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Abstract: Concern about elevated disease risk following disasters has been growing with the progres-
sion of global trends in urbanization and climate, in part because shifts in socioecological conditions
can promote greater human contact with pathogen reservoirs in cities. Remarkably little is known,
however, about the diversity and distributions of pathogens carried by commensal reservoirs across
disaster-affected urban landscapes. To address this deficit, we characterized the assemblage structure
of viruses in the serum of three widespread commensal rodents (Rattus norvegicus, Rattus rattus,
and Mus musculus) that were trapped in New Orleans (LA, USA) following Hurricane Katrina. We
assessed virus diversity and differentiation according to host species identity, co-occurrence and
abundance, as well as prevailing landscape features known to shape urban rodent assemblages. We
detected ≥34 viruses in total, including several pathogens of concern, through metagenomic analysis
of serum taken from ≥149 individuals of each host species. We found that virus richness as well as
assemblage composition and spatial differentiation differed by host species. Notably, we detected
associations with host species co-occurrence and abundance, and while we found that assemblage
structure varied by study area, we did not detect strong associations with landscape features known
to influence rodent hosts. Evidence that virus diversity and assemblage structure reflect host identity
more so than other factors indicates that biotic benchmarks might serve as prognostic indicators of
post-disaster pathogen exposure risk in cities worldwide.

Keywords: abandonment; disaster; emerging infectious disease; pathogens; surveillance; urban;
virome

1. Introduction

Concern about elevated disease risk following disasters has been growing with the
progression of global shifts in urbanization and climate that are putting an increasing
proportion of the world’s population at risk of experiencing an extreme weather event [1–4].
Risk of disease emergence and transmission can rise immediately following a disaster that
results in the acute disturbance of the built or natural environment [4–6]. Risks can also
become elevated days to decades after a disaster due to response and recovery efforts that
exert equivalent or greater pressures on affected areas [4,6]. Disaster-driven disturbance
and responses thereof can, for example, reduce demographic constraints of pathogen
reservoirs, which may subsequently become more prevalent [4–8]. Greater prevalence can
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increase the possibility of human contact, especially in cities where commensal reservoirs
and humans live in close proximity [9]. Disease risk may not necessarily parallel the
post-disaster demography of reservoirs, however, because pathogen prevalence can be
highly heterogeneous in cities [10–13]. Thus, understanding the diversity and distributions
of pathogens harbored by commensal reservoirs can better ensure that disaster response
efforts foster human well-being by reducing the risk of pathogen transmission.

Characterizing symbiont communities harbored by prevalent commensal hosts can
shed valuable light on zoonotic infectious disease risk following a disaster. Studies focusing
on commensal rodents illustrate the merits of pathogen characterization to understand
post-disaster disease risk in cities [4,8,10,14]. For example, targeted assays of known
rodent-associated bacterial and viral pathogens such as Bartonella [12,15], Rickettsia [15],
Hantaviruses [15] and lymphocytic choriomeningitis virus (LCMV) [16,17] provide evi-
dence of infection hotspots. Targeted assays of known pathogens like Leptospira also have
demonstrated that infection prevalence can parallel external factors like physiography and
host co-occurrence [11,17–19]. Notably, exploratory surveys (e.g., unbiased metagenomic
assays) have demonstrated that urban rodents can host more microbial and viral diversity
than anticipated [20–23]. Exploratory surveys are also starting to reveal the factors shap-
ing the diversity of rodent-associated pathogens in cities [20,21], suggesting that further
characterization of symbiont communities harbored by urban rodent hosts is warranted.

Considerable gains could be made through greater study of rodent-associated viruses,
which are increasingly being recognized as public health concerns. The transmission
of rodent-associated viruses can result in regional disease outbreaks and global pan-
demics [24,25]. It is also expected that commensal rodents will increasingly serve as
primary agents of emerging zoonotic diseases, due in part to global trends in urbaniza-
tion [14,25]. Additionally, regions of the world with coincidentally dense human and
rodent occupancy—including areas in North America and Europe—are considered to be
global hotpots of rodent-associated viral diversity [26], heightening concerns about risk of
transmission to humans. Apprehension about transmission risk has motivated targeted
surveillance of known viral pathogens [15] as well as exploratory surveys to detect and
catalogue viruses [20,21], but little work has thus far been done to determine what factors
shape virus assemblage structure in urban rodents [27,28].

