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Fruit quality, which refers the degree of consumer accep-
tance, is affected by many traits, such as fruit crispness, 
juiciness, acidity or sweetness, flavor, and storability. Fruit 

acidity, the sub-
ject of this article, 
can be regarded 
from both subjec-
tive perception 
a n d  o b j e c t i v e 
measurements . 
With subjective 
perception, fruit 
acidity refers to 
the sensory in-
tensity of sour 
taste. The stron-
g e r  t h e  s o u r-
ness, the higher 
the fruit acidity 
levels, and vice 
versa. Chemical 

measurements of fruit acidity usually include fruit pH and total 
titratable acidity (TA). Lower pH and/or higher TA correspond to 
higher fruit acidity, whereas higher pH and/or lower TA indicate 
lower acidity. Although both pH and TA are indicators of fruit 
acidity and are highly correlated, they are two different means 
of expressing acidity: pH measures the hydrogen ion concentra-
tion. It thus indicates the strength of the acid condition in fruit 
juice. Titratable acidity is a term to describe the concentration of 
malic acid, and measures the total acidity, but does not measure 
the strength of the acids. In mature apple fruit, malic acid is the 
predominant organic acid although other organic acids such as 
citric acid, fumaric acid and quinic acid are detectable (Zhang, 
Li, & Cheng, 2010). The amount of malic acid almost completely 
determines the acidity levels in apple fruit.
 Apples have a wide range of fruit acidity at maturity. Based 
on our direct measurements of fruit juice, apple fruit pH varies 
from 2.8 to 4.5, and TA from 0.7 to 1.87mg/ml or 0.07-1.87%  
(Xu, Wang, & Brown, 2012). The values of any given variety are 
influenced by the season, by crop load and by cultural methods. 
The acceptable range of fruit acidity for dessert apples is pH 3.1-
3.7 and/or TA 3.0-10.0 mg/ml. Fruits with pH lower than 3.1 and 
TA higher than 10.0mg/ml are considered too sour while those 
with pH higher than 3.8 and TA lower than 3.0 mg/ml will taste 
flat or flavorless, i.e. too low in acidity (Brown & Harvey, 1971; 
Nybom, 1959; Visser & Verhaegh, 1978). 
 It is known that the apple acidity gene, called Ma, primarily 
controls malic acid levels in fruit (Maliepaard et al., 1998; Xu et 

“ Fruit acidity in apple varieties is 
primarily controlled by the Ma gene. 
We have successfully shown that the 
Ma gene is as a member in the ALMT 
gene family. We have developed a 
functional marker, CAPS1455, which use 
will significantly increase the breeding 
efficiency by allowing better choices in 
planning new crosses and early selection 
before planting, leading to saving time 
and hopefully speeding up the release of 
superior apple varieties.”

al., 2012). The Ma gene has two different versions or alleles, Ma 
and ma. Allele The Ma allele is responsible for high/medium acid, 
while the ma allele for low acid. Apple plants receive one allele 
from their seed parent and another allele from their pollen par-
ent. This gives rise to three possible genotypes in apple: MaMa, 
Mama and mama. Obviously, genotype MaMa produces fruit of 
high/medium acid, whereas genotype mama bears fruit of low 
acid with flat taste. In genotype Mama, the high acid allele Ma is 
largely dominant over the low acid allele ma, thereby producing 
high/medium acid fruit as well.
 Most parents used in apple breeding are of the Mama 
genotype. The progeny of these crosses segregate in an expected 
ratio: one quarter genotype MaMa, one half Mama and another 
quarter mama. Although growing the quarter of seedlings of 
genotype mama in breeding populations is a waste of time and 
money because of low acidity, apple breeders have not been able 
to discard these seedlings before planting the seedlings and wait-
ing for several years to taste their fruit, as the identity of the Ma 
gene has been unknown. To address this need, we have recently 
identified the Ma gene (Bai et al., 2012; Xu et al., 2012). Below 
are a brief description of how the Ma gene was identified, what 
the characteristics of the Ma gene are and how the discovery of 
the Ma gene can aid in apple breeding. 

