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Abstract

Background: Actinidia eriantha is a precious material to study the metabolism and regulation of ascorbic acid (AsA)
because of its high AsA content. Although the pathway of AsA biosynthesis in kiwifruit has been identified, the
mechanism of AsA metabolism and regulation is still unclear. The purpose of this experiment is to reveal the AsA
metabolic characteristics of A. eriantha ‘Ganmi 6’ from the molecular level, and lay a theoretical foundation for the
research on the genetic improvement of kiwifruit quality.

Results: We found that AsA reached the accumulation peak at S7 (110 DAF) during the process of fruit growth and
development. The activity of GalDH, GalLDH, MDHAR and DHAR in fruit was similar to AsA accumulation trend, and
both of them were significantly positively correlated with AsA content. It was speculated that GalDH and GallL.DH
were key enzymes in AsA biosynthesis, while MDHAR and DHAR were key enzymes in AsA regeneration cycle,
which together regulated AsA accumulation in fruit. Also, we identified 98,656 unigenes with an average length of
932 bp from the transcriptome libraries using RNA-seq technology after data assembly. There were 50,184 (50.87%)
unigenes annotations in four databases. Two thousand nine hundred forty-nine unigenes were enriched into the
biosynthesis pathway of secondary metabolites, among which 133 unigenes involved in the AsA and aldehyde
metabolism pathways, and 23 candidate genes related to AsA biosynthesis, cycling and degradation were screened
out.

Conclusions: Considering gene expression levels and changes of physiological traits and related enzyme activity,
we concluded that the accumulation of AsA depends mainly on the L-galactose pathway, and the D-galacturonic
acid pathway and AsA recycling pathway as the secondary pathways, which co-maintain the high AsA content in
fruit of A. eriantha.
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Background

Ascorbic acid (AsA) is one of the antioxidants abundant
in plant tissues. It is involves in plant cell oxidation,
photosynthesis protection, cell division, growth and sig-
nal transduction, and plays a crucial role in plant devel-
opment and abiotic stress tolerance [1]. With further
research, the role of AsA in plants and humans may
have gone far beyond traditional understanding. As
known for people, kiwifruit have high nutrient content,
e.g., the content of AsA in the fruit is 3 or 4 times than
that in apple or other fruit [2]. Kiwifruit is an excellent
material for studying the metabolism of AsA.

In the process of plant growth, AsA accumulation is
mainly regulated by biosynthesis, cycling and degrad-
ation. So far, the L-galactose pathway (Fig. 1a), L-gulose
pathway (Fig. 1d), D-galacturonic acid pathway (Fig. 1b)
and the inositol pathway (Fig. 1c) are currently recog-
nized AsA biosynthesis pathways [3-5]. In addition, the
ascorbic acid-glutathione cycle (ASA-GSH) [6] (Fig. 1f)
is also an effective balance between biosynthesis, oxida-
tion (Fig. 1le), and cycling in plants. Not only structural
genes but also many factors (such as light, temperature,
ozone, hormones and regulatory factors) can also regu-
late the accumulation of AsA [7].

In the L-galactose pathway, the D-glucose-6-phosphate
molecule is converted to D-fructose-6-phosphate in the
presence of glucose isomerase (PGI) [8]. It was then

