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Abstract
Populations are the central unit of evolution and ecology. In the context of evolution, populations
are commonly defined as groups of organisms with a shared gene pool in which adaptive genes
can spread freely through natural selection. Ecology takes a less abstract view of populations and
conceives of them as members of a single species that occupy the same geographical area. Among
sexual eukaryotes, gene pools are easily defined in terms of reproductive isolation and the
geographical scales relevant for populations are well-matched to everyday human experience.
Microbiologists, however, have faced a great challenge in applying these concepts to the microbial
realm. Can closed gene pools form in the face of apparently rampant horizontal gene transfer?
What exactly is a microbial species? And does the famous maxim that "everything is everywhere"
mean that the entire globe is to . coli what Galapagos is to a finch? In this thesis, I hope to move
closer to an answer to these large scale questions by asking two smaller ones. First, can
ecologically cohesive microbial populations be identified using genomic information alone?
Second, once such populations are identified, what are the relevant factors driving populationlevel differentiation? Horizontal gene transfer plays a central role in answering both of these
questions, acting both as a force that allows cohesive microbial populations to form and as a means
by which new functions and capabilities are introduced into and spread within populations.
Thesis Supervisor: Martin F. Polz
Title: Professor of Civil and Environmental Engineering
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Chapter 1: Introduction
In recent years, microbial ecology has become one of the fastest-growing fields in science
(Kowalchuk, Heidelberg et al. 2007). Interest in understanding how microbes interact with their
environment has been spurred on by the study of the human microbiome and its effect on human
health (Consortium 2012), and next-generation sequencing technologies have made the study of
microbial communities faster and cheaper than ever before (Goodwin, McPherson et al. 2016).
Most modern approaches involve sequencing whole communities across a range of conditions,
using metagenomics or marker genes in order to ascertain how particular microbes interact with
particular environmental factors. This relies on the assumption that ecologically cohesive
microbial units can be identified with sequence data alone and be reliably tracked through space
and time. However, recent findings have identified fine-scale ecological differentiation within such
units (Shapiro, Friedman et al. 2012, Kashtan, Roggensack et al. 2014). Thus, an approach to
microbial ecology that critically assesses the connection between fine-scale ecological and
genomic differentiation is necessary.
Understanding the ecological and evolutionary forces that differentiate closely related
biological populations remains a challenge. In cases where a particular trait with ecological
significance is known, traditional genetic and sequence-based approaches such as quantitative trait
locus (QTL) mapping and genome-wide association studies (GWAS) allow us to home in on the
genetic determinants of ecological differentiation (Mitchell-Olds, Willis et al. 2007, AlonsoBlanco, Aarts et al. 2009). However, ecologically relevant traits of interest are often unknown. For
example, even though genetically distinct subspecies have been identified within the widely
distributed mosquito Anopheles gambiae, specific adaptations that differentiate these subspecies
from one another have not been observed (Coetzee, Craig et al. 2000, Turner, Hahn et al. 2005).
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For microbes, the problem is two-fold. Not only are population-specific traits of interest difficult
to observe directly for technical reasons, but microbiologists also lack a robust means for
delineating populations at all. Recent advances in genome sequencing as well as more
sophisticated models of natural selection have provided a potential solution to this problem in the
form of so-called reverse ecology (Li, Costello et al. 2008). Taking inspiration from reverse
genetics where phenotypes are identified for genes of unknown function, reverse ecology identifies
potential niche determinants for populations with unknown ecology. This is accomplished by
identifying genetic loci under differential selection between populations and using this information
to form testable hypotheses about the ecological factors that differentiate them. This introduction
will outline the recent successes in reverse ecology in eukaryotic systems, the need for a coherent
microbial population definition, and the unique role that horizontal gene transfer (HGT) plays in
developing a microbial approach to reverse ecology.

1.1 Reverse ecology in Eukaryotes
One of the first studies that used whole genome sequences in a reverse ecology framework
examined genomic regions under selection in two morphologically identical populations of A.
gambiae (Lawniczak, Emrich et al. 2010). These populations have overlapping geographical
distributions with differences in their preferred larval environment, but no other significant
behavioral or phenotypic differences are evident. They are additionally differentiated by gene flow
patterns, with evidence of gene flow restriction between the two populations (della Torre, Tu et al.
2005). By identifying genomic regions with low intra-population divergence, Lawniczak and
colleagues detected several genomic regions with signs of differential positive selection. These
included regions containing genes related to insecticide resistance, suggesting that anthropogenic
influences may be a key driver of population differentiation. Interestingly, they also discovered
that these two populations were further advanced in speciation than previously thought and posited
8

that this may have limited their ability to detect genes that are "instrumental" as opposed to
"incidental" to population differentiation. In other words, factors important in initiating population
differentiation are most easily observed in recently diverged populations.
However, the population structure of organisms of interest is not always known a priori.
In these cases, a robust conceptual understanding of Eukaryotic speciation allows the prediction
of populations from genomic data alone. This was the approach taken by Ellison and colleagues
in studying the cosmopolitan yeast species Neurospera crassa (Ellison, Hall et al. 2011).
Phylogenetic analyses as well as models of admixture and demographic history supported the
existence of two distinct N. crassapopulations which were geographically separated (one localized
to Louisiana and another localized to the Caribbean), but were not known to be differentiated in
any other manner. Two genomic regions undergoing differential selection were identified by
measuring three different metrics of nucleotide diversity and linkage disequilibrium in
transcriptomic data from globally collected isolates. These contained genes related to temperature
adaptation and circadian regulation. Importantly, this led to a specific ecological hypothesis:
because the Louisiana population experiences colder winters than the Caribbean population, the
Louisiana population would be better adapted to cold stress. Direct testing of growth rates at
different temperatures confirmed this hypothesis, demonstrating the potential of reverse ecology
to inform a targeted experimental approach.
Insights into population-specific adaptation have also been gained using reverse ecology
in several other fungal groups including Penicillium molds used in the manufacturing of blue
cheeses (Ropars, L6pez-Villavicencio et al. 2017) and the North American mushroom species
Suillus brevipes (Branco, Bi et al. 2017). While climatic factors were found to structure S. brevipes
populations similarly to N. crassa, an antifungal growth inhibition gene appears to play a key role
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in the differentiation of Penicillium populations (Ropars, Rodriguez de la Vega et al. 2015). The
genomic region containing this gene was confirmed to inhibit the growth of other Penicillium
strains when grown on a cheese-based medium, highlighting that reverse ecology has the potential
to identify both abiotic and biotic determinants of population structure.
Taken together, these Eukaryotic examples provide a broad outline for how reverse ecology
can successfully be applied. First, recently diverged populations differentiated by unknown factors
must be identified. Next, whole-genome based methods can be used to identify candidate genes
under differential selection in the identified populations. Finally, the predicted function of these
candidate genes can be used to form specific hypotheses about differentiation which can be tested
using experimental or observational methods.
If reverse ecology has been successful in Eukaryotic systems for which genomic data are
difficult to obtain, the dearth of such studies in Bacteria and Archaea may seem surprising given
the relative abundance of available genomic sequences (as of this writing, there are ~25 times more
prokaryotic genomes than Eukaryotic genomes available on GenBank). However, the lack of a
coherent microbial population definition makes it impossible to take a reverse ecology approach
because patterns of selection can only be interpreted in the context of population structure. While
many attempts have been made at organizing the diversity of microbial life, these often fall short
of delineating cohesive evolutionary and ecological units. The following section will give a brief
overview of these attempts and their limitations.

1.2 Microbial reverse ecology requires a population definition
Systematically organizing the diversity of microbial life has been a contentious task from
its beginning. Early microbiology took its inspiration from traditional classification schemes and
categorized microbes according to a suite of phenotypic and morphological characteristics
including motility, cell wall composition, and resource usage (Vandamme, Pot et al. 1996, Fraser,
10

Alm et al. 2009). With the development of more complex methods in molecular biology, genetic
measures such as DNA-DNA hybridization (Wayne, Brenner et al. 1987) and restriction fragment
length polymorphism (RFLP) analysis (Lee, Gundersen-Rindal et al. 1998) were quickly added to
the growing list of relevant traits, ushering in the age of so-called polyphasic taxonomy
(Vandamme, Pot et al. 1996). This is essentially a "more is better" approach to taxonomy and
holds that all available information is potentially relevant for classification, without an overarching
theoretical framework (Vandamme, Pot et al. 1996, Gevers, Cohan et al. 2005).
Within the last two decades, however, the limitations of such a system have become
glaringly apparent. In a polyphasic system, divisions are driven by what human observers are able
to measure or have a particular interest- in, regardless of the relevance of such measures to the
ecology and evolution of microbes themselves. Without an a prioritheory-based concept of what
a population is, how can we ensure that a polyphasic system delineates ecologically and
evolutionarily cohesive units? Answering such questions quickly becomes an exercise in splitting
hairs.
With the rapid increase in the amount of available sequence data, DNA-based methods
initially seemed to provide a way to add rigor to taxonomy by defining species based on DNA
sequence identity cutoffs (Woese 1987). This meant that microbes could be separated into discrete,
unambiguous units. Perhaps the most widely used method for delineating microbial groups centers
around an operational taxonomic unit (OTU) that defines bacterial and archaeal species as groups
of individuals that are > 97% similar in their 16S ribosomal RNA sequence. This figure was based
primarily on the observation that DNA-DNA hybridization values of 70% correspond with
previously defined bacterial species and in turn that 97% rRNA identity corresponded with this
70% cutoff (Stackebrandt and Goebel 1994). However, OTUs do not group microbes into
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genetically or ecologically cohesive units. Close examination of groups of organisms clustered in
this way reveals that significant substructure exists within these clusters (Jaspers and Overmann
2004, Koeppel and Wu 2013). Indeed, even organisms with identical 16S rRNA have been found
to inhabit different ecological niches (Jaspers and Overmann 2004), highlighting that OTUs based
on single gene identity lack resolution to detect fine-scale ecological differentiation.
The problem of low resolution could potentially be solved by incorporating more genetic
information, either by considering multiple genes or the entire genome. This idea guides the
delineation of microbial units based on phylogenetic multi locus sequence analysis (MLSA)
(Hanage, Fraser et al. 2005) and genome wide average nucleotide identity (ANI) (Goris,
Konstantinidis et al. 2007, Varghese, Mukherjee et al. 2015). In MLSA-based approaches,
phylogenetic clusters are often observed, but where to draw the line delineating clusters is unclear.
Indeed, such clusters among bacteria and archaea can appear "fuzzy," without a clear boundary
separating them (Hanage, Fraser et al. 2005, Papke, Zhaxybayeva et al. 2007). Similarly, the
problem of arbitrary boundaries limits ANI analyses. Since identity cutoffs are based on preexisting species definitions, units delineated by ANI may not correspond to ecologically cohesive
populations.
One potential means of dealing with arbitrary cutoffs is to combine sequence information
with an underlying model of how ecologically cohesive populations form. Ecotype Simulation
(ES) (Koeppel, Perry et al. 2008) posits that ecologically and genetically coherent units arise from
a process of clonal expansion and periodic selection. This method has been successful at
identifying naturally occurring ecologically cohesive populations (Hunt, David et al. 2008,
Connor, Sikorski et al. 2010). However, ES is still limited by HGT since it relies on a single
phylogeny for making predictions. HGT in the history of any given gene could obfuscate patterns
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of vertical descent and cause spurious relationships between organisms to be inferred. It also is
unclear whether the model of clonal expansion posited by ES is reconcilable with the observation
that gene-specific rather than genome-wide selective sweeps can differentiate populations
(Cadillo-Quiroz, Didelot et al. 2012, Shapiro, Friedman et al. 2012).
Other approaches to population identification explicitly consider HGT by examining
differences in allele frequency (Tang, Hanage et al. 2009) or differences in homoplasy that disrupt
an expected pattern of clonal inheritance (Didelot and Wilson 2015, Bobay and Ochman 2017).
These assume that population-specific homologous recombination is the main driver of population
cohesion. However, other avenues of HGT (e.g., mobile genetic elements) can confound these
analyses since ecologically relevant genes may be present in a population-specific manner and
absent from closely related counterparts (Goris, Konstantinidis et al. 2007). Indeed, differences in
gene content may offer the most important clues to what drives population differentiation and
cohesion (Cordero and Polz 2014).
1.3 Horizontal gene transfer and cohesive populations
As discussed above, HGT presents challenges that confound attempts to delineate
microbial populations. Additionally, if HGT allows adaptive mutations to spread freely throughout
a population with a shared gene pool, how can ecologically differentiated populations ever form?
Geographical barriers may prevent gene flow and initiate differentiation in Eukaryotes, but the
wide dispersal capabilities of microbes make it unclear whether geographic barriers are sufficient
to disrupt gene flow. However, adaptive genes that induce an ecological tradeoff within a
population create an opportunity for sympatric population differentiation. For example, a
competition-dispersal tradeoff where individuals can be specialized colonizers or specialized
dispersers, but not both at the same time, has been observed in Vibrio cyclitrohpicus (Yawata,
Cordero et al. 2014). Observations that the frequency of HGT scales with the ecological similarity
13

(Smillie, Smith et al. 2011) suggest that ecological differentiation initiated by such a tradeoff
should also induce a reduction in gene flow between nascent, ecologically-differentiated
populations. Furthermore, gene flow also scales with genetic similarity (Fraser, Hanage et al.
2007), so as populations diverge, gene flow between them should decrease. Given these
considerations, genetically and ecologically similar individuals should be strongly connected by
HGT. Chapter 2 of this thesis discusses the application of this concept to an approach that
successfully identifies ecologically and genetically cohesive microbial populations by analyzing
networks of contemporary gene flow.
Aside from providing a working population definition for a reverse ecology approach, HGT
also has the potential to introduce and spread new ecologically-important functions within and
between populations. This means that microbial reverse ecology approaches must go beyond
detecting signatures of selection in genomic regions shared by all organisms of interest. Indeed,
the flexible genome, the genes present in only a subset of organisms, may contribute significantly
to ecological differentiation. Chapter 3 of this thesis documents a specific example of such a case,
where an adaptive radiation driven by HGT led to the specialization of different populations of
Vibrionaceae for different physical forms of an algal polysaccharide.
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Chapter 2: A biological definition for microbial populations
Philip Arevalo, Joseph Elsherbini, David VanInsberghe, Jeff Gore, Martin F. Polz
Manuscript in preparation

2.1 Abstract
Evolution is commonly defined as change in the genetic makeup of populations, which
are locally co-existing members of a species that are genetically cohesive due to reproductive
isolation. Because genetic isolation allows adaptive mutations to spread in a specific manner,
populations are also fundamental units of ecology. However, for bacteria and archaea,
observations of frequent horizontal gene transfer (HGT) (Doolittle 1999, Popa and Dagan 2011)
and large gene content differences (Perna, Plunkett et al. 2001, Lapierre and Gogarten 2009) call
into question to what extent genetic and ecological cohesion can be preserved among closely
related genomes. Here we show that, in spite of these theoretical concerns, gene flow among
closely related, co-occurring bacteria and archaea is highly structured and delineates populations
as congruent evolutionary and ecological units. Using a simple metric to identify the most recent
HGT events among genomes, we construct gene flow networks for closely related genomes, and
find that clusters in these networks match previously defined ecologically cohesive populations
(Preheim, Timberlake et al. 2011, Cadillo-Quiroz, Didelot et al. 2012, Szabo, Preheim et al.
2013, Kashtan, Roggensack et al. 2014). Defining populations based on gene flow provides a
powerful reverse ecology framework where genomes of closely related, co-occurring microbes
from environmental and clinical samples can be assayed for genetic cohesion as a rapid means to
hypothesize population structure and hence ecological differentiation. Accordingly, we show that
several human pathogens currently defined as single species are differentiated into gene flow
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units that have undergone population-specific gene sweeps as further evidence of their status as
distinct ecological and evolutionary units. Identifying fine-scale population structure among
coexisting bacteria and archaea may put environmental microbiology on an equal footing with
plant and animal ecology where populations are often known entities at the onset of
investigations.

