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Summary
Citrate is a common primary metabolite which often characterizes fruit flavour. The key

regulators of citrate accumulation in fruit and vegetables are poorly understood. We

systematically analysed the dynamic profiles of organic acid components during the development

of kiwifruit (Actinidia spp.). Citrate continuously accumulated so that it became the predominate

contributor to total acidity at harvest. Based on a co-expression network analysis using different

kiwifruit cultivars, an Al-ACTIVATED MALATE TRANSPORTER gene (AcALMT1) was identified as a

candidate responsible for citrate accumulation. Electrophysiological assays using expression of

this gene in Xenopus oocytes revealed that AcALMT1 functions as a citrate transporter.

Additionally, transient overexpression of AcALMT1 in kiwifruit significantly increased citrate

content, while tissues showing higher AcALMT1 expression accumulated more citrate. The

expression of AcALMT1 was highly correlated with 17 transcription factor candidates. However,

dual-luciferase and EMSA assays indicated that only the NAC transcription factor, AcNAC1,

activated AcALMT1 expression via direct binding to its promoter. Targeted CRISPR-Cas9-induced

mutagenesis of AcNAC1 in kiwifruit resulted in dramatic declines in citrate levels while malate

and quinate levels were not substantially affected. Our findings show that transcriptional

regulation of a major citrate transporter, by a NAC transcription factor, is responsible for citrate

accumulation in kiwifruit, which has broad implications for other fruits and vegetables.

Introduction

Organic acids are important metabolites for plant growth, stress

tolerance, as well as fruit flavour (Etienne et al., 2013; Ma

et al., 2001). Organic acids are formed within the tricarboxylic acid

(TCA) cycle, where they contribute to the biosynthesis of numerous

primary metabolites such as amino acids and supply fixed carbon

for redox equilibrium and energy balance (Igamberdiev and

Eprintsev, 2016). Malate and citrate are the major determinants

of fruit acidity representing vital organoleptic quality that

contributes to fruit flavour (Etienne et al., 2013). Alterations in

the fruit acidity aremainly due to themalate and citratemetabolism

influenced by several systems, including synthesis, degradation and

vacuole storage (Batista-Silva et al., 2018; Etienne et al., 2013).

With advances in high-throughput technologies, the genetic

and biochemical basis of flavour traits have been characterized

using abundant accessions of tomato (Tieman et al., 2017; Ye

et al., 2017), peach (Li et al., 2019; Rawandoozi et al., 2020; Yu,

Guan, et al., 2021), grapevine (Liang et al., 2019), pear (Wu

et al., 2018), orange (Wang et al., 2021) and apple (Jia

et al., 2018; Liao et al., 2021). Although some QTLs and

candidate loci have been reported to be associated with fruit

flavour traits, only a few genes have been functionally validated.

This is often due to the difficulties in stable transformation in

many of the aforementioned fruit. Despite this, PpALMT1 was

identified to contribute to malate accumulation by using transient

overexpression in peach mesocarp tissues (Yu, Guan,

et al., 2021). The function of MdALMTII in regulating malate

content was verified in transgenic apple calli (Jia et al., 2018).

Furthermore, transient repression or overexpression of Ma1

resulted in altered malate and citrate content in apple fruit (Liao

et al., 2021). CRISPR-Cas9-engineered mutations in SlALMT9

resulted in the reduction of tomato fruit malate content (Ye

et al., 2017). Moreover, transcription factors (TFs) have been

reported to be involved in organic acid accumulation, including

ERF (Li et al., 2016), MYB (Hu et al., 2016, 2017), bHLH (Yu, Gu,

et al., 2021), WRKY (Ye et al., 2017; Zhang et al., 2022) and

AREB (Bast�ıas et al., 2011) TF families.

Kiwifruit (Actinidia spp.) is an important source of organic acids,

sugars and antioxidant nutrients. Quinate metabolism and

biosynthesis-related genes have been investigated in kiwifruit

(Marsh et al., 2009; Wang, Shu, et al., 2022), with expression of

DAHPS, DHQS and QDH showing correlations with quinate

metabolism. It is notable that citrate is a major factor contributing
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to flavour and makes up a large proportion of organic acid in

mature kiwifruit (Marsh et al., 2009). Citrate is accumulated

throughout the fruit development,which determines fruit acidity at

harvest time and effects consumer preference. Understanding the

regulation mechanism of citrate content is an important step

forward in improvement of the kiwifruit flavour. Recently, a rapid

cycling and continuously flowering kiwifruit has been generated by

mutation of kiwifruit CENTRORADIALIS genes (Varkonyi-Gasic

et al., 2019). This has made it more practical to investigate specific

gene functions.

In this study, our aim was to investigate the key genes that

contribute to kiwifruit citrate alteration. Based on co-expression

network analysis, AcALMT1 expression was highly correlated with

citrate profiles during fruit development. We found that

AcALMT1 functions as a citrate transporter having an important

role in the regulation of citrate content. The AcALMT1 promoter

was used as a target to screen transcriptional regulators, which

identified AcNAC1 as an activator. A correlation between NAC1

expression and citrate content was found in different tissues and

cultivars of kiwifruit, and its homologous gene Solyc07g063420

in tomato also exhibited a significant association with citrate

content in tomato accessions. Furthermore, mutagenesis of

AcNAC1 resulted in a dramatic reduction in citrate content and

AcALMT1 expression during kiwifruit development, suggesting

AcNAC1 is a switch that controls citrate accumulation in kiwifruit.

