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Abstract

Temporal changes in wastewater microbiomes can reflect shiftsin microbia abundance, detectable
membership, and genome recovery. We paired genome-resolved and read-based metagenomics to
distinguish these signalsiin 25 spatially pooled university wastewater samples collected during wet and
dry periods. The workflow recovered 203 wet-period and 230 dry-period metagenome-assembled
genomes (MAGs). Community composition differed between periodsin both MAG-derived
presence/absence profiles (Jaccard PERMANOVA, R? = 0.548, p = 0.001) and read-based relative-
abundance profiles (Bray—Curtis PERMANOVA, R? = 0.167, p = 0.001). Greater dry-period read-based
richness persisted after rarefaction but disappeared under more stringent abundance thresholds, indicating
asubstantial contribution from low-abundance detections. Of 57 period-associated core speciesin the
MAG-derived profiles, 14 had exact species-level matches in the read-based dataset. All 14 remained
detectable at >90% prevalence in the opposite period, and 13 had higher relative abundance in the period
corresponding to their M AG-based association. Continued species detection therefore accompanied
changes in community composition and MAG-based representation. Perfect/Strict CARD/RGI resistance-
associated annotations occurred in 94.1% of wet-period and 92.2% of dry-period MAGs and were
distributed across shared-core and period-associated taxa. These findings reveal repeated detection of a
matched subset of microbial taxa beneath temporal community restructuring, together with widespread
resistance-associated genetic potential among recovered genomes. Combining read-based and genome-
resolved profiles helps distinguish changes in detectable membership from changes in the genomic
characterization available for wastewater surveillance.

Importance

A changing wastewater microbia profile can suggest that organisms have disappeared or been replaced.
In this university wastewater time series, community composition differed between sampling periods, yet
all 14 speciesthat could be matched between the period-associated MAG core and read-based profiles
remained highly prevalent in the opposite period. Most aso shifted in relative abundance in the direction
of their MAG-based association. Thus, continued species detection can coexist with changesin
community composition and genome representation. Resistance-associated annotati ons were widespread
among the recovered genomes, providing complementary information about their genetic potential. Paired
analyses can help wastewater surveillance distinguish organisms that remain detectable from those for
which genomic context is available.

INTRODUCTION

Wastewater metagenomics characterizes microbial communities and antimicrobial resistance (AMR)
potential across human, environmental, and sewer-associated inputs (Pruden et al., 2021; Fierer et al .,
2022). Interpreting changes in these profiles requires distinguishing shifts in relative abundance from
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changes in detectable membership. A further distinction arisesin genome-resolved analyses: changesin
the genomes that can be reconstructed or detected may alter the apparent representation of taxa without
demonstrating their disappearance. Separating these signalsisimportant for interpreting microbial
dynamics and the genomic information available for surveillance.

Read-based and genome-resol ved anal yses offer complementary views of a wastewater community.
Read-based taxonomic profiling estimates composition from sequence assignments, whereas genome-
resolved metagenomics reconstructs genomes that can place resistance-associated annotationsin
microbial context. Assembly and binning require sufficient sequence information, so read-level evidence
for a species may be available even when a corresponding metagenome-assembled genome (MAG) is hot
recovered. Sequencing depth also affects inferred taxonomic and AMR profiles (Gweon et al., 2019). A
taxon associated with one period in MAG-derived profiles may therefore remain detectable by read-based
profiling in another period.

Previous campus wastewater research has documented spatial and temporal variation in microbial
communities and resistance-gene profiles, including substantial contributions from environmental
organisms (Fierer et al., 2022). Longer sewage time series have distinguished seasonal, human-derived,
and environmental microbial components, with implications for source-attributed surveillance (Becsei et
al., 2024). These studies establish the importance of community dynamics. A complementary question is
whether taxa associated with one temporal window in genome-resolved profiles remain detectable when
the same samples are examined through read-based profiling.

