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Manipulation of ion/electron carrier genes
in the model diatom Phaeodactylum tricornutum
enables its growth under lethal acidic stress

Yixi Su,’? Jiwei Chen," Jingyan Hu," Cheng Qian,"* Jiahao Ma," Sigurdur Brynjolfsson,” and Weiqi Fu'24*

SUMMARY

A major obstacle to exploiting industrial flue gas for microalgae cultivation is the unfavorable acidic envi-
ronment. We previously identified three upregulated genes in the low-pH-adapted model diatom Phaeo-
dactylum tricornutum: ferredoxin (PtFDX), cation/proton antiporter (PtCPA), and HCO;  transporter
(PtSCL4-2). Here, we individually overexpressed these genes in P. tricornutum to investigate their respec-
tive roles in resisting acidic stress (pH 5.0). The genetic modifications enabled positive growths of trans-
genic strains under acidic stress that completely inhibited the growth of the wild-type strain. Physiological
studies indicated improved photosynthesis and reduced oxidative stress in the transgenic strains. Tran-
scriptomes of the PtCPA- and PtSCL4-2-overexpressing transgenics showed widespread upregulation
of various transmembrane transporters, which could help counteract excessive external protons. This
work highlights ion/electron carrier genes’ role in enhancing diatom resistance to acidic stress, providing
insights into phytoplankton adaptation to ocean acidification and a strategy for biological carbon capture
and industrial flue gas CO, utilization.

INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC, the United Nations body for assessing the science related to climate change), has
determined that carbon dioxide (CO,) missions due to the consumption of fossil fuels significantly contribute to global warming.” In this
context, algal biotechnology driven by the imperative to reduce CO, footprint can benefit various sectors such as environment management
and sustainable production of renewable fuels, food, and chemicals for a bio-based economy.” To maximize economic profitability while miti-
gating CO; emissions, integration of microalgae production into greenhouse gas (GHG) emitting industries is desirable, as it allows for the
creation of value-added products using untapped carbon in industrial flue gas. However, challenges associated with flue gas, such as the
inhibitory effect of acidic pH on algal growth, must be addressed prior to microalgae-based manufacturing.” Depending on flue types,
flue gas from combustion processes could contain complex constituents, including CO,, NO,, SO,, CO, C,H,, particular matter (PM), heavy
metals, etc.” The presence of acidic gases, typically 10%-20% CO, and small amounts of SO, and NO,, can lead to extremely acidic pH con-
ditions, reaching as low as 2,”° which causes severe inhibition on photosynthesis and thus algal growth.” In addition to process optimization
aimed at alleviating cultivation stresses,®” efforts have been made to isolate tolerant algal strains.'® Chlorella sp. and Scenedesmus sp. have
shown the most robust growth in cultivation using flue gas."”

Moreover, strain improvement strategies including random mutagenesis,'? adaptive laboratory evolution (ALE),
neering'” have been employed to enhance microalgae productivity under unfavorable environments. For instance, chemical mutagenesis
followed by stress exposure was applied to generate Chlorella mutants with improved thermotolerance'® and alkali tolerance.!” ALE tech-
niques have yielded Chlorella sp. with high-CO, tolerance,"" Picochlorum sp. with improved thermotolerance,'® and Phaeodactylum tricor-
nutum strains with low-pH tolerance,'” all exhibiting enhanced growth under stressful conditions. Moreover, Chlamydomonas reinhardtii was
genetically modified to overexpress a heterologous pyrroline-5-carboxylate synthetase, resulting in elevated intracellular proline levels and
improved tolerance to toxic heavy metals.”® The introduction of green alga plastocyanin that provides alternative redox couples has been
reported to improve the growth of P. tricornutum in iron-deficient conditions.”’ A recent study modified fatty acid compositions in
P. tricornutum by overexpressing a 3-oxoacyl acyl carrier protein reductase, which led to enhanced thermotolerance in the transgenic

1374 and genetic engi-

strains.”
P. tricornutum is a model species of marine diatoms featured by efficient photosynthetic conversion of inorganic CO; into biomass and
high yields of lipids, carotenoids, and protein, which position it as a promising cellular factory.”® Besides the availability of the published
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genomic sequence,24 P. tricornutum benefits from well-established molecular techniques for transformation, gene overexpression, silencing,
and knockout, enabling targeted trait engineering and reverse genetic investigations of gene functions.”” Over the past decades, there has
been extensive research on the metabolic networks of P. tricornutum, focusing on optimizing carbon fluxes to increase the accumulation of
specific metabolites, particularly lipids, and carotenoids.”*?® Additionally, a limited number of studies have explored strategies to increase
biomass production by manipulating the C4 pathway and pyruvate transportation.””*° One recent study reported that the pH tolerance of
C. reinhardtiiwas enhanced through overexpression of an H"-ATPase pump.'> However, research on genetic manipulation to improve micro-
algal growth under environmental stress has been obscure.

To investigate the acidic stress that is likely to be encountered in industrial production with flue gas as well as ocean acidification, we pre-
viously applied ALE to domesticate low-pH tolerant strains of P. tricornutum and studied their adaptive responses to acid exposure in long-
term semi-continuous cultivation.'” Common differentially expressed genes (DEGs) were identified in three independently evolved cultures,
indicating the significance of the photosynthetic electron transport chain (ETC), proton transporters, and bicarbonate transporters in confer-
ring acidic tolerance.'” In particular, substantial upregulation of three genes with gene identifiers (IDs) of Phatr3_J33543, Phatr3_J50516, and
Phatr3_Jdraft1806 was identified in all culture adapted to low-pH conditions. Phartr3_J33543 and Phatr3_J50516 are predicted proteins that
likely possess conserved polypeptide domains associated with electron transfer activity and solute:proton antiporter activity, respectively.
Phatr3_Jdraft1806 has previously been identified as a solute carrier 4 (SLC4) gene responsible for HCO3™ transport.”’

