
Individual Physiological Adaptations Enable Selected Bacterial
Taxa To Prevail during Long-Term Incubations

D. P. R. Herlemann,a,b S. Markert,c,d C. Meeske,a A. F. Andersson,e I. de Bruijn,e C. Hentschker,f F. Unfried,c,d D. Becher,f

K. Jürgens,a T. Schwederc,d

aLeibniz Institute for Baltic Sea Research Warnemünde, Rostock, Germany
bCenter of Limnology, Estonian University of Life Sciences, Elva Parish, Tartu County, Estonia
cDepartment of Pharmaceutical Biotechnology, Institute of Pharmacy, University of Greifswald, Greifswald, Germany
dInstitute of Marine Biotechnology e.V., Greifswald, Germany
eScience for Life Laboratory, School of Engineering Sciences in Chemistry, Biotechnology and Health, Department of Gene Technology, KTH Royal Institute of
Technology, Stockholm, Sweden

fInstitute of Microbiology, Department of Microbial Proteomics, University of Greifswald, Greifswald, Germany

ABSTRACT Enclosure experiments are frequently used to investigate the impact of
changing environmental conditions on microbial assemblages. Yet, how the incuba-
tion itself challenges complex bacterial communities is thus far unknown. In this
study, metaproteomic profiling, 16S rRNA gene analyses, and cell counts were com-
bined to evaluate bacterial communities derived from marine, mesohaline, and oli-
gohaline conditions after long-term batch incubations. Early in the experiment, the
three bacterial communities were highly diverse and differed significantly in their
compositions. Manipulation of the enclosures with terrigenous dissolved organic car-
bon resulted in notable differences compared to the control enclosures at this early
phase of the experiment. However, after 55 days, bacterial communities in the ma-
nipulated and the control enclosures under marine and mesohaline conditions were
all dominated by gammaproteobacterium Spongiibacter. In the oligohaline enclo-
sures, actinobacterial cluster I of the hgc group (hgc-I) remained abundant in the late
phase of the incubation. Metaproteome analyses suggested that the ability to use
outer membrane-based internal energy stores, in addition to the previously de-
scribed grazing resistance, may enable the gammaproteobacterium Spongiibacter to
prevail in long-time incubations. Under oligohaline conditions, the utilization of ex-
ternal recalcitrant carbon appeared to be more important (hgc-I). Enclosure experi-
ments with complex natural microbial communities are important tools to investi-
gate the effects of manipulations. However, species-specific properties, such as
individual carbon storage strategies, can cause manipulation-independent effects
and need to be considered when interpreting results from enclosures.

IMPORTANCE In microbial ecology, enclosure studies are often used to investigate
the effect of single environmental factors on complex bacterial communities. How-
ever, in addition to the manipulation, unintended effects (“bottle effect”) may occur
due to the enclosure itself. In this study, we analyzed the bacterial communities that
originated from three different salinities of the Baltic Sea, comparing their composi-
tions and physiological activities both at the early stage and after 55 days of incuba-
tion. Our results suggested that internal carbon storage strategies impact the suc-
cess of certain bacterial species, independent of the experimental manipulation.
Thus, while enclosure experiments remain valid tools in environmental research, mi-
crobial community composition shifts must be critically followed. This investigation
of the metaproteome during long-term batch enclosures expanded our current un-
derstanding of the so-called “bottle effect,” which is well known to occur during en-
closure experiments.

Citation Herlemann DPR, Markert S, Meeske C,
Andersson AF, de Bruijn I, Hentschker C,
Unfried F, Becher D, Jürgens K, Schweder T.
2019. Individual physiological adaptations
enable selected bacterial taxa to prevail during
long-term incubations. Appl Environ Microbiol
85:e00825-19. https://doi.org/10.1128/AEM
.00825-19.

Editor Shuang-Jiang Liu, Chinese Academy of
Sciences

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to D. P. R. Herlemann,
Daniel.Herlemann@emu.ee.

D.P.R.H. and S.M. contributed equally to this
work.

Received 10 April 2019
Accepted 24 May 2019

Accepted manuscript posted online 31 May
2019
Published

MICROBIAL ECOLOGY

crossm

August 2019 Volume 85 Issue 15 e00825-19 aem.asm.org 1Applied and Environmental Microbiology

18 July 2019

https://orcid.org/0000-0002-8100-4649
https://doi.org/10.1128/AEM.00825-19
https://doi.org/10.1128/AEM.00825-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:Daniel.Herlemann@emu.ee
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00825-19&domain=pdf&date_stamp=2019-5-31
https://aem.asm.org


KEYWORDS Baltic Sea, bottle effect, Spongiibacter, enclosure, salinity

In microbial ecology, enclosure experiments are a potent tool that is routinely applied
to understand complex interactions and the responses to changes in a variety of

ecosystems. Typically, in these types of experiments, the effects of altering one or
multiple parameters on microbial assemblages and bulk process rates are assessed and
the results then used to predict the potential responses of the microbial community to
comparable changes in situ (for a review, see reference 1). However, enclosure exper-
iments can introduce biases leading to, e.g., an overestimation of microbial process
rates compared to those occurring in situ and to significant changes in microbial
composition (2–6). Isolation of the assemblage may prevent the exchange of nutrients,
organic matter, and organisms that normally occurs in the natural environment.
Enclosure experiments with natural microbial communities are usually marked by three
distinct phases (7). In the early phase, microbial viability and cultivability increase. The
middle phase is characterized by growth of bacterivorous protists and a drop in
bacterial cell numbers, whereas in the late phase, bacterial cell numbers increase again
but the bacterial community composition differs from the initial one as it includes cells
that are less active and probably less sensitive to grazing (5, 8). This typical three-phase
succession has been generally associated with the so-called “bottle effect,” defined as
the nonspecific effect resulting from the confinement itself rather than from the
intended manipulation (9); however, the underlying mechanisms remain unclear (9, 10).
Studies that investigated the impact of the surface-to-volume ratio of the incubation
container on changes in bacterial community composition found no evidence of a
volumetric bottle effect for volumes �1 ml (10, 11). Wall growth, i.e., biofilm formation
on the walls of the experimental enclosure, was also excluded, as the bottle effect
persisted even when the bacterial community was frequently transferred to new bottles
(12). In a chemostat experiment, Massana and Jürgens (5) strongly reduced grazing
pressure and nutrient limitation by using �2-�m-filtered seawater devoid of larger
grazers. This experimental setup avoided the drop in cell numbers that characterizes
the middle phase of enclosure experiments and delayed the shift in the microbial
community composition for �15 days. Therefore, bacterial grazing is an important
factor that influences the enclosure-related shift in bacterial community composition in
a system where carbon and nutrients are recycled (5).

