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ABSTRACT 

The regulation of citrus fruit color by various 

concentrations of sugars, sugar metabol i tes, and nitrogen 

compounds was investigated in peel segments of Citrus 

paradisi Macf. (cv. Marsh) cultured .on modified media of 

Murashige and Tucker. Green and yellow peel segments were 

cultured for degreening and regreening studies, 

respectively, and chlorophyll level in the individual peel 

segments was measured with a reflectometer. 

Degreening was significantly promoted by 150 mM 

sucrose, 300 mM glucose and fructose, or 50 mM citrate but 

not by 300 mM of the hexoses galactose and mannose, 300 mM 

of the pentoses xylose and ribose, or 25, 50, and 100 mM 

succinate. 

Regreening was significantly inhibited by 150 mM 

sucrose, 300 mM glucose and fructose, or 50 mM citrate and 

malate. Succinate and a-ketoglutarate at concentrations of 

50 mM did not inhibit regreening. The inhibition of 

regreening by 300 mM sucrose was reduced by 33 percent with 

the glycolytic inhibitor iodoacetic acid at 1 mM but not by 

DL-glyceraldehyde at 50 mM. Neither ethanol nor potassium 

bicarbonate inhibited regreening, suggesting that the 

x 
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regulation of citrus fruit color is specific to sugars or 

sugar metabolites. However, pyruvate did not promote 

degreening or inhibit regreening because it was probably not 

absorbed from the media by the flavedo of the peel. 

These results suggest that sucrose, glucose, 

fructose, and citrate maintain carotenoid synthesis and 

accumulation in both cultured green and yellow peel segments 

but cause the loss of chlorophyll from green peel segments. 

Treatment of either the green or yellow segments with 

sucrose or ci trate may increase the partitioning of these 

compounds into the mevalonic acid pathway to provide carbon 

for synthesis or carotenoids, resulting in degreening of the 

green peels and maintaining the yellow color in the yellow 

peels. 

Malonate inhibited regreening when incorporated in 

media at concentrations of 4 mM. This inhibition was 

reversed by 60 mM glutamine but not by 5 mM glutamine or 

KN0 3 . The action of malonate on regreening may be a 

specific effect of malonate on plastid development rather 

than by modifying the partitioning of sugar metabolites into 

the carotenoid synthetic pathway. 



INTRODUCTION 

The peel of citrus fruit is becoming increasingly 

important to the citrus industry because of its relationship 

to storage quality and external appearance of the fruit, 

because of its va 1 ue in the production of dry anima 1 feed 

and molasses (Ting and Deszyck, 1961), and because various 

byproducts of citrus peel such as oils and pharmaceuticals 

are being developed (Ray and Walheim, 1980). 

The composition of citrus peel has not been studied 

as extens ivel y as that of the edible port ion of th,e frui t. 

Its study may prove helpful in better understanding of the 

condition of the fruit during maturation and storage. Ting 

and Deszyck (1961) reported that the same components tha t 

occur in the juice are usually found in the peel, although 

in d if ferent proportions. The a 1 coho I-so 1 ubl e fract ion of 

the peel contains various components such as sugars, amino 

acids, organic acids and their salts, vitamins, and volatile 

substances. The dominant, components of the peel's alcohol

insoluble sol:i.ds are cellulose, hemicellulose, and pectic 

substances, with proteins occurring only in small amounts. 

However, carbohydrates of the peel are by far the most 

abundant of all the constituents (Ting and Deszyck, 1961). 

1 
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The ability of citrus fruits, in cool coastal areas 

(e.g., California) to remain on the tree for eight months 

without deteriorating makes them especially prized for the 

market. They can pe picked as the market dictates, and this 

results in a long harvest period. However, citrus fruits in 

warmer areas go through a process called regreening, in late 

spring and summer. If the fruit remains on the tree during 

the hot months, the rind loses its orange color, acquiring a 

green coloration. Regreening is of considerable importance 

to both growers and consumers. Al though regreened frui ts 

are fully ripe, juicy, and thin-skinned, their marketability 

is greatly influenced by their greenish color. Thus, 

regreening is a problem to growers who need to store the 

fruits on trees for late harvests and regulate the flow of 

the produce to the market at will. 

Thomson, Lewis and Coggins (1967) demonstrated that 

regreening is a partial reversion of chromoplasts to 

chloroplasts rather than formation of new chloroplasts. The 

factors that control plastid transformation are controver

sial and depend on the environment, cultural practices, and 

type of tissue. Environmental factors promoting regreening 

include temperature (Caprio, 1956; Young and Erickson, 1961; 

Coggins, Hall and Jones, 1981), light intensity, and 

position of fruit on the tree (El-Zeftawi, 1977). Among 

cultural practices affecting regreening are nitrogen 
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fertilization (Jones and Embelton, 1959), method of 

irrigation (Huff et al., 1981), gibberellic acid sprays 

(Coggins, Heild and Garber, 1960; Coggins and Lewis, 1962), 

and vegetative ground covers (Eaks and Dawson, 1979). The 

degree of regreening is greatly affected by kind of 

rootstock, cultivar, or number of seeds in the fruit 

(El-Zeftawi, 1977). According to Kirk and Tilney-Bassett 

(1976), plastid forms are probably more a function of cell 

and tissue type than environment. In ci trus, tissue type 

rather than environment is the factor controlling regreen

ing, as fruits of 'Navel' oranges (Citrus sinensis, Osbeck) 

and C. madurens is do not regreen under the same environ

mental conditions that 'Valencia' oranges (~. sinensis, 

Osbeck) do regreen. Hence, environmental and cultural 

factors are of less importance in the process of regreening 

and act indirectly by influencing cellular metabolism. 

Recently, Huff (1983, 1984) found in in vitro 

experiments that sugars and nitrogen have a great influence 

on both de- and regreening of citrus fruit peel segments, 

depending on their concentrations. Degreening of citrus 

f ru its, dur ing winter, was a ttr ibu ted to increased sugar 

flux into the fruit, whereas regreening, in late spring and 

summer, was enhanced by a reduction in peel sugar content 

(Huff, 1984). Also, Huff (1984) demonstrated that nitrogen

ous compounds, such as nitrate and proline, suppressed the 
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degradation of chlorophyll in the dark but had little effect 

on synthesis of chlorophyll in the light, whereas sucrose, 

in media, both inhibited chlorophyll synthesis and promoted 

chlorophyll destruction. It was therefore concluded that 

sucrose is a major factor regulating plastid transformation, 

whereas nitrogen is not a factor in regulating seasonal 

changes in plastid form, and that nitrogen has a more 

protective role on existing chloroplasts (Huff, 1984; 

Mayfield and Huff, 1986). 

However, Huff (1983, 1984) and Mayfield and Huff 

(1986) only demonstrated that plastid forms were affected by 

some aspect of sugar and nitrogen metabol ism, but did not 

identify what specifically controlled the plastid develop-

mente Also, Huff (1983) gave some ambiguous data where 

sugars usua 11 y inhibi ted regreening, but sometimes, in the 

presence of nitrate, sugars promoted regreening. 

Therefore, the objectives of the study were set to: 

(1) define quantitatively the interaction between carbohy-
I' 

drates and selected nitrogenous compounds in regulating 

degreening and regreening of citrus fruit peels; and 

( 2 ) identify specific component(s) of carbohydrate 

metabolism responsible for the promotion of chloroplast to 

chromoplast transformation seen when sucrose is applied to 

citrus fruit peel segments in vitro. 
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A wider range of concentrations than those studied 

by Huff (1983) was undertaken to define the relative potency 

of the two substances. 

Sucrose inhibition of regreening has been demonstra

ted only in the presence of nitrate or in the absence of 

nitrogen. Inhibition in the presence of amino acids has 

not, as yet, been studied and therefore the sucrose effect 

could be an inhibition of nitrate reduction. This leaves 

the possibility that sucrose inhibits nitrogen availability 

by inhibiting nitrate reduction rather than inhibiting 

chloroplast development. Therefore, the ability of sucrose 

to inhibit regreening in the presence of reduced nitrogen in 

the form of the amino -acid glutamine was compared wi th its 

effect in the presence of nitrate. 

The effect of both nitrate and glutamine was also 

compared in the dark to see if they preserve the chlorophyll 

content since chlorophyll synthesis does not occur in the 

dark. 

The inhibition of regreening by sucrose could be 

specific effects of sucrose or could be sugar specific . 

. Sugars 1 ike gl ucose, fructose, ga 1 actose, mannose, xylose, 

and ribose may exhibit effects similar to sucrose on 

degreening and regreening. The above sugars were tested at 

low and high concentrations to see if they behaved similarly 

~o sucrose on chloroplast-chromoplast interconversion. 
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Further, the inhibition of regreening may not be 

specific to sugars only and could be a general carbohydrate 

effect. For example, ethanol and acetate suppressed 

chlorophyll synthesis in Euglena (Horrum and Schwartzbach, 

1980) . However, no studies were reported on the effect of 

such compounds on chlorophyll synthesis of higher plants. 

Ethanol, acetate, and potassium bicarbonate were applied in 

media as sources of carbon to test their ability to suppress 

chlorophyll accumulation in citrus fruit peel segments. 

The active form of sucrose that affects plastid 

transformation might be a metabolite along the glycolytic or 

tricarboxylic acid pathways. To isolate the step(s) control

ling the effect of sucrose on plastid metamorphosis, 

intermediate of glycolysis and tricarboxylic acid cycle 

(TeA) were added to media with the intention of determining 

the key point(s) governing the process of de- and regreening 

of peel segments in vitro. For intermediates of glycolysis, 

pyruvate was selected, and for intermediates of TeA citrate, 

a-ketoglutarate, succinate, and malate were selected. 

Also, inhibitors along the pathway of sucrose 

metabolism in glycolysis and TeA were applied to further aid 

in locating controlling steps of degreening and regreening. 

Iodoacedic acid and DL-glyceraldehyde, which inhibit 

glyceraldehyde-3-phosphate dehydrogenase in glycolysis 

(Kelly and Gibbs, 1973a, 1973b), and malonic acid, which 



inhibi ts succinic dehydrogenase in the TeA (Bently, 

Shannon, Young and Dud1 ey, 1959; Hatch and Stumpf, 

were selected. 

7 

1952; 

1962) 



LITERATURE REVIEW 

Degreening and Regreening 

Orange-colored citrus fruits regreen, loosing their 

pleasant color when left on the tree during late spring and 

summer. Regreening is a natural process that begins at the 

stem end and progresses toward the stylar end. Although the 

green fruits are fully ripe and juicy, they are less accept-

able to consumers due to their green color. This creates 

problems for growers, who wish to store fruits on trees and 

regulate the flow of the produce to market. 

It was well documented that plastids arise from 

pre-existing plastids (Kirk and Tilney-Bassett, 1978; 

Possingham, 1980; Thomson and Whatley, 1980). Regreening, 

on the other hand, was thought to be caused either by the 

reversion of chromoplasts into chloroplasts, or by the 

development of new chloroplasts. However, many reports now 

favor the first hypotheses in orange fruits (Thomson, 1966; 

Thomson et ale 1967; Erickson and Eaks, 1968; Thomson, 1969; 

Lee, Erickson, and Chichester, 1971), carrot roots 

(Gronegress, 1971), pumpkin fruits (Devide and Ljubesic, 

1974), and in the sepals of Nuphar luteum and the spathe of 

Zantedeschia elliottiana (Gronegress, 1974). Thomson et ale 

8 
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(1967) obtained intermediate stages between chromop1asts and 

chloroplasts, and suggested that chromoplasts revert to 

chloroplasts during regreening of 'Va lenc ia ' oranges. 

During this reversion, the grana-fret system is assembled 

from small vesicles which pinch off from the inner plastid 

membrane, and the large osmiophilic globules become reduced 

in size as the chromoplast regreens. Similarly, in the 
.' 

process of regreening of Z. elliattiana spathe and N. luteum 

sepa 1 s, an increase in thylakoids seems to be corre la ted 

with a reduction in osmiophilic grana, and the chromoplast 

globules are apparently transformed into normal thylakoids 

(Gronegress, 1974). The loss of carotenoids during 

regreening of citrus fruits is greater than the formation of 

new chlorophyll (Erickson and Eaks, 1968; Lee et al., 1971; 

EI-Zeftawi, 1977). 

