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Summary

� Roles of different ecological classes of algal exometabolites in regulating microbial commu-

nity composition are not well understood. Here, we identify exometabolites from the model

diatom Phaeodactylum tricornutum and demonstrate their potential to influence bacterial

abundances.
� We profiled exometabolites across a time course of axenic algal growth using liquid

chromatography–tandem mass spectrometry. We then investigated growth of 12 bacterial

isolates on individual-identified exometabolites. Lastly, we compared responses of a P.

tricornutum-adapted enrichment community to additions of two contrasting metabolites:

selective growth substrate 4-hydroxybenzoic acid and putative signaling/facilitator molecule

lumichrome.
� We identified 50 P. tricornutum metabolites and found distinct temporal accumulation pat-

terns. Two exometabolites (of 12 tested) supported growth of distinct subsets of bacterial iso-

lates. While algal exudates and algal presence drove similar changes in community

composition compared with controls, exogenous 4-hydroxybenzoic acid addition promoted

increased abundances of taxa that utilized it in isolation, and also revealed the importance of

factors relating to algal presence in regulating community composition.
� This work demonstrates that secretion of selective bacterial growth substrates represents

one mechanism by which algal exometabolites can influence bacterial community composi-

tion and illustrates how the algal exometabolome has the potential to modulate bacterial

communities as a function of algal growth.

Introduction

Microalgae play important roles in global carbon cycling and
industrial applications for bioproduct and biofuel production
(Chisti, 2007; Mata et al., 2010; Falkowski, 2012). As with land
plants and other host–microbial systems, microalgal activity, pro-
ductivity, and stability are closely tied to surrounding microbial
communities (Seymour et al., 2017). However, a predictive
understanding of microbial community interactions with algae is
still limited (Astacio et al., 2021; Deng et al., 2022; Prabhakara
& Kuehn, 2022).

Exometabolite release is hypothesized to be a primary way by
which host organisms influence microbiome composition. Exo-
metabolites can be broadly grouped into three ecological classes:
substrate metabolites which sustain biomass production (e.g. glu-
cose), facilitator metabolites, which enable chemical reactions
(e.g. biotin (vitamin B7)), and ecological signaling molecules
(e.g. N-acetyl homoserine lactone; Moran et al., 2022). Since
algae are the predominant primary producers in many aquatic
ecosystems, the most direct hypothesized mechanism of influence

is through release of specialized substrate metabolites. In algal
bloom communities, microbial succession is controlled by sub-
strate utilization (Teeling et al., 2012), certain taxa in these
blooms specialize to specific substrate types (Orellana et al.,
2022), and exudates from different algae support distinct func-
tional microbial communities (Kieft et al., 2021). In model
algal–bacterial co-cultures with the diatom Thalassiosira pseudo-
nona, characterization of exometabolite uptake showed specializa-
tion between bacterial partners (Ferrer-Gonzalez et al., 2021).
Along with selective substrate utilization, there are examples of
algal exometabolites with multifaceted effects: the exometabolites
rosmarinic and azelaic acids from the diatom Asterionellopsis gla-
cialis can influence bacterial motility and possibly quorum sen-
sing (Shibl et al., 2020), placing them in both the substrate and
ecological signaling categories. Additionally, p-coumarate, a
metabolite released during Emiliana huxleyi senescence, has been
linked to a shift from mutualistic to algicidal activity of the bac-
terium Phaeobacter inhibens (Seyedsayamdost et al., 2014). In a
community context, microbial abundances have been shown to
change in response to metabolite composition in simplified
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systems with defined suites of metabolites (Fu et al., 2020). Pre-
vious work has shown that different algae have distinct exometa-
bolomes (Brisson et al., 2021), but the dynamics of release, and
physiological function of these exometabolites are unknown, as
are their respective effects on surrounding microbial commu-
nities. Given these impacts of exometabolites on algal–bacterial
interactions, characterization of algal exometabolomes and their
roles is critical for understanding these systems.

Direct analysis of the spent media, targeting metabolites that
are specific to that fraction relative to the endometabolome, is
needed to further understand algal–bacterial interactions. Intra-
cellular metabolites have been used as a proxy for exometabolites
(Thornton, 2014; Seymour et al., 2017). Used in conjunction
with transcriptomics, this approach has produced insights into
algal–bacterial interactions and metabolite exchange dynamics
(Uchimiya et al., 2021). However, recent work with several algal
strains suggests that the algal exometabolome composition differs
significantly from the endometabolome (Brisson et al., 2021).
Algal exometabolomics, particularly for saltwater algae, presents
technical challenges due to high salts and low metabolite concen-
trations (Ferrer-Gonzalez et al., 2021), but recent studies have
started to address this knowledge gap. The exometabolomes of
the eukaryotic microalgae Asterionellopsis glacialis, Thalassiosira
pseudonona, Thalassiosira rotula, Phaeodactylum tricornutum,
Microchloropsis salina, Chlamydomonas reinhardtii, and Desmodes-
mus intermedius have been characterized using untargeted and
targeted metabolomic approaches (Becker et al., 2014; Shibl
et al., 2020; Brisson et al., 2021; Ferrer-Gonzalez et al., 2021). As
exometabolite characterization expands, the next challenge is to
integrate that knowledge with the effects of individual bacterial
strain responses to understand interactions in a complex micro-
biome.

In this study, we investigate the role of exometabolites from the
model diatom Phaeodactylum tricornutum in shaping surrounding
microbial communities. We set out to test the hypothesis that
algal exudates drive microbial community composition and to
identify specific algal exometabolites that can be linked to specific
changes in algal-associated microbial communities. To get a base-
line understanding of microbial community responses before
investigating and manipulating individual metabolites, we used
16S amplicon sequencing analysis to investigate community com-
position responses to algal exudates and algal presence. We then
conducted a time-resolved metabolomic analysis to characterize
exudates from axenic P. tricornutum and identify specific exome-
tabolites (defined here as metabolites primarily detected in the
spent media relative to the cell pellet). We next conducted growth
assays on a subset of identified exometabolites with bacterial iso-
lates obtained from P. tricornutum-associated communities to
identify exometabolites from the ‘substrate’ ecological class. Based
on results from these assays, we chose one substrate exometabolite
and one contrasting signaling or facilitator exometabolite to
further examine the response of microbial community composi-
tion to these exometabolites. Together, this allowed us to investi-
gate the interacting roles of exometabolites, algae, and bacteria,
and to identify a mechanism by which substrate algal exometabo-
lites can influence community structure in a predictable manner.