In a previous study, bacterial communities from marine, mesohaline, and oligohaline
conditions were incubated in batch enclosures manipulated with terrigenous dissolved
organic matter (tDOM) (13). The potential of the bacterial communities for tDOM
utilization was investigated by correlating high-resolution DOM patterns with changes
in the bacterial community composition during the early and middle phases of the in
vitro cultivations. A grazing event was observed in the middle phase of the enclosure
experiment, and after 55 days, the bacterial communities were dominated by only a few
bacterial species. Thus, in this subsequent study, we analyzed metaproteomic profiles,
16S rRNA gene-based bacterial community compositions, and cell numbers from the
same experiment as described in Herlemann et al. (13), but with a focus on the
physiological strategies of the dominant bacteria in the late phase of the experiment.
We hypothesized that bacteria that become dominant in long-term enclosure experi-
ments possess, in addition to grazing resistance, physiological peculiarities that support
their long-term survival.

RESULTS
Cell numbers and bacterial community composition dynamics. During the

incubations, cell numbers in the enclosures were consistent with those previously
described for the three phases typical of confinement experiments (Fig. 1) (7). Thus, in
the early phase (P1) of the incubations, the numbers of bacterial cells increased under
all salinity conditions. This was mainly reflected by an increase in high-nucleic acid
(HNA) cells in the marine and mesohaline enclosures. In the oligohaline enclosures,

Herlemann et al. Applied and Environmental Microbiology

August 2019 Volume 85 Issue 15 e00825-19 aem.asm.org 2

https://aem.asm.org


HNA and low-nucleic acid (LNA) cell abundances increased at similar rates. In the
middle phase (P2), between 3 and 14 days, bacterial cell numbers, especially for HNA
cells, dropped dramatically in the marine and mesohaline enclosures, whereas hetero-
trophic and autotrophic nanoflagellates (�10 �m) (HNAN) became abundant. In the
oligohaline enclosures (M3), both HNA and LNA cell numbers decreased. Total cell
numbers increased again in the late phase (55 days; P3) in all enclosures, with roughly
equal proportions of HNA and LNA cells.

Nonmetric multidimensional scaling (NMDS) of the P1 to P3 bacterial community
compositions based on 16S rRNA gene analysis (Fig. 2) indicated considerable differ-
ences in the bacterial communities of the marine (M1), mesohaline (M2), and oligoha-
line (M3) enclosures (Fig. 2, vector salinity, coordinate 1, circles, squares, and triangles,
respectively). The community structure changed over time during the incubations (Fig.
2, vector time, coordinate 2). Especially prominent differences were noted when
comparing the 55-day samples with the initial samples and the 7-day samples (Fig. 2,
green symbols versus red and blue symbols, respectively). In contrast to salinity and
time, an impact of the tDOM manipulation on bacterial community composition was
apparent only in the marine enclosures (Fig. 2, filled versus empty symbols), whereas
the effect of added tDOM on the mesohaline and oligohaline enclosures was weak.

FIG 1 Average cell counts (areas) and heterotrophic and autotrophic nanoflagellate (HNAN) counts of the control (A, C, and E) and terrigenous
dissolved organic matter (tDOM) manipulation (B, D, and F) in the marine (salinity 32) (A, B), mesohaline (salinity 7) (C, D), and oligohaline
(salinity 3) (E, F) enclosures. The sum of the high-nucleic acid (HNA; black) and low-nucleic acid (LNA; gray) cells is the total number of cells.
HNAN counts for days 2, 7, and 12 are shown as bar graphs. The incubation phases (P1 to P3) are indicated at the top of each graph. Shown
are the averages from n � 3.
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A detailed analysis of the abundant (�1% per sample) operational taxonomic units
(OTUs) based on the 16S rRNA gene analysis indicated that the bacterial communities
in the marine enclosures during P1 and P2 consisted of a diverse mixture of Alphapro-
teobacteria, Betaproteobacteria, and Gammaproteobacteria, including the abundant
SAR11, Roseobacter, OM43, and SAR86 (Fig. 3, start, 7 days). Bacteroidetes and Actino-
bacteria were more abundant, and Proteobacteria, especially Alphaproteobacteria, were
less abundant in the mesohaline and oligohaline enclosures than in the marine
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FIG 2 Nonmetric multidimensional scaling (NMDS) plot (Bray-Curtis dissimilarity, stress 0.176) of the 16S
rRNA gene-based changes in bacterial community composition (each setup has three parallels). The
vectors indicate differences in salinity and the changes over time, and these parameters were added post
hoc to the NMDS graph.

0
20
40
60

CL500-29 marine OTU
hgc-I OTU

CB31G03 OTU
Fluviicola OTU

Owenweeksia OTU
Flavobacterium OTU

NS3a OTU
Polaribacter OTU

Flacobacteriaceae OTU
NS11-12 OTU

Pseudorhodobacter OTU
Roseobacter DC-5 OTU

Roseobacter NAC11 OTU
SAR116 OTU

SAR11-III OTU
SAR11-I OTU
GKS98 OTU
BAL58 OTU
OM43 OTU

Spongiibacter OTU
SAR92 OTU

Pseudospirillum OTU
SAR86 OTU

Marine
Control

st
ar

t

7-
da

ys

55
-d

ay
s

st
ar

t

7-
da

ys

55
-d

ay
s

st
ar

t

7-
da

ys

55
-d

ay
s

st
ar

t

7-
da

ys

55
-d

ay
s

st
ar

t

7-
da

ys

55
-d

ay
s

st
ar

t

7-
da

ys

55
-d

ay
s

Manipulation Control Manipulation Control Manipulation
Mesohaline Oligohaline

A
ct
in
o-

ba
ct
er
ia

B
ac
te
ro
-

id
et
es

P
ro
te
ob
ac
te
ria Al
ph

a-
Be

ta
-

Ga
m

m
a-

rel. Abundance (%)

FIG 3 Changes in relative abundances of bacterial taxa (operational taxonomic units [OTUs]) in the enclosure experiments
based on the 16S rRNA gene (only OTUs whose relative abundance in the sequences within a sample was �1% are
included). Shown are the averages from n � 3.
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enclosures. In the mesohaline enclosures, several betaproteobacterial OTUs, including
GKS98 and Pseudospirillum but also NS3 and Polaribacter from the Bacteroidetes group,
were abundant, whereas Actinobacteria, especially CL500-29 and cluster I of the hgc
group (hgc-I), dominated the bacterial community of the oligohaline enclosures. In the
late phase (P3) of the experiment, the drastic shift in the bacterial community compo-
sition was reflected by the dominance of few OTUs (Fig. 3). Thus, the 55-day samples
from the marine and mesohaline enclosures contained high abundances (up to 60%) of
Gammaproteobacteria, specifically, of the genus Spongiibacter (previously called Melitea
or Zhongshania [14]), while Alphaproteobacteria and Betaproteobacteria were less abun-
dant. The Spongiibacter OTU was also present in the 55-day samples from the oligo-
haline condition, albeit in lower abundances. Instead, the late-phase bacterial commu-
nity in the oligohaline enclosures was still dominated by actinobacterial CL500 and
hgc-I OTUs.

