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Abstract

�e role of spatial structure on the patterns andmaintenance of diversity in populations is a long-

standing area of research in evolutionary biology.�e e�ects of spatial structure have been well

documented in large eukaryotes but questions still remain about the how speci�c environmental

factors and historic patterns of spatial structure in�uence modern distributions of diversity. At

the level of microorganisms, research into the in�uence of spatial structure on diversity has

recently begun to develop at a rapid pace. Previous studies have shown that spatial structure

prevents selective sweeps in bacterial populations, increasing diversity by limiting competition

between genotypes to a local, rather than global, scale. In this dissertation I seek to address

questions of the in�uence of the environment, especially spatial structure, on the maintenance

and pattern of diversity in two organisms: Ascaphus montanus, the Rocky Mountain tailed frog,

and Acinetobacter baumannii, a bio�lm-forming Gram-negative bacterium.

In A. montanus I addressed the in�uence of environmental variables, incorporated through

the use of Species Distribution Models, on the distribution of diversity at multiple spatial scales,

from the entire species range, to within local clusters. Further, I used modeling based on esti-

mates of past environmental conditions to investigate the role of historic separation of the species

range into distinct glacial refugia a�ects current patterns of genetic diversity. I found that the

in�uence of current vs. historic conditions varied based on spatial scale, with historic factors

being most important at the largest spatial scale and modern environmental conditions being

increasingly important at smaller spatial scales.

In A. baumannii I utilized a large, replicated, experimental evolution design to address the

role of spatial structure resulting from bio�lm growth and the presence or absence of an environ-

mental variable, tetracycline, on evolution of both phenotype and genotypes ofA. baumannii and

the pB10 plasmid it carried. �e presence of tetracycline did increase improvement of plasmid

persistence in bio�lms but did not alter genetic diversity of the plasmid or host. When compared

to growth in planktonic populations, growth in the spatially structured bio�lm environment

increased phenotypic diversity in the form of plasmid persistence, though it also limited the av-

erage strength of improvement in persistence. Bio�lm growth also resulted in markedly di�erent

patterns of genetic diversity in the plasmid, with most clones that were isolated from the bio�lm
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populations containing transferrable pB10. In contrast, only two plasmids isolated from the

planktonic populations contained transferrable pB10. In the remaining plasmids large portions

of the plasmid genome had been lost, resulting in loss of the genes involved in conjugation and

making plasmid transfer impossible.�is result suggests that spatial structure may dramatically

modify the availability of plasmid genes in a population of bacteria compared to expectations

based on studies performed with planktonic populations. Finally, I found that there were poten-

tial small di�erences in genetic diversity of A. baumannii itself, with a tendency for more unique

mutations to be found when comparing bacteria isolated from bio�lms to those isolated from

planktonic populations.

As a whole, these results con�rm the importance of spatial structure and environmental

variables on the evolution of diversity across multiple spatial and temporal scales and within

widely di�ering organisms.
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chapter 1

General Introduction

Genetic diversity is generated throughmutation. Once generated, the processes by which certain

genotypes are preserved in or lost from the population, selection, dri�, andmigration, are heavily

in�uenced by environmental factors. Environmental variables like precipitation de�ne areas of

suitable and unsuitable habitat and divide or limit interactions between populations of a species

leading to spatial structure (�omas et al., 2001). �e structure limits interactions between

genotypes, preventing selective sweeps that would otherwise reduce variation to themost favored

genotype (Koch, 1974; Levin, 1981). Smaller subpopulations created by spatial structure increase

the e�ects of genetic dri� and allow local adaptation. Migration, mediated by environmental

factors that enhance or limit movement of individuals, introduces alleles evolved in one subpop-

ulation to other subpopulations (Ally et al., 2014). In my dissertation I address the in�uence

of the environment on diversity at multiple spatial and temporal scales using two very di�erent

organisms: Ascaphus montanus, the Rocky Mountain tailed frog and Acinetobacter baumannii, a

bio�lm-forming, Gram-negative bacterium.

1.0.1 Landscapes, Genes, and the Structure of Diversity

In eukaryotic organisms habitat variables such as land use, precipitation, forest cover, and eleva-

tion de�ne regions of suitable and unsuitable habitat and in�uence both the routes and frequency

of migration between subpopulations (Nevo, 1978; Fore et al., 1992; Schmidt et al., 2009; Mosca

et al., 2012). With the increased availability of molecular markers tomeasure diversity the �eld of

landscape genetics has developed.�is �eld attempts to connect the patterns of habitat variables,

both past and present, with patterns of genetic diversity in organisms. �ese studies allow the

identi�cation of variables that are highly in�uential in the patterns of diversity for particular

organisms, information that can then be used to guide decisions about conservation and land use.

For example, the presence of impermeable surfaces such as roads was shown to be a signi�cant

predictor at small spatial scales for genetic variation in Bufo boreas in Yellowstone National Park

(Murphy et al., 2010). �is can be taken into consideration when plans are made for additional
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roads to be constructed in areas that represent important habitat forB. boreas. Similar techniques

that incorporate information about past climatic �uctuations and projected future climatic shi�s

can elucidate historical distributions of organisms, helping to explain long term e�ects of the

environment on diversity and providing insight into how future changes in climate may a�ect

species distributions and gene �ow (Rossetto et al., 2012). In this dissertation I use current and

historic data on environmental variables in combination with a set of microsatellite markers to

assess the role of the environment on patterns of diversity in A. montanus at multiple spatial

scales.

1.0.2 Structure and Diversity at the Microscale

Although frequently studied in planktonic populations with minimal or no spatial structure, ge-

netic diversity in microorganisms such as bacteria is also strongly in�uenced by spatial structure.

Previous work has identi�ed increases in both phenotypic and genotypic diversity in bacteria in

the presence of spatial structure (Boles et al., 2004; Rainey and Travisano, 1998; Korona et al.,

1994). What is less clear is the in�uence that spatial structure may have on the evolution of

plasmids carried within bacteria growing in spatially structured populations. Conjugative plas-

mids carrying genes for antibiotic resistance can be passed from one bacterium to another and

may result in terrifyingly rapid spread of antibiotic resistance (Mazel and Davies, 1999; Mathers

et al., 2011). Understanding how their diversity and persistence is a�ected by spatial structure

is an important part of the �ght against antibiotic resistant bacteria. Within this dissertation

I investigate the impact of bio�lm growth on (1) the evolution of plasmid persistence for the

plasmid pB10 in A. baumannii, (2) genetic diversity and patterns of diversity of pB10, and (3)

genetic diversity of A. baumannii itself.

1.1 layout of chapters in this dissertation

Chapter 2 discusses the in�uences of environmental variables, both current and historical,

on the spatial structure and extent of genetic diversity in populations of the Rocky Mountain

Tailed Frog, A. montanus, in the Inland Northwest (INW) of the North America.�e species is

specialized to fast-�owing streams inmontane areas of the INW. Phylogenetic data suggest thatA.
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montanushas inhabited the INWsince the Pliocene and likely inhabited 2-3 glacial refugia during

the climatic �uctuations of the Pliestocene. We used microsatellite markers and species distri-

bution models (SDMs) that incorporate a number of environmental variables to address three

hypotheses about the interaction between environment and genetic diversity in A. montanus.

First, that the historic in�uence of refugial structure would be detectable on the range-wide

spatial scale. Second, that environmental variables in�uencemigration, resulting in a correlation

between the representation of those variables in the SDMs and the spatial distribution of genetic

diversity. �ird, that the in�uence of historical factors would be most obvious at the largest

spatial scales while the in�uence of current environmental variables would be most obvious at

the smallest spatial scale.

Chapter 3 summarizes the results of an experimental study on the evolution of persistence

of a multidrug (MDR) resistance plasmid in a novel bacterial host, A. baumannii. Genes coding

for antibiotic resistance may be transferred between di�erent bacteria via conjugative plasmids.

Multidrug resistance conjugative plasmids are particularly important from a medical standpoint

because they allow rapid dissemination of resistance genes to new hosts, dramatically speed-

ing up evolution of resistance (Mazel and Davies, 1999; Mathers et al., 2011). Once in a novel

host, the rate of loss of the MDR plasmid may be rapid until adaptation reduces the cost of the

plasmid (Heuer et al., 2007; Subbiah et al., 2011; Sota et al., 2010). �e plasmid loss rate has

implications for the availability of resistance genes for transfer to new hosts. Multiple studies

have addressed the issue of plasmid-host adaptation resulting in improved plasmid persistence

but none of these studies have addressed the in�uence of spatial structure as a result of growth of

the host in bio�lms (Heuer et al., 2007; Subbiah et al., 2011; Sota et al., 2010). Because bio�lms are

widespread in environmental and clinical populations of bacteria this represents an important

knowledge gap. We used a replicated experimental evolution design to compare the evolution

of plasmid persistence between structured populations of A. baumannii growing in bio�lms and

unstructured populations growing in well-mixed batch cultures. We hypothesized that clones

isolated from bio�lms would show less dramatic improvements in plasmid persistence due to

relaxed selection in the spatially structured environment but also that the diversity in plasmid

persistence phenotypes would be higher in bio�lms as a result of the same forces.
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Chapter 4 utilizes an expanded version of the experimental evolution setup used in Chap-

ter 3 to address how growth in spatially structured bio�lms with and without the presence of

a plasmid-selective antibiotic in�uenced evolution of plasmid genetic diversity. Based on the

results from Chapter 3 we expected that patterns of plasmid genetic diversity would di�er

between bio�lms and planktonic populations. We hypothesized that the presence of plasmid-

selective antibiotics during evolution would result in evolved clones with higher levels of plasmid

persistence regardless of whether the source population was bio�lm or planktonic, and that

bio�lm growth would lead to greater genotypic diversity among evolved plasmids than plank-

tonic growth.

Chapter 5 summarizes the amount of genetic diversity found in clones of A. baumannii

sequenced during the evolution experiment described in Chapters 3 & 4. We hypothesized

that genetic diversity of A. baumannii would be higher in bio�lm populations than in liquid

due spatial structure in bio�lms preventing selective sweeps. Although there were fewer unique

mutations in the planktonic populations than the bio�lms the di�erences did not rise to the level

of statistical signi�cance.
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chapter 2

Genetic Structure Across Broad Spatial and Temporal Scales:

Rocky Mountain Tailed Frogs (Ascaphus montanus; Anura:
Ascaphidae) in the Inland Temperate Rainforest1

2.1 summary

Contemporary and historical processes interact to structure genetic variation, however discern-

ing between these can be di�cult. Here, we analyze range-wide variation at 13 microsatellite loci

in 2098 Rocky Mountain tailed frogs, Ascaphus montanus, collected from 117 streams across the

species distribution in the Inland Northwest (INW) and interpret that variation in light of histor-

ical phylogeography, contemporary landscape genetics, and the reconstructed paleodistribution

of the species. Further, we project species distribution models (SDMs) to predict future changes

in the range as a function of changing climate. Genetic structure has a strong spatial signature

that is congruent with a deep ( 1.8 MY) phylogeographic split in mtDNA when we partition pop-

ulations into 2 clusters (K=2), and is congruent with refugia areas in paleo-range reconstructions.

�ere is a hierarchical pattern of geographic structure as we permit additional clusters, with

populations clustering following mountain ranges. Nevertheless, the species exhibits classical

population structure, where genetic diversity is highest in populations at the center of the range

and is attenuated in populations closer to the range edges. Similarly, geographic distance is the

single best predictor of pairwise genetic di�erentiation, but connectivity also is an important

predictor. At intermediate and local geographic scales, deviations from Isolation-by-Distance are

more apparent.�ese results indicate that both historical and landscape factors are contributing

to the genetic structure and diversity of tailed frogs in the Inland Northwest, and that all these

variables should be taken into account to de�ne appropriate conservation measures.

1�is is a pre-copyedited, author-produced PDF of an article accepted for publication in the Journal of Heredity

following peer review.�e version of recordGenevieveMetzger, Anahi Espindola, Lisette P.Waits, and Jack Sullivan.

Genetic Structure across Broad Spatial and Temporal Scales: Rocky Mountain Tailed Frogs (Ascaphus montanus;
Anura: Ascaphidae) in the Inland Temperate Rainforest. J Hered (2015). 106 (6): 700-710. doi:10.1093/jhered/esv061

is available online at: http://jhered.oxfordjournals.org/content/106/6/700.short.
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2.2 introduction

Understanding the interactions between historical, evolutionary processes and contemporary,

landscape processes in structuring patterns of genetic diversity is one of the biggest challenges

in ecological and landscape genetics (Balkenhol et al., 2009; Sork and Waits, 2010). �at is,

processes acting across diverse temporal and geographic scales in�uence genetic diversity in

ways that can be di�cult to disentangle (Anderson et al., 2010).�is is critical, however, because

di�erent questions in evolution and conservation may focus on di�erent temporal or regional

scales. For example, conservation biologists may be interested in current processes such as

population connectivity and gene �ow, whereas phylogeographersmay be interested in historical

processes, such as vicariance and dispersal from refugia, which o�en have acted across range-

wide scales, and this has impeded the integration of the inference across scales.

However, historical and contemporary processes can each be important at both local and

range-wide scales (Table 2.1). �us, investigations into the genetic diversity and structure of a

taxon should be interpreted at multiple time scales, regardless of the geographic scale in which

the researcher is primarily interested. �is is especially true for species that have a long evolu-

tionary history in a particular ecosystem. Here, we provide a broad, multiscale investigation into

ecological and population genetics of Ascaphus montanusMittleman andMyers 1949, the Rocky

Mountain tailed frog, a species endemic to inland rainforests of the northwestern US (Figure 2.1),

and elucidate the interaction of these factors in governing the genetic structure of the species

across its range.

�e cedar-hemlock forests of the Inland Northwest of North America represent the largest

inland temperate rainforest in the world and, along with the coastal rainforest, forms a large

disjunction that occurs in >156 species or species complexes (e.g., Nielson et al., 2001; Gavin,

2009). Inland and coastal rainforest ecosystems are separated by >160 km of the xeric Columbia

Basin, and comparative distributional and phylogeographic studies (e.g., Carstens et al., 2005,

2013; Gavin, 2009; Björk, 2010) have indicated that the inland rainforest ecosystem is composed

of both old endemics (the result of a pre-Pleistocene vicariance) and recent arrivals (i.e., post-

Pleistocene dispersers). Furthermore, phylogeographic studies of old endemics such as Con-

stance’s bittercress (Cardamine constancei; Brunsfeld and Sullivan, 2005), Coeur d’Alene sala-

manders (Plethodon idahoensis; Carstens et al., 2004) and Rocky Mountain tailed frogs (see
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Table 2.1: Temporal and spatial scales of phenomena that structure patterns of genetic diversity.

Local-Scale Range-wide

Contemporary SDM/Connectivity Isolation by distance

Gene Flow Patterns of diversity

Historical Introgression Refugium/refugia

Suture zones Climatic �uctuations
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Figure 2.1: Range of Ascaphus montanus (shaded) and collection localities.�e inset shows the
same area but illustrates the distribitons of northern and southern mtDNA clades reported in

Nielson et al. (2006). �e entire region is mountainous and subranges discussed in the text are

indicated by triangles.
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below; Nielson et al., 2006) have indicated that there was more than a single inland Pleistocene

refugium for rainforest taxa.

�e genus Ascaphus Stejneger represents an ancient lineage that is either sister group to all

other frogs (e.g., Ford and Cannatella, 1993) or is sister to the New Zealand genus Leiopelma,

which then is sister to the remaining frogs (e.g., Pyron and Wiens, 2011; Zhang et al., 2013).

Regardless of which hypothesis represents the actual order of divergences, Ascaphus occupies a

critical phylogenetic position relative to anuran amphibians. Tailed frogs occur in and around

high-gradient mountain streams and su�er from anthropogenic habitat alteration (e.g., Spear

and Storfer, 2008, 2010). In spite of retention of several primitive features as adults (e.g., aspects

of the palatoquadrate), they exhibit a number of derived features associated with their unusual

habitat (e.g., oral suction discs in larvae and internal fertilization via an intromission organ).

Within Ascaphus, coastal and inland entities have been recognized as distinct species (A.

truei and A. montanus, respectively) based on mitochondrial DNA (mtDNA; Nielson et al.,

2001), morphology and allozymes (Nielson et al., 2006). Using coalescent analyses, Carstens

et al. (2005) suggested thatA. montanus has persisted in the inland region since the Pliocene and

throughout Pleistocene climatic �uctuations. Further, Carstens and Richards (2007) suggested,

based on projections of ecological niche models (ENMs) onto past climatic reconstructions, that

A. montanus persisted in two to three refugia (a northern refugium in the Clearwater Drainage

and possible southern refugia in the Salmon River Drainage and the Blue Mountains). �e

hypothesis of two refugia is supported by reciprocally monophyletic mtDNA clades that di�er

by as much as 2-3% uncorrected sequence divergence, and the divergence between these clades

originated approximately 1 MYA (with a credibility interval of 0.092 - 5.4 MY; Nielson et al.,

2006). �e contact zone between northern and southern mtDNA clades is in the East Fork of

the South Fork of the Salmon River (Figure 2.1, inset; Nielson et al., 2006). �us, given this

ancient phylogeograhic structure, long term occupation of the Inland Northwest, and the habitat

specialization described above, current patterns of genetic variation and diversity are likely the

result of complex interactions between both ancient and contemporary processes and between

landscape and range-wide phenomena.

