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Abstract ATP-citrate lyase (ACL, EC4.1.3.8) catalyzes
citrate to oxaloacetate and acetyl-CoA in the cell cytosol,
and has important roles in normal plant growth and in the
biosynthesis of some secondary metabolites. We identified
three ACL genes, CitACLal, CitACLo2, and CitACLpB1, in
the citrus genome database. Both CitACL«1 and CitACL2
encode putative ACL « subunits with 82.5 % amino acid
identity, whereas CitACLS1 encodes a putative ACL p sub-
unit. Gene structure analysis showed that CitACLal and
CitACLo2 had 12 exons and 11 introns, and CitACLB1 had
16 exons and 15 introns. CitACLal and CitACLB1 were
predominantly expressed in flower, and CitACL«2 was pre-
dominantly expressed in stem and fibrous roots. As fruits
ripen, the transcript levels of CitACLxl, CitACLB1, and/
or CitACLa?2 in cultivars ‘Niuher’ and ‘Owari’ increased,
accompanied by significant decreases in citrate con-
tent, while their transcript levels decreased significantly
in ‘Egan No. 1’ and ‘Iyokan’, although citrate content
also decreased. In ‘HB pummelo’, in which acid content
increased as fruit ripened, and in acid-free pummelo, tran-
script levels of CitACLa2, CitACLB1, and/or CitACLx1
increased. Moreover, mild drought stress and ABA treat-
ment significantly increased citrate contents in fruits.
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Transcript levels of the three genes were significantly
reduced by mild drought stress, and the transcript level of
only CitACLB1 was significantly reduced by ABA treat-
ment. Taken together, these data indicate that the effects
of ACL on citrate use during fruit ripening depends on the
cultivar, and the reduction in ACL gene expression may be
attributed to citrate increases under mild drought stress or
ABA treatment.

Keywords ABA - ATP-citrate lyase - Citric acid - Citrus -
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Introduction

ATP-citrate lyase (ACL, EC4.1.3.8) catalyzes the conver-
sion of citrate to oxaloacetate and acetyl-CoA in the cell
cytosol (Rangasamy and Ratledge 2000). This reaction
acts as a switch to control the shifts among carbohydrates,
organic acids, fatty acids, isoprenoids, flavonoids, and other
compounds (Chypre et al. 2012; Fatland et al. 2002). Cit-
rate is the main acid in citrus fruits. Controlling the acid
content in fruit is extremely important for improving fruit
quality in terms of sourness as well as other parameters,
such as color and aroma, because citrate affects these traits
via ACL catalysis (Crifo et al. 2012; Fatland et al. 2002;
Lo Piero et al. 2014). Although ACL genes and polypep-
tides have been detected in citrus fruit (Cercés et al. 2006;
Katz et al. 2007), a genome-wide identification is lacking,
although three citrus genomes have been published (Xu
et al. 2012; www.phytozome.net). Understanding the ACL
family in the citrus genome is important for their functional
identification.

In most citrus cultivars, citric acid begins to accumu-
late during the second phase of fruit development and
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continues for a few weeks, peaking when the fruit is about
half of its final volume and then declining gradually as the
fruit matures (Baldwin 1993). Citric acid content in ripen-
ing fruits differs among cultivars. For example, the titrat-
able acid levels in sour lemon, sweet orange, and acidless
orange are about 4-5 %, 0.8-1.2 %, and less than 0.1 %,
respectively (Albertini et al. 2006). A model for regulating
the accumulation and decline of citric acid in citrus fruits
was presented by Sadka et al. (2000) and complemented by
Cercos et al. (2006). Citric acid is synthesized in the mito-
chondria as part of the tricarboxylic acid cycle via the con-
densation of acetyl-CoA with oxaloacetate, catalyzed by
citrate synthase (Popova and Pinheiro de Carvalho 1998).
Some citric acid is then transported and stored in the vacu-
ole because of the partial block of mitochondrial aconitase
activity (Sadka et al. 2000). As fruit matures, citric acid in
most cultivars is then removed to the cytosol and degraded
by cytosolic aconitase to biosynthesize some amino acids
through the y-aminobutyrate (GABA) pathway (Cercos
et al. 2006; Degu et al. 2011; Sadka et al. 2000).