Repeated sampling of university wastewater provides a tractable setting for this comparison. Passive
tampon samplers integrate material over adeployment interval and have been used for wastewater
surveillance (Bivins et a., 2022; West et al., 2023). Here, wet and dry sampling windows provided
contrasting periods within one campus sewer network. Because these windows also differed in calendar
time and potentially campus occupancy, we examine period-associated variation rather than attributing
differences specifically to rainfal or season.

We paired genome-resolved and read-based analyses of San Francisco State University wastewater to
examine community restructuring and continued taxon detection across wet and dry sampling periods. We
compared community composition and richness, then tested whether period-associated core speciesin
MAG-derived profiles remained detectable in the read-based dataset. We also examined pathogen-
associated taxonomic signals and the distribution of resistance-associated annotations among recovered
genomes. Together, these anal yses connect temporal community patterns with the taxonomic and

genomic information available for wastewater surveillance.

METHODS

Wastewater sampling and sample processing

Wastewater was sampled at three locations within the San Francisco State University campus sewer
network during December 2024—February 2025 (wet period) and April-August 2025 (dry period).
Samples were collected approximately weekly at a consistent time of day using a passive, M oore-swab-
inspired approach. Commercialy available Tampax Super tampons were suspended directly in the
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wastewater stream for 24 h, consistent with previous applications of passive wastewater sampling (Bivins
et al., 2022; West et al., 2023). The study comprised 25 spatially pooled samples: 11 from the wet period
and 14 from the dry period.

Following collection, wastewater recovered from the three sites was pooled in equal volumes. Where
sufficient material was available, 12.5 mL from each site was combined; for lower-volume collections, 10
mL from each site was used. The resulting composite was divided into aliquots for downstream
processing. Nucleic acids were concentrated and extracted using the Nanotrap Microbiome A and B
Enviro Water Protocol with the NucleoMag kit (APP-081) or the Nanotrap Microbiome Combined 10-mL
Automated Protocol with the NucleoMag kit on a KingFisher Apex platform (APP-076).

Shotgun metagenomic sequencing

Extracted DNA was submitted to Zymo Research for shotgun metagenomic sequencing at atarget depth
of approximately 80 million paired-end reads per sample. Libraries were prepared using the [llumina
DNA Library Prep Kit with up to 500 ng DNA, unigue dual-index 10-bp barcodes, and Nextera adapters,
following the manufacturer’s protocol. The ZymoBIOMICS Microbial Community DNA Standard was
included as a positive control for each library preparation. Sequencing was performed on an Illumina
NovaSeq platform.

Genome-resolved metagenomic analysis

Raw reads were quality filtered using BBDuk from BBTools (v39.33) with adapter and PhiX removal
(ref=adapters,phix), right-end k-mer trimming (ktrim=r, k=23, mink=11, hdist=1), paired-read overlap
trimming (tpe, tbo), and quality trimming of both read ends at a Phred score threshold of 10 (gtrim=rl,
trimg=10); reads shorter than 50 bp after trimming were discarded (minlen=50). Filtered reads were
assembled using MEGAHIT (v1.2.9) (Li et a., 2015). Metagenome-assembled genomes (MAGs) were
recovered using MaxBin2 (v2.2.7) (Wu et al., 2016) and evaluated using CheckM (v1.2.4) (Parks et a.,
2015). MAGs with estimated compl eteness >50% and contamination <10% were retained. These
thresholds yielded 203 MAGs from wet-period samples and 230 from dry-period samples. Taxonomy was
assigned using GTDB-Tk (v2.6.1; GTDB release R226; Chaumeil et al., 2022). Reads were mapped to
recovered MAGs using Bowtie2 (v2.5.5; Langmead and Salzberg, 2012) with the --very-sensitive preset.
Mean coverage and covered fraction were calculated using CoverM (v0.7.0; Aroney et a ., 2025), and a
MAG was considered detected in a sample when it had >1x mean coverage and >30% genome coverage
breadth.

