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ABSTRACT: While diatoms are promising synthetic biology platforms, there currently exists a limited number of validated genetic
regulatory parts available for genetic engineering. The standard method for diatom transformation, nonspecific introduction of DNA
into chromosomes via biolistic particle bombardment, is low throughput and suffers from clonal variability and epigenetic effects.
Recent developments in diatom engineering have demonstrated that autonomously replicating episomal plasmids serve as stable
expression platforms for diverse gene expression technologies. These plasmids are delivered via bacterial conjugation and, when
combined with modular DNA assembly technologies, provide a flexibility and speed not possible with biolistic-mediated strain
generation. In order to expand the current toolbox for plasmid-based engineering in the diatom Phaeodactylum tricornutum, a
conjugation-based forward genetics screen for promoter discovery was developed, and application to a diatom genomic DNA library
defined 252 P. tricornutum promoter elements. From this library, 40 promoter/terminator pairs were delivered via conjugation on
episomal plasmids, characterized in vivo, and ranked across 4 orders of magnitude difference in reporter gene expression levels.
KEYWORDS: diatom, genetic engineering, promoter characterization, parts registry, episomal gene expression, forward genetics

■ INTRODUCTION
At least half of Earth’s primary productivity occurs in the ocean
through microalgae that is too small to see with the naked eye.
Diatoms (Bacillariophyceae) account for 40% of marine
productivity through the combined effect of hundreds of
thousands of different species1 and are also a focus in the fast-
growing field of algal biotechnology.2−4 However, a majority of
the previous studies on genetic engineering of diatoms and
algae were limited to biolistic-mediated random chromosomal
integration of expression cassettes to generate transgenic
lines.5−7 While effective, strains generated by this method can
demonstrate off-target effects and varying transcriptional
activity, increasing the complexity of screening and analysis.8,9

Recent progress in phytoplankton synthetic biology has led
to the development of artificial chromosomes (hereafter
referred to as “episomes”) that replicate autonomously in
both the pennate diatom Phaeodactylum tricornutum and the
centric diatom Thalassiosira pseudonana.10 Episomes are
delivered via bacterial conjugation and can be stably

maintained in vivo as plasmids up to 100 kb in size due to
the presence of a centromere like sequence on the vector.10,11

Recent studies have demonstrated that these plasmids are
amenable for regulation of transgene expression via both
constitutive and inducible promoter systems and are also
excellent expression platforms to deliver technologies like
CRISPR and synthetic gene expression pathways for
compounds such as vanillin and terpenoids12−14 by eliminating
or reducing many previous issues observed with biolistics-
based strain development approaches. Additionally, an
episomal delivery system allows for regulatory elements to be
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designed as individual parts for compatibility with newer high-
throughput DNA assembly methods and generation of diatom-
specific gene expression part libraries.15,16

Assembling and validating a gene expression library requires
the collection and curation of a well-understood, annotated,
and calibrated set of gene expression parts (toolkits). Cloning
methods in Saccharomyces cerevisiae and Escherichia coli have
flourished due in part to large repositories of validated genetic
parts used for cloning like Biobricks.17 The list of functional
promoter elements described for P. tricornutum has been
expanding over the years since the publication of the genome
sequence.18−21 Siaut and co-workers22 combined the legacy Ph4
and PfcpB promoters into the Gateway vectors, providing low-
and high-expression promoters for deployment in diatoms.
The nitrate reductase (Phatr3_J54983) 5′-UTR element (Pnr),
originally characterized in Cylindrotheca fusiformis, has been the
workhorse for inducible gene expression in P. tricornutum, and
other nitrogen-responsive promoters have since been
described.23−26 However, a recent study described a detailed
analysis of a small set of new diatom promoters delivered via
episomes and characterized activity under different stages of
the growth cycle using fluorescent reporter genes.21 Phosphate
limitation has also been utilized to drive gene expression from
a phoA-type alkaline phosphatase 5′-UTR.27 Unfortunately,
promoter induction via starvation by essential nutrients like
nitrate and phosphate may have detrimental effects on cell
health and result in global transcriptional reprogramming in
diatoms.28

Gene expression toolkits have been reported using diatom
viral promoters29 and studies on the effects of iron deprivation,
light cycle, and CO2 availability on gene expression from P.
tricornutum promoters have identified DNA binding motifs for
a small subset of bZIP transcription factors.30−32 Small-
molecule-induced gene expression tools for diatoms are rare
but are expanding with the recent report of reversible gene
expression via promoters induced by beta-estradiol and
digoxin.14 Overall, the results of these studies have been the
creation of a small, but useful, set of transcriptional elements
with limited control over gene expression.
A recent study demonstrated that diatom episomal plasmids,

at least in this first CEN-ARS-HIS centromeric iteration, show
long-term stability and functionality issues when expressing
toxic gene products.33 These results suggest that chromosomal
integration34,35 or the creation of a new and more stable
version of the diatom episomal plasmid is required when
engineering potentially toxic genes or large synthetic pathways
that can stress the cells. However, in the context of discovery
and validation of genetic regulatory parts for use in cloning
toolkits, the application of these first-generation plasmids for
the production of transgenic diatom strains analyzed for
expression of nontoxic reporter enzymes or subjected to DNA
sequencing may remain valid.36

Although P. tricornutum has a high-quality genome assembly
and multiple RNaseq data sets are available,21,28,37−41 in vivo
characterization of transcriptional activity for a large set of
promoter elements is lacking. In this study, a workflow was
developed for in vivo screening of a P. tricornutum gDNA
fragment library to probe for transcriptional activity by
applying the episome to identify new promoter elements. We
also analyzed and ranked, based on transcriptional output of a
marker enzyme, a set of 40 promoter/terminator pairs cloned
directly from the P. tricornutum genome in order to expand the
current diatom genetic engineering toolkit. These pairs were

cloned flanking the β-glucuronidase (GUS) reporter gene,
which provides a clean signal-to-noise readout in P.
tricornutum.42,43 Presumably, the control of GUS gene
transcription was due solely to the presence of these
promoter/terminator pairs. Plasmids were constructed in
which each promoter was paired with either native or non-
native terminators, with “native” describing the DNA sequence
found immediately downstream of the stop codon of a
predicted protein in the diatom genome. These pairings were
carried out in order to determine if the presence of different
terminator sequences affect GUS expression levels when
combined with specific promoters on episomal plasmids. The
characterized promoters and terminators, which modulate gene
expression over 4 orders of magnitude, were made compatible
with the uLoop library, a DNA assembly system method that
utilizes an open-access library of validated parts for efficient,
reproducible DNA assembly.15,16

■ RESULTS
GUS Activity Analysis from Biolistics- and Conjuga-

tion-Derived Diatom Clones. Previous studies reporting
clone-to-clone variability of transgene expression cassettes
upon integration into the P. tricornutum genome when
introduced via biolistics are available.6,9,44 We chose to test
(1) if episome-driven expression of the marker gene GUS and
in vivo biochemical activity were similar to gene expression
from a genomically integrated strain, (2) if the levels of GUS
activity between biological replicates from the same trans-
formation or conjugation differed when assayed, and (3) the
possibility of setting upper and lower limits on GUS expression
from episomal expression cassettes.
Figure 1 shows the results of blind screening transformant P.

