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Abstract

Marine algae are central to global carbon fixation, and their productivity is dictated largely by resource availability.
Reduced nutrient availability is predicted for vast oceanic regions as an outcome of climate change; however, there is
much to learn regarding response mechanisms of the tiny picoplankton that thrive in these environments, especially
eukaryotic phytoplankton. Here, we investigate responses of the picoeukaryote Micromonas commoda, a green alga
found throughout subtropical and tropical oceans. Under shifting phosphate availability scenarios, transcriptomic
analyses revealed altered expression of transfer RNA modification enzymes and biased codon usage of transcripts
more abundant during phosphate-limiting versus phosphate-replete conditions, consistent with the role of transfer
RNA modifications in regulating codon recognition. To associate the observed shift in the expression of the transfer
RNA modification enzyme complement with the transfer RNAs encoded by M. commoda, we also determined the
transfer RNA repertoire of this alga revealing potential targets of the modification enzymes. Codon usage bias
was particularly pronounced in transcripts encoding proteins with direct roles in managing phosphate limitation
and photosystem-associated proteins that have ill-characterized putative functions in “light stress.” The observed
codon usage bias corresponds to a proposed stress response mechanism in which the interplay between stress-in-
duced changes in transfer RNA modifications and skewed codon usage in certain essential response genes drives pref-
erential translation of the encoded proteins. Collectively, we expose a potential underlying mechanism for achieving
growth under enhanced nutrient limitation that extends beyond the catalog of up- or downregulated protein-encod-
ing genes to the cell biological controls that underpin acclimation to changing environmental conditions.

Key words: green algae, codon usage, nutrient limitation, tRNA modification, marine primary production.

posing additional challenges to acclimation and growth
of the phytoplankton responsible for marine primary pro-
duction (Bopp et al. 2001; Behrenfeld et al. 2006). Some as-
pects of algal responses to elemental growth limitation

Introduction

To accomplish the primary production that supports
ocean food webs, algae must acclimate to seasonally and

spatially varying nutrient conditions (Wu et al. 2000;
Bjorkman et al. 2018). Nutrient limitation is predicted to
increase in vast areas of the ocean with warming, likely
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appear to follow a generalized acclimation program, com-
bining initial resource acquisition and storage mobilization
steps with more drastic measures that implement

© The Author(s) 2023. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://

creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Open Access

Mol. Biol. Evol. 40(12):msad251 https://doi.org/10.1093/molbev/msad251 Advance Access publication November 21, 2023 1

o
]
2
2
o
)
aQ
@
a
=
o
3
=3
=
°
%)
<
o
Q
)
aQ
]
3
3]
o
c
©
Q
(]
3
=3
3
o
@
3
O
=1
Q
]
@
=
o
2
=
N
X2
3
%)
)
a
N
[$)
e
=
3
N
w
©
=
O
>
o
<
)
m
(@)
<
>
Py
D

$20z Asenuepr | uo Jasn BunyosiojueazQ Jny W


https://orcid.org/0000-0001-7810-1336
https://orcid.org/0000-0002-9888-9324
mailto:azworden@mbl.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

Hehenberger et al. - https://doi.org/10.1093/molbev/msad251

MBE

elemental-sparing and elemental-recycling mechanisms if
the deficiency persists (Merchant and Helmann 2012;
Dyhrman 2016). In eukaryotic marine algae, these re-
sponses have been observed on the level of gene tran-
scripts or protein expression or both based on
comparisons of expression data from cells exposed to re-
plete, limiting, or starvation conditions (Dyhrman et al.
2012; Liu et al. 2015; Haley et al. 2017; Guo et al. 2018;
Zhang et al. 2019). The identified commonalities appear
to transcend major algal groups, likely in part because
they hinge on identification of protein function—which
is biased toward well-studied processes in model organ-
isms, such as protein synthesis, nutrient transport, and
photosynthesis, functions that have a high degree of con-
servation across multiple lineages (Grossman and Aksoy
2015; Harke et al. 2017).

The alga Micromonas is known for its importance in the
oceans (Worden et al. 2009; van Baren et al. 2016), and for
its role in elucidating aspects of evolution in Viridiplantae,
to which both green algae and land plants belong
(Faktorova et al. 2020; Bachy et al. 2022). Micromonas is
an abundant marine picoeukaryote (<2 um cell diameter)
and comprises diverse lineages (Monier et al. 2016; Tragin
and Vaulot 2019) that together have been proposed to
function as sentinels for ocean warming (Worden et al.
2009; Demory et al. 2019). Clade A, represented by
Micromonas commoda, is among the most important spe-
cies in subtropical regions where warming will dramatically
alter nutrient availability due to increased stratification
(Demory et al. 2019; Bolafios et al. 2020). In addition to
being predicted to become even more scarce, phosphate
(P) is currently a major limiting nutrient in the subtropical
North Atlantic gyre where this alga has been observed
(Carlson et al. 2009; Cuvelier et al. 2010). With respect to nu-
trient limitation, this species exhibits a conserved proteomic
response to P-limiting conditions, including upregulation of P
metabolism and transport proteins, as well as a role for some
proteins of narrow phylogenetic distributions that have un-
known functions (Guo et al. 2018). This raises questions
about what other factors shape the individual trajectories
of algal species and influence their cellular modulation in re-
sponse to changing environmental conditions.

Transfer RNAs (tRNAs) and their modifications (epitran-
scriptome) have also recently been studied within the con-
text of stress response mechanisms in bacterial and
eukaryotic model organisms (Chan et al. 2010, 2012; Endres
et al. 2015; Chionh et al. 2016; Chan et al. 2018). The tRNA
epitranscriptome captures the entirety of enzyme-catalyzed
chemical modifications of ribonucleosides present in tRNAs
—such that various chemical modifications of the tRNA ri-
bonucleosides can be added at several stages of tRNA biosyn-
thesis and affect different aspects of tRNA function,
depending on their location on the tRNA molecule (Berg
and Brandl 2021). Modifications that occur away from the
anticodon region tend to be essential for tRNA structure
and stability, while those within affect translation rate and fi-
delity by preventing frameshifts and influencing codon anti-
codon pairing (El Yacoubi et al. 2012; Berg and Brand| 2021).
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Modified ribonucleosides are numerous (>100) and diverse
in tRNAs relative to other RNAs, with some modifications
being present across the domains of life (Boccaletto et al.
2018). Based on studies performed in model organisms (i.e.
mycobacterium, yeast, and animal; Chan et al. 2010, 2012;
Endres et al. 2015; Chionh et al. 2016; Chan et al. 2018), it
has been proposed that an interplay between alterations in
tRNA modifications and specific transcripts with biased pat-
terns of codon usage influences the translation of proteins re-
sponding to an underlying stressor—resulting in new
concepts surrounding stress response mechanisms in non-
photosynthetic models (Chan et al. 2018). Aspects of this
stress response mechanism have been studied in vascular
plant models where several tRNA modifications correlate
with cold temperature, drought, or increased soil salinity
and also developmental stages (Wang et al. 2017). Thus far,
tRNA modifications are unexplored in free-living unicellular
algae that dominate pelagic marine environments where key
stressors, such as variable nutrient availability, differ from
those previously examined in plants.

Here, we exposed M. commoda to transitions in P avail-
ability using continuous culture photobioreactors. We dis-
covered a large number of transcripts encoding enzymes
catalyzing tRNA modifications were upregulated in M.
commoda when grown under P-limiting conditions. We
therefore reinvestigated this protein type—resulting in
identification and annotation of a total of 94 tRNA modi-
fication enzymes in M. commoda. The results point to an
unprecedented response to limiting nutrient “stress” con-
ditions for marine and freshwater algae—operating at the
level of tRNA modifications. Concordantly, we identified
biases in codon usage in transcripts more abundant in
P-limiting conditions in comparison to transcripts with
higher abundance in P-replete conditions, and these had
known functional roles in P limitation responses. These re-
sults highlight a regulatory mechanism that underpins
green algal acclimation to shifting conditions in the oceans
and likely extends to diverse marine algae.