Effect of Temperature and Nitrogen 
Nutrition on De- and Re-greening 

of Citrus Fruits 

Regreening of citrus fruits is partly influenced by 

temperature (Capr io, 1956; Young and Er ickson, 1961; Eaks 

and Dawson, 1979; Coggins et al., 1981). Fruits remaining 

on the tree into late spring and summer regreened in 

response to the warm temperature in Southern California 

(Caprio, 1956). Recently, Coggins et al. (1981) reported 

that warm air temperatures (30 C/15 C, day/night) decreased 

the carotenoid level, whereas cool air temperatures (20 C/15 
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C, day/night) increased the carotenoids content of 

'Va lenc ia' orange f rui ts. Young and Er ickson (1961) found 

that a low soil and air temperature (below 13 C) was 

required for the loss of chlorophyll in oranges. Ray and 

Walheim (1980) suggested that some factor(s) move from the 

tree to the fruit in response to warm temperatures. 

Vegetative ground covers have an effect on rind 

color, possibly by lowering soil and root temperatues (Eaks 

and Dawson, 1979). Higher carotenoids and lower chlorophyll 

contents were found in the peel of frui ts from trees wi th 

ground covers than in fruits from trees growing on bare 

ground. 

Nitrogen fertilization also affects degreening and 

r--egreen ing of c i tru s f rui ts (Jones, van Horn, and Finch, 

1945; Jones and Embelton, 1959). Jones and Embelton (1959) 

found that most regreening occurred when nitrogen fertiliza

tion was appl ied during the summer, coinciding with high 

temperatures " 

Nitrogen also has a profound effect on regreening of 

cultured citrus fruit peel segments (Huff, 1983). Of all 

the factors deleted in the media, only nitrogen was required 

for regreening of peel cultures of 'Valencia' oranges. This 

nitrogen may be needed for incorporation into 

o -aminolivulinic acid (ALA) , an intermediate in the 
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chlorophyll biosynthetic pathway, and subsequently into 

chlorophyll. 

Drip irrigation has been reported to cause more 

regreening of citrus fruit peels than flood irrigation. 

Huff et ale (1981) attributed the high chlorophyll and low 

carotenoid content to improved nitrogen uptake by trees 

under drip irrigation. 

Other Factors Affecting De
and Re-greening 

Other factors affecting pigment levels are related 

to high light intensities during spring and summer, height 

of the fruit on the tree, cultivars, rootstocks, number of 

seeds in the fruit (El-Zeftawi, 1977), and exogenous 

gibberellic acid (Coggins et al., 1960; Coggins and Lewis, 

1962; Ismail, Briggs, and Oberbacher, 1967). El-Zeftawi 

(1977) demonstrated that fruits at heights above 270 cm had 

more carotenoids than fruits at lower heights, but there 

were no differences in chlorophylls. He also stated that 

cultivars such as 'Lane Late Navel' and 'Valencia' oranges 

regreen in late season, whereas cultivars such as 'Leng' and 

'Washington Navel' oranges do not exhibit such color 

reversion. The effects of rootstocks such as rough lemon, 

which produces paler fruits, and trifoliate orange, which 

produces early coloring (El-Zeftawi, 1977), on pigment 

levels may be associated with a tree factor which on 
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translocation to the fruit controls pigment levels (Jahn and 

Young, 1972). 

Regreening associated with more seeds per fruit, 

possibly, involves higher levels of endogenous gibberellic 

acid or other hormones. Several researchers have reported 

that color change in citrus fruits is under hormonal control 

(Coggins and Lewis, 1962; Eilati, Goldschmidt, and 

Monselise, 1969; El-Zeftawi, 1973), therefore, seeds as a 

source of endogenous hormones could affect the balance 

betwen gibberellins and ethylene in favor of the 

carotenoids. The increase in carotenoids and the reduction 

in chlorophyll towards the stylar end was explained as a 

response to ethylene (El-Zeftawi, 1977). 

In addition, Coggins and Lewis (1962) reported that 

proto-chlorphyll accumulates in the stem end in response to 

GA treatment, and that GA enhanced more chlorophyll a 

than b. Similarly, El-Zeftawi (1977) reported more 

ch lorophy 11 a than b was present when the f ru i tis green, 

but it begins to fall below chlorophyll b level during the 

coloring stage. The greater resistance of chlorophyll b to 

degradation during color development made Jahn and Young 

(1976) suggest that in citrus, the selection of varieties or 

treatment to increase the chlorophyll alb ratio may reduce 

the problem of regreening early-season citrus fruits. 
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The Effect of Carbohydrates 
on De- and Re-greening 

cultured plant cells, sugars, 

13 

particularly 

sucrose, were reported to regulate greening callus from 

carrot (Edelman and Hanson, 1971a; Pamplin and Chapman, 

1975), spinach (Dalton and Street, 1977; Dalton, 1980), 

soybean (Hemphill and Venketeswaran, 1978), and tobacco 

(Kaul and Sabharwal, 1971). Edelman and Hanson (197la) 

showed that sucrose reduced chlorophyll synthesis in carrot 

roots by causing both a reduction in chloroplast number per 

cell and fewer thylakoids per chloroplast. This effect on 

chloroplast structure and number was consistent with an 

observed reduced photosynthetic efficiency. Similarly, 

Dalton and Street (1977) indicated that sucrose inhibited 

photosynthesis or promoted photorespiration of spinach 

leaves, and demonstrated that chlorophyll synthesis occurred 

only when the concentration of reducing sugars was at or 

below 2.5 mg/ml (or 183 mM). Chlorophyll synthesis was 

inhibited at higher concentration of reducing sugars. 

In contrast, Edelman and Hanson (197la) showed that 

glucose and fructose either singly or together did not 

inhibi t chlorophyll synthes is. They found that a carrot 

tissue culture strain devoid of invertase activity did not 

synthesize chlorophyll in the presence of high sucrose 

concentrations, whi le another carrot tissue cul ture strain 

that did exhibit invertase activity showed no sucrose effect 



on chlorophyll synthesis. 
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In a later paper Edelman and 

Hanson (197lb) confirmed the suppression of invertase to the 

effect of sucrose on chlorophyll synthesis and that this 

enzyme may hydrolyse sucrose before its uptake. 

cellular enzyme was shown to be non-essential 

growth or sucrose metabol ism (Parr, Ede lman, 

1976). 

This inter

for callus 

and Hawker, 

Pamplin and Chapman (1975) showed that sucrose 

inhibited the synthesis of ALA. The incorporation of ALA 

into chlorophyll by isolated plastids indicates that these 

organelles possess the enzymatic capability to convert ALA 

into chlorophyll (Rebeiz and Castelfranco, 1973). 

High carbon-to-nitrogen ratio (C/N) repressed 

chlorophyll synthesis in Euglena, and chlorophyll synthesis 

was restored when a utilizable N source was added to the 

growth 

1978). 

medium (Harris and Kirk, 1969; Schwelitz et al., 

Harris and Kirk (1969) obtained nitrogen-reversible 

repression with acetate, ethanol, succinate, malate, 

glucose, or fructose as the sole carbon source and concluded 

that the repression is a function of the C/N ratio of the 

growth medium rather than a specific metabolic effect of the 

C source. However, Garlaschi et al. (1973) showed that 

ethanol repressed chlorophyll synthesis, whereas succinate 

had little effect. The ethanol repression was reversed by 

addition of nitrogen. Schwelitz et ale (1978) reported that 
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glucose repression of chlorophyll synthesis, however, was 

not reversible. 

Simi lar 1 y, Horrum and Schwartz bach (1980) reported 

that both nitrogen deficiency and the presence of specific 

organic carbon sources prevented chloroplast development in 

Euglena. Using ethanol or sodium acetate as the sole source 

of C and NH 4Cl as the sole N source, the authors 

demonstrated that the inhibition of chlorophyll synthesis is 

a specific metabol ic effect due to the presence of the C 

source rather than the absence of N. Both ethanol and 

acetate inhibited the light-induced synthesis of chlorophyll 

and of NADP-glyceraldehyde-3-phosphate dehydrogenase, 

whereas malate stimulated chlorophyll and enzyme synthesis. 

In citrus (Huff, 1980; 1983) demonstrated that de-

and re-greening of flavedo tissue can be regulated 

nutritionally by manipulating sugar and nitrogen supplies in 

agar media upon which epicarp discs were cu 1 tured. Low 

(15 mM) concentrations of sucrose in the media promoted 

regreening, and higher (150 mM) concentrations of sucrose 

inhibited regreening of degreened peel segments (Huff, 

1983) . Nitrate and certain amino acids that were added to 

the media overcame the inhibitory effects of higher sucrose 

concentrations and, when the nitrogen source was high (60 

mM), high sugar concentrations even promoted regreening. In 

degreening experiments, Huff (1983) also reported that high 
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sucrose concentrations in the absence of potassium nitrate 

(KN0 3 ) enhanced degreening, while both low sucrose and high 

KN0 3 plus high sucrose inhibited degreening. Further, 

sucrose increased endogenous sugar levels, and, in the 

absence of nitrogen, reduced endogenous amino acid levels in 

the epicarp. In the presence of KN0 3 , sucrose caused an 

increase in endogenous amino acid levels. Nitrate in the 

media also reduced endogenous sugars but increased amino 

acid levels. 

Based on these findings, Huff (1983) attributed the 

degreening of citrus fruits to increased sugar and reduced 

nitrogen flux to the fruit, which coincides with cool 

temperatures during winter. On the other hand, regreening 

in late spring and summer (when the temperature is warm) is 

enhanced by elevated nitrogen flux and reduced sugar translo

cation. 

When nitrogen fertilization of 'Valencia' orange 

trees was stopped for two years, regreening of epicarp 

segments from harvested fruits on media lacking nitrogen 

diminished (Huff, 1984). However, 

restored the regreening effect. 

60 mM KN0 3 in the media 

Huff (1984) also showed 

that nitrogenous compounds, such as proline and KN0 3 , 

inhibited chlorophyll degradation in the dark but had little 

effect on chlorophyll synthesis, whereas sucrose in the 

media both inhibited chlorophyll synthesis and promoted 
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chlorophyll degradation. It was suggested that accumulation 

of sugars has a role in the transformation of chloroplast 

into chromoplast and that regreening occurs when the 

accumulated sugars disappear. On the other hand, nitrogen 

flux to the fruit has a more protective role in stabilizing 

chloroplast structure, but is not a factor in plastid 

metamorphosis. 

Yet, a distinction between sugars needs to be made. 

Sucrose supplied in the media may be inverted to glucose and 

fructose. 

High amounts of sugars favors the conversion of 

chloroplasts into chromoplasts. Thus, at ripening, 

climacteric fruits convert starch into sugars, and the 

development of the yellow-orange color, together with the 

loss of chlorophyll, coincides with the high sugar content 

(McGlasson, 1970). But citrus fruits are non-climacteric 

and do not contain starch originally, yet they accumulate 

sugars from assimilates transported from leaves (Koch, 

1984a; 1984b), or from CO2 assimilated by the green fruits 

themselves (Moreshet and Green, 1980). Koch (1984a) 

reported that grapefruit peel retained 35% of the labelled 

14 
CO2 exposed to the leaf nearest to the fruit at 

preharvest, and that an additional 20% was localized in the 

dorsal vascular bundle (just inside the epicarp). Consider

ab le hydro loys i s of sucrose into gl ucose and fructose was 



evident in the 

development. 

peel during later stages of 
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fruit 

Leaves are the source of soluble carbohydrates 

(sucrose and reducing sugars) which accumulate in ci trus 

fruit flavedo tissue during low temperature hardening of the 

trees (Purvi sand Ye 1 enosky , 1982). Purvi s and Grierson 

(1982) reported that reducing sugars accumulate in the peel 

of grapefruit in response to chilling temperatures below 

1 DC. With warming temperatures in spr ing, reduc ing sugars 

level drops and sucrose accumulates. This accumulation of 

sucrose in the flavedo tissue results from increased 

translocation into the fruit rather than from the 

resynthesis of sucrose from reducing sugars already present 

in the tissue (Purvis, Kawada and Grierson, 1979; Purvis and 

Grierson, 1982). However, Purvis and Grierson (1982) could 

not detect starch or starch degrading enzymes in grapefruit 

peel from October to February in Florida. 

Girdling of fruit-bearing branches inhibited the 

accumulation of soluble carbohydrates in the fruit peel 

during low temperature treatment of trees but did not 

inhibit the hydrolysis of sucrose already there into 

reducing sugars (Purvis and Yelenosky, 1983). 

