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Background: Chloroplast biogenesis involves a collaboration between several thousand nuclear genes and ~100
genes in the chloroplast. Many of the nuclear genes are of cyanobacterial ancestry and continue to perform
their ancestral function. However, many others evolved subsequently and comprise a diverse set of proteins
found specifically in photosynthetic eucaryotes. Genetic approaches have been key to the discovery of nuclear
genes that participate in chloroplast biogenesis, especially those lacking close homologs outside the plant king-
dom. Scope of Review: This article summarizes contributions from a genetic resource inmaize, the Photosynthetic
Mutant Library (PML). The PML collection consists of ~2000 non-photosynthetic mutants induced byMu trans-
posons. We include a summary of mutant phenotypes for 20 previously unstudied maize genes, including genes
encoding chloroplast ribosomal proteins, a PPR protein, tRNA synthetases, proteins involved in plastid transcrip-
tion, a putative ribosome assembly factor, a chaperonin 60 isoform, and a NifU-domain protein required for Pho-
tosystem I biogenesis. Major Conclusions: Insertions in 94 maize genes have been linked thus far to visible and

molecular phenotypes with the PML collection. The spectrum of chloroplast biogenesis genes that have been ge-
netically characterized inmaize is discussed in the context of related efforts in other organisms. This comparison
shows how distinct organismal attributes facilitate the discovery of different gene classes, and reveals examples
of functional divergence betweenmonocot and dicot plants. General Significance: These findings elucidate the bi-
ology of an organelle whose activities are fundamental to agriculture and the biosphere. This article is part of a
Special Issue entitled: Chloroplast Biogenesis.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The chloroplast is a dynamic organelle whose ultrastructural and
proteome complexity are comparable to those of free-living bacteria.
Chloroplasts evolved from an endosymbiont of cyanobacterial ancestry,
andwere likely retained by their primordial host due to their photosyn-
thetic capacity [reviewed in [1]]. Subsequently, massive gene transfer
from the endosymbiont to the nucleus, integration of the organelle
into host signaling and metabolic pathways, and coevolution of the nu-
clear and chloroplast genomes produced an organelle whose bacterial
ancestry remains apparent but is embellished by numerous physiologi-
cal and molecular novelties [reviewed in [2,3]].

The biogenesis of the photosynthetic apparatus in extant chloro-
plasts requires the coordinated expression of several thousand nuclear
genes and ~100 chloroplast genes, followed by a complex series of
protein targeting and assembly steps that lead to the elaboration of
last Biogenesis.
the thylakoidmembrane system and the biogenesis of themultisubunit
complexes that perform the core reactions of photosynthesis. Further-
more, the composition and activities of the photosynthetic apparatus
adapt readily to environmental influences such as light and tempera-
ture. Mechanisms underlying the biogenesis and adaptation of the pho-
tosynthetic apparatus are, in general, poorly understood [reviewed in
[4–6]]. An added layer of complexity arises in multicellular plants, in
which chloroplasts belong to an organelle family, the plastids, that
adopt different forms in different cell types [reviewed in [7]]. The differ-
entiation of non-photosynthetic proplastids into chloroplasts occurs in
conjunction with the differentiation of leaf cells from meristematic
progenitors. Furthermore, two distinct photosynthetic cell types in
C4 plants - mesophyll and bundle sheath - harbor chloroplasts with dis-
tinct morphologies, intracellular distribution, and enzymatic profiles
[reviewed in [8]].

Chloroplast biogenesis and photosynthesis per se are nicely amena-
ble to analysis by classical genetic approaches (“forward genetics”) be-
cause defects in photosynthesis can be detected with simple screens
and photosynthesis is dispensable when an alternative source of re-
duced carbon is provided. Despite the increasing ease of reverse-
genetic approaches, forward genetics remains a powerful method for
dissecting complex biological processes. For example, a screen based
on chlorophyll fluorescence parameters yielded a rich harvest of nuclear
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genes functioning in the synthesis, assembly, and regulation of the
thylakoid NADH dehydrogenase-like complex (NDH) [reviewed in
[9]]. Screens for mutants with defects in plastid gene expression re-
vealed functions of several “domains of unknown function”, screens
for the loss of specific photosynthetic complexes identified novel photo-
system assembly factors, and screens for mutants with defects in non-
photochemical quenching and state transitions screens provided
important insights into mechanisms of photosynthetic acclimation
[reviewed in [3,10–12]].

2. Maize as a model organism for the genetic analysis of
chloroplast biogenesis

Phenotype-driven genetic analyses of chloroplast processes have
concentrated on four organisms: the green alga Chlamydomonas
reinhardtii, the C3 dicot Arabidopsis thaliana, the C3 monocot Oryza
sativa, and the C4 monocot Zea mays. These organisms span a consider-
able phylogenetic distance and embed their chloroplasts in diverse
developmental and physiological contexts. Each offers a distinct set of
attributes that impacts which experimental approaches are most easily
employed and the types of mutants that are recovered. Chlamydomonas
is the only organism that allows the ready manipulation of both the
nuclear and chloroplast genomes, but it cannot serve as a model
for the many aspects of chloroplast biology that are specific to land
plants. The expansive genomic tools available for Arabidopsis are
unrivaled, and the ease of growing large numbers of mutants in a
small space make Chlamydomonas and Arabidopsis well suited to high
throughput metabolite and fluorescence-based screens [13]. On the
other hand, the large seed reserves of maize and rice support rapid het-
erotrophic growth of non-photosynthetic mutants for several weeks
without the need for specialized growth media. At eight days post ger-
mination, a non-photosynthetic maize seedling is typically 10 cm tall
with a fresh weight of approximately 0.5 gm (see photographs in
Figs. 1 through 5). This provides ready access to non-photosynthetic
mutant tissue for biochemical analysis, and fosters comprehensive anal-
yses of molecular phenotypes using methods that can be onerous in
Arabidopsis. Maize and rice have proven to be particularly useful for
studying mutations that either directly or indirectly cause the loss of
plastid ribosomes: this condition causes embryo lethality in Arabidopsis,
but typically yields albino seedlings in cereals whose molecular defects
can be informative [reviewed in [14]]. This feature likely accounts for
the fact that the nuclear gene complement involved in chloroplast
RNA splicing in land plants has been elucidated primarily through ge-
netic and biochemical approaches in maize (see below).

The use of maize for the genetic dissection of chloroplast processes
was pioneered by Don Miles, who was the first to use “high
chlorophyll fluorescence” (hcf) to screen for non-photosynthetic mu-
tants in plants [15,16]. Miles initially screened EMS-mutagenized
maize, but chemical mutagens were soon supplanted by the Mutator
(Mu) transposon system as the mutagen of choice [17,18]. However,
the high copy number ofMu transposons (~100 insertions per genome)
hindered the assignment of causal insertions in Mu lines, and only one
of the causal mutations in the Miles collection has been reported [17,
19]. This challenge of theMu system was overcome with the recent de-
velopment of high-throughput methods for sequencing Mu insertion
sites and linking them to specific phenotypes [20,21].