2.2 Background
A natural system for ordering bacteria and archaea has been elusive. Classical taxonomy,
relying on phenotypic measures, was highly arbitrary, and although attempts to supplement this
system with genetic identity and phylogenetic information were initially met with enthusiasm
(Woese 1987), three main complications arose. First, while genetic clusters are frequently
observed, it is still debated whether such clusters arise from neutral processes or are the result of
speciation by natural selection (Fraser, Hanage et al. 2007, Straub and Zhaxybayeva 2017).
Second, promiscuous recombination confounds such clusters and causes them to appear "fuzzy,"
lacking clear boundaries in multigene phylogenies due to genes having divergent histories
(Hanage, Fraser et al. 2005). Lastly, the importance of large gene content differences, observed
even for otherwise closely related genomes, for structuring ecologically distinct populations
remains unknown (Cordero and Polz 2014). Although there have been previous attempts to
delineate species based on homoplasies (Bobay and Ochman 2017) and sequence identity
(Varghese, Mukherjee et al. 2015), it is unclear whether these methods have sufficient resolution
to capture ecologically cohesive units. Some recent observations have, however, suggested that
contemporary gene flow, including gene-specific sweeps, delineates recently diverged but
already ecologically and physiologically differentiated bacterial (Shapiro, Friedman et al. 2012)
and archaeal (Cadillo-Quiroz, Didelot et al. 2012) populations. We therefore hypothesize that
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gene flow units and ecological units are congruent and gene flow can thus be used to rapidly
identify ecological populations.
We reason that testing this hypothesis requires (i) differentiation of recent from historical
gene flow since population boundaries may change over time through speciation or despeciation
events (Sheppard, McCarthy et al. 2008), and (ii) assessment of gene flow in both the core and
flexible genome, i.e., the gene complements shared by all or subsets of genomes. We therefore
developed a novel method (ClusterPop) to estimate recent HGT among closely related genomes
and applied it to three bacterial and archaeal models (Vibrio, Sulfolobus and Prochlorococcus)
for which sufficient fine-scale environmental, physiological and genomic information is
available for closely related genomes to critically assess whether gene flow delineates ecological
populations. We further tested the method on sets of microbial genomes from several pathogens
in order to determine whether ClusterPop would be broadly applicable across environmental and
clinical isolates as a tool for discovery of population structure.
2.3 Methodological Rationale
ClusterPop estimates the portion of genome regions that are identical due to horizontal
transfer rather than common descent, hence providing a direct measure of the most recent DNA
exchange between two genomes. In order to generate this estimate of transfer, we compared the
length distribution of identical regions between pairs of genomes to the expected length
distribution of identical regions in the absence of transfer based on a Poisson model of mutation
(Methods). Because recent transfer introduces new regions of identity between two strains, pairs
of strains that have recently exchanged DNA should have longer stretches of identical DNA than
predicted by the null model. We use the magnitude of this length bias, measured by the sum of
squared differences between the observed and expected distributions, as our estimate of recent
transfer. We then construct networks of recent gene flow in which pairs of genomes are
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connected by this estimate of recent transfer and identify clusters within these networks as
putative populations. Importantly, because ClusterPop estimates gene transfer for all pairwise
combinations of genomes, these networks account for gene flow in both the core and flexible
genome.

2.4 Results and Discussion
We first show that our null model successfully provides an accurate baseline prediction
for identity by descent. The identical region distributions among clonally evolving strains with
no measured recombination closely match the null prediction (Fig. 1 a). However, small length
biases are evident in the identical region distributions of all clonally evolving genome pairs. This
bias may be caused by genomic regions under negative selection since these regions would have
a significantly lower divergence than the rest of the genome. Recent observations coupled with
models of population evolution indicate that microbes with larger genomes tend to have larger
effective population sizes and hence experience stronger negative selection (Sela, Wolf et al.
2016). Because of this relationship between genome size and the strength of negative selection,
we reasoned that length bias should also scale with genome size. Indeed, we find that the length
bias in clonally evolving strains follows this relationship (Fig. I b), being weakest in the obligate
intracellular symbiont Buchnera aphidicolaand strongest in the human pathogen Salmonella
enterica. This scaling allows us to calculate a lower bound for the expected length bias due to
negative selection alone for any pair of genomes of a particular size.
We next hypothesized that the length bias in the identical region distributions of
recombinogenic microbes exceeds the lower bound set by our model of mutation modulated by
selection. Consistent with this hypothesis, we find strains of bacteria and archaea that have
undergone recent recombination have length biases well above this bound (Fig. 1 a, b). For
example, gene flow has been analyzed in Vibrio cyclitrophicus and Sulfolobus islandicus as part
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of recent speciation events, and Salmonella enterica servoar Typhimurium has been shown to be
surprisingly recombinogenic compared to conspecific clonal serovars (Didelot, Bowden et al.
2011). We detect recombination between these genomes as a markedly greater length bias
compared to their clonal counterparts. By simulating a simple process of gene transfer
(Methods), we were able to replicate the observed distribution of identical regions in the
recombinogenic microbes and estimate that transfer is responsible for 16% - 94% of identical
regions between genomes (Fig. 1 c, Extended Data Figure 1, Extended Data Figure 2). These
results suggest that we can use the length bias of the identical region distribution between
genomes to create networks of recent gene flow between genomes.
Gene flow networks are highly structured and contain clusters that show striking
congruence to populations previously predicted based on a combination of genetic, physiological
and environmental data (Hunt, David et al. 2008, Preheim, Timberlake et al. 2011, CadilloQuiroz, Didelot et al. 2012, Szabo, Preheim et al. 2013, Kashtan, Roggensack et al. 2014) (Fig.
2). Populations manifest as strongly isolated gene flow clusters with a few notable exceptions
that include a few populations, which have served as models of speciation processes, such as
Vibrio cyclitrophicus (Fig. 2a) and Sulfolobus islandicus (Fig. 2b), both of which remain
completely connected single clusters in the network. However, application of a standard
clustering algorithm (Infomap (Rosvall, Axelsson et al. 2009)) separates these nascent
populations according to previous predictions. For V cyclitrophicus a main and two minor
subclusters are evident (Fig. 2a), consistent with prior gene flow estimates, which showed
uniform gene flow for the main cluster but a partial sweep of chromosome II within the second
nascent population (Shapiro, Friedman et al. 2012). Indeed, the length bias of the identical region
distribution among these strains is an average of ~9 times higher in chromosome II as compared
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to chromosome I (Extended Data Figure 3) confirming that ClusterPop correctly identifies
population-differentiating gene flow events. Similarly, application of the clustering algorithm
also correctly identifies two recently diverged populations within the archaeon Sulfolobus
islandicuseven though they appear densely connected by gene flow in the raw network and are
nearly indistinguishable across the genome (0.2% average divergence) (Fig. 2b). Finally, while
we detected some gene flow between more distantly related members of V breoganii and Vibrio
sp. F 13, clustering correctly separates these populations into gene flow units. Further analysis of
these genomes indicates that the signal of gene flow is driven by an identical ~7KB phage-like
element (Methods), indicating that HGT between moderately differentiated populations occur
but does not disrupt their existence as separate gene flow units.
Prochlorococcus,our third model, represents a special case since the entire dataset
consists of incomplete single cell genomes collected directly from environmental samples. These
genomes fall into several populations with distinct genomic backbones and spatio-temporal
dynamics. Clustering analysis readily identifies all predicted populations including five closely
related populations, which are so closely related that they are <1% divergent in their internal
transcribed spacer region (Fig. 2c). Taken together, these data on three of the best studied model
systems suggest that our approach is sensitive enough to rapidly predict population structure for
groups of organisms for which, due to their close relationships, it has sometimes taken years to
establish ecologically cohesive populations based on detailed linking of genetic diversity to
environmental and physiological factors. Indeed, in addition to confirming previous population
predictions within our three test cases, ClusterPop was able to assign genomes with a previously
unknown population designation to a putative population (Fig. 2, grey nodes; Extended Data
Table 1). This suggests that a powerful reverse ecology approach is possible where ecological
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units can be predicted from gene flow analysis of closely related genomes obtained from the
same samples.
To test the feasibility of such a reverse ecology approach, we applied ClusterPop to four
previously defined species of human pathogens (Staphylococcus aureus, Mycobacterium
tuberculosis, Pseudomonasaeruginosa, and Helicobacterpylori) and show that two of these
species are in fact composed of populations differentiated by gene flow. To ensure the potential
for contemporary gene flow, we only chose isolates that co-occurred in the same clinical samples
or geographic area (e.g., same hospital). For M tuberculosis, genomes were too closely related to
detect gene flow with ClusterPop consistent with previous observations that M tuberculosis
evolution is largely clonal (Extended Data Fig. 4-5, Supplementary Table 2). S. aureusalso
shows no population structure despite observed high rates of HGT (McCarthy, Loeffler et al.
2014). However, several subclusters were detected within the remaining two pathogen species.
Interestingly, these clusters did not correspond to metadata collected with the isolates (Didelot,
Nell et al. 2013, Roach, Burton et al. 2015), highlighting that pathogen population structure
might be driven by factors beyond commonly measured clinical features such as isolation site
and antibiotic resistance profiles.
Because sufficient ecological data to interpret population structure is often unavailable,
we further tested whether predicted populations show evidence of gene specific sweeps,
indicating recent spread of adaptive genes or alleles and hence differential environmental
selection. We limited our analysis to populations we identified as subclusters since these
represent the most closely related sets of populations where differences in the core and flexible
genome are most meaningful. By identifying low diversity genomic regions and subclusterspecific identical genes, we find evidence for core and flexible genome sweeps within these
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subclusters (Extended Data Table 1, Methods). The majority of subclusters have at least one
flexible gene that has swept in a subcluster-specific manner (Extended Data Table 1). Annotation
reveals that these genes represent a wide range of potential population-specific capabilities
including genes related to virulence, polysaccharide degradation, and antibiotic resistance
(Supplementary Table 4). Furthermore, we find that up to 14.9% of the core genome has swept
within these subclusters (Extended Data Table 1). These regions contain a wide diversity of
genes including flagellar components and surface antigens, indicating the potential role of topdown selective pressures such as phage predation and host immune responses in structuring
populations (Supplementary Table 5). While identifying genes under population-specific
selection does not provide a definitive catalog of factors driving population differentiation, it
generates testable hypotheses that can be used to elucidate such factors in a targeted manner.
Our findings that populations can be described as cohesive gene flow units evoke Mayr's
biological species concept, which defines species as interbreeding units separated by
reproductive barriers (Mayr). There are, however, important differences, including the nature of
genetic barriers, which is inherently leaky in bacteria and archaea due to the intricacies of the
DNA uptake and recombination process. Gene transfer in bacteria and archaea can, in principle,
happen between any individuals and is an important source of evolutionary novelty. In fact, even
if transfer of divergent genes is frequent, these events may not disrupt population gene-flow
networks since many alleles and genes might be rather transient in individual genomes unless
under selection. A further caveat for a species concept is that we have limited ourselves to
populations by analyzing only genomes of co-existing bacteria and archaea to insure that recent
gene flow between genomes is likely. Yet species are more widely distributed and it will
therefore be important to analyze gene flow among collections of closely related organisms from
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disparate sources. However, we note that populations, as defined here, represent the most
relevant unit for ecological analysis and we show that organisms that are typically lumped in
environmental analysis using 16S rRNA marker genes frequently break up into several distinct
gene flow units. This may therefore mean that recent estimates, which put global bacterial and
archaeal species at a trillion based on scaling of observed 16S rRNA diversity (Locey and
Lennon 2016), may be significant underestimates.

