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Editorial on the Research Topic
Women in antimicrobials, resistance and chemotherapy: 2023

In honor of International Women’s Day 2023, Frontiers in Microbiology launched
the second edition of the “Women in antimicrobials, resistance and chemotherapy”
Research Topic. This dedicated Frontiers Research Topic was entirely curated by women
editors, celebrating their remarkable contributions in this field. It’s heartening to see such
recognition, especially given the historical undervaluation of women’s achievements in
STEM (science, technology, engineering, and mathematics). Notable women like Ada
Lovelace, Rosalind Franklin, Barbara McClintock, and Marie Curie have left indelible
marks on scientific progress, yet gender disparities persist (2021).

Gender and antimicrobial resistance (AMR) also intersect. A recent global review by
the World Health Organization (WHO) revealed that women might be more susceptible
to developing drug-resistant infections compared to men (Wong, 2024). This gender-
specific aspect of AMR remains under-recognized, with over 70% of countries failing
to acknowledge gender inequalities in their national plans to combat drug-resistant
infections. Approximately 20% of these studies focused on Africa, and nearly 15% focused
on southeast Asia. In regions with limited access to clean water, women and girls
are at greater risk of drug-resistant urinary tract infections due to menstrual-hygiene
needs. Additionally, women, who constitute 70% of global health-care workers, are more
likely to encounter drug-resistant infections in hospitals and clinics. Higher rates of
sexual violence against women also increase their vulnerability to drug-resistant sexually
transmitted infections. And if progress on empowering women and girls was already
too slow, COVID-19 and the war in Ukraine and Gaza have exacerbated entrenched
gender inequalities. In this sense, UN Women’s Strategic Plan 2022-2025 centers the
activity of women and girls, guiding work across normative spheres, UN coordination, and
program implementation, tailored to national contexts and executed with various partners
to support women and girls in creating a better future (United Nations, 2021).

The papers published on this Research Topic (8 original Research Articles, one Review,
one errata) shed light on the vital work of female researchers addressing antimicrobial
resistance—one of the top global health threats of our time.
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Teh et al.

Thurner and Alatraktchi critically reviewed the role of sub-
lethal antibiotics in the evolution of bacterial virulence. Besides
the mutations and natural selection, alteration in virulence could
also be achieved through enrichment in sub-Minimum Inhibitory
Concentration (MIC). To further study how virulence manifests
itself under sub-MIC, methodologies for sub-MIC determination
and measurement of virulence should be standardized. This will
provide useful information for patient management.

Barone et al. investigated the effects of HDAC6 inhibitors,
which act on histone deacetylation and bacterial clearance, against
Pseudomonas aeruginosa. The results showed changes in the
production of virulence factors like pyocyanin and rhamnolipids.
Selective HDACS6 inhibitors demonstrated potential in reducing
inflammation and bacterial load in chronic infection models
mimicking the cystic fibrosis (CF) phenotype. However, further
research is needed to understand the molecular mechanisms of
HDAC®6’s role in bacterial infections.

Kanafani et al. aimed at exploring the differential activity of
ciprofloxacin and levofloxacin on the selection of resistance among
233 clinical isolates of Pseudomonas aeruginosa. Levofloxacin
required fewer passages than ciprofloxacin to reach breakpoints
in some isolates, and induced mutants against both drugs had
higher fitness costs compared to parental isolates. Whole genome
sequencing revealed alterations in gyrA, gyrB, and parC genes
associated with resistance.

Li et al. described the in vitro antibacterial activity of novel
B-lactam-P-lactamase inhibitor combinations (BLBLIs) against
carbapenem-resistant Klebsiella pneumoniae (CRKP) producing
metallo- and serine-B-lactamases. Using broth microdilution and
time-Kkill assays, they demonstrated significant bactericidal activity
for aztreonam combined with new BLBLIs. However, further
studies including more isolates with different carbapenemases are
needed for comprehensive susceptibility data.

Xu et al. reported the changes of the gut microbiota in
children who received broad-spectrum antibiotics in pediatric
intensive care unit (PICU). After the treatment, gene functions
of the gut microbiota were altered, mainly in those responsible
for metabolism, DNA catabolism, and transmembrane transport.
Ninety resistance genes were significantly upregulated in Day 7
compared to Day 1. This study has provided a substantial basis
for a better understanding of the structure and function of gut
microbiota after the short-term admission to PICU.

Jorddo et al. investigated the combination of DNase I
enzyme with antimicrobial photodynamic therapy (aPDT) in mice
infected with fluconazole-susceptible (CaS) and -resistant (CaR)
Candida albicans strains. After inoculation, the mice received
DNase treatment followed by photosensitizer (PDZ) and light
exposure for 5 consecutive days. The combination of DNase
with PDZ-aPDT significantly reduced fungal viability in mice
tongues, with remission of oral lesions observed after 7 days.
This approach holds promise for improving the efficacy of
photodynamic treatment.

Ye et al. described a green synthesis method for silver
nanoparticles using Cnidium monnieri fruit extract, highlighting
its simplicity, safety, and environmental friendliness compared
methods. These CM-AgNPs
demonstrated antifungal activity against Trichophyton rubrum,

to physical and chemical
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T. mentagrophytes, and Candida albicans, showing potential for
treating fungal infections in humans and animals. Developing new
topical antifungal drugs with these green CM-AgNPs could be an
effective alternative for managing multidrug-resistant candida and
dermatophyte infections.

Kasozi et al. surveyed rural community of livestock farmers
to determine whether appropriate practices were used in
administration of drugs against animal African trypanosomiasis
(AAT) in southwestern Uganda. The survey involved farmers and
“professionals” i.e., livestock extension officers and drug shop
attendants. On around two-thirds of farms, trypanocidal drugs
were being administered by farmers and almost all drugs were
obtained from privately-owned drug shops. Farmers were more
likely than professionals to use antibiotics as well as trypanocidal
drugs to treat AAT, raising concerns as to overuse and misuse
of antibiotics. The study also highlights the complexity of issues
involved in the fight against AAT using drug treatment, and the
importance of best farming practices to reduce the emergence of
resistant strains of trypanosomes.

Wiesner-Friedman et al., used the microbial Find, Inform, and
Test framework to identify strong associations between sources
of antimicrobial resistance (AMR), represented by a panel of
5 ARGs/MGEs. Land application of waste (e.g., dairy manure,
biosolids) and dairy concentrated animal feeding operations
were indicated as important sources of elevated AMR levels
in riverbed sediment and surface water. While the consistency
in the types of sources selected is strong, differences in
estimated overland influence ranges and database types were
noted. Overall, this work indicates offsite migration of wastes
and calls for more fine-spatial and temporal studies of AMR
in watersheds.

Collectively, these investigations showcase the exceptional
quality of research led by diverse women scientists, addressing one
of the top ten global public health threats. We hope these articles
will inspire readers working in the AMR field to explore and tackle
AMR from multifaceted perspectives.
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ldentifying sources of antibiotic
resistance genes in the
environment using the microbial
Find, Inform, and Test framework
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University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

Introduction: Antimicrobial resistance (AMR) is an increasing public health
concern for humans, animals, and the environment. However, the contributions
of spatially distributed sources of AMR in the environment are not well defined.

Methods: To identify the sources of environmental AMR, the novel microbial Find,
Inform, and Test (FIT) model was applied to a panel of five antibiotic resistance-
associated genes (ARGs), namely, erm(B), tet(W), gnrA, sull, and intl1, quantified
from riverbed sediment and surface water from a mixed-use region.

Results: A one standard deviation increase in the modeled contributions of
elevated AMR from bovine sources or land-applied waste sources [land application
of biosolids, sludge, and industrial wastewater (i.e., food processing) and domestic
(i.e., municipal and septage)] was associated with 34-80% and 33-77% increases
in the relative abundances of the ARGs in riverbed sediment and surface water,
respectively. Sources influenced environmental AMR at overland distances of up
to 13 km.

Discussion: Our study corroborates previous evidence of offsite migration of
microbial pollution from bovine sources and newly suggests offsite migration from
land-applied waste. With FIT, we estimated the distance-based influence range
overland and downstream around sources to model the impact these sources may
have on AMR at unsampled sites. This modeling supports targeted monitoring of
AMR from sources for future exposure and risk mitigation efforts.

KEYWORDS

microbial FIT, antimicrobial resistance, surface water, sediment, animal feeding
operations, land application

1. Introduction

Antimicrobial resistance (AMR) currently exists at higher than natural levels
due to antibiotics use and misuse in human and animal medicine and livestock
production (Davies and Davies, 2010). Wastes from these origins contain pathogens
and associated antibiotic resistance genes (ARGs), which can be dispersed via runoff
into rivers in the environment (Amarasiri et al, 2019). While putative geographical

8 frontiersin.org
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Wiesner-Friedman et al.

sources of pathogens and ARGs have been identified, the extent
of their contributions to elevated AMR in the environment
remains unknown. Characterizations of AMR spatial sources, their
contributions (Nappier et al., 2020), and modeling approaches that
suit the conceptual framework of ARG transport, attenuation, and
amplification (Singer et al., 2006; Pruden et al., 2012) are needed.

Antibiotic resistance genes and antibiotic-resistant bacteria
(ARB) can become elevated intracellularly due to the impacts
of human and animal sources by (1) direct dissemination or
extracellularly and through horizontal gene transfer (HGT), (2)
organic matter enrichment of ARGs, and (3) the dissemination
of selective factors (e.g., antibiotics) from sources (Xie et al,
2018). A geospatial study of surface water in the United States
supports that land use is a driver of AMR (Keely et al., 2022).
Potential sources of elevated AMR in the environment have been
identified at locations where human, animal, and industrial waste
meet with the environment (Nappier et al., 2020; Zainab et al.,
20205 Zheng et al., 2021). Animal feeding operations (AFOs) are
likely sources due to frequent antibiotic use for disease treatment
and prevention or use in animal feed, often at sub-therapeutic
doses (Pruden et al., 2012; Ling et al., 2013; Heaney et al., 2015;
Li et al, 2015; Rogers et al., 2018; Lopatto et al., 2019). Other
potential sources include wastewater treatment plants (WWTPs)
(Bueno et al., 2018; Brown et al., 2019; Pazda et al., 2019; Beattie
etal., 2020b) and land application sites of treated (i.e., biosolids and
semi-solids) and untreated wastes (i.e., biosolids and wastewater)
from agricultural (e.g., manure spreading), industrial, or municipal
origins (Munir and Xagoraraki, 2011; Beattie et al., 2018, 2020b;
Pepper et al., 2018; Yang et al., 2018; Duarte et al., 2019; Jacobs
et al,, 2019). Additionally, elevated AMR levels have been detected
in groundwater near septic systems (O'Dwyer et al., 2017), and
low-intensity developed land cover is a fecal contamination source
(Crowther et al., 2003; Alford et al.,, 2016; Bucci et al., 2017;
Hinojosa et al., 2020; McKee et al., 2020; Wiesner-Friedman et al.,
2021a). However, ARGs predate manufactured antimicrobials and
exist in natural environments (D’Costa et al., 2011; Van Goethem
et al., 2018), and different soil types can represent sources (Zhang
etal., 2018,2021; Macedo et al., 2020). Additionally, season (Beattie
et al., 2018, 2020a; Zheng et al., 2018; Liu et al, 2020) and
precipitation (Ahmed et al., 2018; Keen et al., 2018) are temporal
factors to consider.

To model contributions from these sources with known
mechanistic approaches (Wang et al., 2019; Costa et al., 2021),
knowledge of loadings and decay is needed. While current research
shows that first-order decay can represent ARG levels over distance
and time and that ARG decay occurs over long time scales (e.g.,
weeks to months), the decay rate varies depending on the ARG
and environmental variables (Mao et al, 2014; Lopatto et al.,
2019; Macedo et al., 2020; Barrios et al., 2021; Burch et al.,
2021). Furthermore, loadings at sources are not well characterized.
Statistical models incorporating first-order decay are helpful to
screen potential sources of elevated AMR without requiring
mechanistic information (Wang et al., 2019; Costa et al., 2021).
Here, we use land-use regression (LUR) to identify the sources of
contaminants and quantify their association with environmental
responses (Messier et al, 2014). By constructing source terms
that characterize contributions through spatial predictor models
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(SPMs), LUR leverages hyperparameters and databases of spatially
distributed sources to describe the decayed range of influence
around sources (Wiesner-Friedman et al., 2021b). LUR studies can
increase the ecological understanding of how sources influence
ARG levels and help develop microbial risk assessments for AMR
(Nappier et al., 2020).

To the best of our knowledge, only two studies using LUR
or SPMs have characterized source contributions to the AMR
levels of rivers and their quantified associations (Pruden et al,
2012; Amos et al,, 2015). Pruden et al. (2012) explored different
SPMs that account for average upstream capacities and found that
WWTPs and AFOs were associated with sull relative abundance
in sediment (2012). A recent study (Amos et al.,, 2015) modeled
the decaying contributions [i.e., decaying concentrations of cellular
and extracellular intIl1 (i.e., genes related to ARG mobility
and pollution) and concentrations of selective pressures (e.g.,
antibiotics, biocides, microplastics, etc.)] coming from upstream
WWTPs, leading to higher levels of intIl relative abundance
in sediment.

These two LUR studies implemented different SPMs.
Pruden et al. (2012) used the inverse distance-weighted (IDW)
interpolation of pollution capacities upstream of the sampling
location. This SPM is an interpolation of pollution capacities
upstream of the sampling point. Therefore, it does not guarantee
that pollution decreases away from sources, as would be expected
from dilution and degradation processes. Amos et al. (2015) used
a sum of exponentially decaying contributions (SEDC) applied
to upstream sources. This model is different from the IDW
interpolation in that it accounts for the density of sources, and
it is such that the predictor value decreases away from sources,
which is physically meaningful. Factors including dilution due
to flow (Knapp et al., 2012), overland flow, and manure hauling
from AFOs to application fields contribute to the dissemination
of microbial contamination to rivers (Wiesner-Friedman et al.,
2021a,b). Our goal is to expand upon previous modeling with a
generalized SPM that incorporates these four components (i.e.,
density and proximity of upstream sources, overland flow, and
dilution) to screen many potential sources of elevated AMR.

By implementing a LUR approach in a new region with a more
generalized SPM, we aimed to (1) estimate relative abundance (i.e.,
ARG/16S rRNA gene) ratios (RARs) that express how AMR levels
respond to the influence of different types of upstream sources,
(2) characterize the overland range of influence around AMR
sources, and (3) predict AMR levels at unsampled river sites. We
were further interested in studying source impacts on riverbed
sediment and surface water, representing time-integrated effects
and transient contamination (Wiesner-Friedman et al, 2021a).
To accomplish this, we applied the newly developed microbial
Find, Inform, and Test (FIT) framework (Wiesner-Friedman et al.,
2021b), which uses LUR and novel SPMs, and applied FIT to a panel
of four ARGs (ermB, tetW, gnrA, and sull) and one resistance-
associated gene (intIl) (collectively called ARGs throughout)
quantified from riverbed sediment and surface water from a mixed-
use Great Lakes watershed area. The panel of ARGs in this study
were selected for their associations with agricultural resistance [i.e.,
tet(W) and erm(B)], clinical significance (i.e., gnrA), and as mobile
genetic elements (i.e., intIl and sull) (Beattic et al., 2018). Three
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ARGs have been previously studied using LUR [i.e., tet(W), sull,
and intl1] but were only measured from sediment (Pruden et al.,
2012; Amos et al.,, 2015), and two [i.e., erm(B) and gnrA] have
not been studied with LUR. Compared to these previous studies,
we modeled contributions from new types of spatially distributed
sources (e.g., land-applied waste from municipal or industrial
origins) and for ARG responses in sediment and surface water.

2. Methods

2.1. Sampling and sample analysis of
antibiotic resistance genes

The data used for this study were originally collected and
processed by Marquette University researchers (Beattic et al., 2018)
based on (1) the number and spatial distribution of samples and (2)
the high detection rate of ARGs in riverbed sediment and surface
water. The samples were obtained from Kewaunee, Ahnapee, and
East Twin Rivers in Kewaunee County, Wisconsin during five
sampling events representing four seasons and 20 sampling sites
(sampling sites are depicted as circles in Figure 1). Sites were
selected based on the impacts of expected variability from the dense
livestock agriculture in Kewaunee County and public access to
the sites (Beattie et al., 2018). DNA was extracted from samples,
and quantitative PCR was used to quantify AMR-associated genes
[ie., erm(B), qnrA, tet(W), sull, and intll] and the 16S rRNA
gene. Antibiotic resistance gene selection is detailed in a previously
published study (Beattie et al., 2018); briefly, genes resistant to
antibiotics commonly used in agriculture (tetracycline, macrolides,
and sulfonamides; tet(W), erm(B), and sull), genes found on
mobile genetic elements (intII and sull), and genes conferring
resistance to clinically important antibiotics (fluoroquinolones;
gqnrA) were chosen to explore the diversity of environmental
resistance in the study area. Values measuring below the detection
limit (<8% of the data points; see Supplementary Table S1) were
set to half the detection limit. Detailed sampling methods, DNA
extraction, qPCR protocols, and the full ARG dataset (relative and
absolute abundances) can be found in a previously published study
(Beattie et al., 2018). River network, precipitation, temperature, and
source location data and processing can be found in previously
published studies (Wiesner-Friedman et al., 2021a,b).

2.2. Physically meaningful land-use
regression model

This study uses a physically meaningful LUR model (i.e., source
terms are not allowed to have negative regression coefficients)
implemented in FIT without modifiers (i.e., attenuators or
amplifiers) to focus on characterizing source contributions to each
ARG response, y; (Wiesner-Friedman et al., 2021b):

y; = Bo+PLi(B1 + B2P2;) + BsFreezing;
+ [fo:l Bus™ (oc(”)) ] + & (1)
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The ARG response, y;, represents logl0 of the relative
abundance z;, where z; is the ratio of ARG copies to 16S rRNA gene
copies. The first three variables, namely, P1;, P2;, and Freezing;,
represent recent precipitation, antecedent precipitation, and a
seasonal, Bernoulli-distributed variable representing whether the
monthly average temperature was freezing for each i’sample.
The first term, By, and the last term, ¢;, represent the regression
intercept and random error, respectively. B;, B2, and B3 are
associated regression coefficients, and 25:1 ,Busgu) («®) is a sum
of contributions from spatially distributed sources. Each source
term, 55“) (a(“)), is defined as a function of ground hauling,
overland, and downstream decay hyperparameters; o™, the flow-
connected distances (i.e., overland and downstream distances)
from the spatial locations of sources of type u (e.g., WWTPs)
to the sampling locations of each isample; and sample site
flow (proxied by Strahler stream order) (Wiesner-Friedman et al.,
2021b). The sources can also be weighted by information associated
with their scale (e.g., size of the land cover area, gallons of manure,
or equally weighted) (Wiesner-Friedman et al., 2021a). Because
hyperparameters describe the distance decay of dimensionless
quantities that denote the scale of sources, source terms describe
dimensionless source contributions to sampling sites. All source

terms sl(-u)

are SPMs equal to the z-scored Sum of Exponentially
Decaying Contributions (SEDC) so that a one standard deviation
increase in the u" SEDC represents a f8, increase in the response.
An RAR expresses the ratio of relative abundances for a one
standard deviation increase in source u. In other words, a one-
unit increase in SPM 55”) results in a (100(RAR™ — 1)) percentage
increase in relative abundance z (Wiesner-Friedman et al., 2021b).

See Supplementary material S5 for details.

2.3. Data for spatially distributed sources

Multiple databases are available to

potential sources in Kewaunee County. While many sources

spatial represent
of elevated ARGs exist globally, we identified thirteen categories of
potential sources that may be important to Kewaunee County (u
=12,..,13).

The first eight potential sources of the u* categories were
spatially related to sampling site locations with SPMs, which are
the z-scored overland and river-distance with flow (ORF) SPM:
(1) AFOs, (2) manure application fields, (3) septic systems, (4)
industrial land application sites, (5) municipal or septage (i.e.,
domestic-originating) land application sites, (6) WWTPs, (7) low-
intensity developed land cover representing rural accumulations
on imperviousness, and (8) high-intensity developed land
cover representing more urban/residential accumulations on
imperviousness. The next three potential sources were soil sources
represented by the dominant soil type within a 1-km radius of the
sampling location: (9) Type A represents soils with the highest
infiltration rate when saturated, likely consisting of sand, sandy
loam, loamy sand, or gravel soil types; (10) Type C represents
soils with a low infiltration rate when saturated, likely consisting
of clay loam, silty clay loam, sandy clay, or silty clay; and (11)
Type D represents soils with a very low infiltration or high run-oft
potential, likely consisting of clay loam, silty clay loam, sandy clay,
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FIGURE 1

a relative abundance ratio (RAR) of 108
in Supplementary material S7.
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Conservative values of the standardized sum of exponentially decaying contribution (SEDC) are shown for two types of spatial prediction models: (A)
AFOs via manure application at agricultural application fields, and (B) land application sites with municipal or industrial wastes and septage. These
standardized SEDCs are conservative in using the maximum hyperparameter values «“) (see Equation 1) found across ARG responses. For subpanel
a, we used the maximum hyperparameter values «“) obtained across three relative abundance responses [erm(B), tet(W), and sull] in sediment
Imax(@™) = {yg = 14 km, ao = 13 km, agr = 2 km}]. For subpanel b, we used the maximum hyperparameter values «¥> obtained across two
relative abundance responses [tet(W) and int/1] in surface water [max(e™) = {«o = 10 km, ar = 10 km}]. An increase of 1 on the color scale
corresponds to a one standard deviation increase of the corresponding SEDC. The multiplication of the standardized SEDC shown here with a given
regression coefficient 8, from Table 1 gives the increase in the corresponding log10 relative abundance y. Circles represent the sampling locations
associated with this study and highlight the conservative value of the standardized SEDC at that site. For example, for erm(B) in sediment, the g, for u
= AFO via manure application fields is B, = 0.199, therefore, a one standard deviation increase (shown in orange in the map) in the standardized
SEDC for AFO via manure application fields increases y (the log10 relative abundance) by 0.199, or conversely, the relative abundance z increases by
1.58, which corresponds to a 58% increase in relative abundance z. Database representations are detailed

or silty clay. The last two source categories were those related to
the sampling site locations using the ground hauling, overland, and
river distance with flow (GORF) SPM. Here, the SPM leverages two
source locations to capture how land application occurs on land
disproportionately closer to the origin of the waste [e.g., manure
is hauled from AFOs (u = 1) to manure application fields (1 =
2), and AFOs will minimize hauling distances for cost purposes
(Hadrich et al., 2010)]. The sources defined with this SPM are 12)
AFOs via the ground transport or hauling of manure to fields and
13) domestic-originating land application sites (1 = 5) with waste
that is applied more greatly in proximity to denser residential areas
represented by septic system locations (1 = 3). See previous study
for SPM equations and descriptions (Wiesner-Friedman et al,
2021b).

2.4. Application of the FIT framework to
ARG responses

The microbial FIT framework is a three-step approach
(Wiesner-Friedman et al., 2021b) using the physically meaningful
LUR (Equation 1). The three stages of the FIT framework, Find,
Inform, and Test, were applied independently to the 10 ARG
responses (i.e., sediment and water measurements of five ARGs).
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This modeling was implemented in MATLAB 2020b (https://
scicrunch.org/resolver/RRID:SCR_001622).

In Find reliable databases of spatially distributed sources, many
candidate databases can be explored for their ability to reproduce
source-term relationships for unseen data. Here, for each of the
potential ARG source categories (v = 1,2,...,13), we explored
the candidate options for representing the sources based on (a)
available databases [e.g., the Wiscland-2 land cover database,
the Wisconsin Pollution Discharge Elimination System (WPDES)
database, and county databases available for manure storage and
septic systems], (b) coding options, (c) different classes of data, and
(d) weighting options (see Supplementary material S2 for details).

The find stage obtains a reliability score for each candidate
database option. The reliability score is calculated by obtaining
hyperparameters for the SPM for a training set of response
data. Using training hyperparameters for a test set (see
Supplementary material S4), we calculated a reliability score
with test-set regression coefficients. The score rewards candidate
databases with the most consistently positive test-set regression
coefficients [i.e., sign stability score (SSS)], the largest sum
of test-set coefficients (M), and the lowest variability of the
2021b).
Supplementary material S2 for the reliability score equation.

test-set coefficients (Wiesner-Friedman et al, See

In the inform stage, source terms are informed with transport-
characterizing hyperparameters in ORF and GORF SPMs. In this
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TABLE 1 Symbols and abbreviations from Equation 1.

Term Description

Vi log10 of the relative abundance z;, where z; is the ratio
of ARG copies to 16S rRNA gene copies for each
i"sample.

P1; Recent precipitation for each isample.

P2; Antecedent precipitation for each isample.

Freezing; Bernoulli distributed variable representing whether the
monthly average temperature was freezing for each
i"sample.

sf’“ (™) The impact on each i*’sample from the u"*source type
modeled with the Sum of Exponentially Decaying
Contributions (SEDC) Spatial Predictor Models (SPMs)
that account for the ground hauling, overland, and river
distance flow (Wiesner-Friedman et al., 2021a,b).

Bo The regression intercept.

Bi The increase in y; for a one standard deviation increase
in recent precipitation.

B The effect that a one standard deviation increase in
antecedent precipitation has on the effect of recent
precipitation f;.

B3 The effect of freezing temperatures on y;.

Bu The increase in y; for a one standard deviation increase
in the source term s}”) (ot(")).

& The random error for each isample.

stage, hyperparameter values, & (i.e., describing average ground
hauling distance yg, decay overland «p, and downstream ag),
were obtained by independently maximizing the RAR (108" for
every source type. This maximization was subject to a penalty on
very low or high values of overland decay and ground hauling
hyperparameters, «g and yg, that yielded poor regression qualities
(Wiesner-Friedman et al., 2021b). The spatial predictor models
leveraging the hyperparameters, o™, are described in detail in the
microbial FIT framework (Wiesner-Friedman et al., 2021b).

The goal of the last stage is to fest the predictive ability of
informed source terms to identify key sources of elevated ARGs
in Kewaunee County Rivers and Streams. Before model selection,
if the correlation of informed source terms was large (o >0.7),
those yielding the highest univariate R-squared were chosen
over correlated options (Dormann et al.,, 2013). Then, seasonal,
precipitation, and source terms were stepwise selected with
AIC. The prediction of individual source impacts on unsampled
locations was initially assessed through the find stage based on
the robustness of the source term’s consistent contributions and
the ARG’s logl0 relative abundance across training and test sets.
Ultimately, the prediction of total source impacts was assessed with
the adjusted R? resulting from the test stage.

2.5. Conducting interviews/surveys with
Wisconsin dairy cattle veterinarians

To understand which ARGs are likely to be shed by bovines
based on antibiotic usage, we reviewed information from a
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thorough systematic review outlining and quantifying antibiotic
usage on Wisconsin dairy farms (Pol and Ruegg, 2007). Since
the publishing of that study, practices may have changed, and
a previous ARG study found local knowledge to be beneficial
(Rogers et al., 2018). We conducted a small survey with dairy
cattle veterinarians and asked Wisconsin dairy cattle veterinarians
about the changes they have observed in antibiotic use over
their careers. Google Maps was used to search for veterinarians,
veterinary services, and “large animal” services. In total, 12
veterinary offices were identified as serving the dairy cattle
industry, representing the practices of over 30 veterinarians.
Surveys were sent to all 12 offices, and four returned our
surveys. See Supplementary material S6.1 for survey questions and
veterinarian responses.

