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MOTIVATION Current phenotypic antimicrobial susceptibility testing typically requires many hours of
culture to detect growth inhibition, delaying timely and effective treatment decisions. Although molecular
diagnostics can be faster, they often depend on known resistance genes and may not accurately reflect
true phenotypic response to antibiotics. A method that rapidly captures the functional effect of antibiotic
exposure would address a major gap in current clinical diagnostics. s5PSeq was developed to meet this
challenge by measuring antibiotic-induced ribosome stalling as an immediate molecular indicator of sus-
ceptibility, enabling a rapid phenotypic susceptibility readout within a streamlined 4-h workflow.

SUMMARY

Antimicrobial resistance (AMR) poses a significant threat to public health. Rapid and accurate antimicrobial
sensitivity testing is essential to guide effective treatment. Here, we present “simplified 5PSeq” (s5PSeq), a
streamlined protocol for profiling 5 monophosphorylated (5'P) mRNA degradation intermediates that reflect
ribosome dynamics in vivo. By capturing antibiotic-induced, context-specific ribosome stalling events,
s5PSeq provides a molecular proxy for bacterial growth inhibition—offering a molecular phenotypic readout
without the need for culturing. s5PSeq reduces library preparation time to under 4 h and incorporates a novel
rRNA blocking strategy. We demonstrated its clinical utility by identifying erythromycin-resistant and sensi-
tive Clostridioides difficile clinical isolates. Combining s5PSeq with real-time nanopore sequencing enables
fast AMR diagnosis with as few as 3,000 reads. In addition to simplifying the study of 5P co-translational
mRNA decay, our work suggests that utilizing information-rich phenotypic molecular readouts can signifi-
cantly improve AMR diagnostics.
INTRODUCTION ever, these methods are time consuming, labor intensive, and
limited by the specific growth requirements of different bacteria.

Antimicrobial resistance (AMR) is a major threat to global health,
with estimates suggesting it could cause up to 40 million deaths
by 2050 if untreated.' Rapid and accurate diagnostics are essen-
tial to guide effective treatment and limit the spread of resistant
pathogens. However, current antimicrobial sensitivity testing
(AST) methods rely primarily on culturing-based techniques to
assess bacterial phenotypic susceptibility to antibiotics.?
Culturing approaches remain the gold standard as they directly
measure the impact of the antibiotic treatment on growth. How-

L)

For example, AMR detection in Clostridioides difficile, a path-
ogen that causes severe diarrhea, presents significant chal-
lenges due to its anaerobic growth conditions and slow prolifer-
ation (doubling time, 40-70 min).> Molecular methods such as
PCR allow for the direct detection of AMR-related genes.’
Although in principle being faster, molecular approaches do
not measure the impact of the antibiotic treatment on cell
growth, as the mere presence of resistance genes does not al-
ways correlate with phenotypic resistance.®
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To bridge this gap, we developed a sequencing-based
method that provides a molecular phenotypic readout of AMR
by capturing the immediate translational response of bacteria
to antibiotic exposure without the need for cell division. Specif-
ically, we leverage the presence of 5 monophosphorylated
(5'P) mRNA degradation intermediates, which reflect ribosome
dynamics in vivo.°”® We have previously demonstrated that
mRNA degradation signatures can provide information about
ribosome dynamics and co-translational MRNA decay in eukary-
otes®” and bacteria.”'° In bacterial species that possess the 5'-
3’ RNA exonuclease RNase J, this exonuclease tracks the last
translating ribosome, trimming the accessible mRNA in such a
manner that the position of the exposed 5P mRNA indicates
the ribosomes’ position.® Our research has demonstrated that
analyzing these mRNA degradation fragments can uncover
translational changes in response to environmental stresses
and provide insights into ribosome stalls associated with amino
acid limitation or context-specific antibiotic stalls.®'° Based on
that work, we hypothesize that quantifying context-specific ribo-
some stalls after antibiotic treatment could be utilized to assess
phenotypic antimicrobial sensitivity at the molecular level.

Here, we present simplified 5PSeq (s5PSeq), a streamlined
protocol optimized for clinical implementation. s5PSeq re-
duces hands-on time, cost, and complexity while maintaining
our ability to quantify high-quality 5'P and ribosome stalling
profiles. First, we confirmed that short-term (10 min) context-
specific ribosome stall is correlated with long-term growth inhi-
bition after antibiotic treatment. We optimized s5PSeq for mul-
tiple bacterial species and benchmarked against our previously
developed HT-5PSeq."" To demonstrate the clinical potential
of s5PSeq, we evaluated our ability to identify erythromycin-
resistant and sensitive C. difficile clinical isolates. We further
demonstrate s5PSeq integration with nanopore sequencing,
showing that it delivers phenotypic susceptibility profiles within
6-10 h following RNA extraction from as few as 3,000 reads.
This integration enables a rapid and cost-effective assessment
of phenotypic AMR within a working shift, with potential for
broad application across diverse pathogens and clinical
settings.

