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Mechanisms determining the fate of dispersed
bacterial communities in new environments
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Recent work has shown that dispersal has an important role in shaping microbial communities.
However, little is known about how dispersed bacteria cope with new environmental conditions and
how they compete with local resident communities. To test this, we implemented two full-factorial
transplant experiments with bacterial communities originating from two sources (freshwater or
saline water), which were incubated, separately or in mixes, under both environmental conditions.
Thus, we were able to separately test for the effects of the new environment with and without
interactions with local communities. We determined community composition using 454-pyrose-
quencing of bacterial 16S rRNA to specifically target the active fraction of the communities, and
measured several functional parameters. In absence of a local resident community, the net
functional response was mainly affected by the environmental conditions, suggesting successful
functional adaptation to the new environmental conditions. Community composition was influenced
both by the source and the incubation environment, suggesting simultaneous effects of species
sorting and functional plasticity. In presence of a local resident community, functional parameters
were higher compared with those expected from proportional mixes of the unmixed communities in
three out of four cases. This was accompanied by an increase in the relative abundance of
generalists, suggesting that competitive interactions among local and immigrant taxa could explain
the observed ‘functional overachievement’. In summary, our results suggest that environmental
filtering, functional plasticity and competition are all important mechanisms influencing the fate of

dispersed communities.
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Introduction

During the last decade, there has been a growing
number of studies focusing on the role of dispersal
for microbial diversity (Whitaker et al., 2003; Logue
and Lindstrém, 2008; Jones and McMahon, 2009;
Lindstrom and Ostman, 2011; Martiny et al., 2011),
which was, to a great extent, triggered by the
introduction of metacommunity concept (Leibold
et al.,, 2004) to microbial ecology. However, the
actual mechanisms by which dispersed bacteria can
survive, establish and influence the local commu-
nities they arrive into have not been addressed. In
general, the fate of dispersed organisms depends on
how they cope with two main selective forces: the
filtering effect of environmental changes constituted
by the new habitat and the interactions with local
communities (Gémez et al., 2010).
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With regard to the filtering effect, adaptation to
the new environment is a crucial requirement for
immigrants to ensure their survival and establish-
ment in a new habitat. According to Comte and del
Giorgio (2011), functional adaptations occur primar-
ily at the single cell level, but also determine the
physiological structure of the community and
ultimately its overall metabolic performance. The
same authors generated a conceptual framework
regarding the adaptation of bacterioplankton to
environmental gradients and put forward two
possible scenarios. First, the ‘replacement scenario’
in which communities have a low functional
plasticity, so that compositional changes are
required for functional adaptation; and second, the
‘adjustment scenario’ in which communities are
dominated by generalists, which have a high
functional plasticity, so that compositional changes
are not anticipated for functional adaptation.

The ‘replacement scenario’ is similar to the
species-sorting concept of the metacommunity
framework (Leibold et al., 2004), which assumes
that microbial communities have the potential to
adapt rapidly to new environmental conditions by
adjusting their composition. Species sorting has


http://dx.doi.org/10.1038/ismej.2012.80
mailto:mikromara@gmail.com
http://www.nature.com/ISMEJ

Fate of dispersed bacterial communities
AJ Székely et al

shown to be an important process influencing the
bacterial community composition (Langenheder and
Ragnarsson, 2007; Van der Gucht et al., 2007; Logue
and Lindstrom, 2010; Hovatter et al., 2011). Species
sorting also suggests that there are habitat-specific
communities with a pre-defined composition, so
that compositional changes are required for success-
ful adaptation. In other words, species sorting
presumes that microbial communities have a rela-
tively low functional plasticity.

On the other hand, it has been shown that
bacterial community assembly is often, to a con-
siderable extent, influenced by regional processes
(for example, dispersal) and is conform to predic-
tions made by the neutral model (Sloan et al., 2006;
Ostman et al., 2010). As the main assumption made
by the neutral model is the functional equivalence of
taxa (Hubbell, 2001), no compositional changes, but
rapid functional adaptations of dispersed popula-
tions, should occur when they arrive in a new
habitat, as functional plasticity is expected to be
high. This corresponds to the adjustment scenario of
Comte and del Giorgio (2011) and is supported by
studies that have shown that microbial communities
can functionally adapt to different environments
even without drastic changes in composition, and
that microbial communities of different composition
can perform equally owing to their functional
redundancy (Wohl et al., 2004; Wertz et al., 2007;
Comte and del Giorgio, 2010; Werner et al., 2011).