Materials and Methods

Organisms

We used the model diatom Phaeodactylum tricornutum Bohlin
strain CCMP 2561, 10 phycosphere bacterial isolates from
P. tricornutum phycosphere enrichment cultures, and two non-
phycosphere bacterial isolates from seawater. Bacterial isolate ori-
gins and identifications are summarized in Table 1. All bacterial
isolates were isolated in our laboratory and have been described
elsewhere (Chorazyczewski et al., 2021; Mayali et al., 2022).
Enrichment cultures were from the same phycosphere enrich-
ments used to obtain the bacterial isolates and have been
described elsewhere (Samo et al., 2018; Kimbrel et al., 2019).

Growth medium

Experiments were conducted using Enriched Saltwater Artificial
Water (ESAW) with F/2 medium trace metals and vitamins,
which has been described previously (Guillard & Ryther, 1962;
Harrison et al., 1980; Berges et al., 2001; Brisson et al., 2021).
The medium contained salts, phosphate, trace metals, and vita-
mins as described in Supporting Information Methods S1. For
bacterial isolate growth experiments, levels of nitrogen and phos-
phorus were in excess compared with carbon, and nitrogen was
provided as equimolar concentrations of nitrate and ammonium,
since not all bacteria can assimilate nitrate. For all other experi-
ments, nitrogen was provided as nitrate.

Microbial community response to algae and algal exudates

In the first experiment (Fig. S1a), microbial community response
to three algal conditions was tested (five replicates of each condi-
tion): algae present, algal spent medium, and algal-free control.
Before the experiment, 125 ml glass Erlenmeyer flasks were baked
at 500°C for 2 h to remove residual organic matter. For the
algae-present condition, five flasks were prepared with ESAW
medium (50 ml) and inoculated with 2 ml of 1-wk-old P. tricor-
nutum culture. For the algal spent medium condition, five flasks
were prepared with spent medium from a 1-wk-old P. tricornu-
tum culture that was filtered through a 0.2 lm filter to remove
algal cells. Preliminary experiments indicated that P. tricornutum
completely depletes nitrate and phosphate in the medium
(Fig. S2), so phosphate and nitrate were replenished in algal spent
medium to original ESAW concentrations by adding 0.005 g l�1

NaH2PO4�H2O and 0.075 g l�1 NaNO3 from 10009 stock
solutions before inoculation with bacteria. These additions did
not change the pH of the spent medium (Fig. S3). Five algal-free
control flasks were prepared with ESAW medium without addi-
tion of algae, algal spent medium, or other carbon sources
beyond what was present in the base medium.

To obtain starting bacterial inoculum, two previously
described phycosphere enrichment cultures (bacterial commu-
nities enriched to grow in close association with algae) were com-
bined (Samo et al., 2018; Kimbrel et al., 2019). Enrichments
were grown separately in ESAW medium for 1 wk. Cultures were
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filtered (0.8 lm pore size, 45 mm diameter Supor membrane fil-
ter (Pall Corp., Port Washington, NY, USA)) to remove algal
cells but allow bacterial cells to pass through. Filtrates were used
to inoculate all 15 flasks with 2 ml (1 ml from each enrichment).

All flasks were incubated with shaking (90 rpm, 22°C;
12 h : 12 h, light : dark; 3500 lux illumination). Algal growth was
monitored by measuring chlorophyll a fluorescence using a Tril-
ogy Fluorometer (Turner Designs, San Jose, CA, USA) with the
Chlorophyll In-VivoModule.

Flasks were maintained as fed batch/semi batch systems, with
sample collection and partial medium replacement at 6, 8, and
10 d of incubation. This timing was selected based on the time
for P. tricornutum to reach stationary phase based on previous
work with this organism (Brisson et al., 2021). On sample collec-
tion days, 25 ml samples were collected from each flask, and
flasks were replenished with 25 ml of the appropriate fresh or
algal spent medium for that flask’s condition. One ml from each
sample collected was fixed for flow cytometry by adding 100 ll
37% formaldehyde. However, the flow cytometry samples were
lost due to instrumentation problems. The remaining 24 ml sam-
ple was filtered onto a 45 mm diameter, 0.2 lm pore size Supor
membrane filter (Pall Corp.). Filters were frozen at �80°C until
DNA extraction. DNA extractions were conducted as described
in Methods S2.

Sequencing was performed through Laragen Inc. (Culver City,
CA, USA), using the earth microbiome project protocol. The
515F (GTGYCAGCMGCCGCGGTAA; Parada et al., 2016)
and 806R (GGACTACNVGGGTWTCTAAT; Apprill et al.,
2015) primers were used to amplify and sequence the 16S-V4
region. Sequencing was performed on an Illumina MiSeq (Illu-
mina, San Diego, CA, USA) using the MISEQ v.2 PE150 Reagent
Kit. Sequencing reads were processed using the DADA2 package

(v.1.20.0) to generate an amplicon sequence variant (ASV) table
(Callahan et al., 2016), as detailed in Methods S3 (also Fig. S4).

Algal exometabolomics

Our second experiment (Fig. S1b) was conducted in 20 replicate
flasks. Flasks were baked to remove residual organic matter
(500°C for 2 h), filled with ESAW medium (50 ml each), inocu-
lated (2 ml each) from a 1-wk-old axenic P. tricornutum culture,
and incubated as described above for the community response
experiment. At each metabolite collection time point (0, 3, 6, 9,
and 12 d; Fig. S5), four flasks were destructively sampled for
metabolomics analysis of spent medium and cell pellets as
described previously (Brisson et al., 2021). Briefly, cell pellets
were collected by centrifugation at 5000 g and 4°C for 8 min.
The supernatant was filtered through a 0.45 lm pore size filter
(which removed P. tricornutum cells) and frozen at �80°C. Cell
pellets were resuspended in 1 ml 0.2 lm filtered sterile water, fro-
zen at �80°C, and lyophilized. Lyophilized cells were disrupted
by vortexing with a steel ball three times for 5 s each, resuspended
in 50 ml 0.2 lm filtered sterile water, filtered through a 0.45 lm
pore size filter, and frozen at �80°C.