RESULTS

mRNA degradation signatures provide insights into
bacterial growth following antibiotic treatment

Bacterial cells adjust to environmental changes by modifying
their gene expression and altering their growth. This response
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is evident during antibiotic treatment, where variations in cell
growth are typically used as indicators of antibiotic effective-
ness.'>'® Building on our previous work showing that
ribosomes often stall in a drug- and sequence-specific
manner,”'® we hypothesized that measuring 5P mRNA
degradation signatures could help predict bacterial growth af-
ter antibiotic treatment. This approach may be particularly
relevant for ribosome-targeting antibiotics in bacteria with
RNase J, where ribosome stalls could be more easily con-
nected to the drug’s mechanism of action. To test this hypoth-
esis, we monitored the growth of Bacillus subtilis and Lacti-
plantibacillus plantarum under varying concentrations of
chloramphenicol and erythromycin, using antibiotic concen-
trations commonly used for phenotypic antimicrobial suscep-
tibility tests (Figure 1)."*7'® In parallel, we extracted RNA
10 min post-antibiotic exposure and analyzed the 5’P mRNA
degradation signatures using HT-5PSeq.’’ We observed a
clear dose-dependent signature where the extent of antibiotic
context-specific ribosome stall'”'® was associated with dif-
ferences in long-term growth (Figure 1). In response to chlor-
amphenicol, we observed a clear ribosome stall when alanine
was positioned at the E site. This context-specific ribosome
stall protects mRNA from co-translational decay by RNase
J, resulting in the accumulation of 5P mRNA degradation in-
termediates, 8 nucleotides upstream of the alanine codon®
(Figures 1A and 1B). On the other hand, erythromycin binds
to the 50S subunit of bacterial ribosomes, blocking the exit
tunnel and preventing peptide chain elongation.’® It also
causes context-specific ribosome stalls at proline-rich se-
quences and the R/K-x-R/K motif,”?>?" which can also be
observed by HT-5PSeq (Figures 1C and 1D). To aid interpre-
tation of these context-specific stalls, we introduced a simple
peak-ratio metric to quantify them (Figure 1, right). We
observed a clear association between context-specific ribo-
some stalls and long-term phenotypic responses in conditions
where the used antibiotic concentrations were sufficient to
inhibit growth (Figures 1A-1C), while the observed context-
specific ribosome stall was more modest when growth
was not totally inhibited (Figure 1D). This suggests that moni-
toring MRNA degradation patterns could serve as an effective
method for predicting long-term phenotypic responses.
However, our latest 5PSeq implementation (HT-5PSeq),"”
which requires around 9 h for library preparation, remains
too time consuming for its streamlined use in clinical
microbiology labs where results would be required within a
working shift.

Figure 1. Correlation between long-term growth response and context-specific ribosome stalling after drug treatment

(A) Growth curve (left) and metagene-level context-specific ribosome stalling measured by HT-5PSeq (middle), and the corresponding peak-ratio metric (right) for
B. subtilis after 10 min of chloramphenicol treatment. The ratio metric is calculated as the intensity of the 5'P signal at the context-specific ribosomal stall divided
by the average 5'P signal intensity at the upstream and downstream. Bars represent the mean + SD. The degree of antibiotic context-specific ribosomes stall at
position 8nt upstream of alanine is associated with differences in long-term growth.

(B) Growth curve and metagene-level context-specific ribosome stalling for L. plantarum after 10 min of chloramphenicol treatment, as in (A).

(C) Growth curve (left) and metagene-level context-specific ribosome stalling measured by HT-5PSeq (middle), and the corresponding peak-ratio metric (right) for
B. subtilis after 10 min of erythromycin treatment (as in A). The degree of antibiotic context-specific ribosome stall measured by HT-5PSeq at positions 11nt
upstream of proline and 8nt upstream of the R/K-x-R/K motif (the first base of the last codon of the motif is positioned at 0) is associated with differences in long-

term growth.

(D) Growth curve and metagene-level, context-specific ribosome stalling for L. plantarum after 10 min of erythromycin treatment, as in (C).

See also Table S2.
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Figure 2. Development of the s5PSeq method

(A) Outline of the s5PSeq protocol. Single-stranded DNA oligos are hybridized to total ribosomal RNA to inhibit single-stranded ligation. Following ligation, the
samples undergo reverse transcription and PCR amplification to produce sequencing-compatible libraries.

(B) Design of rRNA blocking oligos based on a multiple sequence alignment of 16S rRNA from 10 bacterial species. Blocking oligos are designed as reverse
complements of highly conserved regions, and incorporate degenerate bases (e.g., Y for C or T) in semi-conserved regions or species-specific sequences for
variable regions.

(C) Relative abundance of reads mapped to rRNA, mRNA, and others (tRNAs, ncRNA, scRNA, etc.) obtained using s5PSeq (shown are 2 replicates) and HT-
5Pseq in B. subtilis. Control samples (ctr1 and ctr2) omit the rRNA blocking step in s5PSeq.

(D) Gene coverage comparison between HT-5PSeq and s5PSeq1 (left), and between replicates s5PSeq1 and s5PSeq? (right) in B. subtilis, showing a strong linear
correlation (Pearson’s r = 0.86 and 0.94, respectively). Gene counts were normalized using median ratio normalization, where each sample was scaled by the
median ratio of its gene counts to the geometric mean, followed by log,o transformation for visualization.

