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ABSTRACT

Introduction: Cell wall degradation and remodeling is the key factor causing fruit softening during ripen-
ing.

Objectives: To explore the mechanism underlying postharvest cell wall metabolism, a transcriptome ana-
lysis method for more precious prediction on functional genes was needed.

Methods: Kiwifruits treated by ethylene (a conventional and effective phytohormone to accelerate cli-
macteric fruit ripening and softening as kiwifruits) or air were taken as materials. Here, Consensus
Coexpression Network Analysis (CCNA), a procedure evolved from Weighted Gene Co-expression
Network Analysis (WGCNA) package in R, was applied and generated 85 consensus clusters from twelve
transcriptome libraries. Advanced and comprehensive modifications were achieved by combination of
CCNA and WGCNA with introduction of physiological traits, including firmness, cell wall materials, cel-
lulose, hemicellulose, water soluble pectin, covalent binding pectin and ionic soluble pectin.

Results: As a result, six cell wall metabolisms related structural genes AdGAL1, AdMAN1, AdPL1, AdPL5,
Adp-Gal5, AAPME1 and four transcription factors AdZAT5, AdDOF3, AANAC083, AdMYBR4 were identified
as hub candidate genes for pectin degradation. Dual-luciferase system and electrophoretic mobility shift
assays validated that promoters of AdPL5 and AdB-Gal5 were recognized and trans-activated by transcrip-
tion factor AAZATS5. The relatively higher enzyme activities of PL and B-Gal were observed in ethylene
treated kiwifruit, further emphasized the critical roles of these two pectin related genes for fruit soften-
ing. Moreover, stable transient overexpression AdZATS5 in kiwifruit significantly enhanced AdPL5 and Adg-
Gal5 expression, which confirmed the in vivo regulations between transcription factor and pectin related
genes.
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Conclusion: Thus, modification and application of CCNA would be powerful for the precious phishing the

unknown regulators. It revealed that AAZATS5 is a key factor for pectin degradation by binding and reg-

ulating effector genes AdPL5 and Adp-Gal5.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ripening is a growth phase of fruits, in which stage the appear-
ance, texture, aroma volatiles and nutrients of fruits undergo sig-
nificant changes to be more attractive for potential consumers
[1]. However, over-ripe is accompanied by symptoms of senes-
cence, such as cellular disruption, rot, pathogen infection and so
on, that causes detrimental damage to fruit industry. Thus, regula-
tion on fruit ripening is indispensable and strategically important.
As a model plant, the ripening mechanisms of tomato (Solanum
lycopersicum) have been comprehensively studied. A series of
ripening mutants, Never-ripe (Nr) [2], Ripening-inbibitor (Rin) 3]
and Colorless non-ripening (Cnr) [4], revealed several regulators
in concert with ethylene perception and/or signaling related ripen-
ing. Furthermore, silencing a pectate lyase gene produced firmer
fruits without sacrificing other aspects of ripening, but having pro-
longed shelf life and improved resistance to grey mould [5,6].
However, due to morphological structural difference and evolu-
tionary time divergence, some conclusions from model systems
may be not totally applied in other species of fruits. For example,
the softening of tomato fruit is regulated by B-galactosidase 4
(TBG4, EC 3.2.1.23) and pectate lyase (PL, EC 4.2.2.2) rather than
polygalacturonase (PG, EC 3.2.1.15) according to observations in
last decades [6-8], while PG is a crucial candidate of fruit softening
for strawberry [9], pear [10] and apple [11]. The discrepancy of
underlying ripening mechanism between tomato and other kinds
of fruits emphasizes the necessary of researches in different spe-
cies of fruits.

Texture change, usually with softening and limited shelf life,
causes severe and direct economic deterioration during ripening
of fleshy fruits [12]. It is shown that this process can be affected
by several factors, including N-glycan processing [13], water loss
and cellular turgor [14,15], hydroxyl radicals attack [16], cell wall
degradation and remodeling [17]. During ripening, cell walls
undergo most significant changes, which involves xyloglucan-
cellulose network loosening, depolymerization of polyuronide
and matrix glycans, loss of pectic galactan side chains and pectic
arabinan side chains, solubilisation of pectin and so on [17]. Over-
expressed the key genes of cell wall loosening, xyloglucan
endotransglucosylase/hydrolase (FvXTH9 and FvXTH6, EC
2.4.1.207) which were isolated from Fragaria x vesca, by infiltra-
tion in fruits of Fragaria x ananassa produced less firm fruits
[18]. In kiwifruit, the transcripts of AXTH5 and enzyme activity
of XTH accumulated in a considerable abundance in ripe fruit
[19,20]. As described by recent studies, pectin plays a more impor-
tant role in mechanical support for plant cell wall through interact-
ing extensively with cellulose and filling the space left by twining
cellulose microfibrils and hemicellulose [21-23]. Transgenic anti-
sense lines of PG, degrading unesterfied pectin, exhibited reduced
pectin depolymerisation, higher intercellular adhesion and firmer
fruits in apple [11] and decreased cell wall disassembly, increased
ionically bound and covalently bound pectin, firmer fruits and
extended shelf life in strawberry [24]. Whether these identified cell
wall related genes play the same role in other fruits or different
mechanisms exist need to be elucidated.