3. Overview of the PML mutant collection

The PML collection was assembled as a tool to deeply sample the
complement of nuclear genes required for the biogenesis of photo-
synthetically competent chloroplasts in plants. The collection con-
sists of ~2000 independently arising mutants that were selected
fromMu-active maize lines based on seedling chlorophyll deficiency
(pale green, albino, yellow, virescent, etc.) or an hcf phenotype. The
latter screen was abandoned early in the project because the vast
majority of hcf mutants also have a visibly apparent reduction in
chlorophyll. Most mutants in the PML collection are seedling lethal,
and die at ~ three weeks post-germination when seed reserves are
exhausted. The mutations are recessive and are propagated by cross-
ing heterozygous plants. Genes that have been linked to phenotypes
in the PML collection thus far are represented by an average of ~3.6
mutant alleles, suggesting that the collection is nearing saturation
for the chlorophyll-deficiency screen that was used to assemble it.
Based on allele frequencies to date, we estimate that the chloroplast
phenotypes in the collection result frommutations in approximately
400 different genes.

The phenotypes used to assemble the PML collection are expected
to capture genes involved in many aspects of chloroplast biogenesis
and photosynthesis, including the synthesis, targeting, or assembly of
subunits of Rubisco, Photosystem II (PSII), the cytochrome b6f complex
(cyt b6f), Photosystem I (PSI), or the ATP Synthase (ATPase), the import
of proteins into the chloroplast, the targeting of proteins to the thyla-
koid membrane, the synthesis of pigments, lipids, and prosthetic
groups, and more. Certainly, the PML collection will not include every
gene that functions in chloroplast biogenesis. For example, mutations
that disrupt plastid division are unlikely to be represented, as they do
not cause a detectable chlorophyll deficiency in Arabidopsis [22]. Also
missing from the collectionwill bemutations in genes that aremembers
of redundant gene pairs or pathways, genes that are essential for game-
tophyte or embryo viability, and genes whose function is superfluous
under the growth conditions employed during screening.

Phenotypic data for mutants in the PML collection were collected in
three stages:

(i) Pigmentation. Leaf pigmentation was qualitatively scored with a
controlled vocabulary designed to capture nuances that provide
clues about the underlying lesion. For example, mutants lacking
the plastid translation machinery have “ivory” leaves, in contrast to
the “white” phenotype caused by defects in carotenoid biosynthesis
[reviewed in [18]]. In general, growth of non-photosynthetic mu-
tants at high light intensities and low temperatures enhances chlo-
rophyll loss. To maximize sensitivity, screens for new mutants
were generally performed in a cool greenhouse during the winter.
In some cases, pigment deficiencies are considerably more subtle
when the same lines are grown under more moderate conditions.
(ii) Immunoblot analysis of photosynthetic complexes. Mutants that
clearly accumulate some chlorophyll based on a qualitative visual in-
spection (approximately 60% of the mutants in the collection) were
further analyzed by immunoblotting to quantify the abundance of
core subunits of PSII, cyt b6f, PSI, the thylakoid ATP synthase, and
Rubisco. The abundance of a single “marker” subunit for each com-
plex is generally a good predictor of the abundance of the complex
as a whole due to the fact that improperly assembled subunits are
generally unstable or inhibit the synthesis of partner subunits.
Somemutants specifically lack a single complex, some have reduced
levels of all of themonitored complexes, and others lack various sub-
sets of complexes; these protein phenotypes provide initial clues
about gene function that guide more detailed investigations. Albino
mutants were not used for immunoblot analyses because they have
pleiotropic losses of photosynthetic enzyme complexes that make
the results uninformative.
(iii) RNA gel blot analysis of chloroplast RNAs. Approximately 500 of
the mutants with protein deficiencies detected in the immunoblot
assay were further analyzed by RNA gel blot hybridization, using
probes to chloroplast genes encoding the missing proteins. Approx-
imately 30 of thesemutantswere found to have aberrant chloroplast
mRNA populations. This number under represents the proportion of
mutants with underlying defects in chloroplast RNA metabolism
because the probings were not comprehensive and because “ivory”
mutants (a phenotype that often results from defects in plastid
gene expression) were not examined in this way.



Fig. 1. Overview of psa1mutants. (A) Positions of theMu insertions in the psa1 gene. The
nucleotide positions relative to the start codon are indicated. The insertion site sequences
are provided in Supplementary Fig. 1. (B) Domain architecture of PSA1. (C) Phenotype of
psa1 mutants. A previously described mutant with a defect in PSI biogenesis, psa2, is
shown for comparison. Plants were grown for nine days in soil. (D) Immunoblot profile
of core subunits of photosynthetic enzyme complexes. A single blot was probed sequen-
tially with antibodies to the indicated proteins. The Ponceau S stained blot below illus-
trates the abundance of RbcL, the large subunit of Rubisco.
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4. Linking phenotypes to genes in the PML collection

The PML collection is used for both phenotype-driven forward ge-
netics and as a reverse-genetic resource to characterize genes suspected
to be involved in particular chloroplast processes. The former approach
initially involved laborious Southern-blot methods to identifyMu inser-
tions that cosegregate withmutant phenotypes. Each such gene cloning
project took approximately 1 person-year. However, this effort paid off
in that it yielded the first proteins involved in chloroplast RNA splicing
in plants (crs1, crs2) [23–25], the first molecular functions for a
pentatricopeptide repeat (PPR) protein in plants (crp1) [26–28], and in-
sights into the components and functions of the cpSec and cpTAT thyla-
koid targeting machineries (hcf106, tha1, tha4) [29–31]. Other groups
employing the analogous approach to study chloroplast processes in
maize were rewarded by the identification of the enigmatic ribosome-
associated protein Iojap [32], a master transcriptional regulator of chlo-
roplast development, GOLDEN2 [33], and the first assembly factor for
Rubisco, BSD2 [34] (see Table 1).

The PML collection also provides an enriched source of mutations in
genes relevant to chloroplast biology for use in reverse-genetic applica-
tions. Screens for insertions in genes-of-interest were initially per-
formed one gene at a time, by PCR of pooled mutant DNAs. Mutants
identified in this way were used to validate phenotype-driven gene
identifications [25,35], establish functions for candidate splicing factors
and thylakoid targeting components [36–39], and explore the function-
al repertoire of the PPR family [40–43].

The pace of linking genes to phenotypes in the PML collection was
dramatically accelerated with the development of the “Mu-Illumina”
method for sequencing all Mu-insertion sites in individual plants [20].
When used for phenotype-driven classical genetic analyses, causal mu-
tations are identified by their cosegregationwith themutant phenotype
after a simple two-generation crossing scheme. Eighteen such gene
identifications are performed in a single Illumina lane, and the library
preparation and data analysis take only a few weeks. The rate limiting
steps in this process are the generation of the F2 ears fromwhich the se-
quenced mutants are drawn, and subsequent validation by recovery of
independent alleles. Thirteen genes identified in this manner have
been reported since the development of the Mu-Illumina method;
these are included in Table 1, along with all other published reports of
maize genes whosemutation disrupts chloroplast biogenesis. The caus-
al mutations underlying another set of mutants are reported here for
the first time (Table 2), and document functions for an additional 20
maize genes. The genes identified in these forward genetic screens func-
tion in various aspects of chloroplast RNAmetabolism, translation, DNA
replication, protein targeting, transcription, and the assembly of photo-
synthetic complexes.

