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Abstract
Chloroplasts originated from an ancient cyanobacterium and still harbor a bacterial-like genome. However, the centrality
of Shine–Dalgarno ribosome binding, which predominantly regulates proteobacterial translation initiation, is significantly decreased in chloroplasts. As plastid ribosomal RNA anti-Shine–Dalgarno elements are similar to their bacterial
counterparts, these sites alone cannot explain this decline. By computational simulation we show that upstream point
mutations modulate the local structure of ribosomal RNA in chloroplasts, creating significantly tighter structures around
the anti-Shine–Dalgarno locus, which in-turn reduce the probability of ribosome binding. To validate our model, we
expressed two reporter genes (mCherry, hydrogenase) harboring a Shine–Dalgarno motif in the Chlamydomonas reinhardtii chloroplast. Coexpressing them with a 16S ribosomal RNA, modified according to our model, significantly
enhances mCherry and hydrogenase expression compared with coexpression with an endogenous 16S gene.
Key words: chloroplast evolution, Shine–Dalgarno, mRNA translation, Chlamydomonas reinhardtii.
(Jacob et al. 1987; Ma et al. 2002; Salis et al. 2009; Shaham
and Tuller 2018) (fig. 1A).
Although SD-based TI is prevalent in a wide range of
prokaryotes (e.g., proteobacteria, firmicutes, archaea, etc.),
the extent of its role in chloroplasts has been a source of
ongoing research; since the availability of plastid sequences
first began rising, the search for differences between chloroplast and bacterial TI features has attracted attention (MarinNavarro et al. 2007; Peled-zehavi and Danon 2007; Zoschke
and Bock 2018). Although such differences often tend to be
attributed to unique evolutionary adaptations taken on by
chloroplasts postendosymbiosis, computational works performed on several organisms have shown that the SD motif
presence on mRNAs is decreased both in chloroplasts (Scharff
et al. 2011) and in cyanobacteria (Ma et al. 2002; Starmer et al.
2006; Nakagawa et al. 2010; Scharff et al. 2011; Voigt et al.
2014). These data suggest that the decrease in SD centrality
occurred prior to endosymbiosis. To present this on largescale, we calculated the 50 -UTR position-wise conservation for
a representative from each sequenced chloroplast-containing
genera, and compared the results with the equivalent cyanobacteria group of representatives (see supplementary data
sets, Supplementary Material online, for database details).
As an outgroup, we used a similarly built database of
proteobacteria—which are a large and diverse group, including key model organisms (e.g. Escherichia coli, Helicobacter
pylori, Pseudomonas aeruginosa, etc.) from which the SD TI
model was originally deduced. From this large scale analysis, it
is evident that proteobacteria show a clear SD signal centered
roughly nine bases upstream from the START site (fig. 1B).

ß The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

Mol. Biol. Evol. doi:10.1093/molbev/msz210 Advance Access publication September 10, 2019