Some insights about potential determinants of virus assemblage structure in urban
rodents can be derived from efforts to catalog rodent-associated viruses, broad comparative
assessments of host-virus associations, and ecological studies of viruses in other vertebrate
reservoirs of concern. Exploratory surveys indicate that the diversity and composition
of virus assemblages differ among rodent host species [20,21,23,29]. Consistent with this,
broad comparative assessments indicate that viral diversity and assemblage structure
reflect rodent host phylogeny [30,31], with associations contingent on spatial scale [30].
Some evidence suggests that diversity also relates to ecological factors like host range size
and sympatry [31], highlighting the potential for cross-species transmission to influence
viral assemblage structure. Consistent with this, cross-species transmission was identified
as a key ecological factor structuring fecal viral assemblages in vampire bats [27], which also
reflected physiography, host demography and resource availability [27]. Targeted assays of
viral pathogens in urban rodents provide further support for the premise that infection can
be influenced by host co-occurrence [32–34], although evidence of fine-scale geographic
heterogeneity [16,17] points to the possibility that neutral processes like dispersal limitation
give rise to distance–decay relationships and spatial aggregation [27,30,35–38].

To gain further understanding of how disasters can influence the risk of pathogen
transmission to humans, we undertook a metagenomic study of blood-borne viruses found
in commensal rodents collected from across New Orleans (LA, USA) following Hurricane
Katrina, which struck the city in late August 2005 [2,4,19]. We examined viral assemblages
in populations of three cosmopolitan commensal species—Norway rats (Rattus norvegicus),
roof rats (Rattus rattus), and house mice (Mus musculus)—from study areas that span a
mosaic of habitat conditions that have arisen due to Katrina-related flooding, discriminatory
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post-disaster resettlement policies [39–42], and municipal differences in post-disaster land
management [4,8,43]. We first set out to determine whether viral assemblages (1) differ
according to host species; (2) reflect host co-occurrence and abundance; and (3) reflect
spatial proximity. We also tested the hypothesis that areas undergoing disaster-driven
counter-urbanization harbor more diverse pathogen pools [8,9,44] by determining whether
(4) viral richness varies according to the severity of Katrina-related flooding and the extent
of abandonment across the study areas (Figure 1).
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2. Materials and Methods
2.1. Study Areas and Rodent Trapping

We examined blood-borne viruses of rodents that were captured for prior stud-
ies [4,8,45] showing that variation in rodent demography, richness, and assemblage struc-
ture reflects a mosaic of habitat conditions that have arisen following Hurricane Katrina
in 2005 due to flooding, discriminatory post-disaster resettlement policies [39–42], and
municipal differences in post-disaster land management [43]. For this study, we examined
animals captured at trapping sites located in ten study areas spanning socioecological
mosaics encompassing contrasting levels of income, flooding, and post-Katrina landscape
management, as follows: eight neighborhoods in the urban footprint of New Orleans, a
neighborhood in adjacent St. Bernard Parish, and a nearby undeveloped (“natural”) area
located within Orleans Parish (Figure 1). All rodents were trapped between May 2014
and February 2017 following Tulane IACUC-approved protocols #0451 and #0460 [8,45].
Rodents were captured using Tomahawk and Sherman traps set on eight to ten randomly
selected blocks in each neighborhood and at eight equivalently sized trapping sites in
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the nonresidential natural area. Rats included in this study were trapped at a total of
77 sites (Figure 1) across a succession of six alternating summer and winter bouts (Summer
2014-Winter 2016/2017) in the Gentilly, Uptown, Lower 9th, Upper 9th, Bywater, Lakeshore
and Lakeview neighborhoods (Figure 1). Rats were trapped in the natural area and French
Quarter across a succession of four bouts (Summer 2015–Winter 2016/2017), and a suc-
cession of two trapping bouts (Summer 2016–Winter 2016/2017) in St. Bernard Parish.
As detailed elsewhere [8,45], 30 Tomahawk live traps (Tomahawk Live Trap, Hazelhurst,
WI, USA) were set at each site to capture larger rodents (i.e., rats) during each trapping
bout. Mice included in this study were concurrently trapped using an equal number of
Sherman traps (H.B. Sherman Traps, Inc., Tallahassee, FL, USA) at 25 sites in five study
areas starting in the Summer of 2015 (Figure 1). At each site, all Tomahawk traps were
set for a minimum of three continuous nights, with trapping sustained until the trap rate
reached an asymptote (i.e., until no individuals were captured). Trapping of small rodents
was sustained for four continuous nights, which yielded outcomes statistically indistin-
guishable from asymptotic trapping [8]. To enable further comparisons, additional rats
were collected through opportunistic trapping at one site in the Central Business District
(hereafter referred to as the ‘Underpass’ site) as part of control efforts conducted by the
City of New Orleans Mosquito, Termite, Rodent Control Board (NOMTCB) in the Summer
of 2014 (Figure 1).

We leveraged information gained from prior work to evaluate how viral assemblage
structure relates to trapping site and study area characteristics. As detailed elsewhere [8,43],
land use was characterized according to high-resolution Pleiades satellite imagery sup-
ported by plot-based estimates of vegetation and ground cover. We also overlaid spatial
layers of parcel boundaries onto Google Earth imagery to determine the proportion of
vacant lots at each trapping site for each year of the study, with all trapping sites outside
of residential areas considered to be 100% vacant [8]. Image-based estimates of vacancy
were supported by plot-based assessments of abandonment (unmaintained buildings,
unmaintained vegetation, and debris piles) that were conducted over the course of the
study period [8].

