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Unlike most higher plants, unicellular algae can acclimate to changes in irradiance
on time scales of hours to a few days. The process involves an enigmatic signaling
pathway originating in the plastid that leads to coordinated changes in plastid and
nuclear gene expression. To deepen our understanding of this process, we conducted
functional studies to examine how the model diatom, Phaeodactylum tricornutum,
acclimates to low light and sought to identify the molecules responsible for the
phenomenon. We show that two transformants with altered expression of two puta-
tive signal transduction molecules, a light-specific soluble kinase and a plastid trans-
membrane protein, that appears to be regulated by a long noncoding natural antisense
transcript, arising from the opposite strand, are physiologically incapable of pho-
toacclimation. Based on these results, we propose a working model of the retrograde
feedback in the signaling and regulation of photoacclimation in a marine diatom.

chlorophyll | diatom | photoacclimation | transcriptome | photosynthesis

Although higher plants have retrograde and anterograde signaling during development
and in physiological responses to the environment (1), how the signals are transferred
from the plastid to the nucleus and vice versa remain poorly understood. To elucidate
these signals, unicellular eukaryotic algae have been widely used as model organisms (e.g.,
ref. 2). To optimize photosynthetic rates, eukaryotic algae photoacclimate to changes in
irradiance on time scales of hours to a few days (3). In contrast to higher plants, where
light-harvesting pigment accumulation is tissue specific and dependent on developmental
processes, we focus on a marine diatom where, in response to low light, photoacclimation
is manifested by increases in cellular chlorophyll concentration.

The optimal photosynthetic rate in any photoautotroph is obtained only when light
absorption is equal to its utilization (4). An imbalance occurs when the rate at which the
energy absorbed by the reaction centers and the rate of electron flow exceeds the capacity
of the metabolic electron sinks (5). Because unicellular planktonic algae experience con-
tinuous variations in spectral irradiance due to physical turbulence, the passage of clouds
across the sky, as well as phytoplankton population density in the euphotic zone (3, 6),
they have evolved a series of mechanisms that lead to changes in the absorption of light
on time scales from seconds to a few days. These include state transitions (7, 8) and non-
photochemical quenching (NPQ) (9-11), which are signaled by the transthylakoid proton
gradient and occur on time scales of seconds to minutes, leading to changes in the effective
cross-section of photosystem II (12). On time scales of hours to days however, a third
process, photoacclimation, leads to changes in the abundance of nuclear-encoded light-har-
vesting pigment—protein complexes and/or plastid-encoded reaction center proteins (13).
Changes in the expression of light-harvesting pigment—protein complexes are also asso-
ciated with changes in the redox state of the plastoquinone pool (2, 14), however, the
signal transduction pathway facilitating this mode of acclimation remains enigmatic.

Using nuclear transcriptome data, we examined the photophysiological changes occur-
ring under low light in a model diatom, Phacodactylum tricornutum. To identify the
molecules involved in the signal transduction pathway leading to photoacclimation, we
selected the top six up-regulated genes to target for RNA interference (RNAi) by an
antisense approach and studied the resulting phenotypes of the transformed lines. Our
results strongly suggest that two genes, as well as a putative regulatory long noncoding
natural antisense transcript (NAT), are involved in the nuclear—plastid signal transduction
pathway of photoacclimation in this organism.

Results

Low- and High-Light-Acclimated Cells Show Distinct Phenotypes. The growth rate of wild-
type (WT) P tricornutum was a hyperbolic function of light intensity (Fig. 14). In the steady
state, the exponential growth rate (i) was accompanied by a reciprocal change in pigment
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key roles in feedback signaling
between the nucleus and the
plastid in diatoms leading to
photoacclimation
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Fig. 1. (A). Effect of increasing incident light intensity on exponential growth
rate (n=atleast 12; Error bars represent + SD); Chlorophyll a accumulation (n=3;
Error bars represent + SD); and the absolute quantum yield of photosynthesis
(opgy/a*) (N = 3; Error bars represent + SD) in wild-type P. tricornutum (B). Effect of
change in concentration of Chlorophyll a per cell on the functional cross-section
of PSII (6pg) (N = 3; Error bars represent + SD) and the optical cross-section or
a* of wild-type P. tricornutum (n = 3; Error bars represent + SD)

content (e.g., Chl a/cell; Fig. 14). The low light (LL)/high light (HL)
Chl 4 ratio for this diatom was 2 to 2.5. In turn, the increased pigment
content in cells fully adapted to LL led to self-shading within the
plastids. This phenomenon was reflected in the decrease in the in vivo
optical absorption cross-section per unit Chl, denoted 2* (Fig. 1B).
Thus, when the cells adapted to low light, the ensemble of pigments
became less efficient in light absorption. However, the functional
absorption cross-section of PSII (6pg;) increased with adaptation to
low light (Fig. 1B). The ratio of 6y to the optical absorption cross-
section (Opgy; /a*) is directly proportional to the absolute quantum
yield of photosynthesis (12, 15). The results of this analysis show that
in the WT diatom, the highest quantum yields were in cells with the
highest chlorophyll content and reached a minimum as pigment
content declined with increased growth irradiance (Fig. 1A).

