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A closer look into the microbiome
of microalgal cultures

Pia Steinrticken®?*, Steve Jackson?, Oliver Muller?, Pal Puntervoll®
and Dorinde M. M. Kleinegris®2

!Department of Biological Sciences, University of Bergen, Bergen, Norway, 2NORCE Climate & Environment
- NORCE Norwegian Research Centre AS, Bergen, Norway

Although bacteria are commonly co-occurring in microalgal cultivation and
production systems, little is known about their community structure and how
it might be affected by specific microalgal groups or growth conditions. A better
understanding about the underlying factors that determine the growth of specific
bacterial populations is not only important for optimizing microalgal production
processes, but also in the context of product quality when the algal biomass is to
be used for future food or feed. We analyzed the bacterial community composition
associated with nine microalgal strains in stock culture, maintained in two different
growth media, to explore how specific taxonomic microalgal groups, microalgal origin,
or the growth medium affect the bacterial community composition. Furthermore,
we monitored the bacterial community composition for three Phaeodactylum strains
during batch cultivation in bubble columns to examine if the bacterial composition
alters during cultivation. Our results reveal that different microalgal genera, kept at the
same cultivation conditions over many years, displayed separate and unique bacterial
communities, and that different strains of the same genus had very similar bacterial
community compositions, despite originating from different habitats. However,
when maintained in a different growth medium, the bacterial composition changed
for some. During batch cultivation, the bacterial community structure remained
relatively stable for each Phaeodactylum strain. This indicates that microalgae seem
to impact the development of the associated bacterial communities and that different
microalgal genera could create distinct conditions that select for dominance of
specific bacteria. However, other factors such as the composition of growth medium
also affect the formation of the bacterial community structure.

KEYWORDS

microalgal cultures, microbiome, bacterial community composition, Illumina sequencing,
growth medium

1. Introduction

Microalgae are considered an important new and sustainable feedstock for different food and
non-food commodities. They are rich in valuable compounds such as omega-3 fatty acids, proteins,
carbohydrates, carotenoids, vitamins, and minerals and their production offers many sustainability
features. In the last decades, microalgae have established a multi-million dollar industry and are
being produced for food, feed, and health-and cosmetic-related products (Fernandez et al., 2021).
In cultivation systems, microalgae co-exist together with bacteria, which either have been associated
with the microalgae since isolation or they have been introduced later through air or non-sterile
handling. Only in a very few cases, and at a small scale, can microalgae in culture be maintained
axenically (Biondi et al., 2018; Lian et al., 2021).

In natural aquatic environments, interactions between bacteria and microalgae represent a
fundamental ecological relationship, influencing carbon and nutrient cycling and regulating the
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productivity and stability of aquatic food webs (Seymour et al., 2017).
The heterotrophic bacteria obtain a large fraction of their carbon
demand from microalgae. Microalgae release dissolved organic carbon
(DOC) into their immediate surrounding, the phycosphere, which is
colonized by bacteria (Lian et al., 2021). Many bacteria, in turn, promote
microalgal growth by providing limiting nutrients via remineralization,
or synthesis of special components such as vitamins, thus enhancing
micronutrient availability (Seymour et al., 2017). Other bacteria can
have a negative impact on microalgae by competing for inorganic
nutrients or may even kill or lyse microalgal cells (Paul and Pohnert,
2011; Wang et al., 2016; Aiyar et al., 2017). Bacteria also process
microalgae-derived particulate organic matter or dead cells and
contribute in releasing DOC into the surrounding environment (Schafer
et al., 2002).

Associated bacteria in microalgal production systems have only
recently gained particular interest, as several studies have revealed that
microalgal production can be affected by the associated bacteria, and
that some bacterial strains can significantly increase, while others can
inhibit microalgal growth or metabolite production (Le Chevanton
et al,, 2013; Biondi et al., 2018; Berthold et al., 2019; Ling et al., 2020;
Chorazyczewski et al., 2021; Gonzalez-Gonzalez and De-Bashan, 2021;
Lian et al., 2021). Different microalgae might create special niches for
specific bacteria and the successive transfer of microalgal cultures could
select for certain bacterial populations to grow in association with a
particular microalgae (Schifer et al, 2002). However, a deeper
understanding on whether bacterial communities are associated with
different microalgal groups, growth conditions or growth systems, and
what causes the development of specific bacterial populations is
still lacking.

In this study, we aimed to elucidate if the bacterial community
composition is related to specific factors such as microalgal taxonomy,
origin of isolation, growth medium, or growth phases. Therefore, in a
first analysis, the microbiome of 18 microalgal stock cultures, covering
nine strains from three different genera (Phaeodactylum, Entomoneis,
and Tetraselmis) was studied. The strains originated from various
locations and habitats, were isolated at different times, and were each
maintained in two different growth media. In a subsequent bubble
column experiment, the microbiome was monitored during batch
cultivation for three different Phaeodactylum strains to investigate if the
bacterial communities alter during cultivation and with different
growth phases.

2. Methods
2.1. Cultivation conditions of stock cultures

All microalgal strains investigated in this study were kept as stock
cultures in 15 ml glass tubes at 7°C and an irradiance of 30 pmolm s
with a light:dark cycle of 16:8. Each microalgal strain has been
maintained in both, modified Conway medium (Walne, 1970) and
NORCE medium. The NORCE medium was designed in our labs for
pilot-scale microalgal production and contains much higher amounts
of nitrate and phosphate (12.5 and 0.88 mmolL™" respectively, with
KH,PO, as phosphate source) compared to Conway medium (1.2 and
0.11mmolL™", respectively, with NaH,PO, as phosphate source),
allowing the microalgae to grow to higher densities without reaching
nutrient limitation. In addition, NORCE medium uses a commercial

trace metal mix (YaraTera REXOLIN APN), which makes it easier and

Frontiers in Microbiology

10.3389/fmicb.2023.1108018

cheaper to prepare. Both media were prepared with natural sterilized
seawater (35ppt) and addition of 0.2 pm filtered stock solutions. The
final concentration of the nutrient composition for both media is shown
in the Supplementary section (Supplementary Table S1). Cultures were
transferred to fresh medium every 3 months, by inoculating an aliquot
of the culture suspension into fresh Conway or NORCE medium,
respectively, using sterilized pipettes.