Solid phase extraction (SPE) was used to extract metabolites
from all samples for analysis. Samples (filtered spent medium and
filtered water extracts of disrupted cell pellets) were thawed, and
30 ml of each sample was acidified by adding 300 ll of 1 M HCl.
Bond Elut PPL columns (Agilent, Santa Clara, CA, USA) were
rinsed with 3 ml HPLC grade methanol followed by 6 ml ultra-
pure water. Acidified samples were passed through prepared col-
umns. Columns were rinsed with 3 ml of 0.01M HCl and
allowed to air dry for 5 min. Metabolites were eluted with 1 ml
HPLC grade methanol, dried in a vacuum centrifuge, and

Table 1 Bacterial isolates and corresponding microbial community ASVs with exact matches to the 16S-V4 region.

Isolate
origin1

Taxonomic group
(phylum or
proteobacterial class) Bacterial isolate

IMG
genome ID

Exact
match 16S-
V4 ASV

ASV mean relative abundance
under different growth conditions

Algal-free
control
(%)

Phaeodactylum

tricornutum spent
medium (%)

Phaeodactylum

tricornutum

present (%)

Phycosphere
enrichments

Alphaproteobacteria Oceanicaulis 13A 2744055042 ASV12 0.25 4.29 8.06
Alphaproteobacteria Roseibium 13C1 2754412429 ASV6 3.36 6.75 2.53
Alphaproteobacteria Thalassospira 13M1 2744054425 ASV23 0.06 0.50 0.01
Alphaproteobacteria Yoonia 4BL 2751186040 – – – –
Bacteroidota Arenibacter

ARW7G5Y1

2744054426 ASV34 < 0.01 0.52 0.02

Bacteroidota Algoriphagus
ARW1R1

2747842515 ASV9 0.12 8.40 7.72

Alphaproteobacteria Stappia ARW1T 2758568492 – – – –
Alphaproteobacteria Devosia EAB7W2 2757320511 ASV18 0.01 2.53 0.19
Gammaproteobacteria Alcanivorax EA2 2778261710 ASV14 11.70 0.03 0.09
Gammaproteobacteria Marinobacter 3-2 2785510723 ASV1 29.16 33.03 12.21

Seawater Alphaproteobacteria Amylibacter N2S 2838011328 – – – –
Alphaproteobacteria Sulfitobacter N5S 2834034572 – – – –

Total 44.66 56.05 30.83

1Isolate origin and identification are fromMayali et al. (2022) ASV, amplicons sequence variants; IMG, Integrated Microbial Genomes database.
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resuspended and prepared for analysis as previously described
(Zhalnina et al., 2018; Brisson et al., 2021; Swift et al., 2021).
Briefly, extracts were dried in a vacuum centrifuge, resuspended
in 150 ll methanol containing 13C and 15N labeled matrix con-
trol standards, filtered through a 0.2 lm pore size filter, and
transferred to an autosampler vial for analysis. Although we did
not measure recovery, a previous study found that PPL columns
recovered c. 60% of dissolved organic carbon from marine sam-
ples (Green et al., 2014).

Metabolomes were analyzed with liquid chromatography–tan-
dem mass spectrometry (LC–MS/MS). LC–MS/MS instrumen-
tation and parameters are detailed in Table S1. Metabolite
identifications were obtained using Metabolite Atlas (https://
github.com/biorack/metatlas) to identify features with m/z, reten-
tion time, and fragmentation spectra matched to a library of ana-
lytical standards run in our laboratory under the same LC–MS/
MS analysis conditions (Bowen & Northen, 2010; Yao et al.,
2015).

Bacterial isolate growth assays

In our third experiment (Fig. S1c), 12 selected metabolites were
tested for their ability to support growth as the primary carbon
source for each of the bacterial isolates. For each metabolite,
ESAW medium was prepared with the added metabolite at a
total carbon concentration of 60 ppm. This concentration was
chosen as c. 10 times the previously observed DOC concentration
in P. tricornutum spent medium (Brisson et al., 2021) in order to
stimulate sufficient growth for detection. Each metabolite was
tested with each bacterial isolate in triplicate wells with replicate
positions randomized across the 96-well flat-bottom plates.
Negative controls (no added metabolite) were also included.
Plates were incubated with shaking (90 rpm, 24°C). OD600 was
measured daily for 8 d using a Cytation5 plate reader (BioTek,
Winooski, VT, USA).

Microbial community response to selected exometabolites

For our final experiment (Fig. S1d), two of the identified exome-
tabolites (4-hydroxybenzoic acid and lumichrome) were selected
to examine their influence on bacterial community composition.
For this experiment, five replicate flasks of each of the same three
algal conditions described above (algae present, spent media, and
algae-free control) were prepared with the addition of 0.01 mM
of the metabolite being tested (5 replicates9 3 algal
conditions9 2 metabolite conditions (4-hydroxybenzoic acid,
lumichrome) = 30 total flasks). These were run concurrently with
the no-metabolite conditions described above (Fig. S1a), which
served as the control conditions. The concentration of 0.01 mM
was selected so that the added metabolite did not overwhelm
algal metabolites present in the algal spent medium and algae-
present conditions, and because previous work with lumichrome
indicated that this concentration impacted P. tricornutum growth
(Brisson et al., 2021). This concentration corresponds to the
addition 1.4 ppm and 0.8 ppm total organic carbon for lumi-
chrome and 4-hydroxybenzoic acid, respectively. For

comparison, our previous work found that the organic carbon
content of P. tricornutum spent medium after 8 d of growth
(comparable to the spent medium used in this study) was
8� 2 ppm (Brisson et al., 2021). Thus, metabolite additions cor-
responded to an organic carbon increase of 10% to 20%. Bacter-
ial inoculum was added, flasks incubated, samples collected,
DNA extracted, and sequenced, and sequences analyzed as
described above for the microbial community response to algae
section. When growth medium was exchanged (days 6, 8, and 10
as described above), replenishment medium was supplemented
with 0.01 mM of the appropriate metabolite for each flask.

