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Abstract 

Yersinia pestis is a deadly bacterium that is responsible for multiple pandemics throughout the 

history and still causes hundreds of deaths yearly in the less developed part of the world. To better 

monitor the evolution of this bacterium, a database search from the NCBI Sequence Read Archive 

(SRA) was conducted as an attempt to discover novel reservoirs and strains of Y. pestis. By using 

various bioinformatic tools to reconstruct the genome and phylogenetically classify the samples, 

it was found that Pseudogymnoascus destructans, commonly known as white-nose fungus from 

bats and is a previously undocumented reservoir for Y. pestis, carried four distinct strains of the 

bacterium, with one of them being a highly divergent and potentially novel strain from existing Y. 

pestis references. The results of this study illustrated the importance of genetic surveillance, and 

further investigations into the pathogenicity of those strains should be conducted in order to avoid 

future pandemics caused by Y. pestis.  

 

Keywords: Genomic Surveillance; Sequence Read Archive; Yersinia pestis; Pseudogymnoascus 

destructans
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Introduction 

From the earliest recorded pandemic in 430 BC during the Peloponnesian War to the COVID-19 

pandemic that started since the late 2019, the human population has been periodically fighting 

pandemics since the very beginning of civilization [1]. Amongst all those pandemics, the plague 

arguably has the most profound impact on human societies and civilizations due to its high 

lethality, killing millions of people across many countries and throughout history [2]. 

The plague is caused by the bacterial infection of Yersinia pestis, which is carried by over 

200 species of wild rodents [3] and transmitted to humans through flea bites (primarily causing 

bubonic or septicaemic plague) or through inhalation of droplets (primarily causing pneumonic 

plague) [4]. According to a review by Zhou et al., Y. pestis was found to be able to infect 87 

mammalian species, where 13 of them (all rodents) are determined as primarily reservoirs. In 

addition, 41 species of fleas were found to be infected with Y. pestis in nature, where 14 of them 

are determined as primary vectors [5]. Three different strains of Y. pestis are responsible for the 

three major plague outbreaks throughout history: the Biovar Antiqua caused the Justinian's 

plague (AD 541 to 767), the Biovar Mediaevalis caused the Black Death (1346 to early 19th 

century), and the Biovar Orientalis causes the modern plague (since 1894) [6, 7]. The difference 

in the strains primarily lies in the ability of the bacterium to reduce nitrate and utilize glycerol [7]. 

Yet, for all the strains, the case-fatality ratio can range anywhere between 30% to as high as 100% 

if left untreated [8]. 

Y. pestis belongs to the Yersinia genus from the Enterobacteriaceae family. Out of the 

current 19 species from the Yersinia genus, only three are disease-causing to humans: Y. pestis, 

Yersinia pseudotuberculosis, and Yersinia enterocolitica [9, 10]. However, Y. pseudotuberculosis 

and Y. enterocolitica are primarily spread via the ingestion of contaminated food and not spread 

by fleas [11]. Furthermore, Y. entercolitica can be found in hosts such as Miniopterus schreibersii 

(common bent-wing bat) species [12], yet so far, no study has reported bats to be the potential 
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hosts or reservoirs for Y. pestis. Additionally, Y. pseudotuberculosis and Y. enterocolitica primarily 

cause acute gastroenteritis and mesenteric lymphadenitis, and their fatality rates are much lower 

than that of Y. pestis [13, 14]. However, despite those large differences, Y. pestis is very closely 

related to Y. pseudotuberculosis and shares many genes with Y. pseudotuberculosis [15, 16].  

With improved sanitation and the development of antibiotics to treat infections [17], the 

plague has been viewed by many in developed nations as a problem of the past. Despite this, the 

modern plague remains a major public health issue in many less-developed parts of the world. 

There are over 3,000 cases and 500 deaths of plagues being reported from 2010 to 2015, and in 

the recent years there are new cases being reported in Libya and Algeria [18]. Furthermore, there 

is also the possibility of a multi-drug resistant strain emerging and the consequential utilization of 

plague as a bioweapon for terrorism attacks [9]. As a result, it is important for the world to monitor 

the presence of Y. pestis in a variety of different locations to ensure that potential new reservoirs 

for the bacterium are quickly identified and the evolution of the species is closely monitored so 

that the world can be more prepared if there is an emergence of a potential new strain. 

