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ABSTRACT: Diatoms are globally significant microalgae that
contribute ∼20% of oxygen production and exhibit remarkable
metabolic diversity. The marine diatom Phaeodactylum tricornutum
has emerged as a promising synthetic biology platform for the
bioproduction of recombinant proteins, supported by a human-like
N-linked glycosylation pathway. However, its α(1,3)-linked core
fucose is potentially immunogenic in humans and thus limits its
biopharmaceutical applications. One hurdle to efficient genome
engineering in P. tricornutum is the lack of a robust system for
simultaneous CRISPR/Cas9 editing at multiple sites. To overcome
this limitation, we develop PHYCUT (Phaeodactylum tricornutum
Csy4-Cas9 multiplex tool), a versatile plasmid-based CRISPR/
Cas9 system that uses the Csy4 endoribonuclease to process
multiguide RNA arrays. To highlight PHYCUT applications, we demonstrate multiplex editing of all three FucT genes responsible
for α(1,3) fucosylation in P. tricornutum, yielding strains with reduced fucosylation of secreted proteins. PHYCUT enables facile,
multiplexed genome engineering in diatoms and provides a foundation for humanizing the P. tricornutum glycosylation pathway to
support next-generation algal biotechnology.
KEYWORDS: CRISPR/Cas9, Csy4, sgRNA array, Phaeodactylum tricornutum, N-linked glycosylation, fucosylation,
FucT multigene family

■ INTRODUCTION
Diatoms are an ecologically important group of eukaryotic
microalgae, estimated to be responsible for ∼20% of global
oxygen productivity.1,2 With their metabolic diversity and their
ability to thrive and adapt to different environments, diatoms
have garnered interest as biotechnological platforms with the
potential to produce high-value compounds at low cost.
Phaeodactylum tricornutum is a marine pennate diatom with a
growing toolbox for genetic engineering and the capacity to be
grown in scalable photobioreactors. A fully sequenced
genome,3,4 characterized promoter and terminator elements,5−7

efficient DNA delivery protocols based on conjugation,8

electroporation,9 or biolistic transformation,10 and CRISPR-
Cas9 gene-editing tools5,11−13 empower P. tricornutum as a
platform for biotechnology.
Biotechnological applications of P. tricornutum include

pigment extractions for nutraceuticals and cosmetics,14 strain
development for biofuel production15,16 and the production of
recombinant proteins for diagnostics or biopharmaceuti-
cals.7,17−20 Monoclonal antibodies (mAbs), which are typically
produced in mammalian cell lines due to their requirement for
human-like post-translational modifications,21 including N-
linked glycans, can be produced in P. tricornutum.19,22 Strikingly,

P. tricornutum possesses a core N-linked glycosylation pathway
very similar to that found in humans.23−26 One notable
difference is that P. tricornutum decorates N-glycans with a
core α(1,3)-linked fucose, similar to land plants and invertebrate
species, as opposed to α(1,6)-linked fucose in mammals. The
α(1,3) linkage can be immunogenic in humans, triggering an IgE
response that potentially limits therapeutic applications.27,28 P.
tricornutum contains three putative core CAZy GT10-family
fucosyltransferases (FucTs) in its genome, with highly divergent
nucleotide sequences. These FucTs contain the conserved C-
terminal GT10 domain29 responsible for donor GDP-fucose
binding,30 but the N-terminal domains responsible for acceptor-
substrate binding are less conserved for two of the copies.
Acceptor-substrate specificity of the PtFucTs remains ambig-
uous, with them potentially adding the α(1,3)-fucose moiety to
the chitobiose core,23,29 a terminal GlcNAc branch as in Lewis-
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epitope formation,31 or even to the core mannose residues.32

Regardless, these inappropriate additions must be attenuated to
achieve human-like complex N-glycans.
Realizing the biotechnological potential of P. tricornutum

requires reliable and easy-to-use gene-editing tools that enable
simultaneous targeted modifications at multiple loci such as the
FucT multigene family. Current strategies for multiplexing
CRISPR/Cas9 single guide RNAs (sgRNAs) in P. tricornutum
include plasmid-based and DNA-free systems. For plasmid-
based editing, two to three cloned sgRNAs transcribed by
multiple independent U6 promoter/terminator expression
cassettes in tandem permit transcription of sgRNAs with a
defined 5′ end.33,34 Increasing the number of sgRNAs in these
cassettes may prove challenging, as direct sequence repeats can
pose issues for cloning and stability of constructs. Taparia and
coworkers35 developed a multiplexed editing system consisting
of 4 sgRNAs that were transcribed by RNA polymerase II and
processed by encoded ribozymes and endogenous ribonu-
cleases, although the accuracy of processing and guide
functionality was confounded by the targeting of a single gene
by the multiplexed guides. DNA-free biolistic delivery of Cas9/
sgRNA RNPs relies on the simultaneous knockout of counter-
selectable genes such as adenine phosphoribosyltransferase
(APT) or uridine monophosphate synthetase (UMPS)13 to
select for editing events. However, this strategy creates
auxotrophic strains that may be undesirable for downstream
purposes and that limit the ability to perform successive rounds
of knockouts.
Here, we develop a multiplexed Cas9 editing system for the

simultaneous knockout of multigene families or of multiple

genes simultaneously. Our system, PHYCUT (Phaeodactylum
tricornutum Csy4-Cas9 multiplex tool), utilizes the Csy4
endoribonuclease to process a synthetic multiguide array
transcribed from a Cas9-expression plasmid. We find that up
to 6 sgRNAs can be expressed and processed by Csy4 and use
this setup to simultaneously target all three P. tricornutum FucT
genes that perform α(1,3) fucosylation in the N-linked
glycosylation pathway. Characterization of secreted proteins
revealed decreased fucosylation in FucT knockout strains as
compared to that in wild-type cells. Our work provides a starting
point for humanizing theP. tricornutum N-linked glycosylation
pathway and a robust, easy-to-use, multiplexed Cas9 editing
system for probingP. tricornutum biology or for synthetic biology
applications.

■ RESULTS

Processing of sgRNA Arrays by Csy4

We adapted the Csy4 endoribonuclease from Pseudomonas
aeruginosa PA14 to enable a plasmid-based multiplexed gene-
editing system in P. tricornutum (PHYCUT) (Figure 1A,B). In
the native CRISPR system, Csy4 processes pre-crRNA arrays by
recognizing a 20-nucleotide sequence that forms a hairpin
structure, cleaving at position G20 to liberate the downstream
crRNA.36 Csy4 can also process synthetic CRISPR arrays.37,38

All components of the editing system were installed on the same
plasmid, including codon-optimized sequences for Csy4 and
Streptococcus pyogenes Cas9 (SpCas9). The PHYCUT vector
expresses SpCas9 under the control of the inducible nitrate
reductase promoter and terminator,6,39 and Csy4 under the

Figure 1. Overview of the PHYCUT editing system. A) Plasmid design and cloning strategy for the multiplexed sgRNAs. Csy4 is constitutively
expressed; Cas9 is regulated by the nitrate reductase (NR) promoter and terminator, and the sgRNA array is expressed as a single transcript from the
U6 promoter and terminator. Genetic elements for propagation and those required for conjugation from E. coli to P. tricornutum are shown in light gray.
The sgRNA inserts include BsaI cut sites that generate unique 4 nt flanking sequences to facilitate cloning. B) Schematic of Csy4 processing of a
multiguide transcript expressed from the U6 promoter. C) Northern blot of total RNA isolated from cells expressing the multiguide transcript using a
HIS crRNA-specific probe. The (+) lane is a synthesized 120-nt ssDNA analogous to the first sgRNA in the array. Identities of predicted processing
products are indicated on the right. The gel image on the left shows the blot with a higher contrast.