The ion/electron carrier genes and their products have the potential to influence cellular proton homeostasis, thereby contributing to
pH adaptation in diatoms. During photosynthesis, captured light energy is converted into chemical energy via ETCs. Ferredoxins (FDXs)
containing an [2Fe-2S] active center are the soluble electron transport proteins that mediate linear electron transfer (LET) and cyclic
electron transfer (CET). These processes generate proton gradients across the thylakoid membrane to drive adenosine triphosphate
(ATP) synthesis.*” Additionally, FDXs can shuttle excess electrons produced during photosynthesis to other metabolic processes
such as carbon and nitrogen assimilation, thereby promoting microalgal growth. Studies have shown that overexpression of FDXs
can reduce cellular levels of reactive oxygen species (ROS) and improve stress tolerance in green microalgae.®*** Moreover, the prod-
uct of Phatr3_J50516 containing a cation/proton antiporter (CPA) domain belongs to a class of Na*/H" antiporter. CPAs directly regu-
late pH homeostasis and levels of cation ions such as K*, Na*, and Ca®*, which could indirectly participate regulation of photosynthesis,
protein metabolism, and stress responses, as well as plant growth and development.®¢ While the role of Na*/H* antiporters in salt
stress resistance has been fully demonstrated in plants,”*% it has been shown that Na*/H" antiporters are essential for maintaining the
internal pH homeostasis in bacteria under extreme extracellular pH conditions.*’"*' Finally, SLC4 involving a CO,-concentrating mech-
anism (CCM) plays a vital role in the adaptation of diatoms to low-carbon availability environments. HCO3™ uptake not only helps
regulation of pH homeostasis by providing buffering capacity against acidified conditions but also enhances carbon concentrating in
a low-pH environment where total dissolved inorganic carbon (DIC) is reduced.”” Despite the well-established understanding of the
localization and catalytic properties of PtSLC4-2 and its paralogs (PtSLC4-1 and PtSLC4-4),°"*3
porters on the low-pH tolerance in microalgae remains unclear, although evidence of intracellular pH regulation by SLC4 family has
been widely reported in animal cells.***

Here we investigated the potential roles of three ion/electron carrier genes (Phatr3_J33543, Phatr3_J50516, and Phatr3_Jdraft1806) in the
model diatom P. tricornutum regarding their involvement in low-pH adaptation. We achieved this by constructing transgenic strains and as-
sessing their physiological and transcriptomic profile changes. Furthermore, this study represents the first attempt to rationally engineer di-
atoms to enable cell growth and carbon fixation under inhibitory acidic stress, which could provide critical insights into gene regulations
involved in microalgal response to acidic stress as well as ocean acidification.

the impact of these bicarbonate trans-

RESULTS

Construction of transgenic P. tricornutum

Based on our previous study, the expression of three genes (Phatr3_J33543, Phatr3_J50516, and Phatr3_Jdraft1806) was outstandingly
enhanced (1.6- to 36.5-fold compared to corresponding genes in the wild type [WT]) in all the evolved strains that had been acclimated in
acidic conditions (Table $1)." The Phatr3_J33543 protein contains an FDX domain and a PDZ domain. Phylogenetic analysis indicated
that the FDX domain is widely conserved among diatoms and cyanobacteria, but the PDZ domain is unique to diatoms (Figure S1A). Further-
more, the proteins encoded by Phatr3_J50516 and Phatr3_Jdraft1806 exhibit conserved domains across various diatom species (Figures S1B
and S1C).

The present study attempted to overexpress these genes in P. tricornutum to investigate their roles in conferring low-pH tolerance. The
coding sequence of each gene was tagged with an enhanced green fluorescence protein (EGFP) gene (Figure 1A). Multiple transgenic lines
were generated for each construct, and subsequent selection was based on green fluorescence intensity compared to the WT and growth
rates (Figure S2). Three lines (designated as PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31, corresponding to clone #10 for Phatr3_J33543,
clone #21 for Phatr3_J50516, clone #31 for Phatr3_Jdraft1806, respectively) exhibited the strongest EGFP signal were selected for further
characterization.

The presence of recombinant genes in transgenics was determined by genomic PCR amplifying a fragment spanning the transgene::EGFP
fusion (Figure 1B). Successful expression of recombinant proteins in the transgenic strains was confirmed by detecting their green fluores-
cence signals which were 5-to 10-fold of that in the WT (Figure 1C). Visualization of EGFP through fluorescent microscopy (Figure 1D) revealed
subcellular localization of the recombinant proteins in various organelles. Notably, the PtFDX protein encoded by Phatr3_J33543 exhibited
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Figure 1. Construction of Transgenic P. tricornutum overexpressing recombinant genes

(A) Recombinant gene constructs. Phatr3_J33543 encodes a ferredoxin (FDX); Phatr3_J50516 encodes a cation/proton antiporter (CPA); Phatr3_Jdraft1806
encodes a solute carrier HCO3™ transporter (SLC); EGFP stands for enhanced green fluorescence protein.

(B) PCR analysis of the recombinant gene using genomic DNA as a template. For each transgeneEGFP fusion, lane 1, ladder; lane 2, plasmid (positive control);
lane 3, WT; lane 4, transgenic strain.

(C) Normalized green fluorescence intensity in the seed culture over three successive days after inoculation (excitation wavelength of 488 nm and emission
wavelength of 525 nm). Data are represented as mean + standard deviation (n = 3); NS, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001 (Student's t test). RFU,
relative fluorescence unit; OD, optical density.

(D) Fluorescence microscopic images of wild-type P. tricornutum (PtWT) and overexpression transgenic strains (PtFDX-OE10, PtCPA-OE21 and PtSLC-OE31)
(scale bar indicates 10 um).

expression throughout the entire chloroplast, while the proton transporter encoded by Phatr3_J50516 was confined to a small compartment
within the chloroplast. As for PtSLC4-2 encoded by Phatr3_Jdraft1806, EGFP was distributed in the cytosol but was intensified at the plasma
membrane, consistent with previous findings.*'
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Figure 2. Growth characterization of different strains under low-pH treatments

Different strains were cultivated at pH 8.0 for 5 days and then transferred into acidic enriched artificial seawater (EASW) media (pH 5.0) in identical conditions
(40 pmol m™2 s™" red/blue LED, 22 + 1°C) for the low-pH treatments. PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31 are genetically modified strains with
overexpressed ferredoxin (Phatr3_J33543), cation/proton antiporter (Phatr3_J50516), and bicarbonate transporter (Phatr3_Jdraft1806). Data are represented
as mean + standard deviation (n = 3). NS, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001 (Student's t test).

