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SUMMARY

Sepsis is the leading cause of death in neonatal foals, yet current diagnostics lack sufficient sensitivity and
specificity. Here, we present a foal cell-free DNA (cfDNA) sequencing for bacterial identification (cfFBI) work-
flow that integrates wet-lab and computational protocols, enabling direct bacterial profiling through enrich-
ment of the bacterial cfDNA and minimization of false-positive detections. We applied cfFBI to blood from 25
hospitalized foals and 7 healthy foals (H). Sepsis-associated bacterial genera were elevated in all 11 nSIRS-
positive (S+) foals compared to H, and in 8/11 when compared to both nSIRS-negative (nS-) and H, with mul-
tiple genera elevated in nearly half (45.5%). While total cfDNA concentration, bacterial fraction, and microbial
diversity did not differ between groups, S+ foals showed distinct cfDNA end-motif patterns and reduced
mitochondrial cfDNA fractions. These findings indicate that cfDNA sequencing enables the detection of path-
ogenic bacteria and can help identify additional (host-related) sepsis biomarkers.

INTRODUCTION

Sepsis is defined as “alife-threatening organ dysfunction caused
by a dysregulated host response to infection,” hallmarked by the
systemic inflammatory response syndrome (SIRS) and often
caused by a bacterial infection.”? SIRS arises when pathogen-
and damage-associated molecular patterns (PAMPs and
DAMPs), as well as neutrophil extracellular traps (NETs), are
recognized by the immune system.* Dysregulated innate and
adaptive immune responses, in combination with the overactiva-
tion of the coagulation system, can result in multiple organ
dysfunction, followed by multiple organ failure, and ultimately
resultin death.>” In newborn foals, sepsis stemming from a bac-
terial infection is an important cause of morbidity and mortality
during the first week of life.®'° Due to the rapid progression of
sepsis, early recognition, prompt identification of the causative
bacterial pathogen, and timely initiation of effective antimicrobial
therapy are critical for improving survival rates. "

Despite being a common cause of death in newborn foals,
knowledge gaps persist regarding the pathogenesis, diagnosis,
and treatment of sepsis. For instance, multiple bacteria are
known to co-occur in 2-14% human patients with sepsis (i.e.,
polymicrobial sepsis),’>'* and a similar phenomenon is likely
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in newborn foals.'"'® However, traditional culture methods often
lack the sensitivity to detect such co-infections. Additionally,
when multiple bacteria are cultured from a single sample, it is
frequently dismissed as contamination in clinical settings. A
further complication in understanding sepsis pathogenesis and
diagnostics is that newborn foals absorb immunoglobulins
from the colostrum over the gastrointestinal barrier, during which
bacteria (including those that can cause sepsis) can also enter
the bloodstream.'® Although transient bacteremia is a normal
physiological process, it remains unclear why, in some foals,
this might lead to SIRS and sepsis, while in the majority, it
does not.

Significant variability in definitions for equine neonatal sepsis
exists in research and a consensus on the criteria that should
be used to classify a foal as septic is currently lacking.” To aid
the prompt identification of foals at risk of sepsis, several scoring
systems have been developed. The systemic inflammatory
response syndrome (SIRS) criteria and the neonatal SIRS
(nSIRS) criteria are two systems often used to identify foals
with suspected sepsis in a clinical setting. These systems use
either four (SIRS) or six (nSIRS) objective clinical criteria
(Table S1).2 These SIRS criteria are based on the human SIRS
criteria; abnormal body temperature, tachycardia, tachypnea,
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and abnormal white blood cell count,'” and are modified for use

in equids. In human medicine, the need for specific SIRS criteria
for use in pediatric patients was recognized, and these were
published in 2005."® In accordance with this, in 2015, the equine
SIRS criteria were expanded with two additional neonatal SIRS
criteria, blood lactate and blood glucose, for use in foals.'®
Both parameters are associated with sepsis in foals.*" Despite
the significant work that has been done to evaluate the different
scoring systems, it should be recognized that these systems
have significant limitations. They have limited sensitivity (SIRS
60%; nSIRS 42%) and specificity (SIRS 69%; nSIRS 76%) for
detecting neonatal sepsis.” Bacterial infection, the other hall-
mark of sepsis, is typically identified through blood cultures,
which enable bacteriological identification and subsequent anti-
microbial susceptibility profiling. However, the sensitivity of bac-
terial detection through culture is only 25-45% in foals with
sepsis.”>?* Quantitative PCR (QPCR) systems have a higher
sensitivity (87%),%°’ but are only able to detect a finite set of
pathogens, leading to false negative results for pathogens not
included in the test. Additionally, false positive results can occur
in both culture and gPCR in cases of transient bacteremia or
sample contamination.”® As a result of the low sensitivity and
specificity of current diagnostic tools, many newborn foals with
sepsis remain undiagnosed or misdiagnosed. Given that foals
can deteriorate rapidly within hours, there is an urgent need for
improved diagnostic tools for earlier clinical intervention. Thus,
expanding diagnostic capabilities and enhancing our under-
standing of sepsis-causing bacteria in foals is essential.

Cell-free DNA (cfDNA) consists of short DNA fragments found in
body fluids, including plasma, which are released upon cell and
microorganism death.? In human medicine, the sequencing of
plasma microbial cfDNA shows great promise for detecting bac-
terial pathogens in conditions including sepsis.'****' The advan-
tages of cfDNA short-read sequencing include its culture-inde-
pendent nature, a reasonable turnaround time of 2-3 days (with
the potential to speed this to less than one day using an alternative
sequencing platform®?), and the ability to facilitate the unbiased
discovery of new pathogens that have not been previously
cultured.®>®" High-throughput sequencing of cfDNA may also
reveal general differences in microbial composition in plasma
associated with disease development.'?*° The abundance and
characteristics, such as fragment lengths, fragment end-motifs,
and mapping locations of cfDNA molecules, can reveal informa-
tion on physiological and pathological processes such as the im-
mune response.**° In human plasma, approximately 99.5% of
the cfDNA originates from the host,*° which is typically ~167 bp
in length.®"*® Microbial cfDNA is shorter, with a substantial frac-
tion being smaller than 100 bp in plasma.**~*" Taxonomic classi-
fication and quantification of the microbial cfDNA provides a multi-
pathogen, minimally invasive, accurate assay for diagnosing
sepsis in humans,®>®'" with cfDNA end-motifs potentially
enhancing the overall diagnostic process.***®

In this study, our primary objective is to assess the potential of
blood cfDNA sequencing for detecting elevated cfDNA levels of
bacteria associated with sepsis in newborn foals with nSIRS. The
secondary objectives are analyzing the overall cfDNA bacterial
composition and investigating host cfDNA factors, including
their origin and end-motif. While previous research has focused
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on cfDNA concentrations in septic foals,’**® sequencing of

cfDNA has not been previously conducted, positioning this
research as a pioneering effort in the field. This endeavor promp-
ted us to create a specialized foal cfDNA sequencing for bacte-
rial identification (cfFBI) workflow, incorporating both wetlab and
open-sourced computational workflows optimized for detecting
pathogenic bacteria in foals with suspected sepsis. By applying
the cfFBI pipeline to 32 newborn foals, we aim to assess the
viability of this approach not only as an alternative diagnostic
tool, but also as a method to deepen the understanding of the
pathophysiology of nSIRS.