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

https://doi.org/10.1021/acssynbio.5c00843
ACS Synth. Biol. 2026, 15, 1850−1865

1851

https://pubs.acs.org/doi/10.1021/acssynbio.5c00843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.5c00843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.5c00843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.5c00843?fig=fig1&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


control of the constitutive H4−1β promoter and terminator.5
An sgRNA cassette was designed to contain a single sgRNA
scaffold sequence adjacent to BsaI sites, enabling the cloning of
multiple sgRNA inserts that included the Csy4 processing motif,
the spacer sequence, and the sgRNA handle.
To test the expression and processing of the multiplexed

sgRNAs by Csy4, we constructed a plasmid encoding three
sgRNAs previously used to target the P. tricornutum phosphor-
ibosyl-ATP pyrophosphohydrolase (HIS), uridine monophos-
phate synthase (UMPS), and adenine phosphoribosyltransferase
(APT) genes40 (Figure 1C). Total RNA was isolated from cells
harboring the plasmid and used for Northern blot analysis with a
probe corresponding to the spacer region of the first sgRNA in
the array. As shown in Figure 1C, we observed RNA species
corresponding to an unprocessed array transcript as well as RNA
species corresponding to processed sgRNAs, consistent with the
Csy4 processing of the array. Increased contrast of the Northern
blot revealed an RNA species, consistent with a processing
intermediate of two sgRNAs. We also noted a smaller species
around 90−100 nt of unknown identity.
PHYCUT Enables Multiplexed Editing in P. tricornutum

Encouraged by the finding that Csy4 can process sgRNA arrays,
we tested the multiplexing capabilities of the system by targeting
the APT gene, knockouts of which can be directly selected with
2-fluoroadenine (2-FA)13 (Figure 2A). We first sought to
determine whether two guides targeting the same gene would
increase knockout efficiency and designed two sgRNAs targeting
the APT gene that were separated by ∼300 bps. These guides
were cloned individually or as a pair into the PHYCUT
construct and delivered by electroporation using our modified

protocol (Figure S1) developed from a recently established
method for improved electroporation into P. tricornutum.9 All
experiments were performed with nitrate in the media, ensuring
active expression of Cas9.6

The ratio of colonies on 2-FA-containing plates to colonies on
Zeo-containing plates was used to measure the APT knockout
efficiency. For APT-sgRNA-g1 and APT-sgRNA-g3 expressed as
single guides, we found an average APT knockout efficiency of
43% and 33%, respectively (Figure 2C). Expressing both guides
resulted in an increased efficiency (48%) relative to that of the
individual guides, but this increase was not statistically
significant. T7 endonuclease 1 (T7E1) digests of PCR products
amplified from 2-FA resistant transformants confirmed that
editing occurred at the targeted loci (Figure 2B and Figure S2A).
Editing was observed at both targeted loci in 16 of 18 2-FA
resistant transformants screened, indicating that both sgRNAs
were active. Two exconjugants (C9 and C10, Figure 2B,
APTg1+g3) showed evidence of large deletions that were not
observed when only either sgRNA was expressed individually,
suggesting that multiplexing two sgRNAs can induce large
deletions between the two target sites. However, the
predominant outcome was small indels at the individual sites.
Additionally, we designed an sgRNA (APT-sgRNA-g2) that

targets a site containing a single nucleotide polymorphism that
results in either an NGG or NGA PAM, based on previous
reports that SpCas9 can target NGA PAM sites.41 This guide, as
well as APT-sgRNA-g1, was cloned individually or together and
delivered into P. tricornutum via bacterial conjugation from E.
coli (Figure S2B,C). We found a much lower editing rate for
APT-sgRNA-g2 as determined by 2-FA resistant exconjugants
(5%) and T7E1 digests of PCR-amplified samples. Sanger

Figure 2. PHYCUT system testing. A) The counterselectable PtAPT gene is shown with the SpCas9 target sites (g1 and g3) and screening primer (F1,
F2, R1, F2) locations indicated. The single intron is indicated by a gap. Consequences of an APT knockout in the presence of 2-FA are shown below.
AMP, adenosine monophosphate. B) Representative agarose gels of PCR products (top) and T7E1 assays (bottom) to assess editing at the indicated
PCR amplicons (F1-R1, F2-R2, and F1-R2). Sizes (bp) are indicated next to the gel images. WT indicates PCR amplicons and T7E1 digests from
untreated P. tricornutum. Note that T7E1 digests contain a mixture of PCR amplicons from the WT and edited strains. Vertical lines indicate cropped
images from different agarose gels. C) APT knockout efficiency of APT-sgRNA-g1, APT-sgRNA-g3, or both, determined by the ratio of transformants
on solid media containing 2-FA and zeocin, or zeocin only. Barplots are the mean of 5 biological replicates with error bars representing the standard
error of the mean. D) Sequences of edited APT genes from the indicated transformants. The vertical dashed light gray line indicates the spatial
separation between the two target sites. The size of deletions is indicated in parentheses for deletions extending outside of the region shown. The APT-
sgRNA-g1 and APT-sgRNA-g3 sites are indicated on the WT sequence with red shading indicating the PAM motif.
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sequencing showed that APT-sgRNA-g2 target sites with NGA
PAM sequences were not substrates for SpCas9 editing, whereas
sites with NGG PAMs showed evidence of editing (Figure
S2D). When multiplexed with APT-sgRNA-g1, we found an
increase in knockout efficiency (19%) compared to either
individual sgRNA, but this increase was not found to be
significant compared to that with APT-sgRNA-g1 (16%). The
use of recently established electroporation methods for plasmid
delivery was incorporated during the course of this study,9 with
other experiments using conjugation as the delivery method.
Notably, the knockout efficiency as determined by selective
colony count ratios was over 2-fold greater (43% vs 16%) for
APT-sgRNA-g1 when electroporated into P. tricornutum, versus
delivery by conjugation (Figure 2C and Figure S2C). This
difference could reflect past observations that ∼10−20% of P.
tricornutum exconjugants have rearrangements in conjugative
plasmids,8,42 which in this case could impact PHYCUT function.
Guide Order within the Array Influences Editing Efficiency

We next tested whether the linear order of sgRNAs in the array
impacted the editing efficiency of sgRNAs, possibly because
processing of the primary guide RNA transcript by Csy4 would
be incomplete. We designed two constructs consisting of APT-
sgRNA-g1 and a previously used sgRNA targeting the UMPS
gene (UMPS-sgRNA)40 in either position of the array (APT |

UMPS or UMPS | APT), which were delivered via bacterial
conjugation (Figure 3A,B). Knockouts of the UMPS gene are
uracil auxotrophs and are resistant to the nucleotide analog 5-
fluoroorotic acid (5-FOA).40,43 Knockout efficiency of APT was
determined by 2-FA resistant exconjugants for both constructs
(Figure 3C). Subsequently, 2-FA resistant exconjugants were
grown on plates containing 5-FOA, or plates lacking uracil
supplementation, to determine whether they were also UMPS
knockouts (Figure 3D,E). We found that when APT-sgRNA-g1
was first in the array (APT | UMPS), 24% of exconjugants were
2-FA resistant, but only 1 of 69 tested exconjugants was also
resistant to 5-FOA (Figure 3C,D). Conversely, when theUMPS-
sgRNA was first in the array (UMPS | APT), a lower rate of 2-FA
resistant exconjugants was found (4%), but more than half of the
exconjugants screened were both UMPS and APT knockouts
(23 of 40 tested). Sanger sequencing of editedUMPS genes from
exconjugants receiving theUMPS | APT construct revealed both
insertions and deletions localized to the sgRNA target site
(Figure 3F). These data suggest that for constructs delivered via
conjugation, position in the array rather than intrinsic sgRNA
activity accounts for the observed differences in editing
efficiency.