Growth rate and photosynthetic efficiency at inhibitory pH

The selected PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31 transformants were subjected to growth experiments at pH 8.0 (control), pH 5.5,
and pH 5.0. The maximal specific rates were determined at 24 h for all experiments (Figure 2). At a favorable pH for diatom growth (pH 8.0),
the growth rates of all tested strains were comparable, though PtSLC-OE31 exhibited a slightly higher maximal growth rate than the WT
(p < 0.05) (Figure 2). The promotive effect of overexpressing PtSLC4-2 on DIC uptake and photosynthesis could account for the slight
growth increase observed in PtSLC-OE31.?" Notably, significant differences between transgenic strains and the WT were observed until
decreasing pH 5.0 that led to a pronounced growth inhibition in the WT (Figure S3). In contrast to the dying WT, all three transformants
showed positive growths at 24 h, although the low-pH stress resulted in 73.8%, 39.9%, and 49.6% reduction in maximal growth rate of
PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31, respectively (Figure 2). However, the growths of transgenic strains ceased after 24 h. While
PtFDX-OE10 experienced a decline after 24 h, the cell densities of PtCPA-OE21 and PtSLC-OE31 remained static without significant
changes over the following four days (Figure S3).

At pH 8.0, photosynthetic parameters showed similar trends in both the WT and transformants (Figure 3). The maximal quantum yield
(Fv/Fm) remained consistently high (>0.6) throughout the cultivation, indicating a non-stressed environment. While effective quantum
yield (®ps))) peaked at 24 h and declined afterward, the non-photochemical quenching (NPQ) parameter increased gradually from 48 h
until the end of the experiment. These results suggest that photosynthetic efficiency decreased with the growth of cell density, likely
due to the shading effect. As the energy dissipation through heat and fluorescence increased, the proportion of harvested energy
used for biomass growth decreased. Following the transfer to the pH 5.0 media, the Fv/Fm values in all three transgenic strains ex-
hibited a significant decline within 24 h, indicating a pronounced inhibition of photosynthesis caused by the serious acidic stress. Never-
theless, the Fv/Fm values in transformants were significantly higher than those in the WT (p < 0.05), suggesting a relatively reduced
stress in reflection of survival of transgenic strains under low-pH conditions. Similarly, ®ps), decreased to extremely low levels, corre-
sponding to halted growth in all cultures. Notably, the NPQ in WT was consistently maintained at a relatively low level throughout
the cultivation, whereas this parameter substantially increased in transgenic strains after 24 h and then decreased to a level comparable
to that of the WT.

Oxidative stress under low-pH treatment

Intracellular ROS levels were monitored to assess the effects of medium pH on cell physiological status. In pH 8.0 media, the intracellular ROS
levels in all three transgenic strains were increased after inoculation and gradually decreased as acclimation. Upon acidic treatment, intracel-
lular ROS in the WT was significantly higher than that in the transformants. While WT cells underwent continuously increasing intracellular
ROS, the ROS levels in transformants were maintained relatively low (Figure 4A). These results indicate that transgenic strains were less
stressed compared to the WT when growing at pH 5.0. Furthermore, superoxide dismutase (SOD) activities in PtCPA-OE21 and PtSLC-
OE31 were relatively stable over cultivation. The antioxidant defense in WT and HI33543 showed an increasing tendency (Figure 4B), which
is correlated with the relatively high ROS levels in these strains.
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Figure 3. Effects of iow pH treatment on photosynthetic performance in different strains

Different strains were cultivated at pH 8.0 for 5 days and then transferred into acidic EASW media (pH 5.0) in identical conditions (40 pmol m~2s~ " red/blue LED,
22 + 1°C). PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31 are genetically modified strains with overexpressed ferredoxin (Phatr3_J33543), cation/proton antiporter
(Phatr3_J50516), and bicarbonate transporter (Phatr3_Jdraft1806).

(A-C) Photosynthetic parameters at pH 8.0 (A) Fv/Fm, (B) ®pg), and (C) NPQ.

(D-F) Photosynthetic parameters at pH 5.0(A) Fv/Fm, (B) ®ps;, and (C) NPQ. Fv/Fm, maximal quantum yield of photosystem II. ®pg);, effective quantum yield for
photochemistry. NPQ, non-photochemical quenching. Data are represented as mean + standard deviation (n = 3). Two-factorial ANOVA was used to analyze
photosynthesis parameters, showing significant differences (p < 0.05) among different strains.

Effect of low-pH stress on gene expression

A transcriptomic study was conducted to investigate molecular responses to acidic pH in diatoms and the underlying mechanisms that could
contribute to improved low-pH tolerance. For all three transgenic strains, samples were collected at the starting point from the inoculum cul-
ture (pH 8.0) and at 24 h after the low-pH treatment (pH 5.0). The principal-component analysis (PCA) showed distinct clusters between sam-
ples at 0 h and 24 h, but different strains under the same pH conditions were less distinguishable (Figure 5A).

As for the transcriptomic responses to low pH (24 h/0 h), 4,641, 5,589, 3,638, and 5,221 DEGs were identified in WT, PtFDX-OE10, PtCPA-
OE21, and PtSLC-OE31, respectively (Figure 5B). Upregulated and downregulated DEGs were separately subjected to the Gene Ontology
(GO) enrichment analysis that resulted in 34, 26, 52, and 25 significantly enriched GO terms (P,q; < 0.05) for WT, PtFDX-OE10, PtCPA-OE21,
and PtSLC-OE31, respectively. Based on a greedy search strategy, driver terms were generated presenting at least one function from each
connected component”’ (Figure 5D). The WT and transgenic strains with different genetic bases differed in their gene expression responses
to acidic. Nevertheless, 11 enriched GO terms that mostly related to photosynthesis (GO:0015979) were shared in all the strains in a down-
regulation pattern, including chlorophyll-binding proteins (GO:0016168, GO:0009765, GO:0019684) and chlorophyll biosynthetic processes
(GO:0033014, GO:0006778) (Figure 5C). Further investigation on the underrepresented terms revealed commonly upregulated functions
relating to protein transport/repair/degradation/translation (GO:0009987, GO:0046907, GO:0043043, GO:0006412) and regulation of gene
expression (GO:0010467).