In a complementary approach, a reverse-genetic resource is being
developed by using Illumina sequencing to catalog all Mu insertion
sites in one individual representing each of the ~2000 mutants in
the PML collection. This method does not identify which of the ~100
Mu insertions in the plant causes the chloroplast phenotype. However,
a database of the sequenced insertions provides ready access to inser-
tions in genes of interest for phenotypic analysis. Published studies
describing genes whose functions have been elucidated by reverse ge-
netics with the PML collection are summarized in Table 1. Additional
mutants identified in this way are posted at http://pml.uoregon.edu/
pml_table.php.

5. Previously unreported gene identifications made by
forward-genetic analysis of PML mutants

Table 2 lists a subset of “new” maize genes whose phenotype-to-
genotype assignments have beenmade by forward geneticMu-Illumina
analysis; genes that are under active study in our laboratory or collabo-
rating laboratories are not included. The identity of the causal muta-
tions were validated by complementation crosses between different
mutant alleles, except in a few instances in which themolecular pheno-
types match those reported for characterized orthologs in other
organisms.

This gene set includes genes encoding subunits of the photosyn-
thetic apparatus (AtpC and PPDK), components of the chloroplast
translation machinery (a cysteinyl and a leucyl tRNA synthetase), an
RNA helicase involved in splicing and ribosome maturation (Zm-RH3)
[44], proteins required for the activity of the plastid-encoded RNA poly-
merase (PEP) (Zm-PTAC14 and Zm-PRDA1) [45–47], the cytochrome
biogenesis factors Zm-CCS1 and Zm-CCB4 [48–50], and proteins
involved in plastoquinone synthesis (Zm-APG1) [51], porphyrinmetab-
olism (Zm-Ycf54 and Zm-GUN4) [52–55]), assembly of photosynthetic
enzyme complexes (Zm-Y3IP1 and chaperonin 60α1) [56,57], and
chloroplast RNA stabilization/translation (Zm-PGR3) [58]. Molecular
phenotypes of cps1, cps2, and pet3mutants had been reported long be-
fore the recent identification of their causal mutations. cps1 mutants
have a global defect in chloroplast translation [59], consistent with the
finding that CPS1 encodes a cysteinyl-tRNA synthetase. cps2 mutants
specifically lack Rubisco [59], consistent with the finding that CPS2
encodes a Cpn60 isoform. pet3 mutants specifically lack the cyt b6f
complex but synthesize its plastid-encoded subunits [60], consistent
with the finding that PET3 encodes the maize ortholog of CCB4, which
is required to attach heme to cytochrome b6 [48,49]. The Arabidopsis
orthologs of CPS1 and CPS6, a cysteinyl- and leucyl- tRNA synthetase,
respectively, are dual targeted to chloroplasts and mitochondria [61].
However, the morphology and growth rate of the maize mutants are
similar to those of other non-photosynthetic maize mutants, strongly
suggesting that these tRNA synthetases in maize function solely, if not
entirely, in chloroplasts.

Occasionally, phenotypes that do not relate to chloroplast bio-
genesis arise in our lines, and are included in the Mu-Illumina pipeline
for gene identification. Two such gene identifications are included in
Table 2. One of these, prpo1, conditions a lesion-mimic phenotype, as
does knockown of its tobacco ortholog (ppox) [62]. The other results
in adherant seedling leaves, similar to phenotypes observed for the
Arabidopsis ortholog abcg11 [63,64].

http://pml.uoregon.edu/pml_table.php
http://pml.uoregon.edu/pml_table.php
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Several of the gene identifications summarized in Table 2 mer-
it special attention because they provide the first functional informa-
tion for the orthologous group or provide insight into gene function
beyond that reported for orthologous proteins. These are discussed
below.

5.1. PSA1, a PSI biogenesis factor with NifU domains

Our immunoblot phenotyping pipeline identified many non-allelic
mutants that specifically lack PSI. The causal mutation in one of these,
psa2, was recently reported: PSA2 is a lumenal protein with a DnaJ-
related zinc finger domain and protein disulfide reductase activity [65],
and was proposed to promote PSI assembly bymediating thiol transac-
tions in the thylakoid lumen. Mutations in a different gene, psa1, condi-
tion pigment and protein phenotypes similar to those of psa2 (Fig. 1).
The causal insertions disrupt a gene encoding a protein with NifU do-
mains (InterPro IPR001075), which have been implicated in the assem-
bly of iron-sulfur clusters. The psa1 ortholog belongs to a small gene
family in Arabidopsis [66,67], one member of which (NFU2/AtCnfu-V)
has been shown to be required for the accumulation of PSI and ferredox-
in [66,68]. Some ortholog predictors place psa1 in an orthologous
group that has not been genetically characterized (NFU3/AtCNFUIVa/
AT4G25910 - see http://cas-pogs.uoregon.edu/#/pog/19589). However,
the orthology relationships in this family are ambiguous due to the gain
and loss of paralogs since the divergence of monocots and dicots. In any
case, the psa1 phenotype in conjunction with the known activities of
NifU proteins provides strong evidence that psa1 promotes PSI accumu-
lation by mediating the assembly of iron-sulfur clusters that associate
with PSI.
Fig. 2. Overview of Zm-era1 mutants. (A) Positions of the Mu insertions in the Zm-era1
gene. The nucleotide positions relative to the start codon are indicated. The insertion
site sequences are provided in Supplementary Fig. 1. (B) Domain architecture of Zm-
Era1. (C) Phenotype of Zm-era1mutants. The pictured individual is the heteroallelic prog-
eny of a cross between a strong and weak allele. (D) RNA gel blot hybridizations showing
defects in the processing and accumulation of chloroplast rRNAs. The upper and middle
blots were probed with rrn16 and rrn23, respectively. The methylene blue-stained mem-
brane is shown below to illustrate relative loading.
5.2. Zm-Era1, a putative assembly factor for the chloroplast 30S ribosomal
subunit

The causal insertions in three allelic mutations that condition an
ivory or virescent phenotype (depending on allele strength) were
mapped to a gene encoding a protein with an Era domain (IPR005662)
(Fig. 2). The Era domain is related to a bacterial protein that promotes
the assembly of the 30S ribosomal subunit [69,70]. The maize protein
and its Arabidopsis ortholog localize to chloroplast nucleoids [71,72], as
do several other proteins implicated in plastid ribosome assembly.
Orthologs of this protein have not been functionally characterized in
plants, but the Arabidopsis gene was assigned the name Era1 in a recent
phylogenetic analysis [72]. Accordingly, we named the maize protein
Zm-Era1.

To explore the possibility that Zm-Era1 is involved in the biogenesis
of chloroplast ribosomes, chloroplast rRNAs in a hypomorphic Zm-era1
mutant were analyzed by RNA gel blot hybridization (Fig. 2D). To con-
trol for secondary effects resulting from global defects in chloroplast
gene expression, a Zm-ptac2 mutant with a defect in chloroplast tran-
scription and a similar pigment phenotype [73]was analyzed in parallel.
The Zm-era1 mutant had considerably lower levels of chloroplast
rRNAs than did the Zm-ptac2 control. Furthermore, the ratio of pre-
16S rRNA to mature 16S rRNAwasmuch higher in the Zm-era1mutant
than in the Zm-ptac2 mutant, consistent with the possibility that Zm-
Era1 functions directly in the maturation of the chloroplast 30S ribo-
somal subunit. However, defects in rRNA processing and accumulation
can result from a wide variety of primary defects, so validation of this
hypothesis will require the detection of a physical association between
Era1 and assembling 30S subunits.