The second major challenge dispersed bacteria
have to face is competition for resources and
interaction with the local resident communities.
According to the metacommunity framework men-
tioned above, the following scenarios are possible:
first, if communities are neutrally assembled, inter-
actions between immigrants and local residents
should be insignificant and communities will
resemble a proportional mix of the immigrant and
local communities. Second, in case of species
sorting, the presumably better-adapted taxa of the
local community will, in the simplest scenario,
outcompete and overgrow the immigrating ones.
Third, there could also be a more complex interac-
tion-ruled scenario in which bacteria are selected,
irrespective of their origin, according to their
competitive abilities, which should have the con-
sequence that generalist taxa that have a high
competitive ability because of their wide habitat
tolerance and good exploitation ability (Dall and
Cuthill, 1997) will become dominant.

Here we present an experimental study, which
had the major aim to disentangle the filtering effect
of environmental changes and the interactions with
local communities that bacteria have to face when
immigrating into new habitats. We collected water
from a freshwater and a saline rock pool, and
implemented a full-factorial transplant experiment
in which bacterial communities from either pool
were, separately and in mixes, incubated under both
environmental conditions. Thus, we were able to
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separately test for the effects of the new habitat with
and without interactions with local communities.
We determined community composition using 454-
pyrosequencing of bacterial 16S rRNA to specifi-
cally target the active fraction of the communities,
and measured biomass and specific bacterial pro-
duction (SBP) to be able to address the degree of
functional plasticity of the communities when
exposed to environmental changes. To evaluate the
interaction outcome in case of the mixed commu-
nities, we compared the measured values for relative
abundances of taxa and functional parameters with
those expected from proportional mixes of the
unmixed communities. If the measured values
showed values equal to those theoretically expected,
this would support neutral processes, whereas
deviations would indicate that species sorting was
important. Furthermore, we classified all detected
taxa according to their habitat specificity, and tested
whether specialists and generalists showed differ-
ences in relative abundance (1) under local or new
environmental conditions in case of the unmixed
communities, and (2) compared with the expected
ratios in case of the mixed communities.

We implemented two experiments, which differed
with regard to the potential of competitive ability of
the immigrating, that is, transplanted, community.
In the first experiment, we used the original
communities in which the competitive ability of
the immigrants was hypothesized to be low. In the
second experiment, we used communities that were
pre-adapted (PA) to the new environment, and we
hypothesize that this would lead to a pre-selection
of more competitive immigrants, that is, generalists,
compared with the original communities, and
ultimately affect the outcome of the interaction with
the local community.

Materials and methods

Experimental design

Water samples were collected from two rock
pools from Uggelhillorna peninsula (N 60°39.895’,
E 18°25.836') located on the Grdst island along
the Swedish Baltic Sea Coast on 7 August 2009.
The pools were chosen to differ notably in salinity,
but not so much in other basic parameters
(Supplementary Table S1). Chemical properties of
the samples were analyzed as described in
Langenheder and Ragnarsson (2007). Before the
experiment, water was filtered through 1.2pm,
142 mm Type A/E glass filter (Pall Corporation, Port
Washington, NY, USA) to remove phytoplankton.
Two 401 tanks, kept in a 20°C dark constant-
temperature room, were filled with the filtered
water to act as saline (s) and freshwater (f) incubation
media, respectively. Throughout the manuscript,
capital letters refer to the source of the community
and small letters to the incubation environment.
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Figure 1 Experimental setup. In both experiments, dialysis bags containing freshwater (F), saline water (S) or a 1:1 volume mix of both
(M) were incubated in freshwater (f) or saline (s) incubation tanks for 3 days. In experiment 1, additional pre-adaptation bags (PA) were
also incubated to serve as source of experiment 2. The lower-case ‘f’ and ‘s’ in the name of the bags stand for the applied incubation

environment in experiment 1 and experiment 2, respectively.

To remove bacterivorous protozoans, water was
further filtered through 0.7 um, 47 mm glass micro-
fiber filter (Whatman, Maidstone, UK) before each
transplant experiment. Pre-treated (de-ionized water
rinsed and autoclaved) dialysis bags (diameter
45 mm, molecular weight cut-off 12-14 kDa, Zellu
Trans, Carl Roth, Karlsruhe, Germany) were filled
with 70ml of bacterivore-free saline (S), freshwater
(F) or 1:1 volume ratio mix of both (M). Bags (S, F
and M) were placed, in triplicates, into each tank
(s and f), and after 3 days of incubation, all bags
were sampled in a destructive way (Figure 1). This
set-up allowed us to measure (1) the effect of new
environmental conditions on transplanted unmixed
communities (S-f and F-s); (2) the composition and
functional performance of the local communities
(S-s and F-1); and (3) the fate of the mixed communities
(M-s and M-f). In parallel, to pre-adapt them for the
second experiment (experiment 2), two additional
bags for each kind of water (S and F) were filled with
350 ml of water and incubated in both tanks (PA-S-s,
PA-S-f, PA-F-f and PA-F-s).

