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Sugar Regulation of Plastid Reversion in Citrus Epicarp is Mediated through
Organic Acid Metabolisin
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Abstract: The intibition by sucrose of chromoplast reversion to chloroplast m citrus epicarp was studied by
observing the effects of several sugars, sugar metabolites and 1-iodoacetate on chlorophyll reaccumulation in
cultwed Citrus paradisi Mactf. pericarp segments. Pericarp segments of 1 em in diameter were cut from yellow
fruits and cultwred on modified medium plus the indicated metabolites and kept under continuous fluorescent
light. Accumulation of chlorophyll in the segments was measured with a spectrophotometer fitted with sphere
reflectometer. Respiration was determined via., an infrared gas analyzer. Inhibition of regreening was not
specific to a particular sugar. The orgamc acids malate, citrate, succinate, 2-oxoglutarate and especially malonate
elicited effects similar to sucrose, but at much lower concentrations. However, malonate mhibition of
chlorophyll accumulation was overcome by mcreased concentrations of glutamime. At concentrations that
usually inhibited chlorophyll, malonate did not reduce CO, production in the presence of glutamine or KNO,.
Sucrose effects on regreening were reduced by 1-iodoacetate. These results indicate that sugar regulation of
plastid reversion during regreening in citrus epicarp 18 not directly due to sugars, but 1s mstead mediated

through metabolism of sugars to organic acids, especially malonic acid.
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INTRODUCTION

In the subtropics, citrus fruits degreen during the
cool winter season and when left on the tree, certain
varieties regreen during the ensuing spring and summer
(Matile et ai., 1999; Hortenstemer, 2006). Ultrastructural
studies by Mayfield and Huff (1986) demonstrated the
regreeming of Valencia orange epicarp (C. sinensis
L. Osbec, cv. Valencia) signals a partial reversion of
chromoplasts to chloroplasts. Chloroplast-chromoplast
transition, in tomato, is marked by the accumulation of
carotenoids and the disappearance of chlorophyll, the
degradation of the highly structured thylakoid membrane
system and a reduction in the levels of proteins and
mRNAs (Cheung et al, 1993). In citrus, the
interconversion of plastids and consequential degreening
and regreemung has been related to the accumulation of
sugars (mainly reducing sugars) i the epicarp during the
winter and a reduction in sugar content in the spring
(Matile et al., 1999; Hortensteiner, 2006). In addition,
in vivo sucrose supplementation to Satsuma mandarin
(Citrus unshiu Mark. cv. Olitsu) epicarp promoted
sucrose accumulation and advanced colow break
(Domingo et al., 2001).

Cultured epicarp segments will regreen, or remain
green, when kept on media with low (15 mM) sucrose
concentrations, whereas similar segments on media with
high (150 mM) sucrose concentrations will either degreen
or are mhibited from regreeming (Domingo et al., 2001).
Glucose and fructose affect regreening and degreening
similarly to whereas several nitrogenous
substances counteract the effects of these sugars
{(Hortensteiner, 2006). Similarly, in Satswma mandarin
(Citrus unshiu Mark. cv. Okitsu) colour break correlated
positively with sucrose content and negatively with
nitrogen content (Domingo et al, 2001). Supply of
nitrogen did not mhibit bleaching i Chlorella
protothecoides (Hortensteiner et al., 2000). Although the
foregoing studies have shown that sugars are factors
regulating plastid interconversions in citrus epicarp, it is
not known whether the effects are due specifically to
sugars or sugar metabolites such as orgamc acids.

Various carbohydrates also influence chlorophyll

SUCTose,

accumulation in several other organisms and suggestions
as to the primary mnhibiting substances vary. Chlorophyll
content in Citrus sinensis epicarp correlated best with
total sugar concentrations, which were predominantly
glucose and fructose (Domingo et al., 2001). Ethanol and
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acetate inhibition of chlorophyll accumulation in Fuglena
gracilis klebs appears to differ from sucrose inhibition
and may be mediated through glyoxylate metabolism
(Hortensteiner et al., 2000). The suppression of
chlorophyll synthesis by sugars may be analogous to the
glucose effect on heme biosynthesis. Chlorophyll and
heme biosynthesis share hepatic delta-aminolevulinic acid
(ALA) synthase as a  commonfirst intermediate
(Pruzinska et al., 2007). Puntel et al. (2005) observed that
glucose metabolites were less effective than glucose in
mtubiting the induction of ALA synthase in rat brain and
concluded that glucose was the effective substance.

