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Changes in Organic Acids and Sugars during Early Stages of
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Most of the studies on organic acids and sugars in citrus were performed during fruit maturation, and
less is known before this stage of development. The aim of our study was to investigate acids and
sugars in lemon, lime, and orange from fruit-set toward development. We chose to compare organic
acid and sugar accumulation among acidic and acidless varieties within three species. We estimated
the acidity by titrimetry and quantified the concentrations of seven organic acids and three sugars by
reverse HPLC. During the first 50 days of development, quinic acid was the major organic acid
whatever the variety. Afterward, citric acid predominated in acidic varieties, while in acidless, malic
acid exceeded it. Fructose substituted citric acid in acidless and could be synthesized either from
citric acid or directly from glucose. Our results provided the first complete report on sugar and organic
acid accumulation during the early stages of fruit development in several citrus varieties.
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INTRODUCTION The aim of the present work was to investigate the changes

. . . in organic acid and sugar content in three species (lime, lemon,
Organic acids and sugars are among the major compounds 9 9 b (

of citrus fruit pulp. Their nature and concentration largely affect and orange) during the early stages of fruit development of acid

st charactensics and organaleptic qualy Organic acics &7 801058 veies Ou resuts shoue it e ifrerces
and sugars vary according to species, varieties, and also y y 9 gars,

environmental and horticultural conditions such as climate, and we also showed the refationship be;wegn organic acid and
S sugar content under those contrasted situations.
rootstock, and irrigation (2—3).

Most of the studies on organic acid and sugar content were MATERIALS AND METHODS
performgd during frun maturation of species such as orange, Samples.Fruit were collected from the citrus arboretum located at
grapefruit, mandarin, and lemom-<6). They showed that iy station de Recherches Agronomiques INRA-CIRAD of San
acidity, mainly due to citric acid, decreases during maturation Giyliano, Corsica, France. The acidic varieties investigated were orange
of orange, grapefruit, and mandarin, whereas it remained (Citrus sinensisL. cv. Salustiana) grafted onto trifoliate orange
constant in lemon. The total sugars increase throughout whatever(Poncirus trifoliata (L.) Raf.), lemon (C. limon(L.) Burm cv.
the species. In contrast, only a small amount data were obtainedVillafranca), and lime C. latifolia Tan. cv. Tahiti) both grafted onto
before maturation. Acidity increases and becomes constantsour orange . aurantium(L.)). The acidless varieties were orange
during the second stage of development, defined by Bain (_C. sinensid.. cv. laffaoui) grafted onto Frifoliaye orange, lemo@.(
while the total sugars increase (8—9). It is worth noting that mon(L.) Burm cv. Sweet Lemon), and lim€( limettioidesTan. cv.
there is very little information available on individual organic ra2!l SweetLime) both grafted onto sour orange. Soon after flowering,

ids and rs and their r tiv ttern of mulati a large number of very young fruit were identified, on each of the three
acias and sugars a €ir respective patiern or accumulation, o g per variety, to have fruit reaching the same development when

during fruit developmentl(0—13). However, all citrus fruit does  gampiing. Harvesting was performed from June (2 weeks after fruit-
not follow this common behavior. In fact, some acidless varieties set) to November 2002 (15 samplings). Four fruits per variety were
resulting from spontaneous mutations are characterized by a veryeollected at each sampling. Each fruit was peeled, and its endocarp
low acidity and a lack of citric acid14—17). But, it has not was lyophilized, ground in liquid nitrogen, and stored-&0 °C until
been reported yet if this modification in citrus fruit metabolism analysis.

might have influences on sugar content in the juice vesicles. Titratable Acidity. Fifty milligrams of powdered sample was
suspended in 5 mL of bidistilled water. Acidity was measured (titration

to pH 8.1) using an automatic titrator Mettler DL25 (Mettler-Toledo,

* Author to whom correspondence should be addressed. #3(0)-

495595931; fax:+33(0)495595937; e-mail: albertini@corse.inrar. France) according to the AOAC method8). Each sample was
TINRA Unité GEQA. analyzed in duplicate. Acidity was expressed as milliequivalent per
* Laboratoire Biochimie et Biologie Moléculaire du”y&al. gram of fresh pulp (meqd f.p.).
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intermediate (acidic orange), and acidless (acidless lime, lemon,
and orange).

