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Light intensity and spectral
composition drive reproductive
success in the marine benthic
diatom Seminavis robusta

Gust Bilcke23*, Lore Van Craenenbroeck?, Alexandre Castagna?,
Cristina Maria Osuna-Cruz?3°, Klaas Vandepoele?3°, Koen Sabbe?, Lieven De Veylder*3® &
Wim Vyverman®>

The properties of incident light play a crucial role in the mating process of diatoms, a group of
ecologically important microalgae. While species-specific requirements for light intensity and
photoperiod have been observed in several diatom species, little is known about the light spectrum
that allows sexval reproduction. Here, we study the effects of spectral properties and light intensity
on the initiation and progression of sexual reproduction in the model benthic diatom Seminavis
robusta. We found that distinct stages of the mating process have different requirements for light.
Vigorous mating pair formation occurred under a broad range of light intensities, ranging from 10 to
81 pE m2s71, while gametogenesis and subsequent stages were strongly affected by moderate light
intensities of 27 uE m=2 s~ and up. In addition, light of blue or blue—green wavelengths was required
for the formation of mating pairs. Combining flow cytometric analysis with expression profiling of the
diatom-specific cyclin dsCyc2 suggests that progression through a blue light-dependent checkpoint in
the G1 cell cycle phase is essential for induction of sexual reproduction. Taken together, we expand the
current model of mating in benthic pennate diatoms, which relies on the interplay between light, cell
cycle and sex pheromone signaling.

Diatoms are a highly diverse group of microalgae that occur in marine and freshwater as well as in terrestrial
habitats and are responsible for about one fifth of global oxygen production’* Two groups of diatoms are distin-
guished based on the morphology of their unique silica cell wall called the frustule: the radially symmetric, gen-
erally homothallic centric diatoms and the bilateral pennate diatoms, which are mostly heterothallic>=. Perhaps
the most defining characteristic of diatoms compared to other microalgae is their cell size-dependent life cycle.
With each mitotic division, the median population cell size decreases gradually until the species-specific sexual
size threshold (SST) is reached, below which cells can engage in sexual reproduction’. In pennate diatoms, gam-
etangia from compatible mating types (MT) assemble to form mating pairs, followed by gametogenesis, zygote
and auxospore formation®. The elongated auxospore later hatches to release a large vegetative cell called the initial
cell, thus restoring the maximal cell size’. In several pennate diatoms, a sex pheromone cascade guides partner
recognition and mate finding®~’. Pheromone signaling is best understood in the benthic diatom S. robusta, where
cells below the SST signal their presence to the compatible mating type using sex inducing pheromones (SIP),
initially resulting in a cell cycle arrest in the G1 phase'®. MT— then starts producing the attraction pheromone
diproline, which causes the attraction of MT+ cells and formation of a mating pair®’.

The marine underwater light field is highly complex, with steep spatial and temporal gradients in the sca-
lar irradiance related to absorption by the water column, turbidity, weather conditions, time of day, and tidal
cycles'1%, In addition, the spectral irradiance in the water column changes with increasing depth, depending
on the interplay between the optical properties of the water column and the incident light field. Pure water
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strongly absorbs light in the red part of the spectrum, causing a dominance of blue light in clear oceans and
lakes'!. On the other hand, water containing abundant phytoplankton, detritus or coloured dissolved organic
matter (CDOM) tends to absorb blue wavelengths, causing green or red light to dominate turbid habitats'*!°.
To perceive light, diatoms employ an extensive suite of molecular photoreceptors. Blue light can be perceived by
members of the cryptochrome family'® and by aureochromes, light-driven transcription factors that are restricted
to the stramenopiles'”'®. Furthermore, diatom genomes encode heliorhodopsins, G-protein coupled receptor
rhodopsin-like proteins and phytochromes, the latter specifically sensing red light'*-?!. Benthic diatoms have
evolved multiple adaptations to cope with the dynamic light conditions and the strong attenuation of incident
light by the sediment®*-**. Many benthic diatoms exhibit maximal growth rates at relatively low photon flux
densities (PFD, in this manuscript often simply referred to as “light intensity”) below 50 uE m™2 s, allowing
them to thrive in shaded conditions?*~?°. In addition to physiological photoprotection, diatoms from the raphid
pennate clade perform behavioural photoprotection by actively migrating through the sediment using their
raphe, a longitudinal slit in the frustule equipped with an actin/myosin motility system>>*!. Cells generally move
upwards towards the sediment surface under moderate light intensities and migrate deeper into the sediment
in darkness and under very high light intensities, resulting in synchronized rhythmic migration patterns over
diurnal cycles*?~**. llumination experiments covering different wavelength ranges have shown that phototaxis
and surface accumulation of motile diatoms is in most cases dependent on the presence of blue light*3?*367,
Stauroneis phoenicenteron, on the other hand, is attracted to low intensity red light, suggesting that different
benthic species employ different types of photoreceptors**?%.

Physiological evidence shows that the light regime can influence the progression of sex in both centric and
pennate diatoms, even though the presence of a suitable partner has generally been considered the primary
requirement for sexual reproduction in pennates®. Studies assessing the effect of light intensity and day length
on reproductive success demonstrated large differences between species. While a shift to higher light intensi-
ties induced gametogenesis in several homothallic centric species®-*, dim light with an intensity below 50 pE
m™2 s~! was correlated with the highest level of auxospores in Melosira nummeloides, Haslea ostrearia and Rhab-
donema adriaticum, and spermatogenesis in Thalassiosira weissflogii was almost completely abolished by light
intensities above 100 pE m™ s™! #*-%_ In terms of the photoperiod, species favored either a long day (e.g. 16:8
L:D), a short day (e.g. 8:16 L:D) or continuous light for sexual reproduction*"***>-#, Notably, the proportion of
sexually induced cells (gametangia) and initial cells in the pennate Nitzschia lanceolata was linearly dependent
on the total amount of photosynthetic energy captured since the start of the photoperiod®. In contrast to light
intensity and photoperiod, the spectral composition supporting sex has gathered little attention, although such
data can provide crucial hints on which photoreceptors regulate the sexual light checkpoint. The formation
of large cells in the centric Chaetoceros didymus was up to sevenfold higher under blue light compared to red
light™, while auxospores were only observed after red light treatment in the pennate H. ostrearia®, suggesting
that multiple independent light sensing mechanisms drive sexual reproduction in diatoms. Overall, physiologi-
cal studies are fragmented and often fail to pinpoint the exact stages of the mating process that are susceptible
to the light regime>*.