2.2. The microbiome of different microalgal
stock cultures

Nine separate microalgal strains were selected from our stock
culture collection for analysis of the bacterial community composition,
including five strains of Phaeodactylum tricornutum, two strains of
Entomoneis sp., one Tetraselmis chui strain, and one Tetraselmis suecica
strain. These nine strains cover four different microalgal species, three
genera, and two phyla, and have been maintained in two different
growth media (Conway and NORCE) for several months or years
(Figure 1). The selected strains are fast growing with high nutritional
value, and are either already used in industrial production (Tetraselmis
and Phaeodactylum) or being considered for possible future production
or as feed in aquaculture hatcheries (Entomoneis; Knuckey et al., 2002;
Steinriicken et al., 2017). Four of the Phaeodactylum strains (M26, M28,
M29, and B58) and the two Entomoneis strains (M122 and M138) were
isolated from local coastal environments in the Bergen area (Norway)
and have at the time point of microbiome analysis been maintained in
our laboratory in Conway medium for 23 years (B58; Prestegard et al.,
2009) or 6years (the others; Steinriicken et al., 2017) and in NORCE
medium for 16 months. Phaeodactylum strain UTEX 640 and the two
Tetraselmis species (T. chui UTEX LB 232, T. suecica UTEX LB 2286)
were obtained from the Culture Collection of Algae at the University of
Texas at Austin (UTEX) and have been maintained in our laboratories
in Conway medium for 4 years and in NORCE medium for 16 months
(UTEX 640) or 2months (Tetraselmis species). For simplicity, strains
from culture collection were assigned a short name. Strain
Phaeodactylum U640 was originally obtained as axenic culture (Table 1).

Three weeks before sampling for bacterial community composition,
the 18 microalgal stock cultures (9 strains in two different growth

Bacillariophyta Chlorophyta

P, tricornutum Entomoneis spp. T.chui T.suecica

U0232  U2286

NORCE medium “ “ “ “ “
v @

M26 M28 M29 B58 U640  M122 M138

FIGURE 1

Overview over stock cultures that were screened for bacterial
community composition. All strains were kept in two different media
(Conway and NORCE) for different time periods before sampling.
Figure created with BioRender.com.
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TABLE 1 Overview over stock cultures that were screened for bacterial community composition.

Species Strain Short name | Phylum Isolation site Maintained in
Conway NORCE

P, tricornutum M26* M26 Bacillariophyta Store Lungegardsvann 6years 16 months
Bergen, Norway

P. tricornutum M28* M28 Bacillariophyta Puddefjorden Bergen 6years 16 months
Norway

P, tricornutum M29* M29 Bacillariophyta Puddefjorden Bergen 6years 16 months
Norway

P, tricornutum B58* B58 Bacillariophyta Puddefjorden Bergen 23 years 16 months
Norway

P, tricornutum UTEX 640* U640 Bacillariophyta England, UK* 4years 16 months

Entomoneis sp. M122% Mi122 Bacillariophyta Store Lungegardsvann 6years 16 months
Bergen, Norway

Entomoneis sp. M138* M138 Bacillariophyta Store Lungegardsvann 6years 16 months
Bergen, Norway

T. chui UTEX LB 232 Tchui Chlorophyta Scotland 4years 2 months

T suecica UTEX LB 2286 Tsue Chlorophyta La Spezia, Italy 4years 2months

Strains with an asterisk (*) were isolated from local coastal environments in the Bergen area, others were obtained from culture collection (UTEX). Strain with an (A) was classified axenic in the
culture collection. Isolation site with an (X) is not mentioned in the respective culture collection but for the deposition CCAP 1052/1B at the Culture Collection of algae and protozoa. All strains

were kept in two different media (Conway and NORCE) for different time periods before sampling.

media) were newly transferred to 15ml glass tubes with fresh medium.
Cultures were kept at the same growth conditions as described in 2.1
and were additionally vortexed every workday to maintain homogenous
cultures and prevent the algae from attaching to the glass tubes. After
3 weeks, samples were taken from each culture for (i) microbiome
analyses (one single sample each) and (ii) algal and bacterial cell
concentration measurements by flow cytometry (three technical
replicates each). For microbiome composition, one single analysis was
performed for each sampling, as previous analyses have shown high
similarity between technical replicates (Wen et al., 2017; Marotz et al.,
2019). However, one sample was analyzed in duplicate (Phaeodactylum
strain B58, NORCE medium) for quality control of the sequencing and
sample preparation.

2.3. The microbiome of three
Phaeodactylum strains during batch
cultivation in bubble columns

Three Phaeodactylum strains (B58, M28, and U640) were first
upscaled by transferring biomass from the respective NORCE stock
culture to 200 ml sterile NORCE medium and incubated at 15°C and
50 pmolm™s7" (light:dark cycle of 16:8) for 2 weeks. Thereafter, biomass
of each strain was centrifuged (2,264 g, 5min) and resolved in 250 ml
fresh NORCE medium to an optical density (OD, 750nm) of
approximately 0.1. Each 250 ml inoculum was distributed into two 80 ml
glass tubes (two biological replicates for each strain), which were sealed
with a rubber top. The glass tubes were placed in a Multi-Cultivator MC
1000-OD with a temperature-controlled water bath and LED lights in
the back (Figure 2). For carbon supply and culture mixing, 0.2pm
filtered air, enriched with 1% CO,, was bubbled through glass capillaries
into the bottom of each glass tube and the temperature was kept constant
at 24°C. Irradiance (24 h) was increased accordingly with the increase
in biomass concentration (based on daily measurements of OD 750)
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from 30 to a maximum of 500 pmolm~ s™' (Supplementary section,
Supplementary Table S2) to avoid photoinhibition at the beginning of
the cultivation and light limitation during linear growth. Cultures were
grown until stationary phase was reached (day 9 for U640 and day 10
for B58 and M28). Samples were taken with a syringe from a port
connected to a glass capillary leading into the culture to facilitate sterile
sampling. Samples for OD were taken daily (two technical replicates per
biological duplicate) to follow growth of the cultures. Samples for
bacterial community analysis (one single sample per biological
duplicate) and algal and bacterial cell concentration (three technical
replicates per biological duplicate) were taken on Day 0 from the 250 ml
inoculum and on days 5 (linear growth phase) and 9 or 10 (stationary
phase) from each tube.

