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ABSTRACT Microalgae that form phytoplankton live and die in a complex microbial
consortium in which they co-exist with bacteria and other microorganisms. The dy-
namics of species succession in the plankton depends on the interplay of these part-
ners. Bacteria utilize substrates produced by the phototrophic algae, while algal
growth can be supported by bacterial exudates. Bacteria might also use chemical
mediators with algicidal properties to attack algae. To elucidate whether specific
bacteria play universal or context-specific roles in the interaction with phytoplank-
ton, we investigated the effect of cocultured bacteria on the growth of 8 microalgae.
An interaction matrix revealed that the function of a given bacterium is highly de-
pendent on the cocultured partner. We observed no universally algicidal or univer-
sally growth-promoting bacteria. The activity of bacteria can even change during the
aging of an algal culture from inhibitory to stimulatory or vice versa. We further
established a synthetic phytoplankton/bacteria community with the centric diatom,
Coscinodiscus radiatus, and 4 phylogenetically distinctive bacterial isolates, Mameliella
sp., Roseovarius sp., Croceibacter sp. and Marinobacter sp. Supported by a Lotka-
Volterra model, we show that interactions within the consortium are specific and
that the sum of the pairwise interactions can explain algal and bacterial growth in
the community. No synergistic effects between bacteria in the presence of the dia-
tom was observed. Our survey documents highly species-specific interactions that
are dependent on algal fitness, bacterial metabolism, and community composition.
This species specificity may underly the high complexity of the multi-species plank-
ton communities observed in nature.

IMPORTANCE The marine food web is fueled by phototrophic phytoplankton. These

algae are central primary producers responsible for the fixation of ca. 40% of the global

CO,. Phytoplankton always co-occur with a diverse bacterial community in nature. This di-

versity suggests the existence of ecological niches for the associated bacteria. We show

that the interaction between algae and bacteria is highly species-specific. Furthermore,

both, the fitness stage of the algae and the community composition are relevant in

determining the effect of bacteria on algal growth. We conclude that bacteria should not

be sorted into algicidal or growth supporting categories; instead; a context-specific func- ] ‘ _ . '
tion of the bacteria in the plankton must be considered. This functional diversity of single Eg::creinm Ayl NofwegRmlInveriy il
players within a consortium may underly the observed diversity in the plankton. Copyright © 2022 American Society for

. ; . ” . R Microbiology. All Rights Reserved.
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temperature, and nutrients are the main drivers for seasonal successions (1). Laboratory Published 27 October 2022
and field surveys suggest that biological interactions between phytoplankton and its
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associated bacterial microbiome influence algal development as well (2-4). Natural plank-
tonic communities are highly complex, and their species composition is controlled by many
variables. Eukaryotic and prokaryotic cells with diverse traits interact at a given time (5).
Therefore, functional deductions from field work are hard to obtain and rely on modeling
and correlation analysis. Studies of interactions between pairs of species in the lab do not
reflect the complex situation in the ocean. This renders the elucidation of interspecies inter-
actions challenging. Approaches based on complex coculture techniques combined with
modeling of the resulting microbial communities can provide a basis to study these biologi-
cal interactions. With such setups, cell-to-cell communication (6), programmed cell death (7),
and stress responses (8) within communities can be identified and provide an understand-
ing of the mechanisms controlling natural algal blooms (3).

Diatoms account for 25% of primary production globally and are widely distributed
(9). Their importance and their diverse adaptation-related traits make them central
players in phytoplankton community functioning (4). Heterotrophic bacteria are often
associated with diatoms and act as key recyclers. The diatom-associated bacteria turn
over dissolved organic matter produced from photosynthesis, and also support algal
bloom development by supplying vitamins (10). Therefore, ecologically relevant stud-
ies of diatoms have to take their associated bacterial microbiome into account. Studies
of one-to-one bacteria-algae interactions can provide mechanistic insight. Such studies
revealed that bacteria initiate the rapid reproduction of diatoms (11), promote the for-
mation of a persistent community (12), and accelerate the lysis of algae hosts (13, 14).
A full understanding of how bacteria interact with algal hosts and affect the dynamics
of the community can, however, only be obtained by investigating the microbiome in
all its complexity (15, 16).

Building of complex multipartite model systems in the lab is highly challenging.
The recently established tripartite laboratory community consisting of the algicidal
bacterium Kordia algicida strain OT1, the resistant diatom Chaetoceros didymus, and
the susceptible diatom Skeletonema costatum provides a model for studying the mech-
anism of phytoplankton community succession in the lab (14) and the field (17). In
another recently established system, co-cultivation of 2 bacteria and the diatom
Phaeodactylum tricornutum in a porous microplate enables the study of metabolic
exchanges between algae and associated bacteria (18). However, the construction of
more complex stable communities that would allow for studies of the effects of differ-
ent bacteria on community dynamics remains challenging.

To establish a synthetic community model that allows to address ecological ques-
tions in plankton, requires selection of species based on the following considerations:
(i) Ecological relevance and natural abundance, (ii) widespread taxonomic species that
co-exist in their natural environment, (iii) observable traits as indicators for plankton
community functioning, (iv) significant biological effects between the interacting part-
ners, and, whenever possible, (v) genetic support-and engineering possibilities.

Here, we integrated these considerations into an effects-driven screening proce-
dure to build model communities composed of bacteria and algae. We initially
screened for bacteria-algae interactions and then selected the microbial partners for
the construction of a synthetic planktonic community. A two species coculturing was
used to characterize the mode of interactions before transferring the partners into a
more complex community. Mathematical modeling was used to interpret the popula-
tion dynamics data for diatom-bacterial cocultures. We thereby identified multiple fac-
tors including species composition, fitness, and community structure influencing the
composition and performance of the plankton microbiome.