Organic Acids 

Along with sugars, total acidity is an important 

factor involved in fruit maturity of oranges and grapefruit. 
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In addition, organic acids play an important role in the 

growth, production, and marketing of citrus fruits. 

Reducing sugars (as a result of inverted sucrose) may 

further be hydrolysed in the glycolytic and/or tricarboxylic 

pathways to other metabolites, most probably organic acids, 

that might affect degreening and regreening. 

However, the vast majority of the available data is 

limited to total acidity and gives little information 

concerning the organic acid composition. Further, no study 

is avai lable that 1 inks the organic acid content or the 

glycolytic and TCA intermediates to color reversion in 

citrus fruit peel. 

Identification of Organic Acids 
in Citrus Fruit Tissues 

The organic acids in the peel differ significantly 

from those of the juice. The pH of the peel (in the range 

of 5.0 to 5.5) is much higher than that of the corresponding 

j u ice ( Sin c 1 air and En y , 1 9 '}I7 ) . This early work reported 
I 

that the organic acid content of the peel (of oranges, 

grapefruits, and lemons) to consist chiefly of citric, 

malic, and oxalic acids. The citric acid content is very 

low in comparison with the concentration of malic and oxalic 

acids. Other studies reported that citric acid predominated 

in the juice and oxalate predominated in the peel of oranges 

(Clements, 1964a; 1964b; Rasmussen, 1964) and grapefruits, 
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lemons, and tangerines (Clements, 1964a). However, Clements 

(1964a) reported that the lime fruit is an exception in that 

malate exceeded citrate in the juice and malonate appeared 

in equivalent amounts to oxalate in the peel. Further, 

malonate appeared in all peels in measurable amounts, and in 

some peels was exceeded only by oxalate. 

In the later paper, Clements (196 4b) followed the 

acids in 'Navel' orange flavedo and albedo. Oxalate 

decreased and malonate increased in both parts of the peel 

as the fruit matured. By the end of the sampling period, 

malonate predominated in the flavedo and oxalate 

predominated in the albedo. Malate, oxalate, citrate, and 

rna lona te accounted for 30 -50 % of the tota 1 anions in the 

peel fractions. However, Rasmussen (1964) reported very 

little citric acid in the peel at any period in the growth 

cycle of 'Valencia' oranges. 

Citric was found to be the main acid in the flesh, 

whereas malonic and malic acids dominated in the peels of 

oranges and grapefruits (Sasson, Erner, and Monselise, 1976; 

Sasson and Monselise, 1977; Monselise and Galily, 1979). 

While malic was the main acid of grapefruit flavedo malonic 

was the prevalent acid of orange flavedo (Monselise and 

Galily, 1979). In 'Marsh Seedless' grapefruit, Monselise 

and Galily (1979) reported that malic acid was the chief 

component of both albedo (67% of tota 1 acid content) and 
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flavedo (78% of total acids). Other acids in the grapefruit 

peel included: malonic, adipic, citric (flavedo only) 

succinic, and oxalic. In the juice, citric was the 

prevalent acid (87%), followed by malic (12%) while other 

acids were present in minute amounts. Quinic acid was found 

in the peel (Ting and Deszyck, 1959) and juice vesicles of 

'Marsh Seedl ess' grapef rui t (Ting and Vi nes, 1966). In 

orange fruit tissues, additional acids detected included: 

succinic, adipic, isocitric, oxalic, lactic, aconitic, 

~-ketoglutaric, and benzoic (Sasson et al., 1976: Sasson and 

Monselise, 1977). However, Monselise and Galily (1979) had 

not detected benzoic acid in grapefruit tissues. 

Sasson and Monsel ise (1976) had proposed that the 

increase in malonic acid in orange peel and juice during 

maturation and prolonged storage could be an indication of 

progressive senescence. The accumulation of malonic acid 

was correlated with textural parameters of senescence, 

namely softness and deformability (Sasson and Monselise, 

1976, 1977). Its increase in grapefruit flavedo is also 

amongst the main components of ageing (Monselise and Galily, 

1979). 

Factors Affecting Organic 
Acids Composition 

The individual acids, as well as the total acidity, 

can be influenced by storage (Martin, Hilgeman, and Smith, 
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1939), climatic and environmental factors (Rasmussen, 1964; 

Rasmussen et al., 1966), age of the fruit (Rasmussen et al., 

1966; Ting and Vines, 1966), and gaseous treatment of fruits 

(Bruemmer and Roe, 1969). 

Martin et al. (1939) demonstrated a loss of acidity 

(mainly as citric acid) in stored Arizona grapefruits 

following a small initial rise. The loss was greater than 

that which occurred with the grapefrui t remaining on the 

tree over the same period. 

Whi le studying the seasona 1 changes in 'Va lencia ' 

oranges, Rasmussen (1964) observed a sharp drop in c i tr ic 

and malic acids in both juice and peel following a freeze. 

The loss was more rapid than the previous season's decline 

without a freeze. In another paper, Rasmussen et al. (1966) 

studied the changes in citric and malic acids during fruit 

development at six different locations in the United States 

for 'Valencia' oranges. They attributed an early accumula-

tion of citric acid in the fruit to warm spring temperatures 

and rainfall in Weslaco, Texas, and delayed accumulation at 

Riverside, California to cool spring and low rainfall. The 

peak malic acid concentration was 6 to 12 weeks earlier than 

that for citric acid. Changes in the total water-soluble 

acids in the flesh followed the general trend for citric 

acid. From 85% to 90% of the H20-soluble acids consisted of 

citric, except when malic acid contributed a larger 
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proportion in young fruit pulp. Similarly, citric was shown 

to be the dominant acid in 'Marsh Seedless' grapefruit, 

followed by malic acid (Ting and Vines, 1966). In their 

case, citric acid concentration ranged from 50% of the total 

acids in very young fruits to over 90% at maturity. 

The literature lacks direct relationships between 

organic acid composition or intermediates of glycolysis and 

TCA to degreening and regreening of citrus fruit peels. 

However, Young and Biale (1962a; 1962b) showed that high 

carbon dioxide concentrations (5% and 10%) stimulated oxygen 

uptake and accelerated the utilization of sugars and acids 

in lemon fruits, whereas ch lorophyll degradation was 

delayed. The elevated CO2 level stimulated respiration by 

increasing the supply of oxaloacetic acid (Young and Biale, 

1968) . 

Inhibitors 

Inhibitors of Glycolysis 

Glycloysis is inhibited by AMP, ATP, citrate, iodo-

acetic acid, D-threose-2,4-diphosphate, phosphoenol 

pyruvate, and DL-glyceraldehyde (Mahler and Cordes, 1971; 

Turner and Turner, 1975). Both iodoacetic acid and 

DL-glyceraldehyde inhibit the glycolytic pathway of higher 

plants at the glyceraldehyde-3-phosphate dehydrogenase 

(Kelly and Gibbs, 1973a, 1973b; Duggleby and Dennis, 1974). 
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Inhibitors of the TCA 

Several compounds including malonic acid, fluorocit

rate, oxalacetate, azaserine, dinitrophenol, and cyanide 

have been reported to inhibit the TCA (Mahler and Corde s, 

1971). Malonic acid inhibits the activity of succinic dehy

drogenase blocking the cycle (Eloff, 1972) and fluorocitrate 

is a powerful inhibitor of aconitase (Treble, Lamport and 

Peters, 1962). Douce and Bonner (1972) demonstrated that 

oxalacetate penetrates mitochondrial preparation of potato 

(Solanum tuberosum) tubers and mung bean (Phaseolus aureus) 

hypocotyls and inhibits TCA oxidations. 



MATERIALS AND METHODS 

Plant Material 

Fruits of grapefruit (Citrus paradisi, Macf. cv. 

Marsh) and sweet orange (~ sinensis, L. Osbeck, cv. 

Valencia) were obtained initially from the University of 

Arizona Experimental Citrus 

la ter from a pr i vate citrus 

trees were fertilized twice 

Farm at Tempe, Arizona, and 

farm in the same area. The 

each year with 0.45 kg of 

anhydrous ammonia per tree in February and again in June. 

The trees were irrigated approximately every 3 weeks from 

mid-April to mid-September, every 4 weeks from mid-February 

to mid-Apri 1 and from mid-September to mid-November, and 

every 6 weeks from mid-November to mid-February. 

Upon arrival at the laboratories, fruits without 

bruises, blemishes or other defects were selected. Pericarp 

from fruit was cultured on medium within 2 to 6 days from 

the time the fruits were harvested. 

Culture of Peel and Fruit Treatment 

Fruit sterilization and culture procedures were 

carried out under a transfer hood to prevent microbial 

contamination. The fruits were first washed with tap water 

to remove dust. They were then surface sterilized by 

25 
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holding them for 10 min in 10% (w/v) sodium hypochlorite 

(NaOC1), and rinsed with sterile deionized distilled water. 

A wide section of the peel was cut from the equatorial 

region of the fru i t with a steri 1 e razor blade. These 

sections were held under sterile water while 1 cm diameter 

discs were cut out with a steri le cork borer. The water 

floated away toxic oils released from the cut edge of the 

epicarp, which would otherwise kill the tissue (Huff, 1983). 

The discs were randomly distributed in 1.80 x 1.50 

cm test tubes containing 10 ml of appropriate sterile 

medi-um, and left at room temperature (about 30 C) under 

continous fluorescent light (Sylvania Cool White) between 4 

and 12 w/m2 for 14 days. 

Composition of the Medium and 
Chemical Treatment 

Composition of the Medium 

The basal medium (B) was that of Huff (1983; see 

Appendix A)) revised from Murashige and Skoog (1962) and 

Murashige and Tucker (1969). This basal medium differs from 

that of Murashige and Tucker in that nitrogen, growth 

regulators, and sucrose were deleted to facilitate the 

purpose of this study, and agar was increased to 1.5% (w/v). 

Also, the fungicide benlate [methyl 1-(butylcarbamoyl)-2-

benz imidazole-carbamate] was added to the basa 1 medium to 

prevent fungal growth following sterilization (Oberbacker 
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and Brown, 1968; Vakis et al., 1970; Huff, 1983). The pH of 

all media was adjusted to 5.5 with 150 mM Mes [2-(N 

Morpholino) ethane sulphonic acid] and with a few drops of 

either O.lN KOH or O.lN HC1. 

Chemical Treatments 

Test chemicals were added to this basic medium, 

distributed into test tubes, and then autoclaved for 15 min 

at 115 C (240 F). When glutamine was used, it was filter 

sterilized and then mixed with autoclaved medium before 

distribution into culture tubes. 

For treatment with malonic acid, whole. fruits were 

initially dipped in solutions of malonic acid, using Triton 

X-100 as a wetting agent. However, dipping produced no 

effect on plastid metamorphosis. Then malonic acid was 

applied in the media, as with the other test chemicals. 

Determination of Chlorophyll 
Content in Peel Segments 

The relative chlorophyll content of peel segments 

was determined in situ initially and after 14 days on media, 

by measuring the difference in light absorption at 675 and 

735 nm (b.A675-735). A Bausch and Lomb model 340 spectro-

photometer fitted with an integrating sphere reflectometer 

was used (Huff, 1983). Each chlorophyll value represents 

the mean (b.A675-735) of 10 segments. 
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In degreening studies, absorbance va 1 ues were 

converted to nmol chlorophyll using a standard curve made by 

comparing chlorophyll extracted with dimethylformamide 

(Moran, 1982) from several segments with their mean 

b.A675-735· 

Measurement of the Diameter of 
the Peel Segments 

After the chlorophyll content was determined, the 

diameter of the 10 peel segments was measured with a No. 46 

Vernier Calipers. 

Measurement of CO2 Produced 
by Peel Segments 

Carbon dioxide produced by peel segments was 

measured via a model 865 infrared analyzer (Beckman). The 

analyzer was attached with a multimeter which records peak 

heights of injected CO2 in millivolts (mV). The flow rate 

of nitrogen, the carrier gas, was adjusted to 2.0 l/min. 

The instrument was calibrated using standard CO2 of 530 ppm, 

as described by Clegg, Sullivan, and Eastin (1978). 

The following relationship was establ ished between 

CO 2 concentration and the analyzerlmultimeter responses: 

CO 2 (ppm) = 18.33 mV - 22.21, (r = 0.9995) 

A 3-ml air sample was taken by a syringe initially 

from a 25-ml Erlenmeyer flask containing three segments, and 
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a second equal volume was taken after 10 minutes on days 1, 

7, and 14 from culture, in the dark and at 24'C. Twenty 

replicas were made for each treatment. 

