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Abstract

Boron modulates a wide range of plant developmental processes; however, the

regulation of early fruit development by boron remains poorly defined. We report

here the physiological, anatomical, metabolic, and transcriptomic impact of pre-

flowering boron supply on the sweet cherry fruit set and development (S1–S5

stages). Our findings revealed that endogenous boron content increased in early

growth stages (S1 and S2 stages) following preflowering boron exogenous appli-

cation. Boron treatment resulted in increased fruit set (S1 and S2 stages) and

mesocarp cell enlargement (S2 stage). Various sugars (e.g., fructose and glucose),

alcohols (e.g., myo-inositol and maltitol), organic acids (e.g., malic acid and citric

acid), amino acids (e.g., valine and serine) accumulated in response to boron appli-

cation during the various developmental stages (S1–S5 stages). Transcriptomic

analysis at early growth (S1 and S2 stages) identified boron-responsive genes that

are mainly related to secondary metabolism, amino acid metabolism, calcium-

binding, ribosome biogenesis, sugar homeostasis and especially to photosynthesis.

We found various boron-induced/repressed genes, including those specifically

involved in growth. Several heat shock proteins displayed distinct patterns during

the initial growth in boron-exposed fruit. Gene analysis also discovered several

putative candidate genes like PavPIP5K9, PavWAT1, PavMIOX, PavCAD1, PavPAL1

and PavSNRK2.7, which could facilitate the investigation of the molecular ratio-

nale underlying boron function in early fruit growth. Substantial changes in the

expression of numerous transcription factors, including PavbHLH25,

PavATHB.12L, and PavZAT10.1,.2 were noticed in fruits exposed to boron. The

current study provides a baseline of information for understanding the metabolic

processes regulated by boron during sweet cherry fruit early growth and fruit

development in general.
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1 | INTRODUCTION

The transition of ovaries into fruit (fruit set) and fruit development are

part of a genetically controlled developmental program existing in

most flowering plants (Shinozaki et al., 2020). Particularly, fruit set

and early growth deficits remain among the most important chal-

lenges to sustaining yields of fruit trees, including sweet cherry

(Garratt et al., 2023), which is frequently characterized by low fruit set

rate or premature fruitlet abscission, resulting in lower production

(Sabir et al., 2021). However, our understanding of cherry fruit forma-

tion and its molecular regulation is limited, though some key physio-

logical events are known as essential for fruit development. Initiation

of fruit growth and development occurs shortly after full bloom, fol-

lowing fertilization and seed set (Vignati et al., 2022). The develop-

mental growth rate of sweet cherry (drupe) can be described by a

double sigmoid curve (stages I–III) (Gibeaut et al., 2017). In the initial

exponential phase (stage i), the ovary either aborts or starts all the

subsequent morphological changes, leading to fruit formation (Alkio

et al., 2014). Stage 1, beginning at anthesis, also includes the accelera-

tion of the growth of the ovary approximately 2 weeks before anthe-

sis. During the preflowering period, the cells of the epidermis are

already well-differentiated, with an elongated shape, and increase

their size slowly (Vignati et al., 2022), indicating that some events

occurring prior to anthesis may affect sweet cherry fruitlet develop-

ment. Although the mechanisms influencing fruit set in sweet cherry

are complex, the reduced fruit set may be associated with the geno-

type, self-incompatibility, stigmatic receptivity, pollen vectors such as

bees, weather conditions during pollination as well as inadequate

nutrient availability during critical stages of flowering (Garcia Montiel

et al., 2010). Particularly, the abscission of flowers after fertilization

can be mainly attributed to competition for nutrient supply among

developing fruit and between fruit and actively growing shoots acting

as sinks (Falchi et al., 2020).

Boron is one of the essential nutrients for the optimum growth,

development, yield, and quality of crops. It performs many important

functions in plants and is mainly involved in the structural integrity of

the cell walls and the function of cell membranes. Boron levels are

higher in floral than in vegetative tissues, suggesting a specific

involvement of boron in the reproductive process (Brown

et al., 2002). For example, boron could play a role in female reproduc-

tive organs and their interaction during pollen tube growth through

the style and into the ovary (Fang et al., 2019). Despite these findings,

there are contradictory reports concerning the effect of boron nutri-

tion on fruit set in a variety of perennial tree crops, including sweet

cherry (Wojcik et al., 2008; Wojcik & Wojcik, 2006; Ziogas

et al., 2020). In addition, no information exists about the molecular

events involved in these processes, which could help to better under-

stand boron-associated fruit biology.

Boron is especially immobile in most plant tissues and does not

readily move from the different parts of the tree to the buds, where it

is necessary for pollen production, growth of the pollen tube, and

other reproductive functions (Botelho et al., 2022). Hence, in this

work, we examined the physiology of the impact of preflowering

boron application on the initial set and early fruit growth coupled with

a transcriptome and metabolomic analysis using the sweet cherry as

an experimental model, which yields insight into the metabolic net-

work associated with boron nutrition in fruit biology. We summarize

our findings in a model highlighting the function of boron application

in regulating fruit set and early growth of sweet cherry.

2 | MATERIALS AND METHODS

2.1 | Experimental design and fruit sampling

Experiments were conducted at an experimental orchard of sweet

cherry (Prunus avium L.) on the farm of the Aristotle University of

Thessaloniki (400032004.1600N and 220059041.3300E, Central

Macedonia, Northern Greece) during the 2020 growing season. The

orchard consisted of 11-year-old “Skeena” sweet cherry trees,

planted at 5 m � 4 m spacing between rows and along the row,

grafted onto “MaxMa 14” rootstock and trained in open vases. Boron

sprays were performed at the green tip stage (9 days before flower-

ing; stage 55 based on Biologische Bundesanstalt, Bundessortenamt

and CHemical Industry, BBCH scale, Figure 1A) (Fad�on et al., 2015)

using 0.2% (w/v) (32 mM) boric acid and 0.02% Tween 20 dissolved in

distilled water. Spray with distilled water served as the control. The

selection of boric acid dose and the time of application was based on

previously published reports (Ziogas et al., 2020). The cultivar

“Skeena” was chosen because it is self-fertile (Kappel et al., 2003).