Algal growth assays

To investigate the impacts of exogenous metabolite additions on
algal growth, axenic P. tricornutum was grown under three differ-
ent media conditions: ESAW with 0.01 mM 4-hydroxybenzoic
acid, ESAW with 0.01 mM lumichrome, and ESAW without
metabolite additions. Three replicate flasks (125 ml) were pre-
pared with medium (50 ml) and inoculated with 2 ml of 1-wk-old
P. tricornutum culture. Flasks were incubated as described above
for the community response experiment. One ml samples were
collected from each flask at 0, 2, 4, 6, 8, and 9 d after inoculation,
and chlorophyll a fluorescence was measured using a Trilogy Fluo-
rometer (Turner Designs) with the Chlorophyll In-VivoModule.

Statistical analyses

The 16S microbial community data were analyzed in R using the
PHYLOSEQ (v.1.40.0), VEGAN (v.2.6-2), and ANCOM-BC (analysis of
compositions of microbiomes with bias correction, v.1.6.4)
packages (McMurdie & Holmes, 2013; Lin & Das Ped-
dada, 2020). Because ASV relative abundance data are inherently
compositional (Gloor et al., 2017), ANCOM-BC, which uses log
ratios analogous to Aitchison’s method (Aitchison, 1982; Lin &
Das Peddada, 2020), was used to adjust for compositionality
before all downstream analyses. Further analyses of microbial
community, metabolomics, and bacterial and algal growth
were conducted in PYTHON using the PANDAS (v.1.1.5) and
SCIPY (v.1.5.2) packages. Details of statistical analyses are in
Methods S4, and analysis scripts are available on GitHub
(https://github.com/vbrisson/Algal_Exometabolites_Shape_
Bacterial_Communities).

Results

Phaeodactylum tricornutum exudates and algal presence
drive microbial community composition

In the first experiment (Fig. S1a), we investigated the impacts of
algal presence and algal exudates on a microbial community that
had previously been enriched to grow with algae (Samo
et al., 2018; Kimbrel et al., 2019). 16S amplicon community
analysis revealed this to be a relatively simplified bacterial com-
munity. After removing mitochondrial and chloroplast sequences
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(30 sequences) and low prevalence ASVs (644 ASVs, see Methods
S3 for prevalence criteria), there were 64 bacterial ASVs and no
archaeal ASVs (Figs S6, S7). All 64 ASVs could be identified at
the family level, and 60 could be identified at the genus level,
representing 42 genera. Half of the ASVs were low abundance
(< 0.1% mean relative abundance), while five were high abun-
dance ASVs (> 5% mean relative abundance).

Microbial communities grown with algal spent medium from
late log (day 7) or with algae present were distinct from algal-free
controls (no added organic carbon beyond base ESAW medium
and any carryover with bacterial inoculum) and from each other
based on both the principal coordinate analysis (PCoA) and a
permutational analysis of variance (PERMANOVA). Commu-
nities grown with algal spent medium were intermediate between
those grown with algae present and algal-free controls along the
first principal coordinate axis, which explained 56.4% of the var-
iance (Fig. 1). The second principal coordinate axis further differ-
entiated communities grown on algal spent medium from the
other conditions and differentiated between time points within
each condition. Algal condition (algae present, algal spent med-
ium, or control), time, and their interaction were all significant
drivers of microbial community composition (PERMANOVA,
Table S2). Community alpha diversity, as measured by Shannon
Diversity Index, was driven by algal presence, and also increased
over time (Table S3; Fig. S8).

Algal presence and spent medium shifted relative abundances
of most ASVs in the same direction compared with controls
(Fig. 2). Of the 32 ASVs with mean relative abundance of at least
0.1%, 28 were significantly differentially abundant between algal
spent medium and controls, and a distinct set of 30 were differ-
entially abundant between algae present and controls (Figs 2a,

S7, S9) based on a differential abundance analysis conducted
with ANCOM-BC with correction for multiple comparisons.
Only six ASVs had divergent responses to algal presence and
spent medium. These included four (Marinobacter ASV3, Rosei-
bium (Labrenzia) ASV6, Thalassospira ASV7, and Thalassospira
ASV23) which increased with spent medium but decreased with
algae, and two (Roseitalea ASV 29 and Maricaulis ASV32) which
decreased with spent medium but increased with algae. In gen-
eral, members of the Baceroidota phylum increased in relative
abundance in response to both algal presence and spent medium,
while Gammaproteobacteria decreased in relative abundance,
and responses of Alphaproteobacteria were mixed. Chi-squared
test indicated that these phylogenetic effects were statistically sig-
nificant (P < 0.001), while linear least-squares regression analysis
indicated that there was a significant correlation (P < 0.001, Pear-
son’s R2 = 0.52) between the responses (log fold changes com-
pared with control) of ASVs to algal spent medium and to algal
presence (Fig. 2b).

Phaeodactylum tricornutum produces diverse
exometabolites

By profiling spent media and cell pellets from P. tricornutum, we
identified 50 metabolites recoverable by SPE, including organic
acids, vitamins, amino acids, and nucleosides/nucleobases, as well
as derivatives of these (Fig. 3; Tables S4, S5). The majority of
identified metabolites (43 out of 50) were nitrogen containing
compounds. To better distinguish exometabolites resulting of
excretion or secretion from metabolites originating from lysed
cells, we compared spent media and cell pellet metabolomes,
since cell lysis products were likely to have higher abundance in
the cell pellet fraction. Metabolite profiles from cell pellets and
spent medium were distinct from each other, and most individual
metabolites were highly associated with one or the other sample
type (Fig. 3a). Hierarchical clustering based on abundance pat-
terns across samples grouped metabolites into two main clusters:
those primarily associated with the spent media (26 metabolites)
and those primarily associated with the cell pellets (24 metabo-
lites). We thus define exometabolites based on that clustering as
those primarily associated with spent medium (Fig. 3a). As a
compound class, organic acids were more highly associated with
the exometabolome (chi-squared test P-value = 0.002). Although
we observed trends of higher associations of nucleosides/nucleo-
bases and amino acids with cell pellets and higher association of
vitamins with spent medium, these associations were not statisti-
cally significant. Three indole-containing metabolites (indole3-
acetic acid, indole-3-pyruvic acid, and 5-hydroxyindoleacetic
acid) and the additional plant hormone salicylic acid all clustered
as exometabolites.