tricornutum cell lines generated via biolistics. In this experi-
ment, a diatom expression vector (PB-fcpB) containing a GUS
expression cassette (PfcpB-GUS-TfcpA), based on previous
studies,42 was introduced into P. tricornutum cells using
standard methodologies.22 For this experiment, clones were
randomly isolated from selection plates, cultured with
antibiotics on 1/2-L1 liquid medium, and clarified cell lysates
probed for levels of GUS activity (DOI: 10.17504/proto-
cols.io.bbexijfn). Consistent with our past experience and
previous reports,8,45 5 of the 15 colonies recovered from
particle bombardment experiments completely lacked GUS
activity, while the remaining 10 isolates exhibited varying levels
of GUS activity between them, highlighting the inefficiency of
the particle bombardment process due to random and possibly
incomplete chromosomal integration of the expression
cassette.
In order to assess promoter activity via reporter enzyme

assays, receiver plasmids were designed and built using the
Gateway cloning technology46 with the intention of analyzing
the expression level of previously reported diatom promoters
in our system. Exconjugant strains of P. tricornutum were also
generated via bacterial conjugation using pDEST receiver
plasmids and one of four different promoters driving GUS
expression (PfcpB, Pnr, Pp49, and Ph4). These plasmids were
labeled pFcpB-DEST, pH4-DEST, p49202-DEST, and pNR-
DEST, Supporting Information Table S1. Briefly, these
“destination” vectors contained any of the four legacy diatom
promoters and the fucoxanthin-chlorophyll a−c binding
protein A (Phatr3_J18049) terminator (TfcpA), flanking att
recombination sites, and the ccdB selection marker. An entry
vector containing the GUS coding sequence was generated to
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produce episomes with differing legacy promoters driving GUS
expression. Three of the promoter elements (PfcpB, Ph4, Pnr, or
Phatr3_J25172, Phatr3_J54983, and Phatr3_J34971) were
previously utilized for in vivo expression studies22,23,42,47 and
have been the promoters of choice for gene expression in P.
tricornutum. Pp49 is the 500 bp region upstream of
Phatr3_49202, a gene consistently observed to be one of the
most highly expressed genes in transcriptomic data sets from P.
tricornutum. A DNA sequence, named “PtGG”, was employed
as a negative control for transcriptional read-through with no
expected promoter activity in vivo. This spacer consists of
inverted DNA repeats flanked by multiple cloning sites and
should not drive gene expression in P. tricornutum (Supporting
Information Figure S1 and Table S2). All plasmids utilized the
fcpA terminator22 at the 3′ end of the reporter gene; therefore,
the only difference between all of the lines tested was the
composition of the 5′-UTR sequences upstream of GUS and
the method of plasmid delivery (particle bombardment vs
conjugation). The fcpA terminator was selected since it is
considered a “legacy” terminator as it has been the main
terminator used in expression cassettes by numerous
laboratories for decades.6,9,10,19,42 It should be noted that the
reported sequence of TfcpA, while efficient at transcriptional

termination, also contains a portion of the 3′ end of
Phatr3_J18049 CDS. The nucleotide sequences for these
described DNA elements can be found in Supporting
Information Table S3.
Unlike with particle bombardment, we consistently observed

GUS activity for each picked exconjugant colony (Figure 1).
The promoters in the pDEST vectors exhibited a ranked order
of GUS activity (i.e., PfcpB = Ph4 < Pnr2 < Pp49, t-test, see legend),
while we did not observe GUS activity within cell lines
generated using the PtGG-1 “null” promoter (Figure 1). Ph4
has a similar expression level as PfcpB (Supporting Information
Table S4), while Pp49 drives nearly 5× higher GUS activity.
This data demonstrates that the diatom episome is capable of
delivering reproducible gene expression results across different
clonal lines during different periods of the light cycle. We
measured little to no GUS activity in the Pnr exconjugants that
were transformed with an episome containing a Pnr-GUS-TfcpA
cassette (average of 200 RFU, close to negative control values)
in the presence of nitrate (Figure 1). However, when we
swapped out TfcpA with Tnr (the native 3′-UTR of the P.
tricornutum nitrate reductase gene), exconjugants transformed
with the Pnr-GUS-Tnr cassette yielded the second highest RFU
count in our assay (Figure 1). This data suggests that in the
pDEST-derived backbones, the native Tnr was required for
proper transcription/translation of GUS when under control of
Pnr.
It is important to note that the generation of the pDEST-

based expression vectors utilized the Gateway technology,46

which relies on recombination at attachment (att) sites
flanking the GUS coding sequence. These att sites, while
useful, are short stretches of DNA sequences that lie in
between the CDS and regulatory elements in the final plasmid
constructs and are not present in the PB-fcpB plasmid. It is
possible that the presence of these att sites influences gene
regulation and may contribute to some of the differences in
GUS activity observed between the strains generated with
different transformation methods. To further test whether
expression is dependent on specific terminator sequences or if
the lack of expression seen in the Pnr-GUS-TfcpA construct was
due to the way the cassette was built, a new set of plasmids
were constructed (pEG vectors) using Gibson assembly48

(Supporting Information Figure S2). This allowed for the
elimination of excess att recombination sequences and the
addition of a consensus Kozak sequence (5′-GGGGCCACC-
3′) immediately before the 5′ end of the GUS gene in order to
aid in translation initiation. The result was that the pEG vector
containing the Pnr-GUS-TfcpA construct showed expression
levels similar to the native pEG Tnr construct. This suggests
that the native terminator is not required for the expression of
the nitrate reductase gene when the space between the gene
and terminator is minimized. In this case, removal of the att
sites likely altered the spacing between the promoter and start
of the gene and the end of the gene and terminator, allowing
for higher gene expression. This also shows that while the
pDEST-derived episomes are functional within diatoms, they
do not explore the potential role of 3′-UTRs in regulating
transgenic diatom gene expression, as they all use the common
transcriptional terminator part TfcpA.
Episome-Based Forward Genetics Screen for Pro-

moter Identification. A diatom episomal plasmid was
designed and utilized as part of a forward genetics-based
promoter discovery screen by ligating sheared P. tricornutum
genomic DNA upstream of the ShBle coding region that