(E) Metagene analysis of 5'P mRNA read coverage relative to the start codon in B. subtilis.

(legend continued on next page)
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s5PSeq is a streamlined protocol for profiling bacterial
mRNA degradome

To streamline 5P mRNA degradome sequencing, we have
developed the s5PSeq method, which reduces the library prep-
aration time, pipetting steps, and costs (from 20 USD per HT-
5PSeq'" library to 10 USD per s5PSeq library, using commercial
reagents, or 2 USD if using custom-made reagents®) while
maintaining the quality of the produced sequencing libraries
(Figure 2A, STAR Methods, and Methods S1). s5PSeq can be
done within 4 h and involves rRNA blocking, single-stranded
RNA ligation, reverse transcription, and PCR amplification (see
Figure S1 for a detailed comparison with HT-5PSeq). A key
aspect of s5PSeq is a novel approach to prevent abundant 5'P
rRNA from dominating the sequencing libraries. Depleting
rRNA is crucial when targeting 5P mRNA, as mature rRNAs
dominate the 5P RNA content in cells. Reducing 5'P rRNA reads
allows focusing on mRNA degradation, lowering sequencing
costs, and enhancing sensitivity. Unlike previous rRNA depletion
strategies using biotinylated probes®® or targeted degradation of
rRNA-containing cDNA molecules,'' s5PSeq prevents the cap-
ture of the 5'P ends of rRNA molecules during the ligation step.
Specifically, we utilize a set of short, unmodified DNA oligonucle-
otides (35-40 nt) that are reverse complementary to rRNA se-
quences (Table S1). These oligonucleotides hybridize with
rRNAs and effectively block the single-stranded RNA ligation
used to identify the 5P mRNA molecules present in a sample.
To ensure that this initial set of rRNA blocking oligos was
compatible with a wide range of species, we designed them to
block the ligation of rRNAs from 10 bacterial species, including
model organisms (Bacillus subtilis), human pathogens (Clostri-
dioides difficile, Enterococcus faecalis, Staphylococcus aureus,
and Streptococcus agalactiae), and other species commonly
found in the human gut, including members of different taxo-
nomic classes such as Lactiplantibacillus plantarum (Bacilli),
Roseburia intestinalis, Ruminococcus gnavus, Dialister invisus,
and Faecalibacterium prausnitzii (various classes within Bacillota
and other phyla). To enhance the range of rRNAs targeted by the
designed probes, in addition to selecting relatively diverse bac-
teria for our initial set, we incorporated conserved sequences for
universally conserved regions, degenerate bases for consensus
sequences complementary to less conserved regions, and spe-
cies-specific sequences for variable regions (Figure 2B).

We initially evaluated s5PSeq in B. subtilis and confirmed that
this novel strategy for blocking rRNA ligation achieved comparable
rRNA depletion to that provided by HT-5PSeq (88% of mRNA
derived reads in HT-5PSeq versus 84% in s5PSeq) (Figure 2C).
s5PSeq is highly reproducible when measuring 5'P mRNA degra-
dation abundance per gene (Pearson’s r = 0.94, Figure 2D, right)
and comparable with HT-5PSeq (Pearson’s r = 0.86, Figure 2D,
left). Consistent with this, gene coverage tracks for the highly ex-
pressed genes showed nearly identical profiles across replicates
(Figure S2A). Notably, s5PSeq effectively revealed the anticipated
ribosome-associated 5'P mRNA degradation profiles at the trans-
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lation start and stop, closely resembling those of HT-5PSeq
(Figures 2E, S2B, and S2C). Finally, s5PSeq was also able to iden-
tify expected amino acid-specific ribosome stalls (Figures S2D and
S2E; Data S1 for interactive FivePSeq reports®).

We subsequently tested s5PSeq in clinically relevant bacterial
species including C. difficile, S. aureus, and E. faecalis. In all cases,
s5PSeq provided sufficient coverage of the 5'P mRNA degradome
to analyze co-translational mRNA decay (81%, 56%, and 55%
mRNA reads respectively, Figures 2F and 2H) and showed good
reproducibility (Figures 2G and S2F-S2H) and ribosome-associ-
ated 5P mRNA degradation profiles compared to HT-5PSeq
(Figures S2I-S2L). This confirms that s5PSeq can provide high-
quality 5P mRNA degradome information with less hands-on
time and cost than those required for previous methods.

s5PSeq enables detection of phenotypic AMR in clinical
C. difficile isolates

Next, we investigated whether s5PSeq could be used to accel-
erate AST and differentiate between sensitive and resistant bac-
terial strains. We focused on C. difficile, a significant clinical
concern due to its role in severe gastrointestinal infections and
high recurrence rates.’* Diagnosing AMR is essential for effec-
tive treatment of C. difficile infections, and clinical laboratories
routinely monitor multidrug resistance of clinical isolates,
including resistance to erythromycin.?® However, conventional
phenotypic AST remains challenging due to its strict anaerobic
growth requirements, slow growth rate, and the absence of stan-
dardized, rapid testing methods.®?” These limitations highlight
the urgent need for a rapid AST approach that can reliably
assess their phenotypic AMR.

