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Chloroplasts and other members of the plastid organelle family contain a small genome of bacterial ancestry. Young chloroplasts
contain hundreds of genome copies, but the functional significance of this high genome copy number has been unclear. We
describe molecular phenotypes associated with mutations in a nuclear gene in maize (Zea mays), white2 (w2), encoding a
predicted organellar DNA polymerase. Weak and strong mutant alleles cause a moderate (approximately 5-fold) and severe
(approximately 100-fold) decrease in plastid DNA copy number, respectively, as assayed by quantitative PCR and Southern-blot
hybridization of leaf DNA. Both alleles condition a decrease in most chloroplast RNAs, with the magnitude of the RNA
deficiencies roughly paralleling that of the DNA deficiency. However, some RNAs are more sensitive to a decrease in genome
copy number than others. The rpoB messenger RNA (mRNA) exhibited a unique response, accumulating to dramatically elevated
levels in response to a moderate reduction in plastid DNA. Subunits of photosynthetic enzyme complexes were reduced more
severely than were plastid mRNAs, possibly because of impaired translation resulting from limiting ribosomal RNA, transfer RNA,
and ribosomal protein mRNA. These results indicate that chloroplast genome copy number is a limiting factor for the expression of a
subset of chloroplast genes in maize. Whereas in Arabidopsis (Arabidopsis thaliana) a pair of orthologous genes function redundantly
to catalyze DNA replication in both mitochondria and chloroplasts, the w2 gene is responsible for virtually all chloroplast DNA
replication in maize. Mitochondrial DNA copy number was reduced approximately 2-fold in mutants harboring strong w?2 alleles,

suggesting that w2 also contributes to mitochondrial DNA replication.

Chloroplasts and mitochondria evolved from bac-
terial endosymbionts and have retained small genomes
encoding components of the organellar gene expression
and energy transduction machineries (Timmis et al.,
2004). In multicellular plants, chloroplasts belong to a
family of organelles, the plastids, that share the same
genome but that adopt different functions in different
cell types. In most species, plastid genes comprise a
circular genetic map that includes a pair of large
inverted repeats flanking a “small” and “large” single-
copy region (Green, 2011). However, the plastid genome
is found primarily in various multimeric, subgenomic,
linear, and branched forms in vivo (Bendich, 2004; Day
and Madesis, 2007). Developing photosynthetic tissues
in angiosperms contain thousands of chloroplast gene
copies per cell (for review, see Day and Madesis, 2007).
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It is generally agreed that the ratio of chloroplast to
nuclear gene copy number decreases as leaf cells ma-
ture, although the magnitude of this decrease has been
a subject of debate (Baumgartner et al., 1989; Oldenburg
and Bendich, 2004a; Rowan et al., 2004; Li et al., 2006;
Shaver et al., 2006; Zoschke et al., 2007; Rowan et al.,
2009).

Two hypotheses have been put forward regarding
the functional significance of the high genome copy
number in chloroplasts (Bendich, 1987): (1) The high
copy number may compensate for stochastic DNA
partitioning during plastid division, and (2) the high
gene dosage may be necessary to provide an adequate
supply of plastid ribosomal RNA (rRNA) to support
the initial synthesis of the photosynthetic apparatus at
the onset of chloroplast development. In principle,
these hypotheses could be addressed by experimen-
tally manipulating plastid DNA levels. Toward this
end, a severalfold reduction in plastid DNA content
was achieved in the unicellular alga Chlamydomonas
reinhardtii by growing cells for up to 2 d in the presence
of the DNA replication inhibitor 5-fluorodeoxyuridine
(Hosler et al., 1989; Eberhard et al., 2002). Rates of
chloroplast transcription roughly paralleled the level
of chloroplast DNA, indicating that DNA content
limits rates of transcription. However, reduced tran-
scription rates were often not reflected by reduced
mRNA levels, translation rates, or the abundance of the
protein products. These results indicated that chloroplast
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mRNAs in C. reinhardtii are synthesized in excess of
the amount that is needed to maintain the preassem-
bled photosynthetic apparatus over the short time
scale that was probed.

Analogous experiments in vascular plants would be
of particular interest because the de novo assembly of
the photosynthetic apparatus at the onset of chloro-
plast differentiation requires a massive synthesis of
plastid-encoded proteins. In this study, we explored
the quantitative relationship between chloroplast DNA
and chloroplast gene products (mRNA, rRNA, transfer
RNA [tRNA], and proteins) by taking advantage
of maize (Zea mays) mutants with insertions in the
nuclear gene white2 (w2), which we show encodes a
chloroplast DNA polymerase. We found that a rel-
atively modest decrease in chloroplast DNA content
was reflected by a substantial decrease in chloroplast
gene expression, with some mRNAs more sensitive to
genome copy decrease than others. Our results show
further that the division of labor between the pair
of nucleus-encoded organelle DNA polymerases in
maize and Arabidopsis (Arabidopsis thaliana) differs:
in Arabidopsis, both organellar polymerases are du-
ally targeted to chloroplasts and mitochondria and
are largely redundant in function (Parent et al., 2011),
whereas maize w2 is essential for virtually all chlo-
roplast DNA replication. Finally, the severe loss of
plastid DNA revealed by Southern-blot hybridiza-
tion and real-time quantitative PCR (qPCR) assays of
leaf DNA in w2 mutants indicates that the bulk of the
signal in normal leaf tissue arises from bona fide chlo-
roplast genomes and not from plastid gene fragments in
the nuclear genome, contrasting with conclusions in
several prior reports (Kumar and Bendich, 2011; Zheng
et al., 2011).