Three biological replicates of 15 branches harvested from 5 trees

(3 branches per tree) were analyzed for boron treatment and control. In

each branch, there were 9–12 rosettes and in each rosette, there

were 5–8 flower buds. Sampling and analysis of various physiological

traits of fruit were conducted at 12d (stage 1, S1), 23d (stage 2, S2),

37d (Stage 3, S3), 46d (stage 4, S4), and 63d (stage 5, S5; commercial

harvest) days (d) after full blossom (DAFB). Just after harvest, samples

were immediately immersed in liquid nitrogen and stored at �80�C

for further analysis.

In a second experiment conducted the following year (2021), the

cultivars “Paulus” (self-fertile) and “Aida” (cross-fertile) (Schuster, 2017)
were also treated with boric acid (0.2%, w/v, 32 mM) as described

above and their fruit set along with cell width and height were

determined.

2.2 | Fruit set, boron concentration, and
physiological traits

Fruit set evaluation was performed in five branches per tree (n = 15)

during full blossom and at 26 DAFB (fruit retention stage). In detail,

the number of flowers in each branch and the number of fruit at

26 DAFB were measured, then the percentage of fruit set was calcu-

lated through the equation: Fruit set = (No. of fruit � No. of flower-

s�1) � 100. Boron concentration was determined in 3 batches of

15 fruits (exo-mesocarp tissue, n = 3) for each treatment/stage.
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F IGURE 1 Phenotypical, physiological and anatomical features of sweet cherry fruit exposed to boron. (A) Graphic illustration of the
experimental design; boron treatment was performed at the green tip stage (9 days before flowering, stage 55 based on Biologische
Bundesanstalt, Bundessortenamt and CHemical Industry, BBCH scale) in “Skeena” trees using boric acid. Sampling and analysis of fruit were
conducted at 12d (stage 1, S1), 23d (stage 2, S2), 37d (Stage 3, S3), 46d (stage 4, S4), and 63d (stage 5, S5; commercial harvest) days (d) after
full blossom (DAFB). Boron application was also performed in the “Paulus” and “Aida” trees (F) as described above (A). (B) Expression of boron
transporters genes (tpm) at S1 and S2 stages in “Skeena” fruit. (C) Boron concentration in cherry fruit (exo- and meso-carp tissues) and
(D) fruit respiration rate during fruit development (S1-S5 stages) in “Skeena”. Fruit set (E) in “Skeena” and (F) in “Paulus”, and “Aida” cultivars
at 26 days after full blossom (DAFB). (G) Cell width and height, and (H) microscope observations in boron-treated “Paulus” and “Aida” fruit at
26 days after full blossom. Additional physiological data are provided in Table S1. Each point/bar represents the mean of at least three
biological replicates (each biological replicate consists of 15 fruits or 5 branches) and vertical lines represent the standard error of the mean
(SEM). Differences were detected based on the Student t-test; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Scale bars: as depicted on the image. Primary
metabolite analysis in response to boron treatment in exo- and meso-carp tissues across the various developmental stages of “Skeena” fruit.
(I) Heatmap depicts the difference in metabolite relative abundance between control and boron treatment. Each cell represents the

log2(FC) (blue indicates an increase and yellow indicate a decrease of metabolites in response to boron treatment). Metabolite data are
provided in Table S2.
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Samples were dried (72�C for 48 h), ground into a fine powder and

incinerated in a muffle furnace (550�C for 5 h); the ash was then dis-

solved in 2N HCl. The concentration of boron was measured by the

azomethine-H method (Sotiropoulos et al., 2006). Fruit physiological

traits, including fresh and dry weight, color indexes (L*, a*, and b*), and

textural property (the required force to achieve 10% deformation in

N mm�1) have been analyzed (Table S1) as described in detail by

Michailidis et al. (2021). Yield (tons per hectare) was also calculated. The

respiration rate of fruit was measured in three biological batches of

15 fruits that were enclosed in 2-L air-tight jars for 30 min at 20�C

using a gas chromatograph and TCD detector (GC-2014ATF Shimadzu).

2.3 | Microscopy observations

Tissue samples excised from the median part of two “Paulus” and

“Aida” fruits at 26 DAA going from exocarp to endocarp were sub-

jected to chemical fixation, dehydration and embedding in White

acrylic resin (LRW) as previously described by Pappas et al. (2022).

Transverse sections of specimens embedded in LRW were taken

with an Ultrotome III Type 8801A (LKB), transferred on glass slides

and stained with 0.5% (w/v) toluidine blue O.

Six transverse sections of exo- and mesocarp were performed in

three biological replicates. Cell width and height were determined in

50 cells per section from both mesocarp and deep mesocarp of fruit

using a microscope (Axio Imager M.2 Zeiss) coupled with a camera

(Axiocam 305 color) and analyzed using ZEN software 3.6 according

to the manufacturer's instructions.

2.4 | Primary metabolites analysis

Primary polar metabolites were determined following a well-

established protocol (Lisec et al., 2006). In 2-mL screw cap vials, fro-

zen lyophilized exo- and meso-carp tissue (0.5 g) was added along

with methanol (1.4 mL) and adonitol (0.1 mL; 1 mg mL�1) and incu-

bated (10 min at 70�C). The supernatant was collected (after centrifu-

gation; 11,000g, 4�C, 10 min), and chloroform (0.75 mL) as well as

dH2O (1.5 mL) were added. Next, the upper phase (0.15 mL; after

centrifugation; 2200g, 4�C, 10 min) was transferred into a 2 mL vial

glass and placed to dry under vacuum (2 days). Finally, methoxyamine

hydrochloride (40 μL of 20 mg mL�1) was added and incubated for

120 min at 37�C, then MSTFA reagent (70 μL of N-methyl-N-tri-

methylsilyl-trifluoroacetamide) were added, incubated for 30 min at

37�C and transferred into 2 mL vial glass with insert. Analysis was

performed using a PerkinElmer Clarus® 590 GC equipped with

Clarus® SQ 8 S MS (USA) and chromatogram visualization and analysis

were performed using TurboMass™ software as described by Poly-

chroniadou et al. (2022). Standard compounds and database NIST11

of unknown peaks were used for the determination of polar metabo-

lites. The primary polar metabolites were expressed as the relative

abundance of the adonitol. The relative abundance of metabolites is

provided in Table S2.