Results

Dynamic profiles of organic acids during development
of kiwifruit of two different cultivars

To explore the dynamics of organic acid contents during the

development of kiwifruit, nine developmental stages of A.

chinensis cv Hongyang (28, 35, 42, 56, 70, 84, 112, 140 and

168 DAFB, Figure 1a) and six developmental stages of A. deliciosa

cv Hayward (25, 30, 40, 70, 100 and 150 DAFB) were sampled.

The contents of the three predominate organic acid components

(malate, citrate and quinate) were measured. As shown in

Figure 1b, malate showed the lowest levels in ‘Hongyang’

kiwifruit, which peaked at 42 DAFB (5.75 mg/g) and decreased

to 2.07 mg/g at 168 DAFB. Quinate content was high (22.16 mg/

g) but decreased during fruit development. In contrast, citrate

content was undetectable until 42 DAFB and then exhibited a

continuous accumulation pattern from 2.96 mg/g at 56 DAFB to

10.03 mg/g at 168 DAFB (Figure 1b). Similar patterns for organic

acids were observed in ‘Hayward’ kiwifruit (Figure 1c), although

this cultivar had a significantly higher citrate and quinate content

than ‘Hongyang’ fruit.

Identification of candidate genes associated with citrate
accumulation based on RNA-seq and co-expression
network analysis

In order to discover potential genes that control the accumulation

of citrate in these kiwifruit tissues, comparative transcriptome

analyses were performed on the two kiwifruit cultivars. An

average of 6.31 and 6.94 gigabases (Gb) clean reads were

obtained from RNA-Seq data of ‘Hongyang’ and ‘Hayward’ by

removing low-quality reads, respectively (Dataset S1). A total of

14 680 and 16 611 genes showed differential expression

between development stages. Differentially expressed genes

(DEGs) with a maximum averaged FPKM from three replicates

≥1 (6470 genes from ‘Hongyang’ and 7728 genes from

‘Hayward’) were selected for WGCNA analysis (Dataset S2, S3).

Co-expression network analysis showed that genes from

‘Hongyang’ transcriptome were comprised of 12 distinct co-

expression modules (Figure S1a), of which turquoise (R = �0.97,

P = 2 9 10�5) and yellow (R = 0.97, P = 2 9 10�5) modules

displayed the highest correlation with citrate content (Figure S1b).

For ‘Hayward’, a total of 5 co-expression modules were identified

(Figure S1c), and modules with the highest positive and negative

correlation were the blue (R = 1, P = 1 9 10�8) and turquoise

(R = �0.91, P = 8 9 10�4) (Figure S1d), respectively. Intrigu-

ingly, 54 genes were simultaneously present in both kiwifruit

cultivars (Figure S1e). Among those, eight genes displayed the

strongest up- or down-regulation during 35 DAFB to 56 DAFB

with an absolute log2(Fold change) > 4 (P < 0.05). These were

Acc30157 (Pleckstrin and lipid-binding domain protein),

Acc23936 (TRANSPARENT TESTA 1, zinc finger protein; involved

in flavonoid regulation), Acc11477 (Transmembrane protein 50a),

Acc19449 (Cyclic nucleotide-gated ion channel), Acc19508

(Histone H2A), Acc16834 (Protein RETICULATA-RELATED 1),

Acc23343 (Heat shock transcription factor) and Acc03208

(Aluminium-activated malate transporter family protein)

(Figure S2).

Functional analysis of AcALMT1 in vivo

Based on the gene annotations of the aforementioned eight genes,

an Al-activated malate transporter (Acc03208, named AcALMT1 in

the present research) was suggested to encode amalate transporter,

and so might have an unexpected role in regulating kiwifruit citrate

accumulation. Phylogenetic analysis indicated that AcALMT1 clus-

tered with tomato SlALMT4 and SlALMT9, and showed close

homology to Arabidopsis AtALMT3, AtALMT4, AtALMT5, AtALMT6

andAtALMT9 (Figure S3). Several members of the ALMT family have

been shown to mediate malate transport (Barbier-Brygoo

et al., 2011). However, the potential function of ALMTs in

transporting citrate has not been examined. Here, the electrophys-

iological properties of AcALMT1 were analysed by heterologous

expression in Xenopus laevis oocytes, and transport function

measured using the two-electrode voltage clamp (TEVC) method.

In TEVC assays with citrate supplemented in the bath solution,

outward currents (anion influx) in the oocytes injected with the

AcALMT1-cRNA were higher than those in the control oocytes

injected with water (Figure 2a,b). These results suggest that

AcALMT1 functions as a citrate transporter to regulate citrate levels

across the membrane.

The in vivo function of AcALMT1 was then investigated by

transient overexpression in the core tissue of A. arguta fruit

(Wang et al., 2019). Fruit were infiltrated with pSAK277-EHA105

(control) and AcALMT1-pSAK277-EHA105 at opposite ends of

each fruit. AcALMT1 expression level was significantly increased

at 2 days after infiltration with AcALMT1-pSAK277-EHA105.

