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Microbes numerically dominate aquatic ecosystems and play key roles in the
biogeochemistry and the health of these environments. Due to their short generations
times and high diversity, microbial communities are among the first responders to
environmental changes, including natural and anthropogenic disturbances such as
storms, pollutant releases, and upwelling. These disturbances affect members of the
microbial communities both directly and indirectly through interactions with impacted
community members. Thus, interactions can influence disturbance propagation through
the microbial community by either expanding the range of organisms affected or buffering
the influence of disturbance. For example, interactions may expand the number of
disturbance-affected taxa by favoring a competitor or buffer the impacts of disturbance
when a potentially disturbance-responsive clade’s growth is limited by an essential
microbial partner. Here, we discuss the potential to use inferred ecological association
networks to examine how disturbances propagate through microbial communities
focusing on a case study of a coastal community’s response to a storm. This approach
will offer greater insight into how disturbances can produce community-wide impacts on
aquatic environments following transient changes in environmental parameters.

Keywords: interaction networks, disturbance, phytoplankton, anthropogenic, storms

MICROBES AS IMPORTANT RESPONDERS TO ECOSYSTEM
CHANGES

Most people and development reside near water bodies, so human activities profoundly affect
both freshwater and marine ecosystems (Vitousek et al., 1997). In these aquatic environments,
microbes are the numerically- and often the biomass-dominant organisms, thus how they respond
to anthropogenic impacts determines both ecosystem health and biogeochemical rates. Although
a large body of research explores microbial responses to long-term human alteration of the
environment (e.g., climate change, ocean acidification), here we focus on pulse disturbance events
that disrupt “ecosystem, community, or population structure and [change] resources, substrate
availability or the physical environment” (White and Pickett, 1985). High levels of diversity and
short generation times make aquatic microbes a sensitive model system to explore disturbance,
but also complicate tracking the impacts and progression of disturbance. The wide range of
pulse disturbances affecting aquatic environments including storms, snowmelt, mixing/upwelling,
and chemical or sewage spills allows microbial ecologists to probe community responses to
environmental changes.
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In general, microbial communities are not resistant, which
is defined by Allison and Martiny (2008) as the degree to
which microbial composition remains unchanged in the face
of disturbance. This low resistance is likely due to the wide
range of genetic and physiological targets present in diverse
microbial communities as well as microbes’ short generation
times, which allow observation of both positive (increased
growth) and negative (death, impaired growth) responses.
Following a disturbance, community resistance and resilience
are generally determined by comparing community composition
at specific time points (Shade et al, 2012). A metric of
community recovery, microbial resilience is generally defined
as a return to the initial community composition (Allison
and Martiny, 2008; Shade et al, 2012). However, aquatic
microbial communities are highly dynamic and continually
change in response to seasonal environmental variables (e.g.,
light and temperature) or subsequent disturbances (Chow et al,,
2013; Needham et al, 2013; Yung et al, 2015). Thus, we
define the resilience of an aquatic microbial community as
the rate at which the community composition returns to a
non-disturbed state following a disturbance. This definition of
resilience requires understanding the disturbance-independent
temporal dynamics of microbial communities. Although marine
microbial communities exhibit regular seasonal patterns at
monthly timescales (Fuhrman et al., 2006; Gilbert et al,
2012; Giovannoni and Vergin, 2012), high resolution and
repeated annual sampling reveals shorter-term and inter-annual
variability at the days to weeks time scale of disturbance
responses (El-Swais et al., 2015), complicating differentiation of
disturbance responses from annual patterns and stochasticity.
However, even if the seasonal community trajectory is known,
challenges to measuring microbial responses to disturbance
include confounding factors such as unrelated changes in
environmental variables, stochasticity in response and recovery,
dispersal limitation, genomic evolution to become resistant to
disturbances, and microbial interactions with other organisms
(Shade et al., 2012; Nemergut et al., 2013). We propose to
begin addressing the importance of microbial interactions to gain
new insights into the mechanisms underlying the resistance and
resilience of microbial communities.

MICROBIAL INTERACTIONS IN
COMMUNITY ASSEMBLY

As identifying the drivers of microbial community composition
is complex, most investigators first consider environmental
selection, and generally secondarily address other aspects
of community assembly: dispersal, drift (stochasticity), and
diversification (mutation; Vellend, 2010; Hanson et al., 2012;
Nemergut et al., 2013). However, dispersal may limit the viable
population present even when conditions favor growth (Caporaso
et al,, 2011; Hanson et al.,, 2012) or alternately, environmental
changes may not persist long enough for viable cells to respond
(Hutchinson, 1961). An emphasis on deterministic processes
also ignores the role of stochasticity in community assembly and
the potential for communities with different compositions to
carry out the same processes at the same rates (e.g., functional

redundancy; Werner et al., 2011; Bissett et al., 2013; Hellweger
et al, 2014; Zhou et al., 2014). Further, microbial genomes
evolve in response to disturbance; they can develop resistance to
disturbances such as antibiotics or heavy metals, alter metabolic
capabilities, and change physiological niche width (Richle et al.,
2003; Davies and Davies, 2010). Although microbial communities
are shaped by a combination of selection, drift, dispersal and
evolution, there is value in addressing subsets of these factors,
here we focus on selection via biological interactions following
disturbance.