In addition to isomerization by cytosolic aconitase, cit-
rate can be degraded by ACL to oxaloacetate and acetyl-
CoA in cell cytosol (Rangasamy and Ratledge 2000). Alter-
ations in the expression or activity of ACL in animals have
shown that ACL plays pivotal roles in fetal growth and
development, tumor cell growth, survival, and metabolic
disorders (Chypre et al. 2012; Zaidi et al. 2012). Because
of its instability, however, the study and cloning of ACL
only began in 2002 in Arabidopsis (Fatland et al. 2002)
and lupin (Langlade et al. 2002), respectively. While ani-
mal ACL comprises one polypeptide, plant ACL is a het-
eromeric enzyme composed of two distinct subunits (ACLa
and ACLB). In lupin, ACLa and ACLJ are each encoded
by one gene (Langlade et al. 2002), whereas in Arabidop-
sis they are encoded by three and two genes, respectively
(Fatland et al. 2002). Reverse genetic analysis indicated
that even moderately reduced ACL activity could produce
a complex bonsai phenotype with miniaturized organs,
smaller cells, aberrant plastid morphology, and hyperac-
cumulation of starch and anthocyanin in vegetative tis-
sue, implying that ACL is required for normal growth and
development in higher plants (Fatland et al. 2005). Over-
expression of ACL in Arabidopsis activated the wax, cutin,
and rubber biosynthetic pathways (Xing et al. 2014). In
addition, ACL activity was also suggested to be responsible
for the switch between malate and citrate excretion during
the development of cluster roots in lupin (Langlade et al.
2002). Recently, genes of sugarcane ACL were reported,
and their expressions were induced by abscisic acid (ABA)
treatment and/or drought stress (Li et al. 2012).

In citrus, the ACL gene was first discovered in a micro-
array analysis of gene expression during fruit development
and ripening of Citrus clementina (Cercés et al. 2006).
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Subsequently, its polypeptide was found during a proteom-
ics analysis of citrus fruit (Katz et al. 2007). Recent studies
indicated that the ACL gene was induced by low tempera-
ture, and citrate might be catabolized by ACL for antho-
cyanin and flavonoid biosynthesis in blood orange under
cold storage (Crifo et al. 2011, 2012; Lo Piero et al. 2014).
Although the mitochondrial aconitase-GABA pathway is
involved in citrate use by citrus fruits (Cercos et al. 2006;
Degu et al. 2011; Katz et al. 2011; Sadka et al. 2000),
whether ACL also participates in citrate use during fruit rip-
ening should be further explored. Citrus genome sequences
have been published (Xu et al. 2012), making possible the
isolation of more ACL genes. The main objective of this
study was to identify ACL genes from genome-wide data
and evaluate their roles in citrate use by investigating their
expression profiles in relation to citric acid content in the
developing and ripening fruits of different varieties and in
response to drought and ABA injection.

Materials and methods
Plant materials

Ripening fruits of ‘Niuher’ navel orange (Citrus sinensis cv.
Niuher), ‘Owari’ Satsuma mandarin (C. unshiu cv. Owari),
‘Egan No. 1’ Ponkan (C. reticulata cv. Egan No. 1), ‘HB
pummelo’ (C. grandis Osbeck cv. HB pummelo), acid-free
pummelo, and ‘Iyokan’ (C. iyo Hort. ex Tanaka) from the
citrus germplasm orchard of Huazhong Agricultural Uni-
versity (Hubei Province, China) were used in the present
study. These cultivars are orange (‘Niuher’), loose manda-
rin (‘Owari’ and ‘Egan No. 1’), pummelo (‘HB pummelo’
and acid-free pummelo), and a hybrid (‘Iyokan’) and have
different citrate contents in the ripening fruits. Fruits were
sampled at two stages (T1 and T2) during ripening. T1 was
around the fruit peel color break stage, while T2 was in the
middle ripening stage for ‘Egan No. 1’ and ‘Iyokan’ and at
harvest time for the other four cultivars. These stages were,
respectively, 134 and 197 days after florescence (DAF) for
‘Niuher’, 129 and 177 DAF for ‘Owari’, 154 and 188 DAF
for ‘Egan No. 1°, 128 and 183 DAF for ‘HB pummelo’ and
acid-free pummelo, and 126 and 189 DAF for ‘Iyokan’. At
each sampling time for each cultivar, three to five healthy
fruits were randomly taken from the outer tree crown. Fruit
juice sacs (JS) were isolated, mixed, ground in liquid nitro-
gen, and stored at —80 °C for use.