Figure 3. PHYCUT guide order testing. A) The counterselectable PtUMPS gene is shown with the SpCas9 target site indicated. The two introns are
indicated by gaps. Consequences of a UMPS knockout in the presence of 5-FOA are shown below. UMP, uridine monophosphate. B) The two guide
arrays used to determine linear order effects, expressingAPT-sgRNA-g1 andUMPS-sgRNA. C)APT knockout efficiency of the two arrays in panel (B),
determined by the ratio of exconjugants on solid media containing 2-FA or zeocin. Barplots are a mean of 3 biological replicates with error bars
representing the standard error of the mean. ** p < 0.01. D) UMPS knockout efficiency for dual-gene array exconjugants selected on 2-FA, as
determined by restreaking exconjugants onto plates containing 5-FOA and uracil. E) Streaks of the dual-gene array exconjugants selected on 2-FA,
growing differentially on plates with or without 5-FOA or uracil supplementation. F) Sequences of the editedUMPS gene from indicated exconjugants.
A 1 or 2 indicates the conjugation experiment, followed by the clone (c) number and the different alleles (A1 or A2) if the edits were not homozygous.
The UMPS-sgRNA site is indicated on the WT sequence with red shading indicating the PAM motif.
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PHYCUT Can Express Six sgRNAs

To determine if the PHYCUT array could express more than
two sgRNAs, we designed arrays that contained the APT-
sgRNA-g1 and g3 guides in the distal positions of the array
relative to the promoter that were tiled out with one, two, three,
or four nontargeting guides in the proximal positions (Figure
4A). The nontargeting guides had at least 5 mismatches to the P.
tricornutum genome sequence. These constructs were then
electroporated into P. tricornutum, and editing was assessed as
before.We found that increasing the array size from two sgRNAs
to four sgRNAs did not significantly decrease APT knockout
efficiency (48% for two, 46% for three, and 41% for four). At five
and six sgRNAs, efficiency was reduced to 7% and 9%,
respectively. However, even at a length of six sgRNAs editing
is clearly observed (Figure 4B). Transformants 2 and 3
(indicated by # and †, respectively) that received the six-
sgRNA construct showed the presence of an amplicon that
indicates a large deletion between the twoAPT guide target sites,
deleting the F2 and R1 primer binding sites. This deletion was
found to be homozygous in transformant 3, where no amplicon
could be seen with the F1-R1 or F2-R2 primer pairs, and
heterozygous for transformant 2, where the other allele
possessed an indel at the APT-sgRNA-g1 site. However, for
four of the eight six-sgRNA transformants screened, editing was
detected only at the APT-sgRNA-g1 locus and not at the g3 site
(Figure 4B), in contrast to the comparable levels of editing seen
for each guide in a two-sgRNA array (Figure S2A). This
indicates that as sgRNA array size increases, the activities of
distal sgRNAs beyond a length of 4 decrease.
Collectively, these data demonstrate that a plasmid-encoded

multiplexed sgRNA array can be processed by Csy4 to enable
SpCas9 editing at multiple sites in the P. tricornutum genome.
The PHYCUT plasmid can easily be cured from editing strains
by passaging on antibiotic-free media (Figure S3). Our testing of
two sgRNAs targeting different genes shows that the order of
sgRNA in the array impacts editing efficiency, although intrinsic
sgRNA activity could also influence editing efficiency. We also
showed that the PHYCUT system can express six sgRNAs.
Editing efficiency is reduced for arrays with sgRNAs in the fifth
and sixth positions. Further, our data indicate that electro-
poration of PHYCUT constructs rather than delivery by
conjugation can increase editing efficiency.
RNaseq of the N-Linked Glycosylation Pathway

The predicted N-linked glycosylation pathway of P. tricornutum
is similar to that of humans23,24 and multiplexed Cas9 editing
tools would aid in enabling the full humanization of this
pathway. As a prelude to further glycoengineering of P.
tricornutum, we used RNAseq to examine the expression of
genes with predicted functions in the N-linked glycosylation
pathway (Figure 5A,B, Supporting Information Results, Tables
S1 and S2). We were particularly interested in the three P.
tricornutum FucT enzymes (PtFucT1, PtFucT2, and PtFucT3),
as these represent targets for PHYCUT.
Phylogenetic analyses revealed that PtFucT2 and PtFucT3

cluster in a divergent clade of SAR-specific FucTs, with the
diatom FucT2 potentially resulting from a gene duplication
event of FucT3 that occurred after the divergence of pennate
diatoms (Figure S4, Table S3). Interestingly, PtFucT1 is nested
in a clade of arthropod-specific FucTs with very few pennate
diatom-specific orthologs, indicating a more recent horizontal
gene transfer (HGT) event in a pennate diatom ancestor. This
finding is consistent with phylogenetic analyses showing that the

P. tricornutum genome is highly enriched in HGT events from
bacterial and green algal species.3,44,45 The sequence of PtFucT1
predicts a protein organization very similar to invertebrate-type
α(1,3)-FucTs, a group that comprises both core and Lewis-type
FucTs.

Figure 4. Testing sgRNA array length. A) Schematic of the tiled APT-
sgRNA-g1 and g3 constructs, labeled as in Figure 1A. Note that APT-
sgRNA-g1 and g3 are in the distal positions of the array relative to the
promoter. On the right, knockout efficiency of each array as assessed by
2-FA resistant transformants. Barplots are a mean of 3−5 biological
replicates with error bars representing the standard error of the mean.
Significant changes in knockout efficiency between the different
constructs are displayed, with * p < 0.05, ** p < 0.01. Comparisons
not shown are nonsignificant. B) Screening of editing events in
transformants that received the six-sgRNA construct. Locations of
screening primers are indicated. For each primer combination, an
agarose gel image of the PCR prdocuts and T7E1 digests is shown for
the indicated transformants. Sizes (in bp) are indicated next to the gel
images. T7E1 digests contain a mixture of PCR amplicons from WT
and edited strains. Note that transformant 3 (†) has a large homozygous
deletion and cannot be amplified by primer sets F1-R1 or F2-R2.
Transformant 2 (#) is heterozygous and shows editing by APT-sgRNA-
g1 and g3 in one allele and by g1 only in the other allele.
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Figure 5. RNAseq analysis of the P. tricornutum N-linked glycosylation pathway. A) Predicted N-linked glycosylation pathway of P. tricornutum. Gray
boxes contain the KEGG name for glycosyltransferase enzymes, light green boxes contain the Phatr3 annotation names for P. tricornutum orthologs.
Dashed boxes and translucent moieties show reactions that lack experimental evidence supporting their presence or precise location in P. tricornutum.
The human complex N-glycan shows a sialylated biantennary structure as an example, which is the predominant glycoform for mAbs. B) RNA-seq
reads converted to transcripts per kilobase million (TPM) for glycosyltransferase enzymes in wild-type P. tricornutum across four different time points.
PD = predilution, sample taken immediately before diluting cultures for the time course. C) TPM expression levels of the three PtFucTs across four
different time points in wild-type P. tricornutum. A smooth regression line for the cell densities of the five replicate cultures is plotted on the secondary
y-axis on a log10 scale in gray, with the 95% confidence interval shown in shaded light gray. D and E) Read coverage for the three PtFucTs, plotted on a
Log2 scale and separated into 5 nt bins. The PtFucT coding sequences annotated for both Phatr2 and Phatr3 are shown below with predicted FucT
domains and motifs included.
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Examining the expression levels of the three PtFucT genes
more closely, we noted that PtFucT1 and PtFucT3 show
comparatively higher levels of expression throughout the growth
cycle compared to PtFucT2, which shows lower expression levels
in the range of ∼1.5−3.5 TPM (Figure 5C). We examined the
RNaseq read coverage for the three PtFucTs to determine the
exonic boundaries of the genes and to help resolve discrepancies
in the predicted 5′ ends of PtFucT2 and PtFucT3 from different
genome annotations (Figure 5D,E, Tables S2 and S4).3,44 We
found that reads mapped to the 5′ end of PtFucT2
corresponding to the Phatr2 annotation3 rather than extending