2.4. Analytical procedures

2.4.1. Optical densities

Optical densities were measured at 750 nm with diluted samples to
give an attenuation below 0.2 with a spectrophotometer (UV-2401 PC,
Shimadzu Corporation, Kyoto, Japan).

2.4.2. Bacterial and microalgal abundance using
flow cytometry

To determine bacterial and microalgal cell concentrations, culture
volumes of 0.5ml were transferred into 2ml cryotubes, fixed with
glutaraldehyde (0.5% final conc.) at 4°C for a minimum of 30 min, flash
frozen in liquid nitrogen, and stored at —80°C until analysis. Samples
were measured on an Attune Acoustic Focusing Flow Cytometer
(Applied Biosystems by Life technologies). For bacterial counts, frozen
samples were thawed and diluted x 1,000-10,000 (dependent on culture
density) with 0.2 um filtered TE buffer (Tris 10 mM, EDTA 1 mM, pH 8)
and stained with a green fluorescent nucleic acid dye (SYBR Green I;
Molecular Probes, Eugene, Oregon, United States). After 10 min of dark
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FIGURE 2

Experimental setup for batch experiment in bubble columns. Batch cultures of three Phaeodactylum tricornutum strains were grown at controlled growth
conditions until stationary phase was reached, with 2 biological replicates for each strain. Cultures were kept at a temperature of 24°C, bubbled with air
enriched with 1% CO,, and irradiance was increased from 30 to 500pmolm=2 s~ with increasing biomass concentration. Samples for optical density were
taken daily and for cell count and microbiome analysis on Days 0, 5, and 9 (U640) or 10 (B58, M28). Figure created with BioRender.com.

incubation, 100 ul of each sample was counted at medium flow rate
(100 plmin™"). For microalgal counts, thawed samples were diluted x
10-1,000 (dependent on culture density) with 0.2 pm filtered seawater,
and a volume of 500 pl was counted at high flow rate (500 pl min™").

2.4.3. Microbiome — DNA extraction, amplification,
and preparation for lllumina sequencing

A total of 37 samples were analyzed for bacterial community
composition, covering 19 samples from stock cultures, 15 samples from
the batch culture experiment, and three controls (filter blank, Conway
medium, NORCE medium). Culture samples were filtered onto a
0.22 pm Durapore® Membrane Filter (@ 47 mm, Merck-Millipore). The
filters were folded with sterilized tweezers and transferred into 2 ml
cryotubes and stored at —80°C until analysis. For stock cultures, a
volume of 3ml was filtered, while for the batch experiment, 20 ml was
filtered on Day 0, and 3ml for linear and stationary phase samples.
Furthermore, a blank filter and two control filters with 50 ml of Conway
and 50 ml of NORCE medium, respectively, were sampled. DNA from
the filters were extracted using DNeasy Power Soil Kit (Qiagen),
following manufacturer’s instructions with minor modifications. Instead
of 675 pl, 650 pl was loaded onto a MB Spin Column after Solution C4
was added, and instead of 100 pl, 80 pl of Solution C6 (heated to 70°C)
was added to the filter membrane followed by 10min incubation.
Extracted DNA was stored at —20°C until PCR amplification.
Amplification of the bacterial 16S rRNA gene V5-V7 region was
performed using a two-step nested PCR approach. The first PCR step
was performed in triplicates using the chloroplast-excluding primers
799F (5"-AACMGGATTAGATACCCKG-3") and 1193R
(5’-ACGTCATCCCCACCTTCC-3; Beckers et al., 2016). To reach a
reaction volume of 20 ul, 10ng DNA, 10 pl HotStarTaq Master Mix
(Qiagen), and 0.5pM of each primer were mixed with nuclease-free
water. PCR reaction conditions were as follows: initial denaturation of
15min at 95°C, followed by 25 cycles of 95°C for 205, 53°C for 305, and
72°C for 45s and a final extension step of 72°C for 7 min. Triplicate PCR
products were pooled and quantified using Qubit 3.0 Fluorometer. For
the second PCR, each sample was designated to a specific forward and
reverse primer combination, each containing a unique eight-nucleotide
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barcode. Volumes of 10 ng pooled PCR product were combined with
25 ml HotStarTaq Master Mix, 0.5 uM of each respective nested primer,
and nuclease-free water to a reaction volume of 50 ul. PCR reaction
conditions were as follows: initial denaturation of 15min at 95°C,
followed by 12 cycles of 95°C for 205, 62°C for 30s, and 72°C for 30s,
followed by and a final extension step of 72°C for 7 min. The final PCR
products were purified with Agencourt AMPure XP Beads (Beckman
Coulter Inc., CA, United States) and pooled in equimolar concentrations.
The amplicon pool was quantified using Qubit 3.0 Fluorometer and the
quality was assessed by agarose gel electrophoresis. The PCR products
were sequenced at the Norwegian Sequencing Center (Oslo, Norway)
using the MiSeq platform (MiSeq Reagent Kit v3, Illumina, CA,
United States). Illumina sequencing data are available at the European
nucleotide archive (ENA) under study accession number PRJEB46865.