We focused on the identification of differential response to
erythromycin treatment that leads to differential, context-spe-
cific ribosome stalls that can be easily measured by HT-5PSeq
(Figures 1C and 1D). We tested two C. difficile clinical isolates,
one sensitive to erythromycin and the other resistant to erythro-
mycin, and characterized both for phenotypic AMR as well as
tested for growth with erythromycin in our conditions
(Figure S8). To ensure that cells were in a metabolically active
state, we exposed exponentially growing cell cultures to a clin-
ical epidemiological cut-off value (ECOFF) of erythromycin
(1 pg/ml) for 10 min before RNA extraction. To assess the repro-
ducibility of our approach, we tested 4 independent cultures per
strain and performed 5 technical replicates per sample, gener-
ating a total of 40 s5PSeq libraries. In the erythromycin-sensitive
strain, we readily identified context-specific ribosome stalls at
proline-rich sequences and R/K-x-R/K motifs, whereas these
stalling events were absent in the resistant strain (Figures 3A
and 3B).

Nanopore sequencing coupled with s5PSeq simplifies
AST

Finally, to further simplify the utilization of s5PSeq as a molecular
readout of antimicrobial sensitivity in the clinical context, we

(F) Relative abundance of reads mapped to rRNA, mMRNA, and others for C. difficile, as in (C).
(G) Gene coverage comparison between HT-5PSeq and s5PSeq1 in C. difficile as in (D), showing a strong linear correlation (Pearson’s r = 0.80).
(H) Relative abundance of the reads mapped to rRNA, mRNA, and others for S. aureus and E. faecalis, as in (C).

See also Tables S1 and S2 and Data S1.
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Figure 3. s5PSeq distinguishes erythro-
mycin-resistant and -sensitive C. difficile
clinical isolates

(A) Line plot showing amino acid-specific ribo-
some stalls measured by s5PSeq at positions 12nt
upstream of proline and 9nt upstream of R/K-x-R/
K motif (the first base of the last codon of the motif
is positioned at 0), sequenced on lllumina
NextSeq2000. Context-specific ribosomal
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examined the potential to integrate it with nanopore-based
sequencing approaches. Although short-read technologies
(e.g., lllumina) are well established and offer high-quality reads,
their implementation in clinical microbiological settings remains
limited due to high costs and their logistical requirements. The
high-throughput nature of short-read technologies often requires
pooling many samples to be cost effective. Additionally, samples
are often transported to an offsite facility, which will delay AST
and extend the time needed to provide appropriate treatment
to patients. Conversely, technologies such as nanopore
sequencing present a more affordable entry cost and, due to
their simplified operation requirements, smaller footprint, and
price, can be easily utilized in clinical microbiology laboratories.
Moreover, nanopore sequencing provides real-time sequencing
capabilities and reduces costs related to library preparation and
flow cell usage.

We processed the lllumina-compatible s5PSeq PCR ampli-
cons previously prepared for C. difficile (Figure 3) by ligating
nanopore-specific adapters (SQK-LSK114, 1 h). We also devel-
oped a preprocessing pipeline for nanopore data, including base
calling with Guppy/Dorado, demultiplexing, adapter trimming,
and read mapping using Minimap2 (see STAR Methods). Due
to the relatively high error rates in nanopore sequencing
compared to lllumina, we added a quality control step to filter
out low-quality reads by applying read length and quality score
thresholds, ensuring that only high-confidence reads were
used for analysis. First, we sequenced those samples
using the PromethlON platform known to provide higher-quality
reads®® and throughput. Reassuringly, we were able to
clearly identify erythromycin context-specific ribosome stalls
(Figure 4A) and distinguish between the sensitive and resistant
strains (Figure 4B). This was even possible when subsampling
reads to 30,000 reads per sample (Figure S4A). This suggests
that, potentially, we could multiplex more than 2,000 samples
per flow cell in a PromethION run, while being able to distinguish

6 Cell Reports Methods 6, 101327, March 23, 2026

between sensitive and resistant strains. The number of samples
could be increased by orders of magnitude if using short-read
platforms that, in general, provide many more reads.

To further evaluate our ability to use nanopore sequencing to
bring s5PSeq closer to the clinic, we employed the cost-effective
ONT Flongle system (priced at 67 USD per flow cell). We
sequenced 24 samples per Flongle, using the MinlON platform.
Within 5 h, the sequencing generated around 400,000 filtered
reads (approximately 10,000 reads per sample after demultiplex-
ing). Despite the relatively low number of reads per sample and
the relatively lower sequencing quality associated with the
MinlON platform when running a Flongle flow cell (average
read quality of Phred 8 versus 17 for the same libraries run in a
PromethlON), the results were sufficient to accurately differen-
tiate between sensitive and resistant strains (Figures 4C and
4D). We could differentiate between strains using as few as
3,000 reads per sample (Figure 4D). Those differences were
even more clear when technical replicates were merged and
subsampled to 30,000 reads per sample (Figure 4C). This dem-
onstrates that s5PSeq combined with nanopore sequencing can
enable phenotypic molecular testing for AMR in clinical labs.

