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Fig 4. Occurrence patterns of relatively abundant OTUs (top 17). OTUs are ordered by their co-
localization.

doi:10.1371/journal.pone.0156147.9004
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of BCC in at least one of the samples. Lowering the threshold to 0.1%, this number quadrupled
and resulted in 413 OTUs.

Variability of BCC in relation to environmental conditions was analysed using detrended
correspondence analysis (DCA) with added linear fitting of environmental parameters onto
the ordination (S3 Fig). The DCA was chosen for all of samples and OTUs because it helps
to overcome the ‘arch effect’ that accompanies correspondence analyses. The relevance of salin-
ity, depth, and oxygen were statistically highest, yielding r* values of 0.773, 0.742 and 0.630
(P<0.001 in each case), respectively. These three parameters were followed by temperature
(r* = 0.289, P<0.001).

Non-metric multidimensional scaling (NMDS) analysis of relatively abundant and common
OTUs was carried out (based on Bray-Curtis dissimilarity matrix) and supplemented with the
linear fitting of environmental parameters onto the ordination (Fig 5). As a result, three general
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Fig 5. NMDS plot of abundant and common OTUs fitted with environmental parameters (stress score: 0.125). The added
black lines divide OTUs into three major groups, which are marked with letters for discussion.

doi:10.1371/journal.pone.0156147.9005
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groups can be distinguished: OTUs that were mainly found in surface layer in summer and
autumn (group A); spring phytoplankton bloom-associated OTUs, including populations that
became more prevalent in deeper layers after the bloom had ended (group B); and OTUs that
were mostly found in hypoxic waters (group C in Fig 5). Therefore, seasonal succession (with
important impact of changing temperature); and a covarying trio of salinity, pressure and oxy-
gen could be established as main factors influencing the occurrence of these OTUs.

Most dominant populations in the ‘hypoxic group’ were members of Epsilonproteobacteria:
OTU2, 0TU30, OTU67, OTU97 (classified as Sulfurimonas) and OTU42 (classified as Arcobac-
ter). OTU2 contributed up to 71% of BCC and had 99% sequence similarity to the representative
of Sulfurimonas GD1/GD17 subgroup, which has been shown to be key chemolithoautotrophic
taxa in the Gotland Deep [44, 45].

The major bulk of Alphaproteobacteria was contributed by OTUs classified as “Candidatus
Pelagibacter” (OTU1, OTU6, OTU26, and OTU83). OTUI and OTU6 remained transiently
abundant with minor variations in time (Fig 4, S2 Fig). OTU26 was more prominent at surface
layer towards the autumn (Fig 4) and clustered together with relatively abundant actinobacter-
ial OTUs: OTU12 (Micrococcineae), OTU15 (Ilumatobacter) and OTU14 (closest database
affiliation to Micrococcineae; Table 1). Some of these OTUs exhibited similar presence in sam-
ples collected autumn in 2011 and 2012 (Fig 4, S2 Fig).

Unicellular cyanobacterium Synechococcus (OTUS5) and co-occurring OTU85 (Rhodobac-
teraceae) formed a separate cluster (Fig 5), and a significant and strong relationship between
OTUs and temperature suggests that temperature had a strong impact on their occurrence.
OTU95 (Flavobacteriaceae) and OTU39 (classified as Alcaligenaceae) appeared during the
peak of Synechococcus relative abundance, only in deeper layers (S2 Fig). During summer
bloom Synechococcus displayed a patchy distribution at the surface layer above the thermocline
as its relative abundance varied along AP-transect; members of “Candidatus Pelagibacter”
remained dominant in the intermediate layer, and representatives of Sulfurimonas contributed
the largest fraction at the hypoxic near-bottom layer (Fig 6).

Relatively abundant and common OTUs associated with the spring phytoplankton bloom
could also be distinguished as a separate co-localizing cluster in the middle bottom of NMDS
plot (Fig 5). This positioning is explained by negative correlations with time and their spread
throughout the water column, which resulted in weak correlations with dissolved oxygen con-
centrations. These OTUs contributed a large fraction of BCC above the halocline during the
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Fig 6. Cross-section of AP-transect on 2012-07-04 supplemented with relative abundances of top 17 OTUs.
doi:10.1371/journal.pone.0156147.9006
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doi:10.1371/journal.pone.0156147.9007

spring bloom and remained abundant at intermediate layer till mid-summer (Fig 7). The most
relevant bacterial populations by their relative abundance were classified as Rhodobacteraceae
(OTU4), Comamonadaceae (OTU16) and Bacteroidetes (OTU19 and OTU29). The fraction of
these OTUs also increased in the near-bottom hypoxic layer as the spring bloom progressed
(Fig 7). Interestingly, betaproteobacterial OTU16 (Comamonadaceae) reached its maximum
abundance in hypoxic conditions in the beginning of summer (Fig 7). During that period also
OTU7 (Ilumatobacter) and OTU17 (Rhodobacteraceae) became more predominant in the hyp-
oxic layer (reaching 10.3% and 17.8% of BCC, respectively), but the opposite trend was dis-
played by OTU2 (Fig 4). OTU21 (Methylophilus) was present at deeper layers throughout the
sampling period; however, it contributed a larger fraction during the spring bloom and had its
maximum abundance occurred at 5 m depth at the beginning of April (Fig 7).

Discussion

High-throughput marker gene sequencing has opened a new gateway to investigate aquatic
microbial communities. The present study explores the abundances of picoplankton and BCC
of the Gulf of Finland in three dimensions: horizontally from south to north, vertically from
the surface to near-bottom layer, and temporally from spring to autumn. Similar investigations
are quite rare as most temporal studies lack spatial dimension and vice versa. The focus of this
study is on spatiotemporal patterns and phylogenetic relationships of OTUs that are relatively
abundant or common. However, our results and previous investigations of BCC of the Baltic

the long tail pattern found in rank-abundance curves of bacterial species [46-48]. That long
tail is composed mostly of dormant cells and can produce a pulse of ecosystem activity by
resuscitation [49], acting as a reservoir of genetic and functional diversity [50]. The presence of
the ‘rare biosphere’ is also reflected from our present results, as well as from previous investiga-
However, the focus of this study is on spatiotemporal patterns and phylogenetic relationships
of OTUs that are relatively abundant or common. The switch point between the ‘tail” and the
common or abundant bacterial populations is, of course, subjective, and 0.1% of the total data-
set was selected for this analysis [51].
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Spatiotemporal niche partitioning of the BCC