Directly after termination of experiment 1, we
implemented experiment 2 using the PA waters, and
otherwise identical preparation and set-up proce-
dures as in the first experiment. Water samples
previously incubated under saline conditions (PA-S-s
and PA-F-s) were used to fill the bags that were going
to be incubated in the saline tank (saline (S-s-s),
freshwater (F-s-s) and 1:1 volume ratio mix of both
(M-s-s)), whereas for incubation in the freshwater
tank, water samples adapted to freshwater condi-
tions (PA-S-f and PA-F-f) were used (saline (S-f-f),
freshwater (F-f-f) and 1:1 volume ratio mix of
both (M-f-f); Figure 1). In addition, as we presumed
that acclimatization to new incubation conditions
might have caused differences even among commu-
nities originating from the same source (that is, PA-

S-s and PA-S-f; PA-F-f and PA-F-s), bags filled with
water previously incubated under new conditions
(PA-S-f and PA-F-s) were placed back to their source
environment (S-f-s and F-s-f). The latter samples
served as a measure of functional and compositional
performance of local communities, and by compar-
ing them with the transplanted communities (S-f-f
and F-s-s), we were able to assess the effect of pre-
adaptation on the environmental adjustment capa-
cities of the communities.

Osmotic equalization of salinity between the bags
and the tanks was monitored with separate trans-
plant bags every 30 min until reaching equal values
(4h), whereas microbial impermeability of the
dialysis bags was tested with bags filled with
respective sterile-filtered water (0.2pm, 47 mm
Supor-200 membrane filters, Pall Corporation) that
were incubated in the same way as the experimental
bags. The relatively short incubation time (3 days)
assured that the permeability of the bags was not
constrained due to the possible formation of bio-
films on their surfaces.

Microbial abundance, cell size and biovolume

Immediately after sampling, 5ml of the samples
were fixed with sterile-filtered formaldehyde at a
final concentration of 4% and stored at 4°C.
Bacterial abundance (BA) was determined according
to del Giorgio et al., (1996). Briefly, samples were
mixed with 1.25 pm final concentration of SYTO13
nucleic acid stain (Invitrogen, Eugene, OR, USA)
and counted using a flow cytometer (CyFlow space,
Partec, Miinster, Germany). Microbial cells were
identified according to their forward scatter and
green fluorescence patterns. Average relative cell
size was estimated using the mean forward scatter
value and referred as individual cell size (ICS).
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Biovolume (BV) of the samples was calculated by
multiplying ICS with respective BA (Hammes and
Egli, 2010). Throughout the manuscript, we use BV
as an estimator of the standing stock of bacterial
biomass in the different treatments (Gasol and del
Giorgio, 2000). Owing to the full-factorial nature of
our experimental set-up, we expect BV to allow us to
compare the stress effect of new environmental
conditions with competition between bacterial
communities. More specifically, if no stress effect
is present, the BV of communities should depend
only on the carrying capacity of the incubation
environment, but not on their source.

Bacterial production

Heterotrophic bacterial production (BP) was measured
using the radiolabeled leucine incorporation tech-
nique (Smith and Azam, 1992). Duplicate aliquots of
each sample and trichloroacetic acid killed controls
(5% final concentration) were incubated with 100 nm
L-leucine (15% 1-[4,5-°H] leucine, TRK510, 139Ci
mmol™ (Amersham, Buckinghamshire, UK), and 85%
cold substrate). Reactions, radioactivity measurement
and bacterial carbon incorporation calculations were
performed as described previously (Langenheder et al.,
2006). BP is strongly correlated to the active part of
bacterial biomass (del Giorgio et al., 1997). There-
fore, we calculated SBP by dividing leucine incor-
poration with BV. This way the data was controlled
for biomass and could be used as an estimator of
heterotrophic bacterial activity in the experiments.

Active bacterial community composition

Active bacterial community composition (ABCC) was
determined by 454-pyrosequencing of the reverse
transcripted 16S rRNA to exclude inactive or dormant
bacteria (Nikolausz et al., 2004). Hence, our analysis
focuses specifically on the active taxa that are likely to
influence the dynamics and function of a community.
First, 50ml of water from the dialysis bags were
filtered onto 0.2 um, 47 mm Supor-200 filters (Pall
Corporation) and stored at — 80 °C until processing.
Nucleic acids were extracted from the filters using
the Easy DNA kit (Invitrogen) following protocol
number 3 for small amounts of cells, but included an
extra bead-beating step using 0.2 ml of 0.1 mm silica
beads. Then DNA was eliminated from the aliquots
using DNAse I (Invitrogen) according to the manu-
facturer’s protocol and complete removal of DNA
was checked by doing PCRs on the untranscribed
RNA samples using the same amplification conditions
as for preparing the amplicons for 454-pyrosequencing.
cDNA was synthesized from RNA using random
hexamer primers and SuperScript II first-strand
synthesis kit (Invitrogen).