After sampling the flask space was measured by 

displacement with water. Then the discs were blotted dry 

and we ighed. The change in CO 2 was calculated from the 

calibration equation and expressed in ~moles per gram fresh 

weight per hour by the following equation: 

~moles CO 2/g fresh wt/h = 

(~ ~l)( Ambient pressure) (Standard Temp. K) 
ppm ~ Standard Pressure Ambient Temp. K 

( moles ) (Volume ~)(Tim! fi) 
22.4~L* Weight 

(Volume L) (.-i..Q.....) 
Weight g 10 h 

= 0.207336 ~~~!~~ x~ppm ~~ x volume L 
~ L L weight g x Time h 

* 22.4 ~l = standard volume at standard tempera:'" 

ture and pressure. 



RESULTS 

Degreening 

The Effect of Sucrose and Nitrogenous 
Compounds on Degreening of Citrus P~el 
Segments under Light and Dark 

Sucrose, at 150 mM, promoted a loss of chlorophy~l, 

in C. paradisi peel segments, in the light and dark 

(Figure la). with C. sinensis, the high sucrose exhibited 

similar effects under both conditions of light and dark, but 

of lesser magnitudes (Figure lb). Nitrogen in the form of 

60 mM KN0 3 and glutamine reduced the loss of chlorophyll in 

the da-rk in either species (Figures la and lb). However, 

KN0 3 did not enhance chlorophyll accumullation in the light 

in either species, whereas glutamine promoted chlorophyll 

accumulation in C. paradisi in the light, but did not 

enhance chlorophyll accumulation in C. sinensis in the light 

(Figures la and lb). 

The Effects of Sugars Other than 
Sucrose on Degreening of Citrus 
Peel Segments in vitro 

The effects of several hexoses and pentoses on 

degreening of C. paradisi peel segments are compared with 

the effect of 150 mM sucrose on degreening (Table 1 and 

Figure 2). The common hexoses glucose and fructose applied 

30 
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Figure 1. Loss in chlorophyll during degreening of citrus 
peel segments cultured under light and dark. 

Mature green peel segments were cultured 14 days 
under continuous fluorescent light or in darkness 
on agar medium a with 150 mm sucrose (a150) and 
on similar media with 60 mM of either KN0 3 or 
glutamine. Vertical bars represent stanaard 
error of the mean. (a) C. paradisi; and (b) £. 
sinensis. 
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Table 1. The effect of reducing sugars on degreening of ~. 
paradisi peel segments in vitro. 

Mature green peel segments were cultured 14 days 
under continuous fluorescent 1 ight on B medium 
plus the appropriate sugar concentration. 

Addition to 
B Medium 

z y x Chlorophyll ~Chlorophyll %6Chlorophyll 

(mM) (nmol/ (nmol/ ( % of 150 mM 
segment) segment) sucrose) 

Initial 3.12aw 

150 mM sucrose 1. 24b -1.88b -100 

300 mM glucose 1.36b -1.76b -94 

300 mM fructose 0.07c -3.05c -162 

z Each chlorophyll value represents the mean of 10 segments. 

y~Chlorophyll = 
chlorophyll after 14 days - initial chlorophyll) 

x%6Chlorophyll = 

w 

(Chlorophyll after 14 days - initial chlorophyll) x 100 
~ Chlorophyll of 150 mM sucrose 

Means followed by the same letter(s) are not signifi-
cantly different according to LSD at the 5% level. 
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Figure 2. The effect of hexoses and pentoses at low (15 mM) or high (150 and 
300 mM) levels on degreening of ~. paradisi peel segments. 

Mature green peel segments were cultured 14 days under continuous 
fluorescent light on B medium together with the appropriate hexose or 
pentose concentration. Each point represents the mean chlorophyll of 
10 segments. Vertical bar represents LSD at the 5% level.' w 
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at 300 mM each, in B media, had enhanced degreening similar 

to or grea ter than 150 mM sucrose. The enhancement of 

degreening caused by glucose was equivalent to that attained 

by 150 mM sucrose and that achieved by fructose was even 

greater than that of sucrose (Table 1). 

other hexoses tested were galactose and mannose. As 

wi th sucrose, galactose and mannose at low concentrations 

(15 mM), in B media, promoted regreening. At higher 

concentrati0ns (150 and 300 mM) these latter sugars also 

inhibited regreening, but were generally less effective than 

150 mM sucrose (Figure 2). After 14 days under continuous 

fluorescent light, segments receiving 15 mM galactose or 

mannose accumulated enough chlorophyll to nearly double 

their initial chlorophyll values. 

Similarly, the pentoses xylose and ribose inhibited 

regreening at higher (150 and 300 mM) concentrations and pro

moted regreening at low (15 mM) concentrations (Figure 2). 

Hence, both hexoses and pentoses affected the 

reversible degreening and regreening of citrus peel segments 

simi lar to that of sucrose with gl ucose and fructose more 

effective than the other sugars. 

The Effects of Glycolytic and TCA 
Intermediates on Degreening of 
Citrus Peel Segments 

The effect of the glycolytic pyruvate and the TCA 

intermediates citrate and succinate on chlorophyll loss of 
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C. paradisi peel segments is shown in Table 2. Degreening 

of peel segments on 100 mM pyruvate was only 28% of that of 

peel segments kept on similar media with 150 mM sucrose and 

flavedo lost only 0.52 nmol of their initially high (3.12 

nmol) chlorophyll. 

Of the TCA intermediates, citrate caused the most 

degreen ing (Tab Ie 2). Pee 1 segments kept 14 days on B 

medium with 50 mM citrate lost 3.05 nmol chlorophyll, and 

the loss in chlorophyll amounted to 162% of that lost on B 

medium with 150 mM sucrose. 

Loss of chlorophyll on media with 

concentrations (25 and 50 mM) was slight, 

low succinate 

but at 100 mM 

succinate enhanced degreening compared to 150 mM sucrose 

(Ta.ble 2). Peel segments kept 14 days under continuous 

fluorescent light on B media with 25 and 50 mM succinate 

lost only 0.63 and 0.29 nmol chlorophyll of their initial 

chlorophyll value, respectively. These losses were 34% and 

15% of that caused by 150 mM sucrose, respectively. When 

the level of succinate was raised to 100 mM, chlorophyll 

loss appeared to be promoted and flavedoes lost 1.42 nmol 

chlorophyll of their starting chlrophyll content which 

accounted for 76% of that on the medium with 150 rnM sucrose 

(Table 2). 
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Table 2. The effect of glucolytic and TCA intermediates on 
degreening of f. paradisi peel segments. 

Mature green peel segments were cultured 14 days 
on agar B medium and the appropriate intermediate 
concentration under continuous fluorescent light. 

Addition to 
B Medium 

ChlorophyllZ ~ChlorophyllY %~ChlorophyllX 

------------------------------------------------------------
(mM) (nmol/ (nmol/ ( % of 150 mM 

segment) segment) sucrose) 

Initial 3.12a w 

150 mM sucrose 1. 24c -1.88c -100 

100 mM pyruvate 2.60b -0.52b -28 

50 mM citrate 0.07d :-3.05d -162 

25 mM succinate 2.49b -0.63b -34 

50 mM succinate 2.83b -0.29b -15 

100 mM succinate 1.70c -1.42c -76 

Z Each chlorophyll value represents the mean of 10 segments. 

y~Chlorophyll = 
(chlorophyll after 14 days - initial chlorophyll) 

X%~Chlorophyll = 
(chloroEQyll after 14 days - initial chlorophyll) x 100 

~ Chlorophyll of 150 roM sucrose 

w Means followed by the same letter(s) are not signifi
cantly different according to LSD at the 5% level. 



Regreening 

Interaction of Various Levels of Sucrose 
and Nitrogen on in vitro Regreening 
of Citrus Peel Segments 

37 

The interaction of sucrose and potassium nitrate 

(KN0 3 ) on regreening of C. paradisi peel segments is shown 

in Figure 3. Nitrate in B medium and in the absence of 

sucrose enhanced chlorophyll accumulation up to about 30 mM 

Sucrose concentrations greater than 75 mM inhibited 

regreening. However, at zero KN0 3 concentration, the lowest 

sucrose concentration (15 mM) significantly promoted regreen-

ing, which indicates that at least some sucrose is required 

for chlorophyll synthesis. When 15 mM sucrose was combined 

with only 5 mM KN0 3 , it caused the most regreening of fla

vedo tissue, and regreening was as great as that exhibited 

by the higher concentrations of KN0 3 without sucrose. 

However, an earlier experiment showed that regreen-

ing, in the absence of KN0 3 , was the same at 15 mM sucrose 

as with 150 mM sucrose (Figure 4). When low concentrations 

(0.5 to 10 mM) of KN0
3 

were included in media with 15 mM 

sucrose peel segments significantly regreened compared to 

segments kept on similar media with 150 mM sucrose. Sucrose 

at high concentration (150 mM), in the presence of high KN0 3 

concentration (60 mM), resulted in the most accumulation of 

chlorophyll, whereas low sucrose concentration (15 mM) with 

the high KN0 3 concentration maintained a high level of 
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(Figure 4). 

accumulation although at 

The Effect of Reducing Sugars, Potassium 
Bicarbonate, and Ethanol on Regreening 
of Citrus Peel Segments 

40 

a lower level 

Control medium of 150 mM sucrose did not enhance 

regreening al though flavedoes acquired a ten-fold increase 

to their initial chlorophyll value (Table 3). The effects 

of 300 mM glucose and fructose on regreening was similar to 

that of 150 mM sucrose and there were no significant 

differences. 

Ethanol and potassium bicarbonate were used in media 

as an alternate source of carbon to test their effects on 

regreening of flavedo tissues (Table 3). The regreening 

effect of ethanol at 300 mM was significantly higher than 

that effected by either 150 mM sucrose or 300 mM glucose, 

and peel segments cultured on ethanol accumulated twice as 

much chlorophyll as that accumulated by segments cultured on 

sucrose. However, the ethanol effect was not significantly 

different than that of fructose. On the other hand, 

potassium bicarbonate affected the most regreening, and peel 

segments accumulated 0.21 chlorophyll units which was 

significantly higher compared to that exhibited by both 

sucrose or the reducing sugars (Table 3). The effects of 

potassium bicarbonate and ethanol are similar and they 
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Table 3. The effect of reducing sugars, potassium bicarbon
ate, and ethanol onregreening of C. paradisi peel 
segments. 

Yellow peel segments were cultured 14 days under 
continuous fluorescent light on agar B medium plus 
the appropriate sugar or carbon source 
concentration. 

Addition to B Medium ChlorophyllZ 

(mM) U~A675-735 ) 

Initial O.OldY 

150 mM sucrose O.lOc 

300 mM glucose 0.13c 

300 mM fructose 0.14bc 

300 mM ethanol 0.19ab 

300 mM potassium bicarbonate 0.21a 

Z Each chlorophyll value represents the mean of 10 segments. 

YMeans followed by the same letter(s) are not signifi
cantly different according to LSD at the 5%'level. 
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generally inhibited regreening less than high concentra-

tions of sucrose or reducing sugars. 

However, acetate at 50 mM and greater concentrations 

was lethal and bleached the tissue, and therefore no results 

were reported. 

The Effect of Intermediates 
of Glycolysis on Regreening 
of Citrus Peel Segments 

Peel segments kept 14 days under continuous 

fluorescent light on control medium of BN15 (B with 5 mM 

KN0 3 and 15 mM sucrose) gained a considerable amount of 

chlorophyll compared to their initial chlorophyll value 

(Table 4). pyruvate at a concentration of 75 mM in the 

control medium appeared to sl ightl y increase the level of 

chlorophyll over that of the control and cultured peel 

segments gained a net chlorophyll of 0.22 units. The effect 

of pyruvate at the lowest concentration (50 mM) tested on 

regreening was similar to that of the control. Likewise, 

peel segments cultured on control medium with the highest 

pyruvate level (100 mM) exhibited some regreening but to a 

lesser degree compared to that of segments cultured on 

control medium alone. Thus, 100 mM pyruvate allowed 11% 

less regreening to that of the control (Table 4). 