2.5 | Library construction and RNA-seq analysis

Total RNA was extracted using Monarch Total RNA Miniprep Kit (New

England BioLabs Inc.) from control and boron treatment cherries at devel-

opmental stages S1 and S2 in three biological replicates (Michailidis

et al., 2020). Poly-A enriched libraries were prepared with Illumina®

Truseq stranded RNA Library Prep Kit following manufacturer's instruc-

tions. Quality control of libraries (quantification and qualification of each

library) were performed using an Agilent 5300 Fragment Analyzer. Each

library was sequenced on an Illumina® Novaseq 6000 platform.

Low quality reads (Q > 28) and unknown sequences (N) were

trimmed and filtered with Trim Galore. Thereafter, reads aligned

against Prunus avium L. cv. “Tieton” reference genome (Wang

et al., 2020) with Hisat2 with default parameters and then data analy-

sis was performed as previously described (Polychroniadou

et al., 2022). Genes with q-value (p-value adjusted) below 0.01 were

included in the differentially expressed genes (DEGs) without any

other threshold (Tables S3–S5).

2.6 | Real-time reverse transcription-PCR analysis

Total RNA (10 μL), which has been isolated for RNAseq analysis, was

used for validation with qRT-PCR experiment. cDNA construction was

reverse-transcribed from 10 ng RNA using LunaScript® RT SuperMix Kit

(New England Biolabs Inc.). Real-time PCR was performed using 2 μL

cDNA, 0.5 μL for forward and reverse primers and following the instruc-

tion of Luna® Universal qPCR Master Mix (New England Biolabs Inc.) in a

QuantStudio® 5 Real-Time PCR System (96-well, Thermo Fisher Scien-

tific). Primers were designed with Primer3Plus (http://www.bioin forma

tics.nl/cgi-bin/prime r3plu s/ prime r3plu s.cgi) (Table S6). The qPCR pro-

gram was performed as described by Tanou et al. (2015). Ct recorded at

0.2 ΔRn and melt curve constructed to verify PCR products. Data were

analyzed using the ΔΔCt method (Livak & Schmittgen, 2001).

2.7 | Weighted gene co-expression network
analysis

Weighted gene co-expression network analysis (WGCNA) was per-

formed on the RNAseq of DEGs (q value <0.01) and metabolome

datasets between boron treatment and control samples in both stages

(S1 and S2), using the R package (Langfelder & Horvath, 2008). The

WGCNA workflow has been previously described in detail

(Polychroniadou et al., 2022). The co-expression network was con-

structed based on the weighted edges with weighted value ≥0.5 and

visualized by using Cytoscape (v.3.9.1) (Shannon et al., 2003).

2.8 | Statistical analysis and data processing

One-way analysis of variance (ANOVA) was conducted using SPSS

v27.0. Mean values of ripening traits, boron concentration,
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metabolites and gene expressions (from qRT-PCR) were compared by

t-test (p ≤ 0.05). Gene ontology (GO) and protein enrichment analysis

was employed using PANTHER software (Thomas et al., 2022).

Transcription factors annotation was performed in Arabidopsis thaliana

homologs using the AtTFDB database (Yilmaz et al., 2011). Metabo-

lites and transcripts (using Arabidopsis thaliana homologs) were

mapped to the KEGG database (Ogata et al., 1999). The association

between RNA-seq data and qRT-PCR Ct values was assessed by the

Pearson correlation coefficient.

3 | RESULTS

3.1 | Exogenously applied boron increased internal
boron concentration and fruit set

In response to external boron application at the preflowering stage

(Figure 1A), the expression of genes related to boron transportation

(PavBOR2 and PavNIP93) decreased at S1 and S2 respectively, whereas

PavNIP1 increased at S2 (Figure 1B). Meanwhile, the endogenous boron

concentration was increased in “Skeena” fruit at S1 and S2 stages but

remained unaffected in the other stages (S3–S5) (Figure 1C). Boron

treatment reduced the respiration activity of fruit from S1 to S4 stages

(Figure 1D). Fresh weight at S1, as well as yield at harvest, was

increased in boron-treated cherries while other fruit characteristics,

including dried weight, deformation force and color were not affected

by boron (see Figure S1 and Table S1). Interestingly, boron application

increased the fruit set of the self-fertile “Skeena” cultivar (Figure 1E).

To further characterize the impact of boron in the sweet cherry fruit

set, we also performed the same boron treatment in the subsequent

year using one self-fertile (“Paulus”) and a cross-fertile (“Aida”) cultivar.
This follow-up experiment indicated that boron also increased the fruit

set in both “Paulus” and “Aida” cultivars (Figure 1F). In addition, micro-

scope observations of “Paulus” and “Aida” fruit sections at 26 DAFB

revealed cell enlargement upon boron application as documented by

the higher cell width and height in boron-treated fruit (Figure 1G,H).

3.2 | Changes in primary metabolism of cherry
fruit following boron treatment

Thirty-one primary metabolites were quantified at various stages (S1–S5),

which were divided into five categories, including sugars (eight), alco-

hols (four), acids (eight), amino acids (nine), and other substances (two)

(see Table S2). Based on the relative abundance of metabolites data

from all stages, the constructed PCAs revealed a split between S1 and

S2 only when separating S1 and S2 stages from the remaining stages

(57.4% of variance), and a clear separation among all fruit stages regard-

less of boron treatment (Figure S2A,B). In detail, the first PCA model

explained 78.6% of the overall variance (Figure S2A), while the second

PCA model explained 61.5% of the overall variance, with PC1 relating

to stages (45.9% of variation) and PC2 relating to treatments (15.6% of

variance) (Figure S2B).

Boron treatment raised the total acids at S2 and S4, total sugars

at S2, and total amino acids at S4 (Figure 1I). In general, we observed

that several metabolites increased during fruit growth by boron. Partic-

ularly, two sugars (fructose; S5, glucose; S2), two alcohols (myo-inositol;

S4, maltitol; S4 and S5) five organic acids (succinic acid; S4, maleic acid;

S3 and S4, malic acid; S2, citric acid; S1, gluconic acid; S2), four amino

acids (valine; S4, serine; S1, beta-alanine; S1, GABA; S4), and one other

compound (phosphoric acid; S4) were increased in response to boron.