Protein expression patterns in the middle and late phases of the experiment.
To compare the physiological characteristics of the middle (P2) and late (P3) bacterial
communities, metaproteomic profiles of the samples were analyzed (day 7 and day 55,
respectively). Totals of 5,703 proteins from the marine enclosures (M1), 9,538 proteins
from the mesohaline enclosures (M2), and 8,293 proteins from the oligohaline enclo-
sures (M3) were identified (see Table S1 in the supplemental material). Most of the total
identified protein abundance in all samples was accounted for by bacterial (60% to
99%) rather than eukaryotic (0.3% to 33%) proteins (Fig. 4A; see also Fig. S1). Prokary-
otic protein identifications belonged to a total of 912 bacterial genera from 53 different
classes (see Table S2). The bacterial proteins identified in this study belonged to 1,223
protein families in 21 functional categories (according to the Clusters of Orthologous
Groups [COGs] categorization, see Materials and Methods for details) (see Table S3). The
changes in bacterial community composition that occurred between P2 and P3 were
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accompanied by a shift in the abundant metabolic functions (Fig. 4B; see also Table S4).
In all enclosures and for the controls as well as for the tDOM manipulations, the relative
abundances of proteins assigned to the COGs functional categories I (lipid transport
and metabolism), C (energy production and conversion), and H (coenzyme transport
and metabolism) were higher in P3 than in P2. Simultaneously, the relative abundances
of the categories G (carbohydrate transport and metabolism) and Q (secondary me-
tabolite biosynthesis, transport, and catabolism) were higher in P2 than in P3.

The community composition patterns determined by 16S rRNA gene analysis were
mirrored by the taxonomic assignments of the total identified bacterial proteins (Fig. 5).
Samples taken from the marine enclosures during P2 were dominated by proteins
assigned to alphaproteobacterial genera (control [c], 71%; tDOM-treated [tDOM], 50%),
particularly, the cultivated member of SAR11, “Candidatus Pelagibacter” (Fig. 5, Table
S2, and Fig. S2). Betaproteobacterial (c, 8%; tDOM, 6%) and gammaproteobacterial (c,
5%; tDOM, 26%) proteins were also abundant. Bacterial communities in the mesohaline
and oligohaline enclosures were notably more diverse during P2. In contrast to the
marine enclosure, alphaproteobacterial proteins were less dominant in the mesohaline
(c, 8%; tDOM, 20%), and oligohaline (c, 18%; tDOM, 17%) enclosures, where betapro-
teobacterial proteins were instead more abundant (mesohaline: c, 9%; tDOM, 21%;
oligohaline: c, 37%; tDOM, 39%). Proteins assigned to Cyanobacteria were particularly
abundant under mesohaline conditions in P2 (c, 16%; tDOM, 7%). In addition, during
this phase and in both the mesohaline and the oligohaline enclosures, the most
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abundant protein groups included actinobacterial (c, 9%; tDOM, 8%) and gammapro-
teobacterial (mesohaline: c, 9%; tDOM, 7%; oligohaline: c, 7%; tDOM, 9%) proteins.

Between the early phase (P2) and late phase (P3), the protein profiles in all
enclosures underwent a substantial shift reflecting that in the taxonomic composition
(Fig. 5; Fig. S2). A cluster analysis of protein abundance in the individual taxonomic
groups (Fig. 5, top) revealed the increasing similarity of the marine and mesohaline
enclosures but also showed clear differences between P2 and P3 samples. In the
oligohaline enclosures, however, samples from P3 still clustered with their P2 counter-
parts (Fig. 5). In all enclosures, gammaproteobacterial proteins were by far the most
abundant protein group during P3, accounting for 78% (c) and 48% (tDOM) of total
protein abundance in the marine enclosures, 48% (c) and 43% (tDOM) in the mesoha-
line enclosures, and 32% (c) and 15% (tDOM) in the oligohaline enclosures (Fig. S2).
Most of the gammaproteobacterial proteins during P3 were assigned to the genus
Spongiibacter, which accounted for 57% of the total protein abundance in the control
marine enclosures (34% in the marine tDOM samples) and 26.5% in the control
mesohaline enclosures (tDOM, 30%) (Table S2) but only 9.2% (tDOM, 0.9%) in the
oligohaline enclosures. In the latter, however, 11% (c) (tDOM, 8.5%) of the protein
abundance during P3 was assigned to the gammaproteobacterial genus Nevskia.
Additionally, in the P3 samples from the oligohaline enclosures, 18% (c) (tDOM, 25%) of
the protein abundance was assigned to Actinobacteria and 9% (c) (tDOM, 16%) to
Betaproteobacteria. Within the Actinobacteria, most proteins were assigned to members
of the hgc-I clade (c, 2.5%; tDOM, 3.8%).

Although the overall protein patterns differed between the tDOM-treated and
control samples, they were always more similar to each other than to those of the other
enclosures. Likewise, the changes in community composition in P2 versus P3 were very
similar in the tDOM and respective control samples (Fig. 5; Fig. S2).

Functional changes in abundant bacterial taxa. We combined 16S rRNA gene
analyses, metagenomics, and metaproteomics. In this comprehensive and integrated
approach, the individual methods and their respective advantages complemented each
other, as previously demonstrated in several marine ecology studies (15–17). This
procedure provided a detailed picture of taxonomy, function, and protein abundance
in our samples. The common denominator was the genus-level taxonomy. While 16S
rRNA gene analysis yielded estimations on the relative abundance of individual genera,
the respective functions of these genera were determined on the metagenome level,
and abundance of the individual functions of abundant genera was determined on the
metaproteome level.