Here, we address the extent to which these di�erent processes have a�ected the genetic struc-

ture and diversity of this ecologically specialized frog species. To do so, we address three hypothe-
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ses regarding geographic patterns of genetic diversity in A. montanus. First, we hypothesize that

refugial structure will be detectable at the range-wide spatial scale (e.g., geographic congruence

betweenmicrosatellite andmtDNAdata). Second, habitat variables should in�uence dispersal in

such a way that a correlation between gene �ow and environmental variation will be detectable

across the range. �ird, landscape variables may have a stronger e�ect on gene �ow at local

geographic scales, whereas historical factors (i.e., refugial structure) will be less important lo-

cally. We address these hypotheses with �ne-scale, range-wide sampling using nuclear DNA

microsatellite loci and high-resolution species distribution models (SDMs).

2.3 methods

2.3.1 Sampling

Two hundred twenty-eight streams were sampled for the presence of Ascaphus (Figure 2.1); this

entailed kick-sampling for an hour at each site. If no tadpoles were found, frogs were considered

to be absent at that site. Sampling typically occurred over a 40-meter stretch of a stream and we

collected multiple age-classes at each site. Site selection was designed to cover the entire distribu-

tion ofA. montanus, but the very small portion of the distribution in Canada (i.e., the Yaak River

drainage) was not sampled. In addition, several paired headwater sites in di�erent drainages were

sampled, and one region in northern Idaho was sampled very intensively to provide for a future

analysis of local-scale landscape genetics. All sampling was conducted under University of Idaho

ACUC protocol 2007-14 and collecting permits from Idaho, Montana, Oregon, andWashington.

We extended the SDM for Ascaphus conducted by Carstens and Richards (2007) by re�ning

the spatial resolution of 19 bioclimatic variables to 1 km2 (WORLDCLIM; Hijmans et al., 2005)

and by adding one land-cover (i.e., coniferous cover) variable (USGS).We restricted our SDM to

A. montanus, used presences previously known (11) in addition to those obtained from our kick-

sampling of 228 sites (176 presences total), and 10000 background samples. Background samples

included 126 locations where we searched but did not observe the species (i.e., true absences),

and a set of 9874 background points that we been selected in the study area using geospatial

manipulations. We used an approach similar to that used by Warren et al. (2014) to do this; we

�rst created a continuous density surface that represented the sampling e�ort, with higher values
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in better-sampled areas. We then sampled background points using the values of this surface

to a�ect the probability of a point being drawn, such that a well-sampled region had a higher

probability of contributing to the background set (Searcy and Sha�er, 2014).

�e SDM was generated using the maximum entropy machine-learning algorithm imple-

mented inMaxent (Phillips et al., 2006) randomly selecting 30%of the samples for cross-validation.

In addition, in order to address the correlation among climatic variables, we conducted the SDM

on a reduced set of uncorrelated variables (Peterson et al., 2011; Warren et al., 2014). �e SDM

calculated from the reduced data set were nearly identical to the full data set (see below).

As in Carstens and Richards (2007), we also projected a paleodistribution for A. montanus

using 19 bioclimatic variables estimated for the last glacial maximum (LGM; 21 Kya) under the

Community Climate System Model (CCM3; Collins et al., 2006). Further, to estimate future

variation in the range of the species, we used climatic projections of the same 19 bioclimatic

variables (WORLDCLIM; Hijmans et al., 2005). �ese projections correspond to predictions

for the year 2070, using a Global CirculationModel (MRI-CGCM3), a worst-case CO2-emission

scenario (8.5 RCPs), and a 30-seconds resolution. Because strong range changes a�ect the spatial

genetic structure of species, and can in�uence the survival of particular genetic groups in the ab-

sence of adaptation (Espíndola et al., 2012), we used the outputs from the current and forecasted

projections to quantify the spatial and temporal variation of niche suitabilities for the total range

as well as for each genetic cluster at K = 2 (see below). Using ArcGIS tools, we extracted all grid

values within either the study area or in a polygon containing all sampled locations included

in each genetic cluster for K=2. To improve the biological reality of this last analysis, and to

implement some measure of dispersal potential, we added a 20km (“low”) and a 100km (“high”)

bu�er area to the polygons, and we also extracted all suitability values contained under these new

polygons. We then calculated the proportion of grids harboring suitability values higher than 0.5

(>0.5 dataset) or 0.7 (>0.7 dataset) in the future, respective to current values.�is was done in R,

using custom scripts.

2.3.2 Genetic Data Collection

Genomic DNAwas extracted from approximately 25 mg of tail tissue from 2098 individuals (pri-

marily tadpoles) collected at 117 sites using standard protocols for theDNEasyTissue kit (Qiagen).
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Following the procedure of Spear and Storfer (2008) for A. truei, we performed three multiplex

PCR panels on each sample using the Qiagen Multiplex PCR kit and included a negative control

in each run, for a maximum of 13 microsatellite loci ampli�ed for each sample. Products from

each PCR panel were run on an ABI 3730 automated sequencer (Applied Biosystems, Inc.) at the

University of Idaho College of Natural Resources and genotyped usingGeneMapper 3.6 So�ware

(Applied Biosystems, Inc.). To improve the accuracy of allele calls, alleles were binned using

Flexibin (Amos et al., 2007) and, genotyping was repeated for 250-600 individuals for each locus.

We used FreeNA (Chapuis and Estoup, 2007) to calculate the proportion of null alleles present

for each microsatellite locus and each locus-population combination. We genotyped a range of

1-40 individuals from each site with an average of 18.4. Seventeen sites with < 10 individuals

genotyped were excluded from the STRUCTURE and regression analyses described below.

2.3.3 Genetic Diversity and Structure

Standard descriptive statistics (expected and observed heterozygosity, allelic richness, FST) were

calculated with GenePop 4.0.10 (Raymond and Rousset, 1995; Rousset, 2008). We also calculated

FST , corrected for the presence of null alleles, using FreeNA (Chapuis and Estoup, 2007). We

then evaluated population structure with no a priori constraints using the program STRUC-

TURE (Pritchard et al., 2000) under its admixture model. Because several populations exhib-

ited extremely low allelic diversity (Figure 2.2A), we conducted separate analyses assuming co-

dominance and recessive expression, but based most of our inferences from the analyses (cor-

rectly) assuming co-dominance. We varied K (the number of clusters of multilocus genotypes)

from 1-15, and conducted ten replicate runs at each value of K. Each of the 150 analyses was run

for one million generations prior to sampling the posterior distributions for another one million

generations. We assessed the relative importance of each value of K using two methods. First,

we used the ∆K criterion, which was calculated by dividing the mean di�erence in likelihood

for successive values of K by the standard deviation of L(K) (Evanno et al., 2005). Second,

we assessed qualitatively P(D∣K) and then compared that to the geographic distribution of the

clusters for each value ofK.�is occurred very close to the value ofK thatmaximized the average

P(D∣K).�is approach is particularly appropriate when there is hierarchical structure in the data
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and we also used FreeNA (Chapuis and Estoup, 2007) to visualize this structure with a NJ-tree

calculated from chord distances (Cavalli-Sforza and Edwards, 1967).

2.3.4 Geography and Genetics

We performed linear and multivariate regression analyses using R to examine correlations be-

tween geographic variables and genetic distance (linearized FST). We �rst performed linear re-

gressions to evaluate the correlations between di�erent distance metrics (see below) and genetic

divergence. Inter-population geographic distances were obtained following di�erent approaches.

Results obtained from our SDMs were used to calculate least cost path (LCP) distances between

populations. We then used circuit theory and the programCircuitScape (CS; McRae et al., 2008)

to calculate environmental resistance between populations. To do so, we used the SDM as a

univariate measure of resistance and calculated costs using four values: 1x (values the same as

the SDM), 10X, 100X, and 1000X.�ird, we used ArcMap 9.3 (ESRI, Redlands, CA) to obtain

Euclidean geographic distance between sites. Fourth, we usedArcMap 9.3, the Paci�cNorthWest

River Reach database (PNWRF3, StreamNet) and theArcMap toolbox FLoWS v1 (�eobald et al.,

2006) to calculate aquatic distance between sites, as the shortest distance between a pair of sites

that involved only travel along water sources (rivers, streams, lakes). Where there was no water-

based connection between population pairs, those populations were considered unconnected

and N/A values were used for analyses (following Spear and Storfer, 2008). We then performed

multiple regression analyses in R between allelic richness, edge distance, elevation, and latitude

to accommodate associations among these variables. We also performed multiple regression

analyses of the relationships between linearized FST and the distancemetrics (geographic vs. LCP

and geographic vs. CS distances).

In order to assess the e�ect of scale on landscape genetic inference, we ran each analysis on

three data sets. To assess range-wide patterns, we used all the data (called Range-wide). To assess

regional, intermediate-scale patterns, we analyzed northern and southern populations separately,

with the criterion of congruent genetic breaks observed in mtDNA (Nielson et al., 2006) and our

data at K = 2 (see below; called Regional). Finally, to assess local small-scale phenomena, we

analyzed just the densely sampled populations from the North Fork of the Clearwater, St. Joe, St.

Maries vicinities (called Local).
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Figure 2.2: Distribution of suitable habitat for A. montanus derived from our SDM. (a)

Suitabilities inferred by projecting our SDM onto climate reconstructions for the Last Glacial

Maximum. (b) Distribution of suitabilities for current habitat. (c) Suitabilities inferred by

projecting or SDMonto climate projections for 2070 under aworst-case scenario. (d)�e pattern

of allelic richness observed at our 99 sampling locations.
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2.4 results

2.4.1 Species Distribution Model

�e SDM approach provided a high AUC value (0.9668), indicating a very good model �t. �e

variables most strongly contributing to the model were coniferous cover (a preference for higher

covers; 30.41%), �ow accumulation (a preference for headwaters; 17.28%) and maximum temper-

ature during the warmest month (12.98%). �e SDMs estimated from the reduced data (seven

uncorrelated climatic variables) are nearly identical (Figure a.1; correlation coe�cients of suit-

abilities scores per pixel calculated from full vs. reduced data is 0.92, 0.96, and 0.80 for current,

future and past SDMs); therefore we focus on the SDM from the full data. Our SDM for current

conditions (Figure 2.2C) is similar to the A. montanus portion of the projections produced by

Carstens and Richards (2007), but has a higher resolution. It broadly captures the species range

ofA.montanus, however it predicts areas of suitable habitat in some locations whereA.montanus

is known to be absent, notably in central Oregon. On a �ner scale, poor habitat is o�en associated

with deep canyons, such as the Hells and Salmon River Canyons, and the high resolution of our

SDM renders those canyons visible in our projections (Fig 2.2C).

Our paleodistribution reconstruction based on climatic variables (Figure 2.2B) suggests that

two areas of high climatic suitability (i.e., primary refugia) existed for A. montanus during the

LGM, both contained within the current range of the species. However, the location of one of the

refugial areas di�ered from that inferred by Carstens and Richards (2007). We infer the southern

refugium to have been higher in the Salmon River drainage than was inferred by Carstens and

Richards (2007), which was estimated to be outside the current distribution.

Under current CO2 emission rates, ourmodel predicts that there will be a severe reduction in

suitable habitat forA.montanus (Figure 2.2D).�is is particularly true for the southern portion of

the current distribution; tailed frog populations in this regionwill likely be extremely fragmented,

and this inference is robust to di�erent dispersal rates and suitability thresholds (Figure a.2). Our

predictions are not simply that suitable habitat will be shi�ed northward; indeed there is very

little predicted latitudinal shi�. Instead, suitable habitat is predicted to become restricted within

the current species range, with a (perhaps) counterintuitive concentration to lower elevations

(Figure 2.2D; Figure a.2).
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2.4.2 Genetic Diversity and Structure

Multilocus genotypes for 2098 individuals are available onDryad.�e number of alleles per locus

ranged from 1-15 across all samples. An edge e�ect was apparent in both allelic richness (Figure

2.2A) and, to a lesser extent, heterozygosity (not shown); populations from the center of the

distribution had higher diversity than populations from the edges of the range, whereas many

edge populations exhibited very low allelic richness (r2 = 0.75; Table 2.2, Figure a.2). Overall

levels of allelic richness and heterozygosityweremoderate-to-high but lower than those observed

in studies of A. truei (Spear and Storfer, 2008, 2010). Pairwise estimates of FST suggest low to

moderate genetic di�erentiation between sites (deposited Dryad).

In the STRUCTURE analyses, likelihood scores, P(D∣K), increased with increasing K until

K=10, with further increases leading to diminishing improvements (Figure 2.3A), and a plateau

at higher values. �e most dramatic increase in P(D∣K) was associated with increasing from

a single cluster to K=2 (Figure 2.3A), while P(D∣K) continued to increase until K=10. At K=2,

individuals were clustered into northern versus southern populations (red vs. yellow in Figure

2.3B,C) in a manner very similar to the north/south phylogeographic split in mtDNA haplotypes

(Figure 2.1, inset; Nielson et al., 2006). �is is particularly true for analyses using a recessive

inheritance model (Figure 2.3C). Analyses run assuming co-dominant inheritance and K = 2

(Figure 2.3B) tended to cluster �ve northern samples with the southern cluster; we view this as

spurious and the north-south clustering (Figure 2.3C) is more plausible (see Discussion).

At K=3 (Figure a.4A), the individuals from the northern cluster were split into northeastern

(purple) and northwestern (yellow), at K=4 (Figure a.4B), individuals from the purple northeast-

ern cluster were further split into a north-northeastern cluster (light blue) and an east-central

cluster (purple). At K=5 (Figure a.4C), the red southern cluster split into southwestern (green)

and southeastern clusters (red), and at K=6 (Figure 2.3D), the light blue north-northeastern

cluster was split into clusters found in the Cabinet and Purcell Mountains (orange) versus those

collected east of the Kootenay River (light blue). At K=7 (Figure a.4D), individuals from the

yellow north-northwestern group were split into clusters from the Palouse Range (dark blue)

versus Clearwater/Bitterroot Ranges (yellow). Increasing K further simply resulted in splitting

individuals into peripheral populations (not shown).
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Table 2.2: Correlations (above diagonal) and partial correlations (below diagonal) between

geographic variables.

Allelic

Richness

Latitude Elevation Edge Distance

Allelic Richness 0 0.0946 -0.4302 0.7509

Latitude -0.0936 0 -0.5804 0.0779

Elevation -0.2254 -0.6044 0 -0.4014

Edge Distance 0.6855 -0.0866 -0.1567 0
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codominant inheritance.
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2.4.3 Geography and Genetics

At the range-wide scale, Euclidean distance between populations (i.e., Isolation-by-Distance;

IBD) explained much of the variance in pairwise di�erentiation between populations (as mea-

sured by linearized FST ; Figure 2.4A). Addition of the SDM information to the model through

LCP and CS distances (visualized in Figure a.5) increased its explanatory power slightly relative

to Euclidean distance (Figure 2.4B,C). Additionally, for both LCP and CS distances, the distance

measures obtained using the lower costs (1X or 10X) explained more of the variation than those

obtained using higher (100X or 1000X) costs (data not shown). Aquatic distance explained very

little of the variation in genetic distances between populations (Figure 2.4D). Furthermore, our

multivariate analysis of environmental variables showed a positive correlation between distance

from the nearest range edge and allelic richness, as well as a negative correlation between eleva-

tion and latitude. Multivariate analysis of the range-wide distancemetrics illustrated that that CS

and LCP distances explain an increasing portion of variation in linearized FST values a�er the

e�ect of geographic distance are removed (r2 = 0.42; Table 2.3).

In analyses at the intermediate scale, the SDM-based distances explained more of the vari-

ation in linearized FST than did simple geographic distance for the northern populations (r2

= 0.16 for the IBD, and r2 = 0.28 for CS distance; Figure 2.5A).�is was not the case for the

analyses of the southern populations, where simple geographic distance and CS distance have

similar r2 values (0.24 for geographic distance vs. 0.26 for the CS distance).�us, at least for the

northern populations, patterns of genetic variation are more strongly associated with climatic

and environmental variables than at the range-wide scale, and this is particularly true once the

e�ect of geographic distance in removed; partial correlation coe�cients for CS-distance are 0.422

and 0.231 for northern and southern populations respectively.

�is e�ect is seen more strongly at the local scale for the densely sampled populations in the

ClearwaterDrainage (themost densely-clustered yellow populations in Figure 2.3D). At this local

scale, geographic distances explain little variation (r2 = 0.115) whereas the CS distance explains

substantially more (r2 = 0.32; Figure 2.5C). In this analysis, a single population appears to be

an outlier with relatively higher FST values than comparisons involving the other populations in

the local sample (probably due to its extremely low allelic diversity). �e correlation between
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Figure 2.4: Range-wide linear regression of linearized FST and (a) Euclidean geographic distance
calculated in ArcGIS, (b) Least Cost Path (LCP) distance calculated from the SDM at cost of 1X,

(c) Lowest resistance (CS) distance calculated from the SDM using CircuitScape at cost of 1X,

and (d) Aquatic distance calculated in ArcGIS. All correlations are signi�cant (p < 0.001).
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Table 2.3: Multiple regression of geographic with CS (top) and LCP (bottom) distances.