The amplicons for 454-pyrosequencing were pre-
pared, sequenced and the sequences were processed
(quality checked, aligned, clustered, identified and
normalized) as described before (Langenheder
and Székely, 2011). Accordingly, singletons and
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operational taxonomic units (OTUs) with low
abundance (<0.24% of total abundance) were not
considered. Clustering was done into 3% dissim-
ilarity OTUs, and only sequences with at least 95%
similarity to their closest Ribosomal Database
Project (rdp.cme.msu.edu) sequence match were
included in the analyses. All sequences used in this
study have been deposited to the NCBI sequence
read archive under accession number SRP010301.

To follow the fate of the different OTUs, they were
grouped into four environmental affinity categories
based on their detection in the unmixed samples:
(1) freshwater OTUs—OTUs detected only in samples
originating from the freshwater source (F); (2) saline
OTUs—OTUs detected only in saline samples (S);
(3) common OTUs—OTUs detected in both fresh-
water and saline samples; and (4) undetermined
OTUs—OTUs for which origin could not be deter-
mined, as they were not detected in any of the
unmixed samples but only in mixed ones (M).
Accordingly, OTUs corresponding to freshwater
and saline environmental affinity groups are defined
as habitat specialist (either freshwater or saline)
and common OTUs as habitat generalists throughout
the manuscript. The suitability of this approach
was confirmed by analyzing the environmental
distribution of the closest relatives of our OTUs
in envDB, a database in which 16S rRNA sequences
are environmentally characterized on the basis of
their origin (Pignatelli et al., 2009; Supplementary
Information S1).

Statistical analysis
In case of the unmixed communities (experiment 1:
F-f, S-f, F-s and S-s; experiment 2: F-s-f, S-f-f, F-s-s
and S-f-s; Figure 1), two-way analysis of variance
(ANOVA) was used to test how the source and
incubation environment influenced BA, ICS, BV, BP
and SBP. Tukey’s honestly significant difference test
was applied for post-hoc pairwise comparison of the
levels for single factors and Z-scores of the skew
(zSkew) were analyzed to check data suitability for
ANOVA. All these analyses were conducted using
the ezANOVA software (http://www.cabiatl.com/
mricro/ezanova/). For ABCC, the effect of source
and incubation environment was tested by permuta-
tional multivariate ANOVA (PERMANOVA) using
Bray—Curtis similarities based on relative abun-
dances of the OTUs. The multivariate version of
the t-statistic was used for pairwise a posteriori
comparisons. Both analyses were conducted using
PERMANOVA (Anderson, 2001; McArdle and
Anderson, 2001). The ratio of the different OTU
categories among treatments with the same source
but different incubation environments (for example,
S-s and S-f, or F-s-f and F-s-s) were compared by
one-tailed Student’s -test.

The expected value of each analyzed parameter
for the mixed communities (M) was calculated by
summing the values measured for the unmixed
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communities (experiment 1: F-f and S-f for M-f, and
F-s and S-s for M-s; experiment 2: F-f-f and S-f-f for
M-f-f, and F-s-s and S-s-s for M-s-s) in a ratio
equivalent to their abundance ratio in the corre-
sponding mixes. The expected relative abundance of
each OTU in mixed communities was calculated in
the same way and was compared with the observed
ABCC of the mixes by PERMANOVA (McArdle and
Anderson, 2001; Anderson, 2006). Relative abun-
dances of each OTU category (freshwater, saline,
common and undetermined) were summed both for
measured data and for expected values. The
expected values of the functional parameters and
the relative abundances of the OTU categories were
compared with the measured values using one-
tailed Student’s t-test.

Results

Functional parameters

In case of unmixed communities, BV was primarily
determined by the environment with higher values
detected in the saline incubation, whereas the origin
of the community was less important (Figure 2,
Table 1, Supplementary Table S2). On the other
hand, SBP values were always higher under fresh-
water conditions when comparing samples originat-
ing from the same source (for example, F-f and F-s,
or S-f-f and S-f-s; Figure 3, Supplementary Table S2).

Experiment 1
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The source effect on SBP was either direct (experi-
ment 2) or interacted with the incubation conditions
(experiment 1, Table 1).

