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ABSTRACT

The time-course of accumulation of two membrane proteins
during fruit ripening was examined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and western blots in tissue
extracts of Capsicum annuum L., vars Emerald Giant, Albino, and
DNAP VS-12. The proteins, named ChrA and ChrB, were previ-
ously shown to occur specifically in chromoplasts. Fruit devel-
opment was divided into five stages based on changes in color.
ChrA was not detectable in the first three stages, but accumulated
to a high level in the fully mature, red fruit. ChrB was not detect-
able in the first, mature-green stage of fruit maturation, but was
found in the second stage, when carotenoid accumulation first
appeared, and in all later stages. The patterns of accumulation
in chromoplasts that develop from proplastids or leucoplasts are
similar to those in chromoplasts that develop from chloroplasts.
We conclude that ChrA and ChrB are probably synthesized de
novo during chromoplast development.

In analyzing the molecular genetics of chromoplast devel-
opment, it is useful to consider chr* and we have undertaken
a program for the isolation of members of the set. For reasons
cited earlier (2), we have chosen to work with the bell pepper
Capsicum annuum L.

From the available data it appears unlikely that chr genes
will be found in the plasmid genome (2, 3, 7, 8, 11, 12). Plant
breeders, however, have identified a number of genes that are
probably chr. C. annuum has four Mendelian loci that affect
chromoplast development in mature fruit (5) and two other
loci that affect chromoplast development in immature fruits
(10). Our strategy has been to isolate chromoplast-specific
proteins and, through these, to isolate chr genes.

We previously reported the specific accumulation of a 58-
kD and a 35-kD protein in chromoplasts of C. annuum (4).
The data could not, however, distinguish between de novo
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synthesis of the proteins and the posttranslational conversion
of these proteins from precursors. Evidence that these proteins
are indeed synthesized during chromoplast development
would be crucial in identifying the structural genes for these
proteins as chromoplast specific. We have sought to resolve
this question by analyzing proteins from developing pepper
fruits by western blots. We employed three varieties of pepper
which differ in chromoplast ontogeny: var Emerald Giant
shows the familiar pattern of chromoplasts developing from
chloroplasts; vars Albino and DNAP VS-12 have the gg
genotype (10), in which chromoplasts arise from proplastids
or leucoplasts.

MATERIALS AND METHODS
Plant Material

Fruits of Capsicum annuum L., vars Emerald Giant, Al-
bino, and DNAP VS-12 were grown in the greenhouse. Fruits
were harvested and the proteins extracted on the same day.

Stages of Fruit Ripening

Unlike the usual pattern in tomato, pigmentation of pepper
fruits develops unevenly in different portions of the fruit.
There is, therefore, no commonly employed system for des-
ignating stages of fruit ripening. We arbitrarily identified five
stages for the three varieties of pepper (Table I).

Table |. A System for Identifying Stages in the Maturation of Pepper
Fruits

Color development was used as an indicator of fruit maturation.
Because carotenoids accumulate while Chl are still present in var
Emerald Giant, parts of the fruit in stages 2 through 4 appear brown.
In Albino and DNAP-VS 12 Chl is absent or nearly so at all stages of
fruit development, so that fruit color changes directly from white to
red. Color development occurs more uniformly in these varieties.

Color
Developmental
stage " vars Albino and
var Emerald Giant DNAP-VS 12

1 Mature green White
2 Green with some brown areas Yellowish orange
3 Mostly brown Orange
4 Mostly brown, some red areas Reddish orange
5 Red Red
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Isolation and Analysis of Chromoplast Proteins

Proteins were purified from chromoplasts as described by
Hadjeb et al. (4), subjected to electrophoresis (1), and stained
with Coomassie blue.

Preparation of Antibodies

Purified proteins were isolated from preparative gels (Rus-
sell Durbin, personal communication) and injected subcuta-
neously and intramuscularly in rabbits. Production of antisera
was carried out by Lampire Biological Laboratories.

Protein Extraction from Fruit Membranes
Total membrane protein was extracted from whole tissue
substantially as described by Marder et al. (9).

