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ABSTRACT: Gene expression in chloroplasts is highly regulated during translation by sequence and secondary-structure
elements in the 5′ untranslated region (UTR) of mRNAs. These chloroplast mRNA 5′ UTRs interact with nuclear-encoded
factors to regulate mRNA processing, stability, and translation initiation. Although several UTR elements in chloroplast mRNAs
have been identified by site-directed mutagenesis, the complete set of elements required for expression of plastid mRNAs
remains undefined. Here we present a synthetic biology approach using an arrayed oligonucleotide library to examine in vivo
hundreds of designed variants of endogenous UTRs from Chlamydomonas reinhardtii and quantitatively identify essential regions
through next-generation sequencing of thousands of mutants. We validate this strategy by characterizing the relatively well-
studied 5′ UTR of the psbD mRNA encoding the D2 protein in photosystem II and find that our analysis generally agrees with
previous work identifying regions of importance but significantly expands and clarifies the boundaries of these regulatory regions.
We then use this strategy to characterize the previously unstudied psaA 5′ UTR and obtain a detailed map of regions essential for
both positive and negative regulation. This analysis can be performed in a high-throughput manner relative to previous site-
directed mutagenesis methods, enabling compilation of a large unbiased data set of regulatory elements of chloroplast gene
expression. Finally, we create a novel synthetic UTR based on aggregate sequence analysis from the libraries and demonstrate
that it significantly increases accumulation of an exogenous protein, attesting to the utility of this strategy for enhancing protein
production in algal chloroplasts.
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Microalgae have significant potential for mass production
of industrial molecules such as biofuels, therapeutic

proteins, or industrial enzymes, due to their ability to produce
biomass at large scale in a rapid and cost-effective manner.
However, current levels of recombinant protein accumulation
in algae are well below that achieved in other production hosts,1

making only the most valuable products economically suitable
for algal production. The highest yields achieved to date in the
model alga Chlamydomonas reinhardtii are around 10% of total
soluble protein,1 but most recombinant proteins accumulate to
less than 1%.2 To fully realize the potential of algae as a
biotechnology platform, we need robust and controlled gene
expression in both the nuclear and chloroplast genomes.
Although progress has been made understanding gene

expression in algae, the regulatory processes that govern gene
expression and protein accumulation in the chloroplast remain

an area of active investigation. A better understanding of the
regulatory processes that govern protein accumulation may
enable us to design custom regulatory regions that overcome
the current limitations in producing recombinant proteins.
Protein expression in Chlamydomonas chloroplasts is

regulated primarily during translation, governed by regulatory
sequences in the untranslated regions (UTRs) of mRNAs and
by trans-acting factors that interact with elements in these
UTRs. Chloroplast 3′ UTRs are processed at the distal end of a
stem-loop structure that appears to protect the mature
transcript from 3′ to 5′ exonucleases,3 but these 3′ sequences
appear to have little impact on protein expression4 although
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there is some evidence that UG repeats in 3′ UTRs are involved
in circadian expression.5 For chloroplast gene expression, most
research has focused on the 5′ UTRs of plastid mRNAs, as
these have been shown to exert significant control over protein
accumulation, impacting both translation rates and mRNA
stability.
One of the most well-studied UTRs, the psbA 5′ UTR has

been shown to interact with a four-member protein complex,6

and an RNA stem-loop and adjacent ribosome binding site have
been identified as key RNA elements required for translation.7

Several nuclear mutants have been found that affect psbA
translation or stability, revealing the complex regulatory
interactions between the nuclear genome and the plastid
genome.8 Cis-acting elements have also been identified in the 5′
UTRs of petD,9 rbcL, atpB,10 psbD,11 and a few other genes, but
the mechanisms by which these elements exert control over
translation are not well understood. The details of plastid RNA
elements and translational regulation have been obtained
piecemeal through individual biochemical or mutant analyses,
making it difficult to know how many elements are present in
any mRNA, and how important any one element may be in
controlling gene expression. Using a more systematic approach
to characterize many chloroplast UTRs may elucidate recurring
structures or sequences, leading to a more comprehensive
understanding of plastid gene regulation.
In addition to gaining a better understanding of native

mRNA elements involved in gene regulation, the thorough
systematic analysis of UTR regulatory elements will allow us to
design truly synthetic UTRs for driving expression of
exogenous genes in transgenic algae. A notable characteristic
of some of the most commonly used endogenous chloroplast
regulatory regions is that they exhibit autoattenuation and
therefore can only be used effectively in a strain in which the
native gene has been deleted. For example, the psbA regulatory
regions are capable of high levels of recombinant protein
production, but the psbA gene product inhibits expression of
additional psbA transcript. Therefore these regulatory regions
are only useful for driving exogenous gene expression in a non-
photosynthetic psbA knockout strain, eliminating the energetic
benefit of using a photosynthetic organism to produce
recombinant proteins at large scale. By identifying regions
useful for strong positive regulation across many UTRs, we may
be able to mix and match sequence elements from many UTRs
to create novel synthetic elements that evade the negative
feedback mechanisms involved in autoattenuation while
maintaining high expression of the transgene of interest.
Here we present a systematic synthetic biology approach for

identifying important 5′ UTR sequence elements involved in
modulating chloroplast gene expression. We used large-scale
oligonucleotide synthesis to create libraries of variant UTRs
and cloned these libraries into vectors driving the expression of
a codon-optimized luciferase reporter gene. By selecting pools
of transformants that have high, medium, or low expression of
the reporter, followed by next-generation sequencing of these
different pools, we were able to quantitatively identify effector
elements from each of the pooled groups. We validate this
method by confirming previous partially characterized elements
within the psbD 5′ UTR, though we find that these elements
extend far beyond the region initially identified through site-
directed mutagenesis, highlighting the superiority of a
comprehensive, unbiased approach. We then extend the
analysis to psaA to identify novel regulatory regions within its
5′ UTR. Finally, we demonstrate the predictive power of our

method by creating a synthetic UTR, based on the aggregate
data from the psaA 5′ UTR, that outperforms the wild type
version.