Species assigned by GTDB-Tk were classified using a>90% within-period preval ence threshold in the
MAG-derived profiles. Shared-core species met this threshold in both periods. Wet-core-only and dry-
core-only species met the threshold in the indicated period but not in the other; together, these are termed
period-associated core species. In this manuscript, reconstruction refers to assembly and binning, whereas
MAG detection refers to read mapping that meets the coverage thresholds above. Core membership
describes prevalence in the MAG-derived profiles.
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Read-based taxonomic profiling

Quality-controlled reads were classified using Kraken2 (v2.17.1; Wood et al., 2019) with the Standard-16
database dated 2026-06-26. Species-level abundance estimates were generated using Bracken (v3.1; Lu et
a., 2017). Human-classified reads were removed before microbia community analyses, and relative
abundances were renormalized. These profiles were used to estimate species richness and abundance-
weighted community composition. Period-associated core speciesin the MAG-derived profiles were
compared with the Bracken dataset using exact species-name matches. Within the matched subset, read-
based prevalence and relative abundance were compared between periods; unmatched species remained
unresolved.

Pathogen-associated or ganisms

Pathogen-associated taxa were identified from documented associations with human disease in WHO,
CDC, NCBI, and FDA resources and the clinical literature (WHO, 2024; NCBI, n.d.-a, n.d.-b; CDC,
2024, 2025, 2026; FDA, 2012; Elsaghir and Reddivari, 2023; Kamali et a., 2024). Reporting was
restricted to taxa with mean relative abundance >0.01% and prevalence >50% in at |east one period.
ESKAPE screening considered five species—Enter ococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa—and the genus-level group
Enterobacter spp. These assignments identify pathogen-associated taxa rather than pathogenic strains or
viable organisms.

AMR annotation

Recovered MAGs were analyzed using the Resistance Gene Identifier (RGI v6.0.5) against the
Comprehensive Antibiotic Resistance Database (CARD v3.2.7; Alcock et al., 2023). Theinitia output
included Perfect, Strict, and Loose predictions, of which 99.6% were Loose. Principal AMR summaries
were restricted to Perfect and Strict calls and described the frequency, annotation counts, and database-
assigned resistance categories among recovered MAGs. These annotations represent resi stance-associated
genetic potential.

Statistical analysis

Statistical analyses were performed in R, with community analyses conducted using vegan. Two-sided
Wilcoxon rank-sum tests compared per-sample MAG counts, MAG-derived species richness, and read-
based speci es richness between periods. Wilcoxon tests also compared the relative abundances of
matched period-associated core species and annotation counts per MAG. Sampling dates were the units of
comparison for community analyses; per-MAG annotation comparisons described the recovered genome
collections. Read-based richness was evaluated after rarefaction to acommon Bracken count depth and
across minimum rel ative-abundance thresholds.

Community composition was compared using PERMANOV A with 999 permutations. MAG-derived
species presence/absence profiles were analyzed using Jaccard dissimilarities, and Bracken relative-
abundance profiles were analyzed using Bray—Curtis dissimilarities after human-read removal and
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renormalization. Principal coordinates analysis (PCoA) visualized community dissimilarities.
Multivariate dispersion was evaluated using betadisper and permutation tests with 999 permutations.
Sensitivity analyses examined exclusion of |ow-coverage or |ow-classification samples and restriction of
MAG-derived richness comparisons to species meeting prevalence thresholds. Statistical significance was
evaluated at p < 0.05.

RESULTS

Wet- and dry-period samples differed in M AG representation and richness

The genome-resolved workflow yielded 203 wet-period and 230 dry-period MAGs meeting the

compl eteness and contamination thresholds. Per-sample MAG counts were greater in the dry period
(median 218 versus 177; Wilcoxon W = 143, p = 3.28 x 101 [0). This difference remained after exclusion
of low-coverage samples (W =130, p=6.10 x 10011 1).
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Figure 1. Phylum composition of the wet- and dry-period MAG collections. Bars show the percentage of recovered
MAGs assigned to each phylum in the wet (n = 203 MAGS) and dry (n = 230 MAGS) collections. Percentages
describe genome counts within each collection and are not weighted by sample-level relative abundance.