Page 2 of 11

converted to D-mannose - 6-phosphate and D-mannose
- 1-phosphate by phosphomannose isomerase (PMI) [9]
and phosphoric mannose enzyme (PMM) [10] catalysis.
GDP-D-mannose-3 ‘and 5 -hetero isomerase (GME) lo-
cated downstream of GDP-mannose pyrophosphorylase
(GMP) and converts GDP-D-mannose-3 ‘to GDP-L-
galactose, which is considered as the central enzyme in
AsA biosynthesis [11]. Overexpression of GMEs (SIGME1
and SIGME?2) in transgenic tomato plants increased the
AsA concentration, but the expression of GME in kiwi-
fruit could not determine the AsA level, and similar con-
clusions were obtained in peach [12]. L-galactose is
oxidized by L-galactose dehydrogenase (GalDH) to L-
galactose-1, 4-lactone, a direct substrate of AsA bio-
science. Overexpression of Gal/DH in tobacco increased
the activity of GalDH, but did not increase the AsA con-
tent in leaves, the expression level of GalDH in apples was
not significantly correlated with the AsA content [13].
However, the opposite results were obtained in kiwifruit,
navel orange and roxberry [14]. L-galactono-1,4-lactone
dehydrogenase (GalLDH) is a key enzyme in the last step
of I-galactose biosynthesis pathway in plant AsA and cata-
lyzes the production of AsA by L-galactose-1, 4-lactone.
GalLDH has high specificity and conversion efficiency for
L-galactose-1, 4-lactone. Reducing cytochrome C, as an
electron receptor in the respiratory chain [15], can rapidly
convert exogenous L-galactose-1, 4-lactone into AsA.
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The D-galacturonic acid pathway is an alternative to
the AsA biosynthetic pathway. D-galacturonic acid is re-
duced to D-galacturonic acid under the action of D-
galacturonic acid reductase (GalUR), and then L-
galacturonic acid 1, 4-lactone are formed under the ac-
tion of aldolactase. At this time, L-galacturonic acid is
merged with the L-galacturonic acid pathway and dir-
ectly oxidized to AsA under the action of GalLDH. The
expression level of GallUR in A. deliciosa was highly con-
sistent with that of AsA [16]. The L-gulonic pathway
converts glucose to D-glucuronic acid, and inositol oxy-
genase (MIOX) converts inositol to D-glucuronic acid.
Conversion of inositol to D-glucuronic acid by MIOX
may potentially serve AsA substrate. Then, D-glucuronic
acid is converted into L-gullose-1, 4-lactone by a series
of enzymes, which then enters the L-gullose pathway
and is converted into AsA under the action of L-gulose.

In plants, AsA content is also highly regulated by the
regeneration and recycling system, which is an import-
ant way to oxidative AsA regeneration. L-ascorbate oxi-
dase (AAO) and L-ascorbate peroxidase (APX) are key
enzymes in the antioxidant system of plants, as well as
key enzymes in scavenging free radicals in the body.
APX uses AsA as a specific electron donor to catalyze
the conversion of H,O, into H,O and O,, and AsA is
oxidized to MDHA. Part of MDHA is reduced to
AsA through the catalytic action of MDHAR, while
part of MDHA is converted to DHA through non-
enzymatic disproportionation, and DHA is reduced to
AsA through the joint participation of DHAR and
glutathione (GSH). After MDHAR was overexpressed
in tomato ‘Micro-Tom’, the AsA content of fruit was
increased by 1.7 times. After increasing the expression
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level of DHAR, the AsA content of fruit was in-
creased by 1.6 times [17].

It is of great significance to study the gene function of
A. eriantha and to develop and utilize the germplasm re-
sources through RNA-Seq technology to establish a plat-
form for the kiwifruit functional gene research data. At
the same time, combined with the changes in related
physiological indicators for comprehensive analysis, the
study of the gene expression in the metabolic pathways
can initially reveal the molecular mechanism of fruit
development of A. eriantha, and would lay an important
scientific basis for kiwifruit breeding, germplasm
innovation and variety improvement.