upstream, indicating that for our strain and culturing conditions,
the Phatr2 annotation for PtFucT2 may be more accurate. For
PtFucT3, the mapped reads were consistent with splicing of the
intron between exons 2 and 3 (Phatr2 annotation), although a
small proportion of reads aligned within the 5′ end of the intron.
This sequence contains two stop codons, suggesting there may
be a regulatory aspect to the retention of this intron. We did not
find reads mapping to the upstream region of exon 1 based on
the Phatr2 annotation. The mapped reads for PtFucT3 also
support the possibility of an alternative start codon, 222 nt
upstream and in-frame of the Phatr3 annotation start. This

Figure 6. PHYCUT knockout of three FucT genes in P. tricornutum. A) PHYCUT sgRNA array expressing the three FucT guides. B) The three P.
tricornutum FucT genes according to the Phatr2 annotations, with their guide target locations shown. C) Short-range PCRs and T7 Endonuclease
(T7E1) assays of the three target genes for representative exconjugants. D) Long-range PCR surrounding target sites for PtFucT2 and 3 show large
deletions between the target sites. The amplicon size of a deletion from the sgRNA-PtFucT2-tg to sgRNA-PtFucT3-tg target sites is 414 bp. E)
Proportion of colonies screened that showed editing events at each of the three loci, as determined by PCRs and T7 assays. Four exconjugants showing
evidence of editing at all three loci were replated for subclones and rescreened. F) Sanger sequencing data of selected subclone strain at each of the
targeted FucT loci. The dashed light gray line indicates the spatial break between the PtFucT2 and 3 target loci. For deletions spanning regions larger
than the sequence shown, the total deletion size is indicated in parentheses.
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Figure 7. FucTmutants showed a decreased level of core fucosylation of secreted proteins. A) α(1,3)-fucosylation levels of secreted proteins for FucT
knockout strains on day 8 normalized to their culture density and plotted as log2 fold change relative to the wild type. Strains are colored by their
genetic edits. P-values compared to the wild-type average are displayed above each sample. * p < 0.05, ** p < 0.01, *** p < 0.001. B) Genetic changes of
four mutant strains that showed persistently low fucosylation across all three time points. C) α(1,3)-fucosylation of glycoproteins secreted into the
extracellular media by the four persistently low FucTmutant strains normalized to their culture density, plotted as log2 fold change relative to wild-type
P. tricornutum. P-values compared to the wild-type average for each day are displayed above each sample. D) Growth curves of the four persistently low
FucT mutant strains (triangles) compared to wild-type P. tricornutum (gray squares), as determined by absorbance at 670 nm. Strains are colored by
their genetic edits as in panel (A). E) Concentration of proteins in the extracellular media of the four persistently low FucT mutant strains and wild-
type P. tricornutum. P-values compared to the wild-type average for each respective day are displayed above each sample. All plots show the average of
three biological replicates, with error bars representing the standard error from the mean.
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PtFucT3 707 aa isoform includes a transmembrane domain that
is predicted to localize to the Golgi apparatus. The PtFucT1
annotation remains unchanged between Phatr2 and Phatr3 and
also encodes a transmembrane domain for Golgi localization
and a protein architecture similar to that of invertebrate FucTs.
PHYCUT-Generated Knockouts of the FucT Multigene
Family

The coding DNA sequences of the three FucT paralogues are
sufficiently divergent such that a single, common sgRNA cannot
target all three genes. A PHYCUT construct was designed to
express three different sgRNAs with each sgRNA targeting one
of the FucT paralogs (Figure 6A,B and Table S5). Of note, the
sgRNAs were designed based on the Phatr2 coding sequence
annotations; thus, the PtFucT3 guide targets a region upstream
of the translational start site predicted by the Phatr3 annotation.
After conjugation of the PHYCUT plasmid from E. coli to P.
tricornutum, exconjugants were selected on zeocin-containing
plates and screened for editing using T7E1 assays of PCR
products corresponding to each targeted locus (Figure 6C and
Figure S5A). Long-range PCRs were also conducted to screen
for larger deletions occurring between the two adjacent sgRNA
target sites in PtFucT2 and 3 (Figure 6D and Figure S4B,C). Of
the 30 primary exconjugants screened, 15 showed editing at all
three targeted loci, with only one exconjugant having no editing
detected at any loci (Figure 6E). We also observed defined-
length deletions between the PtFucT2 and 3 target sites in 8 of
the 30 exconjugants screened, as well as other larger deletions
occurring at all three targeted locations. Because exconjugant
colonies contain a population of different editing events, we
chose four exconjugants (2, 5, 21, and 27) that clearly showed
editing at the three PtFucT genes and isolated 15 subclones from
each of them. We found that between 7% and 53% of subclones
showed editing of the three PtFucT genes, depending on the
subclone population (Figure 6E and Figures S6 and S7). At the
same time, we used a nonmultiplexed CRISPR-Cas9 plasmid to
target the PtFucT2 and PtFucT3 genes individually (Table S5).
Sanger sequencing was performed to determine genetic changes
from editing (Figure 6F andTables S6 and S7); notably, we were
unable to identify any strains harboring a biallelic deletion of all
three PtFucT copies. We selected 25 strains for further
phenotypic characterization, 18 from the PHYCUT multiplex
knockouts and 7 from single sgRNA knockouts.
FucT Knockouts Show Decreased Core α(1,3)-Fucosylation
of Secreted Proteins

To assess whether the PtFucT knockouts would lower the levels
of core α(1,3)-fucosylation, we developed an indirect ELISA
protocol that utilized an antibody specific to the core α(1,3)-
fucose epitope to detect this moiety in secreted proteins (Figure
S8A-C). We hypothesized that secreted proteins that have fully
transited throughout the secretory system should contain the
highest proportion of matured, and therefore fucosylated,
glycoproteins, allowing us to detect fucosylation changes in
the mutant strains as compared to wild type. The 25 strains
selected for further analysis, along with three wild-type P.
tricornutum cultures grown independently for at least 3 months
prior to the experiment, were grown over a course of 12 days and
changes to fucosylation profiles were assessed on days 4, 8, and
12 (Figure 7A and Figures S8−S10). For wild-type P.
tricornutum, we found that the three cultures exhibited varying
degrees of fucosylation, with between 1× 109 and 8× 109 fucose
sites per ng of protein. This indicates natural variation in
fucosylation levels of glycoproteins between different clonal

populations of P. tricornutum (Figure S8D,E). We noted that
total fucosylation increased in secreted proteins from day 4 to
day 8 and remained high on day 12. Normalizing fucosylation
levels to extracellular protein concentration revealed a peak on
day 8 and a decrease to day 12. This may indicate that in later
growth stages, cells are secreting a lower proportion of
fucosylated glycoproteins, possibly due to the lower expression
of MGAT1 measured by RNaseq in later growth stages (Figure
5B).
Decreases in fucosylation compared to the wild-type averages

