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Abstract
Insights into symbiosis between eukaryotic hosts and their microbiomes have shifted paradigms on what determines host
fitness, ecology, and behavior. Questions remain regarding the roles of host versus environment in shaping microbiomes,
and how microbiome composition affects host fitness. Using a model system in ecology, phytoplankton, we tested whether
microbiomes are host-specific, confer fitness benefits that are host-specific, and remain conserved in time in their
composition and fitness effects. We used an experimental approach in which hosts were cleaned of bacteria and then exposed
to bacterial communities from natural environments to permit recruitment of microbiomes. We found that phytoplankton
microbiomes consisted of a subset of taxa recruited from these natural environments. Microbiome recruitment was host-
specific, with host species explaining more variation in microbiome composition than environment. While microbiome
composition shifted and then stabilized over time, host specificity remained for dozens of generations. Microbiomes
increased host fitness, but these fitness effects were host-specific for only two of the five species. The shifts in microbiome
composition over time amplified fitness benefits to the hosts. Overall, this work solidifies the importance of host factors in
shaping microbiomes and elucidates the temporal dynamics of microbiome compositional and fitness effects.

Introduction

It is becoming increasingly evident that many microbes that
live in close association with eukaryotic hosts alter host
fitness [1–3], host interactions with other species [4–10],
and even host impacts on ecosystems [11, 12]. Current
research efforts often focus on the relative importance of
host genetics and environmental factors in shaping micro-
biome composition and how composition impacts micro-
biome effects on their hosts [13–21]. Here we test the extent

to which host factors determine microbiome composition
because this is important for predicting how changes in
environment will or will not lead to changed microbiomes
and, in turn, how these changes could alter host traits.

We use a classic model system in community ecology,
eukaryotic phytoplankton, to investigate whether micro-
biomes are host-specific in composition and have host-
specific fitness effects. Phytoplankton have been drawn on
for the development of numerous ecological theories [22–
24], are ecologically important [25, 26], and have external
microbiomes that can be readily manipulated in experi-
ments. Phytoplankton cells are surrounded by the phyco-
sphere, a nutrient-rich diffusive boundary layer replete with
heterotrophic bacteria that is analogous to the terrestrial
plant rhizosphere and phyllosphere [27]. Some phycosphere
bacteria attach directly to phytoplankton cells [28], while
others rapidly enter and exit the phycosphere in response to
gradients in algal exudates [29]. These interactions between
phytoplankton and bacteria can range from mutually bene-
ficial, such as an exchange of vitamins and nutrients, to
parasitism and competition for limiting inorganic nutrients
[27]. Experimental manipulation of these phycospheres has
been shown to alter ecological interactions between species
of phytoplankton [10]. By regulating phytoplankton
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population and community dynamics, these interactions
between phytoplankton and their phycosphere can ulti-
mately affect global cycling of carbon and nutrients [30].

A range of studies have detected host specificity of
microbiomes using mostly comparative methods. Species
specificity of microbiomes has been documented in plants
[31], invertebrates [32], and vertebrates, including birds
[33] and mammals where co-evolution has been detected
between bacteria and their hosts [34, 35]. Even within-
species genetic variation has been shown to explain a small
but significant proportion of variation in the microbiomes of
humans [36], maize [37, 38], Arabidopsis [39], and the
cyanobacterium Microcystis [40]. Yet, there are notable
counter examples that suggest limited genetic regulation of
host microbiomes, either within or among species, for
example in marine sponges [41]. Hosts may also modify the
microbiota in their immediate environment, such that it may
be challenging to separate effects of host versus environ-
ment [42]. However, when the relative effects of the
environment versus host have been explicitly compared,
studies have found stronger effects of environment
[19, 43, 44]. In phytoplankton, some species-specific
associations between bacteria and their algal host have
been documented [45–53], but most of these studies are
limited to one or a small number of phytoplankton species
with a limited range of phylogenetic distances between taxa.
Further, to our knowledge, only two experimental studies
have compared the phycospheres of multiple species of
phytoplankton and both have suggested host specificity
[46, 47]. However, both studies were limited to a single
source community of bacteria, and two host species. Fur-
ther, when comparing two species, the Eigemann et al.
study entailed incubating xenic algae, and so did not control
for certain factors shaping community composition, such as
priority effects. We aim to advance the field with experi-
mental evidence that tracks how microbiomes assemble by
using phytoplankton as an experimentally tractable system
in which we can directly compare host and environmental
drivers of microbiome composition.

Studies have also examined how a host is affected by the
composition of its microbiome. Variation in composition of
a host’s microbiome has been linked to variation in host
fitness as a function of environmental change, including salt
stress in algae [54], drought stress in plants [1], heat stress
in corals [17], and temperature and desiccation stress in
dung beetles [55]. Similarly, microbiome composition has
been shown to affect host resistance to and survival from
disease, including fungal pathogen exposure in amphibians
and bats [15, 16], and colon cancer and obesity in humans
[13, 14]. In addition, the presence of highly heritable bac-
terial taxa within the human gut microbiome has been
shown to correlate with human host metabolism and cause
metabolic changes when experimentally introduced into a

mouse model [36]. Yet, we do not know the extent to which
host specificity of microbiomes affects host fitness, or the
persistence of these fitness effects long-term on the host.
Our study aims to address these two questions to provide
further insights into the fitness effects of host-specific
microbiomes.

We used five green algal species varying in phylogenetic
relatedness from summed branch lengths of 0.002–0.67 [56]
to test whether phycospheres were distinct biomes com-
pared to their surroundings, whether specific bacterial taxa
associated with specific algal hosts, and if so, whether these
associations were robust to environmentally based variation
in bacterial community composition of the source commu-
nities. Second, using reciprocal transplant experiments, we
tested whether phycosphere bacteria influenced algal
growth of their host differently than that of non-hosts,
hypothesizing that phycospheres would be most beneficial
to their host species. Last, we tested whether phycosphere
community composition changed under common garden
laboratory conditions and how these changes affected host
specificity of phycosphere composition and host fitness
effects. These approaches move the field forward from
observation inference to experimental evidence of the
environmental and genetic drivers of microbiome assembly
and host fitness effects.