Nuclear Genes Showing Strong Differential Expression in Low-
and High-Light-Acclimated Cells.

Light-harvesting complex genes. In diatoms, the nuclear-encoded
light-harvesting complex proteins (LHCs) are distinguished into
three distinct clades: F R and X (16). Based on the heat-map of
our RNA-seq results (SI Appendix, Table S1), a greater number
of the transcripts of these genes are up-regulated. Out of the 41
annotated /hc genes, 19 were significantly up-regulated under
LL growth conditions, a majority of which are of the F-type
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(SI Appendix, Table S1). The gene transcript showing the most
dynamic change in expression, however, is the nonphotochemical
quenching (NPQ) gene /hcXI, which was up-regulated 32-fold.
This was followed by /hcFI5 and /hcF5 gene expression, both of
which show approximately 20-fold change. Only four of the /bc
genes were down-regulated more than twofold when comparing
LL to HL, most of which are of the R-type.

Photosynthetic electron transport component genes. There was
an increase in transcript accumulation of all three nuclear-
encoded PSII extrinsic subunit genes: pséU, psbQ/oee3, and psbO
(ST Appendix, Table S2). This was accompanied by a twofold to
2.5-fold upregulation in PSII reaction center genes, specifically
hcf136 and psb27, both of which encode proteins critical for
PSII assembly and repair. Additionally, the gene coding for
the mobile electron carrier, ¢553, which shuttles electrons
between cytochrome by/f and PSI in diatoms was up-regulated
by 2.2-fold.

Chlorophyll biosynthesis genes. Almost all the enzymes catalyzing
the chlorophyll # biosynthetic pathway are nuclear encoded.
However, the actual synthesis of the pigment occurs in the plastid
stroma, starting with the amino acid glutamate. Surprisingly,
overlaying the transcript abundances for these genes from P
tricornutum on a schematic of the pathway, suggests that this
process is down-regulated in steady-state LL growth conditions
compared with HL grown cells (Fig. 24). With the exception
of one of the multigene families coding for coproporphyrinogen
oxidase, and divinyl protochlorophyllide oxidoreductase, as well
as the gene for uroporphyrinogen III synthase, the expression of
all the other genes in this pathway generally decreased.
Carotenoid biosynthesis genes. The transcript levels of genes
encoding for enzymes catalyzing the synthesis of carotenoids
were up-regulated under LL growth conditions (Fig. 2B). The
most strongly differentially expressed genes were multiple copies
of ertiso_l, which encode for carotenoid isomerase-like phytoene
dehydrogenases, and were up-regulated fivefold to 15-fold. On
the other hand, ¢r#is02 was down-regulated ~threefold under LL.
Another multigene family that was significantly up-regulated was
the phytoene desaturase family, which precede CrtISOs in this
pathway. The varied expression levels of the isozymes in these
multigene families suggests that the individual genes are likely
controlled by different regulatory factors, each likely responding to
different stimuli to varying extents. It has recently been shown that
zeaxanthin epoxidase-like (ZEP1) and violaxanthin deepoxidase-
like enzymes (VDL1-2) (17) are involved in the synthesis of the
light-harvesting carotenoid, fucoxanthin. Other ZEPs presumably
epoxidize zeaxanthin to antheraxanthin and violaxanthin, as
well as diatoxanthin (Dtx) to diadinoxanthin (Ddx). The reverse
reactions catalyzed by vioxanthin deepoxidases (VDE) appear to
have modified transcript levels to a similar extent, which suggests a
form of coregulation. Based on the transcript profiles alone, more
carotenoids (e.g., fucoxanthin) are synthesized under LL growth
conditions.