A seedy orange cultivar, ‘Anliu’ orange (C. sinensis cv.
Anliu), was selected for gene organ/tissue-specific expres-
sion analysis. Fully opened flowers (FL) and mature leaves
(ML) were collected from ‘Anliu’ trees at the florescence
stage; fruit JS were collected at 70 DAF; and fibrous roots
(FR) and stems (ST) were harvested from seedlings as the
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Table 1 List of primers used for gene cloning and qRT-PCR

Gene name/ Primer name Sequence (5'-3') Amplicon
sequence ID size (bp)

Forward primer

Reverse primer

CitACLal/ HXM1 TCTTGTTTGCTGTTCTGTCTGA TGTGAGGGACAAATGGTTCA 386

Cs6g01210.2 HXM16 AACTAGGTATTGAGTTGTATTTGAT GATGGAGAAAAAGGAATTGT 1,322
TGAAT

HXMO GATACTGTTGGAGACTTGGG GCTCTCTTACGACCATCAGG 143

CitACLa2/ HXM3 CTGAGAAATGGCACGCAAG AGGATTCATCTCAAGGAAAGTG 610

Cs7208950.2 HXM17 TTTTGGTGAAAATCAGGCCTGAGAA  AGCATTGAAGAAAGGAGTTG 1,322
ATAGC

HXM2 TACAGTGGAGCACCCAACGA CCTTCAGGGCTTGGATTATG 169

CitACLB1/ HXM9 AGGTGTCTTCAGCGATTAGT CGGCTGTGTCACCTATCTTA 486

Cs9g02230.2 HXMI8 GGTGTCTTCAGCGATTAGTCACGCC ~ TTCCCACCTGTTGCCGGGAA 1,877
GTGAA

HXMS GAGGAGATAACAGAGACAAA AACAAAGAGCCCATTCAGAT 251

Actin/XM_006464503  Actin CCGACCGTATGAGCAAGGAAA TTCCTGTGGACAATGGATGGA 200

height was over 10 cm. The seedlings were propagated as
described by Zhou et al. (2014). All samples were frozen
immediately with liquid nitrogen and stored at —80 °C.

Drought treatment and ABA injection

‘Owari’ was selected for drought and ABA treatments.
Mild drought stress (MDS, no obvious phenotypic change
observed in leaves and other tissues) was created using
film mulch over soil during the rainy season, as previously
described (Jiang et al. 2014). Healthy and uniform fruits of
control and drought-treated trees were collected 15 days
after film-mulch application. Ten pairs of ‘Owari’ shoots
were selected for ABA treatment. Each pair grew on the
same fruit-bearing shoot and was of similar size. ABA was
injected 150 DAF as previously noted (Liu et al. 2014).
Fruits were harvested 3 days after the last injection. Juice
sacs of all samples were isolated, frozen immediately in
liquid nitrogen, and stored at —80 °C until use.

Citric acid determination

Citric acid was determined by gas—liquid chromatography
(Bartolozzi et al. 1997).

Gene isolation and sequence analysis

Three gene sequences (ID: Cs6g01210, Cs7g08950,
and Cs9g02230) putatively encoding ACL were directly
obtained by screening the sweet orange genome database
at Huazhong Agricultural University (Xu et al. 2012).
Two other citrus genomes, for sweet orange and clemen-
tine, from Phytozome (www.phytozome.net) were used to
screen the ACL genes. Total RNA was isolated as described

by Liu et al. (2006). Gene-specific primers (Table 1) were
designed using Primer 3.0 (Koressaar and Remm 2007)
based on the genomic sequences. The open reading frame
(ORF), molecular weight, and pI were predicted using
EditSeq in the Lasergene program (DNASTAR, Madi-
son, WI, USA). Gene intron/exon structures were ana-
lyzed using the Gene Structure Display Server (GSDS,
gsds.cbi.pku.edu.cn) (Guo et al. 2007). Cis-regulatory
elements in the promoter region of the three ACL genes
were scanned with the PLACE program (Higo et al.
1999). Amino acid sequence similarities were calculated
using MegAlign within Lasergene. Alignment of multiple
sequences was conducted using CLUSTALX (version 1.81)
(Thompson et al. 1997).

