130.071 (CE, 18 V) for IAA; m/z 
182.091 → 136 (CE, 18  V) for [13C6]-IAA. IAA analysis 
was conducted with three biological replicates.

Transcriptome data analysis
The total RNA from separate achene and receptacle at 
six development stage with three replications per sam-
ple were extracted by the Spectrum™ Plant Total RNA 
Kit (Sigma-Aldrich, MO, USA) as fallowing the manu-
facturer protocol. To generate RNA-seq for illumina 

sequencing library were fallowed Illumina sequencing 
protocol. The resulting sequencing library were per-
formed pair-end sequenced (2 × 150  bp) by Illumina 
NovaSeq instruments at Novogene Bioinformatics Insti-
tute, Beijing, China. Raw read sequences obtained from 
36 sequenced libraries were quality trimmed and filtered 
using Trimmomatic [59]. Data quality was assessed using 
FastQC. Trimmed paired end reads were aligned to the 
‘Royal Royce’ octoploid genome [31] using Hisat2 [60]. 
Differentially expressed genes (DEG) analysis was con-
ducted using the DESeq2 package in R script [61] using 
a padj < 0.05 (after the false discovery rate adjustment 
for multiple testing (FDR) < 0.05) for the null hypothesis. 
Total number of reads mapped to each gene was used 
to calculate transcripts per million (TPM) values, which 
were determined using a custom Python script. Gene 
Ontology (GO) enrichment analysis was conducted using 
Arabidopsis gene information provided by the Royal 
Royce genome annotation database [31]. The analysis 
was conducted through the ShinyGO tool (version 0.77, 
http://​bioin​forma​tics.​sdsta​te.​edu/​go/, [62]), applying a 
P-value cutoff of ≤ 0.05 (FDR) and default options.

Confirmation of homology of octoploid strawberry auxin 
hormone pathway genes
Genes associated with auxin biosynthesis were explored 
in the octoploid strawberry involved utilizing known 
genes from F. vesca and previous literature [11, 28, 63]. 
BlastP was performed with significant criteria under 
e-value = 0, pident < 90, bit score > 100 based on the pro-
tein sequence against the Royal Royce reference genome 
[31] for each hormone-related gene.

K‑means clustering and gene co‑expression analysis
Transcripts per million (TPM) counts were used as input 
for the K-means clustering analysis. TPM values were 
averaged for the replicates of each tissue (achene or 
receptacle) at any given stage (Stage 1 to Stage 6). Aver-
aged TPM values were normalized to log2(TPM + 1), 
scaled, and used as input for clustering analysis. DEGs 
were categorized into four clusters using the k-means 
algorithm implemented using the R programming lan-
guage. In order to identify transcriptional correlations 
among genes with shared expression profile analysis 
achene or receptacle, the cor function was implemented 
in the R package WGCNA. Then, genes with shared 
expression profiles were considered as seed candidates 
and were used to build a gene co-expression analysis to 
obtain direct and indirect interactions. A high confidence 
score of 0.7 was used as a threshold [64]. Only high levels of 
confidence interactions were considered as valid as used 
in the final gene co-expression analysis.

http://bioinformatics.sdstate.edu/go/
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Validation of auxin related gene expression by qRT‑PCR 
analysis
To validate auxin-related genes, total RNA (1  μg) was 
treated with Deoxyribonuclease I (DNase I) (Invitrogen, 
Carlsbad, CA) to remove residual DNA prior to cDNA 
synthesis, following the manufacturer’s instructions. 
The DNase I-treated RNA was reverse transcribed using 
oligo(dT) primers and M-MLV reverse transcriptase 
(M0253, New England BioLabs). Quantitative PCR was 
conducted using the FastStart Essential master mix 
(Roche Applied Science) in accordance with the manu-
facturer’s protocol. Each qRT-PCR reaction consisted of 
10 μL of the PCR pre-mix, 4 μL of cDNA, and 500 nM of 
each primer, except for FaGAPDH where 250 nM of each 
primer was used. Gene-specific primers were designed 
with the Primer3 software [65] (Supplemental Table  8), 
utilizing default settings. The PCR conditions were: ini-
tial denaturation at 95°C for 10 min, followed by 40 cycles 
at 95°C for 10 s, annealing at 60°C for 10 s, and extension 
at 72°C for 10 s. Relative gene expression was calculated 
using the ΔCq method (quantification cycle (Cq) value 
of the target gene minus Cq of FaGAPDH) and log fold 
change was determined using the 2 − ΔΔCq method.
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