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A Genetic Analysis of Chloroplast Division and Expansion in
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A nuclear recessive mutant of Arabidopsis thaliana, arc5, has
been isolated in which there is no significant increase in chloroplast
number during leaf mesophyll cell expansion and in which there
are only 13 chloroplasts per mesophyll cell compared with 121 in
wild-type cells. Mature arc5 chloroplasts in fully expanded meso-
phyll cells are 6-fold larger than in wild-type cells. A large propor-
tion of arc5 chloroplasts also show some degree of central constric-
tion, suggesting that the mutation has prevented the completion of
the chloroplast division process. To examine the interaction of arc
loci, a double mutant was constructed between arc1, a mutant
possessing many small chloroplasts, and arc5. A second double
mutant was also constructed between arc3, a previously discovered
mutant also possessing few large chloroplasts per cell, and arc1.
Analysis of these double mutants shows that chloroplast number
per mesophyll cell is greater when arc5 and arc3 mutations are
expressed in the arc1 background than when expressed alone. The
cell-specific nature of arc mutants was also analyzed. The pheno-
typic traits characteristic of arc3 and arc5 are a reduction in
chloroplast number and an increase in chloroplast size in mesophyll
cells: these changes are also observed in reduced form in the
epidermal and guard cell chloroplasts of arc3 and arc5 plants.
Analysis of parenchyma sheath cell chloroplasts suggests that in
leaves of arc1 plants the normal developmental distinction between
mesophyll and parenchyma sheath chloroplasts is perturbed. The
relevance of these findings to the analysis of the control of chlo-
roplast division in mesophyll cells is discussed.

Chloroplast division during leaf mesophyll cell expansion
results in a population of individual chloroplasts within each
cell, and the size of the population is dependent on several
factors, including mesophyll cell size (Pyke and Leech, 1987),
cell ploidy level (Butterfass, 1983; Pyke and Leech, 1987),
and plant genotype (Leech and Pyke, 1988). The division of
partially differentiated chloroplasts occurs in all higher
plants, both monocotyledons (Boffey et al., 1979; Hashimoto
and Possingham, 1989) and dicotyledons (Saurer and Pos-
singham, 1970; Possingham and Smith, 1972; Possingham,
1980), and is a process central to the correct development of
the chloroplast compartment and the attainment of photo-
synthetic competence of the leaf (Boffey, 1992). It seems most
likely that chloroplast division is controlled by nuclear genes
(Possingham et al., 1988; Boffey, 1992). Although some
progress has been made in understanding the interaction
between the nuclear genome and the chloroplast and its
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genome (Taylor et al., 1987; Susek and Chory, 1992), little is
known of the molecular basis for the control of chloroplast
division itself (Boffey, 1992). The only molecular traits shown
to be associated with chloroplast division are an increased
rate of ctDNA replication (Scott and Possingham, 1980; Bof-
fey and Leech, 1982) and an associated increase in levels of
topoisomerase II enzyme (Marrison and Leech, 1992) prior
to division. A morphological feature of the chloroplast divi-
sion process that has been well characterized is the dumbell
shape of the chloroplast division profile caused by a central
constriction that occurs just prior to the separation of the two
daughter chloroplasts (Leech et al., 1981) and is only a
relatively short-lived part of the division process (Leech and
Pyke, 1988).

The isolation in the higher plant Arabidopsis thaliana (L.)
Heynh. of arc (accumulation and replication of chloroplasts)
mutants in which the dynamics of chloroplast division in
expanding mesophyll cells are radically altered (Pyke and
Leech, 1991, 1992) provides a valuable new genetic resource
to aid the understanding of the genetic basis for chloroplast
division. The analysis of mutants arc1, arc2, and arc3 showed
that a reduction in chloroplast division is closely compensated
for by an increase in the size of individual chloroplasts,
resulting in a similar chloroplast compartment size per unit
mesophyll cell size but with no obvious loss in plant vigor
(Pyke and Leech, 1992). We report here the isolation of a
novel arc mutant, arc5, in which the separation of the daugh-
ter chloroplasts during division is prevented. We also ana-
lyzed the phenotypes resulting from the genetic interaction
between arcl, another locus also shown to be important in
the control of chloroplast division (Pyke and Leech, 1992),
and both arc3 and arc5.