The switch from the mitotic to the meiotic eukaryotic cell cycle almost universally occurs in the G1 phase,
allowing the cell to integrate available signals before committing to the premeiotic S phase’'. A similar situation
has been observed in both centric and pennate diatoms. In case of S. robusta and Pseudo-nitzschia multistriata,
this is accompanied by an intricate sex pheromone-induced G1 phase arrest, which postpones a potential tran-
sition to meiosis until the presence of a suitable partner in a mating pair is confirmed”*!1%%2 In addition to this
sexually inducible region, the cell cycle of diatoms contains two light-dependent checkpoints, one in the G1
phase and a second at the G2/M boundary>*~°. Outside these regions, the cell cycle can progress even in the
absence of light>%. Notable exceptions are the pennates Phaeodactylum tricornutum and S. robusta, where only
G1 phase progression is light-dependent®®’. The molecular mechanism behind the light-dependent checkpoints
of diatoms has to date only been assessed in P. tricornutum™. In this species, expression of the diatom-specific
cyclin dsCyc2 drives progression through the G1 checkpoint following light onset after a period of darkness™.
Transcription of dsCyc2 at dawn is regulated through the aureochrome photoreceptor Aureola in synergy with
basic leucine zipper transcription factor bZIP10, and is therefore strictly blue-light dependent™. Recent transcrip-
tomic evidence suggests that Aureola plays a much broader role as a master regulator of blue-light responsive
genes, driving the expression of photoreceptors CPF1 and Aureolc as well as the transcription factor bZIP11%.
Additionally, Aureola causes repression of photo-acclimation in high light®. Studying the relationship between
light, cell cycle and spermatogenesis in the centric T. weissflogii, Armbrust et al. (1990) showed that the sexually
inducible region is located downstream of the light-dependent checkpoint in the G1 phase**, but these findings
have not yet been extended to other diatom species.

In this study, we investigate the sexual response of S. robusta to a range of light spectra and intensities.
Standardized crossing protocols offered strict control over the mating process, allowing us to quantify different
mating stages at predetermined time points. To characterize the genetic pathways behind light dependency, we
assessed S phase progression with flow cytometry and quantified the expression of cell cycle genes using available
RNA-seq datasets and by performing RT-qPCR on cultures treated with different spectra of light. Based on the
combined information we introduce a hypothetical model for the complex regulation of sexual reproduction
and vegetative growth in S. robusta, thus contributing to our understanding of the integration of light signals in
the life of motile benthic diatoms.
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Figure 1. Influence of light intensity on sexual reproduction. (a) Influence of light intensity on the frequency
of mating cell stages after 14 h of illumination. The experiment was performed twice, as indicated with colours.
Dots represent frequency (in %) of sexual cells relative to all cell types (vegetative + sexual), while solid lines
connect averages of both experiments. Confidence intervals for all pairwise combinations of intensities are
visualized in Supplementary Fig. S1. (b) Time series showing the frequency of sexual cell stages over a period
of 6 h after treatment with different light intensities (4, 27 and 81 uE m™? s™"). Individual data points are
represented by dots and the average percentage is connected by a Loess smoothed line. Different sexual cell
stages are shown with different colours.

Results

Gametogenesis is strongly affected by light intensity. We assessed the reproductive success of
S. robusta at different light intensities by exposing dark-synchronized crossed cultures (PONTON36 x PON-
TON34) to a broad range of intensities: 0, 4, 10, 27, 81 and 108 uE m™2 s, integrated over the full spectrum of
the light source (“white” light). Sexual cell stages (paired cells, gametes & zygotes, auxospores and initial cells)
were quantified after 14 h of illumination (Fig. 1a), which was selected as a reference time point because high
levels of gametes and zygotes are consistently observed after such a period of time post-crossing. The experi-
ment was performed twice to assess the consistency of the response to light intensity. The prevalence of sexual
reproduction was severely reduced in the absence of light compared to all tested light intensities (p <0.01, Sup-
plementary Fig. S1). The persistent 2.0% and 1.1% paired cells that were counted in the dark likely represent the
baseline level of cell pairs caused by random encounters between motile cells. The total reproductive frequency
(summed proportion of all sexual cell types, i.e. paired cells, gametes, zygotes and auxospores) was highest at
light intensities of 10 and 27 uE m™2s™", which produced significantly higher amounts of sexual cells compared to
low (4 uE m™ s7') and high (108 pE m™s™") intensities, and to 81 pE m™ s™! when the experiment was repeated
(Fig. 1a, Supplementary Fig. S1). When focusing on the individual sexual cell stages, we observed that the overall
response is dominated by the more abundant paired cells, and later stages show a distinct response. While the
number of paired cells was maximal at intensities ranging from 10 to 81 pE m™ s™!, gametogenesis and zygote
formation peaked at intensities ranging from 4 to 27 puE m™2 s”!. The difference was even more pronounced when
we repeated the experiment, as gametes and zygotes were significantly more numerous in very dim light (4 uE
m™ ') compared to all other intensities (Fig. 1a, Supplementary Fig. S1).

To better assess how light intensity affects the progression through each of the mating stages over time, a
time-series experiment was set up consisting of crossed cultures subjected to three different light intensities:
“low” (4 pE m™2s7™"), “moderate” (27 pE m™2s™") and “high” (81 uE m™2s™!) (Fig. 1b, Supplementary Fig. S1). At
the start of the time series (10 h), a high proportion (27.7%) of paired cells was present at low light intensities. As
time progressed, the proportion of paired cells decreased (p <0.001), alongside an increase of other cell stages,
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Figure 2. Influence of spectral composition on sexual reproduction. Frequency of mating cells in a crossed
culture (PONTON36 x PONTON?34) after 14 h of treatment in dark, full spectrum or different wavelength
ranges transmitted by the colour filters. Points represent individual replicates, while horizontal lines show the
average for each condition. Results are shown for the sum of all sexual cell types (a) and partitioned for each
sexual stage (b). Confidence intervals for pairwise statistical tests are visualized in Supplementary Fig. S4.

indicating progression through the mating process. This decrease in paired cells was significantly less steep in
moderate and high intensities (p < 0.01 for both), suggesting that more intense light affects the transformation of
paired cells into gametes/zygotes. Indeed, compared to low light, moderate to high light intensities displayed a
significant delay in the production of gametes and zygotes, with the first gametes and zygotes being visible after
10 h, 12 h and 14 h in low, moderate and high light respectively (p <0.05). Although a peak in the abundance of
auxospores is expected later®, the increase of auxospores during the time series was already significantly lower
when treated with moderate or high light intensities (p <0.001). In fact, auxospores were never observed at high
light intensity in the given timeframe.