All pops FST Euclidean Distance CS1X Distance

FST 0 0.2429 0.3178

Euclidean 0.0016 0 0.7530

CS1X 0.3479 0.8130 0

North FST Euclidean Distance CS1X Distance

FST 0 0.1604 0.2789

Euclidean -0.1226 0 0.7395

CS1X 0.4218 0.8256 0

South FST Euclidean Distance CS1X Distance

FST 0 0.2370 0.2641

Euclidean 0.1131 0 0.7149

CS1X 0.2312 0.7920 0

All pops FST Euclidean Distance CS1X Distance

FST 0 0.2429 0.3122

Euclidean -0.0960 0 0.8714

CS1X 0.3057 0.8881 0

North FST Euclidean Distance CS1X Distance

FST 0 0.1604 0.2660

Euclidean -0.2270 0 0.8577

CS1X 0.4276 0.9124 0

South FST Euclidean Distance CS1X Distance

FST 0 0.2370 0.2738

Euclidean 0.0400 0 0.8191

CS1X 0.2264 0.8723 0
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Figure 2.5: Linear regressions of linearized FST and geographic or CS distance for (a) northern,
(b) southern, and (c) local samples.
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geographic distance and di�erentiation is much higher at the local level once this di�erentiated

population is removed (r2 = 0.487).�us, analyses at this local scale reveal patterns that are not

detectable in analyses at larger spatial scales, especially identi�cation of populations that deviate

from Isolation-by-distance.

2.5 discussion

Genetic structure and patterns of gene �ow are o�en characterized as being either governed by an

IBDmodel or by being mediated by habitat features (i.e., Isolation-by-Environment, or IBE; e.g.,

Wang and Summers, 2010; Sexton et al., 2014). However, the geographic structure of genetic vari-

ations across a species’ range is a multi-scale phenomenon, both temporally and spatially.�us,

understanding the geographic structure of genetic variation requires the inference of interactions

between historical and contemporary processes and analyses at multiple spatial scales.

2.5.1 Genetic Diversity and Structure: Broadest Scale

At the broadest scale, allelic richness and heterozygosity are highest in populations at the center of

the species’ range and decline in populations sampled closer to the range edge, a pattern expected

under equilibrium conditions. We hypothesized that our combination of molecular and SDM

approaches would allow us to successfully identify the location of ancient refugia for the species.

Accordingly, A. montanus exhibits a hierarchical pattern of geographic structure (Figure 2.3).

As indicated above, at the lowest level (K=2), the genetic clusters correspond almost precisely

(Figure 2.3C) with the deep phylogeographic split in mtDNA identi�ed by Nielson et al. (2006),

and this partitioning of populations is also the deepest split in our tree-based analysis of our

microsatellite data (Figure a.4). With K=6-9, clusters of multilocus genotypes roughly correlate

with mountain ranges. In addition, as we increased the number of clusters in the STRUCTURE

analyses from 1 to 9, new clusters of populations were split from clusters identi�ed by a previous

run (i.e., a run with one fewer cluster).

�e northern-most populations sampled occur at localities that were glaciated during the

LGM; these populations therefore are necessarily the result of expansion from the Clearwater

refugium. Counter-intuitively, however, the route of expansion appears to not have been directly
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northward from the adjacent Clearwater Drainage, but based on theNJ tree (Figure a.6), appears

to have occurred in a counter-clockwise fashion around the Missoula Basin (which is de�ned

by the extent of pro-glacial Lake Missoula, and from which there are no current records of A.

montanus).�us, these populations in the Cabinet and Purcell ranges have become established

by relatively long-range dispersal a�er glacial retreat. �is explains the dramatic reduction in

allelic diversity exhibited by these populations (Figure 2.2A), which in turn may be causing

them to cluster spuriously with the southern populations in STRUCTURE analyses assuming co-

dominant inheritance (Figure 2.3B). Populationswith low allelic richness due (as we hypothesize)

to the serial range expansionswe hypothesizewill have a stochastically reduced pool of genotypes.

Our intuition suggests that applying a recessive allelesmodel (admittedly incorrectly)may reduce

the sampling error in estimating coancestry, and the average coancestries of the Purcell and

Cabinetmountains populations estimated this way (Figure 2.2C)make farmore geographic sense

than those estimated with the (appropriate) co-dominance model.

As a result of our extensive sampling within the species range, we were able to detect asso-

ciations of small e�ect between genetic distance and geographic variables. We had, however,

hypothesized that habitat variables play a role in tail frog dispersal, and that we would be able

to identify correlations between habitat variables and genetic diversity. We chose therefore to

focus on the magnitude of the association between variables. Our regressions and multivariate

analysis indicate that inclusion of SDM-based distance measures (CS and LCP distances) into

models explains more variation in the genetic distances between populations than models with

geographic distance alone at the broadest spatial scale. �e additional variation explained by

inclusion of IBE is modest, but persists when the e�ect of geographic distance is removed in

our partial regressions. Additionally, for both CS and LCP distances, the maximum proportion

of variation in genetic distance between populations was explained when both CS and LCP

costs were lowest for the environmental variables (1X). Together, these �ndings all support the

conclusion that environmental variables included in the SDM a�ect gene �ow in Ascaphus, but

that geographic distance between sites is perhaps the most in�uential determinant of di�eren-

tiation between populations. One important caveat to our analyses is that we accounted for

multiple environmental variables by using a single metric, the SDM, to calculate resistance for

our analyses.�is prevents us from being able to determine which environmental variables may
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bemost important inmediating gene �ow andmay disguise the e�ect of environment if variables

have opposing in�uences.

As was seen by Spear and Storfer (2008) on a more local scale, riparian distances seem to be

wholly unrelated to population di�erentiation (Figure 2.4D); although the regression is signi�-

cant (due to our very large sample size), the e�ect size is negligible (r2 < 0.034). �is was true

across at all three scales examined, and indicates that dispersal and gene �ow are concentrated to

post-larval life stages; dispersal by tadpoles would be expected to lead to an association between

riparian and genetic distances. More speci�cally, given that mark-recapture data suggest strong

philopatry of breeding adults (Daugherty and Sheldon, 1982), dispersal in tailed frogs appears to

be restricted to post-metamorphic sub-adults and to be occurring over land rather than along

water-based corridors (i.e., saddle hopping). Although there is no direct evidence for this, it is

more plausible to us that dispersal of small sub-adults has gone undetected than that dispersal

of large adult frogs has.

2.5.2 Accounting for Deep History: Regional Scale

Our third hypothesis predicted that landscape variables may strongly in�uence gene �ow at

local scales, and are less important at the total range level. �us, while geographic distance

explains a large portion of the variation in genetic distance between populations at broad spatial

scales (i.e., in the range-wide analyses), environmental factors may be more important at smaller

spatial scales. To assess this for Ascaphus, we conducted separate analyses on northern and

southern groups, as de�ned by the deep phylogeographic divergences in the mitochondrial data

(Nielson et al., 2001, 2006) and the congruent results of the STRUCTURE analyses of the current

microsatellite data with K=2 (Figure 2.3C).�e results of our analyses at this intermediate spatial

scale, with the deepest historical divergence factored out, are largely consistent with those for

the species range as a whole; geographic distance still explains much of the variation in genetic

distance between populations. However the SDM-based distancemetrics explainmore variation

in genetic divergence than they do in the range-wide analysis (Figure 2.5A,B).�is is particularly

true in the northern cluster, and less so in the southern cluster, perhaps due to the more patchy

habitat in the southern portion of the range (Figure 2.2B).�is suggests that that environmental
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variables are likely to have an increasing e�ect on gene �ow as spatial scale decreases in this

species.

2.5.3 Landscape Genetics at Local Scale

Further con�rming our third hypothesis, even more variation in FST is explained in the analyses

at the local scale (Figure 2.5C). First, there is a marked increase in the r2 value when the SDM-

based distance is included, compared to simple geographic distance, suggesting that deviation

from IBE is more easily detected at the smallest scale. Second, the impact of a single aberrant

population is detectable only at this local scale; all the highest FST values at this scale involve

pairwise comparisons of a single population collected at locality 85 (Latah Creek) with the rest

in the cluster. �ere are several unique features of this population; it is the only locality we

examined from a drainage that �ows directly into the Spokane River, it is separated from the rest

of the nearby populations in the cluster by State Highway 6, and it exhibits extremely low genetic

diversity (Figure 2.2D). Application of our SDM-based (CS) distance shi�s the comparisons

involving this population on the x-axis to the right compared to strictly geographic distance (Fig

2.5D), suggesting that the low allelic diversity in this population (and consequently high FSTs)

may be mediated by ecological di�erences.

2.5.4 Modern and Paleo-Distribution Models of A. montanus

Our SDM for A. montanus (Figures 2.2C, a.1B) is broadly consistent with that constructed by

Carstens and Richards (2007), although we �nd a wider range of suitable habitat, especially

within the Clearwater River drainage area, and portions of northwestern Montana. �is dif-

ference is likely the result of our expanded sampling of A. montanus, and thus more complete

presence/absence data used to construct the SDM.

�e hindcast of our SDM using paleoclimatic reconstructions (Figures 2.2B, a.1A) provides

strong support that A. montanus has had a very long history in the Inland Northwest; further,

these projections support the persistence of two distinct refugia (one in the Clearwater Drainage

and one in the Salmon River Drainage) during Pleistocene glacial maxima. �ese refugia are

consistent both with previous SDM-based reconstruction (Carstens and Richards, 2007) and
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the deep divergence the mtDNA sequence data identi�ed by (Nielson et al., 2006, Figure 2.1,

inset). Furthermore, the signature of these dual refugia is seen in our microsatellite data, both

by the results of our STRUCTURE analysis at the level of K=2 (Figure 2.3C) and by our NJ tree

(Figure a.6). In contrast to the analysis by Carstens and Richards (2007), we do not �nd evidence

for refugial habitat present in the Blue Mountains of Oregon, perhaps due to a combination of

di�erences in the spatial scale of the environmental variables used in construction of our SDM

(which allowed for a �ner scale analysis than was possible for Carstens and Richards 2007), and

the updated presence/absence data we used to construct our SDM that arose from our extended

sampling e�orts. Additionally, whereas Carstens and Richards (2007) found evidence for this

third refugium in their paleoclimate model, DNA evidence does not support the hypothesis of

three refugia; thus the two-refugia model is consistently supported by available evidence.

Finally, projections into predictions of future climatic conditions (Figure 2.2D) indicate that

the range of the species is expected to reduce drastically and, more importantly, become highly

fragmented. Since environmental variables have been shown to a�ect species connectivity at

local scales, this is expected to a�ect the genetic diversity of the species through reduced gene

�ow. Although the region with the highest allelic richness (Fig 2.2A) is expected to harbor

high ecological suitability (Fig 2.2C), the southern range of the species will become extremely

fragmented and reduced. �is will likely drastically a�ect the survival and persistence of the

southern genetic clusters (Figure 2.3B-D).

2.6 concluding remarks

�e structure of genetic diversity within A. montanus is the result of processes acting across

multiple geographic and temporal scales (Table 2.1). Here, we show a strong geographic structure

across the species range, with the deep phylogeographic split between northern and southern

range portions detected in mtDNA (Nielson et al., 2006) representing the deepest divergence in

microsatellite loci as well. �is is likely the result of the species restriction to two Pleistocene

refugia, the expansion from which has produced a contact zone in the South Fork of the Salmon

River detectable in both mtDNA and our data. Analyses at decreasing spatial scales indicate

that the smaller the scale, the more additional variance in FST is explained by our SDM-based
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CircuitScape and Least Cost Path distances, and only at the smallest scale are outlier populations

identi�ed.�is suggests thatmeta-analyses that attempt to identifywhether Isolation byDistance

or Isolation by Environment is more common (e.g., Sexton et al., 2014) should include multiple

geographic spatial scales to account for scale-speci�c phenomena.
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chapter 3

Persistence of Antibiotic Resistance Plasmids in Bacterial

Biofilms

3.1 summary

�e emergence and spread of antibiotic resistance is a crisis in health care today. Antibiotic resis-

tance is o�en transferred to susceptible bacteria by means of horizontal gene transfer mediated

by plasmids. In clinical settings bacterial pathogens typically grow as bio�lms, and the evolution

of plasmids in bio�lms is poorly understood. We experimentally compared the evolution of

plasmid persistence in the clinical pathogen Acinetobacter baumannii when grown in bio�lms

versuswell-mixed liquid cultures. Plasmids persisted inA. baumannii in both environments even

when antibiotics were not present. By the end of the experiment, plasmid persistence increased

more in liquid cultures, but variation in the degree of persistence was greater among bio�lm

derived clones. �e results of this study show for the �rst time that the persistence of MDR

plasmids improves in bio�lms, and furthermore that the evolutionary potential of plasmids is

undiminished in bio�lms.

3.2 introduction

�e emergence and spread of antibiotic resistant bacteria is a crisis faced by healthcare today,

and the factors in�uencing these processes are poorly understood (Centers for Disease Control

and Prevention, 2013). Resistance to antibiotics can be obtained either through mutations in

key genes or by the acquisition of resistance genes via horizontal gene transfer (Benveniste and

Davies, 1973), which is o�en mediated by transmissible plasmids (Mazel and Davies, 1999; Math-

ers et al., 2011). Broad-host-range plasmids that can be transferred to a wide range of bacterial

species (Frost et al., 2005; De Gelder et al., 2007) are the most clinically threatening plasmids

because they potentially carry genes that confer resistance to multiple drugs (MDR plasmids).

Consequently, a single plasmid transfer event can turn a drug sensitive bacterium into a multiply

drug resistant strain. A current alarming example is the rapid worldwide plasmid-mediated
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spread of antibiotic resistance to colistin, an antibiotic of last resort (Liu et al., 2016; Poirel et al.,

2016).

Research suggests MDR plasmids are o�en not stably maintained in novel hosts (De Gelder

et al., 2007). Instability is overcome by exposure to antibiotics, which imposes strong natural se-

lection formutations in the plasmid, host or both, whichwill rapidly improve plasmid persistence

(Bouma and Lenski, 1988; Heuer et al., 2007; De Gelder et al., 2008; Sota et al., 2010; San Millan

et al., 2014; Harrison et al., 2015; Lo�ie-Eaton et al., 2016). We use the term ‘plasmid persistence’

but this trait of plasmid-host pairs is also referred to as plasmid maintenance, plasmid stability,

or plasmid retention. In order to prevent (or at least hinder) the spread the of MDR plasmids,

we need an understanding of how well plasmids persist in pathogenic bacteria in the absence of

antibiotic-derived selection.

�e evolution of MDR plasmid persistence has been studied in well-mixed liquid batch cul-

tures (ex. Bouma and Lenski, 1988; Heuer et al., 2007; De Gelder et al., 2008; Sota et al., 2010;

SanMillan et al., 2014; Harrison et al., 2015; Lo�ie-Eaton et al., 2016), but such culture conditions

are not typical within a clinical setting where bacteria more naturally occur in bio�lms. Until

this study, there has been a critical gap in our knowledge of plasmid evolution in bio�lms. It is

logical to assume to plasmid evolution in bio�lms will be di�erent because, in general, bacterial

evolution exhibits notably di�erent patterns bio�lms (Rainey and Travisano, 1998; Lewis and

Lewis, 2001; Donlan, 2002; Boles et al., 2004; Ponciano et al., 2009). Bio�lms are fundamentally

di�erent from well-mixed liquid batch cultures because cells are �xed in one spatial location.

�e environment a cell experiences (e.g. nutrient availability or antibiotic exposure) is therefore

locally variable, which leads to the possibility of spatially heterogeneous natural selection and

ecology. �us, one cell might experience particularly strong selection for antibiotic resistance –

while another might experience relatively weak selection for antibiotic resistance – simply owing

to its location within the bio�lm.

To better understand how bio�lm growth a�ects the evolution of plasmid persistence we

performed an experimental evolution study using the Gram-negative pathogen Acinetobacter

baumannii. Infections caused by A. baumannii are an emerging healthcare threat because the

organism readily becomes resistant to multiple antibiotics and even pan-drug resistant strains

have been reported (Villers et al., 1998; Hsueh et al., 2002; Perez et al., 2007). As a result this
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species has emerged as an important cause of nosocomial infections. Several studies document

longer hospital stays and more severe outcomes for patients with A. baumannii infections than

withmany other bacterial pathogens (Jerassy et al., 2006; Sunenshine et al., 2007). Speci�cally, we

compare the evolution of plasmid persistence in A. baumannii when grown in bio�lms and well-

mixed liquid batch cultures by comparing the persistence of plasmids in evolved clones derived

using these two culture conditions. We expected that clones that stably maintain an MDR plas-

mid would emerge under both conditions. More speci�cally, by quantitatively analyzing plasmid

persistence in individual clones from each population we were able to test two hypotheses. First,

weakened selective pressures experienced by bacteria in bio�lms will lead to lower average levels

of plasmid persistence. Second, evolutionary processes will generate and maintain a broader

diversity of plasmid persistence phenotypes in bio�lms than in liquid cultures, due to the inherent

spatial structure of bio�lms (Donlan, 2002; Boles et al., 2004). Our �ndings support both of these

hypotheses.

3.3 methods

3.3.1 Bacteria and Plasmid

�e experimental evolution of plasmid persistence inwell-mixed liquid cultures and bio�lmswas

done using Acinetobacter baumannii ATCC 17978, which was obtained from the American Type

Culture Collection (Rockville, MD). ATCC 17978 is sensitive to tetracycline so plasmid bearing

cells could readily be obtained by plating cells on tetracycline containing media. From here on

we refer to this speci�c strain simply as A. baumannii.

For this study we used the well characterized IncP-1 plasmid pB10 (Schlüter et al., 2003)

because it has a broad host-range and encodes resistance to four antibiotics (tetracycline, strepto-

mycin, amoxicillin and sulfonamide).�e ancestral strain used in all the experiments described

here was constructed by electroporation of pB10 into A. baumannii (see Appendix b).