5.3. A mutant lacking Zm-Ycf54, a component of the Mg-protoporphyrin
monomethyl ester cyclase

A pair of allelic mutants with yellow-green pigmentation stood out
during routine immunoblot phenotyping due to the loss of an abundant
protein detected on stained blots that corresponds to a major Light
Harvesting Chlorophyll a/b Binding Protein (LHCP) (Fig. 3). Core sub-
units of Rubisco, PSII, cyt b6f, PSI, and the ATP synthase accumulate to
near normal levels in these mutants (Fig. 3D and data not shown). The
causal insertions were mapped to a gene encoding a homolog of the
cyanobacterial protein Ycf54. This protein and its homologs in barley
and tobacco are subunits of the Mg-protoporphyrin monomethyl ester
cyclase involved in chlorophyll biosynthesis [54,55,74]. An antisense
knockdown of the tobacco ortholog, LCAA, has been characterized [74]
but heritable mutants in plants have not been reported previously.
The Zm-ycf54 mutant adds to the resources available for studying the
roles of chlorophyll precursors in retrograde signaling, and the physio-
logical consequences of decreasing the abundance of light harvesting
complexes in a C4 plant.

5.4. New insight into functions of genes that had been characterized in other
organisms

Given the large community of researchers employing Arabidopsis for
the genetic analysis of chloroplast processes, it is to be expected that
many of the causal mutations identified in the PML collection map to
orthologs of characterized Arabidopsis genes. Usually, the maize pheno-
types are fully concordant with those reported for Arabidopsis, but
sometimes distinct phenotypes reveal functional divergence. For exam-
ple, the molecular phenotypes resulting from loss of the orthologous
PPR proteins ATP4 (maize) and SVR7 (Arabidopsis) differ substantially
[75–78], as do the molecular defects in maize and Arabidopsis mutants
lacking the single-stranded nucleic acid binding protein WHY1 [79,80].

In other instances, the distinct anatomy and physiology of maize fa-
cilitate molecular analyses that provide insights beyond those that are
readily obtained in Arabidopsis. This applies to the many genes that

http://cas-pogs.uoregon.edu/#/pog/19589


Fig. 3. Overview of Zm-ycf54mutants. (A) Positions of theMu insertions in the Zm-ycf54
gene. The nucleotide positions relative to the start codon are indicated. The insertion in
Zm-ycf54-1wasflankedby a deletion. The insertion site sequences are provided inSupple-
mentary Fig. 1. (B) Domain architecture of Zm-YCF54. (C) Phenotype of a Zm-ycf54 mu-
tant. (D) Immunoblot profile of core subunits of photosynthetic enzyme complexes. The
upper and lower panel involved identical samples but show different gels. The loss of an
abundant stained protein corresponding to LHCP can be seen on the PonceauS-stained fil-
ter at the bottom (asterisk).

Fig. 4. Overview of Zm-tab2 mutants. (A) Phenotype of Zm-tab2 mutants. Plants were
grown in soil for 8 days. (B) Positions of theMu insertions in the Zm-tab2 gene. The nucle-
otide positions relative to the start codon are indicated. The insertion site sequences are
shown in Supplementary Fig. 1. (C) Immunoblot profile of core subunits of photosynthetic
enzyme complexes. (D) Slot-blot analysis of ribosome footprints from the psaB and rbcL
genes in maize and Arabidopsis tab2 mutants. The data were quantified with a STORM
phosphor-imager and are plotted below. The Arabidopsis mutant is SAIL line 803-D03,
stock CS876967.
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are essential for embryogenesis in Arabidopsis but not in maize, due to
the species-specific requirement for a chloroplast translation product
during embryogenesis [14]. The fact that such mutants survive through
the seedling stage inmaize has been particularly important for the char-
acterization of the chloroplast splicingmachinery (see section 6 below).

Newly identified maize mutants with insertions in the orthologs of
Arabidopsis ATAB2 and PGR3 (see Table 2) provide additional examples
of how phenotypic analyses in maize can clarify understanding of con-
served functions while also revealing divergent functions.

5.4.1. Reevaluating the function of ATAB2 based on analysis of Zm-tab2
mutants

ATAB2 is the Arabidopsis ortholog of Chlamydomonas Tab2, which
promotes PSI accumulation by activating translation of the chloroplast
psaBmRNA [81,82]. The Arabidopsis mutants lack PSI but also are defi-
cient for PSII, with translation defects reported for subunits of both com-
plexes [82]. Based on this body of work, the current TAIR annotation
states that ATAB2 “presumably functions as an activator of translation
with targets at PS I and PS II.”

The maize ortholog, Zm-tab2, was identified during Mu-Illumina
analysis of two allelic mutants lacking PSI (Fig. 4). To evaluate chloro-
plast translation in these mutants, we employed a ribosome profiling
method that quantitatively maps chloroplast ribosome footprints to
specific mRNA regions at high resolution [76]. A genome-wide analysis
of chloroplast ribosome footprints in Zm-tab2 mutants did not detect
reduced ribosome occupancy on photosystem mRNAs (Supplementary
Fig. 2). Furthermore, slot-blot hybridization analysis of ribosome foot-
prints prepared from Zm-tab2 (maize) and atab2 (Arabidopsis) mutants
revealed that the ratio of ribosome footprints on the psaB relative to rbcL
open reading frames is similar in the wild-type and mutant samples
(Fig. 4D). These results strongly suggest that themutants do not exhibit
a specific defect in photosystem mRNA translation.

Based on these findings, it seems that the functions of ATAB2 and its
orthologs should be reevaluated. The presence of a tab2 ortholog in
cyanobacteria is also suggestive in this regard, as there is no precedent
for conserved mRNA-specific translational regulators among chloro-
plasts and cyanobacteria.



Table 1
Identified nuclear genes in maize required for chloroplast biogenesis: summary of published mutants.

Gene1 Maize locus ID Arabidopsis
ortholog

Method2 Seedling phenotype3 Protein phenotype4 Source Gene function Publications

Chloroplast gene expression and DNA metabolism
crp1 GRMZM2G083950 At5g42310 F pyg Reduced PSI & cyt PML PPR protein; Activates petA and psaC translation; stabilizes

processed petB, petD mRNAs; binds petA, psaC, petD 5′UTRs
[26,27,76,114]

ppr10/luteus15 GRMZM2G177169 At2g18940 R vpyg ATPase absent, PSI reduced PML PPR protein; activates atpH translation, stabilizes atpH and psaJ
mRNAs, binds atpI-atpH and psaJ-rpl33 intergenic regions

[41,76,115]

atp4 GRMZM2G128665 At4g16390 R spg ATPase specific defect PML PPR-SMR protein; activates atpB translation, binds atpB 5′UTR [75,76]
tha8 AC217965.2_FG012 At3g27750 F pyg Global, reduced OEC23 PML, MTM PPR protein; required for splicing ycf3-int2 and trnA introns

and associates with those introns in vivo
[90]

Zm-otp51 GRMZM2G325019 At2g15820 R pyg Strong PSI and cyt defect,
mild global

PML PPR-LAGLIDADG protein; required for splicing cp ycf3-int2 [90,93]

ppr5 GRMZM2G025409 At4g39620 R Hypomorph-pg,
null-iv

Global PML PPR protein; stabilizes unspliced trnG precursor and
stimulates its splicing; binds the trnG intron

[40,116]

ppr2 GRMZM2G341621 At3g06430 R iv Global PML PPR protein required for plastid ribosome accumulation [43]
ppr4 not in B73 v3; GenBank

cDNA NP_001105869
At5g04810 R Hypomorph-pg,

null-iv runty
Global PML PPR protein required for rps12 trans-splicing; binds rps12

intron 1
[42]

crs1 GRMZM2G078412 At5g16180 F Hypomorph-pyg,
null-vpyg

Global, Atpase almost gone PML cp RNA splicing 1; founding member of CRM domain family.
Binds atpF intron, promotes atpF splicing

[24,25,99,
114,117]

crs2 GRMZM2G132021 At5g16140,
At5g38290

F iv Global PML cp RNA splicing 2; required for splicing of chloroplast subgroup
IIB introns. peptidyl tRNA hydrolase homolog.