The approach used, massively parallel sequencing of the amplified 16S rRNA gene fragment
libraries, enabled culture-independent and detailed view in the dynamics of bacterioplankton
community. Spatiotemporal surveys of BCC in ecosystems with sharp environmental gradients
(like river mouths, hypoxic estuaries or coastal regions) have demonstrated that spatial varia-
tion overpowers seasonal succession [6, 7, 16]. Our results reflect the same trend, but also dem-
onstrate in fine detail the seasonal succession throughout the water column. There were 17
relatively abundant OTUs. However four dominant OTUs (OTU1—“Candidatus Pelagibac-
ter”, OTU2—Sulfurimonas, OTU4 —Rhodobacteraceae and OTU5—Synechococcus) could be
considered as core populations of bacterioplankton in the Gulf of Finland.

There is no sill between the Gulf of Finland and Baltic Proper, hence the deep inflow to the
gulf takes place just below the co-occurring oxy- and halocline [28]. Consequently, taxa charac-
teristic of the sulfidic zone of the central Baltic Sea are dispersed into the Gulf of Finland [15-
17]. Our results of agree well with findings from these studies. Nitrate-reducing and sulphide-
oxidizing Sulfurimonas gotlandica (98.7% similarity to OTU?2) is capable of motility and che-
motaxis; hence, it is typically more abundant near the oxycline [52, 53]. In contrast, sulfate-
reducing Deltaproteobacteria are more prominent in deeper anoxic layers (below 140 m) [54].
As a consequence, Deltaproteobacteria contribute small and Sulfurimonas make up large frac-
tion of the bacterial community in the near-bottom layer of the Gulf of Finland (Fig 3). The
sulphur reducers in the gulf are mainly found in the sediments [55].

Alphaproteobacterial SAR11 clade (candidate order “Pelagibacterales”) and also Roseobac-
ter group constitute high proportions of the marine bacterioplankton globally and in the geo-
graphically close North Sea [55-58]. Both of these groups were made up OTUs that can be
considered core populations for the area. The Baltic Sea is known to harbour several phyloge-
netic lineages of the “Pelagibacterales” that exhibit niche partitioning along the salinity gradient
[12, 54]. Results from the present and previous studies indicate that this group is a transiently
abundant heterotrophic group in the surface layer (S2 Fig, Fig 6) [16, 17]. Members of SAR11
clade and order Rhodobacterales are mostly involved in the transport and metabolism of low-
molecular-weight organic compounds [58-60]. The latter includes degradation of phytoplank-
ton-produced dimethylsulfoniopropionate (DMSP) to dimethylsulfide (DMS) [61]. It is highly
probable that these groups facilitate these processes also in the Gulf of Finland, especially given
that OTU4 had its highest occurrence during the spring phytoplankton bloom.

The coordinated and cooperative activities of bloom-associated ‘specialists’ are critical in
the biogeochemical cycles of the ecosystem for determining the fate of the organic biomass.
Various members of Actinobacteria, Betaproteobacteria, Bacteroidetes and Verrucomicrobia
have been demonstrated to be responsible for the degradation of high-molecular-weight
organic compounds in the Baltic Sea [21, 62, 63] and in the North Sea [58, 64]. In general, tem-
poral dynamics of these groups at the surface layer are in line with previous investigations [22,
24]; for example, representatives of Bacteroidetes were more abundant during spring and early
summer, and members of Actinobacteria were prevalent in late summer and autumn (Fig 4).
However, to the best of our knowledge, the present study is the first that provides simultaneous
insight into dynamics of BCC below surface layer in this region (Fig 7, S2 Fig).

Annually recurring spring phytoplankton blooms in the Gulf of Finland consist mainly of
diatoms and dinoflagellates [65]. During spring bloom, a large fraction of annual primary pro-
duction is carried out [43] and therefore these bloom-associated bacterial populations hold
great ecological significance. Our results demonstrate shifts in BCC during the bloom (Fig 7)
and likely sedimentation of some OTUs to the deeper layers. The fraction of bloom-associated
populations steadily increased at near-bottom hypoxic layer probably due to attachment to
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decaying phytoplankton cells or other settling particles (Fig 7). It is important to keep in mind
that bacteria attached to particles or aggregates larger than 5.0 um were excluded from the
dataset due to prefiltration. However, certain bacterial lineages are known to switch between
free-living and particle-attached lifestyle and also some of the particle-associated groups can
get detached during the filtration process. These possibilities have to be considered, especially
because there is a clear influx of populations into the deeper layers that in previous data points
were prevalent in the surface layer.

At the beginning of the spring bloom, OTU4 (Roseobacter group) betaproteobacterial
OTU21 (Methylophilus) and three members of Bacteroidetes (OTU18, OTU19, and OTU29)
constituted a considerable fraction of BCC. The presence of OTU21 shifted rapidly from the
surface to deeper layers (Fig 7). Representatives of the Methylophilaceae family (Betaproteobac-
teria) have recently been identified as dominant DMS-degrading populations in Tocil Lake
sediment and soil collected from Brassica oleraceae field [66]. This finding suggests that two
relatively abundant and common OTUs that were classified as Methylophilus could also be
metabolizing DMS, especially considering that OT'U21 had its closest affiliation to sequence
isolated from samples from the North Sea after an algal bloom (Fig 7).

The spatiotemporal patterns of bloom-associated bacterial populations provide valuable
insight into mechanisms of community assembly in relation to the phytoplankton community
and the fate of organic matter produced by phytoplankton. One important aspect of the current
study is to shed light on phytoplankton bloom related shifts in BCC that take place in deeper
hypoxic layers. To start off, the relative abundance of representatives of Bacteroidetes decreased
at the surface layer as the bloom progressed, but at 40 m depth, some OTUs remained present
until the beginning of summer (Fig 7). However, by the end of the spring bloom OTU18 (Fla-
vobacteraceae) contributed a large fraction of BCC at the near-bottom hypoxic layer at the end
of May (Fig 7). This could occur due detachment from lysing phytoplankton cells. However,
the occurrence of unclassified Flavobacteraceae in oxygen depleted water was also observed
during the spring phytoplankton bloom in Byfjord; in the following year, when oxygen condi-
tions improved, the abundance of that group was drastically reduced [7]. This gives an indica-
tion that degradation of organic matter in hypoxic conditions provides a specific niche,
especially considering that some of the members of Bacteroidetes were mostly found in the oxy-
gen depleted near-bottom layer (OTU63 and OTU73; Fig 5).