RESULTS

Screening of bilateral interactions between phytoplankton and bacteria. Eight
widely distributed, ecologically relevant diatoms were included in an initial screen
for growth-promoting or inhibiting effects of 16 different bacteria (Fig. 1a, Fig. S1, and
Table S1). Cell phenotypes, including size and shape were diverse, with Coscinodiscus
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FIG 1 Pairwise co-cultivation to identify interaction patterns between bacteria and diatoms. (a) Cell morphology of the 8 diatoms used in this study.
Clockwise from the top left: C. didymus, C. socialis, T. weissflogii, T. nordenskioeldii, C. wailesii, S. hyperborea, C. granii, and C. radiatus. (b) Heatmaps summarize
the effects of bacteria on diatoms in their early (before reaching the chlorophyll maximum) and late (after reaching the chlorophyll maximum) growth phase.
The workflow for plotting the heatmaps is described in Fig. S2. Average of n = 3 replicates is plotted, growth curves for each pairwise interaction are given in
Fig. $3-510. *Data were normalized by the average cell densities determined for all cocultures with different bacterial inoculations. Chla FC refers to
Chlorophyll a fold change.

spp. being the largest diatom in our screening (Fig. 1a). A total of 16 bacterial strains
were isolated from algal cultures and taxonomically identified based on 165 rDNA
sequencing (Fig. S1b and Table S2). We focused on abundant players of the marine
bacterioplankton, including 5 bacteria from the newly proposed family Roseobacteraceae
(19), 5 Gammaproteobacteria, and 6 strains belonging to the Flavobacteriaceae (20).
Diatoms and bacteria were co-cultivated pairwise in 48 well plates and monitoring of
Chlorophyll a (Chl a) was used as a proxy for diatom growth (Fig. S2).

Bacteria have diverse effects on diatoms in the early and late growth phase. Of the
256 pairwise interactions observed, similar numbers of cases where bacteria promote
or inhibit diatoms were found. However, the effect was variable during the different
algal growth phases. In the early growth phase, 41% of the diatoms in pairwise interac-
tions with bacteria were reduced in growth by a factor of 0.75 and less, while 19%
were promoted in growth by a factor of 1.25 or more. In the late growth phase, promo-
tion of survival was more pronounced with higher chlorophyll readings in 47% (> fac-
tor 1.25). Only 19% were inhibited (< 0.75) (Fig. 1b).

Strikingly, none of the tested bacteria universally promoted or inhibited growth of
the different algae. The only exception was Maribacter sp. that had a positive effect on
the performance of all diatoms in the late growth phase. The effect of a given bacte-
rium is thus strongly dependent on the interaction partner. If the data are regarded
from the algal’s perspective a similar diversity of effects can be observed. In most
cases, algal growth could be either promoted or inhibited, depending on the cocul-
tured bacterium. Some diatoms, such as Chaetoceros socialis, rather generally perform
worse in the presence of bacteria (81.3%), while others, such as Thalassiosira norden-
skioeldii, grew better in most cocultures compared to the control (78.1%) (Fig. 1b).

In most cases the effect of a given bacterium on a diatom was consistent throughout
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the algal growth phases (Fig. 1b). However, we observed several cases where growth
promotion or inhibition depended on the physiological state of the diatom (all growth
curves are found in Fig. S3 to S10). This was most pronounced for the interaction of
Coscinodiscus granii with Croceibacter sp., where growth in the early phase was strongly
promoted, while survival in the late growth phase was substantially reduced (Fig. S4).
Some patterns correlated with bacterial taxonomic groups. All the selected
Gammaproteobacteria showed negative effects on Coscinodiscus radiatus during the
early growth phase and all the investigated Roseobacteraceae showed positive effects

on C radiatus during the late growth phase (Fig. 1b).
Building a synthetic community of C. radiatus and four bacteria. In nature, bilat-

eral interactions between bacteria and algae are likely an exception since plankton
communities are highly complex with multiple co-occurring species. We, thus, set out
to investigate if the properties of certain bacteria dominate in a model community or if
effects are rather additive. Therefore, a coculture of 4 bacteria and one diatom was
established. Based on results from the initial screening, we selected C. radiatus as the
algal partner. This diatom has a large cell size with diameters over 100 um. Its unique
morphology offers an advantage for studying chemically mediated interactions through
microscopy and mass spectrometry imaging (21). Two representative bacteria from the
Roseobacteraceae family Mameliella CS4 (hereafter CS4) and Roseovarius sp. Rosel
(Rose1), a gamma-proteobacterium Marinobacter sp. CS1 (CS1) and the Flavobacterium
Croceibacter atlanticus Croceil (Croceil) were used in cocultures. We explicitly used com-
parably low bacterial cell counts and a medium poor in organic nutrients, that is based
on natural seawater to mimic the situation in the surface waters. There, similarly low bac-
terial cell densities are observed. We aimed to reach initial densities around 5x10° cells/
mL, which are, on average, observed in surface seawater (22).

All bacteria were initially investigated in bilateral cocultures with the diatom. Next, an
artificial community was studied comprising all bacterial partners together with the dia-
tom. Monocultures of the axenic alga and cultures of the respective bacteria were used
as controls. The algal performance was evaluated by counting cells under the micro-
scope and recording the Chl a fluorescence. Healthy and dead cells were distinguished
visually based on their pigmentation (Fig. S11). Bacterial abundance was determined by
gPCR (Cq values were calibrated with bacterial cells for each strain) (Fig. S12).

In all pairwise inoculations, the effects caused by bacteria were consistent with results
from the screening (Fig. 1b and Fig. 2). Both bacteria from the Roseobacteraceae family
(CS4 and Rose1) prolonged the stationary phase of the alga (Fig. 2b and c). Consistently, a
reduced number of dead algal cells in the later stages of the coculture was observed (Fig.
S13). The bacterium Croceil inhibited growth of the diatom throughout all growth phases
(Fig. 2d). In agreement with this observation, the number of dead algal cells was higher in
the coculture from day 13 onwards (Fig. S13c). The gamma-proteobacterium CS1 had a
more complex effect on the growth of C. radiatus. It inhibited growth of the alga only dur-
ing the early growth phase. Until day 9, very low algal cell numbers were recorded, but
the alga then recovered to reach a similar cell density as the control (Fig. 2e).