Both 16S rRNA gene analysis and metaproteomics revealed a substantial shift in the
taxonomic composition during our experiments. Abundant functions within the gen-
eral Clusters of Orthologous Groups (COGs) category �metabolism� (Fig. 6) of the
identified bacterial genera were analyzed in detail. Focusing on highly abundant
genera (the 2 to 5 most abundant bacterial genera derived from 16S rRNA gene
analyses) rather than on the entire community is necessary, since changes in the
relative abundance of the COGs categories across the bacterial community as a whole
provide only a rough overview of the actual variations in relevant protein functions.
This is because individual taxa may undergo opposing metabolic adaptations during an
incubation, such that a function that is upregulated in one taxonomic group may
simultaneously be downregulated in another. In the marine enclosures during P2, the
abundant genera “Candidatus Pelagibacter,” Rhodobacterales sp., Alcanivorax sp., and
SAR116 expressed particularly high levels of ABC-type transporters of carbohydrates
and amino acids as well as TRAP-type transporters of C4 compounds (COGs categories
E [amino acid transport and metabolism] and G [carbohydrate transport and metabo-
lism]) (Fig. 6). ATP synthetases and other proteins in category C (energy production and
conversion) were moderately abundant in these genera. Interestingly, the functional
profile detected for the dominating genus in the P3 samples in the marine enclosures,
Spongiibacter, was highly distinct from that of the abundant genera in P2. Thus, rather

Bacterial Characteristics during Long-Term Incubations Applied and Environmental Microbiology

August 2019 Volume 85 Issue 15 e00825-19 aem.asm.org 7

https://aem.asm.org


than ABC-type transporters, Spongiibacter expressed a high abundance of enzymes
from the categories C (energy production and conversion; e.g., highly abundant
electron-transfer flavoproteins and succinyl-CoA synthetases), I (lipid transport and
metabolism; particularly, acyl coenzyme A [acyl-CoA] and other dehydrogenases), and
proteins related to secondary metabolite synthesis. A similar pattern of abundant
Spongiibacter protein functions was found in the P3 samples from the mesohaline
enclosures, although the overall abundances were lower. Abundant proteins in the
general COGs category “metabolism,” assigned to Methylophilales sp. HTCC2181, par-
ticularly abundant in the P2 samples of the mesohaline enclosures, included glucose
dehydrogenase and 3-hexulose-6-phosphate synthase (category G [carbohydrate trans-
port and metabolism]). Note that most of the abundant proteins of the abundant
genera in the P2 samples of the mesohaline enclosures were assigned to other general
COGs categories (“information storage and processing” or “cellular processes and
signaling”) and were thus not included in Fig. 6.

In the oligohaline enclosures, the hgc-I clade was among the dominant taxonomic
groups, and its ABC transporters from the COGs categories G (carbohydrate transport
and metabolism) and E (amino acid transport and metabolism) belonged to the most
abundant hgc-I clade functions in P2. Unlike Alphaproteobacteria, which dominated in
the marine enclosures during P2 but were hardly detectable during P3, the hgc-I clade
and its numerous functions were detected at similar abundances in both phases.
Spongiibacter proteins assigned to categories I (lipid transport and metabolism) and C
(energy production and conversion) were found in much lower abundances in the P3
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FIG 6 Relative abundance of metabolic (COGs) functions within the general COGs category “metabolism.” The relative
abundances of bacterial protein functions, expressed as normalized spectral abundance factors (NSAF%), are displayed for the
most abundant genera. day 7, middle phase of the incubation; day 55, late phase of the incubation; DHG, dehydrogenase;
tDOM, manipulation with terrigenous carbon; Can, Candidatus; uncl, uncultured. Protein abundance values were obtained
from the combined database search of two independent biological replicates (n � 2) per sample (see Materials and Methods
for details).
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samples from the oligohaline enclosures than in those from the marine and mesohaline
enclosures. Interestingly, the P3 samples of the oligohaline enclosures featured several
abundant Nevskia proteins that fell into these same categories (Fig. 5). Nevskia was the
most abundant genus in the P3 oligohaline protein samples.

DISCUSSION

In this study, we investigated changes in bacterial community composition and
metabolism during long-term confinement to determine whether bacteria that become
dominant in such incubations have specific advantageous particularities in addition to
grazing resistance. A previous study focused on DOM transformations between the
early (P1) and middle (P2) phases of the experiment (13), as no significant transforma-
tions occurred during the late phase (P3) (13). Similarly, the metaproteome analysis
conducted in the present study identified only a few differences in relative protein
abundance between the tDOM-manipulated and control enclosures during P3. Proteins
with relatively higher abundances in the tDOM-treated samples included cell surface
proteins such as outer membrane receptors, porins, and certain ABC- and TRAP-type
transport systems (see Table S1 in the supplemental material). However, very few of
those proteins were abundant (�0.1% normalized spectral abundance factors [NSAF]),
and most of the respective fold changes were low (�2). Overall, during P3, there was
no general correlation between protein abundance patterns and the presence of tDOM.
Therefore, the enrichment of Gammaproteobacteria (Fig. 2) in the respective enclosures
appears to have been independent of the tDOM manipulation.

Cell number dynamics during the three confinement phases. Typically, over the
course of a confinement in enclosure experiments, the early phase (P1) is characterized
by an increase in bacterial cell numbers, the middle phase (P2) by a decrease and the
development of HNAN, and the late phase (P3) by bacterial cell numbers that are close
to or higher than the initial level (7) (Fig. 1). Prefiltration through the 1-�m membranes
did not exclude but only reduced HNAN (18), but the use of smaller mesh sizes would
have excluded larger-sized bacteria from the experiments. Nonetheless, the 1-�m
prefiltration successfully delayed HNAN development for approximately 1 week.

A high abundance of HNA cells in P1 and their decline during P2 characterized both
the mesohaline and the marine enclosures but not the oligohaline enclosures (Fig. 1).
The specific predation of HNA cells by HNAN grazers is typical of incubation experi-
ments (2, 19, 20). In previous studies, the prey size-dependent feeding behavior of
HNAN and their higher grazing rates on active than on inactive bacteria were described
(21). In all oligohaline enclosures of this study, LNA cells were more abundant than HNA
cells, but a peak in the number of grazers comparable to that in the marine enclosures
was observed. This suggested that the LNA bacterial community in the oligohaline
confinements comprised active bacterial groups with permanently small cells, such as
hgc-I (22, 23), that were less successfully grazed upon by HNAN. However, the temporal
resolution for grazers in this study was relatively low, and some aspects of HNAN
population dynamics may have been missed.