Microbial ecology research currently emphasizes the role
of interactions in the community response to environmental
changes and disturbances (Faust et al., 2012; Bissett et al., 2013;
Fuhrman et al., 2015). Although some examples of relationships
between specific taxa and environmental variables exist (Field
et al., 1997; Johnson et al., 2006; Yung et al., 2015), interactions
between aquatic microbes have not been well explored. Even
for predation by viruses and grazers, one of the best studied
microbial interactions, much still remains to be discovered about
the interaction specificity (Sullivan et al, 2003; Apple et al,
2011). Furthermore, the nature of biological interactions may be
dictated by characteristics of dominant aquatic bacteria; the most
abundant marine populations (e.g., Pelagibacter, Prochlorococcus)
are known for their streamlined genomes, small cell sizes, and
efficient use of resources (Giovannoni et al., 2014). Some of the
evolutionary success of these organisms may be due to their
conservation of limited resources by shedding genes encoding
critical functions and outsourcing these functions to other
members of the community (Black Queen Hypothesis; Morris
et al,, 2012). For example, both Pelagibacter and Prochlorococcus
have lost the gene for catalase which protects cells from
hydrogen peroxide; as hydrogen peroxide diffuses through cell
membranes, other members of the microbial community can
protect catalase non-producers (Morris et al., 2011, 2012). Yet
aquatic organisms with complex genomes have also evolved
required interactions with other organisms; many eukaryotic
algae have a Biy-dependent methionine synthase rather than
the Bi,-independent version, despite the fact that By, is only
synthesized by prokaryotes. This suggests that interactions with
other organisms evolve due to net ecological advantage rather than
solely genome streamlining.

Although outsourcing key requirements may be ecologically
advantageous, long distances between cells, on average ~100 pm
(Hunt et al., 2010), may exclude specific types of biological
interactions for planktonic organisms such as syntrophy where
physical coupling allows efficient transfer between cells (Boetius
et al, 2000; Malfatti and Azam, 2009). For truly free-living
organisms, interactions likely involve diffusible compounds,
suggesting that interaction partners may not be highly specific
or involve complex regulation. Experimental evidence supports
complementation of lost capabilities by non-specific interaction
partners: a range of reduced sulfur sources can be used by
SARI11 (Tripp et al., 2008) and many bacteria can provide Bi,
for auxotrophs (Croft et al., 2005). Additionally, some obligate
relationships, at least in artificial laboratory conditions, do not
involve regulation or signaling (Durham et al., 2015), while others
are regulated (Kazamia et al, 2012), suggesting a number of
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potential strategies for interactions. Although outsourcing key
functions is thought to be evolutionarily adaptive, interactions
also incur costs: By, additions have been shown to stimulate
phytoplankton, implying that an interaction limits algal growth
(Safiudo-Wilhelmy et al., 2006; Bertrand et al., 2007). While
experimentally-verified interactions between microbes remain
rare, the success of aquatic organisms may stem at least
partially from outsourcing key functions. Thus, increasingly,
microbial ecologists are incorporating interactions into our
understanding of microbial communities, including interaction-
mediated transmission of disturbance, resistance, and resilience.

USING ASSOCIATION NETWORKS
TO EXPLORE DISTURBANCE

In general, microbial interactions cannot be directly observed,
thus ecological relationships are instead inferred based on
environmental observations of co-occurrence patterns and
synchronous population dynamics (Ruan et al., 2006; Steele et al.,
2011; Faust et al., 2012). Patterns of microbial relative abundance
obtained from communities sampled over spatial or temporal
gradients are used to generate correlation-based association
networks of potential interactions between operational taxonomic
units (OTUs) and between OTUs and environmental variables
(Barberan et al., 2012; Faust et al., 2012; Fuhrman et al,
2015). These correlations are interpreted to capture biological
mutualisms such as cross-feeding and exchange of metabolites
(Kazamia et al., 2012; Morris et al., 2012), functional redundancy
(Eiler et al, 2012; Needham et al, 2013), or antagonism
through competition or predation (Pernthaler and Amann,
2005). In addition to the well-known biases of DNA extraction,
PCR amplification and in inferring patterns of organismal
abundance from library relative abundance data (Polz and
Cavanaugh, 1998; Acinas et al., 2004; Friedman and Alm, 2012),
association networks also suffer from a number of network-
specific limitations. First, association networks assume that 16S
rRNA-based OTUs are ecologically coherent in spite of known
microdiversity (Hunt et al., 2008) and physiologically identical
under all environmental conditions, e.g., does not account
for phenotypic plasticity based on environmental conditions
(Nemergut et al., 2013; Worden et al., 2015). Second, associations
may serve as proxies for specific environmental conditions or
niches rather than indicating true interactions (Fuhrman et al,,
2015). Finally, metrics of association strength are not standard
and depend on the metric chosen, number of samples, taxa
relative abundance, beta diversity, and data normalization (Ruan
et al., 2006; Faust et al., 2012; Friedman and Alm, 2012; Berry
and Widder, 2014). Currently, this field also lacks methods to
add additional support for interactions such as observed physical
associations to networks (Malfatti and Azam, 2009; de Vargas
et al., 2015). While acknowledging the limitations of correlation-
based association networks, we believe this technique has the
potential to inform our understanding of aquatic microbial
community dynamics.

