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Ethylene promotes fruit ripening initiation
by downregulating photosynthesis,
enhancing abscisic acid and suppressing
jasmonic acid in blueberry (Vaccinium ashei)

Yi-Wen Wang"%* and Savithri U. Nambeesan'"

Abstract

Background Blueberry fruit exhibit atypical climacteric ripening with a non-auto-catalytic increase in ethylene
coincident with initiation of ripening. Further, application of ethephon, an ethylene-releasing plant growth regulator,
accelerates ripening by increasing the proportion of ripe (blue) fruit as compared to the control treatment. To
investigate the mechanistic role of ethylene in regulating blueberry ripening, we performed transcriptome analysis on
fruit treated with ethephon, an ethylene-releasing plant growth regulator.

Results RNA-Sequencing was performed on two sets of rabbiteye blueberry (Powderblue’) fruit: (1) fruit from
divergent developmental stages; and (2) fruit treated with ethephon, an ethylene-releasing compound. Differentially
expressed genes (DEGs) from divergent developmental stages clustered into nine groups, among which cluster 1
displayed reduction in expression during ripening initiation and was enriched with photosynthesis related genes,
while cluster 7 displayed increased expression during ripening and was enriched with aromatic-amino acid family
catabolism genes, suggesting stimulation of anthocyanin biosynthesis. More DEGs were apparent at 1 day after
ethephon treatment suggesting its early influence during ripening initiation. Overall, a higher number of genes were
downregulated in response to ethylene. Many of these overlapped with cluster 1 genes, indicating that ethylene-
mediated downregulation of photosynthesis is an important developmental event during the ripening transition.
Analyses of DEGs in response to ethylene also indicated interplay among phytohormones. Ethylene positively
regulated abscisic acid (ABA), negatively regulated jasmonates (JAs), and influenced auxin (IAA) metabolism and
signaling genes. Phytohormone quantification supported these effects of ethylene, indicating coordination of
blueberry fruit ripening by ethylene.

Conclusion This study provides insights into the role of ethylene in blueberry fruit ripening. Ethylene initiates
blueberry ripening by downregulating photosynthesis-related genes. Also, ethylene regulates phytohormone-
metabolism and signaling related genes, increases ABA, and decreases JA concentrations. Together, these results
indicate that interplay among multiple phytohormones regulates the progression of ripening, and that ethylene is an
important coordinator of such interactions during blueberry fruit ripening.
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Background

Ripening is an important developmental phase that
renders the fruit attractive, and imparts flavor making
the fruit palatable. Important physiological events that
occur during ripening include an increase in sugar to
acid ratio, changes in cell wall metabolism, and synthe-
sis of specific pigments and flavor volatiles [1]. Although
all fleshy fruits display the above changes, fruits are often
classified according to their ripening physiology into
two types: climacteric and non-climacteric fruits. Cli-
macteric fruits display an increase in respiration during
ripening, whereas such an increase is not discernable
in non-climacteric fruits. Further, ethylene production
is autocatalytic and an increase in ethylene production
during ripening is critical in facilitating ripening-related
changes in multiple climacteric fruits such as tomato
(Solanum lycopersicum) [2], banana (Musa sp.) [3], peach
(Prunus persica) [4, 5], and apple (Malus X domestica)
[6]. Ethylene induces the expression of cell wall loosen-
ing enzymes such as polygalacturonase in tomato [7],
apple [8], and kiwifruit (Actinidia chinensis) [9]. In apple,
a protein involved in ethylene signaling, ETHYLENE
INSENSITIVE 3 (EIN3)-LIKE 1 (MdEIL1), increases the
transcript abundance of MdMYBI, a transcription fac-
tor that promotes anthocyanin biosynthesis [10]. In pear
(Pyrus communis L.), ETHYLENE RESPONSE FAC-
TORS (ERFs) regulate the MYB and bHLH (basic helix-
loop-helix) transcription factors, to promote anthocyanin
biosynthesis [11]. Even though the role of ethylene is not
clear in non-climacteric fruits, it may yet be involved in
promoting specific aspects of ripening. For example, in
strawberry (Fragaria X ananassa), ethylene regulates
activities of the cell wall degrading enzymes, polygalac-
turonase and [-galactosidase, although it does not alter
EXPANSIN?2 gene expression [12, 13]. Further, ethylene
promotes fruit color development in strawberry [13]. In
grape (Vitis vinifera), treatment with 1-methylcyclopro-
pene (1-MCP), which inhibits ethylene perception also
inhibits the expression of sugar transport related genes
[14].

Abscisic acid (ABA) may play a larger role, in com-
parison to that of ethylene, in facilitating ripening in
non-climacteric fruit [15]. A peak in ABA concentration
and signaling-related gene expression are noted at the
onset of ripening in grape [16, 17]. External application
of ABA after véraison in grape promotes color develop-
ment, but does not affect fruit firmness, pH, total soluble
solids (TSS), and titratable acidity (TA) [18]. Application
of ABA followed by transcriptome analysis in grape sug-
gests downregulation of photosynthesis, autocatalysis of
ABA synthesis, and stimulation of pigment biosynthesis

[19]. Application of ABA promotes ripening in straw-
berry and induces expression of cell wall degradation-
related genes [20]. In climacteric fruits such as tomato,
ABA concentration increases during ripening and pre-
cedes the climacteric rise in ethylene evolution [21].
Further, application of ABA accelerates ripening and
increases the transcript abundance of certain members of
the ethylene biosynthesis gene families including 1-ami-
nocyclopropane-1-carboxylic acid (ACC) synthase (ACS)
and ACC oxidase (ACO), suggesting that ABA plays a
positive role upstream of ethylene during fruit ripening
[21, 22]. Conversely, when ethylene signaling is blocked
using 1-MCP, ABA accumulation is delayed compared to
that in the control and ABA treatments alone, suggest-
ing that ethylene regulates ABA accumulation [22]. Thus,
interplay between these two hormones may, at least in
climacteric fruits, influence progression of ripening.