Materials and methods

Species pool

Phytoplankton cultures were supplied from the University
of Texas Culture Collection of Algae (UTEX, USA). We
used five species of unicellular eukaryotic green algae:
Chlorella sorokiniana, Coelastrum microporum, Mono-
raphidium minutum, Scenedesmus acuminatus, and Sele-
nastrum capricornutum. Chlorella sorokiniana belongs to
the order Chlorellales, while the remaining species belong
to the Sphaeropleales. Elsewhere, we isolated heterotrophic
bacteria from these long-established cultures (see Table S1
of ref. [10]). While we were only able to isolate 1–2 taxa per
algal culture, these included taxa within three orders,
Spingomonadales, Rhizobiales, and Actinomycetales, that
also occurred in the experimentally assembled microbiomes
described below.

Axenification

We rendered algae axenic using ultrasonication to detach
bacterial cells and fluorescence-activated cell sorting
(Synergy, University of Michigan Biomedical Research
Flow Core, USA) onto solid growth media [57]. In brief, we
sonicated 20-mL cultures maintained at 1 × 108 algal cells/
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mL on ice for 30 s at 20W using a sonic dismembrator
(Fisher model 100). We repeated sonication three times
separated by 1 min rests. We centrifuged samples at 900 × g
for 5 min, discarded supernatant, and resuspended pellets in
20 mL of COMBO [58]. We sorted single cells into wells of
a 96-well plate containing COMBO agar with the flow
cytometer located inside a biological safety cabinet to
maintain sterility. We used a blue excitation laser and
PerCP broad-pass emission filter (488-nm excitation, 665/
30-nm emission) to sort algal cells. We covered plates with
Breathe-Easy polyurethane films to permit gas exchange
while maintaining sterility. We incubated plates for
7–12 days and confirmed that colonies were axenic via
fluorescent microscopy and by attempted PCR amplification
of the bacterial 16S rRNA gene [10].

Study site

We collected pond water on September 14, 2018 from a
long-term experimental pond facility at the University of
Michigan’s E. S. George Reserve (ESGR) in Pinckney, MI,
USA. This facility includes nine ponds each 30 m in dia-
meter and 2 m deep that were constructed in 1988. Natur-
alization of these ponds was accelerated by adding
vegetation from a local pond at the ESGR [59]. These ponds
currently harbor diverse communities of invertebrates,
amphibians, and submerged and emergent vegetation.

Host-specificity incubation experiment

We first tested whether our experimental approach was
effective in allowing for passage of bacteria into axenic
algal cultures. We sealed jars of axenic algae with 12–14-
kDa dialysis tubing (Spectrum Labs, New Brunswick, NJ,
USA) impermeable to bacteria, or 3.0-μm mixed cellulose
ester filters (MilliporeSigma) that were permeable to most
bacteria. We attached jars of algae to aquarium tanks filled
with pond water, submerging the jars so that jars were under
at least 5 cm of water. After 7 days of incubation, we
assessed growth differences of algae with and without
bacterial exposure via chlorophyll-a fluorescence (435/680-
nm excitation emission) as a proxy for algal growth with a
Biotek plate reader. We also confirmed that 3.0-μm filters
retained the inoculated algal species within jars and exclu-
ded other species of eukaryotic algae residing in pond
water. See results in Fig. S1.

For our main experiment we used three of nine experi-
mental ponds, selecting ponds distanced further apart to
maximize environmental variation and their associated bac-
terial communities. During pond-water collection, we mea-
sured temperature, total chlorophyll, and the concentration of
green algae, cyanobacteria, diatoms, and cryptophytes using
a FluoroProbe (biological | biophysical | engineering

Moldaenke). We transferred 40 L of pond water from each
pond to a separate tank. Tanks were maintained at 20 °C
under fluorescent lighting set to a 16:8-h light:dark cycle.
Using stock cultures of axenic algae growing in COMBO, we
inoculated algae into 100mL of COMBO at 10,000,000 cells/
mL in 4-oz glass jars sealed with 3.0-μm 90-mm mixed cel-
lulose esters filters. Sealed jars were attached to the walls of
each tank with ceramic magnets and epoxy to minimize pond-
water debris from settling on and inhibiting passage through
3.0-μm filters. This orientation also minimized shading of
algae through opaque 3.0-μm filters. Jars remained submerged
in each of the three tanks of pond water for 72 h to permit
colonization of the phycosphere.

At the end of 72 h, we characterized phycosphere bacterial
communities via 16S rRNA sequencing. We passed 75mL of
algal cultures through an in-line sequential filtration setup of
3.0 and 0.22-μm 25-mm filters. These samples are referred to
as either the “>3.0-μm” fraction representative of only
particle-associated (i.e., algal-associated) microbes, and
the “0.22–3.0-μm” fraction representative of free-living
microbes. We transferred 5 mL of algal cultures to flasks
containing 100mL of COMBO. These transfers were likely
ecological bottleneck events that sharply reduced population
sizes and may have led to local extinctions. Flasks were
incubated in a 20 °C Percival growth chamber with 81-μE
lighting set to a 16:8-h light:dark cycle. See illustration of
experimental design in Fig. S2.