RESULTS

Cell-free DNA sequencing in newborn foals with sepsis
using cell-free DNA sequencing for bacterial
identification

To investigate the potential of cfDNA sequencing in the context
of equine neonatal sepsis, we prospectively included 25
newborn sick foals admitted to Utrecht University Equine Hospi-
tal, as well as seven healthy newborn foals (H) (Figure 1A;
Tables S2 and S3). All foals included in this study were between
0 and 6 days of age (Tables S2 and S3). Based on the nSIRS
criteria (Table S1),% 11 of these foals were nSIRS-positive (S+;
nSIRS>3), four were nSIRS-negative with zero positive nSIRS
parameters (nS-; nSIRS = 0), and 10 were nSIRS-negative but
had one or two positive nSIRS parameters (sS-; nSIRS = 1-2)
(Figure 1A; Table S3). Three of the eleven S+ (27%), two of the
four nS- (50%), and three of the ten sS- (30%) foals had a positive
bacterial blood culture (Table S3). Our analyses focused on com-
parisons between S+ against nS- and/or H foals. sS- foals were
evaluated seperately because of the presence of clinical sepsis-
related signs (Table S3) suggests that some of these foals could
have a bacterial infection or even sepsis. nS- and H foals repre-
sent a realistic, clinically relevant background, especially as all
nS- samples are derived from the same hospital setting as the
S+ samples, ensuring that we account for potential biases
related to sample handling and environmental factors.

To enable assessment of elevated levels of pathogenic bacte-
ria in the S+ population, we created a cfFBI wetlab and compu-
tational workflow (Figures 1A-1C). Given that the microbial
cfDNA fraction is known to be minute in plasma,39 cfFBIl employs
a wetlab strategy to enrich bacterial cfDNA molecules while re-
maining an untargeted multi-pathogen detection approach.
The cfFBI wetlab cfDNA workflow, therefore, consists of a liga-
tion-based single-stranded cfDNA library preparation method
followed by a bead-based size selection step, which effectively
enriches short (<100 bp) fragments (Figures 1D and 1E), which
is the known size range for bacterial cfDNA.*°

For all foal plasma cfDNA sequencing libraries, between 10
and 50 million paired-end reads were obtained (Figure S1A;
Table S4). Since bacterial fractions account for less than 0.5%
of the total cfDNA, even after enrichment °°, we deemed it crucial
to prevent misclassification, especially false positives. cfFBI’s
computational pipeline tackles this challenge through a multi-
step process designed to minimize such errors. Previous find-
ings demonstrate a reduction of false positive microbial counts
by mapping to a more comprehensive host reference genome.*’
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Figure 1. cfFBI pipeline, a cell-free DNA sequencing workflow designed to enhance bacterial identification in foals suspected of sepsis
(A) Foal cohort and SIRS categorization: The cohort includes sepsis-suspected foals and healthy (H) controls. Foals were categorized based on nSIRS criteria as
SIRS-positive (S+; nSIRS >3), SIRS-negative with no symptoms (nS-; nSIRS = 0), or SIRS-negative with symptoms (sS-; nSIRS = 1-2). The alluvial plot shows the
number of ill foals with positive blood cultures at hospital admission.

(B) Schematic of cfFBI workflow: cfDNA is isolated from foal blood plasma and mixed with synthetic DNA oligos (50, 100, 150 bp). A ligation-based library
preparation and bead-based size selection enrich short microbial fragments (<100 bp). After paired-end lllumina sequencing, spike-in sequences and low-quality
reads are filtered out. Remaining reads are mapped to host genomes, and unmapped reads are classified taxonomically using Kraken2 with a customized
database. Suspected contaminants are finally excluded. The workflow includes diverse controls: positive controls (PC), no-template controls (NTC), and negative
controls (NC).

(C) Comparative analyses were performed in this study, comparing S+ versus H and nS-. Specifically, we focused on variations in host mitochondrial (MT) cfDNA,
chromosomal host cfDNA end-motifs, bacterial load and diversity, and the abundance of potential pathogenic bacteria in septic foals.

(D) Comparison of three ligation-based single-strand library preparation methods for enriching short cfDNA fragments: the “moderate small” and “extreme small”
protocols from the SRSLY NGS Library Prep Kit, plus an additional bead-based size selection after the “extreme small” protocol. The plot displays the template
length size distribution of host cfDNA reads for each method.

(E) Enrichment or depletion of synthetic DNA oligos (50, 100, and 150 bp) in foal plasma samples (n = 32) is shown in boxplots. Synthetic oligos of 50, 100, and
150 bp were spiked in at equimolar ratios.

(F) Taxonomic classification results for a sonicated mock community with 10 microbial species. The symbols (—) and (+) after each bacterial genus name indicate
whether the species is Gram-negative or Gram-positive. It compares the expected versus observed species ratios from three technical replicates using the cfFBI
workflow and Bracken abundance re-estimation.

Therefore, cfFBI maps to the latest horse reference genome,
EquCab3, along with all other horse genomes available on

cation accuracy using positive control samples (PCs) from son-
icated mock microbial community DNA containing eight bacte-

NCBI, totaling 11 genomes (Figures S2A and S2B), increasing
the average host fraction of total cfDNA by 0.5%. Second, cfFBI
taxonomically classifies the remaining unmapped reads using
Kraken2,*® with a custom database that includes all 11 horse ge-
nomes, as well as human genomes and all NCBI complete mi-
crobial genomes, which improves species assignment. Third,
suspected microbial contaminants are excluded from down-
stream analyses by testing whether the levels of microbial spe-
cies are correlated with the volume of reagents used in cfFBI
(see STAR Methods).*°

To ascertain the consistency and effectiveness of the cfFBI
workflow across library preparations, we first tested the classifi-

rial species and two yeasts. In all three technical replicate PCs,
the eight bacterial genera were detected at levels consistent
with the known microbial composition,50 with relative abun-
dance being highly similar across PCs (Figure 1F; Table S5).
The consistent detection of the correct microbes in the appro-
priate ratios across the three different PCs indicates robustness
in both the wetlab and the bioinformatics workflow.

Decontamination and bacterial species composition
assessment

We first analyzed the bacterial species composition in the
samples, focusing on both the bacterial fraction and its diversity.

iScience 28, 114005, December 19, 2025 3
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Figure 2. cfDNA bacterial load and diversity in foal plasma samples

(A) Bacterial fraction in each sample in three categories H, nS-, and S+, represented in a log scale.

(B) Relative bacterial composition (normalized to total bacterial reads) in each sample. The top 20 abundant species in all samples were colored (see colors in the
legend), the other species with more than 10 exact counts were colored with dark gray color and the other species with less than 10 exact counts were colored
with light gray color.

(C) Relative abundance (normalized to total cfDNA reads) in each bacterial species, represented on a log scale. The top 20 abundant species in all samples were
colored (see colors in the legend), the other species with more than 10 exact counts were colored with dark gray color and the other species with less than 10
exact counts were colored with light gray.

(D) Fraction of cfDNA fragments taxonomically classified as bacterial origin (after removal of contaminant species) and its association with disease status. No
significant differences are observed between groups. An outlier at 0.0554 is represented with a broken y axis. Foals in the S+ group showed the largest variation
compared to the other two groups. (Standard deviation: H: 0.00008, nS-: 0.00011, S+, 0.0167).