Domingo et al. (2001) suggested that sugar
regulation of chloroplast to chromoplast conversion in
citrus fruit epicarp appears to operate via., ethylene.
Hortensteiner (2006) 1identified chlorophyllase among
three chlorophyll catabolic enzymes and concluded that
chlorophyll breakdown is a prerequisite to permit the
remobilization of mitrogen from chlorophyll-binding
proteins to proceed during senescence. The expression of
chlorophyllase (chlase 1) in oranges is enhanced by
exogenous application of ethylene (Jacob-Wilk et al.,
1999). The regulatory role of ethylene in degreening citrus
suggests that endogenous levels of CH, regulate
ethylene production (Thomas et al., 2003). Alexander and
Grierson (2002) elucidated the ethylene-signaling pathway
from receptor through mtermediate components and
predicted a model to control the expression of ethylene-
regulated genes for climacteric fiuit ripening. Further
studies on what controls these processes in non-
climacteric fruits (ke citrus) are required for the
understanding of ripemung in this group.

The objective of this study was to determine whether
chromoplast reversion as signaled by the accumulation of
chlorophyll in citrus epicarp is regulated by specific
sugars or mediated through some metabolites such as
organic acids. Results obtained when C. paradisi Macf)
peel segments were regreened on media with a variety of
sugars, orgamc aclds and 1-iodoacetate indicate that
sugar inhibition of regreening 1s closely associated with
orgamc acids especially malonic acid.

MATERIALS AND METHODS

Plant materials and pericarp culture: Yellow coloured
grapefruit, (Citrus paradisi, (Macf) cv. Marsh), were
obtamned from the Umversity of Arizona Experimental
Farm at Tempe, Arizona from November, 1983 through
Tune, 1986. Fruits were surface sterilized with 0.5% (v/v)
sodium hypochlorite and segments of pericarp 1 cm in
diameter were cut from strips submerged in sterile water
using a cork borer. These segments were then cultured on
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a basal medium with indicated additives as previously
described by Mayfield and Huff (1986) and kept under
contimious fluorescent light (Sylvama Cool Whte)
between 4 and 12 W m ™ at about 30°C for 14 days.

Chlorophyll determination: Chlorophyll content of
individual segments was determined ir situ, mitially and
after 14 days, using differences in absorbance at 675 and
735 nm measured with a spectrophotometer fitted with an
integrated sphere reflectometer. Absorbance data were
converted to nmol chlorophyll per segment using a
standard curve prepared by comparing mean Aj.-Aq,
with the concentration of extracted chlorophyll from
groups of similar segments (Mayfield and Huff, 1986).

Respiration: Respiration of pericarp segments was
periodically measuwred by sampling CO, produced by
groups of three segments cultured in 25 ml. Erlenmeyer
flasks over time. The flasks were temporarily sealed on
days 1, 7 and 14 and a 3 mL air sample removed by a
syringe initially and again after 10 min incubation in the
dark at 24°C. Carbon dioxide in the air samples was
determined using an mfrared gas analyzer. After the final
sampling at 14 days, flask headspace was measured by
displacement with water and the segments blotted dry and
weighed.

RESULTS AND DISCUSSION

When partially degreened pericarp segments were
cultured on media with several different sugars at 15 mM,
degreening was reversed and the segments reaccurmulated
chlorophyll (Fig. 1). On similar media with the sugar
content mcreased to 150 mM, the pentoses, ribose and

© 150 mM Sugar @ 15 mM Sugar
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Fig. 1. Chlorophyll content of pericarp segments kept
14 days under contmnuous fluorescent light on
media containing several sugars. Each datum is the
mean loss (--) or gain (-) of chlorophyll in 10
segments from an initial mean of 1.94+0.3 mmol
chlorophyll segment ™
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xylose inhibited reaccumulation of chlorophyll, whereas
sucrose along with the hexoses, mannose and galactose
sustamned a continued loss of chlorophyll.