Similarly, betaproteobacterial OTU16 (Comamonadaceae) appeared at surface layer in the
end of the spring bloom and peaked in abundance after sedimentation at hypoxic layer in the
beginning of summer. Members of Comamonadaceae have shown to be involved in denitrifica-
tion and to be active in the hypoxic zone [67, 68]. In addition, OTU7 (Ilumatobacter) became
more abundant in the hypoxic layer during the spring bloom; the same group was associated
with diatom degradation in the near-bottom layer of Lake Baikal [69].

The spatiotemporal patterns of these populations provide valuable insight into mechanisms
of community assembly. The presence of certain bloom-associated populations is affected not
only by phytoplankton community but also by the presence of a hypoxic zone. The fact that
the abundance of some of the OTUs increased in the hypoxic zone suggests that they are prob-
ably capable of switching the terminal electron acceptor, and therefore the oxygen depleted
zone provides a particular niche for them. These results point toward combined effects of sub-
strate- and redox-driven niche partitioning on the BCC.

In addition to substrates provided by phytoplankton, there are compounds produced by
bacteria in the sediments, like methane [70], which as powerful greenhouse gas bears global sig-
nificance. The abundance and activity of methane-oxidizing bacteria in the water column are
crucial regulators of methane emission to the atmosphere. Our results demonstrate a vertical
distribution of different potentially methanotrophic bacteria. The most dominant of which
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were classified as Methylobacter, like OTU20, which was mainly found in the hypoxic near-bot-
tom layer, where the methane concentrations are potentially highest [70, 71]. Also, OTU21

and OTU94 were classified as Methylophilus, a non-methane-oxidizing bacterial group which
usually utilizes other C1 substrates [72]. However, the representatives of Methylobacter and
Methylophilus have been demonstrated to cooperate in methane utilization [73, 74] and experi-
ments with such methane-consuming communities suggested that, in low oxygen concentra-
tions, members of Methylobacter dominate over representatives of Methylophilus and vice
versa [74]. Our in situ results confirm these previous findings. Overall, our results reflect the
importance of C1 substrate utilizing bacterial populations in the gulf as they contribute a signif-
icant fraction of BCC throughout the water column (Fig 4).

Emerging pattern of cosmopolitan specialists

It is well established that salinity has a major impact on bacterioplankton community assem-
blage, gene expression and metabolic activity in aquatic ecosystems, including the Baltic

Sea [12, 20, 75]. Over the past decade, there has been accumulating evidence that certain phylo-
genetic lineages (for example members of SAR11, Rhodobacterales, Methylophilales, Synecho-
coccus, SUP05) contribute a significant fraction of BCC in geographically distant, but
hydrographically close (brackish and periodically/partially hypoxic) estuaries [7, 16, 76-78].
Moreover, recent genome level comparisons using metagenome-assembled genomes have
demonstrated that the Baltic Sea and the Chesapeake Bay harbour not only phylogenetically
close members, but exactly the same species [59]. The similarity of communities in distant
locations fits the oft-repeated ‘everything is everywhere, but the environment selects’ concept
in ecology [79, 80]. This concept agrees well with the species-sorting paradigm of metacommu-
nity theory [81], by which the geological barriers are rendered irrelevant and local environmen-
tal conditions play a central role in the community assembly process. From our previous
studies, we have concluded that these communities can be considered as a metacommunity,
and now this statement is backed with more evidence [16].

Hugerth et al. [59] put the selective emphasis on the salinity range, coining it a ‘brackish
microbiome’, but their analyses included reads obtained only from the sea surface communi-
ties. However, the similarities in BCC were observed with estuaries also suffering from oxygen
depletion. The results of the present study clearly demonstrate the structuring effect of dis-
solved oxygen, because some bacterial populations achieve an advantage in the hypoxic zone
through very likely using alternative electron acceptors (e.g. denitrification). The notable pres-
ence of usually oxic surface bacterial populations also in the hypoxic zones has raised questions
of their anoxia-tolerance and capability to use alternative electron acceptors [16, 82]. Func-
tional capability to use alternative electron acceptors gives a distinct advantage to bacteria in
such oxygen depleted ecosystems and can provide specific niches as demonstrated by bloom-
associated OTUs (Fig 7).

Thereby, rather than putting salinity or redox conditions in the central role in bacterio-
plankton community assemblage in the Baltic Sea, it should be looked as a combination of the
two. Hence, these communities can be considered as metacommunity driven by gradients of
redox conditions and salinity. An analogy would be a symphony orchestra on a world tour: it
plays the same melodies (ecosystem services), and although some musicians (bacterial popula-
tions) may vary between concerts, they play the same instrument (functional niche). In the
case of the Baltic Sea, one of these ‘unique musicians’ is Sulfurimonas gotlandica, as sulfur-
oxidation in most of these other communities is carried out by SUP05 clade members [7, 76—
78, 82].
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Conclusions

The present study provided a detailed insight into spatiotemporal patterns of BCC in the Gulf
of Finland, a stratified estuary suffering from oxygen depletion in the near bottom layer. Thou-
sands of OTUs were identified in the framework of this study, but most of them belong to the
rare biosphere, which can be accessed by ‘deep’ sequencing. Only around one hundred OTUs
could be considered relatively common or abundant. Oxygen availability explained most of the
variability of BCC, however, seasonal dynamics were observed both in oxygenated and hypoxic
layers. Especially intriguing were the spatiotemporal occurrence patterns of heterotrophs
responsible for degradation of the spring phytoplankton bloom-derived organic matter, as a
combination of substrate- and redox-driven niche partitioning could be observed. These spa-
tiotemporal niche specializations among bacterioplankton communities are crucial for predict-
ing ecosystem functioning and understanding multilevel effect of oxygen depletion to the
Baltic Sea, and in addition, help explain biogeography of certain cosmopolitan species.