Kiwifruit (Actinidia spp.) is a world-wide circulated, economic
fruit crop. Soften to eaten firmness is essential for kiwifruit con-
sumption [25]. At the commencement of softening, starch convert-
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ing to sugars initiated the process, followed by pectin
solubilization and deploymerization [26]. Our previous study indi-
cated that AdDof3 is an activator for AdBAM3L, which contributed
to starch degradation [27]. Consequent to starch degradation, the
cell wall components, including cellulose, hemicellulose, covalent
binding pectin, decreased in parallel with softening, while water
soluble pectin increased on the contrary [27]. Due to the impor-
tance of softening regulation for kiwifruit, a large number of
research efforts have focused on biochemical and molecular mech-
anisms of kiwifruit texture improvement. At physiological level,
the volume of intercellular air spaces was proven to be enlarged
while cell wall material shrinked together with reduction of
xyloglucan molecular weight [28,29]. Furthermore, the activities
of critical enzyme, such as XTH, PG, PME, B-Gal were investigated
by several reports [19,30-33], although there seem to be some
conflict among them. At molecular level, it was reported that
AdXTH5 can be actively regulated by AdEIL2 (EIN3-Like) and
AdEIL3 to promote softening [34]. Knocking down ethylene syn-
thesized enzyme 1-aminocyclopropane-1-carboxylic acid oxidase
(ACO) retarded softening [26]. Overexpressing a zinc finger protein
AdDof3 lead to an elevated expression of AdBAM3L as well as a
decrease in starch content in kiwifruit leaves [27]. Although pectin
underwent extraordinary changes during kiwifruit softening, com-
pared to above, the researches about pectin-related transcriptional
regulation and/or transgenic implementation were rare, which
claims more exploration in the pectin related genes.

In this study, molecular basis for cell wall degradation in ripen-
ing kiwifruit were investigated. In order to increase the reliability
of gene screening from transcriptome data (generated from ethy-
lene treated and non-treated fruits), Consensus Co-Expression Net-
work Analysis (CCNA) [35] was conducted, with the adding of
consequent characteristics joint analysis. As a result, the 85 robust
gene clusters were interacted with the content of cell wall materi-
als and firmness. After intersection with differently expressed
genes (DEGs) and hierarchical filtering by trait-related cluster cor-
relations, top 10 hub genes were selected for gene function and
transcriptional regulation confirmation. Dual-luciferase assay and
electrophoretic mobility shift assays (EMSAs) indicated that a zinc
finger transcription factor AAZAT5 positively regulated the pro-
moters of pectin degradation related genes AdPL5 and Adp-Gal5,
which code for PL and b-Gal enzyme in kiwifruit. Transient overex-
pressing AdZAT5 in kiwifruit ‘Xuxiang’ (Actinidia deliciosa) resulted
in the increase of AdPL5 and Adp-Gal5 transcripts, as well as an
increase of PL and B-Gal activities in transgenic kiwifruit core.

Material and methods
Plant material and treatments

Kiwifruit (Actinidia deliciosa [A. Chev.] C.F. Liang et A.R. Ferguson
var. deliciosa cv. Hayward), harvested from a commercial orchard
in 2015 at Shanxi, China, were subjected to two treatments, which
has been described in detail in our previous study by Zhang et al.,
2019 [27] Briefly, the ethylene treatment was designated as ETH;
air control treatment was designated as CK. At each sampling
point, ethylene production, firmness, cell wall materials (CWM),
cellulose, hemicellulose, water soluble pectin (WSP), covalent
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binding pectin (CBP) and ionic soluble pectin (ISP) were extracted
and detected previously by Zhang et al., 2019 [27]. The end of sam-
pling in each treatment was determined according to the ethylene
production peak. Each treatment and physiological trait examina-
tion was conducted with three biological replicates with five fruits
in each replicate at each sampling point. The following analysis and
experiments were performed based on these samples.

Kiwifruit (Actinidia deliciosa [A. Chev.] C.F. Liang et A.R. Ferguson
var. deliciosa cv. Xuxiang), harvested from a commercial orchard in
2019 at Shanxi, China, were adopted as transient overexpression
materials with mean firmness of 90 N. Seven fruits were used in
which one fruit was injected twice as a replicate.

RNA and genomic DNA extraction

Total RNA and genomic DNA were extracted according to the
CTAB (hexadecyl trimethyl ammonium bromide) methods by
Wang et al., 2020 [36]. Total RNA and genomic DNA of each biolog-
ical replicate were extracted independently.

cDNA synthesis and RT-qPCR

Potential genomic DNA contamination was removed before
reverse transcribe by PrimeScript™ RT reagent Kit with gDNA Era-
ser (TaKaRa, Beijing, China). All the operations were executed
according to the instruction manual.