Temporal stability experiment

We assessed temporal changes within algal phycospheres
under controlled laboratory conditions for 4 weeks. Starting
immediately after the 72-h incubation, we incubated com-
munities in flasks for an additional 7 days. After this 10-day
period, we collected particle-associated and free-living
bacteria from 50 mL of cultures onto 0.22-μm filters using
vacuum manifolds. These samples are referred to as “>0.22-
μm” fraction, as they represent the whole microbial fraction.
Concurrent with sampling for microbial composition, we
started new cultures containing 5 mL of algal cultures into
100 mL of COMBO. Therefore, we surveyed phycosphere
bacterial communities via 16S rRNA on days 3, 10, 17, 24,
and 31 following the initial reintroduction of bacteria to
axenic algae from the initial pond-water. See illustration of
experimental design in Fig. S2.

Host specificity of fitness effects experiment

We aimed to test whether fitness benefits conferred by the
phycosphere are host-specific. For each of 15 treatments
(i.e., 5 algal species × 3 ponds), we diluted to 5000 algal
cells/mL and obtained the microbial fraction by gently
dislodging microbes from the mucilage of the phycosphere
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using a sonicator on a 10-mL aliquot of algal culture. We
sonicated samples on ice for three runs of 30 s at 20W with
1 min rests between runs (Fisher model 100). We cen-
trifuged samples at 900 × g for 5 min, and then passed all
microbial cells that remained suspended in the supernatant
through a 3.0-μm filter to remove any remaining algal cells
or larger cellular debris from the microbial filtrate.

We tested growth effects of these 15 bacterial filtrates on
each of the five axenic algal species using chlorophyll-a
fluorescence. We added axenic algae at 5000 cells/mL in
COMBO in 48-well plates, as well as 10 μL of either a
bacterial filtrate or sterile COMBO as an axenic control. We
ran three replicates of these 75 combinations in a rando-
mized design across six 48-well plates. We had at least one
axenic control per species per plate to ensure sufficient
controls. We measured fluorescence every second day for
14 days, at which time, most cultures appeared to be at
carrying capacity as indicated by asymptotic growth curves.

Microbial sequencing

We thawed 0.22 and 3.0-μm 25-mm filters used to collect
culture biomass and incubated them in 30-μL proteinase K,
100 μl of Qiagen ATL tissue lysis buffer, and 300-μL Qiagen
AL lysis buffer for 1 h at 56 °C on a rotisserie. We lysed cells
by vortexing for 10min, homogenized lysates with a
Qiashredder column, and purified DNA from filtrates using
DNeasy Blood and Tissue kits (Qiagen, Hilden, Germany).
We generated PCR amplicon of the V4 region of the 16S
rRNA gene using 515f/806r primers [60]. DNA amplicon
was sequenced on a 2 × 250 Illumina MiSeq v2 run at the
University of Michigan Center for Microbial Systems.

Analyses and statistics

We analyzed gene survey data using the mothur
v1.34.3 standard operating procedure [61, 62] and assigned
taxonomy using the TaxAss pipeline, in which sequences were
classified to a database of freshwater taxa [63] and then
remaining unclassified sequences were assigned taxonomy
using the larger SILVA database [64, 65]. We classified
operational taxonomic units (OTUs) from Illumina reads at the
97% similarity level and removed OTUs classified through
SILVA as chloroplast and 67 OTUs that were described as
“Bacteria_unclassified” and shared close similarity to chlor-
oplast via analyses with NCBI blastn. Removed OTUs con-
tained the following keywords in the NCBI descriptions:
eukaryote, chloroplast, mitochondrion, plastid, Scenedesmus,
Actuodesmus, Tetradesmus, Mychonastes, Asterarcys, Har-
iotina, Pectinodesmus, Raphidocelis, Ourococcus, Kirchner-
iella, Chlorophyceae, Chlorophyta, Chlorella, Kumanoa,
Chroomonas, Cryptomonas, Ceramium, Hydropuntia. Samples
were rarefied to an even depth of 4900.

We first compared bacterial taxonomic richness, Shan-
non’s diversity, and Pileou’s evenness over time by com-
paring initial pond-water, day 3 algal cultures and day 31
algal cultures using the “phyloseq” [66] and “ggplot2” [67]
packages in R. We ran an analysis of variance for each of
these three metrics with time, filter, day, and host species as
fixed effects.

We then evaluated temporal stability of bacterial com-
munity composition using a PCoA ordination, a betadis-
persion test to confirm homogeneity of dispersion among
groups, an adonis test on a Bray–Curtis distance matrix with
day, pond, and filter as fixed effects, and pairwise post hoc
comparisons for day using the pairwise.perm.manova
function in the RVAideMemoire package in R. We also
analyzed microbial relative abundance data with the
“EdgeR” package in R using standard procedures
[46, 47, 50, 68]. Briefly, raw relative abundance counts
were normalized using the calcNormFactors function, and
read counts for OTUs were fit with quasi-likelihood nega-
tive binomial generalized log-linear models using the
glmQLFit function. We used model contrasts of the initial
pond-water bacterial community against algal phycospheres
to generate log-fold change values of bacterial OTUs in
cultures versus initial pond-water.