2.5 Methods
Null model of mutation distribution
Our method of detecting recent gene transfers is based on the rationale that recent
horizontal transfer between two genomes introduces regions of identity between those genomes.
Thus, given a sufficient background divergence, transfer events create regions of genomic
identity that are larger and occur at a higher frequency than would be expected from a simple
mutational process alone. In order to measure the length bias in distributions of identical genome
regions, we created a null model of mutational distribution and compared this to distributions
generated from our sampled genomes.
If no gene transfer occurs, then it is possible to calculate the expected distribution of
identical regions between two genomes by specifying a mutation rate. In this model, mutation is
a Poisson process that introduces variation between two diverging genomes. Therefore, given a
particular genome-wide divergence (X) between two genomes and assuming a uniform mutation
rate, the expected size of identical regions between mutations (w) can be approximated by an
exponential distribution:
Equation 1:

w ~ ke-i

We can then calculate Pexp, the expected proportion of a pairwise genome alignment belonging to
identical regions above a particular size wo:
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Equation 2:

Pexp =

Owewdw = e -xwo(Awo + 1)

fweXwdw
x

Given a divergence k, we can plot a curve that describes the proportion of a genome alignment
that is part of an identical region of an arbitrary size. We will refer to this curve as the identical
region distribution (IRD) of a pair of genomes. By measuring the genome-wide divergence
between two genomes, we can obtain the expected IRD under mutation alone.
Whole genome alignment and calculationof length bias
We aligned all pairs of analyzed genomes with Mugsy using default parameters (Angiuoli
and Salzberg 2011). Large-scale deletions of genomic regions result in runs of gaps in pairwise
genome alignments that could result in an overestimate of divergence since each gap would be
counted as an individual mutation. Therefore, we divided all alignments into blocks that
excluded any gapped regions of greater than 2 bp to avoid overestimation of divergence. Using
these filtered blocks, we then calculated divergence di by counting the number of non-identical
bases and dividing by the total filtered alignment length. Similarly, high-divergence regions
introduced by misalignment or transfer from divergent donors could also result in an
overestimation of divergence due to the introduction of a large number of concentrated mutations
that do not reflect a background mutational process. To filter these regions out, we split the
alignment into 1000 bp blocks and removed any blocks that had a divergence more than 10 times
higher than di. We calculated divergence again after this second filtering step and used this as
our final divergence estimate.
We used this divergence estimate to calculate the expected IRD for a given pair of
genomes according to the equation 2. To obtain the observed IRD of a particular alignment, we
considered every identical region size between 1 bp and the length of the filtered alignment and
calculated the percentage of the alignment that fell in an identical region of at least that size. The
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length bias of the observed IRD was measured as the sum of squared differences between the
observed and expected IRDs and used as our estimate of transfer.
Reduced mutation rates at genomic loci under negative selection can increase the length
bias of the observed IRD. We controlled for this effect by measuring length bias in complete
genomes of four species of bacteria with no known recombination with the expectation that any
observed length bias is primarily due to negative selection: Buchnera aphidicola, Francisella
tularensis (Nubel, Reissbrodt et al. 2006, Soares, Silva et al. 2013), Corynebacterium
pseudotuberculosis (Soares, Silva et al. 2013, Bolotin and Hershberg 2015), and Salmonella
enterica (Didelot, Bowden et al. 2011). In C. pseudotuberculosis,recent work has shown that
recombination is detectable within genomes of the equi biovar (Soares, Silva et al. 2013).
Therefore, we did not measure the length bias in pairs of strains that both belonged to the equi
biovar. Similarly, analysis of phylogenetic incongruence in F. tularensisindicated that
recombination was detectable within F. tularensis subspecies novicida and therefore we
excluded this subspecies from our analysis (Nubel, Reissbrodt et al. 2006). Finally, previous
analysis of recombination patterns in S. enterica indicated that while recombination was
detectable between isolates belonging to the same serovar, recombination was absent between
particular pairs of serovars(Didelot, Bowden et al. 2011). In particular, no recombination was
detected between a group consisting of serovars Paratyphi C, Choleraesuis, and Typhisuis and
another group consisting of Paratyphi A and Sendai. Thus, we only considered length bias
measurements between these two serovar groups.
For each group of non-recombinogenic genomes, we made all possible pairwise
alignments and used these to calculate the length bias in the observed IRD. We then calculated
the average genome size of each group of genomes and obtained the best-fit linear regression
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relating length bias (B) to genome size (G). For all other analyzed genomes, we used this
regression to evaluate whether the observed length bias could be explained by negative selection:
if the observed length bias was less than the length bias predicted by the average genome size of
the aligned genomes, then we concluded that there was no recent transfer between those
genomes.
Simulation of HGT
We performed simulations of recent transfer in order to test whether transfer could
accurately model the observed IRD of recombinogenic microbes. For a given pair of aligned
genomes, we generated two simulated genomes with size A equal to the observed alignment size.
We then chose values for N, the number of transfers, and T, the average size of transferred
fragments drawn from a Poisson distribution. Based on these values, we then distributed D
mutations between the simulated genomes. The value for D was chosen such that, on average,
the divergence of the simulated genomes after transfer was equal to the observed divergence (k)
according to the following approximation:

Equation 3:

D =

(~)

A)

We simulated the transfers using a custom python script and calculated the length bias of
the simulated data with respect to the observed data. This analysis was repeated for 500
randomly chosen combinations of N and T chosen from the following ranges: N = [10, 10000], T
= [50, 5000]. Values of N and S that resulted in a value for D > 1.0 were excluded. Random
search has been shown to be as effective as grid search for finding global minima in machine
learning applications (Bergstra and Bengio 2012) and so we chose this approach to reduce the
number of parameter combinations searched. Indeed, visualizations of the parameter space
indicate that our choice for best-fitting N and T lay within a valley of length bias (Extended Data
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Figure 2). The combination of parameters that minimized the length bias was chosen as the best
fitting parameter set. We then were able to estimate the proportion of a genome alignment that
was identical due to transfer by counting the average number of base pairs transferred for a set of
20 simulations using the best fitting N and T
Network construction and clustering
We used the observed length bias of every aligned pair of genomes to create networks of
gene transfer with each genome as a node and the length biases of their IRDs as edges. Isolated
clusters (i.e., groups of genomes that were entirely unconnected to other groups by gene flow)
were identified in the initial network using a custom python script. Next, nearly identical groups
of genomes were collapsed into single nodes because without sufficient divergence, transfers are
unlikely to purge mutations from genomes and therefore are unlikely to enrich the IRD. To
accomplish this, we collapsed pairs of genomes that were less than 0.0355% divergent into
clonal clusters (Supplementary Table 2). This cutoff was determined by finding the minimum
divergence necessary for a transfer of 1000 bp to have a 5% Poisson probability of removing at
least two mutations. In the final network, clonal clusters were represented by a single node
representing all clonal genomes in that cluster. Edges between this clonal node and other
genomes were formed by averaging the length bias between each member of the clonal cluster
and the target genome. Finally, we applied a clustering algorithm to each isolated cluster in order
to identify meaningful structure in the form of subclusters. In cases where subclusters were
identified, we used these subclusters as our final population assignments. The final population
labels all end in a string of the form X.Y (e.g., vib4.1) where X indicates an identifier for the
initial isolated cluster and Y indicates a specific subcluster. These assignments are available in
Supplementary Table 1.
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We considered three algorithms for network clustering: Markov clustering (MCL)
(Dongen 2000), Infomap (Rosvall, Axelsson et al. 2009), and the Louvain method of modularity
maximization (Blondel, Guillaume et al. 2011). Both MCL and Infomap use information about
flow through networks as a means of finding communities. MCL simulates the process of a
random walk through a network and defines communities as groups of nodes where a random
walk is likely pool. Infomap aims to find communities that maximize the mutual information
between the whole network and a given clustering of that network. Since our HGT network
explicitly measures flow between genomes, both methods that explicitly deal with flow within a
network are well-suited for our approach. We found the Louvain method lacked resolving power
for closely related groups of populations which is a known limitation of modularity
maximization and therefore excluded it from further analysis (Traag, Van Dooren et al. 2011).
Of the remaining methods, ease of implementation led us to choose Infomap. Additionally,
performance of MCL was sensitive to choice of input parameters and additionally required the
setting of self-edges in the network. Infomap required no such parameter optimization.
Genome sequencing and acquisition
Additional Vibrionaceae strains were collected and sequenced to supplement already
available Vibrionaceae strains from other studies. These strains are listed in Supplementary
Table 1 and begin with the prefix "ION." These were collected from Canoe Beach, Nahant, MA,
USA and isolated using sequential filtration as previously described (Hunt, David et al. 2008).
DNA was extracted, sequenced, and assembled as described in Hehemann, 2016.
Previously sequenced genomes of Vibrionaceae, Sulfolobus, Prochlorococcus,Buchnera,
Corynebacterium, Francisella,Salmonella, Staphylococcus, Helicobacter, Mycobacterium, and
Pseudomonaswere obtained from the GenBank Genomes FTP server
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(ftp://ftp.ncbi.nih.gov/genomes/). Accession numbers for all genomes are available in
Supplementary Table 1.
Genome quality control
Contamination in genomic data could have a detrimental effect on our clustering method
as this could introduce spurious regions of identity between genomes. As such, we aimed to
eliminate genomes with any detectable contamination by running all sampled genomes through
an automated contamination detection pipeline: acdc (Lux, Kruger et al. 2016). Any genomes
with detectable contamination under default parameters were excluded from analysis.
Analysis of chromosome-specific sweeps in Vibrio cyclitrophicus
Two subclusters we identified in V cyclitrophicus have previously been shown to have
undergone a partial sweep of chromosome 1I. To confirm this finding, we compared the IRDs of
chromosome I and chromosome II in these strains. In order to assign the contigs of the V
cyclitrophicus genomes to chromosome I or II, we examined the alignment between each of
these strains and the complete genome of Vibrio sp. F13 strain 9CS 106. Contigs were assigned to
the 9CS 106 chromosome to which they aligned. For each strain, we then plotted the IRD of
chromosome I vs. chromosome II and calculated the average length bias between chromosomes
for all strains (Extended Data Figure 3).
Identificationof gene flow drivers between Vibrio breoganiiand Vibrio sp. F13
Upon initial inspection of the HGT network of Vibrionaceae, we noted that one strain of
Vibrio breoganii(1ON.222.46.A 11) was linked to two Vibrio sp. F13 strains by transfer. In order
to determine what was driving this signal, we examined all alignments between 1 ON.222.46.A 1I
and its Vibrio sp. F 13 gene flow partners to find the longest segment of identical DNA between
these strains. We identified a 7722 bp element that was either partially or completely present in
1ON.222.46.A 11 and all its Vibrio sp. F13 partners. Removal of this element from
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10N.222.46.A1 1 abolished the signal of gene flow between Vibrio breoganii and Vibrio sp. F13.
All other clustering results remained unchanged. Open reading frames (ORFs) were identified
using Prodigal (Hyatt, Chen et al. 2010) and annotated with InterProScan (Finn, Attwood et al.
2017). This indicated the presence of an integrase at its 3' end leading us to classify it as a
phage-like mobile element.
Identification of gene-specific sweeps within the core genome
To identify core genomic regions that have swept within predicted subclusters, we
systematically scanned a whole genome alignment for regions that have low within subcluster
nucleotide diversity, and where subclusters are monophyletic clades. We excluded
Prochlorococcusfrom this analysis as the incomplete nature of many of the single cell genomes
prevented us from accurately assessing core genome content. Furthermore, we only considered
one genome from each clonal group and excluded any clusters with two or fewer members from
this analysis, as monophyly of two genomes is trivial. Finally, even though V breoganii and
Vibrio sp. F13 occur in the same isolated cluster, V breoganii-like subclusters (vibl2.0, vibl2.2,
and vibl2.4) were considered separately from Vibrio sp. F 13-like subclusters (vib.12.2, vib12.3)
as a result of the gene flow analysis conducted above.
Genomes from each cluster were aligned using Mugsy (Angiuoli and Salzberg 2011), and
locally collinear alignment blocks (LCBs) were filtered to be at least 3000 nucleotides long, and
contain less than 50% gap containing columns. Each LCB was subsampled along a sliding
window into regions that had 100 consecutive single nucleotide polymorphism (SNP) containing
columns. These regions were used to make maximum likelihood (ML) trees using PhyML
(Guindon, Dufayard et al. 2010). The distances between all strains in the genome alignment was
calculated using the ML trees, and subcluster monophyly was tested with the functions
"cophenetic" and "is.monophyletic" from R package ape (Popescu, Huber et al. 2012),
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respectively. Trees with the 5% lowest average within subcluster phylogenetic distance that also
supported a monophyletic split between subclusters were classified as potential sites of gene
specific sweeps. If at least ten of these windows occurred consecutively within an LCB, the
range these windows covered was classified as a locus that has swept.
To estimate the probability of a sweep region being identified randomly, group labels
were randomized 1000 times and sweep indicator regions were identified as described above for
each cluster. No sweep regions were found after randomization indicating that the sweeps we did
identify were unlikely to have been found by chance. As further validation that the method
correctly identifies regions that have swept through subclusters, we performed our analysis on
the V cyclitrophicus strains and populations specified in Shapiro et al. V cyclitrophicus and find
that both analyses produce matching results.
The sweep analysis required at least one closed genome per alignment. For H. pylori and
P. aeruginosastrains, all of the genomes were draft quality, so the genome with the highest N50
value from each cluster was scaffolded using RAGOUT (Kolmogorov, Raney et al. 2014)
against a closed reference from the NCBI (Supplementary Table 3).
Identificationof gene-specific sweeps within the flexible genome
To identify genes that have differentially swept through the flexible genomes of the
subclusters identified by ClusterPop, we employed a simple presence/absence-based method. For
each isolated cluster where additional subclusters were identified, we first predicted ORFs for
each strain using Prodigal version 2.6.3 in "single" mode (Hyatt, Chen et al. 2010). As in the
core genome analysis, we only considered one representative member of each clonal group in
this analysis. The predicted ORFs were clustered at 50% amino acid identity using MMseqs2
(Steinegger and Soeding 2017). For each subcluster, gene clusters were identified that were
present in all members of the subcluster and absent from all other subclusters. These gene
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clusters were further filtered by ensuring that they were 100% identical in nucleotide sequence
within the subcluster. This step ensured that the identified genes were likely to have recently
swept, as insufficient time would have passed since a sweep for mutations to accumulate.
Annotation of genes in the core andflexible genome
InterProScan version 5.17-56.0 was used to annotate all predicted ORFs (Finn, Attwood
et al. 2017). InterProScan searches 13 databases by default (CDD, COILS, Gene3D, HAMAP,
MOBIDB, PANTHER, Pfam, PIRSF, PRINTS, ProDom, PROSITE, SFLD, SMART,
SUPERFAMILY, TIGRFAMs) and two additional databases were included (SIGNALP and
TMHMM).
Reference phylogeny construction
Maximum likelihood phylogenies of Vibrionaceae, Sulfolobus islandicus, and
Prochlorococcusmarinus were constructed from ribosomal proteins as described in Hehemann
et al., 2016. Briefly, open reading frames (ORFs) were identified among all analyzed genomes
using Prodigal 2.6 (Hyatt, Chen et al. 2010). Single copy ribosomal protein sequences were
found among all ORFs using the hmmsearch program and a database of aligned ribosomal
protein sequences from Yutin, et al., 2012. We identified a total of 51 single copy proteins in
Vibrionaceae, 26 in S. islandicus, and 48 in Prochlorococcus.These were then aligned with the
mafft-linsi algorithm and concatenated. The concatenated alignments were used to make
phylogenies in RAxML (Stamatakis 2014) under the GTR + G + F model of nucleotide evolution
using the following algorithm parameters: -f a -x 26789416 -m GTRGAMMAX -p 218957 -T 16
-# 100.
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2.6 Figures and Tables
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Figure 1 I Recombinogenic bacteria are highly enriched in identical genome regions as
compared to clonal microbes. (a) Representative distributions of identical genome regions of
seven groups of microbes representing clonal and recombinogenic bacteria and archaea. These
distributions measure the fraction of a pairwise genome alignment that occurs in an identical
region of an arbitrary minimum size normalized by the divergence of the two genomes (x-axis).
The expected distribution based on our null model of neutral mutational accumulation is shown
as a grey line. (b) The length bias of identical genome region distributions increases linearly with
genome size in clonal strains while enrichment in recombinogenic strains exceeds this prediction
as indicated by the median length bias measured for each indicated clade. Length bias is
measured as the sum of squared differences between the observed and expected distributions of
identical genome regions. Error bars represent the interquartile range of length bias. Circles
represent clonal strains and squares represent recombinogenic strains. The dotted line is the best
linear fit to the clonal strains. (c) Simulations of horizontal gene transfer accurately model the
distribution of identical genome regions of recombinogenic strains as compared to the null
model. Briefly, N transfer segments of average size S were generated and randomly distributed in
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a pair of simulated genomes with divergence D such that, on average, the divergence after
transfer was equal to the observed divergence (Methods). These simulations were run for 20
independent trials and are shown as a green heatmap.
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ecological populations for (a) Vibrionaceae, (b) Sulfolobus islandicus,and (c)
Prochlorococcus.First column shows a reference maximum likelihood phylogenetic tree
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constructed from ribosomal protein sequences (Methods). Middle and right columns show the
clusters and subclusters in networks of recent gene flow. Nodes represent genomes and edges
represent the inferred amount of gene flow between them as measured by the length bias of the
observed distribution of identical genome regions. Thicker edges represent higher gene flow.
Colored nodes and leaves represent strains assigned to populations in previous studies, grey
nodes and leaves represent strains with unknown population assignment. Population assignments
in (a) from Hunt. et al., 2008 and Preheim, et al., 2012, (b) from Cadillo-Quiroz et al., 2012, and
(c) from Kashtan et al., 2015.
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the best-fitting set of parameters N and S. Top row represents V cyclitrophicus strains, middle
row represents S. islandicus strains, and bottom row represents S. enterica serovar Typhimurium
strains.
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Extended Data Table 11 Gene specific sweeps have occurred in populations identified by
ClusterPop
Putative population specific sweeps
Core genome
Flexible genome (# of