Therefore, the glycolytic intermediate pyruvate had 

no effect on regreening. 
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Table 4. The effect of pyruvate on regreening of c. 
paradisi peel segments. 

Yellow peel segments were cultured 14 days under 
continuous fluoresent light on agar medium B with 
15 mM sucrose and 5 mM KN0

3 
(BN15) and the 

appropriate pyruvate concentration. 

Addition to BN15 ChlorophyllZ~chlorophyllY %~ChlorophyllyX 

(mM) (~A675-735) (~~A675-735) (% of BN15) 

Initial O.Olcw 

None 0.19ab 0.18ab 100 

Pyruvate, 50 mM 0.19ab 0.18ab 100 

Pyruvate, 75 mM 0.23a 0.22a 122 

Pyruvate, 100 mM 0.17b 0.16b 89 

Z Each chlorophyll value represents the mean of 10 segments. 

y~Chlorophyll = 

x 

w 

(chlorophyll after 14 days - initial chlorophyll) 

%~Chlorophyll = 
(chlorophyll after 14 days - initial chlorophyll) x 100 

~ chlorophyll of BNlS 

Means followed by the same letter(s) are not significantly 
different according to LSD at the 5% level. 



Inhibition of Regreening of Citrus 
Peel Segments by TCA Intermediates 
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Peel segments significantly regreened on control 

medium of BN15 (B with 5 mM KN0 3 and 15 mM sucrose) compared 

to similar medium with higher sucrose levels and accumulated 

0.22 units of chlorophyll with a net gain of 0.20 units of 

chlorophyll (Table 5). When the concentration of sucrose 

was raised to 50 mM, regreening of peel segments was reduced 

by 15% of the control, and at 150 mM sucrose chlorophyll 

accumulation was significantly inhibited by 40% compared to 

the control (Table 5). 

Citrate and malate at 50 mM significantly suppressed 

regreening compared to sucrose at all levels and the other 

TCA intermediates (Table 5). Peel segments cultured 14 days 

on media with 50 mM citrate remained yellow (0.05 chloro-

phyll units) and accumulated the least chlorophyll (0.03 

units) and regreened only 15% as much as the control medium 

of BN15. Malite also inhibited regreening of peel segments 

and allowed chlorophyll accumulation up to only 30% of that 

of the control and the peel segments accumulated only 0.06 

units of chlorophyll, which is significantly lower than that 

accumulated by segments kept on control medium (Table 5). 

Peel segments kept on BN medium with 50 mM 

Ct -ketoglutarate accumulated 0.08 units of chlorophyll and 

regreened about 40% that of the control (Table 5). Of the 

TCA intermediates tested succinate caused the least 
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Table 5. The effect of TCA intermediates on regreening of 
£. paradisi peel segments. 

Peel segments from yellow fruits were kept 14 days 
under continuous fluorescent light on B medium 
with 5 mM KN0 3 (BN) together with appropriate 
treatment. 

Addition to 
BN Medium 

ChlorophyllZ ~ChlorophyllY %~ChlorophyllX 

(mM) (~A675-735) (~~A675-735) (% of BN15) 

Initial 0.02ew 

Sucrose, 15 mM 0.22a 0.20a 100 

Sucrose, 50 mM 0.19b 0.17b 85 

Sucrose, 150 mM 0.14c 0.12c 60 

Citrate, 50 mM 0.05e 0.03e 15 

a-kefoglutarate, 50 mM O.lOd 0.08d 40 

Succinate, 50 mM 0.17bc 0.15bc 75 

Malate, 50 mM 0.08de 0.06de 30 

Z Each chlorophyll value represents the mean of 10 segments. 

y~Chlorophyll = 
(chlorophyll after 14 days - initial chlorophyll) 

x%~Chlorophyll = 

w 

(chlorophyll after 14 days - initial chlorophyll) x 100 
~ chlorophyll of BNl5 

Means followed by the same letter(s) are not significantly 
different according to LSD at the 5% level. 
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inhibition of regreening. Table 5 shows that peel segments 

remaining 14 days on BN medium plus 50 mM succinate 

accumulated 0.17 units of chlorophyll, which was comparable 

to the chlorophyll gained on either of the higher (50 and 

150 mM) sucrose concentrations. 

Thus, of all the TCA intermediates tested, citrate 

and malate achieved the most inhibition of regreening of 

cultured peel segments. 

The Effects of Glycolytic 
Inhibitors on Regreening 
of Citrus Peel Segments 

Sucrose at 300 mM in BN medium significantly reduced 

the accumulation of chlorophyll to only 0.12 units compared 

to that accumulated by segments on similar medium with only 

15 mM sucrose (Table 6). 

The glycolytic inhibitor iodoacetic acid at 1 mM in 

BN medium counteracted the regreening effect of low (15 mM) 

sucrose and significantly reduced the level of chlorophyll 

of peel segments compared to that of peel segments kept on 

control medium of BN with low sucrose and without the 

inhibitor (Table 6). Peel segments cultured on BN medium 

with high sucrose (300 mM) and 1 mM iodoacetic acid 

accumulated a significantly higher chlorophyll value as 

compared to segments cultured on similar media without the 

inhibitor (Table 6). This may also indicate'that iodoacetic 
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The effect of inhibitors of glycolysis on 
regreening of f. paradisi peel segments. 

Peel segments were kept 14 days under continuous 
fluorescent light on BN (B + 5 mM KN0 3 ) medium 
with low (15 mM) or high (300 mM) sucrose. 

ChlorophyllZ 

Addition to BN Medium Low Sucrose High Sucrose 

(mM) 

Initial 

None 

Iodoacetic acid, 1 mM 

DL-glyceraldehyde, 50 mM 

0.2la 

O.lBb 

0.13c 

(b.AG75-735) 

O.OldY 

0.12c 

O.lGb 

0.12c 

ZEach chlorophyll value represents the mean of 10 segments. 

YMeans followed by the same letter are not significantly 
different according to LSD at the 5% level. 
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acid counteracted the inhibition on regreening usually 

brought about by high sucrose in media. 

Table 6 also shows that DL-glyceraldehyde at 50 mM 

significantly suppressed regreening of peel segments 

cultured on BN media with 15 mM sucrose as compared to the 

regreening of peel segments cultured on similar media with 

15 mM sucrose only. Yet, DL-glyceraldehyde in BN medium did 

not counteract the inhibitory effect of high (300 mM) 

sucrose on regreening. 

Malonic Acid Inhibition of 
Regreening of Citrus Peel 
Segments in vitro 

Dipping whole fruits in solutions of malonic acid 

did not inhibit chlorophyll accumulation. Peel segments 

from whole fruits that had been dipped in solutions of up to 

50 mM malonic acid accumulated as much chlorophyll as peel 

segments from fruits that had been dipped in solutions 

without malonic acid (Table 7). 

In contrast, when malonic acid was incorporated in 

medium, it strongly prevented regreening (Table 7). Peel 

segments kept 14 days under continuous fluorescent light on 

BN15 medium with 5 mM malonic acid accumulated only 16% as 

much chlorophyll as control segments cultured on BN15 

medium. This increase in chlorophyll was not significantly 

different than initial chlorophyll, but was significantly 

less than that accumulated by peel seguemts kept on control 
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Table 7. Effect of malonic acid on regreening of C. 
paradisi peel segments. 

Whole yellow fruits were dipped in solutions of 
malonic acid. Peel segments from treated fruits 
were cultured 14 days under continuous fluorescent 
light on B medium with 5 mM KNO] and 15 mM sucrose 
(BN15). Malonic acid was also Lncluded in similar 
media upon which pee 1 segments were cu 1 tured and 
kept under the same con~itions. 

Treatment z Chlorophyll 

(mM) 

Initial 

None (control) 

Malonic acid, 5 

Malonic acid, 25 

Malonic acid, 50 

Sucrose, 50 mM 

Sucrose, 150 mM 

mM 

mM 

mM 

Fruit Treated Prior 
to Culture on 

BN15 Medium 

Treatment Included 
as Addition to 

BN15 Medium 

(/),A675-735) 

O.OldY 

0.16b 0.19ab 

O.llc 0.03d 

0.19ab x 

0.16b 

0.2la 

0.16b 

z Each chlorophyll represents the mean of 10 segments. 

YMeans followed by the same letter(s) are not signifi
cantly different according to LSD at the 5% level. 

x Segments were dead after 2 days on medium. 
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medium. On control medium, there was a twenty-fold increase 

in the chlorophyll of cultured peel segments. This 

twenty-fold increase in chlorophyll was comparable to 

ch lorophyll va 1 ues ach ieved by segments cu 1 tured on BN15 

medium with either 50 or 150 mM sucrose (Table 7). 

However, when malonic acid concentration was raised 

to 25 mM or greater in media peel segments died after 2 days 

from culture. 

Therefore, the effect of malonic acid on regreening 

of C. paradisi peel segments was further studied by 

including low levels of malonic acid in media to avoid its 

lethal effects. Malonic acid at concentrations of 4 mM and 

lower in BN medium (B with 5 mM KN0 3 ) inhibited regreening 

of cultured peel segments (Table 8). Thus, malonic acid at 

1, 2, or 3 mM in media suppressed regreening and peel 

segments accumulated 0.14, 0.10, and 0.12 chlorophyll units, 

respectively. These chlorophyll values were not signifi

cantly different from chlorophyll value of 0.11 units 

accumulated by peel segments kept on 150 mM sucrose 

(Table 8). Table 8 also shows that the higher malonic acid 

concentrations (2 mM and above) significantly inhibited 

chlorophyll synthesis as compared to that of control medium 

of BN with 15 mM sucrose, and peel segments kept on medium 

with the highest (4 mM) malonic acid concentration 

accumulated only 0.06 units of chlorophyll, which was less 
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Table B. Malonic acid inhibition of regreening of C. 
paradisi. 

Peel segments were cultured on B medium with 5 mM 
KN0 3 (BN) plus the appropriate malonic acid, for 
14 aays under continuous fluorescent light. 

Addition to BN Medium Z Chlorophyll 

(mM) (~A675-735) 

Initial 0.02eY 

Sucrose, 15 mM 0.16a 

Sucrose, 150 mM O.llbc 

Malonic acid, 1 mM 0.14ab 

Malonic acid, 2 mM O.lOed 

Malonic acid, 3 mM 0.12bc 

Malonic acid, 4 mM O.OBd 

ZChlorophyll value represents the mean of 10 segments. 

YMeans followed by the same letter(s) are not signifi
cantly different according to LSD at the 5% level 



52 

than half the chlorophyll accumulated by peel segments kept 

on control medium. 

Therefore, malonic acid, at low concentrations, 

appeared to have a profound effect in inhibiting regreening 

of cultural peel segments without exhibiting lethal effects. 

Interaction of Malonic Acid and 
Nitrogen on Regreening of Citrus 
Peel Segments in vitro 

Since glutamine overcame the high sucrose effects on 

regreening of citrus peel segments (Figures la and lb), its 

effects on malonic acid inhibition of regreening was also 

investigated (Table 9). Flavedo tissues accumulated 0.23 

units of chlorophyll when cultured on control medium of 5 mM 

glutamine in B15 (B with 15 mM sucrose). When malonic acid 

at 5, 7, and 10 mM was included with 5 mM glutamine, 

regreening was inhibited and the regreening effect of 

glutamine was significantly lowered (Table 9). Likewise, 10 

mM malonic acid strongly diminished the regreening effect of 

low (5 mM) concentration of KN0
3 

in B15 medium, and peel 

segments degreened instead and accumulated chlorophyll units 

( 0 .03 ) comparable to their initial chlorophyll value 

(Table 9). 

However, when 60 mM glutamine was used with malonic 

acid, it counteracted the inhibitory effect of malonic acid. 

Thus, peel segments accumulated 0.18, 0.19, and 0.22 units 

of chlorophyll when 5, 7, and 10 mM of malonic acid, 
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Table 9. Interaction of malonic acid and nitrogen on 
regreening of £. paradisi peel segments. 

Yellow peel segments were cultured 14 days under 
continuous fluorescent light on B medium with 15 
mM sucrose (B15) and the indicated amounts of 
nitrogenous compounds and that of malonic acid. 