Recently, association networks were employed to predict
the bacterial response to disturbance (Bissett et al, 2013);
expanding on this work, we propose to use network approaches

to quantitatively examine the importance of interactions in
altering the taxa affected by disturbance. Of particular promise
are techniques developed in information technology and social
learning, where interactions transmit signals between nodes,
much in the same way that initial disturbance-induced changes
in an OTU’s abundance may in turn affect the abundance of
its interaction partners at later time points. One technique to
look at disturbance transmission, information flow analysis can
model the transmission of disturbance through the interaction
network using the interaction strength and considering all
possible paths in a network (Missiuro et al., 2009). Information
flow analysis accounts for the strength of inferred interactions,
enabling prediction of how changes in the relative abundance
of a specific organism or value of an environmental variable
will affect the microbial community, and thus provides a metric
of predicted community resistance. Additionally, network-based
diffusion analysis could be used to determine quantitatively
whether association networks help to explain the propagation of
disturbance through the community (Franz and Nunn, 2009).
Operationally, association networks would be used to predict
the temporal dynamics of microbial community composition
following disturbance. The effects of disturbance on the rest
of the community (changes in OTU relative abundances) can
be predicted using information flow analysis. This predicted
community composition would be compared to the actual
community composition following a disturbance and community
changes predicted from a randomized network generated by
preserving the association network topology but repeatedly,
randomly assigning OTUs to network nodes. Thus if the
association network’s inferred interactions are truly important
in the community’s disturbance response, the true association
network should more closely match the observed community
responses compared to a set of randomized networks. These
methods will quantify the importance of interactions and predict
community responses to specific environmental conditions,
enhancing our understanding of the role interactions play in
disturbance.

Although these techniques are potentially powerful methods
to track community responses to disturbance, there are a
number of logistical considerations in using association networks
to follow the propagation of disturbance through microbial
communities. First, network-based analyses require large datasets
both pre- and post-disturbance synoptic with community changes
to develop an association network and track the disturbance
response, respectively. As disturbance-responsive taxa are often
rare, they may not be well-represented in association networks
which generally require taxa to be present in most samples
(Shade et al., 2014). Moreover, taxa which can respond quickly
to environmental changes may exhibit fewer, or different
types of biological interactions than the streamlined genome
oligotrophs which dominate many aquatic environments (Polz
et al., 2006). Additionally, microbial community composition,
generally measured using small subunit ribosomal RNA genes,
may not be sufficiently sensitive to detect a disturbance response
due to the time for cells to reproduce or predation of responsive
taxa, necessitating the use of alternative metrics such as activity
measurements (Berga et al., 2012; Hunt et al, 2013). Finally,
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dispersal may limit the response of taxa even under conditions
which favor growth. With the relatively short time scales of
pulse disturbances, it may be necessary to include prior relative
abundance in predicting an OTU’s potential responsiveness to
disturbance. With all of these caveats in place—we suggest first
studying time periods when disturbances are predicted to produce
large changes in the microbial community.

Theoretically, anthropogenic disturbances should have the
greatest impact when highly-connected taxa change their
abundance or activity. Research on networks has shown that
disturbances that target central “keystone” nodes dramatically
alter the rest of the network (Albert et al, 2000; Montoya
and Solé, 2002). Ecology posits the existence of keystone
taxa—which may impact multiple members of the community
through either positive interactions (production of substrates
or co-factors utilized by other microbes) or competitive
exclusion, predation, disease, or habitat modification (Power
et al., 1996). Keystone organisms are often defined as those
with disproportionate ecological roles given their relative
abundance (Power et al,, 1996); however as microbial ecology
lacks techniques to remove specific OTUs and quantify the
ecosystem effect, here we operationally define keystones as taxa
located at the hubs of association networks with an increased
number of network connections relative to abundance (high
mean degree); however, other metrics take into account the
betweenness and closeness centralities of the node as well as
strength of interactions (Missiuro et al, 2009; Bissett et al,
2013; Berry and Widder, 2014; Peura et al., 2015). Yet many
network hubs may be artifacts of network construction rather
than true keystone taxa (Berry and Widder, 2014). Although the
concept of keystone taxa has not been thoroughly explored in
microbial ecology, previous studies have suggested that microbial
community activity and succession is driven by interactions
with phytoplankton (Azam et al., 1983; Kent et al., 2007).
The factors that promote phytoplankton growth are generally
well known: light, inorganic nutrients, specific temperature
ranges; and phytoplankton are the dominant primary producers
in most aquatic systems. These photosynthetic organisms
shape the microbial community through primary production,
but at the same time outsource the production of essential
functions (e.g., hydrogen peroxide detoxification) to the
broader community (Cole, 1982; Kazamia et al., 2012; Morris
et al., 2012). Other taxa interact with phytoplankton through
photosynthate consumption, degradation of detrital material,
symbiosis, and predation (Croft et al., 2005; Stocker et al,
2008; Morris et al.,, 2011; Teeling et al., 2012; Durham et al,
2015). Finally, phytoplankton serve as hubs in association
networks (Steele et al, 2011) and could function as keystone
organisms in aquatic ecosystems. While the ecological role of
some potential keystone taxa has been identified, e.g., nitrogen-
fixing bacteria (Tyson et al, 2005), for most network hubs
there is no known keystone function (Steele et al., 2011; Bissett
et al, 2013). Thus the phytoplankton, where growth-promoting
factors and relationships with other microbes are relatively
well-characterized, represent an ideal model system in which
to explore the biological interactions that underlie association
networks during pulse disturbances.