■ RESULTS AND DISCUSSION
Design and Representation of Libraries. Two highly

expressed chloroplast mRNA 5′ UTRs, from the psaA and psbD
genes, were selected for variant analysis to identify potential
regulatory elements. These genes encode subunits of photo-
system I (psaA) and photosystem II (psbD). The prevalence of
these photosystem proteins in the thylakoid membranes, as well
as their high turnover as a result of photodamage, contributes
to their inherent high expression. These UTRs were also
selected because of their short length, ensuring that they could
be synthesized with high fidelity to make a variant library with a
manageable number of members.
The psbD mRNA is transcribed with a 74 nucleotide 5′ UTR

that is cleaved to 47 nucleotides through a processing step that
appears to be coupled with translation.11,12 Previous analyses of
the regulatory elements in the psbD 5′ UTR have been
somewhat complicated by the introduction of multiple
mutations in a single strain, insertion of restriction sites into
the UTR, or use of the psbD protein itself as a reporter for
expression.11,13 In this last instance there is the additional
complication of autoregulation of synthesis in which
unassembled subunits of the photosystem complexes can
significantly impact their own synthesis.14 Because D2 is the
limiting assembly partner in PSII, a mutant UTR that raises or
lowers the amount of D2 produced will have significant
downstream effects on the regulation of all other subunits of
the PSII complex.14 As a result of this impact on chloroplast
gene regulation, the readout may reflect the downstream
consequences of the mutant UTR instead of providing an
unbiased analysis of the UTR’s performance alone.
In our system we have reduced these epistatic effects as much

as possible to allow an unbiased analysis that can be compared
to the results of previous studies. By constructing libraries using
the USER cloning system15 to clone the synthesized UTRs
directly downstream of their respective promoter, there are no
areas containing engineered restriction site sequences that
could potentially alter UTR activity. All of our UTRs were
specifically designed and synthesized, so the entire UTR was
scanned and all possible variants generated to cover the entire
UTR. All nucleotide replacements were made with homopol-
ymer adenosine and not with random combinations of
nucleotides, to ensure that properties like local GC content
were not unpredictably affected and so that new RNA
secondary structures were not inadvertently introduced.
We used the chloroplast codon-optimized luciferase reporter

luxAB for expression analysis16 instead of the D2 protein as a
reporter, and all constructs were examined in a photosynthetic
strain to ensure that there are no translational regulation
artifacts from defective photosystem assembly. The selection
for transformation was restoration of photosynthesis, as
constructs were transformed into a strain with a deletion in
the psbH gene which was subsequently repaired to wild type by
the transformation vector as previously described.17 In all
constructs, the 3′ UTR remained unaltered; it is the native 3′
UTR from the psbA transcript.
The psaA 5′ UTR is far less well-characterized than the psbD

5′ UTR. The psaA 5′ UTR appears to extend up to 238
nucleotides upstream of the initiation codon, based on reverse
transcription data from the gene’s original identification in
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Chlamydomonas.18 However, subsequent chimeric constructs
have relied on as little as 245 nucleotides upstream of the start
codon to serve the function of both promoter and 5′ UTR,19
suggesting that the promoter is only the seven preceding bases,
which seems unlikely. For this study we manipulated only the
100 nucleotides immediately upstream of the start codon due
to oligonucleotide synthesis length constraints. The full 245
nucleotides were included to serve as the promoter and UTR,
but the first 145 nucleotides were kept as wild-type sequence
while only the latter 100 were mutated.
Each UTR was manipulated in two ways. In the first

permutation, the native sequence was scanned across and
replaced with one of four different length stretches, either 4, 8,
16, or 32 nucleotides, of adenosine homopolymer. Each UTR
in this set, 162 variants for psaA and 113 for psbD, had a single
segment of sequence replaced by these poly(A) stretches. In
the second set, the UTR was divided into segments of 12
nucleotides, and these segments were either left as native
sequence or were replaced by 12 bases of poly(A) in all possible
permutations. This set comprises 512 variants for psaA and 128
variants for psbD and captures combinatorial effects of
removing sequence elements from parts of the UTR that are
not immediately adjacent. In all of these UTRs, the total length
of the UTR and the spacing remains unaltered to eliminate
confounding effects of changing the spacing between important
elements. This set also allows us to determine the minimal set
of elements required for translation. Figure 1 provides
representations of the library members, using mutated psbD

sequences as examples, as well as a schematic for the algal
transformation vector.
Poly(A) was chosen as the replacement sequence in both of

these manipulations in keeping with the A-T rich nature of
Chlamydomonas chloroplast UTRs and also to decrease the
potential for forming structured elements by GC base pairing.
There is some potential that addition of poly(A) stretches
could enhance translation as there is evidence of a role for
poly(A)-binding proteins in light-induced translational activa-
tion of chloroplast mRNAs.20 In addition, the chloroplast
homologue of the bacterial ribosomal protein S1, which binds
stretches of poly(U) to assist in association of the ribosome,
may in fact bind stretches of poly(A) instead, as demonstrated
in higher plant chloroplasts.21

The synthetic oligonucleotides were converted into double-
stranded fragments by second-strand synthesis and amplified by
PCR using primers containing specific uracil residues such that
the PCR fragments could be seamlessly cloned into trans-
formation vectors by USER (uracil-specific excision reagent)
cloning.15 Illumina sequencing of bacterial plasmid minipreps
from cells harboring the complete pool of algal transformation
vectors revealed that all 241 designed psbD UTRs were
unambiguously present in the DNA transformed into algae.
One psaA sequence was potentially lost through the cloning
steps from synthesized oligonucleotide to full transformation
vector, but the other 673 out of 674 designed sequences were
unambiguously identified in the final transformation DNA pool.

psbD 5′ UTR Element Identification. Algal transformants
containing a single variant from the library were characterized