Results

Kiwifruit development

The ‘Ganmi 6 kiwifruit samples used as the test mate-
rials were selected at eleven developmental stages from
initial fruit appearance at 20 DAF to its full maturity at
170 DAF (Fig. 2a). S1-S6 is the first rapid growth stage
of fruit (Fig. 2b) and the seeds have been brown (Fig. 2a),
S8-510 is the second rapid growth stage of fruit (Fig. 2b).
AsA content was also determined, it was found that AsA
began to accumulate and its content increased at the
early stage of fruit development, reached the first peak
of AsA accumulation at S2 (7.56 mg-g~ ). Subsequently,
AsA content continued to decline until S7, the decline
was interrupted and reached the second peak (7.63
mgg~'). AsA content resumed its downward trend at S8
and has a steep decrease at S9, then decreased until it’s
harvested (Fig. 2c). The dynamic changes of T-AsA con-
tent and AsA/DHA (Fig. 2d) was basically consistent
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Fig. 2 Fruit development of ‘Ganmi 6'. Fruit: 20 DAF (S1), 35 DAF (52), 50 DAF (S3), 65 DAF (54), 80 DAF (S5), 95 DAF (S6), 110 DAF (S7), 125 DAF
(S8), 140 DAF (59), 155 DAF (S10) and 170 DAF (S11). a The transverse of ‘Ganmi 6’ during the fruit development. b The fruit weight change of
‘Ganmi 6" during the fruit development. ¢ Changes of AsA, T-AsA and DHA content of ‘Ganmi 6 during the fruit development. d Changes of AsA/
DHA ratio during the fruit development. Duncan’s method was used to detect the differences between different development of fruit at P < 0.05.
In the same index, there was no significant difference between stages with the same lowercase letter




Liao et al. BMC Genomics (2021) 22:13

with that of AsA content, the DHA content were lower
throughout development (Fig. 2c).

Activity of AsA related metabolic enzymes

The activity of dehydroascorbate reductase (DHAR) was
higher than that of other enzymes in the whole develop-
ment period, between 35.38-70.04U.g"' FW, and the
first and second peak of DHAR activity coincided with
the peak of AsA (Fig. 3c). D-galacturonic acid reductase
(GalUR) activity was between 11.04—36.05U.g"' FW,
reached the maximum value (36.05 U-g’1 FW) at S8,
and then declined rapidly until GalUR activity reached
the minimum value (11.04 U-gf1 FW) at S10 (Fig. 3b).
The lowest activity of ascorbic peroxidase (APX) corre-
sponds to the first peak of AsA, and with the increase of
ascorbic acid content, the activity of APX decreases dur-
ing S2-S5, with the ripening of fruit, AsA content de-
creased and APX activity increased (Fig. 3d). The
activity trend of L-galactose dehydrogenase (GalDH,
Fig. 3a) and L-galactono-1,4-lactone dehydrogenase
(GalLDH, Fig. 3a) was similar to that of AsA content,
the range was 3.76-8.21 and 1.65-3.81, respectively.
The changes of monodehydroascorbate reductase
(MDHAR, Fig. 3c) and L-ascorbate oxidase (AAO,
Fig. 3d) activities were relatively small during fruit de-
velopment, were 3.75-7.73 and 0.26—1.39 respectively.
In addition, there was a similar trend between the
MDHAR and AsA.
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Sequencing, basic transcriptome assembly, and functional
annotation

We obtained 98,565 unigenes with an average length of
932 bp, the longest unigenes sequence length is 16,709
bp, the shortest unigenes sequence length is 201 bp, and
N50 of 1609 bp (supplementary Table 2). The length dis-
tribution of unigenes (supplementary Figure 1) showed
that the number of genes decreased gradually with the
increase of gene length.

The 98,656 unigenes obtained by the assembly
were aligned to Nr, SwissProt, KOG and KEGG da-
tabases. A total of 50,184 unigenes were annotated,
with an annotation rate of 50.87% (supplementary
Figure 2).

Of the 98,656 unigenes, 88,867 (90.08%) were annotated
with GO terms that were offered by the GO-based annota-
tion (an internationally standardized gene functional classifi-
cation system) as a strictly defined conceptualization for
comprehensively describing the properties of genes and their
products within any organism. The 88,867 unigenes were
classified into three functional categories: biological process,
cellular component, and molecular function (supplementary
Figure 3).