USING STORMS TO EXPLORE
DISTURBANCE PROPAGATION

Storms represent complex, pulse disturbances that integrate both
natural and human impacts. Storm-driven rain and wind events
increase turbidity and introduce nutrients, organic material, and
microbes from both the benthos and land into aquatic systems;
while anthropogenic activity increases nutrient fluxes, impacts
the timing of freshwater inputs, and contributes other chemical
pollutants. Thus storms are multi-faceted disturbances; yet, unlike
some discrete disturbances (e.g., Deepwater Horizon oil spill),
they occur frequently enough to allow comparison across different
storms, environments, and microbial communities (Berga et al.,
2012; Yeo et al., 2013). Here we use storms as a model disturbance
to explore using association networks to track the propagation of
disturbance through the microbial community.

To investigate this concept further, we will follow the
progression of storm-mediated impacts on a simplified microbial
community association network where an alga serves as a
keystone microbe and a network hub. In our model system
(Figure 1), the major storm impact is an increase in nutrients
(Tluz et al., 2009; Johnson et al., 2013); and the first microbial
community responder is the keystone algal OTU, which is
positively correlated with nutrient levels. Using association
networks prepared from non-disturbance data (Figures 1A,B),
we can infer which other OTUs are likely to respond to a
change in algal abundance. With high resolution post-storm
sampling, we can observe changes in OTUs correlated with the
early responders, as shown by lines (edges) connecting these
taxa to the alga, which should exhibit changes in activity or
relative abundance at intermediate time points if that OTU is
dependent on the alga, e.g., through metabolism of photosynthate
(Figures 1C,D: yellow circles). At still later time points, the
disturbance may propagate to taxa which interact with the
yellow OTUs (Figure 1D: green circles). Alternately, at this
same time point, OTUs with inferred relationships with the
alga, but utilizing detritus associated with bloom termination
rather than photosynthate from active algal cells may exhibit
increases in relative abundance (Figures 1C,D: green circle;
Teeling et al., 2012). Thus network-based approaches can offer
biological insights into phytoplankton-bacterial interactions, the
propagation and persistence of disturbance (Figure 1), and
community stability (Carpenter et al., 2011; Veraart et al., 2012).
Even anecdotal observations of how OTUs respond to disturbance
can generate hypotheses that can be verified using more controlled
laboratory or manipulation experiments.

Here, we have presented a cartoon storm as a pulse of
nutrients, in reality storms and other ecological disturbances
are complex. In addition to nutrients, storms introduce human
pollutants into aquatic ecosystems, including pesticides, oil,
untreated human waste, etc., that will have direct and interaction-
mediated effects on the microbial community. Unlike our simple
example in Figure 1, there may be multiple, competing impacts
on our keystone algal OTU. For example, chemical herbicides
such as atrazine impact phytoplankton due to the conservation
of photosystem II between cyanobacteria, algae, and plants
(Huber, 1993). While, the specific impacts of most chemicals
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FIGURE 1 | Schematic for tracking disturbance transmission through a microbial community. (A) Repeated community observations pre-disturbance are
used to develop (B) a correlation-based association network for the microbial community. The circles represent operational taxonomic units (OTUs), with the
keystone algal OTU denoted with an A, the diamond represents nutrients and is labeled with an N, solid lines connecting shapes indicate statistically significant
positive correlations and dashed lines negative correlations between the connected taxa or environmental parameters. The same environment is intensively sampled
following a storm to track short-term alterations in environmental variables and community composition. (C) The post-disturbance community composition from three
time periods is overlaid onto the interaction network to track the propagation of disturbance through the community: the red coloring indicates the changes directly
following the storm: an increase in nutrients and shortly thereafter increased algal abundance. Yellow coloring indicates OTUs which display relative abundance
changes at the second time point following disturbance and green those OTUs which change in relative abundance in the final period. (D) Arrows indicate the
direction of inferred disturbance propagation through the network based on the timing of observed changes in OTU relative abundance.

are correlated with concentration; another herbicide class of
synthetic auxins (e.g., 2,4-dichlorophenoxyacetic acid) is toxic
to cyanobacteria at high concentrations but stimulates growth
at lower levels (Mishra and Pandey, 1989), a subtlety which is
not readily incorporated into association networks. Among other
anthropogenic pollutants, fungicides are generally less specific
than herbicides, targeting highly-conserved cellular processes
such as respiration and thus directly affect a range of microbes
(Casida, 2009; Yang et al., 2011). Thus, along with nutrients,
storms introduce a cocktail of chemicals to aquatic environments,
complicating evaluation of direct and indirect community effects
on the microbial community.

CONCLUSIONS

Here, we discuss the potential for association networks to track
the propagation and persistence of disturbance in a microbial
community. We have identified two major opportunities afforded
by this approach: (1) to quantify the importance of interactions
in a microbial community’s response to disturbance and (2)
to generate biological hypotheses about the networK’s inferred
interactions. However, a major challenge of this approach is
that to characterize a microbial community’s resistance and
resilience we first need to understand disturbance-independent
microbial community dynamics (Shade et al., 2012), suggesting
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the need for long-term monitoring of key study sites. Although
the vast amounts of data required can appear daunting, specific
taxa have been shown to repeatedly respond to storms (Jones
et al, 2008) and the field is beginning to identify general
characteristics of disturbance-responsive organisms (Shade et al.,
2014), suggesting that there are conserved rules that govern
microbial communities’ disturbance responses. However, to
tease apart the effects of factors that tend to co-vary in the
environment, for example, separating the stimulatory effects of
increasing nitrogen versus organic carbon, there is an additional
role for controlled, replicated manipulations of natural aquatic
communities. Beyond community changes, these experiments
will also provide predictions about the alteration and restoration
of ecosystem function following a disturbance, either by linking