Transcript Abundances of Low- and High-Light-Acclimated
P. tricornutum Suggest the Involvement of Genes in Retrograde
Signaling. A comparison of transcriptomes of cells acclimated
to LL versus HL showed an altered expression of 3,235 genes
(i.e., 26% of the entire coding region of the genome). Of
these, 1,749 were up-regulated and 1,486 down-regulated
(log,fold change > 2; NCBI GEO Accession # GSE133301).
Of the eleven genes that showed a positive change of more than
30-fold, nine had uncharacterized open reading frames (ORFs).
In silico analysis of the top six of these genes revealed the presence
of potentially conserved functional domains and cellular location,
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Fig. 2. Heat map of transcript expression of wild-type P. tricornutum in LL as compared with HL of (4) Chlorophyll biosynthesis and (B) Carotenoid biosynthesis.
The boxes represent the differential gene expression of multiple forms of the same enzyme or isozyme

as well as their hydrophobicity profiles (Table 1). Hypothetical
roles of these six positively, differentially expressed genes could
suggest their function in signal transduction. Each of these
genes was targeted individually by an antisense RNAI strategy to

examine their potential role in photoacclimation. Of these, the
transformed strains with modifications to Phatr3_J43123 and
Phatr3_J50052 expression showed the most dynamic phenotypes
of photoacclimation disruption.

Table 1. List of genes with the most significant difference in expression levels; i.e. those that showed more than
30-fold up-regulated in low-light-acclimated cells as compared with high light
NCBI Anchored  Targeted
Log2 Fold- Fold- P-adj Conserved Signal Trans- to Mem- to Chlo-
Gene Num- change LL changein value NCBI Protein Peptide  membrane brane roplast
ber (Phatr3) vs. HL LLvs. HL (FDR) BLAST Hit  Domains  (predicted) (predicted) (predicted) (predicted)
EG01529 9.76 870 1.58 e-146  Predicted - + + - inconclu-
Protein sive
147715 7.67 203 2.34 e-146  Predicted - - - inconclu- -
Protein sive
143123 7.36 164 1.43 e-174 Predicted - + + - +
Protein
EG00707 6.46 88 7.66 e-188  Predicted - + + - +
Protein
J37655 6.45 87 7.43 e-113 Predicted - + + inconclu- +
Protein sive
50052 5.39 42 2.04 e-127 Predicted Kinase + - - +
Protein (ABC1
family)

All these genes were targeted for RNAi individually. Phatr3 - gene identification numbers from third annotation of genome (protists.ensembl.org); LL - low-light intensity of 20-umol pho-
tons m™%s'; HL - high-light intensity of 940-umol photons m™s™"; P-adj value (FDR) - P value of transcriptome results adjusted to false discovery rate <0.05; NCBI - The National Center for
Biotechnology Information database; BLAST Hit - Results from The Basic Local Alignment Search Tool of NCBI; (+) indicates presence; (-) indicates absence. (n = 3; P < 0.05)
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Phenotypic Characterization of Relevant Transformant Strains
Shows Disruption in the Photoacclimation Response. In silico
sequence analysis identified Phatr3_J50052 as a nuclear-encoded
hydrophilic kinase found only in unicellular algae and belonging
to the AarF/ABCI1/UbiB superfamily without any DNA-binding
motifs (Table 1). Of the 70 resultant RNAI transformant lines, 67
strains showed more than a 25% increase/decrease in chlorophyll
accumulation in the cell, with an average LL/HL Chl 4 ratio of
0.6 (n = 3). The phenotype of the most stable Phatr3_J50052
(light-specific kinase, LSK) transformant line #27 (LSK-27), was
“locked” in a low-light state, with respect to chlorophyll content
(Table 2). This transformant grew faster than the WT at LL
and had a lower 4* value consistent with increased thylakoid
membrane packaging (Table 2). These changes did not affect
opgyp (Table 2).

The physiological and photophysiological characteristics of
the Phatr3_J43123 (plastid transmembrane protein or PTP)
transformant line #33 (PTP-33) are presented in Table 2. In
silico analysis of the annotated Phatr3_]J43123 gene locus reveals
that it encodes a 142 amino acid protein with no known func-
tional domains, putatively targeted to the plastid outer-mem-
branes or the thylakoids (Table 1). The significant differential
expression of this “nonfunctional” gene in the WT in a
LL-acclimated state (Table 1) indicates it could be an important
regulator of the photoacclimation process. Of the 45 trans-
formant lines generated from RNAi of Phatr3_J43123, 33 con-
sistently showed abnormal cellular Chl 4, with an average LL/
HL ranging between 3 and 3.5 (n = 3). The PTP-33 line, which
had the most stable phenotype, showed a 40% increase in Chl
a content under LL as well as an increase in the exponential
growth rate, when compared with WT LL (Table 2). However,
changes were not observed between the WT and PTP-33 under
HL. Despite Chl # accumulation occurring only under LL, there
was an increase in thylakoid packaging or optical absorption
cross-section irrespective of light intensity. LL acclimated PTP-
33 cells also showed abnormal plastid division (SI Appendix,
Figs. S1 and S2), where cells had enlarged plastids that appeared
to undergo division independent of mitosis. Interestingly, both
mutants grew faster under LL (even though &g and F /F  are
comparable to WT) implying that the mutants had better con-
version of photosynthetically generated electrons to growth
downstream of the light reactions.