In addition, auxin can negatively regulate ripen-
ing as suggested by pharmacological and transgenic
approaches. Generally, auxin regulates processes dur-
ing early fruit development such as promotion of fruit
growth by influencing cell division and elongation, syn-
ergistically with cytokinin and gibberellin [15]. In grape,
auxin levels are high during early fruit development and
its concentration decreases dramatically during ripening
[23]. In strawberry, auxin is synthesized in the achenes
and promotes the expansion of the receptacle during
fruit development, and its levels diminish during ripen-
ing [24]. Thus, auxin is considered as a negative regula-
tor of fruit ripening. Auxin application delays ripening in
strawberry, grape and tomato [25-28]. Treatment with
auxin downregulates genes involved in cell wall modifi-
cation, sugar metabolism and anthocyanin pigmentation
in grape and strawberry [20, 27, 29]. Similarly, in tomato,
auxin treatment downregulates genes associated with
cell wall degradation and carotenoid biosynthesis [30].
Treatment of grape with auxin at the pre-véraison stage
indicates that although transcript abundance of ethylene
biosynthesis-related genes is enhanced, general down-
regulation of ethylene induced ripening processes such
as cell wall metabolism and pigment biosynthesis occur,
suggesting an antagonistic interaction of auxin and eth-
ylene in this process [31]. After cherry fruit tomato are
treated with 0.45 mM 2,4-D (an auxin) at the Mature
Green stage, the climacteric rise in ethylene is decreased
and delayed by almost 3 d, and is associated with repres-
sion of ethylene biosynthesis-related gene expression
[30]. When ethylene perception is blocked by 1-MCP
in apple, it de-represses auxin-regulated genes which
in-turn activate ethylene biosynthesis to restore ethyl-
ene homeostasis [32, 33] suggesting that auxin may yet
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play a promoting role in initiating ethylene biosynthesis
during ripening. Further, expression of auxin-inducible
transcription factors, auxin response factors (ARFs), in
apple (MdARFS5) and peach (PpARF6), promoted eth-
ylene biosynthesis [34-36]. In tomato, silencing of the
paralogs, SIARF2A and 2B led to a decrease in climacteric
ethylene production and impairment in ripening [37].
Further, overexpression of ARF2A in tomato, resulted
in accelerated ripening. ARF2A expression is inducible
by auxin, ethylene and ABA suggesting that this protein
potentially interconnects multiple hormonal pathways to
initiate fruit ripening [38]. Therefore, these studies sug-
gest that auxin may be involved in positively regulating
initiation of ripening. Increased ethylene production led
to a decline in auxin levels, likely due to ethylene induced
activation of auxin conjugating enzyme, that increased
inactive IAA-Asp conjugate accumulation [35], further
suggesting crosstalk between these two hormones and a
feedback loop.

Ripening physiology in blueberry is not well character-
ized. Previously, our work indicated that blueberry fruit
exhibit atypical climacteric ripening physiology as they
display a respiratory climacteric and ethylene production
comparable to that in climacteric fruit [39]. However, the
rise in ethylene evolution during ripening is developmen-
tally controlled and not autocatalytic. Further, ethylene
signaling components are functional during blueberry
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fruit ripening [39]. An evaluation of 12 highbush blue-
berry cultivars indicated variation in ethylene produc-
tion during fruit ripening across genotypes [40]. In this
study, we further explored the role of ethylene in blue-
berry ripening by performing transcriptome analysis on
fruit treated with ethephon (2-chloroethane phosphonic
acid), an ethylene releasing plant growth regulator (PGR).
Transcriptomes of fruit harvested at 1 day and 2 days
after ethephon treatment were compared to that of the
developing fruit transcriptomes to determine the pro-
cesses altered by ethylene during blueberry ripening.

Results

Effect of ethephon application on fruit ripening in
blueberry

Ethephon application resulted in a 6-fold increase in eth-
ylene evolution compared to the control at 2 days after
treatment (Fig. 1A). The effect of ethephon on ripening
could be observed as early as 3 days after treatment. Eth-
ephon treated fruit displayed a lower proportion of Green
fruit than that in the control from 3 days after treatment
(Fig. 1B). The proportion of Pink fruit increased by 3- and
2-fold in the ethephon treatment in comparison to the
control at 3 and 5 days after treatment, respectively, while
the proportion of ripe fruit was significantly higher (by
1.25- to 2.5-fold) after ethephon treatment from 5 days
after treatment (Fig. 1C, D).
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Fig. 1 Response of rabbiteye blueberry ‘Powderblue’to preharvest treatments with water (control) and ethephon. Ethylene production of blueberry fruit
2 days after treatment (A). Percentage of ripening based on skin color of blueberry fruit after treatments (B, C, D). Asterisks indicate significant differences

between treatments within a given day after treatment
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Fig. 2 Experimental design for transcriptome analysis. For transcriptome analyses, four developmental stages that included, Immature green (IMG),
Green, Pink, and Ripe fruit were used to identify ripening-related genes. Ethylene-regulated genes were identified by comparing transcriptomes of eth-
ephon (E) and control (C) treated fruit at 1 and 2 days after treatment. Ripening-related genes regulated by ethylene were identified, by comparing the

overlap of ripening-related and ethylene-regulated genes

Transcriptome sequencing

In total, 796 million raw reads were generated, with an
average of 38 million reads in each sample. After trim-
ming out adapters and low quality-reads, 771 million
reads remained, with an average of 36.8 million reads in
each sample. Subsequently, 81.8% of trimmed reads were
mapped to the fruit-specific transcriptome [41], with
55.9% uniquely mapped reads and 25.8% multi-mapping
reads (Table S1).

Transcriptome analyses were performed from four
developmental/ripening stages (Immature Green [IMG],
Green, Pink, and Ripe fruit) to identify ripening-related
genes (Fig. 2). Ethylene-regulated genes were identified
by comparing transcriptomes of ethephon and control
treated fruit (Fig. 2). Finally, by comparing the overlap
of ripening-related and ethylene-regulated genes, ripen-
ing-related genes regulated by ethylene were identified
(Fig. 2). Since underlying gene expression differences pre-
cede phenotypic differences (evident at 3 days of treat-
ment as changes in the proportion of Green and Pink
fruit), ethephon and control treated fruit at 1 and 2 days
after treatment were used in this study.

To obtain an overview of the transcriptomes among
all samples, transcript profiles using log,-fold-changes
between each pair of samples were visualized by multi-
dimensional scaling (MDS) plot analysis (Fig. S1). The
higher the distance between each pair of samples the
greater the dissimilarity of their transcriptomes. Overall,
all replicates within a given ripening stage, and control
and ethephon treated fruit at each day after treatment
clustered together (Fig. S1) indicating robustness of

Table 1 Number of differentially expressed genes (DEGs) during
ripening and after ethephon treatment in rabbiteye blueberry
‘Powderblue’ IMG: immature green; ED1, ED2: ethephon day1
and day 2; CD1, CD2: control day 1 and day 2

Stage/treatment Comparison Total Up Down

Ripening stage Green vs. IMG 2019 1108 911
Pink vs. Green 1009 408 601
Ripe vs. Pink 1663 1156 508

Ethephon treatment ~ ED1 vs. CD1 625 107 518
ED2 vs.CD2 260 70 190

sample collection and quality. Furthermore, the sepa-
ration of each ripening stage was distinct, with the
IMG, Green, Pink and Ripe fruit stages being separated
along the x-axis. Overall, the variation within control
fruit at day 1 and 2 were smaller with similar variability
between days after ethephon treatments (Fig. S1). Ethe-
phon-treated fruit showed a shift in transcriptome pro-
file towards the right along the X-axis and closer to the
Green stage compared to the control fruit (Fig. S1), sug-
gesting progression towards ripening initiation following
ethephon treatment.