Results and Discussion

Physiological Responses to Varying P Availability

To understand algal responses to environmentally relevant
conditions, we performed controlled experiments using a
specialized photobioreactor (Guo et al. 2018) with M. com-
moda. During the experiments, inorganic P was manipu-
lated in a limiting but not starvation-inducing manner,
while other resources were held constant. A stable
P-limited phase was achieved wherein M. commoda had
significantly slower exponential growth (0.14+0.11d™")
than in P-replete “precultures” (0.61+0.10d™"; Fig. 1a,
supplementary dataset STA and fig. S1, Supplementary
Material online). These growth rates fit with the few field
measurements that are available for picoeukaryotic algae
in samples where M. commoda was notable (Worden
et al. 2004; Cuvelier et al. 2010). Coincident with the
growth phases, we observed P drawdown (due to algal
growth) in the P-limited phase, and cell size increased
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Fig. 1. Changes in P availability correlate with trends in physiology and distinct clusters of gene expression. a) Box plots for growth rate (top),
FALS as a proxy for cell size (center), and residual SRP (bottom, after phytoplankton growth) for each condition across the 3 photobioreactors: 3
h before inoculation into photobioreactors (before; 1 h after lights on) and on samplings Days T12 (P limited), T28 (transition I), T29 (transition
1), T31 (P replete), and T39 (P luxury) 1 h after lights on. After inoculation from semicontinuous replete cultures (36 UM PO~ in medium), the
photobioreactors were acclimated to limiting P conditions (1.5 to 2 pM PO2>~, see Materials and Methods) in which the standing stock was
drawn down to 0.02 + 0.04 pM PO3™ (as SRP) due to algal growth. The horizontal bar along top and numbers above it indicate the P concen-
tration in the medium supplied and the gradient triangle indicates increasing P concentration from 2 to 36 uM in the photobioreactor columns
after the supply was switched on Day 27 (indicated by a vertical dashed line; supplementary fig. S1 and dataset S1A, Supplementary Material
online). Significant differences are indicated as: «P < 0.05; *P < 0.01; **P < 0.001; and ***P < 0.0001. ns, not significantly different. b) Heatmap of
z-scores of all differentially expressed genes (n = 3,400) in the experiment (FC > 2, P > 0.01 in at least 1 all-vs.-all pairwise comparison), clustered
by k-means (k = 4, based on a within-cluster sum of squared error plot). The recovered clusters are numbered from top to bottom of the heat-
map, and a black box indicates the genes (n = 1,533) upregulated during P limitation. c) Semantic similarity clustering of enriched GO terms (BP)
in the cluster upregulated during P limitation (black box in b). Bubble size corresponds to the frequency of the GO term in the EBI GOA database

as implemented in REVIGO.

relative to the preculture (based on the proxy forward an-
gle light scatter [FALS]).

After the P-limited phase, we transitioned M. commoda
back to a P-replete state, leading to a rapid increase in
growth rate and sharp decrease in cell size (Fig. 1a;
supplementary fig. S1A to C, Supplementary Material on-
line). Residual P in the spent medium began to increase be-
tween 24 and 48 h after P refeeding was initiated. Here,
mean cell size increased as growth rate decreased, due to
a greater percentage of the population being stalled before
division, or simply not reaching division, whereas it de-
creased as a great proportion of cells divided each day at
higher growth rates. These results were similar to rates
and shifts in cellular characteristics observed under a simi-
lar photobioreactor experiment exploring P limitation in

M. commoda (Guo et al. 2018). F,/F, representing the
maximum potential quantum efficiency of photosystem
Il, was significantly lower at T12 (0.34 + 0.01) than P replete
(0.45 + 0.00) as well as other phases (P < 0.05), while no sig-
nificant differences were observed between transition |,
transition Il, and P replete to P luxury (supplementary
dataset S1A, Supplementary Material online).

Nutrient Limitation Response Delineated by
Transcriptomes

Just over a third of M. commoda genes (nroraL = 9,777 genes)
exhibited differential expression (DE; npg = 3,400, fold change
[FC] =2, P <0.01) in the experimental time course (Fig. 1b).
The percentage of genes responding to limitation was in line
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with studies of other marine algae (Dyhrman et al. 2012; Liu
et al. 2015; Haley et al. 2017; Harke et al. 2017; Guo et al. 2018;
Zhang et al. 2019), although the bulk of those experiments
explored P starvation, wherein growth was completely termi-
nated. Here, 4 gene clusters were distinguished using k-means
clustering of expression data, and these corresponded to dif-
ferent response phases (Fig. 1b). The largest transcriptional
cluster, Cluster 3, represented genes predominantly upregu-
lated during P limited (time point T12), with a rapid shift
to much lower transcript abundances as the P supply in-
creased, and comprised nearly half of all differentially ex-
pressed genes (n=1,533). Functional enrichment analysis
based on Gene Ontology (GO) terms indicated these were
most enriched in the biological process (BP) “noncoding
RNA processing” (Fig. 1¢; supplementary dataset S1B,
Supplementary Material online). These observations were un-
precedented in that noncoding RNA processing has not been
reported as a response to nutrient shifts in marine algae and
are explored further in the chapters below.

The other 3 clusters of DE genes connected to tran-
scripts upregulated after the P-limited phase (Fig. 1b).
Cluster 4 was primarily upregulated during transition |
(time point T28, n =699), Cluster 1 during transition |
and following phases (time points T29 to T39, n =603),
and Cluster 2 during the P-luxury phase (time point T39,
n=565; Fig. 1b). Functional enrichment analysis asso-
ciated the transition | and the transition Il Clusters 4 and
1 most significantly with the BP term “cellular protein
modification process” (supplementary dataset S1C and
D, Supplementary Material online, respectively), which
mainly encode undescribed kinases or phosphatases, as
well as numerous proteins involved in protein folding,
repair, and degradation. The latter group indicated a
“repair-and-recovery phase” after nutrient limitation.
Several of the proteins encoded by these genes were ana-
lyzed phylogenetically, including the state transition kinase
7 (STN7) and state transition kinase 8 (STNS, discussed be-
low; supplementary dataset S1C and D, Supplementary
Material online). For Cluster 2 (P luxury), the most signifi-
cantly enriched term is described as “microtubule-based
process,” including flagellar-associated proteins and nu-
merous undescribed motor domain—proteins involved in
intracellular transport and cell division (supplementary
dataset S1E, Supplementary Material online). These results
suggested increased motility and growth, corresponding to
the higher availability of P in the P-luxury stage. Our find-
ings point to several unexplored avenues in response to P
limitation. We therefore designed and implemented ap-
proaches to examine findings from the gene enrichment
analysis more deeply, particularly for the cluster associated
with the P-limited phase.

The tRNA Epitranscriptome and tRNA Repertoire of
M. commoda

To confirm the enrichment results, an independent clus-
tering approach was used to identify genes associated
with growth under P limitation. This weighted correlation

4

network analysis (WGCNA, supplementary fig. S2,
Supplementary Material online) returned the same top
GO term (“noncoding RNA processing”) as the above
approaches after functional enrichment analysis (see
supplementary dataset S1F, Supplementary Material on-
line for associated genes). We then used phylogenetic in-
ference to identify all genes labeled with this GO term,
which revealed genes involved in ribosomal RNA (rRNA)
processing, ribosome assembly, and modification of vari-
ous RNA types, particularly tRNAs (supplementary
dataset S1G, Supplementary Material online). Thus, 2 dif-
ferent analytical approaches recovered numerous tran-
scripts involved in modification of tRNA ribonucleosides
that were upregulated under P limitation. These results
are similar to proposed stress response mechanism de-
scribed in bacterial, yeast, and animal models (Chan
et al. 2018), involving stress-induced changes in tRNA
modifications and selective translation of codon-biased
messenger RNAs (mRNAs).

To date, little is known about tRNA modification en-
zymes in Micromonas—or other marine algae. Therefore,
we aimed to (i) identify all tRNA modification enzymes
in M. commoda and their program of expression across
the experimental manipulations and (ii) identify codon
usage of genes differentially expressed during P-limited
conditions and determine possible biases in codon usage
between nutrient-limited and replete states. Using phylo-
genetic approaches, we identified 94 M. commoda proteins
that were homologous to described tRNA-modifying pro-
teins in other organisms (supplementary dataset S2A,
Supplementary Material online; see also “tRNA modifying
enzyme phylogenies” in the figshare repository at https://
doi.org/10.6084/m9.figshare.21164086). While the overall
number in M. commoda is similar to that in Arabidopsis
thaliana (~90; Chen et al. 2010), the composition of the
modification enzyme complement partially differs.
Several gene families in plant appear expanded compared
to Micromonas (e.g. the Pus family), while multiple others
in Micromonas appear to be lacking in Arabidopsis, par-
ticularly those of putative bacterial origins. The latter
may have come from marine bacteria, although taxonomic
origins could not be pinpointed due to inherent limita-
tions of single-gene trees.