Figure 1. Schematic of the transformation vectors containing variant 5′ UTRs. The 3HB site is a silent site in the chloroplast genome near the psbH
locus. The luciferase coding sequence has been codon-optimized for higher expression in the algal chloroplast. The 3′ UTR is kept as that from psbA
regardless of the origin of the 5′ UTR, while the promoter correlates with the 5′ UTR. Representations of the psbD poly(A) scanning pools and
combinatorial pools are illustrated below. Not all sequences are shown, but the total number of variants of each type is indicated; scans continue
across the full length of the UTR, and the combinatorial pool contains all combinations of wild type sequence and poly(A) in 12-mer segments. The
full list of sequences is available in the Supporting Information. Substitutions from wild type are shown in bold and lowercase.
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as individual clones by assaying plates containing arrays of
individual colonies by luminescence following addition of a
luciferase substrate (see Figure 2). Each clone was qualitatively

classified as high, intermediate, or low expression based on their
luciferase signal. Clones with no visible expression were
included in the low-expression pool. DNA from high-, low-,
or medium-expression pools was sequenced using Illumina 150
bp paired-end reads (for further details see Methods). Reads
were parsed by barcode and then mapped to the designed
UTRs. Only those with a 100% match to the UTR reference
sequences were retained for analysis. After removal of low

quality and ambiguous reads, over 1.3 million reads from the
psbD pools were analyzed.
We tallied whether each reference sequence had an A or the

wild type nucleotide at each position along the UTR and then
multiplied by the number of sequence reads that mapped to
each reference. After summing across all sequence reads, we
generated a likelihood map for the probability that an A
(mutation) or the wild type nucleotide was present at any
position of the UTR, for each expression-level pool. For
instance, there was a 96% chance that a clone in the high-
expression pool had a T at the −43 position relative to the
AUG start codon in psbD, whereas a clone in the low-
expression pool had only a 79% chance of having a T at that
position. All clones that did not have a T at this position have
an A instead, as this was the only substitution made (and all
mutations to another nucleotide were filtered out in the read
mapping). Figure 3 graphically illustrates the results for the
psbD 5′ UTR analysis.
We mapped the potential elements identified using this

analysis onto a secondary structure map of the psbD 5′ UTR as
predicted by Quikfold22 and confirmed by RNaseH mapping.13

Previously identified RNA stability elements11 are shown in
orange, while regions previously implicated in translational
activation11 are shown in green. In Figure 4b, we highlight in
blue the regions where our data indicate the high-expression
pool has greater than 90% conservation of the wild type
sequence; in red are regions where this conservation is less than
90% in the high expression lines. These cut-offs were
determined empirically by comparison with the previously
identified elements, as χ-square tests using 3 × 2 contingency
tables to determine the statistical significance of the differences
between each pool at each position indicate that all the points
are significant (p ≪ 10−6) due to the large read counts.
Adenosine nucleotides that lie on the boundaries of these
regions cannot be assigned either way, as all sequences have
adenosine at these positions regardless of whether that region
was mutated or left as wild type sequence.
Using this method, we confirmed two of the three previous

characterized elements that were defined by biochemical and

Figure 2. False-color heat-map image of one plate of 100 unique
clones expressing luciferase. Indicated in the lower left is the patch of
algae expressing luciferase driven by the wild-type psaA UTR.
Immediately below is a patch of wild type Chlamydomonas reinhardtii
that has not been transformed with luciferase; as expected, no
luminescence is detected in this sample.

Figure 3. Conservation of wild-type sequence at each position along the psbD 5′ UTR. The ATG start codon is immediately downstream of the
sequence shown. Blue represents aggregate data from the high-expression pool and red represents the low-expression pool. Trend lines are two-point
moving averages of positions where the wild type nucleotide is not already an adenosine (i.e., only positions where mutation caused an actual
nucleotide change are considered here). Sequences highlighted in orange have been previously identified as important for RNA stability. The
sequence in green was previously implicated in translation, but later it was determined that it is merely the spacing it provides rather than the
sequence itself that is important.
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site-directed mutagenic studies of the psbD UTR. Our data
significantly enlarge one of these elements and clarify the
boundaries of these previously identified elements. These two
regions, thought to be important in mRNA stability,11 are both
identified in our study as among regions highly conserved in
our high-expression pool (see orange boxes in Figure 3).11 The
first element, at the 5′ end of the unprocessed mRNA, may
form the binding site for a previously identified RNA-binding
protein that interacts only with the unprocessed psbD 5′UTR
and is critical for message stability,23 and our data maps quite
closely. The second stability element is implicated in processing
and stable accumulation of the processed form of the
transcript,11 and our analysis shows that this element is likely
twice as large as previously predicted. Our results indicate that
this element extends all the way up to the processing site, which
agrees with previous evidence that RNA-binding proteins act as
protective caps at the ends of chloroplast transcripts to protect
them from exonuclease degradation.24 This processing site,
therefore, may not be a single site of action by specific
processing machinery; it may simply be the site where the cap
protein no longer protects the 5′ end of the transcript from
degradation.
The region indicated in green in Figure 3 had been identified,

along with the adjacent uracil tract, to be important for
translation.11 Our results do not find this sequence to be
important for expression, and this is supported by more recent
studies that revealed that in fact neither the sequence nor the
secondary structure of this U-rich region was essential for psbD
translation; this region predominantly functions as a spacer for

elements located on either side of it.25 Since our mutational
constructs do not alter spacing between unmutated regions, we
do not observe the same importance of this region, in
agreement with the work by Ossenbühl et al.25 Again, this
demonstrates the strength of our unbiased method for assessing
the contribution of individual sequence elements without
unintended secondary effects.
Some Chlamydomonas chloroplast genes contain a sequence

resembling a Shine-Dalgarno consensus sequence at around
−10 from the start of translation, but these elements are often
dispensable. For example, in atpB, atpE, rps4, and rps7,
eliminating the −10 SD-like sequence or replacing it with a
canonical SD appears not to affect expression of any of these
mRNAs.26 In Figure 3 we see that indeed for psbD this −10 SD
sequence is not important for expression, but that a SD-like
GAG further upstream at position −29 is indeed strongly
conserved in the high expression lines, indicating that this may
be the true ribosome binding site as previously suggested.11

Our scanning mutagenesis analysis can also elucidate
potential elements that function as negative regulatory
elements. In order to determine whether a minimally conserved
region is merely unimportant for high expression or whether
mutations in that region are indeed favored in the high
expression lines, we compared the high expression pool to the
sum of all sequence reads obtained in all pools (high, medium,
and low expression). Areas where the wild-type sequence
conservation is lower for the high expression lines than for the
sum of all reads indicate that mutations in these sequence