RESULTS

Maize Locus w2 (GRMZM2G480171) Encodes a
Chloroplast DNA Polymerase That Is Essential for
Chloroplast Development

To identify the nuclear gene complement in maize
required for chloroplast biogenesis, we developed a
large collection of nonphotosynthetic maize mutants
selected from lines with active Mu transposons (Stern
et al., 2004). As an initial step toward elucidating gene
functions and prioritizing mutants for gene identifica-
tion, the abundance of photosynthetic enzyme com-
plexes and chloroplast mRNAs have been systematically
quantified. One mutant with very pale yellow-green
leaves (see w2-muml in Fig. 1A) was notable in that the
abundance of chloroplast afpA mRNA was reduced, but
the RNA processing pattern was unaltered (Fig. 1B). Be-
cause this phenotype was unique among the many mu-
tants we had analyzed, we selected this mutant for gene
identification.

To determine which of the approximately 100 Mu
insertions in this mutant was the cause of the pheno-
type, we used an Illumina-based method to identify
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Figure 1. Overview of w2 mutant alleles. A, Seedling phenotype of w2
mutants. Plants of the indicated genotype were grown for 8 d under
day/night cycles as described in “Materials and Methods.” Seedlings at
this stage, in which the third leaf is emerging from the whorl, were
used for all experiments in this study. The w2-Burnham allele is
labeled w2 here and throughout. The heteroallelic progeny of comple-
mentation crosses are indicated by the two parental alleles. The position
of each mutation within the GRMZM2G480171 gene model is dia-
grammed below. Unshaded rectangles represent transcribed, untrans-
lated regions. The sequences flanking the Mu insertions sites are shown,
with the nine base pair target duplication marked in boldface. B,
Reduced abundance of chloroplast atpA mRNA in w2-mum1 ho-
mozygotes. Four micrograms of RNA purified from each of three
sections of the second seedling leaf (left) was analyzed by RNA gel-blot
hybridization using an atpA specific probe. A dilution series of the wild
type sample was included to aid in quantification. The methylene blue-
stained blot below shows the abundance of rRNAs in each sample. 285
and 18S are cytosolic rRNAs; 16S is plastid 16S rRNA, and 23S* is a
cleavage product of plastid 23S rRNA.
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cosegregating insertions (Williams-Carrier et al., 2010;
see “Materials and Methods”). An insertion in the
3'-untranslated region of a gene encoding a predicted
organellar DNA polymerase (GRMZM2G480171) was
identified in this manner; this was an appealing can-
didate for the causal mutation, as a reduction in plastid
DNA copy number could account for the macroscopic
and molecular phenotypes observed. To test this prem-
ise, a second insertion in the same gene was recovered
via a reverse genetic screen of our mutant collection (see
“Materials and Methods”); this insertion maps in an
exon and cosegregates with an albino small seedling
phenotype (Fig. 1A, w2-mum2). Complementation
crosses between the two alleles yielded chlorophyll-
deficient progeny (Fig. 1A, w2-mum X w2-mum?2),
confirming that the pigment deficiencies result from
disruption of this gene. We suspected these mutants
to be allelic to the uncloned maize locus w2 based on
concordant map positions and the fact that w2 mu-
tants are albino and have reduced chloroplast DNA
and mRNA levels (Han et al., 1993). Complementation
crosses confirmed allelism with a w2 allele denoted w2-
Burnham (Lambert, 1980; Fig. 1A). Therefore, w2 cor-
responds to GRMZM2G480171. We named our alleles
w2-muml and w2-mum?2 to respect the original gene
nomenclature while also indicating that they are Mu
insertion alleles.

The visual phenotypes conditioned by w2-mum1 and
w2-mum2 suggested that they are weak and strong
alleles, respectively. This is consistent with the positions
of the Mu insertions (3'-untranslated region versus
exon; Fig. 1A) and with the nature of the mRNA
produced from each mutant allele (Supplemental Fig.
S1). The exon insertion in w2-mum2 results in a mis-
splicing event that joins a known splice donor in the
5'-terminal inverted repeat of the Mul element (Ortiz
and Strommer, 1990) to the start of the next exon in
the w2 gene (Supplemental Fig. S1). The protein pro-
duced by this aberrant mRNA lacks 52 amino acids of
the 3'= 5’ exonuclease domain and includes 47 Mu-
encoded amino acids in their place. The severe loss of
plastid DNA conditioned by this allele (see below) in-
dicates that the aberrant protein encoded by this allele
retains little, if any, function. We identified the lesion
in the w2-Burnham allele by sequencing PCR products
derived from genomic and ¢cDNA. Both methods
revealed a deletion of one base pair near the 3’ end of the
protein coding region, which results in a frame shift that
eliminates 96 amino acids from the highly conserved
C terminus of the protein (see Fig. 1A; Supplemental Fig.
S1B). This mutation can account for the strong mutant
phenotype conditioned by the w2-Burnham allele.