2.4.4. Microbiome — Bioinformatic sequence
analysis

The retrieved paired-end sequence data from Illumina Miseq v3
sequencing (12.9 M reads, ca. 103,000 reads per sample) were processed
using the R package DADA2 version 1.18.0 (Callahan et al., 2016,
Divisive Amplicon Denoising Algorithm 2, RRID:SCR_008205) in R
version 4.0.3 (R Core Team, 2020). Sequence reads were trimmed and
filtered based on quality scores, before sequences were dereplicated and
Amplicon sequencing variants (ASVs, referred to as operational
taxonomic units [OTUs] for simplicity) inferred. Both forward and
reverse reads were denoised and merged before chimeric sequences were
removed. Taxonomy was assigned using the 16S silva database
version132 (RRID:SCR_006423). Bacterial 16S rRNA genes were
successfully sequenced for their V5-V7 hypervariable region and using
the primer pair 799f-1193r successfully excluded chloroplast DNA
during amplification, and low amounts of mitochondria and eukaryotic
DNA were amplified. Obtained sequencing reads were similar for both
experiments with an average of 99,752 (input), 27,644 (after quality
filtering, merging and exclusion of chimeric sequences), and 27,451
(excluding mitochondria and eukaryotes) reads, showing that high-
quality sequencing was accomplished. All three control samples (filter
blank, Conway medium, NORCE medium) were with only 709-1,594
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reads (183-390 after excluding chimeric sequences) negative, indicating
no contamination throughout the workflow. Bacteria were identified to
the genus level and in general, reads of different OTUs representing the
same bacterial genus were merged, except for Marinobacter, where one
OTU was specific for Diatoms and one for Tetraselmis sp. and was
therefore separated into Marinobacter_1 and Marinobacter_2,
respectively.

2.5. Statistics

To test if the observed differences in bacterial and algal cell
concentrations between the two growth media and three microalgal
genera (stock culture screening) and between the sampling time points
and biological replicates (bubble column experiment) were significant,
two-way ANOVA was performed. The bacterial community composition
datasets of both experiments were analyzed by hierarchical clustering
using calculated Aitchison distances and principal component analysis
(PCA), performed on data normalized using centered log-ratio
transformation (Gloor and Reid, 2016). Furthermore, a statistical
analysis of the dissimilarities between and within microalgal genus
groups (stock culture screening) and between and within the three
Phaeodactylum strains (bubble column experiment) was done with
ANOSIM using the Aitchison distances. For both experiments,
microalgal and bacterial cell counts were also used to perform
hierarchical clustering of the samples, using binomial deviance
dissimilarity measure distance calculation. Finally, a Mantel test was
performed to test for correlation between the two dissimilarity matrices
(microbiome and cell counts). Two-way ANOVA was done using
GraphPad Prism 9 (RRID:SCR_002798), and all other statistical analyses
were done using the R package vegan (RRID:SCR_011950). Coordinates
of the scores and loadings of the PCA plot were illustrated using
GraphPad Prism 9.

3. Results

3.1. Microbiome analysis of microalgal stock
cultures

3.1.1. Algal and bacterial cell concentrations

As a first step of the analysis, we determined the algal and bacterial
cell concentrations of each stock culture (Figures 3A,C). The microalgal
cell concentrations ranged from 1.9x 10° to 8.8 x 10° cells mL™', and in
every stock culture, the bacterial concentrations were higher, ranging
from 1.1x107 to 1.1 x10® cells mL™". Bacteria were also detected in
Phaeodactylum strain U640, which was originally obtained as an axenic
strain from culture collection. The bacteria-to-algae ratio was generally
higher in Conway compared to NORCE medium, and Phaeodactylum
strains had the lowest bacteria-to-algae ratios with values between 3 and
21, Tetraselmis strains between 24 and 92, and Entomoneis strains
between 65 and 141.

The microalgal cell concentrations of stock cultures from the same
genera were at comparable levels but differed between genera
(Figure 3A). In both media, microalgal cell concentrations were
significantly higher for Phaeodactylum strains (average of 5.7 and
6.6 x10° cells mL™" for Conway and NORCE medium, respectively),
compared to Entomoneis (average of 8 and 8.1 x 10° cells mL™") and
Tetraselmis strains (average of 3.7 and 2.7 x 10° cells mL™"; Figure 3B).
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When comparing the microalgal cell concentrations of Conway and
NORCE medium stock cultures of the same strains, some differences
were observed (Figure 3A), but when averaged by genera, these
differences were not significant (Figure 3B).

The bacterial cell concentrations of the NORCE medium stock
cultures were also comparable within genera but different between
genera (Figure 3C). This trend was not as apparent for the Conway
medium stock cultures. For the Phaeodactylum strain cultures, the
bacterial cell numbers differed significantly between the two growth
media (average of 7.9 and 2.4 x 107 cells mL~" for Conway and NORCE
medium, respectively; Figure 3D). In contrast, no significant differences
were found neither for the Entomoneis (average of 9.7 and 7x 107 cells
mL™") nor the Tetraselmis cultures (average of 1.5 and 1.1x10’
cells mL™).