Blue light is essential to trigger the induction of sexual reproduction. The effect of spectral com-
position on sexual reproduction was assessed by exposing dark synchronized crossed cultures to different light
sources using colour filters: one type of blue, one type of cyan, one type of green, two types of red as well as a
full spectrum (“white”) and a dark control (Supplementary Fig. S2, S3). Since the colour filters did not transmit
100% of the light at the wavelength with maximal transmittance, the illumination was compensated to provide
the same incident light intensity at this reference wavelength as for the treatment will full spectrum (Supplemen-
tary Table S1). In this way, cultures obtained approximately the same amount of light in the wavelength range
of interest as they did in the control with the full spectrum (Supplementary Fig. S3). However, as a result, the
total light intensity received by cultures is lower in filter-treated cultures compared to the full spectrum control
(Supplementary Table S1). Sexual progression was assessed at the reference time point of 14 h. Corroborating
previous findings, we observed a low percentage of paired cells (0.7%) and no other sexual stages in dark treated
samples. Red light did not result in a distinguishable increase in total reproductive frequency compared to the
dark (p>0.9), illustrated by an absence of auxospores under these conditions. The total proportion of sexual
cells for green (10.7%), cyan (22.0%), blue (18.3%) and full spectrum (18.0%) light was significantly higher
compared to the dark or red light (p <0.01) (Fig. 2a, Supplementary Fig. S4). Moreover, the cyan light treatment
(“Moonlight Blue”) exhibited a significant increase compared to green light (p <0.05). The spectrum below the
Moonlight Blue filter covers both blue and green wavelengths, while Special Medium Blue is almost uniquely
composed of blue wavelengths, and Primary Green of green wavelengths (Supplementary Fig. S3). The fact that
the sexual response was highest in the filters containing a blue peak, suggests that mating is a predominantly
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Figure 3. Light requirements for mitotic cell cycle progression (a) Percentage of cells in G2-M phase of the cell
cycle after 9 h of illumination with different light spectra or darkness, determined with flow cytometry using
SYBR green. Points represent individual replicates, while horizontal lines show the average for each condition.
(b) Proportion of cytokinetic cells at different light intensities, measured 12 h after the end of dark arrest. In

the dark, no cytokinetic cells were observed. Points represent individual data points while the line connects the
average percentage for each intensity.

blue-light response. When the data were analyzed by sexual cell stage, full spectrum, cyan and green light led
to an increase of gametes and zygotes compared to the dark and red light (p <0.001) (Fig. 2b, Supplementary
Fig. S4). However, blue treatments had a significantly higher proportion of gametes and zygotes than the full
spectrum treatment (p<0.05) and no auxospores were identified under the full spectrum (Fig. 2b), likely as
the result of the higher light intensity in the full spectrum control inhibiting gametogenesis (Supplementary
Table S1). Since blue, cyan and full spectrum samples were treated with similar levels of blue light (Supplemen-
tary Fig. S3), the total PFD appears to be responsible for inhibition at the stage of gametogenesis, not only the
photon flux in the blue spectrum.

Indications for a blue light-dependent checkpoint during the G1 phase of the cell cycle in S.
robusta. The results of our spectral range experiments showed that light requirements for sexual reproduc-
tion in S. robusta resemble those of the light-dependent G1 phase checkpoint in P. tricornutum, in particular the
sensitivity towards blue wavelengths and low intensity light below 10 uE m™ s! %8, Previous work has shown
that the S. robusta sexually inducible cell cycle phase where SIP can trigger a cell cycle arrest is located in G17'°.
Hence, the lack of mating in the absence of blue light may reflect a failure to progress through a light-dependent
checkpoint in the S. robusta G1 phase. We set out to verify (1) whether blue light is required for early cell cycle
progression in S. robusta, and (2) if the known molecular components of this checkpoint in P. tricornutum are
preserved in the S. robusta reference genome and their expression profile corroborates a light-dependent func-
tion.

Dark-synchronized cultures were subjected to different spectra, darkness and full spectrum for 9 h, a time
period after which part of the population has moved into the G2 and M phase of the cell cycle'’. Flow cytomet-
ric measurements of the proportion of G2/M phase cells showed that only 4.5% and 3.2% of the cells passed
the S phase in the dark and red light respectively (Fig. 3a). All other treatments showed significantly increased
G2/M levels compared to red light (p <0.05), with blue and full spectrum light additionally exceeding the level
of green light (Fig. 3a, Supplementary Fig. S5). Thus, cell cycle progression after a dark arrest appears to be blue
light regulated, as is the case in P. tricornutum®. Furthermore, we assessed population growth by quantifying
cytokinetic cells (doublets) under a range of light intensities. No cytokinetic cells were observed in the dark,
and the proportion of cytokinetic cells rose sharply with increasing light intensities (p <0.001) and reached a
plateau at 27 uE m~* s™! (Fig. 3b, Supplementary Fig. S5). High growth rates at relatively low irradiances have been
observed in several benthic diatom species, illustrating the highly efficient light utilization of these diatoms*>~2.
Alternatively, the rapid levelling off at higher irradiances might be due to the cultures being acclimated to low
light, since they were maintained at light intensities of 13 pE m™* s! before the dark arrest.