Supporting Information

S1 Fig. Picoplankton total cell count numbers supplemented with oxygen concentration
(mg/L).
(TIF)

$2 Fig. Occurrence patterns of abundant and common OTUs (top 73). OTUs are ordered by
their co-localization.
(TIF)

S3 Fig. Detrended correspondence analysis of the bacterioplankton community composi-
tion fitted with environmental parameters. Red crosses represent individual OTUs

(n =4692) and circles represent different samples (n = 181).

(TTF)

S1 Table. Sample collection metadata and physicochemical background data.
(DOCX)

$2 Table. Species richness estimates.
(DOCX)

Acknowledgments

We would like to thank the crew of RV Salme for their excellent assistance during the sampling
campaigns. We are grateful to both reviewers, who provided very helpful and insightful
suggestions.

Author Contributions

Conceived and designed the experiments: PL IL MM. Performed the experiments: PL ES. Ana-
lyzed the data: PL JS UL ES. Contributed reagents/materials/analysis tools: IL UL MM. Wrote
the paper: PL IL VK UL MM ES.

References

1. Conley DJ, Bjorck S, Bonsdorff E, Carstensen J, Destouni G, Gustafsson BG, et al. Hypoxia-Related
Processes in the Baltic Sea. Environmental Science & Technology. 2009; 43(10):3412—20. doi: 10.
1021/es802762a

PLOS ONE | DOI:10.1371/journal.pone.0156147 May 23, 2016 15/19



@'PLOS ‘ ONE

Near-Bottom Hypoxia Impacts Dynamics of Bacterioplankton Assemblage throughout Water Column

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Moffitt SE, Hill TM, Roopnarine PD, Kennett JP. Response of seafloor ecosystems to abrupt global cli-
mate change. Proceedings of the National Academy of Sciences. 2015; 112(15):4684-9. doi: 10.1073/
pnas.1417130112

Carstensen J, Andersen JH, Gustafsson BG, Conley DJ. Deoxygenation of the Baltic Sea during the
last century. Proceedings of the National Academy of Sciences. 2014; 111(15):5628-383. doi: 10.1073/
pnas.1323156111

Diaz RJ, Rosenberg R. Spreading Dead Zones and Consequences for Marine Ecosystems. Science.
2008; 321(5891):926-9. doi: 10.1126/science.1156401 PMID: 18703733

Karlson K, Rosenberg R, Bonsdorff E. Temporal and spatial large-scale effects of eutrophication and
oxygen deficiency on benthic fauna in Scandinavian and Baltic waters: a review. Oceanography and
Marine Biology. 2002; 40:427—-89.

Fortunato CS, Herfort L, Zuber P, Baptista AM, Crump BC. Spatial variability overwhelms seasonal pat-
terns in bacterioplankton communities across a river to ocean gradient. ISME J. 2012; 6(3):554—63.
http://www.nature.com/ismej/journal/v6/n3/suppinfo/ismej2011135s1.html. doi: 10.1038/ismej.2011.
135 PMID: 22011718

Forth M, Liljebladh B, Stigebrandt A, Hall POJ, Treusch AH. Effects of ecological engineered oxygen-
ation on the bacterial community structure in an anoxic fjord in western Sweden. ISME J. 2015; 9
(3):656—69. doi: 10.1038/isme|.2014.172 PMID: 25238400

Wright JJ, Konwar KM, Hallam SJ. Microbial ecology of expanding oxygen minimum zones. Nature
Reviews Microbiology. 2012; 10(6):381-94. doi: 10.1038/nrmicro2778 PMID: 22580367

Ulloa O, Canfield DE, DeLong EF, Letelier RM, Stewart FJ. Microbial oceanography of anoxic oxygen
minimum zones. Proceedings of the National Academy of Sciences. 2012; 109(40):15996—-6003.

Bergen B, Herlemann DP, Labrenz M, Jurgens K. Distribution of the verrucomicrobial clade Spartobac-
teria along a salinity gradient in the Baltic Sea. Environmental microbiology reports. 2014; 6(6):625-30.
PMID: 25756116

Hagstrom A, Pinhassi J, Zweifel UL. Biogeographical diversity among marine bacterioplankton. Aquatic
Microbial Ecology. 2000; 21(3):231-44.

Herlemann DP, Labrenz M, Jiirgens K, Bertilsson S, Waniek JJ, Andersson AF. Transitions in bacterial
communities along the 2000 km salinity gradient of the Baltic Sea. The ISME journal. 2011; 5
(10):1571-9. doi: 10.1038/isme}.2011.41 PMID: 21472016

Holmfeldt K, Dziallas C, Titelman J, Pohimann K, Grossart HP, Riemann L. Diversity and abundance of
freshwater Actinobacteria along environmental gradients in the brackish northern Baltic Sea. Environ-
mental microbiology. 2009; 11(8):2042-54. doi: 10.1111/].1462-2920.2009.01925.x PMID: 19453610

Kisand V, Andersson N, Wikner J. Bacterial freshwater species successfully immigrate to the brackish
water environment in the northern Baltic. Limnology and oceanography. 2005; 50(3):945-56.

Koskinen K, Hultman J, Paulin L, Auvinen P, Kankaanpaa H. Spatially differing bacterial communities
in water columns of the northern Baltic Sea. FEMS microbiology ecology. 2011; 75(1):99—110. doi: 10.
1111/j.1574-6941.2010.00987.x PMID: 21059177

Laas P, Simm J, Lips |, Lips U, Kisand V, Metsis M. Redox-Specialized Bacterioplankton Metacommu-
nity in a Temperate Estuary. PloS one. 2015; 10(4):e0122304. doi: 10.1371/journal.pone.0122304
PMID: 25860812

Laas P, Simm J, Lips |, Metsis M. Spatial variability of winter bacterioplankton community composition
in the Gulf of Finland (the Baltic Sea). Journal of Marine Systems. 2014; 129:127-34.