Shift in the bacterial community composition between P2 and P3. The meta-
proteomic and 16S rRNA gene analyses showed that the microbial communities in the
P2 enclosures consisted mostly of the representatives typically found at similar salinities
in the Baltic Sea and other estuaries (Fig. 3 and 5; Table S1). For example, Alphapro-
teobacteria such as “Candidatus Pelagibacter,” Roseobacter, and members of the SAR116
clade are abundant in marine regions of the Baltic Sea (24, 25). In line with these
findings, the abundance of Alphaproteobacteria in our data set was higher under
marine than under mesohaline or oligohaline conditions, while the abundances of
cl500-29 OTU and hgc-I (both Actinobacteria) as well as Limnohabitans and Polaromonas
(both Betaproteobacteria) were highest under oligohaline and lowest under marine
conditions (Fig. 3). In the late phase of the marine and mesohaline enclosures, the
proportion of proteins and 16S rRNA genes assigned to Gammaproteobacteria in-
creased substantially, whereas the abundances of 16S rRNA genes and proteins as-
signed to Alphaproteobacteria and Betaproteobacteria decreased. In the oligohaline
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enclosures, the actinobacterial hgc-I clade continuously dominated the 16S rRNA
genes, and its genera were the most abundant among those detected in our meta-
proteome analysis, in both P2 and P3. A shift in the bacterial community composition
(Fig. 2 and 3) of marine and mesohaline enclosures toward Gammaproteobacteria has
been observed in many other marine confinement experiments (3, 5, 19, 26), although
the gammaproteobacterial families dominating an enclosure will depend on the sam-
ple source. Thus, Stewart et al. (6) and Müller et al. (27) reported the dominance of
Colwelliaceae, whereas Sipler et al. (28) found mostly Oceanospirillaceae. Significant
increases in Moraxellaceae (4) and Pseudoalteromonadaceae (29) have been reported
from Baltic Sea enclosure experiments. Interestingly, in a confinement experiment
using lake water, Flavobacterium was the dominant genus (30), whereas in the oligo-
haline enclosures of our experiment, members of the Actinobacteria dominated. The
gammaproteobacterium Spongiibacter was also present in our experiment under oli-
gohaline conditions but at much lower abundances. Spongiibacter marinus, the culti-
vated representative closest to our spongiibacterial 16S rRNA sequence, tolerates a
salinity between 7 and 70 g NaCl/liter (14). Thus, under oligohaline conditions (salinity
3), Spongiibacter may be outside its salinity range. This suggests that physiological
limitations, such as the salinity range, impact the bacterial community, which supports
the hypothesis that the “bottle effect” is a biological phenomenon rather than a
physical effect attributable to the size and/or type of the enclosure. However, salinity
may also influence the composition of bacterial grazers, which, in enclosure experi-
ments, have a substantial effect on the bacterial community (5, 8). While grazers usually
feed relatively nonspecifically on active cells (see above), high grazing rates result in the
emergence of “grazing-resistant” bacterial communities (7). In accordance with this
observation, Spongiibacter was shown to be relatively grazing resistant (31). Grazing
resistance has also been attributed to the actinobacterial hgc-I clade, mainly due to its
smaller than average cell size (22, 23) and potentially also due to the composition of its
cell wall and/or its surface properties (32). Our results therefore support previous
studies concluding that grazing resistance is essential for long-term survival during
confinement.

Putative metabolism of abundant bacteria in the late phase of the experiment.
The taxonomic assignment of the proteins detected in the metaproteome was in good
accordance with the changes observed in the 16S rRNA gene analysis (Fig. 3 and 5). The
most abundant bacterial genera determined by these two methods were examined
with regard to their individual functions as revealed by the metaproteome analysis.
Metaproteome analyses are excellent tools to investigate the specific physiological
activity of microbial communities, as they circumvent the limitations of cultivation-
based methods and, in contrast to metagenomics, also provide information on protein
abundance (33). While metaproteomics may not always be able to distinguish between
very similar proteins of the same function from closely related species or genera, the
combination with 16S rRNA data compensates for this potential drawback. Knowledge
on dominant genera, as obtained from 16S rRNA analyses, allowed us to assign
metaproteomics-derived protein functions specifically to individual genera. This ap-
proach has been successfully applied previously (15–17). Assignment of protein func-
tions to taxonomic groups is crucial when analyzing metabolic processes in microbial
communities, since thousands of taxa contribute proteins with overlapping functions in
an environmental sample. Increased abundance of some functions may thus be ac-
companied by decreased abundance of others in the same category, as shown to occur
during exponential and stationary growth phases (34). We focused on the most
abundant bacterial taxa to identify the metabolic particularities of organisms in P3
versus P2 (Fig. 5).

The succession of different bacterial groups in confinement experiments, i.e., the
total demise of some and the decrease of others, is also a function of the presence of
bioavailable nutrients and carbon. High-affinity transporters from the COGs categories
G (carbohydrate transport and metabolism) and E (amino acid transport and metabo-
lism) were among the most abundant functions detected for “Candidatus Pelagibacter”
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(belonging to SAR11) and other abundant Alphaproteobacteria in the marine enclosures
during P2 (Fig. 5). Previous studies showed that, upon incubation in the dark, “Candi-
datus Pelagibacter” cells upregulate genes for amino acid transport (35). The genome
of “Candidatus Pelagibacter” encodes a large number of high-affinity transporters that,
under oligotrophic conditions, are expressed at disproportionally higher abundances
than other species of bacteria (36, 37). While a similar result was obtained during P2 in
our study, the abundance of “Candidatus Pelagibacter” decreased in P3 (Fig. 6), despite
the fact that the bacterium is not primarily targeted by HNAN (38). High-affinity
ABC-type transporters for sugars and branched-chain amino acids were also highly
abundant in hgc-I under oligohaline conditions (Fig. 6). However, in contrast to those
of “Candidatus Pelagibacter,” the ABC transporters of hgc-I were still abundant in the
55-day sample. In our enclosure experiments, the organic carbon (e.g., humic acids [13])
in the 55-day samples was relatively recalcitrant. Therefore, bacteria abundant in P3
must either make the recalcitrant DOM resources accessible or find an alternative
carbon supply for survival. There is no evidence that members of SAR11 are able to use
recalcitrant carbon. In contrast, the strong genetic potential of members of the acti-
nobacterial hgc-I to metabolize carbohydrate- and N-rich organic compounds as well as
polysaccharides has been reported (39, 40). Moreover, hgc-I is found in high abundance
in humic acid-rich freshwater habitats (41). These findings suggest that hgc-I was able
to use the recalcitrant tDOM present in the 55-day samples.