We identified homologs of the P. tricornutum light-dependent checkpoint genes dsCyc2 and bZIP10 in the
S. robusta genome®®, as well as blue light photoreceptors (aureochromes and CPF1) and the transcription factor
bZIP11, whose transcription was implicated to be regulated by Aureola blue light perception in P. tricornutum™
(Supplementary Table S2). The seven aureochrome genes of S. robusta were further classified by constructing
a maximum-likelihood phylogenetic tree, which revealed two Aureola homologs, one Aureolb, Aureolc and
Aureo2 and two atypical aureochromes that did not cluster with any major clade (Fig. 4). Next, we queried the
expression of candidate light-dependent checkpoint genes in existing RNA-seq datasets of vegetative cultures
from two strains (85A, 85B) being illuminated after a dark arrest”'°. Differential expression (DE) analysis of gene
expression in the dark versus 15 min of illumination revealed 14,799 significant DE genes in at least one data set
(Supplementary Data Set S1). Despite being treated with the same light intensity (80 pE m™2s™!), the number of
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Figure 4. Circular maximum likelihood phylogenetic tree of aureochrome protein sequences. S. robusta
homologs (“Sro”, in bold) are clustered in relation to previously annotated aureochromes from the diatoms
Phaeodactylum tricornutum (“ptri”), Thalassiosira pseudonana (“tps”), Fragilariopsis cylindrus (“gene”) and
Pseudo-nitzschia multiseries (“ps”) as well as the xanthophyte Vaucheria frigida (“Viri”). The four recognized
clades are indicated by colours, and both the clade designation (AUR) and name of the P. tricornutum homolog
in each clade (Aureo) are indicated at the outside of the tree. Two atypical S. robusta aureochromes that did not
cluster with one of the clades are indicated in grey. The phylogenetic tree was midpoint rooted and bootstrap

values are indicated in each node.

DE genes was about two-fold higher in strain 85A compared to strain 85B. Additionally, rhythmic gene expres-
sion of candidate genes over diurnal cycles was retrieved from a 12 h/12 h light/dark diurnal RNA-seq study®.
As the first time point is situated 2 h after dawn, this data set does not profile the immediate transcriptional
responses to light onset but rather shows the transcriptional dynamics in a diel rhythm. The S. robusta dsCyc2
homolog showed the same characteristic expression profile as in P, tricornutum, being significantly upregulated
by 15 min of light and peaking at dawn in the diurnal cycle (Fig. 5a, Supplementary Table S3). Aureolc, bZIP11A
and CPFI had a similar response to light onset, suggesting their regulation by Aureola is conserved as well*
(Fig. 5a). Notably, Aureolc and CPFI showed anticipatory expression before the first onset of light in the diurnal
experiment, pointing towards a circadian element in the regulation of their transcription (Fig. 5a). In contrast
to these other elements, the expression of the photoreceptor Aureola was not maximal just after light onset, as
one homolog phased at late night and the other at midday (Supplementary Table S3, Supplementary Fig. S6).
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Figure 5. Expression of putative light-dependent G1 checkpoint genes in Seminavis robusta. (a) Expression
over time (in h) in counts per million (CPM) of genes potentially downstream of the blue light photoreceptor
Aureola: diatom-specific cyclin 2 (dsCyc2), aureochrome 1c (Aureolc), basic leucine zipper transcription
factor bZIP11A and cryptochrome/photolyase family 1 (CPFI). On top: transcriptome data representing the
response to light after a prolonged dark arrest from Moeys et al. (2016) (strain 85B)” and Bilcke et al. (2021a)
(strain 85A)'°. Below: expression throughout a 2-day time series in a 12/12 day/night rhythm from Bilcke

et al. (2021b)%. Grey shading represents dark conditions. (b) RT-qPCR measurements of dsCyc2 and bZIP11A
expression in darkness (“Dark”) and after treatment with light spectra for different durations (15 min, 60 min).
The Lee colour filters used for these treatments were Primary Green (#139), Blood Red (#789) and Special
Medium Blue (#363). Relative expression is given as fold changes compared to the average expression of full
spectrum light control after 15 min of illumination. Individual data points are shown as dots, while bar plots
represent the average fold change for each treatment.

The Aureolal homolog was even significantly downregulated by 15 min of light in both strains (Supplementary
Table S3), a response that has also been observed in P. tricornutum®.

To verify blue light photoreceptor dependent expression of dsCyc2 and bZIP11A, we quantified their expres-
sion with real-time quantitative PCR (RT-qPCR) over the course of a time series of 0 h (darkness), 15 min and
60 min, during which cultures were exposed to red, blue, green and full spectrum light. Fifteen minutes of white
and blue light caused a significantly upregulation of both dsCyc2 and bZIP11A compared to darkness (p <0.05),
while red and green light did not cause such an induction (Fig. 5b, Supplementary Fig. S7). The blue-light
response of dsCyc2 was most pronounced, with expression being almost undetectable in darkness and in red
light, while white and blue light induced a highly significant upregulation (Fig. 5b).
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Figure 6. A hypothetical model for the influence of light on the vegetative and sexual life cycle of Seminavis
robusta. On top, the different sexual stages of the S. robusta mating process are shown. Below, the mitotic cell
cycle is visualized, with positions of the light-dependent checkpoint (yellow) and sexually inducible region
(blue) in the G1 phase. Genes presumably involved in the progression of the G1 light-dependent checkpoint
under blue light are indicated, with an aureochrome Aureola homolog (either Aureolal or Aureola2) and
bZIP10 driving the expression of the diatom-specific cyclin dsCyc2 and other putative downstream genes
(Aureolc, basic leucine zipper bZIP11, cryptochrome/photolyase family CPFI). A red flat ended line represents
inhibition of a particular step, while black arrows indicate induction or progression. SIP =sex inducing
pheromone. MT =mating type. Hypothetical steps that require further elucidation are indicated with question
marks. The dotted-line arrow shows possible pathways for light-dependent regulation of diproline production
via targets of Aureola.