Table 1 Effects of source and incubation environment on
functional parameters (two-way ANOVA) and ABCC (two-way
PERMANOVA) of unmixed communities

Source Environment Source x
environment
F P-values F P-values F  P-values
Experiment 1
BA 188 <0.001 15.5 0.004 0.46 0.517
ICS 41.8 <0.001 29.1 <0.001 13.1 0.007
BV 0.192 0.673 23.6 <0.001 2.53 0.15
BP 4.23 0.074 10.5 0.012 8.18 0.021
SBP 4.49 0.067 35.9 <0.001 7.74 0.024
ABCC 43.6 <0.001 6.73 0.006 2.48 0.087
Experiment 2
BA 760 <0.001 258 <0.001 259 <0.001
ICS 287 <0.001 56 <0.001 63.4 <0.001
BV 0.171 0.69 132 <0.001 21.3 0.002
BP 14.3 0.005 3.27 0.108 3.57 0.096
SBP 65.4 <0.001 9.51 0.015 2.56 0.148
ABCC 8.66 <0.001 3.44 0.017 1.67 0.145

Abbreviations: ABCC, active bacterial community composition;

ANOVA, analysis of variance; BA, bacterial abundance; BP, bacterial
production; BV, biovolume; ICS; Individual cell size; PERMANOVA,
permutational multivariate ANOVA; SBP specific BP.
Significant values (P<0.05) are in bold.
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Figure 2 Biovolume (BV), abundance (BA) and average cell size
(ICS) of unmixed samples incubated under local or new
environmental conditions. Bars represent mean values of BV
and BA, and dots represent mean values of ICS in experiment 1
and experiment 2. Error bars indicate s.d. ‘F’ stands for freshwater
source of the samples and ‘S’ for saline, lower-case ‘f’ and ‘s’ stand
for incubation environments in experiment 1 and experiment 2,
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Even though F and S communities showed similar
BV when incubated in the same environment (for
example, F-s and S-s, or F-s-s and S-f-s; Figure 2),
they differed in the way they reached it. Under
saline conditions, BA and ICS showed higher values
in most of the cases, but microbial communities
originating from freshwater had always significantly
higher BA compared with communities originating
from saline water, whereas the opposite was the case
for ICS (Figure 2, Table 1, Supplementary Table S2).
Moreover, saline communities showed a strong
response to the incubation environment by produ-
cing significantly larger cells under saline condi-
tions, whereas cell sizes of freshwater communities
were not affected by the incubation environment
(Figure 2, Supplementary Table S2).

For SBP, the source-dependent differences of the
unmixed samples resulted mainly from the differ-
ences in BP, that is, in experiment 1, the effect of the
incubation environment was strong in case of the
freshwater samples and weaker in case of the saline
samples, whereas in experiment 2, the situation was
the opposite (Figure 3).

Experiment 1

For the mixed communities, BV values were
significantly higher than expected from BV values
of the unmixed communities in three cases (experi-
ment 1: M-s; experiment 2: M-f-f, M-s-s), and only in
case of the freshwater incubation in the first
experiment (M-f), measured BV was as expected
(Figure 4). For the three mixes with higher BV
values than expected, BA was not significantly
different than expected, whereas ICS was signifi-
cantly higher (Figure 4). For the M-f mix, BA was
significantly higher compared with what we
expected from unmixed samples, whereas ICS was
significantly lower leading to no difference in BV
(Figure 4). For BP and SBP, M-f communities
showed lower measured values and the other three
mixes showed higher measured values than
expected. However, these differences were only
significant in experiment 2, in case of BP for both
M-f-f and M-s-s, and for SBP in case of the
freshwater incubation (M-f-f; Figure 5).

Active bacterial community composition

Out of 52683 good-quality sequences, 51132 could
be assigned with at least 95% similarity to known
Ribosomal Database Project sequences. The 42
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Figure 4 Expected and observed values of Biovolume (BV),
abundance (BA) and average cell size (ICS) of mixed commu-
nities. Bars represent mean values of BV and BA, and dots
represent mean values of ICS in experiment 1 and experiment 2.
Error bars indicate s.d. ‘M’ stands for mixed community, ‘f’ and ‘s’
stand for incubation environment in experiment 1 and experi-
ment 2, respectively; ‘exp’ stands for expected values and ‘obs’ for
observed values. Horizontal lines represent significant differences
between expected and observed values. Solid lines stand for BV,
dashed for BA and dotted for ICS. The asterisks represent the
level of significance of the corresponding t-test in the following
way: *P<0.05; **P<0.01 and ***P<0.001.