Figure 4. Depiction of the psbD 5′ UTR secondary structure. (a) The previously identified regulatory elements for message stability (orange) or
translation (green) are highlighted. (b) Regions identified by our method as conserved in the high expression pool are highlighted in blue; regions
that favor or tolerate mutation in the high expressers are highlighted in red. The previously described stem-loop containing the AUG is not depicted
here because the stem requires additional nucleotides in the psbD coding sequence that are not present in the lux coding sequence, so this structure
was not relevant to our studies. Furthermore, this secondary structure was shown to not exert much effect in a background in which the spacing
between all other 5′ UTR elements remains unaltered.13 Though these secondary structures have been verified experimentally in vitro,13 it is possible
that they do not exist in vivo, particularly upon protein binding. At the least, the stem-loop nearest the 5′ end cannot exist in the processed form of
the transcript.
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elements are in fact favored for high expression, suggesting that
they may be regions where negative regulatory factors interact.
The plots of the mutation frequency for the high and low

expression lines and the sum of all reads are shown in Figure 5,
with the percent conservation of the wild type sequence at each
position graphed along the entire psbD UTR. There are two
regions where the high expression lines contain mutations at a
rate much higher than observed in all the algal reads from the
high, medium, and low pools combined. Lending additional
evidence for the negative regulatory impact of these elements,
the low-expression pool actually shows increased conservation
of these regions above that observed in the sum of all reads.
This indicates that while some mutants certainly lose their

ability to express the reporter due to mutation in an essential
element, there is overall a significant bias toward retaining these
two putative negative regulatory elements in the low-expression
pool. Interestingly, one of these regions is upstream of the
processing site, suggesting that the negative control it may exert
must occur prior to processing. Note that the plot for the sum
of all reads does not always fall exactly between the high- and

low-expresser pools, as the majority of our clones were
classified as intermediate expressers. In certain regions, these
intermediate expressers conserved wild-type sequence below
the levels observed in either the high or the low expressers.
Further work will be needed to determine whether these
regions may have dual functionality or are involved in more
complex regulatory mechanisms.

Identification of Regulatory Elements within the psaA
5′ UTR. Phenotyping, sequencing, mapping, and data analysis
for the psaA clones were performed exactly as described above
for the psbD clones. We have no prior knowledge of important
sequence elements in the psaA 5′ UTR, so all findings from the
sequence analysis are novel. These results are based on greater
than 12.8 million reads from psaA clones that were retained
after all the quality and mapping constraints were applied.
As with the psbD results, overall we observe that increased

sequence conservation in the high expression pool directly
corresponds with poor conservation in the low expression pool,
as we would expect. In other words, elements that are critical
for expression are retained in the high-expression lines and have

Figure 5. Overlaid plots of the high-expression pool (blue), low-expression pool (red), and the sum of all psbD UTR reads (purple). Highlighted in
yellow are the only two regions where the following criteria are met: the high expressers show lower conservation than both the low-expresser pool
and the sum of all reads, and the low expressers show higher conservation than both the high-expresser pool and the sum of all reads. These regions
may be elements involved in negative regulation.

Figure 6. Conservation of wild type sequence at each position along the last 100 nucleotides of the psaA 5′ UTR. Blue represents the high-
expression pool, and red represents the low-expression pool. Regions that exhibit greater than 95% wild-type sequence conservation in the aggregate
data of the high expressers are designated with a blue background; regions with less than 95% conservation have a red background, indicating that
they are either unimportant for high expression or indeed may be sites of negative regulation.
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been lost in the low-expression lines. In Figure 6, we designate
with a blue background the regions that are highly conserved in
the high expression lines and with a red background the regions
that tolerate or favor alteration in the high expression lines. In
this analysis, our empirical cutoff for defining these regions was
raised to 95% conservation of the wild type sequence in the
high expresser pool, since nearly all of the positions were
conserved at greater than 90%. In Figure 7 we map these
regions onto a predicted secondary structure of the psaA 5′
UTR.

In our analysis of the psaA 5′ UTR, we find a lack of
conservation at the RBS-like GGAG immediately upstream of
the start codon, similar to what we observed for the −10
GGAG in the psbD UTR. In fact, we observe a strong
propensity to eliminate this sequence in the high-expressing

clones. Again similar to the psbD UTR, in the psaA UTR we
observe very strong conservation of a similar RBS-like sequence
further upstream in the high expression lines. The GGUG at
position −51 is among the most highly conserved regions
across the entire analyzed region and forms a perfect
complementary match with four nucleotides in the anti-
Shine-Dalgarno sequence at the 3′ end of the 16s rRNA.27

Though this site is significantly further upstream from the start
codon than in the psbD mRNA, it has been noted that the
spacing between ribosome binding sites and initiation codons is
much more variable in chloroplasts than in bacteria,28 and there
are other Chlamydomonas chloroplast genes with similar
spacing such as the −51 SD-like element in the rps12
transcript.29

Aside from cis-acting secondary structure, many UTR
elements act as recognition sites for nuclear-encoded trans-
acting factors that promote RNA stability or translation
initiation. There is evidence that the psaA 5′ UTR participates
in a feedback loop, as exogenous genes under the control of the
psaA 5′ UTR accumulate to higher levels in a strain with a psaA
splicing defect than when the psaA gene product is being
synthesized normally.30 The sequence elements that participate
in this feedback may have already been identified in this
analysis, and we can test candidate mutated UTRs in this
splicing defect background to determine which UTR elements
are responsible.
Regions where negative regulators may interact, indicated by

particularly low conservation in the high-expression pool and
high conservation in the low-expression lines, are highlighted in
Figure 8. The involvement of these two elements in negative
regulation is strongly supported by preliminary analysis of
several mutant-psaA 5′ UTR clones that express the reporter
luciferase at levels higher than the wild-type psaA UTR.
Twenty-four of the brightest individuals from the initial
luciferase assays were grown in liquid culture and then assayed
for lux expression using equal numbers of cells. Of these, 15
were found to express lux at higher levels than the wild-type
psaA UTR; these individuals were sequenced with traditional
Sanger sequencing. The results shown in Table 1 indicate that
the putative negative regulatory elements identified by the

Figure 7. Depiction of the secondary structure of the mutagenized
region of the psaA 5′ UTR. This structure is predicted by QuikFold
version 2.3 at 25 °C but has not been confirmed experimentally.
Regions identified as conserved in the high expression pool are
highlighted in blue; regions that favor or tolerate mutation in the high
expressers are highlighted in red.