Real time-quantitative PCR (RT-qPCR) was conducted with
LightCycler® 480 (Roche) and LightCycler® 480 SYBR Green I Mas-
ter (Roche). The primers of each gene were designed referring to
‘Hongyang’ (Actinidia chinensis) kiwifruit genome [37] and checked
both by melting curves and products resequencing. The composi-
tions of PCR mix and following procedure were set according to
the instruction manual. Kiwifruit Actin (GenBank no. EF063572)
was employed as internal control of transcripts abundance. Pri-
mers for RT-qPCR are listed in Table S5.

Consensus Co-expression Network Analysis (CCNA)

Twelve samples of ethylene treatment and air control at 1-day
storage and 4-day storage were collected to construct 12 libraries.
RNA-seq was conducted on Illumina HiSeq 4000 sequencing plat-
form with paired-end reads. The genome ‘Hong Yang’ (Actinidia
chinensis, http://kiwifruitgenome.org/organism/) was adopted as
reference genome. Gene expression level were estimated by Frag-
ments Per Kilobase of transcript per Million mapped reads (FPKM)
with false discovery rate. Genes were annotated from four data-
bases: Nr (nonredundant protein)), GO (Gene Ontology), KO (KEGG
ortholog database) and Swiss-Prot (a manually annotated and
reviewed protein sequence database). Transcriptome data are
available at GenBank SRR6885590-SRR6885601.

The scripts of consensus co-expression network analysis were
obtained from Shahan et al., 2018 [35] with modifications. First
of all, 80% genes except for FPKM < 1 at 12 samples (four libraries
each with three replicates) were subsampled 1000 times each fol-
lowing by a standard Weighted Gene Co-expression Network Anal-
ysis (WGCNA) with randomized parameters (power
transformation [1,2,4,8,12,16], minModuleSize [40, 60, 90, 120,
150, 180, 210], merge on eigengenes [true/false]). The according
scripts are make_subsamp_wgcna.py and subsamp_wgcna.R. The
number of times each gene pair clustered together were defined
as matrix A, the number of times each gene pair subsampled
together were defined as matrix B with scripts seq_adding_mat.R
and seq_indicator_mat.R respectively. The adjacency matrix C, rep-
resenting connection strength between gene pairs, was calculated
by matrix A dividing matrix B with scripts merge_mats.R. Then, the
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matrix C as an input to replace gene pair connections of standard
WGCNA and correlated with physiological trait data. Principal
component analysis (PCA) was conducted by packages FactoMineR
and factoextra. The R packages ggpubr and ggcor selected candi-
date genes.

Genes and promoters cloning

The sequences of candidate genes were mapped to genome
‘Hongyang’ (Actinidia chinensis). The primers of full-length coding
sequences of AdZAT5 (Achn248441, Acc20475), AANAC083 (Ach-
n169681, Acc06142), AdMYBR4 (Achn217431, Acc29824,
MG581952) were designed according to ‘Hongyang’ (Actinidia chi-
nensis) reference genome. Next, candidate genes were amplified
with these primers and kiwifruit ‘Hayward’ cDNA as template.

Promoters of AdPL5 (Achn315151, Acc29689, MG835626), Adg-
Gal5 (Achn294421, Acc10736, MG857556), AdPME1 (Achn102711,
Acc27094) were isolated referring to ‘Red 5’ (A. chinensis) genome.
Since the coding sequences (CDS) of these genes in ‘Red 5’ and
"Hayward’ (A. deliciosa) were almost identical, the CDS of these
genes from 'Hayward’ transcriptome were aligned to 'Red 5’ gen-
ome to find the promoters of each gene. Then, the cloning of pro-
moters was conducted by two rounds. In the first round, reverse
primers were designed behind the initiation codon about 20-
40 bp to make sure the promoters were from correct target genes
with gDNA from ‘Hayward’ as template. In the second round,
reverse primers were designed just before the initiation codon to
exclude the coding sequence in final construct with plastids from
first round as template. The cloning of AdGAL1 (Achn155581,
Acc23330, HQ10811) promoter failed even with three pairs of pri-
mers. All the primers are listed in Table S5.