Threonic acid (acid) was initially increased at S1 and then decreased at

the S3 stage in boron-treated cherries (Figure 1I).

3.3 | The boron-related gene expression profile in
developing sweet cherry fruit

Since an accumulation of boron was observed at S1 and S2

(Figure 1A), we conducted RNA-seq analysis in untreated (control)

and boron-treated fruit in these stages to identify boron-affected

genes (Figure 2). Transcriptomic data analysis revealed a clear distinc-

tion between stages and a distinguishable separation between control

and boron-treated samples (Figure S3A). The comparative expression

analysis between control and boron supplementation identified a total

of 407 (102 upregulated) and 998 (549 upregulated) differentially

expressed genes (DEGs) at stages S1 and S2, respectively

(Figure S3B). In response to boron, five genes were found to be upre-

gulated in both stages (S1 and S2), whereas 27 genes were downregu-

lated in both stages (Figure 2A). Common upstream genes include

beta-amylase 9 (PavBAM9) and phosphatidylinositol 4-phosphate

5-kinase 9 (PavPIP5K9), whereas common downstream genes consist

of eight enzymes (PavAPR3, PavCYP.82G1L, PavCSE.1, PavPAP.17,

PavPP2C.51, PavLTICP, PavSAMDC, PavSGR) and two transcription factors

(TFs; PavMYB44L, PavATHB.12 L) (Figure 2B). To further investigate

boron-responsive transcriptome changes, 10 highly expressed genes

(up- and downregulated) at each developmental stage are identified

(Figure 2C, see also Table S3). In the S1 stage, boron-associated signifi-

cantly upregulated DEGs include PavADH, PavGDH1 and PavbHLH25

(TFs), whereas the S2 stage involves PavEP3.2, PavBAS, PavAO. The group

of DEGs that are downregulated by boron at the S2 stage involves three

genes (PavNIR1, PavNUDT18, and PavHIBYL-CoA1) and four TFs

(PavERF109, PavbHLH25, PavTTL, and PavGLABRA2) (Figure 2C, see also

Table S3). To further validate the RNA-seq data, five DEGs were investi-

gated by qRT-PCR. The Pearson coefficient between qRT-PCR data and

transcriptome profiles was very high (R2 = 0.90), indicating that the

RNA-seq results were credible (see Figure S4 and Table S4).

3.4 | Gene ontology and pathway classifications of
boron-responsive genes

To obtain a better understanding of the identified DEGs, an analysis

based on Arabidopsis thaliana homologs via gene ontology (GO), pro-

tein class and KEGG pathway classifications were employed (Figure 2;

see Figure S5 and Table S5). To generate boron-responsive gene
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F IGURE 2 Differentially expressed genes (DEGs) of boron treatment at S1 and S2 developmental stages of “Skeena” fruit. (A) Venn diagram
showing the up-and downregulated DEGs in S1 and S2 stages after the boron treatment. (B) Heatmap illustrated the commonly affected (up- and
downregulated) DEGs in response to boron treatment in both stages. (C) Heatmap with highly expressed (up-/downregulated) DEGs separately in
S1 and S2 stages. Class of DEGs that changed (upregulated or downregulated) in boron-treated fruit at (D) S1 and (E) S2 stages. (F) Heatmap of
chaperones that changed (upregulated or downregulated) in boron-treated cherries at S1 and S2 stages. (G) KEGG pathway analysis regarding the
calculation of the average fold-change of DEGs that participate in each pathway. Heatmaps and bars of class indicate yellow color for the
decrease and blue for the increase of DEGs following boron treatment. Transcriptomic data, KEGG pathways and abbreviations are provided in
Tables S5 and S3.
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clustering, a categorization of DEGs concerning GOs and especially

their biological process, molecular function and cellular component

was performed (Figure S5A,B). In relation to the gene's biological pro-

cess, most of the boron-responsive genes in both stages were associ-

ated with cellular and metabolic processes (25 genes upregulated (U)/77

genes downregulated (D), 18U/51D at S1; 138U/94D, 104U/73D at S2,

respectively). In both stages, the downregulated DEGs encode proteins

that participate in the reproductive process. In boron-exposed cherries,

the genes annotated as a response to stimulus and transcription regulator

activity were suppressed at S1 (80% D, 83% D) and induced at S2

(70% U, 63% U), whereas genes associated with transporter activity were

induced at S1 (71% U) but were suppressed at S2 (62% D) and genes that

participate in signaling declined in S1 (80% D) (Figure S5A,B). Boron

altered several genes encoding binding proteins (10U/53D genes in S1,

73U/40D genes in S2) and catalytic activity (25U/51D genes in S1,

98U/86D genes in S2). Meanwhile, in the GO cellular component, numer-

ous genes encoding enzymes associated with cellular anatomical entities

were mainly downregulated at S1 (75% D) while slightly increasing at S2

(55% U) after boron application (Figure S5A,B).

We further identified protein class categories that were highly

represented in DEGs at both stages. The majority of these DEGs

belong to protein classes, such as metabolite interconversion enzyme

(27U/50D genes in S1, 84U/87D genes in S2) and protein modifying

enzyme (5U/24D genes in S1, 27U/37D genes in S2). Several boron-

affected genes involved in transmembrane signal receptors (69% U)

were exclusively detected in S2. The current transcriptomic analysis

also revealed diverse changes in boron-responsive gene expression

pathways between the examined stages. For example, DEGs associ-

ated with chaperones and translational proteins were suppressed at

S1 (81% D and 100% D) and were induced at S2 (93% U and 89% U)

(Figure 2D,E). Meanwhile, nine chaperones DEGs were downregu-

lated (i.e., PavHSC70-1, PavHSP20.5, PavHSP90A), whereas two were

upregulated (PavBAG1, PavBAG1L) in boron-treated fruit at S1. In con-

trast, 26 DEGs, most of them including heat shock proteins

(i.e., PavHSP90.1, PavHSP70.1-3, PavHSP20.6-7), were upregulated in

boron-exposed cherries, whereas two were downregulated

(PavHSP70.4-5) at S2 stage (Figure 2F, see also Table S5).