1

Letter

Chloroplasts are the intracellular plant organelles in which
photosynthesis takes place. The origin of these organelles is
an early event of endosymbiosis in which an ancient cyanobacterium was engulfed by a eukaryotic host (Gray 1993;
Reyes-Prieto et al. 2007). During the adaptation to this new
symbiosis, the majority (95%) of plastid genes have either
been lost or horizontally transferred to the nucleus. However,
modern chloroplasts maintain a small circular genome consisting of ribosomal RNAs (rRNAs), transfer RNAs, and open
reading frames coding for ribosomal proteins, elongation factors, photosynthetic complexes and other housekeeping
functions (Wakasugi et al. 2001). On average, roughly 100
coding sequences (CDSs) are translated within chloroplasts
by a bacterial-like 70S ribosome and a matching set of gene
expression machinery (Peled-zehavi and Danon 2007;
Zoschke and Bock 2018).
Although translation initiation (TI) has been described as a
major rate-limiting step for overall chloroplast gene expression (Eberhard et al. 2002; Marin-Navarro et al. 2007; Peledzehavi and Danon 2007), its dynamics and similarity to bacterial TI remain unclear. The canonical model for explaining TI
in prokaryotes is the Shine–Dalgarno (SD) mechanism in
which the 30S ribosomal subunit is recruited to the mRNA
through base-pairing between an mRNA motif (SD sequence)
found upstream of the START site and an anti-SD (aSD)conserved sequence found at the 30 -edge of the 16S rRNA
(Shine and Dalgarno 1974, 1975). In this TI model, the proximity of the binding site to the START codon (approximately
10 bp upstream) as well as the complementarity between SD
and aSD are key features necessary for proper initiation
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FIG. 1. There is no global SD motif conservation signal on chloroplast or cyanobacterial mRNAs. (A) Schematic illustration of the SD mechanism. A
conserved element near the 30 -edge of the 16S rRNA spontaneously binds an mRNA motif located slightly upstream of the START site by basepairing. This interaction properly positions the small ribosomal subunit on the start codon to initiate translation. (B–D) Sequence conservation
(measured as Shannon Entropy Z-score, see supplementary methods, Supplementary Material online, for details and PSSM analysis) along the 50 UTR. In each group the rows represent a single organism, selected to represent its genus. Lower values report on higher conservation in the specific
position. The space between the vertical black lines represents the canonical location of the SD motif on the mRNA. The given number of rows (n)
corresponds to the number of unique genera retrieved for each group. The dendrogram depicts the phylogenetic relations between the groups.
Node dating is based on phylogenetic reconstruction evaluations (Reyes-Prieto et al. 2007; Flannery and Walter 2012; Schirrmeister et al. 2013). (E)
The mean value for each position across all rows in (B)–(D).

On the other hand, although chloroplasts and cyanobacteria
exhibit different conservation patterns (fig. 1C and D and
supplementary fig. S1, Supplementary Material online), they
both show no clear conservation signal in the SD area (fig. 1E).
To validate that this observation is not an artifact caused by
plastid annotation errors (Gallaher et al. 2018), we conducted
a robustness test in which we iteratively omitted the annotated 50 -UTRs which contained the lowest SD scores. These
omissions had negligible effects on the conservation maps
(supplementary fig. S2, Supplementary Material online).
As positioning plays a key role in the SD mechanism, this
global perspective suggests that the SD mechanism in the
ancient cyanobacterium engulfed during the formation of
chloroplasts has already diverged significantly from its canonical role in proteobacteria. Using a different approach, we
applied the DAMBE (Xia 2013, 2017; Prabhakaran et al.
2