Finally, we assessed the ability of s5PSeq to deconvolute spe-
cies-specific signatures in complex samples containing RNA
from multiple organisms. Despite the presence of multiple back-
ground species, s5PSeq reliably recovered the characteristic
erythromycin-induced context-specific stalls in the sensitive
C. difficile strain, while no such signal was detected in the resis-
tant strain, as confirmed by both lllumina and nanopore
sequencing (Figures S4B-S4E). Although s5PSeq libraries un-
dergo rRNA depletion, they retain abundant rRNA fragments.
We, therefore, evaluated whether these could support nano-
pore-based species identification. As expected, rRNA reads
from the MinlON datasets closely matched the expected species
composition (Figure S4F), demonstrating that nanopore-based
s5PSeq can simultaneously provide rapid phenotypic AST
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Figure 4. s5PSeq coupled with nanopore sequencing distinguishes erythromycin-resistant and -sensitive C. difficile clinical isolates
(A) Line plots showing erythromycin context-specific ribosomal stalls at positions 12nt upstream of proline and 9nt upstream of the R/K-x-R/K motif (the first base
of the last codon of the motif is positioned at 0) measured by s5PSeq and sequenced in a PromethlON, as in Figure 3. Replicates are merged, yielding 28M

(sensitive) and 35M (resistant) reads.

(B) Context-specific metric (as in Figure 3B) for individual resistant and sensitive samples sequenced from (A). Bars represent the mean + SD. The sensitive strain
exhibits a significantly higher peak than the resistant one, as determined by an unpaired t test (o < 0.0001). Only samples with a minimum of 100,000 reads

mapped to the coding regions (CDS) were considered.

(C) Line plots for s5PSeq libraries sequences in Flongle, as in (A). Replicates are merged and subsampled to 30,000 reads.
(D) Context-specific metric for individual samples from (C). Bars represent the mean + SD. The sensitive strain exhibits a significantly higher peak than the
resistant one, as determined by an unpaired t test (p < 0.0001). Only samples with a minimum of 3,000 reads mapped to the coding regions (CDS) were

considered.
See also Table S2.

information and species-level assignments in heterogeneous
samples. Together, these results indicate that s5PSeq can, in
principle, be applied to complex microbial samples resembling
real, clinical settings.

DISCUSSION

In this study, we developed s5PSeq, a method that simplifies the
study of 5P mRNA degradome by reducing costs, manual effort,
and library preparation time. We demonstrated a novel approach
for rRNA depletion that selectively inhibits the single-stranded
RNA ligation of 5'P rRNA molecules and eliminates the necessity
for expensive and time-consuming rRNA depletion procedures.
Even though we focused on bacteria in this study, preliminary
work from our laboratory suggests the same strategy is appli-
cable to eukaryotes such as S. cerevisiae and C. albicans.
Finally, we show that s5PSeq can be easily integrated with nano-
pore sequencing, reducing the turnaround time.

To illustrate s5PSeq applicability, we studied its ability to cap-
ture changes in ribosome dynamics after antibiotic treatment.®'°
We focused on ribosome-targeting antibiotics in bacteria with

RNase J, where 5PSeq provides single-nucleotide resolution in-
formation, and ribosome stalls can be easily connected to the
drug’s mechanism of action.” We demonstrate that 5P mRNA
degradation signatures can serve as a rapid molecular readout
for antimicrobial susceptibility. By quantifying context-specific
ribosome stalls”'® after short (10-min) antibiotic exposure,
s5PSeq provides a functional readout of translation inhibition
that correlates with long-term bacterial growth. Our findings
show that these drug- and context-specific ribosome stalling
RNA degradation signatures can help differentiate the effects
of various antibiotic concentrations (Figure 1) and distinguish
C. difficile resistant strains from sensitive ones (Figures 3 and
4). We show that combining s5PSeq with nanopore sequencing
further enhances its clinical utility by enabling real-time data
acquisition and reducing turnaround time to within a single work-
ing shift (RNA to Fastq). s5PSeq can be performed using the
cost-effective Flongle flow cells and MinlON devices, which
are already available in many clinical microbiology laboratories.
Our current implementation enables rapid, cost-effective, and
accurate profiling of phenotypic AMR, with results delivered
within 10 h (starting from metabolically active bacteria).
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Additionally, even using our current implementation, this turn-
around time can be further reduced by utilizing flow cells with
higher throughput per unit time. For instance, instead of multi-
plexing 24 samples per Flongle and running sequencing for 5
h, theoretically, we could obtain sufficient coverage for sample
discrimination (e.g., minimum of 3,000 mapped reads as in
Figure 4D) by multiplexing 32 samples in a conventional
MinION flow cell for 1 h. This would reduce the sample-to-
answer time to less than 6 h, fitting within a typical clinical work-
ing shift. In fact, during the preparation of this manuscript, ONT
has decided to discontinue Flongle flow cells in favor of regular
MinlON flow cells, which offer higher-throughput and
sequencing quality. Further optimization of the sbPSeq experi-
mental and computational protocol is expected to reduce the
turnaround time.