Discussion

Diatom sexual reproduction has rarely been observed in the natural environment®-%" and most recent studies
have focused on the physiological and genetic mechanisms underlying sex%#-1%6%%_ The relationship between
external conditions and sex has received little attention in recent years. Sexual reproduction in homothallic
centric diatoms below the SST can often be induced by a change in environmental conditions, such as nutrient
concentration, salinity, temperature and light intensity**%447072 In contrast, sexual reproduction in pennate
diatoms depends on the presence of a partner from the compatible mating type®. Increasing evidence, however,
shows that both biotic and abiotic factors can influence the success of sexual reproduction in pennate diatoms.
These include the presence of associated bacteria’, inorganic nutrients™ and the spectral composition and mag-
nitude of the incident light?®*°. Here, we showed that the light regime is vital for mating in the model pennate
diatom S. robusta. Notably, different stages of the mating process had different requirements in terms of light
intensity and spectrum (Fig. 6).

The first microscopically discernable stage of the S. robusta mating process is the mating pair, which is the
result of movement of MT+ towards the source of the attraction pheromone diproline’. Vigorous mating pair
formation in S. robusta occurred across a broad range of light intensities, ranging from 4 to 81 ygEm™2 s A
sizeable proportion of pairs was already observed under a low intensity of 4 pE m™s™!, suggesting the action of
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a photoreceptor. Indeed, further experimentation showed that blue light and to a lesser extent green light sup-
ports mating pair formation, whereas red light does not. Next, we showed that these light conditions are similar
to those required for progression through the light-dependent checkpoint of the mitotic cycle. Therefore, we
hypothesize that the dependence of pair formation on blue light is caused by the activity of the light-dependent
checkpoint in the G1 phase. This checkpoint would regulate the progression into the sexually inducible cell
cycle phase, where cells commit to mating if a partner is found through pheromone communication”? (Fig. 6).
The downstream position of the sexually inducible region relative to light perception can be deduced from the
ability of SIP administered at the end of a dark arrest to still induce a cell cycle arrest'’. The rapid onset of sexual
reproduction after illumination further supports the idea that the sexually inducible region is situated directly
downstream of the light dependent region, similar to the situation in the diatoms T. weissflogii and N. lanceo-
lata®®*. All known molecular components of the light-dependent cell cycle pathway of P. tricornutum®®> were
identified in S. robusta. The expression profile of the two Aureola homologs differed markedly, but the functional
relevance of this duplication needs further study. The almost instantaneous transcriptional activation of the S.
robusta dsCyc2 homolog following blue light exposure might suggest that the P. tricornutum pathway underly-
ing the light-dependent checkpoint is conserved. Thus, the action spectrum of mating pair formation might be
explained by an Aureola blue-light photoreceptor homolog inducing the transcription of dsCyc2, which in turn
causes progression into the sexually inducible region of the cell cycle (Fig. 6). Despite our efforts, a mechanistic
understanding of how cell pairing is inhibited in the absence of blue light is still lacking. A possible explanation
is that diproline production by MT- is restricted to the sexually inducible region of the G1 phase. This hypothesis
is supported by the lack of diproline production in the dark®, and by the quick and transient upregulation of
diproline biosynthetic genes in SIP + treated MT- cultures after release from a dark arrest in G1 phase'®. Alter-
natively, blue light perception might be upstream of searching behavior in MT+, or may be required for cell-cell
recognition to stabilize the nascent cell pair. The situation might be more complicated than suggested by these
simple models. For example, different blue light photoreceptors might be linked to responses such as pheromone
production and cell cycle progression into the sexually inducible region. It is clear that more work is needed
to unravel the exact mechanisms that connect sex pheromone signaling, cell cycle and the light spectrum with
reproductive output in this species.

Following successful pairing, each gametangium in a mating pair gives rise to two gametes (gametogenesis),
which eventually fuse to form zygotes. In contrast to pair formation, gametogenesis was most successful at low
irradiances of 4 to 10 pE m~ s! (Fig. 6). Higher intensities largely inhibited the transition of paired cells into
gametes, resulting in paired cells that are arrested in their development still dominating the crossed culture
after 16 h. A possible explanation of the sensitivity to excess light during gametogenesis lies in the filtering of
ultraviolet (UV) light by the diatom frustule”. Diatoms shed their parental frustule during gametogenesis and
spend their gamete and zygote stage largely unprotected?, which might make them more vulnerable to detri-
mental UV levels”. However, this scenario is hard to reconcile with reports of high light intensities triggering
auxosporulation in centric diatom species®”*?, as well as planktonic pennates from the genus Pseudo-nitzschia
producing gametes and auxospores close to the water column surface and in the surf zone®®*”. Alternatively,
restriction of gametogenesis under high light may be an adaptation specific to benthic raphid diatoms because
the largely motionless gametes, zygotes and auxospores cannot make use of behavioral photoprotection, making
them prone to light stress. Indeed, the benthic raphid diatom H. ostrearia exhibits a similar preference for low
irradiances during sexual reproduction®. In contrast, however, the benthic pennate N. lanceolata showed high
proportions of sexualized cells at 96 uE m=2 s 28

The formation of auxospores, the final stage of the mating process, mirrors the light requirements which
were encountered during mating pair formation and gametogenesis, i.e. auxospores were most abundant under
a blue light source and low intensity conditions. This suggests that zygotes progress through the remainder of
the mating process unhindered, without further restrictive light checkpoints.

The dependency of mating on blue light (and to a lower extent green light) in S. robusta and C. didymus>
is in line with a general propensity of blue light to regulate various cellular processes in diatoms, such as cell
cycle progression, phototaxis, vertical migration and production of metabolic compounds such as the pigment
marennine’»**36373876 The jdentification of functional red-light phytochromes in diatoms'® and species-specific
red light responses in motility and sinking®**”” has recently challenged this perspective, suggesting that red light
sensing plays a more important role in diatoms than was previously anticipated. Red light sensing is thought to
play a role in surface layers or in turbid waters where blue light is absorbed by CDOM or phytoplankton. Alter-
natively, it may serve as a biotic signal sensor, picking up red-shifted chlorophyll fluorescence from neighbor-
ing benthic algae'®’. Nonetheless, the preference to red light for auxosporulation in the diatom H. ostrearia is
puzzling, given that this motile benthic diatom is phylogenetically closely related to S. robusta, both belonging
to the Naviculaceae®>”*.