A Long Noncoding Natural Antisense Transcript Putatively
Regulates the Expression of Phatr3_J43123. PTP-33 was designed
to be a knockdown mutant of Phatr3_J43123 by an RNAi
approach, with the full-antisense sequence of Phatr3_J43123 under

the control of a strong constitutive promoter. However, instead of
obtaining reduced accumulation of the Phatr3_J43123 transcript,
we observed the opposite effect; an increased accumulation of
this transcript in the PTP-33 mutant line suggesting increased
expression (Table 2). Strand-specific RT-qPCR of Phatr3_J43123
revealed that PTP-33 had much higher levels of both sense and
antisense transcripts, corresponding to the Phatr3-J43123 locus,
than the WT (under both HL and LL conditions) but retained HL/
LL differential regulation of the transcript (S/ Appendix, Fig. S3).
This result reveals that the overall concordant pattern of expression
for the two transcripts is independent of light intensity. The result
also strongly suggests that both transcripts form a sense—antisense
concordant pair and that overexpression of the antisense transcript
resulted in the overexpression of its cognate sense gene. Sequence
analysis of the putative transcript originating from the opposite
strand of Phatr3_J43123 using coding potential calculators,
CPC and CPC2, which support vector machine-based classifiers
that discriminate coding from noncoding transcripts with high
accuracy (18, 19), revealed that it had a small unreliable putative
OREF of 66 amino acids with a very low coding potential (CPC
SVM score -1.48 with a CPC2 coding probability of 0.051),
classifying it as a noncoding transcript. Since this putatively
noncoding transcript is longer than 200 nucleotides, it falls in
the category of long noncoding RNAs (IncRNAs) which have
been previously characterized in P tricornutum (20). Furthermore,
the putative IncRNA transcript overlaps with the Phatr3_J43123
gene locus, which further classifies it as a long noncoding natural
antisense transcript (NAT). Since the RNA-Seq datasets in this
study were not strand specific, it was not possible to discriminate
from the mapped reads which of the two strands (the protein
coding gene or its cognate NAT) was up-regulated under LL.
Our data strongly suggest that both transcripts are expressed in
a concordant way.

Discussion

The results of this study reveal there are at least two nuclear-
encoded genes involved in the light-dependent expression of
light-harvesting complex proteins in P tricornutum. One appears
to be regulated by a putative IncRNA with ¢is-NAT regulatory
functions. Changes in gene expression are signaled by the redox
state of the plastoquinone pool (2), which effectively acts like a
biophysical light sensor. The resultant nuclear as well as plastid
gene products must be coordinated and tuned to bring about the
physiological modifications in the plastid and the cell. Interfering
with this signal transduction feedback loop of photoacclimation
resulted in cells that lost their ability to alter the expression of

Table 2. Phenotypic characterization of transformant strains (LSK-27 targeting kinase domain of Phatr3_}J50052
and PTP-33 targeting Phatr3_J43123) in comparison to wild-type (WT) strains under high-light (HL) and low-light (LL)

conditions

WT (HL) LSK-27 (HL)  PTP-33 (HL) WT (LL) LSK-27 (LL)  PTP-33 (LL)
Exponential Growth Rate (u d™") 1.1+£0.1 1.3+£03 1.3£0.2 0.5+0.04 1.0+£0.2 0.85+0.2
Chlorophyll a cell™ (pg) 0.27 + 0.1 0.54 + 0.1 0.28 +0.1 0.42 +0.1 0.87+0.2 0.64 +0.1
Optical Cross-section a* (mZ/mg Chl a) 41.1+£3.5 12.7+0.7 16.6£1.6 286+1.4 26.6+3.5 11.8+1.3
Functional Cross-section of PSI oy (A%) 364 + 48 350 + 48 363 +45 556 + 22 562 + 80 492 + 83
Quantum Efficiency of Photochemistry 0.53+0.03 047+0.08 049+0.05 056+0.01 0.55+0.02 0.55+0.03

(Fv/Fm)
Relative Transcript Levels (QRT-PCR) 1+n/a 41+0.9 22 +4.57 1+n/a 129+ 3.1 3.5+0.34
HL, 750 to 800-umol photons m™s™"; LL, 20-umol photons m™s™" (n = 3; P < 0.05; +SD)
40f8 https://doi.org/10.1073/pnas.2216286120 pnas.org
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nuclear-encoded light-harvesting pigment-binding proteins in
response to changes in growth irradiance.