I ! ! We clearly identified seven organic acids involved in citrus
fruit pulp acidity: citric acid, malic acid, quinic acid, tartaric
acid, succinic acid, oxalic acid, and ascorbic acid. Three of them
changed during fruit development: oxalic, quinic, and citric
acids. Quinic and oxalic acids peaked during the first 50 days
of development in all varieties={gure 2). Quinic acid was the
major organic acid during this period, and for instance, it
accounted for 4764% of the total organic acids, while citric
acid accounted for less than 14% of the total organic acids
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00 0 50 100 150 (Figure 2 andTable 1). Citric acid increased early in the three
Fruit development (days) acidic varieties (15 days for acidic lime or 30 days for acidic

Figure 1. Change in titratable acidity in citrus fruit pulp during fruit lemon and orange). It was the major organic acid of maturing
development of Tahiti lime (a), Villafranca lemon (M), Salustiana orange acidic fruit (48, 39, and 25 mgg f.p for lime, lemon, and
(@), and Brazil sweet lime (a). Titratable acidity of acidless varieties of orange, respectively) even if its concentration decreased, at 120
lemon and orange were similar to those of Brazil sweet lime. Values are days of orange development (12 mgtd.p.). In contrast, the
means (n = 4), and vertical lines represent the least significant difference sweet lime was characterized by a lack of citric acid increase
(Isd) evaluated by a ttest. and by the lowest citric acid concentration (2 mg §p.) along

development, and the same behavior and values were observed
for the two other acidless varieties. At the end of the studied
HPLC Chemicals. Acetonitrile (HPLC grade); potassium dihydro-  fruit development, citric acid accounted for 71, 79, and 45% of
gen phosphate (K#PQy); citric, malic, oxalic, ascorbic, quinic, tartaric,  the total organic acids (respectively, for lime, lemon, and
apd succinic ac?ds; fructose; glucose; and sucrose were purchased fronprange), while in acidless varieties it only accounted for less
Sigma (St. Louis, MO). B than 17% Figure 2 andTable 1). The four other organic acids
HPLC Analysis. One hundred milligrams of powdered samples was  (mg|ic, tartaric, succinic, and ascorbic acid) remained relatively
suspended in 5 mL of water and centrifuged atd ¥ 20 min. The ¢ gtant during the whole development, and no difference could
supernatant was fllter_ed through a 0:4% acetate ceIIl_JIose memb_rane_ be noticed between acid and acidless friidlfle 1). However
filter (Sartorius, Goettingen, Germany). The separation of organic acids . - . . . S ’
and sugars was achieved using an analytical HPLC unit (Perkin-Elmer, |r_1 (:_ICIdI(_i'SS Vanet'es’_ the malic acid Concen_tra_t'_on exce_eded the
Series 200, France). citric acid concentration (1.2-fold) and was significantly different

Organic acid separation was performed using an ion-exclusion Petween acidic and acidless limésgure 2). In fact, citric acid
column (Spheri-5 RP-18, 220 mm 4.6 mm, 5um) thermostated at ~ Was the only organic acid for which a significant difference
20 °C. Elution was carried out with a mobile phase made of 25 mM could be observed between all acidic and acidless varieties.
KHZPQ SOIUtiOn, ad]usted to pH 2.4 W|th£04 The flow rate Of the Changes |n Sugar Content Du“ng Fru”: Development
mobile phase was 1.0 mL mih Detection was performed with an  Girys fruit pulp contained three major sugars: fructose, glucose,
uv dete_ctor set at 210 nm. Organic acid quanpflcatlon was achieved and sucroseHigure 3). Acidic orange contained the highest
by plotting the absorbance of each organic acid on a standard curve. - -~