Transcriptome analysis reveals global gene expression
patterns during blueberry ripening

The differentially expressed genes (DEGs) between each
pair of ripening stages were identified with the cutoff
of <0.01 false discovery rate and > 2-fold change. There
were 2,019, 1,009, and 1,663 DEGs in the IMG vs. Green,
Green vs. Pink, and Pink vs. Ripe comparisons, respec-
tively (preceding stage as control) (Table 1). The numbers
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of upregulated and downregulated genes were similar
between IMG and Green fruit (1,108 and 911, respec-
tively) (Table 1). There were more downregulated genes
(601) than upregulated genes (408) between Green and
Pink fruit. However, there were about 2-fold more upreg-
ulated genes (1,156) than downregulated genes (508)
between Pink and Ripe fruit (Table 1).

Temporal expression patterns during ripening were
analyzed by categorizing all the DEGs into clusters with
similar expression patterns. Clustering analysis resulted
in nine clusters with distinct expression patterns (Fig. 3).
The membership of genes in each cluster from 1 to 9 were
1,095, 564, 451, 326, 883, 677, 698, 329, and 603, respec-
tively (Table 2; Table S2). Gene ontology (GO) enrich-
ment analysis for each cluster was performed and the
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top 20 GO enrichment terms in biological process cat-
egory, based on Q value in each cluster were determined
(Fig. S2). In cluster 1, photosynthesis related terms were
most evident, and these transcripts decreased in abun-
dance dramatically between IMG to the Pink stage and
remained similar until the Ripe stage (Fig. 4; Fig. S2). In
cluster 2, transcripts associated with amide and peptide
biosynthesis processes, and translation were enriched
and downregulated gradually during ripening (Fig. S2).
Genes contained in cluster 3 gradually increased from
IMG to Pink stage and then decreased from Pink to Ripe
stage. The GO enrichment terms associated with cluster
3 genes were associated with plant cell wall organiza-
tion and carbohydrate metabolic processes (Fig. S2). In
cluster 4, abiotic stress-related terms were enriched, and
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Fig. 3 Cluster analysis of differentially expressed genes during ripening using Mfuzz. Each line indicates the scaled expression pattern of a gene, with
colors from purple to orange showing the fitness of the gene in the cluster from high to low
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Table 2 Summary of the numbers of total, and ethephon-regulated genes within each cluster
Cluster Total Upregulated Downregulated
Day 1 Day 2 Total Day 1 Day 2 Total
Cluster1 1095 2 1 3 351 143 356
Cluster2 564 1 0 1 18 6 22
Cluster3 451 27 18 38 0 0 0
Cluster4 326 1 0 1 26 7 33
Cluster5 883 13 8 20 14 5 17
Cluster6 677 0 0 0 90 25 95
Cluster7 698 12 8 17 0 0 0
Cluster8 329 25 22 34 2 0 2
Cluster9 603 19 10 24 1 0 1
Top 20 of GO Enrichment
Cluster 1 Cluster 7
photosynthesis - [l 63 (2.1e-48) tyrosine catabolic process 4 [ 13 (1.2e-15)
photosynthesis, light reaction 1 ll 34 (4.6e-30) tyrosine metabolic process { I 15 (9.2e-14)
photosynthesis, light harvesting - I 20 (3.5e-20) aromatic amino acid family catabolic process 1 || 16 {9.2e-14)
protein - chromophore linkage 4 | 19 (3.7e-18) single - organism metabolic process | [ 195 (1.8e-09)
photosynthesis, light harvesting in photosystem | 1 I 17 (3.7-18) small molecule catabolic process { [l :33 (7.1e-09)
carbohydrate biosynthetic process 1 ll 32 (1.2e-06) small molecule metabolic process 1 I 105 (1.3e-07)
cellulose biosynthetic process 4 I 13 (5.5¢-06) organic acid catabolic process 1 Wl 25 (5.5e-07)
generation of precursor metabolites and energy - [l 53 (5.5e-06) carboxylic acid catabolic process 1 Wl 25 (5.5¢-07)
response to light stimulus { [l 30 (5.9¢-08) qvalue aromatic amino acid family metabolic process 1 0 17 (5.5e-07) qvalue
oxidation - reduction process - I 135 (8.4e-06) 172222 alpha - amino acid catabolic process { Il 17 (5.9e-07) ;i:gz
regulation of photosynthesis 1 | 8 (8.4e-06) 5.0e-05 organic cyclic compound catabolic process 1 [l 23 (6.9e-06) 6.0e-06
response to radiation - ll 30 (8.4e-06) 2.5e-05 aromatic compound catabolic process 4 Wl 22 (6.9e-06) 3.0e-06
glucan biosynthetic process { I 17 (1.1e-05) single - organism catabolic process | [l 49 (8.6e-06)
beta - glucan biosynthetic process { I 13 (1.7e-05) cellular amino acid catabolic process { Il 17 (8.6e-06)
single - organism biosynthetic process - I 115 (2.9¢-05) seed trichome initiation | | 5 (8.6e-06)
photosystem Il assembly 1 | 6 (6.2e-05) galactose catabolic process | 6 (8.6e-06)
regulation of photosynthesis, light reaction | | g (5 2¢-05) galactose catabolic process via UDP galactose 4 | 6 (8.6e-06)
regulation of generation of I & (8.36-05) L - phenylalanine catabolic process - 1 7 (8.60-06)
precursor metabolites and energy 4 erythrose 4 - phosphate/phosphoenolpyruvate|
reductive pentose - phosphate cycle { | 5 (0-00011) family amino acid catabolic process - 17 (8.6e-06)
photosynthesis, dark reaction { | 5 (0.00011) single - organism process { T 284 (1.2e-05)
0 30 60 20 100 0 30 60 Q0 120

Gene Percent (%)

Gene Percent (%)

Fig. 4 Top 20 enriched biological process gene ontology (GO) terms for ripening-related genes in cluster 1 and cluster 7

associated transcripts displayed a general downregula-
tion during ripening initiation until the Pink stage fol-
lowed by upregulation between the Pink and Ripe stages
(Fig. S2). In cluster 5, transcripts associated with protein
folding, aminoglycan and chitin processes were enriched
and upregulated during ripening especially during the
Pink and Ripe stages (Fig. S2). In cluster 6, overall pat-
terns indicated downregulation from the IMG to Pink
stage and slight upregulation between the Pink and Ripe
stages. Transcripts associated with this cluster included
chloroplast RNA processing, homogalacturonan biosyn-
thetic process and hexose transmembrane transport, with
only a few genes under each of these terms (Fig. S2). The
transcripts in cluster 7, increased during fruit ripening
and were associated with tyrosine, and aromatic amino
acid family catabolic process (Fig. 4; Fig. S2). In cluster

8, transcripts displayed upregulation between IMG and
Green stages followed by downregulation between the
Green and Ripe stages. The GO enriched categories in
this cluster included those associated with protein fold-
ing, and endoplasmic reticulum (ER) unfolded protein
response (Fig. S2). In cluster 9, flavonoid biosynthesis
and aromatic amino acid family metabolic process were
enriched (Fig. S2), with transcripts displaying an increase
between IMG to Pink stage and then remaining constant
between the Pink and Ripe stages.