Exometabolite production was dynamic, with different exome-
tabolites accumulating in the spent medium during different algal
growth phases (Fig. 3b). For example, two exometabolites (galac-
turonic acid and pyridoxine) only accumulated during late log
and stationary phases but were not detected earlier in growth. At
the other extreme, 50-methylthioadenosine accumulated through
log phase but did not continue to accumulate in stationary phase.

Fig. 1 Principal coordinate analysis (PCoA) showing differences in
microbial community composition using Jensen–Shannon Divergence
between samples. Each point represents one biological replicate sample
(flask9 time point). All replicates for each condition and time point are
shown. Colors represent different growth conditions of algae
(Phaeodactylum ricornutum) present (brown), algal spent medium
(yellow), or algal-free control (blue). Shading indicates the time of sample
collection at 6 d (light), 8 d (medium), or 10 d (dark).
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Individual exometabolites impact bacterial isolate growth

The above results established effects of algal exometabolites in
general (spent medium) on microbial community composition
(Fig. S1a, first experiment) and identified exometabolites pro-
duced by P. tricornutum (Fig. S1b, second experiment). To estab-
lish connections between individual metabolites and bacteria, we
conducted a third experiment with a select set of 12 bacterial iso-
lates (Fig. S1c). The isolates were representative of ASVs detected

in the microbial community response experiment. Of the 10 bac-
terial isolates originating from phycosphere enrichments, eight
had 100% sequence identity between their 16S sequence and an
ASV (Table 1). Together these exact match ASVs represented
between 44.7%, 56.0%, and 30.8% total relative abundance
under the algal-free, spent medium, and alga present growth con-
ditions, respectively.

Based on accumulation in the exometabolome, 12 metabolites
were selected to test as growth substrates. Six metabolites were

(a) (b)

Fig. 2 Response of individual amplicon sequence variants (ASVs) to algal (Phaeodactylum ricornutum) presence and algal spent medium compared with
algal-free controls. (a) Direction of ASV responses to algal presence and algal spent medium. Only the ASVs with at least 0.1% mean relative abundance
are included. ASVs are ordered by response to algal presence. ASV label colors indicate taxonomic groups (purple, Bacteroidota; green, Gammaproteobac-
teria; black, Alphaproteobacteria; gray, other). Colors and symbols in boxes indicate statistically significant differences in relative abundance compared with
algae-free controls based on differential abundance testing with analysis of compositions of microbiomes with bias correction (ANCOM-BC), which cor-
rects of data compositionality (15 samples per algal condition). Differences were considered statistically significant if the Benjamini/Hochberg adjusted
P-value from the differential abundance analysis was < 0.05. ‘+’ indicates a significant increase in relative abundance compared with control, and ‘�’ indi-
cates a significant decrease compared with control. (b) Correlation between ASV responses to spent medium and algal presence. Each circle represents one
ASV. Circle size is proportional to mean relative abundance across all 45 samples (15 flasks9 3 time points). Shading indicates statistically significant
responses to algal presence (left side of circle) and algal spent medium (right side of circle) using the same significance criteria as in part (a). The diagonal
line shows the linear fit to the data, with Pearson’s R2 and P-values indicated in the upper left of the plot. All 64 ASVs are included in this plot, but only ASVs
with at least 0.1%mean relative abundance are labeled.
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(a) (b)

Fig. 3 Phaeodactylum tricornutummetabolite production across growth phases. (a) Heatmap showing 50 identified metabolites’ relative intensities across
samples. Each column represents one replicate flask, and samples are grouped by sample type and time point as indicated above the plot. Each row represents
one metabolite (or indistinguishable isomers). Heatmap coloring at each point corresponds to the relative intensity for each metabolite in each sample. Relative
intensity is the signal intensity for a given metabolite in a sample divided by the maximum signal intensity observed for that metabolite (scale of 0–1). Thus,
relative intensities can be compared across samples, but not between metabolites. (b) Exometabolite accumulation in the spent medium during each growth
phase. Circle size represents the production (relative intensity increase) during each growth phase, calculated as the difference between the mean signal
intensities (means of four spent medium replicates) for the two sampling time points bracketing that growth phase. Circle colors indicate different growth
phases: yellow, lag phase; green; early log phase; blue, late log phase; purple, stationary phase, and correspond to colors in Supporting Information Fig. S5.
Metabolites are ordered based on hierarchical clustering, as indicated by the dendrogram to the left of the heatmap. Metabolite name colors indicate nitrogen
content (black, contains nitrogen; green, does not contain nitrogen). Metabolite names in bold were used in the bacterial isolate growth experiment.
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selected from each of two contrasting groups: organic acids
(Fig. 4, bottom six), which were expected to be potential growth
substrates, and vitamins/vitamin derivatives (Fig. 4, top six),
which were expected to have other indirect impacts (facilitator or
signaling functions). While we did not expect growth on the
facilitator or signaling molecules, there are some examples of bac-
terial growth with plant hormones such as indole-3-acetic acid
(Leveau & Gerards, 2008; Laird et al., 2020), and vitamins such
as vitamin B3 (nicotinic acid/nicotinamide; Hu et al., 2019), as
carbon sources. We chose to include riboflavin despite its cluster-
ing with the cell pellet metabolites because we had chosen the
exometabolite lumichrome, which is a degradation product of
riboflavin.

A subset of exometabolites supported growth of specific bacter-
ial isolates as the primary source of organic carbon (ESAW med-
ium contains a small amount of organic carbon in vitamins and
EDTA as described in Methods S1). Growth was detected as a
statistically significant increase (P-value < 0.05, t-test with correc-
tion for multiple comparisons, three replicates) in optical density
compared with no-metabolite added controls. Of the 12 metabo-
lites tested, two supported growth of at least one of the 12 bacter-
ial isolates (Figs 4, S10). Both growth supporting metabolites
were organic acids and not vitamins or their derivatives. 4-

Hydroxybenzoic acid was the most widely utilized substrate
under the conditions tested and supported the growth of four iso-
lates, while shikimic acid supported the growth of two isolates.