Salka I, Moulisova V, Koblizek M, Jost G, Jurgens K, Labrenz M. Abundance, depth distribution, and
composition of aerobic bacteriochlorophyll a-producing bacteria in four basins of the central Baltic Sea.
Applied and environmental microbiology. 2008; 74(14):4398—404. doi: 10.1128/AEM.02447-07 PMID:
18502937

Salka |, Wurzbacher C, Garcia SL, Labrenz M, Jurgens K, Grossart HP. Distribution of acl-Actinorho-
dopsin genes in Baltic Sea salinity gradients indicates adaptation of facultative freshwater photohetero-
trophs to brackish waters. Environmental microbiology. 2014; 16(2):586-97. doi: 10.1111/1462-2920.
12185 PMID: 23841943

Dupont CL, Larsson J, Yooseph S, Ininbergs K, Goll J, Asplund-Samuelsson J, et al. Functional trade-
offs underpin salinity-driven divergence in microbial community composition. PLoS One. 2014; 9(2):
€89549. doi: 10.1371/journal.pone.0089549 PMID: 24586863

Thureborn P, Lundin D, Plathan J, Poole AM, Sjéberg B-M, Sjéling S. A metagenomics transect into the

deepest point of the Baltic Sea reveals clear stratification of microbial functional capacities. PloS one.
2013; 8(9):e74983. doi: 10.1371/journal.pone.0074983 PMID: 24086414

PLOS ONE | DOI:10.1371/journal.pone.0156147 May 23, 2016 16/19



@'PLOS ‘ ONE

Near-Bottom Hypoxia Impacts Dynamics of Bacterioplankton Assemblage throughout Water Column

22,

23.

24,

25.

26.

27.

28.

29,

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

1.

42,

43.

44,

Andersson AF, Riemann L, Bertilsson S. Pyrosequencing reveals contrasting seasonal dynamics of
taxa within Baltic Sea bacterioplankton communities. The ISME Journal. 2010; 4(2):171-81. doi: 10.
1038/ismej.2009.108 PMID: 19829318

Kaartokallio H, Tuomainen J, Kuosa H, Kuparinen J, Martikainen PJ, Servomaa K. Succession of sea-
ice bacterial communities in the Baltic Sea fast ice. Polar Biology. 2008; 31(7):783-93.

Lindh MV, Sjéstedt J, Andersson AF, Baltar F, Hugerth LW, Lundin D, et al. Disentangling seasonal
bacterioplankton population dynamics by high-frequency sampling. Environmental microbiology. 2015;
17(7):2459-76. doi: 10.1111/1462-2920.12720 PMID: 25403576

Pinhassi J, Hagstroem A. Seasonal succession in marine bacterioplankton. Aquatic Microbial Ecology.
2000; 21(3):245-56.

Piwosz K, Salcher MM, Zeder M, Ameryk A, Pernthaler J. Seasonal dynamics and activity of typical
freshwater bacteria in brackish waters of the Gulf of Gdansk. Limnol Oceanogr. 2013; 58(3):000-.

Riemann L, Leitet C, Pommier T, Simu K, Holmfeldt K, Larsson U, et al. The native bacterioplankton
community in the central Baltic Sea is influenced by freshwater bacterial species. Applied and environ-
mental microbiology. 2008; 74(2):503—15. PMID: 18039821

Alenius P, Myrberg K, Nekrasov A. The physical oceanography of the Gulf of Finland: a review. Boreal
Environment Research. 1998; 3(2):97-125.

Liblik T, Lips U. Characteristics and variability of the vertical thermohaline structure in the Gulf of Fin-
land in summer. Boreal environment research. 2011; 16:73-83.

Elken J, Raudsepp U, Lips U. On the estuarine transport reversal in deep layers of the Gulf of Finland.
Journal of Sea Research. 2003; 49(4):267—-74. doi: 10.1016/S1385-1101(03)00018-2

Marie D, Partensky F, Jacquet S, Vaulot D. Enumeration and cell cycle analysis of natural populations
of marine picoplankton by flow cytometry using the nucleic acid stain SYBR Green |. Applied and Envi-
ronmental Microbiology. 1997; 63(1):186-93. PMID: 16535483

Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R. Error-correcting barcoded primers allow hundreds
of samples to be pyrosequenced in multiplex. Nature methods. 2008; 5(3):235. doi: 10.1038/nmeth.
1184 PMID: 18264105

McKenna P, Hoffmann C, Minkah N, Aye PP, Lackner A, Liu Z, et al. The macaque gut microbiome in
health, lentiviral infection, and chronic enterocolitis. PLoS Pathog. 2008; 4(2):20. doi: 10.1371/journal.
ppat.0040020 PMID: 18248093

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Applied and environmental microbiology. 2009; 75(23):7537—41. doi: 10.1128/AEM.
01541-09 PMID: 19801464

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, et al. SILVA: a comprehensive online
resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic
acids research. 2007; 35(21):7188-96. PMID: 17947321

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity and speed of chi-
mera detection. Bioinformatics. 2011; 27(16):2194-200. doi: 10.1093/bioinformatics/btr381 PMID:
21700674

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Applied and environmental microbiology. 2007; 73
(16):5261-7. PMID: 17586664

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs. Nucleic acids research. 1997; 25
(17):3389-402. PMID: 9254694

Chao A, Lee S-M. Estimating the number of classes via sample coverage. Journal of the American sta-
tistical Association. 1992; 87(417):210-7.

Chao A. Nonparametric estimation of the number of classes in a population. Scandinavian Journal of
statistics. 1984:265-70.

Oksanen J, Kindt R, Legendre P, O’Hara B, Stevens MHH, Oksanen MJ, et al. The vegan package.
Community ecology package. 2007; 10.

Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer Publishing Company, Incorporated;
2009.216 p.

Wasmund N, Siegel H. Phytoplankton. State and Evolution of the Baltic Sea, 1952—-2005: John Wiley &
Sons, Inc.; 2008. p. 441-81.

Glaubitz S, Labrenz M, Jost G, Jiirgens K. Diversity of active chemolithoautotrophic prokaryotes in the
sulfidic zone of a Black Sea pelagic redoxcline as determined by rRNA-based stable isotope probing.

PLOS ONE | DOI:10.1371/journal.pone.0156147 May 23, 2016 17/19



@'PLOS ‘ ONE

Near-Bottom Hypoxia Impacts Dynamics of Bacterioplankton Assemblage throughout Water Column

45,

46.

47.

48.

49,

50.

51.

