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Control of Leaf and Chloroplast Development by the
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Leaf plastids of the Arabidopsis pale cress (pac) mutant do not develop beyond the initial stages of differentiation from
proplastids or etioplasts and contain only low levels of chlorophylls and carotenoids. Early in development, the epidermis
and mesophyll of pac leaves resemble those of wild-type plants. In later stages, mutant leaves have enlarged interceliular
spaces, and the palisade layer of the mesophyll can no longer be distinguished. To study the molecular basis of this
phenotype, we cloned PAC and determined that this gene is regulated by light and has the capacity to encode an acidic,
predominantly a-helical protein. The PAC gene appears to be a novel component of a light-induced regulatory network
that controls the development of leaves and chloroplasts.

INTRODUCTION

Leaves develop from shoot meristem cells that contain
proplastids, colorless organelles with little internal structure
that are precursors of chloroplasts. As meristem cells divide
and develop into cells of the leaf, proplastids differentiate into
chioroplasts. The development of organs and organelles in
plants is a separate (Reiss et al., 1983; Mayfield and Taylor,
1987; Taylor, 1989; Zhang et al., 1992) but coordinated (Hou
et al., 1993) process. This is supported by the observation that
genetic or chemical blocks in chloroplast development have
no direct effect on leaf morphology. In agreement with this ob-
servation, we determined that among chloroplast mutants
identified in a collection of Agrobacterium-treated Arabidop-
sis mutants (Feldmann, 1991), leaf morphology is generally
unaffected. However, a small percentage of these mutants show
alterations in leaf development, suggesting the existence of
nuclear genes required for both chloroplast and leaf differen-
tiation. The characterization of these mutants may lead to a
new understanding of the coordination between leaf and chlo-
roplast development. Here, we report the cellular and molecular
characterization of pale cress (pac), a mutant of this group.

RESULTS

Isolation and Characterization of pac

To identify mutants blocked in chloroplast development, we
screened a collection of 8000 Arabidopsis T-DNA insertional
mutants (Feldmann, 1991). We identified 300 lines with pale
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green, yellow, or albino cotyledons that germinate normally,
indicating that embryo morphogenesis is not affected. Before
mutant seedlings die as a result of the lack of photosynthesis,
primary leaves can be seen differentiating from the apical
meristem. When plated on nutrient agar, most mutant seed-
lings developed morphologically normal but unpigmented or
pale leaves. However, 6 to 10 of these mutants also showed
alterations in leaf development that resulted in the formation
of leaf blades that were clearly thinner than the wild type. From
this class we selected pac, a pale green mutant shown in Fig-
ure 1, for further characterization.

To characterize the photosynthetic pigments of pac mutants,
we extracted total chlorophylls and carotenoids. As indicated
in Table 1, mutant plants accumulate chlorophylls a and b and
carotenoids at less than 3% of wild-type levels. Using thin-
layer chromatography, we detected chlorophylls a and b and
the colored carotenoids lutein, B-carotene, neoxanthin, and
violaxanthin. Leaves of mature pac plants showed a decrease
in opacity and substance that, as explained below, is a result
of alterations in leaf development. In developing siliques of
selfed heterozygous pac plants, ~25% of the seeds did not
accumulate significant amounts of chlorophyll, indicating that
the PAC gene is also required for chloroplast formation during
embryogenesis, although embryo development per se is not
affected by the PAC deficiency. The pattern of anthocyanin
deposition in seedlings was normal (data not shown), and when
provided with a carbon source, these seedlings developed ro-
settes of normal phyllotaxy. The time of flowering of pac plants
in sucrose media was similar to that of the wild type, and mu-
tant plants showed no signs of premature senescence.

Plastid Development

Chloroplasts develop from proplastids through a process that
involves an increase in volume and membrane expansion. in
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Figure 1. Wild-Type and pac Plants.

Seeds from a heterozygous (+/pac) plant were sown on nutrient agar
Petri dishes and photographed 10 days after germination.

(A) Seedling of a homozygous pac mutant.

(B) Seedling of a green (genotype +/-) plant.