Considering potential mechanisms involving acidic responses including oxidative stress, proton pumping, and energy supply, we
explored annotated genes encoding peroxidases, ATP binding cassette (ABC) transporters, P-type ATPases, and tricarboxylic acid cycle
(TCA) enzymes. It was found that the glutathione redox cycle including glutathione peroxidase (GPx), glutathione reductase (GR), and gluta-
thione S-transferase was provoked by the acidic stress in WT and PtFDX-OE10 (Figure 5E). Nevertheless, the glutathione metabolism in
PtCPA-OE21 and PtSLC-OE31 showed different expression patterns with many genes remaining unchanged or downregulated (Figure 5E).
In all three transgenic strains, expression of a catalase-peroxidase (Phatr3_J18572) and an L-ascorbate peroxidase (APX) (Phatr3_J54731) was
substantially increased by 2.5- to 61.8-fold and 2.9- to 4.4-fold, respectively, but APX genes were found generally downregulated. P-type
adenosine triphosphatase (P-ATPases) and ABC transporters are the two principal active transporters in organisms. For these genes, the ra-
tios of identified upregulated/downregulated genes were 3/9, 5/6, 6/0, and 9/4 in WT, PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31, respec-
tively, which implies stimulated active transportation in PtCPA-OE21 and PtSLC-OE31. Notably, considerable upregulation (2.1- to 11.2-fold)
of an ABC transporter (Phatr3_J14778) and a P-type ATPase (Phatr3_EG02611) was observed in all three transgenic strains. As expected,
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Figure 4. Intracellular oxidative stress and antioxidant capacity assessment

Seed cultures of different strains were grown at pH 8.0 for 5 days and then transferred into acidic EASW media (pH 5.0) in identical conditions (40 pmol m™2 s
red/blue LED, 22 4+ 1°C). Oxidative stress and SOD activity during the low-pH treatment were monitored on days 0, 1, 3, and 5. PtFDX-OE10, PtCPA-OE21, and
PtSLC-OE31 are genetically modified strains with overexpressed ferredoxin (Phatr3_J33543), cation/proton antiporter (Phatr3_J50516), and bicarbonate
transporter (Phatr3_Jdraft1806).

(A) Relative reactive oxygen species (ROS) level detected by DCFH-DA fluorescent probe. All DCF intensity data were normalized to corresponding cell density
(OD) and compared to the WT in seed culture. DCFH-DA, 2/, 7'-dichlorofluorescein diacetate; DCF, 2'-7’dichlorofluorescein.

(B) Intracellular superoxide dismutase (SOD) activity. DW stands for an estimated dry weight based on OD. Data are represented as mean + standard deviation
(n = 3). Two-factorial ANOVA was used to analyze ROS level and SOD activity, showing significant differences (p < 0.05) among different strains.

-1

genes involving the TCA cycle were generally upregulated in all three transgenic strains, including 2-oxoglutarate dehydrogenase, succinate
dehydrogenase, isocitrate lyase, malate synthase, and aconitase. However, the expression of a citrate synthase gene (Phatr3_J54477) was
markedly decreased (Figure 5E). Due to the great demand for protein turnover, nitrogen assimilation mechanisms were explored, which re-
vealed wide downregulation of nitrate, ammonium, and urea transporters in the WT and PtFDX-OE10. By contrast, many of these genes re-
mained unchanged or upregulated in PtCPA-OE21 and PtSLC-OE31 (Figure 5E).

Transcriptomic profiles of transgenic strains

To uncover the molecular basis associated with phenotypical changes in the genetically modified strains, further analysis was conducted to
study the relative expression between transgenics and WT at the same time points. Under non-stressed condition (pH8.0), transgenic strains
had little difference from the WT (Table S3), except for PtCPA-OE21, which exhibited 1620 DEGs (Figure S4). Consequently, enrichment an-
alyses based on DEGs revealed limited differential functions under non-stressed conditions. In PtFDX-OE10, a group was enriched with five
sulfur compound binding proteins (GO:1901681), where two homologous genes (Phatr3_J16343, Phatr3_EG01877) of iron storage ferritins*®
were upregulated, which could be responsible for increasing production of [2Fe-2S]-containing FDXs. Additionally, these results suggested
that overexpression of the solute:proton antiporter (Phatr_J50516) led to changes in protein metabolism with increased nitrogen assimilation
(KEGG:00910) and hydrolysis of an amine group (GO:0016810), but functions related to protein translation/biosynthesis (GO:0006520) were
downregulated. By contrast, a few GO terms were found enriched in PtSLC-OE31 under the acidic stress condition, which did not reveal the
obvious impacts of overexpressing SCL4-2 (Phatr3_Jdraft1806) on cellular metabolism in this condition.

Against the WT, PtCPA-OE21 and PtSLC-OE31 in response to acidic stress differentially expressed 4,111 and 2,468 genes, respectively,
whereas PtFDX-OE10 possessing 1,638 DEGs was less differentiated from the WT. According to GO enrichment results, PtFDX-OE10 in
the low-pH treatment only functioned differently in limited biological processes, including DNA integration (GO:0015074) and amino acid
metabolic process (GO:0006520). Although many GO terms were only enriched in either PtCPA-OE21 or PtSLC-OE31, gene expression pat-
terns in these functions were found alike in both strains, which reflects similar growth performances under acidic stress. Relative changes in
PtCPA-OE21 and PtSLC-OE31 are illustrated in Figure 6C. As a response to low-pH stress, transcription of many heat shock transcription fac-
tors was increased in PtCPA-OE21 and PtSLC-OE31. Importantly, many transmembrane transporters (GO:0055085) showed enhanced expres-
sion, which did not occur in PtFDX-OE10. For instance, solute carrier family 4 bicarbonate transporters, ABC transporters, potassium channel,
P-type ATPase, nitrogen transporters, and ammonium transporters were likely to contribute to low-pH tolerance. Also, PtCPA-OE21 and
PtSLC-OE31 shared multiple upregulated genes in nitrogen metabolism (KEGG:00910), propanoate metabolism (KEGG:00640), and
pentose-phosphate shunt (GO:0006098). Furthermore, many genes functioning in chlorophyll-binding (GO:0016168), tetrapyrrole biosyn-
thetic process (GO:0033014), and small-molecule biosynthetic process (GO:0044283) were downregulated in comparison with the WT.
Also, lower expression was observed in multiple genes delivering fatty acid synthase activity (GO:0004312) and peroxidative activity
(GO:0004601).
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Figure 5. Effect of low-pH stress on gene expression in WT and transgenic strains
(A) Principal-component analysis (PCA) of gene expression (FPKM, fragments per kilobase of transcript per million fragments mapped) in different strains at 0 h
(pH 8.0) and 24 h (pH 5.0).
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Figure 5. Continued