Identification	of	the	Ma	Gene
 The process in identifying the Ma gene is more or less like 
“looking for a needle in a haystack”. Obviously, the Ma gene 
(~100s to 1,000s nucleotides or bases in size) is the needle, and the 
apple genome (750 million bases) is the haystack. To pinpoint the 
Ma gene in the large apple genome, the first step was to map the 
Ma gene to one of the 17 chromosomes that comprise the apple 
genome. Studies by our group and others have demonstrated 
that the Ma gene is located on chromosome 16 (Maliepaard et 
al., 1998; Xu et al., 2012). The second step was to zoom in on the 
surrounding region of the Ma gene on chromosome 16 to fur-
ther delimit the Ma gene to a small genomic DNA segment. At 
this step, we were able to define the Ma gene within a genomic 
segment of 70,000 base pairs (bp), which was a critical success 
(Bai et al., 2012; Xu et al., 2012). The third step was to completely 
sequence the defined segment and analyze DNA sequences with 
various computer programs to predict genes contained in the seg-
ment. We found a short list of 12 genes in it, as a result. The last 
step was to determine which gene in the list had characteristics 
that fit the role of the Ma gene, i.e. a master regulator of the malic 
acid levels in fruit cells. Our analysis showed that one gene that 
belongs to the ALMT (aluminum-activated malate transporter) 
gene family particularly stands out, since  some characterized 
members of the ALMT gene family are known for their roles in 
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maintaining the homeostasis (or balance) of acidity levels in plant 
cells. This strongly suggests that the putative malate transporter 
gene is the gene underlying Ma (Bai et al., 2012). Based on DNA 
sequence information, gene Ma has 1,707 bases and encodes an 
ALMT protein of 568 deduced amino acids.

A	Single	DNA	Base	Mutation	Causes	the	Ma	Gene	to	be	
Converted	into	a	Low	Acid	Version	ma
 Comparative analysis of the DNA sequences in the two ver-
sions or alleles of the Ma gene revealed that a critical nucleotide 
mutation from base G to base A in the Ma gene changes it into 
the low acid version ma. The mutation occurred at the 1455th 
base in the Ma gene DNA sequence, where the high acid allele is 
of a genetic codon TGG1455 that encodes amino acid tryptophan 
(trp), whereas the low acid allele of TGA1455, which encodes a stop 
codon for protein translation (Figure 1). The consequence of this 
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Fig. 1. Mutation at the 1455th base from G to A (shown by a red arrow) in gene Ma leading to 
the conversion of the high acid allele (Ma) into the low acid allele (ma). The numbers in top 
panel indicates the position of DNA bases in gene Ma. The mid and bottom panels show the 
DNA  (in the triplet format of genetic codes) and amino acid (in parenthesis) sequences of 
alleles Ma and ma (with omission of the majority) , respectively. The stop codon TGA1455
caused by the mutation prematurely truncates 84 amino acids at the end of the Ma protein. 

Figure	1.		 Mutation	at	the	1455th	base	from	G	to	A	(shown	by	a	red	arrow)	
in	gene	Ma	leading	to	the	conversion	of	the	high	acid	allele	(Ma)	
into	the	low	acid	allele	(ma).	The	numbers	in	top	panel	indicates	
the	position	of	DNA	bases	in	gene	Ma.	The	mid	and	bottom	panels	
show	the	DNA	(in	the	triplet	format	of	genetic	codes)	and	amino	
acid	(in	parenthesis)	sequences	of	alleles	Ma	and	ma	(with	omis-
sion	of	the	majority)	,	respectively.	The	stop	codon	TGA1455	caused	
by	the	mutation	prematurely	truncates	84	amino	acids	at	the	end	
of	the	Ma	protein.
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Fig. 2. Association of the mutation at base 1455 in gene Ma with fruit pH (a) and TA (b) in 29 apple 
varieties and selections. A/A= TGA1455/ TGA1455, A/G= TGA1455/ TGG1455, and G/G= TGG1455/ TGG1455.

Figure	2.		 Association	of	the	mutation	at	base	1455	in	gene	Ma	with	fruit	pH	(a)	and	TA	(b)	in	29	apple	varieties	and	selections.	A/A= TGA1455/TGA1455,	A/
G= TGA1455/TGG1455,	and	G/G= TGG1455/TGG1455

mutation is that the protein translation process from DNA in the 
low acid allele is stopped prematurely. In other words, a chunk 
of the protein of 84 amino acids that is normally translated from 
the high acid allele cannot be translated from the low acid allele. 
Since protein integrity is crucial for its function in maintaining 
high/medium acid levels in fruit cells, the missing section causes 
the loss or reduction in functionality, thereby low acid in fruit. 
 In a set of 29 representative apple varieties or selections, 
homozygous mutants at the 1455th base (TGA1455/TGA1455) 
is associated either exclusively with high pH (7/7, Figure 2a) or 
tightly with low TA (7/9, Figure 2b). Homozygous non-mutants 
(TGG1455/TGG1455) or heterozygous mutants (TGG1455/
TGA1455), however, are associated either completely with low 
pH (22/22, Figure 2a) or highly with high TA (20/22, Figure 2b). 
These data indicate a complete or very tight association of the 
mutation in gene Ma with low acidity in apples, further support-
ing that the hypothesis that the ALMT protein-encoding gene is 
indeed the gene underlying the Ma gene.