Enzymes for the utilization of recalcitrant carbon are not known for Spongiibacter. It
is therefore very likely that, in contrast to hgc-I, this organism could not use the
recalcitrant carbon available in the enclosures during P3. Metaproteome analysis
revealed that Spongiibacter’s most abundant proteins belonged to �electron transfer
flavoproteins� (COGs category F), which are also involved in the �-oxidation of lipids
and the transfer of two electrons from acyl-CoA dehydrogenase to cytochromes (Fig. 6).
In the P3 samples, acyl-CoA dehydrogenase and acetyl-CoA acetyltransferases (COGs
category I [lipid metabolism]) were also among the abundant Spongiibacter proteins, as
were an apolipoprotein and a phospholipase, both of which contribute to the degra-
dation of fatty acids. The low-level bacterial activity previously measured in P3 (13)
indicated that the bacteria present during this phase of the experiment were for the
most part inactive. However, many bacteria can reroute their internal metabolism to
respond to limitations in the energy supply and mobilize alternative nutrient sources to
survive in a low-activity status. Besides internal stores of polyphosphates, components
of the cellular machinery can be catabolized to provide nutrients. Both mechanisms
have been demonstrated in gammaproteobacterial model organisms. In Escherichia
coli, for example, a derepression of genes involved in �-oxidation and fatty acid
degradation is required for long-term survival (42). Vibrio cholerae substantially reduces
its pool of total lipids (43), and carbon-starved Vibrio harveyi is known to upregulate
fatty acid �-oxidation so as to facilitate the use of membrane phospholipids as an
endogenous energy source (44). Our data indicate similar metabolic responses in
Spongiibacter, evidenced by the high abundance of acetyl-CoA-associated proteins
during P3 and the presence of components of the glyoxylate shunt, an anaplerotic
pathway that bypasses the citrate cycle in the biosynthesis of precursors. These results
may suggest that Spongiibacter uses cell wall components as an endogenous energy
source allowing survival during long-term incubations. This may also be true for Nevskia
in the oligohaline enclosures, where similar protein expression patterns were recorded.

Spongiibacter is almost absent in the natural bacterial community of the Baltic Sea
and was barely detectable in the enclosures at the start of our experiment. However, by
P3, Spongiibacter had outcompeted most other bacteria (Fig. 3), particularly in the
marine enclosures (Fig. 6). As revealed by our 16S rRNA analysis, the P3 samples were
dominated by a Spongiibacter species, which showed 93% identity (on 16S rRNA gene
level) to Spongiibacter marinus DSM 19753. In light of this close phylogenetic related-
ness, it is reasonable to assume that both species are metabolically highly similar. With
the S. marinus DSM 19753 genome available (NCBI accession NZ_AULP00000000.1), we
were thus able to evaluate the physiological potential of the abundant Spongiibacter in
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our enclosures. A screening for secondary metabolite synthesis genes (antiSMASH [45])
in the S. marinus DSM 19753 genome detected 68 genes, arranged in four gene clusters,
which encode enzymes involved in the synthesis of metabolites such as bacteriocin and
nonribosomal peptides (see Table S5A). Mapping of these genes to the M1 metapro-
teome of this study revealed 143 matches with pronounced similarities (E values �

1e�15, bitscores � 80) among the identified proteins of various genera in the marine
enclosures, including 53 Spongiibacter proteins (Table S6). Nine of the detected Spon-
giibacter proteins in the marine enclosure matched to S. marinus DSM 19753 genes with
predicted “core biosynthetic” functions in the production of the above-mentioned
secondary metabolites. The relative abundance of these proteins accounted for 0.33%
NSAF of all identified proteins in control samples at day 55 (while they were not
detected at all at day 7) (Table S5B).

In light of the high Spongiibacter abundance observed in P3, this might indicate that
the dominant Spongiibacter species in our samples produce secondary metabolites that
enhance its competitiveness during the incubation. Ribosomally synthesized bacterio-
cins and nonribosomally synthesized peptides are potent bioactive compounds. Gram-
negative bacteriocins can have antibacterial pore-forming activity as well as nuclease
and muramidase activities (46). Nonribosomal peptides reveal versatile antimicrobial
activities (47–49). Thus, the identification of related Spongiibacter genes in our metag-
enome data sets and detection of the respective proteins in our metaproteome
samples indicate an active role of such bioactive peptides in these long-term cultiva-
tions. However, as the presence of secondary metabolism-related genes may vary
between species within the same genus (50–52), this hypothesis will need to be
evaluated in future studies.

Our results indicate that besides grazing, other less-appreciated factors are impor-
tant in determining bacterial community succession during long-term incubations,
including the initial bacterial community composition, alternative bacterial strategies to
acquire carbon in the absence of labile carbon sources, and the putative ability to
produce antimicrobial substances. Microbiologists conducting long-term experiments,
especially in the absence of continuous labile carbon addition (as in chemostats), are
thus confronted with the fundamental problem that some bacteria are “genetically
privileged” during long-term incubations. The physiological characteristics of the initial
microbial community, such as the ability to use internal carbon sources and synthesize
bioactive substances, may substantially affect the outcome of the manipulation. Our
results strongly emphasize the need for new strategies in enclosure experiments with
complex bacterial communities, such as short-term experiments in which metabolic
responses are directly monitored during the incubations using -omics tools, or through
sophisticated, less biased experimental setups such as flowthrough chambers (30).

MATERIALS AND METHODS
Enclosure experiments. The setup of the enclosures is described in detail by Herlemann et al. (13).