were seen for the FucT mutant strains across all three time
points measured, with the average log2 fold change being−1.66,
−1.61, and −1.16, for days 4, 8, and 12, respectively (Figure 7A
and Figure S7−S9). The largest log2 fold change seen for the
three time points for any of the samples were −3.70, −3.39, and
−3.09, by the strains tg21.6 on day 4, tg21.8 on day 8, and
tg21.12 on day 12. The PHYCUT-edited strains showed larger
decreases in fucosylation on average than strains generated by a
single-guide construct, most notably on day 4, where PHYCUT-
edited strains showed a 75% decrease in fucosylation as
compared to the single-guide cohort (p < 0.0001). Among the
strains evaluated, four (tg5.13, tg21.6, tg21.8, and tg21.12)
consistently showed a greater than average decrease in
fucosylation across all three time points measured (Figure
7C). These strains were all edited with the multiplexed
PHYCUT construct and contained edits in at least two of the
three FucT genes (Figure 7B). The largest difference in
fucosylation was seen on day 8, with these four strains showing
an average decrease of 88% relative to wild-type cells (p < 5 ×
10−6). These four strains grew comparably to the wild-type
controls, with tg21.6, tg21.8, and tg21.12 potentially growing
better than the wild type in later stages (Figure 7D). A small
growth defect was seen for tg5.13 in earlier time points;
however, this difference was eliminated from day 8 onward
(Figure 7D and Figure S11). Levels of secreted protein were not
impacted for strains tg21.6, tg21.8, and tg21.12, but strain tg5.13
showed a marked decrease in extracellular protein levels on day
12 (Figure 7E). Collectively, these data demonstrate that FucT
mutant strains generated with the PHYCUT construct show
significantly decreased levels of fucosylated glycoproteins as
determined by ELISAs, without having a negative impact on
strain fitness.

■ DISCUSSION
The global market for protein biologics, diagnostics, and value-
added chemicals is rapidly growing.46−49 P. tricornutum has the
flexibility to make N-glycosylated biologics appropriate for
human therapies such as monoclonal antibodies in a carbon-
negative manner and is an excellent candidate for a scalable
photosynthetic protein production platform orthogonal to
mammalian or other systems. To harness the full potential of
P. tricornutum for these biotechnological applications, reliable
methods for multiplexed genome engineering are required.
To facilitate genome engineering in P. tricornutum, we

developed the plasmid-based PHYCUT system, a method of
multiplexing that is easily clonable and is compatible with
accessible modes of DNA delivery like bacterial conjugation and
electroporation. Northern blot analyses confirmed that Csy4
was able to process full-length multiplexed transcripts into
individual sgRNAs. Notably, we found that the transcript was
detected as a fully processed or unprocessed species, with
minimal detection of an intermediate 2-sgRNA species. This
observation is consistent with the biochemical characterization

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

https://doi.org/10.1021/acssynbio.5c00843
ACS Synth. Biol. 2026, 15, 1850−1865

1858

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.5c00843/suppl_file/sb5c00843_si_001.pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.5c00843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Csy4 as a single-turnover enzyme,50 suggesting that in the
PHYCUT setup stoichiometric amounts of Csy4 must be
present for full transcript processing.
We did not find a significant improvement in knockout

efficiency when two sgRNAs were used to target the APT gene
compared with either sgRNA individually, with small indels as
the predominant editing outcome. Interestingly, we noted a
significantly higher proportion of defined-length deletions
between the PtFucT2 and 3 target sites, suggesting that large
deletion efficiency could be modulated by adjusting the relative
spacing or the strand targeted by each sgRNA. Expression of a
construct targeting both the APT and UMPS genes confirmed
that multiple genes could be knocked out at once, but also
suggested a strong positional effect for the order of sgRNAs in
the array, with the downstream guide found to be significantly
less active than the first position.37 However, this effect was not
seen in the APT-sgRNA-g1 and g3 constructs, where editing was
seen at both target loci at roughly the same frequency. This
could be due to differences in the delivery method, where the
APT and UMPS targeting constructs were delivered via
conjugation, and the APT-sgRNA-g1 and g3 and guide tiling
constructs were delivered via electroporation. Indeed, it has
been reported that rearrangements and deletions are introduced
during the conjugation process from E. coli to P. tricornutum8,42

which may impair PHYCUT function. Even with the expression
of a single sgRNA, we found higher editing rates for
electroporated plasmids, with APT-sgRNA-g1 showing a greater
than 2-fold increase in knockout efficiency compared with the
same construct delivered via conjugation. We therefore suggest
electroporation as the optimal method of delivery for multi-
plexed editing. Using electroporation, we were able to detect
high levels of editing for arrays up to four sgRNAs in length, with
a drop in efficiency when five or six sgRNAs were present. This
could be due to size constraints of the transcript length imparted
by RNA pol III, which normally transcribes short noncoding
RNAs less than ∼500 nt.51 In the future, combating this size
limit could be tested by replacing the U6 promoter and
terminator with RNA polymerase II transcriptional regulation
and including an additional Csy4 recognition site at the proximal
end of the array to ensure a defined 5′ end of the first sgRNA.
Using the PHYCUT construct expressing three sgRNAs

targeting the three FucTs in P. tricornutum, we were able to create
a selection of different FucT mutants showing significantly
decreased levels of core α(1,3)-fucosylation of secreted
glycoproteins compared to those of the wild type with no
noticeable growth defects. Because the edited strains have
different genotypes, it is difficult to correlate specific edits with a
fucosylation phenotype, possibly due to differential impacts on
protein function, expression, or genetic interactions between the
FucT alleles. Notably, we were not able to identify a strain with
biallelic deletions in all three copies, which may indicate a
selective disadvantage to biallelic knockouts. Indeed, a complete
knockout of PtFucT1 was recently found to show a significant
growth defect compared to wild-type cells.31 However, complete
abolition of FucT and XylT action has been found to be possible
in the plant species Arabidopsis thaliana52 and Nicotiana
benthamiana.53 In the future, the PHYCUT tool could be used
to further elucidate the roles of each individual PtFucT by
reediting existing knockout strains to generate biallelic knock-
outs or to combinatorially knockout the different copies, aided
by RNAseq analysis of expression levels and transcript
boundaries.

The development of our high-throughput screening method
utilizing indirect ELISAs for the detection of fucosylated glycans
greatly aided our ability to characterize knockout strains.
However, a more detailed characterization of the impact on
α(1,3)-fucosylation would require characterization by mass
spectrometry. Ultimately, we were able to identify strains
showing up to a 90% decrease in α(1,3)-fucosylation of secreted
glycoproteins compared with the wild-type strain. The FucT
knockouts represent an excellent starting point for the
humanization of P. tricornutum’s N-linked glycosylation path-
way. Further humanization could be achieved by knocking out
the XylT gene, which adds xylose epitopes to N-glycans that are
also foreign to humans, and the HEXO1/3 genes, which could
prevent degradation of the terminal GlcNAc residues, allowing
complex biantennary structures to be built.
Differences in selection and screening methodologies

between guide RNA multiplexing systems complicate direct
comparisons of editing efficiency. Previous studies with RNP
delivery reported a 14% triple gene knockout efficiency.13 In this
regard, the 50% editing rate of the three FucT genes with the
PHYCUT systems is an improvement that could be further
enhanced by delivery of the PHYCUT construct by electro-
poration instead of by conjugation. Multiplexing guide RNAs
also increases potential off-target editing due to the mismatch
tolerance of SpCas9/guide RNA interactions that could
generate unanticipated phenotypes.54−56 We note that the
predicted off-target sites for the multiplexed guide RNAs used in
this study had 4 or more mismatches to the on-target site. Russo
and colleagues57 found no evidence of editing at predicted off-
target sites after resequencing of a P. tricornutum strain edited
with a single guide RNA, although a number of changes were
observed that were not predicted by off-target analysis. Assessing
off-target cleavage by the PHYCUT system by resequencing of
edited strains would be necessary to understand any toxic effects
of multiplex editing in P. tricornutum.
In conclusion, we have designed a robust system for