A total of 28,919 unigenes were annotated in the KOG
database, and these unigenes were divided into 25 cat-
egories. Among them, general function prediction only
(R), posttranslational modification (O) and signal trans-
duction mechanisms (T) were the dominant categories
(supplementary Figure 4).
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KEGG pathway analysis

A total of 31,069 unigenes were annotated into the
KEGG database and assigned to the following five KEGG
biochemical pathways (supplementary Figure 5). We pay
more attention to AsA and aldehydic acid pathway,
which enriched 133 unigenes, these unigenes were in-
volved in ASA metabolism.

Screening of DEGs

The focus of the present study is that the decreasing
trend of AsA content was interrupted at S7. Three group
comparisons consisting of S6 vs S7, S6 vs S8, S7 vs S8
were determined to identify the DEGs. As can be seen
from supplementary Figure 6, the down-regulated genes
were more than the up-regulated genes in the three pe-
riods of S6, S7 and S8. AsA content in fruit depends on
its biosynthesis ability and degradation recycling level.
AsA biosynthesis and degradation are catalyzed by a
series of enzymes. The level of gene expression that en-
codes these enzymes directly determines the amount of
AsA synthesis or degradation. Finally, according to the
DEGs among S6 vs S7, S6 vs S8 and S7 vs S8, the 23
unigenes related to AsA anabolism and with high ex-
pression were screened out (supplementary Table 3).
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These unigenes are mainly distributed in the AsA bio-
synthetic pathway including L-galactose pathway, D-
galacturonic acid pathway and inositol pathway as well
as the AsA circulation pathway.

Expression profiles of 23 DEGs, cluster analysis and
correlation analysis

The qRT-PCR data of 23 candidate genes were com-
pared with transcriptome data, we found that the trends
were basically the same. The gene expression involved in
the AsA synthesis pathway was shown in Fig. 4, in the
L-galactose pathway, PGII expression was higher in
early and late fruit development (supplementary Figure 7
& Fig. 4a); the relative expression level of PMII was
higher than that of PMI2 throughout development
(Fig. 4b and c); the relative expression level of PMM and
GPP1 was similar and generally low throughout develop-
ment (Fig. 4d and h); the relative expression level of
GME was higher in the early stage of fruit development
and showed a downward trend as a whole (Fig. 4e); the
relative expression level of GGP2 is higher than that of
GGP1, and the relative expression level of GGPI gener-
ally shows a downward trend (Fig. 4f and g); the expres-
sion trends of GalDH and GalLDH were basically
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similar, generally showing a descending - then ascending
- and then descending trend, and the expression levels
of both were higher in early fruit development (Fig. 4i
and j). As for the D-galacturonic acid pathway, the rela-
tive expression level of GallIRI was higher than that of
GalUR?2 in the whole development stage, the relative ex-
pression level of GallURI1 is the highest at S7, and the
relative expression level of Gal/lIR2 was almost undetect-
able after S3 (Fig. 4k and 1). L-gulonolactone oxidase
gene (GuLO) is the structural gene in the last step of
AsA synthesis in L-gullosugar pathway, the expression
of GuLO6 shows a downward trend during the whole
development period, and the expression level of GuLO6
was significantly decreased after S7 (Fig 4m). Finally, the
relative expression levels of MIOX1 and MIOX2 in the
inositol pathway were low (Fig. 4n and o).

In AsA cycle pathway, the expression of MDHAR fluctu-
ated in early fruit development and decreased in late fruit
maturity (supplementary Figure 8 & Fig. 5a); the relative
expression of DHAR2 showed an overall downward trend,
and increased at S7(Fig. 5b); the relative expression of
DHAR3 was lower during the whole fruit development
stage (Fig. 5¢); the relative expression levels of APXI and
APXS were consistent, lower in the early and late-stage
and higher in the middle stage of fruit development
(Fig. 5d and g); the relative expression levels of APX2,
APX3 and AAO showed a downward trend, in which the
relative expression levels of AAO could hardly be detected
in the later stage of fruit development (Fig. 5e, f and h).