(E) Fraction of cfDNA fragments taxonomically classified as the bacterial origin (after removal of contaminant species) and its association with the severity of
disease in the S+ group. No significant differences are observed between groups. An outlier at 0.0554 is represented by a broken y axis.

(F) Species richness, representing the number of bacterial species identified (after removal of contaminant species) in each plasma sample, and its association
with disease status.

(G) Shannon index, indicating the evenness of classified bacterial species distribution (after removal of contaminant species) within each foal plasma sample, and
the association between Shannon index and disease status.

(D-G) Disease status groups are H (n = 7), nS- (n = 4), and S+ (n = 11). For the severity of disease, the focus is on S+ cases with either survival (n = 5) or death (n = 6).
Boxes represent the 25th percentile (bottom), median, and 75th percentile (top), with whiskers extending to the rest of the distribution within 1.5 times the inter-
quartile range.

Typically, 4.2% of the non-mapped reads were confidently clas-
sified using Kraken2 (Confidence threshold of 0.8; Figure S1B),
of which 1.1% were classified as bacteria at the species level.
To ensure accurate analysis of true biological signals, we first
removed potential contaminants (see STAR Methods), excluding
0.00319% of bacterial reads classified at the species level that
were identified as contaminants (Table S6, Figures S3 and S4).
Most of these contaminant species were detected in the nega-
tive controls as well (i.e., NTCs and NCs; for details on sample
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collection, see STAR Methods), indicating that they are likely
contaminants from cfDNA isolation or library preparation. The re-
maining cfDNA reads classified as bacterial species and not
identified as contaminants were aggregated for all downstream
bacterial composition analyses.

After decontamination, the median bacterial species-classi-
fied cfDNA fraction was 0.0083% (range 0.0010-5.5%) (Figure
2A). This total bacterial fraction moderately correlated with age
(r = 0.43, Figures S5A and S5B) and was more variable in the
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Figure 3. Genus abundance and bacterial co-elevation detection in
S+ foal cohort samples

Dotplot displays the detection of the 16 most frequently cultured pathogenic
genera. Gram-negative species are shown at the top, and Gram-positive
species are shown in the middle. Dots represent genera detected with at least
10 reads. Blue circles indicate genera with a relative abundance higher than in
H foals, while red triangles denote genera with a relative abundance higher
than in both H and nS- foals. Metadata is represented at the bottom, including
blood culture if positive, age at hospital presentation if known, as well as
survival outcome (L, Lived; D, Died). Special symbols in the blood culture
section: “#” Gram-negative rod (non-fermenter), “x” Actinobacillus equuli and
Streptococcus pneumoniae, and “$” Staphylococcus coagulase-negative.

S+ group compared to the other two groups, with some samples
showing notably high levels, including one outlier at 5.5%
(Figures 2A-2D). Although most of the foals with a high bacterial
fraction (above 0.0002) were S+ foals (4/6; 66.7 %), the difference
between groups was not statistically significant (Kruskal-Wallis
test with Dunn’s multiple comparison tests) (Figures 2D and
2E). Interestingly, different foals exhibited distinct top abundant
species (Figures 2B and 2C). When filtering for species with at
least 10 classified reads to account for potential bioinformatics
misclassification, between 2 and 37 (median 18.5) species
were found across 2 to 30 (median 14) genera. In total, 193 spe-
cies across 114 genera were detected, with Actinobacillus, Aci-
netobacter, Streptococcus, and Flavobacterium being the most
prevalent, contributing a median of 12.3% per foal.

Samples exhibited high variability in species composition
(Figures 2B and 2C). The Shannon index revealing greater micro-
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bial diversity in sick foals (nS- and S+) compared to healthy foals
(Figures 2F and 2G), with age having no significant impact
(Figures S5C and S5D). However, neither species richness nor
diversity metrics effectively distinguished between healthy,
nS-, and S+ foals (Figures 2B, 2C, and S6).

Co-elevation of multiple sepsis-causing genera
observed in foals with sepsis

The primary objective of this study is to evaluate the potential of
blood cfDNA sequencing for detecting elevated levels of sepsis-
causing bacteria in newborn foals with nSIRS. To pinpoint bac-
teria associated with sepsis in the S+ foals, we compared the
aggregated counts of species from the 16 most frequently
cultured pathogenic genera found in culture-positive foals with
sepsis (Figures 3 and S7-S12).°" One or multiple pathogenic
genera were higher in 8/11 of the S+ foals compared to both
nS- and H foals, while the other 3/11 were higher compared to
H foals alone (Figure S11), meaning that all S+ foals showed
elevated levels of at least one pathogenic genus. In the follow-
up analysis, we combined these results for species that showed
an increase when compared to either H foals or both nS- and H
foals.

Overall, Actinobacillus and Pantoea were most frequently
increased in 6/11 (54.5%) and in 4/11 (36.4%) of the S+ foals,
respectively (Figures 3 and S7-S10; Table S7). Co-elevation of
multiple genera occurred in 5/11 (45.5%) foals (Figure 3), with
the co-elevation of Actinobacillus and Escherichia being most
common (3/11; 27.2%; Figure 3). On the contrary, Acinetobacter
was the only genus with higher frequencies in multiple H and nS-
foals compared to S+ foals (Figure S12), suggesting that the
elevated relative abundance of the 16 genera tested represents
a genuine biological signal specific to the S+ foals. We did not
observe clear relationships between bacterial elevation and the
survival outcome of S+ foals (Figure 3), suggesting that survival
may be influenced by factors beyond bacterial elevation,
including the foal’s immune response and the reaction to treat-
ment. Taken together, these microbial cfDNA sequencing results
show that sepsis in foals may have a multi-bacterial nature.
Furthermore, the results emphasize that microbial cfDNA
sequencing may hold potential for newborn foal sepsis diag-
nosis, although larger studies are required to establish the sensi-
tivity and specificity of the technique.

Given this promise, we further investigated sS- foals, which
were excluded from previous analyses due to the ambiguous
disease state. Based on the low sensitivity of the nSIRS criteria
(42%) ? and clinical symptoms observed in sS- foals, we expect
some foals with sepsis in the sS- group as well. Acinetobacter
levels were elevated in 4/10 sS- foals compared to S+ (Figure
S12), resembling the H foals. Conversely, however, the majority
of sS- foals displayed trends similar to S+ foals, including
increased levels of Actinobacillus (6/10) and Escherichia (4/10),
when compared to H alone or H and nS-. Additionally, 70% of
sS- foals exhibited the co-elevation of multiple genera (Figure
S11). The similarities in bacterial co-elevation between sS- and
S+ foals, coupled with the low sensitivity of the nSIRS criteria 2
suggest that some foals with sepsis may have been overlooked.
Alternatively, it could mean that the foals with a low nSIRS score
are in an earlier stage of sepsis development or suffer from other
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bacterial infections, both leading to an increase in microbial
levels without many clinical nSIRS symptoms.