w2 has a closely related paralog (GRMZM2G023422).
These genes are predicted co-orthologs of Arabidopsis
genes POLIA and POL1B (AT1G50840/AT3G20540),
and they encode proteins in the DNA polymerase A
superfamily. The Arabidopsis co-orthologs are each
dually targeted to mitochondria and chloroplasts and
have largely overlapping functions; disruption of each
single gene caused no visible phenotype and only a
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minor reduction in organellar DNA content, whereas
the double mutant is embryo lethal (Parent et al., 2011).
The strong visible phenotype of w2 mutants contrasts
with those findings, and shows that w2 function is es-
sential for chloroplast biogenesis. This is consistent with
proteome studies, which have detected W2 but not its
paralog in various chloroplast subfractions (Majeran
et al., 2012).

w2-muml and w2-mum?2 Condition a Moderate and Severe
Loss of Plastid DNA, Respectively

As an initial test of the effects of these mutations on
organelle DNA copy number, we assayed the ratio of
organellar to nuclear DNA by Southern-blot hybridi-
zation of leaf DNA in w2-muml mutants (Fig. 2). Be-
cause organelle DNA copy number changes during
leaf cell differentiation (Baumgartner et al., 1989; Shaver
et al., 2006), we sampled different developmental stages
by taking advantage of the developmental gradient in
the leaves of maize seedlings (Leech et al., 1973). The
second leaf of seedlings at the early three-leaf stage
was divided into basal, middle, and apical sections
(Fig. 1B), which contain immature (pale green), young,
and mature chloroplasts, respectively. The sampled
material did not include the least differentiated plas-
tids, which are found in more basal regions. Total
DNA was extracted, digested with EcoRlI, and used for
Southern-blot hybridization using probes for four
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Figure 2. Southern-blot hybridization showing reduction in plastid
DNA in w2-mum1 leaf tissue. DNA was purified from the apical,
middle, and basal sections of the second seedling leaf, digested with
EcoRl, and analyzed by Southern-blot hybridization using the indi-
cated probes. Wild-type DNA came from phenotypically normal sib-
lings of the w2-mumT plants. Mitochondrial DNA was detected with
the mt-rps4 probe. The 18S probe detects the highly repetitive nuclear
DNA encoding 18S rRNA.
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regions of the plastid genome (Fig. 2). Comparison
with equivalent material in normal siblings showed
that the ratio of chloroplast to nuclear DNA was re-
duced approximately 5-fold at all stages, whereas the
single mitochondrial gene assayed was unaffected.
Southern hybridization of BamHI-digested leaf DNA
with a different region of the plastid genome previ-
ously showed that the w2-Burnham allele conditions
a severe loss of plastid DNA (Han et al., 1993). It has
been suggested that Southern analysis with restric-
tion enzymes such as EcoRI and BamHI, which do not
distinguish methylated from unmethylated nuclear
DNA, cannot accurately quantify organellar DNA
because of the confounding signal from plastid gene
fragments in the nuclear genome (known as NUPTs;
Kumar and Bendich, 2011; Zheng et al., 2011). However,
the fact that this Southern blotting approach revealed a
consistent reduction in the plastid/nuclear DNA ratio
accompanying two mutations affecting a chloroplast
DNA polymerase provides strong evidence that the
method typically provides valid results.

To more thoroughly catalog and quantify the effects
of the w2-mum mutations on chloroplast DNA levels,
we used qPCR to sample 29 DNA segments distrib-
uted throughout the plastid genome. The single copy
nuclear gene HMG-1/2 (GRMZM2G024976) was used
as the internal control. The ratio of plastid-to-nuclear
DNA copy number was approximately 30% lower in
the apical section than in the basal section of wild-type
leaves (Fig. 3A, left; Supplemental Fig. S2A), in ac-
cordance with previous reports that chloroplast DNA
copy number decreases modestly in mature chloro-
plasts, following a maximum early in leaf differentia-
tion (Baumgartner et al., 1989; Zoschke et al., 2007).
The ratio of plastid to nuclear gene copy number was
estimated for those amplicons whose size and ampli-
fication efficiencies were similar to those of the single
copy nuclear control (Fig. 3A, right): genes in the plastid
single copy regions were approximately 2,000-fold more
abundant than the nuclear gene, whereas the rpl2 gene
in the plastid inverted repeat was roughly twice that
abundant. These numbers varied only slightly among
the three developmental stages.

The ratio of chloroplast to nuclear DNA copy number
in w2-muml and w2-mum?2 homozygotes is shown in
Figure 3B and Supplemental Figure S2B as a percentage
of the value in the corresponding wild-type tissue. The
w2-mum] allele conditions a (roughly) 4- to 6-fold de-
crease in the ratio of plastid to nuclear DNA, with
some variation depending upon the particular plastid
gene and developmental stage. The w2-mum?2 allele
conditions a much more severe loss of chloroplast
DNA: values range between 1% and 4% of normal,
with the most severe defects consistently observed in
the apical tissue. qPCR analysis of the w2-Burnham
allele showed that it conditions a severe plastid DNA
deficiency as well (Supplemental Fig. S3), consistent
with prior Southern-blot data (Han et al., 1993). The
approximately 100-fold decrease in qPCR signal for
multiple plastid genes observed in w2-Burnham and
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w2-mum2 mutants places an upper limit of approxi-
mately 1% on the fraction of total signal that could
arise from NUPTs.