REFERENCES

Acinas, S. G., Klepac-Ceraj, V., Hunt, D. E., Pharino, C., Ceraj, L, Distel, D. L., et al.
(2004). Fine-scale phylogenetic architecture of a complex bacterial community.
Nature 430, 551-554. doi: 10.1038/nature02649

Albert, R., Jeong, H., and Barabasi, A.-L. (2000). Error and attack tolerance of
complex networks. Nature 406, 378-382. doi: 10.1038/35019019

Allison, S. D., and Martiny, J. B. H. (2008). Resistance, resilience, and redundancy
in microbial communities. Proc. Natl. Acad. Sci. US.A. 105, 11512. doi:
10.1073/pnas.0801925105

Amend, A. S., Martiny, A. C., Allison, S. D., Berlemont, R., Goulden, M.
L, Lu, Y, et al. (2015). Microbial response to simulated global change is
phylogenetically conserved and linked with functional potential. ISME J. doi:
10.1038/ismej.2015.96 [Epub ahead of print].

Apple, J. K., Strom, S. L., Palenik, B., and Brahamsha, B. (2011). Variability in protist
grazing and growth on different marine Synechococcus isolates. Appl. Environ.
Microbiol. 77, 3074-3084. doi: 10.1128/AEM.02241-10

Azam, E, Fenchel, T, Field, J., Gray, J., Meyer-Reil, L., and Thingstad, E (1983).
The ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser.
10, 257-263. doi: 10.3354/meps010257

Barberan, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2012). Using network
analysis to explore co-occurrence patterns in soil microbial communities. ISME
J. 6, 343-351. doi: 10.1038/ismej.2011.119

Berga, M., Székely, A. J., and Langenheder, S. (2012). Effects of disturbance intensity
and frequency on bacterial community composition and function. PLoS ONE
7:€36959. doi: 10.1371/journal.pone.0036959

Berry, D., and Widder, S. (2014). Deciphering microbial interactions and detecting
keystone species with co-occurrence networks. Front. Microbiol. 5:219. doi:
10.3389/fmicb.2014.00219

Bertrand, E. M., Saito, M. A., Rose, J. M., Riesselman, C. R., Lohan, M. C,
Noble, A. E,, et al. (2007). Vitamin B12 and iron colimitation of phytoplankton
growth in the Ross Sea. Limnol. Oceanogr. 52, 1079. doi: 10.4319/10.2007.52.
3.1079

Bissett, A., Brown, M. V, Siciliano, S. D., and Thrall, P. H. (2013). Microbial
community responses to anthropogenically induced environmental change:
towards a systems approach. Ecol. Lett. 16, 128-139. doi: 10.1111/ele.
12109

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, E, Gieseke, A.,
et al. (2000). A marine microbial consortium apparently mediating anaerobic
oxidation of methane. Nature 407, 623-626. doi: 10.1038/35036572

Caporaso, J. G., Paszkiewicz, K., Field, D., Knight, R., and Gilbert, J. A. (2011). The
Western English Channel contains a persistent microbial seed bank. ISME J. 6,
1089-1093. doi: 10.1038/isme;j.2011.162

Carpenter, S. R., Cole, J. ], Pace, M. L., Batt, R., Brock, W,, Cline, T, et al. (2011).
Early warnings of regime shifts: a whole-ecosystem experiment. Science 332,
1079-1082. doi: 10.1126/science.1203672

Casida, J. E. (2009). Pest toxicology: the primary mechanisms of pesticide action.
Chem. Res. Toxicol. 22, 609-619. doi: 10.1021/tx8004949

Chow, C.-E. T,, Sachdeva, R., Cram, J. A., Steele, J. A., Needham, D. M., Patel,
A., et al. (2013). Temporal variability and coherence of euphotic zone bacterial

specific taxa to functions or by identifying the types of
disturbance which may be most likely to disrupt specific processes
(Amend et al,, 2015). An association network-based approach to
analyzing microbial community disturbances and experimental
manipulations will provide a basis to mechanistically predict
community response to both pulse and press environmental
changes.

ACKNOWLEDGMENTS

This work was supported grants from the NSF (OCE 1322950;
OCE 1416665) and the Gordon and Betty Moore Foundation
(GBMF3768) to DH and by a NSF Graduate Research Fellowship
to CW.

communities over a decade in the Southern California Bight. ISME J. 7,
2259-2273. doi: 10.1038/isme;j.2013.122

Cole, J. J. (1982). Interactions between bacteria and algae in aquatic ecosystems.
Annu. Rev. Ecol. Syst. 13, 291-314. doi: 10.1146/annurev.es.13.110182.
001451

Croft, M. T., Lawrence, A. D., Raux-Deery, E., Warren, M. J., and Smith, A.
G. (2005). Algae acquire vitamin B-12 through a symbiotic relationship with
bacteria. Nature 438, 90-93. doi: 10.1038/nature04056

de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F, Logares, R., et al. (2015).
Eukaryotic plankton diversity in the sunlit ocean. Science 348, 1261605. doi:
10.1126/science.1261605

Davies, J., and Davies, D. (2010). Origins and evolution of antibiotic
resistance. Microbiol. Mol. Biol. Rev. 74, 417-433. doi: 10.1128/MMBR.
00016-10

Durham, B. P, Sharma, S., Luo, H., Smith, C. B, Amin, S. A., Bender, S. J.,, et al.
(2015). Cryptic carbon and sulfur cycling between surface ocean plankton. Proc.
Natl. Acad. Sci. US.A. 112, 453-457. doi: 10.1073/pnas.1413137112