Quantitative real-time PCR analysis

Total RNA of all samples was isolated as described before
(Liu et al. 2006). Five micrograms of high-quality total
RNA was treated with DNase I (Fermentas, Vilnius, Lithu-
ania) at 37 °C for 1 h and then used for first-strand cDNA
synthesis with the RevertAidTM M-MuLV Kit (Fermen-
tas). Specific primers for citrus ACL and actin genes were
designed using Primer 3.0 (Koressaar and Remm 2007)
and are listed in Table 1. Additionally, before quantitative
real-time PCR (qRT-PCR), the products amplified with
each pair of primers in the seven cultivars were sequenced
to confirm that no nucleotide differences existed among
these cultivars. The qRT-PCR involved three biological
replicates, each with two technical replicates. All qRT-PCR
reactions were arranged in a 384-well plate. gRT-PCR was
performed in a 10-pL reaction volume using the Thun-
derbird TM SYBR qPCR Mix (TOYOBO, Osaka, Japan)
on an ABI Vii7 Real Time System (Applied Biosystems,
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Table 2 List of transcripts

encoding ATP-citrate lyase in Mol. wt Identit
i i i . y (%)
three citrus genome databases Putative . a Amino acid
.. i Transcript ID! pl
and their identities .
Name Length of ORF (KDa) Cs- Or- Ci-
CitACLOU Cs6g01210.2 423 46.60 5.52 100 96.9
orangel.1g014514 423 46.60 5.52 96.9
Ciclev10013702 423 46.84 7.56
# Transcript IDs that begin
with ‘Cs’ are derived from the CitACLo2 ~ Cs7g08950.2 423 46.63 5.57 99.5 100
sweet orange genome database
at Huazhong Agricultural
. . h . 42 46.72 4 .
University (China, http:// orangel.1g014493 3 6 5.45 99.5
citrus.hzau.edu.cn/orange/),
those that begin with ‘or’ Ciclev10031633 423 46.63 5.57
are from the sweet orange
genome database at Phytozome CACLBI  Cs9g02230.2 608 65.95 7.62 998 997
(http://www.phytozome.net/),
and those that begin with ‘Ci’
from the clementine genome orangel.1g007327 608 65.98 7.62 99.5
database at Phytozome. Identity
was determined by alignment Ciclev10004572 608 65.87 7.83

using Clustal W

Foster City, CA, USA) following the manufacturer’s proto-
col. Reactions began with an initial incubation at 50 °C for
2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, and 60 °C for 60 s. The Livak method (Livak and
Schmittigen 2001) was employed to calculate gene relative
expression levels.

Statistical analysis

The data were evaluated by Duncan’s multiple test or the ¢
test in the ANOVA program of SAS (SAS Institute, Cary,
NC, USA). Differences were considered significant at
P <0.05.

Results
Data mining and molecular characterization of ACL genes

A sweet orange genome sequence was recently pub-
lished (Xu et al. 2012). Genomic DNA analysis revealed
at least three ACL sequences, two of which (Cs6g01210
and Cs7g08950) encode the ACL « subunit and one
(Cs9g02230) that encodes the ACL B subunit. Each had
four or five putative transcripts in the genome database.
However, PCR amplification using primers HXM1, HXM3,
and HXM9, designed based on the sequence of different
region among putative transcripts (Table 1), and subsequent
sequencing indicated that only Cs6g01210.2, Cs7g08950.2,
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and Cs9g02230.2 existed in the citrus fruit flesh. The cod-
ing DNA sequences were used to query the other two cit-
rus genomic databases at Phytozome, each of which con-
tained one transcript per gene (orangel.1g014514 and
Ciclev10013702, orangel.1g014493 and Ciclev10031633,
and orangel.1g007327 and Ciclev10004572, respectively).
Multiple alignments revealed strong similarities among:
Cs6g01210.2, orangel.1g014514, and Ciclev10013702;
Cs7208950.2, orangel.1g014493, and Ciclev10031633;
and Cs9g02230.2, orangel.1g007327, and Ciclev10004572
(Table 2).

The ORFs of Cs6g01210.2, Cs7g08950.2, and
Cs9g02230.2 were successfully amplified by reverse
transcription-PCR with primers of HXM16, HXM17, and
HXM19 (Table 1), respectively. Sequence analysis showed
that they had high similarity (>99 %) with their respective
sequences in the genomic database. The three ACL genes
were named CitACLal, CitACLa2, and CitACLp1, respec-
tively. The transcript IDs are listed in Table 2. CitACLx]1,
CitACLw2, and CitACLB1 had ORFs that encoded proteins
containing 423, 423, and 608 amino acid residues, respec-
tively. CitACLal and CitACLa2 had 82.5 % amino acid
identity. Theoretically, CitACLx1 encodes a ~46.60 kDa
peptide with pI 5.52, CitACL«2 a ~46.63 kDa peptide with
pl 5.57, and CitACLB1 a ~65.95 Da peptide with pl 7.62
(Table 2).