2.2. Tissue Collection and Specimen Measurements

We euthanized and necropsied all animals using isoflurane anesthesia followed by
cardiac puncture according to a standard protocol (Tulane IACUC approved protocols
#0451 and #0460) performed at the City of New Orleans Mosquito, Termite Rodent Control
Board facility. Blood collected from the cardiac puncture was immediately spun down to
separate serum from coagulate. Species, sex, sexual maturity, weight and standardized
length measurements were recorded for each animal. We then collected replicate samples
of urine as well as lung, liver, kidney, spleen, and tail tissue. All liquid and tissue samples
were immediately transferred to a −80 ◦C freezer for storage until later use.

2.3. Metagenomic Sequencing

We utilized serum samples to characterize blood-borne viruses in 482 rodents, con-
sisting of 160 Norway rats, 173 roof rats, and 149 house mice. Individual samples were
combined into 110 pools on the basis of host species and trapping site (Table 1). Following
Bergner et al. [27,46], each pool consisted of sera from two to seven individuals (Table 1).
Serum samples used in the pools were first centrifuged at 5000 rpm for five minutes to
remove cells and particulates. After centrifugation, 120 µL of supernatant from each in-
dividual was treated with nuclease enzymes to remove cell-free host nucleic acid, which
was followed by nucleic acid extraction using QIAamp Viral RNA Mini Kits (Qiagen)
as per the manufacturer’s protocol. The nucleic acid extractions from each pool were
tagged with a unique barcode variant of the A0 primer (5′-CGTCAAATCCCTCGGTCAG
GNNNNNNN-3′) during cDNA and second–strand synthesis, which involved use of Su-
perscript III reverse transcriptase (Thermo Fisher Scientific) and Klenow Exo- polymerase
(New England Biolab), respectively. The tagged nucleic acid was amplified with the pool
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specific barcoded primer for Illumina library preparation. The PCR product for each pool
was size selected to a length of 200-500 base pairs using 1.3X of Axyprep beads (Axygen
Scientific) as per the manufacturer’s instruction except that elutions used 14 µL of buffer.

Table 1. The number of pools followed by the corresponding number of individuals used in assays
of viral diversity and composition in each study area.

Study Area M. musculus R. norvegicus R. rattus Total

Bywater 0, 0 2, 6 4, 12 6, 18
French Quarter 0, 0 5, 25 1, 4 6, 29

Gentilly 5, 25 2, 10 5, 21 12, 56
Lakeshore 0, 0 0, 0 9, 28 9, 28
Lakeview 0, 0 0, 0 4, 23 4, 23

Lower 9th Ward 14, 71 14, 60 5, 21 33, 152
Natural Area 5, 19 0, 0 3, 17 8, 36

St. Bernard Parish 7, 32 0, 0 1, 4 8, 36
Underpass 0, 0 5, 26 0, 0 5, 26

Upper 9th Ward 0, 0 5, 26 5, 20 10, 46
Uptown 1, 2 2, 7 6, 23 9, 32

Total 32, 149 35, 160 47, 173 110, 482

PCR products were included in libraries at equimolar concentrations and subjected to
dA tailing and Illumina adaptor ligation. Adaptor ligated libraries were amplified with
Illumina I7 and I5 primers as follows: 98 ◦C for 30 s; 10 cycles of 98 ◦C for 15 s, 65 ◦C for
30 s, 72 ◦C for 30 s; 72 ◦C for 5 min; and an extended hold at 10 ◦C. Libraries were then
purified with 0.7× of Axyprep beads (Axygen Scientific) and eluted in 30 µL of buffer.
Library size was determined using a High Sensitivity DNA kit on an Agilent BioAnalyzer
2100 instrument (Agilent) and concentrations were measured using a KAPA Library Quan-
tification Kit (Kapa Biosystems). Libraries were sequenced on a HiSeq™ 4000 platform
(Illumina) for 2× 150 cycles at the Institute for Genomic Medicine, Nationwide Children’s
Hospital (Columbus, OH, USA). Consistent with manufacturer expectations, we estimated
that the sequencing error rate—measured according to average % hopping reads—was
1.82% for Norway rat libraries, ranging from 0.82% to 3.94% across all pools. Comparable
error rates were estimated for roof rat and house mice libraries. Error estimation was based
on a 12 base pair barcode protocol allowing for a one base pair mismatch while binning.