52,

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

FEMS microbiology ecology. 2010; 74(1):32—41. doi: 10.1111/].1574-6941.2010.00944.x PMID:
20649907

Grote J, Jost G, Labrenz M, Herndl GJ, Jurgens K. Epsilonproteobacteria represent the major portion of
chemoautotrophic bacteria in sulfidic waters of pelagic redoxclines of the Baltic and Black Seas.
Applied and environmental microbiology. 2008; 74(24):7546-51. doi: 10.1128/AEM.01186-08 PMID:
18952879

Galand PE, Casamayor EO, Kirchman DL, Lovejoy C. Ecology of the rare microbial biosphere of the
Arctic Ocean. Proceedings of the National Academy of Sciences. 2009; 106(52):22427-32. doi: 10.
1073/pnas.0908284106

Gibbons SM, Caporaso JG, Pirrung M, Field D, Knight R, Gilbert JA. Evidence for a persistent microbial
seed bank throughout the global ocean. Proceedings of the National Academy of Sciences. 2013; 110
(12):4651-5. doi: 10.1073/pnas.1217767110

Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM, Neal PR, et al. Microbial diversity in the deep
sea and the underexplored “rare biosphere”. Proceedings of the National Academy of Sciences. 2006;
103(32):12115-20. doi: 10.1073/pnas.0605127103

Lennon JT, Jones SE. Microbial seed banks: the ecological and evolutionary implications of dormancy.
Nat Rev Micro. 2011; 9(2):119-30. http://www.nature.com/nrmicro/journal/v9/n2/suppinfo/
nrmicro2504_S1.html.

Aanderud Z, Jones S, Fierer N, Lennon JT. Resuscitation of the rare biosphere contributes to pulses of
ecosystem activity. Frontiers in Microbiology. 2015; 6. doi: 10.3389/fmicb.2015.00024

Lynch MDJ, Neufeld JD. Ecology and exploration of the rare biosphere. Nat Rev Micro. 2015; 13
(4):217-29. doi: 10.1038/nrmicro3400

Grote J, Schott T, Bruckner CG, Gléckner FO, Jost G, Teeling H, et al. Genome and physiology of a
model Epsilonproteobacterium responsible for sulfide detoxification in marine oxygen depletion zones.
Proceedings of the National Academy of Sciences. 2012; 109(2):506—10.

Labrenz M, Grote J, Mammitzsch K, Boschker HT, Laue M, Jost G, et al. Sulfurimonas gotlandica sp.
nov., a chemoautotrophic and psychrotolerant epsilonproteobacterium isolated from a pelagic redox-
cline, and an emended description of the genus Sulfurimonas. International journal of systematic and
evolutionary microbiology. 2013; 63(11):4141-8.

Herlemann DP, Woelk J, Labrenz M, Jirgens K. Diversity and abundance of “Pelagibacterales”(-
SART11) in the Baltic Sea salinity gradient. Systematic and applied microbiology. 2014; 37(8):601—4.
doi: 10.1016/j.syapm.2014.09.002 PMID: 25444644

Sinkko H, Lukkari K, Sihvonen LM, Sivonen K, Leivuori M, Rantanen M, et al. Bacteria contribute to
sediment nutrient release and reflect progressed eutrophication-driven hypoxia in an organic-rich conti-
nental sea. PloS one. 2013; 8(6):¢67061. doi: 10.1371/journal.pone.0067061 PMID: 23825619

Giovannoni SJ, Stingl U. Molecular diversity and ecology of microbial plankton. Nature. 2005; 437
(7057):343-8. PMID: 16163344

Morris RM, Rappé MS, Connon SA, Vergin KL, Siebold WA, Carlson CA, et al. SAR11 clade dominates
ocean surface bacterioplankton communities. Nature. 2002; 420(6917):806—10. PMID: 12490947

Teeling H, Fuchs BM, Becher D, Klockow C, Gardebrecht A, Bennke CM, et al. Substrate-controlled
succession of marine bacterioplankton populations induced by a phytoplankton bloom. Science. 2012;
336(6081):608—11. doi: 10.1126/science.1218344 PMID: 22556258

Hugerth LW, Larsson J, Alneberg J, Lindh MV, Legrand C, Pinhassi J, et al. Metagenome-assembled
genomes uncover a global brackish microbiome. Genome biology. 2015; 16(1):1-18.

Voget S, Wemheuer B, Brinkhoff T, Vollmers J, Dietrich S, Giebel H-A, et al. Adaptation of an abundant
Roseobacter RCA organism to pelagic systems revealed by genomic and transcriptomic analyses. The
ISME journal. 2015; 9(2):371-84. doi: 10.1038/isme}.2014.134 PMID: 25083934

Howard EC, Henriksen JR, Buchan A, Reisch CR, Burgmann H, Welsh R, et al. Bacterial taxa that limit
sulfur flux from the ocean. Science. 2006; 314(5799):649-52. PMID: 17068264

Kisand V, Wikner J. Combining culture-dependent and-independent methodologies for estimation of
richness of estuarine bacterioplankton consuming riverine dissolved organic matter. Applied and envi-
ronmental microbiology. 2003; 69(6):3607—-16. PMID: 12788769

Pinhassi J, Sala MM, Havskum H, Peters F, Guadayol O, Malits A, et al. Changes in bacterioplankton
composition under different phytoplankton regimens. Applied and Environmental Microbiology. 2004;
70(11):6753-66. PMID: 15528542

Klindworth A, Mann AJ, Huang S, Wichels A, Quast C, Waldmann J, et al. Diversity and activity of
marine bacterioplankton during a diatom bloom in the North Sea assessed by total RNA and pyrotag
sequencing. Marine genomics. 2014; 18:185-92. doi: 10.1016/j.margen.2014.08.007 PMID: 25211053

PLOS ONE | DOI:10.1371/journal.pone.0156147 May 23, 2016 18/19



@'PLOS ‘ ONE

Near-Bottom Hypoxia Impacts Dynamics of Bacterioplankton Assemblage throughout Water Column

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Lips I, Rink N, Kikas V, Meerits A, Lips U. High-resolution dynamics of the spring bloom in the Gulf of
Finland of the Baltic Sea. Journal of Marine Systems. 2014; 129:135—49.