3.3.2 Culture Media and Conditions

For the evolution experimentsA. baumannii (pB10) was grown inmineral basal medium (MBM)

of M9 salts (Sambrook and Russell, 2001) and water supplemented with 18.5 mM succinate, 2 g/L
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casamino acids, and 10 µg/mL tetracycline (tet), and trace element andmineral mixtures (Wolin

et al., 1963) which is herea�er referred to as MBMS-tet. Plasmid persistence assays were done in

the same MBMS medium without antibiotics. Dilution plating to obtain individual clones was

done using Luria Bertani (LB) agar supplemented with 10 µg/mL tet (LB-tet). All experiments

were done at 37○C.

3.3.3 Experimental Evolution Protocol

A. baumannii (pB10) was evolved in parallel in both bio�lms and liquid batch cultures. Figure 3.1

is a timeline of the evolution experiments. To initiate the experiment, aliquots of an overnight

culture grown in MBMS-tet were used to inoculate nine bio�lm �ow cells that contained 13 mL

of the same medium. �ese were incubated for 24 h as batch cultures before the �ow of fresh

medium (5.2 mL/h) was initiated. A�er four days of growth, three �ow cells were harvested;

we designate these samples as our initial population state (t0). For harvesting, the �ow cells were

moved to a biosafety cabinet where the seal between the lid and body of the �ow cells were broken

using sterile scalpel blades and the lids were put aside. Supernatant media were removed from

the exposed �ow cells using a pipette. A�erwards, the bio�lmswere re-suspended by adding 1mL

of 0.85% saline solution and subsequently transferred to 2 mL microcentrifuge tubes in order to

disperse cells using a vortexmixer. Microscopic examination veri�ed that the cells had dispersed

and only free �oating cells and small clumps of cells were present. �e cell suspensions were

serially diluted and plated on LB-tet agar. A�er overnight incubation, six clones were randomly

chosen from each plate and archived at -70○C. �is entire bio�lm harvesting procedure was

repeated on days 14 (t14) and 28 (t28). Because t14 revealed little additional information, we only

report on time points t0 and t28 for the sake of brevity.

Liquid batch cultures of A. baumannii (pB10) were started by inoculating three replicate

test tubes containing �ve ml of MBMS-tet with 4.9 µL of the cell suspensions from the three t0

bio�lms. Liquid cultures were continuously mixed on rotary shakers at 200 RPM, and 4.9 µL of

each culturewas transferred daily to 5mL of freshmedia, a procedurewhich yields approximately

10 generations of growth per day. Aswith the bio�lm culture, aliquots of these cultureswere taken

on days 14 and 28, serially diluted, and plated on LB-tet. Likewise, six clones from each plate were

selected a�er overnight growth and archived at -70○C.
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Figure 3.1: Schematic of experimental evolution experiments in liquid batch cultures (green)

and bio�lm cultures (blue). Bio�lm �ow cells were inoculated using an overnight grown culture

of the ancestor (t−4). Four days later (t0), three randomly selected �ow cells were harvested.
�e resulting cell suspensions were used to inoculate triplicate liquid batch cultures.�ey were

also diluted and plated on LBA-tet to isolate plasmid-bearing clones. �e remainder of the cell

suspensions were archived at -70○C.�e liquid batch cultures were transferred to new media
daily for 28 days. On days 14 (t14) and 28 (t28), triplicate bio�lm cultures were harvested, and
samples were taken from the liquid batch cultures.
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3.3.4 Plasmid Persistence Assays

�e persistence of plasmids in clonal populations was quanti�ed and compared as follows. Trip-

licate tubes containing 5 mL of MBMS (without antibiotic) were inoculated with 4.9 µL of each

archived clone (representing day 0 of the plasmid persistence assays), and grown overnight. For

the next 8 days these cultures were serially transferred to fresh media (4.9 µL into 5 mL). On

days 0, 5, and 8, a 200 µL sample of each culture was removed, centrifuged, and stored at -

20○C. Total DNA was isolated from each culture using a QIAsymphony DSP DNAMini Kit on a

QIAsymphony SP platform (QIAGEN, Inc.). Extraction yields were measured �uorometrically

using a PicoGreen dsDNA kit.

�e fraction of plasmid-bearing cells in each culture was estimated via quantitative PCR

(qPCR; Lo�ie-Eaton et al., 2014) of the plasmid encoded trfA gene (encoding the replication ini-

tiation protein) and the chromosomally encoded 16S rRNA genes. Plasmid pB10 has a low copy

number ( 2 per cell, data not shown), and the number of 16S rRNA gene copies in A. baumannii

is 5 (Center for Microbial Systems, 2016; Maslunka et al., 2006). �e ratio of these two genes

was therefore used as a proxy for the fraction of plasmid-bearing cells in the populations, and

was expressed as a plasmid:chromosome ratio.�ese qPCR assays were done in triplicate using

a StepOnePlus real-time PCR system and a Power SYBRTM Green PCR master mix (Applied

Biosystems Inc.) and by following the manufacturer’s instructions. Details of the protocol are

described in Appendix b.

Analysis of the qPCR data occurred in two stages. �e �rst stage encompassed analysis of

the raw qPCR data (i.e. raw �uorescence values for a given PCR cycle in a reaction) for the

three qPCR replicates run for each plasmid persistence assay. Given that three replicate plasmid

persistence assays were done per clone, 9 qPCR reactions were done for days 5 and 8 of these

assays. Because all samples on day 0 came from the same archived glycerol stock and should be

homogeneous, there were only three qPCR replicates for this day. Statistical analysis of the raw

data is described in detail in theTechnicalAppendix. In a second stage, the qPCR-based estimates

of the plasmid:chromosome ratio were used as ameasure of the fraction of plasmid-bearing cells.

Tracking this ratio over time allowed us to examine di�erences in plasmid persistence in our 2
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di�erent culturing conditions.�e log-linear model we used to estimate the rate of plasmid loss

over time is described in Appendix b.

Due to variance in our estimates of plasmid:chromosome ratios from the �rst stage of the

analysis, bootstrapping techniques were used to provide more robust con�dence intervals in

subsequent analyses. In brief, values for ratios were drawn from normal distributions based

on the ratios’ estimated means and variances. �ese randomized values then served as the de-

pendent variable for our log-linear model of plasmid persistence. Additionally, we utilized a

Brown-Forsythe-Levene procedure on the residuals of the log-linear model in order to examine

the level phenotypic diversity in bio�lm versus liquid cultures (Brown and Forsythe, 1974). Such

tests are based on group medians to test for linear trends in variances (function ‘ltrend.test’ of

the R package ‘lawstat’).�e strength and signi�cance of the linear trend between groups is mea-

sured using a correlation statistic (negative correlations indicate downward trends and positive

correlations indicate upward trends. For both the log-linear models and the Brown-Forsythe-

Levene tests, we used a minimum of 1000 bootstrap replicates to determine the signi�cance of

our results.

3.4 results

A. baumannii ATCC 17978 containing the MDR plasmid pB10 was grown in bio�lms and liquid

serial batch cultures for four weeks in the presence of antibiotics selecting for the plasmid (Figure

3.1). Plasmid pB10 was shown to be highly unstable in the ancestral strain of A. baumannii; the

fraction of plasmid bearing cells in the ancestor at the end of persistence assays was 9.0x10−5

(data not shown). Clones isolated from t0 bio�lms showed levels of instability that were similar

to those of the ancestor; our results compare t0 to host-plasmid pairs found in liquid and bio�lm

cultures at t28.

On average, a�er 28 days host-plasmid pairs showed signi�cant improvement in plasmid

persistence (Figure 3.2). However, the persistencewas on average higher in liquid cultures than in

bio�lms, supporting our �rst hypothesis: natural selection is weaker in bio�lms.�is was shown

in two ways. First, the fraction of plasmid-bearing cells observed in the plasmid persistence

assays declined more slowly (Figure 3.2, Table 3.1). Second, the average plasmid bearing fraction
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at the end of the 8-day plasmid persistence assays was approximately 782 times higher at t28 in

liquid cultures, while it was only 25 times higher in bio�lms (Table 3.1). To our knowledge, these

results show for the �rst time that plasmid persistence can improve over time in the clinically

relevant environment of bio�lms, but not to the extent observed in liquid batch cultures.

Although plasmid persistence was, on average, higher in liquid cultures, the variability of

plasmid persistence was signi�cantly higher in bio�lms (Table 3.1). �ese �ndings provide evi-

dence for our second hypothesis: bio�lms maintain broader diversity. A visual inspection of the

distribution of residuals in the three environments shows liquid cultures had a much stronger

central tendency and less diversity (Figure 3.3). A Brown-Forsythe-Levene test indicate that there

no signi�cant di�erence in the diversity of plasmid persistence when comparing t0 bio�lms and

t28 bio�lms. In contrast, the diversity in plasmid persistence in t0 liquid cultures was signi�cantly

lower than the t0 cultures used to seed them. Furthermore, we found a signi�cant overall down-

ward trend in diversity from t0 (most diverse), to t28 bio�lm cultures, to the t28 liquid cultures

(least diverse) (HA ∶ σt0 > σt28,bio f i lm > σt28, l iquid ; ρ = −0.2032; p = 0.0120). As hypothesized, these

results demonstrate that growth of A. baumannii in bio�lm cultures maintains higher levels of

diversity than liquid cultures.

3.5 discussion

�e emergence and spread of antibiotic resistant bacteria is one of the greatest crises facing

healthcare today, yet the factors in�uencing these processes are still poorly understood. Since

self-transmissibleMDR plasmids play a key role in the spread of antibiotic resistance (Frost et al.,

2005), we need to better understand how well they persist in clinically relevant pathogens in

the absence of natural selection, and, perhaps more importantly, how this persistence evolves

over time in clinically relevant conditions such as bio�lms. So far as we know, all former studies

addressing plasmid evolutionwere done usingwell-mixed liquid cultures (ex. Bouma andLenski,

1988; Heuer et al., 2007; De Gelder et al., 2008; Sota et al., 2010; San Millan et al., 2014; Harrison

et al., 2015; Lo�ie-Eaton et al., 2016). Our �ndings show that the evolution of clinical pathogens

and their plasmid-derived antibiotic resistance is markedly di�erent in bio�lms compared to the

typically utilized well-mixed liquid culture environment. Speci�cally, the results of this study
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Figure 3.2: �e persistence of plasmid pB10 in clones from liquid batch cultures and bio�lm

cultures a�er 28 days of experimental evolution. �e fraction of plasmid-bearing cells was

determined by quantitative PCR of the plasmid encoded trfA gene and chromosomally encoded

16S rRNA genes and expressed as the plasmid:chromosome ratio. �e lines show the loss of

plasmids over time in populations of clones isolated from bio�lms at t0 (green) and t28 (red), and
liquid batch cultures at t28 (purple). For each group of samples, the spread of points around their
respective lines re�ects the diversity of plasmid persistence among the clones from a particular

environment.
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Table 3.1: Comparison of plasmid loss rates in liquid and bio�lm cultures. Parameter β is the
di�erence in mean rates of decline of the plasmid:chromosome ratio with its associated p-value.

�e fold loss is the relative di�erence in the fraction of plasmid bearing cells at day 8 of the

plasmid persistence assays.�e last three columns show di�erences in diversity between cultures.

�e �rst of these (di�erence in σerror) shows the magnitude of the di�erence in diversity, ρ is the
test statistic where HA ∶ σ1 > σ2, and the last column is the p-value for ρ.

Comparison β p Fold loss Di�. in σerror ρ p

t0 vs. t28, liquid -0.8327 0.0008 781.8 1.6957 -0.2504 0.0097

t0 vs. t28, bio�lm -0.4003 0.0497 24.6 0.3612 -0.0565 0.2984

t28, bio�lm vs. t28, liquid -0.4324 0.0320 31.8 1.3344 -0.2170 0.0367
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Figure 3.3: Empirical distributions of residuals within environments. Residuals are the

di�erence between the modeled mean day 8 plasmid:chromosome ratio for a given clone and

themodeledmean for a particular environment (e.g. t0).�e variance in residuals (i.e. diversity)
between environments was signi�cantly di�erent when comparing t0 to t28 liquid cultures. An
ordered heterogeneity test supported the hypothesis of a signi�cant overall downward trend in

diversity from t0 (most diverse), to t28 bio�lm cultures, to the t28 liquid cultures (least diverse).
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show for the �rst time that: (1) the persistence of MDR plasmids improves in bio�lms though

much less than in liquid cultures (Figure 3.2), and (2) phenotypic diversity is maintained bio�lms

while it is lost in liquid cultures (Figure 3.3). However, it should be noted that plasmid persistence

assays were all performed in liquid batch cultures; therefore, we cannot exclude the possibility

that bio�lms might show higher average persistence and/or altered diversity if methods were

available to test plasmid persistence directly in a bio�lm environment.

Part of the di�erence between liquid cultures and bio�lm cultures is that bacterial growth

rates vary widely in bio�lms. �is is due to the inherent heterogeneity of spatially structured

bio�lm environments which leads to gradients of nutrients, electron acceptors and metabolic

waste products that govern bacterial metabolism (Boles et al., 2004). Cells at the bio�lm surface

growmore readily than those buried deep in the bio�lmmatrix where nutrient limitation hinders

cell growth. Reduced cell growth could be important because plasmid loss only occurs during

cell division when plasmids are not properly apportioned between the daughter cells.�us, one

potential explanation is that MDR plasmids may persist in bio�lms simply by remaining in non-

dividing cells until natural selection for the plasmid is imposed by introducing antibiotics into

the environment.

Another important di�erence is that natural selection is expected to operate di�erentlywithin

clinical bio�lm environments in comparison to liquid cultures. Cells are �xed in space in a

bio�lm, which limits competitive interactions to a cell’s immediate neighbors; natural selection

therefore occurs on a local scale. �is localized scale of natural selection in bio�lms has been

shown to increase the accumulation of chromosomal genetic diversity (Boles et al., 2004; Pon-

ciano et al., 2009). Our large, well-replicated study design allowed us to assess the diversity

generated by antibiotic application, rather than simply estimating means. Similar what has been

observed for chromosomal genetic diversity, our evolution experiment showed that bio�lm pop-

ulations harbor a greater diversity of plasmid persistence compared well-mixed liquid batch

cultures (Figure 3.3). Under the conditions used in this study, the variation in plasmid persistence

was roughly the same in four day old bio�lms (t0) and those grown for another four weeks in

the presence of tetracycline (t28). In contrast, this diversity at t0 was drastically reduced when

the populations were used to found liquid batch cultures that were subsequently grown for four

weeks (Table 3.1, Figure 3.3). Our �ndings con�rm that growth in bio�lms either protracts or
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prevents the selective sweeps commonly observed in liquid cultures (Martens and Hallatschek,

2011).�us, bio�lm maintain MDR plasmid diversity that would not have been observed in the

traditional experimental evolution studies which utilize liquid batch cultures.

Maintaining phenotypic diversity is important because it indicates that the evolutionary po-

tential – in other words the ability to respond to natural selection – of bio�lms remains high.

�erefore, the maintenance of diversity may reduce the e�ectiveness of future antibiotic treat-

ments because pre-adapted clones may be present in bio�lms, whereas such clones may have

been lost in selective sweeps in liquid cultures. �is phenomenon can be thought of as a ‘seed

bank’ from which new, possibly more dangerous, mutants can arise in the presence of novel

natural selection pressures resulting antibiotic application (Boles et al., 2004).�is highlights the

critical need to understand how growth within a bio�lm a�ects the evolution and persistence of

MDRplasmids. Filling this knowledge gapwill provide fundamental insights to the prevention of

antibiotic recalcitrant bacterial infections in clinical settings. Because heritable genetic diversity

must underlie phenotypic diversity to respond to natural selection, we are currently pursuing

the next logical step and documenting the genetic basis of improved plasmid persistence using

high-throughput sequencing technologies.

In conclusion, our study shows that the persistence of MDR plasmids can readily improve in

bio�lms.�e results presented support a hypothesis that is of medical concern: bio�lms generate

a broad diversity of antibiotic resistant bacteria that better retain an MDR plasmid than the

ancestor, but with variable success. To combat the emergence of antibiotic resistance we should

not only �nd alternative therapies that limit MDR plasmid persistence in bio�lms of pathogens,

but investigate whether the genetic diversity generated in bio�lms facilitates outbreaks of MDR

pathogens in the future.
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chapter 4

Biofilms Limit Loss of Transmissibility of a Multidrug

Resistance Plasmid

4.1 summary

Conjugative multidrug resistance (MDR) plasmids are a major human health concern because

they allow rapid spread of antibiotic resistance genes among bacterial species. Currently, little is

known about howMDR plasmids evolve when the host bacterium grows in bio�lms rather than

well-mixed planktonic populations. Closing this knowledge gap is important, due to the preva-

lence of bio�lm formation among bacteria in general and pathogens in particular. We sought to

understand the in�uence of bio�lm growth, with and without antibiotics, on the evolution of the

MDR plasmid pB10 inAcinetobacter baumannii. Bio�lm growth was expected to result in greater

genotypic diversity of the plasmid but less improvement in plasmid persistence than growth

in planktonic populations. Although we found greater genotypic diversity in plasmids from

bio�lms, the more striking di�erence was in the pattern of genotypes underlying the diversity.

Loss of plasmid transmissibility as a result of large deletions in the plasmid occurred rapidly and

repeatedly in planktonic populations. Bio�lm growth sharply limited this loss andmost plasmids

isolated from bio�lms were transmissible, regardless of the presence of antibiotics. Additionally,

the e�ect of the large deletions on plasmid persistence was highly host-speci�c, as only one of

the three other bacterial species we tested retained the truncated plasmid better than ancestral

pB10. Plasmid persistence improved more in planktonic populations than bio�lms, regardless of

antibiotic presence, and improved in planktonic populations even in the absence of antibiotics.