3.1.2. Bacterial community composition

Microbiome analysis of the stock cultures revealed a total of 116
bacterial OTUs, representing 64 different bacterial genera, and the
bacterial community composition for the nine strains in Conway and
NORCE media is shown in Figure 4. The most dominant bacterial
genera present in the microalgal cultures (>97%) belonged to the classes
Alphaproteobacteria, Gammaproteobacteria (phylum Proteobacteria),
and Bacteroidia (phylum Bacteroidetes). The duplicate analysis of B58
(NORCE medium), which served as a quality control of the microbiome
analysis procedure, produced very similar bacterial communities,
suggesting consistent sample preparation and sequencing results
(Figure 4). In Conway medium, the bacterial diversity in microalgal
stock cultures varied strongly between the different microalgal genera
but was similar for the different strains within each genus. In NORCE
medium, the bacterial diversity was similar for the two Tetraselmis
species and for the two Entomoneis strains but varied greatly between
the different Phaeodactylum strains. The only exception were
Phaeodactylum strains M26 and M29, which had very similar bacterial
community compositions in the NORCE medium. In both media, the
bacterial composition in the U640 stock cultures differed the most from
the remaining Phaeodactylum strains. For both Tetraselmis species, the
bacterial structure in NORCE medium was nearly identical to the one
in Conway medium. Also, both Entomoneis strains had very similar
bacterial compositions in the two media but differed in their relative
abundances. The five Phaeodactylum strains had greater differences in
their bacterial communities in NORCE compared to Conway medium,
particularly due to a strong increase in the relative abundance of
Marinobacter_1 in four of the five strains (not U640) in NORCE
medium, which was only present in low amounts in Conway medium,
and a decrease of different Alphaproteobacteria genera which were
dominant in Conway medium.

3.1.3. Statistical analysis of bacterial community
structure and cell counts

To further explore similarities and differences of the bacterial
community structures, the bacterial OTU abundances for all culture
stocks were analyzed by hierarchical clustering (Figure 5A). This
revealed that the bacterial community structures were more similar
within each microalgal genus group than between genera, regardless of
culture medium. This was also supported by an analysis of similarities
(ANOSIM) test (Figure 5C). For both Tetraselmis and Entomoneis, the
culture stocks clustered by strain, whereas for Phaeodactylum, the
culture stocks clustered primarily by culture medium (except for strain
U640). A PCA of the bacterial community compositions also revealed
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FIGURE 3
Algal and bacterial cell counts for stock cultures of nine microalgal strains in two different media (Conway and NORCE). (A) Algal cell concentration for
each culture. (B) Average algal cell concentration for cultures grouped by microalgal genera and medium. (C) Bacterial cell concentration for each culture.
(D) Average bacterial cell concentration for cultures grouped as in B. (A,C) Show average and standard deviation of three measurement replicates. (B,D)
Show average and standard deviation of the different cultures. Same letters above the bars indicate no significant differences (p<0.05).

that the stock cultures clustered by microalgal genera (Figure 5A). In
line with the hierarchical clustering results, the Phaeodactylum stock
cultures also formed two distinct subclusters defined by culture medium
(Conway or NORCE). Hierarchical clustering of the culture stocks based
on microalgal and bacterial cell counts also revealed distinct clusters for
each of the three microalgal genera, and a distinct grouping by growth
medium within the Phaeodactylum genus (Figure 5B). The two distance
matrices used for hierarchical clustering of bacterial community
composition and cell counts, respectively, displayed significant
correlation (Mantel test, Figure 5C), suggesting that the two measures
corroborate each other.

3.2. Microbiome analysis of three
Phaeodactylum strains during batch
cultivation in bubble columns

3.2.1. Algal and bacterial cell concentrations

Three Phaeodactylum strains (B58, M28, and U640) were grown as
batch cultures in NORCE medium in bubble columns to investigate how
the bacterial community develops during cultivation. Microalgal growth
curves (based on OD 750) and cell concentrations for microalgae and
bacteria (cells mL™") are shown in Figure 6. Strains B58 and M28 grew
faster and reached higher OD values in stationary phase than strain
U640, with similar growth patterns for the respective biological
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replicates (Figure 6A). This was also reflected by the microalgal cell
concentrations, which increased to a stronger degree for strains B58 and
M28 with 7.3 x107-1.1x 10° cells mL™" in stationary phase, compared to
strain U640 with 3.8-3.9x 107 cells mL™" (Figure 6B). The bacterial
concentration increased as well with cultivation time for all three strains
but to different degrees (Figure 6C). For strains B58 and M28, bacterial
cell concentrations had their greatest increase from Day 0 to linear
phase, reaching between 4.4 and 6.3 x 10° cells mL™" and a lower, yet not
significant increase further to stationary phase yielding 5.7-9.2x 10°
cells mL™". Strain U640 reached bacterial concentrations in linear phase
that were comparable to those of B58 and M28 (average 4.2 x 10® cells
mL™"), but reached a much higher bacterial abundance in stationary
phase, with 1.6 x 10° cells mL™". The bacteria-to-algae ratio for strains
M28 and B58 decreased from 28 and 24, respectively, at the start of the
experiment, to 8 and 7, respectively, in stationary phase, while for strain
U640, the ratio increased from 15 to 41.

3.2.2. Bacterial community composition

The bacterial community composition for the three strains during
batch cultivation (start, linear phase, and stationary phase) is shown
in Figure 7. The microbiome analysis revealed a total of 60 bacterial
OTUs representing 39 different bacterial genera. For each strain, the
bacterial composition during batch cultivation was very similar to
that of the parent NORCE stock culture, but the relative abundances
of the bacteria changed. For strain B58, Oceanicaulis increased in
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FIGURE 4

Bacterial community composition for stock cultures of nine microalgal strains in Conway and NORCE medium. Genera with an abundance higher than 5%
of total bacterial abundance are shown, bacteria with lower abundance are summarized in "Other.”
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relative abundance from stock culture to the start of the experiment
and dominated at the end of the cultivation, while Marinobacter_1
and other genera decreased in relative abundance. For strain M28,
Marinobacter_1 increased in relative abundance and together with
Owenweeksia dominated during batch cultivation. Strain U640 mainly
contained Stappia and Yoonia-Loktanella in stock culture. At the start
of the batch experiment, Pseudahrensia and Algimonas had increased
in relative abundance and during linear and stationary phases,
Algimonas dominated the bacterial community.