2.4. Bioinformatics

FastQ files were demultiplexed based on each sample’s pool-specific barcode present
within 25 BP at the 5′ and 3′ ends, allowing for a one base pair mismatch in the barcode
search using BBDUK (BBTools). The demultiplexed FastQ files were adapter trimmed
using cutadapt v1.8.3, with quality reports generated using FastQC v0.11.5. To verify our
pipeline, we also included 100–300 base pair long sequences of 30 different known viruses
as positive controls in each quality filtered FastQ file. Demultiplexed and Q30-filtered
FastQ files were mapped against each respective host species genome and the Phi X ref-
erence genome using Bowtie v2.3.3.1 to determine the host background and Phi X level
percentage. All unaligned reads were then clustered to remove duplicate sequences using
CD-HIT v4.6.5 software. The resulting unique reads were de novo assembled using MIRA
v 4.0 assemblers. Contigs and unassembled reads were first analyzed using BLASTN
[BLAST 2.7.1+], with an e-value cutoff of 1e−8 against the GenBank nucleotide database.
Sequences that remained unclassified were then screened with BLASTX against the Gen-
Bank viral protein database [23,46]. All sequences were also analyzed using DIAMOND
v0.9.13.114 with comparisons drawn to a nonredundant protein database. All sequences
classified as a virus from DIAMOND were again processed using a BLASTX [BLAST 2.7.1+]
protein alignment with an e-value cutoff of 0.01 against a nonredundant NCBI database for
classification to the lowest taxonomic unit possible [23,46]. Final taxonomy reports were
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generated by combining BLASTn and BLASTx virus classification entries for pool-wise
comparisons [23,46].

2.5. Statistical Analyses

Prior studies [27,46] have demonstrated that low-to-moderately diverse viral assem-
blages can be confidently characterized (i.e., where detection plateaus with the community
approaching or achieving saturation) at the sequencing depths that we attained in this
study, allowing for representative comparisons of virome composition. We nonetheless
accounted for potential differences due to variation in the number of individuals included
in each pool by (1) standardizing values according to read count; and (2) rarefying values
recovered for all pools relative to the pools with the smallest numbers of individuals [47],
despite concerns that rarefaction involves discarding potentially informative data [48]. As
comparisons revealed that the two approaches yielded qualitatively similar results, we
have elected to present those based on rarefication. We first visualized rarified assemblage
composition according to host species by plotting the first two principal components of
log2 rarefied virus assemblages. We also visualized rarified assemblage composition from
only the trapping sites for which we obtained data from more than one host species. We
then conducted a PERMANOVA [49] with 999 permutations to determine the extent to
which host species explains the sum of squared variance in composition. We conducted a
second PERMANOVA utilizing only data from locations with data from more than one
host species to determine whether variance was explained by species, trapping site and a
species x trapping site interaction term.

We took several approaches to assess socioecological predictors of rarified assemblage
composition. First, we utilized a linear regression model and post-hoc comparisons with
Tukey’s p-value corrections to determine whether virus richness differed among host
species and whether virus richness differed according to site-level host species abundance
as well as measures of vacancy and abandonment, such as flooding depth, the proportion
of vacancy and unmaintained vegetation at a trapping site [8]. For this analysis, we
standardized richness estimates by taking the natural log of rarefied richness divided by the
total number of assayed animals of a given species. Separate models were constructed using
different measures of abundance as follows: individual measures of average abundance for
each host species across all trapping seasons; individual measures of total abundance for
each host species across all trapping seasons; total abundance of all host species trapped at
a site, with the analysis restricted to the subset of sites where rats and mice were trapped;
and likewise, total abundance of all rats at a site, with the analysis restricted to the subset of
sites where only rats were trapped. To further explore relationships between viral richness
and rodent host species co-occurrence, we compared standardized viral richness of all
individuals in a pool and the number of rodent hosts present at a site, focusing only on
locations where we had trapping data available for rats and mice. We did so using an
ANOVA of natural log transformed richness estimates that were standardized to account
for differences in sample sizes among locations. We standardized richness estimates by
dividing rarefied richness by the total number of animals of a given species from each site
for which virus data was available.

We conducted separate Mantel tests for each species to determine whether viral
assemblages exhibited greater dissimilarity with increasing geographic distance between
trapping sites. Due to the patchiness in trapping site locations (Figure 1) [8], we restricted
these analyses to data from specimens captured across contiguous study areas to limit the
potential influence of outlier sites and landscape features (e.g., waterways) that can result
in sharp discontinuities [50]. Accordingly, we examined spatial differentiation of viral
assemblages in house mice from the Lower 9th Ward and St. Bernard Parish neighborhoods.
For roof rats, we examined viral assemblages in animals from the Lakeview, Lakeshore
and the Gentilly neighborhoods, and for Norway rats, we examined viral assemblages in
animals from the French Quarter, Lower 9th and Upper 9th Ward neighborhoods (Figure 1).
We plotted the correlation coefficients between the Bray–Curtis dissimilarity matrix of
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rarefied viral assemblages and the geodesic distance matrix based on latitude and longitude
coordinates representing the centroid of each trapping site, as well as scatterplots of the
dissimilarity matrix relative to geodesic distance.