To relate responses to 4-hydroxybenzoic acid and shikimic
acid to genetic potential, we searched the previously sequenced
genomes of these isolates (Mayali et al., 2022) for genes for four
enzymes related to 4-hydroxybenzoic acid degradation:
4-hydroxybenzoate 3-monooxygenase (gene: pobA), 4-
hydroxybenzoate decarboxylase (genes: bsdC, bsdD),
4-hydroxybenzoate polyprenyltransferase (gene: ubiA), and 4-
hydroxybenzoate-CoA ligase (genes: hbaA, hcl ). We also searched
for genes for three enzymes related to shikimate degradation: qui-
nate dehydrogenase (genes: quiA), shikimate dehydrogenase
(genes: qsuD), and dehydroshikimate dehydratase (genes: quiC,
qsuB). KEGG searches were conducted with KOFAMSCAN v.1.3.0
with the KEGG v.98 database, and PATRIC terms were searched
for using patricbrc.org (see Table S6 for search details and
Table S7 for results). Of the 4-hydroxybenzoic acid degradation
genes, only pobA and ubiA were identified in the isolate genomes.
All isolate genomes except for Algoriphagus ARW1R1 and Areni-
bacter ARW7G5Y1 contained ubiA, while pobA was found in
three of the four isolates which grew on 4-hydroxybenzoic acid
(Thalassospira 13M1, Roseibium 13C1, and Stappia ARW1T)
and three other isolates which did not grow on 4-hydroxybenzoic
acid. Of the shikimic acid degradation genes, quiA was identified
in one isolate that grew on shikimate (Alcanivorax EA2), while
qsuD was identified in three isolates, including the other isolate
that grew on shikimate (Stappia ARW1T). None of the isolate
genomes contained quiC/qsuB.

Specific exometabolites influence relative abundance of
bacteria in a complex community

For our fourth experiment (Fig. 1d), we selected two algal exo-
metabolites, 4-hydroxybenzoic acid and lumichrome, to test
whether exometabolites can generate similar bacterial responses
in a community as observed in isolate cultivation (i.e. increase
abundance). 4-Hydroxybenzoic acid was chosen because it selec-
tively supported growth of specific bacterial isolates in the experi-
ment above. Lumichrome was selected as a contrasting
exometabolite: a representative vitamin derivative and potential
facilitator or signaling molecule, with the potential to impact
microbial community composition indirectly, potentially
through impacts on algal growth (Brisson et al., 2021). Addition-
ally, both exometabolites had similar accumulation profiles, with
maximum accumulation during log phase growth (Fig. 3b).
Because the two microbial community experiments (Fig. S1a,d)
were conducted, sequenced, and analyzed together, this analysis
contains the same 64 ASVs described above (Fig. S7).

Exogenous metabolite additions had significant impacts on
bacterial community compositions, both with and without P. tri-
cornutum present, based on PCoA and PERMANOVA. As with
the communities without metabolite addition, the first principal
coordinate of the PCoA, which accounted for 30.9% of the var-
iance, separated samples primarily by algal treatment (algae pre-
sent, algal spent medium, and control), with algal spent medium

Fig. 4 Growth of algal-associated bacterial isolates on select algal (Phaeo-
dactylum ricornutum) exometabolites. Heatmap color intensity corre-
sponds to the mean increase (green) or decrease (purple) in final optical
density for each isolate and metabolite combination compared with control
for that isolate with no added metabolite. Means are for three biological
replicates. Statistically significant differences compared with control
with no added metabolite are indicated based on P-values from Student’s
t-tests and corrected for multiple comparisons using the Benjamini/Hoch-
berg method. Significance codes for adjusted P-values: ***, P < 0.001;
**, P < 0.01; *, P < 0.05; �, P < 0.1. For individual data points contributing
to the heatmap for the metabolites that supported growth, refer to Sup-
porting Information Fig. S10.
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being intermediate to algae present and algal-free controls
(Fig. 5). The second and third principal components, accounting
for 11% and 9% of the variance respectively, distinguished sam-
ples by metabolite addition, visually distinguishing the samples
with added 4-hydroxybenzoic acid from those with lumichrome
or no added metabolite (Fig. 5, black outlines), although this
effect is less pronounced in the algal spent medium condition.
PERMANOVA indicated that algal condition, metabolite addi-
tion, time, and their interactions were all significant factors
affecting microbial community composition (Table S8).

4-Hydroxybenzoic acid addition drove significant changes in
relative abundance of several ASVs based on a differential abun-
dance analysis conducted with ANCOM-BC with correction for
multiple comparisons (Figs 6a, S7, S11). Thalassospira ASVs

(ASV7 and ASV23) were the most responsive to this metabolite,
with bias-corrected log fold changes of 2.4 and 1.9, respectively,
in the algae-free condition, and 1.5 and 0.4, respectively, with
the algae present. Notably, this included Thalassospira ASV23, an
exact match to the 16S-V4 regions of the bacterial isolate Thalas-
sospira 13M1, which exhibited the most growth (highest optical
density) with 4-hydroxybenzoic acid of the 12 isolates tested
(Fig. 5). Roseibium (Labrenzia) ASV6 was also responsive and
matches Roseibium 13C1 which grew on 4-hydroxybenzoic acid.
Conversely, Alcanivorax ASV14 responded negatively to 4-
hydroxybenzoic acid addition, but isolate match Alcanivorax EA2
grew on 4-hydroxybenzoic acid in isolation.

Lumichrome addition also impacted relative abundances of
ASVs, but the responses differed from those to 4-hydroxybenzoic

(a)
(b)

(c)

Fig. 5 Principal coordinate analysis (PCoA) showing differences in microbial community composition in response to exogenous addition of select
metabolites based on Jensen–Shannon Divergence between samples. (a) Three-dimensional plot of the first three principal components. (b) Principal coor-
dinates 1 and 2. (c) Principal coordinates 1 and 3. Each point represents one biological replicate sample (flask9 time point). All replicates for each condition
and time point are shown. Colors represent different base growth conditions of algae (Phaeodactylum ricornutum) present (brown), algal spent medium
(yellow), or algal-free control (blue). Different shapes indicate different added metabolites: lumichrome (diamonds), 4-hydroxybenzoic acid (stars, black
outline), and no-metabolite addition controls (circles).
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acid (Figs 6b, S7, S12). The magnitudes of the strongest
responses to lumichrome were less than those observed with 4-
hydroxybenzoic acid. The maximum log fold change observed
for lumichrome was 0.83, in comparison with 2.4 for 4-
hydroxybenzoic acid. No ASVs consistently increased with lumi-
chrome addition across algal treatments, while two (Thalassospira
ASV7 and Seohaeicola ASV10) decreased in relative abundance
with lumichrome addition under all three algal conditions. Alca-
nivorax ASV14 responded negatively to lumichrome in the algae-
free condition, and the isolate match Alcanivorax EA2 also had
repressed growth in response to riboflavin (of which lumichrome
is a degradation product) addition (Fig. 5).