MATERIALS AND METHODS
Plant Material

Ethyl methanesulfonate-induced mutants of Arabidopsis
thaliana var Landsberg erecta with altered chloroplast division
characteristics were isolated using an image analysis-screen-
ing procedure after iodine staining of isolated cells (Pyke and
Leech, 1991). Plant growth conditions and harvesting of first
leaves were as described previously (Pyke and Leech, 1992).
The oldest leaves sampled for each mutant and wild type
were fully expanded, and the mean mesophyll cell plan area
for the whole leaf was also maximal.
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Table I. Cenetic analysis of arc5

arc5 plants were selfed for two generations (M.) and reciprocally
backcrossed to wild-type Landsberg erecta, and the progeny were
examined in the F, and F, generations. Mutant phenotypes were
scored by microscopic examination of isolated mesophyll cells from
first leaves of individual F, and F, seedlings harvested after 24 d.
Allelic crosses were performed between combinations of arc mu-
tants, and the F, progeny from the allelic crosses were scored in
the same manner. x? values indicate no significant difference (P >
0.05) from an expected segregation of one mutant to three wild-
type seedlings. na, Not applicable.

Genotype Generation  Wild Type  Mutant x?
no. of plants
Backcrosses
arc5/arcs X Fs 37 0
ARC5/ARCS F2 210 60 0.86
ARC5/ARC5 X Fs 32 0
archfarcs Fa 166 46 1.06
Allelic crosses
arcl X arch F, 13 0 na
arc2 x arcs F, 23 0 na
arc3-1 X arc5 F, 19 0 na
arc3-2 X arch Fy 36 0 na’

Analysis of Chloroplast Numbers in Leaf Cells

Chloroplasts in individual isolated, fixed mesophyll cells
were counted using Nomarski differential interference con-
trast optics (Pyke and Leech, 1991), and mesophyll cell plan
areas and individual chloroplast plan areas were measured
directly from the microscope image using an image analysis
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system (Seescan Imaging Ltd., Cambridge, UK). Chloroplasts
in parenchyma sheath cells, which were identified by their
large size and cylindrical shape, were measured in a similar
manner. Chloroplasts in guard cells and epidermal cells were
measured in pieces of epidermis stripped from fresh, fully
expanded first leaves of Arabidopsis. To facilitate observation
of these pale chloroplasts, epidermal strips were mounted in
1% (w/v) silver nitrate, which causes brown staining of the
chloroplasts.

RESULTS
Characterization of the arc5 Mutant
Genetic Analysis

A novel mutant of Arabidopsis was isolated from an ethyl
methanesulfonate-induced M: population of plants, in which
the mean chloroplast number per mesophyll cell is only 13
compared to a mean of 121 in wild-type cells (Table I).
Reciprocal backcrossing of this mutant to wild type and
analysis of F; and F, progeny show that this mutation is
nuclear and recessive (Table I). Complementation analysis
between this new mutant and preexisting arc mutants (Pyke
and Leech, 1992) show that this mutation represents a new
locus (Table I). We have termed this new locus arc5. Plants
of arc5 show no gross morphological differences from wild
type and show no loss of vigor.

Chloroplast and Cell Characteristics of arc5

The relationship between chloroplast number per meso-
phyll cell and mesophyll cell size in arc5 leaves (Fig. 1) shows

Table it. Mean mesophyll cell size, mean chloroplast number, and chloroplast size for populations of
mesophyll cells from fully expanded first leaves of wild type, arc mutants, and double arc mutants of

A. thaliana

Mean chloroplast number for each line was determined from a regression of chloroplast number
per cell on mesophyll cell plan area using the value for mean mesophyll cell plan area. Mesophyll
cell plan area is a mean of 150 cells, and mean chloroplast plan area is a mean of at least 150
chloroplasts from 30 different mesophyll cells. The mean cell plan area of cells in which chloroplasts
were measured was not significantly different from the mean cell plan area of 150 cells and was a
representative sample. Lines used had been selfed for three generations and backcrossed to wild

type once. sk values are shown in parentheses.

Mesophyll Cells

Genotype Mean cell Chloroplasts Mean chloroplast Chloroplasts
plan area plan area
no. per 10° um?
um? mean no. um? mesophyll cell plan
area
Wild type 4778 121 50 25
(135) (0.5)
arcl 2910 94 31 32
(68) (0.5)
arc3 3890 16 294 4
(80) (13)
arch 3531 13 312 4
(83) (11)
Double mutants
arclfarc3 4221 26 118 6
(192) (5)
arc1/arc5 4765 49 80 10
(145) (5)
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that chloroplast number per cell remains low at an average
of 13 per cell throughout the period of mesophyll cell expan-
sion. The slope of the regression in Figure 1 is not significantly
different from zero (P > 0.05), i.e. arc5 chloroplast number
is independent of changes in mesophyll cell size. In contrast,
in wild-type cells chloroplast number and cell size are closely
correlated (Fig. 1). The reduction in chloroplast number per
mesophyll cell is associated with an increase in chloroplast
size. arc5 chloroplasts from fully expanded mesophyll cells
are, on average, 6-fold larger in plan area than wild-type
chloroplasts (Table II). Consequently, the relationship be-
tween total chloroplast plan area per mesophyll cell and
mesophyll cell size for arc5 cells (Fig. 2a) is similar to the
relationship between total chloroplast plan area per meso-
phyll cell and mesophyll cell size for wild-type cells (Fig. 2b).