ClusterPop

Number of non-

assignment

clonal strains

genes)*

(bp/%)t

sulfo0.0
sulfo0.1
vibl8.0
vib18.1
vib18.2
vibl2.1
vibl2.3
vibl2.2
vibl2.4
vibl2.0
vib4.1
vib4.0
pseudo0.0
pseudo0.1
pseudo0.2
pyloriO.0
pylori0.1
pylori0.11
pylori0.12
pylori0.14
pyloriO.16
pylori0.2
pylori0.3
pylori0.4
pyloriO.5
pyloriO.7
pylori0.8

6
3
14
2
2
4
11
5
2
2
2
9
2
8
5
2
4
14
3
2
12
5
6
3
3
2
2

0
33
0
55
51
48
0
0
42
16
110
0
46
0
0
12
8
0
1
8
0
5
14
25
22
14
15

116165 (4.39%)
0 (0%)
135109 (2.69%)
N/A:
N/A
463230 (9.19%)
463230 (9.15%)
162272 (3.98%)
N/A
N/A
N/A
539985 (9.6%)
N/A
7358 (0.11%)
57737 (0.86%)
N/A
176089 (10.79%)
743 (0.05%)
84923 (5.09%)
N/A
737 (0.04%)
154391 (9.32%)
192513 (11.7%)
197620 (11.93%)
239821 (14.93%)
N/A
N/A

Putative flexible genome sweeps were identified by finding genes unique to a particular population that were also
100% identical within that population.
t Putative core genome sweeps were identified by finding core genomic regions for which populations were
monophyletic and low diversity.
:N/A indicates populations that could not be assessed for core genome sweeps because they contained fewer than
three non-clonal strains.
*

Supplementary tables 1-5 have been excluded from this thesis due to space constraints and are
available online at philarevalo.github.com
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3.1 Abstract
Adaptive radiations are important drivers of niche filling, since they rapidly adapt a single
clade of organisms to ecological opportunities. Although thought to be common for animals and
plants, adaptive radiations have remained difficult to document for microbes in the wild. Here we
describe a recent adaptive radiation leading to fine-scale ecophysiological differentiation in the
degradation of an algal glycan in a clade of closely related marine bacteria. Horizontal gene
transfer is the primary driver in the diversification of the pathway leading to several
ecophysiologially differentiated Vibrionaceae populations adapted to different physical forms of
alginate. Pathway architecture is predictive of function and ecology, underscoring that horizontal
gene transfer without extensive regulatory changes can rapidly assemble fully functional pathways
in microbes.
3.2 Introduction
Adaptive radiations are thought to have played an important role in the diversification of
life. They manifest as rapid ecological differentiation of a single clade of organisms in response to
ecological opportunity thought to arise primarily from resource availability following extinctions
or colonization of new habitats (Schluter 2000, Gavrilets and Losos 2009). A prime example are
50

Darwin's finches, which quickly diverged from a single ancestor into several, locally adapted
species on the Galapagos Islands due to evolvability of beak shape, which allowed rapid adaptation
to novel resources. In recent years, laboratory evolution and mesocosm studies using microbes
have provided experimental support for ecological opportunity triggering adaptive radiations
(Colegrave and Buckling 2005, MacLean 2005, Kassen 2009, Gomez and Buckling 2013).
However, for microbes in the wild, adaptive radiations, both ancient and recent, have remained
difficult to document.

First, the details of ancient diversifications are nearly impossible to

reconstruct, since past ecological opportunities are often unknowable, and horizontal gene transfer
(HGT) can erode phylogenetic signal. Furthermore, it is even questionable whether adaptive
radiations might be possible in contemporary environments, considering that the long coevolutionary history of microbes and their resources has led to high niche filling (Gomez and
Buckling 2013).

As a consequence, we do not know genetic mechanisms and ecological

opportunities that could give rise to adaptive radiations in complex natural environments.
Here we ask whether a group of very closely related but ecologically differentially
associated bacterial populations show the characteristics of an adaptive radiation, including rapid
diversification of a single clade into multiple, ecologically differentiated clades, associated with
traits adaptive towards environmental opportunities (Schluter 2000). These populations were
originally identified as genotypic clusters in protein-coding marker genes with differential
distribution among size fractions within the same water samples indicating association with
different resource types such as dissolved or particulate organic matter and zoo- or phytoplankton
(Hunt, David et al. 2008, Preheim, Boucher et al. 2011, Preheim, Timberlake et al. 2011, Szabo,
Preheim et al. 2012). Subsequent work has established that these clusters also act as gene flow
(Shapiro, Friedman et al. 2012), social (Cordero, Wildschutte et al. 2012) and behavioral (Yawata,
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Cordero et al. 2014) units suggesting that they possess many attributes commonly associated with
sexual species. However, because our sampling scheme considers only bacteria co-existing in
small-scale microhabitats, we designate them as populations to which we assign species names if
a previously described type strain falls within the genotypic cluster identified as a distinct
population.
Our test case is a clade of very closely related Vibrionaceae isolates, which we previously
hypothesized to comprise at least seven recently speciated populations based on their genetic and
environmental structure. We show that this clade rapidly diversified into population-specific
ecophysiological types specialized for the degradation of different physical manifestations (chain
length, solubility, concentration) of the same algal glycan. This specialization is manifest as unique
pathway configurations that arose by extensive horizontal gene transfer and are highly predictive
of metabolic performance. We first reconstruct the evolution of the different pathway types and
characterize their physiological properties. We then show that environmental associations are
consistent with the physiological predictions and propose a model of glycan degradation involving
the evolution of interacting populations.

3.3 Results
3.3.1 Alginate degradationpathways differentiate populations
We first asked whether adaptive changes can be hypothesized based on comparison of 84
genomes representing the Vibrionaceae populations, including a clade of seven very recently
diverged populations (crown group) (Fig. 1, grey box). This analysis highlighted a pathway
specific for the degradation of the brown algal glycan alginate as having undergone extensive
evolutionary changes across the majority of populations (Fig. lA, B and Supplementary Fig. 1).
These include both population-specific presence and absence of the pathway, as well as major
differences in its architecture. For example, several populations contain a canonical pathway
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consisting of four polysaccharide lyase (PL) families (Lombard, Bernard et al. 2010), while others
lack up to three of the four lyase families (Fig. 1 B). These four families perform different
molecular functions in the alginate pathway: alginate lyases (Aly) PL6 and PL7 initiate the
extracellular lysis of the polymer, and members of two oligoalginate lyase (Oal) families PL15
and PL17 complete degradation into monomers (Thomas, Barbeyron et al. 2012, Wargacki,
Leonard et al. 2012, Jagtap, Hehemann et al. 2014, Badur, Jagtap et al. 2015). The latter two gene
families are the keystone carbohydrate active enzymes (Hehemann, Smyth et al. 2012) of the core
pathway, since they generate sugar monomers that can be further catabolized, and their absence
abolishes pathway functionality. These initial observations suggested the possibility of a finegrained analysis of the evolutionary history and potential adaptive significance of the alginate
pathway differentiation.
3.3.2 Pathways have assembledprimarilyhorizontally
Cursory inspection of the alginate pathway across our Vibrionaceae populations appears
consistent with an ancient, single HGT since a core set of alginate degradation genes is present in
a majority of the clade including the deeply branching Aliivibrio (Fig. IA, Supplementary Fig. 1
and 2). However, detailed phylogenetic reconstruction (Methods) that includes an additional 395
high quality genomes obtained from Genbank for reference (Supplementary Fig. 3) reveals an
unexpectedly complex history (Fig. 1D and E). In most cases, multiple copies of each alginate
lyase family represent independently evolving subfamilies that did not arise by duplication within
the Vibrionaceae (see Methods for statistical support for definition of subfamiles). In fact, there is
little vertical descent and the majority of clades with alginate degradation pathways acquired both
Oal and Aly genes horizontally (Fig. ID and E). Across all our populations, transfer of Oal genes
was so common that every population exchanged at least one gene copy with at least one other
population (Fig. 1D). Even among the seven closely related populations of the crown group we
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estimate three independent initial acquisitions of Oal subfamilies from a variety of sources
followed by lateral spread among populations and acquisitions of new subfamilies (Fig. IA and
D). Moreover, Alys and Oals are distributed across multiple regions on chromosome 1,
chromosome 2, and a putative extrachromosomal element in one Vibrio breoganii (FF50) and one
Vibrio sp. F13 (9CS106) isolate with nearly closed genomes. These regions are significantly
enriched in genes annotated as mobile elements, transposases, and integrases (hypergeometric test,
p = 0.00 19). Some of these regions also display significantly decreased GC content consistent with
the recent introduction of foreign DNA (Supplementary Table 1). Hence multiple lines of evidence
reject the seemingly ancient acquisition and subsequent vertical modification of the core pathway
and instead suggest multiple recent acquisitions and transfers.
The core pathway of Oals was extended in a surprisingly rapid and complex sequence of
events by independent acquisitions and transfers of Aly families PL6 and PL7. Similar to the Oals,
Aly genes also spread extensively within the crown group by independent acquisition and transfer.
However, these genes were lost in a lineage-specific manner within V tasmaniensisand V lentus
(Fig. ID and E). Furthermore, Vibrio sp. F10 never acquired Aly genes despite possessing both
Oals (Fig. 1 D and E). The more basal Vibrio groups, V breoganii, V rumoiensis, and the
Afiivibrio, all independently acquired these genes as well and transferred a number to the crown
group (Fig 1 E). Taken together, several different pathways were assembled by an evolutionary
Ping Pong of rapid back and forth transfers among lineages; the pace of this is evident in the crown
group of vibrios that are nearly indistinguishable in ribosomal protein gene sequences yet contain
populations that have lost the pathway or acquired a range of Alys in addition to the core set of
Oal genes (Fig. 1 and Supplementary Fig. 1).
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The considerable variation in Aly gene copy number, which arose primarily by acquisition
and loss rather than duplication, differentiates pathways functionally, highlighting the key role of
HGT and the flexible genome in niche differentiation among populations. In particular, while PL6
and PL7 gene copies are absent in several lineages, they are especially abundant in V breoganii,
V cyclitrophicus, V splendidus, and Vibrio sp. F 13. In V breoganii, the pathway underwent the
most significant expansion, involving duplications of PL6 and PL7 genes in addition to several
PL7 gene transfers from multiple sources (Fig. ID and E). Within each population, further
variation in PL7 copy number also exists (Supplementary Fig. 1 and 4) but it is unclear whether
such variation is due primarily to transfer, loss, or duplication. Regardless, these observed
differences in gene copy number have important physiological consequences; populations
possessing more Aly gene copies showed increased enzyme expression (Supplementary Fig. 5)
and enzymatic activity when exposed to alginate (Fig. 2). Because many of the genes are
distributed across different regions in the genome and hence not co-regulated, increased activity
rapidly evolved, in large part by gene acquisition and expression. The gene acquisition we
observed is reminiscent of molecular cloning and exemplifies that the process works in the
laboratory because microbes are well adapted for incorporation and expression of heterologous
genes.
3.3.3 Populationspossess different ecophysiologicalstrategies
We next asked how differences in pathway architecture might shape ecological niches at
the population level. We first hypothesized that populations possessing only Oal genes may only
have limited utilization of oligoalginate molecules. We therefore performed growth experiments
on alginate of high (degree of polymerization, Dp>50), medium (Dp-20), and low (Dp~3-4)
molecular weight, which reflects the potential resource space, since extracellular glycan
depolymerization relatively inefficiently retains breakdown products of different size, hence
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liberating oligoalginate molecules for consumption by other microbes (Arnosti 2011). This showed
that, among 55 surveyed Vibrionaceae strains, the presence of at least one Aly and one Oal family
(as in V cyclitrophicus, V breoganii, V splendidus, and Vibrio sp. F13) perfectly predicted the
ability to grow on polymeric forms of alginate (Dp >50 and ~20) (Fisher's exact test, p=4x10-").
In contrast, possessing only Oal families (as in V tasmaniensisand Vibrio sp. F 10) conferred the
ability to grow only on low molecular weight oligomers (Dp -3-4, Fig. 3) (Fisher's exact test,
p=1x10-9 ). Since these oligomers are Aly digestion products, populations that lack Alys (but still
possess Oal families) may 'scavenge' substrates produced by Aly-possessing populations. Our
findings extend similar interactions recently suggested among bacteria in the gut (Rakoff-Nahoum,
Coyne et al. 2014, Rogowski, Briggs et al. 2015) to ocean microbial communities, which persist
in a much more dilute environment suggesting the observed differentiation represents a general
principle of glycan degradation.
Populations are differentiated along an additional niche axis: the speed with which they
can access the intact alginate polymer due to differential solubility of Alys. We noticed that
although most Aly-possessing populations had very short lag phases on high molecular weight
polymer (Dp>50) (Fig. 4A, e.g., 13B01 and 12B01), a subset of isolates displayed long lag phases
- over 24 hours in some cases - that increased with polymer length (Fig. 4A, e.g., 1F 157 and
ZF21 1). We hypothesized that short lag phases are enabled by broadcasting Alys into the 3dimensional polymer matrix while long lag phases occur in isolates that tether the enzymes to the
cell allowing only access to the 2-dimensional polymer surface. Consistent with this hypothesis,
broadcast alginate lyase activity was high among isolates with short lag phases (Fig. 4B-D, e.g.,
13B01 and 12B01), but comparatively low in isolates with longer lag phases (Fig. 4B-D, e.g.,
1F157 and ZF211). Notably, membrane-bound and intracellular alginate lyase activity was
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comparable among isolates, regardless of lag phase length (Fig. 4B and C). Furthermore, in a platebased assay intended to visualize broadcasted alginate lyase activity, isolates with short lag phases
created large halos of lyase activity that extended far beyond the colony boundary (Fig. 4D). These
halos were small or absent for isolates displaying long lag phase. Interestingly, this long lag phase
phenotype arose independently as a population-level characteristic among all A. fischeri isolates
capable of degrading alginate and a within population polymorphism in V splendidus displayed
by ~5% of isolates. Our results also provide an explanation for recent observation of lag phases
among some Alteromonas macleodii isolates (Neumann, Balmonte et al. 2015) and suggest this
phenotype might be common.
Our plate-based enzymatic broadcasting assay also revealed additional polymorphisms in
the strength of the broadcasting phenotype. Some isolates appeared to be 'super broadcasters'
with unusually large halos, indicating their superior ability to degrade high molecular weight
alginate (Fig. 4D). This phenotype can be traced back to the acquisition of a PL7 in a subset of V
splendidus, including strain 13B01. Interestingly, a super broadcaster phenotype was recently
bioengineered for production of bioethanol from algal biomass by combining the alginate pathway
of V splendidus 12B01, a low broadcaster, with an engineered PL7 enzyme that is secreted by
Escherichia coli (Wargacki, Leonard et al. 2012). Hence our analysis demonstrates that nature
found an identical solution to the problem of rapid access of the insoluble polymer and highlights
fine-scale physiological differences as a resource for bioengineering. Ecologically, isolates that
broadcast enzymes may act as 'pioneers', which have a competitive advantage when colonizing
native substrates. By contrast, while isolates with long lag phases possess the full repertoire of
alginate lyases (both Alys and Oals), they likely grow more rapidly in the presence of isolates that
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broadcast alginate lyases into the environment. We therefore refer to them as 'harvesters', since
they may harvest the fruits of enzymes sown by pioneers.
The observed physiological variation suggests differential adaptation of the populations to
alginate and its partial degradation products, which ultimately derive from algal cell walls. Yet
Vibrionaceae are generally regarded to be animal (especially zooplankton) associated, including
many facultative pathogens (Thompson, Iida et al. 2004). Hence, we tested to what extent
possession of the alginate pathway is linked to association with dead algal biomass. To identify
habitat association, we collected small particles recognizable under the microscope as algal
detritus, and, for comparison, live and dead zooplankton (primarily copepods) during the fall and
spring season, and obtained isolates on selective media (Preheim, Boucher et al. 2011) (Fig. 1 C).
Presence of Aly genes is strongly associated with presence on algal particles (Fisher's Exact Test,
p = 1.68 x 10-). Furthermore, at least six populations (A. fischeri, V breoganii, Vibrio sp. F13,
V tasmaniensis, V lentus, and V splendidus) overlap in their habitat preferences by occurring on
algal detritus, albeit V splendidus was more strongly represented in spring, i.e., cold water
samples. Importantly, none of the populations that lack the entire alginate degradation pathway
could be isolated from algal detritus.