Eiler, A., Heinrich, F, and Bertilsson, S. (2012). Coherent dynamics and
association networks among lake bacterioplankton taxa. ISME J. 6, 330-342. doi:
10.1038/ismej.2011.113

El-Swais, H., Dunn, K. A., Bielawski, J. P, Li, W. K., and Walsh, D. A. (2015).
Seasonal assemblages and short-lived blooms in coastal north-west Atlantic
Ocean bacterioplankton. Environ. Microbiol. doi: 10.1111/1462-2920.12629

Faust, K., Sathirapongsasuti, J. E, Izard, J., Segata, N., Gevers, D., Raes, J., et al.
(2012). Microbial co-occurrence relationships in the human microbiome. PLoS
Comput. Biol. 8:¢1002606. doi: 10.1371/journal.pcbi.1002606

Field, K. G., Gordon, D., Wright, T., Rappé, M., Urbach, E., Vergin, K., et al. (1997).
Diversity and depth-specific distribution of SARI1 cluster rRNA genes from
marine planktonic bacteria. Appl. Environ. Microbiol. 63, 63-70.

Franz, M., and Nunn, C. L. (2009). Network-based diffusion analysis: a new method
for detecting social learning. Proc. R. Soc. B Biol. Sci. 276, 1829-1836. doi:
10.1098/rspb.2008.1824

Friedman, J., and Alm, E. J. (2012). Inferring correlation networks from
genomic survey data. PLoS Comput. Biol. 8:e1002687. doi: 10.1371/journal.pcbi.
1002687

Fuhrman, J. A., Cram, J. A., and Needham, D. M. (2015). Marine microbial
community dynamics and their ecological interpretation. Nat. Rev. Microbiol.
13, 133-146. doi: 10.1038/nrmicro3417

Fuhrman, J. A., Hewson, 1., Schwalbach, M. S., Steele, J. A., Brown, M. V., and
Naeem, S. (2006). Annually reoccurring bacterial communities are predictable
from ocean conditions. Proc. Natl. Acad. Sci. U.S.A. 103, 13104-13109. doi:
10.1073/pnas.0602399103

Gilbert, J. A., Steele, J. A., Caporaso, J. G., Steinbriick, L., Reeder, J., Temperton, B.,
etal. (2012). Defining seasonal marine microbial community dynamics. ISME J.
6, 298-308. doi: 10.1038/isme;j.2011.107

Giovannoni, S. J., Thrash, J. C., and Temperton, B. (2014). Implications of
streamlining theory for microbial ecology. ISME J. 8, 1553-1565. doi:
10.1038/isme;j.2014.60

Giovannoni, S. J., and Vergin, K. L. (2012). Seasonality in ocean microbial
communities. Science 335, 671-676. doi: 10.1126/science.1198078

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1182


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Hunt and Ward

Disturbance transmission through microbial interactions

Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C., and Martiny, J. B. H. (2012).
Beyond biogeographic patterns: processes shaping the microbial landscape. Nat.
Rev. Microbiol. 10, 497-506. doi: 10.1038/nrmicro2795

Hellweger, E. L., Van Sebille, E., and Fredrick, N. D. (2014). Biogeographic
patterns in ocean microbes emerge in a neutral agent-based model. Science 345,
1346-1349. doi: 10.1126/science.1254421

Huber, W. (1993). Ecotoxicological relevance of atrazine in aquatic systems.
Environ. Toxicol. Chem. 12, 1865-1881. doi: 10.1002/etc.5620121014

Hunt, D. E., David, L. A., Gevers, D., Preheim, S. P, Alm, E. J., and Polz, M.
E (2008). Resource partitioning and sympatric differentiation among closely
related bacterioplankton. Science 320, 1081-1085. doi: 10.1126/science.1157890

Hunt, D. E,, Lin, Y., Church, M. ], Karl, D. M., Izzo, L. K., Tringe, S., et al. (2013).
Relationship between abundance and specific activity of bacterioplankton
in open ocean surface waters. Appl. Environ. Microbiol. 79, 177-184. doi:
10.1128/AEM.02155-12

Hunt, D. E., Ortega-Retuerta, E., and Nelson, C. E. (2010). “Connections between
bacteria and organic matter in aquatic ecosystems: linking microscale ecology to
global carbon cycling;” in Eco-DAS VIII Symposium Proceedings, ed. P. . Kemp
(Waco, TX: ASLO), 110-118.

Hutchinson, G. E. (1961). The paradox of the plankton. Am. Nat. 95, 137-145. doi:
10.1086/282171

Tluz, D., Dishon, G., Capuzzo, E., Meeder, E., Astoreca, R., Montecino, V., et al.
(2009). Short-term variability in primary productivity during a wind-driven
diatom bloom in the Gulf of Eilat (Aqaba). Aquat. Microb. Ecol 56, 205-215.
doi: 10.3354/ame01321

Johnson, Z. 1., Wheeler, B. J., Blinebry, S. K., Carlson, C. M., Ward, C. S., and
Hunt, D. E. (2013). Dramatic variability of the carbonate system at a temperate
coastal ocean site (Beaufort, North Carolina, USA) is regulated by physical
and biogeochemical processes on multiple timescales. PLoS ONE 8:e85117. doi:
10.1371/journal.pone.0085117