Interestingly, the magnitude of plastid DNA loss
depends to some extent on position within the plastid
genome. In w2-muml mutants, the greatest decrease
was observed near the ndhC-rbcL-atpB interval, with
hints of a similar trend in the psbA-psbC interval (Fig.
3C; Supplemental Fig. 52B). In the severe w2-mum?2
mutants, genes in the small single copy region (psaC
through ndhA) were disproportionately reduced (Fig.
3D; Supplemental Fig. S2B). It seems likely that these
trends are related to genomic features that influence
DNA replication or maintenance (for review, see Day
and Madesis, 2007). For example, origins of replication
(Kunnimalaiyaan and Nielsen, 1997; Wang et al., 2002;
Wang et al., 2003) and ends of linear plastid DNA
molecules (Oldenburg and Bendich, 2004b; Scharff and
Koop, 2006) map near the junction of the inverted re-
peat and small single copy region in various angio-
sperms. The disproportionate loss of DNA from the
small single-copy region in w2-mum?2 mutants may be
related to these features.

Effects of w2 Mutations on Mitochondrial DNA Levels

The w2 co-orthologs in Arabidopsis, POLIA and
POL1B, are dual targeted to mitochondria and chlo-
roplasts (Christensen et al., 2005). Disruption of each
gene causes a small reduction (20%-50%) in mito-
chondrial and plastid DNA copy number, whereas
disruption of both genes is embryo lethal (Parent et al.,
2011), implying redundant functions in DNA replica-
tion in both organelles. Although the maize genome
encodes a paralog of w2, the nearly complete loss of
plastid DNA in w2-mum?2 mutants indicates that w?2 is
the primary or possibly sole source of DNA polymer-
ase for DNA replication in the chloroplast. To deter-
mine whether w2 also contributes to mitochondrial
DNA replication, qPCR was used to quantify mito-
chondrial DNA in the same samples used for plastid
DNA analysis (Fig. 4). The ratio of mitochondrial to
nuclear DNA copy number was slightly elevated in
w2-muml homozygotes, whereas in w2-mum2 homo-
zygotes, mitochondrial DNA copy number was re-
duced roughly 2-fold. Mitochondrial DNA was reduced
to a similar extent in w2-Burnham mutants (Supplemental
Fig. S3). Neither mitochondrial nor chloroplast DNA
levels are reduced as a secondary effect of an early
block in plastid differentiation, as shown by the nor-
mal or elevated levels of organellar DNAs observed
during a large survey of albino maize mutants in our
mutant collection (Supplemental Fig. S3). Therefore,
the 2-fold reduction in mitochondrial DNA content
conditioned by strong w2 mutant alleles suggests that
both w2 and its paralog contribute to mitochondrial
DNA replication, similar to PolIA and Poll1B in Arabi-
dopsis (Parent et al., 2011). In fact, W2 has been detected
in proteome analyses of mitochondria purified from
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Figure 3. qPCR analysis of chloroplast DNA levels in wild-type and w2 mutant plants. The average of three technical replicates
is plotted, with maxima and minima indicated by error bars. The basal, middle, and apical leaf sections are diagrammed in
Figure 1B. A, Chloroplast copy number during the development of wild-type leaves. The signal for the indicated plastid gene
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Figure 4. qPCR analysis of mitochondrial DNA abundance in w2
mutants. The ratio of signal for the indicated mitochondrial gene rel-
ative to the single-copy nuclear control is plotted as a percentage of
the ratio in the corresponding wild-type tissue. The basal, middle, and
apical leaf sections are diagrammed in Figure 1B. The average of three
technical replicates is plotted, with maxima and minima indicated by
error bars. The w2-Burnham allele conditions an approximately 2-fold
decrease in leaf mitochondrial DNA content (Supplemental Fig. S3).
Mitochondrial DNA content was decreased approximately 2-fold in
seedling roots in w2-mum2 and w2-Burham mutants as well (data not
shown).

ear shoots (S. Briggs, personal communication), sup-
porting the possibility that it functions in both organelles.

Plastid Genome Copy Number Limits the Accumulation of
Many Chloroplast RNAs

The findings above imply that the atpA RNA defi-
ciency that originally drew our attention to w2 mutants
is caused by a reduction in chloroplast DNA template.
To survey the relationship between plastid genome
copy number and RNA abundance, RNA was extracted
from the same w2-mum1 tissue samples that had been
used for DNA analysis. RNA gel-blot hybridizations
demonstrated a reduction of approximately 4-fold for
both atpA and psaB transcripts in all three leaf sections of
w2-mum1 mutants (Figs. 1B and 5A). The magnitude of
these RNA deficiencies is similar to that of the DNA
deficiency, implying that the quantity of DNA tem-
plate limits RNA accumulation from these genes. All
transcript isoforms from the petB gene were reduced,
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but the effect was weaker (Fig. 5A), indicating that
the DNA template is not the sole limiting factor in
this case. Transcripts from the psbH and psaJ genes
exhibited a different response, in that the monocistronic
transcript isoforms were more strongly affected than
were the precursors (Fig. 5A). This raises the possibility
that chloroplast DNA deficiency impacts the expression
of nuclear genes such as HCF107, HCF152, and PPR10,
which are required for the stabilization of processed
psbH or psa] RNA (Felder et al., 2001; Meierhoff et al.,
2003; Pfalz et al., 2009; Hammani et al., 2012; Zoschke
et al., 2012). Yet another response was observed for the
plastid rpoB gene, whose mRNA accumulated to
greatly elevated levels in w2-mum1 tissue (Fig. 5A).