Bacterial proliferation was affected differently by the algae (Fig. 3). The gamma-pro-
teobacterium CS1 grew well in the medium in the absence of diatoms, possibly utiliz-
ing the 5 mM HEPES buffer in ASW2 medium that represents the only carbon source in
the medium (Fig. 3e). However, the growth of CS1 was inhibited by the diatom C. radi-
atus under coculture conditions after day 9 (significant from day 11 to 21) (Fig. 3e). The
diatom had no significant influence on the growth of Rose1 and CS4 (Fig. 3b and ).
These bacteria grew only to low cell counts in the ASW2 medium in accordance with
the poor nutrient content of the medium that is derived from natural seawater.
Croceil grew to significantly higher density in cocultures compared to monocultures
in the ASW2 medium, where it performed only poorly (Fig. 3d).

In the synthetic community of the diatom and all 4 bacteria, an inhibitory effect of
the bacteria on the alga was apparent throughout the culturing phase, as shown by
reduced cell counts (Fig. 2f). The most pronounced inhibition was observed from the
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FIG 2 Cell counts in the co-cultivation of the diatom C. radiatus with the individual bacterial species,
Roseovarius Rosel, Croceibacter Croceil, Marinobacter CS1 and 4 bacteria in combination. (a) Scheme
for the coculture experiment design, monoculture C. radiatus (uppet) and C. radiatus-bacteria coculture
({lower). Live cell counts of C. radiatus in coculture with the bacteria CS4 (b), Rose1(c), Crocei1(d), CS1(e)
and in controls without added bacteria (orange). The effect of the coculture of the synthetic
community with four bacteria combination is shown in (f). Bars derive from SE of three biological
replicates. Unpaired t test, ** indicates P < 0.01, * indicates P < 0.05.

beginning of the culturing to day 17, but in the later growth stages the diatom cell
counts of the coculture were also lower than those of the control. The slightly elevated
cell counts in the very late stages of the cultures goes with reduced dead cells in the
coculture (Fig. S13e). In the community, all bacteria performed similarly or slightly bet-
ter compared to the monocultures and the pairwise algal-bacterial cocultures (Fig. 3f).

A generalized Lotka-Volterra model can predict the composition of the syn-
thetic community. We developed a mathematical model to interpret our data on algal
and bacterial growth in mono- and cocultures (Fig. 2, Fig. 3, Fig. S14, and Fig. S15). The
generalized Lotka-Volterra model described in the Methods section predicts the dynam-
ics of a multispecies community, taking into account pairwise interactions between spe-
cies (23). Each pairwise interaction is quantified by an interaction parameter, the sign of
which (positive or negative) determines whether a stimulatory or an inhibitory interac-
tion is described (24). Additional parameters describe the growth of each species in the
absence of interactions.

Using only parameters obtained from fitting the isolated cultures and the pairwise
cocultures, the model correctly predicts a net inhibition of the alga by the bacterial
community, with the quantitative prediction for the algal cell density being in good
agreement with our data (Fig. 4b). Capturing the algal-bacterial interactions is impor-
tant to obtain this agreement; a neutral model that does not consider any interspecies
interactions is not in quantitative agreement with the data (Fig. S16, magenta line).
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FIG 3 Bacterial quantification in the co-cultivation of the diatom C radiatus with the individual bacteria,
Marinobacter CS1 and four bacteria in combination. (a) Scheme for the coculture experiment design, bacterial monoculture (upper) and C. radiatus-bacteria
coculture (lower). Bacterial density was quantified by gPCR when initially inoculated with bacterial strains CS4 (b), Rosel(c), Croceil(d), CS1(e) and 4
bacteria in combination (f). Controls without added diatoms are coded with gray. Bacterial cells mL™" are plotted on a logarithmic scale. Bars derive from
SE of three biological replicates. Unpaired t test, **** indicates P < 0.001, *** indicates P < 0.005, ** indicates P < 0.01, * indicates P < 0.05.

The fact that the mathematical-model agrees well with the data hints that pairwise
interactions might be sufficient to explain complex community behavior and high
order interactions among bacteria are negligible. The analysis of the pairwise interac-
tion parameters from the model (Fig. 4b) showed that the strongest interactions are
between the bacterium Croceil and the alga: Croceil inhibits algal growth while the
alga promotes the growth of Croceil. A simpler model that only considers the strong-
est alga-Croceil interaction and the effect of CS1 in shifting the initial growth of the
alga, is indeed enough to recapitulate the experimental data (plot not shown).

Auxotrophy and nutrient requirements of the tested bacteria. Auxotrophy, an
organism's requirement for an exogenous source of organic molecules, can contribute
to the stability of the plankton microbial community (25). A nutrient currency exchange
shapes interactions between algae and bacteria. This process can be mediated by the sup-
ply of bacterial vitamins or amino acids in exchange for algal organic nutrients. To eluci-
date the potential for auxotrophic interactions in our synthetic community, we sequenced
the genomes of the four bacteria. Genomic features of the four strains are shown in Table

—
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FIG 4 (a) Prediction of the mathematical Lotka-Volterra model for algal growth in the presence of all
four bacteria. The black line shows the model prediction using parameters obtained by fitting to the
data from isolated cultures and pairwise cocultures. The model agrees well with the experimental
data (blue line). For comparison, we plotted also the data for diatom growth in isolation (orange line)
and the corresponding model fit (red line). (b) lllustration of the inter-species interactions obtained
from the model fit of the pairwise coculture data. Neutral, stimulatory, and inhibitory interactions are
indicated by blue circle-headed, red flat and green pointed arrows, respectively. The strongest
interaction detected by the model is stimulation of Croceil by C. radiatus.
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TABLE 1 Predicted auxotrophies from the genomes of the four tested bacterial strains®

No.  Mameliella CS4 - Roseovarius Rose1 Croceibacter Croceil Marinobacter CS1
1 L-Lysine L-Lysine L-Lysine L-Lysine

2 L-Arginine - L-Arginine L-Arginine
3 - - L-Methionine -

4 - L-Cysteine L-Cysteine -

5 L-Leucine L-Leucine L-Leucine L-Leucine

6 - - L-Proline -

7 ~ : L-Asparagine .