Bacillota dominated both MAG collections, accounting for 70.4% of wet-period and 63.5% of dry-period
MAGs, followed by Pseudomonadota and Bacteroidota (Figure 1). Differences were also evident among
less represented phyla, including Patescibacteriota and Campylobacterotain the dry-period collection.
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Period-associated differences extended to M AG-derived species composition

MAG-derived species richness was greater in dry- than wet-period samples (median 83 versus 62 species;
W =143, p=3.20 x 101 0). The difference remained after removal of low-coverage samples and when
the analysis was restricted to species present in >50% of samples, but was not significant at a>75%
prevalence threshold. The richness contrast therefore depended on the preval ence threshold used to define

the species set.
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Figure 2. Period-associated structure in MAG-derived species profiles. PCoA of Jaccard dissimilarities calculated
from species presence/absence. Points represent samples and colors indicate sampling period. Axis labels show the
percentage of variation represented by each coordinate. PERMANOVA: F = 27.8, R2 = 0.548, p = 0.001;
multivariate dispersion test: p = 0.645.

MAG-derived species composition differed between sampling periods based on Jaccard distances
(PERMANOVA, F =27.8, R2=0.548, p = 0.001; Figure 2). There was no evidence of unequal
multivariate dispersion between periods (p = 0.645).

Shared and period-associated cor e speciesin the M AG-derived profiles

At the >90% within-period prevalence threshold, 29 species formed a shared core, 25 were wet-core only,
and 32 were dry-core only (Figure S1). Of these 57 period-associated core species, 52 were not
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reconstructed from the opposite period. We therefore examined whether period-associated core
membership coincided with loss of read-based species detection.

Read-based profiles distinguish community restructuring from continued species detection

Read-based rel ative-abundance profiles also differed between periods (Bray—Curtis PERMANOVA, F =
4.60, R2=0.167, p = 0.001; Figure 3), without evidence of unequal multivariate dispersion (p = 0.798).
Observed Bracken species richness was greater in dry-period samples (median 4,770 versus 3,059; p =
0.017). This difference persisted after rarefaction but disappeared under more stringent abundance
thresholds, indicating a substantial contribution from |ow-abundance detections. Period-level mean
abundances of dominant read-based taxa are shown in Figure S2.
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Figure 3. Period-associated structure in read-based species profiles. PCoA of Bray—Curtis dissimilarities calculated
from Bracken relative abundances after human-read removal and renormalization. Points represent samples and
colors indicate sampling period. Axis labels show the percentage of variation represented by each coordinate.
PERMANOVA: F = 4.60, R2= 0.167, p = 0.001; multivariate dispersion test: p = 0.798.

Fourteen of the 57 period-associated core species had exact species-name matches in the Bracken dataset:
seven wet-core and seven dry-core species (Table 1). All 14 were detected in >90% of samples from the
opposite period. Six of seven wet-core species had higher read-based relative abundance in the wet
period, and all seven dry-core species had higher relative abundance in the dry period. Thus, 13 of 14
matched species showed abundance differences in the direction of their M AG-based period association
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while remaining highly prevalent in the opposite period. The other 43 species were unresolved by exact-
name matching. Continued read-based detection in the matched subset demonstrates that period-
associated MAG representation did not imply species-level absence.

Table 1. Continued read-based detection of period-associated core species matched between taxonomic frameworks.

>
M AG-based core Exactly matched DEREEIER gt —90%. Higher relative abundance
category species, n prevalenc_em opposite in associated period, n
period, n '
Wet-core only 7 7 6
Dry-core only 7 7 7
Tota 14 14 13

Exact species-name matches were available for 14 of 57 period-associated core species, the other 43 remained
unresolved. The abundance column reports direction of the period contrast, not statistical significance.