Figure 8. Overlaid plots of the high-expresser pool (blue), low-expresser pool (red), and the sum of all psaA UTR reads (purple). As in Figure 5
above, highlighted in yellow are the only two regions where high expressers show lower conservation than the sum of all reads and low expressers
show higher conservation than the sum of all reads. These elements are candidates for recognition sites for negative regulatory factors, and
preliminary analysis of brighter-than-wild-type psaA mutant UTR individuals supports this notion.
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aggregate sequence analysis are indeed highly mutated in all 15
of these individuals. This suggests that it is necessary to release
inhibitory regulation conferred by these regions in order to
achieve expression levels beyond those observed with the wild-
type psaA UTR.
Ongoing work to more thoroughly characterize the highest-

expressing candidates from the libraries will lend insight into
the mechanisms underlying the varying expression levels we
observe.

Constructing a Synthetic UTR. The initial aim of this
work was to elucidate positive and negative regulatory elements
in chloroplast 5′ UTRs using an unbiased scanning approach to
better characterize the regulatory mechanisms of gene
expression in algal chloroplasts. Identifying these key regulators
of chloroplast gene expression allows us to develop tools for
increased recombinant protein accumulation in algal plastids. In
particular, this information also allows us to develop modified
or wholly synthetic UTRs designed to overcome the limitations
currently encountered using algae as a protein production
platform for complex therapeutic molecules or industrial
enzymes, or in metabolic engineering to produce high-value
small molecules.
Designing a heterologous but highly effective UTR may

avoid the negative feedback issues currently encountered when
using a native UTR from a photosystem gene to drive
recombinant protein production. Furthermore, homologous
recombination in the chloroplast is so efficient that we have
observed crossover events between endogenous UTRs and the
introduced corresponding regulatory elements driving exoge-
nous transgenes, resulting in loss of transgene expression over
time (unpublished data). With multiple unique synthetic UTRs
at our disposal, we can introduce multiple exogenous genes at
once without recombination between repeated native UTRs.
This will be especially important for introducing multiple genes,
for example, novel metabolic pathways for producing biofuels
or high-value secondary metabolites.
Taking the aggregate sequencing results from the psaA UTR

variant library, we designed a simple synthetic UTR to drive
expression of a useful industrial enzyme. The putative negative
regulatory regions N1 and N2 indicated in Figure 8 were
substituted with poly(A) stretches, and the remainder of the

Table 1. Sequence Analysis of 15 Individual Clones
Expressing Luciferase at Levels Higher than the psaA UTR

clone
number

% of psaA UTR-driven
luciferase expression

mutated in
region N1

mutated in
region N2

A1-2 115 no yes
A1-8 126 yes no
A1-15 106 no yes
A1-25 159 no yes
A1-26 238 yes yes
A1-98 112 yes yes
A2-20 104 no yes
A2-56 122 yes no
A2-58 137 no yes
A2-81 107 yes yes
A2-85 115 yes yes
A4-37 116 yes yes
A4-51 126 no yes
A4-60 120 yes yes
A5-32a 295 no yes

aClone A5-32 has a two-nucleotide deletion at the 3′ end in addition
to the poly(A) substitution disrupting region N2.

Figure 9. A designed synthetic UTR significantly exceeds activity from the wild-type UTR. (a) Results of a quantitative luciferase spotting assay are
shown for the synthetic UTR compared to the wild-type psaA UTR, using the same intensity scale depicted in Figure 2. Below, this difference is
quantitated by integrated density over the spots; the synthetic UTR produces 67% higher expression. (b) Fold change in transcript level relative to
the lux transcript in the wild-type psaA UTR strain, as determined by quantitative RT-PCR. The error bar indicates standard deviation among four
independent synthetic UTR clones. The synthetic UTR produces approximately 2.1 times as much transcript as the endogenous UTR. (c) Xylanase
activity of four independent homoplasmic lines of each construct (synthetic UTR and wild-type psaA UTR) was analyzed in triplicate using a
fluorogenic substrate. Activity is expressed as the increase in relative fluorescent units (RFU) per minute in the linear range between 2 and 6 min
after substrate addition. Error bars indicate one standard deviation from the mean. In very close agreement with the luciferase assays, when driving
xylanase the synthetic UTR on average results in 66% greater expression than the wild-type psaA UTR.
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UTR was left as wild-type sequence. This synthetic UTR and
the wild-type psaA UTR as a control were cloned into identical
chloroplast transformation vectors driving luciferase expression.
Quantitative luciferase spotting assays were used to determine
the difference in expression, and quantitative RT-PCR was used
to examine transcript level differences between the two
projects. Indeed, the transcript level for luciferase mRNA is
approximately 2-fold higher with the synthetic UTR compared
to the endogenous psaA UTR, which is close to the observed
increase in expression as determined by luciferase assay. This
suggests that elements N1 and N2 may negatively affect mRNA
stability, and that their replacement can enable the transcript to
persist and therefore result in increased translation.
The synthetic UTR and endogenous control were also

cloned into a chloroplast transformation vector driving a
chloroplast codon-optimized xylanase II (xyn2) gene from
Trichoderma reesei31 but otherwise identical to the luciferase
vector previously described. Xylanase is an industrially
important enzyme for the pulp and paper industries and will
become increasingly valuable for converting agricultural wastes
and hemicellulosic feedstocks into animal feed and biofuels.32