�ese results highlight the need for further research into how plasmid evolution is in�uenced by

bio�lm growth.

4.2 introduction

Antibiotic resistance is widely recognized as one of the most serious problems facing healthcare

today, even meriting mention in a recent State of the Union Address (2014) and the attention of



43

the United Nations General Assembly. Resistance became a problem shortly following the intro-

duction of the �rst antibiotics, and antibiotic resistant bacteria are now found worldwide, both

in hospitals and the community (e.g., Ammerlaan et al., 2013; Braykov et al., 2013). Some types

of resistance can develop due to relatively simple mutations in chromosomal genes. Increasingly

however, resistance is the result of acquisition of speci�c resistance genes that code for a product

that can, for example, deactivate or export the antibiotic (Davies, 1994). When present as part of

mobile genetic elements such as a plasmids, these resistance genesmay be rapidly spread between

di�erent species or strains of bacteria (Mazel and Davies, 1999; Mathers et al., 2011).�is makes

multidrug resistance (MDR) plasmids, particularly those with a broad host range, a target of

particular concern in the �ght to reduce the spread of antibiotic resistance.

In the presence of antibiotics MDR plasmids are maintained in cells via positive selection

(Dionisio et al., 2005). When antibiotics are removed, however, plasmids are expected to be

costly to the host. In most cases they should be removed from the host via purifying selection

unless the cost of plasmid carriage has been reduced or eliminated by evolution (Heuer et al.,

2007; Subbiah et al., 2011; Sota et al., 2010). �e degree to which the plasmid is retained during

growth without antibiotics is referred to as plasmid persistence and is related to several factors,

including the cost of plasmid carriage. Previous studies that utilized liquid serial batch culture

conditions have repeatedly shown that plasmid persistence or cost can be substantially improved

in these planktonic populations a�er periods of growth in the presence of antibiotics (Bouma and

Lenski, 1988; Lo�ie-Eaton et al., 2016; De Gelder et al., 2008; Sota et al., 2010).

While multiple studies have addressed the evolution of plasmid persistence in planktonic

populations, much less is known about how plasmid persistence evolves during growth in spa-

tially structured populations. Understanding this is important because in the natural and clinical

settings the majority of bacteria live in bio�lms or other spatially structured communities (Vla-

makis et al., 2013). In particular, many medically relevant bacteria are known to form bio�lms

both in the environment and in the course of infection (Costerton et al., 1999; Parsek and Singh,

2003) and to acquire resistance genes via plasmids (Galimand et al., 1997; Gay et al., 2006). Due

to the spatial structure, bacteria growing in a bio�lm do not compete directly with all other

bacteria. Instead, they compete only with their neighbors, which prevents selective sweeps and

results in retention of more variability (Boles et al., 2004; Ponciano et al., 2009; Tyerman et al.,
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2013). Bio�lms are also expected to have undergo fewer generations on average and experience

more variation in the number of generations across the populations than planktonic populations

(Poulsen et al., 1993; Wang et al., 2015). �is is because certain regions of the bio�lm have

very little opportunity for growth and reproduction due to space and nutrient limitation. In

contrast, cells near the edges of the bio�lm will not experience the same restrictions and may

divide rapidly. As a result of these factors, bio�lms are expected to harbor more diversity than

planktonic populations (Boles et al., 2004).�is increased diversity allows access to more peaks

within a rugged adaptive landscape (Wright, 1932; Kau�man and Levin, 1987).�is includes both

the landscape in which the diversity evolved and future landscapes that may be encountered, for

example due to movement of the bacteria into a new location or in�ltration of the population by

other species of bacteria. �ese e�ects of bio�lm growth are expected to in�uence diversity of

any plasmids contained within the bacterial hosts. However, no studies to date have speci�cally

addressed how the evolution of plasmid persistence is a�ected by bio�lm growth.

�e bio�lm forming bacterium Acinetobacter baumannii is an emerging threat in the United

States and worldwide.�is Gram-negative bacterium causes wound infections, ventilator associ-

ated pneumonia, and sepsis, and rapidly acquires resistance to antibiotics (Richet and Fournier,

2006). �is combination of high resistance and bio�lm formation makes infections with A.

baumannii particularly di�cult to treat. Infection with A. baumannii is associated with a higher

rate of death, longer hospitalization, and other poor outcomes (Jerassy et al., 2006; Sunenshine

et al., 2007), and the species is of special interest to the CDC (Pendleton et al., 2013). Although

A. baumannii is known to acquire new forms of antibiotic resistance rapidly, and pan-drug re-

sistant strains have been documented (Hsueh et al., 2002), relatively little is known about the

mechanisms by which it acquires these resistances. Horizontal gene transfer is known to play

a role, as both plasmids containing resistance genes and genes of plasmid origin located within

the chromosome of multiple strains of A. baumannii have been found (Poirel and Nordmann,

2006; Adams et al., 2008). However, this information is based on studies of the genomes of

isolated strains and there is very little information available on how A. baumannii interacts with

a recently acquired MDR plasmid.

Here we utilize a large, replicated, experimental evolution design to investigate the roles of

bio�lm growth and the presence of antibiotics on the evolution of a broad host range, MDR
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plasmid, pB10 in A. baumannii. Previously, we showed that bio�lm growth increased the diver-

sity of plasmid persistence pro�les among clones evolved in bio�lms compared to liquid batch

cultures during growth with tetracycline, but we did not characterize the genetic basis of these

changes (Chapter 3). Here we expand that work by seeking to understand the underlying

genetic changes and how the presence/absence of the plasmid-selective antibiotic tetracycline

can in�uence the evolution of plasmid persistence and genotypic diversity of the plasmid. We

hypothesize that (1) the presence of plasmid-selective antibiotics during evolution will result

in evolved clones with higher levels of plasmid persistence regardless of whether the source

population was bio�lm or planktonic, and (2) bio�lm growth will lead to greater genotypic di-

versity among evolved plasmids than planktonic growth. We also investigate whether plasmid

modi�cations that enhance plasmid persistence in A. baumannii result in similar improvements

in persistence in other bacterial hosts. Our results mostly support our hypotheses, show that

large deletions in the plasmid improve its persistence, and suggest that plasmid adaptation to

one bacterial pathogen can either hamper or promote its persistence in other bacteria.

4.3 results

4.3.1 Establishment and Harvest of Bio�lm and Planktonic Populations

In order to investigate the in�uence of antibiotic presence and growth environment (bio�lm

vs. planktonic) on the evolution of plasmid persistence in A. baumannii we set up 4 evolu-

tion experiments divided into two arms (Figure 4.1). �e �rst arm included the bio�lm and

planktonic populations grown in the presence of tetracycline (tet) for the entire duration of

the evolution experiment (Tet+). �e second consisted of bio�lm and planktonic populations

that were evolved in the absence of tet, except for during the initial four days, intended to allow

bio�lms to establish with plasmid-containing cells. A�er this four-day establishment phase, at t0,

three replicate �ow cells were harvested from each arm and used to inoculate the three replicate

planktonic populations for each arm, respectively. �ree more �ow cells were harvested from

each arm a�er 14 additional days of growth (t14) and 2 mL of culture was harvested from each

planktonic population at the same time point. For the Tet+ arm we continued the experiment

for an additional 14 days and performed a �nal harvest of three �ow cells and the three replicate
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planktonic populations at t28. We obtained six plasmid-containing clones from each harvested

population. We also estimated the proportion of plasmid-containing cells remaining in each

replicate for the Tet- arm and determined that the plasmid was lost much more rapidly from

planktonic populations than frombio�lms (Table 4.1). For those planktonic populations inwhich

plasmid-containing clones were no longer detected at t14 we obtained plasmid-containing clones

from the last day they could be detected.

4.3.2 Evolution of Plasmid Persistence

To assess if plasmid persistence had increased over time among individual clones that had evolved

in the bio�lm and planktonic populations, we performed persistence assays on six clones isolated

at various time points from each replicate population. Some of the results for clones grown in

bio�lm and planktonic populations containing tet have been previously described, but are also

used here for comparison purposes (Chapter 3). Here we �rst tested plasmid persistence for

the ancestral host and for all clones isolated at t0 (Figure 4.2A).�ere was no signi�cant change in

average plasmid persistence during bio�lm establishment (for t0, Tet+ = 0.65, for t0, Tet- = 0.55),

thus we used plasmid persistence data from the t0 clones as the comparison for clones from the

later time points.

We then compared the change in plasmid persistence relative to t0 for clones isolated at t14 or

earlier from the bio�lm andplanktonic populations grownboth in the absence and presence of tet

(Figure 4.2C). A�er 6-14 days in the absence of tet, plasmid pB10 showed improved persistence

in A. baumannii clones from planktonic populations (Fig. 4.2D; p = 0.0002), but not in clones

isolated from bio�lms (Figure 4.2E; p = 0.336). When compared to plasmid persistence in the

presence of tet (Figure 4.2B; Chapter 3) our results indicate that plasmid persistence improved

in planktonic populations regardless of the presence of tet, but only improved in bio�lms when

they were exposed to tet.�is may suggest that selection for plasmid persistence was stronger or

able to work more e�ciently in planktonic populations.
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t-‐4	   t28	  t0	   Planktonic	  

Biofilm	  

Inoculate	  
(N=9)	  

Inoculate	  
(N=3)	  

Harvest	  	  
(N=3)	  

Harvest	  
(N-‐3)	  

Harvest	  
(N=3)	  

Transfers	  

t14	  

Harvest	  
(N=3)	  

Harvest	  
(N=3)	  

Biofilm	  

Inoculate	  
(N-‐6)	  

Inoculate	  
(N=3)	  

Harvest	  	  
(N=3)	  

Transfers	  

Harvest	  
(N=3)	  

Harvest	  
(N=3)	  

Planktonic	  

Tet-‐	  Tet+	  

Figure 4.1: Timelines of the evolution experiments. Blue represents time periods when media

contained tetracycline. Large ticks represent inoculation and harvest events. At t−4 the bio�lm
�ow cells were inoculatedwith the ancestral culture. Four days later, at t0, the �rst set of randomly
selected �ow cells (n=3) were harvested. �ey were plated on LBA with and without tet to

determine the proportion of plasmid containing cells, number of viable cells, and to isolate

plasmid-containing clones that were later assayed for plasmid persistence and sequenced (n=6

per replicate). A subsample of the cell suspension harvested from each t0 replicate was used to
inoculate each of three planktonic populations. Small tick marks indicate the daily transfers of

planktonic populations. We used the same procedures as at t0 for the harvests at t14 and t28, each
involving three randomly chosen bio�lms and samples taken from the planktonic populations.

We terminated the experiments at t14 for the Tet- arm and t28 for the Tet+ arm.
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Table 4.1: Total cell count (microscopy), viable cell count, plasmid-containing (P+) cell count,

and fraction of P+ cells for each replicate bio�lm or planktonic populations grown without

tetracycline. Note that total cell counts estimated via microscopic examination were only

performed for bio�lms. n/a = count not performed.

t0 Total cells/mL Viable cells (cfu/mL) P+ cells/mL Fraction P+ cells

Rep 1 9.6x109 6.1x106 5.9x106 0.98

Rep 2 3.9x109 4.7x106 3.8x106 0.82

Rep 3 3.5x109 3.4x106 3.4x106 1.00

t0 Avg 5.6x109 4.7x106 4.4x106 0.93

t14 Bio�lm
Rep 1 1.3x1011 2.9x106 5.5x105 0.19

Rep 2 1.3x1010 3.1x106 3.6x105 0.11

Rep 3 1.1x1010 1.8x106 1.3x105 0.07

Bio�lm Avg 5.1x1010 2.6x106 3.5x105 0.12

t14 Planktonic
Rep 1 n/a 2.0x108 3.2x104 0.00016

Rep 2 n/a 1.6x108 <1 0

Rep 3 n/a 2.0x108 <1 0

Planktonic Avg n/a 1.9x108 1.1x104 0.00005
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Figure 4.2: Plasmid persistence shown as the estimated ratio of trfA/16S rRNA genes for A)
the ancestor used to inoculate the �ow cells and clones isolated from the t0 bio�lms from both
the Tet+ and Tet- arms of the experiment, B) clones isolated from each time point of the Tet+

evolution experiment, C) clones isolated from each time point of the Tet- evolution experiment,

D) a comparison between clones isolated on day 14 from bio�lms evolved with and without tet,

and E) a comparison between clones isolated on day 14 or earlier from the planktonic populations

evolved with and without tet. Lines are the results of the log-linear model for each group.
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4.3.3 Plasmid Genotypes

To determine the genotypic changes in the plasmid pB10 that occurred during the evolution ex-

periments we resequenced the pB10 variants from six clones isolated from each replicate bio�lm

and planktonic population in the presence and absence of tet at times t0, t14 and also t28 (Tet+

arm only). �us we sequenced a total of 18 clones per population type under each treatment at

each time point, for a total of 144 plasmids. We identi�ed three types of mutations in pB10. A

visual summary of these mutations is depicted in Figure 4.3A-C, and a list of themwith the genes

a�ected is given in Tables c.1 & c.2. By far the most common were large deletions focused in the

area of the genes involved in conjugative transfer (tra), mate pair formation (trb), and an inter-

vening integron containing the sulfonamide and amoxicillin resistance genes. �ese deletions

also o�en included a few genes thought to be involved in plasmid persistence and central control

(Tables c.1 & c.2). We also identi�ed nine smaller deletions all located in maintenance/control

genes kfrA, klcB, or one of the trb genes. None of these smaller deletions involved any part of

the integron. Finally, we identi�ed two single nucleotide polymorphisms (SNPs), one in an

intergenic region near the tetR gene and one in a trb gene.�us large deletions removing virtually

all the genes required for horizontal transfer as well as the two intervening resistance genes, were

by far the most frequent genetic changes observed, suggesting they were under strong selection.

Among the large deletions, each genotype was found in at least 1 and up to 12 clones. �e

speci�c bounds of the deletions varied by thousands of base pairs on either end, and the number

of genes deleted ranged from24 to 35.�erewere 20 genes (trbF – traD) that were at least partially

deleted in every large deletion variant and 39 genes (trbE – incC2) that were at least partially

deleted in one or more of the large deletion variants (Figure 4.3, Tables c.1 & c.2).�e size of the

large deletions ranged from 23,369 bp to 34,594 bp.�us, some of these large deletions represent

more than half the total plasmid genome.

4.3.4 Phenotypic E�ects of a Large Plasmid Deletion

Todetermine the e�ect of the large deletions in pB10, we compared plasmid persistence for clones

carrying either truncated or full-length plasmids in two ways. First we compared persistence

of truncated and full-length plasmids in their co-evolved hosts. On average clones with trun-
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Figure 4.3: Map of the gene regions of pB10 plasmid, summary of the mutations found in the

plasmid in the starting (A) and bio�lm (B) and planktonic (C) replicates, and genotype networks

for the starting (D), bio�lm (E), and planktonic (F) replicates showing the relationships between

di�erent genotypes present in each replicate. Empty areas in the plasmid maps represent large

(>2 kbp) deletions, red lines represent smaller deletions, stars represent SNPs. Each set of linked

circles in the genotype networks represents the frequency of the plasmid genotypes isolated from

a replicate and their relationships to each other. Each line linking genotypes within the networks

represents a single mutation occurring between the linked genotypes.�e size of the circle for a

particular genotype indicates howmany clones that genotype was found in within that replicate.
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cated plasmids had signi�cantly improved plasmid persistence (p = 0.007), while those with full-

length plasmids had plasmid persistence similar to the ancestor (Figure 4.4A; p = 0.8). However,

some clones with full-length plasmids demonstrated high plasmid persistence, suggesting that

chromosomal changes in the host also contributed to plasmid persistence. To ensure that the

observed improvement in persistence for truncated plasmids was not due only to chromosomal

changes in their associated hosts we also transformed the ancestral host with one full-length

pB10, and several truncated plasmids isolated from their co-evolved hosts at t28 of the Tet+ arm.

Plasmid persistence was higher for the truncated plasmids than for the full-length (p < 0.0001) or

ancestral pB10 (Figure 4.4B; p = 0.003).�us we determined that the large deletions we observed

in pB10 were a major driver of improved plasmid persistence in A. baumannii.

4.3.5 Plasmid Genotypic Diversity in Bio�lm and Planktonic Populations

To determine the e�ect of bio�lm growth on plasmid genotypic diversity we de�ned plasmid

genotypes using the breseq data and compared patterns of diversity between bio�lm and plank-

tonic populations. We found higher average genotype diversity (calculated as haplotype diversity,

H; Nei and Tajima, 1981) of pB10 in bio�lm populations (H = 0.38 for bio�lm populations and

0.29 for planktonic populations). �ere were also striking di�erences between the patterns of

genotypes found in the di�erent population types (Figure 4.3D-F). Only in one instance was a

particular evolved pB10 genotype found in more than one clone sampled from bio�lms (out of a

total of 12 clones that contained mutated pB10).�is is in contrast to the planktonic populations,

where 7 of the 12 evolved genotypes were not unique, but shared between at least 2 and up to

12 clones. In three of nine planktonic populations (three each from t14 and t28 of the Tet+ arm,

and one each from t6, t10 and t14 of the Tet- arm) all six clones sampled contained the same large

pB10 deletion, and in the remaining six replicates a single genotype was shared between at least

four of the six clones (Figure 4.3E). Moreover, among all the clones from planktonic populations

we found only two copies of ancestral pB10, both in the population from the Tet- arm that was

sampled at t6, the last day we could detect the plasmid in that replicate. In four of the nine bio�lm

populations (three each from t14 and t28 of the Tet+ arm and three from t14 of the Tet- arm) all six

of the sampled clones still contained the ancestral genotype of pB10, and in the �ve remaining

bio�lms at least three of the six clones still contained ancestral pB10 (Figure 4.3F). Not only did
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ancestral, truncated, and full-length plasmids in their associated evolved hosts and B) ancestral,
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model for each group.
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bio�lms contain more plasmid diversity than planktonic populations but importantly they still

contained a large proportion of transmissible plasmids, whereas these mobile MDR elements

were no longer detected in eight of the nine planktonic populations.