We then compared the effects of the pond environment
versus algal host on bacterial community composition. To
determine how these predictors varied over time, we ran
adonis tests with pond and host species as fixed effects at
each sampling day on Bray–Curtis distance matrices and
pairwise post hoc comparisons for host species. For the
pond water and day 3 sampling points for which we col-
lected size-fractionated samples, we ran separate adonis
tests on each size fraction (as reported in Table 1). We also
report ordinations on day 3 using an abundance-weighted
UniFrac distance metric to illustrate phylogenetic diver-
gence of phycosphere communities. For the host specificity
of fitness effects experiment, growth over time for each
culture was measured as the area under the curve of the
fitted logistic equation of chlorophyll-a fluorescence from
Day 0 to 14 using the “growthcurver” package in R [69].
We ran this experiment using bacterial filtrates obtained
after the 3-day incubation and after the 31-day temporal
stability experiment. To compare the magnitude over time
of fitness benefits conferred by the local phycosphere rela-
tive to axenic cultures, we used a linear mixed-effects
model on the raw data points using the lmer function in the
‘lme4’ package in R with a composite term of axenic/xenic
status by round as the fixed effect (i.e., (1) axenic in the
initial phycosphere, (2) xenic in the initial phycosphere, (3)
axenic in the final phycosphere, (4) xenic in the final phy-
cosphere), algal species as a random effect, algal density
determined as the area under the growth curve as the
dependent variable, and the emmeans function in the
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“emmeans” packing in R for post hoc pairwise comparisons
within the fixed effect. To evaluate effects of phycosphere
origin on host fitness, we used linear mixed-effects models
on the raw data points with bacterial filtrate (i.e., none,
local, or nonlocal) as the fixed effect, algal species as a
random effect, algal density determined as the area under
the growth curve as the dependent variable, and post hoc
pairwise comparisons within the fixed effect. We con-
sidered algal-host species as a random effect because we
were interested in whether local vs. nonlocal phycospheres
had significant fitness effects irrespective of host identity,
however we reached the same biological conclusions with
an analysis of variance treating both phycosphere origin and
algal-host species as fixed effects.

Results

We observed broad trends in phycosphere communities that
corresponded to time and algal host. These trends were
evident across our dataset, despite each of the three initial
source ponds containing distinct characteristics, including
bacterial community composition (see Table S1 for pond
metadata and Fig. S3 for dissimilarity among pond bacterial
communities). By Day 3, a subset of the pond-water bac-
terial communities had moved across the 3.0-μm barriers
and into the jars containing initially axenic algae cultures
(Fig. 1A). While the number of OTUs we observed in our
rarefied dataset from the ponds was 314 ± 25 OTUs (mean
± SE for the 0.22–3.0-μm fraction), the number of observed
OTUs in the algal cultures immediately following the 72-h
incubation (Day 3) was less than a third of these taxa (μ=
103 ± 3 SE for the 0.22–3.0-μm fraction; ANOVA: time—
F2,136= 260.6, p < 0.001, Fig. 1A). Observed taxonomic
richness continued to decline over time within algal cultures
as they were maintained under laboratory conditions (Day
10: μ= 103 ± 4 SE, Day 17: 76 ± 2, Day 24: 67 ± 2, Day 31:
63 ± 2 for the >0.2-μm fractions; Fig. 1A). The observed
bacterial diversity within algal cultures was significantly
lower compared to pond-water communities (Shannon’s
diversity: pond water μ= 3.28 ± 0.10 SE and Day 3= 2.68
± 0.03 for the 0.22–3.0-μm fractions, and Day 31= 2.76 ±
0.04 for the >0.22-μm fraction; Fig. 1B). Observed bacterial
community evenness was not significantly different across
time (including pond water: μ= 0.57 ± 0.01 SE; algal cul-
tures on Day 3: 0.58 ± 0.005 SE; and algal cultures on Day
31: 0.67 ± 0.0076 SE, respectively; Fig. 1C). Bacterial
community composition of the pond water differed sharply
from the communities established in the algal cultures by
Day 3 when using phylogenetic independent (Figs. 1D
and 2) and dependent metrics (Fig. S4). Specifically, Pro-
teobacteria in the 0.22–3.0-μm fractions increased
from 32.0% (±1.7 SE) of the pond-water community toTa
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58.6% (± 1.6 SE) on average in algal communities
(Fig. 2C), while in the >3.0-μm fractions Proteobacteria
increased from 19.2 (±1.5 SE) of the pond-water commu-
nity to 68.4 (±2.3 SE) on average in the algal communities
(Fig. 2D). This increase in phylum abundance was due in
part to significant increases among 12 OTUs of α-, 11
OTUs of β-, and 2 OTUs of γ-Proteobacteria that increased
relative to pond water in most algal cultures (Fig. 3, dif-
ferential relative abundance compared to pond water of the
0.22–3.0-μm fraction, all false discovery rate-corrected p
values < 0.05 and logFC > 1.0 in at least three of the five
algal-host species, Tables S2 and S3). Among OTUs within
the α-Proteobacteria that increased in relative abundance
were those likely capable of fixing Nitrogen (Table S3: 4
OTUs in Rhizobiales and an OTU in Azospirillales). Bac-
teriodetes also increased in relative abundance in algal
cultures relative to the source pond-water communities, but
this result was algal-host-dependent (Fig. 2C, D).

Phycosphere communities continued to change over time,
with a notable transition between Days 3 and 10 (Fig. 1D),
i.e., after the first week of culturing in laboratory media
after the first 3 days of incubation in pond-water conditions.
For example, selection against Actinobacteria in algal cul-
tures was evident by Day 3 in the 0.22–3.0-μm fraction
(logFCDay 3-pond water=−2.1 μ ± 0.17 SE, n= 13 OTUs) and
intensified over time (logFCDay 31-pond water=−11.4 ± 0.33
SE, >0.22-μm fraction; Fig. 3). Verrucomicrobiae also
declined significantly in relative abundance over time
(logFCDay 3-pond water=−4.3 μ ± 0.43 SE, n= 12 OTUs,
0.22–3.0-μm fraction; logFCDay 31-pond water=−11.5 μ ±
0.60 SE, >0.22-μm fraction, Figs. 2C, D and S5). Further,
most species of algae hosted a phycosphere community
distinct from all other hosts (Fig. 2A: >3.0-μm fraction;
Fig. 2B: 0.22–3.0-μm fraction). The only algal hosts that
harbored statistically indistinguishable phycosphere com-
munities were the closely related hosts M. minutum and S.

A.)                                                          B.)                                                             C.)

D.)