To gain a more global perspective, quantitative re-
verse transcription (qQRT)-PCR was used to quantify
the abundance of RNA segments from many plastid
genes in each leaf section of w2-muml mutants (Fig.
6A). Amplicons from intron-containing genes mapped
within exons, so that both spliced and unspliced RNAs
contribute to the signal. All of the RNAs that were
assayed by RNA gel-blot hybridization were also
assayed by qRT-PCR; the results were generally in
agreement, with the exception of psaJ, for which the
gRT-PCR assay showed an unusual degree of experi-
mental variation. The qRT-PCR data show that w2-mum1
conditions a moderate loss of most plastid mRNAs, with
the strongest effects in the basal leaf section. For ex-
ample, atpB, rbcL, psbE, and ndhA RNAs were reduced
roughly 4-fold in the basal leaf section but only
approximately 2-fold in the apical leaf section. Thus,
DNA template abundance appears to limit the accu-
mulation of these mRNAs during the initial buildup
of the photosynthetic apparatus, but transcription or
RNA stabilization factors may become limiting as de-
velopment proceeds. Another set of mRNAs was less
sensitive to the loss of plastid DNA; for example, psaC
and psbB mRNAs exhibited only a 2-fold reduction in
the basal leaf section and increased in the apical sec-
tion to near normal levels. As predicted by the RNA
gel blot data, rpoB exhibited a strikingly different re-
sponse: rpoB RNA was elevated 25-fold in the apical
section of w2-muml mutant leaves, despite the ap-
proximately 5-fold decrease in plastid DNA content.
RNA from the clpP and rpl16 genes was also elevated

Figure 3. (Continued.)

relative to the single-copy nuclear control is plotted on the left as a percent of the ratio in the apical leaf section. Results from
additional amplicons are provided in Supplemental Figure S2A. The absolute ratio of chloroplast gene copy number relative to
the single-copy nuclear control is plotted to the right; amplicons used for this analysis were similar in size and amplification
efficiency to the nuclear control. The rpl2 gene is in the inverted-repeat region of the plastid genome, whereas the other genes are
in single-copy regions. B, Ratio of plastid-to-nuclear DNA copy number in w2 mutants. Values are expressed as a percentage of
the ratio in the corresponding wild-type tissue. Results from additional amplicons are shown in Supplemental Figure S2B. C,
Position dependence of plastid-to-nuclear gene copy number in the middle section of w2-mum1 mutant leaf tissue. Amplicons
are ordered according to their position in the plastid genome. Values are expressed as a percentage of the ratio in corresponding
wild-type tissue. Results with the basal and apical leaf sections were similar (Supplemental Fig. S2B). LSC, Large single-copy
region; IR, inverted repeat; SSC, small single-copy region. D, Position dependence of plastid-to-nuclear gene copy number in the
basal section of w2-mum2 mutant leaf tissue. Amplicons are ordered according to their position in the plastid genome. Values
are expressed as a percentage of the ratio in corresponding wild-type tissue. DNA from the middle leaf section showed a similar

but less robust trend (Supplemental Fig. S2B).
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Figure 5. RNA gel-blot hybridization assays of plastid RNAs in w2-mum1 mutants. Total RNA from the same tissue samples
used for DNA analysis was analyzed by hybridization to the indicated probes. The methylene blue-stained blots shown below

illustrate loading of the rRNAs. 28S and 18S are cytosolic

rRNAs. 16S and 23S* are plastid-encoded rRNAs. A, RNA from

protein-coding genes. Lanes contained 4 ug of total RNA (100%) or dilutions as indicated. B, RNA from rRNA and tRNA genes.
Lanes contained 0.5 ug of RNA (100%) or dilutions as indicated.

with respect to DNA template concentration, although
much less dramatically.

gqRT-PCR data for homozygous w2-mum2 mutants is
shown in Figure 6B. Most RNAs are reduced roughly
100-fold, in accordance with the severe plastid DNA
deficiency in this material. The fold decrease for the
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rpoB, clpP, and rpl16 RNAs is minor in comparison
with the other RNAs examined; most striking is the
rpoB mRNA that accumulates to roughly one-half of its
normal level in young w2-mum?2 leaf tissue, despite the
more than 50-fold decrease in rpoB DNA. The rpoB,
clpP, and rpl16 genes are transcribed primarily by the

Plant Physiol. Vol. 160, 2012
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Figure 6. qRT-PCR analysis of plastid RNAs in w2-mumT and w2-mum2 mutants. Total RNA from the basal, middle, or apical
leaf section was analyzed by qRT-PCR, using primers specific for exon sequences in the indicated plastid genes. The average of
three technical replicates and two biological replicates is plotted, with maxima and minima indicated by error bars. Signals
from each plastid gene were normalized to the cytosolic mMRNA encoding HMG-1/2. Values are presented as the percentage of

the ratio in the corresponding wild-type tissue.

nuclear encoded polymerase (NEP), a single subunit
phage-like polymerase, whereas the other genes ex-
amined are transcribed primarily by the bacterial type
plastid encoded polymerase (PEP; for review, see Liere
and Borner, 2007). The overrepresentation of NEP
transcripts in w2 mutants is consistent with reports
that NEP-mediated transcription increases in response
to the loss of plastid ribosomes (Emanuel et al., 2004)
or mutations in PEP genes (Legen et al., 2002). How-
ever, the very different degrees to which different NEP
transcripts are overrepresented in response to the loss
of plastid DNA indicates that differential RNA stabil-
ity or transcription contribute to this phenomenon.
Several of the stable RNAs of the plastid gene
expression machinery (rRNAs and tRNAs) were exam-
ined by RNA gel-blot hybridization in w2-mum1 and w2-
mum2 mutants (Fig. 5B). These were reduced roughly
4-fold in the basal tissue, implying a limitation by
plastid DNA template during the initial buildup of the
photosynthetic apparatus. However, as chloroplast
development proceeds, 235 rRNA (rrn23) and trnT-UGU
build up to near normal levels whereas trnV-UAC and
trnG-UCC do not. The trnV-UAC and trnG-UCC genes
contain a group II intron, whereas the trnT-UGU gene
lacks introns. Thus, the presence of an intron correlates