Sugar separation was performed with a Nddund silica column qoncentratlon of glucose (44 mgtf.p.) as compared to acidic

lime and lemon (on average, 11 mglgf.p. for each) and

(Waters, 4.6 mmx 250 mm, 4um) at 35°C. Elution was carried out . ) .
isocratically with a mobile phase made of acetonitrile/water (70:30, acidless orange, lime, and lemon (respectively, 10, 15, and 2

vIv) at a flow rate of 1.0 mL mint, Detection was performed witha M@ g f.p.). The glucose concentration was significantly higher
refractometer index detector. Sugar quantification was achieved ac-in the acidic varieties, except for the limes that showed
cording to their refractive index recorded to external standards. nonsignificant differences. Acidic lemon contained the highest
Data acquisition was achieved using TotalChrom software for concentration of sucrose (19 mggf.p.), which was signifi-
Windows version 6.2 (Perkin-Elmer Instruments, Boston, MA). Each cantly different from acidic lime and orange (respectively, 7
sample was analyzed in triplicate. Organic acid and sugar concentrationsagnd 5 mg g? f.p.) or acidless lemon, lime, and orange
were expressed as milligram per gram of fresh pulp (mbfg.). (respectively, 4, 4, and 7 mg §f.p.). Fructose was the only
Statistics. Data were subjected to a one-way analysis of variance gygar for which a significant difference could be observed
(ANOVA,) using the GLM procedure of SAS (SAS Institute Inc.), and  petyeen all acidic and acidless varieties. The acidless fruit had
the least significant difference (Isd) between means was assessed usmgne highest fructose concentration with maximal values of 45,
attest (P < 0.05). 50, and 55 mg g f.p. for lime, lemon, and orange, respectively.
The acidic fruit were divided into two groups, the most acidic
RESULTS fruit (lemon and lime) that had the lowest fructose concentration

Changes in Titratable Acidity and Organic Acids During (6 and 3 mg g* f.p., respectively) and the acidic orange with
Fruit Development. Titratable acidity of the three acidic @ maximal value of 36 mg g f.p. at 150 days of fruit
varieties increased early in fruit development (20 days for lime development.
and 50 days for lemon and orange), while it remained constant Highest Fructose Concentration for Acidless VarietiesWe
for the acidless varieties{gure 1). Lime and lemon were the  have plotted all citric acid values after 50 days of fruit
most acidic fruit, reaching maximum values of 1.0 and 0.8 meq development against glucose, sucrose, and fructose. We did not
g ! f.p., respectively, about 100 days after fruit-set. Titratable observe any correlation with glucose and sucrose (data not
acidity of acidic orange was 0.3 meqgf.p. throughout shown). By contrast, with fructose, we observed three distinct
development. The lowest titratable acidity was measured in the groups (Figure 4). The first group (G1) was characterized by
three acidless varietiesQ.1 meq g* f.p). Thus, on the basis  high concentrations in citric acid and low concentrations in
of the titratable acidity, we could identify three different profiles fructose and corresponded to acidic lemon and lime. The second
between the six varieties used: acidic (acidic lime and lemon), group (G2) was characterized by high concentrations in fructose
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Figure 2. Change in four organic acid concentrations in citrus fruit pulp during fruit development of acidic (®) and acidless (O) varieties. Each point on
the graph shows the mean and standard deviation of three measurements done on each of the four samples.

Table 1. Other Organic Acids? of Pulp from Citrus Fruit DISCUSSION
organic acids Three different profiles were distinguished on the basis of
(mggfp) titratable acidity: acidic (lime and lemon), intermediate (acidic
ascorbic acid suceinic acid artaric acid orange), and acidles&igure 1). Acidic lime and lemon were