Magnification for (A) and (B) = x10.

the mature chloroplast, internal membranes are present as
either single stroma thylakoids or appressed grana thylakoids
(Kirk, 1978; Staehelin, 1986). We used electron microscopy
to examine plastids in cells of the apical meristem, leaf primor-
dia, and developing leaves at stages 1 (1.5 to 2.5 mm in length)
and 2 (4.0 to 5.0 mm in length). Figures 2A and 2B show that
pac meristematic cells contain proplastids similar to those of
the wild type. In leaf primordia, wild-type chloroplasts show
a rudimentary thylakoid organization into grana (Figure 2C),
whereas pac plastids show only a few lamellae that, in the ex-
ample shown in Figure 2D, form a stack. This reduced stacking
was not seen in every plastid (complete serial sections were
not examined), but it represents the highest level of stacking
observed in pac mesophyll plastids. In stage 1 leaves, wild-
type chloroplasts are fully developed (Figure 2E), but pac
plastids show only a reduced membrane system (Figure 2F).
It is important to note that, although mutant plastids expand

during leaf development, they do not reach wild-type size in
mature leaves.

Plants grown in the dark form etioplasts, plastids of irreg-
ular shape with characteristic prolamellar bodies. When
illuminated, the prolamellar bodies lose their crystalline struc-
ture, thylakoids become more abundant, and grana start to
form. We examined mutant and wild-type plastids during a 24-hr
de-etiolation experiment. Figure 3 shows electron micrographs
of representative plastids at 0, 4, and 24 hr after illumination
of etiolated seedlings. Prolamellar bodies and characteristic
single thylakoids were clearly visible in mutant plastids (Fig-
ure 3B), which were morphologically similar to wild-type
plastids at time 0 (Figure 3A). After 4 hr of illumination, both
advanced dispersal of prolamellar bodies and an increase in
single thylakoids were evident in both wild-type and mutant
plastids (Figures 3C and 3D). At 24 hr, however, there were
significant differences in plastid morphology between wild-type
and pac leaves (Figures 3E and 3F). Mutant plastids show less
thylakoid development than does the wild type at 4 hr and re-
tain the irregular shape of etioplasts. In contrast, wild-type
plastids at this stage have advanced thylakoid stacking, and
grana formation is evident. Thus, PAC controls chloroplast dif-
ferentiation from both proplastids and etioplasts.

Leaf Development

To determine the cellular basis for the leaf phenotype of pac,
we used light microscopy to examine the structures of wild-
type and mutant leaves. The sections shown in Figures 4A
and 4B indicate that both wild-type and pac leaves have dis-
tinct epidermis, palisade, and spongy mesophyll layers at stage
1. At stage 2, epidermal and mesophyll cells and intercellular
spaces of wild-type leaves have enlarged considerably (Fig-
ure 4C). However, in pac leaves the palisade layer is no longer
apparent, many of the epidermal cells are irregularly shaped,
intercellular spaces are large, and the thickness of the leaf
is uneven (Figure 4D).

The analysis of the size and distribution of cells in trans-
versely sectioned leaves shown in Table 2 indicates significant
alterations in the development of pac leaves. At stage 1, the
epidermal layers of wild-type and pac mutants are of similar
size, but at stage 2 the volume occupied by the epidermis of
pac mutants is more than 30% greater than that of the wild
type. The average pac epidermal cell size is similar to the wild

Table 1. Pigment Content of pac Mutants

Sample Chl a2 Chl b2 Carotenoids?
Wild Type  6.10 = 0.60  1.60 = 0.20  1.30 = 0.10
pac 0.05 + 0.01 0.03 + 0.01 0.04 + 0.01

2 Total pigments were extracted from stage 1 plants and analyzed
as given in Methods and are expressed as milligrams per gram dry
weight of tissue + SD.
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Figure 2. Ultrastructure of Leaf Plastid Development from Meristem Proplastids.

(A) Proplastid of a wild-type apical meristem cell.
(B) Proplastid of a pac apical meristem cell.

(C) Plastid of a wild-type leaf primordium.

(D) Plastid of a pac leaf primordium.

(E) Chloroplast of a stage 1 wild-type leaf.

(F) Plastid of a pac stage 1 leaf.

Bar in (E) = 1.0 um and applies to all panels.
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Figure 3. Ultrastructure of Plastids during De-etiolation.

(A) Etioplast of a wild-type plant grown in the dark.

(B) Etioplast of a pac mutant.

(C) Plastid of a wild-type plant de-etiolated for 4 hr.

(D) Plastid of a pac plant de-etiolated for 4 hr.

(E) Chloroplast of a wild-type plant after 24 hr of de-etiolation.
(F) Plastid of a pac mutant after 24 hr of de-etiolation.
Arrows indicate osmiophilic globules. P, prolamellar body.

Bar in (E) = 1.0 um and applies to all panels.
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Figure 4. Light Microscopy of Leaf Development in pac and Wild-Type Plants.

(A) Stage 1 wild-type leaf.
(B) Stage 1 pac leaf.
(C) Stage 2 wild-type leaf.
(D) Stage 2 pac leaf.