Eyice O, Namura M, Chen Y, Mead A, Samavedam S, Schafer H. SIP metagenomics identifies unculti-
vated Methylophilaceae as dimethylsulphide degrading bacteria in soil and lake sediment. ISME J.
2015;9(11):2336-48. doi: 10.1038/ismej.2015.37 PMID: 25822481

Khan ST, Horiba Y, Yamamoto M, Hiraishi A. Members of the family Comamonadaceae as primary
poly (3-hydroxybutyrate-co-3-hydroxyvalerate)-degrading denitrifiers in activated sludge as revealed
by a polyphasic approach. Applied and environmental microbiology. 2002; 68(7):3206—14. PMID:
12088996

Li H, Xing P, Wu QL. Characterization of the bacterial community composition in a hypoxic zone
induced by Microcystis blooms in Lake Taihu, China. FEMS microbiology ecology. 2012; 79(3):773-84.
doi: 10.1111/.1574-6941.2011.01262.x PMID: 22126440

Zakharova YR, Galachyants YP, Kurilkina MI, Likhoshvay AV, Petrova DP, Shishlyannikov SM, et al.
The structure of microbial community and degradation of diatoms in the deep near-bottom layer of Lake
Baikal. PloS one. 2013; 8(4):e59977. doi: 10.1371/journal.pone.0059977 PMID: 23560063

Schmale O, Schneider von Deimling J, Giilzow W, Nausch G, Waniek J, Rehder G. Distribution of
methane in the water column of the Baltic Sea. Geophysical Research Letters. 2010; 37(12).

Schmale O, Blumenberg M, KieBlich K, Jakobs G, Berndmeyer C, Labrenz M, et al. Aerobic methano-
trophy within the pelagic redox-zone of the Gotland Deep (central Baltic Sea). Biogeosciences. 2012; 9
(12):4969-77.

Kalyuzhnaya MG, Khmelenina V, Eshinimaev B, Sorokin D, Fuse H, Lidstrom M, et al. Classification of
halo (alkali) philic and halo (alkali) tolerant methanotrophs provisionally assigned to the genera Methy-
lomicrobium and Methylobacter and emended description of the genus Methylomicrobium. Interna-
tional journal of systematic and evolutionary microbiology. 2008; 58(3):591-6.

Beck DA, Kalyuzhnaya MG, Malfatti S, Tringe SG, del Rio TG, lvanova N, et al. A metagenomic insight
into freshwater methane-utilizing communities and evidence for cooperation between the Methylococ-
caceae and the Methylophilaceae. Peerd. 2013; 1:€23. doi: 10.7717/peer}.23 PMID: 23638358

Hernandez ME, Beck DA, Lidstrom ME, Chistoserdova L. Oxygen availability is a major factor in deter-
mining the composition of microbial communities involved in methane oxidation. PeerJ. 2015; 3:e801.
doi: 10.7717/peer|.801 PMID: 25755930

Lindh MV, Figueroa D, Sj6stedt J, Baltar F, Lundin D, Andersson A, et al. Transplant experiments
uncover Baltic Sea basin-specific responses in bacterioplankton community composition and metabolic
activities. Frontiers in Microbiology. 2015; 6. doi: 10.3389/fmicb.2015.00223

Kan J, Suzuki MT, Wang K, Evans SE, Chen F. High temporal but low spatial heterogeneity of bacterio-
plankton in the Chesapeake Bay. Applied and environmental microbiology. 2007; 73(21):6776-89.
PMID: 17827310

LiuJ, FuB, Yang H, Zhao M, He B, Zhang X-H. Phylogenetic shifts of bacterioplankton community
composition along the Pearl Estuary: the potential impact of hypoxia and nutrients. Frontiers in microbi-
ology. 2015; 6.

Zaikova E, Walsh DA, Stilwell CP, Mohn WW, Tortell PD, Hallam SJ. Microbial community dynamics in
a seasonally anoxic fjord: Saanich Inlet, British Columbia. Environmental microbiology. 2010; 12
(1):172-91. doi: 10.1111/].1462-2920.2009.02058.x PMID: 19788414

Baas Becking LGM. Geobiologie of inleiding tot de milieukunde. Den Haag: W.P. Van Stockum &
Zoon; 1934.

Beijerinck MW. De infusies en de ontdekking der backterién. Jaarboek van de Koninklijke Aakademie
voor Wetenschappen. Amsterdam: Muller; 1913.

Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM, Hoopes MF, et al. The metacommu-
nity concept: a framework for multi-scale community ecology. Ecology Letters. 2004; 7(7):601-13. doi:
10.1111/1.1461-0248.2004.00608.x

Crump BC, Peranteau C, Beckingham B, Cornwell JC. Respiratory succession and community succes-
sion of bacterioplankton in seasonally anoxic estuarine waters. Applied and environmental microbiol-
ogy. 2007; 73(21):6802—10. PMID: 17766441

PLOS ONE | DOI:10.1371/journal.pone.0156147 May 23, 2016 19/19






ACKNOWLEDGEMENTS

It is hard to overstate the gratitude I feel towards my advisor, Dr. Inga Lips; without
her given opportunity, inspiration, resources, counselling, and patience; this thesis
would have never materialized in its current form. Much guilt also falls upon Prof.
Madis Metsis, who agreed to spill his know-how, laboratory space and excellent
advice; despite already handling a horde of Ph.D. students when I arrived at his
door. I have never gotten to that door, when my former advisor, now co-author and
dear colleague, Dr. Veljo Kisand, had not pointed me towards marine science and
almost empty “niche” in bacterioplankton research in Estonia. I would also like to
thank my co-author, Jaak Simm, who has made me friends with R and helped to
troubleshoot many bioinformatics problems. Many thanks go to Dr. Kai Kiinnis-
Beres, who has offered much support and reviewed the dissertation.

I am thankful to colleagues in Marine Systems Institute and other co-authors of
papers, who generously have shared their time, expertise and provided helpful
suggestions and feedback.The present work was financially supported by the
Estonian Science Foundation (grant no. 8930 and 9023), institutional research
funding [UT (19-6) of the Estonian Ministry of Education. Some of the samples
were obtained during the environmental monitoring cruise of Nord Stream pipeline
construction ordered and funded by the Estonian Ministry of the Environment
(contract number: 4-1.1/180, 16.07.2010). Biotap LLC. provided resources and
usage of their 454 pyrosequencing pipeline. Finally, I would like to thank my
wise parents Anu and Kalev; and my beautiful siblings Sigrid and Johannes.
I am also grateful to Anna Velts for believing in me and offering me heaven
and hell throughout my Ph.D. studies.