To better assess potential indirect effects of metabolite addi-
tions, we investigated the impacts of exogenous additions of 4-
hydroxybenzoic acid and lumichrome on axenic algal growth

(Fig. S13). Neither 4-hydroxybenzoic acid nor lumichrome had
statistically significant impacts on final chlorophyll a fluorescence
(P-value = 0.56 for 4-hydroxybenzoic acid and 0.06 for lumi-
chrome based on Student’s t-test) in this experiment.

Discussion

Our findings support the hypothesis that algal exudates can sig-
nificantly influence microbial community composition, but also
indicate the importance of other factors that arise with algal pre-
sence. The microbial communities grown on algal exudates were
intermediate and closer to the algae-present communities, indi-
cating that algal exudates shifted communities toward the algae-
present composition (Fig. 1). These results align with a previous
study using porous microplates, which exclude the effects of
attachment but include algal presence, which identified four bac-
terial genera (Marinobacter, Oceanicaulis, Algoriphagus, and Mur-
icauda) that responded positively to P. tricornutum exudates
(Kim et al., 2021). These same genera responded positively to
algal spent medium in our study, indicating that spent media can
generate similar effects to ‘live’ algal exudates. Along with exudate
composition, this could also be due to pH, which is higher in
both the algae present and spent media conditions, relative to the
fresh media control. However, the communities with spent med-
ium still differed from those with algae present: they were less
diverse and some individual ASVs had divergent responses to the
treatments. Several important factors may contribute to these dif-
ferences. First, introduction of a bacterial community has been
shown to affect algal gene expression in comparison to axenic
controls, indicating that algae are actively responding to the
microbial community (Shibl et al., 2020). Other factors arising
from algal presence, such as exchange of gases and volatiles
(Zuo, 2019), the phycosphere microenvironment around algal
cells (Seymour et al., 2017), and temporal dynamics (Uchimiya

(a) (b) Fig. 6 Response of individual amplicon sequence variants (ASVs) to
additions of exogenous metabolites compared with no-metabolite addi-
tion. (a) Response to 4-hydroxybenzoic acid. (b) Response to lumichrome.
Rows represent ASVs, and ASVs with corresponding isolates are indicated
with ‘*’ before the ASV name. Columns represent base growth condition
(algal-free control, algae (Phaeodactylum ricornutum) present, or algal
spent medium). ASV order is the same in (a) and (b) to allow comparison
and determined by response to 4-hydroxybenzoic acid. Heatmaps show
increases (green) and decreases (purple) in relative abundance of each
ASV (rows) with the addition of metabolites under each of the algal condi-
tions (columns). Color intensity indicates log fold change compared with
control (no-metabolite added) determined in the differential abundance
analysis conducted with analysis of compositions of microbiomes with bias
correction (ANCOM-BC), which corrects for data compositionality. This
analysis was conducted with 15 samples (5 flasks9 3 time points) per
algal/metabolite condition. Time points were grouped for this analysis
because the effects of time, while statistically significant, were found to be
much smaller than those for algal/metabolite conditions (Supporting Infor-
mation Table S8). Statistically significant changes in relative abundance are
indicated based on the P-values adjusted for multiple comparisons (Benja-
mini/Hochberg method) from the ANCOM-BC analysis, with significance
codes for adjusted P-values: ***, P < 0.001; **, P < 0.01; *, P < 0.05; �,
P < 0.1. For individual comparisons and data points for each ASV under
each condition with each metabolite, refer to Figs S11 and S12.
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et al., 2021) likely also contribute to these differences. Indeed,
previous work involving the same enrichment cultures used here
has shown that attachment can affect both algal carbon fixation
and bacterial uptake of algal carbon (Samo et al., 2018). Thus,
the composition of algal exometabolites experienced by bacteria
growing with algae likely differs from that of spent medium from
axenic algae.

Comparing exometabolome compositions over time revealed
variation in accumulation patterns of different metabolites over
algal growth, which may indicate another factor influencing bac-
terial populations. Algal-associated microbial communities have
been shown to vary with algal growth, for instance across differ-
ent stages of an algal bloom (Zhou et al., 2019). Previous work
investigating algal–bacterial interactions across the diel cycle also
found changes in endometabolome composition and transcrip-
tomes from 1-day cycle to the next (Uchimiya et al., 2021),
indicating the importance of the longer time scales that we
address here. Both the endometabolome and exometabolome of
the marine cyanobacterium Synechococcus elongatus also vary over
days (Fiore et al., 2015). The extent of organic nitrogen transfer
from P. tricornutum to bacteria has been shown to vary between
bacterial taxa (Mayali et al., 2022), and thus temporal changes
in exudation of nitrogen-containing metabolites, which include
the majority of metabolites identified here, suggest a possible
mechanism for influencing bacterial functional guilds. Metho-
dological limitations constrained our metabolite analysis, but
despite only capturing a subset of metabolites, we still detected
a number of novel diatom exometabolites that are produced
throughout growth. We used SPE to recover metabolites and
remove salts, and this approach, while commonly used, is
known to have poor recovery of small, highly polar metabolites.
Extraction efficiency of individual metabolites with these col-
umns is influenced by metabolite size, aromaticity, and charge
at pH 2, with smaller, non-aromatic, and charged metabolites
having lower recovery (Johnson et al., 2017). However, the PPL
columns we used can recover c. 60% of dissolved organic matter
from marine samples (Green et al., 2014), so the metabolites
detected likely contribute significantly to the dissolved organic
carbon pool. The novel diatom exometabolites detected, and
their enrichment in the exometabolome relative to the endome-
tabolome, illustrate the importance of analyzing exudates,
despite biases. For example, pyrrol-2-carboxylic acid was
recently reported in the endometabolome of P. tricornutum and
other diatoms and was found to increase in response to salt
stress (Nikitashina et al., 2022). We found that this metabolite,
while detected in some cell pellet samples, was primarily an exo-
metabolite. Additionally, the plant hormones salicylic acid, and
indole-3-acetic acid, which we also identified as exometabolites,
have the potential to impact algal physiology (Park et al., 2013;
Labeeuw et al., 2016; Chung et al., 2018) and can also act as
bacterial substrates (Leveau & Gerards, 2008; Laird
et al., 2020). While more study of algal exometabolomes is
needed to gain a mechanistic understanding of all exometabo-
lites, here we demonstrate one approach to begin to ecologically
classify exometabolites using both isolates and enrichment com-
munities.