Addition to B15 Medium z Chlorophyll 

(mM) 

Initial 0.05dY 

5 mM glutamine 0.23a 

5 mM glutamine, 5 mM malonic acid O.llc 

5 mM glutamine, 7 mM malonic acid 0.09c 

5 mM glutamine, 10 mM malonic acid O.lOc 

60 mM glutamine, 5 mM malonic acid 0.18b 

60 mM glutamine, 7 mM malonic acid 0.19b 

60 mM glutamine, 10 mM malonic acid 0.22ab 

5 mM KN0 3 , 10 mM malonic acid 0.03d 

z Each chlorophyll value represents the mean of 10 segments. 

YMeans followed by the same letter(s) are not signifi
cantly different according to LSD at the 5% level. 
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respectively, were included with 60 mM glutamine in media 

(Table 9). These chlorophyll values were not significantly 

different, but they were significantly higher than those 

values obtained on media with similar malonic acid levels 

and low glutamine concentration (Table 9). 

Hence, malonic acid counteracted regreening at 5 mM 

glutamine, but it did not inhibit regreening on 60 mM 

glutamine concentration. 

The Effect of Malonic Acid on 
Respiration of Citrus Peel Segments 

The ef fect of rna 1 onic ac id on respirat ion of C. 

paradisi peel segments was investigated in combination with 

5 mM KN0 3 and glutamine. Carbon dioxide production by peel 

segments treated with 5 mM KN0
3 

in B 15 medium (B + 15 mM 

sucrose) started at a low rate of 3.00 ~mol/g fresh wt/h on 

the first day, then significantly rose to 7.34 ~mol/g fresh 

wt/h on the seventh day and finally dropped to below 2.00 

~mol/g fresh wt/h on the fourteenth day after culture 

(Figure 5). Tissues treated with 10 mM malonic acid in 

combination with 5 mM KN0 3 exhibited an overall respiratory 

trend simi lar to that of segments on 5 mM KN0 3 wi thout 

malonic acid (Figure 5). There was no significant 

difference between the rate of respiration of peel segments 

cultured on malonic acid with KN0 3 or on KN0 3 alone. 

However, the rate of CO2 production was considerably 
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Figure 5. Effect of malonic acid on the rate of respiration 
of ~. paradisi peel segments. 

Yellow peel segments were cultured 14 days under 
con'tinuous fluorescent light on agar medium B 
with 15 mM sucrose and the indicated amounts of 
added substances. Each point represents the mean 
CO 2 produced by 21-24 segments. Vertical bar 
represents LSD at the 5% level. 
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elevated on the seventh day of cul ture when peel segments 

were kept on both treatments. 

Likewise, malonic acid did not inhibit 

production of peel segments when used in combination with 

glutamine. The rate of respiration of segments treated with 

- glutamine with or without malonic acid was significantly 

lower than that of segments receiving KN0 3 with or without 

malonic acid, although respiration was greater the first day 

after culture (Figure 5). 

Chlorophyll synthesis by the peel segments was also 

determined on the fourteenth day after the measurement of 

CO 2 was made. When malonic acid was included with KN0 3 or 

glutamine in media, it significantly inhibited regreening 

(Table 10). Peel segments cultured on media with 5 mM KN0 3 

accumulated 0.26 chlorophyll units, but inclusion of 10 mM 

malonic acid with nitrate resulted in only 0.11 units of 

chlorophyll. Simi 1 arl y, 5 mM g 1 u tamine raised ch lorophyll 

to 0.28 units of chlorophyll, but 10 mM malonic acid with 

glutamine counteracted the regreening effect of glutamine 

and allowed a chlorophyll synthesis of 0.13 units only 

(Table 10). 

Therefore, malonic acid inhibited the regreening of 

peel segments, but had no inhibitory effect on respiration. 
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Table 10. Inhibition of chlorophyll synthesis during 
regreening of f. E9radisi by malonic acid in the 
presence and absence of nitrogenous compounds. 

Addition to B1S z Medium Chlorophyll Y 

(mM) (b.A675-735) 

Initial O.Olc x 

S mM KN0
3 

0.26a 

S mM KN0
3 + 10 mM malonic acid O.llb 

5 mM glutamine 0.28a 

5 mM glutamine + 10 mM malonic acid 0.13b 

ZB15 = B + 15 mM sucrose 

YEach chlorophyll value represents the mean of 21-24 
segments after 14 days. 

xMeans followed by the same letter are not significantly 
different according to LSD at the 5% level. 



DISCUSSION 

These studies were performed to identify the 

specific constituent(s) of carbohydrate metabolism which 

regulated chlorophyll accumulation when sucrose at low (15 

mM) and high (150 and 300 mM) concentrations was applied to 

citrus peel segments in vitro. It is hypothesized that the 

inhibi tion of regreening and promotion of degreening 

exhibited by low and high levels of sucrose, respectively, 

is through the metabolism of sucrose in the TCA; and that 

citrate is the substance controlling the process of 

regreening and degreening. The work was also conducted to 

determine quantitatively the interaction between selected 

carbohydrates and nitrogen compounds in controlling the 

process of color reversion in citrus fruit peels. 

Interaction between Sucrose and 
Selected Nitrogen Compounds on 

Regreening and Degreening 

Yellow c. paradisi (Macf. cv. Marsh) peel segments 

regreened to varying levels when cultured on media contain-

ing combinations of different concentrations of sucrose and 

KN ° 3 ( Fig. 3 ) . Regreening was enhanced by increasing 

concen tra tions of KN0
3

, in the absence of high (75 mM and 

above) concentrations of sucrose, and at 15 mM sucrose. The 

58 
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study also showed that at least some exogenous sugar (15 mM 

sucrose) was needed for regreening to take place in the 

absence of nitrogen (F iqure 3). In fact, at low nitrate 

levels, regreening achieved by inclusion of the low sucrose 

concentration in culture media was as great as that achieved 

by higher concentrations of KN0
3 , in culture media, without 

sucrose. The importance of sugars in the process of inhibit

ing regreening of cultured peel segments is evident as high 

levels of sucrose (greater than 75 mM) inhibited regreening 

in the absence of nitrate 

regreening effect of the 

and 

higher 

markedly 

KN0 3 

reduced the 

concentrations 

(Figure 3). The results shown in Figure 3 confirm those of 

Huff (1983), where yellow peel segments regreened when kept 

on media containing nitrogen with low (15 mM) sucrose 

concentrations, but contradict results that showed greater 

regreening of peel segments in media having high KN0 3 (60 

mM) and sucrose (150 mM) concentrations. Yet, qualitatively 

both results are similar. However, earlier experiments 

showed that high sucrose (150 mM) concentrations, in the 

presence of high KN0 3 (60 mM) concentration, resulted in the 

most accumulation of chlorophyll in the peel segments 

(Figure 4), which is in agreement with that reported by Huff 

(1983). The difference in regreening at high sucrose and 

nitrogen concentrations reported in Figures 3 and 4 could be 

due to higher nitrogen fertilization of trees in the latter 
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case, as nitrogen fertilization enhanced regreening (Jones 

and Embelton, 1959). 

Inhibition of chlorophyll synthesis by sucrose in 

cultured carrot roots (Edelman and Hanson, 1971a) was 

attributed to reduced number of chloroplasts and fewer 

thylakoids, and in cultured spinach leaves (Dalton and 

Street, 1977) was attributed to inhibited photosynthetic 

activity. Also, sucrose may inhibit the synthesis of ALA 

resulting in inhibition of chlorophyll synthesis (Pamplin 

and Chapman, 1975, Beale, 1978; Castelfranco and Beale, 

1983). The inhibition of regreening of peel segments 

affected by high sucrose concentrations in this study may be 

through these mechanisms or via a reduction in carotenoids 

and an increase in ch lorophyll leve 1 s (EI-Zeftawi , 1977). 

High sucrose may also activate a specific inhibitor of 

chlorophyll synthesis or a promoter of chlorophyll and 

chloroplast degradation. 

However, the regreening effect exhibited by low 

sucrose concentration (15 mM) could be that sucrose at such 

levels is required, in media, as a source of energy for 

chlorophyll synthesis. 

The regreening effect of KN0 3 , reported here, might 

be a resu 1 t of increased inf lux of ni trogen into the peel 

segments and a reduced accumulation of sugars. Huff (1983) 

showed that nitrate in the media reduced endogenous sugar 
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accumulation, but increased endogenous amino acids accumula-

tion. In field trials, regreening of whole fruits was 

enhanced by nitrogen fertilization (Jones et al., 1945; 

Jones and Embleton, 1959). Also, when nitrogen fertiliza-

tion was stopped from citrus trees, regreening of peel 

segments cultured on media lacking nitrogen was reduced, but 

addition of 60 mM KN0 3 in media restored the regreening 

effect of nitrogen (Huff, 1984). The effect of nitrate, 

exhibi ted here, could be via further reduction of nitrate 

and that reduced nitrogen in the form of amino acids might 

then be the factor promoting regreening. 

Assuming that chlorophyll synthesis does not occur 

in the dark, differences between chlor?phyll levels in peel 

segments after 14 days in the dark and initial chlorophyll 

content are assigned to degradation of chlorophyll. Also, 

assuming that under 1 ight there can be both synthesis and 

degradation of chlorophyll due to photo-oxidation, 

differences between chlorophyll levels in peel segments 

after 14 days in the light and initial chlorophyll content 

are assigned to synthesis and degradation. Therefore, 

differences between changes of chlorophyll in light and dark 

are estimates of net chlorophyll synthesis. Us ing these 

assumptions and making the calculations in Table 11 from 

data on Figure 1, it appears that at high sucrose concentra

tions (150 mm) without nitrogen, there was no chlorophyll 
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Table 11. Change in chlorophyll in C. paradisi and C. 
sinensis peel segments kept in light and dark. 

Mature green peel segments were cultured 14 d 
under continuous fluorescent light or in darkness 
on agar medium B with 150 mM sucrose (B150) and 
on B150 with 60 mM KN0 3 or glutamine. Calcula
tions based on chlorophyll values of Figure 1. 

Addition to B150 

Change in Chlorophyll 

~LightZ 
(Synthesis + 
Degradation) 

~DarkY ~(Light-Dark)x 
(Degradation) (Synthesis) 

(mM) (nmol/segment) 

(a) C. paradisi 

o -3.4 + 0.25 w -3.2 + 0.25 -0.2 + 0.35 

60 mM KN0 3 0.5 + 0.14 -0.4 + 0.01 0.9 + 0.14 

60 mM Glutamine 2.1 + 0.01 -0.4 + 0.01 2.5 + 0.01 

(b) C. sinensis 

o -1.6 + 0.55 -1.5 + 0.35 -0.1 + 0.65 

60 mM KN0 3 -0.8 + 0.35 -1.4 + 0.52 0.6 + 0.63 

60 mM Glutamine -0.6 + 0.47 -0.4 + 0.58 -0.2 + 1.75 

ZChlorophyll accumulated after 14 d by peel segments in the 
light--initial chlorophyll 

YChlorophyll accumulated after 14 d by peel segments in the 
dark--initial chlorophyll 

X~Light - ~Dark 

w + Standard error of the mean. 
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synthesis in the light, but greater loss of chlorophyll in 

the dark, resulting in no gain in net chlorophyll synthesis, 

whereas similar media with high concentrations (60 mM) of 

KN0 3 produced slight increase in ch lorophyll synthes i s in 

the light, inhibited chlorophyll degradation in the dark, 

and increased the net gain in chlorophyll synthesis of 

cultured green peel segments of ~. paradisi (Table lla and 

Figure la). Simi lar media with ni trogen in the form of 

glutamine also inhibited chlorophyll degradation in the dark 

and significantly increased chlorophyl synthesis in the 

light, resulting in net gain in chlorophyll synthesis of ~. 

paradisi peel segments compared to sucrose with or without 

KN ° 3 ( Tab 1 ell a and Fig u r e 1 a ) . In ~. sinensis, the above 

treatments produced a similar trend and exhibited little 

effect on chlorophyll synthesis and degradation in light and 

dark, respectively, and produced no gain in net chlorophyll 

synthesis (Table llb and Figure lb). Under the same 

conditions of light and dark, Huff (1984) obtained similar 

results in C. sinensis with sucrose and nitrogen in the form 

of proline. 

Therefore, the importance of sucrose over nitrogen 

in degreening is also evident in that sucrose promotes the 

transformation of chloroplasts to chromoplasts, whereas 

nitrogen appears to have a more protective role stabilizing 
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chloroplast forms, but not promoting chloroplast formation 

from chromoplasts. 

The effect of sucrose on degreening and regreeninq 

could be sugar soecific or a general carbohydrate effect. 