4.3.6 Persistence of Evolved pB10 in Other Naïve Hosts

In order to understand the broader e�ect of large deletions in pB10 on plasmid persistence, we

tested one evolved truncated version of pB10 (pB10ev) obtained from a t28 bio�lm clone (Tables

c.1 & c.2) in three di�erent species. All three strains have been shown previously to poorly

maintain plasmid pB10 (De Gelder et al., 2007). Surprisingly, in the two Pseudomonas hosts,

pB10ev was even less persistent than ancestral pB10, while in Stenotrophomonas maltophilia P21

it was much more persistent. �e size of the negative e�ect was stronger in P. nov H2 than in P.

moraviensis R28. �us a large deletion in pB10 that removed the transfer genes a�ects plasmid

persistence in a highly species-speci�c manner but can clearly contribute to the persistence of

MDR plasmids in more than one bacterial pathogen.

4.4 discussion

We found support for our hypothesis that bio�lms exposed to an antibiotic that selects for the

plasmid for twoweekswould result in greater improvements in plasmid persistence than bio�lms

grown in the absence of the drug. However, this was not the case for planktonic populations.

A�er 14 days of growth in bio�lms in the presence of the antibiotic tetracycline (tet) there was

a signi�cant improvement in average plasmid persistence among the clones when compared

to plasmid persistence at t0, whereas no improvement was observed for clones evolved in the

absence of the antibiotic. In contrast, in the planktonic populations plasmid persistence was

improved a�er two weeks or less of evolution both in the presence and absence of tet. �is

may be due to a variety of factors. Fewer generations and the ability of cells to remain viable

but not dividing for long periods of time in bio�lms would be expected to limit opportunities for

selection to improve plasmid persistence in bio�lms compared to daily cycles of approximately 10

doublings in planktonic populations. Also, the spatial structure of the bio�lmwould be expected

to limit competition between di�erent plasmid genotypes, slowing down the rate of evolution to-
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wards improved persistence. Meanwhile in planktonic populations, selection for mutations that

improve plasmid persistencemay have been stronger in the Tet- armbecause plasmid-containing

cells had to compete against plasmid-free cells that would have been eliminated from the Tet+

arm. Our results suggest that reduction of antibiotic usemay be help reduce the number of copies

of resistance genes in populations but does not eliminate selection for persistence of those genes

when they are carried by plasmids.

Genetic diversity among the plasmids was moderately higher in bio�lms than in planktonic

populations, but perhaps more importantly the pattern of plasmid genotypes present in bio�lms

was markedly di�erent than in planktonic populations. In each of the bio�lms the ancestral

plasmid genotype was retained in a large portion of the population, and even a�er 28 days

of bio�lm growth evolved plasmid genotypes made up only a third of the plasmids that were

analyzed. �ere was only a single bio�lm population where evolved genotypes outnumbered

ancestral genotypes. In contrast, evolved genotypes, mostly with large deletions, represented a

large majority of plasmids for all of the planktonic populations. �is is likely at least partially

due to di�erences in the number of generations, with the higher number of doublings in plank-

tonic populations allowing for much more evolution to take place in the same time frame as

the bio�lm populations. It has to be noted that while the total number of generations in the

planktonic populations at each time point is known, it is impossible to estimate this number for

the bio�lmpopulations. Additionally the spatial structure of bio�lms preventing selective sweeps

likely contributed (Martens and Hallatschek, 2011). However, we cannot rule out that there were

also di�erences in selective pressures in bio�lms that may have actively favored retention of the

ancestral plasmid genotype. For example previous studies have found evidence that conjugative

plasmids can stabilize bio�lms during the early stages of bio�lm formation due to expression

of the sex pilus, the genes for which were o�en lost in our experiments (Ghigo, 2001; Molin

and Tolker-Nielsen, 2003). If similar conditions favoring conjugation existed in our bio�lms it

could have favored retention of ancestral plasmids.�e stark di�erence between planktonic and

bio�lm populations in our experiment suggests that it is critical to study plasmids in the context

of bio�lms in order to understand their evolution and the availability of plasmid-carried genes

within natural, spatially structured populations.
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Regardless of presence of tetracycline or whether growth occurred in bio�lm or planktonic

populations, the most common modi�cation of pB10 in during all evolution experiments was

the loss of a large portion of the plasmid that encompassed the conjugation and mating pair

formation genes, and the integron containing the genes for sulfonamide and amoxicillin resis-

tance.�e loss of these genes resulted in a loss of transmissibility of the plasmid by conjugation

(data not shown). Previous research has observed loss of plasmid transmissibility and deletion

of transfer regions during bacteria-plasmid evolution, and suggested that a tradeo� exists for

plasmids between horizontal and vertical transmission (Turner et al., 1998; Dahlberg and Chao,

2003; Porse et al., 2016). Although we did not directly measure the plasmid cost, our results

appear to be only partially consistent with this hypothesis. Opportunities for horizontal transfer

are thought to bemore frequent in bio�lms than in planktonic populations (Hausner andWuertz,

1999; Molin and Tolker-Nielsen, 2003), although this is not con�rmed by all studies (Stalder and

Top, 2016). Because horizontal transfer is expected to be more bene�cial when opportunities for

transfer are more common the higher rate of transfer loss in planktonic populations would be

expected under this hypothesis. On the other hand, we still saw loss of transfer in all but two

clones obtained from the planktonic populations that were not exposed to tetracycline, despite

the presence of extremely high numbers of plasmid-free hosts for conjugation. �ese results

do not �t with the expectation from the tradeo� hypothesis that horizontal transfer should be

more strongly favored in conditions in which plasmid-free hosts are common. �is suggests

that in planktonic populations the cost to A. baumannii of maintaining the transfer regions and

integron is higher than the bene�t of retaining the plasmid in the population through horizontal

transfer, regardless of the availability of uninfected hosts.

�e speci�c bounds of the large deletions in pB10 varied substantially between the 20 large

plasmid deletion variants that we observed. �is is in contrast to Porse et al. (2016) who identi-

�ed a similar pattern of large deletions of the plasmid’s conjugative transfer regions in an IncN

plasmid from Klebsiella pneumoniae that they evolved in two strains of Escherichia coli under

antibiotic selection. In that case the deletions were very similar to one another, including the

speci�c boundaries of the deletion, which corresponded to the presence of an IS26 insertion

element. Our �ndings are similar in that they are highly repeated across multiple independent

evolved populations ofA. baumannii grown under di�erent environmental conditions. However,
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in pB10 the deleted regions were not �anked by IS elements. Moreover, the high variability

in the boundaries of the deletions and the fact that individual deletion variants are not shared

across replicate populations suggest that the underlying mechanism that is causing the deletions

is di�erent and currently unknown.

Importantly, while Porse et al. (2016) found that the deletion created in one strain was also

bene�cial in the other hosts in which they tested it, we found mixed results in the alternative

hosts we tested. �e deletion we tested caused a large improvement in plasmid persistence in

two pathogens, A. baumannii and S. maltophilia, but not in the two environmental Pseudomonas

isolates we tested. It is clear from our results, then, that although deletions that eliminate conjuga-

tive transfer of the plasmid may be bene�cial in one species we should be careful not to expect

that bene�t to extend to all other species.

In a previous experiment in which pB10 was evolved in S. maltophilia there was no evidence

of deletions of the conjugative transfer regions in the evolved plasmids, despite the large im-

provement in persistence that we demonstrated here for one pB10 deletion variant in this host

(De Gelder et al., 2008).�is is similar to the �nding of Porse et al. (2016) that the deletion that

occurred in the plasmid that was evolved in their E. coli strains was bene�cial in a Klebsiella

host, even though such deletions never arose when Klebsiella was evolved with this plasmid.

�us our �ndings are consistent and provide additional support for the hypothesis that bacterial

species may di�er in the evolutionary trajectories of their plasmids, independent of whether the

corresponding mutations are bene�cial in that host.

Altogether, our �ndings suggest that bio�lms are likely to play an important role in the

maintenance and spread of MDR plasmids in natural populations of bacteria.�ey increase the

time period over which MDR plasmids can persist, even in hosts in which they would normally

be lost rapidly. �ey also allow for relatively rapid evolution of improved plasmid persistence

within individual bio�lm clones (though slower than in planktonic populations). Together these

qualities mean that MDR plasmids can likely persist in bio�lms for extended periods of time

without antibiotics present and could subsequently evolve improved persistence once antibiotics

are present. Finally, despite rapid loss of transmissibility in planktonic populations, almost 90%

of clones isolated from bio�lms retained the genes for conjugative transfer.�is suggests bio�lms

could play a critical role in the horizontal transfer of MDR plasmids that would have been an-
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ticipated from results of experiments limited to planktonic populations. Our �ndings show that

while experimental evolution of bacteria in planktonic populations have addressed important

basic evolutionary questions, we should remember that the growth conditions are far removed

from those of natural bacterial populations, including pathogens. For these reasons it is vital that

future research on the ecology and evolution of MDR plasmids include environments in which

bio�lm growth occurs.

4.5 methods

4.5.1 Bacteria and Plasmid

Acinetobacter baumannii strainATCC 17978was used as thewild-type strain (Accession#CP000521).

In this studywe simply refer to this strain asA. baumannii. Other strains used were Pseudomonas

sp. nov. H2 (Lo�ie-Eaton et al., 2015), Pseudomonas moraviensis R28 (Hunter et al., 2014), and

Stenotrophomonas maltophilia P21 (De Gelder et al., 2007).

Plasmid pB10 is an approximately 65 kbp broad-host-range IncP-1 plasmid, chosen for this

study because it was poorly maintained in naïve A. baumannii and encodes resistance to tetracy-

cline, an antibiotic to which the ATCC 17978 strain is sensitive (Schlüter et al., 2003).

Information regarding construction of the ancestral host and media and culture conditions

used in this study can be found in Chapter 3 and Appendix b.

4.5.2 Experimental Evolution Protocol

A timeline of our experimental plan is shown in Figure 4.1.�is study contained two arms: one

in which the presence of antibiotics was maintained during the entire length of the experiment

(Tet+) and one in which antibiotics were removed following the bio�lm establishment period

(Tet-). �e conditions of our Tet+ arm have been previously described Chapter 3 so here we

describe the conditions only brie�y except where they di�er between arms. To begin each arm,

we inoculated 8 (Tet-) or 12 (Tet+) �ow cells using our archived ancestral stock.

We had three predetermined sampling points for the Tet+ (t0, t14, and t28) and two prede-

termined sampling points for the TetÂň- arm (t0 and t14). For the Tet+ we sampled at t0, four

days a�er �ow was started through the cells following inoculation and represented our baseline
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bio�lm; t14, which represented the halfway point of our experiment; and t28, our end point.�e

Tet- arm was shorter, ending at t14, due to di�culties in maintaining bio�lms for periods longer

than approximately 20 days without contamination and limitations on the time available to run

the experiment. At each of these sampling points we harvested three �ow cells, for a total of

six (Tet-) or nine (Tet+) harvested �ow cells through the course of the experiment.�e harvest

procedures are detailed in Chapter 3.

We initiated liquid batch cultures (planktonic populations) of A. buamannii (pB10) by inoc-

ulating three replicate test tubes with cell suspension from the three t0 bio�lms from that arm.

Each of these three planktonic populations was then grown alongside the remaining bio�lms.

For the Tet- arm we began running media without tet through the �ow cells at t0, while in the

Tet+ arm we continued to run media with tet. We used t0 bio�lms to initiate our planktonic

populations in order to control for the starting level of diversity found in our bio�lms and any

evolution that had taken place during the establishment phase of bio�lm growth. Following

inoculation, the planktonic populations were grown 24 hours (± 1 hour) between transfers of

a small portion of the culture to a new test tube containing fresh media. For the Tet+ arm

the planktonic populations were archived at t14 and t28 and plated from serial dilutions on LBA

and LBAtet as occurred during the bio�lm harvest procedure. For the Tet- arm the planktonic

populations were archived daily, due to our inability to predict how long plasmid-containing (tet

resistant) cells would bemaintained in those populations.�ey were initially plated at t5, t10, and

t14 on LBA and LBAtet in the same manner as the bio�lm populations. If we could not detect

plasmid-containing cells we then plated the archived samples from that planktonic population

until we located the latest time point in which plasmid-containing cells could be detected.

Plates from both the bio�lm and liquid harvests were incubated overnight and we selected

six resistant clones per replicate bio�lm or planktonic population to use for phenotyping and

sequencing. Descriptions of the procedures used for archiving clones and plasmid preparations

from the clones can be found in Chapter 3. We also inserted the plasmids obtained from the

plasmid preparation of �ve of the resistant clones obtained from t28 of the Tet+ arm into the

ancestral A. baumannii host to isolate the e�ect of large plasmid deletions on persistence.
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4.5.3 Plasmid Persistence Assays

Todetermine plasmid persistenceweperformedplasmid persistence assays as described in spaceds-

mallcapsChapter 3. Brie�y, each archived clone was used to inoculate 3 test tubes, then grown

for 24 hours (± 1 hour) before the next transfer into new media. �is was repeated for a total

of 8 days in a manner similar to the growth of the planktonic populations during the evolution

experiments. We refer to time points from the persistence assays using the letter d, in contrast

to time points in the evolution experiments (t). Each replicate was archived at days 4 and 7.

On days 5 and 8 a cell pellet was frozen at -20○C for later DNA extraction and qPCR. In order

to minimize di�erences between rounds of DNA extraction and qPCR, DNA extractions were

performed using the QIAsymphony SP (QIAgen Inc.) and the QIAsymphony DSP DNA Mini

Kit (192).

Following extraction, the samples were quanti�ed using a PicoGreen dsDNA kit. qPCR

was performed to determine the number of copies of pB10 present in each clone relative to the

number of 16S rRNA copies over the course of our phenotyping assay. PCR was performed on a

StepOnePlus real-time PCR system utilizing a Power SYBRTM Green PCR master mix (Applied

Biosystems Inc.) and following the manufacturer’s instructions.

4.5.4 Analysis of Plasmid Persistence Data

Analysis of the qPCR data was divided into two stages that have been previously described (see

Chapter 3). Brie�y, the �rst stage involved analysis of the raw qPCR data from which we

obtained the �uorescence data for the 16S gene of the A. baumannii host and the trfA gene of the

pB10 plasmid and determine the ratio of these values for each time point of the persistence assay.

In the second stage, we use the ratio of these ratios as a measure of the proportion of plasmid

bearing cells present at each time point. We tracked this ratio over the course of each assay

to compare the persistence of the plasmid in clones derived from our bio�lm and planktonic

populations grown with and without the presence of antibiotics. In order to account for the

variance present in the raw qPCR data we used bootstrapping techniques that draw from normal

distributions of the ratios’ estimated mean and variance which were then used as the dependent

variable in the linear model described in Chapter 3.
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4.5.5 Sequencing and Sequence Analysis

For purposes of DNA sequencing, a sample from each clone that had been phenotyped was

extracted using the GenElute Bacterial Genomic DNA kit (Sigma-Aldrich) and samples were

submitted to the University of Idaho Genomic Resources Core facility for library preparation

and sequencing using an Illumina MiSeq and associated chemistry. Following sequencing the

sequence data were screened to remove low-quality reads. High quality reads were then analyzed

against the plasmid reference using breseq (Deatherage and Barrick, 2014) to identify predicted

mutations in the plasmids of each clone. Weused output frombreseq to de�ne plasmid genotypes,

which were used to construct so-called haplotype networks and calculate haplotype diversity for

each population (Nei and Tajima, 1981). Here haplotypes correspond to plasmid genotypes to

assess plasmid genotypic diversity.

4.5.6 Plasmid Persistence in Other Hosts

We extracted DNA of ancestral pB10 and one evolved truncated pB10 variants from a clone

obtained from a t28 bio�lm (Tables c.1 & c.2), and used electroporation to insert each into three

additional bacterial strains. Plasmid persistence assays for these clones were performed in a

manner similar to that described above but for a total of seven days.�ey were sampled at days

0, 4, 7, and instead of using qPCR we used serial dilutions and plate counting on LBA and LBAtet

to determine plasmid presence over the course of the assay.
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chapter 5

The Influence of Biofilm Growth on Genetic Diversity of

Acinetobacter baumannii

5.1 summary

�e astonishing amount of genetic diversity that exists in natural populations despite selection

that is expected to o�en favor one genotype, is one of the longest standing questions in evolution-

ary biology. Previous research suggests that spatial structure may play a critical role. Here we use

clones ofAcinetobacter baumannii obtained during a replicated, long-term evolution experiment

to attempt to determine the e�ect of growth in bio�lms, a spatially structured environment,

on genetic diversity at the individual and population level. Individual diversity was minimally

a�ected by growth condition, while population level diversity was higher in bio�lms than in

planktonic populations a�er approximately 14 days of growth. �ese results are consistent with

experimental evolution studies in bacteria and support the hypothesis that spatial structure is

important in maintenance of genetic diversity in A. baumannii.