the most acidic fruit reaching maximum values of 1.0 and 0.8

days acidic  acidless  acidic  acidless  acidic  acidless meq g f.p., respectively, at 105 days of development. Our
Orange results were consistent with those of Zied®) and Sadka et
1g 8'3 f g'é 8'2 f 8'8 %? f 2'3 ig f 8'§ g’f f 8'? 2'3 f 8'8 al. (16), who measured lime and lemon titratable acidity
5 01+00 01+01 29+11 30408 7.7+0.0 34%0.0 (respectively, 1.0 and 0.9 meqgf.p.). We have also showed
90 01+00 02+01 31+00 23+10 8909 36%10 a lack of titratable acidity for the three acidless varietig§.Q
150 02+01 0201 31x11 37+02 52+08 41£12 meq g f.p). The difference in titratable acidity, between acidic
Lemon and acidless varieties, took place early in fruit development (20
0 03+01 03+01 23409 11+04 61+12 73+11 days for lime and 50 days for lemon and orange).
D 02:00 0401 40506 39510 56510 73117 Titratable acidity of citrus juice is known to be due largely
) 01+00 03+01 17+03 22+04 39+08 65+1.0 to citric acid @). Citric acid is synthesized in the mitochondria
150 03+00 03+01 14+02 1806 4706 64%15 of juice cells via the Krebs cycle and is stored in the vacuole
Lime (2). In acidic lemon, lime, and orange, citric acid accounted for
0 03+00 05+01 44+12 39+12 6809 86%11 79, 71, and 45% of the seven detected organic acids, respec-
15 0200 03+01 37+06 40:08 64+11 74x13 tively. These percentages were lower than those reported in the

50 04+01 02+01 54+00 53+09 40%06 45+10

9% 05401 04+02 50+00 48+09 26+01 33+05 literature, which were estimated on a limited number of organic

150  03%00 0401 5000 40+14 26+04 24%03 acids (citric, malic, and quinic acids) (221).
Our results also showed that citric acid was not always the
aValues are given as mean =+ standard deviation of each fruit (n = 4) analyzed major organic acid since it was quinic acid during the first 50
in triplicate. days after fruit-setHigure 2). A high concentration of quinic

was also reported in growing tissues (22). Weinstein et al. (23)
and low concentrations in citric acid and corresponded to believed that quinic acid is a precursor of the synthesis of
acidless lemon, lime, and orange. The third one (G3), where flavonoid compounds in plants. Leuschner et2d) fighlighted
intermediate values of citric acid and fructose concentrations that quinic acid also could play a role for the biosynthesis of
were observed, corresponded to acidic orange fruit. aromatic amino acids. Our results showed that a decrease in
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Figure 3. Change in sugar concentrations in citrus fruit pulp during fruit development of acidic (®) and acidless (O) varieties. Each point on the graph
shows the mean and standard deviation of three measurements done on each of the four samples.

70 the two other acidless varieties, with maximal values of 50 and
60 55 mg g*f.p. for lemon and orange, respectively. The fructose
a concentrations of acidic lemon (6 mg'gf.p.) and lime (3 mg
‘;—' 50 G3 g~! f.p.) were lower but consistent with the data obtained by
g 40 Tzur et al. (25) and Echeverria (26). For acidic orange, we
£ measured 25 mgTg f.p., and no data were available in the
?g/ 30 literature with which to compare. When plotting fructose versus
,8 20 citric acid concentrations, we have shown that the most acidic
UE_ fruit (G1) were characterized by the highest citric acid concen-
10 G1 tration and the lowest fructose concentratibig(re 4). A high
0 LTI LI Y~ , level of citric acid is accumulated in acidic lemon and lime
20 30 40 50 60 70 vacuoles. This accumulation is accompanied by a large influx
Citric acid (mg g™ f.p.) of protons that is mediated by the vacuolat-tATPase (V-

ATPase) (27). This influx of protons reduces the vacuolar pH
and provides a driving force for additional citric acid uptake
(28). On the contrary, acidless fruit (G2) were characterized by
. . . . L . the highest level of fructose and the lowest level of citric acid.
quinic acid is concomitant to an increase in citric adtgre Two hypotheses might explain the difference in citric acid

2). Both organic acids having the same precursor, the phos- . . L . : .

. concentration. First, a citric acid synthesis was linked to a failure
phoenolpyruvate (PEP), we could hypothesize that PEP could. i take. Ech ia et al29) h ousl ted
be preferentially used for quinate synthesis in the early fruit in its uptake. Echeverria et al2g) have previously reporte

development and for citrate synthesis afterward. that the tonoplast-bound ‘Hpyrophosphatase (V-PPase) of
The major sugars of citrus fruit pulp are fructose, glucose, SWeet lime is responsible of the small pH gradient (vacuolar

and sucrose (Figure 3). Fructose was the only sugar for which PH 1S about 5.0) and the lack of citric acid accumulation. An

a significant difference could be observed between all acidic activation of the phosphoenolpyruvate carboxykinase (PEPCK)

and acidless varieties. Fructose was the major sugar of maturecould occur, and citric acid should be transformed in fructose

acidless lime (34 mgd f.p.) as previously reported by Tzur via the gluconeogenetic pathway, as Famiani et30) have

et al. (25). Fructose concentrations were significantly higher in reported in soft fruit. Bertitei3(l) have also reported that PEPCK