The modifications catalyzed by the Micromonas pro-
teins spread across the ~80-ribonucleoside-long tRNA
molecule and include modifications within and remote
from the anticodon loop (Fig. 2a). Modifications in the
anticodon loop are known to affect translation rate and fi-
delity. For example, the modification at Position 34 (or the
“wobble” position) modulates recognition of specific co-
dons in other organisms (Agris et al. 2018), ultimately al-
lowing decoding of the degenerate genetic code. As
another example, those at Position 37 (as also seen herein)
stabilize codon-anticodon pairing, thus helping minimize
frameshifts (El Yacoubi et al. 2012).

Given the marked expression of annotated modification
enzymes, we next examined and annotated the suite of
tRNAs present in M. commoda using a variety of search
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Fig. 2. Most tRNA-modifying enzymes in M. commoda are upregulated under P-limiting conditions, including numerous enzymes involved in
anticodon loop modification. a) Schematic tRNA molecule with ribonucleotides that can potentially be modified in M. commoda indicated by
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approaches. The 94 modification enzymes identified can
putatively act on 49 nuclear, 34 mitochondrial, and 26
plastid tRNAs predicted to be present in M. commoda
(supplementary dataset S2C, Supplementary Material
online). For each of the 20 amino acids, at least 1 nuclear
and mitochondrial tRNA is present, as is a nuclear
tRNA-recognizing selenocysteine. Plastid tRNAs were pre-
dicted for all amino acids except valine (V) and histidine
(H). These tRNA numbers are similar to the tRNA reper-
toire reported for the related green alga Ostreococcus tauri,
which encodes 45 nuclear, 28 mitochondrial, and 27 plas-
tidial tRNAs (Cognat et al. 2022).

Reprogramming of the tRNA Epitranscriptome
Underpins Responses to P Limitation

Thirty-nine of 94 transcripts encoding tRNA-modifying en-
zymes in M. commoda were differentially expressed in our
experiment. Remarkably, 36 were upregulated during
P-limiting conditions (T12) relative to P-replete/P-luxury

conditions (T31/T39) (Fig. 2b; supplementary fig. S3,
Supplementary Material online), while just 3 were specific-
ally upregulated at later stages of the experiment (transi-
tional and/or replete/luxury stages) but not P limitation.
Although less than half of the tRNA modification enzyme
complement changes expression levels in our experiment,
the majority of the different tRNA modifications were
nevertheless affected by P limitation because many modi-
fying functions are represented by more than 1 protein
in M. commoda (Fig. 2b). This redundancy may partially
be explained by different subcellular localizations; for
example, we found orthologs to a cytoplasmic and a
plastidial form of the modification enzyme TRM5 de-
scribed for Arabidopsis (supplementary dataset S2A,
Supplementary Material online).

Among the 36 tRNA-modifying enzymes upregulated
during P limitation, several appear to catalyze modifications
involved in responses to various stressors in model organ-
isms. Paired transcriptomic and proteomic data that could
help confirm the “consequences’ of our observations are
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not available for M. commoda or related marine prasino-
phytes, especially at similar detection levels. Nevertheless,
we examined 2 case studies with considerable knowledge
from model organisms (Zhang et al. 2022) and having signifi-
cant changes in M. commoda, using the transcriptional data
generated herein and prior proteomic data from a study of
similar shifts in P availability (Guo et al. 2018). For the first
case study, we examined TRM4, which is responsible for
the methylation of the anticodon wobble Position C34 in
tRNA"“(CAA) in yeast, and increased levels of this modifica-
tion instigated by oxidative stress promoted the selective
translation of mRNA enriched for the target codon UUG
(e.g. a ribosomal protein; Chan et al. 2012). Furthermore,
loss of TRM4 or the ribosomal protein resulted in hypersen-
sitivity to this type of stress. Here, the TRM4 transcript is
upregulated under P limitation, and examination of
proteomic data (Guo et al. 2018) shows the protein itself in-
creased. Of note, TRM4 is 1 of only 3 modification enzymes
detected in the prior proteomics study. The other 2 were
KAE1, part of a complex that catalyzes the formation of
the modification t6A (Beenstock and Sicheri 2021), and
EXPP1, a paralog to KTI11 which together with the elongator
complex is involved in complex modifications of wobble ur-
idines (Glatt et al. 2015). Neither KAE1 nor EXPP1 showed
statistically significant changes in the proteomic study under
P limitation (Guo et al. 2018). With respect to TRM4, the
tRNA targeted in yeast, tRNA™(CAA), is also present in
M. commoda, implicating TRM4 in nutrient limitation re-
sponses of this alga.

For the second case study, we examined METTL2A and
METTLS, which catalyze the formation of m*C32 in cyto-
solic tRNAs (in tRNAS"/tRNAT/tRNAE) in human cell
lines and mice (Xu et al. 2017; Ignatova et al. 2020). In yeast,
stress response studies show that increased m*C32 in
tRNA™(IGU) leads to preferential recognition of 2 out
of 4 Thr codons (ACC and ACU), leading to selective ex-
pression of membrane protein genes enriched for these co-
dons (Chan et al. 2015). We identified both METTL2A and
METTL6 in M. commoda, with the latter displaying in-
creased expression under P limitation. Neither enzyme
was detected at the proteome level, potentially due to
the low sensitivity or digests used for proteomics (Guo
et al. 2018). Finally, inosine, which can pair with A, C, or
U in mRNA, in the anticodon of tRNA™™(IGU) (a target
of METTL 2 and 6) requires modification of adenosine at
the anticodon wobble position. This modification is cata-
lyzed by a tRNA-specific heterodimeric enzyme composed
of ATAD2 and ATAD3 at tRNA precursor level (Schaub
and Keller 2002). Orthologs of these enzymes are present
in M. commoda, and M. commoda encodes for a tRNA
gene with the anticodon AGU that can be modified to
IGU, but neither ATAD2 nor ATAD3 was significantly up-
regulated during P limitation. Unfortunately, in general,
there was restricted overlap between the transcriptomic
data generated herein and the prior proteomic data set
(Guo et al. 2018), largely due to the detection limits of
the proteomic methodology wherein peptides were recov-
ered from only 2,118 of the 10,306 protein-encoding genes

6

predicted in the M. commoda genome, versus 9,777 tran-
scripts recovered herein. Collectively, these results indi-
cated that cascades through to the protein level can be
observed, but observation is likely impaired due to the
lack of paired mRNA and protein stress response data
sets. Overall, these findings call for additional studies to
fully examine downstream consequences of our findings.

Our observations point to tRNA modifications as an im-
portant cellular response mechanism during growth under
P limitation, an insight that extends beyond the classically
investigated shifts in proteins involved in nutrient trans-
port and other functions highlighted by most studies of
transcript and protein expression levels (Dyhrman et al.
2012; Liu et al. 2015; Haley et al. 2017; Harke et al. 2017;
Guo et al. 2018; Zhang et al. 2019). To contextualize our
findings, we employed the phylogenetic analyses used to
identify modification enzymes, to examine their distribu-
tions. This analysis indicated that 28 out of 36 upregulated
enzymes during P limitation are present across eukaryotes
(supplementary dataset S2A and B, Supplementary
Material online; see also “Phylogenetic reconstructions of
tRNA modifying enzymes” in the figshare repository at
https://doi.org/10.6084/m9.figshare.21164086), including
the above discussed examples (TRM4 and METTLG). Of
the 55 enzymes showing no significant change, approxi-
mately half appear to be present in just a subset of eukar-
yotes, representing putative bacterial gene transfers
(excluding endosymbiotic gene transfers from the plastid
or mitochondrion) or paralogs to conserved eukaryotic
proteins that are not present across eukaryotic groups
(supplementary dataset S2A and B, Supplementary
Material online). Presumably, these enzymes have roles
outside responses to P limitation or potentially are in-
volved in different life cycle stages. Thus, the phylogenetic
distributions of the modification enzymes responding
herein, in general, appear to be somewhat biased toward
ancient eukaryotic proteins, largely conserved among eu-
karyotes, relative to those that did not respond. We note
that taxonomic sampling for many eukaryotic groups is
lower than for green algae; thus, a more complete set of
these enzymes may yet be recovered in other algal lineages.