[23,24,37,
118,119]

caf1 Incorrect gene model. Gene
spans GRMZM2G089222/
GRMZM2G173923 GenBank
cDNA NP_001105220

At2g20020 R iv Global PML CRS2-associated factor 1;CRM domain protein, interacts with
CRS2, promotes splicing of several cp introns

[37,99,114]

caf2 AC199526.5_FGT003 At1g23400 R iv Global PML CRS2-associated factor 2; CRM domain protein, interacts with
CRS2, promotes splicing of several cp introns

[37,99,114,119]

rnc1 GRMZM2G035820 At4g37510 R Hypomorph-pyg-vir,
null -iv runty

Global PML RNAse III domain protein required for the splicing of many cp
introns. Interacts with WTF1.

[36,38]

wtf1 GRMZM2G403797 At4g01037 R Hypomorph-pyg,
null-iv runty

Global PML cp RNA splicing factor. Founding member of PORR domain
family. Interacts with RNC1.

[36,38]

Zm-mterf4 GRMZM2G029933 At4g02990 F Hypomorph-vpyg,
null-iv

Global PML cp mTERF domain protein. Binds in vivo to multiple group II
introns and promotes their splicing.

[91]

crp4 GRMZM2G377761 At3g03710 F pg Global PML, Schnable cp polynucleotide phosphorylase, cpRNA processing and decay [20,120]
Zm-orrm1 GRMZM5G899787 At3g20930 F pg Mild global, strong loss

of cyt b6f
PML ORRM-domain protein, involved in cp RNA editing [121]

Zm-ptac12 GRMZM5G897926 At2g34640 F vpyg-vir Global PML Maize ortholog of PTAC12; PEP associated protein required
for PEP-mediated transcription

[46,73]

Zm-ptac2 GRMZM2G122116 At1g74850 F Hypomorph-pyg,
null-ivory

Global PML Maize ortholog of PTAC2; PEP associated protein required
for PEP-mediated transcription

[46,73]

Zm-murE GRMZM2G009070 At1g63680 F Hypomorph-pyg,
null-iv

Global PML Maize ortholog of MurE; PEP associated protein required
for PEP-mediated transcription

[46,73,122]

Zm-prin2 GRMZM2G119906 At1g10522 F Hypomorph- vpyg-vir,
null-iv

Global PML Maize ortholog of PRIN2; PEP associated protein required
for PEP-mediated transcription

[73,123,124]

Zm-hcf107 GRMZM2G121960 At3g17040 R spg Reduced PSII D.Miles and W.Cook HAT domain protein required to stabilize psbH 5′ end and
promote psbH translation. Binds psbH 5′UTR

[19,125–127]

w2 GRMZM2G480171 At1g50840,
At3g20540

F Hypomorph-pyg,
null-iv

Global PML, Maize Genetics
Coop

Organellar DNA polymerase gamma; Required for cpDNA
replication.

[128]

(continued on next page)

1009
S.Belcher

etal./Biochim
ica

etBiophysica
A
cta

1847
(2015)

1004–1016



Table 1 (continued)

Gene1 Maize locus ID Arabidopsis
ortholog

Method2 Seedling phenotype3 Protein phenotype4 Source Gene function Publications

Zm-why1 GRMZM2G155662 At2g02740,
At1g14410

R Hypomorph-pyg,
null-iv or embryo
lethal, background
dependent

Global PML single-stranded nucleic acid binding protein. Multifunctional:
promotes atpF splicing, 23S rRNA maturation, stabilizes cp
genome.

[79,80,129,130]

rlsb1 GRMZM2G087628 At1g71720 R vpyg-vir Global PML & Schnable cp RNA binding protein [134]

Thylakoid protein targeting
hcf106 GRMZM5G898735 At5g52440 F hcf, pg Reduced PSI, PSII, cyt

& OEC23
Freeling Mu lines thylakoid TAT transport [29,131,132]

tha1 GRMZM2G090086
(bad gene model)

At4g01800 F pyg Reduced PSI, PSII, cyt & PC PML cp SecA homolog; required for thylakoid Sec-transport [29,30]

tha4 GRMZM2G472651 At5g28750 F spg Reduced PSI, PSII,
cyt & OEC23

PML thylakoid TAT transport [31]

tha5 GRMZM2G300408 At4g14870 F pg Reduced PSI, PSII, cyt & PC PML cp SecE; required for thylakoid Sec- transport [20]
csr1 NP_001105732 (missing

from B73 v3 genome)
At2g45770 R Hypomorph-pyg,

null-vpyg
Global PML CpFtsY. cp SRP receptor involved in thylakoid protein

targeting
[39]

csy1 GRMZM5G809546 At2g18710 R vpyg Global, reduced PC,
WT OEC23

Pioneer CpSecY. thylakoid protein translocase [133]

Assembly and homeostasis of photosynthetic apparatus
pet2 GRMZM2G087063 At5g52110 F pg reduced cyt b6f PML Ortholog of HCF208/CCB2; cyt b6 heme attachment factor [20,60]
psa2 GRMZM2G021687 At2g34860 F spg Reduced PSI PML DnaJ-type zinc finger domain protein required for PSI assembly [65]
raf1 GRMZM2G457621 At3g04550,

At5g28500
F spg Rubisco specific defect PML Rubisco Accumulation Factor1; promotes Rubisco assembly [35]

raf2 GRMZM2G139123 At5g51110 F spg Rubisco specific defect PML Rubisco Accumulation Factor2; promotes Rubisco assembly [100]
Zm-clpP5/ vyl GRMZM2G121456 At1g02560 R Hypomorph-vpyg,

null-iv
Global PML & Bailin Li cp ATP-dependent Clp protease subunit 5 [135]

Chlorophyll deficient mutants cloned by other groups
ij1 GRMZM2G004583 At3g12930 F iv, striate, embryo

defects; background
dependent

iojap1. Required for plastid ribosome accumulation in
seedlings. Associates with 50S ribosomal subunit.