Citrate contents in the core tissue where AcALMT1 was over-

expressed were higher (1.67-fold) than those in the empty-vector

control, while there was no significant difference in malate

content (Figure 2c).

AcALMT1 expression is regulated by the transcription
factor AcNAC1

To screen for possible transcriptional regulation of AcALMT1, 17

TFs were obtained from transcriptome data which showed high

correlation (R > 0.9) with the expression pattern of AcALMT1

(Figure 3a). Dual-luciferase assays of all 17 TFs indicated that the

activity of the AcALMT1 promoter was significantly induced by

AcNAC1 with 3.3-fold activation (Figure 3b). Other TFs which
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caused changes in promoter activity included slight activation by

two bHLHs (Acc04806 and Acc19740) and possible repression by

a trihelix transcription factor (Acc21389). In plants, NACs were

reported to directly target the core binding element, [TA]NN[CT]

[TCG]TNNNNNNNA[AC]GN[ACT][AT], in the promoters of target

genes (Zhong et al., 2010). Four predicted binding elements were

present in the AcALMT1 promoter region (P1-P4, Figure 3c). The

purified recombinant AcNAC1 protein was able to bind to probe

3 and 4 (Figure 3d), and this electrophoretic mobility shift was

reduced by the addition of increasing concentrations of cold

probe. However, AcNAC1 protein did not interact with probe 1

and 2 (Figure S4), which suggested that the sequence context has

additional effect on binding activities. These results indicate that

AcNAC1 can activate AcALMT1 and has a direct interaction with

the AcALMT1 promoter.

Expression pattern of ALMT1 and NAC1 with citrate
contents in different fruits

The citrate content and ALMT1/NAC1 expression levels were

compared in both outer pericarp and core of A. chinensis cv

Hongyang fruit (Figure 4a–d). The citrate content of the outer

pericarp was significantly higher than that observed in the core

(Figure 4b,d). Expression levels of AcALMT1 and AcNAC1 were

up-regulated at early developmental stages in outer pericarp

(Figure 4b), while remaining relatively low in the core (Figure 4d).

Moreover, differences in citrate content were also found between

cultivars, A. chinensis cv Hongyang and A. deliciosa cv Hayward.

In the late developmental stages of the two cultivars, more than

2-fold more citrate was accumulated in ‘Hayward’ (23.26 mg/g at

150 DAFB) compared to ‘Hongyang’ (10.03 mg/g at 168 DAFB).

The expression levels of ALMT1 and NAC1 were significantly

higher in ‘Hayward’ than those in ‘Hongyang’ throughout

development (Figure 4b,f). AdALMT1 and AdNAC1 exhibited

similar expression patterns, with increasing expression from 25 to

70 DAFB, and then maintained at high expression level (Figure 4f).

These results suggest that citrate content is highly associated with

the expression of ALMT1 and NAC1.

A similar relationship between NAC and citrate content was

observed in tomato. 120 accessions were divided into four groups

with low malate content (LMC), high malate content (HMC), low

citrate content (LCC) and high citrate content (HCC). The

expression level of Solyc07g063420, the best match as an

Figure 1 Dynamic profiles of organic acids during the development of kiwifruit. (a) Nine developmental stages of Actinidia chinensis cv Hongyang. DAFB,

days after full bloom. Bar = 1 cm. (b) Citrate, malate and quinate content during the developmental stages of Actinidia chinensis cv Hongyang. (c) Citrate,

malate and quinate content during the developmental stages of Actinidia deliciosa cv Hayward. Each value represents mean (�SE) of three biological

replicates. Different letters indicate significant differences at P < 0.05 determined by one-way analysis of variance (ANOVA) testing.
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AcNAC1 homologue, was significantly associated with citrate

content (P = 0.0009) (Figure S5a), while it showed no signifi-

cance with malate content (Figure S5b). This suggests a

correlation between the expression levels of NAC genes and

citrate content, and a wider genetic basis for NAC transcription

factors to regulate citrate content.

CRISPR-Cas9 mediated mutagenesis of AcNAC1 greatly
reduces citrate accumulation and AcALMT1 expression
in kiwifruit

In order to evaluate the regulatory contribution of AcNAC1 on

AcALMT1 expression and citrate content, AcNAC1 CRISPR-Cas9

mutant lines were generated in RF‘DH’ (rapidly-flowering A.

chinensis cv Donghong) kiwifruit via A. tumefaciens-mediated T-

DNA transformation. Detail of potential editing at the sites of

the target guide RNAs in RF‘DH’ acnac1 was analysed using Hi-

TOM platform sequencing (Figure 5a), and showed the presence

of indels in AcNAC1 in one or both target sites in three

independent lines. Fruit at four developmental stages (6, 9, 13

and 17 WAP) were sampled and used for analysis (Figure 5b).