Figure 1. Validation of GUS marker gene expression as a reporter for
promoter activity when driven from a diatom episome. Neg is the
negative control strain containing a genomically integrated selection
marker gene but lacking the GUS gene. PtGG represents the hairpin
forming DNA sequence-GUS-TfcpA cassette delivered via pDEST and
not expected to drive protein expression, whereas PB-fcpB represents
a strain containing a PfcpB-GUS-TfcpA cassette integrated into the
genome via particle bombardment with the error bars representing 10
independently picked transformants. The other lines were generated
by conjugation and refer to the promoter upstream of the GUS
reporter as follows: p49 = hypothetical protein (Phatr3_J49202), nr =
nitrate reductase (Phatr3_J54983), h4 = histone H4
(Phatr3_J34971), and fcpB = fucoxanthin-chlorophyll a−c binding
protein B (Phatr3_J25172). Pnr represents pairing of the nr 5′UTR
with the fcpA terminator, while Pnr2 utilized the native 3′UTR. Error
bars for the conjugative vectors represent the standard deviation from
assaying three (3) exconjugants in parallel, while the error bar for PB-
fcpB is the result of assaying 10 biological replicates. Asterisks indicate
a t-test P-value ≤0.05 (*) or ≤0.001 (***) when comparing the
expression of each cell line to PtGG. For the conjugation strains, the
difference in the expression of PfcpB vs Ph4, Pp49, and Pnr2 was analyzed,
and in agreement with transcriptomic data, the relative strength of this
promoter set was ranked as Pp49 > Pnr2 > PfcpB = Ph4. For the
conjugation lines, samples of liquid cultures were taken at three
different time points during the day cycle; within a promoter, the
expression levels did not fluctuate in a statistically significant manner
over the course of the day for this set of plasmids (t-test, p > 0.05).
Cells were cultured in the presence of 8.8 mM NO3. Raw RFUs were
normalized to total protein content in each assayed lysate.
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confers resistance to phleomycin (pDEST-ShBle, Supporting
Information Figure S3) to generate a plasmid library. We
hypothesized that library fragments that contained a promoter
in the proper spacing and orientation would drive expression of
the ShBle gene and provide phleomycin resistance during
selection of exconjugants. The gDNA library consisted of DNA
fragments 2−5 kb in size with a diversity that covered
approximately 0.9× of the P. tricornutum genome (see
Materials and Methods for details). We transferred the library
and control plasmids into P. tricornutum via pTA-Mob-
mediated conjugation49 and selected for exconjugants on 1/2
L1 medium containing 20 μg mL−1 phleomycin and either 8.8
mM nitrate or 4.4 mM urea as the nitrogen source (i.e., 8.8
mM total nitrogen). Both treatments yielded hundreds of
colonies (see Materials and Methods), and episomes were
extracted en masse from the resulting P. tricornutum
exconjugants. Isolated episome pools were passaged through
E. coli to eliminate P. tricornutum DNA not associated with the
promoters, and the plasmids were re-extracted from bacteria en
masse. The purified episomes were then prepared for Illumina
sequencing using predefined primer binding sites that amplify
the region upstream of the ShBle cassette while adding
sequencing adapters. For both nitrate and urea-selected data
sets, no chloramphenicol-resistant E. coli colonies were
obtained, indicating that spiked-in control and nonfunctional
library episomes were completely removed during selection. A
diagram detailing the workflow for this screen can be found in
Supporting Information Figure S4.
One important quality control checkpoint was to ensure that

the sequencing reads recovered from the exconjugant diatoms
matched the regions of the published Phaeodactylum genome
sequence. This would support the conclusion that in vivo

expression of the ShBle antibiotic resistance marker was due to
the presence of a transcriptionally active region isolated from
the diatom gDNA library. Approximately 1 million reads per
library were obtained by Illumina NextSeq. A detailed
explanation of sequence read mapping and pairing can be
found in the Materials and Methods section (below). Briefly,
reads were mapped to a combined sequence set comprising the
P. tricornutum chromosome-scale scaffolds, the unscaffolded
assemblies, mitochondrial and chloroplast genomes, and the
negative control template (pPtProEXP-23). Only uniquely
matching reads were mapped, and mapped reads where a top
strand and a bottom strand read were separated by 2−5 kb
were considered paired.
Although all paired sequencing reads (hereafter referred to

as a “paired read”) yielded colonies in the functional
conjugation/selection assay, we set criteria for labeling a
paired read as a probable promoter: (1) the 3′ end of the
paired read fell within a 700-bp range of the start codon of a
downstream CDS predicted by the Phatr3 assembly including
hypothetical proteins, (2) the associated CDS is downstream
of the paired read on the same DNA strand, and (3) allowed
for an extension of a sequencing read 3′ end beyond the
predicted start codon (ATG) of a CDS (2̃00 bp). In total, we
recovered 252 paired reads with 186 recovered from
exconjugant colonies selected on NO3 and 66 paired reads
from colonies selected on urea (Figure 2 and Supporting
Information Tables S5 and S6). Analysis of this set showed 150
unique paired reads recovered from NO3-grown colonies and
30 unique paired reads from colonies selected on urea, while
36 duplicates were recovered from both media selections (total
of 72). When we applied the criteria outlined above, 175 of the
252 paired reads were classified as “promoters” with 102 called

Figure 2. Venn diagrams representing the results of the forward genomic library promoter screen sequencing. (A) 252 sequencing hits were
obtained from the forward genetic screening using the diatom conjugative plasmid driving the phleomycin resistance gene when exconjugants were
isolated using the medium containing different nitrogen sources (nitrate vs urea). Of these 252 hits, 186 were recovered from NO3-grown
exconjugants, while 66 were recovered from exconjugants selected using urea as the nitrogen source. (B) When mapped to the Phatr3 genome
assembly, it was shown that 150 unique hits were recovered from NO3-grown colonies and 30 unique hits from colonies selected on urea. 36
duplicate hits were recovered from both media selections (total of 72). (C) Based on the criteria outlined in the text, 175 of the 252 sequencing hits
were classified as “promoters” with 102 hits from NO3 and 15 from urea-selected colonies. Twenty-nine promoters were identified as duplicates
(found in both media conditions) for a total of 146 unique promoters identified in this screen. (D) 77 sequencing hits were labeled as “possible”,
defined as DNA fragments recovered from colony selection not fitting the criteria for a canonical promoter but still able to drive expression of
ShBle in vivo. NO3-selected colonies produced 48 hits, while urea-selected colonies produced 15 hits unique to that selection condition. Seven
duplicate (14 in all) unclear hits were found to overlap, for a total of 70 hits.
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from NO3 and 15 from urea-selected colonies. Twenty-nine
promoters were identified as duplicates (found in both media
conditions) for a total of 146 unique promoters identified in
this screen (Supporting Information Table S5). In addition, 77
paired reads, called “unclear”, are defined as DNA fragments
recovered from colony selection not fitting the criteria for a
canonical promoter but still able to drive expression of ShBle
in vivo (Supporting Information Table S6). NO3-selected
colonies produced 48 paired reads, while urea-selected colonies
produced 15 paired reads unique to that selection condition.
Seven duplicate (14 in all) possible paired reads were found to
overlap, for a total of 70 paired reads. It is important to note
that no reads mapping to the GUS sequence in pPtProEXP-23
were obtained in the final sequencing of the plasmids.
Functional analysis and binning of the ORFs downstream of

positive paired reads showed many pertained to basic cellular
functions (as defined by KOG classifications) such as energy
production and metabolism (6); transcription and translation
(15); protein trafficking and proteasome functions (15); signal
transduction (9); transport of ions, amino acids, and other
small molecules (13); and DNA replication and cell cycle
control (5). An additional 8 paired reads were classified as
“general function only” due to unclear annotation of the
associated CDS.
A large number (52) of paired reads mapped near coding

regions labeled hypothetical proteins that are part of the
“diatom-only” set of genes yet to be assigned functions50 and
were therefore not assigned KOG classifications. Importantly,
none of the recovered paired reads mapped to the chloroplast
or mitochondrial genomes, which are genetically prokaryotic,
bearing 70S ribosomes and promoters regulated in a bacterial
manner.50,51 We believe this speaks to the selectivity of our
library screening vector for eukaryotic, polII-like promoters in
the nucleus, as previous studies have demonstrated that the
diatom episomes, similar to those used in these experiments,
interact with histones.52 In addition, this genomic screen
identifies regions of the genome not previously appreciated for
their transcriptional activity and highlights the ability of
diatoms to utilize nonpromoter regions of the genome for
driving transcription under selective pressure (i.e., phleomycin
resistance).
Validation of Sequencing Hit Fragments Identified