Photophysiology of Fully Acclimated P. tricornutum. In P tricornutum,
41 nuclear genes encode for three different families of LHC
proteins. A subset of these genes was found to be responsive to
changes in irradiance. Specifically, we observed a 32-fold change
in expression of /hcX1 gene (SI Appendix, Table S1), which encodes
for an LHC associated with NPQ (21, 22). Low-light-acclimated
cells display a high-energy quenching component, qE, driven
mainly by in vivo chlorophyll fluorescence quenching in close
proximity to the PSII reaction center, where LHCX1 is primarily
associated (23, 24). On the other hand, prolonged exposure to
HL, enhances fluorescence quenching of fucoxanthin-chlorophyll
protein (FCP), observed by the induction of other isoforms like
LHCX2, which accumulate in the PSII antenna but not in the
core (24). This can explain the negative change in expression of
lheX2 (SI Appendix, Table S1). Additionally, we observed a 20-fold
increase in the expression of /hcF15 and lhcF5 genes, under LL in
the WT (87 Appendix, Table S1). These lhc genes comprise major
antenna complexes for both PST and PSII (25, 26), which suggests
an increase in antenna size, and/or number of antennae protein
complexes leading to increased photon capture efliciency during
photosynthesis under LL.

Despite the observed increase in expression of locs (SI Appendix,
Table S1), there is no corresponding increase in transcript accu-
mulation in the chlorophyll biosynthesis pathway (Fig. 24). While
this trend is clearly observed in photoautotrophs transitioning
from HL to LL conditions, this does not appear to be the case
once photoacclimation has stabilized (25). It has been suggested
that regulating the activity of these biosynthesizing enzymes has
a greater impact on chlorophyll biosynthesis than modifications
at the transcript level (26). Therefore, it is likely that the observed
levels of chlorophyll biosynthesis transcripts under LL (Fig. 24)
do not reflect the pigment content at the metabolite/protein level.
In fact, exposure to LL could increase the half-life of the pigments
embedded in the antenna, as a result of lower rates of ROS-
associated chlorophyll degradation.

The functional absorption cross-section of PSII can also be altered
by carotenoids in the LHCs, which are associated with NPQ (27).
The ZEP and VDE reactions of the carotenoid biosynthesis pathway
are responsible for the interconversions between the epoxidized and
deepoxidized states of xanthophylls, respectively; however, paralogs
of these enzymes have recently been reported to be involved in the
synthesis of fucoxanthin, a light-harvesting carotenoid in diatoms
(17). Although the ZEP can convert zeaxanthin to antheraxanthin,
then to violaxanthin, in diatoms, this enzyme may also convert diad-
inoxanthin to diatoxanthin (28). The reverse reactions are catalyzed
by vioxanthin deepoxidases (VDE). With the exception of zep3 and
vd[2, these genes show almost no change in transcript abundances
between LL and HL (Dataset S2). While upregulation of these genes
would be necessary to increase the production of Ddx and Dt for
the xanthophyll cycle under HL stress, the same would also occur
under LL, with the synthesis directed toward fucoxanthins for light
harvesting instead. This can explain the low degree of relative change
in transcript levels between LL and HL in the latter half of the carot-
enoid biosynthetic pathway (Fig. 2B). Taken together, these results
suggest that, in a stable acclimated state, the up-regulated light-har-
vesting complex protein scaffolds preferentially bind fucoxanthins,
rather than chlorophylls.