multiplexed editing of P. tricornutum with PHYCUT that can
be easily customized and delivered. We envision wide-ranging
applications with both active and inactive Cas9 enzymes, or with
PHYCUT adapted for other CRISPR/Cas enzymes such as
Cas12a that have different PAM requirements to expand
targeting possibilities. PHYCUT applications for biologic-
producing strains could include knocking out secreted
proteases58,59 to improve yields of proteins purified from cell-
free media, or knockout of competing endogenous biosynthetic
pathways. The study of multigene families, such as the large
number of reverse transcriptases encoded by P. tricornutum3,58

could be greatly helped by combinatorial knockouts made with
PHYCUT.While we showed that PHYCUT can express 6 guide
RNAs, it may also be possible to construct longer arrays for
targeting large multigene families,60 or for targeting the same
gene with multiple guides. Guide RNA array expansion would
need to be balanced with PHYCUT plasmid stability, the
expression and activity of individual guides in the array,37 and
cellular toxicity associated with Cys4 overexpression.61 How-
ever, Cas9-based episomes can be cured from edited strains by
simple passaging in antibiotic-free media,40,57 which would
alleviate concerns of cellular toxicity and allow for recycling of
antibiotic markers for additional rounds of plasmid-based
genome engineering in P. tricornutum.
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■ MATERIALS AND METHODS

Strains and Growth Conditions Used
E. coli (Epi300, Epicenter) was grown in Luria Broth (LB)
supplemented with appropriate antibiotics (chloramphenicol (25 μg/
mL) or gentamicin (20 μg/mL)). P. tricornutum (Culture Collection of
Algae and Protozoa CCAP 1055/1) was grown in modified full aquil
salt or half aquil salt L1 medium, as previously described7 at 18 °C
under cool white fluorescent lights (75 μE) and a photoperiod of 16 h
light: 8 h dark. Solid media plates were made by mixing equal parts L1
or half salt L1 with 2% agar (BD BACTOAgar) and adding appropriate
antibiotic selection. Plasmid uptake was selected for on 25% salt L1
solid media with 100 μg/mL zeocin for conjugation experiments, and
50% salt L1 solid media with 50 μg/mL zeocin for electroporation
experiments. APT knockout selection was performed on 50% salt L1
solid media with 5 mg/L adenine and 10 μMof 2-fluoroadenine (2-FA)
as previously described13 for conjugation experiments, and additionally
supplemented with 50 μg/mL zeocin for electroporation experiments.
APT knockout selection plates for experiments with a UMPS-targeting
sgRNA were also supplemented with 50 μg/mL uracil. To test strains
for UMPS knockouts, streaked out exconjugants on APT knockout
selection plates were repatched onto 50% salt L1 solid media containing
150 μg/mL 5-fluoroorotic acid (5-FOA), 50 μg/mL uracil, and 5 mg/L
adenine, or 2-FA and adenine plates without uracil supplementation.

Plasmid Design and Construction
A list of plasmids, DNA constructs, and DNA oligonucleotides used in
this study and those used to make the pPHYCUT and pSS29 plasmids
are given in Tables S8, S9, and S10, respectively. Briefly, pSS29 was
created by swapping out the origin and E. coli antibiotic selection
marker of pPtGE34 with pACYC-duet, and swapping the FcpB
promoter from SpCas9 with the Nitrate reductase (NR) promoter.
pPHYCUT was then built from pSS29, cloning in the P. tricornutum
codon-optimized Csy4 from P. aeruginosa under the control of the H4−
1β promoter and terminator, which was domesticated to remove BsaI
sites. All plasmids were cloned with theNEBuilder HiFi DNAAssembly
Master Mix (New England Biolabs) with equimolar amounts of pieces,
according to the manufacturer’s instructions. PCR amplification of
pieces was performed with PrimeSTAR GXL DNA Polymerase
(Takara) using the standard or rapid manufacturer’s protocols. After
assembly, plasmids were sequence verified by using full plasmid
sequencing from Flow Genomics. Cloning of sgRNAs into the Cas9
constructs was performed as described62 using the 3+ piece assembly
protocol, and transformed into E. coli for screening. The Cas-OFFinder
tool63 was used to predict possible off-target binding sites with 5 or
fewer mismatches to the P. tricorntum genome for all sgRNAs used
(Table S11). sgRNA inserts were purchased as g-blocks from IDT,
generated via second-strand synthesis reaction from overlapping oligos,
or phosphorylated and annealed from overlapping oligos in the case of
the last sgRNA of the arrays. Second-strand synthesis of oligos was
carried out by combining 0.75 μMeach of top and bottom strand oligos
with 2 μL NEB2 buffer and 14.2 μL ddH2O, then incubating at 95 °C
for 5 min and slowly cooling to 4 °C. 0.4 μL of 2.5 mM dNTPs and 0.4
μL of Klenow fragment (New England Biolabs) were added and the
reaction was incubated for 30 min at 37 °C. Reactions were then
cleaned up over a spin column (HiPure DNAKit, GeneBio Systems). E.
coli transformants were colony screened for array insertion, and cloned
plasmids were Sanger sequenced at the London Regional Genomics
Centre to verify correct sgRNA insertion. Sequence-verified plasmids
were then transformed into E. coli Epi300 + pTA-mob for conjugation
experiments, or isolated via column purification (Monarch Spin
Plasmid Miniprep Kit, New England Biolabs) from E. coli and eluted
with 40 μL ddH2O for electroporation experiments.

DNA Delivery into P. tricornutum
Conjugation experiments were performed as previously described7,8

using E. coli Epi300 containing the conjugative helper plasmid pTA-
mob and the plasmid to be delivered as a donor strain. Electroporation
experiments were performed as described by Walker and colleagues9

with some modifications. Briefly, P. tricornutum was adjusted to a

concentration of 1 × 108 cells/mL with a hemocytometer and plated
onto 50% salt L1 1% agar solid media. Plates were then grown for 4−5
days, then scraped with 1.5 mL of L1 into a 1.5 mL microfuge tube.
Cells were then adjusted to 3−6 × 108 cells/tube. Spheroplasting was
performed with 10 μL of alcalase (Sigma-Aldrich) diluted 10-fold in
sterile ddH2O per tube, incubated for 20 min at room temperature on
the lowest speed of a rotating mixer. After spheroplasting and washes,
cells were resuspended to a final concentration of∼1−3× 109 cells/mL
in ice-cold 385 mM D-sorbitol. 50 μL of the spheroplast preparation
was mixed with 40 μg of single-stranded salmon sperm DNA (Agilent)
and 250 ng of prepared plasmid DNA (or 150 ng of positive control
pPtGE27) in a microfuge tube, then transferred to prechilled
electrocuvettes (VWR, 2 mm) and placed on ice. Electroporations
were performed with a Bio-Rad Gene Pulser (Model No. 1652076) set
to the following parameters: 500 V voltage, 25 μF capacitance, and 400
Ω resistance. With these parameters, time constants of 7.8−8.8 ms were
typically seen. Immediately after electroporation, the cuvette was placed
back on ice, and then 1 mL of L1 was gently pipetted on top of the
reaction with tubes left to recover at room temperature for 10min. After
this brief recovery, the contents of the cuvettes were transferred to 50
mL centrifuge tubes containing 10 mL of L1, and left to recover under
normal P. tricornutum growing conditions for 3 days. After 3 days of
recovery, tubes were pelleted at 2k RCF at 18 °C for 10 min, wherein
supernatants were gently poured off and pellets were resuspended in 1−
2 mL L1. 100 μL portion of this was plated onto appropriate selective
solid media conditions. For the experiments determining better
conditions for selection with zeocin, plasmid pPtGE27 was used,
which contains both a Sh ble resistance gene (for zeocin selection) and a
nourseothricin (NTC) N-acetyl transferase (nat) gene (for NTC
selection). Multiday recoveries were tested by gently vortexing the
recovery in the 50 mL centrifuge tube and pouring off ∼3.5 mL into a
fresh 15 mL centrifuge tube on each time point tested. This portion of
the recovery was then pelleted and resuspended as before and plated
out onto either 25% salt L1 solid media with 100 μg/mL NTC, or
zeocin-containing solid media as indicated. Efficiency of recovery with
zeocin was reported as the ratio of transformants on zeocin-containing
plates to NTC-containing plates, which was then compared to the
recovery efficiency seen for conjugation experiments using the typical
25% salt L1 solid media with 100 μg/mL zeocin or 100 μg/mL NTC.