Moreover, several populations capable of alginate

degradation, which were absent from algal biomass, might occupy different environmental
microhabitats. For example, V. cyclitrophicus has previously been hypothesized to co-occur with
unicellular algae in the water column (Szabo, Preheim et al. 2012) while Vibrio sp. F 10, although
present on algal biomass, is primarily associated with zooplankton (Fig. 1 C) (Preheim, Boucher et
al. 2011). Hence several populations may spatially and temporarily partition the alginate substrate.
However, at least four populations (V breoganii and Vibrio sp. F13, A. fischeri and V
tasmaniensis)have high potential for interaction on algal detritus.
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3.4 Discussion
Combining phylogenetic, physiological, and environmental data, we suggest that a
horizontally acquired alginate degradation pathway has undergone an adaptive radiation, which
may mitigate competitive exclusion and enable a degradation cascade involving three
-

ecophysiological types. First, 'pioneers' - alginate degraders with Oals and broadcasted Alys

colonize and degrade the intact polymer, thereby creating more soluble forms of the polymer and
oligomers (Fig. 5). In the process, pioneers construct a niche for two other types of populations,
which we refer to as 'scavengers' and 'harvesters'.

Scavengers, which only have Oals, are

'cheaters' that cannot degrade alginate directly, but can take advantage of small oligomers (Dp~34) produced extracellularly by the pioneers.
between the pioneers and scavengers.

By contrast, harvesters represent an intermediate

Like pioneers, harvesters possess both Oals and Alys.

However, instead of broadcasting the Aly enzymes, harvesters tether Alys to their cell surface.
Furthermore, like scavengers, harvesters may also take advantage of small alginate oligomers
produced by pioneers.
In theory, there are many mechanisms that might support the coexistence of these three
ecological strategies in nature. For pioneers and scavengers, these include spatial structure (Allison
2005, Allen, Gore et al. 2013) and asymmetric access to nutrients (Gore, Youk et al. 2009). For
harvesters, their lack of broadcast enzymes leads to a growth detriment (through long lag phases
during growth on high molecular weight alginate), but also makes them less likely to share their
enzymatic degradation products. Thus, harvester populations may not be as prone to invasion by
scavengers - as has been recently described for select human gut Bacteroidetes(Cuskin, Lowe et
al. 2015)-thereby allowing them to coexist with pioneers and scavengers. Finally, even different
pioneer populations (V breoganii and Vibrio sp. F 13) are further ecologically differentiated by
enzymatic activity levels, stemming from distinct pathway architectures (Fig. 2 and Supplementary
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Fig. 5), which may allow for their coexistence. Nonetheless, interactions may lead to fluctuations
in populations and further work will be required to determine how stably pioneers, scavengers,
and harvesters can coexist in the wild.
Our analysis shows that a very general ecological opportunity creates a surprisingly strong
selective regime as evidenced by the rapid, repeated evolution of different ecophysiological types
among closely related bacteria. This finding underscores the general evolvability of microbes
consistent with adaptive radiations documented in experimental evolution studies (Colegrave and
Buckling 2005, MacLean 2005, Kassen 2009). The mechanism, however, appears fundamentally
different. HGT assembles highly nuanced functional pathways from different sources with
apparent speed and facility. This includes increase in enzymatic activity, which appears driven by
acquisition of gene copies, rather than changes in regulation. This importance of HGT is consistent
with recent insights into the evolution of beak shape in the Galapagos Finches, which was
accompanied by extensive interspecies gene flow (Lamichhaney, Berglund et al. 2015)
underscoring that in both bacteria and animals, gene import into the population rather than de novo
evolution may be important during rapid diversification (Berner and Salzburger 2015). Finally,
our results suggest that nuances in the architecture of the same pathway are predictable for
ecological association and co-existence among diversifying populations, suggesting that such
variation must be explored in detail if we are to understand the rules of microbial community
assembly.

3.5 Methods
Isolates and culture conditions
Strains tested here originated from previous studies on the ecological population structure
of Vibrionaceae. Briefly, isolates were obtained either from size fractionated water samples,
handpicked algal detritus particles and zooplankton, or different body parts of marine invertebrates
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by plating samples on Vibrio-selective marine TCBS media(Hunt, David et al. 2008, Preheim,
Boucher et al. 2011). Individual colonies were picked and purified by re-streaking three times.
Genome sequencing and assembly
DNA from strains 1S159, 1S128, 1S175, 1S165, 5F7, FF227, ZF47, 5F23, 5F33, 5F97,
ZF73, 5F306, ZF25, and 5F146 was extracted with the DNeasy Blood and Tissue Kit using the
protocol for Gram-negative bacteria (Qiagen). Sequencing libraries were prepared using the
Nextera DNA Library Preparation Kit (Illumina). Each strain was barcoded and sequenced in a
100 bp x 100 bp multiplex run on the HiSeq 2500 in Rapid mode (Illumina) at the Whitehead
Institute Genome Technology Core (Cambridge, MA). Sequence reads were demultiplexed using
a

custom

python

script

and

imported

into

CLC

Genomics

Workbench

8.0.2

(http://www.clcbio.com) for further processing and assembly. Adapters and low-quality regions
were trimmed from the demultiplexed sequences and overlapping paired reads were merged. The
final assemblies were performed using the CLC assembler with read mapping correction.
Draft genome assemblies were available for 63 strains indicated in Supplementary Table
2. Assemblies for some of these strains were refined by resequencing. DNA was isolated and
short read sequencing libraries were prepared by random shearing per Illumina's protocol and
sequenced short (51-71bp) single-end reads on an Illumina GI, or paired-end reads on an
Illumina GAII (Shapiro, Friedman et al. 2012). Genome assemblies for strains 12B01 and 12G01
were corrected with these short read sequences. Additionally, long-insert libraries were prepared
for 11 genomes representing different populations (1F53, ZF14, ZF29, 9ZC13, 12B09, 5S149,
5S101, FF33, 1F21 1, ZS17, FF500) to aid in scaffolding assemblies. Final assemblies using
these reference strains was performed by mapping short read sequences to the most closely
related long-insert assembly as previously described (Shapiro, Friedman et al. 2012). This hybrid
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short read and long-insert scaffolding approach was also used to generate de novo assemblies for
six additional strains (5F59, ZF57, FF273, 1A06, 9CSC122, 13B01).
Strains 9CS106 and FF50 were sequenced using the PacBio RSII at the Yale Center for
Genome Analysis. Initial assemblies were performed using the SMRT Portal Software at the MIT
BioMicro Center and the HGAP Assembly #2 algorithm. When appropriate, assemblies were
circularized with the minimus software package and assemblies were refined using the
Resequencing #1 analysis in SMRT Portal. This assembly was corrected by mapping the short read
Illumina sequences in CLC Genomics Workbench 8. This corrected assembly resulted in two
closed chromosomes and one circular extrachromosomal element in FF50, and two nearly-closed
chromosomes and two circular extrachromosomal elements in 9CS 106.
An additional 395 Vibrionaceaeand 51 Shewanella genomes were retrieved from Genbank
(ftp://ftp.ncbi.nlm.nih.gov/genomes/) for a total of 530 genomes analyzed.
Reference phylogeny construction
Ribosomal proteins were identified using hidden Markov models (HMMs) constructed
from a previously published alignment of bacterial and archaeal ribosomal proteins(Yutin, Puigbo
et al. 2012). These were searched against all ORFs from the 84 sequenced genomes with
hmmsearch (http://hmmer.org). ORFs matching ribosomal proteins with an e-value greater than
10-10 were excluded from further analysis. Paralogous ribosomal proteins were also excluded. All
remaining ribosomal proteins present in at least 50% of all isolates were aligned using the MAFFTL-INS-i algorithm with default parameters (Katoh and Standley 2013). Corresponding nucleotide
sequences were aligned with the protein alignment as a guide using PyCogent(Knight, Maxwell et
al. 2007). A maximum likelihood tree was constructed under the GTR+G+F model of sequence
evolution in RaxML (Stamatakis 2014). The tree was rooted using Shewanella as an outgroup. A
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relative timed tree was created from the maximum-likelihood tree using RELTIME(Tamura,
Battistuzzi et al. 2012).
Identificationof alginate lyase domains
HMMs of Alys PL6 and PL7 and Oals PL15 and PL17 were obtained from the dbCAN
database(Yin, Mao et al. 2012). These were searched against all ORFs from the 530 genomes using
hmmsearch (http://hmmer.org). Best-scoring domains were then filtered by e-value (< 10-23) and
alignment coverage (> 0.8) both of which are more stringent cutoffs than those recommended by
dbCAN (http://csbl.bmb.uga.edu/dbCAN/). These parameters were chosen to minimize false
positives. The remaining domains for each lyase and the corresponding dbCAN domain set were
aligned with MAFFT-L-INS-i using the dbCAN set as a seed under default parameters. Maximum
likelihood phylogenies were made from each of the four lyase domain alignments in the same
manner as the reference phylogeny with 100 bootstrap replicates.
Statistical support of alginate lyase subfamilies
We initially defined subfamilies of each Aly and Oal as Vibrionaceae-specificclades that
are divided by non-Vibrionaceae outgroups. Some of these clades were, however, so closely
related that two alternative scenarios were possible: either horizontal acquisition of two different
(albeit closely related) subfamilies or vertical evolution within the Vibrionaceae and transfer to
the outgropus. We therefore tested the robustness of these initial subfamilies to arrive at the most
conservative evolutionary scenario using the following methods: (1) determining bootstrap support
values for Vibrionaceae clades and their non- Vibrionaceae outgroups; (2) testing the inferred ML
topology against a more conservative topology (i.e., a topology that grouped Vibrionaceaegenes
into a single clade) with the approximately unbiased test (AU test)(Shimodaira and Hasegawa
2001); (3) comparing branch lengths within a given subfamily phylogeny to branch lengths within
a related subfamily with an origin supported by criteria 1 and 2. We performed these analyses on
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the PL17, PL6, and PL7 phylogenies. PL15 was not included in this analysis as only one PL15
subfamily was found.
For PL 17, originally five subfamilies were inferred. However, bootstrap support for all of
these subfamilies was low (all values < 60). We tested the alternative hypothesis that subfamilies
1, 2, and 3 were a monophyletic group with the AU test. This topology was not significantly
different from the inferred ML topology (p = 0.339). Performing the same test on subfamilies 4
and 5 yielded the same result (p = 0.118). However, the alternative topology with subfamilies 1,
2, 3, 4, and 5 as a monophyletic clade was significantly different from the ML topology (p=7x 10~
60)

and we were able to reject that alternative hypothesis. Therefore we concluded that there are