3. Results

3.1. The ARGs in this study are biologically
linked to antibiotic usage in Wisconsin
AFOs

According to the four veterinarians we interviewed, ceftiofur,
a beta-lactam (Dowling, 2004), was the most frequently prescribed
antibiotic for disease treatment (Dowling, 2004). Other antibiotics
that
tulathromycin,

enrofloxacin, florfenicol,
These (see
Supplementary material S4 for interview details and discussion)

veterinarians prescribe are

and oxytetracycline. interviews
reflected antibiotic use for disease treatment that was consistent
with the findings of the 2007 study on antibiotic usage at
AFOs in Wisconsin (Pol and Ruegg, 2007). These antibiotics
belong to the broader classes of fluoroquinolones, sulfonamides,
macrolides, and tetracyclines, which correspond well with
resistance encoded by or co-occurring with the ARGs used
for this LUR modeling (Pal et al, 2015; Beattie et al., 2018).
Our interviews did indicate that some antibiotics are still used
preventatively (e.g., tetracycline flushes) because operations have
difficulty monitoring large herds. Preventative antibiotic use is
therefore a missing component in understanding the frequency
and dose associated with these classes of antibiotics. However, our
interviews and the 2007 study provide a biological link between
the panel of ARGs from our study and dairy AFOs. Additionally,
although intI1 has been identified as a marker for anthropogenic
pollution more broadly, clinical class I integrons can carry ARG
cassettes, conferring multidrug resistance with the ability to
spread rapidly through horizontal gene transfer (Gillings et al.,
2015).

We could not directly obtain information on clinical
antibiotic usage in rural Wisconsin. However, one wastewater
study (Karthikeyan and Meyer, 2006) indicates a total of
six classes of antibiotic compounds found in the influent
Based
on the frequency of the detection of different antibiotic

of municipal wastewater from across Wisconsin.
classes, the study indicates that the ARGs for this study may
also well represent the anthropogenic impacts of clinical

antibiotic use.
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3.2. Overland and downstream flow from
bovine sources consistently contribute to
elevated ARGs

After implementing the FIT framework across five ARGs in
sediment and surface water, we found that all five of the ARG
responses (see Table 2) are positively associated with bovine sources
(i.e., AFOs, AFOs via the ground hauling of manure to application
fields, or manure application field locations) in at least surface
water or sediment. For ARG responses in sediment, FIT selected
the GORF AFO source term, which represents the contributions
from AFOs via the ground hauling of manure to application fields.
A one standard deviation increase in GORF AFO contributions was
associated with RARs of 1.58 and 2.01, representing 58% and 101%
increases (p < 0.10) in the relative abundance of erm(B) and tet(W).

Across ARG responses in surface water, FIT selected the GORF
AFO source term for erm(B). A one standard deviation increase
in these AFO contributions was associated with a 45% (p < 0.05)
increase in the relative abundance of erm(B) in surface water. For
tet(W) and gnrA responses, FIT selected the ORF AFO source
term, representing the contributions directly from AFO locations.
A one standard deviation increase in AFO contributions was
associated with 77% (p < 0.05) and 49% (p < 0.05) increases in the
relative abundance of tet(W) and gnrA, respectively. For sull and
intI1, FIT selected the ORF manure application fields representing
contributions directly from field locations (i.e., irrespective of
AFOs). A one standard deviation increase in manure application
field contributions was associated with 41% (p < 0.10) and 36%
(inclusion lowers AIC) increases in the relative abundance of sull
and intll, respectively.

In sediment and surface water, the magnitude of the association
between tet(W) and AFOs was greatest compared to other ARG
responses. A greater association may indicate that more tet(W)
genes are located at AFOs or may suggest that oxytetracycline is
used frequently to prevent diseases at dairy AFOs compared to
other antibiotics. Some studies suggest that tet(W) and tetracycline
resistance may be more specific to dairy feces than other ARGs and
antibiotic resistance phenotypes (Srinivasan et al., 2008; Kyselkova
et al, 2015). The strength of the associations from our study
supports that tet(W) is correlated with dairy manure.

This is the first study to characterize ARG contributions with
GORF or ORF SPMs for bovine sources. Our findings imply that
overland and downstream transport and dilution from flow are
key processes in disseminating AMR from AFOs and manure
fields. This study also suggests that manure hauling to application
sites is a factor in elevated ARGs in the environment. Our novel
spatial predictors and modeling approach are in agreement with
AFO’s association with ARGs found by Pruden et al. (2012) using
a different SPM and applied to a different geographical region.
Pruden et al. (2002) found that the relative abundance of sull in
sediment was positively correlated (R?> = 0.35, p < 0.001) with the
average upstream capacities of AFOs. However, these authors found
no significant relationship with the relative abundance of tet(W)
in sediment (Pruden et al., 2012), which could reflect differences
in livestock and antibiotic use. Our study quantified seven novel
associations between bovine sources and ARG responses. We have
quantified the associations between bovine sources and levels of
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erm(B), tet(W), qnrA, sull, and intIl in surface water (ie., five
novel associations) and the association between bovine sources
and levels of erm(B) and tet(W) in sediment (i.e., two novel
associations), which can inform ecological studies of AMR and
microbial risk assessment.

3.3. Flow affects consistent detection of
signals from bovine sources

The find stage of FIT enables the exploration of many databases
of collocated, spatially distributed sources. The result is the set
of source locations and associated information that consistently
represent sources to the response from a cross-validation approach.
Here, we report the find stage results for bovine sources because
they were the most consistently selected source from the fest stage
of FIT. Across ARG responses in surface water, FIT modeled
contributions from AFOs with the county manure storage option
and contributions from manure application fields with the crop
rotation land cover option.

For ARG responses in sediment, FIT modeled contributions
from AFOs with WPDES CAFO locations, but differences existed
in CAFO weightings. The difference in weighting CAFOs by animal
units for erm(B) and tet(W) and equal weighting for sull may reflect
differences in the transport processes resulting in elevated relative
abundance, independent of the number of animal units (e.g., some
other selective pressure emanating from sources).

One key difference in FIT’s database selection was that, to
represent AFOs, the WPDES CAFOs option was selected for
sediment responses and the county’s manure storage option for
surface water responses. One explanation for this difference is that
sediment sampling was impossible at three sites during one high-
flow event (Beattie et al., 2018). These manure storages are known
to overflow during high-flow events (Burch et al., 2021), and the
additional surface water samples may have better captured transient
contamination from manure storages.

3.4. Land application of septage, municipal,
and industrial waste is another source of
elevated ARGs in the environment

After implementing FIT across 5 ARGs in sediment and
surface water, we found that three of the ARG responses (Table 2)
are positively associated with land-applied waste sources in
sediment (sull and intll) or surface water [tet(W) and intll].
ARG responses in sediment, municipal waste, or septage land
application characterized land-applied residential waste sources.
For sull, FIT selected the ORF land-applied residential waste source
term representing land-applied waste from residential origins
(i.e., land application of municipal waste or septage consisting
of solid or semi-solid residue generated during the treatment of
domestic sewage via primary, secondary, or advanced wastewater
treatment and the wastewater contents of septic or holding tanks,
dosing chambers, grease interceptors, seepage beds/pits/trenches,
privies, or portable restrooms (Wis. Admin, 2021). A one standard
deviation increase in contributions from land-applied waste from
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TABLE 2 Regression results for predicting the relative abundance of erm(B), tet(W), qnrA, sull, and inl1 (log10 gene copies per 16S-rRNA copies) in riverbed sediment (columns toward the left) and surface water
(right-most five columns).

Environmental matrix

Riverbed sediment

Surface water

ARG (n = sample size) tet(W) sull (n =91) intl1 (n =91) tet(W) qnrA (n =
(n=91) (n =98) 98)
Recent precip. Std. Regression —0.723** 0.654** NS —0.330** 0.415** 0.635** 0.213** 0.637** 0.277**
Coefficient (8;)
Recent x Std. Regression 0.561"* 0.923** NS 0.256™* —0.394** —0.300"* —1.10** NS 0.637**
antecedent Coeficient (8,)
precip.
Freezing Regression —0.621* NS NS —0.801** 1.94%* NS NS NS NS
Coeficient (83)
Bovine sources Bovine Source GOREF AFO (via GOREF AFO (via NS NS GOREF AFO (via ORF AFO ORF AFO ORF Manure ORF Manure
Description ground hauling of ground hauling of ground hauling of app. fields app. fields
manure to manure to manure to
application fields) application fields) application fields)
Std. Regression 0.199* 0.303* NS NS 0.162** 0.247** 0.173** 0.148* 0.134
Coeficient (By)
RAR (10%v) 1.58* 2.01* NS NS 1.45™ 1.77%* 1.49%* 1.41* 1.36
Influence Range < 13 km <10 km
(@o0)
Land-app. Land applied NS NS Land-applied Septage ground NS Land-applied NS NS Land-applied
waste sources waste Source waste- residential transport to land waste- waste-
Description app. sludge- industrial industrial
residential
Std. Regression NS NS 0.211** 0.155* NS 0.134* NS NS 0.148*
Coefficient (8y,)
RAR (10%) NS NS 1.63** 1.43* NS 1.36* NS NS 1.41*
Influence Range < 8km <10 km
(o)
Soil sources Soil Source NS NS Type A (Sand, Type A (Sand, Type D (Clay loam, NS NS NS NS
Description Sandy loam, Loamy | Sandy loam, Loamy | silty clay loam,
sand, and Gravel) sand, and Gravel) sandy clay, and silty
clay)
Regression NS NS 0.402** 0.253 0.231 NS NS NS NS
Coeficient (By)
RAR (10%+) NS NS 2.52%* 1.79 1.70 NS NS NS NS
Influence Range 1 km

(oRadius)

*p < 0.10, **p < 0.05. NS indicates that no terms were selected for the source category. Other source categories not selected: wastewater treatment plants (WW'TPs), septic systems, and developed land cover. No terms were selected for the log10 relative abundance
of qnrA in sediment. The sample size is indicated for each of the responses in each column. For each of the climatic and source terms, the standardized regression coefficient, 8, is provided resulting from the Test stage of FIT. For each source term, two additional
rows result from the Find and Inform stages of the FIT framework. For each source term category (i.e., bovine, land-applied waste, or soil), the source description, the relative abundance ratio (RAR = 10#), and hyperparameters indicating the influence range around

sources, o, are summarized. Precipitation-term associations are shown in blue. The associations with freezing temperatures are shown in white. Bovine source associations are in red. Land-applied waste sources are shown in yellow.
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residential use was associated with a 63% (p < 0.05) increase in the
relative abundance of sull. For intl1, FIT selected the GORF land-
applied waste source term, representing land-applied residential
waste weighted by the density of nearby septic systems. A one
standard deviation increase in land-applied waste from residential
use was associated with a 43% (p < 0.05) increase in the relative
abundance of intI1.

For ARG responses in surface water, industrial waste’s land
application characterized these five ARGs” secondary sources. For
tet(W), FIT selected the ORF land-applied industrial waste source
term representing by-product solids from the animal product
or food processing industry (i.e., remains of butchered animals,
paunch manure, cheese production waste, and vegetable waste
materials). A one standard deviation increase in land-applied waste
from industrial use was associated with a 36% (p < 0.10) increase
in the relative abundance of tet(W). Then, for intIl, FIT selected
the ORF land-applied industrial waste source term [i.e., “both the
by-product solids from the animal product or food processing and
liquid waste such as silage, leachate, whey, whey permeate, whey
filtrate, contact cooling water, cooling or boiler water containing
water treatment additives, and wash water generated in industrial,
commercial, and agricultural operations” (Wis. Admin, 2021)].
A one standard deviation increase in land-applied waste from
industrial use was associated with a 41% (p < 0.10) increase in the
relative abundance of intI1.

Our findings are consistent with current knowledge that ARGs
are enriched in biosolids from treatment processes (i.e., primary,
secondary, or advanced wastewater treatment) (Chen and Zhang,
2013; Burch et al., 2014; Pepper et al., 2018). This is the first
study to report an association between modeled contributions from
spatially distributed land-applied waste and ARGs recovered from
riverbed sediment and surface water. This is also the first study
to show that septage and municipal or industrial waste disposal
on land pollute and correspond with a quantifiable environmental
impact on antibiotic resistance levels in sediment and surface water.
The WPDES database lists the facility names associated with the
land application sites. After searching on company websites for
the products associated with each facility producing industrial
wastewater or sludge destined for land application, we found that
88.8% of the industrial land-applied waste sites are associated with
dairy and meat products. None (i.e., 0%) of the facilities were
associated with pharmaceuticals. This suggests that the disposal
of industrial wastes from dairy and meat processing extends
the polluting ability of industrial livestock agriculture and that
industrially produced, land-applied pharmaceutical waste is not a
source of elevated ARGs in this region.

3.5. Sandy soils are associated with
sediment ARGs, and clay soils are
associated with surface water ARGs

The bottom of Table 2 shows the results from the Inform and
Test stages corresponding to the soil as a source. For surface water
responses, only soil type D (clay loam, silty clay loam, sandy clay,
or silty clay) coverage was associated with a 70% increase in the
log10 relative abundance of erm(B). In sediment responses, soil
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type A (i.e., sand, sandy loam, loamy sand, or gravel) coverage was
associated with 152% and 79% increases in sull and intl1 logl0
relative abundances, respectively.

Soil type D contains clay, and we expect ARGs to correlate
with clay based on previous research (Mao et al., 2014; Wang
et al., 2016). A previous study also suggests that clay microbial
communities are more resilient to change from anthropogenic
sources compared to other soil types, like sand (Neumann et al.,
2013). Therefore, this contribution to erm(B) relative abundance of
clay soil sources may suggest the long-term impacts of agricultural
sources on clay microbial communities. However, we found
different results from the surface water results. Overall, soil appears
to significantly contribute to the relative abundance of these
ARGs, and the differences in soil sources for surface water and
sediment in this study have many potential explanations (e.g.,
adsorption, desorption, and absorption between overland soil,
riverbed sediment, and surface water). More observational data
and controlled mesocosm-scale experiments are needed to validate
these findings and characterize these complex dynamics.

3.6. Regional differences may affect the
primary sources of elevated ARGs

WWTPs were expected to show associations with sull and
intll, as sull is often conserved in integron-integrase mobile
genetic elements (Pruden et al, 2012; Amos et al, 2015), but
the FIT model selected neither municipal nor industrial WWTPs
associating with any of the five relative abundance responses across
surface water or sediment. One explanation is that in this rural
area of ~20,000 people (US Census Bureau, 2022), only five of the
WWTPs were flow-connected to the 20 sampling sites. Our study
area consists of a larger bovine-human ratio (Borchardt et al., 2021;
Burch et al.,, 2021; Wiesner-Friedman et al., 2021a) compared to
the study areas of previous ARG research in the South Platte River
Basin in Colorado, United States (Pruden et al., 2012), and the
Thames Watershed in Oxfordshire, United Kingdom (Amos et al.,
2015).

In our study, both sull and intII were associated with land-
applied municipal waste and septage. The land-applied municipal
waste and septage represent the aggregation of treated septage
and wastewater, suggesting that some ARGs may originate from
WWTPs, but most likely, the persistent application of biosolids
on land represents a more significant source than WWTP effluent
or septic systems in this region. Quantitation methods with low
detection limits for intIl, more flow-connected sampling sites to
sources, or a different ARG panel may be needed to detect the
impacts of WWTP effluent or septic systems.

3.7. The overland influence range around
sources extends up to 13 km

elevated ARGs in
sediment had exponential influence ranges of wp<I13km

Bovine source terms associated with

on the river network, indicating that decayed contributions
would still be detected in the river when manure fields were
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up to 13km away from the river network. For all bovine
source terms associated with ARG responses in surface water,
decayed contributions would still be detected when sources were
up to 10km from the river network. For all land-applied
associated with ARGs, the
range was up to 8km for sediment and 10km for surface

waste source terms influence
water responses.

These overland, exponential influence ranges, oo, were
determined from the inform stage of FIT. In a previous
study (Wiesner-Friedman et al,, 2021a), we remarked that this
hyperparameter captures more than average overland transport.
This hyperparameter characterizes the extent to which a microbial
response can capture a signal from sources so that longer overland
influence ranges may indicate either A) longer transport and B)
an increased probability of detection, or both. Previously, we
found longer overland influence ranges around sources for host-
associated Bacteroides in sediment (i.e., «p > 1 km) vs. surface
water (i.e.,, o < 1km) (Wiesner-Friedman et al., 2021a).

In this study, on average, we found long overland influence
ranges [i.e, a mean value of ¢p =7.07km (95%CL: 4.22km,
9.92km)] for both sediment and surface water. ARGs can exist
naturally in soils (D’Costa et al., 2011) and be carried by either
aerobic or anaerobic bacteria (Xu et al, 2021); They can be
transferred to other bacteria by several genetic mechanisms (Davies
and Davies, 2010). These factors may increase the transport of and
ability to detect ARGs in surface waters compared to anaerobic
Bacteroides gene markers. Furthermore, Bacteroides persist briefly
outside of the gut of their hosts (Ballest¢ and Blanch, 2010),
so shorter overland influence ranges would be expected. One
implication of longer influence ranges around bovine sources
for ARGs compared to host-associated Bacteroides genes is that
host-associated markers may underrepresent the risks associated
with fecal contamination from bovine sources in surface water.
Additionally, this research and previous studies have found an
increased probability of detecting microbial genes in sediments
compared to surface water (see Supplementary material 52) (Kasich
et al., 2012; Wiesner-Friedman et al., 2021a), which suggests that
risks associated with particular sources may be underrepresented
from sampling transient surface water compared to time-integrated
polluted sediment.

The FIT model of ARGs in the environment is the first to
characterize overland influence ranges around these sources. A
setback distance of 34-67m from surface water has previously
been recommended for manure and slurry land application under
experimental conditions (Hall et al, 2020). The exponential
influence ranges from our study indicate that sources very
close to the river will greatly contribute but that distant
sources up to 13km away from the river network can also
impact ARG levels. A factor that may lead to long influence
ranges in this region is the karst geology, where fractures,
sinkholes, caves, disappearing streams, and springs may provide
direct pathways for contaminants, including antibiotics and
ARGs, to reach ground and surface waters (Stange and Tiehm,
2020; Xiang et al, 2020). Our findings are consistent with a
study in a karst region in Germany, where elevated ARGs
and human-specific fecal markers were detected in a spring
9km away from the suspected source (Stange and Tiehm,
2020).
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3.8. The modeling predicts localized
impacts to elevated ARGs in sediment and
dispersed impacts in surface water

Since this is the first study to report LUR results for erm(B) in
sediment and erm(B), tet(W), qnrA, sull, and intII in surface water,
we identified the databases that most reliably report the spatial
location of bovine and land-applied waste sources associated with
elevated relative abundance of these ARGs and their corresponding
regression coefficients (Table 2), and we have shown the spatial
impact of these pollution sources (Figure 1).

Figure 1A shows the geographical distribution of an increase
expected in the relative abundances of erm(B), tet(W), and sull
in sediment associated with risk-conservative contributions from
AFOs via the application of manure. This figure, which results
from a GORF SPM, suggests that elevated ARGs in riverbed
sediment are localized around manure application fields. However,
the extent to which those sources (viz., differently sized black
squares) qualify as polluters relates to their proximity to AFOs and
the scale of the operation (viz. differently sized blue diamonds).
This localized pollution may be influenced by ARG soil attachment
(Barrios et al., 2021). In previous LUR, AFOs were associated with
sull in sediment, but the spatial localization was not reported or
depicted (Pruden et al., 2012). Our LUR/FIT modeling showing
localized sediment ARG pollution is consistent with the field
studies of the enrichment of ARGs in AFO manure application
and dissemination into the environment (Fahrenfeld et al., 2014;
Wallace et al., 2018).

Figure 1B shows the geographical distribution of an increase
expected in the relative abundances of tet(W) and intII in surface
water associated with risk-conservative contributions from land
application sites. This figure, which results from an ORF SPM,
suggests that land application sites have a dispersed impact on
elevated ARGs in surface water.

These maps indicate locations where additional monitoring
may be needed to understand the impacts of different sources
on environmental and public (i.e., water users’) health. The
upper-bound hyperparameter values and database information also
serve other regions with similar geography, land use, agricultural
practices, and population to preliminarily define monitoring
locations for AMR studies.

4. Discussion

This is the first LUR study of ARGs in surface water and
the first LUR of more than two ARG responses from sediment
samples. Our primary finding is that bovine sources (i.e., AFOs
and manure application fields) were consistent sources of elevated
ARGs. This continues the large body of work that has detected
ARGs in livestock manure and slurry, on soil where the manure or
slurry is applied, and downstream of livestock operations (Joy et al.,
2013; Fahrenfeld et al., 2014; Peng et al., 2017; Wepking et al., 2017;
Guo et al., 2018; Lopatto et al., 2019; Hall et al., 2020; Miller et al,,
2020), but it is the first to connect modeled transport from manure
land application to elevated AMR.

Previous research has revealed that domestic and industrial
wasteland application sites are potential sources of elevated
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ARGs (Bondarczuk et al.,, 2016; Murray et al., 2019). However,
our study distinguishes itself as one that found associations
with the collective contributions from spatially distributed land-
applied waste sites over a large spatial scale and measured ARG
levels in the environment. A large body of work has detected
microbial contaminants associated with land-applied wastes in
soils, groundwater, surface water, and the air near application sites
(Brooks et al., 2007; Lapen et al., 2008; Tanner et al., 2008; Edwards
et al., 2009; Gottschall et al., 2009; Zerzghi et al., 2010; Esseili et al.,
2012; Mohapatra et al., 2016; Pepper et al., 2019). Our research adds
to this body of evidence.

While the US Environmental Protection Agency’s (EPA’)
Part 503 rule (Walker et al, 1994) regulates treatment and
land application standards for class A and B biosolids, there
are many similarities between pre-treatment class B biosolids
and anaerobically treated manure or slurry from dairy CAFOs.
Antibiotic-resistant bacteria, endotoxins, prions, pathogenic
bacteria, and protozoa have been reported in both (Pepper et al,
2019). Few regulations exist for the treatment of livestock facility
waste and its application on land. Regulations of livestock waste
have focused on nutrient management, do not require treatment
for viruses and pathogens, and only apply to be permitted
CAFOs. Class B biosolids must meet minimal treatment and
land application requirements. Therefore, one explanation for the
increased consistency of association between bovine sources and
ARG responses compared to land-applied waste sources is that
this land application is more regulated compared to manure and
that this additional regulation of treatment and land application
locations has resulted in less harm to water quality than bovine
manure land application. Another explanation could be that
the quantity of bovine manure land application is much greater
than other types in this region. However, regulators may want to
evaluate current treatment standards, land application restrictions,
and environmental monitoring of land application of waste more
generally to improve water quality.

The dissemination of fluoroquinolone-associated resistance
encoded by both chromosomal and plasmid-derived gnrA may
increase the risks of quinolone-resistant human pathogens in
surface water from plasmid-mediated HGT (Cummings et al,
2011). In the United States, fluoroquinolones are among the most
common clinically prescribed classes of antibiotics (Antibiotic Use
in the United States, 2017). Our findings that connect AFOs to the
levels of gnrA in surface water are concerning, and the United States
may want to consider broader enforcement of the recent policy
limiting the use of antibiotics that are clinically relevant to humans
in livestock settings (FDA, 2022).

Aside from the anthropogenic sources, the soil source
results in this study support that the processes involving the
interaction of anthropogenic sources, nearby soils, sediment,
and surface water are too complex for a linear modeling
approach to describe. The importance of soil sources in this
study shows that characterizing natural processes (i.e., physical,
biological, ecological, physicochemical, and chemical dynamics)
may help predict ARG levels and mitigate the impacts of
anthropogenic sources on AMR. Monitoring the impacts of chronic
and acute ARG-associated pollution events (i.e., pollution with
antibiotic-resistant bacteria and selective pressures) on adsorption,
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desorption, and absorption processes for various soil types may
provide an additional benefit. More complex modeling calls for
refinement in spatial scale and improvement in the prediction of
soil characteristics.

A concern for the applicability of this study to other regions
may be the availability of spatial databases. However, we found that
a strength of this study is that the key ARG sources in this study
(i.e., CAFOs, class A and B land application sites, and soil type) are
represented by nationally available databases in the United States.
Expanding these databases to include industrial livestock land
applications and greater detail about application methods and the
types of applied waste may be beneficial.

Here, we have focused on spatial relationships. However,
the
and antecedent precipitation (see Table2 for results and

we have modeled impact of freezing temperature
Supplementary material S5 for details). We found that freezing
temperature is negatively associated with ARGs in sediment
and positively associated with one ARG in surface water, which
is consistent with a previous study that found higher ARG
abundances during the Wisconsin manure application season
(Beattie et al., 2018). In addition, we identified three patterns
of association for ARGs with antecedent precipitation (see
Supplementary material S5). However, due to the temporal
resolution of sampling approximately only once every 3 months,
our results can only be interpreted as seasonal effects rather than
impacts from recent and antecedent precipitation.

Additionally, due to this temporal resolution, our models may
only capture the long-tail decay of ARGs disseminating from
sources (Burch et al., 2014; Lopatto et al., 2019; Macedo et al,,
2020; Barrios et al, 2021), meaning that peak contamination
corresponding to periods directly following manure application
is not well-characterized. Sampling at a finer temporal resolution
could help to better capture these peaks as well as the impact of
different flow events and meteorological variables.

The reproducibility of associations between the three source
categories associated with increases in ARGs (i.e., bovine, land-
applied waste, and soil) and the ARG responses in sediment
and surface water provides evidence that elevated ARGs in the
environment are linked to natural occurrence soils and land-
applied wastes of bovine, residential, or industrial origins. In our
study, we found that a one standard deviation increase in source
impacts is associated with increases between 36 and 152%. This is
larger than the expected percentage increase (17%) in total relative
abundances of ARGs (TARG) in sediment and surface water
associated with a total antibiotic selection pressure (TASP) score of
1-2 reported from a meta-analysis (Duarte et al., 2019). The greater
association in our study may indicate the combined influence of
enrichment from organic matter, antibiotics, and intracellular or
extracellular ARGs disseminating from sources (Xie et al., 2018).
Our findings call for more robust treatment regulations to remove
or reduce ARBs and ARGs from wastes and policies to decrease
antimicrobial use in livestock and humans.

Due to measured negative changes to the environment and
public health of communities living nearby dense industrial
livestock agriculture and land application sites (Greger and
Koneswaran, 2010; Lowman et al., 2013; Hooiveld et al., 2016),
a collaborative One Health approach (Robinson et al., 2016) may
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be beneficial for evaluating the impacts of these sources of mixed
contaminants (i.e., pathogens, ARB and ARGs, heavy metals,
disinfectants, fire retardants, pharmaceuticals, and polycyclic
aromatic hydrocarbons) (Kinney et al., 2006; Ma et al., 2011; Pepper
et al,, 2018; Murray et al., 2019) on the shared health of humans,
animals, and the environment.
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Molecular characterization and
differential effects of levofloxacin
and ciprofloxacin on the potential
for developing quinolone
resistance among clinical
Pseudomonas aeruginosa isolates
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Center, Beirut, Lebanon, ?Center for Infectious Diseases Research, American University of Beirut, Beirut,
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Abdulaziz University for Health Sciences, Riyadh, Saudi Arabia, "Department of Pathology and
Laboratory Medicine, American University of Beirut Medical Center, Beirut, Lebanon

Background: Fluoroquinolones are some of the most used antimicrobial agents
for the treatment of Pseudomonas aeruginosa. This study aimed at exploring the
differential activity of ciprofloxacin and levofloxacin on the selection of resistance
among P. aeruginosa isolates at our medical center.

Methods: 233 P aeruginosa clinical isolates were included in this study.
Antimicrobial susceptibility testing (AST) was done using disk diffusion and broth
microdilution assays. Random Amplification of Polymorphic DNA (RAPD) was
done to determine the genetic relatedness between the isolates. Induction of
resistance against ciprofloxacin and levofloxacin was done on 19 isolates. Fitness
cost assay was done on the 38 induced mutants and their parental isolates. Finally,
whole genome sequencing was done on 16 induced mutants and their 8 parental
isolates.

Results: AST results showed that aztreonam had the highest non-susceptibility.
RAPD results identified 18 clusters. The 19 P aeruginosa isolates that were
induced against ciprofloxacin and levofloxacin yielded MICs ranging between
16 and 256 pg/mL. Levofloxacin required fewer passages in 10 isolates and the
same number of passages in 9 isolates as compared to ciprofloxacin to reach
their breakpoints. Fitness cost results showed that 12 and 10 induced mutants
against ciprofloxacin and levofloxacin, respectively, had higher fitness cost when
compared to their parental isolates. Whole genome sequencing results showed
that resistance to ciprofloxacin and levofloxacin in sequenced mutants were
mainly associated with alterations in gyrA, gyrB and parC genes.

