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Abstract

Organic acids are major determinants of fruit flavor and a primary focus of fruit crop breeding. The accumulation of organic acids is
determined by their synthesis, degradation, and transport, all of which are manipulated by sophisticated genetic mechanisms. Constant
exploration of the genetic basis of organic acid accumulation, especially through linkage analysis, association analysis, and evolutionary
analysis, have identified numerous loci in recent decades. In this review, the genetic loci and genes responsible for malate and citrate
contents in fruits are discussed from the genetic perspective. Technologies such as gene transformation and genome editing as well as
efficient breeding using marker-assisted selection (MAS) and genomic selection (GS) are expected to break the bottleneck of traditional

fruit crop breeding and promote fruit quality improvement.

Introduction

Fresh fruits make up a large proportion of a healthful human diet.
Fruit flavor is a primary factor affecting consumption behavior
and has been a major focus of genetic research and breeding
practices [1-3]. Sugars and organic acids determine the sweet—
sour taste of fruit and thus work together to influence fruit flavor;
however, sweet-sour taste perception is more affected by organic
acids according to sensory evaluations [4-7]. Therefore, organic
acids play a vital role in flavor improvement of fruit crops [8].
Mechanisms and regulation of organic acid accumulation in fruit
crops have been well reported and reviewed [9, 10]. Nevertheless,
it remains uncertain how biochemical pathway-related genes
and regulation factors involved in organic acid accumulation
can be applied to breeding practices. Forward genetics promotes
the understanding of the genetic basis of phenotypic traits, as
well as reveals natural genetic variations, which can be utilized
in marker-assisted selection (MAS) to support traditional breed-
ing and in genome engineering. Understanding of the genetics
of organic acid content will aid in developing more efficient
strategies for fruit crop breeding and provide more promising
approaches for fruit flavor improvement.

As an important indicator of fruit flavor, the content of organic
acids has been a main selection target during fruit crop domesti-
cation and improvement. Domestication syndrome traits associ-
ated with organic acid content have been broadly reported in fruit
crops such as apple (Malus domestica Borkh.) [11], peach (Prunus per-
sica L.) [2], mandarin (Citrus reticulata Blanco) [12], Chinese cherry
(Prunus pseudocerasus (Lindl.) G.Don) [13], and tomato (Solanum
lycopersicum L.) [1]. Organic acid content is a classic quantita-
tive trait controlled by multiple genes. Quantitative trait locus
(QTL) mapping, genome-wide association studies (GWAS), and

evolutionary analysis in natural populations have been widely
employed to explore genetic loci and variations associated with
fruit organic acid content [8, 14-20]. Although endeavors in explor-
ing the genetic basis underlying organic acids have been consis-
tently reported, there are few available overviews on the genetic
loci, genes, and corresponding mechanisms related to organic
acid accumulation. In this review, progress in understanding the
organic acid content of fruit crops is summarized from a genetic
perspective with the hope of more efficient and precise breeding
for fruit quality improvement in the near future.

Metabolism and transport of organic acids
in fruits

The main organic acids in fruits are malic acid and citric acid.
The predominant type of organic acid varies among species. For
instance, malic acid is dominant in apple [21], peach [22], loquat
(Eriobotrya japonica Lindl.) [23], and sweet cherry (Prunus avium L.)
[24], while citric acid is the most abundant acid in citrus (Citrus
spp.) [25]. Malate and citrate are technically defined as the con-
jugated base of malic acid and citric acid respectively; however,
these two terms are generally used to describe all physiological
forms of the two acids [10, 23, 26]. The consensus is that the
accumulation of malate and citrate in fruit is determined by
synthesis, degradation, and transport (Fig. 1).

Biosynthesis of malate relies on two key enzymes, cytoso-
lic NAD-dependent malate dehydrogenase (NAD-cytMDH) and
phosphoenolpyruvate carboxylase (PEPC). The glycolysis product
phosphoenolpyruvate (PEP) is carboxylated by PEPC into oxaloac-
etate (OAA), and OAA can then be reduced by NAD-cytMDH to
malate in the cytosol [27-30]. Malate degradation occurs in two
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Conclusions and perspectives

Citrate and malate are predominant organic acids in fruit crops. In
terms of malate, reported genetic loci and variations are primarily
focused on vacuolar transporters, particularly ALMTs, as well
as transcription factors directly regulating these transporters.
For citrate, there are a very limited number of genes that have
been verified to contain natural variations associated with citrate
content (CitAN1 and CitPH4 in citrus, CmPH in sweet melon, and
ZJjACO3 in jujube). Overall, numerous loci for organic acid content
have been identified in fruit crops; however, it remains challeng-
ing to identify key genes controlling this trait under these loci. The
integration of multi-omics and reverse genetics holds great poten-
tial as a robust solution to address this issue. Moreover, the iden-
tification of key genes regulating fruit acidity in major fruit crops,
such as ALMTs, facilitates the exploration of homologous genes in
other fruit crops. This offers an opportunity to unravel the genetic
basis underlying organic acid content in fruit crops lacking high-
quality reference genomes or appropriate mapping populations.

The identification of genetic loci and genes regulating organic
acids can contribute to molecular breeding and quality improve-
ment of fruit crops. Natural mutations associated with organic
acid content can be imitated and recreated by CRISPR/Cas-
based genome editing (knockout, knock-in, base editing, etc.)
independently of the integration of exogenous DNA fragments
into the plant genome, which allows the production of transgene-
free cultivars with ideal fruit acidity, thereby achieving precise
improvement of fruit crops. Furthermore, with the application of
cost-effective and high-throughput genotyping platforms such as
SNP chips, identified genetic loci controlling organic acid content
could serve MAS in breeding programs and aid in molecular
design breeding of fruit crops. However, before this, the universal
effectiveness and genetic contribution of these genetic loci need
to be further validated in larger populations with different genetic
backgrounds.

Both malate and citrate are primary metabolites originating
from glycolysis. A potential association between phosphofructok-
inase (a rate-limiting enzyme in glycolysis) and citrate content
was proposed in a QTL mapping study [78]. It is plausible that
changes in glycolysis rate could influence the levels of malate and
citrate since an excess or deficiency of PEP directly determines the
carbon flux into acids. In addition, MANADP-ME was also reported
to regulate fructose content [60], indicating the interrelation of
acids and sugars. Given that both sugar and acid levels have
changed during the domestication process of most fruit crops,
there might exist pivotal genes coordinating sugar and acid
metabolism which have undergone selection and contributed
to the flavor formation of fruits. Deciphering interrelation
mechanisms of sugar and acid metabolism would improve the
understanding of genetic regulation of organic acid accumulation.

In this review, genetic studies on organic acid content in fruit
crops are summarized, providing valuable information for fruit
quality improvement. The discovery of citrate tonoplast trans-
porters is expected to facilitate the progress of the genetics of
citrate content, and the further exploration of mutual regulation
between organic acids and sugars would provide new insights into
fruit acidity and flavor formation.
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