Immuno Blots

The proteins were transferred by western blotting onto
Immobilon blotting membrane (Millipore; Bedford, MA) sub-
stantially as described by Towbin et al. (13) with modifications
(14, 15). Blots were treated according to Huynh et al. (6).
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RESULTS AND DISCUSSION
Detection of ChrA and ChrB

The two chromoplast-specific proteins, designated ChrA
and ChrB, were originally identified as chromoplast-specific
proteins by the electrophoretic analysis of gradient-purified
plastids from fruits of C. annuum L. (4). Because we could
not be certain of the efficiency of recovery of plastids from
different fruit tissues, we employed total membrane proteins
for the analysis of the time-course of accumulation of ChrA
and ChrB during fruit ripening. Using a procedure developed
for the analysis of Qg-binding protein (9), we recovered poly-
peptides with the same electrophoretic mobilities as ChrA and
ChrB in the clarified detergent extract and negligible amounts
elsewhere (data not shown).

Accumulation of ChrA and ChrB in Ripening Fruit

Total membrane proteins isolated from three varieties of
pepper fruits taken throughout ripening were analyzed by
SDS-PAGE (Fig. 1). Proteins similar in mobility to ChrA were
detected in all five stages of development. We had previously
detected a protein in green fruits that comigrates with ChrA
in SDS gels, but is distinct from ChrA in urea and 2D gels

Figure 1. Electrophoresis of total membrane proteins of Capsicum annuum fruits collected at different stages of maturation. Membrane proteins
were isolated from fruits and analyzed by SDS-PAGE and stained with Coomassie blue. Samples from vars Emerald Giant, Albino, and DNAP
VS-12 were collected at stages of maturation described in Table I. The positions of authentic ChrA and ChrB are indicated at either side.
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Figure 2. Western blot of ChrA during fruit maturation of Capsicum annuum. Membrane proteins from fruits of three varieties were collected at
different stages of maturation and subjected to SDS-PAGE as in Figure 1. The gels were blotted and probed with antiserum to ChrA. Signals
corresponding to ChrA are detected only in late stages of maturation.

Figure 3. Western blot of ChrB during fruit maturation of Capsicum annuum. Membrane proteins from fruits of three varieties were collected at
different stages of maturation and subjected to SDS-PAGE as in Figure 1. The gels were blotted and probed with antiserum to ChrB. In vars
Emerald Giant and Albino, signals corresponding to ChrB are detected in stages 2 through 5. In var DNAP VS-12, signals of higher mol wt are
visible in stages 1 through 3, whereas signals corresponding to ChrB itself accumulate only in stages 4 and 5.

(4). We did not detect ChrB in stained gels of total membrane through 3, small accumulations in stage 4, and large amounts
proteins. Electrophoresis and protein staining alone, therefore, in the mature, red fruit. Anti-ChrB (Fig. 3) detected the
were insufficient for the analysis of these proteins in fruit appearance of ChrB in stage 2 with increasing amounts in
development. later stages. Several samples showed small amounts of cross-

Blots of gels were challenged with antisera to ChrA and reacting material. ChrA and ChrB did not cross-react with

ChrB. Anti-ChrA (Fig. 2) detected no antigen in stages 1 one another.
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The time-course of accumulation of ChrA in all three
varieties appeared to be qualitatively the same. Although the
time-course of accumulation of ChrB in vars Emerald Giant
and Albino was similar, samples from stage 1 of var DNAP
VS 12 contained a protein of lower mobility than ChrB which
reacted strongly with anti-ChrB. This protein was not detected
in subsequent stages. Also in var DNAP VS-12, small amounts
of cross-reacting material of very high mol wt appeared in
stages 2 and 3 and of low mol wt in stages 4 and 5. A protein
of the correct mobility appeared in stage 4 and accumulated
strongly in stage 5.

We also examined ripe fruits of tomato (Lycopersicon
esculentum var Horizon) for the presence of ChrA and ChrB.
We detected only the faintest bands in western blots probed
with anti-ChrB and none with anti-ChrA (data not shown).

The absence of significant amounts of protein cross-reacting
with ChrA in immature fruit and the near identity of the
kinetics of its accumulation in varieties with disparate patterns
of plastid development make it likely that ChrA arises by de
novo synthesis. With some reservations, a similar conclusion
can be drawn for ChrB. We conclude that the two proteins
are synthesized as part of the program of chromoplast devel-
opment and that they belong therefore to the proposed class
of Chr proteins.

We shall report elsewhere (N Hadjeb, CA Price, unpub-
lished data) on the isolation of cDNAs for chrA from a Agtl 1
library.
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