Full-length cDNA and gDNA sequences of ACL genes
were downloaded from the C. sinensis genome database
(citrus.hzau.edu.cn/orange/), and their exon and intron
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Cciicta 1 % 177 162 8 52 115 82 96 102 117 117 72
i “ = 1328 7 154 287 418 3796 1507108 0 8
o 177 162 81 52 115 82 96 102 117 117 72
CitACLa 2 394 27 o 248 04y 382 TP 333
100 103 66 124 135 6177 156 129 133 128 106 77 71 285 -
CtACLp 1 =
125 517 83 127 523 91 306 102 134 87 201 248 97 104 530

Fig. 1 Schematic representation of citrus ACL gene structures. Boxes
indicate exon and intron lengths

structures (from start to stop codon) were further ana-
lyzed by GSDS (gsds.cbi.pku.edu.cn) (Guo et al. 2007).
Twelve exons and eleven introns existed in the genes of
both ACL « subunits; the exon sizes were the same, but the
intron sizes were different. CitACLB1 had 16 exons and 15
introns (Fig. 1). In addition, PLACE scanning revealed 124
putative cis-regulatory elements (PcREs) in the promoter
regions (+strand) of the three ACL genes, with their num-
bers and/or distribution varying among the three genes.
Only 33 PcREs existed in the promoter regions of the
three citrus ACL genes, 13, 22, and 24, in the CitACLx]1,
CitACL«2, and CitACLB1 promoter regions, respectively.
Thirteen existed only in the CitACLxa1 and CitACLa2 pro-
moter regions, five only in CitACLx1 and CitACLB1, and
fourteen only in CitfACLa2 and CitACLB1 (Table S1).

The deduced amino acid sequences of the two citrus ACL
o subunit genes and the citrus ACL g subunit gene were
aligned with the ACLs of Homo sapiens and Saccharum
officinarum (Fig. 2). CitACLa1 and CitACLa2 had 88.7 and
80.9 % amino acid identity, respectively, with S. officinarum
ACL al, while CitACLB1 had 92.9 % amino acid identity
with S. officinarum ACL B1. Additional analysis indicated
that CitACLa1 had 81.8, 80.9, and 89.8 % amino acid iden-
tity with Arabidopsis thaliana ACL al, a2, and a3, respec-
tively; CitACLa2 had 85.3, 84.4, and 79.0 % amino acid
identity with A. thaliana ACL al, a2, and a3, respectively;
and CitACLB1 had 92.9 and 93.8 % amino acid identity
with A. thaliana ACL B1 and B2, respectively (Table S2).
Multiple alignments indicated that putative ATP-grasp con-
served and citrate binding amino acid sites (Fig. 2A) were
found in citrus ACLa, whereas a histidine phosphorylating
amino acid site and potential ATP-binding, phosphorylat-
ing, and CoA-binding domains (Fig. 2B) were found in
CitACLB1. In addition, citrus ACL subunits o and § aligned
with H. sapiens ACL N- and C-termini, respectively. A
region of about 60 amino acids between citrus subunits o
and B was absent relative to H. sapiens ACL (Fig. 2C).

Organ-/tissue-specific expressions of ACL genes

ACL gene expression profiles were examined in differ-
ent organs/tissues, including fruit JS of 70 DAF, FL, ML,

indicate exons, and solid lines between the boxes denote introns. Numbers

seedling FR, and ST (Fig. 3). The highest transcript level
of CitACLx1 was observed in FL (nearly three times that
in FR), while the lowest was observed in JS (half that in
FR); in the stem, the CitfACLa1 transcript level was simi-
lar to that in FR (Fig. 3A). Unlike CitACLa1, CitACLx2
transcript levels were similar in ST and FR and in the other
three tissues. However, the transcript levels in ST and FR
were about twice those in ML, FL, and JR (Fig. 3B). Simi-
lar to CitACL«1, the highest transcript level of CitACLSI1
was observed in FL, but it was nearly 30 times that in FR.
In ST, the CitACLpI1 transcript was also highly expressed
and was about 15 times higher than in FR. In addition, the
CitACLP]I transcript level in ML and JS was similar to that
in FR (Fig. 3C).

Citrate content and ACL gene expression in ripening fruits
of different cultivars

Citrate contents and three ACL gene expressions were fur-
ther analyzed at the T1 and T2 developmental stages of dif-
ferent citrus cultivar fruits (Fig. 4). As shown in Fig. 4A,
citrate content at T2 was significantly lower than at T1 in
‘Niuher’, ‘Owari’, ‘Egan No. 1’, and ‘Iyokan’ fruits; in
‘HB pummelo’, citrate content at T2 was significantly
higher than at T1, while citrate was undetectable at both
stages in acid-free pumello.