The ISME Journal

2500 0.0010 —
[/ BP I"é
. 2000 e sgp 00008 S
ol e
< 1500 - 0.0006 2
= >
o -
2 1000+ L 0.0004 'c=
o E Q
@ 500 L 0.0002 &
[o] 3
[}
0 0.0000 ®
= =3
E\Q;\Q & 90*9 960
W W N\ N\
Experiment 2
L 0003 E
— 3000 5
<, e
= |- ¥ 0002 B
T | i ” E
< 2000 x [ 2
2 —* ‘=
o 1000 - E - 0.001 %
o T 2
m
0 [l 0000 @
R SH R e
\0 ,\0 6G /90

& & RESIIRE
Figure 5 Expected and observed values of bacterial production
(BP) and specific BP (SBP) of mixed communities. Bars represent
mean values of BP and dots represent mean values of SBP in
experiment 1 and experiment 2. ‘M’ stands for mixed community, ‘f’
and ‘s’ stand for incubation environment in experiment 1 and
experiment 2, respectively; ‘exp’ stands for expected values and ‘obs’
for observed values. Error bars indicate s.d. Horizontal lines represent
significant differences between expected and observed values. Solid
lines stand for BP and dotted for SBP. The asterisks represent the level
of significance of the corresponding #-test: *P<0.05.



Experiment 1

Freshwater incubation

1.0
0.8

0.6

0.4 |_§_|
0.2 4 "I]'_§_|

0.0 I I I I
00 02 04 06 08 10

similarity to F

similarity to S

Experiment 2

Freshwater incubation
1.0

0.8
0.6 1

0.4 FZHHE*
02 4 e

similarity to S

0.0 T T T T
00 02 04 06 08 10

similarity to F

Fate of dispersed bacterial communities
AJ Székely et al

Saline incubation

1.0
E X,
A M-obs
0.8 A M-exp
|
0.6

0.4 K

similarity to S

0.2

%

I I I I
00 02 04 06 08 10
similarity to F

0.0

Saline incubation

1.0
O.S—E
»
£ 06 -
2
S
E 0.4 +
(2]
0.2 7 }_DE—_{E—|
——
0.0 T T T T
00 02 04 06 08 10
similarity to F

Figure 6 Comparison of bacterial community composition based on Bray—Curtis similarities. Mean values of the Bray—Curtis
similarities to the mean unmixed freshwater and saline samples are plotted under freshwater and saline conditions in experiment 1 and
in experiment 2. ‘F’ stands for freshwater source of the sample, ‘S’ for saline, ‘M-obs’ for observed mixed communities and ‘M-exp’ for
composition expected for mixed communities based on the unmixed samples; ‘f” and ‘s’ stand for incubation environment in experiment
1 and experiment 2, respectively. Error bars indicate s.d. Along the horizontal axes, similarity to freshwater samples (F) is shown,
whereas the vertical axes indicate similarity to saline samples (S). Deviation from one in case of the similarity of the unmixed samples
(F and S) to their corresponding axes is due to the differences among replicates.

samples analyzed had 1381 identified sequences in
average (minimum: 437; maximum: 3275). After
normalization and singelton exclusion, sequences
were grouped into 152 OTUs with an average of 38
OTUs per sample (minimum: 23; maximum: 53).

In case of the unmixed communities (F and S),
composition was significantly influenced by both
the origin of the communities and the incubation
environment in both experiments (Table 1). To some
extent, effects of both the source and the incubation
environment were mitigated by adaptation as
reflected by the decrease of the F-values in the
PERMANOVA tests (Table 1) and the pairwise a
posteriori comparisons (Supplementary Table S2).
Regarding the relative abundance of habitat specia-
lists and generalists, no apparent differences could
be detected for the different incubation environ-
ments (Supplementary Table S3).

The actual composition of the mixed communities
differed only to some extent from what we expected
(PERMANOVA: Monte Carlo P-value: 0.029-0.070;

Figure 6). In freshwater incubations of experiment 1,
ABCC of the mixed samples was more dissimilar
from the unmixed saline communities (S) than
expected (Figure 6), whereas in the other three
cases, the mixed communities were slightly closer to
the unmixed saline communities (S) and further
from the freshwater communities (F) than expected
(Figure 6). However, when comparing expected
and actual abundances of habitat specialists and
generalists, there were several significant differ-
ences (Figure 7). In the freshwater incubation of
experiment 1, the relative abundance of freshwater
specialists was significangly higher than expected
whereas the relative abundance of saline specialists
and generalists was lower. In the saline incubation
of experiment 1, and in both incubations in experi-
ment 2, generalists were significantly more abundant,
whereas freshwater specialists were less abundant.
Saline specialists were less abundant than expected
in all of the mixes. However, these differences were
significant only in case of the communities incubated
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Figure 7 Differences between observed and expected relative
abundances of OTU categories of mixed bacterial communities.
Bars represent mean values of the differences between expected
and measured relative abundance of habitat specialists (fresh-
water or saline) or habitat generalists in the mixed samples in
experiment 1 and in experiment 2. ‘M’ stands for mixed
communities, ‘" and ‘s’ stand for incubation environment in
experiment 1 and experiment 2, respectively. Error bars indicate
s.d. The asterisks represent the level of significance of the
corresponding t-test in the following way: *P<0.05 and
**P<0.01.

under freshwater conditions, whereas undetermined
OTUs emerged in significant numbers only in case
of the mixed communities incubated in freshwater
in experiment 1 (M-f).