[32,136]

bsd2 GRMZM2G062788 At3g47650 F pg bundle sheath defective 2. Rubisco assembly factor [34]
g2/bsd1 GRMZM2G087804 At5g44190 F pg golden2. Nuclear transcription factor for chloroplast

biogenesis genes
[33]

hcf60 GRMZM2G038013 At1g79850 F hcf, pg cp ribosomal protein S17 [137]
lpe1 GRMZM5G858417 ambiguous F pg leaf permease 1; xanthine/uracil/ permease [138]
Zm-hcf136/ psb1⁎ GRMZM2G102838 At5g23120 F spg, hcf PSII-specific defect PSII assembly factor [139,140]
elm2 GRMZM2G101004 At1g58300 F pg elongated mesocotyl2. heme oxygenase4 [141]
cpx1/nec4⁎ GRMZM5G870342 At1g03475 R Yellow-necrotic Global coproporphyrinogen III oxidase [142]
ppr8522/emb2 GRMZM5G884466 At5g67570 F Embryo lethal; albino

rescued seedling
cp PPR protein, plastid gene expression [143]

zb7/lw1⁎ GRMZM2G027059 At4g34350 F Weak-pyg, strong-vpyg
with bands

Global ISPH enzyme involved in isoprenoid biosynthesis [144]

cf1⁎ GRMZM2G026117 AT5g08280 F pyg necrotic porphobilinogen deaminase [145]
oy1 GRMZM2G419806 At5g45930 candidate Yellow Chlorophyll synthesis, Magnesium chelatase I [146]

⁎ Mu insertion alleles linked to phenotypes in PML collection but published previously by a different group.
1 Alternate gene names separated by “/”.
2 F-forward genetics, phenotype-to-gene; R-reverse genetics, targeted screen.
3 Seedling pigmentation: iv-ivory, pg-pale green, spg-slightly pale green, pyg-pale yellow green, vpyg- very pale yellow green, vir-virescent, hcf-high chlorophyll fluorescent, striate- longitudinal stripes.
4 Protein data based on immunoblot survey of one core subunit of Rubisco, PSI, PSII, cyt b6f, ATP synthase; “global”- reduction in all of these complexes. This data is provided only for PML mutants.
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Table 2
New phenotype-driven gene identifications via Mu-Illumina analysis of PML mutants.1

Gene Maize locus ID Arabidopsis
ortholog

Maize phenotype
(pigment2; protein3)

Gene/protein function Closely related
publications

Chloroplast gene expression
cps1 GRMZM2G156565 At2g31170 pg (hypomorph); global Chloroplast protein synthesis 1: cp cysteinyl-tRNA synthetase [59,61,147]
cps5 GRMZM5G858471 At4g04350 iv; global Chloroplast protein synthesis 5: cp leucyl-tRNA synthetase [61]
Zm-era1 GRMZM2G158024 At5g66470 vpyg-vir; global Ortholog of Arabidopsis ERA1. Required for cp ribosome accumulation.

Putative cp ribosome assembly factor. ERA domain (IPR005662).
[72]

Zm-prda1 GRMZM2G079452 At5g48470 vpyg (hypomorph), iv
(null); global

Ortholog of Arabidopsis PRDA1. cp nucleoid protein involved in
PEP-mediated transcription; cpRNA defects in maize similar to other
PEP-deficient mutants

[47]

Zm-ptac14 GRMZM5G807767 At4g20130 iv; global Ortholog of Arabidopsis PTAC14. PEP-associated protein, required for
PEP-mediated transcription; cpRNA defects in maize similar to other
PEP-deficient mutants

[45,46,148]

Zm-pgr3 GRMZM2G372632 At4g31850 vpyg; global Ortholog of Arabidopsis PGR3. PPR protein that stabilizes 5′-end of cp
petL RNA and is required for NDH accumulation. Additional functions
in maize.

[58,84]

Zm-rh3b AC198418.3_FGP005 At5g26742 vpyg-vir (hypomorph);
global

cp Dead box RNA helicase involved in cp intron splicing and assembly
of the 50S ribosomal subunit

[44]

Biogenesis of photosynthetic enzymes/prosthetic groups
Zm-ccs1 GRMZM2G038301 At1g49380 pg; specific loss of cyt b6f Ortholog of CCS1. Required for cytb6f assembly [149]
pet3 GRMZM2G177145 At1g59840 pg; specific loss of cyt b6f Ortholog of CCB4. Required for cyt b6 assembly [48,49]
Zm-tab2 GRMZM2G081955 At3g08010 pg; severe loss of PSI, mild

global defect
Ortholog of ATAB2 in Arabidopsis and TAB2 in Chlamydomonas.
Required for PSI accumulation. Activates translation of cp psaB RNA
in Chlamydomonas but not in maize.

[81,82]

psa1 GRMZM2G100976 At4g25910 pg; specific loss of PSI Required for PSI accumulation. Harbors NifU domain implicated in
Fe-S cluster assembly. Ortholog of Arabidopsis Nfu-IVa.

[66,67]

cps2 AC215201.3_FGP005 At2g28000 pg; specific loss of Rubisco
(hypomorph)

cpn60 α1. Molecular chaperone involved in Rubisco assembly. Also
affects distribution of ribosomes on chloroplast mRNAs.

[35,57,59,100]

Zm-y3IP1 GRMZM2G002165 At5g44650 pg; specific loss of PSI Ortholog of Arabidopsis Y3IP1. PSI assembly factor, cooperates with Ycf3 [56]
Zm-ycf54 GRMZM2G010196 At5g58250 pyg, reduced LHCP Ortholog of barley/cyanobacterial Ycf54; subunit of Mg-protoporphyrin

IX monomethyl ester cyclase
[54,55,74]

Zm-apg1 GRMZM2G082998 At3g63410 pyg; global MPBQ/MSBQ methyltransferase involved in plastoquinone synthesis [51]
Zm-gun4 GRMZM2G464328 At3g59400 pyg (hypomorph), yellow

(null)
Ortholog of Arabidopsis GUN4; Mg-chelatase cofactor and porphyrin
binding protein

[52,53]

prpo1/ Zm-ppox GRMZM2G039396 At4g01690 pg with lesions Ortholog of Arabidopsis PPOX/ PPO1. protophorphyrinogen oxidase [62]

Structural component of photosynthetic enzyme
Zm-atpc GRMZM2G048907 At4g04640 spg; ATP-synthase specific

defect
gamma subunit of chloroplast ATP synthase (ATPC1) [150]

ppdk GRMZM2G306345 At4g15530 pg; reduced PSI, PSII, cyt b6f Pyruvate orthophosphate dikinase

Other
Zm-abcg11 GRMZM2G177812 At1g17840 Adherant seedling leaves Ortholog of Arabidopsis ABCG11/COF1/WBC11. Plasma membrane-

localized ATP-binding cassette transporter; cutin transport to
extracellular matrix

[63,64]

1 Insertion sites are provided in Supplemental Fig. 1.
2 pg-pale green; pyg – pale yellow green; vpyg – very pale yellow green; iv-ivory; vir –virescent.
3 Based on immunoblots surveying one core subunit of PSI, PSII, cytb6f, ATP synthase, Rubisco. “Global” – decrease in all surveyed complexes.
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5.4.2. Divergent and conserved functions of the PPR protein PGR3
An insertion in themaize ortholog of Arabidopsis PGR3 was found to

be the causal mutation in a mutant with “global” protein deficiencies
and loss of specific RNAs from the plastid petL transcription unit
(Fig. 5). PGR3 is a PPR protein that stabilizes the 5′ end of petL mRNA,
enhances petL translation, and promotes the expression of one or
more plastid gene encoding a subunit of the NDH complex [58,83,84].