Detecting ribosomal stalling patterns induced by ribosome-
targeting antibiotics provides a phenotypic readout of drug activ-
ity and reflects the actual impact of antibiotic treatment. Differ-
ences in stall offsets across species likely reflect variations in
ribosome size and architecture, which influence where RNase
J encounters stalled ribosomes during co-translational decay.
Accordingly, ribosome stalls occurring at different sites (e.g.,
A, P, or E sites) will influence the measured offset. This approach
bridges the gap between traditional phenotypic assays and
molecular diagnostic approaches. Furthermore, being a
sequencing-based approach, s5PSeq provides not only the
phenotypic antimicrobial sensitivity information but also genetic
information, enabling the identification of specific strains or the
presence of AMR marker genes. Unlike other phenotypic ap-
proaches that measure cell growth at the cellular level (e.g.,
traditional microbial cultures or microscopy-based ap-
proaches),®° in principle, 5P mRNA degradome analysis does
not require strain isolation and can be applied to complex sam-
ples (Figures S5, S6, and S7).° This feature has the potential to
further reduce the time from sample collection to AST in real-
life scenarios by reducing or even eliminating the time for isolate
identification. However, further research is necessary to assess
s5PSeq applicability to real-life complex samples within a clinical
setting, such as patient-derived blood cultures. The potential of
s5PSeq extends beyond C. difficile and can be easily extended
to other pathogens with 5'-3' co-translational mRNA decay.®*"
In C. difficile, erythromycin resistance is widespread,®® and
phenotypic testing for this antibiotic is performed mainly for
AMR surveillance and susceptibility trend prediction. Thus,
future research should focus on expanding the approach to a
wider range of pathogens and antibiotics (e.g., E. faecium, and
S. aureus).

In conclusion, we believe that the integration of s5PSeq method
with nanopore sequencing paves the way for the development of a
rapid, cost-effective, and accurate approach to phenotypic AMR
diagnostics. This innovative strategy effectively addresses critical
limitations in current diagnostic methods and holds significant po-
tential to enhance clinical decision-making, improve patient care,
and contribute to global public health efforts against AMR.

Limitations of the study

Although s5PSeq offers a rapid and cost-effective approach for
studying the 5'P degradome and profiling phenotypic AMR,
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several limitations should be considered. First, although 5'P
sequencing provides single-nucleotide resolution for species
possessing 5'-3’ exonucleases (e.g., RNase J), it remains essen-
tial to perform preliminary studies characterizing antibiotic-spe-
cific ribosome stalls across varying times and drug concentra-
tions and to correlate these signatures with differential
bacterial growth. Though s5PSeq could theoretically be em-
ployed to examine general translational perturbations in
response to non-ribosome-targeting drugs®' or to study species
lacking a 5’-3' RNA exonuclease (e.g., E. coli), where s5PSeq
resolution is lower, further optimization is necessary.

Second, although s5PSeq has the potential to be applied
directly to complex clinical samples without prior strain isolation,
our current study was limited to pure cultures. Even if the sensi-
tivity of s5PSeq relies primarily on sequencing depth, additional
work will be required to demonstrate its ability to identify alter-
ations in ribosome dynamics in mixed or low-abundance bacte-
rial samples.

Third, s5PSeq can theoretically detect drug-induced changes
in any metabolically active bacteria. However, further research is
required to demonstrate the utility of s5PSeq in real-world clin-
ical samples such as patient-derived blood cultures prior to
strain isolation.

Finally, successful implementation of s5PSeq in clinical set-
tings will require the development of robust sample-to-answer
analysis pipelines, both experimental and computational, that
meet strict in vitro diagnostic regulations. Comprehensive
benchmarking against existing ASTs in clinical settings will
also be critical.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Chloramphenicol Sigma Aldrich Cat# C0378
Erythromycin Sigma Aldrich Cat# E5389

T4 RNA ligase 1

SuperScript™ Il Reverse Transcriptase
Phusion®High-Fidelity PCR Master Mix
AMPure XP

RNACIlean XP

New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Beckman Coulter
Beckman Coulter

Cat# M0204L
Cat# 100004925
Cat# F-530L
Cat# A63881
Cat# A63987

Critical commercial assays

High-sensitivity DNA kit
Qubit™ dsDNA HS Assay Kit
Qubit™ RNA BR assay kit
Ligation sequencing kit v14
Flongle flow cell (R10.4.1)
PromethION flow cell (R10.4.1)

Agilent

Thermo Fisher Scientific
Thermo Fisher Scientific
Oxford Nanopore Technology
Oxford Nanopore Technology
Oxford Nanopore Technology

Cat# 5067-4626
Cat# Q33231

Cat# Q10211

Cat# SQK-LSK114
Cat# FLO-FLG114
Cat# FLO-PRO114M

Deposited data

The raw and processed sequencing data This paper GSE293532, see data and code availability
Experimental models: Organisms/strains