Thanks to the advancement in bioinformatic databases, such tasks can now be completed 

by monitoring the genetic material of the targeted species in databases. The Sequence Read 

Archive (SRA) is an online database containing short reads from high-throughput sequencing [19]. 

A portion (about 16%) of the database consists of metagenome sequence reads from various 

environment samples [20], which makes this database a great starting point for the surveillance 

of novel Y. pestis genetic materials in novel environments. As a result, the purpose of this study 

is to determine the novel natural reservoirs and strains of Y. pestis through SRA database mining. 

It is hoped that the results of this study can help scientists around the globe to have a better 

understanding of Y. pestis in order to be prepared to contain future plague outbreaks as soon as 

possible. 
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Materials and Methods 

This study was divided into three major phases: obtaining data from SRA, genome assembly, and 

genomic analysis (Figure 1). 

 

 

Figure 1: Overview of workflow in the study. The study was divided into three phases, and the 

bioinformatic applications used for each step is highlighted in yellow. 

 
Phase 1: Obtaining SRA Data 

As a starting point, the NCBI SRA database was searched by using the query of Y. pestis genome 

in order to determine the samples containing the genetic material of Y. pestis. This was 

accomplished using the NCBI Sequence Taxonomic Analysis Tool (STAT), which is a method 

developed by Katz et al. to effectively screen the taxonomic diversity on the submissions in the 

database based on 32 bp k-mer counts [21]. The returned result of the search would be a .txt file 

containing the samples with positive Y. pestis signals but with different k-mer counts. This file was 

then sorted based on the k-mer counts. The top hits are expected to be Y. pestis sequencing 

projects, which can be used as a positive control for the search. The bottom hits would be false 
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positive signals with very low k-mer counts, which needs to be excluded from the analysis. To 

narrow down the samples for further analysis, a threshold of k-mer counts was determined to be 

10,000 to obtain at least about 10% coverage, assuming that the k-mers are non-overlapping. 

This produced a final list of about 100 samples, and the origins as well as the species of those 

100 samples were examined as an initial assessment.  

 

Phase 2: Genomic Assembly 

Those samples of interest were then assembled into a full genome for future analysis. Those 

sequence reads were first filtered using the Fastp program, which is a preprocessor for FASTQ 

files. Some tasks that can be accomplished by this program include adapter trimming, quality 

control, per-read quality pruning, and quality filtering [22]. After the filtering process, the processed 

reads were passed onto the MEGAHIT assembler for genome assembly. This program, 

developed by Li et al., is capable of efficiently assembling large and complex metagenomics data, 

which makes this program very suitable for this study [23]. The output of this program was a 

collection of contigs, but the majority of them will be the genetic material of the environment 

samples. As a result, a taxonomic classification tool, Kaiju, was applied to the contig reads in 

order to identify the potential Y. pestis contigs [24]. Those selected Y. pestis contigs was then 

used as the draft genomes of interest, which will then be passed onto the CheckM program for 

assessing the assembly quality and contamination of genomes as well as estimating their 

completeness [25]. The genomes that passed the quality assessment by CheckM was used as 

the final genomes of interest to be analyzed in the final phase.  
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Phase 3: Genomic Analysis 

To phylogenetically classify the environment samples obtained, existing 549 reference genomes 

for Y. pestis were downloaded from NCBI RefSeq database [26]. FastANI, a program developed 

by Jain et al., was used to compute average nucleotide identities (ANI) for the Y. pestis contigs 

against all reference genomes [27]. Then, the contigs were aligned with those reference genomes 

using Snippy, a program for multiple genome alignment as well as single nucleotide 

polymorphisms (SNPs) and insertion / deletion (Indels) identifications [28]. The result of 

alignments were passed to TrimAl, an automated program for alignment trimming [29], to remove 

any gap regions in order to improve the resolution on the phylogenetic trees to be construed soon. 

After trimming, the alignments were sent to Parsnp, an automated tool from the Harvest suite for 

fast phylogenetic tree construction and genome alignment visualization [30], to construct a 

phylogenetic tree for each individual alignment. The resulted phylogenetic trees were finally 

compared with literatures on the phylogenetic evolution of Y. pestis in order to determine the 

closest relatives to each sample as well as its potential evolutionary path. 
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Results 

Phase 1: Obtaining SRA Data 

The returned SRA-STAT results reveals that the majority of the entries with high k-mer counts are 

past Y. pestis sampling projects as expected. However, out of those high k-mer counts entries, 

four entries from sequencing projects for Pseudogymnoascus destructans, commonly known as 

white-nose fungus found in bats [31], stand out. Table 1 outlines the important information from 

the SRA-STAT query results [21]. Since P. destructans is not a documented vector or reservoir 

for Y. pestis, those four samples were viewed as samples of interest and were taken for future 

analysis. 