8 - - L-Valine -

9 L-Isoleucine L-Isoleucine L-Isoleucine L-Isoleucine
10 - Niacin (VB3) - -

1 - - S-adenosyl-L-methionine -

12 - - Putrescine -

13 - - Spermidine -

14 - - VB12 VB12

-, not detected.

S5. We performed an auxotrophy prediction using the 4 bacterial genomes to access their
potential abilities to produce amino acids and vitamins. Of the 4 bacteria, Croceibacter
showed the highest requirement for externally supplied amino acids and vitamins. This is
also reflected by its lack of growth in ASW2 medium. Rose1 showed a deficiency in Niacin
(vitamin B3, VB3) production, and all tested bacteria lack the ability to produce selected
amino acids. Croceil and CS1 show a deficiency in vitamin 12 biosynthesis (Table 1).

Dimethylsulfoniopropionate (DMSP) is a well-studied metabolite that is primarily
produced by algae and can be exploited by bacteria as a carbon and reduced sulfur
source (26). DMSP metabolism can follow diverse pathways involving demethylation or
cleavage (27). In the demethylation pathway, DmdA demethylates DMSP to produce 3-
(methylthio)propionate (MMPA), and finally generates acetaldehyde and methanethiol
under the action of the enzymes DmdB, DmdC, and DmdD. In the cleavage pathway, a
DMSP lyase (DddP/L/Q/W/K/Y) converts DMSP to acrylate and dimethyl sulfide (DMS).
DddD converts DMSP to 3-hydroxypropionyl-CoA and DMS. DddX converts DMSP to
acryloyl-CoA and DMS. We retrieved the known protein sequences responsible for
DMSP catabolism and aligned them with the predicted protein sequences from our 4
bacterial genomes via BLASTP. The proteins for the respective DMSP metabolic path-
ways encoded in the genomes of the 4 bacteria are listed in Table 2. C54 and Rose1
genomes contain all genes for the demethylation and cleavage pathways. In contrast,
only poorly aligned proteins for the demethylation pathway are found in Crocei 1, indi-
cating poor or no usage of DMSP (Table 2). A crucial sequence for the demethylation
pathway encoding the protein DmdA is missing in the CS1 genome, but the other pro-
teins DmdB/C/D are present. This suggests that CS1 might metabolize the product MMPA
of DMSP demethylation. These genome analyses imply that the 2 Roseobacteraceae CS4
and Rose1 have the potential for DMSP consumption, while Creceil and CS1 might not be
able to directly use DMSP.

Nutrient requirements of bacteria were tested in supplementation assays. While
CS4 was not affected by amino acid, glucose, DMSP, or vitamin supplements (Fig. 5a),
all other bacteria grew better when amino acids and vitamins were supplied (Fig. 5b to
d). This growth promotion is less affected by the additional carbon source (Fig. 5). Only
a supplement with a carbon source did not promote growth in any of the bacteria.

DISCUSSION

In this study we show that effects of bacteria on phytoplankton manifest already at
very low cell counts. In the oceans, nutrients and bacterial cell numbers are low, and
thus chemically mediated interactions should be already effective in high dilution. Also,
nutrient availability is low in most situations in the plankton and, like in our experiments,
bacteria grow slowly (22). In the natural situation, bacteria are also exposed to steep gra-
dients of nutrients when getting into the vicinity of phytoplankton cells. Fast nutrient
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TABLE 2 Gene predictions for DMSP metabolism from the genomes of the four bacterial strains, CS4, Rose1, Croceil, and CS1

Gene accession
query cover, and identity

ZZ 3Nss| 88 AWINJOA  ZZOT JQUIdAON

Query
Proteins® accession cs4 Rose1 Croceil CS1
DddP A35K19.1 WP_219516382.1, 99%, 73.00% MBW4972570.1, 99%, 80.00% No No
DddL ADK55772.1 WP_219516508.1, 37%, 33.73% MBW4974109.1, 34%, 32.05% No No
DddQ Q5LT18.1 WP_219513723.1, 28%, 34.48% MBW4974794.1, 42%, 48.24% MBW4970188.1, 27%, 32.79% No
Dddw Q5LW89.1 WP_219516457.1, 80%, 60.66% No No No
DddK 5TGO_A WP_219516457.1, 66%, 44.44% No No No

5TFZ_B WP_219514356.1, 55%, 26.97%
DddY E7DDH2.1 No No No No
DddD A6W2K8.1 WP_219516233.1, 44%, 39.53% MBW4972965.1, 70%, 26.03% No MBW4977114.1, 93%, 23.79%
DddX 7CM9_D WP_219514187.1, 91%, 25.00% MBW4973844.1, 91%, 25.63% No MBW4980444.1, 89%, 22.25%
DmdA Q5LS57.1 WP_219514480.1, 96%, 37.82% MBW4973898.1, 98%, 64.64% MBW4970937.1, 89%, 26.51% No
DmdB Q5LRTO.1 WP_219512577.1, 99%, 47.50% MBW4975210.1, 99%, 47.22% MBW4969535.1, 91%, 22.34% MBW4977128.1, 97%, 36.80%
DmdC AAV97018.1 WP_219517053.1, 97%, 44.16% MBW4974836.1, 99%, 40.20% MBW4969453.1, 62%, 28.23% MBW4977238.1, 98%, 42.54%
DmdD AAV97019.1 MBW4983136.1, 93%, 41.27% MBW4974459.1, 96%, 28.79% MBW4969944.1, 79%, 35.94%

MBW4978179.1, 70%, 35.60%

“The reported DMSP metabolic genes with accession numbers were collected from the previous publications, DddX (57), DddK (58), and the others (59). The bold font shows entries for which the thresholds for coverage and

identity are higher than 90% and 35%, respectively.
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FIG 5 The requirement of the four bacteria (a) C54, (b) Rosel, (c) Croceil, and (d) CS1 for nutrients in a minimal medium. The optical density
0OD,,, Was recorded and used for representing the bacterial growth at an early time point, where first growth was detected by visual inspection
(black column) and 24 h later (gray column). Error bars represent the standard deviation of three biological replicates. The statistical analyses of

the multiple comparisons are provided in the Table S6. .-

depletion when resources are consumed or diffused also challenge bacteria in a dynamic
way (28). We mimic this short duration of interactions within natural phycospheres situa-
tion by transferring bacteria from nutrient enriched media to depleted media (29). In
contrast to our set-up, many previous studies on the effect of bacteria on phytoplankton
used high optical densities and media optimized for bacterial growth (30). This might be
useful for learning about the potential of bacteria to be active but does not account for
the fact that certain activities might only be regulated during nutrient depleted situa-
tions or under fluctuating environmentally conditions.