Citrate contents were maintained at low levels during develop-

ment of the three independent acnac1 lines, from 0.37 mg/g (6

WAP) to 2.39 mg/g (17 WAP), while the wild-type control

(RF‘DH’) showed an increasing trend and reached 11.98 mg/g at

13 WAP (Figure 5c). The levels of malate and quinate did not

differ generally between wild-type and acnac1 (Figure 5d),

although at some time points there were differences. This

suggests that AcNAC1 regulates citrate biosynthesis, and may

indirectly affect other organic acids but to a lesser extent. To

exclude the effects of potential off-target mutations on the

citrate contents of CRISPR edited lines, six potential off-target

sites were identified using the web tool CRISPR-P (Lei

et al., 2014), and sequences were obtained by Hi-TOM platform

sequencing. No mutations occurred in the potential off-target

sites in the acnac1 lines (Figure S6), indicating that the target

sites are specific mutants of AcNAC1.

Given that mutagenesis of AcNAC1 resulted in the reduction of

citrate content in the transgenic kiwifruit, we tested the

expression levels of the downstream gene AcALMT1. As

expected, AcALMT1 expression has dramatically decreased in

the RF‘DH’ acnac1 lines compared to wild-type (Figure 5e). The

expression levels of genes related to citrate metabolism, including

citrate synthase (CS), isocitrate dehydrogenase (IDH), aconitase

(Aco), succinyl-CoA synthetase (SCS) and malate dehydrogenase

Figure 2 AcALMT1 functions as a citrate transporter. (a) AcALMT1 mediated citrate transport in Xenopus laevis oocyte system. Whole-cell current

recorded in X. laevis oocytes injected with H2O (control) or AcALMT1-cRNA. The bath solution was added with citrate at a final concentration of 20 mM.

The holding potential ranged from 40 to �20 mV in 10 mV increments. The time and current scale bars for the recordings are shown. (b) The current–

voltage (I–V) relationship of the steady state currents were recorded in oocytes injected with H2O (control) or AcALMT1-cRNA. Data are shown as means �
SE (n = 6). (c) A significantly elevated level of citrate content in kiwifruit core tissues by transiently over-expressing (TOE) AcALMT1. Fruit cores transiently

transformed with the empty vector were used as controls (EV). Error bars indicate SE from four biological replicates (**P < 0.01).

Figure 3 The regulatory effect of AcNAC1 on the AcALMT1 promoter. (a) Transcriptional regulatory network of AcALMT1. The network includes 961

transcription factors (TFs). Circles with different colours represent different TFs, the 17 TFs which labelled with Acc ID (Pilkington et al., 2018) represent

correlations higher than 0.9. The colour scale for correlation between AcALMT1 and TFs ranged from 0 to 1. (b) The regulatory effect of AcNAC1 on

AcALMT1 promoter using dual-luciferase assays. The LUC/REN value of empty vector (SK) was set as 1. The red column highlights the effects of AcNAC1.

Error bars indicate SE from five biological replicates (*P < 0.05; **P < 0.01; ***P < 0.001). (c) Oligonucleotides used for electrophoretic mobility shift

assays (EMSA) with the 19-bp NAC core sequences are underlined and marked in red. (d) EMSAs of AcNAC1 bindings to the AcALMT1 promoter. The

AcNAC1 protein-DNA complexes were separated on 6% native polyacrylamide gels. ‘�’ and ‘+’ represent absence and presence, respectively. The

concentrations of cold probe were set at 100-fold, 500-fold and 1000-fold excess over labelled probes.
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(MDH) were analysed with RT-qPCR in acnac1 and wild-type lines

(Figure S7). The results showed that only a few genes exhibited

significant differences at specific time points. To investigate other

downstream genes of AcNAC1, RNA-seq data was generated for

three developmental stages of acnac1 lines and wild-type. There

was a total of 40 upregulated and 49 downregulated DEGs seen

throughout fruit development between acnac1 lines compared to

wild-type (Figure S8). However, these genes showed no direct

relationship with citrate metabolism, while there were several

differentially expressed genes encoding transporters that included

AcALMT1. These results suggest that AcALMT1 is the main

downstream target gene of AcNAC1, which contributes to citrate

accumulation in kiwifruit.

Discussion

AcALMT1 is a citrate transporter, which uncovers
regulation of organic acid accumulation

Al-activated malate transporters (ALMTs) are a family of plant-

specific anion channel proteins that are involved in a range of

functions, including abiotic stress resistance, stomatal movement

regulation, nutrition and ion homeostasis, fruit acidity and seed

germination (Delhaize et al., 2007; Medeiros et al., 2018; Sharma

et al., 2016). Over the past decade, several ALMT proteins have

been characterized as anion-selective channels that are respon-

sible for malate influx or efflux at the plasma membrane and

tonoplast in Arabidopsis (De Angeli et al., 2013; Eisenach

et al., 2017; Imes et al., 2013; Kovermann et al., 2007; Meyer

et al., 2010, 2011). Subsequently, apple ALMT-like genes at the

Ma locus on chromosome 16 have been reported to result in

different malate content (Bai et al., 2012, 2015; Jia et al., 2018;

Khan et al., 2012). In tomato, SlALMT4 and SlALMT5 proteins

have been verified in malate transport activities in X. laevis

oocytes (Sasaki et al., 2016). Moreover, a genome-wide

association study has characterized a strong peak of SNPs related

to natural variation in malate traits near SlALMT9, and a 3-bp

indel in SlALMT9 promoter was linked to high fruit malate

content (Ye et al., 2017).