 

Table 1: SRA-STAT query result. This table outlines important information for each significant 

SRA entry of P. destructans entries returned, sorted by total k-mer count. 

Accession ID Size of Genome  
(in mega bases) 

Location of 
Collection 

Total k-mer 
Count 

Collection Date 

SRR6011472 5773 Canada 305846 2010-03-11 

SRR6011475 7792 USA 23977 2009-01-27 

SRR6011496 7300 Ukraine 11856 2011-02-03 

SRR6011490 6215 USA 10188 2011-02-16 

 

Phase 2: Genomic Assembly 

The results of the MEGAHIT-assembled and Kaiju-filtered contigs are passed to CheckM for 

quality control. CheckM reports two important metrics of the contigs: genome completeness, 

calculated as the percentage of marker genes found within the assembly, as well as 

contamination, estimated using the number of times that single-copy marker genes appears [25]. 

The result from CheckM is reported in Table 2.  
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Table 2: CheckM results for the four samples. This table reports the completeness and 

contamination for each significant SRA entry of P. destructans, sorted by the reversed CheckM 

estimated percent completeness. 

Accession ID Completeness (in %) Contamination (in %) 

SRR6011490 0.00 0.00 

SRR6011475 0.86 0.00 

SRR6011496 18.97 0.00 

SRR6011472 46.55 0.00 

 

Phase 3: Genomic Analysis 

The result for each step of the genomic reconstruction for all four samples are summarized in 

Table 3 below. 

 

Table 3: Summary for the genomic reconstruction results of each sample at each stage. It outlines 

the number of contigs obtained after Kaiju classification and the total length of those contigs, as 

well as the new length after Snippy and TrimAl for each of the SRA samples, sorted by reversed 

genome completeness estimated by CheckM. 

Accession ID 
Number of Contigs 

after Kaiju 

Total Length of 

Contigs after Kaiju 

Number of Base in 

Parsnp after TrimAl 

SRR6011490 162 85,173 6,788 

SRR6011475 597 391,718 39,897 

SRR6011496 892 1,956,910 415,798 

SRR6011472 152 2,478,008 602,859 
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Parsnp was then used to construct one phylogenetic tree for each of the sample through 

multiple genome alignment with Y. pestis references on NCBI RefSeq Database. The zoomed-in 

version of the phylogenetic trees for SRR6011490 (Figure 2a), SRR6011475 (Figure 2b), 

SRR6011496 (Figure 2c), and SRR6011472 (Figure 2d) can be found below to illustrate the 

closest relatives of the samples of interest. The full phylogenetic trees for all four samples are 

available in Supporting Information.    
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Figure 2: The zoomed-in partial phylogenetic trees. Results are constructed from the multiple genome alignment of the Y. pestis contigs 

of a) SRR6011490, b) SRR6011475, c) SRR6011496, and d) SRR6011472 against the references genomes of Y. pestis. Trees are 

zoomed in to show only the closest relatives of the SRA sample of interest. The trees are displayed with the original assembly IDs from 

NCBI, and are labelled with the name of the strain of Y. pestis in red. 
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Based on the trees from Figure 2, the closest relative from the references of Y. pestis to 

each sample is determined, and the percent genome identity is calculated from the Parsnp 

alignment by using 1 − #	#$	%&'%()(&()#*%
#	#$	+,)-*./	%)(.%

, where the number of aligned sites can be found in Table 

3. The results for these genomic comparisons are summarized in Table 4. 

 

Table 4: Genomic comparisons for each sample to its closest relative. The closest relative is 

determined by using the phylogenetics trees in Figure 2. The genomic identity is obtained by 

analyzing the multiple genomic alignment of the sample of interest and the closest relative from 

Parsnp alignment, and the ANI score is computed using FastANI. The samples are ordered by 

their reversed CheckM completeness estimations. 