Plant Physiol. Vol. 160, 2012

with the severity of the tRNA deficiency in w2 mutants,
suggesting that tRNA splicing may be compromised
in w2 mutants (presumably as a secondary effect). 23S
rRNA and trnV-UCC are severely depleted in w2-mum?2
mutants (Fig. 5B), as is to be expected from the very low
plastid DNA levels conditioned by this allele.

Decreased Abundance of Photosynthetic Complexes in
w2-muml Mutants

The chloroplast genome encodes at least one core
subunit of each of the major photosynthetic enzyme
complexes (Rubisco, PSII, cytochrome b,f, PSI, and the
ATP synthase). To assess the effects of DNA template
deficiency on the accumulation of the photosynthetic
apparatus, one subunit of each complex was examined
by immunoblotting (Fig. 7). As for the mRNAs, the
protein deficiencies were most severe in the basal leaf
section. AtpA, D1, and PsaD (subunits of the ATP
synthase, PSII, and PSI, respectively) accumulated to
less than 10% of normal levels in the basal section, and
to approximately 10% of normal levels in the apical
section. PetD, representing the cytochrome b,f com-
plex, was likewise reduced more than 10-fold in the
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Figure 7. Reduced accumulation of photosynthetic enzyme com-
plexes in w2-mum1 mutants. Immunoblots of leaf extract (5 ug of
protein or the indicated dilutions) were probed with antibodies to core
subunits of photosynthetic enzyme complexes: AtpA (ATP synthase),
D1 (PSIl), PsaD (PSI), and PetD (cytochrome b,f complex). The same
blot stained with Ponceau S is shown below to illustrate sample
loading and the abundance of RbcL.

basal section, but accumulated to approximately 25%
of normal levels in the apical section. RbcL, the large
subunit of Rubisco, was reduced approximately 10-fold
in the apical material, based on the intensity of its
band on the Ponceau-stained filter. The magnitude of
the protein losses exceeded those of corresponding
plastid mRNAs, suggesting that the protein defects
result from the combined effects of reduced mRNA,
reduced tRNA, and reduced ribosome abundance
(as reflected by reduced rRNA) early in chloroplast
development.

DISCUSSION

Results presented here show that w2 encodes a DNA
polymerase that is essential for chloroplast DNA rep-
lication, affirming the speculation made two decades
ago that w2 is involved in plastid DNA replication
(Han et al., 1993). Our results suggest that W2 also
contributes to mitochondrial DNA replication and
that another DNA polymerase (likely the paralog
GRMZM?2G023422) makes an equal contribution. The
division of labor between organelle DNA polymerases
differs in Arabidopsis, where a pair of paralogs func-
tion redundantly to support DNA replication in both
organelles (Parent et al., 2011). W2 has been detected
in proteome analyses of purified chloroplasts (Majeran
et al., 2012), but the W2 paralog has not been detected
in either chloroplasts or mitochondria. Our results are
consistent with the possibility that W2 is the only
source of DNA polymerase in chloroplasts, as the re-
sidual chloroplast DNA signal in the most severely
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affected samples (approximately 1% of normal in the
apical section of w2-mum?2 leaves) might arise from
small revertant sectors. Furthermore, w2-mum2 may
not be a null allele, as the aberrantly spliced mRNA
resulting from this insertion maintains the normal
open reading frame, albeit resulting in a deletion of 52
amino acids from the 3’'—5" exonuclease domain. The
w2-Burham allele is unlikely to be null, as its phenotype
is slightly milder than that of w2-mum?2.

We used the weak w2-muml allele to assess the
correlation between chloroplast DNA copy number
and the abundance of chloroplasts RNAs. In immature
chloroplasts, the abundance of many chloroplast RNAs,
including mRNA, tRNA, and rRNA, decrease in pro-
portion to the decrease in genome copy number. It has
been proposed that high plastid gene dosage is nec-
essary for adequate rRNA production during the ini-
tial buildup of the photosynthetic apparatus, when
massive plastid protein synthesis is required for the
biogenesis of the abundant photosynthetic enzyme
complexes (Bendich, 1987). Our results are consistent
with that view, but suggest that enhanced tRNA and
mRNA accumulation are likewise promoted by high
gene dosage and may also be important for optimal
gene expression during the biogenesis phase. Chlo-
roplast RNA deficiencies were generally less severe
in the apical leaf section of w2-mum1 mutants despite
the similar loss of plastid DNA at the early and late
developmental stages. The apical leaf section, with its
fully developed photosynthetic apparatus that requires
relatively little gene expression for maintenance, is
comparable with the situation in the constitutively
green alga C. reinhardtii, where related questions were
addressed. Growth of C. reinhardtii for 2 d in the
presence of an inhibitor of DNA replication reduced
chloroplast DNA and transcription rates severalfold
but the levels of most of the RNAs assayed did not
change appreciably (Eberhard et al., 2002). The au-
thors proposed that proteins that stabilize chloro-
plast mRNAs are in limiting concentrations such that
only a fraction of newly synthesized transcripts escape
rapid degradation. Several nucleus-encoded proteins
that stabilize specific chloroplast RNAs have been dis-
covered in maize and Arabidopsis (Barkan et al., 1994;
Felder et al., 2001; Meierhoff et al., 2003; Lezhneva and
Meurer, 2004; Yamazaki et al., 2004; Beick et al., 2008;
Pfalz et al., 2009; Johnson et al., 2010; Stoppel et al., 2011;
Hammani et al., 2012), and there is evidence that the
majority of chloroplast mRNAs in angiosperms are
stabilized by proteins that block exoribonucleases
(Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova
et al., 2012a). Our results imply that such proteins may
typically be in limiting concentrations in mature chlo-
roplasts in angiosperms, as in C. reinhardtii chloroplasts.