Codon Usage of Individual Codons Is Biased during
P Limitation

The observed DE of enzymes catalyzing modifications on
the tRNA molecule included numerous enzymes acting
on the anticodon loop, influencing codon-anticodon pair-
ing (Fig. 2b). These data raised the question of whether
genes preferentially expressed in 1 condition display differ-
ent codon usage than those in the other condition. We
first examined the distribution of tRNAs recognizing codons
in G or Cand A or T across the genome, disregarding expres-
sional patterns. This analysis showed that they are evenly re-
presented in M. commoda, with 25 out of 49 tRNAs
recognizing codons ending in G or C (supplementary
dataset S2C, Supplementary Material online), precluding a
genome-inherent bias.
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Codon usage analysis was then performed on the subset
of differentially expressed genes (n = 1,811) that showed
the most significant logFC (based on adjusted P-value)
for the comparison P-limited versus P-luxury (T12 vs.
T39) relative to all other pairwise comparisons. These
were divided into 2 groups based on having positive
(1,185 upregulated genes) or negative (626 downregulated
genes) logFC at T12. To compare codon usage over all sites
for these 2 groups, we investigated the use of individual co-
dons using z-statistics, controlling for selection by con-
ducting the comparisons separately for each amino acid.
Codons with positive z-statistics were used more frequent-
ly in P luxury (downregulated at T12) and all ended in G or
C. In contrast, codons used more frequently in P limited
(upregulated at T12) all ended in A or T (supplementary
fig. S4A, Supplementary Material online). The observed
AT bias in the T12-upregulated group is confirmed by y*
tests of homogeneity of AT usage. For most amino acids,
the test was highly significant (P < 0.0001), with the excep-
tions lysine (K; P = 0.84), aspartic acid (D; P=0.32),H (P =
0.02), and glutamic acid (E; P=0.01), but regardless of
whether AT content differed, it was greater for all amino
acids in the T12-upregulated group.

We next identified genes contributing the most to co-
don usage bias. To this end, we identified genes in the
T12-upregulated group with average AT usage that dif-
fered significantly from the downregulated group.
Twenty-five genes were recovered with average AT usage
> 0.50, and these were predominantly encoded in the
large, low-GC region of Chromosome 1, that is, 50% GC
content rather than the average (64%; supplementary
dataset S3A, Supplementary Material online). When fur-
ther comparing the genomic locations of the 1,185 upre-
gulated and 625 downregulated genes at T12, 2.5% and
2.1%, respectively, were located in the Chromosome 1
low-GC region. These observations suggest that the bias
in AT content may be partially explained by genomic loca-
tion on the putative sex chromosome (i.e. Chromosome 1;
Worden et al. 2009). Functional examination based on
homology and domain search efforts indicated that about
half the AT-enriched genes lack known domains and are
specific to certain green algal groups or even M. commoda
itself (supplementary dataset S3A, Supplementary
Material online). Those that could be annotated appeared
to be functionally diverse, and none belonged to known
P-response mechanisms (Dyhrman 2016). These results
suggest that the correlation between bias on the individual
codon level and P limitation has no direct cause, and the
observed AT bias may be indirectly induced by other fac-
tors. Alternatively, the genes recovered may have hitherto
unknown functions in managing responses to P limitation.

Third Codon Position Biased Genes Are Highly
Expressed Responders to P Limitation

We also investigated the more subtle bias at the third co-
don position that pairs with the ribonucleoside 34 at the
wobble position of the tRNA anticodon. Specifically, we

conducted a test of homogeneity of C usage across the
T12-upregulated and T12-downregulated groups, to ana-
lyze usage of G versus C (and A vs. T) for each amino
acid but only where either a C or a G (or an A or a T)
was present at the third codon position. Six out of the 8
amino acids having codons that ended either in G or in
C gave significant differences in proportions (Fig. 3a;
supplementary dataset S3B, Supplementary Material on-
line). All amino acids tested showed increased usage of C
in the T12-upregulated group. In contrast, considering
the usage of A versus T for the same 6 amino acids, only
V gave a significant difference (P =0.01), with A being
used more frequently in the T12-upregulated group than
the T12-downregulated group (supplementary dataset
S3C, Supplementary Material online). The M. commoda
genome encodes between 3 and 6 nuclear tRNAs for
each of these 8 amino acids. For each of these 8 amino
acids, except glycine (G) and serine (S), the majority of
tRNAs recognize codons ending in A or T, suggesting pref-
erential codon recognition possibly steered by tRNA modi-
fication (supplementary dataset S2C, Supplementary
Material online). An alternative explanation is that
tRNAs decoding codons ending in G or C are in general
(or specifically under P limitation) more highly expressed
in M. commoda, overcoming this imbalance. Together,
these observations suggest a correlation between P limita-
tion and codon usage at the third codon position specific
to amino acids ending in G or C.

Again, we investigated which genes in terms of function or
evolutionary relationships contributed most to the observed
bias in the third codon position. We focused here on genes
with an average C|GC usage > 0.80. In contrast to those
biased in overall GC content (supplementary dataset S3A,
Supplementary Material online), most genes enriched in C
at the third codon position and upregulated at P limited
(T12) were conserved among eukaryotes and functionally
annotated (via orthologs; Fig. 3b; supplementary dataset
S3D, Supplementary Material online). Further, the 30 recov-
ered genes contained 3 of the top 10 differentially expressed
transcripts in the entire experiment. These 3 encoded pro-
teins clearly involved in acquisition of P: 2 members of the
P:Na+ symporter (PNaS) family and an alkaline phosphatase.
The latter was orthologous to the P-repressible alkaline phos-
phatase PHOX in the nonmarine green alga Chlamydomonas
reinhardtii (Quisel et al. 1996; Moseley et al. 2006). The PHOX
transcript increased >14,000-fold in our study, and the cor-
responding protein showed the second-highest FC in expres-
sion in the proteomic study of M. commoda (Guo et al. 2018).
Phylogenetic reconstruction suggests PHOX originated
through horizontal gene transfer (HGT) from bacteria to eu-
karyotes (supplementary fig. S4B, Supplementary Material
online; see also below). Moreover, putative eukaryotic homo-
logs of PHOX all came from organisms that reside in aquatic
environments, indicating an optimal function of PHOX in
these environments as already suggested by Grossman and
Aksoy (2015). In contrast, the phylogeny of the PNaS3 and
PNaS2 (upregulated > 6,800-fold and >2,500-fold, respect-
ively) suggests PNaS is an ancient eukaryotic protein that
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Fig. 3. Under differing P conditions, codon usage varies at the third position, and highly differentially expressed genes with codon usage bias are
involved in P scavenging. a) Dot plot showing, for each amino acid encoded by codons ending in C or G, the proportion of C at the third position
for genes upregulated at T12 (P limited) and T39 (P luxury) for the comparison T12 versus T39. Statistical significances between the conditions
were determined by testing for homogeneity; * indicates significant differences with P < 0.05, ** with P < 0.005 and *** with P < 0.0005; ns, not
significantly different (supplementary dataset S3B, Supplementary Material online). b) Genes upregulated during T12 with average C|GC usage
>0.80 and giving P < Te—5 for a test of C|GC usage compared to the genes upregulated during T39 plotted against their logFC in the pairwise
comparison T12 versus T39. Colors indicate functional groups (see supplementary dataset S3D, Supplementary Material online for full names).
Underlined gene names indicate candidates with the most significant logFC, according to the associated P-value, in a pairwise comparison other
than that between T12 and T39. NA, no functional annotation available. c¢) Schematic tree of the alkaline phosphatase PHOX enriched for C at
the third codon position and highly upregulated at T12 (see b). The tree was inferred using the LG + R9 model, and node support was calculated
using 1,000 ultrafast bootstrap (UFBoot) replicates. Only bootstrap support >70% is shown, with support >95% indicated by black dots. The
scale bar and number beneath it indicate the estimated number of substitutions per site. Eukaryotic groups are the following: green, green algae/
charophytes; dark green, red algae; turquoise, cryptophytes; dark purple, stramenopiles; purple, dinoflagellates/chromerids. Gray branches/
clades are prokaryotic. The gray and green boxes highlight C. reinhardtii and M. commoda PHOX orthologs, respectively.

underwent expansion in some taxa while becoming lost from
other lineages since (supplementary fig. S4C, Supplementary
Material online). Although exhibiting lower FC between T12
and T39, another protein with C-bias at the third position
was placed in this reconstruction, PNaS4 (25-fold upregu-
lated; supplementary fig. S4C and dataset S3D,
Supplementary Material online). Notably, 7 transcripts, in-
cluding PHOX and PNaS4, with C|GC > 0.80 also exhibited
high expression of the corresponding protein in a lower reso-
lution proteomic study of P-limitation responses by M. com-
moda (Guo et al. 2018) (22 out of the 30 C|GC > 0.80 genes
were recovered on the protein level; see supplementary
dataset S3D, Supplementary Material online). Collectively,
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these results point to a response to P limitation that hinges
at least in part on the differential usage of nucleotides in the
third codon position, underpinning a coordinated inter-
action between the shift in tRNA modifications, codon usage
bias, and expression of proteins involved in acclimation to
P limitation.