Johnson, Z. I, Zinser, E. R.,, Coe, A., Mcnulty, N. P, Woodward, E. M.
S., and Chisholm, S. W. (2006). Niche partitioning among Prochlorococcus
ecotypes along ocean-scale environmental gradients. Science 311, 1737-1740.
doi: 10.1126/science.1118052

Jones, S. E., Chiu, C.-Y,, Kratz, T. K., Wu, J.-T,, Shade, A., and Mcmahon, K. D.
(2008). Typhoons initiate predictable change in aquatic bacterial communities.
Limnol. Oceanogr. 53, 1319-1326. doi: 10.4319/10.2008.53.4.1319

Kazamia, E., Czesnick, H., Nguyen, T. T. V., Croft, M. T., Sherwood, E., Sasso, S., et
al. (2012). Mutualistic interactions between vitamin B12-dependent algae and
heterotrophic bacteria exhibit regulation. Environ. Microbiol. 14, 1466-1476.
doi: 10.1111/§.1462-2920.2012.02733.x

Kent, A. D., Yannarell, A. C., Rusak, J. A., Triplett, E. W,, and Mcmahon, K. D.
(2007). Synchrony in aquatic microbial community dynamics. ISME J. 1, 38-47.
doi: 10.1038/ismej.2007.6

Malfatti, E, and Azam, E (2009). Atomic force microscopy reveals microscale
networks and possible symbioses among pelagic marine bacteria. Aquat. Microb.
Ecol. 58, 1-14. doi: 10.3354/ame01355

Mishra, A., and Pandey, A. (1989). Toxicity of three herbicides to some nitrogen-
fixing cyanobacteria. Ecotoxicol. Environ. Saf. 17, 236-246. doi: 10.1016/0147-
6513(89)90043-2

Missiuro, P. V., Liu, K., Zou, L., Ross, B. C., Zhao, G., Liu, J. S., et al
(2009). Information flow analysis of interactome networks. PLoS Comput. Biol.
5:¢1000350. doi: 10.1371/journal.pcbi.1000350

Montoya, J. M., and Solé, R. V. (2002). Small world patterns in food webs. J. Theor.
Biol. 214, 405-412. doi: 10.1006/jtbi.2001.2460

Morris, J. J., Johnson, Z. 1., Szul, M. J., Keller, M., and Zinser, E. R. (2011).
Dependence of the cyanobacterium Prochlorococcus on hydrogen peroxide
scavenging microbes for growth at the ocean’s surface. PLoS ONE 6:e16805. doi:
10.1371/journal.pone.0016805

Morris, J. J., Lenski, R. E., and Zinser, E. R. (2012). The black queen hypothesis:
evolution of dependencies through adaptive gene loss. mBio 3, €00036-12. doi:
10.1128/mBio.00036-12

Needham, D. M., Chow, C.-E. T,, Cram, J. A., Sachdeva, R., Parada, A., and
Fuhrman, J. A. (2013). Short-term observations of marine bacterial and viral
communities: patterns, connections and resilience. ISME J. 7, 1274-1285. doi:
10.1038/isme;j.2013.19

Nemergut, D. R, Schmidt, S. K., Fukami, T., O’neill, S. P, Bilinski, T. M., Stanish,
L. E, et al. (2013). Patterns and processes of microbial community assembly.
Microbiol. Mol. Biol. Rev. 77, 342-356. doi: 10.1128/MMBR.00051-12

Pernthaler, J., and Amann, R. (2005). Fate of heterotrophic microbes in pelagic
habitats: focus on populations. Microbiol. Mol. Biol. Rev. 69, 440-461. doi:
10.1128/MMBR.69.3.440-461.2005

Peura, S., Bertilsson, S., Jones, R. I, and Eiler, A. (2015). Resistant microbial co-
occurrence patterns inferred by network topology. Appl. Environ. Microbiol. 81,
2090-2097. doi: 10.1128/AEM.03660-14

Polz, M. E, and Cavanaugh, C. M. (1998). Bias in template-to-product ratios in
multitemplate PCR. Appl. Environ. Microbiol. 64, 3724-3730.

Polz, M. F, Hunt, D. E., Preheim, S. P,, and Weinreich, D. M. (2006). Patterns
and mechanisms of genetic and phenotypic differentiation in marine microbes.
Philos. Trans. R. Soc. B Biol. Sci. 361, 2009-2021. doi: 10.1098/rstb.2006.1928

Power, M. E., Tilman, D., Estes, J. A., Menge, B. A., Bond, W. ], Mills, L. S., et
al. (1996). Challenges in the quest for keystones. Bioscience 46, 609-620. doi:
10.2307/1312990

Riehle, M. M., Bennett, A. E, Lenski, R. E, and Long, A. D. (2003).
Evolutionary changes in heat-inducible gene expression in lines of
Escherichia coli adapted to high temperature. Physiol. Genom. 14, 47-58.
doi: 10.1152/physiolgenomics.00034.2002

Ruan, Q., Dutta, D., Schwalbach, M. S., Steele, J. A., Fuhrman, J. A., and
Sun, E (2006). Local similarity analysis reveals unique associations among
marine bacterioplankton species and environmental factors. Bioinformatics 22,
2532-2538. doi: 10.1093/bioinformatics/btl417

Safiudo-Wilhelmy, S., Gobler, C., Okbamichael, M., and Taylor, G. (2006).
Regulation of phytoplankton dynamics by vitamin B12. Geophys. Res. Lett. 33,
L04604. doi: 10.1029/2005GL025046