In conclusion, sexual reproduction in S. robusta relies on a complex interplay of cell size, sex pheromone
signaling, cell cycle progression and the perception of light (Fig. 6). The identification of these light requirements
improves our insight into the mating process of S. robusta, which has become one of the leading genetic model
organisms for the diatom life cycle. Although the dependency on blue light may be conserved in species where
induction of sex also depends on a G1 phase light checkpoint such as T. weissflogii*!, the model presented here for
S. robusta is not readily extendible to other diatom species. Not only the environmental conditions inducing sex
but also strategies for mate finding are highly diverged in diatoms, even among raphid pennate diatoms such as S.
robusta and P. multistriata®. Hence, the optimal light regime and underlying genetic pathways for other life cycle
model species will have to be determined on a species-by-species basis. The few reports of planktonic diatoms
auxosporulating in natural samples are associated with different seasons (spring, summer or autumn)®4-677050,
suggesting that sexualization is triggered by the perception of external conditions. However, these sightings
are almost invariably associated with the end of a bloom, so their induction is more likely triggered by nutrient
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N° Fig. | Response Cue Strain(s) Levels Time point(s) n
. Lo . PONTON36 2
1 la Mating Light intensity (1) PONTON34 0,4,10,27,81 and 108 pEm™2 s 14h 3
. Lo . PONTON36 2
2 la Mating Light intensity (2) PONTON34 0,4,10,27,81 and 108 pEm™2 s 14h 3
. Lo . . PONTON36 o
3 1b Mating Light intensity (time series) PONTON34 4,27and 81 yEm™s 10h,12h,14h, 16 h 2
Red: #789 and #787
. PONTON36 | Green: #139
4 |2 | Mating Spectrum PONTON34 | Blue: #183 and #363 14h 3
Control: full spectrum, darkness
Red: #789
- Green: #139
5 3a | Mitotic S phase Spectrum PONTON36 | g} a3 9h 3
Control: full spectrum, darkness
6 3b Cell division Light intensity PONTON36 | 0,4,27 and 81 uEm2s7! 12h 3
RNA-seq expression . Dark arrest, light onset (control .
7A 5a Bilcke et al. (2021a)'° Light onset after dark arrest | 854 conditions of Bilcke et al. 2021a) Dark, 15 min, 1 h,3h 3
RNA-seq expression . Dark arrest, light onset (control .
7B 5a Moeys et al. (2016)7 Light onset after dark arrest | 85B conditions of Moeys et al. 2016) Dark, 15 min, 1 h,3 h 3
RNA-seq expression . 12 h light: 30 yE m 257! 2h,6h,10h,14h, 18 h,22h, 26 h,
7C 1% | Bilcke etal. (2021b) Diurnal cycle 85A 12 h darkness 30h, 34h, 38 h, 42 h, 46 h 3
Red: #789
RT-qPCR expression of dsCyc2 and Green: #139 . .
8 5b bZIP11 Spectrum PONTON36 | g} a3 Dark, 15 min, 60 min 3
Control: full spectrum, darkness

Table 1. Overview of experiments (rows) included in this study. The column “Fig.” indicates the figure where
results of each experiment are presented. “Response” gives the response that was quantified, while “Cue” and
“Levels” contain the type and treatment levels of the experimental condition (for spectral experiments, the Lee
Filters IDs are given). “Strain(s)” shows the S. robusta strain that was used for each experiment. “Time point”
indicates the duration of light treatment after which response was quantified. The number of replicates per
treatment/time point is shown in column “n”. Data for expression analyses (N° 7) was retrieved from existing
transcriptomic studies, as shown in the “Response” column.

depletion or quorum sensing than by light. Observations of sexual stages in natural samples are still lacking for
S. robusta and most other benthic diatom species. Therefore, it is difficult to link experimentally determined
cues with the ecological conditions under which sex occurs in nature. The fact that sexualization in S. robusta
under our laboratory conditions was dependent on low irradiances suggests that sexual reproduction in nature
is either linked to vertical migration into low light conditions deeper in the biofilm or sediment, is restricted to
autumn or winter, or is induced during periods of turbidity, e.g. during macroalgal or phytoplankton blooms
or when high levels of resuspended sediment are present. A promising alternative approach would constitute
quantifying diatom sex-specific gene expression in oceanic metatranscriptome datasets such as TARA oceans®'.
The distribution of such marker genes could then be correlated to environmental conditions at each sampling
station to gain insight into the conditions required for sex.

Methods

Strains and culture conditions. Seminavis robusta strains PONTON36 (MT+, DCG 0462) and PON-
TON34 (MT-, DCG 0460) with a cell size below the SST (<50 um) were obtained from the Belgian Coordinated
Collection of Microorganisms (BCCM/DCG, http://bccm.belspo.be/about-us/bcecm-dcg) and were used for all
crossing experiments. For experiments to monitor the mitotic cell cycle, PONTON36 below the SST was used.
Cultures were grown in artificial sea water as detailed in Bilcke et al. (2021b)%?, supplemented with Guillard’s
F/2 enrichment solution and made axenic by adding 400 mg L™! ampicillin, 400 mg L™ penicillin, 100 mg L™
streptomycin and 50 mg L™! gentamicin®. By default, cultures were grown in a climate-controlled plant growth
chamber (Weiss Technik) at a temperature of 21 °C and using a light intensity of 13 uE m™s™'in a 12 h:12 h day/
night cycle, unless stated otherwise. An overview of experiments, strains, conditions and time points used in this
paper can be found in Table 1.