Accession 

ID 

Closest Y. pestis 

Reference Assembly 

(Strain Name) 

Number of 

Substitutions 

Calculated 

Percent 

Genomic 

Identity  

ANI Score 

SRR6011490 
GCF_000324825.1 

(Yersinia pestis F1946001) 
0 100.00 94.79 

SRR6011475 
GCF_001188675.1 

(Yersinia pestis 790) 
7 99.98 99.66 

SRR6011496 
GCF_001509855.1 

(Yersinia pestis Yp2126) 
456 99.89 99.87 

SRR6011472 
GCF_001509865.1 

(Yersinia pestis Yp1945) 
0 100.00 99.9958 
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Discussion 

Figure 2a shows the zoomed-in partial phylogenetic tree of SRR6011490, the least completed 

genome estimated by CheckM. In fact, Table 2 shows that CheckM estimated this genome to 

have a completeness of 0% as it does not contain any of the marker genes that CheckM is looking 

for. This illustrates that despite it having a relatively high k-mer count (Table 1) that passes the 

threshold, it is likely a false positive signal and this P. destructans sample probably does not 

contain Y. pestis. This result is also confirmed from the phylogenetic tree, as its closest relative, 

Yersinia pestis strain F1946001 (Table 4), has another close relative, Yersinia pestis strain 

Pestoides F. Studies have found that Y. pestis strain F1946001 belongs to Biovar Orientalis [32] 

while Y. pestis strain Pestoides F is a very unique strain that is derived from the most ancient 

lineage of Y. pestis [33]. Those two strains are on two different branches of the Y. pestis reference 

phylogenetic tree [34], and therefore they are classifying to be close together on the reconstructed 

phylogenetic tree likely means that the tree is inaccurate. Last but not the least, its ANI score is 

also relatively low, meaning that the calculated nucleotide identity of 100% is highly unlikely. This 

is potentially due to the signal being false positive and therefore after all the processing, the final 

alignment result (Table 3), lacks enough phylogenetic informative sites. In the future, a higher k-

mer count threshold can be set in order to avoid including false positive signals in the analysis. 

 The next sample of interest is SRR6011475, which is the second least completed genome 

out of the four samples (Table 2). This explains the great branch length evident from Figure 2b 

of the zoom-in version of the phylogenetic tree, as similar to the case with the previous sample 

(SRR6011490), the lack of enough phylogenetically informative sites (Table 3) hinders the ability 

for Parsnp to construct a tree with great resolution. Yet despite the relatively poor resolution of 

the tree, the phylogenetic classification is indeed accurate as it does cluster phylogenetically close 

reference strains together. All the relatives of SRR6011475, including its closest relative Yersinia 

pestis 790, belong to Biovar Antiqua and are responsible for the most ancient outbreak of plague 
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by Y. pestis [35]. Although this biovar of Y. pestis no longer causes modern plagues, evidence 

suggests that the ancient versions bacteria are still circulating in the environment [36]. Therefore, 

it is likely that the few substitutions of this sample seen (Table 4) are a result of the long-time 

evolution from Biovar Antiqua Y. pestis in the environment. However, admittedly the resolution of 

the tree is also not great, and therefore in the future, other methods (such as Mash for whole-

genome homology maps [37]) should be tried in order to see if a better homology can be identified 

for the sample so that a better evolutionary path may be inferred.   

 The third sample of interest is SRR6011496, a sample obtained from white nose fungus 

population in Ukraine in 2011 (Table 1). When compared to the previous two samples, this sample 

has a relatively higher completeness estimation (Table 2), therefore having a fairly good 

phylogenetic tree with great resolution when being computed by Parsnp (Figure 2c). From the 

phylogenetic tree, it is evident that the closest relative to this sample is Y. pestis strain Yp 2126, 

which was obtained as a part of a sequencing project for Y. pestis from Gunnison’s prairie dog 

colonies (Cynomys gunnisoni) in Arizona, USA in 2011 [38]. However, despite that those two 

species are close relatives, the assembled Y. pestis genome from SRR6011496 is very distant 

from Y. pestis strain Yp 2126. In fact, when viewing the full phylogenetic tree, the assembled 

genome appears to be the most divergent genome of Y. pestis ever recorded. Literature has 

phylogenetically classified Yp 2126 as a strain from Biovar Orientalis, the biovar responsible for 

the modern plague [16], and therefore it is possible that the sample of interest has undergone 

significant mutations from this strain. This is possible as Y. pestis is found to accumulate 

mutations much more rapidly (at a rate up to 100 times faster) in modern strains when compared 

to their ancient counterparts [39]. Yet, the fact that 456 mutations can give rise to a sample this 

divergent from the rest is alarming and may suggest that the sample may not be Y. pestis but its 

closest relative, Y. pseudotuberculosis, or even Y. entercolitica, which is found in bat species [12]. 