Conclusion: Understanding resistance patterns and risk factors associated with
infections is crucial to decrease the emerging threat of antimicrobial resistance.
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Introduction

Pseudomonas aeruginosa is a gram-negative infectious agent
notorious for causing many hospital-acquired infections (Kaier et al.,
2019). Infections due to P. aeruginosa have been increasing worldwide
(Rosenthal et al., 2014; Athanasiou and Kopsini, 2018), and they are
particularly challenging to treat owing to the intrinsically resistant
nature of this bacteria to several commonly used antimicrobial agents.
The bacterium itself possesses a cell wall with low permeability, and it
easily acquires resistance to commonly used antimicrobial agents
(Dantas et al., 2014; Gupta et al., 2016). This pathogen can cause
severe infections, such as bacteraemia, pneumonia, bloodstream
infections and intraabdominal infections (Folic et al., 2020). Moreover,
P aeruginosa is a leading pathogen in ventilator-associated
pneumonias (VAPs) globally (Maraolo et al., 2017). Lately, MDR and
XDR (multidrug resistant and extensively drug resistant respectively)
P, aeruginosa constitutes a major health threat especially in endemic
areas (Karampatakis et al., 2018). In Lebanon, a recent study showed
that P. aeruginosa is the second most common agent isolated in VAP
(Kanafani et al., 2019).

Fluoroquinolones are one of the most used antibiotic classes for
the treatment of P aeruginosa. Fluoroquinolones, particularly
ciprofloxacin and levofloxacin, have some beneficial pharmacokinetic
characteristics which render them suitable to use. Furthermore,
fluoroquinolones are the only orally administered therapy available to
treat P. aeruginosa infections. Unfortunately, these factors had favored
the widespread use of fluoroquinolones for P. aeruginosa infection
treatment to the extent that they were rendered inefficient in many
cases due to emergence of resistance (Yang et al, 2015).
Fluoroquinolones resistance in P. aeruginosa is primarily attributed to
two mechanisms, mutations in the target genes coding enzymes GyrA,
ParC, and GyrB, or an increase in the expression of the efflux pumps
MexAB-OprM and MexCD-Opr] through mutations in their
regulatory genes mexR and nfxB, respectively (Higgins et al., 2003).

Furthermore, there is a differential effect on the risk of developing
resistance between the different classes of fluroquinolones. The
literature shows that the use of levofloxacin is associated with
increased resistance as compared to ciprofloxacin. One study on
clinical isolates of P. aeruginosa showed that the use of levofloxacin,
but not ciprofloxacin, is a risk factor for isolating fluoroquinolone-
resistant strains (Kaye et al., 2006). Another clinical study on isolates
from nosocomial infections showed that treating P. aeruginosa with
levofloxacin is associated with increased rates of fluoroquinolones
resistance. However, the use of ciprofloxacin showed no association
with resistance (Lee et al., 2010).

On the other hand, an in vitro study comparing the development
of resistance when using either ciprofloxacin or levofloxacin, found
that ciprofloxacin showed a stronger ability to kill the bacteria while
rendering it more susceptible to resistance (Zhao et al., 2020).

Fluoroquinolones-resistant P. aeruginosa prevalence in Lebanon
is significant, representing 22.7% of nosocomial infections in 2013
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(Chamoun et al,, 2016). The alarming rate at which resistance to
fluoroquinolones is emerging in P. aeruginosa emphasizes the need to
further characterize this resistance pattern. Therefore, the aim of this
study is to explore the molecular characteristics of P. aeruginosa
infections at the American University of Beirut Medical Center and
provide at the molecular level the differential activity of ciprofloxacin
levofloxacin on the selection of resistance

and among

P, aeruginosa isolates.

Methodology
Collection and identification of isolates

A total of 233 P. aeruginosa clinical isolates, collected between
2017 and 2019, were included in the study. The patient’s samples were
processed, pathogens isolated and identified [using the Matrix-
Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF)
system (Bruker Daltonik, GmbH, Bremen, Germany)] with a score of
green flags at the Clinical Microbiology Laboratory of the Department
of Pathology and Laboratory Medicine (CML-PLM) at the American
University of Beirut Medical Center, Beirut, Lebanon, and referred to
our laboratory (Mari-Almirall et al., 2017). The isolates were assigned
a sequential number upon reception, with repeat samples from the
same patient being given letter designations with their original
numbers instead of new numbers.

Disk diffusion

The experiment was performed using the Kirby-Bauer technique.
For each isolate, a bacterial suspension equivalent to 0.5 MacFarland
was prepared. Then it was subcultured on a round Mueller-Hinton
agar plate, in all the directions, to ensure that the bacterial suspension
covered all the plate using a sterile swab. The plate was left for around
10 min closed on the bench, followed by the addition of the 8 tested
antimicrobials. The plate was then incubated at 37°C for 18-24h after
which the zone of inhibition diameters was measured, and the results
were interpreted according to the CLSI M100 guideline (EM100
connect - CLSI M100 ED29, 2019).

Broth microdilution assay

Broth microdilution was performed with ciprofloxacin and
levofloxacin on 19 selected P. aeruginosa isolates. Serial dilution took
place between columns 1 and 11 to have a concentration ranging from
64 pg/mL to 0.0625 pg/mL. The plate was then placed in the incubator
at 37°C for 18h, and the experiments were run in duplicates for each
bacterial isolate. The results were interpreted according to the CLSI
M100 guideline (EM 100 connect — CLSI M 100 ED29, 2019).
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Random amplification of polymorphic DNA
(RAPD)

To further characterize our isolate collection beyond phenotypic
testing and to assess their genomic relatedness, RAPD was
employed using the illustra™ Ready-To-Go RAPD Analysis Beads
(GE Healthcare Life Sciences, Marlborough, MA, United States)
with the provided Primer 2 (5-d[GTTTCGCTCC]-3"). A
statistically representative selection of isolates from each group was
evaluated by RAPD, and the resulting gels were analyzed using
BioNumerics 6.6 (Applied Maths NV, Belgium) to generate
Unweighted Pair Group Method with Arithmetic mean (UPGMA)
dendrograms.

Induction of resistance

Induction of resistance was done on ciprofloxacin and levofloxacin
against 19 selected P. aeruginosa clinical isolates. Based on the BMD
results of each isolate on ciprofloxacin and levofloxacin, Mueller-
Hinton agar plates supplemented with half the MIC of each antibiotic
were prepared. Then each isolate was subcultured on agar plates
supplemented with its equivalent concentration of each antibiotic
separately. The number of passages on each concentration was
dependent on the growth rate of the isolate. Once a heavy growth was
achieved, an additional passage was done then the isolates were
transferred to a 2-fold higher concentration. This was done until each
isolate was induced to reach a concentration of 8 and 16 pg/mL of
ciprofloxacin and levofloxacin, respectively (Gilbert et al., 2001).

Fitness cost assay

The tested isolates were first subcultured on LB agar and incubated
at 37°C for 18-24h. The next day, a loop full of each bacterial isolate
was transferred into 10 mL of sterile cation adjusted Mueller-Hinton
broth and incubated at 37°C for 18-24h. Then, the turbid inoculated
broth of each isolate was diluted at a 1:1000 ratio. The latter was then
transferred into 4 distinct wells (200 pL each) of a 96 well microtiter
plate. The replication rate of each tested isolate was measured using a
plate reader (OD 600nm) for 16 h with reads at 30 min intervals. The
results were then averaged, normalized, and plotted on a graph (Mu
etal., 2016).

Phe-Arg-p-naphthylamide inhibitor assay

Following the induction of all the 19 isolates against ciprofloxacin
and levofloxacin, their MICs were determined for both antimicrobial
agents with and without a multi-drug efflux pump inhibitor Phe-Arg-
f-naphthylamide (PAPN). Ciprofloxacin or levofloxacin-PAPN
inhibitor combinations experiment was performed by adding fixed
concentrations of the inhibitors to the experimental wells of a standard
antimicrobial broth microdilution assay. We followed CLSI guidelines
in this assay. However, minor modifications to broth volumes were
made in order to accommodate the presence of the PABN inhibitor
while keeping the concentrations of the ciprofloxacin or levofloxacin
and the in accordance with CLSI

bacterial suspensions
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recommendations. For each isolate, PAPN inhibitor was used at a fixed
concentration of 25 pug/mL (Schuster et al., 2019). The MICs of the
tested isolates were interpreted according to the CLSI M 100 guideline
(EM100 connect - CLSI M100 ED29, 2019).

Whole genome sequencing (WGS)

Genomic DNA of mutant and parental strains was extracted from
their overnight cultures with the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) and then prepared for sequencing using the
Nextera XT DNA library preparation kit (Illumina, Cambridge,
United Kingdom) according to the manufacturer’s protocols.
Sequencing was performed on the Illumina MiSeq instrument using
the 2x300 paired-end mode at the microbial genomic facilities in the
King Abdullah
International Medical Research Center, Riyadh Saudi Arabia.

Infectious Diseases Research Department,

Bioinformatics analysis of the isolates

Reads thus generated were first filtered to remove low quality
reads with Trimmomatic 0.38 (Bolger et al., 2014)" and then assembled
using Spades 3.13.0 (Bankevich et al., 2012)* with the default options.
In silico multilocus sequence typing was determined with the mlst
2.18.0 software’® using the allelic sequences and ST profiles from the
P aeruginosa public MLST database." The alterations in genes
associated with resistance to ciprofloxacin and levofloxacin were
initially identified by BLAST® and then confirmed by mapping with
Genefinder® using the sequence of strain PAO-1 (NC_002516.2)
as reference.

Results
Antimicrobial susceptibility testing

The disk diffusion results showed that out of the 233 P. aeruginosa
isolates, 87 (37%) were non-susceptible to aztreonam, 63 (27%) were
non-susceptible to imipenem, 58 (25%) were non-susceptible to
55 (24%)
ciprofloxacin, 45 (19%) were non-susceptible to ceftazidime, 32 (14%)

Piperacillin-tazobactam, were non-susceptible to
were non-susceptible to cefepime, 28 (12%) were non-susceptible to
amikacin, and 25 (11%) were non-susceptible to gentamicin (Table 1).

Based on their infection site and susceptibility profiles, the isolates
were stratified into different grouping schemes. The first scheme
grouped the isolates based on their sampling site into Mari-Almirall
et al. (2017), Respiratory (Athanasiou and Kopsini, 2018), Urine
(Rosenthal et al., 2014), Bone and Soft Tissue (Gupta et al., 2016), and
Blood (Figure 1A). A second separate scheme grouped the isolates

http://www.usadellab.org/cms/index.php?page=trimmomatic
http://cab.spbu.ru/software/spades

Seemann T., mlst Github, https://github.com/tseemann/mlst.
https://pubmlst.org/organisms/pseudomonas-aeruginosa

https://blast.ncbi.nlm.nih.gov/Blast.cgi

o U1 A NN

Github, https://github.com/ukhsa-collaboration/gene_finder.
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TABLE 1 Antimicrobial susceptibility testing results of all the 233 P.
aeruginosa isolates.

Antimicrobial Agents ‘ No. Non-Susceptible (%)

Ceftazidime 45 (19%)
Cefepime 32 (14%)
Imipenem 63 (27%)
Aztreonam 87 (37%)
Ciprofloxacin 55 (24%)
Amikacin 28 (12%)
Gentamicin 25 (11%)
Piperacillin-tazobactam 58 (25%)

based on their antimicrobial susceptibility profiles into Mari-Almirall
et al. (2017), Susceptible to all, (Athanasiou and Kopsini, 2018),
Non-Susceptible to all (Rosenthal et al., 2014), Non-Susceptible to
Fluoroquinolones (Gupta et al, 2016), and Remaining isolates
(Figure 1B). Within the second scheme, the isolates did not overlap
across different groups.

Molecular epidemiology

Upon assessing the overall genomic relatedness among the
analyzed isolates with an 85% genomic similarity cutoff, a total of 18
clusters were identified (Supplementary Figure S1). There were three
major clusters with >20 isolates each, four intermediate clusters with
7-18 isolates each, and 11 minor clusters with each containing
2-4 isolates.

According to their sites of infection, when breaking down the
isolates into their respective groups, 19 clusters were observed. The
respiratory group contained nine clusters (Supplementary Figure 52):
2 major clusters with >20 isolates each, two intermediate clusters
with 9 and 17 isolates respectively, and five minor clusters with 2-5
each. The group
(Supplementary Figure S3) with 2-6 isolates each. The bone & soft

isolates urine contained 5 clusters
tissue group contained 4 clusters (Supplementary Figure S4): 2
intermediately sized with 7 and 11 isolates respectively, and two
minor clusters with 2 and 5 isolates, respectively. Finally, the blood
group only contained one cluster comprised of 5 isolates
(Supplementary Figure S5).

On the other hand, when breaking down the overall dendrogram
into groups based on the isolates’ antimicrobial susceptibility profiles,
a total of 18 clusters were observed. Group 1 - “Susceptible to all”
contained 6 clusters (Supplementary Figure S6): one major cluster
with 20 isolates, three intermediate clusters with 9-15 isolates each,
and two minor clusters with 2 and 4 isolates, respectively. Group 2 -
did not

(Supplementary Figure S7). Group 3 - “Non-Susceptible to

“Non-Susceptible to all” contain any cluster
Fluoroquinolones” contained seven clusters of 2-8 isolates each
(Supplementary Figure S8). Finally, group 4 - “Remaining isolates”
contained five clusters (Supplementary Figure S9): 1 cluster with 19
isolates, one cluster with 11 isolates and three clusters with 2-5 isolates
each. Furthermore, wgMLST was performed on 8 isolates that

represent the major clusters identified (Supplementary Figure S14).
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Induction of resistance

Out of the 233 P. aeruginosa isolates, 19 were selected for the
induction of resistance. The presence of distinct clusters provided
guidance in selecting appropriate isolates for downstream
applications. Therefore, the selection criteria were based on the
susceptibility profiles, site of infection, and the clusters that the
isolates belonged to based on the RAPD results. The common criteria
between all the selected isolates were their susceptibility to
ciprofloxacin and levofloxacin. The antimicrobial susceptibility testing
results showed that the acquisition of ciprofloxacin resistance in
P, aeruginosa led to levofloxacin resistance too and vice versa. All the
19 P aeruginosa isolates that were induced against levofloxacin
became non-susceptible to ciprofloxacin (1 intermediate and 18
resistant). Whereas 18 (95%) out of the 19 P. aeruginosa isolates that
were induced against ciprofloxacin became non-susceptible to
levofloxacin. Before the induction of resistance, the range of the
minimal inhibitory concentration (MIC) of the 19 P aeruginosa
isolates was between <0.0625 pg/mL and 0.25 pg/mL for ciprofloxacin,
and between 0.25pg/mL and 0.5 pg/mL for levofloxacin. However,
after the induction of resistance, the 19 P. aeruginosa isolates that were
induced against ciprofloxacin yielded MICs ranging between 16 pig/
mL and 256pg/mL for ciprofloxacin and between 1pg/mL
and>512pg/mL for levofloxacin. Whereas the 19 P aeruginosa
isolates that were induced against levofloxacin yielded MICs ranging
between 16 pg/mL and 256 pg/mL for levofloxacin and between 1 pg/
mL and 32 pg/mL for ciprofloxacin (Table 2). The median MIC when
induced against ciprofloxacin increased from 0.125 to 32 (256 folds)
for ciprofloxacin and from 0.5 to 64 (128 folds) for levofloxacin. The
median MIC when induced with levofloxacin increased from 0.5 to
32 (64 folds) for levofloxacin and 0.125 to 16 (128 folds)
for ciprofloxacin.

In addition to that, when broth microdilution was done on the 19
P, aeruginosa isolates that were induced against ciprofloxacin with the
addition of the multi-drug efflux pump inhibitor PAPN, no difference
in MICs was detected in 2 (10%) isolates, two-fold decrease in 11
(58%) isolates, fourfold decrease in 2 (10%) isolates, and eight-fold
decrease in 4 (22%) isolates were detected. However, the results of the
19 P aeruginosa isolates that were induced against levofloxacin
showed no difference in MICs in 1 (5%) isolate, two-fold decrease in
11 (58%) isolates, fourfold decrease in 4 (22%) isolates, eight-fold
decrease in 2 (10%) isolates, and 16-fold in a decrease in 1 (5%) isolate
(Supplementary Table S1).

Moreover, throughout the induction of resistance on the 19
selected P. aeruginosa isolates, 17 (89%) isolates grew at a higher rate
in plates supplemented with ciprofloxacin compared to that with
levofloxacin and only 2 (11%) isolates grew at the same rate.
Furthermore, the number of passages needed to reach the antibiotic
resistance breakpoint was higher for ciprofloxacin in 10 isolates and
equal for ciprofloxacin and levofloxacin in 9 isolates.

Fitness cost
This experiment was done to evaluate the cost of acquiring

fluoroquinolone resistance on the fitness of P. aeruginosa. For each
isolate, we compared the induced mutants against ciprofloxacin
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and levofloxacin separately to the parental isolate prior to
induction. For ciprofloxacin, 12 (63%) induced isolates showed a
higher fitness cost, lower growth rate, with p-values ranging
between p <0.0001 and 0.0332 when compared to the
parental induction  (Figure — 2A;
Supplementary Figures S10, S11, S13B-D). However, 7 (37%)
induced isolates showed no significant change in fitness cost, same

isolates before

growth rate, when compared to their parental isolates prior to
induction with p-values ranging between 0.0827 and 0.9252

10.3389/fmicb.2023.1209224

(Figure 2B; Supplementary Figures S12, S13A). For levofloxacin,
10 (53%) induced isolates showed a higher fitness cost, lower
growth rate, with p-values ranging between p <0.0001 and 0.0391
when compared to the parental isolates before induction
(Figure 2A; Supplementary Figures S10, S11, S13A). Whereas 9
(47%) induced isolates showed no significant change in fitness
cost, same growth rate, when compared to their parental isolates
prior to induction with p-values ranging between 0.0937 and
0.8686 (Figure 2B; Supplementary Figures S12, S13B-D).
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TABLE 2 Broth microdilution results of the 19 P. aeruginosa isolates against ciprofloxacin and levofloxacin before and after induction of resistance.

MIC (ng/mL)

Before induction After induction

Isolates codes # of passages*

Antimicrobial IG MIC (pg/mL) Ciprofloxacin Levofloxacin

Ciprofloxacin 0.125 256 >512
PSA-154

Levofloxacin 0.5 32 256

Ciprofloxacin <0.0625 32 1
PSA-021

Levofloxacin 0.25 16 32

Ciprofloxacin 0.25 64 64
PSA-173b

Levofloxacin 0.5 16 64

Ciprofloxacin 0.25 32 64
PSA-173a

Levofloxacin 0.5 16 32

Ciprofloxacin 0.125 32 64
PSA-115

Levofloxacin 0.5 8 32

Ciprofloxacin 0.125 16 16
PSA-276

Levofloxacin 0.5 32 256

Ciprofloxacin 0.25 16 16
PSA-242

Levofloxacin 0.5 8 64

Ciprofloxacin 0.125 256 512
PSA-025

Levofloxacin 0.5 4 32

Ciprofloxacin 0.25 32 64
PSA-026

Levofloxacin 0.5 16 64

Ciprofloxacin 0.125 32 128
PSA-186

Levofloxacin 0.5 32 128

Ciprofloxacin 0.25 128 >512
PSA-118a

Levofloxacin 0.5 32 128

Ciprofloxacin 0.125 16 32
PSA-192

Levofloxacin 0.25 2 32

Ciprofloxacin 0.125 16 32
PSA-182

Levofloxacin 0.5 1 16

Ciprofloxacin 0.125 32 32
PSA-058

Levofloxacin 0.5 8 32

Ciprofloxacin 0.125 32 64
PSA-285b

Levofloxacin 0.5 4 32

Ciprofloxacin 0.25 128 128
PSA-113a

Levofloxacin 0.5 16 64

Ciprofloxacin 0.25 16 16
PSA-124

Levofloxacin 0.5 16 16

Ciprofloxacin 0.125 64 128
PSA-092

Levofloxacin 0.25 8 16

Ciprofloxacin 0.125 32 64
PSA-146b

Levofloxacin 0.5 16 32

IG, induced against; *, each passage represents a 2-fold increase in the MIC and the numbers indicate the passages required to reach each antibiotic breakpoint.

Whole-genome sequencing comprised ST244 (n =2), ST357 (n =1), ST253 (n =1), ST308 (n=1),
ST664 (n =1), ST810 (n =1) and ST3137 (n =1). Resistance to
Genome sequence analyses confirmed that parental and isogenic  ciprofloxacin and levofloxacin in sequenced mutants were mainly

mutant isolates belonged to the same sequence types, and which  associated with alterations in GyrA, GyrB and ParC. Characteristically,
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FIGURE 2
Fitness cost assay results of isolates PSA-115 (B) and PSA-186
(A) compared to their induced mutants. IG cipro, induced against
ciprofloxacin; IG levo, induced against levofloxacin.

mutants with a high level of resistance to ciprofloxacin and
levofloxacin (i.e., MICs >256 pg/mL) had changes in both GyrA
(Thr83 — Ala/Ile and/or Asp87 — Tyr) and ParC (Ser87 — Leu/Trp).
Isolate PSA-154 that was induced against ciprofloxacin yielded MICs
of 256 ug/mL for ciprofloxacin and > 512 pg/mL for levofloxacin. This
high level of resistance was caused by two mutations in the gyrA gene
(Thr83 — Ala and Asp87—Tyr) and one in the parC gene
(Ser87 — Trp). Moreover, another isolates (PSA-025) that was also
induced against ciprofloxacin yielded MICs of 256 pg/mL for
ciprofloxacin and 512 pg/mL for levofloxacin. Two mutations were
detected in these isolates, one in the gyrA gene (Thr83 —Ile) and the
second was in the parC gene (Ser87 — Leu). In comparison, those
exhibiting ciprofloxacin MICs between 16 png/mL and 128 pg/mL or
had MIC values ranging between 64pug/mL and 256 ug/mL for
levofloxacin carried only single alterations in GyrA. On the other
hand, amino acid changes, deletions and/or insertions at positions
466, 467, 468, 476, 477,478, 481, 486, 702, 704, and/or 749 in GyrB
were detected in mutants with ciprofloxacin and levofloxacin MICs
ranging from 4pg/mL to 32pg/mL and 32pg/mL to 64pg/mL,
respectively. A single mutation in the gyrB (Ser466 — Phe) of isolate
PSA-021 that was induced against ciprofloxacin was detected.
Interestingly, this isolate became resistant to ciprofloxacin (MIC:
32 pg/mL) and remained susceptible to levofloxacin (MIC: 1 pg/mL).
Only one mutant (PSA-242 IG Cipro) with an MIC of 16 ug/mL
against both ciprofloxacin and levofloxacin lacked any modifications
in the DNA gyrase or topoisomerase subunits (Table 3).

Genome sequences have also shown that the MexCD,-Opr] efflux
regulatory genes nfxB and mexR were inactivated in 11 (69%) out of
the 16 sequenced mutants through various alterations in their
respective coding sequences. These alterations ranged from single
nucleotide substitutions to deletions or insertions of 1 to 91
nucleotides. Interestingly, the inactivation of MexR was identified
mainly in mutants induced with levofloxacin, whereas the disruption
of NfxR was seen more often in mutants induced with ciprofloxacin
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(Table 3). However, all the mutants carting these alterations had at
most four folds decrease in their respective MICs in the presence of
PABN. Oddly, all mutants generated from strains PSA-154 and
PSA-115 that showed the highest MIC shifts in the presence of PAPN
(8-to-16-fold decrease) did not show any alterations in these
two regulators.

Fitness cost results showed that PSA-154 and PSA-025 that were
induced against ciprofloxacin had no significant change in the fitness
cost, same growth rate, when compared to their parental isolates. Even
though PSA-154-1G ciprofloxacin had 2 mutations in the gyrA gene
(Thr83 — Ala and Asp87 — Tyr) and one mutation in the parC gene
(Ser87 — Trp), and PSA-025-1G ciprofloxacin had one mutation in the
gyrA (Thr83 — Ile) and another one in the parC gene (Ser87 — Leu).
Moreover, out of the 5 induced mutants that had a single mutation in
the gyrA gene, 3 (60%) had a higher fitness cost and 2 (40%) had no
significant change in the fitness cost when compared to their parental
isolates. Furthermore, out of the 9 induced mutants that had alteration
in the gyrB gene, 6 (66.67%) had a higher fitness cost and 3 (33.33%)
had no significant change in the fitness cost when compared to their
parental isolates. In addition to that, out of the 11 induced mutants
that had the MexCD-Opr] efflux regulatory genes nfxB and mexR
inactivated, 8 (73%) had a higher fitness cost and 3 (27%) had no
significant change in the fitness cost when compared to their
parental isolates.

Discussion

P, aeruginosa accounts for 10% of all hospital-acquired infections,
which makes it the fourth most commonly isolated nosocomial
pathogen (Afshari et al.,, 2012). Yet, the increase in antimicrobial
resistance has been an ongoing struggle for a long time, shrinking the
repertoire of options to treat these infections. A study assessing
P aeruginosa isolates from ICU patients showed that 47.7% of the
isolates were drug-resistant, 50% were multidrug resistant, and 2.3%
were extensively drug resistant (Gill et al., 2016). Fluoroquinolones
are a class of first-line antimicrobials that exhibit anti-pseudomonal
activity and are frequently used to treat such infections. In this study,
we observe an alarming non-susceptibility of 24% to ciprofloxacin
among the P. aeruginosa clinical isolates, which is similar to the
percentage reported from nosocomial infections in Lebanon (22.7%)
(Chamoun et al., 2016). Moreover, a recent study in Lebanon showed
that 27% of P. aeruginosa isolated from hospitalized patients and
28.6% from ICU patients are resistant to ciprofloxacin (Al-orphaly
etal, 2021). This level of resistance is also very close to the percentage
reported in a recent national report that investigated the antimicrobial
susceptibility profiles of multiple organisms to a number of routinely
screened antimicrobial agents across several tertiary care centers
(Moghnieh et al., 2019). In fact, all the tested antimicrobials in this
study nearly mirrors the national numbers in terms of P. aeruginosa
susceptibility percentages (Moghnieh et al., 2019) despite the fact that
the samples included in this study were exclusively isolated from
admitted patients. Therefore, RAPD was utilized to better elucidate
the characteristics of the isolate collection and to clarify whether
common strains circulate among in-patients or whether they are
largely infected by community strains. Following the assessment of
the overall genomic relatedness among the analyzed isolates, it
appears as though there is not a specific criterium that governed their
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TABLE 3 Whole genome sequencing results of the 16 induced mutants and their 8 parental isolates.

Isolates

PSA-154 308
247 A>G T83>A 260\
PSA-154-1G cipro 308 S87TW
259G>T D87>Y u00BOC>G
PSA-154-1G levo 308 259G>T D87>Y
PSA-021 664
Frame
PSA-021-1G cipro 664 1,397\u00BOC>T S466>F 77 ins T Lift
shil
PSA-021-1G levo 664 2,245\u00BOC>T P749>S 271-272ins C Frame shift
PSA-115 3,137
1,395-1,404 del
PSA-115-1G cipro 3,137 $466-E468 del
CTCCCAGGA
1,425-1,436 del L476>1
PSA-115-1G levo 3,137
CCTGGGCTGTGG C478-G481 del
PSA-242 810
PSA-242-1G cipro 810
1,395-1,401 del $466-Q467 del
271-282 del S88-
PSA-242-1G levo 810 CTCCCA 2108-2010 L702 del deletion
GACCAGCGCAGC R91del
del TGG E704>Q
PSA-025 253
248\ 260\ 182-216 del TACTGAACCAGATCATCC
PSA-025-1G cipro 253 T83>1 S87L Frame shift
u00BOC>T u00BOC>T AGGCCTGCGACCTGGAG
E118-end
PSA-025-1G levo 253 1,459-1,460 ins ACA N486 ins 353-end del dd
e
PSA-026 244
PSA-026-1G cipro 244 2,245\u00BOC>T P749>S 544T>C S185>P
374-388 del Frame
PSA-026-1G levo 244 259G>A D87>N
TCACCCCGGAGGAAC shift
PSA-285b 244
PSA-285b IG cipro 244 259G>T D87>Y 537-547 del ACGGCGCTTCC Frame shift
PSA-285b-1G levo 244 1,334-1,335ins TGT C477 ins 260-261 ins GCAAC Frame
shift
PSA-113a 357
PSA-113a-IG cipro | 357 248\ T83>1 514-515 del TA Frame shift
u00BOC>T
PSA-113a-1G levo 357 247 A>G T83>A 2,246\u00B0OC> A P749>H 235-244 del Frame
AAACCTGGTC shift

ST, sequence type; IG, induced against; nuc, nucleotide; prot: protein.
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distribution across their sites of infection as well as their antimicrobial
susceptibility profiles. The majority of detected clusters include
samples from different infection sites and susceptibility profiles.
However, most isolates from respiratory samples, half of the isolates
from urine, and two-third of the isolates from bone and soft tissue,
seem to group into distinct clusters which signifies the possibility of
hospital spread of isolates circulating between different patients. On
the contrary, samples from bloodstream infections are largely
independent since there was only 1 cluster with lower overall genomic
similarity between the isolates than observed elsewhere. On the other
hand, when the samples were analyzed based on their antimicrobial
susceptibility grouping, we observed multiple clusters in each group.
This shows that common isolates sharing similar antimicrobial
susceptibility profiles could be infecting multiple patients at different
sites. These findings show that despite our P aeruginosa clinical
samples sharing a very similar antimicrobial susceptibility profile with
the larger community registry, there is a number of common strains
that seem to circulate among in-patients within and at different sites
of infection.

