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Abstract 18 

Genomic diversity in a pathogen population is the foundation for evolution and adaptations in 19 

virulence, drug resistance, pathogenesis, and immune evasion. Characterizing, analyzing, and 20 

understanding population-level diversity is also essential for epidemiological and forensic tracking 21 

of sources and revealing detailed pathways of transmission and spread. For bacteria, culturing, 22 

isolating, and sequencing the large number of individual colonies required to adequately sample 23 
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diversity can be prohibitively time-consuming and expensive. While sequencing directly from a 24 

mixed population will show variants among reads, they cannot be linked to reveal allele 25 

combinations associated with particular traits or phylogenetic inheritance patterns. Here, we 26 

describe the theory and method of how population sequencing directly from a mixed sample can 27 

be used in conjunction with sequencing a very small number of colonies to describe the 28 

phylogenetic diversity of a population without haplotype reconstruction. To demonstrate the utility 29 

of population sequencing in capturing phylogenetic diversity, we compared isogenic clones to 30 

population sequences of Burkholderia pseudomallei from the sputum of a single patient. We also 31 

analyzed population sequences of Staphylococcus aureus derived from different people and 32 

different body sites. Sequencing results confirm our ability to capture and characterize 33 

phylogenetic diversity in our samples. Our analyses of B. pseudomallei populations led to the 34 

surprising discovery that the pathogen population is highly structured in sputum, suggesting that 35 

for some pathogens, sputum sampling may preserve structuring in the lungs and thus present a 36 

non-invasive alternative to understanding colonization, movement, and pathogen/host 37 

interactions. Our analyses of S. aureus samples show how comparing phylogenetic diversity 38 

across populations can reveal directionality of transmission between hosts and across body sites, 39 

demonstrating the power and utility for characterizing the spread of disease and identification of 40 

reservoirs at the finest levels. We anticipate that population sequencing and analysis can be 41 

broadly applied to accelerate research in a broad range of fields reliant on a foundational 42 

understanding of population diversity.  43 

Author Summary 44 

The ability to characterize diversity in a single bacterial population (i.e., a single host or 45 

even a single body site) is critical for understanding adaptation and evolution, with far-46 

reaching implications on disease treatment and prevention that include revealing patterns 47 
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of spread and persistence. While the scientific community has made great strides in 48 

sequencing methods to characterize single colonies and entire communities, there is a 49 

dearth of studies at the population level. This is because 1) the need to culture and 50 

sequence a sufficiently representative number of isogenic colonies is prohibitive, and 2) 51 

the theoretical foundation for characterizing a population by sequencing a single sample 52 

(as is done for microbiome and metagenomic analyses) has not been developed. Here, 53 

we introduce this theoretical foundation and validate its applicability by characterizing a 54 

lung infection caused by Burkholderia pseudomallei. We also demonstrate the utility of 55 

this method in determining the directionality of spread of Staphylococcus aureus between 56 

people and across body sites within the same host (a level of spatial resolution that has 57 

not been previously performed). We anticipate that this work will open the door to a host 58 

of new studies and discoveries across a diverse set of microbiological fields. 59 

Introduction 60 

Genomic analyses of pathogens provide insights into their diversity, history, spread, and 61 

transmission, all of which are critical for mitigation. The potential for whole genome sequencing 62 

as a tool for determining high-resolution and high-accuracy evolutionary history of single bacterial 63 

species was established two decades ago [1]. Initially, high sequencing costs prioritized capturing 64 

the breadth of diversity within a species, providing a pathway for addressing broad evolutionary 65 

questions by characterizing the genetic repertoire (e.g., core, accessory, and pan-genome) and 66 

global phylogeographic pattens. More recently, it became clear that a single colony did not 67 

represent the diversity in a population, and now that genome sequencing is routine, fine-scale 68 

evolutionary questions reliant on the identification of small genomic differences can be answered. 69 

Sequencing multiple representatives of a population to characterize the genetic diversity is critical 70 
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for answering questions about within-host adaptation and changes of pathogens [2–5], source 71 

attribution for microbial forensic investigations [6], and to characterize outbreaks [7–9]. 72 

Typically, a small number of genomes from each source is used to characterize diversity 73 

to determine infection duration, evolution, and involvement in a transmission chain. However, if 74 

there is genetic diversity within the pathogen’s source, inferences based on limited sampling of a 75 

population can be erroneous. In such instances, if the organism sampled from a given source is 76 

phylogenetically distant from the organism(s) that were transmitted, the source will be erroneously 77 

excluded from the transmission chain. Similarly, phylogenetic branching order may lead to false 78 

conclusions about persistence and spread as unsampled genomes may have diverged from 79 

earlier or later parts of the phylogeny relative to sampled genomes from the same and different 80 

sources. Likewise, reliance on temporal data to infer chronological order of infection events may 81 

produce misleading results as a recently sampled genome may in fact have a deeper evolutionary 82 

origin (a more ancient common ancestor) compared to other genomes that may have been 83 

sampled previously. Capturing genomic and phylogenetic diversity at the level of a single host is 84 

critical for accurate insights into fine-scale pathogen transmission and spread yet remains a 85 

significant challenge. 86 

Characterizing genetic diversity of culturable bacteria may seem straightforward as 87 

multiple colonies from a population can be isolated and sequenced. However, you would need to 88 

sample almost 60 colonies to have a 95% confidence of capturing a variant present at a 5% 89 

frequency (assuming random distribution of minor variant colonies in culture media). Many 90 

clinically relevant minority variants are initially present at frequencies much lower than 5%. 91 

Sequencing multiple colonies from single sources has provided valuable insights into pathogen 92 

population genetics at small-evolutionary scales, but the time and expense required to sequence 93 

many samples has led to either a focus on deeply sampling a select case or transmission cluster, 94 

or a more cursory examination across multiple cases [4,10–14]. Second-generation sequencing 95 

approaches can deeply sample genomic variants in a population, but assessment of diversity is 96 
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primarily limited to a simple tally of mutations across reads or small windows of the genome [5,15]. 97 