Based on xylanase activity in cell lysates, our designed synthetic
UTR produces nearly 70% more enzyme than the wild-type
psaA UTR. This correlates well with the effect observed in the
luciferase strains, demonstrating that synthetic UTRs can be
effective for increasing transgene expression from a number of
genes of interest.
We have shown the utility of using a synthetic oligonucleo-

tide library to generate a large variant library coupled with
phenotype screening and next-generation sequencing to rapidly
identify critical regulatory elements in plastid 5′ UTRs. There
are many cases where this synthetic high-throughput technique
could allow rapid identification of RNA elements required for
gene expression. RNA binding assays have identified many
binding partners for specific mRNAs or leader sequences, but in
many instances the follow-up work to determine exactly where
and how these factors interact with the UTR has not been
done. Our approach can significantly accelerate this process and
allow us to gather enough information from distinct UTRs to
begin to view chloroplast gene regulation from a systems level,
rather than on a gene-by-gene basis. There is already evidence
that some RNA binding proteins (RBPs) such as RBP46 may
interact with multiple mRNAs,33 but the current information is
not comprehensive enough to allow us to formulate consensus
binding sites or estimate tolerance of variations on these
elements.
New advances in computational prediction of RBP

recognition sites may provide avenues for synergistic discovery
of RBP−RNA interactions, further accelerating our under-
standing of gene regulation in the chloroplast. Future work to
map trans-acting RPBs to each cis-element can contribute to
predictability of RBP sites for engineering rationally designed
RBPs. Recently, the maize chloroplast RNA-binding protein
PPR10 has been engineered to bind novel RNA sequences,34

akin to the combinatorial engineering of TAL Effectors that
have garnered much attention as tools for genetic engineering.
A better understanding of RNA-binding proteins and their
recognition sequences may soon facilitate engineering both
RNAs and their binding sites to enable highly optimized gene
regulation.
This method is far more comprehensive, high-throughput,

and unbiased than previous methods involving discrete mutated
versions of UTRs. We can examine the entire length of UTRs

from a single synthesized library and identify regions of these
UTRs that may not be recognizable a priori as important for
chloroplast gene expression. Furthermore, we demonstrate the
practical utility of this method by introducing a novel synthetic
UTR based on the aggregate sequencing data from the
synthetic library of the previously uncharacterized psaA UTR.
We show that this designed UTR exhibits increased protein
accumulation compared to the wild-type psaA UTR from which
it was derived, and that this enhanced expression is maintained
when the synthetic UTR is used to drive expression of an
industrial enzyme, demonstrating that the elements identified
by our method will function with a variety of exogenous
recombinant genes.

■ METHODS
Design and Synthesis of UTR Libraries. We designed

915 sequences as synthetic variants of the 5′ UTRs of two
Chlamydomonas reinhardtii genes, psbD and psaA. The psbD
and psaA genes were selected because of their high expression
levels and relatively short 5′ UTRs. Library sequences were
designed with two distinct goals, manifested in two sets of
mutant UTRs for each gene. In one set, we scanned across the
entire UTR, altering a single sliding window of nucleotides
changing them from the wild type sequence to poly adenosine.
The length of this window was either 4, 8, 16, or 32
nucleotides, and the window moved along the UTR by 1, 2, 4,
or 8 nucleotides at a time, respectively to the length of the
window. In the second set, we divide the UTRs into windows
of 12 nucleotides each and then create all combinations of these
windows with the background sequence being poly adenosine.
This set was created to capture potential interactions between
spatially disparate regions of the UTR and to determine the
minimal set of elements required for translation in each of these
UTRs. These strategies are represented in Figure 1, along with
examples of each set of variant UTRs.
UTR variants were synthesized as single-stranded DNA

oligonucleotides using the Agilent Oligo Library Synthesis
(OLS) platform35,36 and consolidated into a single pool. The
915 unique sequences for psaA and psbD were synthesized with
28-fold redundancy. In addition to the UTR sequence, the
oligonucleotides include a portion of the lux gene downstream,
as well as regions unique for each gene corresponding to the
promoter region immediately upstream of the UTR, enabling
PCR amplification of gene-specific subpools from the total OLS
pool.

Cloning and Vector Creation. Using gene-specific primer
sets, two subpools were amplified, one for the psaA UTRs and
one for the psbD UTRs, using the original oligonucleotide
library as template. The reverse primer was common to all
oligos, annealing to the 3′ end of the oligos corresponding to
the first 20 nucleotides of the lux gene. The forward primer
defined the subpool, as it annealed to the endogenous
promoter upstream of the UTR. All oligos had to be
synthesized with equal length, so all were precisely 140
nucleotides, which included a minimum of 20 nucleotides on
either side of the UTR for the amplification primers to anneal.
These PCR products were then cloned using USER fusion
technology15 into a truncated version of the transformation
vector, consisting of just the UTRs and Chlamydomonas codon-
optimized luciferase reporter coding sequence16 inserted in a
pGEM backbone. Two fragments, one consisting of the UTR
and one for the backbone, were amplified by PCR using the
uracil-containing primers provided in Supplementary Table S3,
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mixed in equimolar quantities along with the USER enzyme
(New England BioLabs, Ipswich, MA, USA), and then
incubated for 30 min at 37 °C followed by 20 min at 25 °C
prior to transformation into DH5α chemically competent E.
coli.
This step was necessary because the full chloroplast

transformation vectors proved too large to amplify by PCR
for the USER fusion technique.15 Classical restriction ligation
cloning techniques were not considered for this project because
they would have left a restriction site scar between the
promoter and UTR, which could have affected sequence or
spatial elements important for translation.
After USER fusion cloning into the pGEM-based vectors, the

entire luciferase expression cassette (Figure 1) was cloned into
a chloroplast transformation vector17 by restriction ligation
using a BamHI site upstream of the promoter and a SpeI site
downstream of the 3′ UTR. As with the first cloning step, this
procedure was performed on gene-specific pools, not on
individual clones.
To determine if there was bias in the original oligonucleotide

library or if bias was introduced into the library at any of these
cloning steps, we analyzed a pool of plasmids at each step with
next-generation sequencing. In each cloning step we generated
greater than 1,000-fold more colonies than unique library
sequences, as determined by plating a small aliquot of the
transformation before pooling the rest into liquid LB culture.
Analysis of loss of library diversity is addressed in the results.
Algal Transformation, Strain Isolation, and Expres-

sion Analysis. Chloroplast transformation vectors were
purified using the GeneJet bacterial miniprep kit (Fermentas
Inc., Glen Burnie, MD, USA) from the pooled liquid bacterial
culture described above, containing all variants of the library for
either psaA (675 variants) or psbD (240 variants). As previously
described, particle bombardment with gold particles (S550d,
Seashell Technologies, San Diego, CA, USA) was used to
transform the algal chloroplast of a psbH- strain37 using a PDS-
1000/HE biolistic transformation chamber (Bio-Rad, Hercules,
CA, USA). Transformants were recovered on minimal media to
select for restoration of the psbH locus following homologous
recombination with the transformation vector.17