All of the tricarboxylic acid coycle (TCA)
tested, here, mlubited chlorophyll
reaccumulation in fully degreened pericarp (Table 1). With
the exception of mhibition by TCA
intermediates was greater than by sucrose at the same

intermediates

succinate,

concentration.
Both citrate and sucrose exhibited dual behavior by
inhibiting  chlorophyll  accumulation at  high

concentrations and promoting chlorophyll accumulation
at low concentrations (Table 2). Both the promotion of
chlorophyll accumulation by low sucrose concentrations
and 1nhlibition by high sucrose concentrations were
reduced by l-iodoacetate (Table 3) which wrreversibly
mtubits glyceraldehyde 3-phosphate dehydrogenase, and
phosphoenol-pyruvate (PEP) carboxylase.

Malonic acid 1s the most prevalent orgamic acid other
than malic acid in citrus epicarp and was the most
effective inhibitor of chlorophyll reaccumulation tested
(Table 4). As with sucrose inhibition, malonate inhibition
of chlorophyll accumulation was overcome by increased
concentrations of glutamine (Table 5). In the present
study, malonate, an inhibitor of succinate dehydrogenase
and respiration (Kim, 2002) did not reduce CO,
production m the presence of KNO, or glutamine at
concentrations that strongly intubited chlorophyll
accumulation (Fig. 2).

Results presented here indicate that sugar regulation
of the reversion of chromoplasts to chloroplasts in
regreening citrus epicarp is not specific to any particular
sugar, but 1s rather mediated by metabolism of sugars to
organic acids, especially malomc acid via., oxaloacetic
acid (OAA) and phosphoenol-pyruvate (PEP).

Sugar regulation of chloroplast development is not
specific since several sugars, including both hexoses and

Table 1: Inhibition of chlorophyll accumulation in Citrus paradisi pericarp
segments by intermediates of the tricarboxylic acid cycle, pyruvate

and sucrose®

Added Concentration Chloropliyll after 14 days
component (mm) (nmol segment™)®
Sucrose 15 2.5a
Sucrose 50 2.1b
Sucrose 150 1.0c
Pyruvate 50 2.6a
Citrate 50 0.6e
2-Creoglutarate 50 1.1d
Succinate 50 1.9bc
Malate 50 0.9de

ASegments were kept on media containing 5 mm KNO; and the indicated
acid or sucrose. MeantSE initial chlorophyll was 0.18+0.03 nmol
segment™. ¥Values are means of 10 segments and those followed by the
same letter are not significantly different
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Fig. 2: Malonate inhibition of chlorophyll accumulation
15 not accompanied by mhibition of respiration.
Segments were kept 14 days under continuous
fluorescent Light on media containing 15 mM
sucrose and 5 mM KNO, (¢) or glutamine (GLN)
(a) and similar media with 10 mm malonate (=, 4).
Respiration (right) was measured by CO,
evolution during 10 min in the dark. Each
datum 1s the mean for 8 flasks with 3 segments
each. Chlorophyll concentrations (left) were
determined at the end of the experiment at 14
days. FEach datum is the mean for the 24
segments. MeantSE initial chlorophyll was
0.05+0.04 nmol segment™

Table 2: Dual effects of citrate and sucrose on chlorophyll accurnulation
during chromoplast reversion in C. paradisi pericarp segments®

Addition to Concentration Relative chlorophyll
media (mm) content® (% of control)®
Exp. A

Sucrose 0 100a
Sucrose 15 155b
Sucrose 150 Tdc

Exp.B

Cilrate 0 100a

Citrate 15 143b

Citrate 25 128a

Cilrate 50 8lc

“Segments were kept on media containing 5 mm KNO, in addition to the
indicated concentrations of sucrose and citrate®The amount of chlorophyll
in the untreated segments was 1.99+0.06 and 2.76+0.19 umol segment™
in experiments A and B, respectively. © Means are of 10 segments and
those followed by the same letter are not significantly different