The results also showed that five pathways, namely plant-

pathogen interaction, protein processing in the endoplasmic reticulum,

cysteine and methionine metabolism, spliceosome, and starch/sucrose

metabolism, were deactivated by boron at S1 and then activated at S2

(Figure 2G). In contrast, pentose and glucuronate interconversions,

beta-alanine metabolism, circadian rhythm, and ABC transporters

were suppressed by boron at the S2 stage. The phenylpropanoid bio-

synthesis pathway was the only one that was depressed in boron-

exposed cherries at both stages (Figure 2G).

3.5 | Differentially expressed transcription factors
following boron application in sweet cherries

The functional annotation of the sweet cherry genome (Tieton

Genome v2.0 Assembly & Annotation) and particularly Arabidopsis

thaliana homologs (AtTFDB database) were used to identify TFs that

were modulated by boron at each stage. The expression of 48 and

108 TFs at S1 and S2, respectively, was significantly altered by boron

treatment (Figure 3). Specifically, the boron application resulted in the

upregulation of 8 and 36 TFs at S1 and S2, respectively, while 34, 66,

and 6 TFs were downregulated on S1, S2, and both stages, respec-

tively (Figure 3).

According to AtTFDB database, all the identified TFs were mainly

grouped in 11 families, namely AP2-EREBP, bHLH, Homeobox,

C2C2-Dof, HSF, MYB, NAC, C2C2-CO-like, GRAS, ARF, WRKY and

other TFs (Figure 3). The upregulated TFs in both stages belong to

bHLH (e.g., PavIBH1.1, PavIBH1L) followed by WRKY

(e.g., PavWRKY17, PavWRKY46). By contrast, the TFs that belong to

AP2-EREBP group (e.g., PavERF1A, PavERF1B), MYB (e.g., PavMYB5L,

PavMYB8L), Homeobox (e.g., PavATHB6, PavATHB14), and NAC

(e.g., PavNAC72, PavNAC90) families were downregulated by boron at

both stages (Figure 3). Furthermore, WRKY (e.g., PavWRKY40,

PavWRKY70) and HSF (e.g., PavHSFB-1, PavHSFB-2b) TF families were

downregulated by boron at S1 only, whereas four TF families were

downregulated by boron at S2 only, including ARF (e.g., PavERF2B,

PavERF6), bHLH (e.g., PavbHLH25, PavbHLH30), GRAS (e.g., PavSCR9,

PavSCR15), and C2C2-CO-like (e.g., PavZFB5L, PavBZFB19L)

(Figure 3). Notably six TFs, specifically PavMYB44L (MYB),

PavATHB.12L (Homeobox), PavBBX32L (C2C2-CO-like), PavZAT10.1-.2

(C2H2), and PavUP.3 (C3H), were downregulated in both stages by boron

(Figure 3).

3.6 | Expression network of boron-responsive
genes and metabolites

To explore the possible transcriptome-metabolome networks related

to boron, a weighted gene co-expression network analysis (WGCNA)

was carried out at both stages using the normalized expression values

(TPM) of DEGs and relative abundance of metabolites. For module

construction, the dynamic tree cut method was used and revealed

eight modules (ME), viz. blue, turquoise, yellow, green, brown, pink,

black and red (Figure 4A). Among them, the turquoise module

included the highest number of genes and metabolites (399), followed

by blue (187) and brown (185) modules (see Table S6). Modules con-

struction exhibited a higher association with the stages instead of boron

treatment (Figure 4B). Genes from blue, turquoise, yellow, brown and

black modules (ME) were downregulated, whereas genes from green,

pink, and red MEs were upregulated at S1 compared to S2 (Figure 4B).

Modules of blue, green, pink and red had zero interactions based on a

weighted threshold above 0.5, while yellow had only two interactions.

Black, brown, and especially turquoise modules exhibited many interac-

tions (296, 513 and 21,014, respectively) (Figure 4C).

The black module consists of 46 annotated genes and two metab-

olites (citric acid and sucrose; see Table S6) related to two and seven

DEGs, respectively (Figure 4C). In particular, citric acid is associated

with PavERF105L (TF) and F-box protein SKP2A-like (FUN_027663),

while sucrose is related to PavU.P.LOC110770215 (FUN_016586), G-type
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lectin S-receptor-like serine/threonine-protein kinase At1g61490

(FUN_031851), probable pectate lyase 8 (FUN_000650), PREDICTED:

GDSL esterase/lipase At5g45670-like (FUN_032346), PavIAA9

(FUN_007191). Brown ME consists of 117 annotated genes and one

metabolite (maltitol; see Table S6) that connected with L-ascorbate per-

oxidase 2 (FUN_021735) and L-cysteine desulfhydrase (FUN_022504)

(Figure 4C).

3.7 | Boron-affected genes related to metabolic
function

To further study the metabolic function of boron, we investigated

boron-related pathways at S1 and S2 stages. Several DEGs associated

with starch/sucrose, cysteine/methionine metabolism and phenylpro-

panoid biosynthesis were increased, whereas DEGs involved in inosi-

tol and phosphate metabolism were depressed by boron at the S1 stage

(Figure 5). In detail, several DEGs involved in inositol and phosphate

metabolism were upregulated (i.e., PavPIP5K9, PavMIOX), whereas most

of the sugar (i.e., PavBGLU17, PavGH9B1) and amino acid (PavHMT3,

PavNAS) genes were downregulated by boron (Figure 5). Phenylpropa-

noid biosynthesis genes (PavCSE.1, PavCAD9, PavCAD1) were downre-

gulated except for genes linked to lignin biosynthesis (PavPRX.1–2,

PavPRX52), which were upregulated (Figure 5).

A total of 13 KEGG pathways, including amino acids and sugars

metabolism, enzyme/protein protection, were affected by boron at

the S2 stage (Figure 6). Genes that participate in galactose, starch,

sucrose, cysteine and methionine metabolism were upregulated at S2,

even though six of them (PavUGE1, PavSIP1.1, PavTPS9.1, .2,

PavHMT3, PavMGL) were decreased at S1 stage (Figure 6). Five purine

metabolism-related genes (PavTIM, PavAGK2, PavRNR1, PavADSS,

PavFAC1) were increased in cherries exposed to boron. Additionally,

various heat shock proteins (e.g., PavHSP90.1, PavHSP70.1,.2,.3,

PavHSP20.1,.2,.3,.4,.5,.6,.7) were downregulated at S1 but upregulated at

F IGURE 3 Transcription factors (TFs) analysis in boron-exposed “Skeena” fruit (control vs. boron treatment) at S1 and S2 stages based on
Arabidopsis thaliana homologs. Venn diagrams indicating the number of boron-affected TFs at both stages. Heatmap presents the deferentially
expressed (up- and/or downregulated) boron-affected TFs; yellow color indicates a downregulation and blue an upregulation. Transcription factor
data and abbreviations are provided in Table S3.
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S2. Genes related to photosynthesis, antenna proteins (e.g., PavPSBQ-2,

PavLHCA1, 2, 3, 4, PavLHCB2.1, 4.2, 5) and ribosome biogenesis

(e.g., PavRPS3Ae, PavRPL2, PavSH3) were increased by boron at S2 stage

(Figure 6).