Note the absence of a palisade layer in (D). This alteration did not affect the integrity of the samples for TEM.

Bar in (D) = 50 pm and applies to all panels.

type at stage 1, but it is almost 40% greater than that of the
wild type at stage 2. Thus, mutant epidermal cells expand more
than their wild-type counterparts, resulting in a proportionally
larger epidermal layer. An examination of mesophyll develop-
ment revealed that at stage 1 the pac mesophyll layer occupies
a volume equivalent to 56% of the total, whereas the corre-
sponding wild-type volume is 63%. By stage 2, the mesophyll

volume of mutant leaves is only 22.6% of the total versus 51.3%
for the wild type. The analysis of cell densities indicated that
at stage 1 the pac value is 75% of the corresponding wild-
type value, and at stage 2 there are almost 50% fewer cells
per unit volume in mutant versus wild-type leaves. Thus, the
pac mutation affects the number but not the size of mesophyll
cells. We did not observe any evidence of cell lysis in the

Table 2. Leaf Development in pac and Wild-Type Plants

Stage 12 Stage 22

Space Tissue Cell Wild Type pac Wild Type pac
Cellular Epidermis Area® 25.30 = 0.95 2450 =+ 0.93 30.20 = 0.65 39.80* + 2.17
Size° 119.14 + 11.47 133.10 + 9.41 206.70 + 13.19 284.08* + 21.14
Density? 9.06 + 0.80 7.84 + 0.52 5.08 + 0.33 3.68" = 0.25
Mesophyll AreaP 63.70 = 1.03 56.20* + 2.88 51.30 = 1.16 22.60" + 1.52
Size®© 213.52 + 8.80 247.71* = 13.19 3156.71 + 10.21 311.92 =+ 26.05
Density? 4.06 + 0.18 3.08" + 0.20 2.36 = 0.10 1.25* + 0.09
Intercellular Areab 11.00 = 1.50 19.30* + 4.30 18.50 + 3.00 37.60* + 3.50

@ Values shown are the mean and standard error for each set of observations. Mean values within each stage were compared using the stu-
dent’s t-test. Significant differences (a = 0.05) between wild type and pac are indicated by asterisks. A total of 14 leaves from each wild-type

and pac plant were sampled.

b As a percentage of the total area.

¢ As average cell area in square microns.

d As average number of cells per 1000 pm?.
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sections examined; therefore, it is likely that the lower density
of mesophyll cells reflects a premature cessation of cell divi-
sion. The volume occupied by the intercellular space in the
mesophyll layer of mutant leaves was higher than in the wild
type for both stages (75 and 203% for stages 1 and 2, respec-
tively) and is thus largely consistent with the measurements
of the cellular layers.

In summary, during the stages analyzed the program of cell
division and expansion was active in pac mutants for both
mesophyll and epidermal cells. However, cells of the pac
epidermis expanded further than the wild-type epidermal cells,
whereas mutant and wild-type mesophyll cells were similar
in size, but pac leaves had fewer mesophyll cells per unit vol-
ume than did the wild type, and the characteristic shape of
the palisade was lost by stage 2. Stage 1 pac leaves had a
palisade (Figure 4B) but chloroplast development was arrested
(see Figure 2F). Thus, in the temporal development of mutant
leaves the block in chloroplast differentiation precedes the loss
of the palisade layer.

Genetic Mapping and Cloning of the PAC Gene

We used phenotypic marker lines to map pac to a chromosomal
location. Segregation of the pale green phenotype in 106 in-
dividual F, plants showed no significant deviation from the
expected 3:1 ratio. Analysis of the linkage data indicates that
pac maps to chromosome 2 at ~2 centimorgans from cer8
and ~21.6 centimorgans from er. To determine linkage to the
T-DNA, we plated 13,243 plants derived from heterozygous par-
ents in agar medium containing kanamycin and scored for
pigment phenotype (green or pale green) and kanamycin re-
sistance. The segregation ratios were highly consistent with
a 1:2:1 ratio, and we did not find pale green and kanamycin-
sensitive plants, a phenotype that would indicate genetic
recombination between the T-DNA and the pac mutation.
As indicated above, genetic segregation analysis suggested
that PAC is tagged by a T-DNA. Genomic gel blot analyses
(data not shown) indicated that the mutant line contains an
inverted repeat T-DNA flanked by two right border sequences.
To isolate DNA corresponding to this region, we cloned an
EcoRl fragment carrying a pBR322 replicon and an ampicil-
lin resistance gene and 6 kb of genomic DNA flanking the
T-DNA insertion. This fragment was used as a probe to clone
a 17-kb genomic DNA fragment. An 8-kb Xhol subclone was
later shown to contain the entire PAC coding region plus flank-
ing sequences (3.2 kb 5’ and 1.0 kb 3. This fragment was
introduced into homozygous pac mutants by Agrobacterium-
mediated transformation (Marton and Browse, 1991). As shown
in Figure 5A, the wild-type DNA fragment complemented the
pigment phenotype of pac. Mutant plants regenerated from
tissue culture have a pale green phenotype (Figure 5B),
whereas wild-type plants regenerated under the same condi-
tions are indistinguishable from the complemented mutants
(Figure 5C). As shown in Figure 6A, plastids of complemented
mutants have a wild-type morphology, whereas mutant plants