Our study shows that an individual substrate-class metabolite
can predictably shift bacterial community composition in the
context of either a complex exometabolome (algal spent med-
ium), or in the presence of an algal host, although the
magnitude of these shifts varied with condition. The organic acid
4-hydroxybenzoic acid is exuded by both P. tricornutum and
Synechococcus elongatus (Fiore et al., 2015), and has been shown
to influence both bacterial and fungal community compositions
in the rhizosphere (Zhou et al., 2012), suggesting it is an impor-
tant exometabolite in a range of environments. This metabolite
has been shown to be a plant autotoxin (Zhou et al., 2012), but
our results on axenic P. tricornutum did not show detectable inhi-
bition of growth with its addition. Of the three isolates that were
able to grow with 4-hydroxybenzoic acid as the primary carbon
source, two (Thalassospira 13M1 and Roseibium 13C) had corre-
sponding ASVs which generally responded positively to both its
addition and to algal spent medium, while the third (Alcanivorax
EA2) did not. Together, this shows that growth in isolation is
informative but not sufficient to predict competitive advantage.
Our previous work provides a possible predictive metric based on
substrate-class specialization, as it classified Thalassospira 13M1
and Roseibium 13C as specializing in small carbon substrate utili-
zation and Alcanivorax EA2 as a macromolecule user, based on
algal exudate incorporation (Mayali et al., 2022). Furthermore,
another isolate, Devosia EAB7W2, did not grow on 4-
hydroxybenzoic acid, but the matching ASV showed a strong
positive response to addition, suggesting this bacterium may
require bacterial interactions or other substrates to gain an advan-
tage from this exometabolite. Genome content provided a puta-
tive indicator for selective advantage in this case: the three
responsive genera in the community (Thalassospira, Roseibium
(Labrenzia), and Devosia) were the only three of our bacterial iso-
lates with matched ASV’s whose genomes contained the pobA
gene, whose product converts 4-hydroxybenzoate to protocatech-
uate, an important entry to the TCA cycle (Harwood & Para-
les, 1996). Notably, Alcanivorax EA2 lacks the pobA gene, so
while it can utilize 4-hydroxybenzoic acid when grown by itself,
it may not be able to compete as effectively for it. Our results
thus suggest that both metabolite composition (presence of pre-
ferred substrates) and the community (e.g. bacterial interactions)
are important for predicting positive response to a particular
metabolite.

While 4-hydroxybenzoic acid exemplifies selective growth pro-
motion as a potential mechanism of algal impacts on microbial
communities, inhibition effects, while not as straightforward, are
also an important factor in modulating microbial communities.
A small number of ASVs responded positively to algal spent
media and negatively to algal presence (Thalassospira and Rosei-
bium (Labrenzia) andMarinobacter). This suggests that other fac-
tors associated specifically with algal presence selectively reduce
the growth of these taxa, and that excess levels of an algal exome-
tabolite to which they are specialized (i.e. 4-hydroxybenzoic acid
for Thalassospira and Roseibium (Labrenzia)) can overcome this
inhibition. Interestingly, all three taxa are from the same func-
tional guild, classified as specializing in small carbon compounds
from algal exudates (Mayali et al., 2022). Competition with algae
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for inorganic nutrients may contribute to this effect. A previous
study using porous microplates with gradients of inorganic nutri-
ents and algal DOC found that growth of Marinobacter 3–2 (the
same isolate used here) was dependent on access to inorganic
nutrients along with algal DOC (Kim et al., 2021). P. tricornu-
tum also produces antimicrobial fatty acids (Desbois et al., 2009),
suggesting another potential mechanism of selective controls of
bacterial growth.

While lumichrome was selected partially as another control
(because it is not classified as a substrate exometabolite), the
effects of its addition highlight interactions that may involve
other factors such as signaling or facilitating chemical reactions.
Lumichrome, a vitamin derivative, did have significant effects on
individual ASV relative abundances (Fig. 6). Although we did
not detect a statistically significant effect of lumichrome on final
P. tricornutum chlorophyll a fluorescence (P-value = 0.06), there
was a trend toward increased fluorescence with lumichrome addi-
tion, and lumichrome has previously been shown to stimulate the
growth of P. tricornutum and of other microalgae in different
experiments (Lopez et al., 2019; Brisson et al., 2021), and to
change the endometabolite composition of Chlorella sorokiniana
(Lopez et al., 2019). This suggests that differences in microbial
abundances occurring when algae are present may be indirect
effects due to lumichrome altering algal physiology which in turn
affects the bacteria. Conversely, lumichrome is a degradation pro-
duct of riboflavin (vitamin B2) and can also act as a bacterial
quorum-sensing mimic (Rajamani et al., 2008), so it may have a
more direct effect on bacterial community members.

Our results demonstrate the multifaceted role of algal extracel-
lular metabolites in shaping algal-associated bacterial commu-
nities. We found that algal exudates can influence community
composition, identified a suite of novel P. tricornutum exometabo-
lites, and further characterized one exometabolite, 4-
hydroxybenzoic acid. We found only some bacterial isolates could
use 4-hydroxybenzoic acid as a carbon source, and addition of it
positively selected for those taxa in complex communities, demon-
strating that a selective bacterial growth substrate represents one
mechanism by which algal exudates can modulate the microbial
community. Our work also provides evidence for the presence of
additional controls requiring algal presence that selectively keep
taxa specializing in algal carbon exometabolite consumption in
check relative to taxa with other ecological strategies. Further-
more, our temporal analysis illustrates how the algal exometabo-
lome has the potential to modulate bacterial ecophysiology as a
function of algal growth, hinting at many other exometabolites yet
to be characterized that could positively or negatively influence
specific bacterial groups. This work advances our understanding
of the algal exometabolome and its importance in algal–bacterial
interactions and microbial community composition.
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