The main goal behind the induction of resistance was to mimic
the idea of treating patients infected with fluoroquinolone susceptible
P aeruginosa with either ciprofloxacin or levofloxacin. Our data
showed that exposure to either ciprofloxacin or levofloxacin will lead
to resistance against both classes of fluoroquinolones, in contrast to
the results from clinical studies (Kaye et al., 2006; Lee et al., 2010;
Zhao et al,, 2020). One study showed that the risk of isolating a
resistant P aeruginosa increased with exposure to levofloxacin,
however it did not change with exposure to ciprofloxacin (Kaye et al.,
2006). Another study assessing the rate of P. aeruginosa resistance
among nosocomial infections showed that levofloxacin, administered
either orally and parenterally, was positively correlated with
developing resistance to either levofloxacin or ciprofloxacin (Lee et al.,
2010), whereas treatment with ciprofloxacin was not correlated with
resistance to fluoroquinolones (Lee et al., 2010). Nonetheless, an in
vitro study showed results similar to our study, contrary to the clinical
studies. It was shown that ciprofloxacin had a higher ability to kill
P aeruginosa but it also showed more susceptibility to resistance
(Zhao et al., 2020).

Another important parameter in characterizing resistance is the
frequency and speed of developing resistance, reflected by the number
of passages needed to reach the resistance breakpoint. Our results
showed that levofloxacin required fewer number of passages in a total
of 10 tested isolates and an equal number of passages in a total of 9
tested isolates when compared to ciprofloxacin. Thus, resistance
against levofloxacin developed faster than ciprofloxacin.

Moreover, the growth rate data showed that fluroquinolone
resistance in general reduced the growth rate of the organism, whereby
ciprofloxacin resistance impacting the growth rate of the isolates more
compared to levofloxacin resistance. A study assessing cost of fitness
on quinolone resistance showed that low level mutations showed no
cost on fitness in more than half of the organisms. Conversely,
organisms with high level mutations showed decreased fitness in all
isolates. Interestingly, after serial passage in the laboratory medium,
mutant fitness increased again by compensatory mutations (Kugelberg
et al., 2005).

To summarize, treatment with ciprofloxacin induces more
resistance, while treatment with levofloxacin reaches resistance
breakpoint faster and affected the growth rate.
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At the molecular level, whole genome sequencing results showed
that resistance to ciprofloxacin and levofloxacin in sequenced mutants
were mainly associated with alterations in gyrA, gyrB, and
parC. Interestingly, the results we got from the induced mutants are
similar to the results in studies tackling fluoroquinolone resistance in
P, aeruginosa clinical isolates. Nouri et al. examined mutations in gyrA
and parC genes in 64 fluoroquinolone resistant P. aeruginosa clinical
isolates (Nouria et al., 2016). Their results showed that a single gyrA
substitution (Thr-83 —1Ile) was linked with MIC values ranging
between 4 and 64 pg/mL for ciprofloxacin and between 4 and 32 ug/
mL for levofloxacin. Moreover, isolates with a single gyrA substitution
(Thr-83 —1le) and a single parC substitution (Ala-88—Pro or
Ser-87 — Leu) had MICs ranging between 8 and 128 or 16 and 256 g/
mL for ciprofloxacin and ranging between 8 and 64 or 8 and 256 pg/
mL for levofloxacin. In addition to that, isolates with double gyrA
substitutions (Thr-83 —1Ile and Asp-87 — Asn) and single parC
substitutions (Ser-87 — Leu) had MICs ranging between 32 and
256 pg/mL for both ciprofloxacin and levofloxacin. Their results
showed that three coexisting mutations in gyrA and parC are
associated with higher MIC values for both ciprofloxacin and
levofloxacin as compared to two coexisting mutations in gyrA and
parC. Moreover, the latter was associated with higher MIC values for
both antimicrobial agents when compared to single mutations in gyrA
(Nouria et al., 2016). Moreover, Yang et al. work revealed that in 65
ciprofloxacin resistant P. aeruginosa clinical isolates a missense
mutation in gyrA gene (Thr-83 — Ile) was the most detected, followed
by missense mutation in parC (Ser-87 — Leu), and independent
missense mutations in gyrB (Ser-467 — Phe and Gln-468 — His). They
also showed that P. aeruginosa isolates with double mutations (gyrA
and gyrB or gyrA and parC) had higher MIC values against
ciprofloxacin compared to the ones with single gyrA mutations (Yang
etal., 2015).

The differential effects of ciprofloxacin and levofloxacin on the
emerging resistance against P aeruginosa should be taken into
consideration when devising a treatment plan. Factors such as the
extent of the resistance, speed of resistance, and cost of fitness will
affect the clinical decision making when translated into
everyday practice.

Understanding the mechanism of action driving the resistance
against quinolones can provide insight into developing a new
generation of therapeutic drugs that can overcome the resistance.

Further studies assessing the characteristics of resistance in a
clinical setting are needed to complete the picture and guide therapy.
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Pediatric intensive care unit
treatment alters the diversity and
composition of the gut microbiota
and antimicrobial resistance gene
expression in critically ill children

Jiayue Xu, Xiangmei Kong, Jiru Li, Haoyun Mao, Yueniu Zhu,
Xiaodong Zhu and Yaya Xu*

Department of Pediatric Intensive Care Medicine, Xinhua Hospital, Affiliated to the Medical School,
Shanghai Jiao Tong University, Shanghai, China

Introduction: Common critical illnesses are a growing economic burden on
healthcare worldwide. However, therapies targeting the gut microbiota for critical
illnesses have not been developed on a large scale. This study aimed to investigate
the changes in the characteristics of the gut microbiota in critically ill children
after short-term pediatric intensive care unit (PICU) treatments.

Methods: Anal swab samples were prospectively collected from March 2021 to
March 2022 from children admitted to the PICU of Xinhua Hospital who received
broad-spectrum antibiotics on days 1 (the D1 group) and 7 (the D7 group) of the
PICU treatment. The structural and functional characteristics of the gut microbiota
of critically ill children were explored using metagenomic next-generation
sequencing (MNGS) technology, and a comparative analysis of samples from D1
and D7 was conducted.

Results: After 7days of PICU admission, a significant decrease was noted in the
richness of the gut microbiota in critically ill children, while the bacterial diversity
and the community structure between groups remained stable to some extent.
The relative abundance of Bacilli and Lactobacillales was significantly higher, and
that of Campylobacter hominis was significantly lower in the D7 group than in
the D1 group. The random forest model revealed that Prevotella coporis and
Enterobacter cloacae were bacterial biomarkers between groups. LEfSe revealed
that two Gene Ontology entries, GO:0071555 (cell wall organization) and
GO:005508 (transmembrane transport), changed significantly after the short-
term treatment in the PICU. In addition, 30 KEGG pathways were mainly related
to the activity of enzymes and proteins during the processes of metabolism,
DNA catabolism and repair, and substance transport. Finally, 31 antimicrobial
resistance genes had significantly different levels between the D7 and D1 groups.
The top 10 up-regulated genes were Erm(A), ErmX, LptD, eptB, SAT-4, tetO, aded,
adeF, APH(3)-llla, and tetM.

Conclusion: The composition, gene function, and resistance genes of gut
microbiota of critically ill children can change significantly after short PICU
treatments. Our findings provide a substantial basis for a better understanding
of the structure and function of gut microbiota and their role in critical illnesses.
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gut microbiota, critical illness, children, infection, drug resistance genes
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1. Introduction

Common critical illnesses, including sepsis, acute respiratory
distress syndrome, and multiorgan failure, are a growing economic
(Adhikari et al, 2010).
Pathophysiological changes that occur in critically ill patients can

burden on healthcare worldwide

affect the composition of the intestinal flora. For example, both the
hypoperfused and reperfused states of the intestinal wall can lead to
intense mucosal inflammation, which further leads to changes in the
intestinal environment. Increased nitrate concentrations and altered
mucosal oxygen concentrations favor the growth of Aspergillus phylum
microorganisms, including clinically common gram-negative Bacilli
such as Pseudomonas aeruginosa and Escherichia coli. The growth of
Firmicutes microorganisms, such as Staphylococcus aureus and
Enterococcus, can also be affected (Dickson, 2016). Disturbances in the
intestinal flora are associated with disease progression and clinical
prognosis in critically ill patients. Ojima et al. (2022) showed that
dysbiosis in the ratio of the Bacteroides to the Firmicutes (B/F>8 or
B/F<1/8) in critically ill patients within 7days of admission was
associated with increased mortality. Andremont et al. (2020) also
showed that carrying rectal or pharyngeal ultra-broad-spectrum
f-lactamase-producing Enterobacteriaceae was a risk factor for the
subsequent development of ventilator-associated pneumonia caused
by bacterial infection in critically ill patients. In addition, a strong link
exists between the intestinal flora and function of organs such as the
brain, lungs, liver, and kidneys. In a study by Dickson et al. (2020)
intestine-associated bacteria such as Trichophytonaceae and
Enterobacteriaceae were present in the pulmonary flora of critically ill
patients, and an increase in these bacteria predicted the number of
days a patient would have without being on a ventilator. The loss of
endothelial barrier integrity and dysbiosis of the intestinal flora are
major pathophysiological alterations in sepsis that play important
roles in sepsis-related acute kidney injury (Xu et al., 2022).

Most bacterial communities in the gut have a symbiotic
relationship with the human host; however, many conditionally
pathogenic bacteria, such as Enterobacteriaceae and Enterococcaceae,
are also present in the gut and can cause severe infections in
immunocompromised patients (Mcinnes et al., 2020). Antibiotic use
is akey factor in the induction of drug-resistant genes. In recent years,
infections caused by drug-resistant strains of Escherichia coli, Klebsiella
pneumoniae, and Enterococcus faecalis have been increasing worldwide
(Guzman Prieto et al., 2016; Dunn et al., 2019). In addition, some
studies have shown that the expression levels of resistance genes in the
gut microbiota increase during antibiotic treatment in children;
however, not all resistance genes return to baseline levels after
antibiotic discontinuation (Yassour et al., 2016).

Therefore, gut microbiota has gathered increasing attention from
clinicians as an important element in the management of critically ill
patients. Despite decades of medical and technological advances,
therapies targeting the gut flora for critical illnesses have not been
developed on a large scale. Metagenomics next generation sequencing
(mNGS) is a new method of high-throughput RNA/DNA sequencing
that enables the detection of all pathogenic bacteria in a sample
without bias (Diao et al., 2022; Gokdemir et al., 2022). This method
allows further exploration of the composition, diversity, gene function,
and drug resistance genes of the gut microbiota.

This study aimed to describe the changes in the composition, gene
function, and drug resistance genes of gut microbiota in critically ill
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children after receiving short-term PICU treatment and to provide a
theoretical basis for the rational use of medication and reduction of
the incidence of adverse events in PICU patients.

2. Materials and methods
2.1. Patients and sample collection

This study was approved by the Ethics Committee of Xinhua
Hospital, Shanghai Jiao Tong University School of Medicine (approval
number: XHEC-D-2022-255). This was a prospective observational
study on children admitted to the PICU of Xinhua Hospital, affiliated
with Shanghai Jiao Tong University School of Medicine, from March
2021 to March 2022 and who received broad-spectrum antibiotic
therapy. The inclusion criteria were as follows: ©® age>28days
and < 18 years and @ receiving broad-spectrum antibiotics within the
first 24h of admission to the PICU. The exclusion criteria were: ®
post-rectal surgery; @ presence of infection at the anal site; ® no
follow-up due to death or discharge within 7 days; @ failure to obtain
anal swab samples; and ® refusal to participate in the study by the
child’s guardian. Anal swabs were collected on days 1 (D1) and 7 (D7)
of admission to the PICU from children who met the enrollment
criteria. Standardized anal swab samples were collected: the children
were placed in the lateral position, and a disposable sterile anal swab
was used to enter the anus of the children approximately 3 cm deep,
rotated for 2-3's, and then removed and placed in a DNA preservation
solution. The samples were transferred to a—80°C refrigerator for
freezing within 24 h after the sampling.

2.2. DNA extraction and library preparation

Fecal DNA was extracted using the TTANamp Magnetic DNA Kit
(Tiangen) according to the manufacturer’s instructions. The quantity
and quality of DNA were assessed using the Qubit (Thermo Fisher
Scientific) and NanoDrop (Thermo Fisher Scientific), respectively.
DNA libraries were prepared using the Hieff NGS C130P2 OnePot II
DNA Library Prep Kit for MGI (Yeasen Biotechnology) according to
the manufacturer’s protocols. Agilent 2100 (Ronchetti et al., 2022) was
used for quality control, and MGISEQ-2000 was used to sequence
DNA libraries with single-end 50 bp tags (Lang et al., 2021).

2.3. Metagenomic next-generation
sequencing

Before analysis, raw sequencing data were split using bcl2fastq2
(version 2.20), and high-quality sequencing data were generated using
Trimmomatic (version 0.36) by removing low-quality reads, adapter
contamination, duplicates, and short (length<36bp) reads. The
human host sequence was subtracted by mapping to the human
reference genome (hs37d5) using bowtie2 (version 2.2.6). Reads that
could not be mapped to the human genome were retained and aligned
with the microorganism genome database for microbial identification
by Kraken (version 2.0.7) and estimated for species abundance using
Bracken (version 2.5.0). The remaining genomes were compared to
those in the microbial genome databases, including the genomes of
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A total of 133 patients
were recruited
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FIGURE 1
Flowchart of patient enrollment.

bacteria, fungi, viruses, and parasites downloaded from GenBank
version 238." Gut microbiota data were downloaded from the database
of human gut microbiota,” and all annotated results (OTUs) were
compared with public data. Microorganisms with species detection
rates >1% and mean abundances >0.001 were retained. mNGS was
performed on an Illumina NovaSeq 6000 (Illumina) using a 150-bp
paired-end read protocol.

2.4. Statistical analysis

Statistical analysis of the gut microbiota was performed using R
software (version 3.6.0). Alpha diversity was estimated based on the
taxonomic profile of each sample, and beta diversity was assessed by
the Bray-Curtis and Jaccard—-Curtis distances. PERMANOVA was
performed using the R package vegan (Hu and Satten, 2022) to analyze
Bray-Curtis and Jaccard—-Curtis distances between groups, which
were subsequently visualized using principal components analysis
(PCA) and non-metric multidimensional scaling (NMDS). The
relative abundance of microorganisms at different levels between
groups was tested by the R package Kruskal Test (Zhang et al., 2021).
The genera with mean relative abundances greater than 1% and
penetrance greater than 40% among all samples were compared, and
false discovery rate correction was adopted to adjust all p values.
Accuracy and Gini indices were used to evaluate bacterial biomarkers
between groups by the Random Forest predictive algorithm (Hu and
Szymczak, 2023). Gene function prediction was performed based on
our in-house and Human Project Unified Metabolic Analysis Network
2 (HUMAnN2) (Hu et al., 2022). Gene Ontology (GO) entries

1 Download from https://www.ncbi.nlm.nih.gov/.
2 https://gmrepo.humangut.info/home
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between groups were assessed using the linear discriminant analysis
(LDA) of effect size (LEfSe) (Erawijantari et al., 2020). Those with an
LDA score>2.0 were considered biomarkers between groups. In
addition, STAMP software was used to compare and visualize the
different GO entries and KEGG pathways, with both having a
corrected p value <0.01. According to the GO database® and Kyoto
Encyclopedia of Genes and Genomes (KEGG)* database, gene
functional characteristics were finally described. The comparison of
drug resistance genes between groups was performed using DEseq2,
and the statistical difference was set at P adjust <0.05 and |log2FC| > 1.
These resistance genes were then described with reference to the
Comprehensive Antibiotic Research Database (CARD; card.mcmaster.
ca). Clinical data analysis was performed using the SPSS (v.25.0)
software. The paired t-test or Wilcoxon signed-rank test was used for
each continuous variable between the groups.

3. Results
3.1. Patient characteristics

From March 2021 to March 2022, a total of 71 patients were
enrolled in the study (Figure 1). Thirty-six of the included children
were male (50.7%). Forty-one children were aged over 3 years (57.7%).
Most of the enrolled children (71.4%) had underlying diseases, with
malignant tumors or leukemia being the most common (19.7%),
followed by neurological diseases (12.7%). The site of infection was
identified based on the clinical presentation of the children and
pathogenic culture results after admission. The respiratory system was
the most common site of infection in the enrolled children, followed
by the central nervous system, bloodstream infections, urinary system,
digestive system, and skin and soft tissues in that order, with
approximately one-fifth of the children not having a clear site of
infection. Additionally, 25 children had respiratory failure at the time
of PICU admission, 10 had shock, 7 had renal insufficiency, 4 had
disseminated intravascular coagulation (DIC), and 3 had hepatic
insufficiency (Table 1).

3.2. Treatments of patients admitted to the
PICU

All the children received intravenous antibiotic therapy upon
admission. More than half of the children received two or more classes
of antibiotics within 7 days of PICU admission, including antibiotic
escalation, antibiotic de-escalation therapy, and antibiotic
combinations. Oxazolidinone antibiotics, represented by linezolid,
and glycopeptide antibiotics, represented by vancomycin, were the
two antibiotics commonly used in the enrolled children, accounting
for 78.9 and 74.6% of the total number of patients, respectively.
Cefepime, a fourth-generation cephalosporin, was one of the main

anti-infective drugs used by the enrolled children, accounting for

3 http://www.geneontology.org
4  http://www.genome jp/kegg/
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TABLE 1 Patient characteristics. TABLE 3 Clinical information of critically ill children admitted to the PICU

from March 2021 to March 2022.

Characteristic Number of Percentage (%)
patients Clinical
(n=71) characteristics
Sex M/F 36/35 50.7/49.3 Clinical indicators
Age CRP (mg/L, P50 [P25, P75]) 56.00 (4.00, 5.00 (1.00, <0.01
1month-3years 30 423 129.00) 22.00)
>3y 41 577 PCT (ng/mL, P50 [P25, 0.69 (0.10, 0.27 (0.09, <0.01
P75]) 5.17) 1.03)
Weight (Z-score)
WBC (x107°/L, P50 [P25, 11.41 (6.43, 9.06 (5.7, 0.01
<=2 11 15.5
P75)) 15.91) 13.17)
—2to2 52 73.2
Hb (g/L, P50 [P25, P75]) 99.00 (84.00, 93.00 (83.00, 0.12
>2 8 113 114.00) 107.00)
Underlying disease PLT (x10A%L, P50 [P25, 264 (142, 398) | 310 (183, 425) 0.01
None 21 29.6 P75])
Malignancy or leukemia 14 19.7 Creatine (pmol/L, P50 [P25, 25.20 (18.2, 20.40 (14.80, <0.01
Inherited metabolic diseases 9 12.7 P75]) 34.90) 30)
Congenital digestive tract 6 o5 Bilirubin (mg/dL, P50 [P25, | 10.90 (6.70, | 9.20 (6.20, 0.29
malformation P75]) 16.90) 16.90)
Neurological diseases 13 183 Albumin (g/L, P50 [P25, 36.00 (30.40, | 37.50 (34.00, 0.09
P75]) 41.20) 39.70)
Post-traumatic or surgical 7 9.9
Lactate (mmol/L, P50 [P25, 2.00 (1.50, 1.70 (1.20, <0.01
Congenital heart disease 1 1.4
P75]) 3.30) 2.30)
Infection site
ICU treatments
Respiratory 24 33.8
Proton pump inhibitor [#, 16 (22.5) 16 (22.5) 1.00
Blood 5 7 )]
Gastrointestinal 2 28 Vasoactive drugs [, (%)] 12(16.9) 14 (19.7) 0.66
Central nervous system 8 11.3 Mechanical ventilation [n, 22 (31.0) 21(29.6) 0.86
Urinary 4 5.6 (%)]
Skin 1 1.4 Parenteral nutrition [n, (%)] 26 (36.6) 17 (23.9) 0.10
Multi-site infection 12 16.9 Probiotic therapy [n, (%)] 2(2.8) 6(8.5) 0.15
Unspecified 15 211 Clinical outcomes
Complications 28-day mortality [, (%)] 7 (9.90) / /
Shock 10 14.08 PICU length of stay (day, 9.00 (5.00, / /
Respiratory failure 25 33.8 P50 [P25, P75]) 17.00)
Acute kidney injury 7 9.86 Length of hospital stay (day, 26.00 (13.00, / /
Hepatic failure 3 4.23 P50 [P25, P75)) 45.00)
DIC 4 Data are presented as median (P50), 25th percentile (P25), and 75th percentile (P75) or
563 number (1) and percentage (%). CRP, C-reactive protein; PCT, procalcitonin; WBC, white

TABLE 2 Use of antibiotics in critically ill children admitted to the PICU
from March 2021 to March 2022.

Antibiotic use N Percentage (%)
Antibiotic type

Fourth generation 52 732
cephalosporins

Glycopeptide antibiotics 53 74.6
Carbapenem antibiotics 25 36.6
Oxazolidinone antibiotics 56 78.9
Combined antibiotics 38 53.5
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blood cell count; PLT, platelet count; PICU, pediatric intensive care unit.

73.2% of the total number of users. More than one-third of the
children received carbapenem-based antibiotics (Table 2).

Additionally, 22.5% of the children received proton pump
inhibitors on day 1 of admission, 12% received vasoactive drugs, 22%
were treated with invasive mechanical ventilation, 36.6% were treated
with parenteral nutrition, and only a minority (2%) received
probiotics. Although the proportion of children receiving supportive
treatment changed on day 7 of admission, there was no statistically
significant difference (Table 3).

Seven days after PICU treatment, a significant decrease as
observed in the levels of C-reactive protein (p<0.01), procalcitonin
(p<0.01), creatinine (p<0.01), and lactate (p=0.02) as well as white
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blood cell count (p=0.01). A significant increase in platelet count
(p=0.01) was noted, compared with the admission levels. No
significant changes were observed in the indicators, such as
hemoglobin and liver function (total bilirubin and albumin). In terms
of clinical outcomes, 7 children died during the 28-day follow-up
period. The mean +standard deviation of the length of stay in the
PICU and the total length of hospital stay were 16.39+28.06 and
36.55 +38.67 days, respectively (Table 3).

3.3. Changes in gut microbiome in critically
ill children after short-term PICU treatment

3.3.1. Short-term PICU treatment alters the
richness of the gut microbiome but not the
diversity and the community structure

Based on the Wayne diagram of operational taxonomic units
(OTU) (Figure 2A) at the species level, children had 749 OTUs on day
1 of PICU admission and 608 OTUs on day 7, of which, 484 OTUs
were common to both groups. The species composition of the gut
microbiota of critically ill children changed to some extent after a
short treatment in the PICU.

Alpha diversity analysis was based on Shannon, Simpson, Chaol,
and ACE indicators. As shown in Table 4, Shannon and Simpson

10.3389/fmicb.2023.1237993

indices in the D1 and D7 groups, which represent bacterial diversity,
were 1.51+0.80 vs. 1.38+0.70 and 0.60+0.28 vs. 0.57 +0.26 (both
p>0.05), respectively. The ACE and Chaol indices in the D1 and D7
groups were 60.22+68.10 vs. 40.62+41.89 and 59.62+67.50 vs.
40.62 £41.87 (both p<0.01), indicating that the bacterial richness was
significantly decreased in the D7 group (more detailed information
can be found in Supplementary Table S1). These results showed that
compared with that in the D1 group, the bacterial richness decreased
significantly but not the evenness in the D7 group. The PCA and
NMDS based on the Bray-Curtis and Jaccard-Curtis distances showed
that the beta diversity of the gut microbiota did not differ significantly
the (p>0.05) 2B-E;
Supplementary Table S2). Our results suggested that the community

between two  groups (Figures
structure of the gut microbiome of the children remained somewhat
stable even under the influence of antibiotics and other treatments

they received.

3.3.2. Changes in the relative abundance of gut
microbiota community

To provide a comprehensive understanding of the gut
microbiota of critically ill children, we analyzed the composition at
each taxonomic level of colonization. At the phylum taxonomic
level, Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria
were the main phyla in critically ill children before and after PICU

D1 D7
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FIGURE 2

groups D1 and D7. (B—E) PCA and NMDS analyses of -diversity.

OTUs and B-diversity analysis of the microbiota in the D1 and D7 groups. (A) Venn diagram of the number of OTUs in the gut microbiota of children in
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treatment, with Bacteroidetes and Firmicutes dominating
(Figures 3A,B). In a controlled analysis of two stool samples from
all children, the relative abundances of both Bacteroidetes and
Actinobacteria decreased, compared with those at PICU admission,
while the relative abundances of Firmicutes and Proteobacteria
increased; however, none of these changes were statistically
different. Notably, the composition of the gut microbiota of
critically ill children varied greatly between individuals and that the
proportion of individual microbiota changed considerably after a
short period of PICU treatment. For example, in the first child (S1

the sum of the relative abundances of Bacteroidetes in the anal swab

~—

>

sample on day 1 of PICU admission exceeded 92%, while the
relative abundance of Proteobacteria on day 7 of admission was

10.3389/fmicb.2023.1237993

approximately 35%, and the relative abundance of Bacteroidetes was
approximately zero (Figures 3A,B).

Further controlled analyses of the gut microbiota of the children
at the other levels were performed. The results showed that median
and quartiles of both relative abundance (%) of Bacilli (15.79 [0.34,
19.42] vs. 70.03 [10.73, 59.56], p =0.03) and Lactobacillales (1.25 [0.14,
19.41] vs. 6.29 [0.20, 58.41], p=0.04) were significantly higher after a
short period of PICU treatment in critically ill children. Whereas the
mean + standard deviation of relative abundance (%) of Campylobacter
hominis was significantly lower (2.10+0.85 vs. 0.63£0.37, p=0.02)
(Figure 4; Supplementary Table S3).

A random forest analysis was also performed to analyze the possibility
of using the gut microbiota as a novel biological marker for assessing

TABLE 4 Comparison of o diversity between the D1 and D7 groups presented as median (P50), 25th percentile (P25), and 75th percentile (P75).