Ethylene-regulated ripening-related genes

There were 625 and 260 DEGs in response to ethephon
at day 1 and day 2 after treatment (Table 1), respectively,
indicating differential regulation by ethephon occurred
by day 1 after treatment. Of these DEGs, there were
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107 and 70 upregulated genes and 518 and 190 down-
regulated genes on day 1 and day 2, respectively after
ethephon treatment (Table 1), indicating that ethephon
regulates ripening primarily through downregulation of
gene expression.

The ethylene-regulated ripening genes were identified
by determining the overlap between transcripts upreg-
ulated/downregulated after day 1 and 2 of ethephon
treatment with each of the nine ripening clusters. The
greatest number of genes downregulated upon ethephon

GenelD IMG G P R CD1ED1CD2ED2 Role

PB.13198 T Chlorophyll synthesis
PB.3743 Chlorophyll synthesis
PB.8123 [ Chlorophyll synthesis
PB.10803 Light reactions PSI
PB.10821 Light reactions PSI
PB.11147 Light reactions PSI
PB.13208 Light reactions PSI
PB.314 Light reactions PSI
PB.3170 Light reactions PSI
PB.3186 Light reactions PSI
PB.529 Light reactions PSI
PB.11763 Light reactions PSI
PB.13131 Light reactions PSI
PB.3691 Light reactions PSI
PB.4514 [ Light reactions PSI
PB.7861 Light reactions PSI
PB.9881 Light reactions PSI
PB.10069 Light reactions PSII
PB.11291 Light reactions PSII
PB.11317 Light reactions PSII
PB.15362 Light reactions PSII
PB.15448 | Light reactions PSI|
PB.2585 Light reactions PSIl
PB.3592 Light reactions PSII
PB.9419 Light reactions PSII
PB.11239 Light reactions PSII
PB.11454 Light reactions PSI|
PB.2525 Light reactions PSII
PB.32 Light reactions PSII
PB.3549 Light reactions PSII
PB.5222 Light reactions PSII
PB.6514 Light reactions PSII
PB.6544 Light reactions PSIl
PB.680 Light reactions PSII
PB.6906 Light reactions PSII
PB.6930 Light reactions PSII
PB.8097 Light reactions PSII
PB.819 Light reactions PSII
PB.8984 Light reactions PSII
PB.9056 Light reactions PSII
PB.9347 Light reactions PSII
PB.9747 Light reactions PSI|
PB.13592 Light reactions PSII
PB.13826 Light reactions PSII
PB.12770 PSIl assembly
PB.220 Light reactions
PB.3845 Light reactions
PB.8533 Light reactions
PB.11847 ] Light reactions
PB.12460 Light reactions
PB.746 | Calvin cycle
PB.9321 Calvin cycle
PB.14382 Calvin cycle
PB.12951 I/ Calvin cycle
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treatment overlapped with Cluster 1 (356 transcripts;
32% of all transcripts in Cluster 1) and Cluster 6 (95 tran-
scripts; 7% of all transcripts in Cluster 6) (Table 2). Genes
in these two clusters were mostly downregulated between
IMG and Green stage. In Cluster 1, ripening-related
genes downregulated at day 1 and 2 after ethephon treat-
ment were mainly photosynthesis-related genes (Table
S3; Fig. 5). When a search for ‘photosynthesis’ was per-
formed for GO terms in Cluster 1, a total number of 64
transcripts were identified, of which 54 transcripts were

Gene name

protochlorophyllide reductase, chloroplastic
Mg-protoporphyrin IX monomethyl ester [oxidative] cyclase, chloroplastic
Mg-chelatase subunit Chll, chloroplastic

photosystem | reaction center subunit lll, chloroplastic
photosystem | reaction center subunit psaK, chloroplastic
photosystem | reaction center subunit psakK, chloroplastic
chlorophyll a-b binding protein 8, chloroplastic
chlorophyll a-b binding protein P4, chloroplastic
photosystem | reaction center subunit lll, chloroplastic
photosystem | reaction center subunit psaK, chloroplastic
photosystem I reaction center subunit XIl, chloroplastic
chlorophyll a-b binding protein 6, chloroplastic

PGR5-like protein 1A, chloroplastic

photosystem | reaction center subunit I, chloroplastic-like
photosystem | reaction center subunit V, chloroplastic
chlorophyll a-b binding protein P4, chloroplastic
photosystem | reaction center subunit VI, chloroplastic-like
chlorophyll a-b binding protein CP29.1, chloroplastic
photosystem Il 10 kDa polypeptide, chloroplastic
photosystem Il 10 kDa polypeptide, chloroplastic
chlorophyll a-b binding protein CP26, chloroplastic
chloroplast photosystem Il PsbW protein

photosystem Il 10 kDa polypeptide, chloroplastic
chlorophyll a-b binding protein 13, chloroplastic
chlorophyll a-b binding protein CP29.1, chloroplastic
chlorophyll a-b binding protein of LHCII type 1
ATP-dependent zinc metalloprotease FTSH 2, chloroplastic
chloroplast photosystem Il PsbW protein

oxygen-evolving enhancer protein 2, chloroplastic
chlorophyll a-b binding protein 151, chloroplastic
chlorophyll a-b binding protein CP29.1, chloroplastic
oxygen-evolving enhancer protein 2-2, chloroplastic
photosystem Il core complex proteins psbY, chloroplastic
chlorophyll a-b binding protein CP26, chloroplastic
photosystem Il core complex proteins psbY, chloroplastic
oxygen-evolving enhancer protein 2, chloroplastic
oxygen-evolving enhancer protein 3-2, chloroplastic-like
chlorophyll a-b binding protein CP24 10A, chloroplastic
Protein efr3 like

oxygen-evolving enhancer protein 1, chloroplastic

Protein efr3 like

serine/threonine-protein kinase STN8, chloroplastic
photosystem Il 47 kDa protein

photosystem | P700 apoprotein A2

NmrA-like protein

chlorophyll a-b binding protein, chloroplastic

chlorophyll a-b binding protein 8, chloroplastic
chlorophyll a /b binding protein

NAD(P)H-quinone oxidoreductase subunit S, chloroplastic
chlorophyll A-B binding protein

ribulose bisphosphate carboxylase small chain, chloroplastic
ribulose-phosphate 3-epimerase, chloroplastic
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
calvin cycle protein CP12-1, chloroplastic

Fig. 5 Gene expression levels of photosynthesis-related genes in Cluster 1 that overlaps with ethephon treatment. IMG: immature green, CD1, CD2:
control treated fruit after 1 and 2 days of treatment, ED1, ED2: ethephon treated fruit after 1 and 2 days of treatment. The gene expression level was nor-
malized within each gene. Red to blue indicates a gradient of high to low level of expression based on transcript per million (TPM) values
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differentially regulated by ethephon (Fig. 5). These tran-
scripts had functions associated with the Calvin cycle,
and light reactions in photosystem I and photosystem
II (Fig. 5). In Cluster 6, after ethephon treatment, tran-
scripts related to several processes were downregulated
including several genes related to carbohydrate metabo-
lism (Table S3).