Dual-luciferase assays

The full-length coding sequences of AdZAT5 (Achn248441,
Acc20475, MZ676710), AdNACO83 (Achn169681, Acc06142,
MZ676711), AdMYBR4 (Achn217431, Acc29824, MG581952),
cloned from last step, were inserted into pGreen Il 0029 62-SK vec-
tor (SK). In the meanwhile, the promoters of AdPL5 (Achn315151,
Acc29689, MG835626), Adp-Gal5 (Achn294421, Acc10736,
MG857556), AdPME1 (Achn102711, Acc27094, MZ676712) were
fused with pGreen II 0800-LUC vector (LUC). Primers used for vec-
tors constructions are listed in Table S5. The SK vector of AdDOF3
(Achn014701, Acc23702, MH105003) and LUC vectors of AMANT1
(Achn197721, Acc04619, MH105013), AdPL1 (Achn039701,
Acc18073, HQ108112) have been constructed previously by Zhang
et al.,, 2019 [27]. All of the vectors were transferred into Agrobac-
terium tumefaciens GV3101 before the strains grown on Luria-
Bertani (LB) medium plates with 50 pg mL~' kanamycin and
25 ug mL~! gentamycin. After another time of reactivation of these
strains, they were resuspended in the infiltration buffer (10 mM
MES, 10 mM MgCl,, 150 uM acetosyringone, pH = 5.6) and the con-
centration adjusted to ODggo =~ 0.75 with UV-VIS spectrophotome-
ter (UV-2600, Shimadzu, Japan). The suspensions of SK vectors and
LUC vectors were mixed (10:1, v/v) and injected into tobacco (Nico-
tiana benthamiana) leaves by syringes without needles. The empty
SK vector was taken as control. Three lines of tobacco were infected
as three biological replicates. After three days of injection, the leaf
discs near the lesion were taken and scrunched in 1 x PBS buffer
(KH,PO4 2 mM, Na,HPO, 8 mM, NaCl 136 mM, KCl 2.6 mM,
pH = 7.4) to detect firefly luciferase and Renilla luciferase with
the Dual-Luciferase Reporter Assay System (Promega). The regula-
tory effects higher than 2-fold were confirmed by three indepen-
dent experiments.
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The methods of extraction and enzyme activity assay of pectate
lyase were referring Marin-Rodriguez et al., 2003 [38] with modi-
fications. First, 0.5 g (0.1 g for leaves) frozen kiwifruit pulp were
dissolved in 4 °C 1 mL extraction buffer (0.5 M mannitol, 0.05 M
sodium phosphate (pH = 7.0), 2% B-mercaptoethanol, 1% w/v poly-
vinyl pyrrolidone (PVP K30), 1 mM PMSF, 10 mg L~! leupeptin), the
mixture was vortexed and extracted on ice constantly for 1 h. Then,
the samples were centrifuged at 18,514 rcf for 20 min at 4 °C, the
supernatant was loaded onto a Sephadex® G-25 column (Sigma) in
BeyoGold™ 63 mm x 8.9 mm affinity chromatography column
empty column tube (3 mL). The filtration was used for pectate
lyase detection. The substrate was composed of 0.24% w/v Mack-
1in® polygalacturonic acid (PGA), 60 mM Tris-HCI (pH = 8.5),
0.3 mM CaCl,, 1 mM PMSF, 10 mg L~ leupeptin. To prevent the
formation of insoluble calcium-PGA complexes, a 2 x PGA/ Tris-
HCI (0.48% w/v) was mixed with identical volume of 2 x CaCl,
(0.6 mM). Finally, 20 pL extract or 20 uL water as control was added
to 200 pL detection substrate and was incubated at 40 °C for
30 min, the absorbance at 235 nm was read with BioTek® synergy™
H1 microplate reader and Corning® UV-transparent microplate.
The molar extinction coefficient was assumed to be 5200 M~!
cm™! for unsaturated oligogalacturonates. One unit PL enzyme
activity (U) is defined as the amount of kiwifruit pulp, which pro-
duces 1 mM of 4, 5-unsaturated product in 1 min under the assay
conditions.

To investigate the enzyme activity of B-galactosidase, 0.5 g
(0.1 g for leaves) frozen kiwifruit pulp were dissolved in 4 °C
1 mL 0.1 M citrate-sodium citrate buffer (pH = 4.6), which consist
of 1 M Na(Cl, 13 mM EDTA, 1.5% w/v PVP, 5 mM B-mercaptoethanol,
1 mM PMSF and 10 mg L~ leupeptin [39]. The samples were vor-
texed adequately and extracted on ice. After one hour, the mixture
was centrifuged at 18,514 rcf for 20 min at 4 °C and the super-
natant was retained for B-Gal activity examination. For detection,
80 pL crude extract was mixed with 82.5 uL substrate buffer
(0.1 M citrate-sodium citrate buffer (pH = 4.6), 0.1% w/v bovine
serum albumin (BSA), 13 mM p-nitrophenyl-s-galactoside (pNPG),
1 mM PMSF and 10 mg L~! leupeptin) and reacted at 37 °C for
15 min. The reaction was terminated by adding of 125 uL 0.2 M
Na,COs. The liberated p-nitrophenol was measured at 410 nm with
BioTek® synergy™ H1 microplate reader and Costar® 96 well cell
culture plate. One unit of B-Gal activity (U) was defined as the
amount of p-nitrophenol (umol) produced for 1 g frozen kiwifruit
pulp in 1 min, and it expressed as U/g. The p-nitrophenol was taken
as standards. The calibration curve was in Table S6.

Recombinant protein and EMSA analysis

The binding sites of AAZAT5 on AdPL5 and AdpB-Gal5 promoters
were predicted on PlantRegMap [40]. According to the cis-
elements predicted, two pairs of primers with 3’ biotin end-
labeled and two pairs of competing probes without labeled (cold
probe) were designed by HuaGene (Shanghai, China) and double-
stranded DNA probes were obtained by annealing complementary
oligonucleotides. The probes used in EMSA are listed in Table S5.