Species-level bacterial identification can be used for clinical
decision making, including guidance on the selection of antimi-
crobial treatment. Therefore, we evaluated bacterial species-
level elevations in the 16 most common genera associated
with foal sepsis. Across the 16 genera, 22 pathogenic species
were elevated in one or multiple S+ foals (Table S8, Figures
S7-510). Actinobacillus equuli, Actinobacillus pleuropneumo-
niae, and Escherichia coli were most frequently elevated in
6/11, 3/11, and 3/11 S+ foals, respectively. Most elevated spe-
cies corresponded to their respective elevated genera (31/35 ob-
servations). However, Staphylococcus equinus was higher in
FO5, Acinetobacter haemolyticus was elevated in FO4, and Aci-
netobacter lanii as well as Acinetobacter wanghuae were
elevated in F20, suggesting that species-level information can
provide additional insight beyond genus-level analyses
(Table S8). However, our analysis also urges caution in interpret-
ing sequencing results, particularly about potential misassign-
ment of reads to closely related species, such as the identifica-
tion of Actinobacillus pleuropneumoniae, which is not typically
listed as a sepsis-causing species for foals.

Bacterial culture is the golden standard for identifying bacte-
ria,”*?® but suffers from both low sensitivity and false positive
observations.?”** To evaluate the concordance between tradi-
tional culture and bacteria identified (as elevated) by microbial
cfDNA profiling through sequencing, we compared blood culture
results to cfDNA sequencing. Notably, elevated levels of sepsis-
causing bacterial genera were found by cfDNA sequencing in all
six foals with positive bacterial blood cultures (three S+ and three
sS-), indicating that cfDNA sequencing effectively detects bacte-
rial abnormalities associated with sepsis. In these six foals, eight
bacterial isolates were identified by culture with genus-level res-
olution using MALDI-TOF; six of these were also identified at the
species level. Excluding Staphylococcus equorum in F20, which
is deemed a contaminant during culture, concordance was as-
sessed for the remaining seven bacteria. Of these, 57.1% (4/7)
showed elevated levels of cfDNA. In another 28.6% (2/7), cfDNA
reads matched the cultured genera or species, but levels were
not higher than those in healthy or non-septic nS- foals. This sug-
gests that the bacteria detected by bacterial culture can simply
be present rather than elevated in the diseased compared to
the healthy setting (Table S9). Taken together, we observe low
concordance between culture and cfDNA-based pathogen iden-
tification in newborn foals with SIRS, potentially due to the fact
that cfDNA sequencing detects the presence and elevated levels
of DNA of sepsis-causing bacterial taxa, while culture detects
viable bacteria.

Associations of host cell-free DNA with neonatal
systemic inflammatory response syndrome status

Since most of the sequenced reads are mapped to the host
reference genome and it is recognized that these host-derived
reads can offer insights into infection related tissue damage,*”
host response to infection *° and sepsis,”>>* we next investi-
gated differences in host cfDNA between S+ and H and/or nS-
foals, and between S+ foals that lived to S+ foals that died. Con-
firming previous results in foals,** but differing from observations
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in humans,®*>™° total cfDNA levels in plasma were not signifi-
cantly elevated in S+ foals compared to H and nS- foals
(Kruskal-Wallis with Dunn’s multiple comparison; S+ vs. H: p =
0.92, Z = 0.73; S+ vs. nS- p > 0,99, Z = 0.31), nor in S+ foals
that lived compared to S+ foals that died (Mann-Whitney U
Test, p =0.32, U =9, Figures 4A and 4B). This suggests that total
cfDNA levels cannot be used to diagnose sepsis in foals, as pre-
viously reported,** nor predict disease outcome. Strikingly,
opposite to mitochondrial (MT) cfDNA levels in human patients
with sepsis,®>°® the MT cfDNA fraction of foal host origin was
significantly lower in S+ foals compared to H foals (Figure 4C).
Similarly, a significant decrease in MT cfDNA was observed in
S+ foals that died compared to those that survived (Figure 4D).
Of note, none of these variables were significantly different be-
tween isolation batches, library preparation batches, and opera-
tors (Mann-Whitney U Test with Bonferroni Correction,
Figure S13).

As host end-motifs can give insight into the activities of nucle-
ases and the interplay with innate immune response, such as
NETs,***” we proceeded to investigate host chromosomal
cfDNA end-motifs. An enrichment in 5 C-end and 3’ G-end
cfDNA reads was present in all samples (Figures 4E-4H,
Table S10). Specifically, 3' C-end cfDNA reads were significantly
decreased in S+ foals compared to H and nS- foals, while 5’
A-end cfDNA reads were significantly decreased in S+ foals
compared to H foals (Kruskal-Wallis test with Dunn’s multiple
comparison tests, S+ vs. H: p = 0.004, Z = 3.09; Figures 4E-
4G, Table S10). Collectively, these results indicate that mito-
chondrial cfDNA levels and end-motifs could serve as potential
biomarkers for SIRS and its prognosis in foals.

DISCUSSION

We introduce cfFBI, a cell-free DNA sequencing workflow de-
signed to enhance bacterial identification in foals through a com-
bination of optimized wetlab and computational procedures.
cfFBI specifically enriches small, microbial cfDNA molecules,
which are present at minute levels within the cfDNA pool derived
from a single tube of blood. cfFBI’s computational steps,
including host mapping and decontamination, are optimized to
minimize incorrect bacterial identifications. Using cfFBI, we
applied cfDNA sequencing to newborn foals and detected
elevated bacterial levels in 8/11 nSIRS-positive (S+) foals
compared to levels in (sick) nSIRS-negative (nS-) foals, while
all 11/11 nSIRS-positive foals showed at least one bacterial
genus elevated compared to healthy foals alone. Interestingly,
we found the co-elevation of multiple pathogenic bacteria in
5/11 (45.5%) of nSIRS-positive foals. Although it was already
known that bacterial culture can provide positive results for mul-
tiple species,’'*® it remained unclear if these were true co-oc-
currences, similar to the polymicrobial sepsis observed in human
patients'>'® or a result of contamination.”®>**°® The frequent
observation of co-elevation in cfDNA in this study suggests
that multiple genera may actually jointly contribute to sepsis in
newborn foals. Further validation and follow-up research are
needed to determine the potential implications of these findings.

Until now, most knowledge about the bacteria causing sepsis
in foals has been based on culture-dependent techniques, while
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Figure 4. Host cfDNA abundance and its association with disease status and severity of disease

(A) Total cfDNA concentration in plasma samples and its association with disease status. ns, not significant (Kruskal-Wallis tests followed by Dunn’s multiple
comparison tests.

(B) Total cfDNA concentration in plasma samples and its association with severity of disease. ns, not significant (Mann-Whitney U tests).

(C) Fraction of cfDNA fragments of host mitochondrial origin, and their association with disease status. **, p < 0.005; ns, not significant (Kruskal-Wallis tests
followed by Dunn’s multiple comparison tests.

(D) Fraction of cfDNA fragments of host mitochondrial origin and association with severity of disease. ***, p < 0.001 (Mann-Whitney U tests).

(E) Normalized base content fraction at the 5’ end of host chromosomal cfDNA fragments and its correlation with disease status. *, p < 0.05; ns, not significant
(Kruskal-Wallis tests followed by Dunn’s multiple comparison tests.

(F) Normalized base content fraction at the 5’ end of host chromosomal cfDNA fragments and its association with severity of disease. ns, not significant (Mann-
Whitney U tests).

(G) Normalized base content fraction at the 3’ end of host chromosomal cfDNA fragments and its association with disease status. **, p < 0.005; *, p < 0.05; ns, not
significant (Kruskal-Wallis tests followed by Dunn’s multiple comparison tests.