Pathogen-associated taxa wer e repeatedly detected acr oss sampling periods

Read-based profiling identified 15 pathogen-associated species meeting the reporting thresholds (Figure
4). Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumannii, Klebsiella pneumoniae,
Salmonella enterica, and Aeromonas hydrophila were detected in every sample from both periods. Their
mean rel ative abundances nevertheless differed: P. aeruginosa averaged 1.89% in the wet period and
1.25% in the dry period, whereas E. coli averaged 0.50% and 1.62%, respectively.
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Figure 4. Read-based relative abundance of pathogen-associated species. Bubble size represents mean relative
abundance (%) within each period. Species met mean relative abundance >0.01% and prevalence >50% in at least
one period. Taxonomic detection alone does not establish viability or pathogenic strain identity.
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Read-based profiles detected al six ESKAPE groups. No exact-species MAG counterparts were
recovered for the five species-defined targets, although other Acinetobacter and Pseudomonas species
were reconstructed. The genus-level Enterobacter group was excluded from this exact-species
comparison. These observations indicate a difference between taxonomic detection and the availability of
corresponding reconstructed genomes.

Resistance-associated annotations wer e widespread among recover ed genomes

Perfect or Strict CARD/RGI annotations occurred in 191 of 203 wet-period MAGs (94.1%) and 212 of
230 dry-period MAGs (92.2%). Median counts were eight and six annotations per MAG, respectively
(Wilcoxon W = 22,132, p = 0.350). These summaries characterize the recovered genome collections.

Antibiotic target alteration was the dominant database-assigned mechanism among Perfect/Strict
annotationsin both periods. Glycopeptide-associated annotations, predominantly CARD van-family
models, and tetracycline-associated annotations were prominent.

Perfect/Strict annotations occurred in shared-core taxa, including E. coli, and in wet- and dry-core taxa
(Figure 5). Resistance-associated genetic potential was therefore distributed across shared and period-
associated components of the recovered community.

Wet-core Shared Dry-core
only core only
Faecalibacillus inteslinalis 1 . Escherichia coliq . Angelakisella spY00s47385 1 o
Rumingcoccus_G callidus 4 . Hominimerdicola aceli= . Prevotella spi1a0s4 7854 L]
Anthropogastromicrobium aceti4 e Ruminococeus_C spl00433635 4 . LBAT11524 spl00437595 L
Hominenteromicroblum mulleris < L] Phocaelcola vulgatus L] Eubacterium G sp0004358154 *
MAGs
E Lachnospira hoaminis = L ] Cate acteriom mitsuokai < @ Clostridium_A leptum = [ ] . 4
8 ® s
=3
(73] Fimivicinus spiiha43s45 4 . Arinstobactar jnhnsonii 4 [ ] Phascolarctohactarium_A suecinantens_B - L . 12
®
Trichococcus flocculiformis{ @ Mediterraneibacter torgues + [ ] Lachnospira sp0004354751 @
Gemmiger gucibialis{ @ Faecalibacterium duncanias1 @ CAG-103 5p0004323751 @
Fusicatcnibacter saccharivorans < . Lachnospira rogosac < . Phascolarctobacterium faccium~ - @
Olivarpahsfia infaslinalis{ @ Ruminncoceoidas intfastinala Magamonas funiformis - @
—— —— —r
0 20 40 &0 0 A 40 60 0 0 40 860
RGI hits per MAG

Figure 5. Resistance-associated annotations among selected core taxa. Horizontal position indicates RGI hits per
MAG, and bubble size indicates the number of MAGs represented. Panels group taxa as wet-core only, shared core,
or dry-core only, using the>90% within-period prevalence definition. Counts describe genomic annotations and are
not weighted by sample-level host abundance.
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DISCUSSION

Tempora community restructuring coexisted with continued species detection in campus wastewater.
Both MAG-derived presence/absence and read-based rel ative-abundance profiles distinguished the
sampling periods. Within the 14 period-associated core species matched across frameworks, all remained
highly prevalent in the opposite period and 13 showed abundance differences consistent with their MAG-
based association. These findings extend the description of campus wastewater variability (Fierer et a.,
2022) by showing how complementary profiles distinguish a change in community compasition from loss
of detection for a defined subset of species.