2015; Abolbaghaei et al. 2017) 50 -UTR analysis tool to identify
putative SD locations in gene resolution (supplementary fig.
S3, Supplementary Material online). These data show that the
typical SD positioning prevalent in proteobacteria is eroded in
both cyanobacteria and chloroplasts, thus supporting the
same conclusion. These observations indicate that symbiosis
with the nucleus (which applies to chloroplasts alone) could
not be a main driver toward the reduced role of SD in chloroplasts. Alternatively, such drivers might include adaptation
to oxygenic photosynthesis or slower growth rates, as these
features differentiate proteobacteria from cyanobacteria and
chloroplasts alike (Karlin et al. 2001; Ma et al. 2002).
Previous experimental approaches aiming to clarify the
functional role of the SD mechanism in chloroplasts yielded
a mixture of results. Although mutating a 50 -UTR SD motif is
expected to reduce the gene’s translation efficiency, this
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outcome was only observed in several genes (Hirose et al.
1998; Nickelsen et al. 1999; Hirose and Sugiura 2004), whereas
in others no significant effects were found (Sakamoto et al.
1994; Fargo et al. 1998; Nickelsen et al. 1999; Hirose and
Sugiura 2004). In a recent report, researchers mutated the
16S aSD sequence and applied ribosomal profiling to quantify
changes in translation rates across the tobacco chloroplast
genome (Scharff et al. 2017). Interestingly, it was found that
SD binding is required for translation of only a subset of
plastid genes, thus giving a broader context to previous
reports.
However, it is well established that unlike in model bacteria, translation constitutes a major regulatory phase in chloroplast gene expression (Kim et al. 1993; Eberhard et al. 2002;
Zoschke and Bock 2018). This notion corresponds well with
the decline in centrality of the spontaneous and energyindependent (Peled-zehavi and Danon 2007) SD TI mechanism (fig. 1, and references above), which is more suitable for
short-lived mRNAs (Dierstein 1984; Brawerman 1987; Selinger
et al. 2003) and regimes with strong transcriptional regulation. Thus, alterations in the plastid 16S rRNA 30 -edge that
would add regulatory steps to the spontaneous SD mechanism and acclimate it to the chloroplast gene expression environment could be expected. As the 16S aSD sequence itself
is highly conserved between chloroplasts and model bacteria
(Marin-Navarro et al. 2007; Peled-zehavi and Danon 2007;
Zoschke and Bock 2018), we hypothesized that structural
alteration of the rRNA could be taking place instead.
To test this hypothesis, we examined the 30 -edges of all 16S
rRNAs in our database. Although the aSD is clearly conserved
in chloroplasts (and cyanobacteria), they contain a typical
pattern of point mutations, clustered in two loci upstream
of the aSD sequence (fig. 2A, positions 4–5 and 10–11).
Although these base substitutions do not directly affect the
aSD sequence, they could change the local rRNA secondary
structure, and thus indirectly complicate the SD:aSD binding
event. To examine this theory, we simulated the local folding
of the 16S rRNA 30 -edge in all organisms in our database. In
our simulations, we used the ViennaRNA package (Lorenz
et al. 2011), which is based on empirical parameters
(Mathews et al. 1999, 2004) and was shown to be highly
accurate for predicting local RNA structures (Zhao et al.
2018). Yet, the structure of long complex RNA polymers is
challenging to predict (Gutell 2015; Bevilacqua et al. 2016).
Thus, to define the relevant region for simulation, we examined the 30S ribosomal subunit PDB structures from E. coli
(Svidritskiy et al. 2018), and the Spinacia oleracea chloroplast
(Boerema et al. 2018). We chose the region from nucleotide 28 relative to the aSD sequence until the 30 -edge of the 16S
rRNA, because unlike upstream regions which bind ribosomal
proteins and distant rRNA parts, the RNA only interacts with
itself in this area (fig. 2B and supplementary fig. S4,
Supplementary Material online). Interestingly, our folding
simulations of this region show that the proteobacteria
rRNA structures differ significantly from those of chloroplasts
and cyanobacteria in several aspects (supplementary fig. S5,
Supplementary Material online). To broadly quantify these
effects across our database, for each organism we computed
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the rRNA folding structure that minimizes free energy and
counted the number of aSD nucleotides found in base-pairing
interactions in each of these structures. Our simulation results
clearly show that a significantly larger portion of aSD nucleotides is paired in chloroplasts and cyanobacteria, compared
with proteobacteria (fig. 2C). As opposed to the one deterministic 16S end point provided by genome annotation, mature 16S rRNA molecules were shown to have a variety of end
points (Wei et al. 2017; Silke et al. 2018). To test the effect of
this phenomenon on our observations, we randomly added
subsequent genomic DNA bases to the annotated 16S
sequences and repeated the analysis described above; we
found that introducing such diversity into the database has
negligible effect on the above conclusion (supplementary fig.
S6, Supplementary Material online).
As ribosome binding in the SD mechanism requires basepairing between the mRNA SD motif and the rRNA aSD
sequence, the occupation of the latter by other bonds reduces
its affinity to the mRNA and lowers the probability of spontaneous binding; thus explaining the less canonical role that
SD plays in chloroplast TI. According to our simulation
results, examining the most common structures received
from each group (fig. 2D) reveals the loss of the welldescribed bacterial hairpin tetraloop (Woese et al. 1980;
Noller and Woese 1981; Cannone et al. 2002) in cyanobacteria
and chloroplasts. However, by using a Boltzman equilibrium
function (Ding and Lawrence 2003) to compute the probability of receiving suboptimal structures (i.e., RNA structures
with higher free energy), we were able to observe that a
tetraloop-containing structure occurs in these groups in
lower but nonnegligible probability (supplementary fig. S7,
Supplementary Material online)—suggesting that structural
elasticity and transition between transient states may occur in
this region.
The main drivers of this conformational change (fig. 2D)
are four point mutations clustered in two loci (fig. 2A, positions 4–5, 10–11). Other point mutations and the slightly
longer proteobacterial tails (fig. 2A) have negligible effects
on this observation (fig. 2D and supplementary fig. S6,
Supplementary Material online). Interestingly, we also observed a significant positive correlation between the openness
of the aSD element (i.e., the number of exposed aSD nucleotides) and the conservation of the mRNA SD motif within the
proteobacterial group (supplementary fig. S8, Supplementary
Material online). This observation indicates that the
coevolutionary dependence between these two traits occurs
in proteobacteria as well.
According to this model, simply changing these two clusters of altered nucleotides into their proteobacterial form will
modify the local folding at the 30 -edge of the 16S rRNA and
expose the aSD sequence to facilitate easier binding to SD
motifs. To test this theory, we designed a set of plasmids for
chloroplast expression in the model green alga
Chlamydomonas reinhardtii; plasmids A and B both code
for a codon-optimized reporter gene (we used two different
reporters: hydrogenase and mCherry) with a clear SD motif
properly situated upstream from the START codon. Plasmid
A also codes the natural C. reinhardtii 16S rRNA gene, whereas
3
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FIG. 2. Local folding at the 16S 30 -rRNA edge affects the aSD structure. (A) Multiple sequence alignment of the 16S rRNA 30 -edge database,
composed of a single representative species from each genus. The black boxes above the matrix highlight important regions: The aSD box
represents the conserved region where this sequence is found, whereas empty boxes represent columns with high variability between the different
groups. Several outlying species which introduce indels in the body of the alignment were excluded for visualization purposes. The full alignment
can be seen in supplementary figure S9, Supplementary Material online. The X-axis coordinates are given according to the full alignment, and not
according to individual sequences (e.g., the majority of sequences are shorter than 40 and contain several indels at their 30 -edge). (B) Examination
of the 30 -edge of the 16S rRNA in the 30S ribosomal subunit from the chloroplast of Spinacia oleracea. The reference point is the aSD sequence (e.g.,
1 means one nucleotide upstream from the aSD sequence). The 30 -edge of the molecule (red) only interacts with itself, whereas the region
immediately upstream (yellow) interacts with distant parts of the rRNA. (C) After simulating the 16S 30 -edge secondary structure of each organism,
the number of aSD nucleotides found in base-pairing interactions was computed. The bars show the mean 6 SE of this value across all organisms in
each of the groups. (D) Typical (most abundant) rRNA secondary structures, with their corresponding consensus sequences. aSD nucleotides are
marked in dark green, whereas the nucleotides that cause the structure discrepancy between groups are circled in pink.