The size and number of chloroplasts in the mutant arc5
resemble very closely the mutant arc3 (Pyke and Leech,
1992), which also possesses few but large chloroplasts (Table
II). Although arc3 and arc5 chloroplasts have a similar mean
size (Table II), arc5 chloroplasts are less variable in plan
shape, and, in particular, many of the arc5 chloroplasts show
some degree of permanent central constriction (Fig. 3), similar
to that shown by wild-type chloroplasts undergoing division.
About 50% of chloroplasts isolated from protoplasts made
from fully expanded leaves of arc5 seedlings clearly show a
degree of central constriction similar to that seen in fixed
isolated cells (Fig. 3). The reduction in chloroplast number in
the arc5 phenotype appears to be caused by a major disrup-
tion of the chloroplast division process and completion of the
constriction phase, and, in addition, the separation of the
daughter chloroplasts does not occur. Failure of the chloro-
plasts to divide normally, followed by continued chloroplast
expansion, gives, on average, 13 very large chloroplasts in
the mature cell. The dumbbell shape of many arc5 chloro-
plasts is not a function of abnormally large chloroplast size
alone, because chloroplasts of arc3 are as large as those of
arc5, yet arc3 chloroplasts have no centrally constricted
region.
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Figure 1. The relationship between chloroplast number per meso-
phyll cell and mesophyll cell plan area for wild type () and arc5
mutant (O) of A. thaliana var Landsberg erecta. Each data point
represents the measurement from one cell whose area was meas-
ured and the chloroplast complement counted. Values of r? are
0.93 for wild type and 0.1 for arc5.
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Figure 2. The relationship between total chloroplast plan area per
mesophyll cell (determined as the number of chloroplasts in an
individual mesophyil cell X the mean chloroplast plan area for that
cell) and mesophyll cell plan area for wild type (a) and arc5 (b).
Values of r? are 0.92 (a) and 0.84 (b).

Construction and Analysis of Double Mutants

We questioned whether chloroplasts in arc3 and arc5 leaves
are capable of division or whether the genetic lesions result-
ing from these mutations have caused complete loss of the
ability of the chloroplasts to divide. We also wished to
determine whether it was possible to modify genetically the
makeup of the chloroplast compartment by combining dif-
ferent mutant arc loci. The most extreme arc mutant pheno-
types (Pyke and Leech, 1992) were chosen for combination
as follows: arcl, which has a 25% increase of smaller chlo-
roplasts per cell and has a pale seedling phenotype, and arc3
and arc5, both of which have fewer large chloroplasts per
cell than the wild type. In the F; segregating populations of
crosses between arcl X arc3 and arcl X arc5, plants with a
possible double-mutant phenotype were selected, and seeds
were collected. The criteria used for a double-mutant phe-
notype was a pale seedling containing mesophyll cells with
some chloroplasts larger than wild type (Fig. 3, e and f).
Putative double-mutant seedlings were confirmed by their
lack of segregation in the subsequent F; generation, and
analysis of F; progeny from test crosses to both parental lines
confirmed that the selected double mutants were indeed
homozygous recessive at both mutant loci. Chloroplasts were



204 Pyke and Leech

Figure 3. Isolated leaf mesophyll cells from
fully expanded leaves of wild type and mutants
of A. thaliana var Landsberg erecta viewed with
Nomarski differential interference contrast op-
tics. a, Wild type; b, arc1; c, arc3; d, arc5;
e, double mutant arc1/arc3; f, double mutant
arc1/arc5. Bar = 25 um.

counted in mesophyll cells from fully expanded first leaves
of both arcl/arc3 and arcl/arc5 double mutants, and chlo-
roplast and mesophyll cell plan areas were measured using
image analysis (Table II).