Using the Genomic Library Approach. Because the library
screening vector required transcription of the ShBle gene for
exconjugant survival, we chose to address the theory that some
paired reads, especially those not mapping near annotated
genes or in low gene density regions of the genome, were
recovered due to illicit or random transcription during
conjugation due to the selective pressure of antibiotic
resistance. A set of these putative types of pseudopromoter
elements were validated by fusing them to GUS rather than
antibiotic resistance expression. We chose seven E. coli colonies
obtained after transforming the extracted episome library from
P. tricornutum. The promoter fragment upstream of the ShBle
gene was amplified from the episome in each E. coli colony and
cloned in front of the GUS gene using the Gateway system into
a vector utilizing the same fcpA 3′-UTR fragment as pShBle-
DEST. These episomes were conjugated into P. tricornutum,
exconjugants isolated, and levels of GUS enzyme activity were
determined when cells were grown in the presence of either
880 μM nitrate or 440 μM urea (Figure 3). The clones
screened demonstrated the ability to drive GUS expression
when evaluated by enzyme activity (t-test vs PtGG, p < 0.05,

see the legend) (Supporting Information Table S7), many
close to the same levels as detected in cells expressing Ph4-
driven GUS (Figure 3). The expression of the GUS marker
demonstrates that the expression of phleomycin resistance in
the large-scale screen was not due solely to the need for
survival under antibiotic selection. The ability for library-
generated paired reads to drive the expression of a second
transgene (GUS) suggests that they are bona fide promoter
elements, and all seven mapped well within the genome
according to our criteria. Analysis of the presumed in vivo
regulated ORFs showed that at least two clones were a part of
the “diatom-only” class of genes,50 and HMMer analysis53

identified a predicted N-terminal signal sequence (clone C2)
or a transmembrane domain (clone C4) but no activity-
associated domains. Four other ORFs were associated with the
remaining clones. Two of the colonies possessed the same 5′-
UTR fragment when analyzed by Sanger sequencing (clones
C5 and C10) and are upstream of Phatr3_J17683, annotated
as sybA, a putative synaptobrevin part of the protein trafficking
network. The remaining clones, C3, C11, and C12, were
associated with a putative RNA-splicing factor, casein kinase II

Figure 3. Validation of the forward genomics promoter screen
workflow by cloning and analysis of GUS expression relative to the
negative PtGG construct. In the top panel, the activities of seven
putative P. tricornutum promoters were quantified based on GUS
expression when cells were grown in L1 medium with either nitrate or
urea as the sole nitrogen source. PtGG represents a negative control
strain containing a plasmid harboring the PtGG DNA fragment
cloned in front of GUS with no expected promoter activity. The h4
promoter is used as a positive control with known promoter activity.
The error bars represent the standard deviation of three biological
replicates for each cell line. Asterisks represent a t-test P-value ≤0.01
(**) or ≤0.001 (***) when comparing the expression to PtGG.
Bottom panel, table of hit IDs for colonies tested with the GUS assay.
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β subunit, and an E1-E2 ATPase with seven transmembrane
domains, respectively. The results of this screen demonstrate
the usefulness of the episome as a backbone for discovery and
validation of new regulatory elements for use in diatom genetic
engineering.
Domesticating and Characterizing New Diatom

Promoter/Terminator Pairs. Based on the result of the
library promoter screen and previous transcriptome analyses,
16 predicted promoters were selected for validation and
characterization using the previously described pEG-GUS
reporter constructs. When designing primers, we chose an
agnostic approach to promoter cloning, dictated by the
genomic structure of diatom protein coding regions. The
criteria for DNA cloning was a maximum of 1500 bp upstream
of the gene initiation codon or 5′-UTR (if present) for the
promoter fragment and 200 bp downstream of the stop codon
for the terminator. When another gene was present within
1500 bp upstream of the gene of interest, the DNA fragment
clone consisted of the intergenic region, regardless of the size.
We chose to exclude the CDS or predicted 5′-UTR of other
genes on the same strand, if possible, in order to isolate the
activity of the promoter of interest. Therefore, some putative
promoters and terminators are significantly shorter than 1500
and 500 bp, respectively.
The rationale behind the diatom regulatory parts chosen for

testing (Supporting Information Table S8) via the pEG system
included previously reported promoter/terminators to act as
benchmarks (Pnr, PfcpB, Ph4, Pfbac5, and Pglna) and housekeeping,
metabolic, structural, and presumed constitutively active
diatom genes identified via transcriptomic analysis.28,54,55

Although 16 additional promoters were selected based on
transcriptomic data that suggested potential promoter
activation in response to changes in CO2, iron availability,
nitrogen source, growth stage, or cell cycle, testing promoter
activity in these conditions is beyond the scope of this paper as
the purpose of this study is promoter identification. Additional
testing will still need to be performed to determine promoter
response to various growth conditions.
Figure 4 shows the results of the screening of conjugation-

generated P. tricornutum assay lines using the pEG plasmids,

with control lines included. We also compared the expression
of each promoter terminator pair against all other native or
non-native pairs; as 361 individual t tests would make Figure 4
unreadable, we have included these tests as heatmaps in Figure
5. Exconjugant strains of P. tricornutum with episomes
containing promoter−GUS−terminator constructs were
grown on nitrate as the sole carbon source with a 14:10 diel
cycle in the presence of 20 μg mL−1 phleomycin. In total, 20
different promoters were tested with a total of 40 promoter−
GUS−terminator combinations. The resulting expression
profiles show that this new tool set greatly increases the
diversity of expression profiles relative to the “legacy” tool set;
the new one spans four rather than 2 orders of magnitude in
expression level. Overall, the entirety of the cell lines and all
tested promoter/terminator pairings generated with pEG
plasmids expressed the GUS reporter gene and did not display
general growth defects. Three clusters of promoter activity
emerged from the plotted data which were classified as the
“low”, “medium”, and “high” sets. This ranking was based on
the observed in vivo GUS activity measured from the clarified
lysates of transgenic lines.
The “high” expression set was defined as promoters

displaying an average RFU μg−1 value above 1,000,000 and
includes seven of the promoters tested (Pcalm, PepyC, Pp49, Pnr,
Poee3, Pf lav, and Ph4), with at least one promoter/terminator pair
displaying an average RFU μg−1 value of over 1,000,000. Of
this set, Poee3 (oxygen-evolving enhancer protein 3;
Phatr3_J54499) and Pcalm (calmodulin-dependent protein
kinase II; Phatr3_J39236) showed the greatest levels of
expression when paired with their native terminators, as
there was about a 3.3−4-fold decrease in expression when TfcpA
was used. Additionally, PepyC showed extremely high variability
when it was paired with its native terminator, indicating that if
this promoter was selected for expression that it should be
paired with a non-native terminator to achieve more stable
expression. The opposite trend is seen when the non-native
fcpA terminator is paired with Pnr, Poee3, Pf lav (flavodoxin;
Phatr3_J23658), and Ph4, as the variability increases with the
loss of the corresponding native terminator. This suggests that
terminators can affect expression levels in P. tricornutum for