Pond

Pond 1
Pond 2
Pond 3

Fig. 1 Bacterial communities originating from three ponds in
southeastern Michigan differed from the communities that
migrated into jars containing initially axenic algae. These bacterial
communities now associated with algae were A lower in taxonomic
richness, B lower in Shannon’s diversity, but C similar in Pielou’s
evenness. As algal cultures were maintained under laboratory condi-
tions, richness and diversity continued to decline whereas evenness
remained similar. D Bacterial community composition described using

a Bray–Curtis distance metric differed most between the community
inhabiting pond water versus the subset of the community that
migrated into the jars containing the initially axenic algal cultures, as
well as between culture jars (i.e., Day 3) and culture flasks (i.e., Days
10–31). Bacterial composition differed significantly between all days,
except Day 24, which did not differ significantly from Day 17 or Day
31 via pairwise post hoc tests where p < 0.05.
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capricornutum (adonis post hoc comparison, p > 0.05). The
general signature of host specificity was evident despite
significant variation attributable to three different bacterial
communities across the source ponds (Fig. 2A, B). Host
specificity was evident by Day 3 of the experiment (Table 1:
3.0 μm: adonis—F4,44= 12.5, p < 0.001, R2= 0.41; 0.22-
μm fraction: adonis—F4,44= 11.6, p < 0.001, R2= 0.39),
and remained a significant predictor of phycosphere com-
position through the end of the experiment (Table 1; adonis
on Day 31: F4,41= 3.4, p < 0.001, R2= 0.23). Furthermore,
host specificity explained 1.5–3× greater proportion of
variation in phycosphere composition compared to the ori-
ginating pond environment over the course of the experi-
ment (Table 1). However, the magnitude of these host and
environmental signatures decreased over the duration of the
experiment, as indicated by the decline in R2 values over
time and significant day*host and day*pond interactions in
an adonis model (all p < 0.001). The host signature can be
summarized by a higher relative abundance of Bacteroidetes
within cultures of C. sorokiniana and C. microporum, while
cultures of M. minutum, S. acuminatus, and S. capri-
cornutum contained higher relative abundances of β-

Proteobacteria. In addition, phylogenetic similarity
between host pairs was positively correlated with similarity
of the recruited phycosphere communities, where phylo-
genetic similarity is described in Table S4 and phycosphere
similarity was calculated as the average Bray–Curtis dis-
tance among Day 3, >3.0-μm samples that are shown in
Fig. 2A (R2= 0.69, p= 0.003) (Fig. S6). The correlation
between phylogenetic similarity and phycosphere similarity
using the 0.22–3.0-μm samples shown in Fig. 2B was
insignificant (R2= 0.24, p= 0.15, slope= 0.10) (Fig. S6).
Considering that phycosphere bacterial communities were a
subset of whole-pond communities and that these phyco-
sphere communities continued to change over time, we
asked whether these communities were (1) beneficial to
their algal host, and, if so, (2) whether the magnitude of this
benefit changed over time. We separated phycosphere
bacterial communities from Days 3 and 31 of each algal
species and reintroduced the bacterial communities to axe-
nic cultures of the same algal species. Phycosphere bacterial
communities significantly increased algal population den-
sity relative to axenic algal cultures (Fig. 4; linear mixed-
effects model p < 0.001, Table S5). Furthermore, while

Fig. 2 Bacterial community composition described using a
Bray–Curtis distance metric exhibited specificity to the algal-host
species immediately following the 72-h incubation period of initi-
ally axenic algae in pond water. Host specificity was evident in A the
>3.0-μm fraction and B the 0.22–3.0-μm fraction. Host specificity in
the C >3.0-μm fraction and D 0.22–3.0-μm fraction could be explained
in part by the prevalence of Bacteriodetes in cultures of C. microporum
and C. sorokiniana versus Proteobacteria in cultures of the remaining

three species. Bacterial composition associated with each algal host
differed significantly for all host pairwise comparisons for both frac-
tions, with the exception of M. minutum versus S. capricornutum,
which did not harbor significantly different bacterial communities
from each other for either fraction, via pairwise post hoc tests where
p < 0.05. See Fig. S4 for analyses using the phylogenetic-dependent
UniFrac distance metric.
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axenic algal controls reached similar population densities in
the two sets of experiments using initial and final phyco-
spheres, algae inoculated with final phycospheres reach
significantly greater densities than algae inoculated with
initial phycospheres (Fig. 4). Considering the significant
host-specific signature, we tested whether the “local” phy-
cosphere community benefited the host to a greater extent
than the phycospheres of other algal species. We obtained
phycospheres from Day 3 cultures, as well as Day 31 cul-
tures, by which time community composition, richness,
evenness, and magnitude of the host-specific signature had
changed significantly (Fig. 1 and Table 1). These phyco-
spheres associated with different algal species were notably
distinct from one another: percent overlap in total bacterial
OTUs between host pairs was 49.7–63.9% shared OTUs
during Day 3 and 32.0–66.4% shared OTUs during Day 31.
Despite these differences among phycosphere communities,
we found consistent results at both time points: nonlocal
phycospheres tended to have similar effects on algal

population density relative to the phycospheres derived
from the same host algal species (Fig. 5; linear mixed-
effects models: Day 3-marginal R2= 0.64, p < 0.0001, Day
31-marginal R2= 0.68, p < 0.0001; Tukey’s post hoc com-
parisons significant with p < 0.05: axenic < local= non-
local). While there were no significant trends, C.
sorokiniana appeared to benefit more from nonlocal Day 3
phycospheres than local Day 3 phycospheres (post hoc p=
0.057), while S. acuminatus appeared to benefit more from
local Day 31 phycosphere than nonlocal Day 31 phyco-
spheres (post hoc p= 0.095). When testing for algal growth
differences, we take into account the full growth trajectory
by using the integrated area under the growth curve.