D1 Group D7 Group p-value
Shannon index, P50 (P25, P75) 1.62 (0.88, 2.18) 1.46 (0.81, 1.91) 0.16
Simpson index, P50 (P25, P75) 0.72 (0.45, 0.82) 0.65 (0.43, 0.79) 0.2
ACE index, P50 (P25, P75) 32.00 (20.00, 54.00) 24.00 (20.00, 40.50) <0.01
Chaol index, P50 (P25, P75) 32.00 (20.00, 54.00) 24.00 (20.00, 40.50) <0.01
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Overall composition of the bacteria at the phylum level before and after PICU treatments in critically ill children. Changes in the relative abundance of
bacteria at the phylum level in the gut microbiota of critically ill children in the D1 (A) and D7 (B) groups. Based on the metagenomic sequencing
results, the top four microbiota communities at the phylum taxonomic level in groups D1 and D7 were selected, and the remaining were categorized
as "others.” The results are presented as a relative abundance histogram. The vertical coordinate represents the sequence number of the anal swab
sample (sample name), and the horizontal coordinate represents the relative abundance of the community.
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FIGURE 4
Relative abundances of the top 20 bacteria at the class, order, and species levels in the D1 and D7 groups. Distribution of the top 20 bacterial
communities at the (A) class, (B) order, and (C) species levels. *p <0.05.

changes in the condition of critically ill children at the species level. The
assessment of Accuracy and Gini indices revealed that Prevotella coporis
and Enterobacter cloacae played major roles in grouping as biological

markers to distinguish the two groups (Figures 5A,B).
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3.3.3. Functional analysis of gene expression in
the gut microbiome

The Venn diagram in Figure 6A shows that 960,000 genes were
detected in the gut microbiota of the D1 group and 805,009 ARG in
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Random forest analysis of the D1 and D7 groups at the species level. Random forest analysis is a machine-learning algorithm that can effectively
classify and predict grouped samples. The Accuracy (A) and Gini (B) indices are common evaluation metrics, with higher values indicating greater
importance of the variable. The horizontal coordinates represent the values of Accuracy and Gini indices, and the vertical coordinates represent the
strain names. The figure shows the strains that played major roles in the D1 and D7 groups, with Prevotella coporis and Enterobacter cloacae having

the most significant classification effects.
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Venn diagram and Box diagram of the number of genes detected in the D1 and D7 groups. (A) Venn diagram of the number of unique or shared genes
detected in the gut microbiota of the D1 and D7 groups. (B) Box plot of the number of genes detected in the gut microbiota of the D1 and D7 groups.
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the D7 group, of which, 624,722 genes were common to both groups.
Although the number of genes decreased after 7days of PICU
treatment, compared with that at the time of admission to the PICU,
this change was not statistically significant (p>0.05) (Figure 6B).

As shown in Figure 7, the gut microbiota gene function in children
changed significantly after a short-term PICU treatment. A total of 30
significantly altered KEGG pathways were obtained using P corrected
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<0.01 as the screening criterion, and the expression of these 30 pathways
was suppressed. They mainly included changes in enzyme and
transcription factor activities during metabolism, represented by
phosphoribosylglycinamide formyltransferase 1, and alterations in
enzyme and protein activities during DNA catabolism and repair,
represented by DNA repair proteins RadA/Sms and exodeoxyribonuclease
L. In addition, changes were observed in the biopolymer transport protein
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Gene function prediction of KEGG pathways. The histograms on the left represent the names of KEGG pathways and their relative abundances, and the
dot plots on the right represent the corrected p-values. Corrected p < 0.05 was considered significant and retained.

ExbD as a representative of substance transport protein activity. This
suggests that the imbalance in intestinal microorganisms was
accompanied by changes in the processes of material metabolism,
material transport, and genetic material breakdown and repair.
Similarly, we comparatively analyzed the expression of GO entries
by P corrected <0.01 (Figure 8A) and found that 24 GO entries
underwent significant down-regulation after short-term PICU
treatment. The main biological processes (BPs) involved included
DNA-templated transcription termination, DNA catabolic process,
and transcription antitermination; of them, the DNA catabolic process
was similar to that found in the KEGG analysis of the
exodeoxyribonuclease I activity. This was consistent with the changes
in exodeoxyribonuclease I activity found in the KEGG analysis.
Furthermore, LEfSe (Figure 8B) showed that two GO entries,
GO0:0071555 (cell wall organization) and GO:005508 (transmembrane
transport), changed significantly after short-term PICU treatment.
The involved BP of transmembrane transport was consistent with the
changes in transporter protein activity in the KEGG analysis.

3.3.4. Differential analysis of the expression of
antimicrobial resistance genes in the gut
microbiome

Overall, 31 antibiotic resistance genes (ARGs) with significant
differences were detected in the D7 group compared with the D1
group, including 19 resistance genes with upregulated expression. The
top 10 differentially up-regulated resistance genes, in order, were:
Erm(A), ErmX, LptD, eptB, SAT-4, tetO, ade], adeF, APH(3')-IIIa, and
tetM (Figure 9; Supplementary Table S4). The Comprehensive
Antibiotic Resistance Database (CARD) showed that tetM, LptD, and
eptB can be found in resistant Klebsiella pneumoniae, and LptD can
cause resistance to carbapenem antibiotics. Besides, ade], adeF, and
tetM can be found in resistant Acinetobacter baumannii, and adej can
cause resistance to carbapenem antibiotics.

Frontiers in Microbiology

4. Discussion

The human gastrointestinal tract stores a large number of
microorganisms, and close communication occurs between them and
their hosts. Disturbances in the structure and function of gut
microbiota are associated with numerous pathological processes in the
human body, including inflammatory bowel disease, type II diabetes,
and colorectal cancer (Manor et al., 2020). In recent years, with
increasing research, more studies have demonstrated that the gut is a
key factor in the initiation and development of critical illnesses and
that intestinal failure is associated with poor prognosis (Szychowiak
et al,, 2022). Therefore, understanding the structure and function of
gut microbiota and their role in critical illnesses is crucial.

In the present study, children received broad-spectrum antibiotics
intravenously after enrollment, and different proportions of children
received proton pump inhibitors, vasoactive drugs, invasive
mechanical ventilation, parenteral nutritional support, and probiotics,
in addition to exhibiting varying conditions such as underlying
disease, site of infection, pathogenic bacteria, and immune status. The
microbial environment in the gut of critically ill patients, often
influenced by genetics, diseases, and therapeutic factors, is often
disturbed (Wozniak et al., 2022), characterized by reduced abundance
and diversity and an increase in conditionally pathogenic bacteria
(e.g., Clostridium difficile, multi-drug-resistant bacteria) (Szychowiak
et al., 2022). For example, intestinal emptying can be reduced in
critically ill patients with decreased bacterial excretion, leading to
excessive growth of pathogenic bacteria in the intestine (Dickson,
2016; Ladopoulos et al., 2018). Antibiotic use has been associated with
decreased gut microbiota diversity (Ramirez et al., 2020). In addition,
a study in adults showed that the combination of meropenem,
gentamicin, and vancomycin led to an increase in Enterobacter and
other pathogenic bacteria in the intestine, whereas Bifidobacteria and
butyrate-producing flora were reduced (Palleja et al., 2018). Drugs
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Gene function prediction and LEfSe analysis of GO entries. (A) The histograms on the left represent the names of GO entries and their relative
abundances, and the dot plots on the right represent the corrected p-values. A corrected p < 0.05 was considered significant and retained. (B) The
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such as non-steroidal anti-inflammatory drugs, proton pump
inhibitors, and pB-blockers can affect bacterial growth by altering the
pH of the intestine (Wozniak et al., 2022), and continuous parenteral
nutrition has been associated with significant disturbances in the flora
(Dahlgren et al., 2019).

In this study, the diversity of the gut microbiota was investigated.
The ACE and Chaol indices of the children in the D7 group were
significantly lower than those in the D1 group. The ACE and Chaol
indices are two indicators that describe the richness of the gut
microbiota (Szychowiak et al., 2022), which implies that a significant
decrease in the number of bacterial species in the gut microbiota
occurred after 7 days of treatment in the PICU. While the Shannon
and Simpson indices, describing both richness and evenness
(Szychowiak et al., 2022), did not change significantly in our study.

Studies performed on the gut flora of critically ill children, using
follow-up data, remain insufficient. Rogers et al. found that the
Shannon diversity index of the gut flora was decreased significantly
compared with healthy children, and it was significantly negatively
correlated with the time spent in the PICU (Rogers et al., 2016). This
differed from our results, which showed that the Shannon index did
not change significantly after short-term PICU treatment. One of the
reasons for this discrepancy might be that we followed-up with the
patients for different periods of time. Our study further investigated
changes in the composition of the gut microbiota in critically ill
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children after short-term PICU treatment, while Rogers et al.
followed-up with patients for 30 days. The results showed that on both
days 1 and 7 of PICU admission, the composition of the children’s gut
microbiota at the phylum level was dominated by the Firmicutes,
Bacteroides, Aspergillus, and Actinomycetes, and a majority of patients
had a predominant proportion of the Firmicutes and Bacteroides. In
2005, Eckburg et al. found that the sum of the relative abundances of
Firmicutes and Bacteroidetes exceeded 90% in the human gut
microbiota (Eckburg et al., 2005). We further compared changes in
flora at the phylum level, where the relative abundance of Bacillus
decreased. p-hexosaminidase in the Methanobacterium has been
shown to be a driver of lymphocyte-specific differentiation and that
fB-hexosaminidase-specific lymphocytes are protective against
intestinal inflammation in a mouse model of colitis (Bousbaine et al.,
2022). A study conducted on 115 critically ill patients revealed similar
results, with patients leaving the ICU showing a significant decrease
in the relative abundance of the Firmicutes and Bacteroidetes of the gut
microbiota, a significant increase in the Proteobacteria, and an
increase in pathogenic colonization with Enterobacter spp. and
Staphylococcus spp., compared with those at the time of admission to
the ICU (Mcdonald et al., 2016).

Notably, there were differences in the composition of the flora
among individual patients after ICU treatment (Figure 3). Ojima et al.
(2016) conducted a longitudinal observational study of the gut
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FIGURE 9

Volcano plots of antimicrobial resistance gene expression in the D1
and D7 groups. The horizontal coordinates in the graph represent
the log, fold change, and the vertical coordinates represent the-
log10 (p-value). The horizontal dashed line in the figure represents
the p-value threshold (0.05), and the two vertical dashed lines
represent log,FC = 1/-1. The red dots represent p <0.05 and log, fold
change >1, which means that the expression of resistance genes is
significantly upregulated. The blue dots represent p <0.05 and log,
fold change < —1, which means that the expression of resistance
genes is significantly down-regulated. While the gray dots mean that
there is no significant change. The top ten up-regulated resistance
genes are labeled in the figure.

microbiota of 12 mechanically ventilated patients in a large tertiary
care hospital; they found that the percentages of the Bacteroidetes and
Firmicutes changed significantly during the follow-up period and that
an extreme imbalance of flora might be associated with poor patient
prognosis. Disturbances in the flora have been shown to be associated
with increased susceptibility to nosocomial infections, sepsis, organ
failure, and severe COVID-19 (Lynch and Pedersen, 2016; Ojima
etal, 2016; Yeoh et al., 2021). In the present study, children treated in
the PICU showed significant changes in C-reactive protein, calcitonin,
white blood cells, platelets, creatinine, and lactate levels. In addition,
the relative abundance of colonies such as Bacilli, Lactobacillales, and
Campylobacter hominis changed significantly. Chaol and ACE indices
also decreased significantly, and the random forest analysis revealed
that the species levels of Prevotella corporis and Enterbacter cloacae
were specific markers before and after PICU treatment in critically ill
children. This suggests that future studies should correlate changes in
the gut microbiota of patients with changes in clinical indicators to
provide novel reference indicators for assisting in the assessment of
changes in patient conditions.

Our study found that after a short period of PICU treatment, the
gene function of the gut microbiota of critically ill children can undergo
significant changes, mainly including the processes of metabolism,
DNA degradation, and transmembrane transport. However, it should
be noted that our results are derived from computerized predictions,
and their exact roles in human physiological activities remain unclear.
Nevertheless, several studies have confirmed the involvement of
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metabolites of the gut microbiota in the regulation of vital organ
functions. Hayakawa et al. (2011) found that changes in the composition
of the flora, including increases in Enterococcus faecalis and
Pseudomonas aeruginosa, accompanied by decreases in the three major
short-chain fatty acids, butyric acid, propionic acid, and acetate, could
occur within 6h of the onset of critical illness. Short-chain fatty acids
are products of the glycolytic process of dietary fibers by intestinal
microorganisms, including acetate and butyrate; they are involved in
regulating human immune functions, including promoting the
differentiation and expansion of T cells, forming a complete mucosal
immune system, and influencing the phagocytosis of macrophages
(Furusawa et al., 2013). Butyrate also plays a role in regulating the
transcription factor HIF-1, which is involved in maintaining the stable
function of the intestinal barrier by decreasing the oxygen concentration
in tissues (Lopez-Siles et al., 2017). Fatty acids may also be involved in
the physiological functions of the brain, lungs, and cardiovascular
system by activating the vagus nerve, reducing lung inflammation, and
affecting renin secretion (Wozniak et al., 2022). Short-chain fatty acid
levels have been shown to be negatively correlated with the severity of
portal hypertension and systemic inflammation, emphasizing the role
of gut microbiota in enterohepatic interactions and the progression of
liver pathologies such as cirrhosis (Juanola et al., 2019). Short-chain
fatty acids also play a role in acute kidney injury (AKI) by modulating
the inflammatory response, and thus improving AKI outcomes
(Andrade-Oliveira et al., 2015). Therefore, gut microbiota disorders can
cause a decrease in beneficial metabolites, further causing adverse
outcomes such as immune and organ dysfunction and increasing
susceptibility to disease. Moreover, GO analysis in our study revealed
that bacterial cell wall synthesis and the transmembrane transport of
macromolecules were affected in the gut microbiota of critically ill
children after a short period of ICU treatment. We hypothesized that
this may be related to patients receiving antibiotics, proton pump
inhibitors, and inadequate organ perfusion, causing a disturbance of the
intestinal microenvironment and further affecting the physiological
activity of the flora.

The intestine is a major site of drug-resistant bacteria. A healthy
gut microbiota is a stable and diverse community that protects the
host from invasion by pathogenic bacteria. Antibiotics can disrupt the
stable ecosystem of the gut, providing conditions for colonization by
drug-resistant bacteria, increasing resistance gene load, and further
spreading resistant bacteria to other sites, causing infection (Anthony
et al, 2021). Norgaard et al. found that the use of broad-spectrum
f-lactam antibiotics was most significantly associated with increased
microbial destruction and resistance characteristics in patients treated
with hematopoietic stem cell transplantation (Norgaard et al., 2023).
The increasing prevalence of carbapenem-resistant Enterobacteriaceae
poses a major global health threat (Jean et al., 2022). Studies have
shown that the risk of infection with carbapenem-resistant
Acinetobacter baumannii can increase by four-fold with exposure to
carbapenems, and a new meta-analysis confirmed an association
between carbapenem-resistant P. aeruginosa and increased mortality
(Brink, 2019).

Our study has some limitations. First, while the purpose of this
study was to describe the composition and function of the flora of
critically ill children after PICU treatment, the degree of influence of
factors was not evaluated. Second, owing to the observational nature
of our study, it was not possible to control for the variables that might
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have affected the intestinal flora. Third, this study was a single-center
study, and there was a certain selection bias.

5. Conclusion

After short-term treatment in the PICU, the richness of the gut
microbiota in critically ill children was significantly decreased, while the
bacterial diversity and the community structure between groups
remained stable to some extent. The composition of some colonies was
also altered significantly, with a significant increase in the relative
abundances of Bacilli and Lactobacillales and a significant decrease in
the relative abundance of C. hominis. GO and KEGG analyses showed
that gene functions of the gut microbiota were also altered, mainly in
genes responsible for metabolism, DNA catabolism, and transmembrane
transport. In addition, the expression of resistance genes in critically ill
children was changed significantly after short-term treatment in the
PICU. The top 10 up-regulated genes were Erm(A), ErmX, LptD, eptB,
SAT-4, tetO, ade], adeF, APH(3’)-1Ila, and tetM.
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monnieri fruit extract
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Fujian University of Traditional Chinese Medicine Fuzong Teaching Hospital (900TH Hospital), Fuzhou,
China, 2Department of Clinical Pharmacy, 900TH Hospital of Joint Logistics Support Force of PLA,
Fuzhou, China, *College of Chemistry, Fuzhou University, Fuzhou, China

The present study describes a novel method for green synthesis of silver
nanoparticles using Cnidium monnieri (CM-AgNPs). Cnidium monnieri fruit
is an excellent anti tinea drug that can be used externally to treat superficial
fungal infections in the human body. The aqueous ethanolic extract of Cnidium
monnieri fruit was prepared and employed in the synthesis of stable silver
nanoparticles via biological reduction method. The synthesis conditions of CM-
AgNPs was systematically optimized using Box—Behnken design. CM-AgNPs
were well characterized by UV-spectroscopy and X-ray powder diffraction (XRD),
and it was confirmed that the synthesized particles were AgNPs. The possible
functional groups required for the reduction and stabilization of CM-AgNPs in the
extract were identified through FTIR spectrum. The size of CM-AgNPs structure
was confirmed to be approximately 44.6 nm in polydisperse spherical shape
through scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and laser dynamic light scattering (DLS). Further, the minimum inhibitory
concentration 90% (MICy) ratios values of Cm-AgNPs against Trichophyton
rubrum (7 d), T. mentagrophytes (7 d) and Candida albicans (24 h) were 3.125,
3.125, and 0.78125 pg/mL, respectively, determined by the broth micro dilution
method. Finally, the result was concluded that the synthesized AgNPs could
be further evaluated in large scale as a potential human topical antifungal agent.

KEYWORDS

AgNPs, Cnidium monnieri, green synthesis, characterization, antifungal

1 Introduction

In recent years, nanoparticles (NPs) have been widely used in biological, pharmaceutical,
electronic, chemical and energy industries (Yoon et al., 2020; Jin Nam et al., 2021; Mobini et al.,
2021; Targhi et al,, 2021; Zhao et al., 2021; Wei et al., 2022). Due to the need to reduce or
eliminate the use or generation of toxic and harmful substances in compounds, reduce pollution
to the environment and develop more sustainable methods, biosynthesis of nanoparticles (NPs)
using natural product extracts has been proposed as a harmless, rapid and efficient alternative
synthesis route. As a safe and non-toxic method, biosynthetic silver nanoparticles (AgNPs) was
used to produce biocompatible nanoparticles by using bioactive molecules with functions of
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reduction, capping and stabilization, which were suitable for many
medical applications, such as antibacterial, anticancer, antioxidant,
anti-diabetic, antiviral, and anti-inflammatory (Chinnasamy et al.,
2019; Mehmood et al., 2020; Tian et al., 2020; Jang et al., 2022).
Different parts of plants could be used to synthesize silver
nanoparticles (Ma et al., 2021; Moorthy et al., 2021; Mirzaie et al.,
2022; Abdel-Aty et al., 2023). Using plant extracts biosynthetic silver
nanoparticles, AgNPs were covered with active ingredients from
plants, which can not only stabilize AgNPs, but also enhance their
antifungal activity (Robles-Martinez et al., 2019). Biosynthesized
AgNPs can treat infections caused by Trichophyton rubrum in animals’
models, and after 14 days of treatment, the structure of the animal’s
epidermis and dermis can be restored well, and the synthesized AgNPs
have no risk of antimicrobial resistance or systemic side effects of
other drugs (Abdallah et al., 2023).

Superficial infections, including cutaneous and mucocutaneous
infections, are a common public health problem and can be caused
by dermatophytes, candida, and Malassezia (Noites et al., 2023).
Superficial fungal infections usually cause chronic and
non-inflammatory lesions, long treatment course, easy relapse, pain,
unattractive and other problems affecting the quality of life of
patients (Abd-Elsalam and Abouelatta, 2023). A number of
comorbidities such as diabetes, cancer, immune deficiency or
peripheral artery disease may increase susceptibility to superficial
fungi. Filamentous fungi T. rubrum and T. mentagrophytes were one
of the most important pathogens causing dermatomycosis in the
UK, Poland and Sweden, accounting for about 90% of cases (Nenoff
et al., 2014). Although Candida albicans is a common fungal
symbiont in the human microbiota, it may cause superficial skin,
nails, and mucous membrane infections (Glazier, 2022). Long-term
use of azoles, allylamines, and terbinafine in the treatment of
dermatophytes may develop drug resistance and toxicity, leading to
treatment failure (Sardana et al., 2023). The need to slow down and
prevent the development of drug resistance and reduce side effects
has prompted researchers to develop new alternative treatment
drugs for superficial infections.

Cnidium monnieri (L.) Cuss, an annual plant in the umbelliferous
family, is widely used as a traditional herb in China, Japan and
Vietnam to treat various diseases. It has a wide range of
pharmacological activities, the main component being osthole, which
has an allergy-inhibiting (antipruritic) effect on the skin, as well as
bacterial, fungal and viral inhibition (Munir et al., 2022). According
to modern research, the mechanism of treating T. rubrum is that the
water extract from C. monnieri can destroy the mycelial morphology
and internal structure of T. rubrum and inhibit its growth (Yanyun
etal,, 2021). The extract of C. monnieri fruit contains various reducing
components, including flavonoids, coumarins, phenolic acids, and
lignans, which contribute to the reduction of silver nitrate (Wu et al.,
2019; Ni et al., 2020). The complex components contained in the
extract of C. monnieri fruit are coated on silver nanoparticles to
prevent aggregation and facilitate the stability of silver nanoparticles.
C. monnieri are widely distributed and have low prices, making it
low-cost to synthesize AgNPs using them.

In this report, we innovatively prepared AgNPs using the extract
of dried and mature fruit of the anti ringworm drug C. monnieri, using
a simple biosynthesis method, and studied their activity against
T. rubrum, T. mentagrophytes, and C. albicans. Compared with
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physical and chemical synthesis methods, the process of green
synthesis of AgNPs using C. monnieri fruit extract is simple, does not
use toxic reagents, and the process of preparation is relatively safe and
environmental friendly. The synthesized CM-AgNPs are expected to
be used in various dosage forms for superficial fungal infections in
humans and animals, but further research is to be demonstated
their efficacy.

2 Materials and methods

2.1 Materials

Silver nitrate purchased from Yida Technology (Quanzhou) Co.
Ltd., concentration 0.1001 mol/L, diluted for use in the experiment.
C. monnieri fruit was provided by the pharmacy of the No.900
Hospital of Joint Logistics Support Force of PLA. Deionized water was
used to synthesize, extract and purify the nanoparticles. All chemicals
used were analytical grade. T. rubrum (BNCC340195) and
T. mentagrophytes (BNCC340405) were purchased as standard strains
from Beijing BeNa Culture Collection. C. albicans was a clinically
isolated strain, which was provided by the laboratory department of
the No.900 Hospital of Joint Logistics Support Force of PLA. RPMI
1640 culture medium was purchased from Wuhan Boster Biological
Technology Co. Ltd. Potato dextrose agar (PDA) was purchased from
Wenzhou Kangtai Biotechnology Co. Ltd. Sabouraud dextrose agar
(SDA) was purchased from Zhengzhou Antu Bioengineering Co. Ltd.
Fluconazole and terbinafine were purchased from China National
Institutes for Food and Drug Control.

2.2 Preparation of plant extracts

50g of C. monnieri fruit was weighed and soaked in 500 mL of
75% ethanol for 0.5h, then heated and refluxed extraction twice for
2h each time. The extracted solution was combined and concentrated
under reduced pressure until there was no alcohol taste. Pure water
was added to dilute to 250 mL and filtered by 0.22 pm microporous
membrane to obtain C. monnieri fruit extract, which was stored
at —40°C.

2.3 Synthesis of CM-AgNPs

CM-AgNPs were synthesized with different concentrations of
C. monnieri fruit extract (65, 132.5, 200 mg/mL). NaOH solution
(0.1 M) was used to adjust the pH of C. monnieri fruit extract (8, 10,
12). 6mL of pH-adjusted C. monnieri fruit extract was slowly
dripped into 20 mL of silver nitrate at different concentrations (5,
12.5,20mM), and stirred continuously for 30 min at 700 rpm with
the help of magnetic stirrers (Sreckovic et al., 2023). The resulting
CM-AgNPs solution was centrifuged at 13,000 rpm for 20 min at
20°C. The supernatant was removed and the precipitate was
redispersed in deionized water and centrifuged again at 13,000 rpm
for 20 min. This process was repeated three times. Finally, the
centrifugal precipitate was freeze-dried, weighed and redissolved
with deionized water.
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2.4 Systematic optimization of synthesis of
CM-AgNPs

System optimization of CM-AgNPs was performed using a Box—
Behnken design (BBD) with the help of Design Expert® ver. 13.0
software (Stat-Ease Inc., Minneapolis, USA). The three most
influential factors, AgNO; concentration, C. monnieri fruit extract
concentration and pH value, were used as independent variables and
tested at three different levels, as shown in Table 1. A total of 17 tests
were recommended for the selected design. The particle size (nm) and
polydispersity index (PDI) of the synthesized silver nanoparticles
(CM-AgNPs) were analyzed in response. After putting the data into
BBD, mathematical modeling was carried out to analyze the results.
The optimum conditions for the synthesis of CM-AgNPs were
determined by means of numerical desirable function and graphic
optimization techniques.

2.5 Chemical synthesis of bare AgNPs

Reference The preparation method of bare AgNPs and make
appropriate modifications (Bharti et al., 2021; Fu et al., 2021; Jassim
et al., 2022; Velgosova et al., 2022). 9.45mg of NaBH, Was weighed
and added To 25mL of NaOH solution (0. L Mol/L) To prepare a
reducing agent. The 20mL of AgNO; solution and sodium citrate
solution (As dispersant) with a concentration of 0.01 Mol/L each were
added into The conical flask and stirred evenly, then 1 mL of The
reducing agent solution Was added drop By drop, and The solution
turned brownish black at room temperature for 5Min. The resulting
bare AgNPs solution Was centrifuged at 13,000rpm for
20Min at 20°C, and The precipitate Was rinsed three times with
deionized water

TABLE 1 Response surface experiment design and results.

Concentration of

Concentration of Cnidium

10.3389/fmicb.2023.1291030

2.6 Characterization of AgNPs

CM-AgNPs synthesized under optimal conditions and chemically
synthesized bare AgNPs were scanned using a microplate reader
(Infinite E Plex, Tecan Austria Gmbh, Austria) in the wavelength
range of 200-800nm. Fourier transform infrared (FTIR, Nicolet
6,700, Thermo Fisher, United States) spectra of CM-AgNPs and
C. monnieri fruit extract were recorded using KBr particles. X-ray
diffractometer (XRD, D8 Advance, Bruker, Germany) was used to
analyze CM-AgNPs under diffraction conditions of copper target, Cu
Ko radiation, measuring angle 2 6=5-90 °. SEM was used to observe
the morphology of Cm-AgNPs and energy dispersive X-ray
spectroscopy (EDX) results were obtained (Mira Lms, Tescan,
Czech Republic). The shape and dimensions of CM-AgNPs were
determined at 100kV by TEM (Tecnai, Thermo Scientific FEI,
United States). Particle size, PDI and zeta potential values of
CM-AgNPs and bare AgNPs were recorded by dynamic light
scattering (DLS) using a laser particle size analyzer (ZSU3100,
Malvern Panalytical, Worcestershire, UK).

2.7 Antifungal assays

2.7.1 MIC determination of Trichophyton rubrum
and Trichophyton Mentagrophytes

The strains of T. rubrum and T. mentagrophytes were inoculated
on PDA medium and cultured at 28°C for 7-14 days. The number of
spores was determined by cell counting plate (177-112C, Watson,
Japan), and the concentration was adjusted to 7.1 x 10*~1.1x 10° CFU/
mL by RPMI 1640 medium dilution. MIC was determined according
to CLSI-M38 document (Alexander et al., 2017a), RPMI 1640 culture
medium was added to the 96-well plates and the sample was diluted

Particle size

AgNO; (mM) monnieri fruit extraxt (mg/mL) (nm)
1 125 1325 10 74.87 0.2857
2 5 1325 8 113.23 0.2412
3 125 200 12 83.18 0.2576
4 125 1325 10 80.98 0.2916
5 125 132.5 10 83.36 0.3019
6 125 200 8 97.05 0.2734
7 20 65 10 139.43 0.4307
8 125 65 12 73.06 0.3765
9 5 200 10 130.7 0.2725
10 125 1325 10 81.09 0.2816
11 20 1325 12 87.84 0.2848
12 20 200 10 82.43 0.2978
13 125 1325 10 89.27 0.3647
14 20 1325 8 112.67 0.4023
15 125 65 8 103.33 0.2918
16 5 65 10 88.71 0.3443
17 5 1325 12 129.9 0.2191
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to different concentrations using broth microdilution method
(terbinafine was dissolved with DMSO, other drugs were dissolved
with deionized water, DMSO content was 0.5%). In columns 1-9 of
the 96-well plates, concentration of bare AgNPs lyophilized powder in
nutritional broth was 250-0.98 pg/mL, concentration of C. monnieri
15,000-58.59 pg/mlL,
concentration of CM-AgNPs lyophilized powder was 250-0.098 pg/

fruit extract lyophilized powder was
mL, concentration of terbinafine was 0.25-0.00098 pg/mL, and
concentration of fluconazole was 64-0.25ug/mL. Meanwhile, the
growth control group (column 10) with only fungal solution added,
the control group containing 0.5%DMSO solvent (column 11) and the

blank control group (column 12) were set up. Culture at 28°C for 7 d.