For small genomes, linking mutations across reads to reconstruct estimated haplotypes is 98 

possible if the population is composed of highly heterogeneous strains with diversity distributed 99 

throughout the genome to guide the joining of reads [16]. Third and fourth-generation sequencing 100 

methods circumvent the need to stitch reads together for organisms with small genomes (e.g., 101 

most RNA viruses). However, even with long reads, the sparsity of variants in larger genomes 102 

from relatively homogeneous populations, restrict the joining of reads for haplotype 103 

reconstruction.  104 

Here, we show how deep sequencing of a population can be used to characterize the 105 

phylogenetic diversity of a pathogen population without haplotype reconstruction or linking 106 

mutations across reads. While the full extent of population diversity and phylogenetic branching 107 

patterns of variants cannot be characterized with this method, it provides a measure of diversity 108 

and defines the phylogenetic boundaries of the population. Diversity and phylogeny are important 109 

for understanding the evolutionary history of a single population. For example, an older population 110 

will be more diverse than a newly established population (all else constant), but selection and drift 111 

will also shape diversity and phylogenetic patterns. Diversity and phylogeny are also critical for 112 

understanding interactions between populations. For example, the directionality of spread and 113 

transmission can be determined as the recipient population will be less diverse and 114 

phylogenetically nested within the diversity of the source. In this work, we: 1) discuss the 115 

theoretical foundation for characterizing phylogenetic diversity of a clonal population through 116 

population sequencing, 2) explore the utility of population sequencing in capturing the phylogeny 117 

of a well-characterized population of Burkholderia pseudomallei [4], 3) examine advantages and 118 

limitations of population sequencing using a clonal model of population generation and 119 

transmission, and 4) use population sequencing to characterize transmission of Staphylococcus 120 

aureus across persons and body sites within a single person. 121 
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Results 122 

Genotyping a population of Burkholderia pseudomallei.  123 

We previously established the phylogeny of 118 clones of B. pseudomallei collected over the 124 

course of a chronic lung infection between the years 2000-2017 [4]. To this phylogeny, we added 125 

20 sequenced isogenic clones (colonies) from two sputum samples collected on a single day in 126 

August 2022 and 2 population sequences from one sputum (sequenced at an average depth of 127 

502 and 931 reads for populations 1 and 2, respectively) by determining the alleles at 162 128 

previously documented SNPs and 22 novel SNPs discovered among the new clones (Figure 1). 129 

Sequencing the 20 colonies from this population resulted in 9 novel genotypes located in 3 clades. 130 

Surprisingly, the phylogenetic range of the population sequences: 1) did not encompass all of the 131 

clone sequences, 2) did not extend beyond the clone sequences, and 3) showed very little overlap 132 

(genotypes in the middle clade were almost exclusive to Pop 2 making up approximately 40% of 133 

the population and genotypes in the bottom clade were exclusive to Pop 1 making up 134 

approximately 30% of the population). For some SNPs, the derived allele was found in very low 135 

frequencies, suggesting that for a very small proportion of each population, the phylogenetic 136 

range is slightly greater than what is depicted in Figure 1. The 1,441 novel SNPs (458 common 137 

between both populations, 269 unique to Pop 1, and 717 unique to Pop 2) found only among the 138 

population sequences provide evidence of additional diversity that, without haplotype 139 

reconstruction, cannot be placed on the phylogenetic tree. The structuring (uneven distribution) 140 

of the population sequences was consistent with the phylogenetic placement of the isogenic 141 

clones as the top clade was almost completely composed of clones from Sample 1 and the middle 142 

clade was composed of only clones from Sample 2. Although the population sequences were 143 

from the same sputum sample, the sample was not homogenized and the portions that made up 144 

the two population samples were loops collected at different locations from the viscous sputum 145 

matrix. The phylogenetic patterns from 20 isogenic clones and two population sequences provide 146 
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strong evidence that while both sputum samples contain diverse genotypes, each sputum sample 147 

is not well mixed and thus the genotypes are highly clumped suggesting spatial structuring in the 148 

lungs.  149 

 150 

Figure 1: Placement of clonal and population sequences on an established phylogeny of a chronic lung infection of B. pseudomallei. 151 
Clonal phylogeny showing the previously established phylogeny (black, gray, and pink branches) with new branches (orange) and the 152 

location of clones from 2 new sputum samples and population sequences. Experimental overview (inset). Frequencies of the derived 153 

SNP alleles from the population sequences along branches leading to the extant populations and clones are shown as histograms 154 
with colors indicating the originating population. The estimated phylogenetic range of the content in each population sequence is 155 

shown as a colored background to the phylogenetic branches and indicated by blue and yellow arrows. For each population, some 156 
SNPs show a very small proportion of the derived allele (e.g., for Pop1 in 3 of the 6 SNPs leading to the middle extant clade) suggesting 157 

that while most of the population is contained in the depicted phylogenetic range, a very small portion is not.  158 

 159 

Modeling to determine directionality of transmission/spread.  160 
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When a wide transmission bottleneck allows for the ecological establishment of a larger number 161 

of cells, determination of transmission directionality becomes more challenging, with a decreased 162 

likelihood of determining the correct direction, and an increased likelihood of both incorrect or 163 

ambiguous results. Of the three methods that we evaluated for determining directionality, Method 164 

3 (phylogenetic entropy) performed better than Methods 1 and 2 (both based on phylogenetic 165 

range) (Figure 2). Compared to Methods 1 and 2, although the proportion of correct 166 

determinations for Method 3 were fewer with a wider bottleneck, the proportion of incorrect 167 

determination were also fewer (Figure 2), resulting in a better net performance. Method 3 was 168 

most likely to lead to ambiguous transmission directionality results, but less likely to result in 169 

erroneous determinations. The simulations estimated the probability of correctly detecting 170 

transmission based on comparing only a single genome from each population and therefore 171 

increasing the number of genomes sampled would improve the chances of correctly determining 172 

transmission direction. We used Method 3 for further evaluations of the impact of other variables 173 

on determination of transmission direction. 174 
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 175 