The matched-species result is consistent with abundance contributing to differences in genome
representation. However, the comparison does not identify a causal recovery threshold or quantify the
proportion of community-wide turnover attributable to recovery limits. Exact-name matching resolved 14
of 57 period-associated core species; the remaining 43 cannot be assigned the same behavior. Taxonomic
correspondence, reference-catal og construction, sequencing depth, assembly, and binning can all
influence the comparison. Persistence here means repeated species-level detection, which may reflect
continued inputs as well as residence in the sewer and does not establish continuity of the same strains.

The richness anal yses show that low-abundance detections contributed substantially to the greater dry-
period read-based richness: the difference survived rarefaction but disappeared under stricter abundance
thresholds. At the same time, abundance-weighted community composition differed between periods.
These observations support aview of temporal restructuring that includes shifts in relative abundance
aongside changes in the less abundant detectable community. The two PERMANOVA R2 values
describe different community representations and distance metrics and cannot quantify how much
turnover is attributable to genome recovery. Their agreement on period-associated structure provides
complementary evidence of community change.

For surveillance, the distinction between taxonomic detection and genomic characterization determines
the context available for interpreting an organism’ s signal. Pathogen-associated species were repeatedly
detected by read-based profiling, while corresponding genomes were not always reconstructed. Genome
recovery therefore limited the resistance context available for some taxonomic detections. Species
assignments alone do not establish viability, pathogenic strain identity, or infection in the contributing
population. Likewise, detecting a pathogen-associated species and a resistance annotation elsewherein a
metagenome does not demonstrate that the detected species carries that determinant.

Resistance-associated annotations were widespread in the reconstructed community, with Perfect/Strict
callsin more than 90% of MAGs in each period and representation across shared-core and period-
associated taxa. This provides genomic context for the recovered fraction of the community. Similar
annotation counts per MAG, however, can coexist with differences in gene identity, host compaosition,
and sample-level abundance. Genome compl eteness, size, redundancy, and taxonomic composition also
affect these counts, and MAGs are not independent environmental replicates. The per-MAG comparison
therefore does not establish temporal resistome stability. Individua van-family annotations additionally
require model and genomic-context evaluation before inferring a complete glycopeptide-resistance system
or phenotype.
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The sampling design limits causal and spatial inference. Pooling material from three locati ons produced
one composite per sampling date and prevented estimation of site-level variation. Passive sampling
integrated material over 24 h without measuring the wastewater volume represented, so these profiles
cannot provide absolute concentrations. The wet and dry windows also differed in calendar time and
potentially campus occupancy, precluding attribution to rainfall alone. Extraction protocol, sequencing
batch, and tempora dependence are additional considerations when interpreting period-associated
differences. The findings therefore describe this campus time series and the matched taxonomic subset,
with broader generalization requiring further validation.

Conclusion

Campus wastewater communities differed between wet and dry periods while all 14 matched period-
associated core species remained highly prevalent by read-based profiling. Abundance differencesin 13
of these species accompanied their MAG-based period associ ations, demonstrating that community
restructuring can occur alongside continued species detection. Resi stance-associated annotations were
widespread among recovered genomes from both periods. Integrating read-based and genome-resolved
analyses provides a clearer account of which taxa remain detectable and which can be characterized
genomically during longitudinal wastewater surveillance.

Data and code availability

Sequence data are being prepared for deposition in the NCBI Sequence Read Archive, and metagenome-
assembled genomes will be deposited in GenBank. Supporting sample metadata, processed data tables,
and analysis scripts will be deposited in a public repository. Accession numbers and repository links will
be provided in the revised manuscript, and all deposited materials will be publicly accessible no later than
publication. Data and code supporting the reported findings will be made available to editors and
reviewers upon request during peer review.
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Figure S1. Shared and period-associated core speciesin MAG-derived profiles. Panels show selected wet-core-only,
shared-core, and dry-core-only species. Core membership requires >90% prevalence within the relevant period;
shared-core species meet this threshold in both periods. Bubble size indicates the number of MAGs, and color
indicates phylum.
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Figure S2. Dominant species in read-based profiles. Bubble size represents mean relative abundance (%) within the
wet or dry sampling period. Each row represents a species, allowing comparison of its period-level mean relative
abundance.
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