The top 2 clusters overlapping with ethephon upregu-
lated genes were cluster 3 and cluster 8, which had 38
(11% of all transcripts in Cluster 3) and 34 (10% of all
transcripts in Cluster 8) overlapping genes respectively
(Table 2). Genes in these two clusters were upregu-
lated between IMG to Green (Fig. 3). Ripening-related
genes upregulated by ethephon in these two clusters
included hormone-related genes such as auxin conju-
gation gene (INDOLE-3-ACETIC ACID-AMIDO SYN-
THETASE), auxin responsive gene (auxin-responsive
protein SAUR76-like), abscisic acid (ABA) signaling gene
(abscisic acid receptor PYRI-like), and ethylene signaling
genes (REVERSION-TO-ETHYLENE SENSITIVITYI;
ARGOS-like protein). In addition, in these two clusters,
several cell wall modification genes (probable pectate
lyase 8; expansin-A4), and sugar metabolism related
genes (galactinol synthase 2-like; sugar transporter ERD6-
like 16) were upregulated by ethephon (Table S3).

Hormone analysis and related DEGs during fruit ripening
As ethylene-induced, hormone-related genes were iden-
tified in our analysis of upregulated genes upon eth-
ephon treatment, we further determined the subset of
ethylene-induced hormone-related genes by using a key
word search. Overall, the number of DEGs associated
with ABA, auxin, ethylene and JA were 99, 63, 52, and 30
respectively during ripening (Table S5). Of the total num-
ber of genes, ethephon affected the abundance of approx-
imately 13%, 10%, 17%, and 17% of transcripts related to
ethylene, ABA, auxin, and JA metabolism and signaling,
respectively (Table S5).

Of the seven ethylene-related genes that were differen-
tially regulated after ethephon treatment, two biosynthe-
sis-related genes were downregulated, and five signaling
and response genes were upregulated (Fig. 6A). In rela-
tion to ABA, two receptor genes were upregulated and 8
response and signaling genes were downregulated after
ethephon treatment (Fig. 6B). In relation to auxin, of the
11 downregulated genes, four each were related to bio-
synthesis and transport, and of the three upregulated
genes, one was involved in conjugation (Fig. 6C). In rela-
tion to JA acid-related genes, all five genes were down-
regulated by ethephon, four of which were involved in
biosynthesis (Fig. 6D).

We further analyzed the roles of phytohormones by
quantifying their concentrations. ABA concentrations
gradually increased by 4.3-fold from IMG to Pink stage
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and decreased thereafter as ripening progressed (Fig. 7A).
JA concentrations decreased by 4-fold from IMG to
Green stage (Fig. 7B). Similarly, IAA also decreased by
6.4-fold during IMG and Green stage transition, while
IAA-Asp levels showed an increasing trend by 3.3-fold
between the Green and Pink stage (Fig. 7C, D). Ethephon
treatment increased ABA concentration by 1.5-fold at
day 3 and reduced JA concentration by around 2-fold
at day 2 compared to the control treatment (Fig. 8A, B).
Ethephon treatment did not affect IAA and IAA-Asp
concentrations, however IAA-Asp displayed an increased
trend at day 3 after ethephon treatment (Fig. 8C, D). In
addition, ABA-GE, MeJA, Ile-JA-1, and Ile-JA-2 were
also quantified after ethephon treatment. While Ile-JA-1
was not detectable, Ile-JA-2 was only detectable at day 0
(before treatment), MeJA and ABA-GE were not signifi-
cantly different between control and ethephon treated
fruit (data not shown).

Discussion

Genes differentially regulated between the IMG and Ripe
stages could be grouped into nine clusters, each show-
ing distinct patterns of expression during blueberry fruit
ripening. Cluster 1, with the highest number of DEGs,
included GO enriched categories related to photosyn-
thesis. These results indicate downregulation of photo-
synthesis during the onset of blueberry ripening. Such a
downregulation in photosynthesis-related genes has also
been noted in multiple fruit crops such as strawberry,
grape and peach [42-44]. During ripening, tomato fruit
transitions from being a partly autotrophic organ to a
heterotrophic organ exhibiting downregulation of pho-
tosynthesis-related genes. In tomato, fruit photosynthe-
sis during the early phase of fruit growth, although not
essential, can contribute to about 10-20% of the total
fruit carbon (C) [45, 46] with the remaining require-
ment supported by imported C. Thus, downregulation
of photosynthesis during ripening initiation appears to
be consistent across multiple fruits. In blueberry, fruit
photosynthesis can contribute up to 85% of its C require-
ments during very early stages development from 5 to
10 days after anthesis. This value decreases substantially
during later stages, with up to 15% C being supported via
fruit photosynthesis throughout fruit development [47].
Consistently, components of the photosystem reaction
centers, and those associated with electron transport and
the Calvin cycle are downregulated at the onset of ripen-
ing [48]. In the current study, comprehensive analyses of
fruit development clearly support these previous stud-
ies and indicate that downregulation of photosynthesis
is concomitant with the onset of ripening in blueberry.
Coincidently, genes involved in chlorophyll degradation
(TPM value>50) such as PHEOPHORBIDE A OXYGEN-
ASE (Cluster 9) and PROTEIN STAY-GREEN (Cluster 3)
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Hormones

A. Ethylene

Geneid IMG G P R CDIED1CD2ED2 Role Gene name

PB.3938 Signaling ARGOS-like protein

PB.596 Signaling protein REVERSION-TO-ETHYLENE SENSITIVITY1
PB.5605 Signaling EIN3-binding F-box protein 1

PB.11635 || Response ethylene-responsive transcription factor ERF003-like
PB.9855 Response ethylene-responsive transcription factor RAP2-12
PB.14413 Biosynthesis S-adenosylmethionine synthase

PB.3372 Biosynthesis 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like
B. ABA

PB.6214 Signaling abscisic acid receptor PYR1-like

PB.6394 Signaling abscisic acid receptor PYR1-like

PB.10598
PB.6598

Signaling/Metabolism
Signaling/Metabolism

nodulin-related protein 1
abscisic stress-ripening protein 2-like

PB.7901 Signaling/Response  MLP-like protein 423

PB.14163 Response gibberellin-regulated protein 11-like

PB.6718 | | Response gibberellin-regulated protein 11-like

PB.9030 | Response protein ASPARTIC PROTEASE IN GUARD CELL 1
PB.901 Response snakin-2