Table 3: Iodoacetate inhibition of sucrose effects on chlorophyll
accumulation in C. paradisi (Macf) pericarp segments®
15 mm sucrose 300 mm sucrose

(Chlorophyll (Chlorophyll
Treatments umol segment™ nmol segment ™! ®
Control 2.7+0.1 1.7+0.1
1-iodoacetate 2.320.1 2.2+0.1

“Segments were kept on media containing 5 mM KNOs, 15 mM and
300 mm sucrose and 1 mM 1-iodoacetate. ®PEach value represents the
Mean+SE of 10 segments



Pak. J. Biol. Sci., 12 (3): 246-251, 2009

Table 4: Malonate inhibition of chlorophyll accumulation in yellow
C. paradisi epicarp segments*

Chlorophyll increase

Malonate (mm) (% of control)®
1 86

2 60

3 71

4 47

5 9

&

segments were kept on media containing 5 mM KNO,; 15 mM
sucrose and malonate.
2.16%0.16 nmol segment™*

Beontrol  segments  without malonate gained

Table 5: Glutamine counteracts malonate inhibition of chlorophyll
reaccumulation in C. paradisi peel segments®

Malonate Glutamnine Chlorophyll
(mum) (mm) (unol segment™")® ©
0 5 3.6+0.1
10 5 1.540.1
10 00 3.3+0.1

A8egments were kept on media containing 15 mM sucrose along with the
indicated amounts of malonate and ghitamine. PInitial chlorophyll was
0.4340.6 umol segment . “Each value is the Mean=SE of 10 segments

pentoses, inhibited chlorophyll reaccumulation (Fig. 1).
That sugar metabolism via., glycolysis s involved in
the miubition of regreeming is indicated by the greater
efficacy of organic acids than sugars in inhibiting
chlorophyll accumulation (Table 1). Tt is also indicated by
the ability of 1-10doacetate, which mhibits glyceraldehyde
3-phosphate dehydrogenase, to suppress both the
promotive effect of low sucrose concentrations and the
inhibitive effect of high sucrose concentrations on
regreeming (Table 3). Although 1-iodoacetate mntubited
PEP carboxylase, this does not, as will be discussed later,
affect the overall conclusions drawn here. Sugars and
organic might have inhibited chlorophyll
reaccurmnulation by separate The
antagonism between glutamine and both malonate and
sucrose (Table 5), along with the similanity between citrate
and sucrose in both promoting and inhibiting regreening
(Table 2) suggest a common mechanism.

While 1t 1s apparent that metabolism via., glycolysis
is a part of the mechanism by which sugars affect plastid
differentiation in yellow epicarp tissue,
reactions beyond PEP are speculative. Presumably, low
concentrations of sucrose promote regreemng by
providing energy through oxidative respiration. However,
it appears that there is a substantial diversion of carbon
to pathways other than through pyruvate to the TCA
cycle. It 1s likely that malate 1s also a product of glycolysis
and that glycolytic intermediates enter the TCA cycle via.,
the malate pathway concurrently with the pyruvate
pathway (Puntel et al., 2005, 2007).

During the maturation of juice vesicles m Hamlin
oranges and other citrus fruits, the ratio of NADH to NAD
mcreased (Domingo et al., 2001). Also, levels of ethanol,
malate and the enzymes pyruvate decarboxylase, PEP

acids
mechamsms.

metabolic
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carboxylase and malic enzyme, increased, while levels of
pyruvate and OAA declined (Fedotcheva et al., 2006).
The increased NADH to NAD ratio presumably inhibited
the oxidation of malate and pyruvate by malate and
pyruvate dehydrogenases and by malic enzymes thereby
reducing the entry of glycolytic intermediates into the
TCA oxidative pathway. This combmed with the
increased activities of pyruvate decarboxylase and PEP
carboxylase accounted for the mncreases in ethanol and
malate.