The expression patterns of the three ACL genes at the
two fruit developmental stages varied among the six cul-
tivars. In ‘Niuher’ orange, CitACLx1 and CitACLBI1 tran-
script levels increased significantly over time, whereas that
of CitACLa?2 did not change notably (Fig. 4B) as the fruits
ripened. In ‘Owari’ mandarin, the three ACL genes showed
similar expression patterns, with significant increases from
T1 to T2. In CitACLp1, the three transcript levels at T2
were more than 28 times higher than at T1 (Fig. 4C). Inter-
estingly, the expression patterns of CitACLal, CitACLx2,
and CitACLB1 in ‘HB pummelo’ (Fig. 4D) and acid-free
pummelo (Fig. 4E) were similar to those in ‘Owari’ manda-
rin (Fig. 4C) as the fruit ripened, except that the CitACLa1
transcript level increased only slightly in ‘HB pum-
melo’ (Fig. 4D). Unlike in other cultivars, the CitACLx1,
CitACLa2, and CitACLB1 transcript levels decreased
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Fig. 2 Alignment of the deduced amino acid sequence of CitACLw tively; underlines labeled i, ii, and iii indicate potential ATP-binding,
(A) and CitACLB (B) with the deduced amino acid residues of H. phosphorylated, and CoA-binding sites, respectively (Langlade et al.

sapiens and S. officinarum ACLs. Identical and similar amino acid 2002; Li et al. 2012). The accession numbers of other ACLs are:
residues are shown in black and gray, respectively. The triangles, HsACL (AAH06195.1), SoACLal (AFN22056.1), and SoACLg1
diamonds, and stars below the residues show the ATP-grasp con- (AFO64345.1). C Subunit organization of C. sinensis, S. officinarum,
served, citrate binding, and histidine phosphorylating site, respec- and H. sapiens ACLs
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Fig. 4 Analysis of citric acid content (A) and relative expression lev-
els in ripening fruits of ‘Niuher’ orange (B; NH), ‘Owari’ Satsuma
mandarin (C; OW), ‘HB pummelo’ (D; HB), acid-free pummelo (E;
AFP), ‘Egan No. 1’ Ponkan (F; EG), and ‘Iyokan’ (G; IY). T1 and T2
refer to the two sampling times. Error bars represent standard errors
from three independent replicates. Asterisks on the bars indicates sig-
nificant differences (P < 0.05) between fruits at the two harvesting
times by the ¢ test (LSD)

significantly from T1 to T2 in fruit JS of ‘Egan No. 1’ and
‘Iyokan’; notably, the CitfACLB1 transcript level was unde-
tectable at T2 in fruit JS of both cultivars (Fig. 4F, G).

Responses of citrate content and ACL gene expression
to mild drought and ABA injection

At 15 days after film mulching, the soil water content was
18.5 % beneath the film mulch and 20.1 % in control soil.
Moreover, citrate content in the fruit JS was significantly
increased by film mulching (Fig. 5A1l), but the expres-
sions of the three ACL genes were significantly lower. The
CitACLx1 transcript level in the film-mulched fruits was
about half of that in control fruits, while those of CitACLx2
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Fig. 5 Responses of citrate content (A1, B1) and ACL gene expres-
sion levels (A2 and B2) to film mulch (FM) and ABA treatment.
Asterisks on the bars indicate significant differences (P < 0.05)
between fruits of the treatment and control (Con) by the ¢ test (LSD)

and CitACLB1 were about 70 % and one-third of that in
control fruits, respectively (Fig. 5A2).

Similar to the film-mulching treatment, the citrate con-
tent in ABA-treated fruits was significantly higher, about
120 % of that in control fruits (Fig. 5B1). However, the
two CitACLa transcript levels responded differently to
ABA treatment than to film mulching. The CitACLx1 and
CitACLo2 transcript levels in ABA-treated fruits were
similar to their respective levels in control fruits, although
CitACLo2 transcript levels were slightly decreased by
ABA injection. Similar to the film-mulching treatment, the
CitACLP] transcript level was significantly lower in ABA-
treated fruits, about half of that in control fruits (Fig. 5B2).