Figure 4. Expression profiles of pEG constructs active across a range of 4 orders of magnitude comparing the presence of native versus non-native
terminators with putative promoters. Normalized beta-glucuronidase activity for diatom exconjugants expressing synthetic promoter−reporter−
terminator constructs on episomes. The GUS activity is determined using a fluorescence assay on protein extracts and normalized to protein
concentrations. Error bars are for 3−6 biological replicates with 1−2 technical replicates. Neg represents a negative control strain containing a
plasmid harboring the PtGG DNA fragment cloned in front of GUS with no expected promoter activity. Mapping of promoter names to full protein
IDs is provided in Supporting Information Table S6. As presenting 361 individual t tests would make this figure unreadable, we have included this
information as a separate heatmap in Figure 5.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.3c00163
ACS Synth. Biol. 2023, 12, 3215−3228

3220

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00163/suppl_file/sb3c00163_si_002.xlsx
https://pubs.acs.org/doi/10.1021/acssynbio.3c00163?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00163?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00163?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00163/suppl_file/sb3c00163_si_002.xlsx
https://pubs.acs.org/doi/10.1021/acssynbio.3c00163?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.3c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


some promoters, but not all, possibly through regulatory
elements or a gene loop that regulates transcription.56

The “medium” expressing promoter set includes seven of the
tested promoters (PfcpB, Psit4, Pgpi1, Pact1, PlysA, Pdph1, and PfbaC5).
These were found to have mid-range levels of expression and at
least one promoter/terminator pair had an average RFU μg−1

value between 100,000 and 1,000,000 (Figure 4). Pgpi1
(glucose-6-phosphate isomerase; Phatr3_J23924) and PfbaC5

(fructose bisphosphate aldolase; Phatr3_J41423) displayed
higher levels of expression when paired with their native
terminators. A decrease in expression when pairing these
promoters with TfcpA implies that the native terminators were
in some way able to increase the overall expression of GUS and
resulted in a change in epigenetic regulation when the native
terminator was exchanged. When paired with TfcpA, Pdph1
(sensory transduction histidine kinase; Phatr3_J54330) out-

Figure 5. P-values from t tests for native and fcpA terminator pairs. (A) All vs all heatmap of the p-values for the promoter-native terminator pairs.
(B) All vs all heatmap of the p-values for the promoter−fcpA terminator pairs. Comparisons that yielded a statistically significant p-value are
highlighted in gray. The column on the right-hand side represents the mean expression value.
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performed its native terminator with a 32-fold increase in
expression. The increased expression from the Pdph1-GUS-TfcpA
cassette could be due to the loss of a regulatory element that
was present in the native terminator that allowed for a
promoter/terminator interaction that would modulate ex-
pression. Based on the standard deviation (Supporting
Information Table S9), the PlysA-GUS-TlysA construct showed
more variability in expression than the other mid-range
promoters. The lysA gene is a diaminopimelate decarboxylase
(Phatr3_J21592) gene involved in lysine biosynthesis, so the
high variation in expression can be attributed to dynamic
transcriptional regulation of this pathway.28,57 Determining the
dynamic range of expression for each promoter/terminator
pair is important so that appropriate pairings can be used in
engineered constructs. For example, certain transcriptional
units may be required to express at a consistently high rate. In
this case, the PfcpB-TfcpB terminator pair would be a more ideal
candidate due to its stability, over pairings like PlysA-TlysA, which
have a noisier expression profile. It should also be noted that
the Pact1-GUS-Tact1 construct was found to have a large deletion
in the terminator region resulting in a 460 bp truncation.
Further testing is required to determine the effects of the full
native terminator sequence.
In regard to the “low” expressing promoter set, these appear

to be the most affected by differing terminator elements when
the GUS gene is expressed. Only “Ntran” (Phatr3_EG02608),
which encodes a putative nitrite transporter, does not show
dramatic changes in promoter activity when the terminator is
changed. This group displayed an average GUS activity RFU
μg−1 value under 100,000 and consisted of six promoters: Pgnef,
Pglna, Pacc2, Pvapol, Pntran, and Phmox. The native and TfcpA
terminator constructs for Phmox (heme oxygenase;
Phatr3_J5902), the native terminator construct for Pglna
(glutamine synthetase; Phatr3_J22357), and the TfcpA con-
structs for Pacc2 (acetyl-CoA carboxylase; Phatr3_ J55209) and
Pvapol (vacuolar polyphosphate accumulation protein; Phatr3-
_J47434) had the lowest overall expression rates out of all the
promoter/terminator pairs that were tested, with average RFU
μg−1 values under 5000. The expression levels for Phmox were
consistently so low that it had a similar expression pattern to
the negative control (vector contains the same PtGG promoter
sequence). Both of the Pntran terminator constructs are also
considered low-expressing with average GUS activity values of
only 6600 RFU μg−1. There was also a large increase in GUS
activity observed when Pglna was paired with TfcpA (18.6-fold
increase over the native terminator), while an increase in GUS
activity was observed in Pacc2 and Pvapol constructs paired with
their native terminators (20.3- and 10.4-fold increase,
respectively). However, the expression of Pgnef (guanine
nucleotide exchange factor; Phatr3_J41365), Pglna, and Pacc2
native terminator constructs is highly variable, which may be
due to the dynamic transcriptional variability during the day/
night cycle.28

To better illustrate the differences in promoter expression
between promoters and promoter/terminator pairs, P-values
based on t tests were calculated comparing all of the promoter/
native terminator pairs (Figure 5A) and all of the promoter/
fcpA terminator pairs (Figure 5B) to each other. These
heatmaps help highlight which promoters show statistical
significance from one another and can aid in choosing a
promoter for an engineered expression cassette. As can be seen
in comparing Figure 5A,B, promoters like PfbaC5, Pvapol, and Pp49
are more statistically different from the other promoters

whether they are paired with their native terminator or the
fcpA terminator, while promoters Ph4, Pnr, Poee3, Pf lav, Pcalm, and
Pacc2 should be paired with their native terminators for more
reliable expression. Promoters PepyC and PlysA show a lot more
variation in their native configurations and should be paired
with TfcpA if they are going to be used. For more information
on replicates and calculated values like mean, standard error,
degrees of freedom, and t-statistics, see Supporting Informa-
tion Table S10.
In order to test the long-term stability of the conjugated

episomes, a subset of pEG-engineered cell lines was grown via
serial transfer over a 4 month period and rescreened to
determine expression stability. As shown in Figure 6, Ph4-GUS-

