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Bienertia sinuspersici is one of only 
three higher land plant species 

known to perform C
4
 photosynthesis 

without Kranz anatomy through par-
titioning of photosynthetic functions 
between dimorphic chloroplasts in a 
single photosynthetic cell. We recently 
reported the successful separation of the 
two chloroplast types and biochemical 
and functional analyses revealed differ-
ences in protein composition and spe-
cialization of photosynthetic functions. 
In Kranz type C

4
 species, spatial (or 

cell-specific) control of transcription of 
nuclear genes contributes to development 
of dimorphic chloroplasts, but obviously 
this cannot be involved in formation of 
dimorphic chloroplasts within individ-
ual photosynthetic cells. Therefore, we 
address here the question of how nuclear 
encoded proteins could be selectively tar-
geted to plastids within a cell to form two 
types of chloroplasts. We discuss current 
knowledge of chloroplast differentiation 
in single cell C

4
 species and present three 

hypothetical mechanisms for how this 
could occur.

Higher plants typically contain different 
plastid types with diverse morphology and 
function in different tissues. Amyloplasts, 
chromoplasts, leucoplasts and chloro-
plasts, to name a few, all originate and 
develop from the same proplastids during 
ontogenesis. Plastids are considered semi-
autonomous organelles having their own 
genome and being capable of replication 
independent from their host cell cycle. 
Nevertheless, the vast majority of proteins 
needed for functional plastids are encoded 
by the nuclear genome and must be 
imported into the plastids. How proplas-
tids differentiate into the final functional 
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plastids is not yet fully understood, but 
there is evidence that plastid fate is deter-
mined at least in part by the differen-
tiation of the host cell type.1 Therefore, 
different tissues transcribe genes for dif-
ferent sets of proteins which, in turn, are 
imported in the respective plastid type for 
proper function.

C
4
 plants are an interesting system to 

study plastid development, since proto-
chloroplasts differentiate into two mor-
phologically and functionally different 
chloroplast types in mesophyll (M) and 
bundle sheath (BS) cells to support the 
C

4
 carbon concentrating mechanism. In 

this system the C
4
 cycle delivers CO

2
 to 

Rubisco for assimilation in the C
3
 cycle. 

All the enzymes and metabolite transport-
ers for the process are nuclear encoded, 
with the exception of the large subunit 
of Rubisco where the gene is chloroplas-
tic. In the C

4
 plant maize, it has been 

shown in a series of large scale proteomics 
experiments that a vast number of nuclear 
encoded proteins accumulate preferen-
tially either in M or BS chloroplasts.2-4 
Considerable effort is being made to 
understand the nature of this selective 
protein accumulation. It is a useful system 
for studying regulation of cellular differ-
entiation in plants. Discovery of mecha-
nisms controlling the process may provide 
the knowledge needed for engineering the 
C

4
 carbon concentrating mechanisms into 

major C
3
 crops to improve yield, and water 

and nitrogen use efficiency.5,6

For most C
4
 photosynthetic genes, cell-

specific regulation of transcript abundance 
of chloroplast targeted proteins is consid-
ered to have a significant role in determin-
ing chloroplast differentiation. Yet, no 
common motif or master regulator has 
been found, and regulation of individual 
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genes does not appear to be conserved 
across different species. For example, it 
has been clearly established that posttran-
scriptional and posttranslational mecha-
nisms are involved in M and BS specific 
chloroplast differentiation.7-9

Bienertia sinuspersici is a recently dis-
covered species with a unique form of C

4
 

photosynthesis. In this single cell C
4
 spe-

cies (SCC
4
), the carbon concentrating 

mechanism does not depend on coopera-
tion between M and BS cells, as in Kranz 
type C

4
 species. Rather, it possesses a 

unique chlorenchyma with two func-
tional and biochemical different chloro-
plast types within photosynthetic cells 
(Fig.  1A). Here, the so called peripheral 
chloroplasts (P-CP) are spatially separated 
by a large vacuole from chloroplasts clus-
tered in a central compartment (C-CP). 
This structural arrangement allows for 
enrichment of CO

2
 in the Rubisco con-

taining C-CP, ultimately repressing pho-
torespiration, similar to the mechanism in 
Kranz type C

4
 plants.10 During leaf devel-

opment very young leaves transition from 
a C

3
 default mode with one type of chlo-

roplast to form two cytoplasmic domains 
with two types of chloroplasts which then 
complete differentiation for C