Discussion

Our results demonstrate that algal phycospheres are
microenvironments that select for and against specific

Alphaproteobacteria
Betaproteobacteria

G
am

m
aproteobacteria

C. sorokiniana         C. microporum             M. minutum           S. acuminatus         S. capricornutum 

C. sorokiniana         C. microporum             M. minutum           S. acuminatus         S. capricornutum 

C. sorokiniana         C. microporum           M. minutum           S. acuminatus        S. capricornutum 

Proteobacteria

Bacteriodetes

Actinobacteria

Order

Order

Order

Actinomycetales

Saprospirales
Chitinophagales
Cytophagales
Flavobacteriales
Sphingobacteriales

Acetobacterales
Azospirillales
Caulobacterales
Paracaedibacterales   
Rhizobiales
Rhodobacterales
Sphingomonadales

Burkholderiales            
Methylophilales

Aeromonadales
Unclassified
Pseudomonadales     
Salinisphaerales
Xanthomonadales              

Fig. 3 Relative to initial pond water, algal cultures were sig-
nificantly under and over represented in numerous taxa (see Fig.
S5 for results from all phyla). Among OTUs comprising at least
0.1% of all algal culture reads, OTUs of Proteobacteria and Bacter-
oidetes showed variable results depending on taxon, whereas OTUs of
Actinobacteria showed consistent patterns of underrepresentation. See

Fig. S5 for these three phyla with no relative abundance threshold.
Included in analyses were 0.22–3.0-μm samples for pond water and
Day 3, and >0.22-μm samples for Days 10–31. OTU lines with fewer
than six data points were absent from the normalized datasets at those
time points.
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bacterial taxa, shaping communities of associated bacteria
that are appreciably distinct from surrounding freshwater
environments. With increasing evidence regarding the role
of host microbiomes on host fitness and ecological inter-
actions, identifying the relative importance of host versus
environment on microbiome composition and temporal
stability is an important factor to predicting variability in
fitness traits and ecological outcomes. Among the five
phytoplankton species we included in our study, host
identity was the main driver of phycosphere composition,
which is in agreement with and expands upon previous
studies [46, 47, 50]. While the host-specific signature
remained significant throughout the course of the experi-
ment, effects of phycospheres on host fitness were not
significantly improved based on host-specific composition.
Yet, effects on host fitness were improved as phycosphere
communities changed over time, presumably by ecological
selection favoring more beneficial populations. Our results
further our understanding of the forces shaping community
assembly and stability of host microbiomes and the link
between microbiome composition and host fitness.

Our study shows that the algal phycosphere is recruited
in a host-specific manner that persists across environmental
variation in the source communities of bacteria. The four
processes that could contribute to community assembly of

the phycosphere include dispersal, diversification, drift, and
selection [70]. Our experimental approach was designed to
facilitate equal opportunity for the dispersal of bacterial taxa
to any of the algal-host species. Further, the 4-week time
frame of our experiment minimizes community differences
due to diversification. Drift likely contributed to loss of low-
abundance bacterial taxa [71], in part through the weekly
bottleneck effect due to transferring a subset of each culture
to fresh media. However, ecological selection likely pre-
dominated through (1) chemotaxis of beneficial, commen-
sal, and pathogenic bacteria in response to species-specific
algal exudates [72, 73], and (2) subsequent selection by the
algal host in promoting beneficial bacteria and warding off
harmful bacteria, such as through mechanisms that have
been documented in plants [74, 75]. Bacteria may also play
an active role in selection because while bacterial growth is
dependent on the substrates made available by the host,
bacteria could also stimulate the host to alter algal phy-
siology in ways that optimize for bacterial growth. Our
experimental design precludes us from differentiating the
role of algae versus bacteria in driving these host-specific
associations. Other studies have seen similar signals of
specificity, but these studies were all limited in their
approach, including: comparison of only distantly related,
xenic hosts [46], using only two hosts species [47], or
drawing comparisons from surveys of associated micro-
biomes rather than experimental tests [45, 48, 51–
53, 76, 77]. In addition, among our limited dataset of five
phytoplankton hosts, we found that host species that were
more closely related phylogenetically harbored significantly
more similar phycospheres relative to distantly related
hosts. An expanded study using more species of phyto-
plankton could further clarify whether this host-specific
signal is taxonomically conserved, such as what has been
shown in hominids [34]. Further, we found that the host-
specific signature was detectable after a duration spanning
an estimated 30–80 host generations (based on typical
doubling times of 9–24 h for the algal species used)
[78, 79]. However, the proportion of variation in microbial
community composition explained by host species declined
significantly over the course of the experiment, which is
similar to results from a study that found genotypic signal in
the tomato plant microbiome persisted but declined in
relative importance over time [80].

Relative to the surrounding pond-water environments,
algal cultures in our experiments were enriched with Bac-
teroidetes and Proteobacteria. A previous experimental
recruitment of bacteria from lake water into xenic cultures
of two phytoplankton species, the green alga Desmodesmus
armatus and diatom Stephanodiscus minutulus, found that
Proteobacteria were most common [46]. Both phyla fre-
quently dominate the bacterial communities inhabiting
freshwater particles, which are often composed of algal