two independently evolving subfamilies of PL 17.
For PL6, originally two subfamilies were inferred. Subfamily 1 was well-supported by
bootstraps (97) while subfamily 2 was not (42). We tested the alternative hypothesis that
subfamilies 1 and 2 were a monophyletic group and found that this topology was significantly
different from the inferred ML topology (p=2x1 0-6). Therefore we concluded that there are two
independently-evolving subfamilies of PL6.
For PL7, originally 14 subfamilies were inferred. Subfamilies 1 and 14 were supported by
high bootstraps (100 and 90 respectively). Subfamily 13 was most closely related to subfamily 14
and therefore we tested the alternative hypothesis that these two subfamilies formed a
monophyletic clade. This alternative topology was significantly different from the ML topology
(p = 0.017) and therefore we were able to reject that alternative hypothesis.
Subfamilies 3-12 form a large clade along with a number of non- Vibrio members. Because
of this, testing an alternative hypothesis was not appropriate given the number of possible
alternatives available. We took advantage of the fact that subfamily 14 originated in the ancestor
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of Aliivibrio and Vibrio, making it the oldest of all Vibrionaceae PL7s tested. The longest root-toleaf branch length in this subfamily is indicative of the maximum amount of divergence one would
expect within any Vibrionaceae-specificPL7 subfamily. Using this value (0.66 substitutions/site)
as a cutoff, we were able to recover subfamilies 3-8 with UPGMA clustering by phylogenetic
distance (Supplementary Fig. 10). However, subfamilies 9-12 were merged into a single
subfamily. The distance between subfamily 2 and all other subfamilies greatly exceeds the cutoff
described above. Therefore we concluded that there are 11 independently-evolving subfamilies of
PL7.
The final tree with presence/absence information of lyases and each of the lyase gene trees
were visualized using the Interactive Tree Of Life (Letunic and Bork 2011).
Phylogenetic reconciliation
The Aly and Oal gene trees were reconciled against the reference phylogeny using AnGST
(David and Alm 2011) with the following cost parameters: loss = 1.0, duplication = 2.0, HGT =
3.0 (David and Alm 2011). The optimal reconciliation was the reconciliation with the lowest total
event score. We also modified the AnGST source code to examine reconciliations with alternative
gene birth scenarios that yielded the same minimal event cost. In all but one case (PL7 subfamily
2), the history of Alys and Olys within the set of 84 isolates from our collection was unaffected by
different birth scenarios. For this subfamily we chose to depict the default AnGST output.
Mobile element analysis
All genes within the 9CS106 and FF50 genomes

were annotated using the

svrassign usingfigfams script from RAST. Regions containing Aly or Oal genes within were
defined as any stretch of DNA where an Aly or Oal was no farther than 5000 bp from the next Aly
or Oal. A hypergeometric test as implemented in Python was used to compare the occurrence of
genes annotated as mobile element proteins, integrases, or transposases within these regions to the
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occurrence of these genes across the whole genome. GC content of these regions was tested in the
same way, with the added restriction of only comparing each region's GC content to the GC
content of the chromosome or extrachrosomal element where it was located.
Validation of copy number estimation of alginate lyase genes
We took quality-trimmed sequence reads from 15 strains (ZF29, 9ZC13, IS175, FF50,
5S101, 1S128, 5F306, 5S186, 1S165, 9ZB36, 12E03, 1F267, 1S45, 5F59, 9CS106) and searched
them against our database of all PL7 domains with UBLAST with default parameters
(http://drive5.com/usearch). We then calculated the percentage of all sequenced bases that hit at
least one PL7 domain. This quantity correlated well with the predicted number of PL7 genes we
obtained from the assembled draft genomes indicating that it is unlikely that unassembled genome
regions contain a significant number of new PL7s (Supplementary Fig. 4).
Size fractionationof alginate
To prepare alginate of different molecular weight for growth experiments, low viscosity
sodium alginate (Sigma #A2158) was size fractionated with chemical and enzymatic approaches.
For the production of homopolymeric blocks of alginate with a degree of polymerization (Dp) of
~Dp20, the chemical method adapted from ref. (Haug, Larsen et al. 1974) was used. Briefly, the
alginate was heated to 1 000 C in 0.3 M HCl for 20 minutes. After 20 minutes, the insoluble material
was collected by gravity filtration through cotton cloth. The soluble material (containing the
heteropolymeric alginate fraction) was discarded. The insoluble material was dissolved in fresh
0.3 M HCl, and hydrolysis was continued at 1 000 C under stirring for 20 hours. Insoluble material
was collected by filtration and suspended in water to which dilute NaOH was added until the
solution cleared. The solution was dialyzed against MilliQ water, after which the solution was
adjusted to -0.5% sodium alginate by addition of water and NaCl to a final concentration of 0.1
M. The alginate was fractionated by addition of diluted HCl to the alginate solution until the pH
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reached 2.85, inducing separation into a precipitate and supernatant fractions enriched in
mannuronate and guluronate, respectively. Both fractions were neutralized with NaOH to obtain a
pH of 7 followed by dialysis against MilliQ water with dialysis tubing (MWCO, IkDa). Following
dialysis, the guluronate- and mannuronate-enriched alginate fractions were precipitated with
ethanol, dried at 60'C, and re-dissolved in MilliQ water. The solutions were frozen at -80'C and
lyophilized to obtain fine powder. Unless otherwise indicated, all steps were carried out at 20'C.
To prepare oligosaccharides with a degree of polymerization (Dp) of Dp ~3 -4 the
mannuronate and guluronate enriched fractions were dissolved to obtain a concentration of 0.5%
(w/v) in 100 ml of 10mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer p'1 7.5 and 2
mM CaCl2. This solution was amended with alginate lyase (Aly) from Flavobacteriumsp. [4.2.2.3]
(Sigma, A1603) at a concentration of 2.5 ug/ml (w/v), which cleaves alginate, without preference
for M or G blocks into oligosaccharides with a Dp -3-4 as major products (Volpi 2008, An, Zhang
et al. 2009). The solution was immediately sterile filtered through a 0.2 ptm Sterivex filter and the
first 20 ml of the filtrate were discarded. The final filtrate was incubated for 24 hours at 20'C under
stirring at 200 RPM under sterile conditions. Growth of contaminating bacteria was tested by
examination of subsamples stained with SYBR Green I (Life Technologies) under an
epifluorescent microscope. Completeness of digestion was assessed by thin layer chromatography
(TLC) in a solvent system of 1 -butanol-acetic acid-water (2:1:1, vol/vol). The TLC plates were
sprayed with 10% sulfuric acid in ethanol and heated at 1 000 C until products became visible. The
lysis products of the digestion were compared to standard oligosaccharides of mannuronate and
guluronate with an average of ~Dp3 obtained from Elicityl. Only completely digested
preparations, as judged by complete conversion into smaller oligosaccharides (~Dp3-4) was used
for further experiments. Completeness of degradation with Aly was further confirmed by repeated
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addition of the enzyme to the oligo preparation and by measuring O.D. at 235 nm to test for
additional lysis. Enzymes were removed by pressure filtration through a 10 kDa MWCO Millipore
membrane (Millipore) that was previously extensively washed with MilliQ water. The filtrate was
again sterile filtered through a 0.2 [im Sterivex filter and the first 20 ml of the filtrate were
discarded. The final filtrate was frozen and stored at -20'C until further use.
Secreted enzyme screenings
To test for bacterial ability to secrete alginate lyase enzymes (Alys) into the environment,
we used the plate assay described in ref. (Gacesa and Wusteman 1990). Cultures were grown for
36 hours in Marine Broth 2216 (DIFCO), and 2 pL of each culture was spotted with a 96-well
solid pin replicator onto agarose plates made with Marine Broth 2216 (Difco) plus 0.25% of low
viscosity sodium alginate (A2158, Sigma). After 24 hours of incubation at 20'C, the colonies were
imaged and subsequently removed by scraping. To image the secreted enzyme activity, the plates
were rinsed two times for ten minutes with MilliQ water at 20'C to remove residual cells. After
this washing step the plates were incubated with 50 mL of 10% cetylpyridinium chloride (Sigma)
solution for 20 minutes, while gently shaking at 20'C. The plates were washed twice with MilliQ
water for 20 minutes to remove unbound cetylpyridinium chloride and to increase contrast.
Secreted enzyme activity became visible by a dark halo on an opaque background. The area of the
colony and the area of the corresponding alginate lyase activity halo was measured with ImageJ.
RT-qPCR of Vibrio alginate lyase and oligo-alginatelyase genes
Selected Vibrio isolates were grown in triplicate with glucose as the sole carbon source
until the cells reached mid-log phase. Subsamples were taken from the cultures and immediately
preserved using RNAprotect (Qiagen) to determine the baseline expression.in absence of alginate.
Cultures were then spun down, washed, and re-dissolved into minimal media with alginate
oligosaccharides as the only carbon source. The cultures were allowed to grow for another two
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hours before samples were again taken and preserved. Total RNA of all samples was isolated using
the RNeasy kit (Qiagen) and treated using the TURBO DNA-free Kit (Life Technologies) to
remove all contaminating DNA. RNA purity was confirmed by showing DNA was not detectable
in any sample after 35-40 rounds of PCR. First-strand cDNA synthesis was carried out using the
SuperScript III Reverse Transcriptase kit (Invitrogen). All reverse transcription reactions were
carried out using 100-150 ng of total RNA per reaction and random hexamer primers. Transcript
measurement of all alginate lyase genes were performed on a CFX96 Real-Time PCR detection
system (Bio-Rad) using SYBR select master mix (Life Technologies) and primers listed in
Supplementary Table 3. Gene expression analysis was performed using REST-2009 software
(Qiagen) with RpoD and GyrB as reference genes.
Bulk enzymatic activity assay of Vibrio alginate lyases
Selected Vibrio strains were grown for 48 hours in 96 deep-well blocks with Marine Broth
2216 (DIFCO) with or without 0.25% (w/v) alginate oligosaccharides. The O.D. 600 of the
cultures was taken, and the cultures were centrifuged at 2,000 rpm for 20 min at 4'C. The
supernatant was discarded, and the pellets were lysed in Bugbuster master mix (Merck) for 30
,

minutes with shaking. The activity assays were carried out in an activity buffer (10 mM KPO 4

200 mM NaCl, 200 mM KCl, 2 mM CaCl2, 0.01 % sodium azide, pH=7.5) containing 0.1%
alginate polysaccharide (Sigma #A2158). For the activity curves, 10 uL of bacterial lysate was
incubated with 200 uL of the activity buffer at 270 C. The absorption of the solution at 235 nm was
used to quantify polysaccharide degradation by increased absorption of the new double bond in
the non-reducing end sugar. A measurement was taken every minute up to 30 minutes. The alginate
degrading ability of each strain was determined by dividing the slope of the linear part of its
activity curve by its O.D. 600 measurement.
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Growth assays
To determine growth rates on different types of alginate substrates, Vibrio isolates were
grown in triplicate with alginate polysaccharide, fractionated mannuronate (Dp~20 or -5) or
guluronate (Dp-20 or -5), or glucose as a control. All substrates were dissolved at 0.1% (w/v)
concentration in the minimal medium based on (Tibbles and Rawlings 1994). The different
substrates were inoculated (1:100) with vibrios grown in Marine Broth 2216 (DIFCO) for 36 hours.
After inoculation, O.D. 600 measurements were taken at every hour for the first 24 hours, every
1.5-3 hours for the following 24 hours, and also at 56- and 76-hour time points. From the measured
growth trajectories, the exponential growth rate was estimated (for a single replicate experiment
of a given strain in a particular condition) by fitting the data to a logistic growth model via
nonlinear regression. In most cases, this procedure provided a reasonable fit to the experimental
data. However, notable exceptions were observed; in particular, growth trajectories that reached a
peak and then declined in optical density following exponential growth (due to cell clumping or
cell death) yielded unreasonable parameter estimates when fit to a simple logistic model. In these
cases, only the data points within the exponential growth phase were fit to an exponential growth
model, rather than to a logistic model, with a similar nonlinear regression approach. All fits were
manually inspected for quality, and parameter estimates for a given strain in a particular growth
condition are average values from three technical replicates.
Enzyme localization experiments
To localize alginate lyase activity in different cell compartments, we measured alginate
lyase activity in intracellular, membrane-bound and extracellular proteomes [after Method I in ref.
(Thein, Sauer et al. 2010)]. Strains were grown for 24 hours at 20'C in Marine Broth 2216
(DIFCO) and cells pelleted from 1 mL subsamples by centrifugation at 3,000 g for 5 min. The
pellet was washed with sterile filtered artificial seawater (Sea Salts, Sigma) and washed cells were
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added to 100 mL of minimal medium (Tibbles and Rawlings 1994) with 0.25% of alginate (low
viscosity, Sigma) as sole carbon source. The cells were grown by shaking culture flasks at 200
RPM at 20'C for 24 hours, or until they reached an O.D. of 0.9 measured at 600 nm. After growth,
an anti-protease tablet (complete, Roche Diagnostics) was added to each culture, dissolved, and
the cells were placed on ice. All following steps were carried out on ice or at 4'C unless otherwise
stated. Twenty-five mL of cell culture were pelleted. The supernatant was filtered through 0.2- tm
filter membranes to obtain cell free supernatants. The cell-free supernatants of each culture were
concentrated ~10-20 fold in a centrifugal concentrator (Vivaspin) with a 10-kDa cutoff. The cell
pellets were suspended in 500 tL of a buffer containing 0.2 M Tris-HCl (pH 8), 1 M sucrose, 1
mM ethylenediaminetetraacetic acid (EDTA) to which 100 ptL of lysozyme (5 mg/ml in MilliQ
water, Sigma) was added. The cell suspension was vortexed and incubated for 5 min at 20'C after
which 2 ml of MilliQ water was added. The cells were lysed by adding 3 ml of a solution of 50
mM Tris-HCl (pH 8), 2% (w/v) Triton X-100, 10 mM MgCl2 and 50 pL of DNaseI (Applichem, 1
mg/ml in MilliQ water). The suspension was gently mixed and stored on ice until it cleared. The
lysed cells were ultra-centrifuged at 40,000 x g for 30 min at 4'C to pellet the outer membrane
fraction. The supernatant was stored on ice. The pellet was washed in 750 pL of the lysis buffer
with no added DNase. The pellet was ultra-centrifuged at 40,000 x g for 30 min at 4'C. After
centrifugation the pellet was washed three times with 500 tL MilliQ water before it was stored on
ice until the activity measurements were carried out.
For activity assays the outer membranes were suspended in 250 pl of 20 mM Tris (pH 7.5),
0.1 % Tween 20 and 5mM dithiothreithol (DTT). The activity measurements were carried out in a
buffer containing 50 mM Tris (pH 7.5), 2 mM calcium chloride, 0.1 mM alginate and 0.5 M sodium
chloride. 20 p1 of each sample (concentrated supernatant, cell lysate and the membrane fraction)
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was added to 180 d of activity buffer. The increase in absorbance at 235 nm was measured for 30
min with an absorbance reading every minute in Costar UV transparent microtiter plates (Corning
#3635) at 25 0 C.
Sampling of algal detritus and zooplankton
Algal detritus and zooplankton were collected from Plum Island Sound Estuary, Ipswich,
MA in the spring and fall of 2007 as previously described (Preheim, Boucher et al. 2011, Preheim,
Timberlake et al. 2011). Briefly, algal detritus particles and zooplankton were collected by filtering
one hundred liters of seawater through a 64 pm mesh net. Eight replicate 100 L samples were
collected in each season, two samples per day. Samples were rinsed three times with sterile
seawater, washed into a 50 mL conical tube, and kept at ambient temperature in the dark until
processing ~2 hours later. Algal derived particles, as well as living and dead zooplankton, were
picked from each 100 L concentrate. All collected algal particles and zooplankton were washed
three times with sterile seawater, after which they were homogenized in a tissue grinder.
Subsequently, these lysates were diluted in sterile seawater and filtered onto 0.2 [tm filters (Pall).
Bacterialisolation and gene sequencing
Homogenates of algal particles and zooplankton were plated on TCBS media (BD Difco
TCBS with 1% NaCl added) to isolate Vibrio strains, as previously described (Preheim, Boucher
et al. 2011, Preheim, Timberlake et al. 2011). After colonies were allowed to grow, they were restreaked three times, alternating between 1% Tryptic Soy Broth (TSB) media (BD Bacto with 2%
NaCl added) and marine TCBS media. For identification and assignment to previously identified
populations, the 16S rRNA gene and three protein coding genes (hsp60, mdh and adk) were
sequenced as previously described (Preheim, Boucher et al. 2011).
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Data availability
Bacterial genomes that support the findings of this study have been deposited in GenBank
with the accession numbers presented in Supplementary Table 3. Vibrio hsp60, adk, and mdh
sequences have been deposited in GenBank under accession nos. GQ988782 to GQ990534
(hsp60), GQ990535 to GQ992287 (adk), GQ992288 to GQ994040 (mdh). All other relevant data
supporting the findings of this study are available from the corresponding author upon request.
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Figure 1. Evolutionary history and ecological occurrence of alginate lyases. (A) Relative
timed maximum likelihood phylogeny of Vibrionaceae populations co-occurring in the same
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water samples. Species names are assigned if a previously described type strain falls within the
population; otherwise, the designation Vibrio sp. is given. (B) Maximum number of alginate
lyase families within members of a population identified by presence of a single enzymatic
domain are represented by colored rectangles. N.D. indicates that Alys and Olys were not
detected. N.D.* while no Alys or Olys were detected in V alginolyticus isolates from our
collection, it is present in other V alginolyticus isolates from geographically distant locations
(see Supplementary Fig. 1). (C) Normalized distribution of isolates obtained from algal detritus
particles and zooplankton handpicked under a dissecting microscope and phylogenetically
categorized by multilocus gene analysis for two seasonal samples. (D and E) Phylogenetic
reconciliation (Methods) by comparison of pathway-specific gene trees (Supplementary Figs 69) and a timed "species" tree showing the history of each of four lyase gene families embedded
in the reference species phylogeny: (D) Oal domains PL15 and PL17, and Aly domain PL6; (E)
Aly domain PL7. Acquisition represents an independent entry of a subfamily into a clade within
our collection. Solid and dashed lines on the phylogenetic tree indicate clades represented in our
collection or obtained from Genbank, respectively. Numbers within symbols indicate multiple
independent occurrences of the represented event. Within-population HGT and duplication are
not depicted. Lowercase Roman numeral i indicates the crown group consisting of seven closely
related populations.
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(B) Isolates representing