Unless otherwise noted, all statistical analyses were completed in R with the vegan,
glmmTMB, ecodist, and multcomp packages [51–54].

3. Results
3.1. Viral Richness

Metagenomic sequencing of the 110 pools encompassing 482 specimens (Table 1)
recovered a total of 443.78 M reads, yielding an average of 4.03 M reads per pool. We
detected a total of 46 viruses across all pools (Table S1). Rarefaction removed singleton and
very low frequency viruses from further consideration (Table 2), resulting in an inventory
of 34 viruses including 19 detected in Norway rats, 14 detected in roof rats, and 13 detected
in house mice (Table 2). Each pool contained an average of 4.2 (range, 1–9), 3.0 (range,
1–6), and 2.1 (range, 1–4) viruses in Norway rats, roof rats, and house mice, respectively
(Table 2). Compiling across species-specific pools, the total richness of viruses at individual
trapping sites averaged 4.25 viruses (range, 2–7) in Norway rats; 2.3 viruses (range, 1–3)
in roof rats; and 2.5 viruses (range, 1–3) in house mice. Rarified measures of total virus
richness in the study areas ranged from 1.6 viruses at sites in St. Bernard to 5.3 viruses at
sites in the French Quarter. Differences in viral richness across study areas were statistically
significant when considering all host species together (Kruskal–Wallis chi-squared = 25.637,
df = 10, p-value = 0.004261), although there were no significant pairwise differences among
neighborhoods (Kruskal–Wallis rank sum test with Wilcoxon pairwise comparisons, all
p > 0.05). Likewise, there were no significant differences among neighborhoods when
considering each host species separately (Kruskal–Wallis rank sum test with Wilcoxon
pairwise comparisons, all p > 0.05; Figure 2).
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Table 2. Post-rarefaction list of blood-borne viruses detected in Mus musculus, Rattus norvegicus, and Rattus rattus collected
across New Orleans, presented as the number of positive pools, followed by the percentage of positive pools in parentheses.
n = total number of pools.

Virus M. musculus (n = 32) R. norvegicus (n = 35) R. rattus (n = 43)

Anelloviridae sp. 0 (0) 14 (40) 40 (93)
Beihai picobirna-like virus 8 3 (9) 0 (0) 0 (0)

H1 parvovirus 1 (3) 1 (3) 1 (2)
Lymphocytic choriomeningitis virus 2 (6) 0 (0) 0 (0)

Mouse kidney parvovirus 5 (16) 0 (0) 0 (0)
Mouse parvovirus 1 10 (31) 0 (0) 0 (0)

Murine adeno-associated virus (new) 6 (19) 0 (0) 0 (0)
Murine adeno-associated virus 1 1 (3) 0 (0) 0 (0)

Murine adenovirus 1 2 (6) 0 (0) 0 (0)
Murine bocavirus 1 (3) 0 (0) 0 (0)

Murine cytomegalovirus strain K181 10 (31) 0 (0) 0 (0)
Murine leukemia virus 21 (66) 0 (0) 0 (0)

Mus musculus polyomavirus 2 5 (16) 0 (0) 0 (0)
Rat adeno-associated virus 0 (0) 2 (6) 0 (0)

Rat bocavirus 0 (0) 1 (3) 1 (2)
Rat cytomegalovirus 0 (0) 1 (3) 2 (5)
Rat kobuvirus MM33 0 (0) 1 (3) 0 (0)

Rat minute virus 0 (0) 12 (34) 2 (5)
Rat minute virus 1b 0 (0) 3 (9) 0 (0)
Rat minute virus 1c 0 (0) 5 (14) 0 (0)
Rat minute virus 2a 0 (0) 1 (3) 0 (0)
Rat parvovirus 1a 0 (0) 2 (6) 0 (0)

Rat parvovirus NTU1 0 (0) 2 (6) 3 (7)
Rattus norvegicus papillomavirus 1 0 (0) 1 (3) 0 (0)

Rodent bocavirus 1 (3) 0 (0) 0 (0)
Rodent hepacivirus 0 (0) 15 (43) 2 (5)
Rodent pegivirus 0 (0) 27 (77) 0 (0)

Rodent torque teno virus 1 0 (0) 21 (60) 35 (81)
Rodent torque teno virus 2 0 (0) 26 (74) 10 (23)
Rodent torque teno virus 3 0 (0) 10 (29) 18 (42)
Torque teno mini virus 4 0 (0) 0 (0) 1 (2)
Torque teno mini virus 5 0 (0) 0 (0) 4 (9)

Torque teno virus 0 (0) 0 (0) 4 (9)
Torque teno virus-like mini virus 0 (0) 3 (9) 6 (14)