(H) Normalized base content fraction at the 3’ end of host chromosomal cfDNA fragments and its association with severity of disease. ns, not significant (Mann-
Whitney U tests). Boxes represent the 25th percentile (bottom), median, and 75th percentile (top), with whiskers extending to the rest of the distribution within 1.5
times the interquartile range.

culture is known to have only 25-45% sensitivity in foals with  multi-pathogen results, while culture provides valuable insights
sepsis.””>* When comparing bacteria detection as elevated by  into antimicrobial resistance of the identified bacterial species.
cfDNA sequencing to those identified through culture in the A promising direction for future research is exploring temporal
cohort, we observed limited concordance (4/7 (57.1%)). Part of  patterns at bacterial cfDNA levels. Studies in murine sepsis
this discrepancy may arise because bacterial culture detects models have shown that serial cfDNA measurements can reveal
only viable bacteria, while cfDNA sequencing reveals both the species-specific dynamics, likely reflecting both its short half-life
presence and increased abundance of bacterial cfDNA resulting  and the evolving disease state.®® Capturing these changes may
from recent cell death. The two techniques thereby capture a  improve the diagnostic and prognostic utility of cfDNA in veteri-
different aspect of the complex underlying pathophysiology.  nary medicine.®®

We argue that it is unlikely that the findings based on cfDNA Diagnosis of sepsis in newborn foals is challenging, with most
are false positives since the stringent criteria were chosen forre-  tools suffering from low sensitivity and specificity. This issue also
porting positives and the reported level of this study are on par  applies to the nSIRS scoring system used here, where foals with
with previous studies in septic human subjects.®'*%° QOverall, sepsis can have an nSIRS score of less than three.? To minimize
in large-scale human studies, microbial cfDNA showed higher the impact of potential false negative septic foals in the nSIRS-
sensitivity and specificity than blood cultures for detecting clini-  negative group, we excluded the nSIRS- foals with an nSIRS
cally relevant pathogens.®”®> The same work showed that score of one to two when setting the background level for bacte-
including cfDNA in diagnostic workups resulted in enhanced pa-  rial elevation analysis in nSIRS-positive foals, as some of these
tient survival and reduction of overall antimicrobial use in human  cases may have an unindicated sepsis or a bacterial infection.
patients with sepsis. Ultimately, the two techniques may turn out ~ Simultaneously, the nSIRS-positive group may still include foals
to be complementary, with cfDNA sequencing providing reliable  without sepsis, so without a bacterial infection, as sepsis is
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currently defined as a combination of SIRS with a bacterial infec-
tion. This challenge clearly shows the need for additional diag-
nostic tools for improved sepsis diagnosis in foals.

Although this study clearly indicates the potential of cfDNA
sequencing in newborn foals, it should be noted that the current
cohort has limited statistical power to detect significantly
elevated microbes in nSIRS-positive foals above background.
We opted for a conservative approach to identifying elevated
bacterial levels by testing if the value is above the highest obser-
vation in the control background samples without aiming to test
for significance. A larger cohort study involving more newborn
foals is essential to fully assess the potential of cfDNA
sequencing for diagnosing sepsis. This would also allow a com-
parison between healthy and nSIRS-negative foals separately,
where the first comparison is informative to gain more insight
into biology, whereas the latter comparison can provide tools
useful in the clinic. Increased cohort size would also be beneficial
to study the abundance of bacterial species or genera in a more
unbiased manner, without focusing exclusively on the 16 most
frequently observed bacteria in culture. This could provide new
insights into the biologically relevant, yet hard-to-culture, bacte-
rial taxa involved in sepsis.

In addition to validating the microbial cfDNA observations
of the current study, a larger study could aim to further explore
the trends we found in the host cfDNA. This includes confirming
the decreased MT cfDNA fraction in nSIRS-positive foals, which
can potentially serve as a biomarker. Decreased MT cfDNA frac-
tion is contrary to what is observed in human pediatric sepsis
cases,®"%® potentially revealing different disease mechanisms
of sepsis in foals and in humans. Moreover, such a study would
enable the validation of the absence of the expected elevation in
total cfDNA in nSIRS-positive cases,***> which would typically
be indicative of increased tissue damage and cell death as is
seen in humans.®® It could also shed light on findings on the
(complementary or concordant) relationship between host
cfDNA and microbial cfDNA, which we did not observe in the cur-
rent cohort (Table S10). Finally, the differences in end-motifs in
host cfDNA in nSIRS-positive versus nSIRS-negative foals could
be validated in a larger cohort, potentially revealing additional
biomarkers. By combining host and pathogen information from
plasma cfDNA, more insights into host transcription profiles,
such as innate immune response activities, can be obtained,
as was already shown in human patients with sepsis.”?°’

Currently, foals suspected of having sepsis are treated with
broad spectrum antimicrobials until culture and susceptibility
testing results become available after approximately 72 hours.
In cases that fail to improve within this time period, antimicrobial
treatment regimens are adjusted based on historical information
on the prevalence and susceptibility of bacteria causing sepsis in
foals in that specific geographical area. As sepsis and organ
dysfunction can develop rapidly, antimicrobial susceptibility
tests are rarely timely to aid the treatment regimen. By utilizing
a faster and more sensitive technique ** for identifying potential
pathogens, coupled with the continually decreasing costs of
sequencing combined with more targeted approaches (e.g., for
antimicrobial resistance genes®®), future adjustments to antimi-
crobial therapy can be made earlier, potentially increasing the
survival chances of foals with sepsis.
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Limitations of the study

The current cohort size has limited statistical power to detect
genus- or species-level cfDNA elevations in nSIRS-positive foals
above the background, since the true distribution of the back-
ground level was difficult to determine with only 7 healthy foals
and 4 nSIRS-negative foals. The cutoff for detection as elevated
was therefore set at the maximum detected level within the
SIRS-negative classes (H/nS-). In addition, the current standard
diagnostic workflow for sepsis in foals is not always consistent,
making it difficult to unequivocally establish if a foal had sepsis or
not. Furthermore, potential incomplete representation of equine
pathogens in taxonomic databases may yield false negatives or
misclassification. Moreover, the detected microbial signals in
cfDNA were not corroborated by orthogonal assays such as tar-
geted PCR, which constrains internal validity. Future studies
should implement a predefined composite reference standard
and use consecutive prospective enrollment to minimize selec-
tion and workup biases.®®"°
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jeroen de Ridder ().
deridder-4@umcutrecht.nl).

Materials availability
The biological reagents used in this study are available from the lead contact
upon request.

Data and code availability

o Data availability - Metagenomic sequencing data (FASTQ files) have
been deposited in the European Nucleotide Archive (ENA) Browser un-
der accession PRJEB77374. The submitted files are labeled using the
same Foal ID (FID) as provided in Table 3, following the pattern
{FID}_R[1/2].fastq.gz.

® Code availability - The code related to the analysis and visualization of
content in this article is deposited at a GitHub repository: https://github.
com/AEWesdorp/cfFBI. The repository is open access with a GNU gen-
eral public license version 3.