For the psaA library, 6979 individual algal clones were
analyzed, giving 97.9% certainty that all 674 designed sequences
were present in the algal library assuming unbiased selection
with replacement. For the psbD library, 2704 clones were
analyzed, giving 99.7% certainty that all 241 designed sequences
were present in the library. Individual algal clones were replated
three times on minimal media to drive the cells toward
homoplasmy, reducing the effect of variable heteroplasmy on
expression phenotype. Before assaying expression levels of the
luciferase reporter, stronger expression was induced with a light
shift of the plated cells. Plates were kept in the dark for 36 h
and then shifted to bright light for 8 h prior to assaying. After
adding 150 μL of a mixture of 3% decanal (Sigma, St. Louis,
MO, USA) in heavy mineral oil (Sigma) to the plate lid and
spreading it evenly with a sterile plastic inoculating loop, the
plate was covered with the lid and the clones were incubated in
the dark with the substrate for 5 min. Colonies were then
assayed for luciferase expression using a 5-min exposure on an
EG&G Berthold NightOwl Imager (Berthold Technologies,
Bad Wildbad, Germany). Clones were pooled into three
categories by visual estimation: high expression, low expression,
and intermediate expression. Figure 2 shows a false-color
example of the output of this assay for one sample plate.

Expression was not normalized to cell count because the
patches were assayed directly, but no notable differences in
growth were observed among the clones, allowing the
intensities to be directly compared between patches.
For a more quantitative phenotypic analysis of 24 of the

brightest psaA library members and of the synthetic UTR,
clones were grown in 6 mL of minimal media for 3 days, cell
density was determined by hemocytometer, and the cultures
were spun down and resuspended in HSM. Five microliters of
each culture, containing a total of 3 × 106 cells, was spotted in
triplicate onto minimal media plates alongside a strain with the
wild-type psaA UTR driving luciferase prepared in the same
manner. These equal-cell-count spots were allowed to grow for
2 days and then were subjected to a light-shift and assayed
exactly as described above. Luciferase expression was
quantitated using integrated density measurements on ImageJ
software (available at http://rsbweb.nih.gov/ij/) across equal
pixel areas; the average of the three spots for each clone was
divided by the average for the three psaA UTR-driven spots on
the same plate to obtain percentage of psaA UTR-driven
expression. Those expressing luciferase at a level higher than
the wild-type psaA control were sequenced with traditional
Sanger sequencing by PCR-amplifying the UTR of interest
using a forward primer in the promoter and a reverse primer in
the lux gene (see Supplementary Table S3 for primer
sequences). The PCR product was treated with Exonuclease I
(New England BioLabs) and Shrimp Alkaline Phosphatase
(SAP, Fermentas Inc.) (10 μL PCR product, 0.2 μL
Exonuclease I, 0.2 μL SAP; 37 °C for 30 min followed by 85
°C for 15 min) and sent directly for sequencing using the
reverse primer.

Next-Generation Sequencing and Data Analysis. Up to
250 colonies from a single expression pool were inoculated into
each of 60 flasks of tris acetate phosphate (TAP) media such
that each flask contained as many as 250 unique clones of
roughly equivalent expression. These cultures were allowed to
grow for 48 h, and then genomic DNA was extracted with a
protocol modified from that of Newman et al.38 Ten milliliters
of log-phase culture were concentrated by centrifugation at
3000 rpm and resuspended in 0.5 mL of TEN buffer (10 mM
Tris-HCl, 10 mM EDTA, 150 mM NaCl). This solution was
transferred to a 1.5 mL tube and spun at 10,000 rpm for 10 s,
and the cell pellet was resuspended in 150 μL of H2O and 300
μL of SDS-EB (2% SDS, 400 mM NaCl, 40 mM EDTA, 100
mM Tris-HCl, pH 8.0) and vortexed. Then 350 μL of 1:1
phenol/chloroform was added, and the mixture was vortexed
again. Phases were separated by a 5 min 14,000 rpm spin, and
the aqueous phase was transferred to a new tube, where was it
again extracted by adding 300 μL of pure chloroform, vortexing,
and spinning as above to separate phases. The aqueous phase
was again transferred to a new tube, added to 2 vol of ice-cold
100% ethanol, and kept on ice for 30 min. Then the tubes were
spun for 10 min at 14,000 rpm, and the pellet was washed with
200 μL of 70% ethanol before drying and resuspending in 100
μL of EB.
From these DNA preps, we amplified subpools for

sequencing by PCR using Kapa Biosystems Library Amplifica-
tion Kit (Kapa Biosystems Inc., Woburn, MA, USA), which
reduces PCR-based bias especially with A/T-rich templates.39,40