Shade, A., Jones, S. E., Caporaso, J. G., Handelsman, J., Knight, R., Fierer, N., et
al. (2014). Conditionally rare taxa disproportionately contribute to temporal
changes in microbial diversity. mBio 5, €01371-14. doi: 10.1128/mBi0.01371-14

Shade, A., Peter, H., Allison, S. D., Baho, D. L., Berga, M., Biirgmann, H., et al.
(2012). Fundamentals of microbial community resistance and resilience. Front.
Microbiol. 3:417. doi: 10.3389/fmicb.2012.00417

Steele, J. A., Countway, P. D,, Xia, L., Vigil, P. D., Beman, J. M., Kim, D. Y,, et
al. (2011). Marine bacterial, archaeal and protistan association networks reveal
ecological linkages. ISME J. 5, 1414-1425. doi: 10.1038/ismej.2011.24

Stocker, R., Seymour, J. R., Samadani, A., Hunt, D. E., and Polz, M. E. (2008).
Rapid chemotactic response enables marine bacteria to exploit ephemeral
microscale nutrient patches. Proc. Natl. Acad. Sci. U.S.A. 105, 4209-4214. doi:
10.1073/pnas.0709765105

Sullivan, M. B., Waterbury, J. B., and Chisholm, S. W. (2003). Cyanophages
infecting the oceanic cyanobacterium Prochlorococcus. Nature 424, 1047-1051.
doi: 10.1038/nature01929

Teeling, H., Fuchs, B. M., Becher, D., Klockow, C., Gardebrecht, A., Bennke, C.
M., et al. (2012). Substrate-controlled succession of marine bacterioplankton
populations induced by a phytoplankton bloom. Science 336, 608-611. doi:
10.1126/science.1218344

Tripp, H. J., Kitner, J. B., Schwalbach, M. S., Dacey, J. W., Wilhelm, L. J., and
Giovannoni, S. J. (2008). SAR11 marine bacteria require exogenous reduced
sulphur for growth. Nature 452, 741-744. doi: 10.1038/nature06776

Tyson, G. W,, Lo, I, Baker, B. J., Allen, E. E., Hugenholtz, P., and Banfield, J.
E. (2005). Genome-directed isolation of the key nitrogen fixer Leptospirillum
ferrodiazotrophum sp. nov. from an acidophilic microbial community. Appl.
Environ. Microbiol. 71, 6319-6324. doi: 10.1128/AEM.71.10.6319-6324.2005

Vellend, M. (2010). Conceptual synthesis in community ecology. Q. Rev. Biol. 85,
183-206. doi: 10.1086/652373

Veraart, A. J., Faassen, E. J., Dakos, V., Van Nes, E. H,, Liirling, M., and Scheffer,
M. (2012). Recovery rates reflect distance to a tipping point in a living system.
Nature 481, 357-359. doi: 10.1038/nature11029

Vitousek, P. M., Mooney, H. A., Lubchenco, ], and Melillo, J. M. (1997).
Human domination of Earth’s ecosystems. Science 277, 494-499. doi:
10.1126/science.277.5325.494

Werner, J. J., Knights, D., Garcia, M. L., Scalfone, N. B., Smith, S., Yarasheski,
K., et al. (2011). Bacterial community structures are unique and resilient
in full-scale bioenergy systems. Proc. Natl. Acad. Sci. U.S.A. 108, 4158. doi:
10.1073/pnas.1015676108

White, P. S., and Pickett, S. T. (1985). “Natural disturbance and patch dynamics: an
introduction,” in The Ecology of Natural Disturbance and Patch Dynamics, eds P.
S. White and S. T. Pickett (New York, NY: Academic Press), 3-13.

Worden, A. Z., Follows, M. J., Giovannoni, S. J., Wilken, S., Zimmerman,
A. E, and Keeling, P. J. (2015). Rethinking the marine carbon cycle:

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1182


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Hunt and Ward

Disturbance transmission through microbial interactions

factoring in the multifarious lifestyles of microbes. Science 347:1257594. doi:
10.1126/science.1257594

Yang, C., Hamel, C., Vujanovic, V., and Gan, Y. (2011). Fungicide: modes of action
and possible impact on nontarget microorganisms. ISRN Ecol. 2011, 8. doi:
10.5402/2011/130289

Yeo, S. K., Huggett, M. ], Eiler, A, and Rappé, M. S. (2013). Coastal
bacterioplankton community dynamics in response to a natural disturbance.
PLoS ONE 8:e56207. doi: 10.1371/journal.pone.0056207

Yung, C.-M., Vereen, M. K., Herbert, A., Davis, K. M., Yang, J., Kantorowska, A.,
et al. (2015). Thermally adaptive tradeoffs in closely-related marine bacterial
strains. Environ. Microbiol. 17, 2421-2429. doi: 10.1111/1462-2920.12714

Zhou, J., Deng, Y., Zhang, P, Xue, K, Liang, Y., Van Nostrand, J. D., et
al. (2014). Stochasticity, succession, and environmental perturbations in a

fluidic ecosystem. Proc. Nat. Acad. Sci. 111, E836-E845. doi: 10.1073/pnas.
1324044111

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Hunt and Ward. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1182


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	A network-based approach to disturbance transmission through microbial interactions
	Microbes as Important Responders to Ecosystem Changes
	Microbial Interactions in Community Assembly
	Using Association Networks to Explore Disturbance
	Using Storms to Explore Disturbance Propagation
	Conclusions
	Acknowledgments
	References