PB.7049 Response pollen-specific protein SF21-like isoform X2

C. Auxin

PB.1092 ﬁ Response auxin-responsive protein SAURT6-like

PB.15874 Conjugation probable indole-3-acetic acid-amido synthetase GH3.1
PB.12535 Biosynthesis probable indole-3-pyruvate monooxygenase YUCCA10
PB.12735 | Biosynthesis probable indole-3-pyruvate monooxygenase YUCCA10
PB.5604 L Biosynthesis probable indole-3-pyruvate monooxygenase YUCCA10
PB.6347 Biosynthesis tryptophan aminotransferase-related protein 3

PB.176 Metabolism auxin-repressed 12.5 kDa protein-like
PB.5829 Signaling auxin-responsive protein IAA27-like
PB.13441 Signaling Tyrosine protein-kinase

PB.4299 Transport protein kinase PINOID

PB.3038 Transport auxin transporter-like protein 2

PB.14999 Transport Protein kinase PINOID

PB.7049 | | Responseltransport  pollen-specific protein SF21-like isoform X2
D. JA

PB.11980 N Biosynthesis lipoxygenase

PB.4166 ] Biosynthesis lipoxygenase

PB.7147 | Biosynthesis probable linoleate 9S-lipoxygenase 5
PB.8467 Biosynthesis lipoxygenase 6, chloroplastic

PB.14763 | Metabolism putative methylesterase 11, chloroplastic

Fig. 6 Gene expression levels of hormone related genes in the ethylene (A), ABA (B), auxin (C) and JA (D) metabolism. Red to blue indicates a gradient

of high to low levels of expression based on transcript per million (TPM) values

displayed higher expression during ripening (Table S6).
Consistently, breakdown of chlorophyll via pheophor-
bide a oxygenase is an important event during fruit rip-
ening in apple [49, 50].

Ethephon-treated fruit displayed progression to the
Green stage fruit suggesting that ethylene promotes
rapid transcriptomic changes reflective of ripening ini-
tiation. These results were also supported by an increase
in the proportion of Pink stage fruit and a subsequent
decrease in the proportion of Green fruit at 3 days after
ethephon treatment. Immediately after ethephon appli-
cation at day 1, there were 2.4-fold more DEGs compared
to that at day 2, with substantially more downregulated
(4.8-fold at day 1 and 2.7-fold at on day 2) than upregu-
lated genes. Together, these results indicate that ethylene
induces transcriptional changes that lead to initiation of

ripening, and mainly through the downregulation of the
transcriptome.

One of the mechanisms associated with ethylene-
mediated progression of fruit ripening in blueberry is the
downregulation of photosynthetic activity as ethephon
applications immediately downregulated the expression
of photosynthesis-related genes. Such downregulation of
photosynthesis-related gene expression after ethephon
applications were also noted in apricot (Prunus arme-
niaca) and plum (Prunus salicina) [51]. In contrast when
1-MCP, an ethylene perception inhibitor was applied,
upregulation of genes involved in chlorophyll synthesis
and photosynthesis was observed in apricot, plum and
kiwifruit (Actinidia deliciosa) [51, 52]. 1-MCP application
also de-repressed photosynthesis-related gene expres-
sion in apple fruit [33] supporting the idea that down-
regulation of photosynthesis is a primary component
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Fig. 7 Phytohormone concentrations during blueberry fruit development. ABA (A), JA (B), IAA (C) and IAA-Asp (D) concentrations during fruit ripening at
Immature green (IMG), Green, Pink and Ripe stages are presented. Same letter above symbols indicates that the corresponding stages are not significantly

different from each other based on one-way analysis of variance (a=0.05) and Tukey's HSD
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that allows for transition of the fruit into a heterotrophic
organ during ripening. Together, these data support a
role for ethylene in promoting fruit ripening and impli-
cate accelerated downregulation of photosynthesis as an
important component of developmental programs regu-
lated by this phytohormone.

Anthocyanin production is regulated by a ternary
complex of regulatory proteins, MYB, bHLH, and
WD-40 (MBW) that coordinately increases the tran-
script abundance of anthocyanin biosynthesis genes
[53]. In contrast, repressors of the MBW complex can
negatively regulate anthocyanin production [54]. In this
study bHLH137 (PB.9591; PB.15,189) and MYB7-like
(PB.11,494) were positively correlated, and bHLH153
(PB.6459) and bHLH149-like (PB.5294) were negatively
correlated with anthocyanin biosynthesis genes (Table
S7). The role of ethylene in promoting anthocyanin bio-
synthesis is mixed. In apple, there are two regulatory
modules induced by ethylene, one through the activation
of MAMYBI that promotes anthocyanin production and
a second via MAMYB17 that negatively regulates antho-
cyanin biosynthesis [10, 55]. Similarly, in pear, PpERF24
and 96, regulate PpMYB114, to promote anthocyanin
biosynthesis, whereas, PpERF105 increases the expres-
sion of PpMYB140, a transcriptional repressor of antho-
cyanin biosynthesis [11, 56]. The current study suggests
that ethylene positively regulates anthocyanin produc-
tion in blueberry fruit based on percent ripe (blue) fruit
at day 5 after application. Since samples were collected
early following ethephon treatment at day 1 and day 2,
we could not identify DEGs related to anthocyanin bio-
synthesis after ethylene application. However, at least one
regulatory transcription factor, PHLH93-like (PB.12,590)
present in cluster 9 wherein anthocyanin biosynthesis
genes were over-represented, was ethylene responsive
(Table S6).