Third Codon Position Bias Associated with P
Limitation Connects to Light Acquisition
Management

In addition to high expression of genes encoding proteins
that are directly involved in accomplishing growth under
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P limitation, a group of “light stress—related” genes emerged
as connected to the codon usage-based acclimation
mechanism (Fig. 3b). Most of these show similar expression
patterns across time points and photobioreactors, particu-
larly during P limitation (Fig. 4a). A number of these were
ELIPs, proteins affiliated with the light-harvesting complex
that are specific to the green lineage (green algae and land
plants; Bag 2021) and still have ill-characterized functional
roles. Some accumulate under light and other stressors in
plants (Rochaix and Bassi 2019). In M. commoda, a study
of changes in light demonstrated that UV plus high light
stress resulted in increased transcript levels for FAS-ELIP and
CBR/ELIP7, while other ELIPs could not be distinguished
methodologically (Cuvelier et al. 2017). Under P limitation,
FAS-ELIP was also upregulated at the protein level in
M. commoda (Guo et al. 2018). Also responding was
LHCSR2 as well as the thylakoid Ca>* sensor protein CAS,
with the latter appearing to be exclusive to green algae
and land plants (supplementary fig. SSA, Supplementary
Material online; see also “Phylogenetic reconstructions of
light stress response proteins” in the figshare repository at
https://doi.org/10.6084/m9.figshare.21174397),  indicating
that, like ELIPs, this protein evolved within the green lineage.
In C. reinhardtii, CAS is essential for the high light—induced
expression of light-harvesting complex stress—related pro-
tein 3 (LHCSR3; Petroutsos et al. 2011). LHCSR3 is associated
with both photosystems and induces nonphotochemical
quenching (NPQ) via energy quenching qE (which dissipates
excess energy as heat) under shifting light conditions (Peers
et al. 2009) as well as under nitrogen, P, and sulfur depriv-
ation conditions (Schmollinger et al. 2014). Likewise, in M.
commoda, NPQ is accompanied by higher protein expres-
sion of LHCSR2 (orthologous to LHCSR3 in C. reinhardtii)
during P limitation and has been proposed to play a key
role in allowing the light-harvesting antennae to remain in-
tact, poising the alga for increased growth when released
from nutrient limitation (Guo et al. 2018). Herein, LHCSR2
transcripts were upregulated during the P-limited stage
when F,/F;, was significantly lower and NPQ was higher
(Fig. 4 supplementary dataset S1A, Supplementary
Material online). These results are similar to prior observa-
tions of LHCSR protein expression and coordinated NPQ
(Guo et al. 2018); thus, upregulation of LHCSR2 appears to
be a central mechanism for dissipating light energy as heat
to minimize stress during reductions in use of photosyn-
thate and overall growth under P-limiting conditions.
Concordant expression of LHCSR2 and CAS, alongside infor-
mation from model organisms, further suggests the latter
regulates LHCSR2 in M. commoda.

A directed search for other candidates with putative
roles in light and other stress responses recovered signifi-
cant changes for PsbS and 3 additional ELIPs (CBR/ELIP1,
7, and 8), all of which were upregulated under P limitation
(Fig. 4a and b). Similar to LHCSR2, PsbS can elicit an NPQ
response in Arabidopsis and Chlamydomonas after expos-
ure to high light (Li et al. 2002; Tibiletti et al. 2016). LHCSR2
and the 3 additional ELIPS were not included in our initial
codon usage analysis, as their most significant logFC was

between T12 and T29 or T31. When we investigated the
C|GC usage for these 4 candidates, we found the codons
for LHCSR2, CBR/ELIP7, and CBR/ELIP8 were strongly en-
riched in C at the third position (Fig. 3b; supplementary
dataset S3E, Supplementary Material online). Finally, the
codon-biased transcripts of LHCSR2, CBR/ELIP2, CBR/ELIP6,
and CBR/ELIP8 also show increased expression of the
corresponding  protein  under P-limiting conditions
(supplementary dataset S3D and E, Supplementary
Material online) in the prior proteomic study of M. commoda
(Guo et al. 2018). These findings support the proposed
interplay between tRNA modifications, codon usage bias,
and regulation of stress-associated protein levels.

Cyclic electron flow (CEF) is a prerequisite for efficient
NPQ via gE and is crucial for an effective response to
changes in environmental conditions and stress in plants
(Yamori and Shikanai 2016). CAS has also been reported
to regulate the activity of a CEF “supercomplex” in
Chlamydomonas (Terashima et al. 2012), connecting it to
yet another light stress—related protein identified herein
by its codon usage bias, the CEF-mediating protein
PGRS5. PGR5 mediates the more major of 2 known path-
ways for CEF in plants and green algae in association
with PGRL1 (Fig. 4b) and is present in all photosynthetic
lineages (supplementary fig. S5B, Supplementary Material
online; see also “Phylogenetic reconstructions of light
stress response proteins” in the figshare repository at
https://doi.org/10.6084/m9.figshare.21174397). Although
the specific role of PGR5 in CEF is still debated
(Buchert et al. 2020), C. reinhardtii mutants lacking
PGRS5 display decreased NPQ during light stress, a conse-
quence of the absence of CEF (Johnson et al. 2014). In
conclusion, the identification of CAS and PGR5 tran-
scripts and their specific upregulation during P limitation
not only corroborates prior observations (Guo et al.
2018) that NPQ plays an important role in nutrient
stress response mechanisms in M. commoda but also
introduces a previously unrecognized role of CEF in
P-limitation responses.

Shifts to P-Replete Conditions Trigger a Different
Type of Light “Stress” Response than Limiting
Conditions

The last group of putative light stress—related proteins re-
covered via their codon usage bias was 2 subunits of the
CURT1 complex, that is, the curvature thylakoid 1 com-
plex. The function of the CURT1 complex has only been
described in plants where it localizes to the grana margins
(Fig. 4b) and is involved in maintaining thylakoid plasticity
and adjusting grana stack diameter under variable light
conditions (Armbruster et al. 2013). These mechanisms,
in turn, are a prerequisite for the efficient operation of pro-
cesses depending on protein diffusion, such as PSII repair
or state transitions (qT), another component of NPQ
that involves partial relocation of light-harvesting complex
Il (LHCll) between PSI and PSIl (Pribil et al. 2018).
Intriguingly, we found the 2 protein kinases regulating
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brane proteins is not known.

these processes, STN8 and STN7, were also upregulated in
our experiment, including 2 paralogs, but only under in-
creasing P supply (T29 to T39; Fig. 4a). STN7, closely asso-
ciated with the cytochrome bf complex (Shapiguzov et al.
2016; Fig. 4b), induces migration of LHCII from PSII to PSI
(Depege et al. 2003), and STNS is involved in PSII repair
(Theis and Schroda 2016). Both also mediate phosphoryl-
ation of CAS, linking calcium signaling and protein phos-
phorylation (Fig. 4b; Stael et al. 2012; Cutolo et al. 2019).
These 4 transcripts were not detected in the protein
data of Guo et al. (2018) and were not enriched in C at
the third codon position (supplementary dataset S3F,
Supplementary Material online).

The increased abundance of the STN7 and STN8 tran-
scripts and their close paralogs after P resupply suggests
the possibility that the transition from limited to replete
P triggers a mechanism in M. commoda that involves
NPQ via state transition and photosystem repair mechan-
isms. Together, these observations suggest that the re-
sponse involving light stress—associated genes does not
end with the limiting P conditions. Rather, in response
to increased P availability, the cell switches to a different
mechanism. Collectively, these results establish that
M. commoda reacts to limiting as well as replete P condi-
tions with mechanisms often simplistically classified as
“light stress response.”