Figure 2: Comparison of three methods to determine transmission directionality. Net proportion of correct results (a) calculated by 176 

subtracting incorrect determinations (b) from correct determinations (c). Proportion of ambiguous results (d).  177 

 178 

We explored 3 additional variables that are most likely to impact the potential for sequenced 179 

populations to yield information on the directionality of transmission. Firstly, as the phylogenetic 180 

nesting of the recipient clade(s) within the source clade is necessary for determining transmission 181 

directionality, the existence of phylogenetic diversity in the source population before transmission 182 

is critical. As evolutionary time, modeled by the number of generations in the source, increases, 183 

the likelihood of correct determinations of transmission directionality increases while incorrect and 184 

ambiguous determinations decrease (Figure 3a). Secondly, evolutionary time after transmission 185 

allows for the source and recipient populations to diverge, reducing the likelihood of correctly 186 

determining transmission directionality and increasing the likelihood of ambiguous results (Figure 187 

3b). Thirdly, a wider bottleneck involves the transfer of more cells and potentially more diversity, 188 
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reducing the likelihood of correct determinations of directionality (Figure 3c). Lastly, selecting 189 

more clones for sequencing will increase the likelihood of discovering more branches in the 190 

resulting phylogeny and finding additional segregating SNPs that may increase phylogenetic 191 

entropy. As such, sampling and sequencing more clones increases the likelihood of correctly 192 

determining transmission directionality and decreases the likelihood of ambiguous results (Figure 193 

3d), although this salutary effect diminishes rapidly. It is important to note that for the tested 194 

variables, the likelihood of incorrect determination of transmission is small and thus Method 3 195 

provides a conservative estimation of directionality.   196 

 197 

Figure 3: Evaluation of the impact of source generations (a), recipient generations (b), the bottleneck size (c), and number of clones 198 
selected for sequencing (d) on determining directionality of evolution. Unless otherwise indicated, simulation parameters were as 199 

follows: 100,000 source generations, 10,000 recipient generations, bottleneck size 1, number of clones 1.   200 
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Transmission/spread of S. aureus.  201 

We next used Method 3 to determine the directionality of transmission and spread of S. aureus 202 

using empirical examples. Selection of a close outgroup clone for rooting and comparison to 203 

clones from each population for SNP discovery is critical for ensuring that SNPs along Branch C 204 

are limited to recent mutation events. A more distant outgroup results in more SNPs along Branch 205 

C and as more SNP loci are interrogated across the sequenced populations, it becomes 206 

increasingly likely that some of those loci will, by chance alone, have segregating alleles. 207 

Analyses of SNPs along Branch C must therefore be limited to very recent SNPs and as such, 208 

segregating alleles will be the result of shared inheritance rather than spurious independent 209 

mutations. Analysis of S. aureus genomes from multiple body sites from 4 individuals reveals the 210 

potential for population sequencing to identify transmission between persons as well as spread 211 

from one site to another within a single person (Figure 4).  212 

 213 
Figure 4. Population sequencing identifies a case of interhost transmission between two individuals and intrahost spread 214 

between different body sites. a) The trees of two clonal sequences and an outgroup (not shown) from throat samples from two 215 
individuals in a marital-type relationship living in the same home (top), a palm and nose sample from a single individual (middle), and 216 

a nose and throat sample from a single individual (bottom). Population sequencing from the samples provided the allele frequencies 217 
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for the corresponding SNPs in the tree. b) To detect changes in allele frequencies along each branch, the frequencies were placed 218 

into bins (n=20) and Shannon entropy was calculated for the number of values in each bin. The SNP frequencies were resampled 219 
and re-binned (n=100) to estimate the entropy confidence interval. The plots show the binned frequency outcomes and standard 220 

deviation from resampling. c) The difference in resampled entropy estimates between each pair of populations along the C→A branch 221 

and the C→B branch. The negative values indicate that in each case, and on each branch, the second population had higher entropy 222 

than the first population which suggests that individual P2 was the transmission source for individual P1 (top), the nose was the source 223 

of spread to the palm in individual P3 (middle), and the throat was the source for the nasal population in individual P4 (bottom).  224 

Discussion 225 

The high-throughput and low costs of second generation short-read sequencing technologies 226 

enable sequencing multiple individual samples to better describe the diversity of a population. 227 

Nonetheless, costs and sample preparation still limit the number of samples from a population 228 

that can be routinely sampled. The diversity within a single run will yield variants within the 229 

sequencing reads, however linking variants for haplotype reconstruction to describe the 230 

phylogenetic diversity of the sequenced population has only been successful in viral populations 231 

where a high density of variants enable reads to be stitched together [16]. Long-read sequencing 232 

technologies eliminate the need to stitch reads together in the smallest genomes, however these 233 

technologies are not likely to solve this problem of haplotype reconstruction in heterogeneous 234 

bacterial populations. Characterizing the diversity within a single population in a single 235 

sequencing run presents an important milestone in the development of tools that will revolutionize 236 

our understanding of microbial epidemiology. In this work, we have provided a theoretical 237 

framework through which a few sequencing runs can capture the phylogenetic diversity of an 238 

entire population. We tested this method with computer simulations to better understand 239 

limitations, and finally, apply this method to empirical examples to demonstrate the 240 

epidemiological utility. 241 

 242 
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Population sequencing for characterizing genetic diversity.  243 

Population sequencing to characterize genetic diversity provides much potential for uncovering 244 

important epidemiological, ecological, and pathological insights associated with bacterial 245 

symbiotic relationships. We analyzed 20 isogenic clone sequences from 2 sputum samples and 246 