plasmid B codes for a slightly modified version of this 16S
gene in which the 30 -edge was mutated to match the canonical proteobacterial sequence (fig. 3A). We transformed each
of these plasmids into the C. reinhardtii chloroplast, isolated a
strain from each transformation group, validated that its chloroplast was properly engineered, and drove it to
4

homoplasmicity (supplementary fig. S10, see supplementary
methods, Supplementary Material online). Subsequently, we
confirmed the presence of the reporter gene’s protein product by immunoblotting (supplementary fig. S11,
Supplementary Material online). To quantify the differences
in translation efficiency between the two groups of
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FIG. 3. Introducing a modified 16S rRNA into the chloroplast genome
enhances the expression of a reporter gene with an SD motif. (A)
Schematic diagram of the chloroplast expression vectors. Vectors A
and B were completely identical, except for point mutations at the 30 edge of the 16S gene in vector B, which altered its secondary structure.
Vectors C and D are identical to A and B with the only difference being
the deletion of the SD motif. All plasmids were integrated into an
intergenic region between the psbA and rrn5 genes in the
Chlamydomonas reinhardtii plastome. (B) Translation efficiency (protein abundance/mRNA abundance) for each reporter gene set. Data
shown is mean 6 SE. P-values were computed using a standard t-test.
The additional P-values are: hydrogenase: A–C: 103, A–D: 103, B–C:
0.04, B–D: 0.04, C–D: 0.2; mCherry: A–C: 105, A–D: 106, B–C: 106,
B–D: 107, C–D: 104. (C) Schematic illustration of the model representing the altered role of SD in chloroplast TI; although bacterial 16S
rRNAs are open and ready to base-pair with the mRNA, mutations in
the chloroplast 16S 30 -edges tighten the structure of the aSD sequence and hamper spontaneous interactions with the mRNA.