Figure 5. Complementation of the pac Mutation with Cloned Arabidop-
sis Genomic DNA Carrying the Wild-Type PAC Gene.

Plants were transformed and regenerated from root cultures as de-
scribed in Methods.

(A) Homozygous pac plant transformed with the PAC gene.

(B) Homozygous pac plant transformed with the T-DNA plasmid vector.
(C) Wild-type control.

have undifferentiated plastids (Figure 6B). We concluded from
these experiments that the PAC gene is entirely contained in
the 8-kb Xhol genomic fragment. We used restriction fragment
length polymorphisms and recombinant inbred lines (Reiter
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Figure 6. Plastid Ultrastructure in Complemented pac Plants.

(A) Chloroplast of a homozygous pac plant carrying the PAC transgene.

(B) pac control transformed with the plasmid vector.
Plastids were analyzed by TEM as described in Methods.
Bar in (A) = 1.0 um and applies to both panels.

et al., 1992) to map this genomic fragment to the same region
of chromosome 2.
Isolation and Characterization of PAC cDNAs

" To characterize the PAC transcript, we screened cDNA libraries
with a 1-kb wild-type genomic fragment amplified from the re-

three different classes of cDNAs (PAC1, PAC2, and PAC3) rang-
ing in length from 1.1 to 3.0 kb. We sequenced 6.5 kb of genomic
DNA and cDNAs from all three classes. Figures 7A and 7B
show diagrams of the PAC gene and the three cDNAs. Com-
parison of the DNA sequences indicated that the various
cDNAs correspond to differentially spliced transcripts. The PAC
gene contains nine exons and eight introns. Exons 1, 2, 3, 5,
and 6 are present in all three cDNAs, whereas exons 4 and

gion corresponding to the site of T-DNA insertion. We identified 7 can be processed at alternative 5’ splice sites. By using

Pacl
ATG
MII AST*
4
1 2. .3 A 5 6 8 9
Pac2
8
ATG
MII SGe*
4 7
"4 2 3 5 6
pac3 #
ATG CAA
MAA AST*

Figure 7. Genomic and cDNA Cloning of PAC.

(A) Structure of the genomic PAC region (2.75 kb), indicating exons, introns, and the location of the T-DNA insertion.

(B) Diagram of PACT (1.0 kb), PAC2 (1.9 kb), and PAC3 (1.2 kb) cDNA clones showing the three N- and C-terminal amino acids of the predicted
proteins in the one-letter code. A short predicted peptide starting at the exon 1 ATG of PACT and PAC2 is not shown.

Note the differential splicing of exon 4. Solid and open numbers indicate exons and introns, respectively. For exon 4, differentially spliced (4A)
and constant (4B) regions are indicated.
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reverse transcriptase-polymerase chain reaction (RT-PCR) to
amplify polyadenylated PAC transcripts, we determined that
there are several additional transcripts from this region (data
not shown). At least in light-grown plants, PAC3 is the predom-
inant species (data not shown). However, we cannot exclude
the possibility that other mMRNAs may become more abundant
at different stages of development or in response to environ-
mental stimuli.

The open reading frames of the PAC transcripts cloned have
the capacity to encode different predicted proteins. PACT couid
encode a 168-amino acid protein. A product sharing the same
N terminus but extending a further 29 residues at the C termi-
nus can be predicted from PAC2. PAC3 could encode a
310-residue protein extending to the in-frame exon 1 ATG (Fig-
ure 8). No open reading frame encoding more than 12 amino
acids was detected 5’ of this initiation codon. PAC3 is an acidic
(predicted charge and isolelectric point of ~17 and 4.7, respec-
tively) and highly charged protein (39% charged amino acid
residues). As shown in Figure 9, two different secondary struc-
ture prediction algorithms suggest that the predominant
structure of PAC is the a-helix.