Th4, Pnr-GUS-Tnr, Pdph1-GUS-TfcpA, and Pgnef-GUS-TfcpA all had
statistically indistinguishable expression patterns (t-test, P-
value >0.05, within promoter t = 0 vs t = 4) (Supporting
Information Table S11) after being tested 4 months later. The
lack of gene expression changes suggests that the episomes are
resistant to epigenetic modifications, while the ability to
recover the episomes using a plasmid prep shows that they are
unlikely to undergo chromosomal integration at a high
frequency. This suggests that the episomes are stably
maintained over time without being lost, mutated, or
chromosomally integrated, which further supports the use of
conjugatable episomes for exogenous gene expression.
Creating a Diatom Toolkit for the uLoop Library. The

promoters and terminators characterized in this study have
been incorporated into the uLoop system library for open-
access distribution.15 Genetic parts in the uLoop repository
have been sequence-validated and characterized so that others
may freely order parts for their own experiments. This will not
only increase the genetic repertoire of P. tricornutum parts but
will allow researchers to easily use these exact parts/sequences
in their own studies resulting in more consistent, reproducible
results among individuals and across research groups. Although
the parts that have been added to the system have currently
only been tested in a limited set of conditions, they are capable
of controlling gene expression over multiple orders of

Figure 6. Expression of GUS from conjugated diatom episomes is
stable over an extended period of culturing. P. tricornutum strains
harboring plasmids with two high (Pnr and Ph4) (promoter/native
terminator), one medium (Pdph1), and one low (Pgnef) (promoter/fcpA
terminator) expressing promoter/terminator pairs driving the GUS
marker gene were analyzed initially (T0) and after a period of 4
months (T4). No difference in expression strength (t-test, P > 0.05,
within promoter t = 0 vs t = 4 tested) or loss of plasmid occurred
when the cells were cultured appropriately and in the presence of
antibiotic selection (phleomycin, 20 μg/mL). The error bars
represent the standard deviation of expression of 3 biological
replicates for each cell line.
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magnitude allowing for more fine-tuned control and expanding
the current genetic toolkit for P. tricornutum.

■ CONCLUSIONS
The data herein reinforce recent studies reporting the high
efficacy and reproducibility of enzyme expression in episomal
plasmid-engineered P. tricornutum strains. Twenty diatom
promoters, many new, were characterized via expression of the
GUS reporter enzyme and rank-ordered for use in designing
genetic engineering strategies. Data was also presented,
suggesting that the activity of some promoters in P. tricornutum
may be influenced by the combined terminator sequence,
suggesting that caution should be applied when designing
expression modules. In addition, we demonstrate that an
episomal plasmid can function as a platform for diatom gene
regulatory element discovery via in vivo screening of a genomic
DNA library when combined with next-generation sequencing
technology.

■ METHODS
Strains and Growth Conditions. P. tricornutum

CCAP1055/1 was cultured in L1 medium10 supplemented
with 8.8 mM nitrate or 4.4 mM urea at 50 μmol m−2 s−1 light,
atmospheric levels of CO2, 18 °C, and a 14:10 day/night cycle.
Diatom agar plates consisted of one-part L1 medium
(sterilized) containing 8.8 mM nitrate combined with one-
part 2% autoclaved agar. When necessary, media was
supplemented with phleomycin (Invivogen) at a concentration
of 20 μg mL−1. L1 agar used for conjugations was made by
making a mixture consisting of 2% agar (50%), L1 media
(45%), and LB broth (5%). Conjugation agar plates were
supplemented with ampicillin (50 μg mL−1) and poured into
12-well plates. Phleomycin was used at a concentration of 20
μg mL−1 for selection of diatom exconjugants and maintenance
of transgenic lines in liquid medium. EPI300 E. coli (Lucigen)
were utilized for DEST vector and library assemblies. EPI300
strains harboring the pTA-Mob vector were used for
conjugation of diatom cells. NEB5α (New England Biolabs)
cells were used for construction of the pBR322-based plasmids.
E. coli strains were grown on Luria−Bertani broth or agar
supplemented with the following antibiotics as necessary:
ampicillin (50 μg mL−1), tetracycline (10 μg mL−1), or
gentamycin (20 μg mL−1).
Molecular Biology Methods and Colony PCR Screen-

ing. Gibson assemblies were carried out as previously
described.48 E. coli clones and P. tricornutum exconjugants
were subjected to colony PCR screening using OneTaq
polymerase (NEB) or SapphireAmp Fast polymerase (Takara).
Bacterial clones were amplified for 25 cycles, whereas for
screening of diatom exconjugants, the total number of cycles
was increased to 30. The full protocol can be found at
dx.doi.org/10.17504/protocols.io.hnzb5f6.
Conjugation Protocols. Bacterial conjugation of diatom

library screening cultures was carried out as previously
reported,10 and conjugations for generation of promoter
testing and validation lines were carried out in a multiwell
format.11 Three to six colony PCR-positive isolates from each
conjugation were saved and tested for each construct.
Plasmid Construction. The GUS coding region and the

fcpA terminator fragment were amplified from vectors PB-fcpB
(previously PtRNAi-2c) and PtRNAi-3.58 Two other fragments
were also amplified from the vector PtRNAi-3. One containing

the ampR gene through the oriT region, whereas the other
contained the tetR gene, including the CEN6-ARSH4-HIS3
region, to the beginning of the ShBle cassette (driven by P.
tricornutum PfcpF). Other promoter and terminator fragments
were amplified from the P. tricornutum genome. All fragments
were generated using PrimeStar polymerase (Takara) and
purified using the QiAQuick cleanup kit (Qiagen). The
fragments were then assembled via the Gibson method and
validated using Sanger sequencing. Completed vectors were
transformed into E. coli containing the mobilization helper
plasmid, pTA-Mob.49 These strains were then used to
conjugate P. tricornutum. Primers and plasmids used in this
study are listed in Supporting Information Table S12.
GUS Activity Assay. There were two methods that were

followed for completing the GUS assays. The pDEST-based
vectors were grown in 5 mL 1/2-L1 liquid medium to an
approximate density of 3−4 × 106 cells mL−1. Cells were then
harvested and subjected to three freeze/thaw cycles. The
clarified lysates were used in the GUS assay, and fluorescence
was measured using a FlexStation3 microplate reader
(Molecular Devices) with excitation/emission settings of 360
nm excitation/440 nm emission (cutoff at 435 nm). The
complete pDEST GUS assay protocol can be found at
protocols.io (dx.doi.org/10.17504/protocols.io.hefb3bn).
Leftover lysate volumes (10 μL) from the GUS assay were

used in a Pierce BCA protein assay (Thermo Fisher) following
the manufacturer’s protocol. The absorbance (562 nm) was
read on a FlexStation 3 microplate reader. The amount of total
protein added to each assay well was calculated and used for
normalization, and final concentrations were determined as
RFU μg−1 total protein. Lysate-free wells using only GUS
extraction buffer were added as blanks for each plate reader
assay.
For the pEG vectors, a high-throughput GUS assay was