Since, malate and malonate and aspartate are the
principle organic acids and free amino acids m citrus
epilcarp, it appears by analogy with the juice vesicles that
a significant amount of PEP in the epicarp is diverted
through OAA via the action of PEP carboxylase. This
conclusion is reinforced by labeling studies in Valencia
oranges epicarp that showed substantial dark "CO,
fixation into aspartate, malate and serine, but not citrate
(Matile et al, 1999). Oxaloacetate can be ireversibly
metabolized to malonate (Kim, 2002; Puntel et ai., 2007),
while exogenously supplied citrate and malate can be
reversibly oxidized to OAA. If pyruvate was diverted to
ethanol or was otherwise poorly incorporated into citrate
as in the vesicles this would explamn why pyruvate had
little effect on chlorophyll reaccumulation.

All organic acids might have directly influenced
plastid differentiation (Thomas et al., 2003). However,
their conversion to malonate seems more likely to be the
mechanism by which they inhibited regreening. All of the
acids that inhibited regreening could act through their
common dicarboxylic acid functional groupmg by
mechamisms such as metal chelation (Puntel et af., 2005,
2007) or by the inhibition of membrane transport
(Puntel et al, 2007). However, metabolism of the
exogenous sugars and acids to malonate 13 favored
because of the greater efficacy extubited by malonate in
inhibiting chlorophyll  accumulation at very low
concentrations (Table 4). Malonate can be formed via.,
OAA from any of the organic acids that inhibited
regreening (Kim, 2002). The ability of 1-iodoacetate to
counteract sucrose effects on chlorophyll reaccumulation
(Table 3) would be reinforced by its ability to inhibit PEP
carboxylase.

Malonate intibition of plastid differentation in
yellow citrus epicarp does not appear to be through the
inhibition of respiration by its action on succinate
dehydrogenase in spite of the fact that several TCA
intermediates inhibited chlorophyll reaccumulation. The
ability of malonate to inhibit succinate dehydrogenase
and respiration and to cause accumulation of succinate is
dependent on both pH and its concentration within the
tissue (Kim, 2002). At concentrations and pH, that
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malonate strongly inhibited chlorophyll in citrus epicarp;
malonate had little or no apparent effect on pericarp
respiration (Fig. 2). Under similar conditions, malonate
also had no effect on respiation and succinate
concentrations in carrot root tissues (Kim, 2002). The
ability of malonate to affect plastid differentiation mn citrus
epicarp 1s, therefore, considerably stronger than and
independent of, its ability to affect the TCA cycle and
respiration.

Malonate concentrations in citrus epicarp are low
compared with values of 5 to 25 nmol kg™ fr. wt. in green
leaves of various species (Matile et al., 1999). In addition,
malonate concentrations 1n citrus epicarp may be
declinmg during the period of chlorophyll loss
(Thomas et al., 2003). These observations suggest that
further metabolism of free malonate 1s more mportant to
plastid differentiation in citrus epicarp than malonate
itself. Unfortunately, there 1s httle information on the
metabolism of free malonate in plant tissues. Malonic
dialdehyde and malonyl coenzyme A may be important
precursors of malonate (Davydov, 1993). About half of
the labeled carbon from 2-"“C-malonate provided to leaves
of citrus, was found in citrate and malate (Kim, 2002),
probably by formation of malonyl CoA followed by loss
of CO, to give acetyl CoA (An and Kim, 1998). An and
Kim (1998) confirmed the formation of acetyl-CoA and
malonyl-CoA by  thin-layer
chromatographic analysis and suggested the gene cluster
encodes proteins involved in the malonate-metabolizing
system in Rhizobium trifoli.

from malonate

CONCLUSION

Certain citrus varieties revert their colour and regreen
during the hot summer (or spring) if left on the tree. This
is a big problem in Sudan and subtropical areas. Although
this does not affect the internal quality of the fiuits,
consumers are often reluctant to purchase such fruits.
The regreening 1s due to increased nitrogen assimilation
or reduction in carbohydrate metabolism within the
tissues. Reduction in mtrogen fertilization towards the
end of the season minimized the problem of regreemng.

The inlibition of regreening of Citrus paradise
Macf. was studied when peel segments were cultured
on media containing several sugars, organic acids and
1-iodoacetate. It was found that colour reversion is not
due to sugars, but was rather due to organic acids,
especially malonic acid prevented
regreening at very low concentrations. Further studies

acid. Malonic

along this line should focus on the metabolism of free
malonate m plant tissues.
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