The initial survey of pairwise diatom-bacteria interactions revealed that, in most
cases, bacteria, even in the low initial cell counts inoculated, influence diatom growth
substantially. This high activity might be based on interaction mechanisms that have
co-evolved between algae and bacteria. In fact, bacterial communities of diatoms are
highly conserved across species and time, which would allow interaction mechanisms
to involve (31). We observed growth promotion or inhibition by bacteria depending on
the species combinations. Interestingly, we did not identify any universally algicidal or
growth-promoting bacteria. In every case, the effect of a given bacterium on algal
growth depends on the tested partner. While CS4, for example, inhibits C. socialis, it pro-
motes C. walesii in its growth (Fig. 1b). This species specificity of bacterial effects is in ac-
cordance with previous observations of specific algicidal activity in bacteria (32). In our
survey, all Gammaproteobacteria inhibited the early stage of C. radiatus growth, while all
tested Roseobacteraceae supported the late stage of C. radiatus. This suggests that more
general traits like metabolism and substrate usage related to the bacterial phylum might
determine these effects (10).

Interaction patterns are further complicated by the observed dependence of bacterial
growth modulation on the diatom growth phase. e.g.,, C. radiatus growth is suppressed
by Croceil throughout the growth phases, which is consistent with a previous study
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(33). In that study, Croceibacter was proposed to attach the diatom Thalassiosira pseudo-
nana cell and inhibit cell division. The positive effects of Rose 1 and C54 only occur dur-
ing the later stages of diatom growth (Fig. 2b and c). These 2 bacteria also decrease the
mortality of diatom cells in aged diatom populations (Fig. $13a and b). Such modulating
effects might manifest only if the diatoms are already encountering nutrient limited con-
ditions in the stationary phase and are reduced in their fitness. Also, the variable compo-
sition of the exo-metabolome of algae, that is highly dependent on the growth phase,
can determine the activity of associated bacteria (34). Bacteria might provide essential
factors for survival (35). Alternatively, a regulatory switch in bacterial metabolism to sup-
port algal survival might be responsible for the observed effects.

The observed interaction between CS1 and C. radiatus shows an even more elabo-
rate pattern where the bacterium shifts in its role from an initial growth suppression to
later promotion of survival (Fig. 2e). A mechanism can be envisaged where toxins pro-
duced by bacteria might inhibit diatom cell division. We also observed that some bac-
teria promote the growth in the exponential algal growth phase, but are inhibitory in a
later phase, or vice versa. Such host fitness-dependent activity shifts have been previ-
ously reported in algal-bacteria interactions. They can be caused by a shift of the bac-
terial metabolism from the release of auxin to the production of algicidal metabolites
(36). Variable interaction modes caused by the regulated metabolism of bacteria based
on the quorum sensing mediated control of algicidal proteases have also been
observed (37). In addition, algae might influence the performance of bacteria. The
release of diffusible allelopathic factors, such as polyunsaturated aldehydes or other
oxylipins, by the diatom C. radiatus might explain the detected bacterial growth inhibi-
tion (38). Bacterioplankton development during a diatom bloom in the North Sea can
be attributed to algal bloom stages that provide a series of ecological niches for bacte-
ria by producing distinct substrates (39).

Different algae species, or the same species in different physiological states thus
form distinctive niches for bacteria, in processes that are likely to be controlled by
chemical mediators released from both partners. Related observations on such roles of
chemical mediators have been made in synthetic phycospheres (18). They are also indi-
rectly supported through correlations of marine bacterioplankton populations induced
by a phytoplankton bloom (29). A special case of chemical mediation is the substrate-
based control of interactions, known as resource-based microbial community assembly
(29). The algae provide substrates that are required for bacterial growth. In our experi-
ment, the Flavobacterium Croceil was fully dependent on the presence of diatom
C. radiatus (Fig. 3d). From the auxotrophy prediction based on the bacterial genomes,
a deficiency in the ability.to synthesize amino acids and vitamins in Croceil could
explain this effect (Table 1). In contrast, Marinobacter CS1 that shows fewer deficiencies
in its genome compared to Croceil also grew well in the absence of diatoms (Fig. 3e).

The microbial model community established in this study is clearly simplified com-
pared to the natural phytoplankton (Fig. 4a and Fig. S16). In nature, a higher diversity
of algae and bacteria will be present (40). Nevertheless, our experimental setup repre-
sents a situation with a dominant C. radiatus bloom and representative bacterial strains
from the most prominent clades of the bacterioplankton community (41) that may
share the same geographic origin.

Growth suppression of the algae by the bacterial consortium was observed through-
out all growth phases (Fig. 2f). The supporting effect of Rose1 and CS4 in the stationary
phase did not prevail. All bacteria performed comparably to the pairwise interaction sit-
uation. They obviously receive essential substrates, such as amino acids from the algae
as can be concluded by their better performance in bilateral diatom/bacteria coculture.
Since exposure of phytoplankton to bacteria triggers physiological and metabolic
responses, the resulting released metabolites might support fully the growth of the con-
sortium (42). The performance of the bacteria in the consortium with the diatom does
not indicate that vitamin production by one community member could overcompensate
for the lack of the resource by another. Even vitamin production deficient bacteria
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perform similarly in coculture with other bacteria compared to the simple alga/bacteria
pairs. This is in accordance with mesocosm experiments that reported increase in phyto-
plankton and prokaryote biomass associated with vitamin B addition, but no substantial
shifts in community composition (43).