2 population sequencing from one of the sputum samples collected on the same day during the 247 

22nd year of chronic carriage of B. pseudomallei from a unique case of melioidosis. This analysis 248 

validates the utility of population sequencing in characterizing existing genetic diversity with a 249 

caveat that revealed a surprising aspect of this unique lung infection with implications on 250 

experimental design and potential insights into other pulmonary infections. The two population 251 

sequences contained variants that could be placed on different parts of the phylogeny. They also 252 

contained novel SNP mutations, indicating the existence of genetic diversity that is not observed 253 

among the 20 clones. However, the population samples did not capture all the phylogenetic 254 

diversity observed in the clones. In fact, the two population sequences themselves show almost 255 

no phylogenetic overlap, despite being derived from the same sputum sample. The structuring of 256 

the population sequences is consistent with the clonal samples and that the sputum was sampled 257 

as coughed up by the patient and not mixed or homogenized, suggesting bacterial population 258 

structure within the lungs themselves and the ability of sputum samples to maintain this structure. 259 

Therefore, the fact that the population sequences do not completely capture the phylogenetic 260 

diversity of the clones is due to the highly structured nature of the lung infection rather than a 261 

direct limitation of population sequencing. We had previously shown that in the 4th year of this 262 

infection there was no evidence of structuring [4], however our current results may be due to 263 

partitioning of lineages that developed in subsequent years or structuring at a much finer spatial 264 

scale than what was previously sampled. Other pathogens have been shown to exhibit spatial 265 

structuring in the lungs [10,35], and our results suggest that in some cases, non-invasive sputum 266 

sampling (and population sequencing) can be used as an alternative to bronchoscopy-based 267 

sampling to detect spatial structuring and, with attention to experimental design, to capture the 268 
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genetic diversity. In fact, it is also possible that sputum-based sampling may be superior to other 269 

methods in detecting structuring at very small spatial scales. Our understanding about the 270 

diversity of different bacteria in various types of symbiotic relationships, in different parts of the 271 

body, and over time is in its infancy, but population sequencing certainly has the potential to 272 

accelerate research that unveils patterns of this important foundation of evolution.  273 

  274 

Population sequencing for determining directionality of transmission and spread. 275 

Determining the directionality of transmission and dissemination is often based on temporal 276 

epidemiological data. However, in many situations (e.g., epidemiological or forensic source 277 

attribution, for colonizing bacteria with a high prevalence in the population, species that cause 278 

chronic infections or have a delayed onset or absence of disease), the chronological order of 279 

disease onset or discovery of cases or forensic evidence may not be correlated with pathogen 280 

acquisition, making temporal based inferences unreliable and requiring phylogenetic analyses. 281 

However, phylogenetic analyses present challenges for characterizing person to person 282 

transmission and spread from one body site to another on a single person. In such cases, 283 

indicative phylogenetic signals may be limited by insufficient evolutionary time or confounded by 284 

too much evolutionary time and the transfer of a large portion of the population. As expected, our 285 

modeling showed a positive relationship between time before transmission and the likelihood of 286 

correctly determining directionality of transmission. This is because a lack of genetic diversity in 287 

the source population would result in two monophyletic sister clades after transmission causes a 288 

physical separation before additional evolution. As such, neither clade would be nested within the 289 

other and neither population would be expected to consistently harbor more genetic diversity. 290 

Conversely, increasing evolutionary time after transmission reduces the ability to determine 291 

transmission directionality. This is because an increase in diversity among the recipient population 292 

decreases the chances that greater diversity would be observed in the source population. Also 293 

as expected (Figure 3b-c), our modeling showed that a wider transmission bottleneck (when more 294 
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cells are transferred) complicates our ability to determine directionality. This is also because the 295 

observed phylogenetic diversity in the recipient population will not be consistently less than the 296 

source population. These limitations can be ameliorated by selecting more clones for sequencing 297 

although selecting >5 clones is likely to present diminishing returns. While we know a little about 298 

infectious and lethal doses for a few pathogens, nothing is known about population sizes at the 299 

time of ecological establishment. Also, for most symbiotic bacteria, we know little about whether 300 

there are limitations on carriage time and population size before transmission or spread. Our 301 

simulations are therefore not designed to utilize known parameters, but rather to explore the 302 

general trends of expected limitations. It is however important to point out that we included no 303 

model of natural selection, and genetic drift was only incorporated once the carrying capacity was 304 

reached. This means that when a population was founded and until it reached the carrying 305 

capacity, any new mutation was guaranteed to increase in frequency. As drift, rather than 306 

selection, is the most powerful evolutionary force in small populations, these parameters may 307 

reflect reality regarding selection, but not for drift. However, both evolutionary forces reduce 308 

diversity, particularly in the recipient population, making the hallmarks of transmission 309 

directionality more prominent.  310 

 311 

To demonstrate the potential of population sequencing and phylogenetic analysis to determine 312 

directionality of transmission and spread of bacteria, we used existing samples collected as part 313 

of our efforts to better understand carriage and transmission of S. aureus. Our example of 314 

transmission between people is interesting because it involves two individuals in a marital-like 315 

relationship. In such cases, close and frequent contact would be expected to result in a wide 316 

bottleneck and frequent transmission. Such conditions are expected to be particularly challenging 317 

for deciphering transmission directionality, and as such, we anticipated that entropy differences 318 

between the source and recipient populations would be minimal, however the entropy was greater 319 

for the population from the second person on each phylogenetic branch, providing a strong signal 320 
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of transmission directionality. Our examples of spread between body sites of a single person (from 321 

the nose to the palm in Person 3 and from the throat to the nose in Person 4) involve similarly 322 

strong signals of directionality. Transmission from nose to palm is not surprising as the anterior 323 

nares is thought to be a principal reservoir for S. aureus. For this reason, our example showing 324 

spread from the throat to nose is particularly noteworthy and consistent with evidence that the 325 

throat may be an important reservoir. Longitudinal sampling and population sequencing from 326 

many people will be important for establishing the generalizability of these patterns that we 327 

observed across 4 individuals in characterizing carriage, sources, reservoirs, and 328 

transmission/spread of S. aureus. 329 

Methods 330 

Genotyping a population: Theoretical background.  331 

Genomic replication generates mutations that are inherited by subsequent generations. Single 332 

nucleotide polymorphisms (SNPs) are commonly used for phylogenetic inference because their 333 

low mutation rates make them relatively evolutionarily stable. As such, a SNP in one lineage is 334 

not likely to occur in another lineage over the course of a restricted evolutionary time frame [1]. 335 