2.7.2 MIC determination of Candida albicans

C. albicans was inoculated on SDA medium and cultured at 35°C
for 24 h. The number of spores was determined by cell counting plate,
and the concentration was adjusted to 5.9 x 10* CFU/mL by RPMI
1640 medium dilution. MIC was determined according to CLSI-M27
document (Alexander et al., 2017b), the samples were diluted to
different concentrations by adding RPMI 1640 culture medium into
the 96-well plate (terbinafine was dissolved with DMSO, other drugs
were dissolved with deionized water, DMSO content was 1%). In
columns 1-9 of the 96-well plates, concentration of C. monnieri fruit
extract lyophilized powder was 12,500-48.83 pg/mL, concentration of
CM-AgNPs lyophilized powder was 25-0.098 pg/mL, concentration
of bare AgNPs lyophilized powder was 500-1.95 pg/mL, concentration
of fluconazole was 64-0.25 pg/mL, and concentration of terbinafine
was 0.5-0.001953 pg/mL. Meanwhile, the growth control group
(column 10) with only fungal solution added, the control group
containing 1%DMSO solvent (column 11) and the blank control
group (column 12) were set up. Culture at 35°C for 24 h.

2.7.3 Result interpretation

Absorption values of 96-well plates at 630 nm were determined
using a microplate reader (Infinite E Plex, Tecan Austria Gmbh,
Austria), and MICy, of C. monnieri fruit extract, bare AgNPs and
CM-AgNPs against T. rubrum, T. mentagrophytes and C. albicans were
determined by combining visual and microplate detection of
percentage inhibition and make a comparison. During the experiment,
quality control compounds terbinafine and fluconazole were used as
controls, and the MIC fluctuation range was no more than one drug
gradient concentration, and the MIC was within the MIC standard
range of quality control strains published by CLSI-M38 and CLSI-M27
(Alexander et al.,, 2017a, 2017b), which was considered reliable
experimental data. The experiment was repeated three times and the
percentage inhibition was calculated using the following equation:

% inhibition= (AGrowth control — ASample) /AGrowth control X 100%.

3 Results and discussion
3.1 Analysis of response surface results

The synthesized CM-AgNPs were systematically optimized using
Box-Behnken design of Design Expert® ver.13.0 software to find the

optimal conditions. Concentration of AgNO;, Concentration of
C. monnieri fruit extract and pH were selected as three independent
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variables at different levels, and the particle size (nm) and PDI of silver
nanoparticles were optimized as responses. A total of 17 tests were
recommended for the selected design (Table 1). The obtained data were
fitted with the quadratic polynomial model, and various statistical
parameters were used for fitting analysis. Equations (1) and (2) were
polynomial equations generated after modelling as data, indicating that
the two response variables analyzed (particle size and PDI) have both
interaction and curvature effects. The 3D response diagram (Figure 1)
illustrates the good fit of the data in the selected model, where A is
concentration of AgNO; (mM), B is concentration of C. monnieri fruit
extraxt (mg/mL), Cis pH value of C. monnieri fruit extract.

Particle size =81.91—5.02A —1.40B — 6.54C — 24.75AB
~10.38AC +4.10BC + 25.08A2 + 3.32B? + 3.92C>
(1)

Polydispersity index = 0.3069 + 0.0423A — 0.0427B — 0.0088C (2)

For particle size response, ANOVA results show that the model is
extremely significant, p<0.01, where AB and A’ were important
model items. R?=0.9182, the F value of the missing item was 5.71, and
the missing item was not significant. For PDI response, ANOVA
results showed that the model was significant (p <0.05), where A and
B were important model items. R?=0.5587, the F value of missing item
was 1.78, the missing item was not significant, the smaller R* may
be due to the fact that PDI results were close to each other in the test
range, as they are mostly in the acceptable range below 0.300.

The optimal conditions for CM-AgNPs synthesis were suggested
by numerical optimization. The goal of each response variable was to
minimize to the smallest possible value. The best conditions were
found to be concentration of AgNO; was 18.38 mM, concentration of
C. monnieri fruit extraxt was 196.77 mg/mL and adjusted to 200 mg/
mL, and the pH value of C. monnieri fruit extraxt was 11.75. The
predicted results showed particle size of 70.1779 nm and PDI of 0.202.

3.2 Characterization of optimized silver
nanoparticles

3.2.1 UV-vis analysis

In this study, AgNPs were synthesized under optimized conditions
using C. monnierii fruit extract. The plant extract serves as a reducing
agent to convert silver ions (Ag") into silver nanoparticles (Ag’),
termed CM-AgNPs. The synthesis of AgNPS was confirmed through
UV-Vis analysis (Figure 2A), with CM-AgNPs exhibiting surface
plasmon resonance peak at 420 nm and bare AgNPs exhibiting SPR
peak at 406 nm. The position and shape of the displayed SPR
peak depend on the particle size and shape of the AgNPs (Rajivgandhi
etal,, 2019). This experiment synthesized AgNPs by adjusting the pH
value, which can accelerate the synthesis and reduce the particle size.
Studies have shown that pH value has a certain impact on the synthesis
of AgNPs; under alkaline conditions, the hydroxyl groups in plant
extracts were more likely to lose H*, causing the whole molecule to
be negatively charged; these negatively charged phytochemicals not
only easier to interact with Ag", but also easier to lose electrons for
reduction reaction (Luo et al, 2018). The schematic diagram
(Figure 2B) describes the possible mechanism of plant synthesis of
AgNPs. Silver ions (Ag") were reduced to form silver atoms (Ag"),
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FTIR spectra of Cm-fruit extract and CM-AgNPs.

which slowly aggregated into small silver nanoparticles. During this
process, AgNP was restricted by phytochemicals so that the silver
could not grow close to each other at the nanoscale and thus form
small silver nanoparticles.

3.2.2 FTIR analysis

FTIR analysis was performed to determine the major
phytochemicals involved in plant synthesis and sealing of CM-AgNPs.
As shown in Figure 3, IR spectra confirmed the binding of silver ions
with the extract of C. monnierii fruit. CM-AgNPs show the
corresponding FTIR signal, O-H (3,408cm™), C-H (2,924cm™),
benzene ring skeleton (1,609cm™), -CH; (1,384cm™) and -C-O
(1,054 cm™). These signals matched corresponding peaks in the FTIR
spectra of the C. monnierii fruit extract. This indicates that many
organic functional groups in C. monnierii fruit extract actually
remained on the surface of CM-AgNPs.
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3.2.3 XRD analysis

The structure of CM-AgNPs was analyzed through XRD
measurement (Figure 4). It can be seen that the main diffraction peaks
were located at 38.08, 44.24, 64.46, and 77.46 °, pointing to (111),
(200), (220), and (311) diffraction planes, respectively. CM-AgNPs
showed the diffraction peak characteristics of the metal face-centered
cube (JCPDS File No. 4-0783), indicating that the silver nanoparticles
formed in this synthesis were essentially crystalline (Zhang et al.,
2020; Rajivgandhi et al., 2020b). From the peak intensity ratio of (111)
to other diffraction peaks, it can be concluded that the (111) plane was
the main orientation in the silver crystal structure of CM-AgNPs.

3.2.4 SEM, EDX, and TEM analysis

As shown in Figure 5A, the SEM analysis of CM-AgNPs
detected agglomeration, which may be caused by drying the
AgNPs solution during detection (Rajivgandhi et al., 2020a). The
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(A) SEM images of CM-AgNPs (200 nm); (B) EDX spectra of CM-AgNPs; (C) TEM images of CM-AgNPs (500, 200 nm).

EDX results indicate that the sample contains silver, which
confirms the formation of elemental silver (Figure 5B). The shape
and size of the optimized CM-AgNPs can be directly observed by
TEM (Figure 5C). It can be seen that the diameter of the
synthesized AgNPs was about 44.6 nm and the distribution was
uniform. The active ingredients in the extract were attached to
the surface of the AgNPs to prevent the aggregation of particles,
and the synthesized AgNP was spherical.

3.2.5 DLS and stability analysis

Dynamic light scattering (Figure 6A) shows that the
optimized average particle size of CM-AgNPs was 56.31 nm, PDI
was 0.2375, and zeta potential was —44.95mV (mean value of
three measurements). DLS (Figure 6B) shows that the average
particle size of chemically synthesized bare AgNPs was 91.57 nm,
PDI was 0.4340, and zeta potential was —50.55mV (mean value
of three measurements). AgNPs were negatively charged on the
surface and dispersed in the medium. Electrostatic repulsion
between negatively charged nanoparticles may prevent AgNPs
from aggregating, which may be responsible for AgNPs stability.
This property involved the surface interaction of AgNPs and their
effect on cells. DLS used fluid mechanics to detect particle size,
so there are some differences between the particle size results and
TEM particle size observation results.

After four weeks of synthesis of optimized CM-AgNPs, the
detected average particle size was 51.00nm and PDI was 0.2634.

Frontiers in Microbiology

Compared to four weeks ago, the changes were relatively small,
indicating good stability of CM-AgNPs.

3.3 Analysis of antifungal activity

After culturing the fungi for 7 days or 24 h, the 96-well plates were
removed from the constant temperature incubator and photographed
(Figure 7). After the lyophilized powder of C. monnieri fruit extract
and bare AgNPs were added to the 96-well plate, the dark color
affected the detection results of the microplate reader, and the
calculated percentage inhibition was not accurate, so two people were
used to visually observe the results (Table 2). The minimum inhibitory
concentration of CM-AgNPs, terbinafine, and fluconazole with the
percentage inhibition greater than 90% calculated by scanning the OD
value at 630 nm using microplate reader was MIC,, (Table 2). Based
on all the results, it can be concluded that the order of efficacy for
T. rubrum and T. mentagrophytes was as follows: terbinafine >
CM-AgNPs > fluconazole > bare AgNPs > lyophilized powder of
C. monnieri fruit extract. Terbinafine has good efficacy against
T. rubrum and T. mentagrophytes, but there are patients with
dermatophyte infection who have no clinical response to terbinafine
treatment (Bortoluzzi et al., 2023). Therefore, the research and
development of alternative therapeutic drugs is significant. For
C. albicans, the order of efficacy was fluconazole > CM-AgNPs > bare
AgNPs > lyophilized powder of C. monnieri fruit extract. CM-AgNPs
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(A) Particle size and zeta potential distribution of CM-AgNPs; (B) Particle size and zeta potential distribution of bare AgNPs.

TABLE 2 MIC,, results of various drugs against Trichophyton rubrum (7 d), Trichophyton Mentagrophytes (7 d), and Candida albicans (24 h).

Medicaments

Trichophyton rubrum

Trichophyton Mentagrophytes Candida albicans

Bare AgNPs 125 125 31.25
C. monnieri fruit extract 1875 7,500 12,500
CM-AgNPs 3.125 3.125 0.78125
Terbinafine 0.0156 0.0625 -
Fluconazole 8 64 0.5

has similar efficacy to fluconazole and is expected to be a potential
treatment for C. albicans. The MIC of AgNPs synthesized by Scabiosa
atropurpurea fruit extract against T. rubrum and C. albicans were 7.81
and 3.9 pg/mL, respectively (Essghaier et al., 2022). Compared with
them, the MIC of CM-AgNPs were smaller, which may be due to the
better inhibitory effect of C. monnieri fruit on ringworm fungi,
enhancing the antifungal activity of CM-AgNPs. Studies have shown
that AgNPs inhibit fungal growth by affecting fungal morphology,
causing membrane infiltration, and producing reactive oxygen species
(ROS) to disturb osmotic balance, making cells unstable (Elbahnasawy
et al,, 2021). AgNPs can also release high affinity silver ions (Ag*),
inactivating the thiol groups in fungal cell wall, forming insoluble
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compounds,and then damaging enzymes and lipids bound to the
membrane, eventually leading to cell lysis (Astuti et al., 2019).

4 Conclusion

In this paper, AgNPs were synthesized from C. monnieri fruit,
a common Chinese medicine for the treatment of tinea disease.
The synthesis method is simple, with small particle size, good
stability and low MIC, demonstrating strong medicinal potential
for anti dermatophytes. XRD results indicated that CM-AgNPs
were face centered cubic (FCC) crystals. TEM showed that the
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Results of antifungal 96-well plates, (A) T. rubrum, (B) T. mentagrophytes, (C) C. albicans; (A) and (B) from top to bottom are bare AgNPs freeze-dried
powder, C. monnieri fruit extract freeze-dried powder, CM-AgNPs freeze-dried powder, terbinafine, and fluconazole; (C) From top to bottom, there
are C. monnieri fruit extract freeze-dried powder, CM-AgNPs freeze-dried powder, bare AgNPs freeze-dried powder, and fluconazole.

generated nanoparticles were spherical, and the extract of
C. monnieri fruit was coated on AgNPs, stabilizing the AgNPs, and
reducing their aggregation. It was known through FTIR and EDX
detection that chemical components such as flavonoids and
coumarins in the extract of C. monnieri fruit may be involved in
the synthesis of CM-AgNPs. For the tested fungi, the anti fungal
efficacy of AgNPs synthesized through green synthesis of
C. monnieri fruit extract was superior to that of chemically
synthesized AgNPs, indicating that the extract of C. monnieri fruit
actually enhanced the antifungal effect of AgNPs. For C. albicans,
the MIC,, of CM-AgNPs was similar to fluconazole. For T. rubrum
and T. mentagrophytes, the antifungal activity of CM-AgNPs was
better than that of fluconazole, although weaker than terbinafine.
In view of the increased resistance to antifungal agents in clinical
candida and dermatophyte infections and the emergence of
multiple drug-resistant strains with difficult treatment, the results
are of great significance for the development of new topical
antifungal drugs, and can be applied in the biomedical field.
Cm-AgNPs can be further developed into various topical
formulations for the treatment of patients with superficial fungal
infections. As a potential alternative treatment strategy, it may help
patients cure fungal infections.
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Background: Systematic infrastructure and regulatory weaknesses over many
decades, in communities struggling with animal African trypanosomiasis (AAT)
would be expected to create an environment that would promote drug misuse and
risk development of drug resistance. Here, we explore rural community practices
of livestock keepers, livestock extension officers and drug shop attendants to
determine whether appropriate practice was being followed in administration of
trypanocides and other drugs.

Methods: A questionnaire-based survey was undertaken in southwestern Uganda
in 2022 involving 451 farmers who kept cattle, sheep or goats and 79 “professionals”
who were either livestock extension officers or drug shop attendants.

Results: Respondents reported using one or more type of trypanocidal drug
on 80.1% of the 451 farms in the last 30 days. Diminazene aceturate was used
on around three-quarters of farms, while isometamidium chloride was used on
around one-fifth. Homidium bromide was used on less than 1% of farms. Cattle
were significantly more likely to be treated with trypanocides than sheep or goats.
On around two-thirds of farms, trypanocides were prepared and injected by
farmers, with extension officers administering these drugs on most of the other
third, especially on cattle farms. Almost all drugs were obtained from privately-
owned drug shops. For treatment of AAT with trypanocides, prescription-only
medicines were routinely used by farmers without professional supervision and in
the absence of a definitive diagnosis. While a far greater proportion of professionals
had a better education and had received training on the use of trypanocides than
farmers, there was relatively little difference in their ability to use these drugs
correctly. Farmers were more likely than professionals to use only DA to treat
trypanosomiasis and were more likely to use antibiotics as well as trypanocidal
drugs to treat the animal. Furthermore, they estimated, on average, that twice the
recommended dose of either diminazene aceturate or isometamidium chloride
was needed to treat a hypothetical 400 kg bovine. A minority of both farmers
and professionals reported that they observed the recommended withdrawal
times following injection of trypanocidal drugs and very few of either group knew
the recommended withdrawal times for milk or meat. Only one in six farmers
reported using the sanative pair (alternating use of diminazene aceturate and
isometamidium chloride), to reduce the risk of drug resistant trypanosome strains
emerging, while this approach was more widely used by professionals. Farmers
reported using antibiotics more commonly than the professionals, especially in
sheep and goats, raising concerns as to overuse and misuse of this critical class
of drugs. In addition to using trypanocides, most farmers also reported using a
topical veterinary pesticide for the control of ticks and tsetse. On average, farmers
spent 12.2% of their income from livestock sales on trypanocides.
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Conclusion: This study highlights the complexity of issues involved in the fight
against AAT using drug treatment. A multistakeholder campaign to increase
awareness among farmers, drug shop attendants, and extension workers of the
importance of adherence to recommended drug dosing, using the sanative pair
and following recommended drug withdrawal guidance would promote best
practice, reduce the risk of emergence of resistant strains of trypanosomes, and
support enhanced food safety.

KEYWORDS

neglected tropical diseases, zoonoses, trypanocides, animal African trypanosomiasis,
antimicrobial resistance (AMR), veterinary drug shops, pharmacovigilance, Stamp Out

Sleeping Sickness

1 Introduction

Antimicrobial resistance (AMR) is considered by the World
Health Organization (WHO) to be one of the top 10 global public
health threats facing humanity (WHO, 2015, 2021). Best practice to
minimize the risk of AMR is generally considered to include only
using antimicrobials under the supervision of a fully qualified health
professional on an individual patient or animal basis after a definitive
diagnosis. Other features of best practice include using the right
active ingredient at the right dose, administered in the correct way,
respecting recommended withdrawal times, and not relying solely on
a single active ingredient for prolonged periods of time. For vector-
borne diseases, such as trypanosomiasis, integrated control which
combines actions against the vector (tsetse) and pathogen
(trypanosomes) is also recommended (FAO, 1998).

In the context of animal health on remote farms in low- and
middle-income countries (LMICs), such as the cattle belt of
southwestern Uganda where the current study was conducted, these
ideals are especially hard to attain. Fully trained private veterinary
professionals are often not present and even if they are, their services
are not affordable for most livestock keepers. While government-
employed district veterinary officers and livestock extension officers
are usually present in these areas, they tend to be limited in their reach
due to shortage of resources, especially inadequate transport, and are
too few to reach all who could benefit from their services (Perry
etal., 2005).

In such areas, alternative systems have emerged in which farmers
have to be largely self-reliant and obtain their animal health products,
advice and, in some cases, services almost entirely from privately-
owned drug shops where they encounter staff ranging from untrained,
through certificate and diploma holders to degree-educated
professionals. Drug shop staff often have local knowledge, are
community members (easy to access), cost effective and can balance
their lack of technical training with understanding of cultural and
traditional practices (Caudell et al., 2020).

While liberalization of animal health services has some
associated benefits, such as increased access to medicines and
potential economic growth, it has also generated enormous
challenges including unregulated markets, misuse and overuse of
veterinary products, regulatory weakness, and AMR, especially in
countries where drug regulatory and distribution systems are weak
(Jaime et al., 2022).

Frontiers in Microbiology

Trypanocide resistance in both humans (Kasozi et al., 2022) and
animals (Wangwe et al., 2019; Kasozi et al., 2023) raises major public
health risks following expression of cross-species resistance genes
(Kasozi et al., 2022; Okello et al., 2022). Animal African trypanocide
resistance has previously been associated with poor farming practices,
farmer treatments, underdosing and untrained personnel (Ngumbi
and Silayo, 2017; Kasozi et al., 2022).

In this study, we assessed farmer trypanocide (and other drug)
usage practices in southwestern Uganda where antimicrobial drugs
are heavily used.

2 Methods

This study comprised of a questionnaire-based survey
(Supplementary File 1) conducted in the cattle belt of southwestern
Uganda between July and October 2022. The objective was to
determine how trypanocidal drugs were being used in this area to
control animal African trypanosomiasis in cattle, sheep, and goats.
Focused on the districts of Ibanda, Isingiro, Kazo, Kiruura, Mbarara,
Rwampara, and Sheema (Figure 1), the study team worked with
district veterinary officers to identify livestock keeping communities
in areas where trypanocide resistance was suspected. The study was
approved by the Edinburgh Medical School Research Ethics
Committee (22-EMREC-022) and in Uganda, it was approved by the
Ethics Committee at the College of Veterinary Medicine of Makerere
University (SVAR-IACUC/114/2022). After acquiring local consent
from the respective chief administrative officers, 557 participants
were purposefully recruited: 478 from farms and 79 who were district
extension officers or drug shop attendants. Extension officers were
persons working for the local government legally employed by the
government, while drug shop attendants included assistants and
technicians. Assistants are often relatives including wives, partners,
and husbands of the owner of the drug shop by the National Drug
Authority (NDA) standards. Technicians were individuals who held
a veterinary certificate or diploma from one of the vocational
institutions in Uganda and licensed to operate veterinary drug shops.
The study protocol was registered with BMC ISRCTN
(Supplementary File 2). The pre-tested questionnaire was written in
English but administered in the appropriate local language by trained
enumerators. Each questionnaire took around 30-45min to
complete. Responses to the questions in the questionnaire were
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FIGURE 1
Survey villages in the seven districts and one city of southwestern Uganda along the cattle belt.

recorded in English and entered directly into a tablet connected to
the internet where possible; in areas without stable internet
connection, responses were captured as hard copy and entered on a
tablet as soon as possible. Respondents’ locations were recorded using
a Global Positioning System (GPS), but these locations were
anonymized and used only to illustrate their geographical distribution
within the study site.

On farms, the respondents were whoever was available at the time
of the visit and included members of the farming family as well as paid
employees. District extension officers with responsibility for livestock
who were included in the study were interviewed either at their official
government offices or their private drug shops. In drug shops,
respondents included both unqualified assistants and diploma-level
technicians, who could be employees or owners (these two groups are
referred to as “drug shop attendants” throughout this paper) as well as
extension officers.

2.1 Statistical analysis

Survey responses were entered into Microsoft Office Forms
which presented the data in MS Excel spreadsheets. This was
exported into the open-source software R version 4.3.1 using the
pacman, party, rio, and tidyverse packages which, in addition to
MS Excel, were used to generate descriptive statistics. Odds ratios
were calculated using the epiR package version 2.0.63; for
observations with zero fields the odd ratios were generated using
MedCalc® at 95% confidence interval. One sample tests were
computed using the rstatix package and significance reported
when p < 0.05. Since the focus of the study was use of trypanocidal
drugs, which are primarily used in cattle, sheep, and goats, only
farms that kept ruminants were included in the analyses
(Supplementary File 3).
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3 Results
3.1 Demographic information

The survey was administered to 478 farmers and 79 additional
respondents who were drug shop attendants or extension officers
(hereafter referred to as professionals). Twenty-seven farm
respondents who reported that they did not keep ruminants were not
included in the analyses making the farm sample size 451 (Table 1).
These farmers were listed on a livestock keeping registry but did not
hold any ruminant stock when they were visited.

The category “farmer” included farming heads of households,
their spouses and other family members. The category “farm
employee” were paid workers. On each farm only one person was
interviewed so the 451 farmers represented 451 different farms.
Around three-quarters (77.4%) of the farm respondents were farming
family members and a little under a quarter (22.6%) were employees.
Close to three-quarters (75.4%) of the farm respondents were male.
Drug shop attendants and extension workers were more evenly split
between men (54.4%) and women (45.6%). The age of farmers ranged
from 14 to 82 years; just under 90% were in the range 18-61 years and
the mean age was 38.8 (median=37.0) years. Drug shop attendants
and extension officers were all in the age range 18-61 years and their
mean age was 35.2 (median=35.0) years. A little over half of all
respondents were the head or second-in-command of the farm or
drug shop/extension office. Among farmers, most (94.0%) had
received either no formal education or only basic education while
among drug shop attendants and extension officers three-quarters
(74.7%) had received tertiary education (Table 1).

Cattle were kept on 307 of the 451 farms (68.1%), with or without
small ruminants. Both cattle and sheep/goats were kept on 191 farms
(42.3%), cattle only on 110 (24.4%) and sheep/goats only on 150
(33.3%). More than half of respondents who kept cattle (51.0%)
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TABLE 1 Number and percentages on demographic information for respondents.

Parameter Variables Farmers (n =451)  Professionals (n =79)
Sex Female 111 (24.6) 36 (45.6)
Male 340 (75.4) 43 (54.4)
Primary role Farmer 306 (67.8)
Farm employee 145 (32.2)
Drug shop assistant 35 (44.3)
Drug shop technician 28 (35.4)
Extension worker 16 (20.3)
Education No formal 200 (44.3) 2(2.5)
Basic 224 (49.7) 18 (22.8)
Tertiary 27 (6.0) 59 (74.7)
Authority Head 208 (46.1) 35 (44.3)
Second-in-command 45 (10.0) 8 (10.1)
Other family member 96 (21.3) 2(2.5)
Employee 102 (22.6) 34 (43.0)
Age (years)* Children (14-17) 12 (2.7)
Young adults (18-25) 101 (22.5) 11 (13.9)
Adults (26-35) 94 (20.9) 35 (44.3)
Mature (36-45) 102 (22.7) 27 (34.2)
Elderly (46-61) 105 (23.4) 6(7.6)
Most elderly (62-82) 35(7.8)
Median (IQR) 37.0 (22.0) 35.0 (12.0)

*n =449 for farmers as two participants withdrew consent.

reported keeping crossbreeds, with the remainder relatively evenly
split between exotic breeds (26.8%) and local breeds, most likely
Ankole (22.1%). More than three-quarters of respondents (75.7%)
who reported keeping small ruminants kept local breeds. Mean
reported herd size for cattle was 104, although this covered a wide
range from 1 to 20,000, with a median cattle herd size of 24. The
mean flock size for small ruminants was 34, again with a wide range
from 1 to 1,000 with a corresponding median flock size of 16.
Respondents were often reluctant to report the exact number of
animals they kept so these values should be treated with caution. On
a little over half of farms (52.6%), other livestock species and/or
domestic animals (dogs, cats, pigs, and chickens) were kept in
addition to ruminants. Around two-thirds of respondents considered
their farms to be semi-commercial with the remaining third
classifying them as subsistence (Table 2).

3.2 Knowledge on trypanosomiasis

Among farmers, around a fifth (22.0%) knew that tsetse were
involved in trypanosome transmission compared to more than half
(53.2%) among professionals (Table 3). There was no statistically
significant difference (p <0.05) between the proportions of the two
groups who were able to correctly identify either the best approach

Frontiers in Microbiology

(i.e, trypanocide use against antibiotics, bush burning,
ethnomedicine, and acaricide mono options) for the control of
trypanosomiasis (64.3% of farmers compared to 68.3% of
professionals selected “use of trypanocides” from a list of alternative
but ineffective methods) or the season when the burden of the disease
is highest (78.9% of farmers vs. 87.3% of professionals correctly
selected “wet season”). While less than a quarter (23.9%) of farmers
reported that they had received training on the correct use of
trypanocides, more than four-fifths (87.3%) of professionals reported

receiving such training (Table 3).

3.3 Drug usage practices

Almost two-thirds (66.1%) of farmers reported that they
prepared and injected trypanocidal drugs on their farms, with
extension officers administering the drugs on 21.7% of farms and
drug shop attendants administering trypanocides on 12.2% of farms.
Drug shop attendants were significantly less likely to treat animals on
farms that only kept cattle (7.3% of cattle only farms vs. 22.5% of
sheep/goat only farms, p<0.05). When asked about extension
officers, 59.0% of farmers considered that they were accessible in their
communities and 42.6% considered they were reliable with
treatments (Table 4). Most respondents considered that private
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outlets were the cheapest source of trypanocidal drugs and nearly all
drugs (97.3% of farm respondents) were reported to have been
purchased from private drug shops.

Most of the farmers (96.9%) and professionals (98.7%) injected
trypanocides using the recommended intramuscular route.
Irrespective of who administered the trypanocidal drug, in all cases
the water used to prepare the solution for injection came from a tap,
bore hole, stream, or other non-sterile source; no respondents
reported using commercially prepared water for injection (Table 4).
Farmers on cattle only farms were almost three-times more likely to
use bottled drinking water as farmers on sheep/goat only farms (19.1
vs. 6.7%, p<0.05).