transformants, we first measured overall expression for each
reporter set; mCherry fluorescence was measured by flow
cytometry, whereas hydrogenase activity was measured using
the MV-enzyme quantification assay (Weiner, Atar, et al.
2018, see supplementary methods, Supplementary Material
online). In both cases, we observed that our reporter gene was
significantly more highly expressed in the clones transformed
with plasmid B (supplementary fig. S12A and B,
Supplementary Material online). In the next step, we used
droplet digital PCR (see supplementary methods,
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Supplementary Material online) to perform absolute quantification of transcript abundance in all clones (supplementary
fig. S12C and D, Supplementary Material online) and computed the translation efficiency by dividing protein abundance to transcript abundance; these results clearly show
that translation efficiency is significantly higher in group B
(fig. 3B).
Subsequently, we created two additional plasmids (C and
D) for each reporter gene which were identical to plasmids A
and B, with the only difference being the deletion of the SD
motif (achieved by mutating A$T and G$C) upstream
from the reporter CDSs. These vectors, in which a key
component of the SD mechanism has been knocked
out, were built to serve as a negative control which further proves that our reporter gene is controlled by the SD
mechanism (fig. 3A). They were put through the same
process as plasmids A and B, and the overall reporter
gene expression was measured as described above (supplementary figs. S10–12, Supplementary Material online).
We observed that translation efficiency in these clones
was significantly reduced by the deletion of the SD motif
(fig. 3B), as expected. It is important to note that the
mCherry clones C and D showed some leakiness due to
an internal synthetic SD element near the 50 -edge of the
CDS, inflicted by its codon composition (supplementary
fig. S13, Supplementary Material online).
As homologous recombination between the untouched
endogenous 16S and the inserted synthetic 16S could potentially erase our modifications, we confirmed the presence of
our inserted 16S in all clones following the gene expression
analyses (supplementary fig. S14, Supplementary Material online). Alongside our computational analysis, these discrepancies in protein expression indicate that loose aSD structures
are important for spontaneous aSD:SD base-pairing (fig. 3C).
Recently, it has been shown that SD-mediated ribosome
binding still occurs in the tobacco chloroplast (Scharff et al.
2017), thus confirming that all machinery required for proper
SD-mediated ribosome binding remained intact in plastids
and still plays a role in controlling chloroplast TI (Scharff
et al. 2017). This explains the necessity of the aSD element,
and together with our model it might also explain the conservation of the upstream mutations (fig. 2A, positions 4–5,
10–11); according to this theory, these mutations serve as
part of an additional regulatory element which lowers the
spontaneity of the aSD:SD interaction and acclimates the
SD mechanism to the chloroplast environment in which regulation at the translational level is predominant. However,
unlike in proteobacteria where SD is the canonical TI model,
Scharff et al. have shown that it is a dominant TI mechanism
for only a specific subset of genes. Importantly, this work
shows that genes in which SD is essential for TI also tend
to have strong mRNA secondary structures in the vicinity of
their START sites, an observation originally used to form the
start codon accessibility hypothesis (Nakamoto 2006; Scharff
et al. 2011, 2017). Together with our data, these observations
could also suggest that mRNAs controlled by SD might require a certain 50 -UTR secondary structure to unfold the 16S
edge and reveal the aSD sequence in order to facilitate
5
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ribosome binding (supplementary fig. S15, Supplementary
Material online).
A useful byproduct of this work is the establishment of a
generalist method for enhancing heterologous expression in
chloroplasts. Our baseline plasmid in this work, pLM21, is
known to drive high chloroplast expression in C. reinhardtii
(Tibiletti et al. 2016; Sawyer et al. 2017; Weiner, Shahar, et al.
2018); yet by adding a slightly modified copy of the 16S rRNA
(fig. 3A), we were able to roughly double the amount of
protein achieved (supplementary fig. S12A and B,
Supplementary Material online). As our simulations show
that the aSD sequence is concealed in nearly all chloroplasts
(fig. 2), we expect that adding a modified 16S rRNA to any
plastid expression vector would similarly enhance the translation of a target transcript harboring an SD motif in any
chloroplast.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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