Homoplasies in SNP loci (loci that revert to their original allelic state or mutate independently in 336 

different lineages) are rare but increase in quantity with evolutionary time. As a result, for short 337 

time-scale evolution (where bacteria follow a clonal model of inheritance), a single SNP can define 338 

a lineage as all descendants will contain the derived allele while all others will contain the 339 

ancestral allele. The stability of SNPs makes them rare in a genome, but this disadvantage is 340 

overcome by sampling and comparing entire genomes where the large genomic landscape 341 

increases the likelihood that informative characters can be found. SNPs in a population are 342 

discovered if a genome with that SNP is sequenced and compared to another genome. The 343 

phylogenetic location of discovered SNP mutations will be on the direct connecting evolutionary 344 
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pathway between compared genomes (Pearson et al. 2004). Therefore, by determining the allelic 345 

states of samples without whole genome sequence data, it is possible to know where the sample 346 

diverged from the known evolutionary pathway, even though phylogenetic patterns since this 347 

bifurcation point will be unknown [1]. Using whole genome sequencing of a select few samples to 348 

guide SNP discovery for assay development and subsequent genotyping of a wider sample set 349 

has been frequently used for phylogenetic inference when high sequencing costs or paucity of 350 

genetic material prohibited whole genome sequencing of all samples. Now, we can apply the 351 

same underlying theory to characterize genomic diversity and phylogenetic patterns of the 352 

population contained in a single sample by leveraging individual reads in a single sequencing 353 

run.  354 

Population sequencing to characterize genomic diversity and phylogenetic patterns: 355 

Theoretical background.  356 

Deep sequencing directly from the population, provides reads from multiple genomes in the 357 

specimen, providing a representative sampling of the population diversity within the specimen. By 358 

mapping reads from such population sequencing to SNPs discovered through comparisons of 359 

isogenic clonally derived genome sequences (single colony DNA preparations), fine-scale 360 

population-level information can be superimposed upon a simplified but robust phylogeny. This is 361 

similar to how canonical SNP genotyping assays provide a rapid qPCR-based determination of 362 

clade membership, thus providing high-throughput phylogenetic information for samples that are 363 

not or cannot be sequenced (Figure 5). While deep sequencing allows for the discovery of all 364 

SNPs in the specimen population, linkage of SNPs across different reads to reconstruct 365 

haplotypes is not possible, limiting phylogenetic inference among variants outside the bifurcation 366 

point from the known phylogenetic backbone. As such, the same principles of phylogenetic 367 

discovery bias described previously for more diverse populations [1,17] apply: 1) Only SNPs along 368 

the direct connecting evolutionary path between sequenced clones will provide phylogenetic 369 
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information, 2) phylogenetic collapse of lineages to their bifurcation point from the known 370 

phylogeny will occur, providing highly accurate, albeit incomplete phylogenetic information, 3) the 371 

clones sequenced for SNP discovery impact phylogenetic inference. 372 

 373 

Figure 5: Inferring the phylogenetic distribution of a sequenced population with SNP discovery guided by two clonal sequences (stars) 374 
and an outgroup genome (not shown). a) Hypothetical phylogeny of all variants in a population. Stars represent sequenced clones for 375 

SNP discovery with SNPs being discovered along the direct connecting evolutionary branches (black branches). Determining the 376 

allele states for only the discovered SNPs will cause all other branches and variants (gray) to collapse upon the known phylogeny at 377 
their point of evolutionary divergence. b) A single sequence read (for simplicity) for the ten variants (ovals ordered from left to right 378 

according to the variants) in the population at each of the known SNP loci contain a black or white fill to represent the derived or 379 
ancestral (respectively) allele state. c) The allele states of the reads for SNPs along each known branch will be indicative of the 380 

phylogenetic boundaries of variants along these branches and can be represented as a semitransparent red cloud for this population. 381 

d) The phylogenetic position of sequenced clones will impact details of what is known about the phylogeny and distribution of the 382 
population, but not broader patterns. 383 

  384 

Empirical example characterizing genomic diversity and phylogenetic patterns: 385 

Genotyping a population of Burkholderia pseudomallei from a chronic lung infection.  386 

Patient 314 (P314) was diagnosed with melioidosis in the year 2000 and is the only known patient 387 

to have neither cleared nor succumbed to a B. pseudomallei infection over a more than two-388 

decade period. We recently characterized and compared the phenotypes and genotypes of 118 389 

isolates collected over the first >16 years of P314’s chronic carriage [4]. The evolutionary history 390 

of this population is well characterized with SNPs and small and large deletions accurately 391 

mapped onto the phylogeny. On August 30th, 2022, we collected two additional sputum samples 392 
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from P314. From each of these samples, we directly plated sputum onto Ashdown’s agar 393 