The petL RNA defect in Zm-pgr3mutants (Fig. 5) shows the RNA sta-
bilization function to be conserved between the maize and Arabidopsis
PGR3 orthologs. However, the visible and molecular phenotypes of the
maizemutant suggest additional functions beyond those in Arabidopsis.
Arabidopsis pgr3mutants are not readily distinguishable from their nor-
mal siblings under standard laboratory growth conditions, but the
maize mutants are strongly chlorotic (Fig. 5). Furthermore, the protein
defects in Arabidopsis are limited to the cyt b6f and NDH complexes,
whereas the maize mutants exhibit a substantial reduction in core sub-
units of all complexes harboring plastid-encoded subunits (Fig. 5). Chlo-
roplast rRNAs accumulate to reduced levels in themaizemutant but not
in Arabidopsis (Fig. 5); this ribosome deficiency presumably contributes
to the more global protein losses observed in maize.

These results indicate that Zm-PGR3 has functions beyond those of
its Arabidopsis ortholog. In addition, the absence of the NDH complex
that is observed in both species is likely to cause distinct physiological
defects in maize due to the special role of the NDH complex in the bun-
dle sheath chloroplasts of C4 plants [85].

6. Examples of chloroplast processes for which genetic analyses in
maize have been particularly informative

Genetic analyses in maize have contributed to the understanding of
many aspects of chloroplast biogenesis, but there are several instances
in which work in maize has played a leading role. Two examples are
summarized below.

6.1. Chloroplast RNA splicing and the discovery of plant-specific RNA
binding domains that are dedicated to organellar RNA metabolism

Although introns are rare in bacteria, they are frequent in chloroplast
genomes. Land plant chloroplast genomes typically encode ~18 introns,
all of which are derived from self-splicing group I or group II intron
ribozymes [reviewed in [86]]. These introns have lost the capacity to
self-splice, and rely on a plethora of nucleus-encoded proteins that act
in a combinatorial fashion to promote the splicing of specific introns.
Most chloroplast splicing factors harbor non-canonical RNA binding



Fig. 5.Overviewof Zm-pgr3mutants. (A) Position of theMu insertion in the Zm-pgr3 gene.
The nucleotide position relative to the start codon is indicated. The insertion site sequence
is shown in Supplementary Fig. 1. (B) Phenotype of a Zm-pgr3 mutant. The plants were
grown for 8 days in soil. (C) Immunoblot profile of core subunits of photosynthetic en-
zyme complexes. (D) RNA gel blot probedwith a petL specific probe (left). The abundance
of chloroplast rRNAs is shown on the methylene blue-stained blots to the right. The At-
pgr3 mutant has an insertion in the single exon of the Arabidopsis PGR3 gene.
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domains that are found almost exclusively in organelle-targeted pro-
teins: the CRM, PORR, APO, PPR, andmTERFmotifs [28,36,87–89]. Splic-
ing occurs in the context of large intron ribonucleoprotein particles that
generally include at least four different proteins [reviewed in [86]].
Thus, these formerly “self-splicing” introns splice in the context of par-
ticles that are as much protein as RNA.

The complexity of the chloroplast splicingmachinery and the nature
of the proteins involved were unanticipated. This understanding
emerged largely from genetic analyses employing maize mutants in
the PML collection, beginning with the identification of two mutants
with distinct splicing defects, chloroplast RNA splicing 1 (crs1) and crs2
[24]. Subsequent identification of the CRS2 Associated Factors CAF1
and CAF2 [37], followed by proteomic analysis of proteins that
coimmunoprecipitate with CRS1, CAF1, and CAF2 implicated additional
proteins in splicing (RNC1, WTF1, WHY1, APO1, RH3) [36,38,44,79,88],
and the roles of these proteins were demonstrated by reverse-genetic
and biochemical analyses. Additional chloroplast splicing factors were
identified through independent investigations involving mutants in
the PML collection (THA8, PPR4, PPR5, mTERF4) [40,42,90,91] and
reverse-genetic analysis of members of the PPR family in Arabidopsis
(OTP51 and OTP70) [92,93].

CRS1, CAF1, and CAF2 are the founding members of a plant-specific
protein family harboring an ancient domain, the CRM domain, whose
function as an RNA binding domain was revealed through this body of
work [87]. Reverse genetic analysis of other members of the CRM
domain family revealed two more chloroplast splicing factors, CFM2
and CFM3 [94,95]. WTF1 and APO1 are also the founding members
of plant-specific gene families, each defined by domains that were
shown through this work to be RNA binding domains: the PORR and
APO domains, respectively. Most members of the CRM, PORR, and APO
families are predicted to localize to chloroplasts or mitochondria [36,
87,96], and reverse genetic analysis ofmitochondrial CRMand PORRdo-
main proteins in Arabidopsis demonstrated these to be mitochondrial
splicing factors [97,98]. Indeed, organellar splicing is the onlymolecular
function ascribed to members of the CRM, PORR, and APO domain fam-
ilies, so it is likely that additional organellar splicing factorswill be found
among the uncharacterized members of these families.

Of the seventeen nucleus-encoded chloroplast splicing factors
reported thus far in plants, only OTP51 and OTP70 were discovered in-
dependent of the body of work involving the maize PML collection.
OTP51 and OTP70 are PPR proteins that are required for the splicing of
ycf3-intron 2 and rpoC1-intron 1 in Arabidopsis [92,93]. The function of
OTP51 is conserved in maize [90]. OTP70, however, facilitates the splic-
ing of an intron that is not found inmaize and, in fact, the currentmaize
genome assembly lacks an OTP70 ortholog.

It is noteworthy that work in maize has dominated this field de-
spite the much larger community of chloroplast researchers working
in Arabidopsis. This is not due to a lack of functional conservation, as
there is experimental evidence that the splicing functions of crs1, caf1,
caf2, otp51, tha8, cfm2, cfm3, and rh3 are conserved [44,90,94,95,99].
Instead, it seems likely that these genes have been elusive in Arabidopsis
becausemost of them participate in the splicing of tRNAs and ribosomal
protein mRNAs [reviewed in [86]] and are therefore essential for
the function of the chloroplast translation machinery. The absence of
chloroplast ribosomes conditions an embryo-lethal phenotype in
Arabidopsis, but typically results in albino, seedling lethal mutants in
maize whose molecular phenotypes can be informative [14]. In addi-
tion, RNA and protein-coimmunoprecipitation assays have been impor-
tant for establishing protein-intron partnerships [36–38,40,42,44,79,88,
91,94,95] and these assays are more challenging in Arabidopsis, due to
the greater difficulty of isolating large quantities of chloroplast extract.