Bacillus subtilis 168 trpC2 N/A N/A
Lactiplantibacillus plantarum ATCC ATCC 8014
Clostridioides difficile ATCC ATCC 9689
Staphylococcus aureus ATCC ATCC 29213
Enterococcus faecalis ATCC ATCC 29212
Clostridioides difficile erythromycin resistant This paper N/A

clinical isolates

Clostridioides difficile erythromycin sensitive This paper N/A

clinical isolates

Oligonucleotides

rRNA blocking oligos, see Table S1 This paper N/A

Primers and other oligos, see Table S1 This paper N/A

Software and algorithms

Python/3.13.2
fivepseq package/1.3.5
bcl2fastg/2.20.0

Cutadapt/4.8
UMI-tools/1.0.0
STAR/2.7.11a
bedtools/2.31.0

Guppy

Dorado
Minibar
seqtk/1.4-r122

Python Software Foundation
Nersisyan et al.®
lllumina

Martin®®

Smith et al.*®
Dobin et al.**
Quinlan and Hall*®

Oxford Nanopore Technology

Oxford Nanopore Technology

Krehenwinkel et al.*®

Github

https://www.python.org
https://github.com/lilit-nersisyan/fivepseq

https://emea.support.illumina.com/sequencing/
sequencing_software/bcl2fastg-conversion-
software.html

https://github.com/marcelm/cutadapt
https://github.com/CGATOxford/UMI-tools
https://github.com/alexdobin/STAR
https://github.com/arg5x/bedtools2

https://nanoporetech.com/document/Guppy-
protocol

https://nanoporetech.com/software/other/dorado
https://github.com/calacademy-research/minibar
https://github.com/Ih3/seqtk

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

minimap2/.28-r1209 Li%” https://github.com/Ih3/minimap2?tab=readme-
ov-file

Subread package/2.0.1 Liao et al.*® https://github.com/ShiLab-Bioinformatics/
subread

GraphPad Prism/10.2.0 GraphPad Software, Boston, https://www.graphpad.com

Massachusetts USA

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and culture conditions

Bacillus subtilis 168 trpC2 and Staphylococcus aureus ATCC 29213 were cultured aerobically at 37°C in LB medium (Sigma-Aldrich,
Cat# L7275). Lactiplantibacillus plantarum ATCC 8014 was cultured aerobically at 37°C in MRS medium (Sigma-Aldrich, Cat#69966).
Enterococcus faecalis ATCC 29212 was grown anaerobically at 37°C in NYCIII medium. Clostridioides difficile ATCC 9689, along with
erythromycin-resistant and -sensitive C. difficile clinical isolates, were cultured anaerobically at 37°C in brain heart infusion (BHI) me-
dium.*° Two C. difficile clinical isolates (one erythromycin-resistant and one erythromycin-sensitive) were obtained from the Public
Health Agency of Sweden (Dnr 03016-2017 1.4.4 and 03016-2022). These isolates were cultured under anaerobic conditions at 37°C
in BHI medium.

Antibiotic treatment and growth assays

To evaluate antibiotic sensitivity via standard growth assays, overnight cultures of Bacillus subtilis and Lactiplantibacillus plantarum
were diluted to an initial ODggg of 0.005-0.05 and incubated aerobically in 96-well plates for 18-24 h in the presence of chloramphen-
icol (0, 1.6, 8, or 40 pg/mL) or erythromycin (0, 0.1, 0.5, or 2.5 pg/mL), with growth monitored using a Tecan Spark microplate reader.
For Clostridioides difficile clinical isolates, overnight cultures were diluted to an ODgg of 0.05 and incubated anaerobically in BHI
medium with erythromycin (0, 1, or 256 pg/mL) under the same conditions. Growth was measured using a Tecan Sunrise microplate
reader.

Preparation of RNA samples for HT-5PSeq and s5PSeq

For preparation of metabolically active cultures used in HT-5PSeq or s5PSeq library construction, overnight cultures of Bacillus sub-
tilis and Lactiplantibacillus plantarum were diluted and grown to mid-exponential phase (ODggo = 0.6-0.8) over 4-8 h. A 1 mL aliquot
was treated with the same concentrations of chloramphenicol or erythromycin as used in the growth assays for 10 min, followed by
centrifugation at 13,000 rpm for 3 min. The supernatant was discarded, and the resulting cell pellets were frozen on dry ice for RNA
extraction. Exponentially growing cultures of Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 29213, and Clostri-
dioides difficile ATCC 9689 were processed using the same procedure to evaluate the s5PSeq protocol across multiple bacterial
species. Similarly, overnight cultures of C. difficile clinical isolates were diluted to an ODggg of 0.05 and grown to mid-exponential
phase (ODggo = 0.6-0.8) over 7-8 h. A 1 mL aliquot was treated with erythromycin (0 or 1 pg/mL) for 10 min, followed by the addition
of 500 pL RNAprotect Bacteria Reagent (QIAGEN). After a 5-min incubation, cells were harvested by centrifugation at 13,000 rpm for
3 min, and pellets were frozen on dry ice for RNA extraction.