A data base search using the BLAST service of the National
Center for Biotechnology Information (Rockville, MD; Altschul
et al., 1990) revealed that PAC3 is a novel protein with a low
level of conservation (score 84, P = 8.9713) to the C-terminal
half of human moesin (membrane-organizing extension spike
protein) and the related proteins ezrin, radixin, and merlin
(moesin-ezrin-radixin-like protein), the recently described
candidate for the neurofibromatosis 2 tumor suppressor prod-
uct (Trofatter et al., 1993; termed schwannomin in Rouleau
et al., 1993). Searching the newly developed protein domain
(ProDom) data base, created by organizing all entries in the
SWISSPROT data base into homologous domains using the
DOMAINER algorithm (Sonnhammer and Kahn, 1994), we
detected conservation of PAC3 to the ProDom 761 sequence
(score 83, P = 3.6719), a consensus of 11 mammalian proteins
of the moesin-radixin-ezrin family. This domain of the moesin
family of proteins interacts with actin (Algrain et al., 1993) and
contains a high proportion of charged amino acids (38 to 43%)
and an extensive a-helical conformation. Currently, we do not
know whether this sequence conservation reflects similarities
in function and/or evolutionary origin.

Control of Gene Expression in pac

We used RNA gel blot analysis to study the control of expres-
sion of the PAC gene in wild-type plants and of representative
nuclear and plastid genes in the pac mutant. Figures 10A and
10B show that PAC expression is positively regulated by light
(>10-fold induction) and is not affected by treatment with the
carotenoid inhibitor norflurazon. Because of the low abundance
of PAC transcripts in seedlings, this result had to be confirmed
using quantitative RT-PCR (Figure 10B). No PAC transcripts
were detected in mutant plants. The pac mutation does not
affect the expression of the CAB nuclear gene family (Figure

TGAGCTACTAGTACTAAGCTACACCACGGGGTTTAATTTGTGAAATCCGAAACTAGGGAG 60
ACTAAATCCGAATAGATATAGATAGCCTAAGGGATTCGGGGCTGCAACAAAATCACTCCC 120

ACTCACTGCGAACGTCGACTATGGCGGCGACGTCGCTGGTTCTGACGTGCGCATCCCCTC 180
M A AT S LV LTZCASUPL 14

TATTCAGCAGCCCTCGGGTTATTTCTGCTACGAAGAAGCTGACTACAGAGTTGTCGATTT 240
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TGCGGCGGATGCAGCGGGAGGAAGAAGAAGAAGAGGAGAGAAAGATTGAAGAATACCGTG 420
R R M QREZETETEZEETEWRI KTIETETYRE 94

AAATTGGCACGAGGTTGAAGGAATTTCCCGAGCAAGACTTAAGGAAAGCCAGAAAGCTCG 480
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3
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GELDELVL%IIWNRLDLARR 154

GCGATTGATGAGAAGGACGCCATCAGMGTCTTGATCTTTTGTATAGMGAGTCG TAGACAG 660
D D E KD ATIRSTLDULTLYRIRVYVETE 174

AGATCTTAAAACGGCAAGCAAGTCCTGCAATGAAACTGCTGAATGATCTTCTAAATATGC 720
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D G F E DDA AWTLIKUDTCRI KU RMAETF 214
[
TCCCCCGAGAAGACCCCTTCAGCATTCTAATGCCACCGGGATTCGACATTGATAT ‘GCATC 840
P R EDUPF s I L M PP GF DI D MUBHBQ 234

AAGGACAGTTGCGACCGCCCATTGAGACTGAGACAGACAACACCCTTCTGAGAGTAGACT 900
G Q LR PP I ETETUDNTULTULRVDF 254

TTGTAAGAGAAGTGGATGCACTGCTACAGGAAGTGAGGATAGAGGAAGACGCTACAACTG 960
VR EVDALULOQEVRTIETEDA ATTG 274

GTAGCAAAGGAGAAGGGCTTGATCCTGAAGCTATAGCACTTAAGTTTAAGCAACAGGAGA 1020
s K 6 E G L DPEATI ALKV FIKOQQEK 294

AGCAACGAACCATCCGCCAAATTGAAGCCATTCTTGATTTAGCCTCAACTTGAAGTGGTA 1080
Q R T I R QI EATILUDTLAS T * 310

GGCAGTTAACTAGAATATCAATCTATACGCCATAATAATTTTTTTAAGATAGACCCTAGA 1140

GTTAGATTGATTCAGGCGTTTTTGTTTAGAAATGAATGGAGTCTAAATAATAGGTTTTGG 1200

Figure 8. Nucleotide and Deduced Peptide Sequence of PAC3.