Meanwhile, the coding sequence of AdZAT5 was combined with
pET-32a vector (Novagen) and transformed to Escherichia coli
Rosetta (DE3) pLysS (Novagen) by heat shock. The protein
expressed by the recombinant vector was induced by 1 mM iso-
propyl B-D-1-thiogalactopyranoside (IPTG) at 16 °C for 18 h. After
centrifugation at 6000 rcf for 20 min at room temperature, the pre-
cipitate was lysed with 1 x PBS buffer and frozen-thawed from
—80 °C to 4 °C. The cells were crushed further by sonication on
ice at 200 W with 3 s intervals for about 20 min. The supernatant
obtained from centrifugation with 7000 rcf for 10 min was filtered
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by 0.45 um Millpore Express® PES Membrane, subsequently by
His-tag Affinity Chromatographic Column (Transgene). The eluted
protein was confirmed by SDS-PAGE and residual protein was used
in the following EMSA experiment. LightShift Chemiluminescent
EMSA kit (ThermoFisher Scientific) together with AdZAT5 recombi-
nant protein and labeled probes as well as cold probes were
employed to identify the binding sites on promoters.

Subcellular localization of AdZAT5

The coding sequence without stop codon of AdZAT5 was ampli-
fied and inserted into 35S-eGFP vector. The construct was trans-
formed to Agrobacterium tumefaciens GV3101 and transiently
expressed in transgenic N. benthamiana leaves with nucleus-
located mCherry. After three days of infiltration, the GFP and RFP
fluorescence was imaged with a Zeiss LSM710NLO confocal laser-
scanning microscope. The primers are listed in Table S5.

Transient overexpression in ‘Xuxiang’ kiwifruit

The full length of AdZAT5 was inserted into pSAK277 vector [41]
and transformed into Agrobacterium tumefaciens EHA105. The infil-
trations were adjusted to ODggg ~ 0.75 with the same buffer in
dual-luciferase assays. After two hours culturing in dark at 28 °C,
blue or red ink was added separately in empty pSAK277 suspen-
sion or AdZAT5 suspension to indicate the diffusion area. Either
0.1 mL of AAZAT5 or empty vector suspension was injected in sep-
arate end of ‘Xuxiang’ kiwifruit core tissue. Then, injected fruits
were stored at 28 °C for three days and samples were collected
in liquid nitrogen with each fruit as a replicate and stored at
—80 °C for RNA extraction.

Statistical analysis

GraphPad Prism (Version 8.0.0 (131)) was used to compute
least-significant difference (LSD) and t-test. Softewares R with
related packages and Adobe Photoshop CC 2017, Adobe Illustrator
CC 2017 were employed to handle with pictures.

Accession numbers

Sequence data from this article have been deposited in the
National Center for Biotechnology Information (NCBI, https://
www.ncbi.nlm.nih.gov/) under the following accession numbers:
AdZAT5, MZ676710; AANAC083, MZ676711; AdPME1, MZ676712.
The accession numbers of other genes can be found in Table S4.

Results
CCNA comprehensive analysis of kiwifruit transcriptome data

Twelve libraries (ETH1d, CK1d, ETH4d, CK4d, with three repli-
cates in each) were constructed and sequenced [27]. To affirm
the effectiveness of ethylene treatment on gene expression, FPKM
from these libraries were dimensionality reduced and compared by
PCA and a preliminary clustering (Fig. S1). On the second principal
component (1.6% and 7.9%, respectively), ETH1d vs CKld and
ETH4d vs CK4d were both separated apparently, meanwhile, the
clustering of samples based on their Euclidean distance split ETH
and CK into two disparate clades. All these indicated that the dif-
ferences between ethylene treatment and air control are sufficient
for further analysis.

Genes with FPKM < 1 at 12 libraries were excluded, the remain
24191genes were put into the procedure of CCNA, starting by sub-
population before standard WGCNA [42] with random parameters
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(Table S1). After 1000 times iterations, the weighted adjacency
matrix was calculated then used as an input to WGCNA to obtain
the consensus clusters (Fig. 1A, B and Table S1). To precisely pre-
dict the candidate genes underlying kiwifruit softening, a modifica-
tion was conducted from this step compared to original CCNA. The
gene clusters with narrowing down expression profiles were
specifically distributed to cell wall related trait data from our pre-
vious report [27], including firmness, cell wall materials, cellulose,
hemicellulose, water soluble pectin, covalent binding pectin, ionic
soluble pectin, and corresponding correlations were calculated
(Fig. 1C and Table S1). For each trait, specific correlation coefficient
was set to +0.9 for firmness and cell wall materials, and +0.8 for the
others (Fig. 1D and Fig. S2). When foldchange was set as two, 5773
DEGs in ETH1d vs CK1d and 3905 DEGs in ETH4d vs CK4d were
identified (Fig. 1, E and F, and Table S1).