(contains gentamicin and crystal violet) and also used a loop to cut away a small portion of the 394 

sputum that we stirred into Ashdown’s broth (contains colistin and crystal violet). After 2 days of 395 

broth incubation at 37°C, we plated the resulting biofilm on Ashdown’s agar. From the direct 396 

plating and plating following broth enrichment, we selected a composite of ten colonies (isogenic 397 

clones) from each sputum sample (20 total) for DNA extraction and genome sequencing. Also, 398 

from one of the sputum samples, we inoculated 25 mL and 4 mL of Ashdown’s broth) each with 399 

a piece of sputum to enrich for B. pseudomallei before DNA extraction (directly from broth and 400 

without plating) and sequencing. In summary, we sequenced 20 isogenic clones (from 2 sputum 401 

samples) and 2 populations (from 2 aliquots of one of the sputum samples). Sequencing was 402 

performed on the Illumina NextSeq using the P1 300 cycle kit. This work was approved by the 403 

Human Research Ethics Committee of the Northern Territory Department of Health and Menzies 404 

School of Health Research, Australia (ID HREC 02/38). 405 

 406 

Genomic analyses, SNP discovery among clones and between a reference genome, and 407 

phylogenetic placement of clones was performed using previously described methods (Pearson 408 

et al. 2020). For genomic analysis of the two population sequences, we determined the 409 

percentage of reads for each allele of the 162 previously documented SNPs as well as 22 novel 410 

SNPs (leading to, and among the 20 new genomes). The population reads were preprocessed 411 

using a gatk best practices Snakemake (v7.19.1) [PMID: 34035898] workflow 412 

(https://github.com/snakemake-workflows/dna-seq-gatk-variant-calling/ v2.1.1) that performed 413 

quality control using fastqc v0.12.1 [18], read trimming using Trimmomatic v0.36 [19], read 414 

mapping using Samtools v1.12 [20] and BWA-MEM v0.7.17 [21] with default parameters against 415 

the MSHR1435 reference sequence (Accession numbers CP025264 and CP025265 [22]). 416 

LoFreq v2.1.5 [23] ‘viterbi’ command was used to perform probabilistic realignment of mapped 417 
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reads and the ‘call’ function was used to call variants and estimate frequencies with a minimum 418 

coverage of 10 reads. 419 

 420 

Determining directionality of transmission/spread: Theoretical background.  421 

Transmission or spread of a pathogen occurs when a portion of the population in a source is 422 

transferred to another person, body site or environmental location. The introduced population 423 

faces attacks by the immune system or novel harsh environmental conditions, reducing the 424 

population size and genetic variation. While the infectious or lethal dose of some pathogens may 425 

be known, when this dose is greater than 1, we know of no examples where the initial size of the 426 

established population has been documented in vivo.  427 

The simplest case: The initial established population may be as small as a single cell, 428 

representing a relatively simple transmission scenario where the diversity generated by 429 

descendants of this founding cell will all be contained within a monophyletic group nested within 430 

a paraphyletic source population (Figure 6a). Reads from sequencing can be used to determine 431 

the phylogenetic range of each population (Figure 6b), defined as positions along a branch where 432 

there is evidence that a derived allele is segregating (not fixed) in the population. The phylogenetic 433 

position of the clones selected for sequencing and SNP discovery frame what is known about 434 

branch lengths and the phylogenetic distribution of the populations (Figure 6b-d). In this most 435 

simple transmission scenario, the phylogenetic range of the population along the ancestral branch 436 

(henceforth referred to as Branch C), the branch leading to the sequenced clone from the source 437 

population (referred to as Branch A), and the branch to the sequenced clone from the recipient 438 

population (referred to as Branch B) will provide clues to the true nesting structure and the 439 

directionality of transmission. Here, we expect the following criteria to be true: 1) The recipient 440 

population will contain only derived alleles for SNPs along Branch C and only ancestral alleles for 441 

SNPs along Branch A. SNPs along Branch B may be segregating and thus contain a mixture of 442 

ancestral and derived alleles. These characteristics indicate that the phylogenetic range of the 443 
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recipient population is limited to Branch B (Figure 6b-d). 2) In contrast, the source population may 444 

have segregating alleles at SNPs along Branch C (Figure 6b-c), indicating that the phylogenetic 445 

range of the population extends along Branch C. If the sequenced clone from the source 446 

population happens to be from the earliest diverging lineage, Branch C will contain fewer SNPs, 447 

all of which will be fixed for the derived allele (Figure 6d). 3) The source population will also have 448 

segregating alleles at SNPs along Branch A and possibly Branch B, depending on the 449 

phylogenetic position of the clone sequenced from the source population (Figure 6b-c). The 450 

presence of segregating alleles at SNPs along Branch C in one population and not the other is 451 

indicative of nesting and directionality of transmission (Figure 6b and c). Nesting and directionality 452 

can also be inferred if the source population has segregating alleles for SNPs along Branch B 453 

and the recipient population has no segregating alleles for SNPs along Branch A (Figure 6b and 454 

d).  455 

 456 

Figure 6: Determining directionality of transmission by sequencing a red and blue population guided by a clonal sequence from each 457 

population (stars) and an outgroup genome (not shown). a) Simple transmission scenario from red person to blue person involving an 458 

extreme bottleneck of a single cell to form the recipient (blue) population will result in the blue population forming a monophyletic clade 459 
nested within a paraphyletic source population. b) Hypothetical known phylogeny of all variants in the red and blue populations with 460 

stars represent sequenced clones for SNP discovery, ovals representing ancestral (white fill) and derived (black fill) alleles for each 461 
SNP along the corresponding branch and inferred phylogenetic range of each population (semitransparent colored areas) along the 462 

known phylogeny. c) and d) Consequences of different clones being sequenced and used for SNP discovery. 463 