Hierarchical clustering of the microalgal culture samples collected
during the cultivation phases, based on their bacterial community
structures, resulted as expected in three main clusters, one for each
microalgal strain (Figure 8A). The biological replicate samples collected
at the linear and stationary phases did not consistently cluster together,
however, suggesting that the bacterial composition remained stable
throughout the experiment. These observations are supported by the
PCA of the bacterial community compositions, where the samples from
each strain form very tight and distinct cluster (Figure 8B).

4. Discussion

We investigated the bacterial community composition for nine
microalgal strains in stock culture maintained in two different growth
media, and for three Phaeodactylum strains during lab-scale batch
cultivation in bubble columns, to assess if the bacterial composition is
related to specific factors such as microalgal taxonomy, origin of
isolation, growth medium, or growth phases.
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4.1. Bacterial community composition of
microalgal stock cultures

Bacterial ~genera of the classes Alphaproteobacteria,
Gammaproteobacteria, and Bacteroidetes dominated the bacterial
communities of all stock culture samples. These three bacterial classes
are known to be the most prominent heterotrophic organisms in marine
surface waters and are repeatedly found associated with microalgae in
natural systems (Amin et al., 2012; Buchan et al., 2014). Statistical
analysis of the bacterial community structures at the genus level showed
that the bacterial community structures were more similar within each
microalgal genus group (Phaeodactylum, Entomoneis, and Tetraselmis)
than between genera, regardless of culture medium (Conway or
NORCE). Similar results were found by Ling et al. (2020) who
investigated the bacterial community composition of seven microalgae,
including three strains of Isochrysis galbana, two strains of Thalassiosira
pseudonana, and two strains of Nannochloropsis oceanica. The bacterial
community composition at the class level was dominated by
Alphaproteobacteria and Gammaproteobacteria in all seven strains, but
at the genus level, stronger differences in the bacterial community
composition were observed between the three microalgal species than
between the different strains of the same species (Ling et al., 2020).
However, our results showed that the bacterial community composition
was affected by the growth medium as well, which was primarily
apparent within the Phaeodactylum genus group. In line with the
bacterial community composition, also hierarchical clustering of the
microalgal and bacterial cell concentrations revealed distinct clusters for
each of the three microalgal genera and distinct grouping by growth
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(C) Statistical tests with R and p values.

Statistical analysis of the microbiome and cell count data from the stock culture screening. (A) Dendrogram (upper) and principal component analysis (PCA,
lower) of the normalized bacterial community composition data. All sequenced OTUs were included in the calculations and are shown as gray dots in the
PCA plot, and OTUs with largest impact are shown as dark gray dots with bacterial genus name. In the dendrogram, N stands for NORCE and C for Conway
medium. In the PCA plot, circles indicate Conway and squares NORCE medium. For Phaeodactylum stock cultures inner connecting lines indicate two
distinct subclusters defined by culture medium (Conway or NORCE). (B) Hierarchical dendrogram of the cell count data (microalgae and bacteria).
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medium within the Phaeodactylum genus. The significant correlation
between the two distance matrices (community composition and cell
count) suggests that the two measures corroborate each other. Hence,
the different microalgae and their associated bacterial populations seem
to respond distinctly to the prevailing growth conditions.

Most of the strains of each microalgal genus group originate from
different habitats or were isolated at different locations and times
(Table 1). Hence, the bacterial composition does not seem to be related
the of of the
(Supplementary Figure S1, Supplementary section). All strains had been

to time isolation or origin microalgae
maintained in Conway medium and at the same cultivation conditions
for several years (4-23 years), indicating that the bacterial community
structure was not consistently shaped by the growth medium or
cultivation conditions, but it appears to be somewhat linked to the
microalgal genus. Bacteria were detected in the axenically obtained
Phaeodactylum strain (U640) with the same quantities as in the other

Phaeodactylum cultures and were most probably introduced during
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transfer of the culture. Hence, culture transfer could possibly have been
the source for bacterial populations present in other cultures as well.
In Conway medium, the similarity in bacterial community
composition for the different strains within each genus group was more
distinct compared to NORCE medium. In NORCE medium, the
bacterial communities shifted greatly and to very different community
structures for the different Phaeodactylum strains. Only strains M26 and
M29 displayed nearly the same community structure, but with very
different bacterial genera compared to their Conway culture and to
those of the other Phaeodactylum strains. For Entomoneis strains, the
bacterial community shifted somewhat from Conway to NORCE,
whereas the two Tetraselmis species had almost identical bacterial
community composition as in Conway medium. Phaeodactylum and
Entomoneis strains had been maintained in NORCE medium longer
than the two Tetraselmis strains. Hence, the time differences of strains
being maintained in NORCE medium might explain why the
Phaeodactylum and Entomoneis strains had the greatest changes in

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1108018
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Steinrticken et al.

10.3389/fmicb.2023.1108018

A B
g 1x108 : ¢
5 .
— B58 " f
. [0} B
N o N
: ; 5x107 b b : . .
-] - M28 g b b : =
E LN
S f 5
w0 : .
t 0 a a . a HJ—‘
o ‘c - = - - = =
(@] c ¢
: =31
< 1.5%109
- U640 =
")
E 1x10°
g be N be
o b : b
§ 5x108 : b
0 a a H
0Tn st 10 Tn st
M28 U640
FIGURE 6
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Bacterial community composition during batch cultivation in bubble columns of three Phaeodactylum strains in NORCE medium with two biological
replicates each. Bacterial genera with an abundance of higher than 5% are shown, bacteria with lower abundance are summarized in “Other.” O: start of the
cultivation, lin: linear growth phase, st: stationary phase. For each strain, the bacterial community composition of the respective NORCE stock culture is

shown from Figure 4.

bacterial community structure between Conway and NORCE and
indicate that a shift in bacterial community composition probably
occurs over a period of several months.