We detected a number of viruses known to infect commensal rodents (Table 2), in-
cluding viruses that can be pathogenic to rodent hosts and humans. Torque teno viruses
were among the most prevalent viruses found in the sampled individuals (Table 2 and
Table S1). Mouse kidney parvovirus, which can compromise the health of rodent hosts,
was detected in house mice. Murine leukemia virus, which can also be problematic to
rodent hosts, was among the most prevalent viruses detected in house mice (Table 2 and
Table S1). Notably, a new murine adeno-associated virus was discovered in house mice
(Table 1 and Table S1), and a rodent hepacivirus was detected in a large proportion of
Norway rats assayed for this study (Table 2 and Table S1). We also detected Lymphocytic
choriomeningitis virus (LCMV)—known to be pathogenic in humans—at relatively low
prevalence in house mice. It was recovered in 6% of the house mice pools (Table 2), which
were composed of individuals collected from one trapping site in the Lower 9th Ward and
from one trapping site in the Gentilly neighborhood.

3.2. Correlates of Viral Richness and Differentiation

We found that standardized viral richness significantly differed among host species,
with Norway rats exhibiting greater richness than house mice (coef = 0.82, p < 0.01) but not
roof rats. We also found that roof rats supported greater viral richness than house mice
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(coef = 0.67, p < 0.01). Though locations with more host species exhibited relatively higher
viral richness, the difference was not statistically significant (coef = 0.17292, p = 0.11). The
richness of viruses detected in Norway rats was, however, higher at sites of co-occurrence
with roof rats (coef = 5.32, p = 0.029; Figure S1), although the richness of viruses in roof
rats did not differ according to co-occurrence with Norway rats (coef = 0.044, p = 0.83;
Figure S1). We did not recover significant relationships between viral richness and total or
average abundance of individual species (Figure S2). Notably, we did recover a significant
relationship between viral richness and total abundance of all rodents at sites where we
trapped rats and mice, (coef = 0.0004, p = 0.045). A similar but nonsignificant relationship
was detected at sites where we only trapped rats (coef = 0.006, p = 0.08). Notably, we
did not detect relationships between viral richness and vacancy (coef = 0.008, p = 0.98) or
flooding depth (coef = −0.014, p = 0.319) at trapping sites.

Viral assemblage composition significantly differed by host species. Differences
among host species were evident when viral assemblage composition was visualized for
all trapping sites (Figure 3). When considering data from all rodents from all locations
included in this study, we found that most of the variation in viral assemblage composition
was explained by host species identity (R2 = 0.43, p = 0.001). Viral assemblage composition
also differed by study area when considering all species together (R2 = 0.08, p = 0.01) and
separately for house mice (R2 = 0.21, p = 0.035) as well as for Norway rats (R2 = 0.28,
p = 0.024) but not for roof rats (R2 = 0.24, p = 0.23). We additionally recovered a significant
species x study area interaction for all species (R2 = 0.06, p = 0.043). The distinctiveness
of viral assemblage composition by species (R2 = 0.40, p = 0.001) also was apparent at
the subset of trapping sites for which we obtained data from more than one host species
(Figure 4). Site (R2 = 0.15, p = 0.456) and species x site interactions (R2 = 0.22, p = 0.371)
were not significant, however, when restricting analyses to trapping sites from which we
had data from more than one species.

The extent of geographic variation in viral assemblage composition differed by host
species. Mantel tests revealed that relationships between viral assemblage dissimilarity
and spatial distance varied according to host species (Figure 5). We did not find a signif-
icant relationship between spatial distance and assemblage dissimilarity for house mice
(all p > 0.26, mantel R = 0.04) and Norway rats (all p > 0.39, mantel R = −0.03; Figure 5).
Roof rats collected from more proximate locations, however, exhibited more similar viral
assemblages than those that were geographically farther apart, and those farther apart
generally exhibited more different viral assemblages (mantel R = 0.25; Figure 5). Similarity
of viral assemblages in roof rats emerged over distances of ≤50 m, corresponding to a
significant positive correlation in the corresponding mantel correlogram, whereas dissimi-
larity emerged over distances of ≥6 km, corresponding to a significant negative correlation
in the correlogram (Figure 5).
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4. Discussion

In this study, we examined blood-borne viral assemblages within and among three
cosmopolitan rodent hosts trapped across post-Katrina New Orleans in order to shed
further light on how disasters can influence the risk of pathogen transmission to humans.
Assays of serum can serve as a powerful lens for detecting viruses in rodents, including
pathogens of concern including LCMV and Hantaviruses like the Seoul virus [55], which
can cause hemorrhagic fever with renal syndrome in humans. We assessed the extent to
which blood-borne viral assemblages reflect host identity, co-occurrence, and abundance
as well as geographic distance and landscape features that structure rodent diversity
and distributions in the city [8]. Our results indicate that rodent viral assemblages are
primarily defined by host identity. We found significant differences in viral richness and
little compositional overlap according to rodent host species, even when comparing viral
assemblage composition in different species captured at the same trapping site. Consistent
with this, we found that spatial variation in viral assemblage composition differed by
host species. These results parallel evidence from studies of other rodent-associated
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viral and symbiont communities, like gut microbiota, that highlight the importance of
host identity [23,56]. Indications that viral assemblages reflect features of rodent host
assemblages like host co-occurrence and overall abundance support the premise that cross-
species transmission structures viral assemblages [27,31]. Notably, landscape features
known to structure urban rodent assemblages do not appear to exert a strong influence on
associated viral assemblages. Further comparisons of host-to-viral assemblage structure
over time, as well as within and among cities, are nonetheless warranted as pathogen
pool diversity and human activities are key risk factors in predictions of zoonotic disease
outbreaks [57–59].