different populations were grown in seawater minimal medium containing low- (Dp~3-4, aqua),
medium- (Dp~20, blue), or high- (degree of polymerization, Dp>50, dark purple) molecular
weight alginate as the sole carbon source. Since alginate is a heteropolymer of guluronate and
mannuronate, the low and medium molecular weight alginate was further purified into guluronate
(G)- or mannuronate (M)-enriched fractions. Each dot represents the average growth rate of an
isolate from the denoted population on the designated carbon source across three technical
replicates. The number of isolates assayed per population (n) is indicated.
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depicts the topology (without proper branch lengths) of the maximum likelihood ribosomal protein
timed phylogeny on the right.
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Supplementary Figure 2. Alignment of genetic islands, shared among different vibrio
populations, visualizes the core and the flexible parts of enzyme pathways for the catabolism
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E|]P

_L_

of alginate. We identified contigs with homologs of family PL 17 oligoalginate lyases that were
previously found to be crucial for alginate catabolism in Vibrio strain 12B0 1 (Wargacki, Leonard
et al. 2012). Colored rectangles represent alginate and oligoalginate lyase genes located on the
forward (top) or reverse strand (bottom) of the DNA sequence. White rectangles represent
additional genes involved in alginate catabolism (e.g. transporters, catabolic enzymes), or genes
of unknown function. The colored bar diagrams, plotted above the genes represent similarity
profiles, in that the height of each bar corresponds to the average level of conservation in the
corresponding, similarly color coded, genomic sequence (Darling, Mau et al. 2010). Areas that
remain white contain parts that are not shared among the compared sequences. The alignment
revealed that some genetic islands contain only the PL17 enzymes, while others encode more
elaborate pathway architectures with additional Ola genes of family PL 15 or Aly genes of family
PL6 or PL7. The presence of PL 17 among all populations suggested these enzymes belong to the
core part of the alginate degradation pathway. The more variable presence of PL6, P17 and PL 15
among different populations suggested these enzymes belong to the flexible part of the alginate
degradation pathway. It should be noted that genomes of some of the populations (e.g., V
breoganii, V splendidus, V cyclitrophicus, and others) contain additional alginate lyase genes that
are part of the alginate pathways but which are not shown in this graphic.
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Supplementary Figure 3. Alginate lyase occurrence in Vibrionaceae. Analysis of 446
additional genomes retrieved from Genbank revealed patchy presence of Aly genes in 4 additional,
very closely related species, including V. alginolyticus, which, although represented, lacked PL
genes in our collection. Because only insufficient physiological and ecological information is
available for these isolates, they were omitted from our analysis. Presence of genes indicated by
colored rings around phylogeny. Nodes are labeled with species name and Genbank genome
identifier or the name of isolate from 84 genomes in the reference phylogeny.
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Supplementary Figure 4. Incomplete genomes do not strongly bias copy number estimation
of lyase genes. Test of potential bias in alginate lyase copy number estimation due to incomplete
genomes. Reads from 15 strains were searched against the complete database of PL7 genes with
UBLAST. The number of PL7 domains in each strain was compared to the percentage of reads
that mapped to any PL7 in order to ascertain confidence in the inferred PL7 count. Line represents
least-square linear regression.
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Supplementary Figure 5. Alginate lyase activity in response to alginate oligosaccharides.
Expression of alginate lyase and oligoalginate lyase genes measured in response to alginate
oligosaccharides as sole carbon source showed induction for all tested Aly and Ola genes. Cells
were grown in minimal media with glucose or alginate oligosaccharides. NA = existing protein
domain not assayed. No plot = Homologs absent in that strain.
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Supplementary Figure 6. Maximum likelihood phylogeny of PL15 Oal domains. Leaves
highlighted in grey indicate Vibrionaceae-specific clades (i.e., subfamilies). Red circles indicate
bootstrap support > 90.
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Supplementary Figure 7. Maximum likelihood phylogeny of PL17 Oat domains. Leaves
highlighted in grey indicate Vibrionaceae-specific clades (i.e., subfamilies). Red circles indicate
bootstrap support > 90.
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Supplementary Figure .8. Maximum likelihood phylogeny of PL6 Aly domains. Leaves
highlighted in grey indicate Vibrionaceae-specific clades (i.e., subfamilies). Red circles indicate
bootstrap support > 90.
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Supplementary Figure 9. Maximum likelihood phylogeny of PL7 Aly domains. Leaves
highlighted in grey indicate Vibrionaceae-specific clades (i.e., subfamilies). Red circles indicate
bootstrap support > 90.
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the Vibrio and Aliivibrio.
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Supplementary Table 1. GC content depletion analysis. A hypergeometric test of GC depletion was carried out on genomic regions
from strains 9CS106 and FF50 containing Alys or Oals. Bold rows indicate significant deDletion after Bonferroni-correction (D <0.05)
Strain

Chromosome

Start

End

Aly count

Oal
count

Region GC
content

9CS106

1

1742212

1780317

3

3

43.50%

1

1783747

1795363

1

0

44.20%

44.80%
44.80%

7.55E-07

9CS106
9CS106

1

2955232

2966269

1

0

44.00%

44.80%

0.2

9CS106

2

790151

801008

1
44%
44.90%

44.30%
45.50%

1.27

Chromosome
GC Content

Test of GC depletion (Bonferroni-corrected)

0.4

1.19

FF50

1

1613676

1626393

1

0
0

FF50

1

2177537

2195646

1

1

44.20%

45.50%

4.OOE-03

FF50

1

2199842

2211062

1

0

44.80%

45.50%

0.95

FF50

2

192021

202881

1

0

43.00%

44.80%

1.OOE-03

FF50
FF50

2
2

FF50

0

2

45.00%

44.80%

8.9

454863

452318
465810

1

0

42.00%

44.80%

2.37E-08

2

470497

482068

1

0

43.70%

44.80%

0.127

FF50

2

484045

518229

5

0

44.70%

44.80%

4.75

FF50

2

1193193

1204761

1

0

43.00%

44.80%

6.OOE-04

FF50

2

1222411

1233406

1

0

45.40%

44.80%

11.83

FF50

2

1262647

1274725

0

1

44.20%

44.80%

1.59

FF50

ECEl

0

7721

1

0

44.30%

44.30%

6.96

FF50

ECEI

227710

239272

1

0

44.50%

44.30%

8.39

438021
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Supplementary Table 2. Oligonucleotides for quantitative amplification of cDNA of
alginate lyase genes
Forward

Reverse

1

TGGCGAAGAGCTTGACCAAT

TACACGGTGAGTCTGGTTGC

1 C 10 PL6 2
1 C I0 PL6_4
1 C 10 PL7_1
IC10_PL7_2
1CI0 PL7 3
1Cl0 PL7 4
IC 10 PL7_5
IClI _PL7_6

GGTCAGATTGACGGGCTTGA
AAACACGCCACGGTACTCAT
GCTTACTGGGAACACCTGCT
GTGGGTGACTTGACTGCTGA
CTCTGAGCTGCGTCAAATGC
CGATTACAGCAAGCGTCGTG
GGCACAGCTCAAGCAAACTC
TGACGGGCGATCACAAAAGA

TAGGTTAGTTGCGCCCACTG
CTGCCGCTCGCTTTTGTATC
GAGTGCTCGGAAGTGAGCTT
TCGCCAAGAGCGATACCATC

1C IPL7_7

AAACTGGCAGGTAGGTCGTG

GCGTGGTTCATGTGCAAAGT

IC10_PL7 8

ACGCGTCATTGCTAACTCCA

AGTTGCCTTCGCCAACGATA

1CI

PL7 9

TCCGTTCTCCTGTTTCTGGC

TGCCGCGAGTGCTAATAGAG

IC1

_PL7_10

CGGCTCGGTTTACTGGAACT

CCCATCTTGCGGGTCTTCTT

1CIOPL15_1
1C0_PL15 2

ATTCGGTGGCGAAGGTCAAT
CGAATGGACCAGAACCACCA

1CIOPL17_1
1CIPL17 2

AAACGGCGTAGTAGGCAACA
CAAGGTGAGAAAGGCGGTCT

ACTTGTAAGAAGCCGTCGCA
GTGATAACGGATGCGGTTGC
GAGACGCATCGTTCATTGCC
ACCAAACCAGATAAGCGCCA

IC10_PL17 4

CACAACACGCTTGCGGTAAA

GTGACCAATCCACCTCAGCA

12B0IPL7_1
12B0 1_PL7_2
12B01 PL7 3

AGGTCAACGGCTCAAACGAT
TGGGTATTCTCAAGCGCTCC
AAGCTGGAACCGGTTATGGG

CAGGTTCTAGTTCAGCCGCA
TCATTCGCATTACCCGTCGT

12B01 PL7 4
12B01 PL15 1
12B01 PL17 1

ACAAGCCATAAGAACGCGGA
GGTCAGTACGGCGAGAACAA
AGCTGGTCGCATGTTCTTGA

AGCGATATCGGCACGGTTAG
CCGACCCATGGATTTGACCA
CGCCCGCTTCGATACAAAAG
AAACGACCTGTTGGGTTGGT

12B01 PLI7 2

TGCTCAACTGTAGGCGGTTT

CACTTCAGCGAACACACACG

13B01 PL7 1

AGGTCAACGGCTCAAACGAT

CAGGTTCTAGTTCAGCCGCA

13B0I PL7 2

TGGGTATTCTCAAGCGCTCC

TCATTCGCATTACCCGTCGT

13B01
13B01
13B0I
13B01
13B01

PL7 3
PL7 4
PL7 8
PL15 1
PL17 1

AAGCTGGAACCGGTTATGGG
CGCGGAAGAGTTTGGCTCTA
AAGGCGCAATCTACTTCGCT
TTTCGCAAACGAAGTGGCAG
CGTGTGTGTTCGCTGAAGTG

AGCGATATCGGCACGGTTAG
CCGACCCATGGATTTGACCA
CAATTCCGCCACTTGGGTTG
GGGTCAACTTCGCCAAAACC
ACGCCGCCTTTGTAGTTGTA

13B01 PL17 2
1F157 PL6 I
1F157 PL7 4

TCATGGCAACGTCTGTGTGT
AGGCAACACGGTTGAGAACA
TGCAAGCACGCTACGTAAGA

AGGCTACCCCAGTTGAATGC
GCCTTCGATCAAACCATCGC
TATGGCTAGCAGGACATGCG

1F157 PL7 5

AGTAACCGGAACGCACGAAT

CCCACTGCAATTTGACCAGC

1F157 PL15 1
1F157 PL17 1

CAACCAACTGAAAGGCCGTG

CGTAACCGAAGTCCCACCAA

GTTACGCGATTCGTCCAACG

ACGCCGCCTTTGTAGTTGTA

1F157 PL17 2

GCATTCAACTGGGGTAGCCT

AACCAGATCAACGCCATCGT

IClO PL6
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GCTTGATAGTGCCCACTGGT
ATCTTCTGAACCTTGGCGCA
GCCCCAAGCGAACGATTTAC
TGGCAGCGAGGTGTTAAAGT

commonGyrB
commonRpoD

GGGCGTAACCGTAAGAACCA
AGACACCAATCGGTGACGAC

ACCACAACCAAGTGCTGTGA
CTTGTTGCCGTTGCAGAGTC

1F187 PL17 1
1F187 PL17 2

AAATTCGGCGGTCGTTACCT
TACATGGCGGAAGTTGGCAT

AAGCCGTGTACTGAGTCTGC
GGAACAAACGACCCGCTAGA

ZF14 PL6 I

ATGGGAATACGTTGGCCGTT

ACGACTTCGTCGCCATCTTT

ZF14 PL7 1
ZF14 PL7 2
ZF14_PL7 3

GGTACGGCACTACGACACAA
ACCGGTAATGCGAACGAAGT
CAGAGCGTCACGATACGGTT

CCGGTTGTGCATTGCTTTGA
CGTGTGCAAAGTAAACCGCA
TCTTCAGCATAGCCCGTTGG

ZF14 PL7 4

CTTGACCCTGCAAAAGCACC

TCGGGTGAACGTAAGGTGTG

ZF14 PL7 5
ZF 14_PL7_6
ZF14 PL15 1

AAGCCGGTACGTGTTGTTCT
TGAAGGGCATTTCTGGGCAA

GGCTGACAGTCGCTACACAT
CTGTTGGTTTGCCTTCTGGC

TCAAGCACTATGCGGGTGTT

ZF14 PL17 1
ZF14 PL17 2

AGCGAGTGGTGAAGTGGATG
ACGATCTTCCCGTTCACCAC

ZF14 PLI7 4
ZF 1 4_GyrB
ZF14 RpoD

GGGATAGAGACCGACCCACT
GGTTCTTCACGCTGGTGGTA
TGGAACAGTTTGACCGCGTA

CGTAACCGAAGTCCCACCAA
TAGCACCAGTGCGAGTGAAG
CTTTGCCTGAAGCCACGTTC
GGTTCCCCAGTAAGCACCTC
CCGTGGCTGTAGGTTTGAGT
CATCGTCGTCTGGGTCAACA