In phylogenies, STN7 and STN8 were found present
across the green lineage and in lineages with secondary
green plastids (supplementary fig. 5D, Supplementary
Material online), suggesting another green invention.
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However, cryptophytes are also embedded within the
STN8 branch of the tree, indicating either emergence of
this gene prior to the green lineage or a lateral gene trans-
fer from the green lineage into the cryptophyte lineage.
Additionally, for unicellular algae, there are only a very
few green algal orthologs of the CURT1 complex subunits
documented in GenBank. Our phylogenetic reconstruc-
tions revealed a cyanobacterial origin of CURT1, likely pre-
sent in the ancestor of the Archaeplastida (comprising
green algae, land plants, red algae, and glaucophytes), fol-
lowed by putative duplication events and subsequent
spread into lineages with secondarily acquired green algal
plastids (supplementary fig. S5C, Supplementary Material
online; see also “Phylogenetic reconstructions of light
stress response proteins” in the figshare repository at
https://doi.org/10.6084/m9.figshare.21174397). The re-
striction of the “light stress response” proteins discussed
here to predominantly the green lineage (with the excep-
tion of the CEF protein PGR5) suggests that these types of
light management responses to changing P conditions are
largely specific to green algae and other marine algal
lineages may use different sets of proteins to regulate
photosynthesis under varying nutrient conditions.

Conclusion

Collectively, our studies indicate that the tRNA epitran-
scriptome acts as an acclimatization mechanism enabling
continued growth under fluctuating conditions frequently
encountered in open ocean environments. The observed
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shifts in expression of numerous enzymes modifying tRNA
nucleosides in M. commoda suggest reprogramming of the
tRNA epitranscriptome in response to P limitation, in add-
ition to known responses of proteins involved in P acqui-
sition and other cellular processes. Our observations
parallel the recently recognized stress response mechan-
ism in nonphotosynthetic model organisms, in which
stress-induced changes in the tRNA epitranscriptome are
linked to codon-biased transcripts, ultimately leading to
the preferred translation of putative “stress”-associated
genes (Endres et al. 2015; Chionh et al. 2016; Chan et al.
2018).

For M. commoda, shifts in tRNA modifications under
P-limiting conditions coincide with a bias in third position
codon usage in upregulated transcripts. It should be noted
that the nutrient limitation conditions used herein still
support exponential growth, albeit slow growth, of
M. commoda. This is in contrast to the extreme stress con-
ditions tested thus far in other organisms where similar
tRNA-related responses have been reported, e.g. hypoxia
in bacteria (Chionh et al. 2016) and exposure to cytotoxins
in yeast (Chan et al. 2010). For Micromonas, particularly
biased genes were directly involved in stress alleviation
and included others that contribute to light management,
including some previously associated with P-limiting con-
ditions in a proteomic study (Guo et al. 2018). Herein, as P
limitation was alleviated, a different set of proteins in-
volved in light management was expressed that do not dis-
play codon bias. Additionally, at least 1 gene identified in
Micromonas that appears to result from HGT (i.e. PHOX)
was ameliorated in a manner that accommodates control
by the tRNA-based modulation. Our comparative phylo-
genetic analyses using data available from outside the
green algae indicate other algal lineages possess a compre-
hensive tRNA modification enzyme complement,
although more complete genomic and transcriptomic ref-
erence data is needed to recover complete information.
Thus, we propose that the framework for a dynamic re-
sponse to shifting nutrient conditions on the level of the
tRNA epitranscriptome is important in distant marine al-
gae as well.

We postulate that the identified response mechanism
provisions a swift, flexible, and niche-specialized reaction
to changes in nutrient availability. “Swiftness” would arise
because modifications on the tRNA molecules can be set
during several stages of tRNA processing (Berg and
Brandl 2021), sidestepping the necessity of de novo biosyn-
thesis of a new, different tRNA molecule necessary to shift
translation toward required stress-involved proteins.
Because the enzymes responsible for tRNA modifications
are mostly conserved across the tree of eukaryotes, this
may reflect a common nutrient stress response mechan-
ism in eukaryotic algae. Future research must scrutinize a
greater number of stressors, as well as pairing transcrip-
tomic and proteomic data to examine this hypothesis
more fully. Moreover, it remains unclear which modifica-
tions, if any, on the tRNA molecule are specifically affected
by P or whether limitation by other resources results in

distinct modification patterns, as observed between desic-
cation, temperature, and salinity stress tested in rice and
Arabidopsis (Wang et al. 2017). While the stress response
mechanism we have identified appears to be conserved
with those in animals and other nonmarine models, it
identifies a new approach to adjusting growth under non-
lethal nutrient fluctuations. Our studies highlight aspects
of a possible conserved but hitherto unknown cell bio-
logical mechanism for acclimating to dynamic resource
shifts in the ocean.

Materials and Methods

Micromonas Strain and Culturing

Axenic M. commoda RCC299 was grown in sterile L1 me-
dium (-Si; Guillard and Hargraves 1993) in artificial sea-
water, with modified P concentration for experiments
(see below). Cells were grown under a 14:10 h light:dark cy-
cle at 21 °C. Cultures were monitored daily by flow cyto-
metry using an Accuri C6 (BD Biosciences) before and
during experiments. Prior to the bioreactor inoculation,
semicontinuous batch cultures were acclimated and main-
tained in midexponential growth for 10 generations in
sterile polystyrene flasks with 150 pmol photons m—2 s~
photosynthetically active radiation (PAR). Experiments
were performed in custom-built photobioreactor columns
(Wilson et al. 2010; Guo et al. 2018) and run in biological
triplicate, with 150 pmol photons m~>s~' PAR. The
photobioreactors were operated in a way that incorpo-
rated aspects of turbidostats and chemostats, allowing
us to capture algal responses to changing environmental
factors (P in this case). First, they were inoculated with
midexponential growth cells that had been switched
from replete P (36 uM supplied as NaH,PO,.H,O, as in
standard L1 medium) to limited P (1.1 uM) after centrifu-
gation. Briefly, precultures were spun (8,000 X g, 12 min)
and, after discarding most of the supernatant, resuspended
in the remaining volume and enumerated by flow cytome-
try. The cells were then diluted in L1 lacking P resulting in a
final concentration of 1.1 uM PO, and 5.5 X 10° cells mL™"
and then added to the photobioreactors (final volume,
1.8 L per column). The initial concentration of amended
P in the medium (in the sterile supply reservoir) was
1.5 uM and was adjusted on Days 8 and 27 (see below).
Additionally, the pump rate was adjusted, based on daily
flow cytometry counts, for example, to prevent washout
of cells associated with reduced growth rates in the first
days of the experiment.

Sample Collection, Growth Rates, and Cell Size

Cultures were sampled 1 h after lights on (9 AM) across
the photobioreactor time course, flow cytometry samples
were collected daily, and RNA as indicated in
supplementary fig. S1, Supplementary Material online.
For RNA, 90 mL was filtered onto 47-mm Supor 800 filters
with 0.8-um pore size. For residual soluble reactive phos-
phate (SRP) analysis, 45 mL was filtered through 47-mm
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Durapore DVPP filters with 0.65-um pore size (see
supplementary fig. S1, Supplementary Material online for
sampling days). RNA samples were flash frozen in liquid ni-
trogen, and all samples were stored at —80 °C (or —20 °C
for SRP) until further processing. SRP samples were mea-
sured spectrophotometrically (Murphy and Riley 1962).