The	Ma	Gene	is	Expressed	at	Higher	Levels	in	Fruit	of	
High/Medium	Acid	Than	in	Those	of	Low	Acid
 To understand how the Ma gene is expressed in mature apple 
fruit, we studied the Ma gene expression pattern in 18 varieties 
of varying fruit acidity levels (Figure 3). The data showed that the 
Ma gene expression levels are significantly correlated with both 
pH (R2=0.4630, P=0.0019) and TA (R2=0.4543, P=0.0021). This 
indicates that the Ma gene expression is higher in fruit of high/
medium acid than in those of low acid, suggesting expression 
levels of the Ma gene is another important factor influencing the 
fruit acidity levels in addition to the mutation.

Development	of	a Ma	Gene-based	Functional	Marker
 To enable marker-assisted breeding, we developed a Ma 
gene-based functional marker, called CAPS1455, to specifically 
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Fig. 3. Regression between relative gene expression of Ma and fruit pH (a) and TA (b) in 18 
apple varieties and selections.pp

are mostly of genotype Mama. The best crosses, therefore, would 
be those made between a homozygous high acid parent and a 
homozygous low acid parent as progeny of these crosses would 
be all heterozygous high acid. Crosses between a heterozygous 
high acid parent and another heterozygous high acid parent or 
a homozygous high acid parent are acceptable as well. Crosses 
between a homozygous low acid parent and a heterozygous high 
acid parent can be made, but are not recommended as these 
crosses will produce one half progeny of low acid. Crosses to be 
avoided are those between two homozygous low acid parents or 
between two homozygous high acid parents.
 For selection in breeding populations, the marker can provide 
valuable genotypic information (MaMa, Mama or mama) quickly 
without tasting fruit. It is recommended that seedlings of the low 
acid genotype mama be removed without further evaluation as 
early as possible. To make the best use of marker CAPS1455, we 
recommend assessing breeding populations with the marker in 
an early seedling stage before planting. To test the robustness of 
marker CAPS1455 under real-world scenarios, we are currently 
using it in the Cornell apple breeding program led by Dr. Susan 
Brown. 

Conclusion
 Fruit acidity is an important factor determining overall fruit 
quality of apple varieties and the variation in fruit acidity levels 
is primarily controlled by the Ma gene. In this study, we success-
fully revealed the identity of gene Ma as a member in the ALMT 
gene family, which greatly increased our understanding in apple 
fruit acidity. It is expected that utilization of the Ma gene-based 
functional marker CAPS1455 in apple breeding will significantly 
increase the breeding efficiency by allowing better choices in 
planning new crosses and early selection before planting, leading 
to saving time and hopefully speeding up the release of superior 
apple varieties.
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Figure	3.		 Regression	between	relative	gene	expression	of	Ma	and	fruit	pH	
(a)	and	TA	(b)	in	18	apple	varieties	and	selections.

detect the mutation at base 1455. This is accomplished by PCR 
amplification of the DNA fragment covering base 1455 and 
subsequent enzymatic cleavage using an endonuclease called 
BspHI. The major property of enzyme BspHI is to make a cut in 
DNA sequence wherever a site of bases “TCATGA” is present. 
Therefore, it cuts the DNA site “TCATGA1455“ in the low acid 
allele ma, but not in “TCATGG1455“ in the high acid allele Ma 
(Figure 1), allowing discrimination of the two versions of the Ma 
gene. 
 Testing of marker CAPS1455 in the large USDA apple germ-
plasm collection at Geneva, N.Y. proved that the marker predicts 
well the three genotypes – MaMa, Mama and mama – and their 
corresponding acidity levels (Figure 4), suggesting that CAPS1455 
is a versatile marker for genotyping apple based on gene Ma.

Application of the Ma Gene Based Functional Marker 
in Apple Breeding
 Since the analysis of marker CAPS1455 can be performed 
easily in an average molecular laboratory, this marker provides 
a fast and reliable means to genotype/screen a large number of 
breeding materials (Figure 4). We suggest this marker can be used 
in two areas: planning for new crosses and selection in breeding 
populations.
 For new cross planning, the idea is to maximize the portion of 
genotype Mama (heterozygous high acid) while minimizing geno-
types MaMa (homozygous high acid) and mama (homozygous 
low acid), especially the latter in the progeny as top apple varieties 

Figure	4.		 Agarose	gel	analysis	of	marker	CAPS1455	in	diverse	apple	varieties	
and	selections.	Bands	shown	with	a	red	arrow	correspond	to	the	
Ma allele	for	high	acidity.	Bands	shown	with	a	black	arrow	stand	
for	the	ma allele	of	low	acidity.	Genotypes	MaMa	and	Mama are	
expected	to	be	of	high/medium	fruit	acidity	whereas	genotype	
mama	to	have	low	fruit	acidity.	The	numbers	indicate	fruit	pH.
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