Fig. 4 Five species of initially axenic algae inoculated with final
phycospheres grew to significantly higher population densities
than axenic algae inoculated with initial phycospheres. Phyco-
spheres were reintroduced to the algal species of origin to generate
“xenic” strains. A Initial phycospheres originated from algal cultures
obtained on Day 3, which was 72 h following exposure of axenic algae
to pond water, and B final phycospheres originated from Day 31 of this
experiment following 4 weeks of maintenance under controlled labora-
tory conditions. See Figs. 1 and 3 for further description of bacterial
community composition changes over this timespan. Total area under the
curve of fluorescence-based estimates of algal population density was
compared across the first 14 days of growth. Tests of initial and final
phycospheres inherently required two rounds of experiments completed
at different times. Linear mixed-effects model was significant (p <
0.0001) with shared lettering indicating those treatments that do not
differ significantly according to post hoc comparisons (p > 0.05).
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aggregates and colonies [81, 82]. These phyla have also
been found residing in abundance within the phycospheres
of green algal cultures derived from freshwater environ-
ments [83]. Proteobacteria, particularly β-Proteobacteria,
have been shown to thrive in environments rich in algal
exudates and in culture-based experiments that have used
algal exudates as the sole source of carbon [84, 85]. Further,
apparent selection against Actinobacteria is in-line with
their known nature as free-living bacteria that do not form
strong associations with algae [86–88]. We also observed
ongoing selection against Verrucomicrobia, which contrasts
with existing literature that suggests this phylum is gen-
erally associated with nutrient-rich environments such as

algal phycospheres [86, 87], but is in-line with a recent
study indicating that the Opitutae class within Verrucomi-
crobia tends to be free-living [89].

Observed bacterial richness in algal cultures declined
over the course of the experiment, suggesting either loss of
rare species through ecological drift and bottlenecks
imposed through weekly culture transfers, or selection
against certain bacterial taxa either due to inadequate abiotic
laboratory conditions (i.e., light, media, temperature),
reduced environmental variation due to controlled labora-
tory conditions, or continued selection by their algal hosts.
In the context of this general decline in species richness,
certain increases in the relative abundance of taxa are

A.)  Initial Phycosphere

B.) Final Phycosphere

C. sorokiniana           C. microporum             M. minutum              S. acuminatus        S. capricornutum 

C. sorokiniana           C. microporum             M. minutum              S. acuminatus        S. capricornutum 

None
C. sorokiniana
C. microporum             
M. minutum 
S. acuminatus     
S. capricornutum 

Fig. 5 Phycosphere bacterial communities that assembled in
association with five species of green eukaryotic algae were iso-
lated and reintroduced to each of the five species of algae that had
been rendered axenic. Phycospheres reintroduced to the algal species
of origin were referred to as “local,” and all others were referred to as
“nonlocal.” A When phycospheres were reintroduced immediately
after the assembly event, algal densities reached significantly higher

levels when xenic. B When phycospheres were isolated from cultures
4 weeks after the assembly event and reintroduced to axenic algae,
algal densities still reached significantly higher levels when xenic than
axenic. For both initial and final phycosphere: linear mixed-effects
models p < 0.0001 with post hoc comparisons indicating: axenic <
local= nonlocal.
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notable. Specifically, our results suggest that the β-
Proteobacteria clade Bet1-A plays an important role in
algal phycospheres. The Bet1-A-classified OTU was one of
the most abundant OTUs within the final phycospheres of
each of the five algal species. The best characterized taxon
in Bet1-A is the ubiquitous and abundant genus, Limno-
habitans. Limnohabitans appear to benefit from association
with algae based on its enrichment during phytoplankton
blooms [90, 91], contributing 7–45% of all bacteria
in cultures of algal Cryptophyta and Chlorophyta [92],
and its enrichment when grown on algal extracellular exu-
dates [93].

Changes in phycosphere composition over the duration
of the study help clarify how composition affects host fit-
ness. Phycosphere shifts over the course of the experiment
were in a direction that proved beneficial to algal hosts. The
increased relative abundance from Day 3 to Day 31 of
several taxa in the Rhizobiales, likely nitrogen-fixers [94],
could in part explain this result (see Table S3; especially
OTU #10 which increased on average from 2.1% of the
pond-water community to as much as an average of 11.1%
of the final phycosphere communities of M. minutum).
Although algae were cultured in a nitrate-rich medium,
ammonium provided by N-fixers could further promote
algal growth. Further, considering that these final phyco-
spheres were also lower in bacterial richness and showed a
significantly weaker signature of host specificity, a sizable
proportion of the host-specific signature may be due to host-
specific pathogenic bacteria rather than beneficial taxa. Loss
of these pathogenic bacteria over time could explain
improved algal growth when inoculated with the final
phycosphere communities. While this remains speculative,
some support for suppression of pathogens on Day 31
relative to Day 3 can be seen in the tendency for higher
population densities for C. sorokiniana when grown with
the phycosphere communities of any other algal species
than with the reintroduction of their own phycosphere on
Day 3 but not on Day 31. For example, the high incidence
in initial cultures of C. sorokiniana of the common plant
pathogen, Burkholderiales, compared to other initial cul-
tures and the final cultures could explain this pattern (see
OUT #4, Table S2) [95]. In addition, the lack of clear
evidence of host-specific fitness effects could have been
dependent on environmental conditions. For example, host-
specific gut microbiomes in beetles have been shown to be
particularly beneficial when ecologically relevant stressors
were applied, including temperature and drought stress [55].
Further studies in phytoplankton could investigate whether
any host-specific benefits of phycospheres become more
evident under environmental stress, such as depleted nutri-
ent conditions instead of the nutrient-rich media that we
used in our study. A second explanation for the lack of host-
specific fitness effects is that significant host specificity of

algal phycospheres in terms of taxonomic bacterial com-
munity composition may not translate into functional dif-
ferences. Functional convergence despite taxonomic
divergence of microbiomes has been noted in other systems,
including phycospheres of cyanobacteria [40]. In addition,
although our microbiome transplants introduced quite dif-
ferent microbial taxa compared to the native community, we
do not know whether these communities survived in their
entirety. Comparing the inoculated community with that
which becomes established with the non-native host, as well
as multiple sequential transfers of a microbiome (i.e., from
the native to non-native host, and then back to native host),
would be valuable future directions for clarifying the
importance of host identity in maintaining a phycosphere
that confers fitness benefits. In addition, we do not know
whether bacterial taxa established themselves within the
algal phycosphere of non-native hosts. Co-occurrence,
rather than a true microbiome, may still benefit the host,
such as through degradation of toxic byproducts of photo-
synthesis, but spatial proximity within the phycosphere
might be necessary for certain functions. Regardless of
whether these transplanted microbiomes fully integrated
into the microbiomes of non-native hosts, we see that these
non-native microbiomes significantly increased host fitness
relative to axenic hosts.