Although ALMTs were generally considered as malate trans-

porters, the accumulative reports on correlations between ALMTs

and other organic acids (e.g. citrate) have led to debate on their

function. Tieman et al. (2017) conducted a GWAS study using

398 modern, heirloom and wild tomatoes and relatives, and a

total of 251 association signals were detected for 20 traits. A

locus on LG 6 that has significant effects on the contents of

malate and citrate was identified, and corresponded to a ALMT-

like gene (Solyc06g072910). Moreover, another ALMT gene on

LG 1 also exhibited a strong significant association for citrate

based on the meta-analysis of 775 tomato accessions (Zhao

et al., 2019). In peach, genomic analyses of 548 diverse

accessions and molecular-genetic characterizations revealed

PpALMT1 as a candidate gene that contributes to fruit malate

accumulation (Yu, Guan, et al., 2021). However, PpALMT9

exhibited highest expression levels in high-acid peach cultivars

which accumulate citrate throughout fruit development (Zheng

et al., 2021). Association of ALMT and citrate was also found in

Figure 4 Citrate content and ALMT1/NAC1 expression patterns in different kiwifruit cultivars and tissues. (a) Transverse sections of A. chinensis cv

Hongyang fruit. The tissues between the two white oval are defined as outer pericarp. (b) Citrate contents and AcNAC1/AcALMT1 relative expression of

outer pericarp during the development of ‘Hongyang’ fruit. DAFB, days after full bloom. (c) Transverse sections of A. chinensis cv Hongyang fruit. The

tissues inside the small white oval are defined as core. (d) Citrate contents and AcNAC1/AcALMT1 relative expression of core during the development of

‘Hongyang’ fruit. (e) Transverse sections of A. deliciosa cv Hayward fruit. The tissues between the two white oval are defined as outer pericarp. (f) Citrate

contents and AdNAC1/AdALMT1 relative expression levels of outer pericarp during the development of ‘Hayward’ fruit. The dotted line diagram in (b) and

(f) indicates that it has been shown in Figure 1. Each value represents mean � SE of three biological replicates. The statistical analysis was performed using

one-way analysis of variance (ANOVA) testing.
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citrus fruit (Liu, et al., 2022). Thus, regulation of ALMTs on malate

and citrate may be manifested by specific isoforms for different

crops.

A role for ALMTs in driving citrate content is suggested, but

lacks functional verification. In tomato, overexpression of

SlALMT5 markedly increased both malate and citrate content in

seeds (Sasaki et al., 2016). Here, the expression level of AcALMT1

was upregulated from 56 DAFB when citrate begun to

accumulate (Figure 4b). Given that AcALMT1 mediated large

outward currents in X. laevis oocytes (Figure 2a,b), we

hypothesized that AcALMT1 mediates citrate influx in kiwifruit,

depending on the cytosolic and extracellular citrate concentra-

tion. Transient overexpression of AcALMT1 significantly increased

citrate rather than malate content in kiwifruit (Figure 2c).

Moreover, kiwifruit with mutated AcNAC1, an activator of

AcALMT1 expression, showed greatly reduced citrate content

(Figure 5c). Taken together, electrophysiological and genetic

evidence affirmed the roles of AcALMT1 as an alternative citrate

transporter. ALMTs were encoded by a gene family, thus, the

specific members for malate and citrate regulation should be

discriminated, especially in crops with abundance of different

organic acids.

AcNAC1 is a transcriptional regulator of citrate content

In recent years, the regulatory effects of certain TFs on organic

acid levels have been studied. The bHLH family TF, AN1, was

shown to regulate the expression of PH5, which is associated with

alteration in sweet orange acidity (Wang et al., 2021). CitNAC62,

CitWRKY1 and CitERF6 trans-activate the promoters of CitAco3

and CitAcla1 respectively, resulting in fruit citrate degradation (Li

et al., 2017, 2020). MdMYB1/10/44/73 can bind to the promoters

of vacuolar malate transport and H+-pumping genes to regulate

malate content (Hu et al., 2016, 2017; Jia et al., 2021). In this

study, we screened 17 candidate kiwifruit TFs using dual

luciferase assays to show that AcNAC1 had the highest activity

on the AcAMLT6 promoter (Figure 3a,b). Although several TF

families (e.g. WRKY (Ding et al., 2013; Ye et al., 2017), MYB (Hu

et al., 2017) and bHLH (Liu, et al., 2022)) have been reported to

act as transcription activators or repressors of ALMTs, our results

reveal a new transcriptional activator of AcALMT1, which adds to

the previously known NAC TF regulatory networks.