In the present study, only the nuclear transcriptomes were ana-
lyzed. For this reason, we can only extrapolate the possible change
in stoichiometry of the photosystems based on the transcript pro-
files of the photosynthetic electron transport (PET)-component
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genes found in the nuclear genome (S Appendix, Table S2). PSBU
stabilizes the structure of PSII oxygen evolving complex (OEC)
and protects the OEC against inactivation by reactive oxygen
species (ROS) (29). The stoichiometric association of this subunit
with the PSII core (30) leads us to propose that the changes in
chloroplastic core subunit synthesis and assembly into functioning
reaction centers in the thylakoids is highly coordinated in the
retrograde signal transduction process. PSBO/OEE] is another
subunit that is required for structural stabilization of the
Mn-cluster of the OEC (31). PSBQ functions as an oxygen-evolv-
ing enhancer protein, which is required for PSII assembly/stability
(32) and is important for growth under low-light conditions in
(e.g.) Arabidopsis thaliana (33). The ~twofold increase in transcript
abundance of all these extrinsic PSII subunit genes suggests that
these fully light-acclimated cells increase the synthesis of PSII
reaction centers which optimizes light harvesting under LL growth
conditions. We also observed a ~twofold upregulation in psb27
and hcf136 genes, both of which code for proteins associated with
PSII assembly and repair. Given that these upregulations are under
LL conditions where ROS-induced damage of PSII is very low,
we propose that the expression of these genes is primarily for
biogenesis of the reaction center rather than just its repair. Another
electron transport component gene that is up-regulated in LL is
the transcript of pez/, i.e., cytochrome ¢6/c553, which is the
mobile electron carrier between Cytb/f and PSI; unlike green
algae, diatoms do not have plastocyanin. The differential expres-
sion of this gene as well as the other PET component genes,
strongly suggests that LL acclimation in P tricornutum is not only
associated with an increased number of PSII subunits, but the
entire photosynthetic apparatus.

Identification of Signaling Molecules in the Light-Intensity
Acclimation Pathway. The main body of information currently
available on photosynthetic signal transduction is based on
higher plants and green unicellular algae (34). However, there
is no functional evidence for a number of these pathways in
organisms of the secondary red algal lineage, such as diatoms.
Indeed, homologs of various genes required for multiple
photoacclimation pathways in green algae are not present in the
P, tricornutum genome (35). This strongly suggests that organisms
belonging to different endosymbiotic lineages have developed
alternative signaling pathways that may be key to their ecological
success. One major light-intensity-specific photoacclimation
phenomenon occurring in the primary electron transport chain,
is state transitions. First identified in a green alga (7), and a red,
primary symbiotic microalga (36), state transitions are a rapid
physiological mechanism that reversibly alters the effective
absorption cross-sections of photosystems II and I in response
to changes in light quality, thereby balancing the distribution
of excitation energy between the two reaction centers. The
phenomenon is driven by a protein kinase that is coupled to the
redox state of the plastoquinone pool. The kinase responsible
for this phosphorylation of LHCs, STT7 or STN7 (37, 38)
is bound to thylakoid membranes and is conserved in higher
plants and green algae (39, 40). However, there are no homologs
to the state transition kinases such as STT7/STN7 in diatoms
(40). Indeed, it has been reported previously that diatoms do not
undergo state transitions (41). Hence, our finding of a soluble
plastid kinase Phatr3_J50052//sk (Table 1), which is only found
in unicellular algae, is potentially significant. Overexpression of
this gene resulted in a phenotype locked-in low light (Table 2).
The lack of a DNA-binding region (based on sequence prediction)
suggests that this kinase indirectly influences the expression of
one or more /hc genes in the plastid or nuclear genomes, or could
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be involved in the feedback signaling cascade between the two.
Comparing our transcriptome studies with transcriptomes of
WT P tricornutum in different stages of the cell cycle, redox-
sensitive gene expression, as well as in the presence and absence
of nitrogen, phosphorus, iron, cadmium, silica, revealed that this
kinase is exclusively responsive to high-light-intensity changes
(SI Appendix, Table S3). In Arabidopsis thaliana, the nonreceptor
tyrosine kinase ABC1KI1 (activity of bcl complex kinase) is
required for the stability of chlorophyll-binding proteins and
prevents the accumulation of chlorophyll degradation products
(42). We suggest that Phatr3_J50052, which has a ABCI-
like kinase functional domain, may have a similar function
by increasing the stability of the LHCs, thereby reducing the
turnover of chlorophyll (Tables 1 and 2 and Fig. 3) (43).