Analysis of the substrate utilization capabilities of DMSP suggests that, in our consor-
tium, no bacterial community strategy to support growth mutually can be observed.
Based on the genetic inventory, a mechanism could be envisaged where partial DMSP
degradation products are exchanged (26, 44). However, such a mechanism does not
become obvious, maybe because the algae compensate with the supply of other carbon
sources. This is also supported by our observation that the supply of amino acids and
vitamins is sufficient to support growth (Fig. 5). Under more limiting conditions, such
substrate exchange might become relevant but does not determine the outcome of the
community composition in our experiment. In addition, it must be taken into account
that bacteria that were in the vicinity of the phycosphere might have repleted storage
capacity for nutrients and vitamins that could buffer their responses - a possibility also
valid in our experiments where bacteria were transferred between media of different nu-
trient content (45). Whether these processes hold true for the entire natural plankton
community cannot be concluded from our results but can be the subject of future field
studies.

We used mathematical modeling to interpret the cell count data from our isolated
cultures and cocultures. The growth curves can be nicely explained using a generalized
Lotka-Volterra model. It was required that the model takes account of pairwise interac-
tions between alga and bacteria, which can be stimulatory or suppressive and can dif-
fer in the early period of growth (1-17 days) compared to the later period (17-41 days).
This simple division allowed a good fit, and indicated that the algae might have to be
considered as 2 different resources, depending if they do photosynthesis and divide
under nutrient repletion or if they rather survive without cell division under limited
condition. Such a metabolic shift, according to the growth phase, has been observed
for the algal endo metabolome (indicative of their physiology [46]) and the algal exo-
metabolome (indicative of their metabolic interaction [47]). Similar age-dependent
algal metabolomes can also be observed during aging blooms in field surveys (48). The
strongest pairwise interaction observed is promotion of growth of Croceil by the alga,
indicating a requirement of the bacterium for essential nutrients or other resources
from the alga. Interestingly, the prediction of the growth of the synthetic community
containing all 4 bacteria with the alga allowed a quantitatively good agreement with
our experimental data by assembling the pairwise interactions. This result hints that
pairwise alga-bacteria interactions might be sufficient to explain community dynamics.
Such dominance of pairwise-interactions can be observed in nature during the pres-
ence of algicidal bacteria that inhibit algal growth (49), but the more subtle interac-
tions of single non-harmful bacteria have, to our knowledge, not been recognized in
field surveys. As observed in the coculture, our mathematical modeling suggests that
bacteria-bacteria interactions may not be important in this system, since the model
recapitulates the data well without including bacteria-bacteria interactions. Similar
observations were made in batch cocultures of the dinoflagellate G. catenatum with
bacterial communities composed of one-, two-, or three-bacterial partners (50).
Bacteria associated with the alga independently modified the growth of the host cell
under non-limiting growth conditions, and cocultures exhibited growth curves with a
mix of features of the uni bacterial cultures.

To conclude, we observed highly complex interaction patterns between diatoms
and associated pelagic bacteria. Our survey documents pronounced species specificity
of the interactions. No universal growth-promoting or inhibiting functions of bacteria
were observed. Growth phase dependent effects of bacteria on diatoms were common
with variable patterns. Fitting our data to a Lotka-Volterra mathematical model con-
firms that, in simple multipartite communities constructed here, the interaction of the
partners decides the outcome of the species composition. Interaction between bacteria,
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by, for example, substrate exchange is not determining the community. For natural
plankton, this work suggests that species inventories are not sufficient for the prediction
of the community development but that more subtle factors, such as algal fitness and
regulated bacterial metabolism, have to be taken into account as well.

MATERIALS AND METHODS

Strain selection. Based on the criteria listed in the introduction, we selected 8 widely distributed,
ecologically relevant diatoms to screen for growth-promoting or inhibiting effects of bacteria (Fig. 1 and
Fig. S1). These included the centric diatoms C. didymus, C. socialis, Thalassiosira weissflogi, T. nordenskioel-
dii, C. radiatus, C. wailesii, C. granii, and a pennate diatom, Synedra hyperborea. Among these algae, 6 dia-
toms were from temperate waters and T. nordenskioeldii and S. hyperborea were from the Arctic. C.
socialis (17), C. radiatus, C. wailesii, and C. granii (51) originated from Helgoland Roads, North Sea,
Germany, where most of the tested bacteria were also isolated (Fig. S1 and Table S1).

Bacteria isolation, identification, and media. The bacterial strains used in this study are listed in
Table S2. Except for Ulvibacter litoralis 16195 and Kordia algicida OT-1, the strains were isolated and iden-
tified in this study. For bacterial isolation and purification, 1 mL diatom culture was diluted to 1074,
1075, and 107 fold initial concentration with artificial seawater. One hundred microliter bacterial sus-
pensions in a series of gradient dilutions were poured and spread on Marine Broth (MB) agar plates.
After incubation for 3 to 6 days at 28°C, single colonies were picked and transferred to a new MB agar
plate using autoclaved toothpicks by plate scribing. The above steps were repeated two times to obtain
pure cultures. New single colonies were transferred into 3 mL liquid MB medium in 10 mL sterile tubes
and cultured at 28°C under shaking 150 rpm. When the ODy,, reached 0.5 to 0.8, 1 mL of the bacterial
cultures were harvested in 1.5 mL Eppendorf tubes and collected by centrifugation at 12 000 rpm for
1 min at room temperature. The resulting cell pellet was used for DNA extraction with a Quick-DNA
Fungal/Bacterial Miniprep Kit (ZYMO RESEARCH) following the manufacturer's protocol. One microliter
properly diluted DNA sample was added as the template to 20 ul PCR solution with 1.25 U DreamTaq
DNA polymerase (Thermo Scientific). The 16S rRNA gene was amplified with the universe primers 27F
(5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-ACGGHTACCTTGTTACGACTT-3’) under the conditions:
5 min at 95°C, 30 cycles of 30 s at 95°C, 30 s at 55°C and 90 s at 72°C, another 10 min at 72°C for exten-
sion, and paused at 24°C. The PCR products were verified by agarose gel electrophoresis for quality con-
trol. The PCR products were sent to Eurofins Genomics (Eurofins Genomics, Ebersberg, Germany) for
sequencing. The sequencing results of these isolates were used to construct a phylogenetic tree based
on maximum likelihood using the software MEGAX version 10.1.7.