Hence, a distinction amonq suqars needs to be determined. 

For example, sucrose suopl ied in media may be hydrol vzed 

into glucose and fructose before affectinq deqreening and 

regreeninq. 

The Effects of Selected Hexoses and Pentoses --------------------------------

Hexoses such as glucose, fructose, ga 1 actose , and 

mannose exhibited effects similar to those of sucrose on 

degreening and regreening in that at high concentrations, 

they promoted loss of chlorophyll (Table 1 and Figure 2). 

The pentoses xylose and ribose also inhibi ted chlorophyll 

accumulation similar to that of sucrose but of lesser 

magnitude so that there was a net loss of chlorophyll only 

at the highest concentrations (Figure 2). Also, glucose and 

fructose suppressed chlorophyll synthesis in cultured yellow 

peel segments, and both inhibited reqreening similar to that 

of sucrose (Table 3). In cultured plant tissues, conflict-

ing results were reported. Hiqh concentrations (183 mM and 

above) of reducing sugars inhibited chlorophyll synthesis in 

cultured spinach cells (Dalton and Street, 1977), whereas 

qlucose and fructose applied either singly or together did 

not inhibit chlorophyll synthesis in cultured carrot root 
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tissues (Edelman and Hanson, 1971a). In Euglena, Harris and 

Kirk (1969) obtained N-reversible repression of chlorophyll 

synthesis with glucose and fructose and concluded that the 

repression is a function of the C/N ratio rather than a 

specific metabolic effect of the carbon source. 

The effect of various sugars tested here could 

either be direct or via a metabolite in the glycolytic or 

tricarboxylic acid pathways. However, the first hypothesis 

seems unlikely because most of the sugars tested exhibited a 

similar effect, i.e., both hexoses and pentoses inhibited 

chlorophyll accumulation. Therefore, the reversible inter

conversion of chloroplasts and chromoplasts is probably not 

sugar specific. However, the accumulation of reducing 

sugars could be a pre-condition for color break in citrus 

that takes place during winter. Ting and Deszyck (1961) 

reported an accumulation of sucrose in the peel of 

grapefrui t and a s imu 1 taneous decrease in tota 1 reducing 

sugars from August to November, in Florida. This trend is 

then reversed, showing a decrease in sucrose with increase 

in reducing and total sugars from November through January. 

Also, the hydrolysis of alcohol-insoluble solids (pectins, 

hemice 11 uloses, and ce 11 uloses) of orange pee 1 into a pool 

of monosaccharides 1 ike glucose, galactose, arabinose, and 

xylose (Ting and Deszyck, 1961) coincides with ripening and 

could be a pre-requisite for color break in the citrus peel. 
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The alternate hypothesis that the effect of sugars 

is mediated through further metabol ism of these sugars in 

glycolysis or the TCA is more likely to be the situation and 

will be discussed later. 

The Effects of Certain Carbon Sources 

Neither ethanol nor potassium bicarbonate (used as 

alternate sources of carbon) significantly inhibited regreen

ing compared with sucrose and reducing sugars (Table 3), and 

hence, the inhibition of regreening in citrus fruit peel 

segments is not a general carbon effect. Ethanol is a 

by-product of fermentation of pyruvate, which also had 

little or no effect on regreening (Table 4) and degreening 

(Table 2). Also, ethanol does not enter the TCA for further 

metabol ism to active TCA intermediates. However, ethanol 

and acetate repressed the synthesis of chlorophyll in 

Euglena (Harris and Kirk, 1969; Horrum and Schwartzbach, 

1980). Unlike the repression of chlorophyll synthesis in 

Euglena by glucose and fructose, the ethanol repression was 

removed by addition of nitrogen, suggesting that the 

inhibition was due to N-deficiency rather than the 

metabol ism of a speci f ic carbon source (Schwe 1 it z et a 1 . , 

1978). Since added nitrogen counteracted repression of 

chlorophyll synthesis by sugars in citrus peel segments, the 

carbohydrate regulation of plastid development in these two 

organisms differ. 



67 

Horrum and Schwartzbach (1980) have shown that 

Euglena assimilates ethanol by converting it into acetate, 

which is then converted to succinate and malate, in the 

glyoxylate cycle before it inhibits chlorophyll synthesis. 

In citrus peel segments, both end products of succinate and 

malate inhibited regreening even though ethanol did not, so 

citrus peel segments may metabolize ethanol differently than 

Euglena. Ethanol is reported to induce the activi ty of 

NADP-glyceraldehyde-3-phosphate dehydrogenase (Horrum and 

Schwartzbach, 1980). The regreening effect exhibited by 

ethanol in this study may be due to the enhancement of this 

enzyme since the induction of the enzyme is regulated by the 

convers ion of protoch lorophyll ide to ch lorophyll ide (Egan, 

Dorsky, and Schiff, 1975). Therefore, carbon sources other 

than sugars are not strong factors controll ing the 

inhibition of regreening in citrus fruit peels, and are 

likely to promote chloroplast development. 

The Effect of Glycol~tic Intermediates 

To investigate whether the effects of sucrose on 

regreening and degreening of £. paradisi peel segments is 

mediated through the metabol ism of sucrose to glycol ytic 

intermediates, pyruvate was added in media upon which yellow 

and green peel segments were cultured. Pyruvate, at the 3 

levels tested, had little effect on regreening (Table 4), 

and at the highest level it did not promote degreening 
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(Table 2). These results suggest that sugars are not 

metabol ized further than pyruvate before affecting plastid 

development. However, as discussed later, the results with 

TCA intermediates suggest that suqars are further metabo

lized before affecting plastid development. 

Since sucrose is first metabolized in the glycolytic 

pathway and then in the TCA before it affects reversible 

regreening and degreeninq, and since applied TCA intermedi

ates behaved similar to sucrose in inhibiting regreeninq and 

promotinq deqreening, pyruvate should behave similarly. The 

inert effects of pyruvate on regreening and degreeninq, in 

this study, could be attributed to inability of the peel 

tissues to take up this substance. Future work in this line 

may develop methods that allow glycolytic intermediates to 

enter into peel tissues. A possible method could be vacuum 

infiltration. 

T.t!.~~ffe~£s of_T.~~lnt~~mediates 

Certain TCA intermediates, namely citrate, 

a-ketoqlutarate, succinate, and malate, were investigated in 

this study to identify 1 ike 1 y substances contro 11 inq the 

process of plastid interconversion in citrus fruit peel 

seqments in vitro. 

Citrate 

Due to its strong effects in inhibiting regreeninq 

(Table 5) and promoting degreeninq (Table 2) in this study, 
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ci trate appears to be a 1 ikel y substance responsible for 

controlling reversible reqreening and degreening of cultured 

citrus peel seqment. It can be arqued that the inhibition 

of regreening exhibited by high concentrations of sucrose or 

other sugars in media is via the breakdown of these suqars 

into citrate, and that citrate is the intermediate capable 

of delivering the inhibitory effect of sugars on regreening 

of citrus peel seqments. 

In field trials, an accumulation of citric acid in 

immature 'Valencia' orange fruits was associated with warm 

spring temperatures and rainfall in Weslaco, Texas, and with 

delayed accumulation of citric acid at Riverside, California 

was associated with cool spring and low rainfall (Rassmussen 

et al., 1966). Also, changes in total water-soluble acids 

in the fruit flesh followed the general trend for citric 

acid (Rassmussen et al., 1966). 

cool temperatures in winter 

Er ickson, 1961: COqg ins et a 1. , 

Since degreeninq occurs in 

(Caprio, 1956: Young and 

1981), the accumulation of 

citric acid in Texas must occur earlier due to the shorter 

winter. At Riverside, the citric acid pool accumulates 

later due to the longer cool winter. Further, carbohydrates 

are utilized for the formation of citric acid in the fruit 

tissues by the operation of the qlycolytic pathway (Parekh, 

Sakariah, and Shah, 1971a: 1971b) and the TCA (Ramakrishnan, 

1971). 
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Citric acid accumulates in the mature fruit due to 

the absence of aconitase (Ramakrishnan, 1971). It can thus 

be further suggested that a block in the operation of the 

TCA in the mature fruit at the citrate level might explain 

the accumulation of citric acid in mature fruits that 

induces degreening. 

a-ketoglutarate 

The inhibi tion of regreening achieved by 

a -ketoglutarate appeared to be somewhat less than that of 

citrate, but was equally as potent as that of malate 

(Table 5). Therefore, the possibility of a-ketoglutarate as 

being the specific breakdown product in the metabol ism of 

sucrose or other sugars that affects regreening and 

degreening cannot be ruled out, as all these TCA intermedi

ates convert into each other, and a-ketoglutarate may 

further become decarboxylated by the other reactions of the 

TCA (Ramakrishnan, 1971). 

Succinate 

Succinate at 100 mM promoted loss of chlorophyll, 

but at 50 mM succinate was much less effective at promoting 

chlorophyll loss than was 50 mM citrate (Table 2). In 

Euglena, succinate was also found to inhibit chlorophyll 

synthesis in cells pre-adapted to a carbon source (Harris 

and Kirk, 1969; Schwelitz et al., 1978). Yet, the 



71 

inhibi tion was reversed by the addition of a util izable 

nitrogen source, suggesting that the inhibition was due to 

N-deficiency rather than the metabolism of a specific 

organic carbon source. However, succinate did not inhibit 

chlorophyll synthesis when added to resting cells at the 

time of light exposure (Garlashi et al., 1973; Horrum and 

Schwartzbach, 1980). In citrus peel segments, however, 

succinate does not seem to offer a strong choice as a 

controlling factor in the interconversion of plastids, since 

its promotion of degreening (Table 2) and inhibition of 

regreening (Table 5) was much less than that of the other 

TCA intermediates tested. 

Malate 

Regreening results presented here (Table 5) show 

that both citrate and malate inhibited regreening, but 

citrate repressed regreening somewhat more than did malate. 

Also, in Euglena, malate was found to suppress chlorophyll 

synthesis, although the suppression was reversed by addition 

of nitrogen (Harris and Kirk, 1969; Schwelitz et al., 1978). 

In citrus peel, malic acid content was reported to 

exceed that of citric acid (Sinclair and Eny, 1947; 

Clements, 1964b). Monselise and Galily (1979) reported that 

malic was the main acid in grapefruit flavedo and albedo, 

whereas citric acid was confined to the flavedo only. 
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Therefore, the possibility of malate as a metabolite 

of sucrose breakdown that inhibits regreening of citrus peel 

segments could not be ruled out. Resu 1 ts reported here 

suggest that malate is the second possible TeA intermediate 

inhibiting regreening of peel segments after citrate. 

I t may be concl uded tha t the inhibition of 

regreening and promotion of degreening achieved by an 

abundance of sucrose or other sugars supplied in media is 
. 

via the metabolism of these compounds in the TeA; and that 

citrate is a substance of critical importance to the 

interconversion of plastids. The other TeA intermediates 

such as malate, a-ketoglutarate, and succinate are not ruled 

out either as possible candidates governing the process of 

regreening and degreening owing to the fact that these 

substances are interconvertible into each other, and that 

these latter TeA intermediates are converted into citrate 

that may control the process. 

Inhibitors of Glycolysis 

Iodacetic acid and DL-glyceraldehyde are known to 

inhibit glycolysis at the glyceraldehyde-3-phosphate dehydro-

genase (Killy and Gibbs, 1973a, 1973b; Duggleby and Dennis, 

1974). When the two glycolytic inhibitors were tested in 

this study, they significantly inhibited regreening at low 

(15 mM) sucrose concentrat ion in med ia. The inhibition 

affected by DL-glyceraldehyde was greater than that affected 
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Since at 5 mM KN0 3 , low (15 

mM) sucrose was found to enhance regreening over that in the 

absence of sugars (Fig. 3), some respiration of sugars is 

presumably required for regreening. The inhibitory effects 

on regreening exerted by those glycolytic inhibitors at low 

sucrose concentrations could be by blocking glycolysis and, 

therefore, blocking the path of metabolism of sucrose along 

the glycolytic pathway that would have otherwise enhanced 

regreening. 

Also, iodoacetic acid significantly reduced the 

inhibitory effect of high (300 mM) sucrose on regreening as 

compared to the inhibitory effect of high sucrose wi thout 

the inhibitor. DL-gl ycera ldehyde, on the other hand, did 

not prevent the inhibitory effect of high sucrose on 

regreening (Table 6). This is again consistent with 

iodoacetic acid not allowing the metabolism of high sucrose 

along the glycolytic pathway to citrate or other product 

which inhibits regreening. 