Candidate genes screened by the association of consensus clusters and
cell wall related traits

To further locate candidate genes accurately, more stringent
rules were set to individual gene in each candidate clusters. Under
the condition of absolute value of GS higher than 0.9 for firmness
and cell wall materials and 0.8 for the other traits, 40 candidate
genes were selected (Fig. 2 and Table S3). Again, the trait data
we employed are one-orientation directed, cell wall associated
fruit softening. Genes involved in cell wall metabolism and with
more abundant transcripts in ETH4d, as well as higher foldchange
in ETH4d vs CK4d were picked first, that are B-D-galactosidase 1

— T 1T T
1.00 0.95 0.90 0.85 Clusters
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(AdGAL1, Achn155581, Acc23330, HQ10811), endo-B-mannanasel
(AdMAN1, Achn197721, Acc04619, MH105013), pectate lyase 1
(AdPL1, Achn039701, Acc18073, HQ108112), pectate lyase 5
(AdPL5, Achn315151, Acc29689, MG835626), B-galactosidase 5
(Adp-Gal5, Achn294421, Acc10736, MG857556), pectinesterase 1
(AdPME1, Achn102711, Acc27094) (Fig. 3 and Table S4). Further-
more, the transcription factors potentially regulated these genes
were also screened with the same rules. They are C2H2 zinc finger
protein 5 (AdZAT5, Achn248441, Acc20475), Dof zinc finger protein
3 (AdDOF3, Achn014701, Acc23702, MH105003), AdNAC083 (Ach-
n169681, Acc06142), AdMYBR4 (Achn217431, Acc29824,
MG581952) (Fig. 3 and Table S4). The expression profiles of these
genes in ethylene treatment and in air control were verified by
qRT-PCR (Fig. 4) except for AAMAN1, AdPL1, and AdDOF3 which
were included in our previous research [27]. At the same time,
the relative expression of candidate genes in 1-
Methylcyclopropene (1-MCP, 1 pL L', 20 °C), an antagonist of
the ethylene receptor, were identified to verify the effect of
repressing treatment (Fig. 4).

In vivo and in vitro regulations of AdZAT5 on AdPL5 and Adp-Gal5

To assess the potential effects of candidate transcription factors
on candidate cell wall related genes, dual-luciferase reporter assay
system was taken up with pGreen II 0029 62-SK vectors fused into
coding sequences of four transcription factors, pGreen II 0800-LUC
vectors recombined to promoters of five structural genes except for
AdGAL1. Three pairs of primers designed based on the genome
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sequence of ‘Red 5’ failed to clone the promoter of AdGAL1
(Table S5). It turned out that 2.7- and 2.7-fold inductions were
observed from AdZAT5 on AdPL5 and AdpB-Gal5 promoters, respec-
tively (Fig. 5A). The regulations of AADOF3 on AAMAN1 and AdPL1
were reported by our previous work [27], which were also
repeated (Fig. 5A, grey bars).
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Subcellular localization revealed that AdZAT5 is expressed in
nucleus (Fig. 5B). Then, the promoter sequences of AdPL5 and
Adp-Gal5 were put into PlantRegMap [40] database to predict cis-
elements. It came out that GAGGGAGAAGAGAAGACAA
(—1412 bp to —1366 bp) in AdPL5 and CTTAGTCAGCCTCCTCCGC
and CCTCCGCTTCCACCGCTGG (—861 bp to —824 bp) in Adg-Gal5
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are potential binding domains of C2H2 zinc finger protein. Thus, In addition of the molecular level, the enzyme activity of PL and
corresponding biotin probes were designed and prokaryotic B-Gal were examined (Fig. 5E). The results indicated that the PL
expressed AdZAT5 protein was purified. Finally, EMSA assay indi- activity was significantly enhanced by ethylene treatment and
cated that AdZAT5 could physically bind to AdPL5 and AdpB-Gal5 raced up sharply to 0.1 U/g at 1 d, then dropped down and main-
promoters (Fig. 5C and D). tained at 0.03-0.04 U/g from 2 d to 8 d. In control fruit, PL activity
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increased gradually and peaked parallel with ethylene burst peak.
On the other hand, B-Gal activity also showed the transient
responses to exogenous ethylene treatment and later enhance-
ment (at 8 d), which is earlier than that in control fruit (Fig. 5E).
Thus, molecular (mRNA abundance) and biochemical (enzyme
activities) evidences pointed out the importance of PL and B-Gal
for kiwifruit postharvest ripening.

Transient overexpression analysis of AdZAT5 indicated regulations on
AdPL5 and Adg-Gal5

Transient overexpression of AdZAT5 in mature ‘Xuxiang’ kiwi-
fruit core tissue was analyzed. It resulted that the gene expression
of AdPL5 was successfully provoked about 13-fold higher
(p < 0.001) by injection of AdZAT5. Similarly, the expression profile
of AdB-Gal5 exhibited 70% (p < 0.05) increase in samples injecting
AdZAT5 (Fig. 5F).