4.1. Patterns of Viral Richness

Consistent with profiles of viruses in commensal rodents elsewhere [20,22,23], we
found that Norway rats harbor a more diverse viral assemblage relative to assemblages
in roof rats and house mice. Differences among host species could reflect innate varia-
tion in tolerance to sustain infections [60], although it might also reflect ecological differ-
ences in infection risk attributable to host-specific habitat use, diet, or some combination
thereof [27,61,62]. The observed differences in viral richness might, however, be a legacy
of past events and conditions that have shaped host demography and distributions across
the city [4,8]. For example, viral richness might differ according to invasion history be-
cause all three species have been introduced to New Orleans [63]. Introduced species
tend to support depauperate symbiont communities compared to source or native range
populations [64], which raises the possibility that differences in richness could reflect time
since invasion, founding population size, the number of introductions, and provenance.
Similarly, we posited that the richness of viral symbionts in extant populations might differ
according to variation in the severity of flood-driven (Figure 1) population decline and the
nature of demographic recovery following Hurricane Katrina (e.g., in situ expansion versus
immigration from unflooded areas) [45,65]. Contrary to expectations, we did not detect
evidence that viral richness differs according to flooding history (i.e., depth or severity of
flooding) of the sites included in this study. Broadening comparisons to include additional
sites across New Orleans as well as sites within other cities could shed further light on how
macroecology and demography [12,30,31,37,45,63] influence viral richness in commensal
rodent hosts.

4.2. Patterns of Viral Assemblage Structure

There was little compositional overlap according to host identity (Figure 3), even at
sites harboring more than one host species (Figure 4). Prior studies similarly indicate that
commensal rodent hosts carry distinct bacterial symbionts (e.g., Bartonella, Leptospira)
across New Orleans. Some indications suggest, however, that cross-species transmission
influences the structure of blood-borne viral assemblages in urban populations of commen-
sal rodents. We found that Norway rats, for example, exhibit elevated viral richness at
sites that also harbor roof rats. The reverse was not found, suggesting that the potential for
transmission is asymmetric. Consistent with this, signatures of directional transmission
have been found for bacterial symbionts among co-occurring rodent host species [12,19].
We also detected several viruses in multiple host species, which is consistent with trends
indicating that viruses exhibit less host specificity than bacterial symbionts [31]. Several
torque teno viruses (TTVs), for instance, were the most frequently detected viruses in
both Norway rats and roof rats (Table 2 and Table S1). Prior surveys of other study areas
have likewise detected TTVs in both species of commensal rats [23], and as in surveys
of M. musculus in New York City and elsewhere [21,66], we did not detect TTVs in M.
musculus assayed for this study. Parallels like this highlight the value of characterizing the
prevalence of TTVs and other viruses carried by multiple hosts [31,66,67] to understand
the relative influence of host specificity in governing viral assemblage structure. Greater
understanding of the distribution and abundance of urban rodents e.g., [8] could offer
additional insight into the potential for transmission among co-occurring host species.
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The compositional distinctiveness of rodent viral assemblages (Figures 3 and 4) ap-
pears to partly reflect the heterogeneous distribution of relatively low frequency viral taxa.
The known pathogen LCMV, for example, was found in just 6% of the M. musculus pools
(Table 2), which included individuals collected from one site in the Lower 9th Ward and
from one site in the Gentilly neighborhood. This pattern is similar to those found in prior
studies of LCMV in other areas [68], including Baltimore where LCMV infections were
found to be highly heterogeneous (range, 0–50%) among nearby households [16]. The
distribution of LCMV in New Orleans thus appears to provide further support for the
premise that geographic heterogeneity in pathogen infection may be the norm in urban
rodent populations and assemblages, even on relatively small spatial scales e.g., [10–13].
Nonetheless, the occurrence of low-frequency viruses like LCMV (Table 2 and Table S1)
could in part reflect shifts in rodent assemblage structure driven by Katrina-related flooding
and post-Katrina differences in municipal landscape management (Figure 1) [8,43]. More
insight about the distribution of low frequency viruses might thus be gained from further
sampling across discrete socioecological transitions as well as assays based on individual
specimens and greater sequencing depths [46–48].