Discussion

The major aim of this study was to experimen-
tally disentangle the functional and compositional
consequences of the two major challenges that
bacteria face when immigrating to new habitats,
namely the change in abiotic conditions, as well as
competition with the local community. Our results
show that immigrating communities are able to
adjust to new environmental conditions by different

The ISME Journal

mechanisms, and are further influenced by interac-
tions with the local community.

Abiotic differences between the two rock pools
that we used to set up the experiments were mainly
due to salinity and, to a lesser extent, also phos-
phorous concentrations (Supplementary Table S1).
External osmolarity is the major factor shaping
microbial community composition (Lozupone and
Knight, 2007; Tamames et al., 2010), as both hyper-
and hypo-osmotic environmental changes constitute
a major stress for single cell organisms (Morbach
and Krdamer, 2002). Moreover, primary productivity
has also been shown to influence the diversity
and composition of bacterial communities (Horner-
Devine et al., 2003; Smith, 2007). In our experiments,
both freshwater (F) and saline (S) communities coped
functionally fairly well with environmental changes
when incubated under new conditions, and were
similar to the respective ‘in situ’ communities.
Biomass depended only on the incubation condi-
tions, and the trend of heterotrophic bacterial
activity was also primarily determined by differences
in the incubation environments (Figures 2 and 3,
Table 1). Our results do, however, highlight that
functional adjustments to new environments can
follow different pathways (Comte and del Giorgio,
2011), as communities of freshwater origin adapted
to changes in environmental conditions by increasing
or decreasing their cell numbers, whereas saline ones
modified their cell size (Figure 2). Morphological
modifications have been known for a long time as
cellular osmoregulation mechanism (Zahran 1997;
Kiltz 2001) and survival strategies (Justice et al.,
2008). Thus, the observed higher morphological
flexibility of the saline communities might suggest
that these bacteria possess wider environmental
potentials or at least have different adaptive strate-
gies towards salinity changes. Possible reasons for
the observed overall functional equivalence of both
communities in both incubation environments,
respectively, could be, for example, that the salinity
differences between the samples were not high
enough to significantly stress the communities
(0 vs 4.5 psu). However, it has previously been shown
that similar ‘mild’ salinity differences can affect
microbial communities both in terms of function
and composition (for example, Langenheder et al.,
2003). Another possibility could therefore be
that the rock pool communities were already
‘pre-conditioned’ to environmental fluctuations, as
they regularly experience quite drastic differences
in environmental conditions (Jocque et al., 2010).

Community composition of the unmixed saline
and freshwater samples was determined by both
the source of the samples and the incubation
environment (Table 1). The fact that the commu-
nities maintained strong source-dependent compo-
sitions shows that environmental adaptation did not
require conversion to a pre-defined habitat-specific
composition and indicates that many taxa possess a
high degree of functional plasticity. Hence, our



results do not support predictions made by the
replacement or species-sorting scenarios (Leibold
et al., 2004; Comte and del Giorgio, 2011). On the
other hand, the effect of the incubation environment
conflicts with predictions made by the ‘adjustment
scenario’ or neutral model (Hubbell, 2001; Comte
and del Giorgio, 2011). Thus, our study shows that
several mechanisms determine community compo-
sition and functioning at the same time, and is in
congruence with previous studies showing that
species sorting and neutral processes have simulta-
neous roles during community assembly (Ofiteru
et al., 2010; Langenheder and Székely, 2011). More-
over, environmental changes are prone to increase
the abundance of generalists (Clavel et al., 2011),
and also the adjustment scenario (Comte and del
Giorgio, 2011) predicts a conversion towards gen-
eralists upon exposure to new environmental con-
ditions. The fact that this was not observed here
(Supplementary Table S3) might indicate that com-
plex interactions within communities are more
important in defining environmental affinities of
taxa than abiotic conditions. In particular, it has
been shown that many intrinsic properties of
microbial communities, such as the complexity of
microbial food-webs, the prevalence of syntrophy,
the wide range of multicellular behaviors (West
et al., 2006) and/or the close associations among
bacterioplankton (Malfatti and Azam, 2009) may
have important roles.