The significant role of boron in sweet cherry metabolism is also

demonstrated through the upregulation of several genes involved in

MAPK and plant hormone signaling at S2 (Figure 6). These genes may

regulate important processes, such as stress adaptation and stomata

closure through abscisic acid (PavPYL4, PavRCAR1, PavABF2, PavbZIP),

fruit ripening via ethylene (PavETR2, PavHCHIB), cell enlargement

through auxin pathway (PavIAA9, 11, 18) and stem growth via gibber-

ellin (PavRGL2). Boron nutrition is also characterized by plant-

pathogen leading to cell hypersensitive response and programmed cell

death (PCD) through activation of various genes, among them kinases

(PavCPK2, PavCDPK19), calmodulin (PavMSS3, PavEFCBP), cyclic

nucleotide-gated ion channel (PavCNGC1, 4) and respiratory burst

oxidase (PavRBOHD) (Figure 6). Many DEGs that related to cell wall

metabolism, such as pectinesterase inhibitor and pectin lyase (PavP-

MEi.1, PavPMEi.2, PavPEL) were decreased at S2. Finally, genes associ-

ated with circadian rhythm (PavPRR5, PavHY5, PavHY5-like.2) and

ABC transporters (PavABCB1, PavABCB11, PavABCG22) were inhib-

ited in boron-treated cherries at S2 (Figure 6).

4 | DISCUSSION

Fruit set is the developmental transition from the ovary to young fruit,

following pollination and fertilization (Vignati et al., 2022). Results

regarding the impact of boron in fruit sets are often contradictory

(Wojcik et al., 2008; Wojcik & Wojcik, 2006; Ziogas et al., 2020) while

F IGURE 4 WGCNA co-expression network of DEGs and metabolites in boron-treated “Skeena” cherries at S1 and S2 stages. (A) Hierarchical
cluster tree showing transcripts and/or metabolites with high co-expression level (correlation ≥0.9) and depict branches of the dendrogram and
constitute modules labeled with different colors. (B) Heatmap of eight modules (rows) and 12 biological samples (columns), where yellow
represents negative correlation and blue positive correlation. (C) Network regulations in black and brown modules presenting the gene and
metabolite weighted edges (weighted value ≥0.5). Visualization of regulation networks was conducted using Cytoscape software. The orange-red
circle represents the gene and the blue the metabolites.
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no information exists about the molecular responses of young fruit to

boron feeding. As fruit set is tightly linked to yields (Garratt

et al., 2023), understanding the mechanisms of how fruitlets respond to

preflowering boron application is of considerable economic and scien-

tific interest. In the current study, using the sweet cherry fruit as a

model, we conduct a comprehensive analysis to characterize the molec-

ular framework of boron-mediated fruit set and early fruit development.

4.1 | Boron enhances fruit set and provokes cell
enlargement

Although boron in most plant species has low mobility in the phloem,

it forms complexes in species-rich sorbitol and fructose in Prunus,

allowing it to move through the phloem, thereby making it a highly

mobile element (Hu et al., 1997). In this regard, the observed increase

of boron content in boron-treated cherries at the S1 and S2 stages

and the subsequent reduction to the control level after the S3 stage

(Figure 1A) might be related to the boron's mobility to other tis-

sues (i.e., leaves, shoots) via the phloem. Our data indicate that

boron enhanced the fruit set, possibly by improving the fertiliza-

tion process and subsequent plant source-sink relations. Given

that self-pollen tubes often grow more slowly than cross-pollen

tubes (Sedgley & Griffin, 1989) and hence may take longer to reach

the ovule, it is possible that boron improves fruit set following

self-pollination in “Skeena” and “Paulus” cultivars by accelerating

pollen germination and pollen tube growth, resulting in fruit forma-

tion. Boron was linked to source-sink development of branches in

F IGURE 5 Specific pathways of sweet cherry genes (based on Arabidopsis thaliana homologs) de- or co-activated by boron treatment at the
S1 stage. A yellow cell indicates an upstream fold change and a blue cell indicates a downstream fold change in gene expression. Transcripts and
abbreviations are provided in Tables S3 and S5.
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soybeans (Schon & Blevins, 1990) but their role in source-sink relations

in fruit remains to be established.

Apart from evidence showing a boron-related regulation of fruit set,

we found greater cell enlargement in boron-treated cherries

(Figure 1G,H). This cell enlargement could be explained by the activation,

at S2 stage, of various genes involved in growth regulation by gibberellin

via DELLA protein (e.g., PavRGL2) and by auxin (e.g., PavIAA9, 11, 18).

There is evidence that growth regulators, such as GA4 and auxin, have a

crucial role in early sweet cherry fruit development and cell enlargement

(Teribia et al., 2016). Since boron increased the level of several metabo-

lites such as glucose, gluconic acid, threonic acid, citric acid, malic acid,

serine, and beta-alanine during stages S1 and S2 (Figure 1I), we also

hypothesized that the activation of primary metabolism could affect

cherry growth. Such changes in primary metabolism may provide energy

and biosynthetic precursors to support fruit growth (Beauvoit

et al., 2018; Goulas et al., 2015) or/and contribute to the formation of a

lignified endocarp (Canton et al., 2020). It was previously shown that

most of the cell volume in fleshy fruit is occupied by a large central vacu-

ole that participates in fruit growth via its enlargement driven by the

accumulation of osmolytes, such as organic acids and sugars, through acti-

vation of the primary metabolism (Beauvoit et al., 2018). In support of

this, we found that the early fruit boron loading (Figure 1A) was accompa-

nied by an increase in fruit respiration rate during development (Figure 1C),

which in turn may be linked to both increased fruit set and enhanced meta-

bolic activity at various ovary post-fertilization stages (Figure 6).