4
 function.11

We recently developed a protocol for 
isolation and purification of intact dimor-
phic chloroplasts from B. sinuspersici. 
Biochemical and functional character-
ization showed these chloroplasts oper-
ate analogous to M and BS chloroplasts 
in Kranz type C

4
 species with respect to 

carbon fixation.12 Several proteins were 
found to accumulate selectively in the 
C-CP [e.g., the nuclear encoded small 
subunit of Rubisco (RBCS) and the chlo-
roplast encoded large subunit of Rubisco 
(RBCL)] and in the P-CP [e.g., pyru-
vate, Pi dikinase (PPDK) and the puta-
tive pyruvate transporter (PyT1)]. In 
addition, preliminary results from two 
dimensional differential gel electropho-
reses (2D-DIGE), as well as from quan-
titative shotgun proteomic analysis of the 
two chloroplast types revealed that large 
numbers of proteins accumulate preferen-
tially in the C-CP or the P-CP, similar to 
the situation previously reported for the M 
and BS chloroplasts of maize (Offermann 
S, Doroshenk K, Okita T, Friso R, Wijk 
Kv and Edwards G, unpublished data).

Figure 1. Hypothetical mechanisms of chloroplast differentiation in SCC4 species. Part (A) Micro-
graph of a mature B. sinuspersici chlorenchyma cell showing peripheral chloroplasts (P-CP), the 
central cytoplasmic compartment (CC) and the chloroplasts of the central cytoplasmic compart-
ment (C-CP). The two compartments are connected via cytoplasmic channels. (B–D) Models for se-
lective accumulation of proteins making functionally different chloroplasts. Protein A specifically 
localizes to the P-CP, whereas B localizes only to the C-CP, protein C localizes to both chloroplast 
types. Capital letters in yellow boxes correspond to mRNAs and letters in red boxes to proteins. 
mito, mitochondria.
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recent study, Lung et al. reported that 
the B. sinuspersici RBCS transit peptide 
is insufficient for correct localization of 
the protein exclusively to the C-CP when 
fused to GFP in a transient protoplast 
transformation system.26 We therefore 
speculate that important localization sig-
nals found either in the coding region of 
the protein and/or in the coding region 
and UTR of the corresponding mRNA 
that were not analyzed in that study might 
be important for correct localization of 
proteins in the SCC

4
 systems. The latter 

condition was observed for selective tar-
geting of the rice prolamine RNA where 
cis-localization signals are distributed to 
the coding sequence and 3'UTR.19

Hypothesis 3: Selective  
Protein Degradation

Finally, a third hypothesis is that differ-
entiation requires neither selective pro-
tein import nor differential localization 
of certain C

4
 photosynthesis transcripts, 

but rather a selective protein degradation 
mechanism operating within the two dif-
ferent chloroplast types. In this model, pro-
teases specifically degrade certain proteins 
which are not required or which interfere 
with proper function of the respective 
chloroplast type (Fig. 1D). Although this 
pathway is certainly the most speculative, 
since very little is known about substrate 
specificity of chloroplast proteases,27 recent 
evidence suggests a highly specific protein 
degradation mechanism might be operat-
ing in the M chloroplasts of Kranz type C

4
 

species. Here, the accumulation of RBCL 
has been shown to be partly under tran-
scriptional control, but the observed dif-
ferences were not sufficient to explain the 
exclusive accumulation of RBCL in BS 
chloroplasts. Since RBCL synthesis was 
detected in purified M cells, it was pro-
posed that the RBCL protein must be spe-
cifically degraded in this chloroplast type.28 
If chloroplast proteases are indeed involved 
in regulation of protein composition in the 
two chloroplast types of SCC

4
 species, an 

open question would certainly be how the 
proteases, or the factors referring their spec-
ificity, accumulate differentially in the two 
chloroplast types in the first place.

It is possible that two or more of the 
aforementioned mechanisms work in 

elsewhere in the protein structure, which 
would allow for an efficient recognition 
system. We are currently working towards 
sequencing the B. sinuspersici transcrip-
tome, which in combination with our 
proteomics approach, should enable us to 
address the question of whether proteins 
selectively targeted to one chloroplast type 
share a common motif.