(B) The number of differentially expressed genes (DEG) comparing the transcriptomes (n = 3) after 24 h's low-pH treatment (pH 5.0) and the control (pH 8.0) at O h.
(C) Comparison of enriched Gene Ontology (GO) terms among different strains. The values indicate numbers of intersecting GO terms.

(D) Highlighted driver GO terms (at least one function being presented from every connected component) under low-pH stress. GO categories include BP,
biological process; CC, cellular component; MF, molecular function. The count stands for the number of enriched genes in a GO term.

(E) Expression patterns of genes involving glutathione metabolic process and nitrogen assimilation.

(F) Upregulated glutathione redox cycle in response to low-pH stress in WT. GPx, glutathione peroxidase; GR, glutathione reductase; GST, glutathione
S-transferase; GSH, glutathione; GSSH, glutathione disulfide.

DISCUSSION

This study aims to improve acidic tolerance in diatoms. The model marine diatom P. tricornutum was engineered to overexpress PtFDX
(Phatr3_J33543), PtCPA (Phatr3_J50516), and PtSLC4-2 (Phatr3_Jdraft1806). Our results indicate that these genetic modifications effectively
enable the ability of P. tricornutum to withstand severe low-pH stress, as supported by improvements in photosynthetic function and oxidative
stress responses. Despite the compromised photosynthetic efficiency caused by the acidic treatment, the inhibitory effect of low-pH was
somewhat alleviated in transgenic strains, resulting in significantly higher photosynthetic quantum yields (Figure 3). According to the photo-
chemistry model, maximal quantum yield (Fv/Fm) evaluates the potential efficiency of utilizing absorbed light for driving electron transfer from
the reaction center chlorophyll to the primary quinone acceptor of photosystem Il (Qa). Stressful conditions lead to an increase in energy dissi-
pation as heat, i.e., NPQ rather than photochemistry, thereby decreasing the maximal fluorescence potential (Fm). Hence, Fv/Fm in general
should be reversely related to NPQ.*” However, our results for transgenic strains showed higher values in both Fv/Fm and NPQ, but NPQ in
the WT was unexpectedly kept low. These results indicate that the transgenic strains not only conducted relatively more efficient energy uti-
lization for photochemistry but also dissipated more energy as heat. A possible explanation is that energy capture in the WT may have been
impaired at the onset of low-pH treatment, resulting in an insufficient energy supply to support downstream photochemistry and heat
dissipation.

Moreover, elevated generation of ROS serving as a signaling mechanism is a typical physiological response to environmental stresses, but
excessive levels of ROS can be lethal to cells, causing damage to macromolecules such as lipids, proteins, and DNA.C In this study, the growth
performances of different strains exhibited a clear correlation with their intracellular ROS levels. Whereas the WT P. tricornutum suffering from
oxidative stress was severely inhibited at pH 5.0, the transgenic strains with significantly lower ROS levels showed positive growth. While ROS
levels in both PtCPA-OE21 and PtSLC-OE31 remained low during cultivation, oxidative stress in PtFDX-OE10 increased over time, potentially
contributing to the cell density after 24 h (Figure S3). The increasing trend in SOD activities observed in the WT and PtFDX-OE10 may be
triggered by the increase in ROS levels. Furthermore, significantly lowered ROS levels in both PtFDX-OE10 and PtCPA-OE21 may be attrib-
uted to the higher initial antioxidant capacity provided by antioxidants such as SOD in the seed culture. Despite its SOD activity being low,
PtSLC-OE31 was able to maintain a low ROS level. These results suggest that the enhanced expression of PtFDX may mitigate ROS by stim-
ulating antioxidant-mediated detoxification, which however had limited resistance against the acidic stress for a prolonged period. In the
other two transgenic strains, PtCPA and PtSLC4-2 which overexpress proton and bicarbonate transporters, respectively, alternative mecha-
nisms apart from antioxidants may be involved in alleviating oxidative stress or preventing ROS generation.

Despite the demonstrated effective functions of the genetic modifications in enhancing acidic tolerance, the positive growth of transgenic
strains ceased after 24 h. To address this issue, gene expression at pH 5.0 was further examined by gPCR and western blot. The transcripts of
the recombinant genes, which were redesigned through codon optimization, could be differentiated from the transcripts of the correspond-
ing native genes. The native genes in different strains showed varying levels of expression in response to low pH (Table 1). Both gPCR and
transcriptomic data confirmed the successful transcription of these transgenes at high levels (Figure S5). Due to the pH-dependent property
of EGFP,”" the expression of the recombinant proteins could not be confirmed by detecting EGFP signals in acidic cultures. Anti-EGFP anti-
body was used in western blot to detect the presence of recombinant proteins in transgenic strains. While the WT (control) was absence of
targeted protein signals, recombinant proteins were detectable by the anti-GFP antibody in all transgenic strains cultured in optimal condi-
tions (pH 8.0). Furthermore, these proteins remained present after incubation at pH 5.0 for 24 h (Figure S5), confirming translation of the target
proteins in the respective transgenic strains. Since stress tolerance is a complex response that involves the integration of multiple pathways,
the impact of genetic modifications on a single gene might be limited. Interestingly, the predicted protein lengths of PtCPA and PtSLC4-2
were 115 kD (kilodalton) and 95 kD, respectively; they were not present at the expected sizes and exhibited multiple bands of varying sizes.
This observation suggests the occurrence of mRNA alternative splicing during their expression.™