In brief, water from the Kalix River was collected close to Svartbyn, Sweden (66°15=26.97==N,
22°49=28.38==E) on 3 June 2011, immediately filtered through a 0.2-�m mesh (polypropylene, GR22-PFG-
110; MTS, Bad Liebenzell, Germany) and stored at �20°C. For the enclosure experiments, the Kalix
water was thawed and added as the terrigenous dissolved organic matter (tDOM)-rich manipulation.
The enclosures were set up using surface water obtained from three stations, representing marine
(salinity 32 [M3]; Kattegat/Skagerrak, 58°07,998=N, 10°00,000=E), mesohaline (salinity 7 [M2]; Baltic Proper,
57°18,342=N, 20 04,692=E), and oligohaline (salinity 3 [M3]; Bothnian Bay, 65°26,700=N, 23°17,898=E)
conditions, during a cruise of the R/V Meteor in May 2012. After filtration of the seawater samples through
100-�m gauze and a 1-�m mesh (polypropylene, TAX1-10; MTS, Bad Liebenzell, Germany), 60 liters was
transferred to each of three 120-liter polypropylene tanks. Two of the tanks contained 60 liters of thawed
0.2-�m filtered Kalix water, in which the salinity was already adapted to the in situ salinity of the station
by the addition of 100�-enriched artificial seawater (for details of the composition, see reference 4),
referred to as tDOM. Instead of Kalix river water, the control tank (c) contained 60 liters of 1-�m-
prefiltered Baltic Sea water and 60 liters of 0.2-�m-filtered (polypropylene filters, GR22-PFG-110; MTS,
Bad Liebenzell, Germany) Baltic Sea water. The total nitrogen (N) and phosphorus (P) concentrations in
all tanks were adjusted to 10 �M NO3NH4 and 1 �M NaHPO4, respectively, to avoid N and P limitations
during the experiment. After the salinity had been adjusted, the t0 (start) samples were taken and the
water remaining in each tank was distributed in three replicate 25-liter polyethylene carboys, which were
then held at a constant temperature of 10°C in dark climate chambers. Samples were obtained at t0 and
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after 2, 7, 13, and 55 days (not every parameter was measured at each time point). All nonglass materials
were rinsed before use, first with ultrapure water and then several times with sample water. For an
overview of all samples and replicate numbers in this study, see Table S7 in the supplemental material.

Flow cytometry. For bacterial enumeration, 4-ml subsamples were fixed for 1 h with 400 �l of 1%
paraformaldehyde and 0.5% glutaraldehyde, shock frozen in liquid nitrogen, and stored at �80°C until
processed by flow cytometry. Samples were measured on a FacsCalibur (Becton, Dickinson) using a
modification of the method described by Gasol et al. (53). Briefly, after the addition of 0.2-�m-filtered
SYBR green solution (2.4 M potassium citrate, 0.2 M dimethyl sulfoxide, and 5 �l SYBR green) to 300 �l
of the sample, the mixture was incubated for 30 min in the dark and then subjected to flow cytometry
at a medium previously determined flow rate. The flow diagrams were evaluated using the software
CellQuestPro. Based on size and fluorescence, two populations were distinguished: high-nucleic acid
(HNA) cells and low-nucleic acid (LNA) cells.

Samples for the enumeration of heterotrophic and autotrophic nanoplankton (HNAN � 10 �m) were
preserved with formaldehyde (2% final concentration), filtered through 0.8-�m black polycarbonate
filters (Whatman), and stained for 1 min with 4=,6-diamidino-2-phenylindole (DAPI; final concentration,
2 �g/ml). At least 30 cells per filter were counted at 630� amplification using an Axioskop 2 epifluo-
rescence microscope (Carl Zeiss MicroImaging, Germany).

Bacterial community composition. To exclude aggregates and particle-associated organisms, water
samples (1 liter) for DNA analysis were filtered first through 5-�m filters and then through 0.2-�m-pore-
size white polycarbonate filters (13). The DNA of the 0.2-�m fractions was extracted according to the
method described by Weinbauer et al. (54). 16S rRNA gene sequences were amplified using the protocol
described by Herlemann et al. (24). Briefly, the DNA was PCR amplified using the primers Bakt_341F and
Bakt_805R and 30 cycles of amplification. The amplicons were purified using Agencourt AMPure XP
(Becker Coulter) and sent for 454 pyrosequencing, using Roche GS FLX 454 Titanium series chemistry, to
Eurofins MWG Operon (Ebersberg, Germany).

The resulting sequences were quality-checked by RDPpyro (55) with the following settings: maximum
number of N, 0; minimum sequence length, 50; and minimum exponential Q-score, 20. They were then
evaluated using the SILVA next-generation sequencing (NGS) pipeline based on SILVA release version
119 (56). SILVA NGS performs additional quality checks based on SINA (57) alignments with a curated
SEED database and rejects problematic reads such as PCR artifacts and 16S rRNA sequences. The quality
settings in SILVA NGS were maximum ambiguities of 2%, maximum homopolymers of 2%, and a
minimum alignment score of 40. For each operational taxonomic unit (OTU), the longest read served as
a reference for taxonomic classification in a BLAST (version 2.2.28�) search against the SILVA SSURef data
set. The resulting classification of the reference sequence was mapped to all members of the respective
OTU. Sequences having an average BLAST alignment coverage and alignment identity of �93% were
defined as unclassified. Resulting sequences had an average length of 458 bp, and the sequencing depth
did not reach a clear saturation. The original run contained 484,499 sequence reads; the subset used in
this analysis included 175,925 sequence reads that were sum-normalized prior to the analysis. Sequences
present only once in the entire data set (singletons) were excluded, as were those assigned to
“chloroplasts” and Archaea, since the primer set used in this study has only a limited coverage of these
groups. The 16S sequences were classified to the genus level, and lineages without a defined genus were
assigned on the next defined level. Bacterial community compositions at each time point and treatment
were visualized using nonmetric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity. A
complementary canonical correspondence analysis (CCA) showed that time and salinity were the most
important factors for determining the bacterial community composition (see Fig. S3), and consequently,
these environmental parameters were added to the NMDS plot post hoc.