While the photobioreactor dilution rate sets the nom-
inal growth rate during steady-state conditions, this ap-
proach is not valid for transitional periods. Hence, the
reported growth rates (1) were calculated using cell abun-
dances and the following formula:

©=Ds+ In(ﬁ—l)/m -1

where D, is the dilution rate between time point 1(T,) and
time point (T,), and N4 and N, are cell numbers at T, and
T,, respectively. Growth rates began to decline between T0
and T2 and continuously dropped until Day 8, when the
medium was amended to reach a 2 pM supply concentra-
tion. Growth mostly stabilized after Day 8, and the period
from T9 to T27 represented acclimated P-limited growth
(P-limited; T12 for the transcriptome analysis). Refeeding
was accomplished by switching the supply from concen-
trations of 2 to 36 uM P on Day 27. The pump dilution
rate D; was turned up on T30 (and again on T31, T33,
and T40) from 0.16 to ultimately 0.65 d™' (0.53 d™" in
Bioreactor 3) due to increasing cell abundances.
Complete replacement of P-limited medium occurred on
T31.T28 and T29 were defined as transitional stages (tran-
sition | and transition Il), T31 represents the replete stage
(P replete), and T39 the luxury stage (P luxury). It should
be noted that because all sampling was performed within
the context of the light:dark cycle, observed changes in
cell size over the experimental phases could be separated
from those occurring diurnally due to light-synchronized
growth and division state (Cuvelier et al. 2017).
Statistical significance between conditions was deter-
mined using one-way Analysis of varience (ANOVA) fol-
lowed by Tukey’s honest significance difference (HSD)
tests to perform multiple pairwise comparisons.

RNA Sequencing and Analysis

RNA was extracted using the ToTALLY RNA kit (Ambion)
adding a mechanical step involving glass beads (Duanmu
et al. 2014). PolyA-selected RNA was isolated from 5 g total
RNA by 2 rounds of isolation, followed by purification and
reverse transcription of fragmented RNA (200 to 300 nt)
and further purification and amplification of cDNA frag-
ments. Strand-specific, paired-end sequencing (150 bp each
read) was performed on the lllumina HiSeq platform. On
average, 36.45 million reads were sequenced per sample,
with a SD of 3.13 million across the whole plate. Reads
were aligned to the M. commoda RCC299 genome build v3
(Worden et al. 2009) using TopHat (Trapnell et al. 2009)
v. 1.4.067, and a custom R script was used to convert and fil-
ter the TopHat results into an annotated count file used as
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input for differential gene expression analysis with the
edgeR package (Robinson et al. 2010). Genes (version
“MicpuN3v2_GeneCatalog_genes_20160404.gff3” from van
Baren et al. 2016 [available at https://mycocosm.jgi.doe.
gov/MicpuN3v2/MicpuN3v2.homehtml]) with count per
million (CPM) > 1in at least 2 samples were further analyzed,
and library size normalization was performed before and
after filtering, resulting in 9,777 of 10,306 predicted
protein-encoding genes being used for DE analysis. Analysis
was performed with all time points sampled for RNA sequen-
cing and T12, T28, T29, T31, and T39 were selected as repre-
senting specific phases of P availability (see Fig. 1). Dispersion
estimates and all versus all time point pairwise comparisons
were performed with the general linearized model (glm)
functionality of edgeR. Significantly differentially expressed
genes were defined as genes with FC >2 and P < 0.01.

Clustering of z-scores of significantly expressed genes
was based on k-means clustering, using the k-means func-
tion in R and estimating the optimal numbers of clusters
using the wss (within-cluster sum of square) approach.
The results were visualized using the heatmap3 function
in R. Additionally, all genes present in the annotated count
file were subjected to hierarchical clustering using the
WGCNA package in R (Langfelder and Horvath 2008)
with the automatic, 1-step network construction and
module detection approach (chosen soft-thresholding
power = 9). Identified modules were related to the follow-
ing sample “traits”: the 5 sampling time points (T12, T28,
T29, T31, and T39), cell abundance, growth rate, FALS,
and SRP as well as combined time points T12 and T28
(“limited combined” in supplementary fig. S2,
Supplementary Material online) and T28 to T31 (“transi-
tion combined” in supplementary fig. S2, Supplementary
Material online). The associations between modules and
sample traits were calculated as Pearson’s correlation
coefficients.

Five gene sets were subjected to GO enrichment analysis:
all 4 gene clusters resulting from k-means clustering (Fig. 1b)
and all genes in the WGCNA module with the strongest
positive correlation with time point T12 (n=2,030;
supplementary fig. S2, Supplementary Material online).
Functional enrichment analysis was performed using the
topGO package in R, testing with Fisher's exact test and tak-
ing the GO hierarchy into account with the parent—child al-
gorithm (see supplementary dataset S1B to F, Supplementary
Material online for complete results). GO terms used for the
enrichment analysis were created by a local InterProScan
(Blum et al. 2021) v. 5.31-70.0 analysis (using the -goterms
option and running all analyses) of proteins from
“MicpuN3v2_GeneCatalog_proteins_20160404"  (https://
mycocosm.jgi.doe.gov/MicpuN3v2/MicpuN3v2.home.html).
Genes belonging to the most enriched GO term resulting
from k-means clustering that were predominantly
upregulated at T12 (Cluster 3, Fig. 1b) and in the WGCNA
module with the strongest positive correlation with T12
(GO:0034470 “ncRNA processing” in both gene sets) were in-
vestigated using preliminary phylogenetic reconstructions
with FastTree (Price et al. 2010; see below; supplementary
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dataset S1G, Supplementary Material online). GO enrich-
ment analysis results of those in k-means Cluster 3 was sum-
marized and visualized using the R script provided by REVIGO
(Supek et al. 2011). Enriched GO terms (BP) were clustered by
semantic similarity using a similarity cutoff value of 0.7.

tRNA Modification Enzyme Search and Phylogenetic
Reconstructions
Searches for tRNA modification enzymes other than those
recovered by functional enrichment analysis initially used
keyword searches for all pfam domains associated with
tRNA modification enzymes (http://pfam.xfam.org) and
used to query our M. commoda InterProScan analysis
that also included a search against the Pfam database.
All M. commoda candidate genes recovered were then
subjected to BLASTP (Altschul et al. 1990) searches against
GenBank to help distinguish between tRNA-modifying en-
zymes and enzymes acting on other noncoding RNAs.
Additionally, we searched the literature for tRNA modifi-
cation enzymes, leading to use of enzymes from A. thali-
ana, a yeast, or bacterial representative from Table 2 in
Chen et al. (2010) and Table 1 in Hori (2014) to query
the M. commoda proteins. Candidates from both ap-
proaches were used as queries to search for homologs.
Micromonas commoda candidate proteins were used as
BLASTP queries against a custom database containing re-
presentatives from most major eukaryotic groups (390
data sets), with a focus on green algae (83 data sets),
and RefSeq data from all bacterial phyla at NCBI. The data-
base was subjected to CD-HIT (Fu et al. 2012) with a simi-
larity threshold of 85% to reduce redundant sequences
and paralogs, except for M. commoda proteins. BLASTP
search results were generally parsed for hits with an e-value
threshold <1e—25 and query coverage >50% to reduce
the possibility of paralogs and short sequences. In cases
where the query was distinctly longer than potential homo-
logs (due to the often unusually long M. commoda homo-
logs), or the query proteins were generally short or very
divergent, the parsing parameters were adjusted in individ-
ual cases to recover sufficient homologous sequences
for tree reconstruction. Bacterial hits were restrained
to 20 per phylum (for FCB group, most classes of
Proteobacteria, PVC group, Spirochaetes, Actinobacteria,
Cyanobacteria [unranked], and Firmicutes) or 10 per phy-
lum (remaining bacterial phyla) as defined by NCBI tax-
onomy. Parsed hits were aligned with MAFFT (Katoh and
Standley 2013), using the --auto option, poorly aligned re-
gions were eliminated using trimAl (Capella-Gutiérrez
etal.2009) v. 1.2 with a gap threshold of 80%, and maximum
likelihood tree reconstructions were performed with
FastTree v. 2.1.7 using the default options in a preliminary
analysis. The resulting phylogenies and underlying align-
ments were inspected manually to remove contaminating,
divergent, and/or low-quality sequences. When the
recovered phylogenies contained a small number of taxa,
parsing parameters were adjusted as described above, and
additional queries (primarily described proteins of
A. thaliana and Homo sapiens or in addition orthologs

from other genome-sequenced algae, such as the diatoms
Phaeodactylum tricornutum, Thalassiosira pseudonana, or
the cryptophyte Guillardia theta) were used in blast
searches against our database. Similarly, when the recovered
phylogenies contained additional M. commoda candidates
(usually paralogs to more conserved proteins), those were
also used as queries in searches against our database.
BLAST results for all additional queries were combined
with those for the initial M. commoda query and, after a de-
duplication step, sequences were aligned, trimmed, and tree
reconstruction, and inspection was performed. Cleanup and
alignment/tree reconstruction steps were iterated as neces-
sary. The final cleaned, unaligned sequences were subjected
to filtering with PREQUAL using default options (Whelan
et al. 2018) to remove nonhomologous residues introduced
by poor-quality sequences, followed by alignment with
MAFFT G-INS-i using the VSM option (—unalignlevel 0.6)
to control overalignment (Katoh and Standley 2016). The
alignments were subjected to Divvier (Ali et al. 2019) using
the -divvygap and the -mincol 4 option to improve hom-
ology inference before removing ambiguously aligned sites
with trimAl (-gt 0.01). Final trees were calculated with
IQ-TREE v. 1.6.5 (Nguyen et al. 2015), using the -mset option
to restrict model selection to LG for ModelFinder
(Kalyaanamoorthy et al. 2017), while branch support used
1,000 ultrafast bootstrap replicates (Hoang et al. 2018). All
other phylogenies represented by figures in the manuscript
were reconstructed using IQ-TREE as described above, and
the proteins in supplementary datasets S1 and S3,
Supplementary Material online that were annotated via
phylogenetic reconstruction were subjected to preliminary
analysis, using the MAFFT (-auto), trimAl (-gt 0.8), and
FastTree approach described above.