Although specific bacterial genera and their abundances were
responsible for the clustering of the different microalgal genera, none of
the bacterial genera were exclusively related to a specific microalgal
genus or growth medium, but most of them were also present in the
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other cultures, in minor amounts. Thus, these findings imply that
different microalgal species or genera could create distinct conditions
that select for dominance of specific bacteria. The fact that the
development of the bacterial community composition might at least to
some extent be microalgal species or genus specific has been suggested
before (Sapp et al., 2007; Ling et al., 2020) and could be related to the
organic carbon and other metabolites that are released by the different
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microalgae. The main carbon source for bacteria in microalgal cultures
is the DOC released by the microalgae and particulate and dissolved
organic matter from senescent or lysed microalgal cells, which differ
greatly between different microalgal species (Grossart et al., 2005). These
compounds might constitute a selection pressure and might induce the
development of adapted bacteria (Schifer et al., 2002). However,
Gouveia et al. (2019) investigated the bacterial community composition
in 12 different strains of the green algae Botryococcus braunii, covering
three different races, which secrete different hydrocarbons. In this study,
the specific bacterial communities did not correlate to the different types
of hydrocarbons produced by the different races, but each strain seemed
to have its own specific bacterial community (Gouveia et al., 2019).
The development of different bacterial communities for some strains
when cultured in NORCE medium over a longer time period indicates
that the relationship of the bacterial community to the microalgal genus
is not absolute, but that other factors such as the composition of growth
medium can also affect the formation of the bacterial community
structure. The two media were different in nitrogen and phosphate
concentration, phosphate source, and micronutrient source and
concentration, which all could alter microalgal and bacterial physiology
The
(Gammaproteobacteria) increased in relative abundance in four of the

and  abundance. bacterial ~ genus  Marinobacter_1
Phaeodactylum strains and in the two Entomoneis strains maintained in
NORCE medium, although to different degrees. Hence, the medium
composition could be beneficial for the development of this bacterial
genus. The genus Marinobacter is ubiquitously found in close association
to microalgal cultures and interestingly, is known to produce
siderophores, which are known to increase the microalgal capacity for
iron uptake (Bolch et al,, 2011; Amin et al., 2012). In NORCE medium,
the iron concentration was much higher compared to Conway medium;
however, also the chelating agent in the medium is important in
determining the bioavailability of the iron to the microalgae (Kean et al.,

2015). In Conway, the chelating agent was EDTA and in NORCE
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medium DTPA, which could have an impact on the actual bioavailability
of the iron. The fact that the nutrient concentration of the growth
medium affects bacterial abundance and composition has been shown
before. In a study of Grossart and Simon (2007), addition of a natural
bacterial community to an axenic culture of Thalassiosira rotula affected
the growth of the diatom differently in two growth media with different
nutrient concentrations (Grossart and Simon, 2007) and Moejes et al.
(2017) found that the bacterial community in Phaeodactylum cultures
developed differently in two media with different nutrient content. In
their study, they used P, tricornutum strain CCAP 1052/1B, which is a
deposition of strain U640, and interestingly the bacterial community
composition was very different to the ones observed in our study. In a
study of Lian et al. (2022) the bacterial community composition in
different pilot-scale photobioreactors producing Nannochloropsis sp. was
shown to correlate significantly with the nitrate concentration, and Tait
etal. (2019) observed a shift in the bacterial community composition
associated with a freshwater Chlorella sp. isolate, when cultured in three
growth media with different nitrogen and phosphorous concentrations.
Furthermore, they could show that specific bacterial isolates could
enhance growth of C. vulgaris, but only in one of the three media,
supporting the theory that bacterial impact on microalgal growth is not
only species-specific but also affected by environmental conditions (Tait
etal., 2019).

4.2. Bacterial community composition
during batch cultivation

During batch cultivation in bubble columns, the three
Phaeodactylum strains grew to high biomass concentrations and at the
same time also bacterial abundance increased from start of the
experiment to stationary phase. Strain U640 grew slower and reached
lower biomass concentrations compared to strains B58 and M28.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1108018
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Steinrticken et al.

Furthermore, its color was somewhat lighter, and the cells flocculated
during the batch experiment. At the same time, a stronger increase in
bacterial concentration occurred, compared to the other two strains
which can indicate that strain U640 was somewhat stressed during the
batch cultivation process.

During batch cultivation, each strain expressed a unique and stable
bacterial composition which was very similar to that of the respective
NORCE stock culture but differed in the relative abundances of the most
dominant bacteria. The greatest change in bacterial community
structure from stock culture through batch cultivation was observed in
strain U640. The bacterial genus Algimonas was present in only low
amounts in the stock culture, had increased slightly in the beginning of
the experiment, and finally dominated the population during batch
cultivation. During biomass upscaling and actual batch experiment,
growth conditions in terms of irradiance and temperature but also pH
and shear force deviated from those for the stock cultures, which could
have had an impact on the bacterial populations and cause distinct
bacterial genera to dominate. During inoculum production, cultures
were maintained at higher temperatures and different light condition
(15°C, (7°C,
35umolm™ s7'), and during the batch experiment, temperature was

50pmolm™ s7') compared to stock cultures
increased to 24°C, illumination was continuous, and the cultures were
aerated with 1% CO, enriched air which influenced the pH in the
culture and exerts shear stress on the organisms. It is possible that the
prevalent conditions and a stressed algal culture (U640) were beneficial
for Algimonas which therefore could outcompete the remaining bacteria
in this culture. It is also possible that Algimonas had detrimental effects
on strain U640 and thus caused the decreased performance of this
strain. Negative effect of specific bacterial genera on microalgal growth
was shown by Tait et al. (2019) where addition of Pseudomonas sp. to an
axenic C. vulgaris culture resulted in a decrease in OD by 86%.
Furthermore, it has been shown that specific bacteria and their secreted
components can induce microalgal flocculation (Wang et al., 2012; Lee
etal, 2013; Lian et al., 2018). In the other two Phaeodactylum cultures,
Algimonas could not be detected at the start of the experiment but was
present with 0.06-1.81% at the end of the cultivation. The fact that
Algimonas did not increase to higher numbers, although present in the
other cultures, could be because the starting numbers were too low or
that the stable community of other bacteria prevented them from
proliferating. Applying the different bacterial communities to axenic
cultures of the respective other Phaeodactylum strains could give further
insight on the actual impact and the possible cause vs. consequence of
the different bacterial communities on the different strains. Specific
positive and negative effect of different bacterial species on microalgal
growth has been demonstrated before (Tait et al., 2019; Ling et al., 2020;
Lian et al., 2021).