5.2 introduction

�e generation andmaintenance of diversity in natural populations is a central problem of evolu-

tionary biology. Selection acts to remove less �t organisms from populations and is expected to

reduce diversity to the single genotype that conveys the highest �tness. Despite this, incredible

levels of diversity persist in natural populations. Research into this apparent paradox has indi-

cated that spatial structure is an important component in the maintenance of genetic diversity.

For example, spatial structure has been found to limit the in�uence of selection by limiting

competition between di�erent genotypes and preventing selective sweeps (Ally et al., 2014), to

increase the e�ect of genetic dri� by isolating smaller populations (Felsenstein, 1976), and to

increase the number of available niches in an environment (Rainey and Travisano, 1998; Korona

et al., 1994). �ese e�ects of spatial structure can have varied results on the genetic diversity

of populations. Some, such as increased genetic dri�, will tend to eliminate diversity. Others,
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like a reduction in selective sweeps, help to maintain it. In general, a moderate level of spatial

structure that allows for some gene �ow but maintains the opportunity for local adaptation

should maximize the maintenance of diversity (Slatkin, 1987).

�e pattern of extensive diversity is evident in both eukaryotic and prokaryotic organisms.

�e advent of genomics has expanded our knowledge of bacterial diversity beyond the few cul-

turable species previous known and revealed startling amounts of diversity. For example, recent

studies of the soil and the microbiomes living within humans and other animals have docu-

mented thousands of species per cubic cm of soil or living within a single host (Roesch et al.,

2007; Gill et al., 2006). In these natural populations of bacteria spatial structure predominates.

However, most laboratory studies of bacterial evolution are performed on populations of bacteria

grown in well-mixed liquid cultures (e.g., Lenski et al., 1991; Vogwill et al., 2016). Under such

culture conditions there is no spatial structure and maintenance of genetic diversity is impeded

by selective sweeps that take place regularly.�ese studies thus present an incomplete picture of

how diversity evolves and is maintained in natural bacterial populations.

Increasingly, researchers are seeking to study bacterial populations in the laboratory under

more naturalistic conditions. Because spatial structure is such a widespread part of natural

bacterial communities this has resulted in a focus on experimental conditions that include the

opportunity for the development of spatial structure (e.g., Rainey and Travisano, 1998; Ponciano

et al., 2009; Jezequel et al., 2013). �ese include methods as simple as liquid cultures grown

without shaking and as complex as elaborate �ow cell setups that allow formation of bacterial

bio�lms that can then be supported through days or weeks of growth. �ese studies are begin-

ning to shed light on the in�uence of spatial structure on establishment and maintenance of

genetic diversity in bacteria. For example, previous studies on Pseudomonas have found that

spatial structure repeatedly allowed the evolution of both phenotypic and genotypic diversity,

while populations grown in unstructured populations did not diversify (Rainey and Travisano,

1998). Furthermore, placing diverse populations evolved under conditions of spatial structure

into unstructured culture conditions resulted in rapid loss of diversity. �is underscores just

how critical spatial structure is to the development and maintenance of diversity. Bio�lms are an

especially interesting area of research because many bacteria of clinical relevance form bio�lms

during both environmental growth and infection (Parsek and Singh, 2003). Furthermore, they
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add a considerable burden to the healthcare system, with an estimated half a million deaths

in the USA each year attributable to bio�lms (Wolcott et al., 2010). Understanding the role of

bio�lm growth on genetic diversity of bacteria may thus be useful for understanding some of the

dynamics of infection.

Acinetobacter baumannii is a bio�lm forming bacterium frequently found in hospitals. It

causes opportunistic infections such as ventilator associated pneumonia, wound infections, and

infections of implantedmedical devices. To date there have been very few studies ofA. baumannii

in the laboratory setting and nothing is known about how bio�lm growth in�uences genetic

diversity in the species (Hammerstrom et al., 2015).

We performed a large, replicated, experimental evolution study that allowed us to compare

genetic diversity in A. baumannii grown as planktonic populations in well-mixed liquid batch

culture and in bio�lms growing inside of �ow cells. Previously we investigated the in�uence

of bio�lm growth of A. baumannii on diversity of a phenotypic trait, plasmid persistence. Phe-

notypic diversity was enhanced in bio�lms relative to planktonic populations and that diversity

was lost in planktonic populations compared to early bio�lms (Chapter 3) and two clones

isolated from planktonic populations were more likely to contain the same plasmid genotype

than clones isolated from a bio�lm population (Chapter 4). We hypothesized that patterns

of genetic diversity in A. baumannii would be similar, with higher genetic diversity in bio�lms.

Notably, the number ofmutations per clone relative to the ancestor was similar for clones isolated

from bio�lm and planktonic populations. However, in line with our hypothesis, population level

diversity was higher in bio�lms than in planktonic populations due to more shared alleles in

clones isolated from planktonic populations.

5.3 methods

5.3.1 Strain

�e evolution experiments were conducted with the bacterial strain Acinetobacter baumannii

ATCC 17879, in which we introduced plasmid pB10 as described in Chapter 4.�is strain was

obtained from the American Type Culture Collection (Rockville, MD), and a reference sequence

is available (Accession #CP000521).
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5.3.2 Evolution Experiment

A timeline of the experiment can be found in Figure 3.1. �e experimental evolution setup,

media used, sampling design, and sequencing methods used have all been previous described

in Chapter 3, Appendix b, and Chapter 4. Brie�y, we utilized a two armed study design

where in one arm populations were grown in the presence of the antibiotic tetracycline (tet) for

the duration of the experiment (Tet+ arm) and in the other arm tet was removed a�er a brief

bio�lm establishment phase of four days (Tet- arm). �e �ow cells used to grow bio�lms were

inoculated with the ancestral strain at t−4. A�er four days of growth with MBMStet the bio�lm

establishment phase was ended and three �ow cells in each arm were harvested (t0).�ese were

then used to inoculate the three planktonic populations for each arm, which were grown in test

tubes in a shaking incubator to prevent the formation of spatial structure. Harvests of three �ow

cells took place on day 14 (t14) for both arms of the study and 28 (t28) for the Tet+ arm only. We

also sampled the planktonic populations at those times.�e Tet- arm was terminated at t14.

5.3.3 DNA Extraction, Sequencing, and Sequence Analysis

For each treatment, six clones were selected from each replicate population at each time point. As

we had three replicates of each type of population this meant that there were a total of 18 clones

sampled for each condition.�e experiment had multiple goals, some speci�cally requiring that

the selected clones contain the plasmid pB10 (see Chapters 3 &4). �erefore, all clones that

were sequenced contained the plasmid. Rapid loss of plasmid-containing cells in the Tet- plank-

tonic populations led us to isolate clones from the last day in which these plasmid-containing

clones could still be identi�ed for two replicates. For these two replicate populations the clones

were isolated at t6 and t10. For all analyses these clones are included with the other planktonic

clones isolated at t14.�e clones were grown overnight with tet and genomic DNA was isolated

using the GenElute Bacterial Genomic DNA kit (Sigma-Aldrich). Samples were submitted to the

University of IdahoGenomicResourcesCore facility for library preparation, sequencing using an

Illumina MiSeq, and subsequent processing to remove low quality reads. To identify mutations

that occurred during our experiment we constructed a reference sequence using high quality

reads from our ancestral strain, sequenced using a portion of the same culture used to inoculate
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the �ow cells.�ese reads were assembled using the GenBank reference sequence and the BAsys

utility (Van Domselaar et al., 2005) was used to annotate the resulting reference. We analyzed

high quality reads with the program breseq (Deatherage and Barrick, 2014), which compared

reads from each clone against our reference sequence. A�er mutations had been identi�ed for

each clone and mutations present in less than 90% of reads had been removed the total number

of mutations per clone and total number of unique mutations per replicate were calculated. We

conducted a series of t-tests to compare the number of mutations per individual and number of

unique mutations per replicate for each condition.

5.4 results

To determine how much genetic diversity was present in each population we �rst determined

howmanymutations were present in each individual clone when compared to the ancestor, then

determined howmany uniquemutations were found in each population.�ere were a total of 175

sites where at least one sampled clone contained a derived allele. Figure 5.1 provides an overview

of the allele status for each clone at each site. Table 5.1 provides a summary of the number of

chromosomal mutations found per clone in each replicate and Table 5.2 provides a summary

of the number of unique mutations per replicate for each condition. �ese mutations were of

three types: SNPs, small indels (2-7 bp), and new junctions representing rearrangements of parts

of the chromosome. A detailed table that includes the location of each mutation and presence

or absence for each clone is available upon request. �e presence of tetracycline did not a�ect

the number of mutations found at either the individual or population level (data not shown).

Each clone contained an average of 10.8 mutations per clone. At the level of the individual clone

there was no di�erence in the number ofmutations between bio�lms and planktonic populations

(Table 5.3).
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Table 5.1: Number of mutations per clone for each replicate population of A. baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_321 t0 Bio�lm Tet+ 1 6

DOD_322 t0 Bio�lm Tet+ 1 6

DOD_323 t0 Bio�lm Tet+ 1 13

DOD_324 t0 Bio�lm Tet+ 1 8

DOD_325 t0 Bio�lm Tet+ 1 12

DOD_326 t0 Bio�lm Tet+ 1 7

Replicate average 8.7

DOD_327 t0 Bio�lm Tet+ 2 17

DOD_328 t0 Bio�lm Tet+ 2 16

DOD_329 t0 Bio�lm Tet+ 2 14

DOD_330 t0 Bio�lm Tet+ 2 8

DOD_331 t0 Bio�lm Tet+ 2 11

DOD_332 t0 Bio�lm Tet+ 2 8

Replicate average 12.3

DOD_333 t0 Bio�lm Tet+ 3 18

DOD_334 t0 Bio�lm Tet+ 3 10

DOD_335 t0 Bio�lm Tet+ 3 11

DOD_336 t0 Bio�lm Tet+ 3 14

DOD_337 t0 Bio�lm Tet+ 3 11

DOD_338 t0 Bio�lm Tet+ 3 13

Replicate average 12.8

DOD_1508 t0 Bio�lm Tet- 1 18

DOD_1509 t0 Bio�lm Tet- 1 14

DOD_1510 t0 Bio�lm Tet- 1 13

DOD_1511 t0 Bio�lm Tet- 1 7
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_1512 t0 Bio�lm Tet- 1 8

DOD_1513 t0 Bio�lm Tet- 1 8

Replicate average 11.3

DOD_1518 t0 Bio�lm Tet- 2 10

DOD_1519 t0 Bio�lm Tet- 2 6

DOD_1520 t0 Bio�lm Tet- 2 9

DOD_1521 t0 Bio�lm Tet- 2 9

DOD_1522 t0 Bio�lm Tet- 2 13

DOD_1523 t0 Bio�lm Tet- 2 7

Replicate average 9.0

DOD_1528 t0 Bio�lm Tet- 3 10

DOD_1529 t0 Bio�lm Tet- 3 13

DOD_1530 t0 Bio�lm Tet- 3 8

DOD_1531 t0 Bio�lm Tet- 3 12

DOD_1532 t0 Bio�lm Tet- 3 9

DOD_1533 t0 Bio�lm Tet- 3 10

Replicate average 10.3

t0 bio�lm average 10.8

DOD_339 t14 Bio�lm Tet+ 1 13

DOD_340 t14 Bio�lm Tet+ 1 9

DOD_341 t14 Bio�lm Tet+ 1 8

DOD_342 t14 Bio�lm Tet+ 1 12

DOD_343 t14 Bio�lm Tet+ 1 8

DOD_344 t14 Bio�lm Tet+ 1 11
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

Replicate average 10.2

DOD_345 t14 Bio�lm Tet+ 2 19

DOD_346 t14 Bio�lm Tet+ 2 12

DOD_347 t14 Bio�lm Tet+ 2 14

DOD_348 t14 Bio�lm Tet+ 2 8

DOD_349 t14 Bio�lm Tet+ 2 11

DOD_350 t14 Bio�lm Tet+ 2 4

Replicate average 11.3

DOD_351 t14 Bio�lm Tet+ 3 7

DOD_352 t14 Bio�lm Tet+ 3 11

DOD_353 t14 Bio�lm Tet+ 3 13

DOD_354 t14 Bio�lm Tet+ 3 8

DOD_355 t14 Bio�lm Tet+ 3 8

DOD_356 t14 Bio�lm Tet+ 3 6

Replicate average 8.8

DOD_1667 t14 Bio�lm Tet- 1 12

DOD_1668 t14 Bio�lm Tet- 1 10

DOD_1669 t14 Bio�lm Tet- 1 22

DOD_1670 t14 Bio�lm Tet- 1 8

DOD_1671 t14 Bio�lm Tet- 1 8

DOD_1672 t14 Bio�lm Tet- 1 6

Replicate average 11.0

DOD_1673 t14 Bio�lm Tet- 2 15

DOD_1674 t14 Bio�lm Tet- 2 6
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_1675 t14 Bio�lm Tet- 2 10

DOD_1676 t14 Bio�lm Tet- 2 9

DOD_1677 t14 Bio�lm Tet- 2 9

DOD_1678 t14 Bio�lm Tet- 2 9

Replicate average 9.7

DOD_1679 t14 Bio�lm Tet- 3 6

DOD_1680 t14 Bio�lm Tet- 3 9

DOD_1681 t14 Bio�lm Tet- 3 12

DOD_1682 t14 Bio�lm Tet- 3 10

DOD_1683 t14 Bio�lm Tet- 3 5

DOD_1684 t14 Bio�lm Tet- 3 8

Replicate average 8.3

t14 bio�lmaverage 9.9

DOD_375 t14 Planktonic Tet+ 1 6

DOD_376 t14 Planktonic Tet+ 1 13

DOD_377 t14 Planktonic Tet+ 1 12

DOD_378 t14 Planktonic Tet+ 1 13

DOD_379 t14 Planktonic Tet+ 1 8

DOD_380 t14 Planktonic Tet+ 1 11

Replicate average 10.5

DOD_381 t14 Planktonic Tet+ 2 8

DOD_382 t14 Planktonic Tet+ 2 17

DOD_383 t14 Planktonic Tet+ 2 8

DOD_384 t14 Planktonic Tet+ 2 4
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_385 t14 Planktonic Tet+ 2 10

DOD_386 t14 Planktonic Tet+ 2 11

Replicate average 9.7

DOD_387 t14 Planktonic Tet+ 3 10

DOD_388 t14 Planktonic Tet+ 3 8

DOD_389 t14 Planktonic Tet+ 3 17

DOD_390 t14 Planktonic Tet+ 3 9

DOD_391 t14 Planktonic Tet+ 3 7

DOD_392 t14 Planktonic Tet+ 3 10

Replicate average 10.2

DOD_1722 t6 Planktonic Tet- 2 7

DOD_1723 t6 Planktonic Tet- 2 7

DOD_1724 t6 Planktonic Tet- 2 10

DOD_1727 t6 Planktonic Tet- 2 8

DOD_2115 t6 Planktonic Tet- 2 7

DOD_2116 t6 Planktonic Tet- 2 16

Replicate average 9.2

DOD_1728 t10 Planktonic Tet- 3 5

DOD_1729 t10 Planktonic Tet- 3 9

DOD_1730 t10 Planktonic Tet- 3 11

DOD_1731 t10 Planktonic Tet- 3 9

DOD_1732 t10 Planktonic Tet- 3 6

DOD_1733 t10 Planktonic Tet- 3 12

Replicate average 8.7
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_1698 t14 Planktonic Tet- 1 7

DOD_1699 t14 Planktonic Tet- 1 9

DOD_1700 t14 Planktonic Tet- 1 11

DOD_1701 t14 Planktonic Tet- 1 9

DOD_1702 t14 Planktonic Tet- 1 7

DOD_1703 t14 Planktonic Tet- 1 11

Replicate average 9.0

t14 planktonic av-

erage

9.5

DOD_357 t28 Bio�lm Tet+ 1 5

DOD_358 t28 Bio�lm Tet+ 1 7

DOD_359 t28 Bio�lm Tet+ 1 19

DOD_360 t28 Bio�lm Tet+ 1 26

DOD_361 t28 Bio�lm Tet+ 1 22

Replicate average 15.8

DOD_363 t28 Bio�lm Tet+ 2 14

DOD_364 t28 Bio�lm Tet+ 2 23

DOD_365 t28 Bio�lm Tet+ 2 22

DOD_366 t28 Bio�lm Tet+ 2 15

DOD_367 t28 Bio�lm Tet+ 2 11

DOD_368 t28 Bio�lm Tet+ 2 9

Replicate average 15.7

DOD_369 t28 Bio�lm Tet+ 3 17

DOD_371 t28 Bio�lm Tet+ 3 14
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_372 t28 Bio�lm Tet+ 3 6

DOD_373 t28 Bio�lm Tet+ 3 7

DOD_374 t28 Bio�lm Tet+ 3 9

Replicate average 10.6

t28 bio�lm

average

14.1

DOD_393 t28 Planktonic Tet+ 1 8

DOD_394 t28 Planktonic Tet+ 1 10

DOD_395 t28 Planktonic Tet+ 1 16

DOD_396 t28 Planktonic Tet+ 1 11

DOD_397 t28 Planktonic Tet+ 1 11

DOD_398 t28 Planktonic Tet+ 1 14

Replicate average 11.7

DOD_399 t28 Planktonic Tet+ 2 16

DOD_400 t28 Planktonic Tet+ 2 11

DOD_401 t28 Planktonic Tet+ 2 17

DOD_402 t28 Planktonic Tet+ 2 20

DOD_403 t28 Planktonic Tet+ 2 12

DOD_404 t28 Planktonic Tet+ 2 18

Replicate average 15.7

DOD_405 t28 Planktonic Tet+ 3 11

DOD_406 t28 Planktonic Tet+ 3 7

DOD_407 t28 Planktonic Tet+ 3 12

DOD_408 t28 Planktonic Tet+ 3 11
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Table 5.1 Continued: Number of mutations per clone for each replicate population of A.
baumannii.