The location of introns and the T-DNA insertion site are shown. The
alternative start codon of PAC? and PAC2 is indicated by a double un-
derline. Numbers above the sequence indicate the location of introns.
Underlined nucleotide bases correspond to the differentially spliced
4A region. The nucleotide sequence of PAC3 has been submitted to
GenBank as accession number L35241.

10C), which encodes light-harvesting proteins, but decreases
the expression of PSBA, a representative chloroplast gene (Fig-
ure 10D). As expected from previous reports, norflurazon
treatment affects CAB and to a lesser extent PSBA gene ex-
pression (Taylor, 1989; Sagar and Briggs, 1990). Therefore, PAC
is a light-regulated gene whose expression does not depend
on chloroplast differentiation. Loss of PAC function, however,
does not affect CAB expression.

DISCUSSION

We have described an Arabidopsis mutant affected in the con-
trol of leaf and chloroplast development. We cloned and
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Figure 9. Secondary Structure Prediction of PAC.

Regions corresponding to a-helixes, B-sheets, turns, and coils were determined by the Chou-Fasman or Garnier-Robson algorithms using Laser-

Gene (DNAstar; Madison, WI).

Figure 10. Control of Gene Expression in the pac Mutant.

Shown are autoradiograms of blots containing 10 pg of total RNA or
RT-PCR products hybridized to the 32P-labeled probes shown on the
left.

(A) Total RNA, exposure time 16 hr.

(B) RT-PCR products, exposure time 40 min.

(C) Total RNA, exposure time 16 hr.

(D) Total RNA, exposure time 15 min.

RNA was extracted from 1-week-old wild-type (WT) or pac plants grown
in light (+) or dark (=) in the presence (+) or absence (-) of 1075 M
Norflurazon (Norf) as indicated. For (A) and (C), blots were exposed
to x-ray film at —70°C with an intensifying screen. For (B) and (D),
exposures were done at room temperature.

mapped the corresponding gene and determined that it en-
codes a novel protein product. Early stages of pac leaf and
chloroplast development are not significantly affected, but in
later stages the PAC deficiency results in developmentally
arrested plastids and altered leaf formation. Plastids in homo-
zygous pac mutants undergo initial stages of differentiation
from proplastids and etioplasts, but they do not develop into
chloroplasts. Chlorophyll and carotenoids accumulate at low
levels in the pac mutant in spite of the complete loss of gene
function.

Using the T-DNA tag, we cloned PAC genomic DNA and con-
firmed that this DNA fragment contains the PAC gene by
complementing the pac mutant. We determined that the PAC
gene is differentially spliced and contains at least two func-
tional polyadenylation signals. The most abundant transcript,
PACS3, has the capacity to encode a hydrophilic protein of 36
kD that has a predicted a-helical structure. The structure of
the gene suggests that PAC does not encode a pigment bio-
synthesis enzyme, but the corresponding protein may play a
yet unknown role in the biosynthesis of chlorophylls and carote-
noids. The low-level accumulation of photosynthetic pigments
may result from either an effect of PAC on the biosynthesis
of chlorophylls and carotenoids or a defect in the accumula-
tion of pigments as a result of the impaired development of
chloroplast membranes.

In early stages of development, both pac and wild-type leaves
acquire the characteristic layered cell pattern. Therefore, up
to stage 1 leaf development proceeds in the absence of chlo-
roplast differentiation. In later stages, however, cells of the
mutant palisade lose their typical shape, and the epidermal
cells enlarge abnormally. Thus, the pac phenotype indicates
the existence of a control of leaf maturation acting after the
basic differentiation of leaf tissues. Leaf development is a
precisely controlled developmental process influenced by en-
vironmental factors, primarily light. The formation of a layered
photosynthetic organ from an undifferentiated primordium
involves cell division, cell expansion, cell and organelle dif-
ferentiation, and tissue formation (Steeves and Sussex, 1989).
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To optimize photosynthesis, the structure of mature leaves must
balance light intensity and evaporative load. Both light quality
and quantity affect the size, shape, and morphology of leaves.
The development of the palisade mesophyll exhibits consid-
erable plasticity in response to light, temperature, water stress,
and salt stress (Nobel and Walker, 1985; Dale, 1988; Moore,
1992). Thus, leaf development can be divided into an early,
genetically programmed pattern formation stage and a later
pattern expression stage that involves the final cell divisions
and the acquisition of mature cell shapes and that depends
primarily on environmental signals. If PAC is required for the
final stages of leaf development, loss of this gene function may
result in palisade cells losing their columnar shape to adopt
a “default” spherical form. The chloroplast and leaf phenotypes
may be mediated by a single PAC product or, as suggested
by the alternative splicing detected at the locus, PAC may en-
code multiple proteins with different cellular localizations and
functions. Currently, we do not know whether the leaf and chlo-
roplast phenotypes are directly or indirectly controlled by PAC.
If the chloroptast participates in the perception or processing
of the environmental signals that modulate the differentiation
of the leaf palisade, the ieaf phenotype may be an indirect re-
sult of the chloroplast defect resulting from the loss of PAC
function. Alternatively, the function of PAC may be to control
cell differentiation through a process that is also required for
organelle differentiation.

