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Distant cousins of photosynthetic bacteria reside in plant cells where, as organelles called plas-
tids, they give color to fruit and flowers, make starch in roots, and carry out photosynthesis in
leaves. Plastids acquire these tissue-specific functions during plant development by undergoing
programed differentiation from totipotent proplastids of meristematic tissues. Plastid differen-
tiation involves the regulated expression of the 100–200 genes of the plastid genome, which
have been retained from the ancestral cyanobacterium that founded the plastids by endosymbi-
osis 1–2 x 109 years ago [1]. Plastid genes are expressed by bacterial-type transcription and
translation systems, which plastids also have retained during evolution [2]. The differentiation
of chloroplasts, the photosynthetic plastid in green tissues, requires expression of plastid genes
encoding polypeptide subunits of the photosynthesis apparatus and components of the orga-
nellar gene expression system. Photosynthesis subunits are produced in precise stoichiometries
which, in the green alga Chlamydomonas reinhardtii, are brought about by feedback controls at
the level of translation [3]. In C4 plants, distinct chloroplast types develop in mesophyll and
bundle sheath cells through, in part, differential expression of the plastid genome. However,
surprisingly little is known about how plastid genes are regulated during the transformation of
proplastids into chloroplasts in the context of leaf development.

Developmental regulation of gene expression in plants is difficult to characterize. Young
plants have many cell types in the gamut of developmental stages, and in many plant species,
developing cells are in arrangements that complicate the physical dissection of tissues in spe-
cific stages for analyses. An excellent experimental system is provided by seedling leaves of the
grasses, e.g., maize, rice, and barley. Each leaf has a developmental gradient along its long axis,
with nonphotosynthetic meristematic cells (and proplastids) at the base and differentiated pho-
tosynthetic cells (and chloroplasts) at the tip (Fig 1) [4]. Analysis of the abundance of a subset
of plastid mRNAs along this leaf gradient in maize and barley has revealed programmed
changes in mRNA levels [5,6,7]. However, the degree to which mRNA levels predict the actual
protein output of each gene has been unclear because of lack of data on translation rates.

Chotewutmontri and Barkan report in this issue [8] plastid transcriptome and translatome
profiles at several points during the proplastid to chloroplast transition in young maize leaves,
thereby revealing developmental patterns of protein production from each plastid gene and the
relative contributions of mRNA level and translation rate in establishing them (Fig 1). They
first optimized the ribosome profiling or “Riboseq”method for analysis of the plastid transla-
tome in leaf tissue and in separated bundle sheath and mesophyll cells. Riboseq uses deep
sequencing to tally footprints of translating ribosomes on specific mRNAs, revealing ribosome
numbers and their precise locations on all mRNAs [9]. The abundance of ribosome footprints
from each gene (normalized to mRNA length) serves as a proxy for the overall rate of protein
synthesis from that gene. By comparing the Riboseq data to RNAseq data from the same tissue
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samples, the authors calculated relative translation efficiencies (i.e., ribosome footprint abun-
dance divided by mRNA abundance). They describe the profiles of mRNA abundance, transla-
tional efficiency, and protein output for all plastid genes as a function of developmental stage
(Fig 1).

The major importance of this work is the deciphering of the contributions of mRNA abun-
dance and translational efficiency in the expression of the plastid genome during the proplastid
to chloroplast transition. In this context, the results support five major conclusions. First,

Fig 1. Plastid transcriptome and translatome profiles during chloroplast development in the maize
seedling leaf reveal developmental patterns of plastid gene expression and the relative contributions
of mRNA level and translational control in establishing them [8]. (A) The maize seedling leaf has a
developmental gradient along the long axis. Dissected leaf segments (broken lines) and isolated mesophyll
and bundle sheath cells (B) were used to profile the plastid transcriptome and translatome by next-generation
RNA sequencing (RNAseq) and ribosome profiling (Riboseq), respectively. The developmental gradient has
meristematic (undifferentiated) cells at the base (left) and mature photosynthetic cells at the tip (right), with
their nuclei (N) and chloroplasts (green and grey). Mesophyll chloroplasts are specialized in the uptake of
CO2, the photosynthetic electron transport (PET), ATP synthesis, and the synthesis of the C4 compound
malate, which is transported to bundle sheath cells in a carbon concentrating system. Bundle sheath
chloroplasts recover the CO2 (generating a C3 compound to be returned to mesophyll cells) and use it as
substrate for the Calvin cycle and the subsequent synthesis of sucrose. (C) Proplastids and the chloroplasts
have the plastid genome and gene expression system, including polysomes composed of translating
ribosomes on mRNAs, for the synthesis of polypeptides. (D) The results of RNAseq and Riboseq analyses
address the steps of plastid gene expression that determine protein output rate for each gene of the plastid
genome.

doi:10.1371/journal.pgen.1006173.g001
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during chloroplast development, protein output from most plastid genes increases early and
declines later. Changes in mRNA level account for many of these changes, but they are further
refined by changes in translational efficiency. Second, two translational regulons are revealed,
which are characterized by distinct developmental profiles at the level of translational efficiency
during the proplastid to chloroplast transition. One regulon exhibits prioritized translation
early in development and consists primarily of mRNAs encoding components of the chloro-
plast gene expression machinery. The other regulon exhibits peak translational efficiency later
in development and consists primarily of mRNAs encoding photosynthesis proteins. Third, in
bundle sheath and mesophyll chloroplasts, different patterns of protein output reflect primarily
differences in mRNA abundance, although these are amplified in several cases by differences in
translational efficiency. Fourth, photosynthesis complex subunit stoichiometry is reflected by
relative rates of protein synthesis, and this tuning is programmed by a balancing of transla-
tional efficiencies with mRNA abundance. Fifth, the editing of plastid mRNAs, a process that
changes specific C to U residues, generally is not a prerequisite for their translation. In addi-
tion, readers will find in the wealth of data something relevant to their particular interests in
plastid gene expression.

Future research will use the groundwork and methods of Chotewutmontri and Barkan to
advance further our understanding of plastid gene expression in development. One likely out-
come is the discovery of developmental regulatory functions of known translation factors in
the chloroplasts [10,11]. Also of interest will be to expand the analyses to the transcriptome
and translatome of the nuclear-cytoplasmic compartments—for example, to describe how
expression of nucleus-encoded and plastid-encoded subunits of photosynthetic complexes is
coordinated during development. This work also opens avenues to explore relationships
between translation and the polycistronic organization of plastid genes, mRNA splicing, the
repair of photosynthesis complexes, and acclimation to changing environmental conditions.
The disentangling of our understanding of the regulated steps in plastid gene expression in
chloroplast development has begun.
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