113



ABSTRACT

Spatiotemporal niche-partitioning of bacterioplankton community
across environmental gradients in the Baltic Sea

Estuaries and other coastal waterbodies account for most anthropogenic influenced
ecosystems in the world. Such ecosystems also encounter similar problems; most of
which are mediated or directly caused by micro-organism: eutrophication fuelled
oxygen depletion, harmful algal blooms, production of hazardous compounds (e.g.
H,S and CH4), and infections by faecal-derived pathogens. Hence, understanding
the mechanisms of microbial community assemblage and functional roles in these
habitats regarding ecosystem management and sustainable development of these
areas becomes crucial. The objective of this Ph.D. thesis was to further the progress
of the theory of microbial ecology through investigating dynamics of
bacterioplankton community composition (BCC) in one of such ecosystems — the
easternmost sub-basin of the Baltic Sea, the Gulf of Finland.

Massively parallel tag sequencing of 16S rDNA fragments was used to
determine bacterioplankton community structure throughout all seasons, in variable
locations and at different depths. The substantial spatiotemporal physicochemical
heterogeneity was reflected on the contrasting dynamics of the microbial
community. Combined redox-, salinity- and substrate-driven niche partitioning
were identified as major factors shaping the BCC. The Gulf of Finland is vertically
stratified: the permanent halocline is co-localized with oxycline, the seasonal
thermocline is preventing mixing with the nutrient rich intermediate layer. The
inflow of hypoxic and more saline Baltic Proper waters in the near bottom layer
increase the vertical stratification of the water column and strength of different
clines. The most contrasting shifts in the BCC occurred vertically across the
oxycline. Bacterial populations (mainly chemolithoautotrophic
Epsilonproteobacteria) capable of using alternative terminal electron acceptors to
oxygen becoming predominant in the hypoxic layer.

Some of the relatively abundant taxa had their closest database affiliations
isolated from geographically distant estuaries, but with similar physicochemical
structuring. The similarities expanded to the overall phylogenetic structuring of
BCC in these estuaries. These results contribute to the understanding of emerging
pattern in BCCs that occupy hydrographically similar estuaries dispersed all over
the world and suggest the presence of a global redox- and salinity-driven
metacommunity. We conclude that capability to survive (or benefit from) shifts
between oxic and hypoxic conditions is vital adaptation for bacteria to thrive in
such environments. The results of the present study have important implications for
understanding long-term ecological and biogeochemical impacts of hypoxia
expansion in the Baltic Sea (and similar ecosystems), as well global biogeography
of bacteria specialized inhabiting similar ecosystems.
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RESUMEE

Bakterplanktoni koosluse ajalis-ruumiline niSijaotus libi

keskkonnagradientide LiAnemeres

Estuaarid ja teised rannikumere elupaigad on iihed enim inimtegevuse poolt
mojutatud Okosiisteemid. Neis Okosiisteemides esinevad sarnased, kaudselt voi
otseselt vee mikroorganismide poolt pohjustatud probleemid, nagu eutrofeerumisest
tingitud hapnikuvaegus, kahjulikud vetikaditsengud, miirgiste vdi kahjulike ainete
(nditeks H,S and CHjy) ja fekaalse reostusega kaasnevate patogeenide esinemine.
Seetottu on bakterplanktoni koosluse koosseisu kujunemise mehhanismide ja
funktsionaalsete rollide moistmine nimetatud Okosiisteemides oluline, seda eriti
Okosiisteemi  jatkusuutliku majandamise kontekstis. Kéesoleva doktorit6o
eesmirgiks oli edendada mikroobi Okoloogia alaseid teadmisi ning selgitada
bakterplanktoni koosluse niSijaotuse mdjutegureid iihes inimtegevusest tugevalt
mojutatud Skosiisteemis — Soome lahes.

Doktorit66 raames viidi 1dbi bakterplanktoni koosluse koosseisu ajalis-ruumilise
muutlikkuse analiilis kasutades kogu koosluse DNA-st PCR-amplifitseeritud 16S
rRNA geeni fragmentide mass-sekveneerimist. Analiiiisi teostamiseks koguti
proove koikidel aastaaegadel erinevatest Soome lahe piirkondadest ja siigavustest.
Soome lahe fiilisikalis-keemiline heterogeensus 1dbi aja ja ruumi peegeldus ka
bakterplanktoni koosluse koosseisu diinaamikas. Redoks-, soolsus ja substraadi-
pohised niSijaotused osutusid peamisteks teguriteks bakterplanktoni struktuuri
mojutamisel. Soome laht on vertikaalselt kihistunud ning suurimad muutused
bakterplanktoni koosluses toimusid 14bi koosesineva hapniku ja soolsuse hiippekihi.
Pohjaldhedases hiipoksilises kihis domineerisid populatsioonid, mis on v3dimelised
hapniku asemel kasutama alternatiivseid terminaalseid elektronide aktseptoreid,
peamiselt kemolitoautotroofsed epsilonproteobakterid.

Mitmed suhteliselt arvukad bakterite populatsioonid omasid ldhimaid
andmebaasi vasteid annotatsioonidega, mis olid isoleeritud sarnase fiilisikalis-
keemilise taustaga estuaaridest mujal maailmas. Soome lahe bakterplanktoni
koosluse laiem vordlus teiste sarnaste Okosiiteemidega tdi esile veelgi enam
sarnasusi koosluste fiilogeneetilises struktuuris. Saadud tulemused vdimaldavad
nidha teatud oOkotiilipide globaalset esinemismustrit, mis omakorda viitab
kosmopoliitse soolsuse ja redokstingimuste poolt kujundatud metakoosluste
esinemisele. Vertikaalselt kihistunud oOkosiisteemis saavad eelise bakterite
populatsioonid, kes on voimelised taluma ajutist hapniku puudust vdi suudavad
kasutada alternatiivseid terminaalseid elektronide aktseptoreid. Doktoritdo
tulemused aitavad paremini mdista pikaajalisi Okoloogilisi ja biogeokeemilisi
mojusid, mis kaasnevad hiipoksia levikuga Lédnemeres (ja sarnastes
okosilisteemides).
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