We have not found a description of similar mutants in the
scientific literature, except for a variegated Epilobium mutant
in which palisade cells in the white sectors have the morphol-
ogy of spongy mesophyll and often show enlarged intercellular
spaces (discussed in Tilney-Bassett, 1978). However, varie-
gated green/white mutants may not be ideal to study this
process because green sectors generally expand further than
white areas, possibly generating physical forces that may re-
sult in aberrant morphologies.

PAC expression is regulated by light and is not affected by
blocking chloroplast development with the bleaching herbi-
cide norflurazon. The light regulation of PAC together with the
function of the gene deduced from the phenotype of the pac
mutant suggest that this gene participates in the modulation
of leaf shape and chloroplast development by light. Unlike treat-
ment with the bleaching herbicide norflurazon (Taylor, 1989),
the genetic obstruction of chloroplast development induced
by PAC does not block CAB gene expression.

METHODS

Plant Material

The pale cress (pac) mutant was isolated from a collection of T-DNA-
mutagenized Arabidopsis thaliana ecotype Wassilewskija seed
(Feldmann, 1991). Plants were grown in flats under standard green-
house conditions using a 16-hr light/8-hr dark cycle or in 1% agar
nutrient plates at 25°C under continuous cool-white and Gro-Lux

illumination with an intensity of 75 to 95 pE m=2 sec™'. Sterilization
and plating of Arabidopsis seeds on agar plates was as previously de-
scribed (Feldmann and Marks, 1987). Pigments were extracted from
stage 1 plants and analyzed according to Lichtenthaler and Wellburn
(1983).

Light Microscopy

To assay the effect of the pac mutation on internal leaf anatomy, trans-
verse sections were taken from leaves fixed and embedded in Quetol
resin (Howard and O’Donnell, 1987) for transmission electron micros-
copy (TEM; see below). Thick sections (2 to 3 pm) were attached to
glass microscope slides using poly-L-lysine and stained for 8 min at
60°C in 0.1% toluidine blue O in 100 mM sodium acetate buffer, pH
4.5 (Jones and Rost, 1989). The length of each leaf and position of
sections relative to the leaf base were recorded (Pyke et al., 1991).
A total of 14 leaves of each wild type and mutant were sampled.

Quantitative data concerning the number of cells comprising the
epidermis and mesophyll and the area occupied by these regions rel-
ative to the total cross-sectional area were obtained from micrographs
printed to a final magnification of x850. Data were collected only from
sections positioned ~50 to 75% of total leaf length from the base and
in regions lacking vascular tissue (i.e., interveinal areas). To compare
leaf development, 10 micrographs derived from two to four samples
of each stage were analyzed for each of two size classes (stage 1,
1.5 to 2.5 mm in length; stage 2, 4.0 to 50 mm in length) for both pac
and wild-type leaves (a total of 40 micrographs).

Electron Microscopy

Tissue processed for TEM was derived from two experiments. To ex-
amine plastid differentiation, we processed mutant and wild-type leaves
and shoot apices from 2-week-old plants. To examine de-etiolation,
seeds were first germinated for 36 hr in an illuminated growth cham-
ber, followed by growth in the dark for 5 days. The plants were then
exposed to white light for 0, 0.5, 2, 4, 8, 12, and 24 hr before excising
and processing the cotyledons.

Samples were fixed in 4% glutaraldehyde in 100 mM sodium caco-
dylate buffer, pH 7.2. Because of variation in the time required for
manipulation of each sample prior to fixation, the duration of fixation
varied between experiments. Fixation times at 4°C and subsequently
at 23°C, respectively, were as follows for each experiment: plastid de-
velopment, 2 to 5 and 4.5 hr; first de-etiolation experiment (12 and 24
hr), 3.5 and 3.0 hr; second de-etiolation experiment (0, 0.5, 2, 4, and
8 hr), 16.0 and 3.0 hr. Following aldehyde fixation, samples were post-
fixed in 2% osmium tetroxide in the same cacodylate buffer, stained
in 1% aqueous uranyl acetate for 8 hr at 4°C, dehydrated in acetone,
and embedded in either Spurr’s or Quetol resin. A total of 73 leaves
were sectioned for TEM; 10 to 40 leaves were used per experiment.