In the case of PTP-33, a strong phenotype under LL as a result
of its overexpression supports the hypothesis that this locus is an
important regulator of light-harvesting antenna components in
photoacclimation in diatoms. The RNAi-induced overexpression
of the full-antisense Phatr3_ J43123 transcript resulted in the
positive regulation of the cognate sense gene. This led us to inves-
tigate the expression patterns of both the coding and antisense
strands from low- and high-light-intensity-acclimated PTP-33
cells, and further confirm the concordant expression patterns of
both strands (S Appendix, Fig. S3). Furthermore, the transcript
expressed from the opposite strand of Phatr3_ J43123 shows a
very low coding potential, classifying it as a putative long noncod-
ing (Inc)RNA. LncRNAs are, by definition, transcripts longer than
200 nt that have no conserved ORF capable of producing proteins
(44). For a long time, these molecules were considered transcrip-
tional “noise;” however, IncRNAs are now recognized as being
major regulators of gene activity throughout the Eukarya domain
(44, 45). Instead of being expressed randomly, IncRNAs have spe-
cific expression patterns, generally responding to developmental
and/or environmental cues (45, 46). In P tricornutum, IncRNAs
have been shown to be involved in responses to phosphate stress
(20, 47) and elevated pCO, (48). LncRNAs overlapping with

protein-coding genes and expressed from the opposite strand are
termed natural antisense transcripts (NATs) (44). NATs have been
shown to act in cis- and/or in #7ans- and have an effect at the
transcriptional level as well as the translational level of targeted
genes or gene products (49). In 2 tricornutum, NATs have been
shown to be highly abundant, covering 21.5% of the annotated
coding genome (47). Furthermore, several correlated NAT-mRNA
pairs regulated by phosphate stress have been identified, the major-
ity of which being concordant pairs (47).

Here, we show that a gene coding for a putative plastid trans-
membrane protein (Phatr3_J43123), as well as its putative NAT
arising from the opposite strand, form a concordant NAT-
mRNA pair highly up-regulated under LL. Although the nature
of the regulation between these two transcripts remains unclear,
our results strongly suggest that their expression is intrinsically
correlated. Given the biplastid phenotype observed in the PTP-
33 line under LL growth conditions (S/ Appendix, Figs. S1-iii
and S2), we also suggest that a potential #rans-target for the
regulatory IncRNA could be a putative ORF from the plastid
genome, which shares a region of sequence complementarity
with the NAT. It is predicted to have an FtsH-like conserved
functional domain, likely to be involved in plastid division. This
protein is known to accumulate in the mid-cell septum of divid-
ing cells (50), along with conserved proteins FtsZ and FtsA,
forming a complex (51) resulting in binary fission. The pheno-
type of the attempted RNAI line for J43123 (PTP-33) resulted
in constitutive elevated expression of both the NAT and its
cognate coding gene, leading to a marked phenotype character-
ized by an abnormal cell size and plastid formation under LL
conditions, as seen in the PTP-33 line (87 Appendix, Figs. S1
and S2). Furthermore, PTP-33 also showed higher chlorophyll
a content and higher exponential growth rate under LL in com-
parison to the WT (Table 2). Taken together, this suggests an
important role for Phatr3_J43123 and its associated NAT in the
regulation of plastid membrane integrity and pigment content
during photoacclimation.

the plastid

RST feedback — expression of LHC and other photosynthesis-related genes,
which alters the structure and function of the photosynthetic machinery in
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Fig.3. Aworking model of acclimation to irradiance and the retrograde signal transduction (RST) cascade between the nucleus and plastid in P. tricornutum. The
putative cellular location of the genes of interest are based on sequence analysis predictions (refer to Table 1): PTP (blue) - Phatr3_J43123 plastid transmembrane

protein; LSK (orange) - Phatr3_J50052 light-specific kinase.
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Based on sequence analysis predictions (Table 1), we propose a
working model for the retrograde signaling process that enhances
or suppresses gene expression of lhes (Fig. 3). We suggest that a
change in the redox state of photosynthetic electron transport
between PSII and PSI (i.e., the PQ pool) triggers a retrograde
signaling cascade. This cascade involves unknown cytosolic pro-
tein(s) that ultimately interact with nuclear transcription factors.
The transcription factor(s) in turn alter the expression of nucle-
ar-encoded LHC scaffold proteins, as well as leading to the induc-
tion of /sk and p#p whose products are then targeted to the plastid.
Our experimental data suggest that LSK is a light-intensity-specific
regulatory protein exclusive to diatoms. It appears to be essential
to the stability of light-harvesting pigment—protein complexes
within thylakoid membranes. Further, we have identified a plas-
tid-targeted membrane-bound protein PTP (and its associated
NAT), that is likely to be involved in the regulation of LHC content
and plastid membrane division during photoacclimation. Neither
of these proteins have been previously identified in any eukaryotic
photoautotroph.