Metagenome analysis. Samples for metagenome and proteomic analyses were obtained by filtering
2.5 liters of water from each enclosure onto 0.2-�m filter discs (12 cm) using a peristaltic pump and then
freezing the filters at �80°C until DNA/protein extraction. A total of 17 metagenomes were generated.
DNA was extracted from the filters that were also used for the metaproteome analysis (see below). DNA
was sheared, size-selected, and subjected to library construction using the Nextera XT DNA library prep
kit, according to the manufacturer’s protocols (Illumina). It was then clustered using cBot and sequenced
on HiSeq 2500 with a 2 � 101 setup in HighOutput mode. Bcl to Fastq conversion was performed using
bcl2Fastq v1.8.3 from the CASAVA software suite (Sequencing analysis software user guide for pipeline
version 1.3 and CASAVA version 1.0; Illumina Inc., San Diego, CA, USA). The quality scale was Sanger/
phred33/Illumina1.8�. The sequencing reads were quality trimmed using the sickle function with a
quality setting of 20. The reads for each sample were assembled separately with Ray (58) using a
kmer of 31 and then mapped back using bowtie2 (59) and default parameters. PCR duplicates were
removed using bowtie2, and coverage was determined using BEDTools (60). The script used for
mapping is available at github: https://github.com/inodb/metassemble/blob/master/scripts/map/map
-bowtie2-markduplicates.sh. The assembled contigs were uploaded to IMG/MER and automatically
annotated (61) under the following IMG genome identifiers (IDs): 3300002224, 3300002230, 3300002227,
3300002226, 3300002131, 3300002144, 3300002132, 3300002137, 3300002140, 3300002142, 3300002136,
3300002134, 3300002139, 3300002141, 3300002138, and 3300002143 (see Table S8 for details). IMG/MER
was used to investigate the function and putative operon structure of the genes of interest. The functions
and taxonomy of all protein-coding genes in the metagenomes were predicted by automatic annotation
in the IMG pipeline (61) (see above). For additional functional characterization, the amino acid sequences
of all identified proteins were subjected to a local BLAST search (BLAST-2.7.1� [62]) against the
transporter classification database (TCDB) (63) to identify and classify transporters (E value threshold,
10�6). In addition, Clusters of Orthologous Groups (COGs) identifiers were assigned to all identified
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proteins using a local rps-BLAST search against the Conserved Domain Database (CDD; E value threshold,
10�5 [64]) to classify protein functions into metabolic categories. The Spongiibacter marinus DSM 19753
genome (NCBI accession NZ_AULP00000000.1) was screened for secondary metabolite synthesis gene
clusters using antiSMASH (45) at default settings.

Protein database construction. Translation and open reading frame (ORF)-finding were automat-
ically performed in IMG to create amino acid sequence files in .faa format. All acquired amino acid
sequences of the same sampling site were combined into comprehensive site-specific protein database
files: marine site (M1), 4 metagenomes; mesohaline site (M2), 7 metagenomes; oligohaline site (M3),
5 metagenomes (see Table S8 for details on the metagenomes included in the respective protein
databases). Redundant sequences were removed using CD-Hit (65) at 100% identity. For protein
identification, the site-specific protein databases were complemented by reversed sequences of all
proteins (decoys, to allow for the determination of false discovery rates) and a set of common laboratory
contaminants.

Protein extraction and preparation for mass spectrometry. Samples for metaproteomic analyses
were obtained as described above for metagenomic samples, and the proteins were extracted from the
filtered samples as described by Teeling et al. (16), with minor modifications: one-half of each frozen filter
was used for the analyses. Filter halves were cut into small pieces and transferred to 1.8-ml tubes
containing lysis buffer (50 mM Tris, 2% SDS, 10% glycerol, 0.1 M dithiothreitol [DTT], pH 6.8) and 180-�m
glass beads. Cells on the filter pieces were disrupted by bead beating in a bead mill (3 � 30 s, 6.5 m/s,
5-min pause at 4°C between runs). After pelleting of the beads and filter pieces by centrifugation
(15,500 � g for 4 min at 4°C), the supernatants (i.e., protein raw extracts) were subjected to ultracentrif-
ugation (100,000 � g for 1 h at 4°C). The resulting supernatants (i.e., enriched soluble proteins devoid of
cell membranes and debris) were precipitated in ice-cold acetone at �20°C for 16 h. The proteins were
pelleted (15,500 � g for 10 min at 4°C), washed in 96% ethanol, and dried in a vacuum centrifuge. For
SDS-PAGE, the protein pellets were gently resuspended in sample buffer (0.1 M Tris-HCl [pH 6.8], 10%
SDS, 20% glycerol, 5% mercaptoethanol, bromophenol blue), denatured (10 min at 90°C) and loaded
onto precast mini gels (Bio-Rad TGX, 4% to 20%). After electrophoresis (50 min at 150 V), the gels were
stained with Coomassie brilliant blue (G250; Sigma-Aldrich) for 16 h and then washed in double-distilled
water to remove excess stain. Protein lanes excised from the gels were divided into 10 equal-sized pieces
(subsamples) per sample and destained (200 mM NH4HCO3, 30% acetonitrile), and the proteins were then
in-gel digested at 37°C for 16 h using trypsin solution (sequencing-grade modified trypsin, 1 �g/ml;
Promega) (66). The resulting peptides were purified using ZipTip pipette tips (Millipore) according to the
manufacturer’s instructions.

ESI-MS/MS measurements and semiquantitative data analysis. Electrospray ionization tandem
mass spectrometry (ESI-MS/MS) measurements, data filtering, and analysis were performed as recently
described by Ponnudurai et al. (67). Briefly, peptide mixes were separated in a nano-high-performance
liquid chromatography (nano-HPLC) system (Easy-nLCII HPLC; Thermo Fisher Scientific) followed by
MS/MS analysis in an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). All MS/MS spectra
were searched against the respective sampling site-specific target-decoy metaproteome database,
i.e., samples taken at the marine site (M1) were searched against the M1 database, those from the
mesohaline site against the mesohaline enclosure (M2) database, etc., using the SORCERER system
(SageN, Milpitas, CA, USA) with the integrated SEQUEST algorithm (version 27, revision 11; Thermo Fisher
Scientific, San Jose, CA, USA). The resulting protein identifications were filtered and analyzed with
Scaffold (version 4.0.6.1; Proteome Software Inc., Portland, OR). Protein identifications were accepted if
they had a minimum of two identified peptides and passed the following “sequest” filter: XCorr for
doubly charged peptides, 2.2; for triply charged peptides, 3.3; and for quadruply charged peptides, 3.8;
delta correlation score, 0.1 (68). Total spectral counts were used to calculate relative protein abundances
for each of the identified proteins as the percent normalized spectral abundance factors (NSAF) (69). All
protein abundance values mentioned in the text refer to NSAF%, i.e., a protein’s abundance relative to
all proteins in the same sample, even if—for readability’s sake—they are given as a percentage. Two
biological replicates of each sample were measured independently (n � 2). The resulting spectra of both
replicates were combined for the database search. Spectral counts and protein abundance values are
therefore not given for individual replicates but for the entire sample, i.e., for the combination of both
replicates. Although this prevents the determination of average values (and standard deviations), the
combined database search allows for increased protein identification rates, and protein abundance
values derived from the pooled spectra are representative of two independent samples. While label-free
proteomics is semiquantitative (and does not provide absolute protein abundances), comparing relative
protein abundances across different samples allows for solid monitoring of differences in protein
abundance.

Data availability. The sequences from bacterial amplicons were deposited under European Nucle-
otide Archive accession number PRJEB7141. The mass spectrometry proteomics data were deposited in
the ProteomeXchange Consortium via the PRIDE (70) partner repository with the data set identifier
PXD011160.
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