Figure 4. Fructose concentrations vs citric acid concentrations in citrus
fruit pulp of Tahiti lime (a), Villafranca lemon (M), Salustiana orange
(@), Brazil sweet lime (A), Sweet lemon (O), and laffaoui orange (O).
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was involved in low acidity of acidless apple. Second, a lack

of citric acid synthesis, as has been suggested by Sadka et al.

(16), and fructose should be directly synthesized from glucose.

In G3, acidic orange showed intermediate concentrations of both

citric acid and fructose, which might be due to a normal activity
of V-ATPase and a higher activity of PEPCK or direct fructose
synthesis.

By the Candidate gene approach, we plan to identify genes

involved in citric acid accumulation and affected in acidless
varieties. The expression of these identified genes will be
verified during the fruit development of the acidic orange
variety.

ACKNOWLEDGMENT

We thank Mr. Jean-Jacques Polidori for the help with fruit
sampling.

LITERATURE CITED

(1) Tucker, G. A. Introduction. IBiochemistry of fruit ripening;
Seymour, G., Taylor, J., Tucker, G., Eds.; Chapman and Hall:
London, 1993; pp 1—37.

(2) Ting, S. V.; Attaway, J. A. Citrus fruits. Ifthe biochemistry of
fruits and their productsHulme, A. C., Ed.; Academic Press:
London, 1971; Vol. 2, pp 107—169.

(3) Marsh, K. B.; Richardson, A. C.; Erner, Y. Effect of environ-

mental conditions and horticultural practices on citric acid

content. InProceedings of the International Society of Citricul-

ture; 9th Congress 2000: Orlando, FL, 2003; pp 66@3.

Moon, D.-G.; Mizutani, F. Changes in soluble solids, acidity,

and abscisic acid contents in different portions of fruit during

maturation of Satsuma mandarih.Kor. Soc. Hort. Sci2002,

43, 107—112.

Moufida, M.; Marzouk, B. Biochemical characterization of blood

orange, sweet orange, lemon, bergamot, and bitter orange.

Phytochemistry2003,62, 1283—1289.

Pailly, O.; Tison, G.; Amouroux, A. Harvest time and storage

conditions of Star Ruby grapefruit (Citrus paradigiacf.) for

short distance summer consumpti®uastharvest Biol. Technol.

2004,34, 65-73.

Bain, J. M. Morphological, anatomical, and physiological changes

in the developing fruit of the Valencia orang@itrus sinensis

(L.) Osbeck.Aust. J. Bot1958,6, 1—24.

(8) Spiegel-Roy, P.; Goldschmidt, E. E. Reproductive physiology:
flowering and fruiting. InBiology of Citrus Cambridge Uni-
versity Press: Cambridge, 1996; pp 70—125.

(9) Richardson, A. C.; Marsh, K. B.; Macrae, E. A. Temperature
effects on Satsuma mandarin fruit developmentHort. Sci.
1997,72, 919-929.

(10) Shaked, A.; Hasdai, D. Organic acids in the juice of developing
nucellar and old-line clone Shamouti orangeHort. Sci.1985,

60, 563—568.

(11) Hirai, M.; Ueno, I. Development of citrus fruits: Fruit develop-
ment and enzymatic changes in juice vesicle tisflant Cell
Physiol.1977,18, 791—799.

(12) Echeverria, E. Activities of sucrose metabolizing enzymes during
sucrose accumulation in developing acid limgnt Sci.1992,

85, 125—-129.

(13) Kubo, T.; Hohjo, I.; Hiratsuka, S. Sucrose accumulation and its
related enzyme activities in the juice sacs of Satsuma mandarin
fruit from trees with different crop load$ci. Hort.2001,91,
215-225.