4.2 | Boron specifically reprograms sweet cherry
transcriptome at the early stages of development

As this was the first study to characterize the boron-responsive tran-

scriptome changes in fruit, current data provide new insights into

F IGURE 6 Specific pathways of sweet cherry genes (based on Arabidopsis thaliana homologs) de- or co-activated by boron at the S2 stage
and the corresponding de- or co-activation in the S1 stage. A yellow cell indicates an upstream fold change and a blue cell indicates a downstream
fold change of gene expression and/or metabolic abundance. Transcripts, metabolites and abbreviations are provided in Tables S2, S3 and S5.

MICHAILIDIS ET AL. 11 of 16
Physiologia Plantarum

 13993054, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13946 by M

PI 328 Plant B
reeding R

esearch, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



gene expression in the context of boron feeding in developmental

fruit biology. Particularly, this study identified five genes, namely

inactive β-amylase 9 (PavBAM9), phosphatidylinositol 4-phosphate

5-kinase 9 (PavPIP5K9), WAT1-related protein (PavWAT1), and

two unknown function proteins (PavUP.1, .2) (Figure 2) that were

upregulated by boron at both developmental stages (S1 and S2).

β-Amylases (BAMs) are key enzymes of transitory starch degrada-

tion in chloroplasts, a process that buffers the availability of pho-

tosynthetically fixed carbon to maintain energy levels and plant

growth (David et al., 2022). Cherry fruit is green at the early stages

of development and contains the necessary pigments to carry out

photosynthesis (Vignati et al., 2022), suggesting that fruitlet pho-

tosynthesis can contribute to their gain in biomass. This led to the

hypothesis that PavBAM9 may function as a regulator of starch

degradation that influences the cell enlargement of fruit exposed

to boron, although no mechanism has yet been elucidated.

Furthermore, cell expansion also involves cytoskeleton reorganiza-

tion and the reorientation of each of the cell wall's components

(Carpita & Gibeaut, 1993). Thus, the activation of PavPIP5K9 fol-

lowing boron application (Figure 2) could be linked with the

increased cell expansion (Figure 1G,H) because it was suggested

that PIP5K9 regulates developmental processes through cytoskel-

eton dynamics in Arabidopsis (Lou et al., 2007). Our analysis further

showed that PavWAT1, a gene required for secondary cell-wall

deposition (Ranocha et al., 2013), was upregulated in boron-

treated fruits (Figure 1A), proposing that this gene may control the

cell wall formation, which constitutes the bulk of fruit biomass

(Zhong & Ye, 2015).

Apart from evidence showing a common boron-driven up-

regulation of the transcriptome, we found significantly lower

expression of 27 genes following boron treatment (Figure 2).

These genes are involved in various pathways, such as pathogen

resistance (subtilisin-like protease SBT1, PavSBT1.7) and lignin bio-

synthesis (caffeoylshikimate esterase-like, PavCSE.1) (Meyer

et al., 2016; Vanholme et al., 2013), signifying that boron accu-

mulation in cherry fruit reprograms various metabolic pathways.

As such, these results imply a diverse role of boron in sweet

cherry biology across fruit development. Noteworthy, numerous

heat shock proteins (HSPs) were decreased at the S1 stage and

subsequently increased in the following stage (S2) in fruit sub-

jected to boron (Figure 2). For example, boron suppressed at S1

the expression of genes encoding Hsp20s, such as PavHSP20.1,

PavHSP20.4, and PavH SP20.5, whereas PavHSP20.2,

PavHSP20.3, PavHSP20.4, PavHSP20.6, and PavHSP20.7 were

induced by boron at S2 (Figure 2F). In parallel, PavHSP70-1,

PavHSP70.1, PavHSP90A, and PavHSP90.1 were downregulated

in boron-exposed cherries at S1, while eight genes of Hsp70 and

one Hsp90 were upregulated at S2 (Figure 2F), highlighting the

contrasting effect of boron in HSPs hallmarks during the early

stage of sweet cherry fruit development. However, the knowl-

edge of why and how the differential expression of these HSPs is

orchestrated during growth and by the boron treatment deserves

to be investigated in the future.

4.3 | Boron can positively or negatively affect
several transcription factors during early fruit growth

Another major target of interest in this study was the changes in TFs

after the boron treatment. In particular, the altered expression of

PavbHLH25 (bHLH family) and PavMYB44L (MYB family) in boron-

treated fruit (Figure 3) is indicative of the involvement of boron in the

fruit set of self-fertile cherry cultivar via parthenocarpy development,

since these TFs are associated with parthenocarpy in several fruits

(Subbaraya et al., 2020). The present study also showed that

homeobox-leucine zipper protein ATHB-12-like (PavATHB.12L) was

decreased in B-exposed cherries at both stages (Figure 3). Given that

the PavATHB.12L was associated with fruitlet abscission in sweet

cherries (Qiu et al., 2020), these findings might be suggestive of boron

actions to prevent fruit fall, and, consequently, a likely stimulation of

fruit set. Consistent with this, the strong suppression of zinc finger pro-

tein ZAT10 TF (PavZAT10.1, .2) under boron exposure at both stages

(Figure 3) may reduce the sensitivity to abscisic acid (Yang

et al., 2021), which is linked to the fruitlet abscission in sweet cherry

(Qiu et al., 2021), and thereby to fruit set.