Correlation analysis of metabolism components, related
enzymes and genes of AsA

It can be seen from supplementary Table 4, AsA content
in fruit was significantly negatively correlated with DHA
content (R*=-0.65), and was significantly positively
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correlated with T-ASA (R?=1.00) and AsA/DHA (R®=
0.89), respectively; DHA content was significantly nega-
tively correlated with T-ASA (R*=-0.59) and AsA/
DHA (R*=-0.85), respectively; and T-ASA and AsA/
DHA (R* = 0.85) were significantly positively correlated.

GalDH and GalLDH in the synthetic pathway and
MDHAR and DHAR in the regenerative cycle pathway
were significantly correlated with AsA content, and the
correlation coefficients were 0.73, 0.73, 0.68 and 0.89, re-
spectively. DHA was negatively correlated with the activ-
ity of MDHAR (R®=-0.61) and DHAR (R*= - 0.60).
The activity of T-ASA was significantly positively corre-
lated with GalDH (R”=0.74), GalLDH (R®=0.74) and
DHAR (R*=0.88), while the activity of MDHAR (R* =
0.66) was significantly positively correlated with T-ASA.

GME, GGP1 and GalLDH in L-galactose pathway were
significantly correlated with the expression levels of
GalURI in D-galacturaldehyde pathway and MDHARS,
DHAR2 and AAO in AsA regeneration cycle pathway,
with correlation coefficients of 0.67, 0.61, 0.58, 0.87,
0.63, 0.60 and 0.59, respectively.

Discussion

AsA is one of the important indexes of kiwifruit quality
evaluation. AsA content varies greatly among different
species, even for kiwifruit of different species belonging
to Actinidia genus, such as A. eriantha and A. chinensis,
AsA content of ripening fruit is also very different. In
addition to its own factors, AsA content in plants is also
influenced by environmental factors and management
level, including lighting, altitude, relative humidity,
temperature, orchard fertilizer and water manage-
ment, pruning and other factors [18]. The changes of
AsA content in this study were basically consistent
with previous studies [19], however, it is worth noting
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that when AsA has a rising peak, the seeds just
change from brown to black. We hypothesized that
AsA metabolism might be related to seed develop-
ment, which should be further study.

GME is considered to be a key regulator gene of the
synthesis of AsA by the L-galactose and L-gullosugar
pathways [11]. After the expression of GME was
silenced, AsA content in tomatoes was significantly re-
duced, which seriously impaired the growth and devel-
opment of plants [20]. At the same time, AsA
accumulation was increased and abiotic stress tolerance
was significantly enhanced in tomatoes after GME over-
expressed [12]. However, for the early studies of kiwi-
fruit [21], only silences or overexpressed the GME may
not determine the AsA level. In this study, the relative
expression of GME was relatively high during the fruit
development period, but decreased as the fruit ripened,
and there was a significant correlation between the rela-
tive expression of GME and AsA content, indicating that
GME affects the accumulation of AsA in fruit to some
extent. However, it is not an important regulatory gene
for the brief peak of AsA in this study. As for GalDH,
which is considered as one of the key rate-limiting en-
zymes in the L-galactose pathway for AsA synthesis, the
expression level of GalDH was closely related to AsA
content [14]. In this study, the activity of GalDH was
significantly positively correlated with the AsA content,
which was consistent with the results of previous studies
[22], indicating that GalDH is one of the key rate-
limiting enzymes in the L-galactose pathway in A.
eriantha. GalLDH is the last key enzyme in the synthesis
of AsA in L-galactose pathway, and its activity and tran-
scriptional level directly determine the AsA content.
Many studies have shown that the increase of ascorbic
acid content can be achieved by increasing the expres-
sion of GalLDH, such as in apple [13], rice [23] and po-
tato [24]. Studies on kiwifruit showed that GalLDH
activity in mature fuit of different genotypes was signifi-
cantly correlated with T-AsA and AsA [25]. Genes (high
expression) and key enzymes (high activity) in the L-
galactose pathway that are obviously related to AsA con-
tent may be important factors for maintaining high AsA
content in fruit, but they are not necessarily the only fac-
tors. It can be speculated that the L-galactose pathway is
the main way for AsA synthesis in the fruit of A.
eriantha ‘Ganmi 6’.