The rpoB and, to a lesser extent, the clpP and rpl16
transcripts responded differently to the loss of plastid
DNA than did the other genes assayed: instead of
decreasing in rough proportion to the loss of plastid
DNA, these transcripts accumulated to increased
levels in w2-mum1 mutants and were only modestly
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reduced in the severe w2-mum2 mutants. These genes
are transcribed primarily by NEP, whose mRNA
increases 8-fold in barley (Hordeum vulgare) mutants
lacking PEP due to a plastid ribosome deficiency
(Emanuel et al., 2004). However, the particularly dra-
matic overrepresentation of rpoB mRNA when plastid
DNA content is reduced suggests the existence of a
dedicated regulatory mechanism affecting the synthesis
or stability of this transcript, which encodes catalytic
subunits of the PEP enzyme.

A previous study of the w2-Burnham allele revealed
reduced levels of chloroplast DNA and a reduction in
several chloroplast RNAs, with little change in the
relative abundance of various transcript isoforms (Han
et al.,, 1993). These authors contrasted the w2 RNA
phenotype with those of two other albino mutants (w1
and iojap) that had normal levels of chloroplast DNA
but aberrant transcript populations. In hindsight, it is
clear that the w1 and iojap RNA and DNA content are
typical of mutants in the grasses that lack plastid ribo-
somes: the ribosome deficiency results in stereotypical
changes in transcript patterns presumably caused by
the loss of PEP and enhanced transcription by NEP
(Williams and Barkan, 2003; Prikryl et al., 2008;
Zhelyazkova et al., 2012b). The fact that the transcript
populations in w2-Burnham mutants more closely
resemble those in wild-type plants than those in
mutants lacking plastid ribosomes is interesting, be-
cause plastid ribosome abundance is drastically reduced
in w2-Burnham mutants. This reveals an unanticipated
complexity in the signaling mechanisms through which
defects in plastid gene expression trigger changes in
chloroplast transcription and posttranscriptional
processes.

Our findings bear on controversies surrounding
changes in chloroplast DNA content during leaf de-
velopment, and the degree to which NUPTs contribute
to the plastid DNA signal in various types of assays
(Oldenburg and Bendich, 2004a; Li et al, 2006;
Zoschke et al., 2007; Kumar and Bendich, 2011). It has
been proposed that signals from NUPTs mask signals
from authentic plastid DNA in qPCR and Southern-
blot assays of leaf DNA, unless the two DNA classes
are distinguished by digestion with methylation sen-
sitive restriction enzymes (Kumar and Bendich, 2011;
Zheng et al., 2011). Our results are not consistent with
that view. qPCR of undigested leaf DNA with many
different primer pairs revealed a consistent degree of
DNA loss across the plastid genome in each of two w2
mutant alleles (Fig. 3; Supplemental Fig. 52); Southern-
blot analysis using restriction enzymes that are not
sensitive to nuclear DNA methylation gave similar
results (Fig. 2; Han et al., 1993). The approximately
100-fold loss of plastid DNA signal in w2-mum2 and
w2-Burnham leaf tissue implies that no more than
approximately 1% of the qPCR signal can arise from
NUPTs in the corresponding normal tissue. Therefore,
signal from NUPTSs does not generally mask the signal
from authentic plastid DNA in standard qPCR and
Southern-blot assays of total leaf DNA. We can thus
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conclude with confidence that the ratio of chloroplast
to nuclear gene copy number decreases only modestly
during the development of maize seedling leaves, and
that even the apical leaf tissue retains roughly 1,000
copies of the plastid genome per nuclear genome com-
plement (Fig. 3A).

MATERIALS AND METHODS
Plant Material

A recessive mutation causing a very pale yellow green (vpyg) seedling phe-
notype arose in our mutant collection (http:/ /pml.uoregon.edu/photosyntheticml.
html), and was assigned the temporary name vpyg72. vpyg72 was shown to
condition a reduction in chloroplast atpA mRNAs during a large-scale screen for
plastid RNA defects in this mutant collection. The vpyg72 mutation was propa-
gated by crossing heterozygotes to the A632 or A188 inbred line, followed by self-
pollination to recover ears segregating homozygous mutants. DNA was isolated
from mutant individuals from each of four F2 ears and analyzed by Mu-Tllumina to
map the positions of all of the Mu insertions in each plant, as described previously
(Williams-Carrier et al., 2010). An insertion in GRMZM2G480171 was found in all
four mutant individuals, and subsequent gene-specific PCR showed this insertion
to be absent from closely related +/+ ears. Complementation crosses between
vpyg72 heterozygotes and plants harboring the w2-Burnham allele (obtained from
the Maize Genetics Cooperative) segregated approximately 25% chlorotic seed-
lings, demonstrating allelism; vpyg72 was therefore renamed w2-mumi. Another
Mu-induced allele, w2-mum2, was obtained via a reverse-genetic effort in which we
are cataloging all of the approximately 100 Mu insertion sites in each mutant in
the PML mutant collection with the Mu-Illumina method. Phenotypically nor-
mal siblings of each mutant allele were used for the wild-type sample in each
experiment.