Therefore, despite the high calculated genome identity and ANI (Table 4) that are greatly above 

the genome identity between Y. pestis and Y. pseudotuberculosis at about 97% [40], in the future, 
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more research should still be conducted to verify the signal from this sample in order to better 

phylogenetically identify it.  

 The last sample of interest is SRR6011472, which is a sample obtained from Canada in 

2010 (Table 1). This sample also has the most k-mer count (Table 1) and is the most complete 

sample (Table 2) with the greatest number of bases aligned (Table 3) out of the four samples 

that were studied. Based on its partial phylogenetic tree in Figure 2d, its closest relative is Y. 

pestis strain Yp1945, a species sample from black-tailed prairie dog (C. ludovicianus) colonies in 

Texas, USA in 2009 [38]. Amongst all the sites aligned, this sample is exactly identical to strain 

Yp1945 with no substitutions, yet ANI does reveal that there is a slight difference in nucleotide 

composition (Table 4). Regardless, it is likely that one strain is derived from another due to this 

high genomic similarity. Several hypotheses have been formulated about the relationship between 

those two samples: firstly, fleas, the primary vectors for Y. pestis, are known to live in moist and 

dark environments [41, 42], which include the caves that bats live in [43]. As a result, since prairie 

dogs are known reservoirs for Y. pestis [44], a cross-colonization event probably has occurred 

between fleas on bats infected with white-nose fungus and fleas on prairies dogs, which resulted 

in Y. pestis samples being detected in P. destructans samples. Another hypothesis is centred on 

the idea that there exists a synergistic relationship between prairie dogs and bats. In particular, 

studies have found that bats may make use of abandoned burrows from prairie dogs as their 

habitats [45]. Therefore, a cross-colonization event could also potentially occur as a result of this 

synergistic relationship. Yet regardless of how the transmission could have occurred, this finding 

demonstrated that Y. pestis has the potential to spread far, and therefore monitoring the presence 

of this species is critical for future pandemic control. 
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Conclusion and Future Perspectives 

In this study, an SRA database search pipeline was developed to identify the presence of Y. pestis 

on unexpected species in order to monitor the emergence of novel strains and reservoirs. Using 

the pipeline, four distinct SRA samples of P. destructans were found to pass the significant 

threshold for potentially containing Y. pestis. Out of those four, one sample (SRR6011490) was 

discarded due to its low genome completeness and poor phylogenetic resolution. For the three 

samples considered, one sample (SRR6011475) is believed to have been evolved from an 

ancient strain of Y. pestis, another sample (SRR6011496) is believed to be highly divergent from 

existing Y. pestis references, and the last sample (SRR6011472) was identical to one of the Y. 

pestis reference genome and is believed to emerge as a result of cross-colonization between 

prairie dogs and bats.  

 Despite that the findings were exciting, the potential of this study is limited by resolution 

of the phylogenetic tree, which is not very great for the samples with low genome completeness 

estimation, such as SRR6011490 and SRR6011475. As a result, a follow-up study should be 

conducted in the future to utilize better bioinformatic software for the phylogenetic classification 

of those low completeness samples. In addition, due to the high divergence seen on the 

phylogenetic tree for the highly divergent SRA sample (SRR6011496), additional verification is 

required to determine if it is indeed a Y. pestis sample. This could be done through a wide 

homology comparison of this sample on various members of the Yersinia genus. When 

phylogenetically accurately classified, better evolution insights on this sample can be obtained, 

and additional gene set comparisons or SNPs analysis may be performed to determine if this 

strain has the potential to be spread onto P. destructans to use it as a new reservoir. The findings 

of this study illustrated the importance of genomic surveillance through the use of various 

bioinformatic databases, and therefore in the future, similar studies should be constantly 

conducted for other pathogens as well in order to better prevent the outbreak of diseases.   
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Supporting Information 
 
This supporting information contains the full phylogenetic trees of the four species in Figure 2. 

Those trees can be found at the following Google Drive link: 

 

https://drive.google.com/drive/folders/1Ds3Ms6y348RbIXNqAVCSPSv6bKWsyLWR?usp=share

_link  

 

The sample of interest in each tree is labelled as pestis_SRRID_kaiju.fa, where SRRID is the 

SRR ID of the sample.   
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