NAC TFs share a variety of roles in diverse biological processes,

including plant growth and development, ripening and senescence

(Kim et al., 2016; Liu, Li, et al., 2022; Nuruzzaman et al., 2013;

Olsen et al., 2005). However, a relationship between NACs and

organic acid accumulation is not clear. In Arabidopsis, the NAC TF

RD26 was identified as a metabolome reprogramming regulator

during senescence, and overexpression of RD26 increased higher

levels of TCA cycle intermediates including malate, citrate,

fumarate and 2-oxoglutarate compared to wild-type during

extended darkness (Kamranfar et al., 2018). Seven NAC genes

were differentially expressed between low-acid and high-acid

Figure 5 CRISPR-Cas9 engineered AcNAC1 mutations result in reduced fruit citrate content. (a) Position of two target sites in AcNAC1 and Hi-TOM

sequencing of the CRISPR edited sites in RF‘DH’ acnac1 line #1, #17 and #21. sgRNA-targeted sequences are highlighted in red and a protospacer adjacent

motif (PAM) are shown in blue. Deletion and insertion are represented by dashed line and in grey background, respectively. Each mutation type is

represented by the relative percentages. Mutation reads lower than 10% were filtered during data analysis. (b) Four developmental stages of WT (RF‘DH’)

and three independent RF‘DH’ acnac1 lines #1, #17 and #21. WAP, weeks after pollination. Bar = 1 cm. (c) Dynamic profiles of citrate during four

developmental stages of WT and the AcNAC1 CRIPSR/Cas9 kiwifruits. (d) Dynamic profiles of malate and quinate during four developmental stages of WT

and the AcNAC1 CRIPSR/Cas9 kiwifruits. (e) The expression patterns of AcALMT1 in WT and the AcNAC1 CRIPSR/Cas9 kiwifruits. Data are presented as

means � SE of three independent biological replicates. Asterisks above bars indicate significant difference from the WT (*P < 0.05; **P < 0.01;

***P < 0.001) analysed by the Student’s t-test.
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cultivars of peach, related to malate accumulation (Zheng

et al., 2021). NAC62 (MD06G1124800) was identified as one of

the five genes that showed selection signatures in apple genomic

regions and affected fruit acidity (Liao et al., 2021). In this study, we

analysed the citrate contents of two main commercial kiwifruit

cultivars, A. chinensis cv Hongyang and A. deliciosa cv Hayward.

‘Hayward’ showed significantly higher levels of citrate than that in

‘Hongyang’, and expression of NAC1 was higher (Figure 4b,f). In

the core of ‘Hongyang’ fruit, which was lower in citrate content,

AcNAC1 expression level was significantly lower than that in outer

pericarp (Figure 4d). Moreover, the correlation of NOR-like

Solyc07g063420 expression and citrate content was found in

tomato accessions (Figure 5; Tieman et al., 2017; Zhu et al., 2018).

This gene is a positive regulator of ripening (Gao et al., 2018).NAC-

NORgenes in tomatohas beenassociatedwith changes in titratable

acidity (Adaskaveg et al., 2021) and differences in citrate content

(Kumar et al., 2018), yet the molecular link between this

transcription factor and a transporter of organic acids has not

been determined.

In conclusion, the present study indicates that AcALMT1 is a

citrate transporter in kiwifruit. AcALMT1 expression is regulated

by AcNAC1, and mutagenesis of AcNAC1 by CRISPR-Cas9

switches off kiwifruit citrate accumulation. Moreover, expression

of a homologous NAC is positively correlated with citrate content

in tomato. Our findings suggest a new regulatory mechanism of

NAC-ALMT in citrate accumulation, and provide a new target to

alter acidity in kiwifruit and in other fruits (Figure 6). Ultimately,

accumulation of citrate in Citrus will be one such target, yet

transformation systems for this genus are problematic. By utilizing

fast-flowering offspring of kiwifruit we achieved functional

validation quickly, with a ‘transgene-free’ low acidity kiwifruit

being another potential product.

Materials and methods

Plant materials and measurements

Kiwifruit (A. chinensis cv Hongyang) at different developmental

stages were collected from a commercial orchard in 2019 in

Zhejiang, China. Fruits at different developmental stages were

collected from 28 days after full bloom (DAFB) to 168 DAFB,

including 28, 35, 42, 56, 70, 84, 112, 140 and 168 DAFB. The

kiwifruit (A. deliciosa cv Hayward) at different developmental

stageswere collected froma commercial orchard in 2018 in Shanxi,

China. Fruits at different developmental stageswere collected from

25DAFB to 150DAFB, including 25, 30, 40, 70, 100 and 150DAFB.

Eighteen fruit with similar sizes and no physical injuries were

collected from five individual vines and divided into three groups.

Eachgroup containing six fruitwere considered to beone biological

Figure 6 The regulatory mechanism of the transcription factor NAC1 and the citrate transporter ALMT1 during citrate accumulation in fruit. During the

development of ‘Hayward’, the expression level of the transcription factor AdNAC1 is higher which activates the transcription of the citrate transporter

AdALMT1, thereby increasing the citrate accumulation. Lower expression levels of AcNAC1 and AcALMT1 result in lower citrate accumulation during the

development of ‘Hongyang’. After mutagenesis of AcNAC1 by CRISPR-Cas9, acnac1 lines have a dramatic decline in expression of AcALMT1 and citrate

accumulation.
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replicate. The outer pericarp (without skin and seeds) and core of

‘Hongyang’, and outer pericarp of ‘Hayward’ were cut into small

pieces, respectively, then rapidly frozen in liquid nitrogen and

stored at �80°C for further use.