® There are no additional resources beyond the data and code reported in
this section. For additional information, please contact the correspond-
ing author.
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STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Aseptically collected blood sample
from the jugular or cephalic vein

Nuclease Free water

This paper

Invitrogen

Cat# 10977-035

Chemicals, peptides, and recombinant proteins

ZymoBIOMICS Microbial Zymo Research D6305
Community DNA Standard

Critical commercial assays

Circulating Nucleic Acid Kit Qiagen Cat# 55114
SRSLY PicoPlus NGS Library Prep Kit Claret BioScience CBS-K250B-96
Ampure XP Beads for DNA Cleanup Beckman Coulter ABG3882

Qubit dsDNA High Sensitivity Assay Kit Thermofisher Scientific Q32854

Qubit dsDNA Broad Range Assay Kit Thermofisher Scientific Q32853

Tapestation D1000 kit

Agilent

Cat# 5067-5583

Deposited data

Healthy and diseased foal cell-free
DNA whole-genome sequencing data

European Nucleotide
Archive Browser (ENA)

PRJEB77374

Oligonucleotides

50bp oligo: NNNNNNNCGACACGGA
TATTCCATCAAGAGACGGGCCTAT
GGTCCCTGTGATGATGTNNNNNNN

100bp oligo: NNNNNNNGTAAATCCCA
CACAGCTGTCGGCTTATATGGTCATT
GGACGGCGTAATAGACAAGAGGA
GCATCCGTATTACCGCCTATATCGC
CTACGTTTAGAGCATTNNNNNNN

150bp oligo: NNNNNNNGCTCTGGTC
AGCCTCTAATGGCTCGTAAGATAG
TGCAGCCGCTGGTGATCACTCGAT
GACCTCGGCTCCCCATTGCTACTAC
GGCGATTCTTGGAGAGCCAGCTGCG
TTCGCTAATGTGAGGACAGTGTAGTA
TTAGCAAACGATAAGTCNNNNNNN

IDT DNA

IDT DNA

IDT DNA

Software and algorithms

Python v3.10

Python Software Foundation

https://www.python.org

R R Foundation https://cran.r-project.org
Prism v10.3.0 GraphPad https://www.graphpad.com/
Adobe illustrator v28.6 Adobe -

BioRender 2024 BioRender https://www.biorender.com/
Customized code N/A https://github.com/AEWesdorp/cfFBI
Other

MALDI-TOF Bruker -

Tapestation 2200 Agilent -

Streck Cell-Free BCT Streck Cat# 230257

Covaris S2 Covaris -

NovaSeq 6000 lllumina -
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Foal cohort

We prospectively included 25 sick foals admitted to the Utrecht University Equine Hospital (Utrecht, The Netherlands), between
March 1st, 2021 and July 1st, 2022. For diagnostic purposes, two blood samples (up to 20 mL each) and one blood sample of
10 mL were collected aseptically from the jugular or cephalic vein, either by venepuncture or through a newly placed intravenous
catheter immediately upon hospitalization. The two 20 mL samples were placed into 70 mL brain heart infusion broth + SPS (Bio-
trading, Mijdrecht, the Netherlands) and transported to the Veterinary Microbiological Diagnostic Center where the bottles were incu-
bated at 37°C for 18-24h. After incubation, Gram-staining was performed followed by inoculation on two sheep blood agars (SBA),
chocolate agar (CHOC) and MacConkey agar (MAC; Biotrading, Mijdrecht, the Netherlands). One SBA and MAC agar were incubated
aerobically, while the other SBA was incubated anaerobically and the CHOC agar was incubated microaerobically; all at 37°C for 5-
7 days. Agars and broths were checked daily for bacterial growth. If bacterial growth was detected, identification took place using
Maldi-TOF (Bruker, Bremen, Germany). The 10 mL sample of blood was collected directly into a Streck tube (see “sample
preparation and nucleic acid isolation”). Bacteriology culture results were recorded at the species level when Maldi-TOF reported
a high confident score, whereas a genus level or a higher taxon level result was recorded when Maldi-TOF reported intermediate
or low scores. Diagnostic and clinical data of sick foals were recorded and later extracted from the medical information system
(Table S3).

In addition to the sick foals, seven healthy (H) newborn foals were enrolled in this study, four from Utrecht University Equine Hos-
pital (Utrecht, The Netherlands) and three from Dierenkliniek Emmeloord (Emmeloord, The Netherlands). In the healthy foals, at the
moment of blood collection for the routine check for passive transfer of immunity, 10 mL of blood was collected aseptically for cfDNA
sequencing. Blood cultures were not performed on the healthy foal samples.

nSIRS criteria were used to classify foals into groups (Table S1) %, whereby an nSIRS score >3 was considered nSIRS-positive (S+),
a nSIRS score of 0 was considered nSIRS-negative (nS-) and an nSIRS score of 1-2 was considered symptomatic nSIRS-negative
(sS-). The foal cohort thus comprised 11 S+ foals, four nS- foals, seven healthy foals, and 10 sS- foals. The demographics, including
foal age at presentation, breed, sex, as well as dam age, gestation length, and parity, are detailed in Tables S2 and S3.

METHOD DETAILS

Sample preparation and nucleic acid isolation

Blood for cfDNA sequencing was collected aseptically in Streck Cell-Free BCT (Streck #230257). Plasma extraction involved centri-
fugation for 10 min at 1600 g (at room temperature), followed by an additional centrifugation step for 10 min at 16,000 g (at 4 °C) to
eliminate all cells and debris. The resulting plasma samples were then stored at —80 °C.

For nucleic acid isolation from plasma, the Circulating Nucleic Acid Kit (Qiagen, 55114) was employed with specific modifications
to the manufacturer’s protocol. First, a subset of the samples was supplemented to 5 mL using PBS (Table S4), prior to isolation.
Second, the lysis time was extended from 30 to 60 min. Finally, cfDNA was eluted in 28 or 35 pL of Nuclease Free water (Invitrogen,
10977-035), and measured by the Qubit dsDNA High Sensitivity Assay Kit or Broad Range Assay Kit (Thermofisher Scientific, Q32854
and Q328583, respectively).

Sequencing library preparation using single-strand ligation based DNA-capture

For library preparation quality control purposes, plasma DNA was supplemented with synthetic spike-ins, equaling 0.2% of the total
DNA input. The synthetic spike-ins consisted of an equimolar mix of three single-stranded DNA sequences that were 50, 100, and
150 bp in length (sequences of these spike-ins listed in Table S11). Since the SRSLY splint adapter (refer to the next section for more
details about SRSLY) contains a 7-base random overhang, the spike-ins were designed to include a random overhang sequence of
the same length.

Then, the SRSLY PicoPlus NGS Library Prep Kit was used to prepare sequencing libraries (Claret BioScience, CBS-K250B-96).
Briefly, DNA input molecules were denatured and kept as single-stranded molecules using a thermostable single-stranded DNA
binding protein. The single-stranded DNA was then ligated to SRSLY splint adapters, followed by an indexing PCR.”" To enrich short
fragments in all foal samples, we used the small fragment retention version of the SRSLY PicoPlus NGS Library Prep Kit protocol
along with an additional bead-based size selection step (Ampure XP, A63882). In a separate experiment (Figure 1D) we compared
a short fragment retention and moderate fragment retention protocol combined with/without a customized extra step of bead-based
selection in a separate experiment, by which we established that we would use the small fragment retention version with a custom-
ized extra step of bead-based selection in all other samples in this study. The complete description of this experiment can be found in
the method section “short fragmentation length enrichment analysis”.