Therefore, the inhibition of regreening affected by 

high sucrose concentration and the enhancement of regreening 

affected by low sucrose concentration is probably not 

mediated by glycolytic 

glyceraldehyde-3-phosphate 

intermedia tes 

dehydrogenase 

prior to the 

enzyme since 

blocking the pathway with inhibitors at this enzyme both 
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enhanced and inhibited chlorophyll accumulation under the 

former and latter conditions, respectively. 

Malonic Acid 

Malonic acid is well known as a competitive 

inhibitor of succinic dehydrogenase, blocking the TCA 

(Bently, 1952; Gionvanelli and Stumpf, 1957; Shannon et al., 

1959; Hatch and Stumpf, 1962; Eloff, 1972). In this study, 

malonic acid was tried to see if blocking the TCA would 

inhibit regreening without affecting tissue respiration. 

Effect on Regreening 

The effect of malonic acid on regreening of citrus 

fruit peel was tested by both dipping whole fruits in 

solutions of malonic acid and by applying malonic acid to 

peel segments in media. Dipping whole fruits produced no 

effect on regreening (Table 7). This may be due to 

inability of whole fruits to take up malonic acid through 

the flavedo. Hence, the regreening of cultured peel 

segments from fruits that had been dipped in malonic acid 

may have simply been due to the effect of BN15 media and not 

due to malonic acid. Also, high levels of malonic acid in 

media were found to be toxic to the peel tissue (Table 7). 

Accordingly, malonic acid at low concentrations was 

incorporated into media. The concentrations used fell 

within those recommended for irreversible inhibition of 



respiration by Beevers, Stiller, and 

variety of higher plant tissues. At 

acid repressed chlorophyll synthesis 

segments (Tables 7 and 8). 
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Butt (1966) for a 

low levels, malonic 

of cultured peel 

Clements (1964a) reported that malonate appeared in 

measurable amounts in all citrus fruit peels, and in some 

peels was exceeded only by oxalate among the acids. As the 

fruit matured, malonate increased in the peel and oxalate 

decreased, until finally malonate dominated in flavedo and 

oxalate dominated in albedo (Clements, 1964b). Further, 

many reports (Sasson et al., 1976; Sasson and Monselise, 

1977; Monselise and Galily, 1979) demonstrated that malonic 

and malic acids dominated in peels of oranges and 

grapefruits. Sasson and Monselise (1976) indicated that the 

increase in malonic acid in the peel during maturation and 

prolonged storage could be an indication of progressive 

senescence, as the accumulation of malonic acid was 

correlated with textural parameters of senescence such as 

softness and deformability. Thus, the accumulation of 

malonic acid in citrus peels during maturation must have an 

effect on degreening which is one of the qualities of fruit 

maturation and ripening. 

Shannon et ale (1959) demonstrated that the enzymes 

capable of metabolizing malonate in leaves are widespread 
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throughout the plant kingdom, including citrus, and proposed 

the following pathway of malonate metabolism: 

Malonate ~ Malonyl coenzyme A ~ Acetyl coenzyme A 

Acetylcoenzyme A is then available for condensation with 

oxaloacetate and subsequent oxidation by the TCA. Huffaker 

and Wallace (1961) demonstrated that oxaloacetate is the 

precursor of malonic acid synthesis and indicated the 

following sequence of reactions: 

PEP + CO + H 0 PEP carboxylase> OAA ~ Malonate 
2 2 Mg++ +Pi-' 

However, Hatch and Stumpf (1962) showed that malonylcoenzyme 

A is the precursor of malonic and fatty acids synthesis and 

elucidated the enzymes necessary for malonic acid 

metabolism. 

Shannon et al. (1959) also showed that 14c-malonate 

is metabolized in the TCA into malic, citric, succinic, and 

fumaric acids. In sweet orange petioles, 14 C-ma lona te was 

metabolized mainly into malic and citric acids with traces 

of succinic and fumaric acids. Beevers et al. (1966) 

indicated that low concentrations of malonate induced 

succinate accumulation in oat coleoptiles, spinach leaves, 

and bar ley roots. Further, succinate and other TCA acids 

a llevia ted the inhibi t ion of rna lon ic ac id on 02 uptake. 

Also, malonate inhibition of 02 uptake is accompanied by an 
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increased respiratory quotient (Beevers, 1952; Hanly, Rowan, 

and Turner, 1952). Such an effect of malonate might be 

expected if inhibition of succinate· dehydrogenase was occur

ring. Beevers et ale (1966) s,uggested that the inhibition 

of succinic dehydrogenase will lead to a reduction in the 

supply of oxaloacetate and thus a diminished rate of consump

tion of pyruvate. 

Therefore, the inhibition of regreening exerted by 

malonic acid in this study could be indirect through the 

effects of citric, malic, or succinic acids. However, this 

is unl ikel y as malonic acid seems to be more potent in 

inhibi ting regreening than any of these substances. The 

effect of malonic acid could as well be through blocking the 

supply of pyruvate and oxaloacetate. An effect of malonic 

acid through preventing the availability of pyruvate is 

unlikely also, since pyruvate supplied in media in this 

study had little effect on regreening of peel segments 

(Table 4), presumably due to failure of peel tissues to take 

up pyruvate. However, an effect of rna Ionic acid through 

blocking the supply of oxaloacetate is not valid, since 

oxaloacetate is the precursor of malonic acid (Huffaker and 

Wallace, 1961) and that the effect of malonic acid will be 

later and not at the precursor level. 

The most likely effect of malonic acid on inhibiting 

regreening may be through ci tr ic ac id (one of its 
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metabolites) since citric acid exerted the most inhibition 

of regreening when supplied in media than either malic or 

succinic acids (Table 5). However,the low concentrations of 

5 mM or under (Tables 7 and 8) of malonic acid applied in 

media could not stimulate enough synthesis of citrate to 

affect regreening, and that at least 50 mM citrate was 

required to cause a similar inhibition of regreening as 5 mM 

malonate. Therefore, the effect of malonic acid via stimula

tion of citrate and blocking the consumption of pyruvate is 

only secondary and could account for a negligible portion of 

the inhibition. Hence, the inhibition of regreening 

achieved by malonic acid is primarily due to malonic acid 

itself, the mechanisms of which would require further 

investigation. 

Malonic acid counteracted the regreening effect of 

glutamine at low concentrations and strongly suppressed that 

of low concentration of KN0 3 (Table 9). However, glutamine 

at high concentrations counteracted the regreening effect of 

rna lonic ac id. Thus, the interaction between rna lonic acid 

and glutamine or KN0 3 was similar to that between sugars and 

these nitrogenous compounds. Hence, the natura 1 accumu la-

tion of malonic acid concentration in citrus fruit peels as 

the fruit matures (Clements, 1964a, 1964b; Sasson et al., 

1976; Sasson and Monselise, 1977; Monselise and Galily, 

1979) is potentially a major factor controlling degreening, 
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and that malonic acid can substitute for the effect of 

sugars in controlling degreening and regreening. 

Respiration 

Malonic acid is a potent inhibitor of respiration, 

and its effects on regreening and degreening could be 

related to a reduction in oxidative phosphorylation. Hanley 

et al. (1952) classified the respiratory inhibition of 

malonic acid at low pH into reversible inhibition induced by 

low concentrations (5-20 mM) of malonic acid and nonrevers

ible inhibition induced by higher concentrations (40-50 mM) 

of malonic acid. At low concentrations, malonic acid only 

inhibited succinic dehydrogenase and the inhibition was 

restored by addition of succinate, while high concentrations 

inhibited not only succinic dehydrogenase, but other enzymes 

concerned in pyruvate oxidation, and the inhibition was not 

reversed by added succinate or fumarate. Under this strong 

inhibition, the respiratory quotient (R.Q.) was high, presum

ably because pyruvate was diverted to form fermentation 

products. The fermentation products of pyruvate were shown 

by Beevers (1952) to be alcohol and acetyldehyde, which 

resulted in higher R.Q. The concentration of malonic acid 

(10 mM) used in these experiments fell well below those 

levels for irreversible inhibition of respiration for a 

number of higher plants reported by Beevers et al. (1966). 

Also, the pH of the medium at 5.5 is close to that of the 
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peel tissue (Sinclair and Eny, 1947), and is in the range 

for good malonic acid activity in reversible inhibition of 

respiration (Beevers, 1952). Thus, malonic acid might 

inhibit regreening by reversible inhibition of oxidative 

phosphorylation. 

However, in the present work, malonic acid at 

concentrations of 10 mM applied in media with 5 mM of either 

KN0 3 or glutamine, did not inhibit respiration of cultured 

pee 1 segments (Figure 5), even though it counteracted the 

regreening effect of the two nitrogenous compounds and inhib-

ited regreening (Table 10). Therefore, the repression of 

chlorophyll accumulation exhibited by malonic acid is 

probably due to a more direct effect on inhibiting 

chloroplast formation and not due to suppression of energy 

provided by respiration. 



High 

and inhibit 

However, as 

CONCLUSIONS 

concentrations 

regreening of 

seen in Figure 

of sucrose promote degreening 

cul tured citrus pee 1 segments. 

3, at least some sucrose is 

required for the regreening process which probably reflects 

a need of sugars for oxidative phosphorylation. 

Ni trogen genera lly counters the degreening effects 

of high sucrose concentrations. However, since nitrogen did 

not appear to promote chlorophyll synthesis, nitrogen seems 

to primarily counter the degradation of chloroplasts and 

does not effectively promote chloroplast development. 

The effects of sucrose on plastid transformation in 

ci trus peel segments is not specific effect of sucrose or 

glucose and fructose, but is a more general effect of 

sugars. This sugar effect is probably mediated through TCA 

intermediates because TeA intermediates are very effective 

in inhibiting regreening and promoting degreening at 

concentrations simi tar to those found in the tissue 

(Monselise and Galily, 1979) and because inhibitors of 

glycolysis inhibit the effects of sugars on the process. 

One difficulty with this study is the absence of an 

effect on regreening or degreening from appl ied pyruvate. 

81 
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While it is not certain, this absence of an effect is likely 

due to poor uptake of exogenous pyruvate. 

Malonic acid also may be a primary regulator of 

degreening and regreening. It was concluded that the 

malonic acid inhibition of regreening is mainly due to 

malonic acid itself, the mechanisms of which remain for 

future work. However, the malonic acid effect is not an 

indirect effect due to inhibition of respiration as malonic 

acid inhibited regreening and, in addition, counteracted the 

regreening effects of nitrogen without inhibiting respira-

tion. The malonic acid effect may be an indirect effect 

mediated through interconversion of malonic acid to citrate. 

It is then sug~ested that the effects exhibited by malonic 

acid in promoting degreening and inhibiting regreening may 

be via the conversion of malonic acid into citrate. 
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COMPOSITION OF BASAL MEDIUM 

Component 

Major Elements 

CaC1 2 ·2H 20 

MgS0 4 ·7H 20 

KH 2P0 4 

Minor Elements 

COC1 2 ·6H 20 

MnS0 4 ·H20 

znS0 4 ·7H 20 

NaMo0 4 ·2H20 

CuS0 4 ·5H 20 

Vitamins 

Thiamin HCl 

Concentration 
in Stock 
Solution 

(g/L) 

44 

37 

17 

6.2 

0.86 

0.025 

16.9 

8.6 

0.25 

0.025 

25 mg/IOO mL 

Nicotinic acid 1250 mg/IOO ml 

Pyridoxin HCl 250 mg/IOO mL 

myo-Inositol 2500 mg/IOO mL 

Glycine 50 mg/IOO mL 

Mes 

Volume of 
Stock 

Solution/L 
of Medium 

(mL) 

10 

10 

10 

1 

4 

29.28 giL 
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Concentration 
in 

Medium 
(mM) 

3.0 

1.5 

1. 25 

0.1 

O. 1 

0.0001 

0.13 

0.03 

0.001 

0.0001 

0.03 

0.1 

0.05 

0.56 

0.01 

150 



Component Concentration 
in Stock 
Solution 

(g/L) 

Volume of 
Stock 

Solution/L 
of Medium 

(mL) 

NaFe Sequestrene 5 10 

Benlate 10 g/500 mL 10 

Bacto-agar 15 g/L 
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Concentration 
in 

Medium 
(mM) 
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