(14) Canel, C.; Bailey-Serres, J. N.; Roose, M. L. In vifi€] citrate
uptake by tonoplast vesicles of acidl€igusjuice cells.J. Am.
Soc. Hort. Sci1995,120, 510—514.

(4)

®)

(6)

U]

J. Agric. Food Chem., Vol. 54, No. 21, 2006 8339

(15) Marsh, K.; Gonzalez, P.; Echeverria, E. Partial characterization
of H*-translocating inorganic pyrophosphatase from three citrus
varieties differing in vacuolar pHPhysiol. Plant2001, 111,
519-526.

(16) Sadka, A.; Dahan, E.; Cohen, L.; Marsh, K. B. Aconitase activity
and expression during the development of lemon fRiitysiol.
Plant. 2000,108, 255—262.

(17) Soost, R. K.; Cameron, J. W. Contrasting effects of acid and
nonacid pummelos on the acidity of hybrid citrus progenies.
Hilgardia 1961,30, 351—357.

(18) Boland, F. E. Fruits and fruits products. @fficial methods of
analysis of AOAC internationall5th ed.; Helrich, K., Ed.;
Association of Official Agricultural Chemists: Arlington, VA,
1990; Vol. II, p 918.

(19) Ziena, H. M. S. Quiality attributes of Bearss seedless liBieus
latifolia Tan.) juice during storagé&ood Chem2000,71, 17—

172.

(20) Sinclair, W. B. Organic acids of lemon fruits. Time biochemistry
and physiology of the lemon and other citrus fruitbe Regents
of the University of California, Eds.; University of California:
Oakland, CA, 1984; pp 109—156.

(21) Rasmussen, G. K. Seasonal changes in organic acid content of
Valencia orange fruit in FloridaAm. Soc. Hort. Scil963,84,
181—-187.

(22) Ting, S. V.; Vines, H. M. Organic acids in the juice vesicles of
Florida Hamlin orange and Marsh seedless grapefPuiic. Am.
Soc. Hort. Scil966,88, 291—297.

(23) Weinstein, L. H.; Porter, C. A.; Laurencot, H. J. Role of quinic
acid in the aromatic biosynthesis in higher pla@sntrib. Boyce
Thompson Inst1961,21, 201—-214.

(24) Leuschner, C.; Herrmann, K. M.; Schultz, G. The metabolism
of quinate in pea roots, purification, and partial characterization
of a quinate hydrolyasé?lant Physiol.1995,108, 319—325.

(25) Tzur, A.; Goren, R.; Zehavi, U. Carbohydrate metabolism in
developing citrus fruits. IfProceedings of the American Society
of Horticulture Sciencg7th Congress: Acireale, Italy, 1992; pp
405—411.

(26) Echeverria, E. Developmental transition from enzymatic to acid
hydrolysis of sucrose in acid lime®lant Physiol.199Q 92,
168—171.

(27) Muller, M. L.; IrkensKiesecker, U.; Kramer, D.; Taiz, L.
Purification and reconstitution of the vacuolar+ATPases from
lemon fruits and epicotyls]. Biol. Chem.1997,272, 12762—
12770.

(28) Muller, M. L.; Taiz, L. Regulation of the lemon fruit V-ATPase
by variable stoichiometry and organic acids.Membr. Biol.
2002,185, 209—220.

(29) Echeverria, E.; Gonzales, P. C.; Brune, A. Characterization of
proton and sugar transport at the tonoplast of sweet IDiteus
limmetioides) juice cellsPhysiol. Plant1997,101, 292—300.

(30) Famiani, F.; Cultrera, N. G. M.; Battistelli, A.; Casulli, V.;
Proietti, P.; Standardi, A.; Chen, Z.-H.; Leegood, R. C.; Walker,
R. P. Phosphoenolpyruvate carboxykinase and its potential role
in the catabolism of organic acids in the flesh of soft fruit during
ripening.J. Exp. Bot.2005,56, 2959—2969.

(31) Bertter, J. Carbohydrate metabolism in two apple genotypes that
differ in malate accumulatiod. Plant Physiol2004 161, 1011
1029.

Received for review June 13, 2006. Revised manuscript received August
24, 2006. Accepted August 24, 2006. We thank the Collectivite
Territoriale de Corse for supporting this study.

JF061648J