In conclusion, unicellular algae alter the expression of a myriad
of nuclear-encoded light-harvesting proteins by light intensity via
feedback signals originating in the photosynthetic electron trans-
port chain (e.g., refs. 2, 21, and 33). Although several aspects of
the retrograde signal in photoacclimation remain unknown, the
data presented here strongly suggest that, in marine diatoms, the
proteins LSK and PTP are critically involved.

Materials and Methods

Growth Conditions and Maintenance. Phaeodactylum tricornutum (accession
Pt1 8.6; CCMP632 in the Provasoli-Guillard National Center for Marine Algae
and Microbiota) was maintained as described (52). To eliminate the effect of
photoperiod and the cell cycle, cultures were grown in continuous white light from
LEDs, and gradually acclimated to specific intensities of constant light ranging
between 4-and 940-umol photons m~%s~". Cultures were maintained for at least
thirty generations to ensure full acclimation.

RNAi Plasmid Design and Transformation in WT. Sequences coding for RNA
(iRNA) fragments were designed to target the functional domains of six specific
genes (Table 1) based on NCBI BLAST annotations. These 325 to 425-bp sequence
fragments were amplified with primers (S/ Appendix, Table S4) into a pBlue-
Script-based plasmid, which was transformed into WT P tricornutum biolistically
as described (52). Single, independent transformation events of each plasmid
into WTyielded 40 to 80 colonies. To screen for putative knockdown strains, each
culture was grown under constant high light (HL) of ~800 to 950-pmol photons
m~%s™" and low light (LL) of 15 to 25-umol photons m~%s™". Of the 638 trans-
formants isolated, the five strains that exhibited the most abnormal light accli-
mating phenotypes to either/both HLand LL were chosen for additional studies.

RNA Extraction, Sequencing and Analysis. Samples for RNA-Seq were har-
vested and extracted from triplicate sets of individual cultures acclimated to
20- and 940-pmol photons m™%s™". TruSeq RNA Library Prep Kit v2 (Illumina,
CA) was used to prepare mRNA libraries for each of the six samples according
to the manufacturer's instructions. The 250-bp single-indexed libraries were
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multiplexed and sequenced on an lllumina MiSeq platform. The raw reads were
trimmed for adaptor and low-quality sequences and then aligned to P, tricornu-
tum version 3.0, which is the reannotation of 12,089 filtered gene models. After
aligning the raw data to P, tricomutum's version 3.0 set 12,089 filtered gene
models (protists.ensembl.org), files were filtered to retrieve uniquely aligned
reads with no more than three mismatches. Gene counts (unique aligned reads
pergene) were used for differential expression (DE) analysis carried out using the
DESeq R/Bioconductor package, which infers DE based on the negative binomial
distribution. For this analysis, we used a cutoff of 5% to control for false detection
rate (false positives) and considered only genes that had a log, -fold change > +2,
and a false detection rate < 0.05 to be DE. DESeq's output for all 12,089 genes
was submitted to the National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus under accession no. GSE133301.

Quantification of Target Gene mRNA Copies Using Quantitative Real-
time PCR (RT-qPCR). Samples for RT-qPCR were extracted using TRIzol™
Reagent and measured as described in ref. 52. Strand-specific cDNA synthesis
was carried out as above but with target-specific primers (S/ Appendix, Table S4)
also designed with Primer Express. At least three technical, as well as biological
replicates were performed for each observation, and statistical significance was
defined as P < 0.05.

Analytical Methods. Relative chlorophyll fluorescence data, obtained from the
Guava” easyCyte 12HT Sampling Flow Cytometer (0500-4012; EMD Millipore
Sigma), were used for high-throughput screening. Based on significantly variable
LL/HL ratios of Chl a/cell, the five most interesting transformants were analyzed.
Chlorophyll a content per cell (Chl a), optical absorption cross-sections, referred
toasa*, aswell as PSII biophysical characteristics were measured as described in
ref. 52. Functional metabolic assignments for identified gene transcripts into 16
relevant gene categories were done using DiatomCyc (www.diatomcyc.org), JGI
Protist for Phatr2 (genome.jgi.doe.gov/Phatr2), Ensembl for Phatr3 (https://pro-
tists.ensembl.org/Phaeodactylum_tricornutum/Info/Index), and NCBI databases
(www.ncbi.nlm.nih.gov). In silico gene localization predictions were obtained
as described in ref. 52. ldentification of putative diatom IncRNA candidates
was based on coding potential calculators, CPC (18) and CPC2 (19) scores and
then filtering for transcript length = 200 nt and open reading frames (ORFs)
<100 aa(20).

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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