In this study, we also found several other genes in-
volved in the synthesis of AsA. GallUR is a key regula-
tory gene of D-galacturonic acid pathway. Many studies
have shown that GalUR plays an important role in AsA
synthesis in many plants. After the overexpression of
GallUR in Arabidopsis thaliana, AsA content increased
by 2-3 times [26]. In addition, the AsA content of straw-
berry fruit at the mature stage were mainly controlled by
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the D-galacturonic acid pathway, and with the increase
of AsA content and the increase of GalUR expression in
fruit [27]. In this study, AsA content was significantly
correlated with the expression level of GalUR1, but there
was little correlation between AsA content and the activ-
ity of GalUR, which means that D-galacturonic acid
pathway is not the main pathway of AsA synthesis, but
an important auxiliary pathway. The L-gullosugar and
inositol pathways are more common in animals, and
these two synthetic pathways are initiated in plants
under special circumstances. In this study, there was no
significant correlation between the relative expression
trend of GuLO6 and MIOX and AsA content. This
means that the inositol pathway and the L-coulomb
pathway have little influence on the AsA content in the
fruit of A. eriantha or that the inositol pathway makes
little contribution to the synthesis of AsA under normal
conditions.

AsA regeneration cycle pathway also plays an import-
ant role in AsA accumulation. Previous studies found
that the activities of MDHAR and DHAR in kiwifruit
with different genotypes were significantly positively cor-
related with T-AsA and AsA/DHA, which was consist-
ent with the results of this study [28]. This also proves
that AsA biosynthesis is not the only factor affecting the
AsA maintenance level of the fruit of A. eriantha. In
addition, in this study, the activity of DHAR2 during the
fruit growth period was much higher than that of
MDHARS5, which was consistent with the previous re-
sults [25]. We speculated that DHAR2 played a more
important role in the regeneration cycle pathway of
AsA. Studies on tobacco also found that DHAR overex-
pression was more effective in improving AsA content
in tobacco than MDHAR overexpression [29]. AsA con-
tent decreased as the fruit entered the maturity stage, in-
dicating that MDHAR and DHAR in the AsA
regeneration cycle pathway reduced more AsA in the
fruit maturity stage, while the oxidation rate of AsA was
lower than that of AsA during the maturity stage, result-
ing in the decrease of AsA content in the fruit.

The accumulation mechanism of AsA varies among
different species, AsA synthesis pathways are different in
different organs of the same species or at different devel-
opment stages. Many plants need multiple ways to regu-
late AsA accumulation. AsA accumulation of jujube fruit
is mainly dependent on the synthesis of AsA through L-
galactose pathway, the fruit of jujube was reduced by
AsA regeneration cycle [30]. AsA in roxburghia fruit is
controlled by alternating coexistence of L-galactose
pathway and D-galacturonic acid pathway [31]. In the
early stage of tomato and grape fruit development, AsA
is mainly synthesized by L-galactose pathway, while in
the mature stage, AsA accumulation is controlled by D-
galacturonic acid pathway [32, 33]. While, the
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accumulation of AsA was mainly regulated by the L-
galactose pathway and the D-galacturonic acid pathway
and the AsA regeneration cycle pathway. However, the
contribution of L-gullosugar pathway and inositol pathway
to AsA accumulation is not clear and needs further study.