Hypothesis 2: Selective  
mRNA Targeting

In an alternative hypothesis, the required 
partitioning of proteins between the two 
chloroplast types could be accomplished 
through selective mRNA targeting rather 
than selective import of proteins into 
the chloroplasts. In this model, nuclear 
encoded mRNA accumulates on ribo-
somes in close proximity to the respective 
chloroplast types. After translation, the 
preproteins are imported and spatial sepa-
ration of the two chloroplast types by the 
vacuole ensures the correct localization 
(Fig. 1C). Mechanistically, such selec-
tive mRNA localization can be achieved 
either by directional transport involving 
the cytoskeleton, selective mRNA trap-
ping, or by degradation of mRNAs within 
distinct regions of the cell, and it has been 
reported that the signals directing these 
processes are mostly, but not exclusively, 
found within the 3'UTR of the mRNA.18

mRNA targeting has been shown to be 
involved in plant processes which require 
localized intracellular protein accumula-
tion. In rice for example, mRNAs for dif-
ferent seed storage proteins are targeted 
to specific subdomains of the ER.19,20 
Although it is generally assumed that 
nuclear encoded mRNAs for chloroplast 
targeted proteins are translated on ran-
domly distributed cytosolic ribosomes,21,22 
recent evidence suggests that targeting 
of RBCS and LHCII in algae involves 
localized translation of their mRNAs.23 
Similarly, it has been shown that certain 
nuclear encoded mRNAs which code for 
mitochondrial proteins in potato are selec-
tively targeted to the mitochondrial sur-
face.24 In an extreme case, it has even been 
reported that a nuclear encoded mRNA 
directly enters the chloroplasts, thereby 
bypassing the canonical chloroplast pro-
tein import pathway completely.25 In a 

Obviously in SCC
4
 species, control of 

protein composition and therefore func-
tional specialization of the two chloroplast 
types can not be achieved by cell-specific 
transcriptional control, as is observed in 
Kranz type C

4
 species. Consequently, in 

the following section we discuss alterna-
tive molecular mechanisms, which may 
be operating in SCC

4
 species to allow for 

development of two distinctive chloroplast 
types within a single photosynthetic cell.

Hypothesis 1: Selective  
Protein Import

The first hypothesis is plastid centric, i.e., 
that chloroplasts have the ability to selec-
tively import the required proteins for dif-
ferential chloroplast function (Fig. 1B). In 
this model, certain proteins (e.g., RBCS, 
required for Rubisco and C

3
 cycle func-

tion) are imported only into the C-CP. In 
contrast, some others which are required to 
support the carboxylation phase of the C

4
 

cycle (e.g., PPDK) are imported only into 
the P-CP. Proteins which are required to 
support certain functions in both chloro-
plast types (e.g., photosystems) are not sub-
ject to selective import. This model requires 
a specific recognition process between the 
preprotein and the chloroplast import appa-
ratus. Preproteins must therefore encode 
information about their different destina-
tions either in the transit peptide or in an 
internal targeting site, and the chloroplast 
import apparatus must decode this infor-
mation upon import. Evidence suggests 
that chloroplasts are, in principle, capable 
of forming selective TIC-TOC complexes, 
as has been shown for the differential 
import pathways of highly expressed pho-
tosynthetic proteins and low abundance 
housekeeping proteins through specialized 
TIC-TOC complexes.13-15 Recently, it has 
been shown that, in Arabidopsis, multiple 
sequence motifs in the transit peptide of 
RBCS contribute independently to selec-
tive import through specialized TIC-TOC 
complexes, and there is emerging evidence 
that redox regulation might be involved in 
regulating the formation of specific TIC-
TOC complexes as well.16,17 In this context, 
it is tempting to speculate that preproteins 
sharing the same chloroplast type destina-
tion in SCC

4
 species would likely share a 

common motif in their transit peptide, or 
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concert to achieve differentiation of chlo-
roplasts with specialized functions in 
SCC

4
 species. This could occur by dif-

ferential import of certain protein into 
the chloroplasts by selective expression 
of TIC-TOC complexes in hypothesis 
1, differential targeting of mRNAs for 
functional proteins in hypothesis 2, and 
by differential expression of proteases 
in chloroplasts which would selectively 
degrade certain proteins in hypothesis 3.

In summary, there is little known 
in plant biology about development of 
functional domains and their integra-
tion into complex functions, as occurs in 
single cell C

4
 photosynthesis. This is an 

exquisite example of complex structural 
and functional polarity in a single cell. 
The exceptional development of dimor-
phic chloroplasts in a single cell provides 
opportunities for studying the mechanism 
of selectively expressing proteins from 
nuclear encoding genes in chloroplasts 
which are polarized to different cellular 
compartments. Future research could lead 
to the development of new models of plant 
cell organization, and structural and bio-
chemical differentiation.
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