Discussion

As an important cytosolic enzyme in the regulation of
fatty acids, cholesterol biosynthesis, and histone acetyla-
tion, ACL has been well characterized in animals, includ-
ing its tissue distribution, subcellular localization, crystal
structure, and enzymatic and genetic properties (Chypre
et al. 2012). Although the enzymatic activity of ACL in
plants was first assayed more than 30 years ago (Nelson
and Rinne 1975), it was only molecularly characterized
in Arabidopsis (Fatland et al. 2002), lupin (Langlade et al.
2002), and sugarcane (Li et al. 2012) in the past decade.
Plant ACL consists of two distinct subunits (ACLa and
ACLP) encoded by separate genes. For example, ACLa and
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ACLB are encoded by two different genes in lupin (Lang-
lade et al. 2002) and sugarcane (Li et al. 2012), whereas
in Arabidopsis three genes encode ACLa and two encode
ACLP (Fatland et al. 2002). Here, we confirmed that two
putative ACL genes encode ACLa and one encodes ACLB
in the current citrus genome databases (Table 2). CitACLal
and CitACLa2 encode 423 amino acid residues, while
CitACLBI encodes 608 residues (Table 2), similar to other
plant ACLo and ACLB genes (Fatland et al. 2002; Langlade
et al. 2002; Li et al. 2012). Only 17.5 % amino acid dif-
ference was found between the two citrus ACLa proteins,
more than that between Arabidopsis ACLal and ACLa2
but slightly less than that between Arabidopsis ACLal or
ACLa2 and ACLa3 (Fatland et al. 2002). Moreover, the
two ACLa gene structures had the same exon sizes, but
different intron sizes (Fig. 1). The citrus ACL genes were
highly similar to other plant ACLa and ACLB genes and
had putative functional domains (Fig. 2) as described by Li
et al. (2012).

Plant ACL is a heteromeric enzyme composed of two
distinct subunits (ACLa and ACLP) (Fatland et al. 2002).
Interestingly, the transcript level of CitACLB1 was not
identical with that in CitACLx1 or CitACL«2 in differ-
ent tissues or organs (Fig. 3) and in response to different
treatments (Fig. 5), as found in other plants (Fatland et al.
2002; Langlade et al. 2002; Li et al. 2012). This variance
in transcript profiles of the three ACL genes may be due
to differences in cis-regulatory elements of their promoter
regions (Table S1). Moreover, different combinations of
subunits may give rise to enzymes with different kinetic
properties, and the varying gene expressions may reflect
different roles of ACL. In addition, a report in sugarcane
showed that ACL transcripts in leaf and root were induced
by drought stress and ABA treatment (Li et al. 2012). We
found that transcript levels of ACL genes in fruit juice
sacs were significantly reduced by MDS (Fig. 5A2), and
ABA injection significantly reduced only the transcript
level of CitACLB1 (Fig. 5B2). Their divergent responses
may vary by organ or other factors and should be further
studied.

Citrate content differs among cultivars and usually
declines gradually during fruit development (Albertini et al.
2006; Baldwin 1993). This decrease occurred in ‘Niuher’,
‘Owari’, ‘Egan No. 1’, and ‘Iyokan’ in the present study
(Fig. 4A). ACL is a cytosolic enzyme that converts mito-
chondria-derived citrate into oxaloacetate and acetyl-CoA
(Rangasamy and Ratledge 2000) and has important roles in
the biosynthesis of isoprenoids, flavonoids, and malonate
derivatives and in the elongation of fatty acids (Chédvez-
Cabrera et al. 2010; Chypre et al. 2012; Fatland et al. 2005;
Xing et al. 2014; Zaidi et al. 2012). Although citrate break-
down can be directly catalyzed by cytosolic aconitase and
ACL in the cytosol, ACL’s role in citrate use during fruit
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ripening was underestimated, because mRNA levels of a
putative ACL gene decreased continuously as clementines
ripened (Cercés et al. 2000).