4.4 | Key metabolic pathways that are affected by
boron across fruit development

Comparative transcriptomic profiling revealed several differences in

the expression of numerous boron-responsive genes between the

early growth stages examined; such behavior might represent a boron-

specific strategy to establish a new developmental dynamic in sweet

cherry fruitlet. In this regard, we observed an activation of inositol phos-

phate metabolism pathway as well as a deactivation of cysteine/

methionine metabolism and phenylpropanoid biosynthesis at the S1

stage (Figure 5). In particular, the increased expression of inositol oxyge-

nase 1 (PavMIOX), which convert myo-inositol to glucuronate and is

involved in ascorbic acid (AsA) biosynthesis (Munir et al., 2020), sug-

gests that boron may play a role in the formation of antioxidants such

as AsA, as an interaction between AsA and boron has already documen-

ted (Lukaszewski & Blevins, 1996). In boron-treated fruits at early stage

(S1), the lower expression level of cinnamyl alcohol dehydrogenase

(PavCAD1) (Figure 5), which is involved in lignin biosynthesis and cata-

lyzed the final step specific to the production of lignin monomers

(Zhang et al., 2017), suggests that boron may have a significant influ-

ence on lignin biosynthesis, transposing the hardening of endocarp and

forcing a possible late response transition to the hardening stage of the

endocarp. In this regard, we also noted that PavPAL1 and Pav4CL3 were

upregulated in fruit subjected to boron treatment (Figure 6). Although

the exact role of PAL in fruit developmental biology remains uncertain,

there is evidence indicating that high PAL expression during the early

stages of stone fruit formation could be related to an enlargement of all

parts of the ovary and lignification of the endocarp (Morell�o

et al., 2005) and may be correlated to the phenol content upon boron

starvation (Camacho-Crist�obal et al., 2002). Furthermore, in fruit

exposed to boron, the downregulation of several genes 2C type protein
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phosphatase, including PavPP2C.51, PavHAB1 at S1 (Figure 5), is consis-

tent with their known function in fruit ABA perception and signaling

(Jia et al., 2013). In parallel, we observed that serine/threonine-protein

kinase SAPK1 (PavSNRK2.7) was affected by boron at S2 stage. Because

PavSNRK2.7 is an ABA-dependent kinase that regulates plant growth

under optimal and stress conditions (Hasan et al., 2022), we anticipate

that ABA pathway may be involved in the boron-derived regulation of

sweet cherry development (Figure 6).

In higher plants, mature leaves are the primary source of photoas-

similates, although other green organs, such as fruit peels, can also

participate in carbon accumulation (Yuan et al., 2018). Particularly, the

photosynthetic activity of green fruit contributes to fruit growth and

this function would appear to be coupled to the induction of gene

expression associated with carbon assimilation (Karagiannis

et al., 2020). In this work, the abundances of several photosynthetic

genes, including oxygen-evolving enhancer proteins, photosystem I and II

subunits, and chlorophyll a-b binding proteins as well as of genes

involved in protein synthesis, that is, ribosomes (60S and 40S ribo-

somal proteins) was induced by boron at the S2 stage (Figure 6), which

suggests that the de novo production of photoassimilates in cherry fruit

is enhanced by boron. Since the respiration rate was reduced by

boron at the S2 stage (Figure 1C), the overall effect of the induction

of photosynthetic genes would be to further increase the carbon use

efficiency. Our analysis further revealed activation of carbohydrate

metabolism, especially galactose (PavSIP1.1, PavHKL1, PavSIP1.2,

PavPFK3) and sucrose/trehalose (PavTPS9.1, .2, PavBGLU17,

PavGH9B1, PavCT-BMY, PavBAM1, PavHKL1) metabolic pathways in

boron-exposed cherries at S2 stage. It was previously shown that sto-

mata on the surface of cherry fruit carry out a real physiological role,

contributing to carbon status either directly by assimilating carbon

from the atmosphere or through recycling photosynthesis, recapturing

the CO2 liberated by mitochondrial respiration (Vignati et al., 2022).

Hence, it is possible that boron may alter photosynthetic carbon

assimilation, stomata opening, and sugar metabolism, thus contribut-

ing to the initial stages of sweet cherry fruit development, but further

physiological research is needed to prove this interaction. Given that,

fruit photosynthesis could provide advantages for early fruit growth,

as well as maintaining yield, particularly under conditions of stress

when leaf photosynthesis may be compromised (Simkin et al., 2020).

The effect of boron on the photosynthetic activity of young sweet

cherry fruit is worthy of further study.

5 | CONCLUSION

This study reports major developmental events following the preflow-

ering application of boron. The analysis of physiological traits was per-

formed across various fruit developmental stages (S1–S5 stages),

revealing that boron application promoted fruit set and induced cell

enlargement. We found that primary metabolism induction is a direct

response of sweet cherry to boron since an extensive accumulation of

several sugars (e.g., fructose, glucose), alcohols (e.g., myo-inositol, mal-

titol), organic acids (e.g., malic acid, citric acid), amino acids

(e.g., valine, serine) was detected in boron-exposed fruit, especially at

early growth period. Genes involved in secondary and amino acid

metabolism (i.e., PavMIOX, PavPLPT, PavCAD1) and calcium-binding

(i.e., PavMSS3, PavCML31) appear to be severely affected by boron at

the S1 stage. Current results also highlight that sweet cherry fruit

response to boron at the S2 stage potentially involves the alternation

of genes participating in ribosome biogenesis (e.g., PavRPS3Ae,

PavRPL2), sugar homeostasis (e.g., PavTPS9.2, PavBGLU17), secondary

metabolism (e.g., PavPAL1, Pav4CL3) transport system (ABC trans-

porters, e.g., PavABCG21, PavABCG22) and stomata opening

(e.g., PavIAA9, PavIAA11), underlining the importance of the respec-

tive metabolic pathways in sweet cherry developmental programs.

Notably, photosynthetic traits appear to be severely affected by

boron in developing cherries, particularly at the S2 stage. Various

boron-responsive genes were either upregulated (i.e., PavBAM9,

PavPIP5K9) or downregulated (PavSBT1.7 and PavCSE.1) in both

stages and may, therefore, globally play important roles in cherries

growth. Nevertheless, the present work also characterized several

boron-affected HSPs, including PavbHLH25, PavATHB.12L and Pav-

ZAT10.1, .2 that displayed distinct patterns between the examined

stages, illustrating that the boron-based HSPs regulation occurs with

high developmental specificity. To this end, we identified various TFs

(PavbHLH25, PavATHB.12 L and PavZAT10.1,.2) affected by boron.

Overall, from the observations described here, we propose a sche-

matic draft in which boron influences early fruit growth (Figure 7).

F IGURE 7 A schematic illustration of the key physiological and
metabolic changes up- or downregulated by boron in sweet cherry
fruit at the S1 and S2 developmental stages. Abbreviations are
provided in Table S3.
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Further research is required to better understand the role of boron in

fruit set and early fruit development in sweet cherry.
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