METHOD DETAILS

RNA extraction

Total RNA was extracted using a previously established phenol-chloroform method combined with beads-beating.® Briefly, frozen
cell pellets were resuspended in a lysis reagent with phenol and glass beads, followed by mechanical disruption using a
MultiMixer for 2 min or a FastPrep system for 1min. The aqueous phase was then separated and further purified using acidic
phenol-chloroform extraction. Finally, total RNA was precipitated in ethanol and eluted in nuclease-free water. RNA concentrations
were quantified using a Nanodrop spectrophotometer and Qubit fluorometer. RNA quality was assessed by gel electrophoresis and/
or an Agilent Bioanalyzer using the RNA Pico kit. The extracted RNA showed high integrity with minimal DNA contamination.

s5PSeq library preparation

s5PSeq libraries were prepared from 200 ng of total RNA without DNase treatment. Ribosomal RNA was blocked by hybridization
with 0.4 uM of a mixture of 146 universal blocking oligonucleotides and 4 pM of two species-specific oligonucleotides targeting
the 5’ ends of 16S and 23S rRNAs (Table S1), in the presence of 50 mM NaCl. The hybridization reaction was performed using
the following thermal profile: 75°C for 5 min, 65°C for 5 min, followed by a stepwise temperature decrease of 3°C every 2 min until
35°C. After rRNA blocking, 1 uM of single-stranded RNA adapters containing unique molecular identifiers (UMIs) and barcodes were
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ligated to RNA using T4 RNA ligase 1 in the presence of 1 mM ATP and 1X T4 RNA ligation buffer at 25°C for 1 h. Ligated RNA was
purified using RNA CleanXP beads (1.8X volume). First-strand cDNA synthesis was then performed using SuperScript Il reverse tran-
scriptase and random hexamers following the manufacturer’s protocol. Template RNA was degraded by incubation with 28.6 mM
NaOH at 65°C for 20 min, followed by neutralization with an equimolar amount of Tris-HCI. cDNA was purified using Ampure XP
beads (1.8X volume). Libraries were amplified using 0.25 pM lllumina-compatible primers with dual barcodes and 2X Phusion
High-Fidelity PCR Master Mix with the following cycling conditions: 98°C for 30 s; 15 cycles of 98°C for 20 s, 65°C for 30 s, and
72°C for 30 s; followed by 72°C for 7 min. PCR products were size-selected using a two-step selection with Ampure XP beads
(0.6X-0.8X) to enrich for fragments between 400 and 600 bp. All oligonucleotide sequences used in the protocol are listed in Table S1.

For mixed-species experiments, total RNA from B. subtilis, S. aureus, E. faecalis, and erythromycin-treated C. difficile strains were
combined at equal mass (100 ng per species). The mixtures were processed identically to single-species samples for s5PSeq library
preparation.

lllumina sequencing and data analysis

Size-selected libraries were quantified using Qubit dsDNA HS assays, and 650 pM libraries were loaded onto the lllumina NextSeq
2000 platform for sequencing. Demultiplexing of lllumina reads for each sample was performed using bcl2fastq. Preprocessing,
including adapter trimming and quality filtering with cutadapt,®> UMI extraction with UMI-tools® were conducted using previously
established workflows.® Reads were aligned to the respective bacterial references using STAR,** and mapped reads were analyzed
using the fivepseq package® to identify ribosomal stalling patterns and phenotypic antimicrobial resistance (AMR) signatures.

Nanopore sequencing and data analysis

Libraries originally prepared for lllumina sequencing were repurposed for nanopore sequencing by adding nanopore adapters using
the Oxford Nanopore Technologies ligation sequencing kit v14 (SQK-LSK114). Libraries were loaded onto a Flongle flow cell and
sequenced on the MinlON platform. The same libraries were also loaded onto a PromethlON flow cell and sequenced on the
PromethlON 48 platform. Raw nanopore sequencing data generated in pod5 format were retrieved after 24 h of sequencing on a
MinION flongle flow cell or 72 h of sequencing on a PromethlON flow cell. Base calling was performed using Dorado software in
Fast base calling model for flongle sequencing, or real-time base calling with Guppy software in Super accurate (SUP) base calling
model. Reads were demultiplexed based on the dual barcode lllumina adapter using the minibar.py program.® UMI extraction was
performed using UMI-tools,*® followed by alignment to the C. difficile reference genome using minimap2.%” Mapped reads were
analyzed using the fivepseq package® to identify ribosomal stalling patterns and phenotypic AMR signatures.

To assess whether rRNA fragments in s5PSeq libraries could support species identification, nanopore reads derived from the
mixed-species samples were aligned to a combined reference containing the genomes and rRNA annotations of B. subtilis, S.
aureus, E. faecalis, and C. difficile using minimap2. Only primary alignments with MAPQ >10 were retained. Species-level read
counts were obtained using samtools (Figure S4F).

QUANTIFICATION AND STATISTICAL ANALYSIS

5'P degradome data were analyzed using the fivepseq package (v1.3.5)® to generate codon-resolution coverage profiles and meta-
gene plots. Ribosome stalling was quantified as the ratio of 5P signal intensity at defined positions upstream of specific codons to the
average signal in the surrounding regions, with signals normalized as reads per million (RPM) of mapped reads. Statistical compar-
isons were performed using unpaired two-tailed t-tests (p < 0.0001), and reproducibility was assessed by Pearson correlation. Data
visualizations were generated using GraphPad Prism 10 for amino acid-specific stalling plots and heatmap, metagene coverage at
start and stop codons, and RNA composition bar plots based on fivepseq output.
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