developed. Cultures were grown in 5 mL L1 to a density of at
least 1 × 106 cells mL−1. For each culture, 250 μL was
transferred to a 96-well plate. Cells were harvested and lysed
using bacterial protein extraction reagent (B-PER, Thermo
Fisher). Clarified lysates were subjected to the GUS assay, and
fluorescence was determined using a microplate reader as
previously described. Samples were diluted with additional
buffer as needed and were normalized by total protein as
determined by the BCA assay. The full high-throughput
version of the protocol can also be found on protocols.io
(dx.doi.org/10.17504/protocols.io.bbexijfn).
Testing of the Legacy Promoter Set. The regions

encompassing the fcpB, h4, p49, and nr promoters were
amplified from templates PtRNAi-3, -8, -9, and -11,
respectively, using primers designed with overhangs for Gibson
assembly into the entry vector PtGG-1. The entry vectors were
assembled using the Gibson method, validated by Sanger
sequencing and assigned the names PtPro-8, -11, -12, and -13
(PfcpB, Ph4, Pp49, and Pnr, respectively). These entry vectors were
used in the LR Clonase reaction (LifeTech) to recombine the
fragments in front of the GUS coding region in pDEST-GUS
by following the manufacturer’s protocol. These clones were
validated using restriction digest analysis to determine proper
recombination and assigned the names PtProEXP27, -29, -30,
and -31 (PfcpB, Ph4, Pp49, and Pnr, respectively). In order to test
Pnr with its native terminator, the GUS CDS was amplified
from PB-fcpB using primers (GUS-PtGG-1 + GUS-PtGG-2)
and assembled into PtGG-1 to make PtGG-GUS. This entry
vector was then applied in the LR reaction to PtRNAi-11 to
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generate PtProEXP-40. A negative control vector consisting of
the PtGG-1 spacer region was also recombined into pGUS-
DEST to serve as a random DNA sequence-negative control.
Expression plasmids were transformed into EPI300-pTA-Mob
and conjugated into P. tricornutum using the multiwell
protocol.11 After 10 days of selection, colonies were patched
onto fresh selective agar plates and verified via colony PCR
screening. Three PCR-positive colonies were selected and
moved forward for screening of GUS enzyme activity.
Construction of DNA Parts for the uLoop Library. All

of the promoters and terminators that were characterized in
this study were domesticated as level 0 parts for the uLoop
library as previously described15 (Supporting Information
Table S5). Each part was sequence-verified via Sanger
sequencing before being deposited. The full protocol can be
found at dx.doi.org/10.17504/protocols.io.yxnfxme.
Construction of pShBle-DEST-lib. Plasmid pShBle-

DEST was designed with Gateway destination recombination
sites upstream of a promoterless bleomycin/phleomycin
resistance gene (ShBle) from Streptoalloteichus hindustanus.
To construct this plasmid, pPtPBR111 was amplified such that
the promoter driving the ShBle marker was removed. This
backbone contains the S. cerevisiae CEN6-ARSH4-HIS3
fragment to promote episomal maintenance in P. tricornutum
and an oriT from plasmid RP4/RK2 for bacterial conjugation
via the pTA-Mob helper plasmid. This sequence was amplified
as two fragments using primers ptPRO-004 and ptPRO-005 for
the first fragment and primers ptPRO-005 and ptPRO-006 for
the second fragment. The Gateway destination cassette region
(attR1-CmR-CcdB-attR2) was amplified by PCR from pfcpB-
DEST using primers ptPRO-003 and ptPRO-004, and this
product was assembled with the two fragments from pPtPBR1
such that the Gateway destination cassette was located
upstream from the ShBle gene where the promoter would
have been in pPtPBR1. A Kozak initiation signal (5′-
GGGGCCACC-3′) was installed upstream of the ShBle start
codon to facilitate protein translation. As a negative control for
library selection, a 1 kb region of the GUS coding sequence
(nucleotides 400−1400) was cloned using primers ptPRO-108
and ptPRO-109 from pDEST-GUS and inserted in a reverse
(3′−5′) orientation into the entry vector to generate PtGG-
bwGUS. This vector was utilized in the LR reaction with
pShBle-DEST-lib to create negative control plasmid
PtProEXP-23.
Promoter Screen Library Generation. We developed a

general genomic library construction method in which the P.
tricornutum genome was fragmented by sonication using a
Covaris S2, ligated with Illumina adapters, and assembled into
a vector (pGUS-lib) prepared with homology sequences to the
Illumina sequences (dx.doi.org/10.17504/protocols.io.hfb-
b3in). For library assembly, plasmid pShBle-DEST was
amplified using primers ptPRO-001 and ptPRO-002 to give
a 7 kb product that omitted the Gateway destination cassette
and added homology sequences to the Illumina adapters. The
Illumina adapter-ligated samples were assembled into the
prepared vector using Gibson assembly and transformed
directly into EPI300 cells containing the pTA-Mob conjugative
plasmid. Total library diversity was approximately 11,000
unique E. coli colonies. Test screening 20 E. coli colonies from
the library by colony PCR indicated unique insert sizes at the
expected size (2−5 kb) and no empty vector. Plates containing
the colonies were flooded with LB medium, scraped, and cells
stored in 15% glycerol at −80 °C. With an average estimated

insert size of 3.5 kb, total library size was estimated to be
approximately 38.5 Mb. This is approximately 0.9× coverage of
the P. tricornutum genome, assuming a genome size per cell of
43 Mb, including 27.4 Mb for the nuclear genome, ∼100× of
the 0.118 Mb chloroplast genome, and ∼50× of the 0.077 Mb
mitochondrial genome.
Library Selection in P. tricornutum. The library was

revived from frozen stocks by pooling and growing overnight
in LB broth containing Amp/Tet/Gent (100/10/20 μg mL−1)
at 37 °C. The next day, this culture was diluted 1:50 into 50
mL of LB-Amp/Tet/Gent and grown for several hours until
the OD600 was roughly 0.6. For library selection conjugation
experiments, two internal controls were included. First, an
EPI300 strain lacking pTA-Mob but carrying a plasmid bearing
a chloramphenicol resistance marker (pCMR)59 cultured in
parallel with the library was added as 5% of the E. coli cell
volume during conjugation. This control was designed to
assess the persistence of nonconjugated plasmid on agar plates
after selection and efficacy of DpnI treatment on samples.
Second, a strain bearing pTA-Mob and a plasmid with a
nonfunctional promoter sequence in front of ShBle
(PtProEXP-23) was added at 5% of the E. coli cell volume
during conjugation (final ratio 90:5:5 of the library and
controls). This PtProEXP-23 control was designed to assess
any background appearance of nonfunctional conjugated
plasmid in the final sequencing data. For both nitrate and
urea selected data sets, no chloramphenicol-resistant E. coli
colonies were obtained, indicating that nonfunctional plasmids
were completely removed during selection and DpnI
purification. Similarly, no reads mapping to the GUS sequence
in pPtProEXP-23 were obtained in the final sequencing of the
plasmids.
Standard conjugation conditions were performed, and a total