Conclusion

In summary, AsA reached the accumulation peak at
DAF110 during the process of fruit growth and develop-
ment. The activity of GalDH, GalLDH, MDHAR and
DHAR in fruit was similar to AsA accumulation trend,
and these enzymes were significantly positively correlated
with AsA content. It was speculated that GalDH and
GalLDH were key enzymes in AsA biosynthesis, while
MDHAR and DHAR were key enzymes in AsA regener-
ation cycle, which together regulated AsA accumulation
in fruit. In addition, 23 candidate genes related to AsA
biosynthesis and degradation were screened out form
RNA-seq. Considering gene expression levels and changes
of physiological traits and related enzyme activity, we con-
cluded that the accumulation of AsA depends mainly on
the L-galactose pathway, and the D-galacturonic acid
pathway and AsA recycling pathway as the secondary
pathways, which co-maintain the high AsA content in
fruit of A. eriantha.

Methods

Materials

‘Ganmi 6’ (A. eriantha) were grown in the germplasm
resources garden of Kiwifruit Research Institute in Feng-
xin County, Jiangxi Province, China. Fruit samples were
collected from 11 stages, which were as follows: 20 days
after full bloom (DAF) (S1), 35 DAF (S2), 50 DAF (S3),
65 DAF (S4), 80 DAF (S5), 95 DAF (S6), 110 DAF (S7),
125 DAF (S8), 140 DAF (S9), 155 DAF (S10) and 170
DAF (S11). By 170 DAF (S11), the fruit of ‘Ganmi 6’
have reached harvest maturity (SSC =6.5% [18]). A total
of six vines, similar in size, bearing and receiving sun-
light uniformly were used for the experiment and ran-
domly divided into three groups (replicates) with 2 vines
in each group. At per developmental stage, about 20
fruit from different directions (east, south, west and
north) of each group were collected, and packed and
placed in an icebox. Then the fruit were immediately
transported to the laboratory, the exocarp and endocarp
were removed, only the mesocarp was chopped and im-
mediately frozen with liquid nitrogen, and stored at -
80°C for later use. Three biological replicates were set
for each period.

Measurement of AsA content and related metabolic
enzymes

AsA was determined by previous research [34]. The
DHA content and AO enzyme activity were determined
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by plant DHA content determination kit and the AO
assay kit of Solarbio Biotechnology Co., LTD, respect-
ively. The content of T-ASA was calculated according to
the following formula: T-ASA (mg/g) = AsA + DHA.
GalDH, GalLDH, MDHAR, DHAR, GalUR and APX en-
zyme activity were determined by previous research [22,
25, 35, 36].

RNA isolation, library preparation, and sequencing

Total RNA was extracted by Trizol reagent kit (Invitro-
gen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. RNA quality was assessed by an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA) and checked by RNase free agarose gel electro-
phoresis. After total RNA was extracted, eukaryotic
mRNA was enriched by Oligo (dT) beads, while prokary-
otic mRNA was enriched by removing rRNA by Ribo-
Zero™ Magnetic Kit (Epicentre, Madison, WI, USA).
Then the enriched mRNA was fragmented into short
fragments by fragmentation buffer and reverse tran-
scribed into cDNA with random primers. Second-strand
c¢DNA was synthesized by DNA polymerase I, RNase H,
dNTP and buffer. Then the cDNA fragments were puri-
fied with QiaQuick PCR extraction kit (Qiagen, Venlo,
The Netherlands), end repaired, poly(A) added, and li-
gated to Illumina sequencing adapters. The ligation
products were size selected by agarose gel electrophor-
esis, PCR amplified, and sequenced by Illumina novaseq
6000 by Gene Denovo Biotechnology Co. (Guangzhou,
China).

Data processing assembly

Reads obtained from the sequencing machines included
raw reads, containing adapters or low quality bases
which would affect the following assembly and analysis.
Thus, to get high quality clean reads, reads were further
filtered by fastp (version 0.18.0) [37]. Transcriptome
denovo assembly was carried out with short reads as-
sembling program -Trinity [38]. The data of RNA-seq
was been uploaded to NCBI, the ID is PRINA668457.