For heatmaps (Fig. 4a; supplementary fig. S3,
Supplementary Material online), z-scores of selected subsets
of transcripts were hierarchically clustered using the hclust
function (agglomeration method: ward.D2) in the Pvclust
package in R. The clustering results were visualized using
the heatmap3 function in R.

For presence/absence comparisons with a M. commoda
proteomics study (Guo et al. 2018), we used the 2,118 pro-
teins that were matched by at least 2 peptides and ana-
lyzed further in that study. From those, 441 proteins met
the coverage, significance, and FC criteria to be classified
as differentially expressed, while here 9,777 transcripts
were analyzed with 3,400 exhibiting DE. These differences
preclude examination of many candidates of interest in
the proteomic study.

Identification of the M. commoda tRNA Repertoire

To identify the tRNAs encoded in the M. commoda gen-
ome, we subjected the reference genome of M. commoda
(ASM9098v2, downloaded from NCBI) to tRNAscan-SE 2.0
(Chan et al. 2021). We used the default option (-E) to
search for eukaryotic tRNAs but also performed searches
with the -B (search for bacterial tRNAs) and -O (other or-
ganellar tRNAs) and compared the search outputs. If
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annotations differed, we chose the annotation with the
highest Infernal Score as assigned by the sequence search
engine Infernal 1.1 implemented in tRNAscan-SE 2.0.

Gene and Protein Naming Conventions

If available, user annotations at https://mycocosm.jgi.doe.
gov/MicpuN3v2/MicpuN3v2.home.html were used. For
unannotated M. commoda genes, we based naming on an-
notated orthologs—as listed in the UniProt database—
that we recovered in our phylogenetic reconstructions.
For the unannotated tRNA modification genes, we used
conventions for yeast or bacterial orthologs, if available
(see Fig. 2a; supplementary dataset S2, Supplementary
Material online). For unannotated genes recovered via
their codon usage bias (supplementary dataset S3,
Supplementary Material online), we used the names of de-
scribed orthologs (A. thaliana CAS; CURT1A, B, and C; PAB
proteins; PGR5; STN7 and STN8; and C. reinhardtii PHOX)
or the domain name (CHROMO). Where multiple recent
M. commoda paralogs are present in a tree (the PNaS fam-
ily), the genes were numbered according to their transcript
identifier (see supplementary dataset S3, Supplementary
Material online). For consistency with the nonitalicized do-
main names, and with all phylogenies being amino acid
based, we use the nonitalicized versions of gene names
throughout.

Codon Usage Analysis

To compare codon usage in genes upregulated versus
downregulated at T12 (in relation to T39), we used specia-
lized z-tests. For a given amino acid a and a given codon ¢
corresponding to the amino acid g, the z-statistic is given
by the following:

7 = Pcu — Pcd )
\/pc(1 = p) - (1/Nay + 1/Nad)

Here, n,, and n,q give the number of times the amino
acid a arose for the upregulated and downregulated
groups. The proportions p., and p.q are the proportions
of times codon c arose for up- and downregulated groups
but only among those sites where amino acid a was pre-
sent. Using the proportions within amino acids controls
for selection as it is amino acid usage that may differ be-
tween groups. The proportion p, is the overall proportion
of times codon c arose among all sites where amino acid a
was present. Under the null hypothesis that codon usage
of ¢ is the same for both groups, z. should be approxi-
mately normal. To adjust for multiple comparisons, we
used a Bonferroni correction that replaces an a-level
threshold by an a/m-level threshold where m is the num-
ber of tests; m =59 in the case that z-tests are run for all
codons except those, ATG (methionine) and TGG (trypto-
phan), that correspond to amino acids represented by a
single codon.

For a given amino acid a, we used y° tests to test
whether codon usage distributions are the same over
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both the upregulated and downregulated groups. The »
statistic is as follows:

2= (05— Eg)/Eg (1)
j C

Here, j indexes group (up/down) and the sum over codons
c is over all codons corresponding to amino acid a. The
observed number of times the codon ¢ came up for group
Jj is denoted Q. Under the null hypothesis that codon
usage is the same for the 2 groups, the number of times
that the codon ¢ was expected to come up for group j is
Eg = ngjpc. Under the null hypothesis, x> should have an
approximate y” distribution with degrees of freedom equal
to the number of distinct codons (among 61) correspond-
ing to amino acid a.

Tests of GC content effectively used the same y” tests of
homogeneity. To adjust for selection, tests were con-
ducted separately for separate amino acids. The j” statistic
is as in Equation (1) but c is binary, indexing whether the
codon ended in Cor G (c=0) orendedin Aor T (c=1).
Thus, for instance, restricting attention to sites with amino
acid a in the upregulated group, Og, is the number of co-
dons that ended in C or G. Similarly, Oy is the number of
codons in the downregulated group that ended in A or T,
restricting attention to sites for that group with amino
acid a.

Finally, considering sites for both groups with amino
acid a, pg is the proportion of sites ending in C or G and
p- the proportion ending in A or T, among sites where ami-
no acid a was present.

A ” test was also used to test for biased use of G within
GC usage sites. To adjust for selection, tests were con-
ducted separately for separate amino acids. For amino
acid g, since interest was in whether G was used differen-
tially given GC usage, attention was restricted to sites with
amino acid a and G or C in the last codon position in cal-
culating the O and E; in Equation (1). Here, ¢ indicates
whether the codon ended in C or G. So, for group j (up/
down), O¢; is the number of sites ending in ¢=C and
Ogj is the number of sites ending in ¢ = G, restricting atten-
tion to sites with amino acid a. The expected is E;; = n§p,
where nanC is the number of times amino acid a occurred
with last nucleotide G or C in group j. The proportion p,
is the proportion of codons ending in c over both groups
but restricting attention to codons corresponding to ami-
no acid a that end in either a G or C.

To check genes responsible for the GC usage bias, we
calculated the average proportion of GC. The null hypoth-
esis is that GC usage for a gene in the upregulated group is
the same as overall GC usage for the downregulated group.
To adjust for selection, rather than use the proportion of
codons that ended in G or C, we calculated that propor-
tion separately for each amino acid and then averaged
over amino acids. The reason for considering averages ra-
ther than separately considering GC usage bias for separate
amino acids is to deal with sparseness concerns. It is often
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the case that there are few instances of a given amino acid
for a gene. The z-statistic is calculated as follows:

2= {pg — pg}/SElpg < — pg°l,

where pgc gives the average GC proportion for gene g in

the upregulated group and pS© gives the average GC pro-
portion for all genes present in the downregulated group.
The SE is calculated from the following equation:

SE[pS° — p§] = K;' \/Z PS[1 = ) /ey

The sum is over the K, distinct amino acids that appeared
for gene g. The proportion pS© is the overall proportion of
times a codon ended in G or C among those corresponding
to amino acid a and over both the gene and downregu-
lated group. The count n,g gives the number of times
the amino acid a occurred for gene g in the upregulated
group. The same equations were used to calculate
z-statistics for usage of G given GC but with p“ and pg*
replaced by the average proportions of codons ending in
G among those ending in G or C and averaged over amino
acids. Similarly, pS© was replaced by the proportion ending
in G among those ending in G or C for amino acid a. Finally,
Ngg Was replaced by the numbers of sites with amino acid a
and ending in G or C.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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