Our study has several important limitations. First, with
only five species of phytoplankton hosts and no genetic
variation within host species, we are limited from drawing
strong quantitative conclusions regarding whether genetic
distance among hosts is correlated with phycosphere com-
munity dissimilarity. Our study suggests a positive corre-
lation, in-line with other studies that have detected distinct
microbiomes associated with different host species [46, 76],
as well as with genotypes within species [37, 39, 40].
Second, our experimental design has important limitations
that differ from environmental conditions. For example, we
used one exposure event rather than continued exposure to
environmental bacteria as would occur in nature. Therefore,
phycosphere communities could not gain taxa beyond those
obtained during the 72-h incubation event. Community
composition could continue to evolve in terms of relative
abundance and local extinction, but taxa that might have
been advantageous during late-stage succession could not
be recruited to the community. Our use of closed experi-
mental systems and the fact that most environmental bac-
teria have generation times under 1 day, might explain why
temporal shifts, although significant, are of lesser magnitude
after Day 10 (Fig. 1D). Despite this limitation of a closed
system, it is important to note that the microbiome shifts
that did occur were sufficient to confer significantly
increased host fitness. Considering the decline in the host-
specific signature over time, and yet fitness increase, these
results suggest that closed systems facilitated the selection
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of a more beneficial phycosphere than might have been
attainable with an influx of additional, perhaps pathogenic
bacteria. A modified experimental design that tracks phy-
cosphere changes in parallel between open and closed
systems that either do/do not maintain exposure to the
environment might clarify the relative roles of ecological
drift versus selection. An additional limitation of the
experimental design is that sealing axenic algal cultures
with filters might also select against larger bacterial taxa and
those exclusively attached to larger particles. For example,
in the Great Lakes and inland lakes in Michigan, the Cya-
nobacteria, Planctomycetes, Bacteroidetes, and Verrucomi-
crobia phyla have been found more commonly associated
with particles (>3.0-µm fraction), while the β-Proteobacteria
and Actinobacteria have been found more commonly
associated with the free-living lake water fraction
(0.22–3.0-µm fraction) [88, 89, 96]. Any buildup of
microbial biofilm on the filters could have further reduced
passage of bacteria into the algal cultures. Further, we
cannot conclude from our experimental design what
mechanism lead to host-specific composition. For example,
we cannot disentangle whether bacteria were selectively
attracted via chemotaxis in response to algal metabolites
into the different species of algal cultures, or whether
similar bacterial communities entered all cultures and then,
through differential selection, resulted in divergent com-
munities. Furthermore, although we chose common host
species, we did not confirm that each species occurred
within each pond, thus an appropriate seed community of
host-associated bacteria may not have existed for each
species in each pond. Last, our study was limited in geo-
graphic and environmental range to those bacterial com-
munities occurring concurrently within ponds of a 0.013-
km2 area. Two of the three ponds used within this area
harbored quite similar bacterial communities, and so the
total variance among pools may have started off quite low.
Future experiments rectifying these issues by using field-
based experiments spanning a wider range of temperature
and nutrients could help elucidate whether the trends we see
in controlled laboratory conditions hold under more variable
conditions in situ.

Despite these limitations, we can draw several conclu-
sions from this work. Host microbiomes located external to
their phytoplankton hosts are indeed composed of distinct
biomes relative to their surroundings, in-line with extensive
previous research on the phycosphere [27]. Certain aspects
of phycosphere composition were consistent across multiple
host species and multiple originating environments,
including enrichment of α, β, and γ-Proteobacteria and
depletion of Actinobacteria and Verrucomicrobia. Further,
our results indicate that the phytoplankton phycosphere is
determined more so by host biology than variation in

environment. In turn, although a wider range of environ-
mental conditions needs to be tested, these results indicate
that traits conferred to a host by its phycosphere might be
moderately deterministic in that they broadly benefit host
fitness. Yet, phycospheres are not host-specific in these
fitness benefits, at least under the scenarios tested in our
study. Nonetheless, as phycospheres further changed and
then stabilized in composition during laboratory culture,
fitness effects on their hosts increased, indicating a depen-
dence of fitness effects on phycosphere community com-
position. This indicates the value of microbiome
characterization in understanding observed variation in host
fitness across space and time.

Expanding our work beyond phytoplankton to include
implications more broadly for host microbiome systems,
this work adds to a range of studies suggesting host tax-
onomy filters microbial communities from the surrounding
environment, resulting in microbiomes that are species- and
genotype-specific [31–33, 35, 80]. However, it is also
important to note that several studies directly comparing
environment versus host have found stronger effects of
environment, particularly in the vertebrate guts of carni-
vores, herbivores, and omnivores (including humans)
[19, 43, 44]. Differing conclusions across this range of
studies may in part be due to a focus on autotrophic versus
heterotrophic hosts. Autotrophs recruit a microbiome by
exudates that are produced as a byproduct of the host’s
physiology (i.e., photosynthesis), while the most commonly
studied microbiome of heterotrophs, the gut microbiome, is
recruited primarily based on host diet, rather than host-
dependent metabolites. Selection imposed by autotrophic
hosts on their microbiome may be more persistent and
therefore a host signature more evident. This could explain
why the environment seems to be a more important driver
than host taxonomy among many heterotrophic hosts.
Experimental studies incorporating autotrophic and hetero-
trophic model organisms could clarify the role of environ-
ment versus host in shaping host microbiome composition
and microbiome-based fitness effects.
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