of eight conjugations per library experiment were carried out.
After a recovery period of 48 h, the plates were flooded with L1
medium, and the cells scraped into a total volume of 600 μL.
200 μL of resuspended cells was then replated onto a single 1/
2 L1-P20 plate containing 8.8 mM nitrate as the nitrogen
source (total of 24 selection plates) and incubated under
standard conditions. From these plates, approximately 1000
colonies were obtained. Under these conditions, approximately
20,000−30,000 colonies would have been expected from a
control pPtPBR1 conjugation11 resulting in an efficiency of
finding a functional promoter of 0.03−0.05. These colonies
were picked with an inoculating loop into 10 mL L1 medium
with 8.8 mM nitrate as the nitrogen source and propagated for
at least 1 week. The resulting cells were harvested via
centrifugation and frozen at −80 °C until episome extraction.
Episome extraction from P. tricornutum was performed as

previously described.10 After extraction, episomes derived from
P. tricornutum were further purified from trace DNA carried
over from the conjugation by treatment with DpnI restriction
endonuclease. Because DNA originating from dead E. coli
contained the bacterial adenosine methylation mark on the
DpnI recognition sequence (GATC) and is not expected to be
found in DNA from P. tricornutum, all bacterial plasmid DNA
would be digested, resulting in highly enriched episomal DNA
from P. tricornutum. After purification of digestion reactions,
the plasmids were electroporated into E. coli EPI300 and
plated on LB-Amp/Tet (50/10 μg mL−1). This final
retransformation served to purify away any trace chromosomal
DNA from P. tricornutum so that the only diatom sequences in
the resulting plasmids would be from putative promoter
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regions driving ShBle on the episome. Plasmids were purified
from ∼15,000−20,000 E. coli colonies resulting in 10−20×
coverage of the original ∼1000 P. tricornutum colonies
obtained from selection on nitrate. An identical procedure
was followed to select for promoters that functioned when
selection for the episomes in P. tricornutum was performed
with urea as the main nitrogen source. Approximately 300 P.
tricornutum colonies were obtained from selection of the
library on urea and 20,000−30,000 E. coli colonies, almost
100× coverage of the original 300 P. tricornutum colonies.
Library Sequencing and Analysis. Plasmids containing

episomes with functional P. tricornutum promoters that were
extracted from exconjugants and passaged through E. coli were
sequenced using a directed tagmentation approach adapted
from IS-seq.60 A tagmentation library was prepared using the
purified plasmid using the Nextera XT library preparation kit
to insert randomly throughout the plasmid. Amplification of
the tagmented library using the standard barcoded Illumina P7
adapter primer and a custom primer (ptPRO-009 or ptPRO-
010) derived from either the upstream or downstream (closest
to the ShBle start site) Illumina sites. Thus, each of the two
pools of plasmids (nitrate or urea) were each amplified with
either the P5dwnstrmP or P5upstrmP primer plus the standard
P7 primer resulting in four libraries (an upstream location and
downstream cloning junction library for each of the nitrate and
urea libraries). Approximately 1 million reads per library were
obtained by Illumina NextSeq Reads that were mapped to a
combined sequence set comprising the P. tricornutum
chromosome-scale scaffolds, the unscaffolded assemblies (i.e.,
“bottom drawer” or BD), the mitochondrial and chloroplast
genomes, and the negative control template (pPtProEXP-23).
Only uniquely matching reads were mapped.
Direction of the inset in a genomic context (plus- or minus-

strand) was determined by the following method. We observed
that in a given library (i.e., from a single primer site,
P5dwnstrmP or P5upstrmP), reads from both sides of a
given library member were obtained. This was likely due to the
presence of a short sequence (5′gctcttccgatc) that was
common to both primers. However, reads mapping to one
side of the promoter were always in vast overabundance over
the other. We reasoned that the PCR amplification was
improved with the full-length primer but occurred at a low
level when binding to the partial small sequence. This
difference in mapped read abundance on either side of the
library member correlated with the direction. Thus, with the
sequencing library prepared from the P5dwnstrmP primer
(closest to the ShBle “downstream” position), the side of the
mapped library element with greater read abundance was
assigned as the downstream side (i.e., the promoter went in the
direction toward the larger number of reads). This strategy was
empirically verified using the seven promoter elements that
were sequenced with Sanger DNA sequencing.
Mapped reads where a top strand and a bottom strand read

were separated by 2−5 kb were considered paired. The
coordinates of the reads corresponding to the boundaries of
the cloned promoter library element were extracted along with
the scaffold and combined with the read abundance data for
each read location to determine the orientation of the cloned
promoter relative to the genome. Rare situations were handled
as follows: first, from time to time, mapped read peaks were
observed without a pair. This was most likely related to
problems with read mapping, and these reads were discarded.
Second, occasionally, a peak of very low read count (20−80)

was observed between two peaks that were spaced appropri-
ately and each contained 10-fold more reads than the small
intervening peak. In this case, the low count peak was
discarded. A third unusual situation was when two sets of
peaks overlapped. In this case, the first encountered forward
read was paired with the first encountered reverse read. In
order to evaluate the genomic positions of the recovered
library elements, the paired reads were mapped onto the P.
tricornutum genome (including “bottom drawer”, chloroplast,
and mitochondrial sequences) and paired reads containing a 3′
end within 500 bp of an initiator methionine of a predicted
ORF were considered positive.
Promoter Library Validation. Seven E. coli colonies

containing recovered episomes were selected for the validation
of the promoter fragment transcriptional ability. These library
fragments were cloned in front of the GUS open reading frame
and then mobilized into P. tricornutum to measure GUS
activity as a proxy for promoter strength under a nonsurvival
condition. The fragments were amplified by colony PCR from
the library vector using the primers ptPRO-010 and ptPRO-
011 which bind to the Illumina library spacer sequences
flanking the promoter fragment. The amplified fragments were
cleaned up with SPRI-beads and assembled into PtGG-1 to
build promoter Gateway entry vectors. After transformation of
the entry vectors into E. coli, clones were screened by colony
PCR and the positive plasmids were purified and sequenced.
The purified entry vectors containing the promoter fragments
were then transferred to plasmid pGUS-DEST using the
Gateway LR reaction (Life Technologies) and subsequently
mobilized into P. tricornutum. The resulting P. tricornutum
colonies were screened by colony PCR to verify that the
promoter−GUS junction was present, and cells were grown in
L1 medium containing either urea (440 μM) or nitrate (880
μM) as the sole nitrogen source. The GUS assay was
performed to measure the promoter activity in cells grown in
each nitrogen condition.
Statistical Analysis. Both two-sided and alternative

hypothesis t tests were calculated using SciPy v1.8.0.61

Clustermaps were plotted using Seaborn v0.11.2.62 Pairwise
t-test p-values were transformed to dissimilarity measures using
1 − P-value and transformed into linkage matrices for
hierarchical clustering using SciPy and Soothsayer.63

Public Deposition of DNA and Plasmid Sequences.
All library sequencing reads were deposited on NCBI as a
BioProject (PRJNA942336) with the following accession
numbers SRR23750734, SRR23750735, SRR23750736, and
SRR23750737 for down- or upregulation on growth with urea
or nitrate. Gateway cloning plasmid backbones were deposited
to the GenBank database under the following accession
numbers: pGUS-DEST (OR228473) and pShBle-DEST
(OR228472). The promoter and terminator sequences used
to make the pEG vectors were deposited to the Addgene
database, and sequence IDs and additional information can be
found in Supporting Information Table S8.
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