TABLE 2 Livestock kept on respondents’ farms.

Types of livestock Number (%)
farms
(n=451)
Ruminant groups | Cattle only farms 110 (24.4)
Sheep/goats only farms 150 (33.3)
Both (ruminants) 191 (42.3)
Cattle with/without sheep/goats 307 (68.1)
Sheep/goats with/without cattle 348 (77.2)
Farm species Ruminants only 214 (47.4)
Ruminants + dogs/cats 92 (20.4)
Ruminants + dogs/ 82(18.2)
cats + pigs + chickens
Ruminants + pigs + chickens 63 (14.0)
Ruminant breeds Cattle crosses 152 (50.0)
Exotic cattle 80 (26.1)
Local (Ankole) 66 (21.0)
Do not know (cattle) 9(2.9)
Median cattle herd size (IQR) 24 (39)

Mean cattle herd size (range) 104 (1-20,000)

Sheep/goat crosses 60 (17.2)
Exotic sheep/goats 23(6.7)
Local sheep/goats 259 (75.4)
Do not know (sheep/goats) 6(1.7)
Median sheep/goat herd size (IQR) 16 (26)
Mean sheep/goat herd size (range) 34 (1-1,000)
Nature of farming = Semi-commercial 297 (65.9)
Subsistence 154 (34.1)

10.3389/fmicb.2023.1296522

3.4 Trypanocide combination patterns used
on farms

Drugs reported to have been used during the past 30days on
farms or, for professionals, that they had administered during the past
30days are shown in Table 5. In Table 6, these results were used to
calculate the number and proportion of farms on which the different
drugs were used, or the number and proportion of professionals who
reported using these drugs during the past 30 days.

More than four-fifths of farmers (81.8%) reported that one or
more type of trypanocidal drug had been used on their farm during
the past 30 days (Table 6). All but two (97.5%) professionals reported
that they had administered one or more type of trypanocidal drug
during the same period; this could have been either to their own
livestock (all professionals reported that they also kept ruminant
livestock) or as a fee-paying service to animals owned by others. In
comparison, around one-third of farmers (35.0%) reported that
antibiotics had been used on their farms during this period but just
one drug shop attendant or extension officers (1.3%) reported having
used an antibiotic during the past 30 days (Table 6).

Diminazene aceturate (DA) was by far the most used trypanocide:
77.2% of farmers reported that DA had been used on their farms in
the last 30days while 21.7% reported the use of isometamidium
chloride (ISM), just three (0.7%) reported that homidium bromide
(HB) had been used and 5.1% reported no drugs had been used.
Among professionals, 96.2% reported that they had used DA, 45.6%
reported using ISM and just one reported using HB during the past
30days (Table 6).

Seventeen percent of farmers and 44.3% of professionals reported
that they had used both DA and ISM in the past 30 days. Twenty-two
percent of farmers but just one professional reported that they had used
both a trypanocide and an antibiotic during the past 30 days (Table 6).

Drug usage varied markedly between farms where cattle were kept
and farms where just sheep and goats were kept: 92.8% of farms where
cattle were kept reported that a trypanocide had been administered
during the past 30 days compared to 62.0% of farms that just kept
sheep and goats (Table 6). Diminazene aceturate was the most used
drug on both types of farms; 84.7% of farms with cattle reporting
using this drug compared to 61.3% of farms with just sheep and goats.
Isometamidium chloride usage was much less common on farms with
just sheep and goats: 30.3% of farms with cattle used ISM compared
to just 4.7% of farms with just sheep and goats. Similarly, far more
farms with cattle used both DA and ISM: 23.5% of farms with cattle
reported doing so compared to 4.0% of farms with just sheep and
goats. All these differences in proportions between farms with/without
cattle are statistically significant at p<0.05. Antibiotic usage was
slightly higher on farms with just sheep and goats: 36.4% of farms with

TABLE 3 Determinants of knowledge on trypanosomiasis based on extension meeting trainings, disease epidemiology and control in the study

population.

Number (%) of correct

farmer responses (N = 451)

professional responses (N = 79)

Odds ratio
(95% Cl)

Number (%) of correct Chi-square

p values

Extension meetings trainings 217 (46.1) 66 (83.5) 5.5(2.9-10.2) <0.001
Trypanocides for disease control 290 (64.3) 54 (68.3) 1.2 (0.7-2.0) 0.57
Tsetse major vector 99 (22.0) 42 (53.2) 4.0 (2.4-6.6) <0.0001
Disease in rainy season 356 (78.9) 69 (87.3) 1.8 (0.9-3.9) 0.08
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TABLE 4 Major practice patterns in the study population.

Trypanocide practices Farms with both Sheep/goats = Farms with cattle  Farmers @ Professionals @Farmers for sheep/goats = Farmers vs. Professionals
cattle and sheep/ only on farms but no sheep/ (N =451) (N=79) vs. cattle
goats (N=191) (N =150) goats (N =110) OR(95% X’-pvalue OR (95%Cl) X’-pvalue
Cl)
Administer | Drug shop attendants 13 (6.8) 34(22.7) 8(7.3) 55 (12.2) 11 (13.9) 0.3 (0.1-0.6) 0.001 1.2 (0.6-2.3) 0.67
treatments Extension officer 44 (23.0) 25(16.7) 29 (26.4) 98 (21.7) 16 (20.3) 1.8 (1.0-3.3) 0.06 0.9 (0.5-1.6) 0.77
Farmers 134 (70.2) 91 (60.7) 73 (66.4) 298 (66.1) 52 (65.8) 1.3 (0.8-2.1) 0.35 1.0 (0.6-1.6) 0.96
Correct Avoid Intravenous 188 (98.4) 149 (99.3) 106 (96.4) 443 (98.2) 78 (98.7) 0.2 (0.0-1.4) 0.17% 1.4 (0.2-11.4) 1.00%
route Intramuscular 188 (98.4) 143 (95.3) 106 (96.4) 437 (96.9) 78 (98.7) 0.2 (0.0-1.5) 0.17* 2.5(0.3-19.3) 0.71%
Lowest Private outlets 141 (73.8) 103 (68.7) 85 (77.3) 329 (72.9) 61(77.2) 1.5 (0.8-2.7) 0.13 1.2 (0.7-2.2) 0.43
priced Informal market 2(1.0) 0 (0) 0 (0) 2(0.4) 0 (0) 1.4 (0.0-69.2) 0.00% 1.1 (0.1-23.8) 1.00%
trypanocides |- @ roment 1(05) 1(07) 2(18) 4(09) 3(3.8) 2.6 (0.2-81.9) 0.57 44(08-21.7) 0.07*
Uniform price 37 (19.4) 13 (8.7) 12 (10.9) 62 (13.7) 14 (17.7) 1.3 (0.6-3.0) 0.55 1.4 (0.7-2.6) 0.29
Do not know 10 (5.2) 33 (22.0) 11 (10.0) 54 (12.0) 1(1.3) 0.4 (0.2-0.8) 0.01 0.1 (0.0-0.5) 0.002%
Source of Private outlet 187 (97.9) 145 (96.7) 107 (97.3) 439 (97.3) 79 (100) 1.2 (0.3-6.4) 1.00% 4.5(0.3-77.2) 0.23%
trypanocides  Government 1(0.5) 1(0.7) 3(27) 5(1.1) 0(0) 2.7 (0.3-80.6) 0.62* 0.5 (0.0-9.3) 1.00%*
Do not know 3(1.6) 4(27) 0(0) 7(1.6) 0(0) 0.15 (0.0-2.8) 0.14% 0.4 (0.0-6.6) 0.60%
Water Borehole 15 (7.9) 5(3.3) 8(7.3) 28 (6.2) 4(5.1) 2.2(0.7-7.8) 0.17 0.8 (0.2-2.2) 1.00%
source Bottled 36 (18.8) 10 (6.7) 21(19.1) 67 (14.9) 10 (12.7) 3.3 (1.5-7.6) 0.003 0.8 (0.4-1.6) 0.63
Tap 53 (27.7) 61 (40.7) 45 (40.9) 159 (35.3) 34 (43.0) 1.0 (0.6-1.7) 0.97 1.4 (0.8-2.3) 0.19
Stream 2(1.0) 0 (0) 1(0.9) 3(0.7) 0(0) 4.1 (0.2-102.1) 0.42% 0.8 (0.0-15.7) 1.00%
Well 85 (44.5) 70 (46.7) 35(31.8) 190 (42.1) 9(11.4) 0.6 (0.3-0.9) 0.02 0.2 (0.1-0.4) <0.0001
Do not know 0(0) 4(27) 0(0) 4(0.9) 22(27.8) 0.15 (0.0-2.8) 0.14* 41.3 (15.0-149.5) <0.0001
Extension Accessibility 116 (60.7) 78 (52.0) 72 (65.4) 266 (59.0) 71 (89.9) 0.6 (0.3-0.9) 0.03 6.2 (2.9-13.1) <0.001
officer Reliability 77 (40.3) 68 (45.3) 47 (42.7) 192 (42.6) 70 (88.6) 1.1 (0.7-1.8) 0.68 10.3 (5.3-22.7) <0.0001

OR, Odds ratio. 95% CI, 95% confidence intervals with lower and upper limits reported. Superscript (*) indicates Fisher’s exact p value being reported.
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TABLE 5 Drugs administered during the past 30 days (humber of cases).

10.3389/fmicb.2023.1296522

Drugs All farms with Farms with Farms with Farms with Farms with Drug shop

administered in ruminants both cattle cattle with/ | sheep/goats cattle but attendants and

past 30 days and sheep/ without but no no sheep/ extension
goats sheep/goats cattle goats officers

DA only 204 (45.2) 90 (47.1) 136 (44.3) 71 (47.3) 43 (39.1) 41 (51.9)

DA +Ab 67 (14.9) 25(13.1) 52 (16.9) 15 (10.0) 27 (24.5) 0(0.0)

DA +ISM 46 (10.2) 31(16.2) 44 (14.3) 2(1.3) 13 (11.8) 33 (41.8)

DA +ISM + Ab 28(6.2) 19(9.9) 27 (8.8) 2(1.3) 7 (6.4) 1(1.3)

DA +ISM +HB 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(1.3)

DA +ISM + HB+Ab 3(0.7) 1(0.5) 1(0.3) 2(1.3) 0(0.0) 0(0.0)

ISM only 20 (4.4) 8 (4.2) 20 (6.5) 1(0.7) 11 (10.0) 1(1.3)

ISM+Ab 1(02) 1(0.5) 1(0.3) 0(0.0) 0(0.0) 0(0.0)

Ab only 59 (13.1) 12 (6.3) 19(6.2) 41(27.3) 6(5.5) 0(0.0)

None 23 (5.1) 4(2.1) 7(23) 16 (10.7) 3(2.7) 2(2.5)

Totals 451 (100) 191 (100) 307 (100) 150 (100) 110 (100) 79 (100)

DA, Diminazene aceturate; ISM, Isometamidium chloride; HB, Homidium bromide; Ab, Antibiotic. Percentages in brackets.

TABLE 6 Total number of cases administering the different types of drug.

Drugs All farms with Farms with Farms with Farms with Farms with Drug shop
administered in ruminants both cattle cattle with/  sheep/goats cattle but attendants and
past 30 days and sheep/ without but no cattle  no sheep/ extension
goats sheep/goats goats officers
DA or ISM or HB 369 (81.8) 175 (91.6) 281 (91.5) 93 (62.0) 101 (92.8) 77 (97.5)
DA 348 (77.2) 166 (86.9) 260 (84.7) 92 (61.3) 90 (81.8) 76 (96.2)
ISM 98 (21.7) 60 (31.4) 93 (30.3) 7 (4.7) 31(28.2) 36 (45.6)
HB 3(0.7) 1(0.5) 1(0.3) 2(1.3) 0(0.0) 1(1.3)
DA +ISM 77 (17.0) 51 (26.7) 72 (23.5) 6 (4.0) 20 (18.2) 35 (44.3)
DA or ISM or HB+ Ab 99 (22.0) 46 (24.1) 81(26.4) 19 (12.7) 34 (30.9) 1(1.3)
Ab 158 (35.0) 58 (30.4) 100 (32.6) 60 (40.0) 40 (36.4) 1(1.3)
None 23(5.1) 4(2.1) 7(2.3) 16 (10.7) 3(27) 2(2.5)
Total cases 451 (100) 191 (100) 307 (100) 150 (100) 110 (100) 79 (100)

Percentages in brackets.

cattle reported using antibiotics compared to 40.0% of farms with just
sheep and goats.

Farmers reported that trypanocidal drugs were administered to
animals in their herds or flocks between one and five times a month;
on three-quarters of farms this was done once a month. Since the most
used trypanocide is DA, which has curative but not prophylactic
activity, it is assumed this means on an individual animal basis based
on perceived need.

3.5 Observance of drug withdrawal periods
following treatment

Only 35.9% of farmers and even fewer, 13.8%, of professionals,
reported that they observed the recommended withdrawal times
following administration of trypanocidal drugs (Table 7). Farmers
who kept just cattle were more likely to observe withdrawal times than
farmers who just kept sheep/goats (38.2 vs. 24.0%; p<0.05). For
professionals, this likely means that they did not personally follow up

Frontiers in Microbiology

on the animals once they had been treated. However, less than 5% of
all respondents, whether farmers or professionals, knew the
recommended withdrawal times for either meat or milk for the most
commonly used trypanocide, DA. Drug shop attendants and extension
officers demonstrated better theoretical knowledge than farmers on
the correct dosage of trypanocidal drug: overall around twice as many
of the former knew the correct dose (for DA, 62.0% of professionals
compared to 31.0% of farmers; for ISM, 60.8% compared to 33.5%).

3.6 Trypanocide dosage and prophylactic
practices

On average, the professionals identified close to the correct number
of sachets or tablets of DA, ISM or HB needed to treat a hypothetical
400kg bovine at the recommended dose while farmers suggested
around double the recommended dose of DA or ISM was needed
(Table 8). The choice of hypothetical 400 kg was based on information
on cattle live weights in the study area provided by professional
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TABLE 7 Trypanocide withdrawal practices and dosing.

Trypanocide practices Farms with Farms with Farms with Farmers Professionals = Farms with sheep/goats = Farmers vs. Professionals
both cattle sheep/goats cattle butno (N=451) (N=79) and cattle only
gonts | e | S OR(95%Cl) pvalues OR(95%Cl) p values

Trypanocide withdrawals done 84 (44.0) 36 (24.0) 42(382) 162 (35.9) 11(13.9) 1.9 (1.1-3.3) 0.01 0.3 (0.2-0.6) <0.001
Correct milk withdrawal period on DA* 7(3.7) 3(2.0) 4(3.6) 14 (3.1) 2(2.5) 1.8 (0.4-10.1) 0.45 0.8 (0.2-3.6) 1.00
Correct meat withdrawal period on DA 13 (6.8) 3(2.0) 4(3.6) 20 (4.4) 1(1.3) 1.8 (0.4-10.1) 0.45 0.3(0.0-2.1) 0.34
Correct dose to treat an adult cow: DA 24 (12.6) 102 (68.0) 14 (12.7) 140 (31.0) 49 (62.0) 0.1 (0.0-0.1) <0.0001 3.6 (2.2-6.0) <0.001
Correct dose to treat an adult cow: ISM 31(16.2) 101 (67.3) 19 (17.3) 151 (33.5) 48 (60.8) 0.1(0.1-0.2) <0.0001 3.1 (1.9-5.0) <0.001
Correct dose to treat an adult cow: HB 92 (48.2) 114 (76.0) 73 (66.4) 279 (61.9) 56 (70.9) 0.6 (0.3-1.1) 0.09 1.5 (0.9-2.5) 0.13

DA, Diminazene aceturate; ISM, Isometamidium chloride; HB, Homidium bromide. DA withdrawal period for milk a=3 days, b=20days for meat.

TABLE 8 Estimates of number of sachets/tablets of trypanocides needed to treat a 400 kg bovine.

Trypanocide

Recommended dose

rate (mg/kg/

Number of sachets/
tablets per 400 kg

Farms with both
cattle and sheep/

Farms with sheep/
goats but no cattle

Farms with cattle but
no sheep/goats

Farmers

Professionals

bodyweight) bovine for goats
recommended dose Mean (Median, IQR)
Diminazene aceturate 3.5mg/kg 1.3 sachets’ 3.6 (4.0, 3)° 1.8 (1.0, 1)® 3.9 (5.0,2)° 3.1(3.0,4) 1.6 (1.0, 1)
Isometamidium chloride 0.5mg/kg 1.6 sachets® 3.7 (4.0, 3)° 1.9 (1.0,2)* 3.8 (4.0,2)° 3.1 (4.0, 4)° 1.6 (1.0, 1)*
Homidium bromide 1 mg/kg 1.6 tablets’ 2.0 (2.0,2)° 1.5 (1.0, 0)" 1.7 (1.0, 1)* 1.8 (1.0,1)* 1.5 (1.0, 1)*

One sample t-test statistic. *p value <0.05, °p <0.001, and °p <0.0001. *p>0.05. 'Standard sachet contain 1.05 g active ingredient. *Standard sachet contains 125 mg active ingredient. *Tablet contains 250 mg active ingredient.

63

‘le 1o 1zosey|

2259621'£202°q21Wy/682¢ 0T


https://doi.org/10.3389/fmicb.2023.1296522
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kasozi et al.

informants during the prequestionnaire trial. When farmers who kept
only cattle were compared with those who only kept sheep/goats, the
former suggested on average three-times the recommended dose of DA
and more than twice the recommended dose of ISM, while the latter
suggested close to the recommended dose in each case.

In addition to using trypanocides, 69.8% (315/451) of farmers also
reported using a topical veterinary pesticide for the control of ticks
and tsetse, despite only one in five reporting that they were aware that
tsetse flies were involved in the transmission of AAT.

Farmers reported spending a median expenditure of USD 103
(mean USD 213.6) each month on trypanocides (range USD 2.2-USD
6504) on their farms, although the range was very large, depending on
the farm size (USD 2.2-USD 6504). As a proportion of the monthly
income from livestock sales, farmers reported a median expenditure of
6.9% (mean=12.2%) on trypanocidal drugs on their farms (range from
0 to close to 100%). Both the proportion of income and expenditure
were higher on farms that kept cattle than those that did not.

4 Discussion

The current study found that on around two-thirds of farms,
trypanocidal drugs were being administered by farmers and that
almost all drugs were obtained from privately-owned drug shops. Best
practice for controlling trypanosomiasis in cattle, sheep, and goats,
was not being followed since prescription-only medicines were being
routinely administered by farmers without professional supervision
and in the absence of a definitive diagnosis.

The most used trypanocide in cattle, sheep, and goats was
diminazene aceturate (DA). This drug is cheaper and more widely
available than isometamidium chloride (ISM) in the study area
(personal observation), and less likely to cause a local reaction at the
site of injection (Giordani et al., 2016).

In this study, the way in which farmers administered trypanocidal
drugs was compared to the way drug shop attendants (unqualified
assistants and diploma-holding technicians) and extension officers
administered these products. While most drug shop attendants and
all extension officers were better educated than farmers, and a far
greater proportion had received specific training on use of
trypanocidal drugs, there was surprisingly, relatively little difference
in their ability to use these drugs appropriately and according to the
manufacturer’s instructions.

There was no evidence that knowledge of trypanosomiasis
epidemiology influenced the use of therapeutics since farmers lack
access to routine laboratory analysis for pathogen speciation.
Compared to drug shop attendants and extension workers, farmers
were more likely to use only DA to treat trypanosomiasis; more likely
to use antibiotics as well as trypanocides; and they estimated, on
average, that twice the reccommended dose of DA and ISM was needed
to treat a hypothetical 400kg bovine. There are several possible
reasons for this. Firstly, cattle weights can be problematic to assess
correctly (Machila et al., 2008), in this study we used a hypothetical
weight of 400 kg bovine, Ankole crosses generally have a mean weight
of 476kg (Manzi et al., 2018) while Zebu cattle from central and
western Uganda range from 150 to 340 kg (Kagoro-Rugunda et al.,
2018) due to genetic, dietary, husbandry practices and geographical
location differences. Cattle weight estimations have been found to
be difficult not only for farmers but also for clinicians in Kenya
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demonstrating the need to interpret perceived animal weight estimates
presented here with caution (Machila et al., 2008). The differences
between dead weight (killing out and slaughterhouse deductions) and
liveweight (purchase weight) and resulting price differentials at the
market can also result in confusion.

Secondly, during the widely publicized, large-scale Stamp Out
Sleeping Sickness Campaign (SOS), to eliminate zoonotic
Trypanosoma brucei rhodesiense, the causative agent of Human
African Trypanosomiasis (HAT) from the cattle zoonotic reservoir
in Uganda, a dose of 7mg of DA per kg bodyweight, was used
(Roderick et al., 2000). This is double the dose recommended to
treat the most pathogenic AAT species of trypanosome in cattle
(Trypanosoma congolense and Trypanosoma vivax) as a higher dose
is needed to eliminate Trypanosoma brucei s.l. as recommended by
the manufacturer.” Although the current study area was not in the
target area for SOS it appears that messages about the benefits of
this approach may have spread beyond the SOS area (Welburn and
Coleman, 2015; Hamill et al., 2017; Wangoola et al., 2019).

Finally, emergence of trypanocidal drug resistance is commonly
ascribed to under-dosing and it is noteworthy that the current study
suggests that farmers in this study tended to use more than the
recommended dosages of DA and ISM, not less. A similar finding was
reported by Roderick et al. (2000) (Wangoola et al., 2019), where Masai
pastoralists administered DA and HB to their cattle and tended to give
more than the recommended dose. Sub-standard trypanocides with
less than the stated amount of active ingredient as well as counterfeit
products with no active ingredient have been reported in many African
countries (Perry et al., 2005; Bengaly et al., 2018; Tekle et al., 2018) and
it is possible that increased dosing may be as a response to either
perceived or actual poor quality drugs in the marketplace.

Traditionally, one of the main ways recommended to reduce the
risk of trypanocide resistance emerging is the use of the “sanative
pair” concept. Diminazene aceturate and ISM are chemically distinct
and periodically switching between the two active ingredients is
widely considered to be an effective way to prevent drug resistant
strains of trypanosomes emerging (Watson, 2013). The current study
indicates that only one in every six farmers were using the sanative
pair approach (slightly more, around one in five, for those who were
cattle keepers), although this practice appeared to be more widely
used by drug shop attendants or extension officers. This may be an
underestimate, as respondents were only asked about their
trypanocide usage during the past 30 days, and it is possible that they
switched drugs beyond this timeframe.

The finding that farmers reported using antibiotics much more
commonly than drug shop attendants and extension officers does raise
concerns about overuse and misuse of this critical class of drugs (Ndaki
et al,, 2021). From the farmers perspective, however, use of both
trypanocidal drugs and antibiotics is perhaps a rational response in an
environment where tick-borne diseases (Kasozi et al., 2019), many of
which can be treated with antibiotics, and trypanosomiasis are both
prevalent and definitive diagnosis is not normally available. The very
low usage of antibiotics reported by drug shop attendants and extension
officers is a surprising finding that warrants further investigation.

1 https://www.ceva-africa.com/en/Products/Product-list/
VERIBEN-Rrecommended
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The observation that most respondent farmers reported that they
used a topical veterinary pesticide to control ticks and tsetse on their
animals is encouraging. This approach to controlling tsetse, as part of
an integrated approach to controlling trypanosomiasis (Bardosh et al.,
2013; Muhanguzi et al., 2014), that is cost effective (Okello et al., 2021)
for farmers has been actively promoted in northern Uganda since
2006 by the Stamp-Out Sleeping Sickness (SOS) campaign began
(Welburn and Coleman, 2015). That campaign, which also involved
field training of veterinary undergraduate students from Makerere
University, may have had longer lasting impacts when they took their
learning into professional practice in Uganda.

5 Conclusion

It is likely that for the foreseeable future, livestock keepers in the
cattle belt of southwestern Uganda will continue to treat their own
animals using drugs obtained from private drug shops and without
the benefit of expert supervision or definitive diagnosis. The reported
overdosing with trypanocides and observation that farmers were
using a topical veterinary pesticide to control ticks and tsetse on their
animals was unexpected outside of the SOS districts. Although the
current study area is not within the target area for SOS it appears that
messages about the benefits of double dosing of trypanocides for
T. brucei sl., and application of topical veterinary pesticides for
prevention of re-infection by trypanosomes and, treatment of tick-
borne-diseases, may have spread beyond the SOS area (Waiswa et al.,
2020) and warrants further investigation.

Some aspects of trypanocidal drug use by farmers would benefit
from greater emphasis, support, and training, particularly as regard
live weight estimations and drug dosing. A study exploring drug
quality in the region would be helpful in gaining a deeper
understanding how farmers and practitioners are making decisions
on dosing. It is in the best interests of farmers, animal health
professionals, drug shops owners, veterinary pharmaceutical
companies, state extension services, and the wider local and global
community to promote best practice for the use of antimicrobials,
and a multi-stakeholder campaign to increase awareness of the
sanative pair concept and the importance of following drug
withdrawal periods could be a useful way forward. Such approaches
could reduce the risk of drug resistant strains of trypanosomes
emerging, enhance food safety and support safe use of antimicrobials.
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While monitoring and managing resistant and persistent microbes is of utmost
importance and should not be glossed over, one must also focus on mitigating
the microbe’s ability to cause harm. Exploring the concept of lowering or even
suppressing the microbe’s virulence with sub-Minimum Inhibitory Concentration
(MIC) antibiotics holds promise and warrants further investigation. At present,
such antibiotic concentrations have mostly been studied to cover the side-
effects of gradient exposure, overlooking the possibility of utilizing them to
influence not only bacterial virulence, but also colonization, fitness and collateral
sensitivities. This review focuses on conflicting findings of studies demonstrating
both increased and decreased virulence in microbes under sub-MIC antibiotic
exposure. It identifies lack of standardization in this field of research as one of
the main culprits for discordant results across numerous studies on virulence. It
critically discusses important terminology related to bacterial traits and existing
methods to determine MIC and sub-MIC ranges. Lastly, possible directions
toward standardized sub-MIC profiling and thereby tailored treatment options in
the future are explored.

KEYWORDS

sub-lethal antibiotics, MIC, sub-MIC, MSC, MIPC, virulence, standardization

1 Introduction

Antibiotics represent a curse and blessing at the same time. While their positive effects on
global welfare are undeniable, the emergence of antimicrobial resistance (AMR) undoubtably
poses severe challenges for the health care sector. Especially multidrug resistant (MDR)
pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) cause havoc in hospital
environments around the globe (Turner et al., 2019). Moreover, persistent bacteria contribute
to long term, recurrent infections that are tough to treat (Madhusoodanan, 2022). Combined
efforts are being made to mitigate AMR and therefore lower the clinical burden on a global scale.

At present, to elucidate the dynamics of resistance evolution, sub-lethal antibiotic
concentrations have largely been studied in the context of gradient exposure (Lagator et al.,
2021). Thus, the possibility of harnessing sub-lethal doses of antibiotics to impact virulence,
colonization, fitness and collateral sensitivities has not received sufficient attention. In particular
the possibility to lower or even suppress bacterial virulence is not yet a well-recognized path,
although ultimately, it is not the resistance but the virulence which causes disease (Laxminarayan
etal,, 2013). Evidence is increasing that pathogenic transcripts can be affected by low antibiotic
concentrations below the Minimum Inhibitory Concentration (MIC) (Chen et al., 2021; Nolan
and Behrends, 2021). Our own research demonstrated that toxin production in environmental
Pseudomonas aeruginosa isolates changes when exposed to sub-inhibitory antibiotic
concentrations (Mojsoska et al., 2021).