 464 

Closely related, but no evidence for transmission directionality: In cases where population 465 

sequencing does not provide evidence of transmission directionality, we expect no segregating 466 

alleles for SNPs on Branch C and neither population to have segregating alleles for SNPs on the 467 

terminal branch leading to the sequenced clone from the other population (Figure 7). This will be 468 

the case no matter which variants are sequenced for SNP discovery (Figure 7). The lack of 469 
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phylogenetic evidence for transmission directionality does not exclude the possibility that 470 

transmission occurred as some variants may have gone extinct or not been sampled. Notably, 471 

proximity of the two population distributions provides evidence of epidemiological linkage that may 472 

include transmission despite the lack of evidence for directionality. 473 

 474 

Figure 7: Population sequencing of two populations with no evidence of transmission. Both red and blue populations will be 475 

monophyletic and phylogenetic inference from population sequencing will show that the distribution and phylogenetic ranges of each 476 
population are restricted to the branch containing the sequenced clone used for SNP discovery. In this case, different sequenced 477 

clones have no impact on the distribution of populations being limited to Branches A or B. 478 

 479 

More complex cases: More complicated transmission scenarios include multidirectional 480 

transmission (Figure 8a), multiple transmission events in the same direction, and transmission 481 

events with large bottlenecks where a larger portion of the source population becomes 482 

ecologically established in the recipient (Figure 8b-c). In these scenarios, the phylogenetic range 483 

of the source population may not always extend more ancestrally along Branch C, and the 484 

phylogenetic ranges of both populations along Branches A and/or B will often overlap. As greater 485 

diversity of the source is established within the recipient, overlap in phylogenetic range increases.  486 

  487 

Figure 8: More complex transmission scenarios. a) Transmission from the red to blue person then back to the red person. Distribution 488 
of variants from population sequencing using various clones for SNP discovery show the red population being more ancestral. Unlike 489 

the simple transmission scenario shown in Figure 6, the phylogenetic range of variants in the red and blue population overlap with 490 
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each other. b) Ongoing or multiple transmissions from red to blue resulting in the establishment of 2 clades in the recipient. The source 491 

population may have a more ancestral phylogenetic range along Branch C. As with the previous example, both populations have 492 
overlapping phylogenetic ranges. c) Transmission and establishment of 4 clades as might occur during multiple transmission events 493 

or a single event with a wide bottleneck. As more of the diversity is transferred from the source to the recipient, the populations can 494 
be expected to have increasingly overlapping ranges.  495 

 496 

In complex transmission situations, consideration of only phylogenetic ranges will limit insights 497 

into population diversity and resulting inferences into phylogenetic nesting and transmission 498 

directionality (Figure 8c). However, sequence data also provides information on how portions of 499 

a population are distributed along lineages, allowing for comparisons of phylogenetic diversity to 500 

be used to determine phylogenetic nesting and transmission directionality. Even with a very wide 501 

bottleneck (when many cells are transferred and established in the recipient population), the 502 

recipient population will be less diverse than the source population with fewer lineages within 503 

each clade. This can be seen in the pattern in which allele frequencies change along a lineage in 504 

both populations (Figure 9). Each time a new lineage diverges, the proportion of the population 505 

(as measured in allele frequencies) along the lineage will decrease. The greater diversity in the 506 

source population means that there will be more diverging lineages and thus more changes in 507 

allele frequency than in the recipient population. The implication is that by comparing the changes 508 

in allele frequencies along the same lineage in each population, we can determine which 509 

population has greater diversity. To quantify the frequency changes along a lineage, we use a 510 

standard entropy metric. Similar frequencies are placed into bins and Shannon entropy [24] is 511 

calculated using the number of values in each bin normalized by the total number of frequencies 512 

using the following formula: 513 

H = − ∑ p𝑖 𝑙𝑜𝑔2 𝑝𝑖

𝑛

𝑖=1

 514 

Where n is the number of bins, and pi is the number of frequencies in the ith bin divided by the 515 

total number of frequencies. 516 
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 517 

Figure 9. Comparing diversity using the entropy of allele frequencies along each lineage to determine transmission from a source to 518 

a recipient. In the diverse source population, the frequencies of the derived SNP alleles along a lineage will decrease each time a 519 
lineage diverges. When a transmission bottleneck occurs, there will be fewer diverging lineages which causes longer stretches of 520 

uninterrupted branches and runs of SNPs with same allele frequency. The pattern of allele frequency changes along a lineage can be 521 

measured and compared using a standard entropy formula. In a narrow bottleneck (only a single cell is transmitted), the allele 522 
frequencies of all SNPs will be the same (100%) and the entropy of the frequencies (0) is much lower than the same lineage in the 523 

source population (1.5). This pattern holds for wider bottlenecks, and while the entropy of allele frequencies for each lineage will 524 
usually be less than the entropy of the same lineage in the source population, it is theoretically possible for the entropy of the recipient 525 

population to be equal or even greater than the source if most of the population is transferred and concurrently eliminated from the 526 

source. 527 

 528 

Modeling to determine directionality of transmission/spread. 529 

We developed a computer simulation to model basic aspects of population evolution and 530 

transmission specifically to determine how population diversity is likely to impact our ability to 531 

discern transmission directionality. We did not employ precise empirical parameters from any 532 

specific organism or include more complex evolutionary processes. Our intent was not to 533 

understand how the evolutionary processes of mutation, natural selection, and drift, or different 534 

growth rates can impact diversity, but rather to discern how diversity (before, after, and during 535 

transmission) impacts our ability to determine directionality of transmission or spread. Because 536 

the impact of different evolutionary processes on the development of diversity is well-known, we 537 
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should be able to extrapolate the impact of these processes on a case-by-case basis on our ability 538 

to determine directionality of transmission and spread. Detailed explanations of these simulations 539 

follow.  540 

 541 

Simulation. 542 

Populations were allowed to evolve from a single member into a heterogeneous group of 543 

members up to a carrying capacity of 100,000 over many generations. A population was modeled 544 

as a collection of genomes. A genome was modeled as a collection of mutations. A mutation was 545 

modeled as an integer in the range [0, 2,800,000]. The upper limit of 2,800,000 reflects the 546 

approximate size of a S. aureus genome, chosen because of our empirical examples of spread 547 

and transmission. A generation was modeled as a series of the following events: mutation, 548 