To resist the low-pH stress, transcriptomic responses revealed common reactions in all three transgenic strains including enhanced heat
shock responses, proteasomal protein catabolism, chaperone-mediated protein folding/repair, TCA cycle, fatty acid biosynthesis, and defen-
sive mechanisms such as glutathione metabolism. As environmental pH proportionally impacts the intracellular pH of diatom, the drop of
pH leading to the misfolding of proteins would likely induce the refolding and turnover of denatured protein to preserve cellular functions.
Furthermore, there was a general upregulation of enzymes involved in the TCA cycle, indicating an elevated energy demand (Figure 5E). The
upregulation of acetyl-CoA carboxylase (Phatr3_J55209), which catalyzes the initial step of fatty acid synthesis, was observed in all three trans-
genic strains, indicating an increased carbon flux directed toward lipid production. ROS-mediated lipid accumulation as a stress response for
energy storage, membrane reconfiguration, and ROS scavenging has been widely reported in oleaginous microorganisms.> The upregula-
tion of multiple fatty acid desaturases (Phatr3_J46383, Phatr3_J54219, Phatr3_J9316, Phatr3_J25769, Phatr3_J41570) suggests an increased
formation of unsaturated fatty acids that may act as antioxidants to balance the ROS level.”* Additionally, peroxidase-mediated defenses,
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Figure 6. Relative gene expression comparing transgenic strains with the WT

(A) Volcano plots presenting differentially expressed genes (DEGs) in transgenic strains at pH 5.0, using the WT as the control (n = 3).

(B) Highlighted driver Gene Ontology (GO) terms in transgenic strains. Highlighted driver GO terms have at least one function being presented from every
connected component. GO categories include BP, biological process; CC, cellular component; MF, molecular function. The count stands for the number of
enriched genes in a GO term.

(C) Schematic illustration of differentially expressed pathways based on findings in PtCPA-OE21 and PtSLC-OE31 (orange color indicates upregulation, blue color
indicates downregulation).

especially the glutathione metabolic process, were generally provoked in all three transgenic strains to resolve the stress-induced ROS. Tran-
script abundance of a catalase-peroxidase (Phatr3_J18572) was elevated by 61.8-fold in the WT, underscoring the importance of this antiox-
idant in countering H* toxicity. This enzyme was also upregulated in all three transgenic strains in response to low-pH, albeit with much lower
fold changes i.e., 15.9-folds in PtFDX-OE10, 2.5-folds in PtCPA-OE21, and 10.9-folds in PtSLC-OE31. In addition to the different expression
patterns of glutathione redoxes, these results suggest fewer demands of peroxidase activities in the genetically modified strains, which is
consistent with the results of intracellular ROS assay. Another common reaction to low-pH was the downregulation of genes related to light
harvesting, e.g., chlorophyll-binding proteins, and pigment biosynthesis, e.g., chlorophyll and carotenoid. This phenomenon was also
observed in our previous ALE experiments'” suggesting a potential defense strategy to restrict ROS generation resulting from excessive elec-
tron flow.>”

Further comparison of transcriptome profiles between transgenic strains and the WT found relatively similar expression patterns between
the WT and PtFDX-OE10, whereas gene expression in PtCPA-OE21 and PtSLC-OE31 significantly differed from the WT (Figure 6A). These
results imply that PtCPA-OE21 and PtSLC-OE31 share molecular features that could confer superior low-pH tolerance on them compared
to WT and PtFDX-OE10. Examination of DEGs among different strains revealed higher expression of various transmembrane transporters
in PtCPA-OE21 and PtSLC-OE31. Therein, ABC transporters and P-type ATPases were likely to participate in proton efflux and translocation.
Additionally, elevated ammonium transporters and bicarbonate transporters (paralogs of PtSLC4-2) could assist in pH control by absorbing
alkaline compounds such as NHs/NH,~ and HCO5™.>® The upregulation of multiple nitrate transporters as well as nitrate and nitrite reduc-
tases was likely necessary for nitrogen assimilation to support protein synthesis. However, amino acid metabolism and translation machinery
were found slightly downregulated in PtCPA-OE21 and PtSLC-OE31 (Figure 6). Therefore, nitrate/nitrite transporters and reductases may also
contribute to proton translocation. In addition to the nitrate-reduction activity, the membrane-bound nitrate reductase plays a role in trans-
locating cytoplasmic protons into periplasm.®’ Furthermore, nitrate uptake through nitrate transporter has been shown to alleviate H* toxicity
in plants by increasing pH in the root's rhizosphere,”® which may also apply to diatoms. The differential expression analysis among strains also
revealed extensive lower expression of peroxidase systems in PtCPA-OE21 and PtSLC-OE31, including catalase, ascorbate peroxidase, GPy,
and SOD, in PtCPA-OE21 and PtSLC-OE31, thereby confirming the fact that ROS scavenging was not an immediate requirement in these
strains (Figure 6C). Based on these results, we may propose that ROS generation was avoided in PtCPA-OE21 and PtSLC-OE31 by vast up-
regulation of transporters that could alleviate the impact of protons. The overexpression of Phatr_J33543 resulted in minimal changes in gene
expression in response to the environmental change, as expected for a single modification on a non-regulatory gene. In contrast, the over-
expression of a proton pump (Phatr_J50516) and a bicarbonate pump (Phatr_Jdraft1806) led to more extensive changes in the gene expres-
sion patterns, affecting numerous mechanisms and pathways (Table S4). These results imply that the direct effects of overexpressing
Phatr_J50516 and Phatr_Jdraft1806 could induce fundamental changes, for example, cellular homeostasis that in turn could mediate
signaling for global regulation.

The present study elucidated the critical roles of ion/electron carrier genes (Phatr3_J33543, Phatr3_J50516, and Phatr3_Jdraft1806) in
conferring low-pH resistance to the model marine diatom P. tricornutum. These genetic modifications enabled the growth of
P. tricornutum under an inhibitory low-pH stress. Physiological and molecular data suggested that these genes functioned differently
in stress tolerance by either alleviating oxidative stress or preventing ROS generation. This study represents the initial endeavor to
genetically engineer diatoms, based on an ALE approach integrated with a whole-genome transcriptomics analysis, for resistance
against inhibitory acidic conditions. We anticipate that the proposed rational engineering strategy will expedite the advancement of
robust transgenic microalgae for turning waste flue gas into valuable algal products, thereby contributing to the attainment of carbon
neutrality and thus achievement of United Nations Sustainable Development Goals (UNSDGs) concerning climate action (SDG13) and
energy security (SDG7).