During the batch experiment in 80 ml bubble columns, the bacterial
community structure remained rather stable throughout the 9-10 days
of cultivation for each Phaeodactylum strain. Other studies investigating
bacterial communities in microalgal cultures across time revealed very
different results and different bacterial dynamics. Some found the
bacterial composition to be stable during cultivation (Lupette et al.,
2016), while others observed a strong shift in bacterial structure
(Moejes et al, 2017), and some studies found stable bacterial
populations for some microalgal species and changes in bacterial
composition for other species (Schifer et al., 2002). Usually, when
growing microalgae in NORCE medium, stationary phase is reached
due to light and not nutrient limitation, as the high nutrient
concentrations allow the microalgae to grow to very high densities
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(>3 gL, authors observation). At these densities, light penetration into
the culture becomes limiting, leading to a decrease in growth before
nutrients are used up. In many other lab-scale experiments, the chosen
medium had much lower nutrient concentrations, comparable to those
of Conway medium. Hence, microalgae often reached stationary phase
due to nutrient limitation during batch cultivation. If nutrients become
limiting, microalgal cells become stressed, senescent, and finally die.
This causes more and different organic carbon fractions to become
available for the bacteria, which again impacts the bacterial abundance
and community structure. This has also been observed in field studies,
where bacterial growth is often highest at the end of phytoplankton
blooms (Grossart et al., 2005). Also, the chemical nature and
concentration of the organic carbon compounds released by the
microalgae vary with the physiological status of the algae, affecting their
stoichiometry (such as C:N:P ratio) and bioreactivity which, in turn,
affects the metabolic activity and proliferation of the bacteria (Buchan
etal., 2014).

4.3. Algae-bacteria interaction in culture

In natural aquatic environments, bacteria generally outnumber
microalgal cells by 100-1,000 times (Wang et al., 2016), with around 10°
and 10°-10° cells mL™" for bacteria and microalgae, respectively (Cole,
1982). In cultivation systems, the additionally provided nutrients and
irradiance increase microalgal growth rates, which often decreases the
bacteria to microalgae ratio to 10 (Wang et al., 2016). In the different
stock cultures investigated in this study, the bacteria-to-algae ratios
varied greatly between 3 and 141, with strong differences between the
different genera and for some also between the media. These rather high
bacteria-to algae-ratios are probably due to the non-ideal cultivation
conditions for the stock culture (low light, low temperature) which were
chosen to minimize the need for culture transfer. For most strains, the
bacterial concentration was also lower in NORCE medium than in
Conway medium which could indicate that the strains in Conway
medium were more stressed due to lower nutrient content which can
promote bacterial growth due to the release of DOC. During batch
cultivation, the bacteria-to-algae ratio decreased with increasing
cultivation time from 28 and 24 at the start of cultivation to 8 and 7 at
the end of cultivation for strains M28 and B58, respectively. For strain
U640 however, the bacteria-to-algae ratio increased from 15 to 41,
which supports the theory that this strain was stressed during
batch cultivation.

In nature, bacteria and microalgae form an interactive relationship
where bacteria receive DOC from microalgae and the bacteria recycle
nutrients which get accessible for the microalgae, or provide CO,,
vitamins or other compounds which enable microalgae to grow. In
laboratory cultures, however, the relationship between bacteria and
algae remains more enigmatic. In general, the growth medium provides
the microalgae with all essential nutrients, and CO, and irradiance can
be provided accordingly. Nevertheless, several studies have shown that
bacteria also affect microalgal growth in culture, and often the addition
of bacteria leads to increased growth of the microalgae (Park et al., 2008;
Biondi et al., 2017; Berthold et al., 2019; Ling et al., 2020; Chorazyczewski
et al., 2021). However, this effect has also been shown to be species-
specific and related to the physiological stage of the algae (Grossart et al.,
2005). Further investigations on how specific bacterial communities
develop over time in different microalgal cultures combined with
varying growth conditions could provide a better understanding of
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algae-bacteria relationships in culture and how much influence
microalgae have in modulating the bacterial community.

5. Conclusion

The bacterial community composition was distinct for three
different microalgal genera (Phaeodactylum, Entomoneis, and
Tetraselmis) but similar for different strains of the same genus for nine
microalgal stock cultures, after having been maintained at the same
growth conditions for several years (Conway medium, low light, and
low temperature). The isolation origin of the different strains did not
seem to be related to the prevalent bacterial population in the cultures.
Several months after being transferred to a different growth medium
with high nutrient concentration (NORCE), the bacterial community
structure had changed for five Phaeodactylum strains, with separate
bacterial community structures for the different strains. During batch
cultivation of three Phaeodactylum strains, the bacterial communities
remained similar to their respective stock culture microbiome but with
some changes in relative abundance of some bacterial genera. The
overall community structure remained balanced during batch
cultivation with cultures being dominated by the same 1-2 different
bacterial genera. These findings support results of other studies showing
that bacterial community compositions can be distinct for different
microalgal genera, but also dependent on other cultivation parameters.
The dominance of certain bacterial genera associated with specific
microalgal strains suggests that the microalgae to some degree have an
influence on the development of the bacterial communities in
different settings.

Data availability statement

The sequencing data presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ebi.ac.uk/ena/browser/view/
PRJEB46865, PRJEB46865.
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