duplication, and pruning. Mutations were modeled each generation according to a Poisson 549 

distribution with an expected rate 𝝀 of 1.6 × 10-10 mutations per genome position per generation, 550 

which were then applied randomly to members of the population. Duplication modeled binary 551 

fission by duplicating each genome in the population. When duplication resulted in a population 552 

size greater than the carrying capacity, pruning randomly removed genomes from the population 553 

until a population size equal to the carrying capacity was restored. Pruning therefore modeled 554 

genetic drift that was only in effect at the carrying capacity. Selection was not incorporated into 555 

the simulation and all mutations were thus equally likely to persist. A source population was 556 

allowed to evolve first, for some specified number of generations. Then, transmission was 557 

modeled by randomly selecting a subset of the source population as founders to a recipient 558 

population. This process was parameterized by the modeled transmission bottleneck: the number 559 

of members (genomes) copied from the source population to the recipient population. The 560 

recipient population and the source population were then allowed to evolve independently for a 561 

specified number of generations.  562 
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 563 

Analyses and calculating transmission directionality. 564 

After a simulation completed, a random sample of genomes was taken from both the source and 565 

recipient populations. The size of the sample was configurable but always equal for both 566 

populations. In cases where the population sizes were sufficiently large, sampling was performed 567 

without replacement. In cases where a small number of post-transmission generations resulted 568 

in a small recipient population, sampling with replacement was performed to meet our desired 569 

sample size.  570 

Next, all possible pairs of genomes between the source and recipient populations were compared. 571 

A phylogenetic tree was constructed for each pair using the single nucleotide polymorphisms 572 

(SNPs) between the two genomes. This resulted in n = (sample size)2 trees. For each SNP locus, 573 

we determined the fraction of genomes in each population that contained each allele. In each 574 

population, SNP alleles were therefore either fixed (when all genomes in a population contain the 575 

same SNP allele) or segregating (when both alleles are present in a population), with the 576 

proportion of each allele in each population documented. Using this information coupled with the 577 

phylogenetic location of each SNP, we evaluated three methods of determining transmission 578 

directionality:  579 

 580 

Method 1 — phylogenetic range on the ancestral branch (Branch C): Because we assume 581 

greater diversity in the source population, the source population will often extend more 582 

ancestrally along Branch C. We therefore expect that the number of segregating SNPs on 583 

Branch C will be greater in the source population. We recorded the proportion of 584 

simulations where: 1) the source population had more segregating SNPs on Branch C 585 

than the recipient population — indicating correct determination of transmission 586 

directionality, 2) the recipient population had more segregating SNPs on Branch C than 587 
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the source population — indicating incorrect determination of transmission directionality, 588 

and 3) the numbers of segregating SNPs on Branch C in each population were equal — 589 

indicating ambiguity in the directionality of transmission.   590 

Method 2 — phylogenetic range on Branches A and B: A more diverse source population 591 

will also likely extend along both Branches A and B. Conversely, a recipient with less 592 

diversity will have a restricted range along these two branches. We therefore recorded the 593 

proportion of simulations where: 1) the source population had more segregating SNPs 594 

along Branch B than the recipient population had on Branch A — indicating correct 595 

determination of transmission directionality, 2) the source population had fewer 596 

segregating SNPs along Branch B compared to the number of segregating SNPs in the 597 

recipient population along Branch A — indicating incorrect determination of transmission 598 

directionality, and 3) the source and recipient populations had an equal number of 599 

segregating SNPs along Branch B and Branch A, respectively — indicating ambiguity in 600 

the directionality of transmission. 601 

Method 3 — phylogenetic entropy: While the first two methods account for diversity by 602 

simply defining and comparing the phylogenetic ranges, they do not capture and leverage 603 

the distribution of each population along the branches. Assuming a more diverse source 604 

population, we expect the source population to have more bifurcation points (Figure 9). 605 

To estimate the likelihood of correctly determining transmission directionality, we recorded 606 

the proportion of simulations where the source had: 1) greater entropy of allelic frequency 607 

on both Branches C through A and Branches C through B, or 2) greater entropy on one of 608 

these lineages and equal on the other. Incorrect determination of transmission occurred 609 

when the recipient population had greater entropy in these situations, and ambiguous 610 

results occurred when entropy values were greater in the recipient population on one 611 

branch and greater in the source population on the other branch or were equal for each 612 

population along both branches.  613 
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 614 

Empirical example of population sequencing of S. aureus to determine 615 

transmission directionality.  616 

We used samples from an ongoing research project designed to better understand community 617 

carriage and transmission among social groups in a population on the United States/Mexico 618 

border [25–29]. These samples were part of Project 1116783 that was approved by the Northern 619 

Arizona University Institutional Review Board. We used double-tipped BBLCultureSwab swabs to 620 

swab the nose, throat, and palms of participants. Swabs were stored on ice for no longer than 24 621 

hours to maximize the likelihood of cell survival [30]. Each swab was streaked onto CHROMagar 622 

S. aureus media and incubated for 24 hours at 37°C. Colonies in the pink to mauve color range 623 

were considered to be S. aureus. One colony from each swab was streaked for isolation and 624 

sequenced to provide an isogenic clonal representative. All other suspected S. aureus colonies 625 

were collected, combined, and sequenced to represent the entire population. DNA extraction, 626 

library construction, and sequencing were performed as previously reported [28].  627 

The clonal reads underwent quality control using fastp v0.20.1 [31] using default parameters and 628 

the SNPs were called using NASP v1.2.0 [32] which mapped the reads to the reference 629 

(accession NC_007795) using BWA-MEM v0.7.17 [21] and called the SNPs using the GATK v3.8 630 

UnifiedGenotyper [33,34] method. SNP calls required a minimum coverage of 10 reads and at 631 

least 90% of the reads supporting the SNP call. The processing steps for the combined population 632 

samples were the same as described above for the B. pseudomallei populations. 633 

 634 
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