Genomic DNA Isolation

Frozen plant tissue was ground and incubated at 55°C for 1 hr with
100 pg/mL proteinase K, 100 mM Tris, pH 8, 100 mM EDTA, 250 mM
NaCl, and 1% sarkosyl. Samples were centrifuged 10 min at 5000g,
and the supernatant was placed in a new tube. DNA was precipitated
by the addition of 0.6 volumes of isopropanol and 0.1 volume of 3 M
NaOQAc, pH 5.3. The DNA was pelieted by centrifugation for 15 min



at 8000g, redissolved in Tris-EDTA, and purified by CsCl banding
(Lichtenstein and Draper, 1985).

Genomic Library Construction

Genomic DNA isolated from wildtype Arabidopsis (ecotype
Wassilewskija) was partially digested with Sau3A and ligated to BamHi-
digested and partially filled \GEM-11 arms (Promega). The ligated DNA
was packaged using Gigapack Il gold packaging extract (Stratagene).
The packaged DNA was plated and amplified in Escherichia coli host
KW251 (Promega) according to the manufacturer's instructions.

PAC Gene Cloning

Sterilized seeds from self-pollinated pac heterozygotes were germi-
nated on agar plates (Murashige and Skoog, 1962). Homozygous pac
seedlings were identified and transferred to flasks containing 50 mL
of Murashige and Skoog salts with 1% sucrose and grown for 4 weeks
with gentle shaking. Genomic DNA isolated from homozygous pac
plants was used to clone a 12.7-kb fragment containing 6.3 kb of pac
plant DNA via plasmid rescue. Genomic DNA fragments containing
an intact PAC gene were cloned by using the rescued plant DNA to
screen an Arabidopsis wild-type (ecotype Wassilewskija) genomic li-
brary in AGEM-11 by plaque hybridization.

DNA and RNA Getl Blot Hybridization

Genomic DNA for gel biot analysis was isolated from freeze-dried tissue
by the method of Murray and Thompson (1980). The DNA was further
purified by CsCl banding (Lichtenstein and Draper, 1985). RNA gel
blots contained 20 ng of total RNA isolated according to Bartholomew
et al. (1991). Quantitative reverse transcriptase—polymerase chain reac-
tion (RT-PCR) was done according to Bartley and Scolnik (1993) using
35 cycles and primers 5-TGAGCTACTAGTACTAAG-3' and 5-CGAGCC-
GTCGAGACTACTTCG-3' and Arabidopsis phytoene desaturase (PDS)
as an internal control.

PAC cDNA Cloning

A 6.5-kb fragment of genomic DNA containing the PAC gene and a
portion of the plant DNA flanking the right border were sequenced
via dideoxy termination using Sequenase enzyme (U.S. Biochemical
Corp.) according to the manufacturer's instructions. A 1.1-kb PCR prod-
uct surrounding the region of T-DNA insertion was amplified and used
as a hybridization probe to screen an Arabidopsis cDNA library (Kieber
et al., 1993). Two classes of cDNA were identified and sequenced as
described above. Additional classes of cDNA were amplified by RT-
PCR (Bartley and Scolnik, 1993). The most abundant product was
cloned by blunt-end ligation into Smal-digested pBluescript SK+ and
sequenced as described above.

Transformation and Complementation of pac
The plasmid pRR101, containing a hygromycin resistance selectable

marker regulated by the cauliflower mosaic virus 35S enhancer/pro-
moter with a chlorophyll a/b binding protein (cab) leader sequence
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and a nopaline synthase (nos) 3' termination sequence, was constructed
by introducing the hygromycin expression cassette into the multiple-
host binary plasmid pZS222. Plasmid pZS222 contains 24 bp of right
and left border repeat sequences and an octopine synthase (ocs) en-
hancer sequence 5' of the right border. An 8-kb Xhol fragment containing
the entire PAC gene was subcloned into pRR101 to generate pRR108.
Plasmid pRR108 was introduced into Agrobacterium tumefaciens
GV3101::pMPI0RK (Koncz et al., 1990) via electroporation. Root tis-
sue from homozygous pac plants grown in flasks was used for
cocuitivation and transformation by Agrobacterium as described by
Marton and Browse (1991) for Arabidopsis ecotype Columbia.
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