Northern Blotting to Detect sgRNA Processing
A culture that had received the pPHYCUT plasmid with the HIS,
UMPS, andAPT sgRNAs via conjugation was grown in 50% salt L1 with
100 μg/mL zeocin to a density of 2 × 106 cells/mL. 50 mL portion of
the culture was harvested and pelleted at 6k RCF at 4 °C, wherein the
supernatant was gently poured off and the pellet was resuspended in
200 μL TE buffer. This was then pipetted dropwise into liquid nitrogen
and ground into powder with a prechilled mortar and pestle. RNA
extraction was performed with the Monarch Total RNA Miniprep Kit
(New England Biolabs) according to manufacturer’s instructions.
Purified RNA was run on a 1% agarose gel to confirm the integrity. For
the Northern blot, 20 μL of the purified total RNA was mixed with 20
μL of 2× Formamide dye (95% deionized formamide, 5 mM EDTA,
0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol), while
0.05 fmols (5 μL) of the ssDNA control (HIS-sgRNA, table S10) was
mixed with 5 μL of 2× Formamide dye. Samples were heated at 95 °C
for 3 min before being loaded on a 10% denaturing acrylamide TBE gel
(8 M urea, 1.5 mmMini-PROTEAN gel, Bio-Rad), along with 10 μL of
prepared Low Range ssRNA Ladder (New England Biolabs). The gel
was run in TBE buffer at 150 V for approximately 55 min, when the dye
front had traveled ∼75% of the gel. The gel lane containing the ladder
was excised and stained with ethidium bromide, and the remaining
portion was transferred to a nylon membrane with a capillary transfer
system in 0.5× TBE buffer with an ice pack at 180 mA for 60 min. The
membrane was rinsed with 0.5× TBE and air-dried and then UV cross-
linked. The membrane was prehybridized with prewarmed ULTRA-
hyb-oligo (Invitrogen) buffer at 42 °C for 30 min with gentle agitation
in a glass tube. Five nM of a biotinylated ssRNA probe (DE7017) was
then added for hybridization overnight at 42 °C. The membrane was
then washed 2× 30 min in stringent wash buffer (0.5% SDS (w/v), 300
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mM NaCl, 30 mM sodium citrate, pH 7.0), followed by 2 × 5 min in
wash buffer (1× PBS, 0.5% SDS (w/v)), then 2 × 5 min in blocking
buffer (1× PBS, 0.5% SDS (w/v), 1% BSA (w/v)). The membrane was
then incubated in blocking buffer for 30min and then with streptavidin-
alkaline phosphatase conjugate (Invitrogen, 1:10,000 in blocking
buffer) for 30 min. The membrane was then washed 1 × 15 min in
blocking buffer, 3× 15 min in wash buffer, and 2× 2 min in assay buffer
(0.1 M diethanolamine, 1 mM MgCl2, pH 10.0). The chemilumines-
cent signal was then developed by incubating the membrane in 2 mL of
Tropix CDP-Star solution for 5 min.
Screening of Targeted Loci with PCRs and T7 Endonuclease
Assays
After DNA delivery, P. tricornutum colonies on selective solid media
were repatched onto fresh selection plates for screening. The target loci
were amplified with the Phire Plant Direct PCR Master Mix (Thermo
Scientific), using either a small amount of the streak (tip of a 10 μL
pipet) directly, or lysing a small amount of the streak in 30 μL of TE at
98 °C for 10 min and using 1 μL of this as the template. PCR reactions
were carried out according to manufacturer’s instructions using 35
cycles, with a 2-step cycling protocol used for short (<1 kb) amplicons
and a 3-step cycling protocol with an annealing temperature of 65 °C
for longer amplicons. T7 endonuclease (T7E1) assays were performed
on ∼500−900 bp amplicons to detect the presence of small indels. 2.5
μL of sample amplicon was mixed with 2.5 μL of wild-type amplicon to
ensure homozygous mutations were still detected. The amplicon
mixtures were heated at 95 °C for 5min then cooled at a rate of [0.2 °C/
s] to 50 °C, wherein they were placed at −20 °C for approximately 20
min. 0.2 μL of T7E1 (New England Biolabs), 1.5 μL of NEB2 buffer,
and 8.3 μL of ddH2O were added to each sample and incubated for 30
min at 37 °C. PCR reactions were cleaned over a column before being
sent for Sanger sequencing at the London Regional Genomics Centre.
Diploid editing events were deconvoluted with DECODR.64 A list of all
primers used for screening and sequencing is included in Table S10.
Glycosyltransferase Homologue Search
Protein sequences for all enzymes in the KEGG pathways 00510 (N-
glycan biosynthesis) and 00513 (Various types of N-glycan biosyn-
thesis) were fetched for the organisms Homo sapiens, Mus musculus,
Arabidopsis thaliana, Glycine max, Zea mays, Saccharomyces cerevisiae,
Danio rerio, Drosophila melanogaster, and Caenorhabditis elegans using a
Python script. BLASTpwas run locally against the P. tricornutum Phatr3
proteome using the N-glycosylation pathway orthologs as queries with
an expect value cutoff of 1 × 10−10. Putative P. tricornutum orthologs
identified from this search were additionally verified with Interpro-
Scan65 to find conserved domains and structures. Transmembrane
domains were predicted by TMHMM 2.066 and DeepTMHMM,67

signal peptides were predicted by signalP6.0,68 and protein localization
was predicted by DeepLoc2.1.69 All glycosyltransferases identified are
listed in Table S1.
RNaseq Experiment and Data Analysis
Five replicates of wild-type P. tricornutum were grown in 50 mL of 50%
salt L1 for approximately 4 weeks to a density of ∼4 × 107 cells/mL,
after which 2 × 108 cells were harvested from each for RNA extraction
(predilution samples). These cultures were then diluted to ∼1 × 106
cells/mL in fresh 50% salt L1 for a final volume of 300 mL of culture.
These 5 replicates were grown over a course of 17 days, with 2 × 108
cells harvested from each culture for RNA extraction on days 4, 10, and
17. Culture density was monitored on sampling days via an absorbance
at 670 nm. RNA extractions were performed as described in the
Northern blot section. RNaseq was performed at the London Regional
Genomics Centre using an Illumina NextSeq 75 single end high output
across five sequencing runs. Reads were trimmed with Trimmomatic70

version 0.36 with options LEADING:10 TRAILING:10. Processed
reads were mapped to the ASM15095v2 reference genome including all
unmapped scaffolds using Hisat271 version 2.2.1. FeautureCounts72

was used to count the number of reads mapping to each annotated
coding sequence feature in the Phatr3 annotation set. Counts tables
across the 5 Illumina runs were merged, and reads per kilobase (RPK)
of each gene were calculated. All RPKs per sample were then summed

and divided by 1 × 106 to get the per million scaling factor for each
sample. Then, each gene’s RPK was divided by the sample’s scaling
factor to obtain its transcripts per kilobase million (TPM). For the N-
glycosylation pathway heatmap, the TPM values for the 5 sample
replicates for each time point were averaged. The FucT boxplots were
overplotted with each individual replicate using a binwidth of 0.5. For
the PtFucT read coverage histograms, reads mapped onto the genome
for each Illumina run were merged and the Samtools73 depth command
was used to find the read counts mapped to each position of the region
in each sample. The mean read count mapped per position across each
replicate was calculated, and the total number of reads mapped per 5 nt
bin was plotted on a log2 scale. To-scale diagrams of the PtFucT
genomic regions according to the Phatr2 or Phatr3 genome annotations
are aligned with the genomic coordinates underneath the coverage
histograms.