Functional parameters of mixed communities
showed significant differences to those expected
from the performance of the unmixed communities
(Figures 4 and 5), pointing out that the mixed com-
munities were not simply proportional mixes of the
unmixed communities as predicted by the neutral
model. When mixed communities were incubated
under freshwater conditions in experiment 1 (M-f
treatment), a functional adjustment strategy imply-
ing conversion towards unmixed freshwater com-
munities, that is, an increase in abundance coupled
with cell size decrease, was found (Figure 4).
Furthermore, freshwater specialists had signifi-
cantly higher relative abundance than expected,
whereas generalists and saline specialists were
underrepresented in the mixed community (Figure 7).
This suggests that the communities were, to a
considerable extent, structured by species sorting
that led primarily to the emergence of a commu-
nity more similar to the corresponding unmixed
freshwater community than expected (Figure 6).
On the contrary, the other three mixed communi-
ties (M-s, M-f-f and M-s-s) showed higher relative
abundance of habitat generalists than expected
(Figure 7). Interestingly, freshwater specialists had
lower relative abundances than expected even in the
freshwater incubation (M-f-f). Saline specialists, on
the other hand, were neither favored nor disfavored
under saline conditions (M-s and M-s-s), but had lower
relative abundances under freshwater conditions as
expected by the species-sorting scenario. Hence, under
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saline incubation conditions, mixed communities
were structured as predicted by the interaction ruled
scenario, whereas in the freshwater incubations, both
species sorting (experiment 1), and the combination
of species sorting and interaction-ruled scenario
(experiment 2) had a role shaping the composition
of the mixed community. The latter result also
shows that pre-adaptation influenced the outcome
of the encounter between the local and immigrant
communities in the freshwater incubations.

As predicted by the interaction-ruled scenario,
the observed increase of generalists is most likely
a consequence of their higher competitive ability
(Dall and Cuthill, 1997). However, even though
protozoans, the most important bacterial grazers
(Sherr and Sherr, 2002), have been removed before
the experiments, we could not exclude the effect of
viruses and prokaryotic bacterivores such as the
Bdellovibrio species, which may also influence
the outcome of the encounter between different
communities, and against which generalists are
supposed to be more resistant to.

A possible explanation for the differences observed
for freshwater and saline environments regarding
the assembly mechanisms of the mixed commu-
nities composition and the importance of freshwater
specialists versus generalists could be that saline
conditions are more ancestral (Logares et al., 2009),
and that moderately saline conditions, like the ones
in the salinity incubations of our experiment, are
closer to the ionic conditions within cells (Kiiltz 2001;
Cossins et al., 2011). Low-conductivity environments,
such as the freshwater incubations, represent hypo-
osmotic conditions that require a greater extent of
specific adaptations from bacteria. For example, this
could be achieved through increasing cell surface
to cell volume ratios by producing smaller cells
(Figure 2) to facilitate membrane and periplasma-
associated osmoregulation (Kiiltz, 2001). Thus, fresh-
water bacteria may, to a greater extent, be habitat
specialists, whereas saline bacteria may have wider
range of environmental optima as indicated also
by the higher morphological flexibility observed in
case of the unmixed saline communities (Figure 2).
Similar speculations may also explain the differences
between the two consecutive freshwater incubations
of the mixed communities. In the first experiment, the
ratio of freshwater specialists increased compared
with what was expected, whereas generalists that
had higher relative abundance than expected in the
second experiment required a period of pre-adapation
before they could ‘take advantage’ of the freshwater
specialists (Figure 7).

In case of the mixed communities that were
assembled according to the interaction-ruled scenario,
the measured functional parameters were in all cases
significantly higher than expected (Figures 4 and 5).
Taking into count the parallel increase in abundance
of common OTUs (Figure 7), this seems to contradict
the jack of all trades is master of none’ theory
(MacArthur, 1972), according to which generalists
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should be functionally inferior to specialists. However,
the functional parameters that we measured in this
study, biomass and BP derived from a labile and
generally available compound (leucine), comprise
rather general functions that are unlikely to require
specific specialization of bacterial cells, and differ-
ent results might have been obtained if we had
measured more specific functions (Peter et al.,
2011). Hence, the generalists that occurred in the
experiments were taxa that could cope well with
both salinities and performed generally well, result-
ing in higher biomass and production compared
with the unmixed communities.

In summary, we could show that the fate of
dispersed bacteria is affected by both, the environ-
mental changes due to the exposure to the new
habitat and competition with local communities. In
the absence of competition from a local community,
immigrant communities were able to adapt to the
new environments with equivalent functional perfor-
mances compared with local communities. When a
local community was present in most of the cases,
this resulted in a remarkable functional ‘overachie-
vement’ of communities, at least partly caused by
the increased representation of generalists and
points out the importance of competitive interac-
tions for community performance, and ultimately
ecosystem functioning. Even though our study was
done over relatively short time periods and with
only one environmental gradient, it provides some
first insights that clearly show that environmental
filtering, functional plasticity and competition are
all important mechanisms influencing the fate of
dispersed communities. Future studies should
investigate how the relative importance of these
mechanisms changes when communities are recur-
rently sampled over longer time periods, and when
other and stronger environmental gradients as well as
different levels of rates of dispersal are considered.
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