In both double mutants the relationship between number
of chloroplasts per mesophyll cell and mesophyll cell size is
intermediate between that of two parental mutants (Table II,
Fig. 4). The mean chloroplast number per cell is greater in
both the arcl/arc3 double (26 chloroplasts) and the arc1/arc5
double (49 chloroplasts) than in the arc3 (16 chloroplasts)
and arc5 (13 chloroplasts) mutants (Table II). Clearly, the
arc3 and arc5 mutations do not cause a permanent loss of the
chloroplast division function, and when expressed in a dif-
ferent genetic background, in this case arc1, some chloroplast
division can occur. Chloroplast size in these double mutants
is also intermediate between the two parental mutants (Table
II), and the changes in the distribution of chloroplast plan
area between single and double mutants demonstrate this
clearly (Fig. 5). The fully expanded mesophyll cells of the
arcl/arc5 mutant (Fig. 3f) also contain many chloroplasts in
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arrested division, a phenotypic trait of the arc5 mutation. In
contrast, chloroplasts in arrested division are not observed in
the arcl/arc3 double mutant (Fig. 3e).

Tissue Specificity of arc Mutants

Because arc mutations cause such radical changes to chlo-
roplast number and size in leaf mesophyll cells, we wished
to determine whether the mutations also caused changes in
chloroplast development in other types of chloroplast-con-
taining leaf cell. We examined three leaf cell types: guard
cells, epidermal cells, and parenchyma sheath cells.

Chloroplast number in wild-type Arabidopsis guard cells
and epidermal cells is considerably lower than in mesophyll
cells, and the chloroplasts are also smaller, particularly in
guard cells (Table III). In the arc1l mutant, chloroplast number
and size in both guard cells and epidermal cells showed no
significant differences from wild type. In mutant arc3 both
guard cell and epidermal cell chloroplasts were significantly
larger than wild type (P < 0.001) (Table III), although chlo-
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Figure 4. The relationship between chloroplast number per meso-
phyll cell and mesophyll cell plan area for double mutant arc1/arc3
(A) in comparison with arc1 () and arc3 (O) (a) and double mutant
arc1/arc5 (A) in comparison with arc1 (O) and arc5 (O) (b).

roplast number was the same as in wild type. In contrast,
mutant arc5 showed a significant decrease in chloroplast
number in both guard cells and epidermal cells (P < 0.001)
and an increase in chloroplast size in epidermal cells (P <
0.001) (Table III). Clearly, the phenotypic traits associated
with mesophyll cell chloroplasts of arc3 and arc5 are also
seen in the epidermal cells of the mutants and to a lesser
extent in guard cells.

The specialized mesophyll cells associated with the vascu-
lar tissue in Arabidopsis, termed parenchyma sheath cells,
also contain chloroplasts. In wild-type leaves parenchyma
sheath chloroplasts are, on average, 28% smaller than chlo-
roplasts in mesophyll cells (Table IV). A similar decrease in
size of parenchyma sheath cell chloroplasts compared with
mesophyll cell chloroplasts is also observed in mutants arc3
and arc5 (Table IV). In contrast, in mutant arcl parenchyma
sheath cells, the chloroplasts are slightly larger than the
mesophyll cell chloroplasts (Table IV). This difference in the
size relationship between the two chloroplast types in differ-
ent arc mutants is reflected in the characteristics of the
chloroplasts in the double mutants. In both arcl/arc3 and
arcl/arc5 double mutants there is a considerable reduction in
mesophyll chloroplast size compared with arc3 and arc5,
whereas the parenchyma sheath chloroplasts are more similar
in size to those in arc3 and arc5 (Table IV).

DISCUSSION

Mutation at the arc5 locus causes a severe disruption to the
chloroplast division process, preventing the normal increase
in chloroplast number per mesophyll cell during cell expan-
sion. The lack of successful chloroplast divisions and the
presence of many very large arc5 chloroplasts in arrested
division suggests that the arc5 mutation specifically disrupts
the division process at the point of separation of the two
daughter chloroplasts. Because chloroplast division has been
shown to occur only in chloroplasts smaller than a certain
size (Ellis and Leech, 1985), a retarded division process and
continued chloroplast expansion are likely to result in a
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Figure 5. Frequency distributions of chloroplast size, measured as
plan area, for chloroplasts from fully expanded leaves of three arc
mutants and two double arc mutants. At least 150 chloroplasts were
measured from at least 30 different mesophyll cells of each line.
The mean cell plan area of the cells in which chloroplasts were
measured was not significantly different from the mean for a large
sample of cell sizes (150) and was a representative sample of the
population.
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reduced population of chloroplasts that have expanded be-
yond the size at which division can normally occur, as is
found in arc5. The mean number of 13 chloroplasts present
in arc5 cells reflects the allocation of proplastids into post-
mitotic mesophyll cells prior to chloroplast differentiation in
this mutant and is similar to the value of 14 estimated for
proplastid number in other arc mutants (Pyke and Leech,
1992). We have no evidence at present about whether the
arc5 gene product may be associated with the constriction
process itself, in which an actomyosin contractile system has
been implicated (Whatley, 1988; Boffey, 1992), or whether it
may act as a control factor.