FucT Phylogenetic Tree Generation
P. tricornutum FucT orthologs were identified by querying each of the
PtFucT1, PtFucT2, and PtFucT3 protein sequences against succes-
sively more exclusive databases with BLASTp. First, top hits from the
standard nucleotide database against all organisms were found, then
against a database exclusive of raphid pennate diatoms, then exclusive of
all diatoms, and finally exclusive of all stramenopiles. For PtFucT1,
whose top hits from an unrestricted database source were already
mostly crustaceans and only one diatom species, databases searched
against were all organisms exclusive of crustacea, only diatoms,
stramenopiles exclusive of diatoms, and the SAR clade exclusive of
stramenopiles. Structural predictions generated by AlphaFold 374 for
the orthologs identified from these searches, as well as characterized
GT10 family FucTs from the CAZy database,75 were used to identify
the globular regions of the proteins. A multiple sequence alignment of
the globular domains was generated with MAFFT,76 and a maximum
likelihood phylogenetic tree was generated from this alignment using
IQtree3.077 with 1000 Ultrafast bootstrap approximation replicates.78

This tree was then visualized using Interactive Tree Of Life.79 For all
sequences used in this analysis, see Table S3.

FucT Mutant Generation and Screening
The pPHYCUT vector was cloned with sgRNAs targeting each of the
three FucT genes in P. tricornutum, then conjugated into P. tricornutum
via E. coli. Exconjugants were selected for on 25% salt L1 solid media
containing 100 μg/mL zeocin. Streaked out exconjugants were
screened for editing at the targeted loci, with primers surrounding
each target site (Table S10) and T7E1 assays. Large deletions were
screened by amplifying (3−4 kb regions surrounding the target sites.
Four exconjugants that showed evidence of editing at all three targeted
alleles were diluted and replated to obtain subclones. Subclones derived
from each of the four exconjugants were then screened as before.
Several subclones showing evidence of different editing patterns were
selected for sequencing and further phenotypic characterization. The
edits of the FucT genes were determined via Sanger sequencing of
amplified target regions, and deconvolution of alleles was performed
with DECODR. For FucT mutants generated by the nonmultiplexing
construct, single sgRNAs were cloned into pSS29 and conjugated into
P. tricornutum, then screened as above.

PHYCUT Plasmid Curing
The FucTmutant strains generated by PHYCUT editing were grown in
nonselective media for approximately 6 weeks. Cultures were then
diluted and plated onto nonselective solid L1 media to obtain single
colonies. These colonies were streaked onto fresh nonselective solid
media and allowed to grow for 1 week, then repatched onto selective
(100 μg/mL zeocin) solid media and allowed to grow for an additional
week, after which plasmid curing rates were assessed.

α(1,3)-Fucosylation Detection and Phenotypic
Characterization of FucT Mutants
FucT mutants and wild-type strains of P. tricornutum were seeded at a
density of 1 × 106 cells/mL to a volume of 15 mL in 50 mL centrifuge
tubes, in 50% salt-modified L1 media containing 4.4 mM urea as the
sole nitrogen source and 0.5% glycerol (w/v). Each strain was seeded in
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triplicate. For each measurement, samples were read with four technical
replicates in a 384-well plate (Thermo Scientific, MaxiSorp clear 384
well plate). Every 2 days, growth was monitored via absorbance
readings at 670 nm, and chlorophyll autofluorescence was monitored
via excitation at 440 nm and emission at 685 nm, using the BioTek
Synergy H1 platereader. On days where extracellular medium was
sampled for ELISA readings (days 4, 8, and 12), culture tubes were
pelleted at 4k RCF for 10min at 4 °C and 300 μL of supernatant sample
was taken for analysis. Cultures were then briefly vortexed to resuspend.
For protein quantification in the supernatant, a modified Bradford
microassay (Bio-Rad) was used. Briefly, standards of Bovine Serum
Albumin weremade ranging in concentration from 0 to 25 ng/μL, using
the experimental media as the diluent. 25 μL of each supernatant
sample or standard was pipetted in four replicates, and 40 μL of
Bradford reagent (Bio-Rad) was added to each well. Absorbance at 595
nmwas taken after a 5min incubation. Amodified version of the Abcam
indirect ELISA protocol was used to quantify the levels of α(1,3)-
fucosylation in samples. Briefly, standards of Horseradish peroxidase
(HRP, Sigma-Aldrich) were made ranging in concentration from 0 to
40 ng/mL, using the experimental media as the diluent. 15 μL of each
supernatant sample or standard was pipetted in four replicates and
incubated, covered, at room temperature for 2 h. The samples were then
washed with 3 × 50 μL PBS, then incubated in 50 μL carbo-free
blocking buffer (Vector Laboratories) at 4 °C overnight. The next day,
the samples were washed again with 3 × 50 μL PBS, then incubated in
25 μL of primary antibody solution (Rabbit anti-α(1,3)-fucose
antibody from Agrisera, diluted 1:6,000 in PBS) for 2 h at room
temperature. Samples were then washed with 4 × 50 μL of PBS, then
incubated in secondary antibody solution (Cytiva Amersham ECL
Rabbit IgG, HRP-linked whole Ab (from donkey), diluted 1:8,000 in
PBST) for 1.5 h at room temperature. The samples were washed with 4
× 50 μL of PBST, and then 25 μL of TMB/E reagent (Millipore) was
added to each well. Color was allowed to develop for approximately 15
min at room temperature, after which 25 μL of 0.1 MNaF stop solution
was added to each well, and absorbance readings were taken at 650 nm.
ELISA Experiment Data Analyses
All technical replicate data were filtered to remove outlier replicates
where the difference between the data point and the median was greater
than 1.5 times the interquartile range, leaving at least 3 technical
replicates for each sample. Technical replicate data were then averaged
for each biological replicate. For growth curves, the absorbance at 670
nm was blanked by the experimental media. Protein concentrations of
the supernatant samples were determined from the standard curve
generated by the Bradford assay for each sampling day. Fucose
reactivity was determined relative to the HRP standard curve generated
on each sampling day. Fucose reactivity for each sample was normalized
by either the culture density as determined by absorbance at 670 nm or
the protein concentration of the supernatant sample. The fold change of
fucose reactivity was determined by dividing the normalized fucose
reactivity of the mutant strain by the average normalized fucose
reactivity of the three wild-type strains (9 biological replicates total),
wherein the log2 fold change was plotted relative to wild type. All p-
values were determined by comparison of the mutant strain to the wild-
type average on each day with an unpaired Student’s t-test and then
corrected with a Benjamini−Hochberg adjustment.
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