The media for diatom cultivation and co-cultivation used in this study are listed in Table S1. All
media were made from artificial seawater (52) buffered with 5 mM HEPES. For ASW1 medium, extra trace
element solution was added with-the final concentrations of 80 pM Na,EDTA-2H,0, 25 pM (NH,),Fe(ll)
(S0,),-6H,0, 100 pM H;BO,, 10 pM MnCl,-4H,0, 10 pM ZnCl,, 2 pM Na,M00,-2H,0, 0.1 pM CuSO,-5H,0,
0.1 pM CoCl,-6H,0, 0.1 pM NaVO,, 10 nM Na,Se0,-5H,0. For ASW2 medium, extra 50 times f/2 stock so-
lution (Sigma G9903) and additional silicate was added to the final concentration of 400 uM to optimize
the growth of Coscinodiscus strains. For ASW3 medium, extra 1 mL NaNO; (75.0 g/L dH,0), 1 mL
NaH,PO,-H,0 (5.0 g/L dH,0), 1 mL Na,SiO;9H,0 (30.0 g/L dH,0), 1 mL L1 trace metal solution and
0.5 mL f/2 vitamin solution (53) were supplemented. The diatom cultures were incubated at 13°C with a
diurnal rhythm of light: dark cycle of 15 h: 9 h and light intensity of 25 umolxm=2xs™".

Bacteria-diatom co-cultivation. Diatoms were purified to reduce the bacterial level using a proto-
col for the generation of axenic cultures (54) with the following modifications. In total, 20 mL culture
from exponential phase for each diatom culture was filtered with polycarbonate membranes (pluriSelect
Life Science), 5 um for C. socialis, C. didymus, C. granii, T. weissflogii, T. nordenskioeldii, and S. hyperborea,
40 um for C. radiatus, C. wailesii. Then, the diatom cells on the filters were washed with 10 mL final con-
centration of 20 ug/mL Triton X-100 in the corresponding medium to remove attached bacteria, and
afterward with 10 mL fresh medium to remove Triton X-100. The antibiotic ciprofloxacin was added to
the cultures at a final concentration of 10 pg/mL. After incubation of these diatom cultures under the
conditions mentioned above for 24 h, the antibiotic was removed by another filtration and taken up in
fresh medium. The diatom cultures (300 ulL) were distributed in 48-well plates with appropriate initial
concentrations. ;

Each bacterial inoculum was prepared from a fresh MB culture (3 mL). The conditions for cultivation
are as described above for bacterial DNA extraction. When the OD,, of bacterial cultures reached 0.5 to
0.8, the bacterial cultures were harvested in 1.5 mL sterile Eppendorf tubes by centrifugation at 12
000 rpm for 1 min at room temperature. Bacterial cell pellets were washed two times with 1 mL artificial
seawater to completely remove MB. The bacterial inoculum was inoculated to the diatom cultures to
give an initial concentration of 105-10° cells/mL. Diatom cultures without bacterial inoculation were
used as controls. Each treatment was replicated three times. The 48-well plates were covered with gas-
permeable membranes and incubated at 13°C under a gentle shaking of 40 rpm with a diurnal rhythm
of light: dark cycle of 15 h: 9 h and light intensity of 25 umolxm™2xs™".

To investigate the interaction of C. radiatus with the bacterial community of 4 species, more inten-
sive antibiotics treatment with 50 ug/mL kanamycin and 20 ug/mL ciprofloxacin was applied for 24 h to
purify the cultures. The initial axenic state was monitored by plate spreading. The C. radiatus culture was
inoculated with a final density of 3 cells/mL into tissue culture flasks (TC Flask T75, Sarstedt) containing
150 mL ASW2 medium. The bacteria CS4, Rose, Croceil, and CS1 were inoculated with the final density
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of 10%-10* cells/mL for co-cultivation under the conditions mentioned above. No shaking was applied in
this case. Three biological replicates were set for each group.

Chl, a measurement and calculation of interactive effects. Chl a was measured using a Varioskan
Flash Multimode Reader (Thermo Fisher Scientific) with the following parameters: The 48-well plate was
shaken with the speed of 300 rpm and diameter 5 mm for 20 s and then stopped for 50 s before mea-
surement. For Chl a fluorescence detection, the excitation wavelength is 430 nm with a bandwidth of
12 nm and the emission wavelength was set as 665 nm. The acquisition mode was set as “read from
plate bottom”. The measurement time was 100 ms. Multipoint mode was used with a safety zone
1.4 mm. Chl a was measured every other day.

We selected the proper time points for each diatom to represent the corresponding early and late phases
based on the chlorophyll reads and, for each time point, the rations of Chl a values between the growth of dia-
tom inoculated with and without bacteria were calculated. An exception is the diatom S. hyperborea RCC5218.
This strain originated from cold seawater and did not show growth at 13°C after the bacterial community had
been reduced. Thus, the effects of different bacteria on the growth of S. hyperborea were calculated via nor-
malization of the growth with its average Chl a value. After logarithmic transformation of the ratios with base
2, the corresponding values were used for generating the heat map.

C. radiatus cell counting. C. radiatus growth was monitored by cell counting. After thorough shak-
ing and mixing the culture, the volume of 300 uL sample was transferred to a 48-well plate and was
observed under a Leica DM2500 microscope equipped with a CCD system, and the software NiC-ele-
ments D 4.30.00 was used for documentation by photography. Live cells and dead cells were recorded
as shown in Fig. S11.

Bacterial quantification by qPCR. The primers for specific amplification of the 4 strains, CS4, Rose1,
Cro1, and CS1 were designed based on their 165 rRNA gene sequences after running the multiple-
sequence alignments via the software MEGA (version 10.1.7). Designed primers were further tested
using the online tool testprime on https://www.arb-silva.de/search/testprime. Primers were synthesized
by the company Biomers,) and are listed in Table S3. Primer efficiency for qPCR for all bacterial strains
and primer specificity among the 4 strains were tested.