Standardized crossing and scoring of sexual stages. Cultures of each mating type were grown in
large Cellstar culture flasks (175 cm?, Greiner Bio-One) at a surface density between 4000 and 5400 cells per cm?.
After 48 h of growth to allow for accumulation of SIP in the medium, cultures were subjected to an extended
dark period of 24 h to synchronize their cell cycle in G1 phase®. Just before the end of the dark treatment, cul-
tures were suspended in their medium by scraping and 10 mL of each mating type was pooled in a small Cellstar
culture flask (25 cm?, Greiner Bio-One), which was placed in continuous light. The proportion of sexual stages
in each flask was determined by taking multiple random microscopic pictures of each flask using a Primovert
inverted microscope at 20 x magnification, followed by scoring with the cell counter plugin in FIJT (Image]).
Mating stages were typically scored at a reference time point of 14 h post-illumination, which showed high
proportions of sexual cells in pilot experiments. For the intensity time series experiment, mating stages were
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determined after 10 h, 12 h, 14 h and 16 h of illumination. The following sexual cell stages were identified: paired
cells (individual cells in a mating pair), gametes & zygotes, auxospores, and large cells (initial cells or progeny)®.
Gametes and zygotes were classified as a single category as they are not easily distinguishable. To model count
data from crossing experiments representing one discrete time point, we adopted generalized linear models
(GLM) with a quasibinomial distribution to account for overdispersion. When one of the conditions contained
0 counts in all replicates, an offset count of 1 was added to all samples to improve fitting. Post-hoc pairwise com-
parisons were carried out using the Wald-tests implemented in the glht function of the multcomp package, test-
ing for all possible pairwise comparisons with mcp(treatment = “Tukey”)3!. P-values were adjusted for multiple
testing with the single-step method, adopting a family-wise error rate of < 0.05 for statistical significance®’. Time
series counts were modelled using quasibinomial logistic regression curves and differences in their intercept at
10 h and slope coefficients were evaluated with t-tests compared to the low intensity (4 uE m™ s™") reference
treatment level, using the glm() procedure in R¥. Results of all statistical tests can be found in Supplementary
Data Set S2.

Assessing vegetative cell division. The effect of different light intensities on population growth was
determined by quantifying the occurrence of cytokinetic cells after 12 h of illumination, a time point at which
high proportions of cytokinetic cells were observed in preliminary experiments. In each small flask, multiple
random microscopic pictures were taken with a Primovert inverted microscope at 20 x magnification with the
cell counter plugin in FIJI (Image]). Cytokinetic cells (also called doublets) were scored as cells showing a visible,
high-contrast cleavage furrow separating the still connected daughter cells, as defined by Gillard et al. (2008)*°.
The proportion of dividing cells was modelled using GLMs with a quasibinomial distribution, and Tukey’s pair-
wise comparisons were performed using Wald tests with the multcomp package®*.

Quantification of S phase progression. In order to verify the existence of a blue-light checkpoint in the
G1 phase of the cell cycle, progression through the premitotic S phase under different spectra was assessed with
flow cytometry. Cells were harvested by scraping after 9 h of illumination. Then, suspended cells were pelleted by
centrifugation (5 min at 3000 rpm) and the supernatant was discarded. Cells were subsequently fixed in 10 mL
ice cold 75% ethanol and later resuspended in 1 mL of ice-cold 75% ethanol and rinsed three times with 1 mL of
phosphate-buffered saline buffer (PBS). After 20 min of RNAse treatment at 37 °C, the sample was centrifuged
and the pellet was resuspended in 1 mL of 1 xSYBR green solution in PBS. After 10 min of incubation, SYBR
green fluorescence was measured on a Bio-Rad S3e cell sorter. Flow cytometry analysis was performed using
the flowCore and ggcyto packages for R. The cell population was gated based on their forward scatter and side
scatter profile and G1 vs G2/M phase cells were gated based on the positions of maxima in the FLI histogram.
The proportion of G2/M phase cells relative to the total set of cells (G1 + G2/M) was modelled using generalized
linear models with a quasibinomial distribution, and Tukey’s pairwise comparisons were performed through
Wald tests with the multcomp package®*.

Properties of the light source. Illumination for all experiments was provided by fluorescent lamps (Spec-
tralux Plus NL-T8, Radium). The reference spectral composition and downwelling plane irradiance of the exper-
imental setup were measured with a PAR200 Quantum Spectrometer (UPRtek). During the experiments, the
incident light intensity at each setup (distance, optical filter) was measured with a Testo 435 Illuminance meter
equiped with lux probe N° 0635 0545. In this work, light intensity is reported in moles of photons (Einstein,
E) per unit area (m?) and time (s), i.e. the photon flux density (PFD). To convert from illuminance to PFD, the
spectral properties of the lamp and optical filters were used to calculate conversion factors (Eq. 1).

PFD _ 107? 780 Tw(2) Eq(2) A da

T 7 Nahe Ky [29T,(2) 5 Ea(h) di.

(1)

where I is the illuminance (Im m™2), N, is the Avogadro constant (mol™), h is the Plank constant (] s), c is the
speed of light in vacuum (m s™!), K, is the maximum luminous efficacy constant (683 Im W), T,, is the trans-
mittance relative to air of the setup n, y is the luminosity function of the average photopic observer®, E, is the
spectral plane irradiance (W m™? nm™) and 2 is the wavelength (nm). The conversion factors K;, have units of
HE Im™! s7!. Treatments with full spectrum have a spectral constant T,,= 1. The spectral properties of the lamp,
filters and conversion factors are provided in the supplementary material (Supplementary Fig. S2 and S3, Sup-
plementary Table S1).

Light intensity experiments. To assess the effect of light intensity on sexual reproduction, cultures were
subjected to a range of PFD’s, ranging from dark to a moderate-high intensity of 108 uE m™ s™! (Table 1). The
incident PFD was varied by placing cultures at different distances to the light source and covering flasks with
translucent white paper. Dark control cultures were covered with aluminum foil. All experiments were carried
out in triplicate, except for the time series experiment which has two replicates per intensity and time point.

Light spectrum experiments. Before transfer to light with an incident intensity of 61 pE m= s7!, dark-
arrested cultures in small flasks were covered with colour filters (Lee Filters, UK): Blood Red (#789), Marius Red
(#787), Primary Green (#139), Moonlight Blue (#183) and Special Medium Blue (#363). For the flow cytometry
and qPCR experiments, a reduced set of filters was used, consisting of Blood Red, Primary Green and Special
Medium Blue (Table 1). The transmittance spectrum of each filter (Supplementary Fig. S2) was measured using
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a Lambda-650S spectrophotometer equipped with an integrating sphere (PerkinElmer). To reduce the potential
confounding effect of light intensity on the spectral composition experiments, an approximate correction was
made to compensate for the transmittance in the spectral range of each colour filter. The objective was to provide
approximately the same incident light intensity, in the wavelength range of the colour filter, for the colour filter
treatment versus the control receiving the full spectrum (Supplementary Fig. S3). The approximate correction
was made by changing the illumination to compensate for the transmittance at the wavelength of maximum
transmittance of each colour filter. Dark and light controls were included by covering flasks with aluminum foil
or leaving them uncovered. All experiments were carried out in triplicate.