The identification of plants that are mutant at two different
arc loci has allowed further analysis of the arc mutant phe-
notypes. The phenotypes of both arcl/arc3 and arcl/arc5
double mutants suggest that neither arc3 nor arc5 mutations
cause complete loss of the chloroplast’s ability to divide. The
increase in the number of successful chloroplast divisions in
both of the double mutants compared with arc3 and arc5
alone suggests that both arc3 and arc5 mutations probably
cause a limited reduction in the ability of daughter chloro-
plasts to separate during the chloroplast division process. The
double-mutant phenotypes result from an interaction be-
tween arc loci, and the nature of this interaction will be the
aim of future studies.

In both wild type and arc mutants of Arabidopsis there is a
highly regulated mutual compensation between chloroplast
division and chloroplast expansion. The 70% chloroplast
cover of the cell surface in the wild-type plants is maintained
throughout cell expansion (Pyke and Leech, 1992), and in
the arc mutants, which exhibit a wide range of chloroplast
number and size, this high proportion of chloroplast cover is
also evident. When grown in our standardized growth con-
ditions (Pyke and Leech, 1992), the arc3 and arc5 extreme
mutant phenotypes do not show any major reduction in

Table lll. Mean chloroplast number per cell and mean chloroplast
plan area for chloroplasts from guard cells and epidermal cells of
wild type and three arc mutants of A. thaliana

Guard cell and epidermal chloroplasts were counted in at least
50 individual cells from fully expanded leaves. Number of chloro-
plasts is to the nearest whole number. Mean chloroplast plan area
is a mean of at least 50 chloroplasts from 30 different cells. s values
are shown in parentheses.

Guard Cell Epidermal Cell
Genotype Mean Mean
Chioroplasts  chloroplast  Chloroplasts  chloroplast
plan area plan area
mean no. , mean 1o. ,
per guard um i um
cell pair perce
wild type 10 9.2 8 15.9
(0.2) 0.3) (0.3) (0.4
arcl 9 8.4 9 16.2
0.1) (0.2) (0.4) (0.4)
arc3 10 12.1 8 23.4
(0.2) - (0.5) (0.3) (0.7)
arcs 5 10.0 5 299
(0.2) (0.4) (0.2) (1.8)
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Table IV. Mean chloroplast plan areas from mesophyll and
parenchyma sheath cells of fully expanded first leaves of wild type,
arc mutants, and double arc mutants of A. thaliana

Mesophyll chloroplast plan areas are means of at least 150
chloroplasts from 30 different mesophyll cells. Parenchyma sheath
chloroplasts plan areas are means of at least 50 chloroplasts
from 30 different parenchyma sheath cells. se values are shown in
parentheses.

Mean Chloroplast Plan Area

Genotype

Mesophyll cell Parenchyma sheath
chloroplasts cell chloroplasts
um? um?
Wild type 50 36
(0.5) m
arcl 31 46
(0.5) (0.9)
arc3 294 262
(13) (22)
arch 312 193
(11) (14)
Double mutants
arcl/farc3 118 224
(5) (15)
arctfarch 80 209
&) 7

vigor, but their survival under conditions of environmental
stress in which the wild-type plant survives is unknown. A
comparison of the relative survival of wild-type and mutant
plants in a wide range of environmental conditions could
give very valuable information about the importance of chlo-
roplast number/size relationships to plant survival.

The analysis of chloroplast-containing leaf cell types other
than mesophyll cells shows that the arc mutations affect
chloroplast development in all of the leaf tissues but to
varying degrees. It is particularly interesting that there are
fewer larger chloroplasts in both guard cells and epidermal
cells of arc5 compared to wild type, characteristics typical of
the arc5 mesophyll chloroplast phenotype. This would sug-
gest that normally some chloroplast divisions do occur in
both guard cells and epidermal cells of wild-type leaves. The
lack of a reduction in size in parenchyma sheath chloroplasts
associated with the arc1 mutation indicates a change in tissue-
specific expression in this mutant.

The identification of arc loci in Arabidopsis, mutations at
which have a major phenotypic effect on chloroplast division
characteristics, and the recent isolation of putative trans-
ferred-DNA insertional mutants with arc-like phenotypes
{K.A. Pyke, S. Rutherford, and R.M. Leech, unpublished data)
should facilitate a detailed dissection of the molecular con-
trols on chloroplast division in higher plants.
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