In addition to ethylene, other hormones such as ABA,
auxin and JAs are known to influence ripening, often
through interaction with ethylene. In the current study,
ABA concentration increased during ripening reaching a
peak at the Pink stage, similar to that reported in a pre-
vious study [57]. Multiple transcripts coding for 9-CIS-
EPOXYCAROTENOID DIOXYGENASE (NCED) were
detected in Clusters 3 and 9, suggesting that upregula-
tion of ABA biosynthesis genes during ripening initiation
between IMG and Pink stages was coincident with an
increase in ABA concentration (Table S6). However, the
decrease in ABA concentration between Pink and Ripe
was not correlated with changes in NCED expression
(Table S7), suggesting that other metabolic processes
such as formation of an ABA conjugate, ABA-glucose
ester, may have contributed to decline in ABA concen-
tration [57]. An increase in ABA concentration during
ripening has also been noted in multiple crops such as
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bilberry (Vaccinium myrtillus), strawberry, grape and
tomato [17, 21, 58, 59]. Together, these data support a
role for ABA in regulating the progression of ripening
in blueberry. Consistently, in blueberry and other crops
such as strawberry and grape, ABA applications increase
the transcript abundance of genes related to anthocyanin
biosynthesis and positively regulate their accumulation
[60-62]. In the current study also, two NCED transcripts
clustered with anthocyanin biosynthesis and potential
regulatory genes in Cluster 9, suggesting a relationship
between ABA biosynthesis and anthocyanin production
(Table S6). Further, application of ABA influences cell
wall modification-related genes suggesting a role in fruit
softening [61, 63]. In tomato, ABA application accelerates
ripening and increases the transcript abundance of eth-
ylene biosynthesis genes, suggesting a crosstalk between
ABA and ethylene in coordinating ripening [21, 22]. On
the contrary when ethylene signaling was blocked using
1-MCP, ABA accumulation was delayed compared to the
control suggesting that ethylene also regulates ABA accu-
mulation [22]. Similarly, in the current study, ethephon
treatment increased ABA concentration at 3 days after
application suggesting that ethylene positively regulates
ABA accumulation in blueberry. In support of this con-
clusion, in peach, ethylene induced transcription factor
PpEREFS3, stimulated ABA biosynthesis by increasing the
expression of PvNCED2/3 [64]. Further an abscisic acid
receptor PYRI-like, an ABA signaling gene, was upregu-
lated as an immediate response to ethephon application
suggesting possible amplification of ABA signaling. A
role for the PYRI gene in inducing anthocyanin biosyn-
thesis during grape ripening has been reported previously
[65]. In strawberry fruit, silencing of an ABA biosynthesis
gene and another receptor gene (FaCHLH/ABAR) lead to
an uncolored phenotype and decrease in sugar content,
respectively [59]. Together, these data support the propo-
sition that ethylene and ABA work in concert to promote
ripening during blueberry fruit development.

Free IAA concentration decreased and IAA-Asp exhib-
ited an increasing trend during blueberry fruit ripening.
Conjugated IAA-Asp, that reduces free IAA levels also
increased during grape ripening [25]. Similar to our study,
a pattern of decline in free IAA with an increase in IAA-
Asp at ripening has been noted in other fruits such as
strawberry and tomato suggesting that auxin negatively
regulates fruit ripening [25, 66]. Transcriptome analysis
in tomato revealed that application of auxin delays ripen-
ing by delaying ethylene production and multiple ripen-
ing-related genes [30]. However, in tomato, silencing of
auxin signaling genes, SIARF2A and 2B exhibited down-
regulation of ripening-related genes such as ripening-
related transcription factors, ethylene biosynthesis genes,
cell wall metabolism gene PG2A, and carotenoid biosyn-
thesis genes, indicating these genes positively regulate
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ripening [37]. Other studies in apple and peach also sug-
gest that auxin-responsive transcription factors can acti-
vate ethylene production and accelerate ripening [35, 36].
In apple, MdARFS5 interacts with the promoters of ethyl-
ene biosynthesis genes to promote their expression and
induce production of ethylene [34]. In an apple cultivar
‘Granny Smith; a low basal level of ethylene during ripen-
ing has been suggested to be associated with low auxin
and higher IAA-Asp levels [35]. The authors suggest that
a low auxin concentration in ‘Granny Smith’ may not be
sufficient to stimulate ethylene production. These stud-
ies suggest that auxin may promote ripening via stimu-
lating ethylene biosynthesis. Whether such a connection
between ethylene-stimulation by auxin occurs in blue-
berry fruit needs further characterization.

In apple, although an auxin-responsive transcription
factor positively regulates ripening, ethylene production
in-turn results in a decline in auxin levels, possibly due
to ethylene induced activation of the auxin conjugating
enzyme, GRETCHEN HAGEN 3 (GH3) [35], suggesting
a feedback loop between these two hormones. In the cur-
rent study, ethephon application decreased the expres-
sion of auxin biosynthesis genes, YUCCA, and also,
increased the transcript abundance of the auxin conju-
gating gene, INDOLE-3-ACETIC ACID-AMIDO SYN-
THETASE (GH3.1). Similarly, other studies in tomato,
pepper and grape support the induction of GH3 by ethyl-
ene during fruit ripening [25, 67, 68]. Overexpression of a
pepper CcGH3 increased the rate of ripening upon ethyl-
ene treatment in tomato, suggesting this gene is ethylene-
inducible [67]. In grape, the transcript abundance of GH3
increased during ripening and was slightly upregulated in
response to ethylene treatments [25]. In this study, eth-
ylene induced transcript changes in auxin metabolism-
related genes, did not translate directly to changes in IAA
and TAA-Asp concentrations after ethephon application
within the time period analyzed. This may be attributed
in part to the high variability in IAA-Asp concentra-
tion among replicates. Hence, the potential antagonistic
relationship between IAA and ethylene warrants further
investigation.

Opverall, there is limited information on the role of JAs
in fruit ripening. While multiple studies have indicated a
positive role for JAs in fruit ripening, other studies have
suggested that they may delay ripening [69-72]. MeJA
application promoted transcript abundance of anthocy-
anin biosynthesis genes and anthocyanin production in
strawberry [73]. In apple, MeJA-induced TFs, MdMYB9
and MdMYBI11 promoted anthocyanin accumulation
[74]. However, no effect on ripening rate and fruit quality
were observed after MeJA application in blueberry [75].
In the current study, JAs decreased during fruit ripening
similar to that noted for IAA, suggesting a negative role
for them in the regulation of fruit ripening. Further, JA
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concentration during ripening was negatively correlated
with transcript abundance of flavonoid 3,5™-hydroxylase,
a gene related to anthocyanin biosynthesis, and with
pheophorbide a oxygenase, a gene involved in chlorophyll
catabolism (Table S7) suggesting that JAs may negatively
regulate anthocyanin biosynthesis and chlorophyll degra-
dation during blueberry fruit ripening. Additionally, eth-
ephon application decreased the transcript abundance
of jasmonic acid biosynthesis genes in conjunction with
changes in JA levels, suggesting that ethylene downreg-
ulates JA production, potentially as part of a program
associated with acceleration of ripening. Similarly, ethe-
phon-treated apple fruit displayed downregulated activ-
ity of allene oxide synthase, a JA biosynthesis enzyme,
and JA content [76].

Conclusions

This study demonstrates that downregulation of pho-
tosynthesis is associated with ripening initiation in
blueberry. Ethylene plays an important role in accelerat-
ing the onset of ripening mainly by downregulating the
transcript abundance of multiple genes, especially those
associated with photosynthesis. Ethylene increased ABA
concentration and upregulated the transcript abun-
dance of an ABA receptor PYRI-like suggesting possible
amplification of ABA signaling and synergistic interac-
tion between these phytonhormones. Free IAA concen-
tration decreased and IAA-Asp showed an increasing
trend during blueberry fruit ripening but were not sig-
nificantly affected by ethylene, although, decreased
transcript abundance of YUCCA, and increased tran-
script abundance of INDOLE-3-ACETIC ACID-AMIDO
SYNTHETASE, GH3.1 were noted. Similar to auxin,
JA concentrations decreased during ripening. Ethylene
decreased JA levels and the expression of JA biosynthe-
sis genes. These results suggest an antagonistic interac-
tions between ethylene and JAs (and possibly auxin) in
regulating the progression of ripening. Together, these
data present insights into mechanisms by which ethylene
promotes fruit ripening in blueberry, and also offer addi-
tional avenues for further exploration, particularly in the
realm of phytohormone interactions.