6.2. Rubisco assembly

The assembly of themultimeric enzymes involved in photosynthesis
is facilitated by general and complex-specific chaperones [reviewed in
[12]]. The majority of known assembly factors for thylakoid membrane
complexes have been discovered through genetic analysis inArabidopsis
[12]. By contrast, the genetic identification of assembly factors for
Rubisco has come largely from work in maize. Three dedicated Rubisco
assembly factors have been reported (BSD2, RAF1, and RAF2), all of
which were discovered via forward genetic screens in maize [34,35,
100]. A fourth component of the Rubisco assembly network, Cpn60α1,
proved to be the product of the maize cps2 gene (see Table 2), whose
mutant phenotype was reported two decades before the gene was
identified [35,59]. Hypomorphic cps2 alleles condition a severe loss of
Rubisco with only a minor decrease in the abundance of other photo-
synthetic complexes [59]. Thus, although Cpn60s participate broadly
in chloroplast protein folding/assembly [reviewed in [101]], the cps2
mutant demonstrates that Rubisco assembly is particularly reliant on
the Cpn60α1 isoform. Disruption of the rice cps2 ortholog likewise
causes a severe Rubisco deficiency, but the effects on other photosyn-
thetic complexes were not reported [57]. Interestingly, the cps2mutant
phenotype also revealed a role for Cpn60α1 in chloroplast translation:
chloroplast mRNAs in cps2 mutants exhibit an unusual bimodal distri-
bution during polysome sedimentation experiments [59]. The basis for
this is not known, but suggests that Cpn60α1 may bind nascent pep-
tides cotranslationally to influence ribosome movement.

It isn't obvious why genetic analysis in maize has played such a
prominent role in elucidating Rubisco assembly, as this process is likely
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to be broadly conserved. Indeed, RAF1 and RAF2 orthologs are present
in photosynthetic bacteria, where they also promote Rubisco assembly
[102,103]. Perhaps the visible phenotype is more apparent in maize,
or perhaps the sequestration of Rubisco in bundle sheath cells reduces
pleiotropic consequences of its absence, such that the Rubisco-specific
defect is more apparent in the C4 context.

7. Comparison of PML to related genetic resources in
other organisms

The importance of delving more deeply into the nuclear gene com-
plement relevant to photosynthesis is underscored by related efforts
in other organisms. The Chloroplast 2010 Project [104,105] and Chloro-
plast Function Database [106] assembled Arabidopsis T-DNA lines for
genes predicted to encode chloroplast-localized proteins and have
collected somephenotypic data for these lines. TheChloroplast Function
Database lists 72 genes whose disruption causes chlorophyll-deficient
seedlings, many of which lack additional phenotypic information. The
Chloroplast 2010 Project emphasized metabolic profiling of homozy-
gous viable mutants [107], which largely excludes non-photosynthetic
mutants analogous to those emphasized in the PML collection.
The PhenoLeaf project [108] cataloged genes from the Arabidopsis
Unimutant collection with visible leaf phenotypes, and includes 140
genes whose disruption gives a loss of leaf chlorophyll.

There is little overlap among the geneswhose phenotypes have been
documented in these projects and the 94 genes that have thus far been
assigned a function via the PML collection in maize. Thus, these collec-
tions are complementary rather than redundant. Of course, there are
numerous single-gene studies in Arabidopsis, rice, and Chlamydomonas
that describe orthologs of genes also identified via PML. Thus far, ap-
proximately one-third of the maize genes whose functions have been
defined with PML are orthologous to well-characterized genes in
other organisms, one-third are orthologous to genes whose disruption
had been linked only to very general phenotypes in other organisms
(e.g. chloroplast development or embryogenesis), and one-third are
novel genes that provided the first functional insight into their cognate
orthologous groups.

In another related project, a phylogenomic approach identified a set
of “GreenCut” genes found specifically in photosynthetic eukaryotes;
this compilation provides a source for targeted study of plastid functions
[109]. Interestingly, although all of the genes identified with the PML
collection are conserved among angiosperms and many are plant-
specific, only a small fraction are in the GreenCut. In some instances it
is unclear why the gene was excluded from the GreenCut (e.g. the
Rubisco assembly factor RAF1), but in many cases the answer is clear:
Numerous genes whose functions have been assigned with mutants
from the PML collection participate in chloroplast gene expression
(RNA splicing, RNA stabilization, transcription, translational activation),
and these processes and the nucleus-encoded proteins that mediate
them evolved rapidly after the divergence of plants and algae.

8. Future prospects and community access

Several years back, a review entitled “Chlamydomonas and
Arabidopsis: A Dynamic Duo” described the synergism of Arabidopsis
and Chlamydomonas as model systems for studying the basic biology
of photosynthetic eucaryotes: results from one species often inform un-
derstanding in the other, and differences highlight points of divergence
[13]. As a C4 monocot with a well-developed genetic resource for
dissecting chloroplast processes, maize adds a valuable member to the
ensemble, creating a “Triumphant Trio”. Functions of conserved genes
are sometimes revealed more easily in maize than Arabidopsis due to
differences in the role of plastid translation during embryogenesis, dif-
ferent partitioning of functions among paralogs, and the relative ease
of obtaining mutant tissue and isolated chloroplasts for biochemical
analyses. In addition, the physiological read-out of loss of conserved
functions will sometimes differ in the C3 and C4 contexts, and there
will also be examples of divergent functions. Analogous work in rice
has also been informative [e.g. [57,110]], but the genetic resources for
the study of chloroplast functions in rice are less developed.

To fully exploit the synergism of different model organisms, it is
important for species-specific genome databases to display function-
al annotations obtained from study of orthologs in other species. This
is currently all too rare. However, various online resources are available
to facilitate cross-species functional inferences. For example, the POGs2
database http://cas-pogs.uoregon.edu/#/ [111] provides ready access to
functional information for orthologous proteins in maize, rice, and
Arabidopsis, and also includes links to Chlamydomonas orthologs
through Plaza [112]. Complementary information can be found at the
Plant Proteome Database (http://ppdb.tc.cornell.edu), which compiles
proteome data from Arabidopsis and maize with easy navigation be-
tween the two species [113].

The PML collection is a community resource. Most of the mutants
whose causal insertions have been identified are listed at http://pml.
uoregon.edu/pml_table.php and seed is available at the Maize Genetics
Coop Stock Center (http://maizecoop.cropsci.uiuc.edu) or directly
from us. A search interface for publically-available lines with inser-
tions in specified genes is available at http://teosinte.uoregon.edu/mu-
illumina/ and a more extensive in-house database of insertions is avail-
able through collaboration.

Materials and methods

Immunoblots and RNA gel blot hybridizations were performed
as described previously [18]. The following probes were used for RNA
gel blot hybridizations (coordinates taken from GenBank accession
NC_001666): rrn16- PCR fragment spanning residues 95593–96802 ;
rrn235′- oligonculeotide spanning residues 99072–99131; petL-PCR
fragment spanning residues 65168–65547. The antibodies for AtpB,
D1, PsaD, and PetD were described previously [73]. The antibody to
NdhH was a kind gift of Tsuyoshi Endo (Kyoto University).

The Mu-Illumina gene identifications were performed as described
in [20], with minor modifications due to changes in the available
Illumina instruments since the original publication. The genome-wide
analysis of chloroplast ribosome occupancy in Zm-tab2 mutants was
performed with the microarray-based approach described in [76]. The
slot-blot hybridization assay of rbcL and psaB ribosome occupancy in
atab2 and Zm-tab2 mutants was performed analogously, except that
the ribosome footprints were applied by slot-blotting to nylon mem-
brane, and hybridizedwith probes spanning the rbcL or psaB open read-
ing frames in the cognate species.

Transparency document

The Transparency document associated with this article can be
found, in online version.
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