Annotation and classification of gene functions

Basic annotation of unigenes includes protein functional an-
notation, pathway annotation, COG/KOG functional annota-
tion and Gene Ontology (GO) annotation. To annotate the
unigenes, we used BLASTx program (http://www.ncbinlm.
nih.gov/BLAST/) with an e-value threshold of le-5 to NCBI
non-redundant protein (Nr) database (http://www.ncbi.nlm.
nih.gov), the Swiss-Prot protein database (http://www.expasy.
ch/sprot), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg), and the
COG/KOG database  (http://www.ncbi.nlm.nih.gov/COGQ).
Protein functional annotations could then be obtained ac-
cording to the best alignment results.
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gRT-PCR analysis and cluster analysis

Twenty-three novel transcripts related to ascorbic acid
biosynthesis were selected for expression pattern deter-
mination. Specific primers were designed by Primer 5.0
(supplementary Table 1). The RNA of fleshed in each
period was extracted according to previous research [39].
Then cDNA was synthesized by the TaKaRa Reagent Kit
(PremeScript TM RT Reagent Kit with gDNA Eraser, Per-
fect Real Time). The PCR mixture contained 2.5puL
double distilled water (ddH,O), 5 uL SYBR Green I master
mix (Asbio Technology, Inc.), 0.1 uM of the forward and
reverse primers for each gene, and 1.5 uL. cDNA template.
The LightCycler® 480 real-time PCR system with a 96-well
plate was used to conduct the reaction. The conditions for
the PCR amplifications were as follows: 95 °C for 5 min,
followed by 45 cycles of 10's at 95 °C, 20 s at 60 °C, and 20
s at 72°C. At the end of each experiment, a melt-curve
analysis was carried out by the default parameters (5s at
95°C and 1 min at 65 °C). The Actin (Actin isoform B) in
the kiwifruit was considered as the control gene for
normalization [40]. Three biological replicates were set for
every analysis. The relative expressions were calculated by
the 2722 method [41], and Microsoft Office Excel 2016
(Microsoft Corporation, Redmond, USA) was used for
chart preparation. IBM SPSS Statistics 20 was used for
correlation analysis and difference analysis.
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Additional file 1: Supplementary Figure 1. The length distribution of
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Additional file 2: Supplementary Figure 2. Venn diagram of
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Additional file 6: Supplementary Figure 6. \olcano Plot of three
groups. The X-axis represents the logarithm of the difference multiples of
the two samples, and the Y-axis represents the negative log of the FDR
of the two samples. The red point refers to the up-regulated genes, the
green point refers to the down-regulated genes, and the black point re-
fers to no difference. The criterion for the difference in expression level
was FDR < 0.05, and the difference multiple was more than two times. (a)
DEGs among S6 vs S7; (b) DEGs among S6 vs S8; (c) DEGs among S7 vs
S8.

Additional file 7: Supplementary Figure 7. Expression analysis of
genes related to the AsA synthesis pathway during the whole fruit
developments. L-galactose pathway: a-j, D-galacturonic acid pathway: g
and h, L-gullosugar pathway: m, inositol pathway: n and o.

Additional file 8: Supplementary Figure 8. Expression analysis of
genes related to the AsA cycle pathway during the whole fruit
developments.

Additional file 9: Supplementary Table 1. Real-time PCR-specific pri-
mer sequences.

Additional file 10: Supplementary Table 2. Summary statistics of
‘Ganmi 6’ transcriptome assembly. When the cumulative fragment length
reaches 50% of the total fragment length (the length of all unigenes), the
corresponding length and number of that fragment is the length and
number of unigenes N50. The longer the unigenes N50, the smaller the
quantity, the better the assembly quality.

Additional file 11: Supplementary Table 3. 23 DEGs involved in AsA
biosynthesis and circulation.

Additional file 12: Supplementary Table 4. Correlation analysis of
AsA metabolic related components and their related enzymes and genes.
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