Discussion

RNA-sequencing (RNA-seq) is one of the widely-used omics and
with the development of sequencing techniques, it becomes more
attractive for the gradually lower cost and the emergence of third
sequencing technology PacBio. RNA-seq has been applied in a wide
range in analyzing critical genes of fruit ripening, such as apricot
[43], persimmon [44], strawberry [45] and kiwifruit [27,46]. In
our earlier work, the selection of candidate genes was mainly
depending on foldchange [27] or standard WGCNA [46]. Although
several regulated genes were identified, most of the candidate
genes, produced by the analysis procedures, did not possess func-
tions [27,46]. Similarly, the same situation was also found in other
fruit development and ripening research [47,48]. So, it is quite
meaningful and necessary to explore how to modify RNA-seq anal-
ysis procedure with more precise prediction and is extremely vital
for researches using RNA-seq. It has been demonstrated that CCNA
is an optimal protocol to propose a hypothesis with efficiency and
accuracy [35]. We adopted and improved this method by combin-
ing CCNA with physiological trait in kiwifruit ripening research.

Attempt and advantage of combination of CCNA and WGCNA analysis
on the transcriptome data

The attempts to minimize the effects of user-picked parameters
and increase the stability of gene modules in WGCNA have been
tried several times [48,49]. In similarity across bootstrap re-
sampling (SARE) procedure, a re-sampling strategy was adopted
to assess gene module stability of WGCNA [50]. Re-sampling and
repeat runs were also used in Consensus Clustering to strengthen
the robustness of clusters [49]. In CCNA, 80% genes of original data-
set were sub-sampled for subsequent WGCNA with random
parameters, such as minimum module size, power transformation,
and merging on eigengenes [49,50]. Constantly, this process was
iterated for 1000 times for the purpose of more stable clusters
without sacrificing the high intracluster similarity or low interclus-
ter similarity produced by WGCNA. Similarly, this methodology
was compared with standard WGCNA and proved to be more reli-
able with higher bootstrap confidence interval, which assure the
accuracy of genes assignment [35]. However, such analysis stop-
ping at gene pairs correlations, such as the explorations on critical
candidate genes using developmental flowers, without corre-
sponding phenomenon- or physiology- data. It is worth to empha-
size that the applications of transcriptomic analyses were usually
employed to unveil the underlying regulatory genes for specific
phenomenon- or physiology- data. With the introduction of phys-
iological data in CCNA in this research, the candidate regulator and
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effector gene sets were narrowed down to 10 genes, while there
are 388 cell wall related genes (Table S6) and enormous transcrip-
tion factors in kiwifruit genome. Besides, consequent dual-
luciferase assay, EMSA and transient overexpression system veri-
fied the hypothesis experimentally with 3/10 accuracy (Fig. 5A).
If the candidate AdBAM3L, which was reported in our previous arti-
cle [27] was counted, the percentage will be 4/11. However, the
accuracy of our previous simple and rough analysis method was
5/26 [27]. As for workload, there were 24 gene-interactions (six
transcription factors x four structural genes) needed to be verified,
while it was 168 gene-interactions (14 transcription factors x 12
structural genes) in previous work [27], which was 7-fold labors
consuming. Moreover, the attempts on combination of CCNA and
WGCNA analysis on the transcriptome data were rarely reported.
Thus, application of CCNA and/or WGCNA required further
attempts and modifications.

Here, 85 consensus clusters were further correlated with sev-
eral cell walls associated traits, and specific candidate hub genes
with close interactions with fruit softening were selected (Fig. 3).
In principle, the interactions between gene modules and trait data-
set is calculated by the built-in function of WGCNA with two
respective matrixes. The gene module matrix in WGCNA and con-
sensus clusters in CCNA are essentially matrixes representing cor-
relations of gene pairs. Thus, the advanced steps in present analysis
used the consensus clusters in CCNA to replace the gene module
matrix in WGCNA. With such modification, the candidate clusters
were specifically correlated with related to cell wall metabolism.
Again, the combination of CCNA and WGCNA analysis were lim-
ited, such experiment design could be applied extensively in other
organisms with different physiological traits, development phases
or various tissues.