Clone ID Time point Growth condition Antibiotics Replicate Mutations

DOD_409 t28 Planktonic Tet+ 3 15

Replicate average 11.2

t28 planktonic av-

erage

12.9
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In contrast, at the population level there was a trend toward fewer unique mutations present

in planktonic populations at t14 than in bio�lms at t14 or t0. �is was a result of greater sharing

of mutations between clones in the planktonic populations (Table 5.4). �is suggests that there

was a loss of diversity over time in planktonic populations but not in bio�lm populations. �e

di�erence between bio�lm and planktonic populations was in the expected direction but the

value of p was larger at t28.�is may be due to a reduction in the in�uence of spatial structure or

simply to the reduced sampling at t28 relative to t14 limiting statistical inference.

5.5 discussion

Although spatial structure has been previously documented to be an important driver of diversity

for many di�erent organisms (Tyerman et al., 2013; Rainey and Travisano, 1998; Boles et al., 2004;

Korona et al., 1994) we found limited support for the hypothesis that growth in spatially struc-

tured bio�lmswould increase genetic diversity relative to planktonic populations ofAcinetobacter

baumannii. At the level of individual clones there were only small di�erences between conditions

and the direction of the e�ect was inconsistent.�is is not unexpected since the e�ect of bio�lm

growth onmutations in individuals is unclear and is potentially explained by the fact that bio�lms

are expected to undergo far fewer generations than planktonic populations and thus might be

expected to have a reduced opportunity for mutation accumulation in individual clones. �is

would be predicted to reduce the number ofmutations per clone in bio�lmpopulations butmight

be o�set bymutations accumulated during times in which the cell is not dividing, something that

has previously been documented in bacteria (Bull et al., 2001).�us, in general spatial structure

did not increase the accumulation of genetic diversity within clones of A. baumannii.

In contrast, we found the expected pattern of genetic diversity when comparing genetic diver-

sity at the population level, although our results did not rise to the level of statistical signi�cance.

�ere appear to bemore uniquemutations present in t0 and t14 bio�lmpopulations than t14 plank-

tonic populations. �is occurs, despite a similar number of mutations at the level of individual

clones, because of greater sharing of mutations between clones in the planktonic populations.

Sharing of mutations is expected to be higher during planktonic growth if selective sweeps are

occurring more frequently in those populations than in the spatially structured population.
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Table 5.2: Unique mutations per replicate population of A. baumannii.

Time point Growth condition Antibiotics Replicate Mutations

t0 Bio�lm Tet+ 1 26

t0 Bio�lm Tet+ 2 35

t0 Bio�lm Tet+ 3 40

t0 Bio�lm Tet- 1 32

t0 Bio�lm Tet- 2 23

t0 Bio�lm Tet- 3 35

Average 31.8

t14 Bio�lm Tet+ 1 29

t14 Bio�lm Tet+ 2 38

t14 Bio�lm Tet+ 3 28

t14 Bio�lm Tet- 1 37

t14 Bio�lm Tet- 2 30

t14 Bio�lm Tet- 3 28

Average 31.7

t14 Planktonic Tet+ 1 26

t14 Planktonic Tet+ 2 30

t14 Planktonic Tet+ 3 32

t6 Planktonic Tet- 2 25

t10 Planktonic Tet- 3 21

t14 Planktonic Tet- 1 21

Average 25.8

t28 Bio�lm Tet+ 1 48

t28 Bio�lm Tet+ 2 46

t28 Bio�lm Tet+ 3 32

Average 42.0

t28 Planktonic Tet+ 1 29

t28 Planktonic Tet+ 2 46

t28 Planktonic Tet+ 3 20

Average 31.7
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Table 5.3: Average number of mutations per clone for bio�lms and planktonic populations of

A. baumannii at t0, t14, and t28 and p values resulting from t-tests to compare them. Values in
boldface are signi�cant at the 0.05 level.

Group Average #mutations p value

t0 bio�lm 10.8

t14 bio�lm 9.9 0.304

t0 bio�lm 10.8

t14 planktonic 9.5 0.112

t14 bio�lm 9.9

t14 planktonic 9.5 0.652

t0 bio�lm 10.8

t28 bio�lm 14.1 0.075

t0 bio�lm 10.8

t28 planktonic 12.9 0.043

t28 bio�lm 14.1

t28 planktonic 12.9 0.541
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Table 5.4: Average number of unique mutations for bio�lm and planktonic populations of A.
baumannii at t0, t14, and t14 and p values resulting from t-tests to compare them.

Group Average #mutations p value

t0 bio�lm 31.8

t14 bio�lm 31.7 0.9594

t0 bio�lm 31.8

t14 planktonic 25.8 0.09074

t14 bio�lm 31.7

t14 planktonic 25.8 0.05117

t0 bio�lm 31.8

t28 bio�lm 42.0 0.167

t0 bio�lm 31.8

t28 planktonic 31.7 0.985

t28 bio�lm 42.0

t28 planktonic 31.7 0.3301



81

Although the results presented here are not signi�cant, all di�erences in population level

diversity between bio�lm and planktonic populations are in the expected direction (lower di-

versity for planktonic populations). Additionally, the results here are consistent with our previ-

ous analyses that showed higher levels of phenotypic diversity in plasmid persistence in bio�lm

populations (Chapter 3) and in genotypic diversity of plasmid pB10 carried by A. baumannii

(Chapter 4). �ese parallel lines of evidence suggest that additional sampling would provide

stronger support for increased genetic diversity ofA. baumannii in bio�lms relative to planktonic

populations.

�is experiment demonstrates the feasibility of growing long-term bio�lms of A. baumannii

to address evolutionary questions. �e sampling strategy used here was not ideal to address

issues of population level diversity. A more appropriate course would be to utilize population

level sequencing of each replicate population, which would allow for dramatically better estima-

tion of the frequency of mutations in the population, especially for rare alleles. Future work

with population level sequencing and a higher number of replicates would allow for enhanced

understanding of the role of spatial structure on the generation and maintenance of diversity in

A. baumannii.
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chapter 6

Concluding Remarks and Future Directions

�is dissertation provides additional support for the role of both modern and historic environ-

mental variables on patterns of diversity and gene �ow in a eukaryotic species, Ascaphus mon-

tanus. It also �lls in critical knowledge gaps in the understanding of how spatial structure in

microbial communities in�uences the evolution of both bacterial hosts and the plasmids they

carry. It supports the role of spatial structure in maintaining diversity in both systems, highlight-

ing how similar evolutionary processes play out at widely divergent spatial and temporal scales.

6.1 future directions

Although this research helps to �ll a critical knowledge gap about the e�ects of spatial structure

on plasmid evolution there are still many questions le� unanswered. During these experiments

we were not able to sample from within the spatial structure of the bio�lm due to problems with

cell viability a�er bio�lm stabilization to allow spatially explicit sampling. As a result we were

unable to assess how plasmid evolution varied with position in the bio�lm. One goal of future

experiments in this area should then be to sample the bio�lms in a spatially explicit way so that

more can be learned about the in�uence of position within the bio�lm on plasmid and host

evolution.

Additionally, our samplingwas notwell designed to capture and assess di�erences in diversity

of A. baumannii between the bio�lm and planktonic populations. With additional funding it

would be useful to conduct population level sequencing on the preserved samples from the

populations in order to provide a more complete picture of diversity than it was possible to

achieve with only six clones sequenced per population.
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Figure a.1: Comparison of SDMs calculated from the full set vs. reduced set of climatic variables.

Top. Full vs. Reduced data sets for LGS SDM;Middle. Full vs. Reduced data sets for current SDM;

Bottom. Full vs. Reduced data sets for 2070 SDM.
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Figure a.2: Top. Distribution of suitabilities by latitude for (le�) the Latest Glacial Maximum,

(middle) the current conditions, and (right) the 2070 ENM forecast.�e horizontal line is at the

contact between northern and southern genetic clusters at K=2, as well as mtDNA clades.
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Figure a.3: Allelic richness versus A. Distance from edge of range, and B. Latitude.
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Figure a.4: Hierarchical pattern of clusters from Structure analyses with A. K = 3, B. K = 4, C.
K = 5, and D. K = 7 under a co-dominant admixture model.
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Figure a.5: Visualization of (le�) Least-Cost Paths, and (right) CircuitScape resistance at 10X

suitabilities.
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appendix b

Supplementary Information to Chapter 3

b.1 construction of ancestral acinetobacter baumannii
host-plasmid pair

To allow the host to adapt to the culture environment prior to experimental evolution with

plasmid pB10, the archived Acinetobacter baumannii strain ATCC17978 was grown for 10 days

with daily passage of 0.1% of the volume in fresh mineral medium (MBM) supplemented with

18.5 mM succinate as the main carbon source and 2 g/L casamino acids, herea�er namedMBMS.

MBM consists of 1X M9 salts (Sambrook and Russell, 2001), amended with 10 mL of a vitamin

stock solution, and 10 mL trace element stock solution per liter (Wolin et al., 1963).

Following the medium adaptation phase, plasmid pB10 was introduced intoA. baumannii by

electroporation with selection on tetracycline (tet, 10 µg/ml). A�er electroporation 10 colonies

were selected and grownovernight inMBMSwith tetracycline (10 Îĳg/ml), herea�er calledMBMS-

tet; plasmid DNA extractions were performed to determine the presence of pB10. Clones that

appeared to contain intact pB10were digestedwith the restriction enzymes PstII andHindIII and

the patterns were compared to a control of pB10 DNA extracted from Escherichia coli to con�rm

the presence of intact pB10. �e presence of full size pB10 was con�rmed in one clone, which

was then selected as the ancestor for all experiments.

To obtain a large liquid culture that contained as little genetic diversity among cells as possible,

an extinction-dilution procedure was performed. A dilution series was made from 10−1 to 10−10

and used to inoculate large volumes of liquid media. �ese cultures were then allowed to grow

until approximately 8 hours a�er the cultures inoculated from the 10−8 dilution showed turbidity.

Because none of themore dilute cultures showed growth in that time period, the 10-8 culture was

selected as the ancestral stock and 0.65 mL aliquots were archived at -70○C with 30% glycerol.
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b.2 experimental evolution

Bio�lms were grown in �ow cells that were set up in a manner similar to that of Ponciano et al.

(2009), with somemodi�cations described here and in themain text of thismanuscript.�e �ow

cell chambers and top and bottom slides were made of polycarbonate plastic and the chambers

were sealed using silicone adhesive.�e �ow cells were inoculated with 200 µL of our archived

ancestral culture, initially clamped for 24 hours to allow the cells to settle, and then subsequently

unclamped to initiate a �ow of MBMS-tet at a rate of 5.4 mL/hr. �e �ow cells, media, and

waste bottles were contained within an incubator that was maintained at 37○C. Media and waste

bottles were changed approximately every 2-3 days as needed. All �ow cells were checked daily for

overgrowth into the tubing supplying the media and for leaks. Leaking �ow cells were removed

and tubing and �lters with substantial overgrowth were replaced as needed.

To harvest the bio�lms the top plate of the �ow cell was removed with a sterile scalpel blade.

�e media supernatant was pipetted o� and the bio�lm population was resuspended in 2 mL of

phosphate bu�er saline (PBS). A portion of the suspension was diluted in PBS and plated onto

LB agar supplemented with tet (LB-tet). �e remainder of the harvested cell suspension was

combined with glycerol and stored in 0.65 mL aliquots in the -70○C freezer.

On day 4, 4.9 µL portions of each of the three t0 bio�lm cell suspensions were used to

inoculate each of three test tubes containing 5 mL of MBMS-tet (that is, each t0 bio�lm was

used to inoculate one of the liquid culture replicates); this represented the starting point of the

liquid batch cultures. �ese liquid cultures were then grown at 37○C in a shaking incubator in

serial batch cultures: 4.9µL was transferred into 5 mL of MBMS-tet every 24 ± 1 hours. Of each

liquid cultures a 1 mL sample was archived every 5 days, as well as at 14 days (t14) and 28 days

(t28) a�er inoculation (t0). Here we only report on the populations harvested at t28.

Six colonies were randomly chosen from the LB-tet agar plates for each bio�lm or liquid

culture harvested at both the t0 and t28 time points.�ey were grown overnight in liquidMBMS-

tet before being archived at -70○C with glycerol. �e presence of pB10 was con�rmed in these

clones using a plasmid extraction protocol, followed by restriction enzyme digestion and gel

electrophoresis.�ese clones were then tested for plasmid persistence.
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b.3 plasmid extraction procedure

We used the plasmid extraction procedure described in Selim and Hagag (2013) with the follow-

ing modi�cations: 1) the volume of TE, lysis solution, and 2M Tris-HCl was doubled, 2) RNAse

was added along with the 100 µL of TE before the lysis step, and 3) centrifugation at 20,000xg

and 4○Cwas done for 45 minutes a�er adding Tris-HCl, followed by transferring the supernatant

into phenol-chloroform.

b.4 dna purification and qpcr conditions

To purify DNA for qPCR we used the DNA extraction protocol provided with QIAsymphony

DSP DNAMini kits. Brie�y, 5 µL of liquid overnight cultures of A. baumannii was added to 220

µL of bu�er ATL and transferred to 2 mL barcodedmicro tubes. Next, 20 µL of proteinase K was

added to the samples, followed by a brief vortexing and 1 hr of shaking at 900 rpm in a shaker-

incubator (at 56○C). Later, the samples were brie�y spun down to remove the condensation from

tube caps. Four microliters of RNAse A (100 mg/ml) was then added and followed by a 2 min

incubation period at room temperature. All tubes with cellular lysate were then transferred to

the sample carrier trays for the QIAsymphony SP instrument set to run a DNA Blood & Tissue

LC200 protocol (default parameters) with a 50 µL elution volume.

�e ampli�cation parameters for all qPCR reactions were 94○C for 10 min, 40 cycles of 94○C

for 15 s, and 60○C for 60 s. Parameters for melting curves were 94○C for 15 s and 60○C for

30 s, followed by a temperature increase to 94○C with 0.1% ramp rate. �e �uorescent signal

was acquired a�er each 60○C ampli�cation step and collected continuously during the melting

curve analysis. 0.2 ng of template DNA was used per qPCR reaction, with every sample assayed

in triplicate. On plasmid pB10 gene trfA, encoding the replication initiation protein, was am-

pli�ed using primers 5’-GAACAGCACCACGATTTCGG-3’ (forward) and 5’-TACTACACAAG

GGCCGAGGA-3’ (reverse). �e trfA copies were compared to the 16S rRNA genes in the A.

baumannii chromosome, ampli�ed using primers 1080γF (5’-TCGTCAGCTCGTGTYGTGA-3’)

and γ1202R (5’-CGTAAGGGCCATGATG-3’) described previously by De Gregoris et al. (2011).
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b.5 data analysis

Analysis of the raw qPCR �uorescence data was done using a Bayesian hierarchical model. We

implemented our model in the Stan programming language and the R statistical programming

language (Stan is available in R via the package RStan; Ho�man and Gelman, 2014). Stan

utilizes aHamilontianMonte Carlo (HMC) algorithm to sample posterior distributions ofmodel

parameters. Conceptually, the model being used is based on the simple enzyme kinetic model

x + y → 2x where x is the concentration of template DNA and y is concentration of PCR primer.

�is model has the time dependent solution

x(t) =
x0 + y0

1 + ( x0y0 ) e
k(x0+y0)t

(b.1)

where x0 is the starting DNA concentration, y0 is the starting primer concentration, k is the

rate at which Taq polymerase catalyzes the reaction, and t is timemeasured in PCR cycles. We es-

timate the quantity x0 because it represents the initial concentration of either trfA or 16S rRNA. A

hierarchical model allowed us tomodel the error to account for the fact that the error of replicate

retention assays should be correlatedwith the error of the qPCR replicates, thus resulting inmore

accurate parameter estimates. �e HMC sampler was run for 4 independent chains consisting

of 2000 generations, the �rst 1000 of which were discarded as a burn-in period; further details

can be found in the documentation for the Stan language (http://mc-stan.org). Potential scale

reduction factor (PSRF) values were checked to verify that convergence was obtained across the

4 chains.

�e qPCR-based trfA/16S rRNA ratio estimates were used as a measure of the fraction of

plasmid-bearing cells. Speci�cally, we utilized a log-linear model to determine the rate at which

plasmids were lost from A. baumannii cultures and the variation in that rate. �e simple linear

model was

log (
tr f A

16S rRNA
) = day + environment + day x environment + error (b.2)

http://mc-stan.org
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�e log transformation of the ratio improved model diagnostics and corrected for hetero-

scedasticity in residuals. Signi�cant day ÃŮ environment terms indicate di�erences in the rate of

plasmid loss between growth environments. Furthermore, the residual variance for each environ-

ment (σerror∣environment) from this model is an estimate of the biodiversity of plasmid persistence

phenotypes.
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appendix c

Supplementary Information to Chapter 4

�e following pages provide supplemental data for Chapter 4.
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