Methods

Ethephon treatment and phenotypic data collection
Rabbiteye blueberry ‘Powderblue’ plants grown at the
Durham Horticulture Farm in Watkinsville, GA were
used for ethephon treatments on June 23rd, 2017. Eth-
ephon (250 mg-L ') and control treatments were applied
following the method described in [75]. Each treatment
had four biological replicates. Phenotypic data collected
included ethylene evolution from fruit and the rate of
ripening. Ethylene evolution from fruit was measured
using a closed system. Approximately 25 g of fruit were
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harvested from each blueberry plant (biological rep-
licates) two days after treatment and incubated in an
air-tight 125 mL glass jar with a lid fitted with a rubber
septum, for 4 h at room temperature. Headspace samples
(1 mL) were analyzed by GC-17 A gas chromatography
(GC-17 A, Shimadzu, Japan) equipped with a 2 m mic-
ropacked column (Hayesep N, Restek, PA, United States)
and a flame ionization detector. The temperature of the
injection port and the detector of the GC were set at
200 °C. The temperature program was 60 °C for 4 min;
increased by 20 °C.min~' to 150 °C; and held at 150 °C
for 1 min. The peak area from the resulting chromato-
graph and a standard curve generated using various
concentrations of ethylene were used to determine eth-
ylene evolution from the fruit sample and expressed as
nL.g~Lh~!, The rate of ripening was determined by visual
color assessment, following the method described in [75].
In short, 3 branches were tagged on each blueberry plant,
included around 100 fruits in total. The color of Green,
Pink, and Ripe (blue) fruits on the 3 branches were
counted when fruits were still attached to the plant at 0,
1,2, 3,5, 7, 10, 14 days after the treatment. Green fruit
were classified as mature and appearance of color (~25%
pink coloration) indicating ripening initiation. Pink fruit
displayed predominantly pink with some blue (<10%)
and Ripe as fully blue fruit.

RNA-sequencing

Two sets of fruit samples were collected for RNA-
sequencing: (1) fruit at four developmental/ripening
stages: Immature green (IMG), Green, Pink and Ripe (2)
control and ethephon treated fruit at 1 and 2 days after
treatment. IMG fruit was based on size ranging from
>7-<13 mm in diameter. Green, Pink, and Ripe fruit
had two biological replicates, while all remaining sam-
ples had three biological replicates. Fruit from control
and ethephon treatments were comprised of a random
sample with fruit at varying developmental time-points.
Each sample was frozen in liquid N, and then stored at
-80 °C until further processing. Six to eight fruit for each
sample were ground into fine powder and total RNA was
isolated from the tissue using the cetyltrimethyl ammo-
nium bromide (CTAB)-based method described in [77].
High quality RNA (RIN>8.0) from each sample was used
for RNA-Seq library construction with KAPA Stranded
mRNA-Seq Kit (KAPA Biosystems, USA) for the Illu-
mina platform, following the instructions provided in
the manufacturer’s manual. Libraries were sequenced at
the Georgia Genomics and Bioinformatics Core at UGA
using an Illumina NexSeq500 platform with 75 bp paired-
end sequencing.
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RNA-seq data analyses

The reads generated by RNA-sequencing were trimmed
and aligned to the full-length fruit transcriptome, with
further downstream analyses to determine differential
gene expression. First, adapters and low-quality reads
were trimmed from the raw reads by Trimmomatic
version 0.36 [78] with the parameters: LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36.
Afterwards, the clean reads were aligned to a full-length
transcriptome of ‘Powderblue’ (generated previously in
our laboratory using PacBio Sequencing [41]) by STAR
version 2.7.1 [79], and the aligned reads were counted
according to the genomic feature by FeatureCounts
under Subread version 1.6.2 [80]. The raw counts were
used for identifying differentially expressed genes (DEGs)
and normalized expression level, transcripts per mil-
lion (TPM), by EdgeR [81]. The cutoff of DEGs between
ethephon and control treatment was 2-fold change with
0.05 false discovery rate (FDR); the cutoff of DEGs dur-
ing ripening was 2-fold change with 0.01 FDR. To investi-
gate the temporal expression patterns during ripening, all
DEGs were clustered based on the standardized expres-
sion level. All DEGs during ripening were clustered based
on the expression patterns by a soft clustering of time
series gene expression data, Mfuzz [82]. Furthermore,
GO enrichment analysis was conducted by OmicShare
tools (http://www.omicshare.com/tools).

Hormone metabolism and signaling gene identification
Genes related to ethylene, ABA, Auxin, and JA metabo-
lism and signaling were identified from literature [83—
90]. Key words for hormone metabolism and signaling
genes were used to search the transcriptome. Each gene
was searched for using multiple key words to ensure
that all related blueberry genes were identified. These
genes were also manually curated to ensure the list was
comprehensive.

Quantification of phytohormones

Hormone quantification was performed for the four
developmental stages (IMG, Green, Pink and Ripe) at the
Proteomics and Mass Spectrometry Facility at the Dan-
forth Plant Sciences center (Saint Louis, MO). One hun-
dred mg of frozen, fine ground powder from 6 to 8 fruits
for each sample were used for hormone quantification.
Hormones quantified during the ripening stages included
ABA, TAA, TAA-Asp, JA, Ja-lle, t-ZRiboside, c-Zeatin,
t-Zeatin, OPDA, and SA. Of these only ABA, IAA, IAA-
Asp, and JA displayed discernable levels during ripening.
Hormone analysis of the control and ethephon treated
samples at day 1, day 2 and day 3 were performed at the
University of North Texas (UNT) BioAnalytical Facility.
The protocol used by UNT was based on Forcat et al.
[91] and quantified based on liquid chromatography with
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tandem mass spectrometry (LC-MS/MS). Hormones
quantified included ABA, IAA, JA and their derivatives
based on analysis from ripening stages. The hormones
quantified included ABA, ABA-GE, IAA, IAA-Asp, JA,
MeJA, Ile-JA-1, and Ile-JA-2. Ile-JA-1 and Ile-JA-2 refer
to the two stereoisomers present in the standard used for
quantification.

Statistical analysis

The statistical analysis of phenotypic data and phyto-
hormones was conducted by JMP software. To be more
specific, the significant difference (a=0.05) between the
control and ethephon treated samples at each day after
treatment in all phenotypic data and phytohormones was
analyzed by the Student’s t-test. The significant difference
(a=0.05) of phytohormones among developmental stages
were analyzed by one-way analysis of variance followed
by Tukey’s HSD.
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ABA Abscisic Acid

ACC 1-Aminocyclopropane-1-Carboxylic Acid
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