Characterized the key genes for kiwifruit cell wall remodeling

Fruit softening is a complex trait controlled by multiple quanti-
tative trait loci [51]. Application of CCNA and WGCNA centered the
key candidate genes for kiwifruit postharvest softening, including
AdGAL1, AAMAN1, AdPL1, AdPL5, Adp-Gal5, AAPME1 (Fig. 3 and
Table S4). The characterized six genes were far less than the exist-
ing cell wall related genes that annotated within kiwifruit genome
(388 genes, Table S6). Taken together physiology data [27] and the
following transcriptional regulation investigations (Fig. 5), two key
enzymes (PL and B-Gal) for kiwifruit pectin solubilization were
also investigated. The results indicated that both PL and B-Gal
activities were positively correlated with kiwifruit softening and
were enhanced by exogenous ethylene treatment (Fig. 5). Gene
family analysis with Arabidopsis and tomato demonstrated that
AdPL1, AdPL4 and AdPL5 were the major members among PL family,
AdGAL1 and Adp-Gal5 were the major members among B-Gal fam-
ily. Among B-Gal family, PSS15514.1 (Achn155581) AdGAL1 (Ach-
n155581) share the same ID in ‘Hongyang’ genome and share the
same FPKM in transcriptome (Fig. S3). Similar changes on tran-
scripts and enzyme activities were observed in various fruits. For
example, the high expression of PL was observed earlier in straw-
berry [52], banana [53] and grape berry [54]. While hindered by
technology and few attentions, PL enzyme activity was detected
successfully first in banana fruit at 2003 and proved to be
ripening-related [38]. Similarly, pB-galactosidase II activity
increased markedly during tomato ripening and the increment
contributed to net galactosyl loss [38,55]. The mRNA level of
TBG4 corresponding to B-galactosidase Il protein peaked at turning
stage [56] and analogous phenomena were also observed in pear
[57]. What's more, the same enzyme seems to act in a different
way in various fruits. According to the reports, PL and B-Gal play
more crucial roles in tomatoes [5,55], while PG and XTH affected
the strawberry and apple firmness most [9,11,18]. Due to the
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difficulty of the stable transformation for fruit researches, most of
these investigations mainly focused on gene expression and bio-
chemical level.

Recently, Uluisik et al., 2016 [5] silenced a PL gene by antisense
approach and produced significantly firmer tomatoes with reduced
PL activity. Meanwhile, the same PL gene was reported by Yang
et al, 2017 [6] and proved to prolong shelf-life. Then, CRISPR
mutant lines of PL exhibited firmer fruits compared with that of
PG2a and TBG4 [58]. At this point, the importance of PL in cell wall
remodeling and fruit softening has been aware by a growing num-
ber of researchers. However, the application of stable transgenic
transformation in perennial fruits is limited in a range of extend
by technological difficulty. Till now, only a few species, such as
papaya [59], apple [60] and kiwifruit [27,36,61], could adopt this
technique. Here, AdPL and Adp-Gal expressions were enhanced in
0Xx-AdZAT5 with 13-fold (p < 0.001) and 0.7-fold (p < 0.05), respec-
tively (Fig. 5). Thus, the precious prediction on softening related
genes would guide the further transgenic works in kiwifruit.

Transcription factors AdZAT5 coordinated AdPL5 and AdB-Gal5 for
fruit softening and ripening regulation

The transcriptional regulatory mechanisms underlying fruit
softening has been widely investigated in various fruits. It is
believed that there are master regulators to switch on/off down-
stream structural genes of fruit texture [62]. For example, starch
degradation enzymes could be activated by MabHLH6 in banana
[63] and AdDof3 in kiwifruit [27], DKERF8/16/19 could bind DxXTH9
and promote its expression to accelerate persimmon softening
[44], cell wall modifying enzymes PG were regulated by MdEIL3
and MdCBF2 in apple [64]. RNA interference and overexpression
lines of FaRIF (a NAC transcription factor) indicated that this tran-
scription factor extensively regulated many aspects of strawberry
fruit ripening, including cell wall degradation and modification
[45]. Through above reports, it is easy to find that the phenomena
of several transcription factors regulating one structural gene or
several structural genes affected by one transcription factor are
prevalent.

Again, using CCNA and WGCNA analysis, only four transcription
factors were raised, including newly characterized AdZAT5,
AdNAC083 and AAMYBR4 (Fig. 4) and previously reported AdDof3
[27]. Among them, AdZAT5 showed trans-activations on promoters
of AdPL5 and Adp-Gal5 (Fig. 5). Meanwhile, transient overexpres-
sion lines of AdZAT5 exhibited upregulations of AdPL5 and Adp-
Gal5 (Fig. 5), which confirmed the in vivo regulatory links in kiwi-
fruit and also suggested the AdZAT5 is a potential regulator for
kiwifruit softening by controlling the two structural genes within
pectin degradation pathway. Moreover, PL gene was recently char-
acterized as the key gene for tomato fruit texture regulation [5,6].
However, the upstream regulators for PL gene were rarely investi-
gated. Thus, the finding of AdZAT5 provided the one of the unchar-
acterized master regulators for PL gene and fruit softening.

Conclusions

In order to perform more precious prediction on candidate
genes for quantitative traits (eg. fruit softening), combination and
modification on CCNA and WGCNA were performed in present
research. This methodology was modified with combination of
physiological trait data so as to expand the application scope to
multiple organisms in various treatments or different development
phases. The output of this analysis centered on very limited num-
bers of structural genes and transcription factors for kiwifruit soft-
ening. With gene expression, enzyme activity, transcriptional
regulatory analysis, as well as the stable transformation in kiwi-
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fruit, AAZAT5 was characterized as a positive regulator of kiwifruit
softening by binding to AdPL5 and AdpB-Gal5 promoters as well as
promoting their transcriptions. These analyses and results not only
provided the insights for kiwifruit softening regulations, but also
showed the powerful of precious predictions with modified
approach for transcriptome analysis, which would be useful for
more extensive applications in other plants and phenomena.
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