For gqPCR analysis, 1 mL coculture sample was transferred to a 1.5 mL Eppendorf tube for a simple
and rapid method for genome DNA preparation based on a previously reported protocol (55) with minor
modifications. Briefly, we harvested the cell pellet by centrifugation at 13 000 rpm for 20 min. After
removing the supernatant, 100 uL TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0) was added to resus-
pend the cell pellet. Then, the samples were heated to 100°C for 10 min with 200 rpm shaking. After
heating, the samples were transferred on ice for 10 min. Finally, the samples were centrifuged at 13
000 rpm at 4°C for 15 min. After centrifugation, 0.5 ulL of supernatant was added to a 10 uL gPCR system
containing 5 ul PowerUp SYBR Green Master Mix (Thermo Fisher Scientific), 1 uL of the forward and
reverse premixed primers with the final concentration of 0.5 uM for each, and 3.5 ul of distilled water.
Standard cycling mode was used for qPCR procedure with following steps: UDG activation at 50°C for 2
min, polymerase activation at 95°C for 2 min, 40 cycles to denature at 95°C for 15 s, anneal at 55°C for
15 s, and extend at 72°C for 1 min.

For calibration, the Cq values from gPCR with the bacterial cells/mL, we prepared 2 mL of a series of
10 times gradient dilution of the 4 bacterial suspensions. 1 mL suspension was used for pouring MB
agar plate and bacterial colonies counting. Another 1 mL suspension was used to prepare DNA samples
for the qPCR as the steps mentioned above.

Interpretation of bacteria-diatom pairwise interactions with a generalized Lotka-Volterra model.
Our mathematical model consists of the following set of differential equations (see Materials and Methods
for details):

% =5 <1+a11 Kilsl +“1282+“1353+“1454+ﬂ1585>
% = p,$(1+ax 8 +a8:)
% = u3S3(1+asSi+asSs) )
%= 1ySa(1+an S +a4Ss)
%: 585(1+as181+as5S5)

Here, S, represents the cell density (number of individuals per volume) of the diatom, and S,...S;
represent the cell densities of the bacteria CS4, Rose1, Creoceil, and CS1, respectively. In the monocul-
tures, the parameters u,, a,,, and K describe the growth of the diatom C radiatus, ., and a,, describe
the growth of CS4, u, and a,, the growth of Rosel, u, and a,, Creoceil, and u; and ays CS1 (see
Materials and Methods). The remaining parameters, a,,, ay;, etc. describe the pairwise interactions
between the diatom and each bacterium. A key aspect of the Lotka-Volterra model is to predict the
behavior of the synthetic community from the pairwise alga-bacterium cultivation.

To interpret the data from cocultures, we first fitted the Lotka-Volterra model (Equations 1 to the cell
count data for the alga and each bacterium in isolation, to obtaining parameters ., a,, K, p,... p; and
a,,. .. ass. Next, we fitted the model to the pairwise coculture data to obtain the remaining parameters
(Fig. S14 and Fig. S15). To perform these fits, we split the data into 2 separate time periods, 1-17 days
and 17-41 days, since the algal growth dynamics is qualitatively different in these 2 phases. Indeed, the
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algal cell counts increased during days 1-17 and decreased during days 17-41. We, therefore, obtained
2 sets of model parameters describing these 2 time periods (Fig. 4a and Table S4). Finally, we used the
mathematical model to predict the growth of the synthetic model community with the four bacteria, as
shown in Fig. 2. Further details are given in the Supporting Information.

Bacterial genome sequencing and mining. Bacterial DNA was extracted by Quick-DNA Fungal/
Bacterial Miniprep (ZYMO RESEARCH) as described above. DNA concentration was measured in a Qubit
3.0 Fluorometer (Invitrogen). The DNA samples concentrations for the four strains, CS4, Rose1, Croceil,
and CS1 are 17 ng/ul, 55 ng/ul, 8 ng/ul, 30 ng/ulL, respectively, in 100 uL TE buffer. The qualified
samples were sent to Eurofins Genomics (Konstanz, Germany) and were sequenced by the sequencing
technology lllumina HiSeq on the NovaSeq 6000 sequencing system platform. The sequencing was
performed with the flow cell type S2, the configuration PE150, and XP workflow. We released the
whole genome sequences of these bacteria to the NCBI genome database under the BioProject acces-
sion PRINA748384. The basic genomic sequence information of the 4 strains are shown in Table S5.
The closest match that represents their taxonomic status was analyzed via Kbase SpeciesTree v2.2.0
app based on the genome sequences (version 2.3.2 of KBase Ul, https://www.kbase.us/). The auxotro-
phy prediction for the 4 bacterial genomes was applied using an integrated app of Predict Genome
Auxotrophies v2.0.0 in Kbase. Those collected protein sequences were used as query sequences to
search against the 4 bacterial genomes via BLASTP.

Bacterial nutrient requirement analysis. For bacterial nutrient requirement analysis, 3 groups of
nutrients were added into minimal basal medium (MBM) (56) in different combinations. The group 1
supplement contained 0.1 mM DMSP (Sigma-Aldrich), the group 2 supplement contained 5 mM glu-
cose, and the group 3 supplements contained 13 amino acids, including I-glutamate, glycine, L-ala-
nine, L-aspartate, L-arginine, L-glutamine, L-serine, L-tyrosine, L-leucine, L-proline, L-valine, L-threonine,
and t-isoleucine each with 0.3 mM as the final concentration together with a previously reported vita-
min solution for MBM (56). Bacterial inoculum was prepared the same way as previously mentioned
for co-cultivation experiment. After washing twice to remove MB medium and resuspending in mini-
mal medium with OD,,, = 0.2, the volume of 30 uL bacterial suspension was inoculated into 3 mL min-
imal medium with different combinations of nutrients groups in 10 mL sterile tubes and cultivated in
28°C incubator with 150 rpm shaking. The volume of 0.5 mL culture was taken and transferred into
1 cm cuvettes for ODg,, measurement by spectrophotometer during 2-5 days after the inoculation.
Three replicates were set for each treatment.

Data availability. The accession numbers for the partial 16s rRNA gene nucleotide sequences were de-
posited in the NCBI as listed in Table S2. The genome sequences were released to the NCBI genome data-
base under the BioProject accession PRINA748384. Individual genome accessions are listed in Table S5.
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