Determination of organic acids content

Organic acid contents of kiwifruit were measured by gas

chromatography–mass spectrometry according to the method

described by Wang, Shu, et al. (2022). Each experiment was

carried out with three biological replicates.

RNA sequencing and analysis

Total RNA was extracted from frozen kiwifruit flesh by the

cetyltrimethylammonium bromide (CTAB) method according to

our previous protocol (Wang, Moss, et al., 2022). RNA-seq were

performed using samples of 35, 42 and 56 DAFB (for cv

Hongyang fruit) and 30, 40 and 70 DAFB (for cv Hayward fruit),

with three biological replicates. Libraries were constructed for

each sample and sequenced using Illumina Novaseq 6000

sequencing platform by Biomarker (Beijing, China). The clean

reads were filtered from raw data by discarding low-quality reads

(unknown nucleotides >5% or low Q-value ≤20%) and mapped

to the Red5 (A. chinensis) genome (Pilkington et al., 2018).

Fragments per kilobase of transcript per million fragments

mapped (FPKM) were considered as gene expression levels

(Trapnell et al., 2010). The P-values were corrected using the

Benjamini-Hochberg approach for controlling the false discovery

rate. Gene functions were annotated based on the NCBI non-

redundant database (NR), the Swiss-Prot proteins databases and

the pathway databases including COG (http://www.ncbi.nlm.nih.

gov/COG/), GO (http://www.geneontology.org/) and KEGG

(http://www.genome.jp/kegg/). The differential expression genes

(DGEs) between two samples (35 and 42 DAFB, 35 and 56 DAFB,

42 and 56 DAFB, 30 and 40 DAFB, 30 and 70 DAFB, 40 and 70

DAFB) were screened with the standard of the absolute log2(Fold

change) ≥ 1. The screening was performed by Excel (Version:

2010).

Weighted gene co-expression network analysis
(WGCNA)

Co-expression networks were constructed using the WGCNA

package in R (Langfelder and Horvath, 2008). The DGEs with a

maximum averaged FPKM from three replicates ≥1 were selected

for the WGCNA analysis. The modules were obtained using the

automatic network construction function blockwise with default

settings, except that the soft threshold power was 20 (for

‘Hayward’)/16 (for ‘Hongyang’), minimum module size was 20

and the merge cut height was 0.25. The eigengene value was

calculated for each module and used to evaluate the association

with the organic acids content during kiwifruit development.

Electrophysiology of AcALMT1 in Xenopus laevis oocytes

For function analysis in Oocytes, full-length sequence of

AcALMT1 was cloned into pGEMHE vector (primers are listed in

Table S1). cRNA was synthesized by in vitro transcription using

mMESSAGE mMACHINE kit (Invitrogen, Carlsbab, CA, USA).

Xenopus laevis oocytes (stage V and VI) were isolated and

microinjected with 43 nL of cRNA (0.5 lg/lL) or sterile water

(negative control), then incubated at 18 °C in ND96 solution

(96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2 and 10 mM

HEPES, pH 7.4) supplemented with 5 mg/L gentamicin for 24 h

prior to analysis. Electrophysiological measurements were per-

formed by the two-electrode voltage clamp, oocytes were bathed

in the HMg solution (6 mM MgCl2, 1.8 mM CaCl2 and 10 mM

MES, pH 6.5) with 20 mM Na-citrate. The osmolality of all

solutions was adjusted to 240–260 mOsmol/kg with D-mannitol.

Voltage test pluses were stepped over a range of �20 to 40 in 10-

mV increments. Experiments were performed three times

independently. The current–voltage curves were recorded by

Henry’s electrophysiological suite (v. 3.5.1, University of Glasgow)

and plotted in SigmaPlot (v. 14.0).

Transient overexpression in kiwifruit

Full-length sequence of AcALMT1 was inserted into pSAK277

vectors, driven by a cauliflower mosaic virus 35S promoter (primers

are listed in Table S1). Then all constructs were transformed intoA.

tumefaciens strain EHA105 and incubated on plate with 100 mg/L

spectinomycin and 20 mg/L rifampin. A. tumefaciens cultures

were suspended in infiltration buffer (10 mM MgCl2, 150 mM

acetosyringone, 10 mM MES, pH 5.6) and grown to an OD600 of 1.

A. arguta fruit at 110 DAFB were chosen and harvested from

Zhejiang in 2021. The infiltrated procedures were based on the

previous report (Zhang et al., 2018). Either 0.2 mL of control

(empty pSAK277 vector) or pSAK277-AcALMT1 were infiltrated

separately into two different ends of core tissue within intact fruit,

and then fruit were stored in an incubator at 25 °C for 2 days and

collected for further analysis with four biological replicates.

cDNA synthesis and RT-qPCR analysis

PrimeScript RT Reagent Kit with gDNA Eraser (RR047A; Takara,

Dalian, China) was used to synthesize the first-strand cDNA.