Extraction of DNA, RNA, and Protein

Plants used for DNA, RNA, and protein analysis were grown in a growth
chamber under 16-h-light (28°C)/8-h-dark (26°C) cycles. Tissue was harvested
when the third leaf was beginning to emerge from the whorl (approximately
8 d after planting). The second leaf was divided into basal, middle, and apical
sections (see Fig. 1B). Material from three to five individuals of the same
genotype was pooled, frozen in liquid nitrogen, ground to a fine powder with
a mortar and pestle while frozen, and divided into three aliquots for DNA,
RNA, or protein extraction. DNA was extracted with Plant DNAzol Reagent
(Invitrogen) according to the manufacturer’s protocol. The DNA pellets were
resuspended in 100 uL of 10 mm Tris-HCI, 1 mm EDTA, pH 8, extracted with
phenol/chloroform/isoamyl alcohol (25:24:1), and ethanol precipitated. The
final pellet was resuspended in 100 uL deionized water. RNA was extracted
with Tri Reagent (Molecular Research Center, Inc.) according to the manu-
facturer’s protocol. RNA was resuspended in 10 mm Tris-HCI, 0.1 mm EDTA,
pH 8. Ten micrograms of each RNA sample was treated with TURBO DNase
(Ambion) according to the manufacturer’s protocol. End-point PCR reactions
of the DNase-treated RNA samples were performed to ensure that residual
DNA did not contribute to signals in gqRT-PCR assays.

RNA, DNA, and Protein-Gel Blots

Southern (DNA), northern (RNA), and western (protein) blots were
performed using the methods, probes, and antibodies described previously
(Prikryl et al., 2008).

qPCR and qRT-PCR

cDNA for qRT-PCR was generated as follows. Two micrograms of DNase-
treated RNA was combined with 2 ug of random hexamers, heated to 70°C for
5 min and chilled on ice. Reverse transcription was performed with Avian
Myeloblastosis Virus reverse transcriptase (Promega) in a volume of 50 uL at
37°C for 60 min, using the buffer recommended by the manufacturer. After the
addition of 50 uL water and 3 uL of 3 M NaCl, samples were extracted with
phenol/chloroform/isoamyl alcohol, and ethanol precipitated. The cDNA
was resuspended in 100 uL of water.
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qPCR and gRT-PCR were performed in a StepOnePlus real-time PCR
machine (Applied Biosystems). Reactions contained 1X KAPA SYBR FAST
Master Mix with primers at 200 nm in a volume of 10 uL. Primer sequences are
given in Supplemental Table S1. Primers were designed using Primer-BLAST
(www.ncbi.nlm.nih.gov/tools/primer-blast/). The amplicon size was de-
signed to be 150 to 200 bp, and the melting temperature (Tm) was set to
60°C (minimum 57°C and maximum 63°C) with a maximum Tm difference
of 3°C. Primer specificity was checked against the complete maize (Zea
mays) genome (taxid: 4577) to reduce the risk of mispriming. If no primers
could be designed using those conditions, the maximum and minimum Tm
limits were changed (the maximum Tm difference was kept at 3°C). Primers
were checked for efficiency using the standard curve method. All primers were
checked for specificity at 60°C using end-point PCR before being used for qPCR.
Specificity was also checked using a melt-curve analysis after all QPCR runs.
Many primers had already been designed and validated by other researchers
(see Supplemental Table S1); these primers were also validated for use at 60°C
using end-point PCR, and their specificity was always checked using melt-curve
analysis after all qJPCR thermocycling runs. The single-copy nuclear gene HMG1/
2 (GRMZM2G024976) was used as the reference gene for the qPCR experiments
and the mRNA from this gene was used as the reference for qRT-PCR experi-
ments. Early experiments used an actin internal control, which gave similar
results in the DNA assays, but showed more variation in the RNA assays. The
thermocycling program used the following parameters: 20 s at 95°C, 40 cycles of
3 sat95°C and 30 s at 60°C, and a final incubation at 95°C for 15 s. After the final
95°C step, a melt-curve analysis was used to confirm that only one product had
been amplified: 60°C for 1 min, increased by 0.5°C every 30 s and 95°C for 15s.
The comparative cycle threshold method was used to calculate relative gene
expression levels using StepOnePlus Software, version 2.2.2. All qPCR experi-
ments included three technical replicates. The w2-muml qRT-PCR analyses in-
cluded, in addition, two biological replicates.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Effects of mutations on w2 mRNA and protein.

Supplemental Figure S2. Additional qPCR assays of plastid DNA content
in the wild type and w2 basal, middle, and apical leaf sections.

Supplemental Figure S3. qPCR survey of chloroplast and mitochondrial
DNA levels in independently arising albino mutants in the PML mutant
collection.

Supplemental Table S1. Probes and primers used in this study.
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