Notably, our work revealed that signatures of spatial variation in viral assemblage
structure differed by host species. Although studies of free-living bacteria suggest that
distance decay is not a universal feature of microbial communities [69], we expected that
blood-borne viral assemblages would exhibit distance-dependent structure like the pattern
observed in the rodent host assemblage in New Orleans [8]. Yet signatures of spatial struc-
ture were only found for viral assemblages in roof rats (Figure 5). The observed differences
might in part reflect host-specific variation in viral metacommunity dynamics [30,70]. It
is also possible that the spatial scale of transmission differs for each host species, with
transmission being more localized in roof rats than either Norway rats or house mice
(Figure 5). This may be due to aggregate differences in the route(s) of virus transmission
(e.g., environmental, direct contact, etc.) as well as differences in host dispersal, where
hosts with lower dispersal ability exhibit more pronounced patterns of distance decay
in pathogen community similarity [71]. If so, then our findings would suggest that roof
rats are more dispersal limited than either Norway rats or house mice. This hypothesis
could be tested through comparisons of direct measures of movement potential or indirect
measures of dispersal such as population genomic variation. For example, comparisons of
genomic variation suggest that white-footed mice are more dispersal limited than Norway
rats in New York City [72,73]. It is also possible that viral assemblages in some, but not
all, rodent hosts are saturated within the city, which would yield inconsistent patterns of
spatial variation with little association with host dispersal ability [71].

4.3. Predictors of Viral Diversity

We found some indications that viral assemblages reflect features of rodent host
assemblages that foster cross-species transmission. Some species-specific measures of
viral richness differed according to host co-occurrence (Figure S1), for example, which
is consistent with evidence that bacterial symbionts may be transmitted at sites where
rodent hosts co-occur [12]. It is also consistent with observations that the richness of
bacterial and other symbionts can scale with host richness [19,74–76] including evidence
that the infection prevalence of particular groups of viruses (e.g., Hantaviruses) can decline
with rodent host diversity [32,34]. While these parallels are intriguing, further work is
warranted to clarify the extent to which rodent hosts and blood-borne viruses exhibit
relationships akin to those observed in other host-symbiont systems. It would be prudent
to conduct studies that aim to rectify elements of our study design that possibly limited
detection of relationships. For example, our analyses are based on collections made years
following Hurricane Katrina. We also were unable to evaluate the full complement of
rodent diversity found across the study region [19]. Accordingly, examining relationships
during the immediate aftermath of the disaster or comparing sites that capture a larger
range of host species richness might have provided stronger evidence of scaling. While
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this would be a worthwhile endeavor, it should be noted that host–symbiont relationships
may have been disrupted by Katrina-related flooding and subsequent efforts to rebuild
the city [43], as even well-established relationships can be diminished by anthropogenic
activity [77].

We found that rodent-associated viral richness corresponds to some measures of host
abundance but not landscape features known to shape rodent demography and assemblage
structure in New Orleans [8,45]. As has been suggested for other vertebrate hosts that form
colonies (e.g., vampire bats) [27], viral richness can potentially trend with host abundance
if transmission is density dependent. Evidence that viral richness corresponds to total
rodent host and rat host abundance suggests that this could be the case with blood-borne
viruses in rodents, but it may be a stronger feature of other viral assemblages (e.g., faecal
assemblages) that are more likely to be subject to density-dependent transmission (i.e.,
via direct contact) [27]. Likewise, other viral assemblages might align more closely with
measures of disaster-driven abandonment across the city. It has been hypothesized that
counter-urbanizing areas can support a larger number and more diverse complement of
hosts and associated pathogen pools [4,9,44]. Although our findings do not support this
hypothesis, other work has shown that rodents are more abundant and more diverse in
areas of New Orleans that are burdened with greater disaster-driven abandonment [8,45].
A positive relationship also has been found between rodent diversity and Leptospira infec-
tion across New Orleans [8]. Further study to explore possible linkages between prevailing
environmental conditions, hosts, and viral assemblages would thus be worthwhile. It
would be particularly valuable to test whether life history (e.g., individual age and re-
productive status, age composition of a population) mediates the influence of resource
availability on viral assemblages [27,65,78]. It would also be prudent to draw comparisons
among co-hosted assemblages (e.g., blood-borne versus fecal) [27], which could reveal
other key contingencies like transmission route. This could shed further light on why
the diversity of viral infections in rodents does not necessarily translate to greater risk of
pathogen transmission to humans [76]. Disease risk might instead correspond more to the
distribution and prevalence of particular constituents of concern that more closely align
with socioecological conditions. Reconstructing chronologies, anchored by comparisons
conducted during the immediate aftermath a disaster, would likely offer a stronger basis for
differentiating between disturbance-driven and response-driven pressures on host–virus
relationships. Accordingly, deconstructing observed patterns of host–virus relationships
into constituent elements could help identify key risk factors associated with pathogens of
concern, clarifying whether and how disaster-driven counter-urbanization poses a risk to
resident communities [79,80].
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