The prevalent hypothesis for citrate use or decrease
during fruit ripening in most citrus cultivars is that cit-
rate is released from the vacuole into the cytosol and
then metabolized into isocitrate by cytosolic acon-
itase (Cercés et al. 2006; Sadka et al. 2000; Terol et al.
2010). Citrate loss from the cytosol during fruit ripen-
ing is considered to be involved mainly in amino acid
biosynthesis via the GABA shunt pathway (Cercés
et al. 2006; Degu et al. 2011). However, a recent report
showed that cold reduced blood orange acidity, suggest-
ing that low temperature may partially shift citrate to
flavonoid biosynthesis, since transcripts of ACL were
simultaneously induced (Lo Piero et al. 2014). In fact,
ACL was considered to be related to citrate use, since its
transcript or protein was detected during fruit develop-
ment and ripening (Cercés et al. 2006; Katz et al. 2007,
2011), although direct proof is still lacking. In the pre-
sent study, we identified three putative ACL genes from
the citrus genome and simultaneously detected changes
in citrate and ACL transcript levels in six citrus culti-
vars at two stages of fruit ripening (Fig. 4). Transcripts
of three ACL genes were detectable in the six cultivars.
However, the relationships between their transcript lev-
els and citrate content differed among the cultivars. Dur-
ing fruit ripening of ‘Niuher’, ‘Owari’, ‘Egan No. 1°,
and ‘Iyokan’ (Fig. 4A), citrate levels decreased signifi-
cantly, while transcript levels of CitACLxl, CitACLp1,
and/or CitACLa?2 were increased in ‘Niuher’ and ‘Owari’
(Fig. 4B, C) but decreased significantly in ‘Egan No. 1’
and ‘Iyokan’ (Fig. 4F, G), similar to clementines (Cer-
cOs et al. 2006). In contrast, although citrate content
increased significantly in ‘HB pummelo’ and was very
low in acid-free pummelo during fruit ripening, tran-
script levels of CitACL«2, CitACLB1, and/or CitACLx1
increased (Fig. 4D, E). These results suggested that the
increase in ACL transcript levels may be directly related
to the citrate decrease in ‘Niuher’ and ‘Owari’ during
normal fruit ripening. In the other four cultivars, changes
in ACL transcript levels may be related to the synthe-
sis of carbohydrate and/or secondary metabolites (such
as isoprenoids, flavonoids, and malonate derivatives) by
using ACL catalyzing products (Chavez-Cabrera et al.
2010; Fatland et al. 2005; Lo Piero et al. 2014). In other
words, ACL uses some citrate to biosynthesize some
metabolites, but does not determine the citrate content in
the fruit juice sacs of these four cultivars.

Clearly, MDS increases fruit citrate contents (Jiang et al.
2014; Navarro et al. 2010). This increase may be due to
decreases in cytosolic aconitase and isocitrate dehydroge-
nase activities (Jiang et al. 2014). As mentioned above, the
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decline in citrate content during normal ‘Owari’ fruit rip-
ening was accompanied by an increase in the three ACL
transcript levels (Fig. 4A, C). Under MDS, the increase in
citrate content was accompanied by a decrease in the three
ACL transcript levels (Fig. 5A), in addition to a decrease in
cytosolic aconitase and isocitrate dehydrogenase activities
(Jiang et al. 2014). These results suggested that increased
ACL gene expression affects citrate accumulation dur-
ing fruit ripening in some citrus cultivars, such as ‘Owari’
Satsuma mandarin. Namely, ACL plays an obvious role in
determining citrate content in some citrus cultivars’ fruits.
On the other hand, the present results confirmed the notion
that MDS increased citrus fruit citrate content is related
with the decrease of citrate utilization which is directly
subjected to the decrease of cytosolic aconitase, isocitrate
dehydrogenase activities, and ACL expression levels as
well.

ABA treatment can increase fruit citrate content
(Fig. 5B), probably by activating ABA-regulated transcrip-
tion factor (Bastias et al. 2011). Previous results suggested
that the increase in fruit titratable acid caused by ABA
injection was related to the decrease in citrus glutamate
decarboxylase 1 transcript level (Liu et al. 2014). We found
that the increase in fruit citrate content after ABA injec-
tion was also related to the decrease in CitACLS1 transcript
level, which was reduced significantly by ABA injection
(Fig. 5B2) along with a significant increase in citrate con-
tent (Fig. 5B1).

In conclusion, there are at least three ACL genes in
the current citrus genome: two encode the ACLa subunit
and one encodes the ACLP subunit. The three ACL genes
have different transcript characteristics in root, stem, leaf,
flower, and juice sacs and in response to MDS and ABA
treatment, which may be due to differences in the cis-regu-
latory elements of their promoter regions. Transcripts of the
three genes were detectable during fruit ripening of six cit-
rus cultivars, confirming that ACL takes part in citrate use
as the fruits ripen. However, their transcript profiles varied
among cultivars, suggesting that ACL roles are cultivar
dependent. An increase in ACL transcripts may contribute
to the decline in citrate as fruits ripen in ‘Owari’ Satsuma
mandarin and ‘Niuher’ orange. Moreover, the increased
citrate content under MDS and ABA injection may also
be attributed to the reduction in ACL @ transcripts levels.
Based on the present results, the exact role of ACL during
fruit development and ripening should be analyzed in the
future by adding an ACL inhibitor in vivo and overexpress-
ing the genes. Moreover, the mechanism underlying the
response of ACL gene expression to MDS is also worth
studying.
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