Phylogenetic analysis of aureochromes. Seven S. robusta genes were found that belong to the aureo-
chrome family HOM02SEM000300 in the PLAZA Diatoms 1.0 genomic database®. To characterize the differ-
ent classes of aureochrome photoreceptors in S. robusta, a phylogenetic analysis was performed, combining S.
robusta aureochrome protein sequences with a set of aureochrome sequences that were previously annotated in
the diatoms P, tricornutum, Fragilariopsis cylindrus, T. pseudonana and Pseudo-nitzschia multiseries'>®, as well
as the aureochromes that were originally discovered and annotated from the xanthophyte Vaucheria frigida's.
V. frigida aureochromel and aureochrome2 protein sequences were retrieved from NCBI, all other sequences
from PLAZA Diatoms. A multiple sequence alignment was performed with MAFFT v7.453 after which poorly
aligned positions (-gt 0.75) were trimmed using Trimal v1.4.18”%, A maximal likelihood phylogenetic tree
with 1000 ultrafast bootstrap replicates was constructed using IQ-TREE v1.7.0%, with the command -mset
JTT,LG,WAG,Blosumé62,VT,Dayhoft -mfreq F -mrate R.

Transcriptomic profiling of the expression of candidate light-dependent checkpointgenes. To
investigate the transcription of candidate light-dependent G1 phase checkpoint genes, existing S. robusta RNA-
seq datasets which cover the synchronized dark-to-light transition after a dark arrest were re-analyzed (Table 1).
Paired-end Illumina reads from the control condition (no pheromone treatment) were retrieved from Moeys
etal. (2016)” and Bilcke et al. (2021a)'?, consisting of four time points in triplicate: 0 h (dark), 15 min, 1 hand 3 h.
Additionally, raw transcriptomic reads from a 48 h diurnal 12 h/12 h light/dark study in S. robusta were retrieved
for visualization of the diel progression of candidate genes®” (Table 1). For all samples, reads were mapped with
Salmon v0.9.1°° to the longest isoform of S. robusta gene models including untranslated regions (UTRs), belong-
ing to the S. robusta reference genome version 1.2 2. Mapped reads were imported into R using tximport v1.16.1
%1, For visualization of expression levels, the normalized metric counts per million (CPM) was calculated with
the EdgeR package®. In addition to plotting of expression with ggplot2 %, the response of candidate genes to
the dark-to-light transition was investigated by performing DE analysis on the first control time point (15 min)
versus dark control (t0) of both dark synchronized datasets”'. For DE analysis, lowly expressed genes were
removed by retaining genes for which CPM > 1 in at least 3 samples over both data sets (6 + 6 samples). EdgeR
was used to perform TMM normalization on raw reads, after which negative binomial generalized linear models
were fitted and differential expression was inferred using likelihood ratio tests. To select genes that were signifi-
cantly differentially expressed in at least one data set, the two p-values were aggregated using the Sidak method,
based on the minimum p-value. The Benjamini-Hochberg procedure was performed on these aggregated p-val-
ues, and genes were considered differentially expressed on a 5% false discovery rate (FDR) level (Supplementary
Data Set S1). The differential expression results were further enriched with the phase (time point with maximal
expression) of each gene in the diurnal RNA-seq dataset, retrieved from Bilcke et al. (2021b)®%. We specifically
focussed on S. robusta homologs of genes implied in the light-dependent checkpoint of P. tricornutum, namely
dsCyc2, Aureola, Aureolc, bZIP10, bZIP11 and CPFI (Supplementary Table §3)3839, Homologs of these P. tricor-
nutum genes were identified in the S. robusta reference genome v1.2%° using the PLAZA diatoms v1.0 integrative
orthology framework®, assigning orthology when genes belong to same orthologous gene family (ORTHO),
are phylogenetic tree based orthologs (TROG) and Best Blast Hit and In-paralogs (BHIF) of the P. tricornutum
candidate genes (Supplementary Table S2).

Expression quantification under different light spectra using RT-qPCR. For RT-qPCR of the
genes dsCyc2 and bZIP11, triplicate cultures treated with a dark arrest were subjected to different colour spectra
and a full spectrum control (Table 1), and were subsequently harvested after 15 min and 1 h of illumination. A
control t0 sample consisted of dark arrested cells. Cultures were harvested by scraping cells from the surface,
which were subsequently collected on a Versapor filter which was flash-frozen in liquid nitrogen. Cell lysis and
RNA extraction were performed following the protocol described in Bilcke et al. (2021b)%%. cDNA was synthe-
sized with the iScript cDNA Synthesis Kit (Bio-Rad). Relative expression levels were determined using a SYBR
green LightCycler 480 RT-PCR System (Roche). The stably expressed genes based on the S. robusta expression
atlas?® Sro31_g020410 (protein kinase, Norm1), Sro70_g039100 (NSF attachment protein, Norm2) and Sr0397_
8134440 (sorting Nexin, Norm3) were used for normalization. Relative expression in terms of fold changes
compared to the average expression in 15 min of full spectrum light was calculated using the 2724 method®.
Primer sequences can be found in Supplementary Data Set S3. Linear models were fitted on log transformed fold
changes (logFC) after adding a small offset of 0.01 to each fold change to account for fold changes of zero. Then,
an Anova omnibus test and pairwise Tukey post-hoc t-tests with single-step correction were performed using
the multcomp package for R%.

Data availability
Differential expression calls, including FDR adjusted p-values and log, fold changes for each data set, are avail-
able in Supplementary Data Set S1. The full results of statistical pairwise comparison tests are included in

Scientific Reports |

(2021) 11:17560 | https://doi.org/10.1038/s41598-021-92838-0 nature portfolio



www.nature.com/scientificreports/

Supplementary Data Set S2 and RT-qPCR primer sequences are included in Supplementary Data Set S3. Raw
measurements of spectral properties of the light source and colour filters are included in Supplementary Data Set
S4. Homology information of genes mentioned in this work can be retrieved from the PLAZA Diatoms platform
for comparative genomics https://bioinformatics.psb.ugent.be/plaza/versions/plaza_diatoms_01/%.
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