Three biological replicates with three independent RNA extrac-

tions and cDNA synthesis were used for each sampling point. The

expression abundance was investigated by RT-qPCR, using a

LightCycler 480 instrument (Roche, Mannheim, Germany) with

LightCycler 480 SYBR Green I Master (Roche). The housekeeping

gene Actin (GenBank no. EF063572) was chosen as the internal

control and the relative expression level was analysed by the

2�ΔCt method (Schmittgen and Livak, 2008; Walton et al., 2009).

The sequences of primers (designed with the Primer3 (v.0.4.0)

software) are described in Table S1. Each pair of primers was

checked by melting curves and product sequencing to ensure

their quality and specificity.

Dual-luciferase assays

Dual-luciferase assays were used to screen the effective TFs on

the AcALMT1 promoter. The full coding DNA sequence of each

TF was cloned into the pGreenII 002962-SK vector, while the

promoter fragment of AcALMT1 was cloned into the pGreenII

0800-LUC vector (primers are listed in Table S1). The above

constructs were transferred into A. tumefaciens (strain GV 3101).

The prepared A. tumefaciens mixtures of TF and promoter in a

ratio of 10: 1 (v/v) were infiltrated into 5-week-old N.

benthamiana leaves. Luciferase (LUC) and Renilla (REN) luciferase

activities were measured after 3 days of infiltration using the

dual-luciferase assay kit (Promega, Wisconsin, USA) on the

Promega, Fitchburg, Wisconsin, USA GLOMAX 96 Microplate

Luminometer. The regulatory effects of TFs on the AcALMT1

promoter were calculated as the LUC/REN ratio, and the LUC/REN

value of the empty vector SK on AcALMT1 promoter was used as

a calibrator (set as 1). Three biological replicates were used for

each assessment.

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 1695–1706

Mutations in AcNAC1 reduce fruit citrate content 1703

http://www.ncbi.nlm.nih.gov/COG/
http://www.ncbi.nlm.nih.gov/COG/
http://www.geneontology.org/
http://www.genome.jp/kegg/


Protein extraction and electrophoretic mobility shift
assay (EMSA)

The full-length coding sequence of AcNAC1 was inserted into

pGEX-4T-1 vector to generate the recombination N-terminal GST-

tagged protein (primers are listed in Table S1). The construct was

sequenced and transformed into Escherichia coli strain Rosetta

(DE3). The purification of AcNAC1-GST was conducted using the

GST-tag Protein Purification Kit (Beyotime, Shanghai, China) for

use in further EMSA experiments.

The 25 bp oligonucleotide probes containing NAC-specific cis-

elements derived from the AcALMT1 promoter were synthesized

and labelled with biotin at the 30 end by HuaGene and dsDNA

probes prepared by annealing complementary oligonucleotides.

The probes are listed in Table S1. EMSA were performed using a

LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific,

Rockford, IL) according to the manufacturer’s instructions. The

GST protein alone was set as a negative control and the

unlabelled probe as the competitor.

Generation of CRISPR-Cas9 knockout kiwifruit

The construct targeting the first and last exon in CEN and CEN4

was used to generate rapidly flowering A. chinensis cv Donghong

(RF‘DH’) (Varkonyi-Gasic et al., 2019). The simultaneous targeting

of AcNAC1 and CEN/CEN4 was followed by the protocol from

Varkonyi-Gasic et al. (2021). Two AcNAC1-specific guides were

combined with two guides from the first and last exon of CEN/

CEN4. The Arabidopsis U6-26 promoter drives the polycistronic

transfer RNA (tRNA)-guide RNA (gRNA) (PTG) cassette, with

Gateway recombination sites added on each end was synthe-

sized, and then recombined with the vector pDE-KRS (Varkonyi-

Gasic et al., 2019). The constructs were transformed into

Agrobacterium tumefaciens strain EHA105 by electroporation.

A. chinensis cv Donghong tissue cultured leaves were used for

transformation (Fu et al., 2021), and grown on media supple-

mented with 50 lg/mL kanamycin for selection. The rooted

transgenic plants were potted and grown in a glasshouse at

Zhejiang University, Zhejiang, China (light : dark = 15 h : 9 h,

24 °C). Pollination was carried out at full bloom with stored

pollen using a paintbrush. The kiwifruit of RF‘DH’ and RF‘DH’

acnac1 lines were harvest at four different development stages

(6, 9, 13 and 17 weeks after pollination) with three biological

replicates.

Analysis of target and potential off-target mutations

The potential off-target sites of the target sequences were

predicted with the web tool CRISPR-P (Lei et al., 2014). The

potential off-target sites containing 0–4 bp mismatch compared

with the target sequence were selected for further analysis. For

the detection of target and potential off-target mutation sites in

RF‘DH’ acnac1 lines, the target regions were amplified from

genomic DNA of RF‘DH’ and RF‘DH’ acnac1 lines using site-

specific primers (primers are listed in Table S1). PCR products

were sequenced using Hi-TOM platform (China National Rice

Research Institute, Chinese Academy of Agricultural Sciences,

Hangzhou) (Liu et al., 2019). Mutation reads lower than 10%

were filtered during data analysis.

Accession numbers

The transcriptome data generated in this study are available at

NCBI database with the BioProject ID PRJNA721028 and

PRJNA783998. Sequence data are available at GenBank with

the accession numbers AcALMT1, OP178892; AcNAC1,

KF319050.
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