IS45_PL6_1
1S45 PL7 2
IS45 PL7 3
IS45_PL7_4
IS45 PL7_8A
IS45 PL7 8B

TCATGGGCGGGCAATATACC
GCAAGTGGTGATGGGCAATG
GTGTGGGGCAATACATGGGA
TGATGATAAGCCGGGTCGTG
GATGGCTGGAACGATAGCGA
CAATGGCCGCGTAGCTTTAC

TCATGAGTGCCAAAGCGAGT

1S45 PL15
1S45 PL17
IS45 PL17
1S45 PLI7
1S45 PL17
1 S45_GyrB

1S45_RpoD
ZF211 PL7 3
Zf2l1 PL15 1

GAGAACGATACCTCGGCAGG
TACAAGTGGCAGTGAGCCAG
TATGCCACGGTGTACCCAAC
AACCAGTGCGACTATTGGGG
CCGCCGTTGGAATTATTGGC
GCGATTCTGCCGCTTAAAGG
GTATGCGTTTCGGCATCGAC
GATCCACGCGAAGAAACACG
AGGCAAGGAACAAGGCTACC

AATAAGAAGACGTGGGCGGG
CTTGGCCAGAAAGGCAAACC
CGGAGGGTTAGTATCACGGC
AGTTTACCCCCTCAGCAAGC
AGCAGTGATTGTAGGGCGTC
CACGTCCGATACCACAACCA
TACTCGTCAAGGAAGCTGCG
CCCCAAACAGGGTAAGCGAT
TGTCATCAGCATCAGGAGCG

ZF211 PL17 I
ZF21 1 PL17 2

ATTGGCGGTTTACGCAGAGA
GCTCGTGGGTTGGTAAAAGC

GAAACAAACGACCCGTTGGG
GTTGTGCGTCTTCAGCTTGG

ZF21 1 GyrB
ZF2I1 RpoD

GGGTGAGATGAACCCTGAGC
AGGCAAGGAACAAGGCTACC

CGCGTAATGCGTTCTCTTCG
TGTCATCAGCATCAGGAGCG

9ZB36 PL15 1
9ZB36 PL17 1
9ZB36 PL17 2

ACAACAAGATGACCGAGCGT
GCATCAAGGGTGAGGGTGAA
ACCGTTACGAGCAAGCTGAA

TGACGCTAACGTTTCACCGA
GATGCTGATAGCCAGCGTCT

9ZB36 GyrB

AGCAAAACGACTGCGTGAAC

TGCTTGAATACCGCCTTCGT

9ZB36_RpoD

ATGCGTGAAATGGGTACCGT

TCAGCAACTGCGCTTTGAAC

1
1
2
3
4
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ACCCAATAACGCCACCTGAG
TTGTCATGCTTAGCGGTCGT
AACGCGGAAAACCATTGCTC
GATTCCAGAGCCAGTCACCC
GAACTCGATGAGCCACCACA

TAGGCTGCCCCAGTTGAATG

Supplementary Table 3: Genome accession numbers
Strain

Old Accession

New Accession

12B01

AAMR1000000

N/A

12G01

AAPSO1000000

N/A

IFIll

AHTIO1000000

AHTIO2000000

1F53

AICZ01000000

AICZ02000000

1F97

AIDAO1000000

AIDA02000000

1F175

AIDBO1000000

AIDBO2000000

1F273

AIDCO1000000

AIDC02000000

1F289

AIDD01000000

AIDD02000000

FF75

AIDEO1000000

AIDE02000000

ZF14

AIDHO1000000

AIDHO2000000

ZF28

AIDI01000000

AIDI02000000

ZF30

AIDJO1000000

AIDJO2000000

ZF65

AIDKO 1000000

AIDKO2000000

ZF99

AIDLO 1000000

AIDLO2000000

ZF170

AIDMOIOOOOOO

AIDMO2000000

ZF207

AIDNO 1000000

AIDNO2000000

ZF205

AIDOO1000000

AIDO02000000

ZF264

AIDQO1000000

AIDQ02000000

ZF270

AIDRO1000000

AIDR02000000

12F01

AIDS01000000

N/A

FF160

AIDFO1000000

AIDF02000000

FF454

AJWNO 1000000

AJWN02000000

9ZC13

AJYZO1000000

AJYZ02000000
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9ZC77

AJZAO 1000000

AJZA02000000

ZF91

AJZCO1000000

AJZC02000000

1.20E+04

AJZDO 1000000

AJZD02000000

ZF90

AJZFO1000000

AJZF02000000

FF238

AJYWO1000000

AJYW02000000

5S149

AJYXO1000000

AJYX02000000

9CS106

AJYYO1000000

CP016228.1 - CP016231.1

9ZC88

AJZBO1000000

AJZB02000000

ZS139

AJZEO1000000

AJZE02000000

5S101

AJZGO1000000

AJZG02000000

FF500

AJZHO 1000000

AJZH02000000

IS124

AJZLO1000000

AJZL02000000

FF6

AJZIO1000000

AJZI02000000

1F157

AJZJO1000000

AJZJ02000000

1F267

AJZOO 1000000

AJZO02000000

IF155

AJZNO1000000

AJZNO2000000

1F187

AJZMO1000000

AJZM02000000

ZS17

AJZQO1000000

AJZQ02000000

AKXWO 1000000

AKXW02000000

AJYDO1000000

AJYD02000000

1
FF33

96

FF162

AJYEO1000000

AJYE02000000

FF85

AJYFO1000000

AJYF02000000

1F211

AJYGO 1000000

AJYG02000000

1F230

AJYHO1000000

AJYH02000000

5S186

AJYJO1000000

AJYJ02000000

1S45

AJYKO 1000000

AJYK02000000

ZF55

AJYLO1000000

AJYLO2000000

ZF29

AJYMO 1000000

AJYM02000000

9ZD137

AJYOO1000000

AJYO02000000

9ZC157

AJYPO1000000

AJYP02000000

ZF129

AJYQO1000000

AJYQ02000000

FF167

AJYRO1000000

AJYR02000000

FF93

AJYTO 1000000

AJYT02000000

FS144

AJYUO1000000

AJYU02000000

12B09

AJYVO 1000000

AJYV02000000

FS238

AJYSO1000000

AJYSO2000000

ZF211

AJYO 1000000

AJYI02000000

9ZB36

AJYNO 1000000

AJYNO2000000

FF50

N/A

CPO16177.1 - CPO16179.1

5F97

N/A

MAJNO1000000

5F33

N/A

MAJOO1000000

5F306

N/A

MAJPO1000000

5F23

N/A

MAJQO1000000

5F146

N/A

MAJRO1000000

1S175

N/A

MAJSO1000000

IS165

N/A

MAJTO1000000

IS159

N/A

MAJUO1000000
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1S128

N/A

MAJV01000000

FF227

N/A

MAJWO 1000000

ZF73

N/A

MAJX1000000

ZF47

N/A

MAJYO 1000000

9CSC122

N/A

MAJZO1000000

5F79

AJZPO1000000

MAKA1000000

5F59

N/A

MAKBO 1000000

FF273

N/A

MAKCO 1000000

ZF57

N/A

MAKD1000000

ZF255

AIDPO 1000000

MAKEO 1000000

13B01

N/A

MAKF1000000

1A06

N/A

MAKG1000000

5F7

N/A

MCGJO1000000

ZF25

N/A

MCGK1000000

IN/A=not applicable
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Chapter 4: Future directions
The goal of reverse ecology is to better understand the factors that make populations
cohesive, distinct units. However, once we are able to identify populations (Chapter 2), how do
we form testable hypotheses to elucidate the factors that differentiate them? Chapter 3 of this
thesis addresses one particular avenue for testing such hypotheses through growth and
biochemical assays, but in this concluding chapter, I hope to briefly outline some general
considerations for testing population differentiation. Here, I focus on three different axes on
which natural selection might act to differentiate populations: metabolic, environmental, and
competitive. Each of these axes presents unique challenges for further study, and I will discuss
possible observational and experimental approaches to address these challenges.
4.1 Metabolic differentiation
Here I take metabolic differentiation to mean the differentiation of populations based on
the types of resources they are able to consume. Microbes have evolved a great diversity of tools
to exploit an equally great diversity of resources (GroBkopf and Soyer 2016). While this extends
to the wide variety of electron acceptors and donors that microbes use for energy generation, I
will focus this discussion on organic carbon sources as an extension of the work done in Chapter
3.
What are the genomic signatures we might expect to see for differentiation along a
metabolic axis? While the obvious answer would be to look for differences in gene content
related to organic carbon degradation, this is not necessarily a straightforward endeavor given
that our understanding of how genotype is linked to metabolic capability is incomplete and often
relies on expert annotation (Durot, Bourguignon et al. 2009). In addition to issues arising from
the gaps in our knowledge about mapping genotype to phenotype, the molecular diversity of
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available carbon resources also remains largely uncharacterized, meaning that the potential
resource pool itself is not well-defined (Repeta 2015). These limitations highlight the need for
improved gene annotation and direct genetic testing to support genomic-based approaches.
Despite these limitations, the differential presence or absence of carbon-degrading genes
can still provide insight into the resource preferences of populations. However, the work in
Chapter 3 raises a few key considerations that should be kept in mind when conducting such
analysis. First, while the functional capability of particular genes is important, an understanding
of whole pathways of carbon degradation is key to interpreting gene presence and absence since
different pathway architectures can lead to different ecologically-relevant phenotypes. Second,
even within a class of genes annotated in the same way, differences such as secretion status can
have an important impact on the functional capabilities of the gene in question. Lastly, metabolic
functions are often important in a community context, and the effects of cross-feeding
interactions in creating new niches may be more important in structuring microbial populations
than previously appreciated.
If specific carbon sources of interest can be identified and these sources are readily
available, direct experimental testing of resource preference is possible by examining differential
growth rates on different substrates. Co-existence assays, if possible, may also shed light on the
strength of barriers separating populations. With cultivability as a necessary precondition for
carrying out metabolic testing, observational approaches may be limited. However, if the
partitioning of the resource in question is environmentally well-understood, then differences in
population distribution can be tested directly in the wild using population-specific gene markers.
4.2 Environmental differentiation
Abiotic environmental factors such as temperature, acidity, and salinity are perhaps the
most well-studied drivers of population differentiation. The ease of measuring and controlling
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these factors have made differentiation along this axis very amenable for study. Chapter 1, I
briefly discussed findings relating to climate-based drivers of population differentiation in fungi
(Ellison, Hall et al. 2011, Branco, Bi et al. 2017). Light levels (Rocap, Larimer et al.), water
column depth (Luo, Tolar et al.), and salinity (Materna, Friedman et al. 2012, Takemura, Chien
et al. 2014) are just some examples of environmental abiotic factors that have been shown to
structure bacterial and archaeal populations.
Like the metabolic axis, identifying targets of selection along this axis may also be
limited by a lack of available annotations. However, some environmental responses, such as
cold- and heat-shock are relatively well understood and conserved (Nakaminami, Karlson et al.
2006). Moreover, gene-specific sweeps may not be the only signs of selection due to
environmental pressures. DNA sequence and amino acid composition may be biased in regions
under selection as adaptations to temperature (Zeldovich, Berezovsky et al. 2007) or pH
(Foerstner, von Mering et al. 2005). Thus, a gene-centric approach to analyzing genomic regions
under selection should be supplemented with more general measures such as GC-content.
Experimental approaches to test the differential effects of environmental factors on
populations may be similar to those employed to study differentiation along the metabolic axis.
For example, if two closely related populations were identified with temperature-related genes
under differential selection, one could easily test how the abundance of these populations
changes along a natural temperature gradient in a culture-independent manner. Indeed, with the
abundance of environmental metadata available from environmental studies, the potential for a
reverse ecology approach to leverage existing datasets is a promising avenue for future
discovery.
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4.3 Competitive differentiation
Competitive differentiation refers to population differentiation due to direct, antagonistic
interactions with other biological entities. This encompasses a wide range of interactions
including predation by bacteriophage, host-immune interactions, and competition between
microbes mediated by antagonistic compounds such as bacteriocins. This is perhaps the most
intriguing axis of differentiation, in part because of its implications for human health. However,
the role of competitive interactions in structuring microbial communities remains controversial
(Burmolle, Ren et al. 2014).
A wide variety of genes might be under selection along the competitive axis. For
example, in Chapter 2 I identified a number of genes differentiating human pathogen
populations, including flagellar components, surface antigens, and virulence factors. All of these
point to the potential role of immune system interactions in structuring these populations
(Hayashi, Smith et al. 2001). Surface antigens and flagella also represent potential targets for
bacteriophage predation, indicating that selection for particular alleles of these genes might be
driven by viral predation (Choi, Shin et al. 2013). Other potential targets of selection include
genes mediating interactions between microbes such as the Type VI secretion system, which has
been shown to be necessary for survival of at least one bacterial species within a biofilm
(Schwarz, West et al. 2010).
Genetic approaches such as mutagenesis screens and gene deletions could shed light on
the fitness effects of these genes, in particular by examining how they change infection dynamics
or affect competitive advantage against other co-occurring microbes. In microbes where tools for
genetic manipulation are lacking, other approaches such as transcriptomics could be leveraged to
understand whether such genes are regulated differently in highly structured environments (e.g.,
biofilms) where competitive exclusion might play a key role (Kim, Racimo et al. 2014).
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4.4 Final Thoughts
Generating and testing hypotheses is at the heart of the scientific method. While the vast
influx of sequence data in the last decade has produced many important discoveries in
microbiology, an effective framework for generating testable hypotheses from those data has
been lacking and remains a consistent criticism of the "sequence everything" approach (Jansson
and Prosser 2013). The reverse ecology methods described in this thesis and the considerations
for hypothesis testing outlined in this chapter provide a way to gain real biological and
ecological insight from genomic data, and I hope that this framework will prove useful in
elucidating the fine-scale structure of the microbial world.
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