All libraries were quantified using the Qubit dsDNA High Sensitivity Assay Kit (Thermofisher Scientific, 32854) and size distribution
was analyzed using the Tapestation 2200 and the D1000 kits (Agilent, 5067-5583). Foal sample sequencing libraries were pooled
equimolar, with positive (see “preparing positive control samples imitating microbial cfDNA fragments”) and negative controls
(see “negative controls for identifying contaminants in low microbial load samples”), albeit at a 3-fold lower molar ratio than the
foal cfDNA libraries. This pool was subsequently enriched for sub-100 bp cfDNA molecules by a bead-based size selection step
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(Ampure XP, A63882). After this bead-based size selection, the concentration and size of the library pool were measured using the
TapeStation 2200 and the D1000 kit.

Preparing positive control samples imitating microbial cfDNA fragments
As a positive control, we made use of a sonicated mock community DNA (ZymoBIOMICS Microbial Community DNA Standard,
D6305) containing a mixture of genomic DNA of 10 microbial strains: Listeria monocytogenes, Pseudomonas aeruginosa, Escherichia
coli, Salmonella enterica, Lactobacillus fermentum, Enterococcus faecalis, Staphylococcus aureus, Bacillus subtilis, Saccharomyces
cerevisiae and Cryptococcus neoformans. In short, 2 pL ZymoBIOMICS standard was supplemented with 88 pL of LowTE (10 mM
Tris, 0.1 mM EDTA), before shearing using the Covaris S2 at 6°C-8°C, with continuous degassing, a duty cycle of 10%, intensity set to
5, and 200 cycles per burst for 14 min. Bead-based size selection was then performed to enrich for DNA fragments shorter than
200 bp (Ampure XP, A63882), using an initial 1.1x volume of beads followed by adding a 3x volume of beads to the supernatant,
to mimic cfDNA. Three ng of sheared, size-selected mock community DNA supplemented with 6 pg of synthetic spike-in DNA
were used as input for the SRSLY library preparation. Since the next-generation sequencing libraries were prepared in three separate
batches, we included one positive control sample for each batch, resulting in a total of three positive controls (PC1, PC2, and PC3).

After sequencing, the computational cfFBI workflow was applied to the positive control (PC) samples, including Bracken abun-
dance re-estimation to refine the relative fractions of each species and genus (see “sequencing data processing using the cfFBI-
pipeline” for details). The observations for these 10 species and their respective genera are provided in this study, including their
relative fractions at both the species and genus levels, as well as the variance among the PC samples.

Of note: the positive controls (PC1-PC3) served three purposes. First, to validate the effectiveness of the protocol in each exper-
imental batch. Second, to ensure the wet lab and computational workflow can accurately produce representative species and genera
of interest. Third, to confirm that data generated from independent library preparations are comparable.

Negative controls for identifying contaminants in low microbial load samples

Due to the risk of contamination in low microbial load samples, we incorporated a set of four negative controls (NTC1, NTC2,
NCMQiso, NCMQIib). Among these, two (NTC1, NTC2) consisted of 5 mL PBS that underwent the entire process of cfDNA and
SRSLY-mediated NGS sequencing library preparation. Another two control samples contained Nuclease-Free water that was utilized
for the elution (NC1MQiso) of cfDNA after cfDNA isolation and the supplemention of up to 18 pl that was added to samples before
library preparation (NC1MQIib). These two samples underwent the process of SRSLY library preparation. No spike-in DNA se-
quences were added to the negative control samples.

Next-generation sequencing

Library sequencing was executed on the NovaSeq 6000 platform with 2 x 150 bp reads. This process yielded a range of 20-66 million
reads per cfDNA library, between 8.6 and 10.3 million reads for each positive control (PC), and between 6.0 and 9.1 million reads for
negative controls (NTC1, NTC2, NC1MQiso, and NC1MQlib).

Sequencing data processing using the cfFBI-pipeline

lllumina sequencing and synthetic data underwent processing via the cfFBI-pipeline, available on our Github repository (https://
github.com/AEWesdorp/cfFBl/tree/main/pipeline). In a nutshell, bbduk.sh from tool BBmap’? was employed to detect and eliminate
reads containing 50mer, 100mer, or 150mer synthetic spike-in sequences. Subsequently, duplicate removal was carried out using
nubeam-dedup,”® followed by default read quality filtering using fastp’* to generate high-quality sequencing data. The quality filtering
included removing low-quality reads, implementing a low complexity filter, adapter removal, and discarding short reads (<35bp) us-
ing AdapterRemoval.”®

For horse read sequence identification, we tested two strategies via host genome mapping (bowtie2”®). The first strategy utilized
the reference genome Equus caballus EqQuCab3.0 from NCBI RefSeq (accessed on Nov 8th, 2022). The second strategy incorpo-
rated all 10 additional genomic sequences available for Equus caballus within NCBI RefSeq (accessed on Feb 5th, 2024), bringing
the total to 11 genomes: EquCab3.0, 57H, 25H, 16H, 7H, 2H, 9H, 30H, Ajinai1.0, LipY764, and EquCab2.0. A comparison of the
two strategies is shown in Figure S2, highlighting a substantial reduction in unmapped host reads (Figure S2A) and the down-
stream effect on bacterial read classification following remapping with Kraken2 (Figure S2B; see next section for details). To miti-
gate artificially elevated microbial read counts due to incomplete host filtering, the multi-genome mapping strategy has been
adopted in the cfFBI pipeline.

The latter strategy is adopted in the cfFBI pipeline. After host sequence subtraction, remaining paired-end reads underwent taxo-
nomic classification using Kraken2 “©, a highly regarded metagenomic tool that performs exact k-mer alignment to a reference data-
base for rapid per-read taxonomic classification (for details about the adapted database, see: “taxonomic database construction and
taxonomy classification”). Sequencing data were processed with a confidence threshold (CT) of 0.8 for all described databases, the
selection of the CT was based on previous work’” which demonstrated that a CT of 0.8 results in the highest average precision when
using the NCBI database. After Kraken2 classification, Bracken®®"” was employed to re-estimate the abundance of species within
the metagenomic PCs (PC1-PC3; as specified in the cfFBI’s config file). Of note, Bracken abundance re-estimation was applied for
PCs but not for foal cfDNA samples according to the Kraken software suite authors’ recommendation.”® Resulting host-mapping
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reads, classified reads, and bacterial-classified reads were normalized to QC-passed reads in each sample unless otherwise
specified.

Taxonomic database construction and taxonomy classification

For this study, we constructed a custom Kraken2 hash-table database that includes 11 horse genomes, two human genomes, and all
complete microbial genomes from NCBI (release 217, downloaded as of May 15th, 2023). The microbial component comprises
285,825 bacterial, 14,977 viral, 496 fungal, 1,493 archaeal, and 96 protozoal genome assemblies. To build this database, genomic
sequences from the NCBI RefSeq database were downloaded using the kraken2-build —download-taxonomy command for archaea,
bacteria, fungi, human, plasmid, protozoa, UniVec_Core (contaminant sequences), and viral genomes. Additionally, all 11 genomic
sequences for Equus caballus (EquCab3.0, 57H, 25H, 16H, 7H, 2H, 9H, 30H, Ajinai1.0, LipY764, and EquCab2.0) from NCBI RefSeq
were downloaded (as of 05-02-2024). The database also incorporated the human genome GRCh38.p14 (obtained directly from NCBI
RefSeq) and CHM13v2.0 (added manually). Kraken2 databases were built using the default settings (kraken2-build), resulting in a
database with k-mers of the default length (35) and minimizers of length 31.