Table 1. Differential expression (log,FoldChange) of native genes of Phatr3_J33543 (PtFDX), Phatr3_J50516 (PtCPA), and Phatr3_Jdraft1806 (SLC4-2)
in response to low-pH treatment in different strains (P,q; < 0.05)

Gene ID Protein WT PtFDX-OE10 PtCPA-OE21 PtSLC-OE31
Phatr_J33543 Ferredoxin (FDX) 1.92 2.37 0.41* 2.23
Phatr_J50516 Cation/proton antiporter (CPA) —-1.11 -0.39* 0.00* 0.49*
Phatr_Jdraft1806 Solute carrier (SLC-2) —0.25* 0.38* —3.49 —2.75

(* represents non-significant changes, P.g; > 0.05).
The data represent relative changes comparing different pH treatments (pH5.0/pH8.0) using pH 8.0 as the control.
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Limitation of the study

Given the engineering-focused nature of this study, one limitation is that functions of the targeted genes have not been fully elucidated
through silencing or knockout modifications, which should be investigated in the future research. PtCPA and PtSLC4-2 are anticipated to
directly participate in ion pumping. However, due to technological limitations, we could not measure intracellular pH or the pH of subcellular
compartments. Instead, physiological impacts of overexpressing these transmembrane transporters were only demonstrated by indirect ev-
idence, i.e., oxidative stress. Furthermore, overexpressing these transporters surprisingly had widespread effects on transcriptomes. We attri-
bute this phenomenon to their influence on intracellular pH homeostasis. However, without measuring intracellular pH, we cannot confirm this
hypothesis by showing whether genetic modifications maintained pH balance within the cells.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFP Beyotime Biotech Inc Cat#AG281; RRID: AB_2895206
anti-GAPDH Beyotime Biotech Inc Cat#AF0006; RRID: AB_2715590

Goat anti-mouse IgG

Beyotime Biotech Inc

Cat#A0216; RRID: AB_2860575

Chemicals, peptides, and recombinant proteins

Ampicillin Solarbio Cas:69-52-3
Kanamycin Biosharp Cas:25389-94-0
Streptomycin Biofrox Cas:3810-74-0
Zeocin Invitrogen Cat#R25001
Ndel restriction enzyme Takara Cat#1161A
Sorbitol Aladdin Cat#D274374
MES (2-N-morpholinoethane-sulfonic acid) Aladdin Cas:145224-94-8
Tris-HCI Rhawn Cas:77-86-1
DCFH-DA(2',7'-dichlorofluorescein diacetate) Solarbio Cat#CA1410
TRIzol reagent Invitrogen Cat#15596018
Critical commercial assays

Monarch Plasmid Miniprep Kit NEB T1010S

EZNA HP Plant DNA Kit Omega D2485-01

DNA Clean & Concentrator Zymo D4013
Deposited data

Transcriptomes of wild-type and transgenic This paper NCBI: BioProject ID PRINA1127795
strains in different conditions

Experimental models: Organisms/strains

Phaeodactylum tricornutum CCAP 1055/1
P.tricornutum: strain PtFDX-OE10 This paper N/A
P.tricornutum: strain PtCPA-OE21 This paper N/A
P.tricornutum: strain PtSLC-OE31 This paper N/A
Oligonucleotides

Primers used in this work This paper See Tables S2 and S5
Recombinant DNA

pPhaNR Chu et al.”” JN180663.1
PtFDX-EGFP Sangon Biotech Co. Ltd N/A
PtCPA-EGFP Sangon Biotech Co. Ltd N/A
PtSLC-EGFP Sangon Biotech Co. Ltd N/A

Software and algorithms

MEGA11 MEGA Software https://www.megasoftware.net/
Geneious Prime Geneious https://www.geneious.com/
Excel Microsoft http://www.office.com/

Other

pH meter Ohaus Aquasearcher AB33M1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Portable fluorometer PSI AquaPen-C
NanoDrop spectrophotometer Thermo Scientific NanoDrop 2000
Spectrophotometer Hach DR3900
Microplate reader BioTek Synergy H1

PCR cycler Heal Force GM-05
RESOURCE AVAILABILITY

Lead contact
Further inquiries and requests should be directed to the lead contact, Dr. Weigi Fu (weigifu@zju.edu.cn).

Materials availability

This study did not create new unique reagents. Requests for materials listed in key resources table should be directed to the lead contact.

Data and code availability
e The transcriptomic data has been deposited at NCBI and is publicly available as of the date of publication. Accession numbers are
listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Microbe strains

Axenic culture of the marine diatom Phaeodactylum tricornutum (CCAP 1055/1) was purchased from the Culture Collection of Algae and Pro-
tozoa (CCAP), Scotland, UK. The inoculum was grown in enriched artificial seawater (EASW)® at 22 + 1°C under continuous illumination of
red/blue (50:50) LED with a light intensity of 40 pmol m 2 s~". The EASW medium was supplemented with 40 mM Tris-HCl to maintain the pH
of the media at 8.0. For low-pH treatments, 40 mM MES (2-N-morpholinoethane-sulfonic acid) buffer was applied to control the acidic pH
range. Additionally, the medium was supplemented with ampicillin (100 ug mL™"), kanamycin (100 ug mL™"), and streptomycin (100 pg
mL~") and sterilized by filtration using a 0.22 pum membrane filter (S-PAK, Millipore, US) to avoid bacterial contamination.

METHOD DETAILS
Expression vector construction, electroporation, and transformant screening
Target genes, Phatr3_J33543 (PtFDX), Phatr3_J50516 (PtCPA), and Phatr3_Jdraft1806 (PtSLC4-2) are 780 bp, 2588 bp, and 1913 bp of nucle-
otides in length, respectively. Their coding sequences (CDS) and amino acid sequences were retrieved from the European Molecular Biology
Laboratory (EMBL) database. Homologous proteins were searched against the NCBI server (http://www.ncbi.nlm.nih.gov/) and filtered for
>40% identity. Phylogenetic trees were constructed based on corresponding amino acid sequences using MEGA11 by the Maximum Likeli-
hood algorithm. The conserved domains of each protein were identified using the NCBI CD-search tool.