Primers for this step had internal barcodes where the forward
primer barcode designates the gene origin of the UTR, and the
reverse barcode designates the pool (low, medium, high
expression) from which the sample originated (see barcoding
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primers in Supplementary Table S3). Standard Illumina
adapters were ligated onto the PCR fragments according to
Illumina product literature on Paired-End Sample Preparation,
and all samples were sequenced on a single lane of an Illumina
GAIIx (Illumina Inc., San Diego, CA, USA) at The Scripps
Research Institute DNA Array Core using paired-end 150 bp
reads. Because the nucleotide chain growth is blocked after the
addition of each nucleotide, the Illumina platform is particularly
well-suited for sequences with long homopolymer regions,
compared to other next-generation sequencing technologies.
Though some slippage in sequencing may still have occurred,
we mitigated this risk with the paired-end reads: these allowed
us to read a single sequence from both ends and determine the
consensus sequence by aligning both reads.
Reads were analyzed in CLC Genomics Workbench (CLC

bio, Aarhus, Denmark). First, subpools were isolated on the
basis of the pairs of forward and reverse internal barcodes, and
then reads were filtered and trimmed by quality. Reads were
removed if any one of the following criteria were met: if Perror
exceeded 0.05, if there were more than two ambiguous
nucleotides, or if read length was less than 64 nucleotides. In
cases where one read of a pair did not meet these stringency
cutoffs, the remaining read was mapped to the reference
sequences as a single read.
Trimmed reads were mapped to a set of reference sequences

of the designed oligonucleotides synthesized on the Agilent
OLS platform. Mapping tolerated zero mismatch along the full
length of the UTR, and nonspecific mappings were ignored,
such that all mapped reads unambiguously map to a single
unique reference sequence. All subsequent positional mutation
likelihood analysis was done in Microsoft Excel after importing
read counts from each pool for each reference UTR sequence.
Each reference was parsed into individual residues, and then
references where the wild-type nucleotide was replaced by an
adenosine were assigned a value of 1 at that position and a
value of 0 at all positions identical to wild type. The resulting
matrices of zeros and ones for each reference UTR were
multiplied by the number of times a read mapped to that
reference from each expression pool, producing a matrix of
aggregate data on how frequently a given position was mutated
to adenosine for the high, low, or intermediate expression lines.
The data presented in Figures 3, 5, 6, and 8 are essentially
inverse of these aggregate matrices: the graphs depict the
likelihood that the wild-type sequence was conserved at a given
position, rather than the likelihood that the position was
mutated to adenosine. To determine statistical significance of
these positional likelihoods among each of the three expression
level pools, a 3 × 2 contingency table was constructed for each
position, delineating the aggregate wild type and “A” read
counts for each pool. Pearson’s χ-square tests indicate that even
at positions exhibiting the most similar % conservation of wild
type sequence for all expression pools (i.e., the points where the
plots most nearly overlap in Figures 3 and 6), the p-value
approaches zero (p ≪ 10−6), indicating that the differences
observed between the pools are highly significant at every
position along both of these UTRs.
Synthesizing and Cloning the Synthetic UTR. The

synthetic UTR was made by ordering one oligonucleotide
primer (see primer LS191 in Supplementary Table S3)
containing all the desired nucleotide substitutions (all
nucleotides in the negative regulatory regions N1 and N2
substituted with adenosines) to PCR-amplify using the wild-
type psaA UTR as template. This fragment was cloned into the

luciferase expression vector previously described and simulta-
neously into an identical chloroplast transformation vector
except with a chloroplast codon-optimized β-xylanase gene
from Trichoderma reesei. Another fragment containing the wild-
type psaA UTR was cloned into these same vectors, for
comparison. The vectors were amplified in three fragments with
uracil-containing primers for USER fusion cloning with the
synthetic UTR fragment (see Supplementary Table S3 for
primer sequences). All fragments were gel-purified and mixed
in equimolar amounts with 1 μL of the USER enzyme in a 10
μL reaction and incubated as described above. These plasmids
were transformed into the psbH- strain of C. reinhardtii and
restreaked to homoplasmy on minimal media. Four homo-
plasmic lines of each, as verified by a homoplasmic PCR screen
as described41 (see primers in Supplementary Table S3), were
assayed for luciferase expression using the same equal-cell
spotting assay described above and for xylanase activity.

Xylanase Assays. The four homoplasmic lines of each
construct were inoculated into 50 mL flasks of TAP media and
allowed to grow to mid-log phase. Cells were harvested at 3,000
rpm, resuspended in 1 mL of lysis buffer (TBS plus 0.5%
Tween-20), and sonicated for two intervals of 10 s each at 20%
amplitude (S450D digital sonifier, Branson) on ice. Cellular
debris was separated from the soluble fraction by centrifugation
at 14,000 rpm at 4 °C for 20 min. Next 400 μL of the soluble
lysate was transferred to a new tube, and a Bio-Rad DC Protein
Assay was performed as described by the manufacturer (Bio-
Rad). This quantitation of total soluble protein was used to
normalize the volume of lysate used in the subsequent xylanase
assays, such that each sample contained equal amounts of total
protein.
The xylanase assays were performed according to the

manufacturer using the EnzChek Ultra Xylanase assay kit
(Invitrogen) in 96-well black flat-bottom plates and read on an
Infinite 200 Pro platereader (Tecan, Man̈nedorf, Switzerland)
at 355 nm excitation and 455 nm emission. The temperature
was held at 42 °C, and readings were taken every 2 min until
the increase in fluorescence was no longer linear. In the linear
range, the strength of xylanase expression was calculated as the
increase in relative fluorescence units (RFU) per minute. Each
homoplasmic line was analyzed in triplicate; the average of all
four homoplasmic lines is represented in Figure 9 for each
construct.

Quantitative PCR. From cultures grown to mid-log phase,
RNA was extracted using the standard protocol for the Plant
RNA Reagent (Invitrogen) and eluted at a concentration of
approximately 500 ng/μL in nuclease-free water. Complemen-
tary DNA (cDNA) was synthesized using the Verso cDNA Kit
(Thermo Scientific) as described by the manufacturer. This
template was diluted 1:10 in nuclease-free water before adding
to the qPCR reactions. qPCRs were all performed in triplicate,
using a 126 bp amplicon in the luciferase gene and a 139 bp
amplicon in the chlorophyll B gene as a control (see primers in
Supplementary Table S3). SsoFast EvaGreen Supermix (Bio-
Rad) was used to perform the qPCR, according to the
manufacturer’s recommendations for cDNA templates. The
efficiency of the luciferase primer set was calculated to be >97%
at an annealing temperature of 54.8 °C across serial dilutions
from 1:5 to 1:625. Under the same conditions, the chlorophyll
B primer set also gave an efficiency >97%, and melt curves
reveal single products devoid of off-target amplification for both
primer sets, so calculations for fold change in transcript level
have assumed perfect exponential amplification.
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