Short fragmentation length enrichment analysis

To evaluate the efficiency of short (<100 bp) microbial cfDNA fragment enrichment across various protocols, we tested different ver-
sions of the SRSLY PicoPlus NGS Library Prep Kit (Claret BioScience, CBS-K250B-96), including short fragment retention and mod-
erate fragment retention protocol combined with or without a customized extra step of bead-based selection. After preparing these
four different libraries, the libraries were pooled and sequenced with NextSeq 2000. On average 29 million paired-end (2 x 150 bp)
reads were obtained. The cfFBI computational workflow was applied to all four samples, using only the EquCab3.0 as a reference
genome. Reads mapped to the host chromosomal contigs were extracted using samtools (v1.3.1) with a minimal mapping quality
score of > 30. Subsequent processing and length analysis were performed by a customized processing script using R (v4.2.1)
(for details, see: https://github.com/AEWesdorp/cfFBl/tree/main/fragmentomics).

Host mitochondrial and host read end-motifs analysis

Sequences mapped to mitochondrial contig (RefSeq contig name NC_001640.1) and chromosomal contigs of Equus caballus Equ-
Cab3.0 were extracted for host read mitochondrial and host read end-motif analyses using samtools (v1.19, v1.3.1). Amount of reads
mapped to mitochondria with a quality score of > 40 was divided by the number of reads mapped to all chromosomal and mitochon-
drial DNA with a quality score of > 40 in EQuCab3.0 to calculate MT cfDNA fraction. To investigate read end-motifs, we analyzed the
most terminal base of R1 and R2 in all reads that were mapped with a quality score of > 30, using a custom R script. Counts of each
terminal base were tallied, then normalized to the expected fraction (equally distributed). As an example, for Motif A in 1-mer end-
motif:

Motif A relative fraction = log 10< mOtifA + 4 )

>~ (motifA + motifB + motifC + motifD)

Contamination identification in sequencing runs with concentration-based methods

Low biomass microbial sequencing is sensitive to any DNA sequence present in samples, including contaminants. Decontamination,
which refers to the process of removing contaminants from findings, is crucial to exclude uninformative findings. Previously, “decon-
tam,” a statistical method which identifies and removes reagent-related contaminant sequences has been proposed for metagenom-
ics data. This method, implemented in an R package, detects contaminants by analyzing their correlation with DNA concentration
(frequency-based method) as well as their presence in negative controls (prevalence-based method) *° (illustration adapted in
Figure S3B). We adapted the frequency-based method to identify contaminants resulting from the cfDNA isolation step and/or
the SRSLY library preparation step (Figure S3A).

This frequency-based method assumes that contaminants exist at the same concentration in input reagents in different samples.
Therefore, contaminants are more abundant in samples with low DNA input and consequently samples with lower DNA yield. We
measured the cfDNA yield after isolation and used (whenever possible) 5 ng of cfDNA as input for the library preparation, to stan-
dardize the input DNA for this step. As a result, more isolation-related contaminants were expected in lower input DNA concentration
samples. After SRSLY sequencing library preparation we again measured the total DNA yield, and pooled samples in equimolar
amounts for sequencing, thus, more library preparation-related contaminants were expected in samples with low total DNA yield.

Therefore, both cfDNA isolation yield and SRSLY sequencing library preparation yield were used for contaminant identification.
Normalized species classified counts of all species were correlated with (1) the inverse input DNA volume used for the library prep-
aration, against correlation to a constant value (Figures S3C and S3D); and correlated with (2) final DNA yield after library preparation,
against correlation to a constant value (Figures S3C and S3E). Testing the null hypothesis of whether each species was not a contam-
inant from step (1) and/or step (2) with the R package decontam. This derived a p-value (significance) of the likelihood of being a
contaminant for each species. The authors of the decontam package suggested identifying the trough in the distribution of p-values
to set as a cutoff to identify contaminants. We set a p-value cutoff at 0.25 for both steps and checked whether the species occurred in
at least six samples, as a lenient approach to identify as many suspected contaminants as possible to prevent false positive findings
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as suspected pathogens (Figures S3F and S3G). We performed this across all isolation and library preparation samples without
batch-specific testing due to small batch sizes in this experiment. The identified contaminant species were removed from the further
analysis that involves classification results. To validate that the identified species were true contaminants, we checked their presence
in four negative controls (NTC1, NTC2, NC1MQiso, and NC1MQlib, see Figure S4).

Bacterial load calculation
After excluding contaminant species, read counts of all other bacterial species were aggregated and normalized to the total number
of quality-filtered reads, to calculate what we call the “total fraction of bacterial cfDNA”.

Bacterial diversity measurements

For bacterial diversity measurement, it is important to avoid analytical noise arising from potential false positive taxonomy classifi-
cation. Apart from removing species deemed as contaminants from the above mentioned method, we also exclude all observations
that were fewer than ten classified reads. To perform diversity analyses, it is important to rarefy the observation so that it is compa-
rable between libraries. Detected species count were rarefied based on the filtered read count in the smallest sequencing library.
Species richness was then calculated as the number of species present in each sample after rarefaction. This includes only species
that have more than ten classified reads in any sample and are not identified as contaminant species. The Shannon index, or Shannon
entropy, measures biodiversity by considering both the abundance and evenness of species present in a sample.”® We also
measured Bray-Curtis dissimilarity to assess compositional differences between sample pairs. In order to calculate this Bray-
Curtis dissimilarity for all pairs, counts were log10-transformed. Results were visualized using hierarchical clustering with single link-
age (nearest neighbor) to illustrate the relationships between samples.

Identification elevated bacterial taxa

Using the cfFBI workflow, we aimed to detect elevated levels of frequently observed bacterial pathogens in newborn foals with
sepsis °'. These bacterial pathogens include 12 Gram-negative genera (Serratia, Salmonella, Pseudomonas, Proteus, Pasteurella,
Pantoea, Klebsiella, Escherichia, Enterobacter, Aeromonas, Actinobacillus, and Acinetobacter) and four Gram-positive genera
(Streptococcus, Staphylococcus, Enterococcus, and Bacillus). We visualized the taxonomy-classified normalized read counts for
all species within these 16 genera (Figures S7-510) and aggregated these counts to form a total count for each genus. Comparisons
were made by contrasting the foals’ (e.g., S+) aggregated genus-level counts against the maximum aggregated genus-level counts
observed in H and/or nS- foals to identify abundances that exceeded those in the control group (i.e., H and/or nS-). Conversely, we
also compared the aggregated genus-level counts of the non-S+ foals against those observed in the S+ group. In all comparisons,
genera detected at low abundance (fewer than 10 reads) were excluded.

QUANTIFICATION AND STATISTICAL ANALYSIS

We utilized Kruskal-Wallis tests followed by Dunn’s multiple comparison tests to conduct a directional non-parametric ANOVA for
comparing total cfDNA levels, mitochondrial cfDNA fraction, host cfDNA end-motifs, bacterial cfDNA fraction, species richness,
and Shannon indices among groups composed of H, nS- or S+ foals. For the comparison between two groups (S+ Lived and S+
Died) we used Mann-Whitney U tests. Additionally, batch effects were assessed with Mann-Whitney U tests with Bonferroni correc-
tion comparing whether variables of interest were confounded by factors such as the isolation batch, library preparation batch, and
the location of the sample during library preparation (Figure S10).
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