The transgenic proteins (minus the stop codon) were fused to an enhanced green fluorescence protein (EGFP) atits N-terminus through a 5
x glycine linker (Figure 1A). The recombinant gene constructs were codon-optimized and artificially synthesized (Sangon Biotech Co. Ltd.,
China) and cloned into the multiple cloning sites of pPhaNR plasmid (NCBI accession: JN180663.1) under the control of the nitrate reductase
promoter. After linearization by digestion at the Ndel restriction site, the overexpression vectors were introduced into diatom cells through
electroporation according to a published protocol.®’ Following transformation, cells were spread onto EASW solid plates (1% w/v, agar) con-
taining 100 ug mL~" Zeocin (Invitrogen, US). In approximately three to four weeks visible colonies on the selective plates were transferred into
liquid media containing Zeocin (100 pg mL™") and subcultured twice in microplates. Nitrate in the ESAW medium was enriched (4.4 mM) to
ensure constitutively active expression of the transgenes. Successful transformants were initially screened by detecting EGFP signals against
the wild-type (WT) strain using a microplate reader (BioTek, US), which was confirmed by observing green fluorescence under a microscope.
Three transformants with strong fluorescent signals (one for each transgene), denoted as PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31 for
Phatr3_J33543, Phatr3_J50516, and Phatr3_Jdraft1806, respectively were selected for the following phenotype characterization.

Molecular characterization of the selected transformants

The presence of the target genes in the transformants was validated by genomic PCR amplifying the non-native recombinant fragments of the
transgenic constructs (Figure 1A). Genomic DNA of transgenic strains was extracted using an HP Plant DNA Kit (Omega, USA) and
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subsequently used as the templates in genomic PCR using the primer pairs listed in Table S1. Green fluorescence was detected by a micro-
plate reader (BioTek, US) and fluorescent microscope at the excitation wavelength (A.,) of 488 nm and emission wavelength (A¢) of 525 nm.

Growth and photosynthesis performances
Growths of the transformants (PtFDX-OE10, PtCPA-OE21, and PtSLC-OE31) were characterized in comparison with the WT strain by batch
cultivation in flasks (250 mL) with 100 mL working volume. Three biological replicates were conducted for all growth experiments. Optimal
growths of different strains were determined in the regular ESAW medium (pH 8.0), followed by low-pH treatment. For the transfer, cells
in the exponential growth phase were pelleted by centrifugation at 1500 X g for 10 min (15°C) and washed once using acidic media (at
pH 5.5 and pH 5.0, respectively). Then, cells were centrifuged again and resuspended into the corresponding buffered fresh ESAW media.
The initial optical density (ODysp) of each group was adjusted to 0.050 + 0.005.

Cell growth was monitored by measuring OD7sp using a spectrophotometer (DR3900, Hach, US). The specific growth rate (u, d7") was
calculated using the following equation:

M= (InXt — InXo) / (t — to)
where X, and Xg are the OD at time t and the beginning of the time interval (to), respectively. Biomass dry weight (DW) was estimated based on
an established correlation between OD7s9 and DW (mg mL™") as follows:

DW = 0.7429 x ODyso (R2 = 0.999)

For chlorophyll fluorescence determination, a 3 mL culture was incubated in the dark for 15 min. Photosynthetic parameters including
maximum quantum yield (F,/Fp,), ®PSIl, and NPQ were measured with an AquaPen-C AP110 fluorometer (Photon Systems Instruments,
Czech Republic) using the built-in program (non-photochemical quenching (NPQ) protocol 3).

Stress assessment

Intracellular ROS level was determined using the 2/, 7’-dichlorofluorescein diacetate (DCFH-DA) fluorescent probe. For each assay, an aliquot
of 2ul. DHCF-DA was added to a 200 pL cell sample (final concentration: 10 pM) and incubated at 37°C for 20 min in dark. Fluorescence at A, =
488 nm and Aem = 525 nm was measured with a microplate reader (BioTek, US). The results were presented as the ratio of fluorescence in-
tensity at 525 nm normalized to cell density (ODys0) compared to the WT in control.

RNA extraction and library construction

Total RNA was extracted using the TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer’s protocol. RNA purity and quantifi-
cation were evaluated using the NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Then the libraries were prepared using VAHTS Universal V6 RNA-seq Library
Prep Kit according to the manufacturer’s instructions.

RNA sequencing and transcriptomic analysis
The transcriptome sequencing was conducted by OE Biotech Co., Ltd. (Shanghai, China) based on the lllumina Novaseq 6000 platform,
generating 150 bp paired-end reads. After trimming by fastp,®? the resulted clean reads data with >90% Q30 were mapped to the reference
genome using Hisat2.%® Following reads assembly by StringTie2,* gene structure extension and novel transcripts identification were per-
formed by comparing the reference genome and the known annotated genes using Cuffcompare software. Fragments per kilobase of
exon per million mapped fragments (FPKM) and read counts of each transcript (protein-coding gene) were calculated using HTSeg-count.®
By comparing transcriptomes from low-pH treatment/control for each strain and transgenic strains/WT at O h and 24 h timepoints, differ-
entially expressed genes (DEGs) were identified using the DESeq (2012) R package. The RNAseq data was validated by gPCR using primers in
Table S5 to detect expression levels of five randomly selected genes. The thresholds with adjusted p-value <0.05 and |Log,FoldChange| > 1
were set for determining significant expression. Based on the hypergeometric distribution, Gene ontology (GO) enrichment analysis of DEGs
was performed to reveal the significant enriched term (Padj <0.05) using the g:Profiler web server.”’

QUANTIFICATION AND STATISTICAL ANALYSIS

All the growth, biochemical and molecular data of transgenic strains were compared to those of the WT. Statistical analyses were performed
either using ANOVA (Analysis of Variance) or a two-tailed Student’s t test on Microsoft Excel. All data were obtained from three independent
biological replicates and reported as means + standard deviation (n = 3).
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