Current research on the effect of sub-MIC antibiotics on virulence points in many
directions, making it tough to draw comparative and informed conclusions. In this review,
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we propose the term Virulence Inhibiting Concentration (VIC) as
the potential sub-MIC antibiotic concentration inhibiting virulence
of a given pathogen. We believe that standardization of MIC
and sub-MIC zone methodologies would contribute to the
determination of the VIC of various pathogens (Figure 1). To prove
this claim, this paper highlights how different methods for MIC
profiling can lead to contradictory results across virulence studies
using the same reference strains. However, we also acknowledge
that other contributing factors such as strain-specific features like
mutations in regulatory systems or specific environmental
adaptation mechanisms that impact virulence regulation cannot
be ruled out in other studies that use different strains. Thus, lack of
standardization in MIC and sub-MIC determination is solely one
piece of the puzzle and future efforts need to be directed toward
fully understanding the impact of sub-lethal antibiotics on
virulence. Lastly, we aim to give an overview of what needs to
be taken into consideration when taking on the challenge to
standardize sub-MIC research.

2 Characterizations of bacterial
resistance, tolerance, and persistence

AMR is a global public health “ticking bomb.” Predictions estimate
that by 2050, the annual global gross domestic product (GDP) will see
a decline of 1.1-3.8% relative to a base-case scenario assuming no
AMR effects. This shortfall is projected to reach costs of USD 1 trillion
to USD 3.8 trillion per year after 2030 (OECD, 2018). Among natural
reasons such as genetic mutation and acquisition of resistance
conferring genes via horizontal gene transfer (HGT), rise in AMR can
primarily be attributed to the overuse of antibiotics in medicine and
agriculture and the spread of resistant microorganisms in the
environment, particularly in low-income countries with poor
sanitation, allowing for food and drinking water contamination (Blair
et al., 2015; Von Wintersdorff et al., 2016; Bastaraud et al., 2020; Uddin
etal, 2021; Urban-Chmiel et al., 2022). Diseases caused by resistant
pathogens are notoriously hard to treat and the amount of novel
antibiotics able to eradicate them is near zero: The World Health
Organization (WHO) reports that in the 2021 clinical pipeline of 45
novel antibiotics only two are active against at least one MDR
bacterium from the “critical” category (World Health Organization,
2021). Next to AMR, the emergence of drug-tolerant subpopulations
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of microbes exacerbates the situation by causing recurrent infections
in the host (Madhusoodanan, 2022).

It was as early as 2000 that the concept of a “selective window” at
which selection of resistance conferring genes is strongest had been
formally proposed (Negri et al., 2000). There, the first experimental
evidence of selection of low-level antibiotic resistant genetic variants
is presented. Later in 2011, pioneering studies introduced the
terminology Minimal Selective Concentration (MSC) and specified a
sub-MIC window where the fitness cost of the resistance is balanced
by the antibiotic-conferred selection for the resistant mutant (Figure 2)
(Gullberg et al,, 2011; Liu et al., 2011). Subsequently, key-literature
exploring selection dynamics at sub-MIC antibiotic levels has been
published (Hughes and Andersson, 2012; Andersson and Hughes,
2014; Gullberg et al., 2014; Lundstrom et al., 2016; Khan et al., 2017;
Kraupner et al., 2018; Wistrand-Yuen et al., 2018). It was not before
2020 that a sub-MSC window selective for persisters, termed the
minimal increased persistence concentration has been proposed
(MIPC, Figure 2) (Stanton et al., 2020). Since MSC and MIPC have
been delineated based on microbial traits such as resistance and
persistence, we believe it imperative to have a fundamental
understanding of these terms in order to fully comprehend the
sub-MIC zones.

MIC represents the lowest concentration of a given antibiotic that
inhibits microbial growth. Since an increase in resistance is reflected
in an increase in MIG, it can be used to give insight into a pathogen’s
resistance. MIC values are dependent on many factors such as
microbial strain, type of antibiotic and method of MIC determination
and are widely used in clinical settings to quickly assess resistance in
bacterial isolates. Here, it is important to mention the concept of
heteroresistance, a phenomenon describing a bacterial isolate that
contains sub-populations of cells displaying a significantly higher MIC
(Andersson et al., 2019; Balaban et al., 2019). An excellent paper by
Andersson et al. further goes into detail and outlines the factors to
consider when studying heteroresistance, while focusing on
mechanistic details and clinical relevance of the transient phenomenon
(Andersson et al., 2019).

Tolerant cells can survive but not grow under antibiotic exposure
many times the MIC (Kester and Fortune, 2014). Notably, due to the
inherent nature of bacteriostatic antibiotics to inhibit growth, the
definition of tolerance can only be applied in the context of bactericidal
antibiotics. The special phenomenon when subpopulations with
different tolerance levels coexist within the same clonal population is
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FIGURE 2

Schematic illustration of MIC and sub-MIC zones. (A) Minimum
Inhibitory Concentration (MIC). (B) Minimum Selective Concentration
(MSC) and (C) Minimum Increased Persistence Concentration
(MIPC). Created with BioRender.com.

called persistence, a term coined by Joseph Bigger in 1944 (Bigger,
1944; Kester and Fortune, 2014; Brauner et al., 2017; Balaban et al.,
2019). Mainly attributed to epigenetics, persistent pathogens manage
to increase their survival in the presence of antibiotics without
resistance-conferring genes (Riber and Hansen, 2021). This
phenomenon arises from reprogramming the transcriptional
landscape and allows for establishment of dormant cell states. When
in dormancy, such cells downregulate their metabolism and do not
divide and are therefore not vulnerable to antibiotics affecting cell
division (Riber and Hansen, 2021).

The standard staring point to evaluate tolerance/persistence is
through performance of time-kill assays and generation of
characteristic biphasic killing curves. However, these do not always
reflect persistence, since a similar curve can arise from resistant
mutants in the sample population. To rule this out, the surviving
bacteria should be regrown under the same antibiotic conditions. If
resistance was the major driver of the biphasic curve observed, a much
higher proportion of the population will show reduced killing in the
second assay. If persistence caused the biphasic killing curve in the
first place, no change in killing should be observed (Balaban et al.,
2019). Moreover, since persistence can easily be mistaken for transient
phenomena such as heteroresistance, it is advised to perform the
assays at substantially high concentrations of antibiotics. In persisters,
only a weak dependence of antibiotic concentration on killing is
expected, whereas strong correlation hints at resistance mechanisms
in play (Balaban et al., 2019). However, as time-kill curves rarely
follow strict exponentiality it is impossible to quantify tolerance and
persistence and the killing rate cannot be compared across different
strains and growth conditions. Moreover, time-kill assays are labor
intensive and thus rarely utilized in the health care sector (Brauner
et al,, 2017). Therefore, Brauner et al. developed a novel method to
quantify tolerance without the need to perform time-Kkill assays. They
propose clinical implementation of a simple timescale parameter: The
“minimum duration for killing 99% of the population” (MDKy,)
(Brauner et al,, 2017). The MDK can be easily determined by exposing
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populations of bacteria to different antibiotic concentrations for varied
time periods, subsequently evaluating the presence or lack of survivors
(Brauner et al., 2017).

3 Impact of sub-lethal antibiotic
concentrations on virulence are yet to
be explored

Virulence represents the ability of a pathogen to cause harm in the
infected host. Virulence factors can lead to improved adhesion,
evasion of the hosts’ immune system or production of toxins, all of
which aid harmful microbes to colonize the host at a cellular level
(Sharma et al., 2017). One notorious example of a pathogen that uses
toxins as virulence factors is Bacillus anthracis which establishes
systemic infection by using two lethal toxins termed “lethal factor”
and “edema factor” (Sharma et al., 2017). Pyocyanin is another
example of a toxin that has been proven to have great implications in
the chronic nature of pseudomonal infections (Hall et al., 2016;
Alatraktchi et al., 2020).

Another determinant of virulence is biofilm formation in
pathogens such as Staphylococcus aureus and Pseudomonas aeruginosa.
It acts as a physical barrier against the host defense systems (Sharma
et al., 2023). Furthermore, the virulence factor alginate has been
shown to play an essential role in thick biofilm formation as well as
protection of the pathogen against the hosts by shielding against
antibiotics, neutralizing reactive oxygen species and counteracting
macrophagic uptake (Simpson et al., 1988; Yu et al., 1995; Skariyachan
etal., 2018). Lastly, biofilm formation has major clinical implications
in chronic infections and has been shown to be mechanically linked
to emergence of persisters (Pan et al., 2023).

Sub-lethal antibiotic exposure evidently alters bacterial virulence
and the underlying mechanisms by which the antibiotic concentrations
modify various virulence traits are multifaceted and complex. In a
paper from 2006, Linares et al. illuminates this area of research by
pointing out that sub-MIC antibiotics can also act as signaling agents
instead of weapons (Linares et al., 2006). By using a combination of
genomic and functional assays they demonstrate that sub-lethal levels
of Tobramycin, Tetracycline and Norfloxacin influences virulence in
Pseudomonas aeruginosa. Low doses of these antibiotics increased the
bacterium’s ability to colonize potential hosts by enhancing biofilm
formation and motility. Moreover, sub-MIC Tetracycline was shown
to trigger the type III section system, leading to enhanced cytotoxicity
of the bacterium (Linares et al., 2006). Another example of how
sub-MIC antibiotics can act as signals can be found in a study by
Shang et al., who revealed that some p-lactam antibiotics promote
expression of a cluster of lipoprotein-like genes that consequently
enhance virulence of MRSA (Shang et al., 2019; Chen et al., 2021).
Lastly, the antibiotic Fosfomycin was shown to bind to Lys154 and
Asp108 of the a-toxin of Staphylococcus aureus, thereby inhibiting its
activity (An etal, 2019).

Researchers have investigated the effect of different sub-MIC
concentrations of various antibiotics on selected virulence traits of a
variety of bacterial species and associated strains. In an excellent
review, the results of such studies focusing on virulence in
Pseudomonas aeruginosa have been consolidated (Nolan and
Behrends, 2021). They identified a common trend that most sub-MIC
antibiotics reduce the in vitro virulence of Pseudomonas aeruginosa
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(Nolan and Behrends, 2021). Furthermore, they conclude that that so
far, the virulence of planktonic Pseudomonas aeruginosa has been
assessed mostly over a short time (<24 h antibiotic exposure). They
stress the point that results obtained in such regulated, short-term
single strain assays are not necessarily translatable to the pathogens’
in vivo virulence (Nolan and Behrends, 2021). Another exhaustive
review summarizes the impact of sub-MIC antibiotic exposure on
virulence in Staphylococcus aureus (Chen et al., 2021). They state that
manifestations of effects on virulence of sub-MIC antibiotics points
into different directions, dependent on the virulence profile, growth
stage and culture conditions of Staphylococcus aureus at the time of
antibiotic administration (Chen et al., 2021).

A study from 2021 by Davarzani et al. investigated the effect of
sub-MIC concentrations of the antibiotic Gentamicin on alginate and
biofilm production in Pseudomonas aeruginosa. They found that
alginate and biofilm production under exposure of 1/2 MIC and 1/4
MIC was either significantly up- or downregulated to various degrees
depending on the clinical isolate. The MIC values of Gentamicin for
the clinical isolates P1, P2, P3 and for the two reference strains 8821 M
and PAO1 have been calculated to be 0.25, 0.25, 1, 2 and 0.5 pg/mL,
respectively (Davarzani et al., 2021).

An excellent study investigated the effects of sub-inhibitory
concentrations of quinolones, aminoglycosides, p-lactams and
macrolides on alginate production in Pseudomonas aeruginosa
(Majtan and Hybenova, 1996). Some antibiotics such as Enoxacin or
Nalidixic acid followed a discernible pattern of decreasing alginate
production with increasing sub-MIC concentration. Others, such as
Ciprofloxacin showed significant upregulation of alginate at low
concentrations 1/16 MIC (50 pg/mL) but downregulation at 1/4 MIC
(190 pg/mL) (Majtan and Hybenova, 1996).

A sub-MIC study from Molinari et al. concludes that production
of pseudomonal virulence factors like pyocyanin, various exotoxins
such as elastases and proteases and pathogenic behavior like motility
is highly strain-, antibiotic- and concentration-dependent (Molinari
et al.,, 1993). Notably, they were able to achieve unambiguous results
for Azithromycin which inhibited pyocyanin production in all 10
strains tested.

Furthermore, Mojsoska et al. investigated the effect of sub-MIC
concentrations of Ciprofloxacin, Tobramycin and Meropenem on
pyocyanin production in environmental Pseudomonas strains
(Mojsoska et al., 2021). Their results point out that virulence in
Pseudomonas is both dependent on the strain and the antibiotic used:
Tobramycin significantly downregulated levels of pyocyanin in the
Pael12 strain whereas in PAO1 levels remained unchanged. On the
other hand, Ciprofloxacin caused upregulation of virulence across all
strains tested (Mojsoska et al., 2021).

While it is clear that sub-lethal antibiotics have great impact on
bacterial virulence, the extent and general direction of it remains
mostly unclear. We acknowledge that many factors such as the genetic
background of the strains can contribute to the ambiguous results.
Nonetheless, we claim that with standardization in MIC determination
and consequently more accurate determination of sub-lethal antibiotic
concentrations, bacterial virulence can generally be better understood,
and the proposed VIC could be better determined. The following
section aims to give examples of how initial MIC determination across
studies using the same reference strains differs and how this makes it
impossible to properly compare sub-MIC concentrations and their
impact on bacterial traits such as virulence.
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3.1 Variability in MIC determination
contributes to inconsistent sub-MIC
calculations across studies

To detect antibiotic resistances in bacterial isolates as well as to
find the right drug to treat infections, antibiotic susceptibility testing
has become an integral part of the health care and research sector
(Jorgensen and Ferraro, 2009). The metric to quantify resistance is
termed Minimum Inhibitory Concentration (MIC). The European
Committee for Antimicrobial Susceptibility Testing (EUCAST)
defines it as the lowest concentration “that, under defined in vitro
conditions, prevents the growth of bacteria within a defined period of
time”(EUCAST, 2000). Next to the EUCAST framework, CLSI
represents another established organization describing MIC
determination in standardized ways (CLSI, 2023). Various
phenotypical-, molecular- and mass spectrometry-based methods for
MIC determination have been described (Gajic et al., 2022). As
investigating the entirety of methods would be outside the scope of
this review paper, it will instead focus on three more frequently used
and accessible methods in routine clinical microbiology: “Microbroth
dilution,” “disk-diffusion” and “gradient test” (Figure 3).

To precisely calculate various sub-MIC concentrations, it is
imperative to properly determine the MIC of the antibiotics of interest
in the first place. Since standardized frameworks are available this
might seem like a simple task to achieve. However, this review
identified various discrepancies in MIC determination across
numerous studies, ultimately contributing to different MIC values and
consequently, incomparable results. For antimicrobial susceptibility
testing of rapidly growing aerobic bacteria, EUCAST and CLSI
recommend the broth microdilution (EUCAST, 2022; CLSI, 2023). To
cultivate microorganisms, un-supplemented cation-adjusted Mueller-
Hinton (MH) broth or agar is used for non-fastidious organisms. For
fastidious organisms EUCAST stipulates the use of cation-adjusted
MH broth or agar supplemented with 5% lysed horse blood and
20mg/L B-NAD (EUCAST, 2022). In the broth microdilution method,
a defined number of bacteria is inoculated in increasing concentrations
of an antibiotic of choice. According to established organizations, the
growth should be assessed visually by the unaided eye: Microbial
growth can manifest both as turbidity of the media or as a visible
deposit of cells at the bottom of the well. The absence of both
cloudiness and cell deposits indicates lack of growth and determines
the MIC value (EUCAST, 2022) (Figure 3A).

Although most published studies investigating the impact of
sub-MIC antibiotics perform the broth microdilution for the initial
MIC determination, changes in parameters such as media used for
the dilution drastically alter the outcome of MIC levels. A striking
example of this are three papers investigating sub-MIC effects of
Gentamicin on virulence in Pseudomonas aeruginosa, each using
different media. Davarzani et al. determined the MIC of Gentamicin
for the reference strain PAOI as 0.5 pg/mL, Khan et al. reported it to
be 8 pg/mL and Marr et al. calculated a value between 1 and 2 pg/mL
(Marr et al., 2007; Khan et al., 2020; Davarzani et al., 2021). Those
three independent studies used MHB, Tryptic Soy Broth (TSB) and
Lysogeny Broth (LB), respectively. Sometimes, the change in
calculated MIC can be minor: Comparing the calculated MIC of
Ciprofloxacin in two studies by Mojsoska et al. and Gupta et al., who
used LB and MHB as a media, respectively, only a small difference is
observed: 0.125 pg/mL vs. 0.25 pg/mL (Gupta et al., 2016; Mojsoska
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Graphical summary of phenotypic MIC determination. (A) Broth Microdilution. Standardized by EUCAST and CLSI (EUCAST, 2022; CLSI, 2023). Most
commonly used method for MIC determination. (B) Disk-diffusion method (EUCAST, 2023). MIC is determined based on inhibition zone parameter.
(C) Gradient method. Concentration at which the inhibition zone intercepts the strip represents MIC. Created with BioRender.com.
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et al., 2021). However, in some cases such as MIC determination of
Azithromycin, alterations in media can lead to drastic differences:
Shen et al. used LB media and reported a MIC of 6.25 ug/mL for
PAO1, whereas Bahari et al. used MHB and reported 256 pg/mL
(Shen et al., 2008; Bahari et al., 2017). The examples above show that
a minute change in protocol such as using different media for MIC
determination impacts the outcome significantly. Consequently, the
effects of sub-MIC on virulence cannot be directly compared between
such studies. This observation is in line with a study from Imani Rad
et al., who determined MIC of the antimicrobial agent allicin using 6
culture media including TSB, MHB, and LB. They concluded that the
type of culture media significantly impacts MIC for various standard
strains and that it directly influences stability of allicin (Imani Rad
etal., 2017). Furthermore, it has been shown that 3-lactam antibiotics
can undergo rapid degradation in growth media. This highlights the
need for caution when interpreting MIC values, as the actual
concentration might decrease during the experiment (Brouwers
et al., 2020).

Although the broth microdilution is most used to determine MIC
in studies investigating sub-MICs, alternative methods exist: The disk
diffusion method and the gradient method (Figures 3B,C).

Some sub-MIC studies employ the gradient method as an
auxiliary method to the broth microdilution, but it is rarely seen as the
only method for MIC determination (Kraupner et al., 2018). It centers
on plastic strips impregnated with a predefined antibiotic
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concentration gradient on the underside (Jorgensen and Ferraro,
2009; Gajic et al., 2022). These strips are placed face down on an agar
plate inoculated with the bacterium of interest. Following incubation,
with the help of concentration markings on the top side of the strip,
the MIC can be determined by the point where the growth inhibition
zone intersects with the test strip (Jorgensen and Ferraro, 2009; Gajic
et al,, 2022) (Figure 3C). Generally, studies showed that the MIC
values gathered from the antimicrobial gradient method are in good
agreement with MIC values determined using the standardized
microbroth dilution method (Baker et al., 1991; Citron et al., 1991;
Huang et al., 1992; Jorgensen and Ferraro, 2009).

Development of the disk-diffusion method dates to the early
1940s and still represents a widely used method for accurate MIC
determination today (Abraham et al., 1941; Heatley, 1944; Gajic et al.,
2022; EUCAST, 2023). However, we found that the disk diffusion
method is not widely used for MIC determination in sub-MIC studies.
We argue that this could be because it does not yield quantitative MIC
information but rather classifies pathogens into resistant, intermediate
and susceptible phenotypes. While in sub-MIC studies the broth
microdilution and gradient method is preferred, disk diffusion is more
suitable for testing in routine clinical laboratories.

Standardized frameworks for MIC determination are in place,
however, not all studies adhere to them. As demonstrated in section
3, different parameters for MIC determination inevitably contribute
to contrasting results across multiple studies investigating the effect of
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sub-MIC antibiotics on virulence and therefore hinders the
exploration of a potential VIC.

4 Zones below MIC have been
explored and specified

Almost 50years ago, Lorian discussed that antibiotic
concentrations far below the MIC value led to morphological changes
in bacteria (Lorian, 1975). In 1990, Baquero surmised that a dangerous
window for emergence of microbial resistance exists (Baquero, 1990).
In 2003, Drlica built on that assumption and developed an in vitro
framework with the goal to identify microbe-antibiotic relationships
that could most likely lead to emergence of resistance (Drlica, 2003;
Drlica and Zhao, 2007). The pharmacodynamic model explained that
selection of resistant bacteria can occur at concentrations between the
MIC of the fully susceptible strain (lower limit, MIC,) and the MIC
of the fully resistant strain [upper limit, MIC,, also called mutant
prevention concentration (MPC)]. The range between those
established boundaries was termed the “Mutant Selection Window”
(Drlica, 2003; Drlica and Zhao, 2007).

4.1 Minimum selective concentration

Excellent reviews thoroughly discuss that selection for resistance
is happening far below MIC at sub-lethal antibiotic levels (Andersson
and Hughes, 2012, 2014; Hughes and Andersson, 2012). They
rightfully argue that experimental data is needed to unravel the
intricacies of sub-lethal antibiotic concentration on selective pressure
for resistance. To push this notion forward, they pioneered this field
of research, contributing vital insights by conducting multiple
keystone studies (Gullberg et al., 2011, 2014; Wistrand-Yuen et al,,
2018). One of these excellent papers showed that Salmonella enterica
evolved high-level resistance under sub-MIC selection pressure
(Wistrand-Yuen et al., 2018). Most interestingly, it was demonstrated
that spectra of resistance mutations differed between bacteria exposed
to antibiotic levels above or below MIC (Wistrand-Yuen et al., 2018).

Using competition experiments between isogenic pairs of resistant
mutants and susceptible strains of Escherichia coli and Salmonella
enterica, Gullberg et al. showed that selection of resistance occurs far
sub-MIC (Gullberg et al., 2011). Fluorescent-activated cell sorting
(FACs) has been used to keep track of and quantify the amount of
resistant and susceptible cells over time during competition for 80
generations in various antibiotic concentrations. They calculated the
selection coefficient and plotted it against antibiotic concentrations.
The point at which the resistant mutant outgrew the susceptible was
determined as the Minimum Selective Concentration (MSC). They
found that the MSC for Streptomycin was 1/4 MIC,,, for Tetracycline
1/100 MIC,, and for Ciprofloxacin it varied between 1/10 and 1/230
MIC,,, (depending on the resistance mutation) (Gullberg et al., 2011).
Most interestingly, they could also show de novo resistant mutants can
be selected for at sub-MIC concentrations (Gullberg et al., 2011). A
graphical summary of the method used to determine MSC in isolated
competition models can be seen in Figure 4. In contrast to this
quantitative assay, a qualitative study arrived at similar conclusions
using not FACs, but an elegant chromogenic culture assay to assess
selection for resistance over time (Liu et al., 2011). They showed that
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in Escherichia coli 1/5 MIC of Ciprofloxacin and 1/20 MIC of
Tetracycline select for outgrowth of resistant cells in competition
experiments (Liu et al., 2011). Another study demonstrated that
multidrug resistance plasmids are selected at antibiotic concentrations
far below the MIC (Gullberg et al., 2014).

All of the above studies provide compelling data that selection for
resistance is happening at sub lethal antibiotic levels. However, one
might argue that while isolated competition experiments provide
valuable insight into MSC, extrapolation of the findings to entire
communities is non-trivial. Hence, efforts have also been made to
determine MSC not in a single species setting but in complex
communities that closely represent ecosystems. These studies
commonly perform high-cost metabolomic studies to define which
genes increase in abundance during antibiotic exposure-response
experiments. This aids experiments especially when investigating
resistances that are dependent on many genes (e.g.: B-lactams)
(Lundstrom et al., 2016). Those genes are then quantified by qPCR
over time under antibiotic exposure. Next to genotypic MSC
determinations, most of these studies additionally employ phenotypic
methods such as counting CFUs on resistance plates or taxonomic
endpoints. Figure 5 depicts a schematic overview of the existing
generalized workflow to measure MSC in complex microbial
environmental samples.

One of such studies used elaborate biofilm flow-through systems
to assess if Tetracycline in aquatic bacterial biofilms promotes
emergence of resistance by measuring phenotypic and genotypic
endpoints (Lundstrom et al., 2016). With the help of an exploratory
metabolomic assay, they identified fetA and fetG to be most
significantly upregulated when stimulated with Tetracycline. By
quantifying abundance of tetG and tetA with qPCR and counting
CFUs they report that selection for resistance occurs at low
concentration levels below MIC (<1 pg/L), which agree with native
Tetracycline concentrations in aquatic environments.

Another study followed a similar approach to calculated LOEC
(lowest observed effect of concentration) and NOEC (no observed
effect of concentration) of Ciprofloxacin in complex aquatic
communities (Kraupner et al., 2018). They found that the most
sensitive endpoints were taxonomic diversity and the gene gnrD,
stating the NOEC in the flow through system to be 0.1 pg/L, which is
identical to MSC determined by Gullberg et al. in a simplified
competition experiment (Gullberg et al., 2011). The LOEC for
Ciprofloxacin selection was determined to be 1 pg/L. In this study, the
use of NOEC as a reasonable exposure limit for Ciprofloxacin in the
environment to prevent selection for resistance is proposed (Kraupner
etal., 2018).

Lastly, a study from 2018 quantified positive selection for the
antibiotic Cefotaxime resistance in complex wastewater ecosystems
with qPCR (Murray et al., 2018). Based on previous studies, the MSC
has been profiled with qPCR and calculated by the intercepting point
of selection coefficient plot with the x-axis (Gullberg et al., 2011). In
line with other experiments, they proved strong positive selection of
resistance genes at low, environmentally relevant concentrations
(Murray et al., 2018). They could also identify a gap in MSC
determination: Quantification of the antibiotic during MSC
determination experiments is necessary, since in their case the
antibiotic was rapidly degraded by the bacterial community (Murray
etal, 2018). This means that the MSC of cefotaxime (0.4 pg/L) is likely
to be even lower.
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To conclude, multiple studies investigating the interplay between
low levels of antibiotics and selective pressures for resistance have
been conducted (Gullberg et al., 2011, 2014; Liu et al., 2011; Wistrand-
Yuen et al., 2018). A handful of studies explored selection dynamics
of resistance in complex microbial communities by determining
genotypic, phenotypic and taxonomic endpoints (Lundstrom et al.,
2016; Kraupner et al., 2018; Murray et al., 2018; Stanton et al., 2020).
While all those studies provide essential contributions to advance
research, a standardized way to determine MSC in simple and
complex samples needs to be found.

4.2 Minimum increased persistence
concentration—a zone below MSC?

Even less so than the MSC window, MIPC is a newly emerging
framework that has, to the best of our knowledge, only been
2020). They add to existing
literature and proposes that a selective window below the MSC exists:

thematized recently (Stanton et al.,

The Minimum Increased Persistence Concentration (MIPC) (Stanton
et al., 2020). They incubated Enterobacteriaceae for 7days in
Tetracycline Hydrochloride and quantified the change in gene
expression of the resistance conferring gene fetG. In line with

Lundstrom et al., they could see an increase in fetG prevalence
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compared to the control (Lundstrom et al., 2016; Stanton et al., 2020).
However, when comparing the starting prevalence of tetG with day 7
prevalence of tetG, a reduction of the resistance gene could
be observed. They suggest that this negative selection could
be attributed to increased persistence (reduced rate of negative
selection) in the pathogens (Stanton et al., 2020). They also argue that
what Lundstrom et al. described in their paper could have been caused
by increased persistence, and not as suggested by enrichment of
resistance (Lundstrom et al., 2016; Stanton et al., 2020). Thus, they
define the MIPC as a “concentration above which a significant increase
in persistence is observed” and warn that it might lie below MSC
2020). The MIPC might represent an important
threshold above which antibiotic concentrations lead to diminished

(Stanton et al.,

disappearing of resistant bacteria. On one hand, this microbial
enrichment would increase human exposure and overall mutation risk
compared to antibiotic-free environments. On the other hand,
increased persistence would lead to negative selection for resistance
genes between MIPC and MSC (Stanton et al., 2020). Due to MIPC
being below MSC, Stanton et al. argue that MIPC could be considered
over MSC when setting antibiotic limits in the environment.

As evident in Section 4, zones below MIC have been specified and
explored. When reading experimental articles about sub-MIC
antibiotic treatment and its impact on virulence, a question naturally
comes to mind: In which sub-MIC zone does the tested antibiotic
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Minimum Selective Concentration (MSC) determination framework
from complex microbial communities
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FIGURE 5

Illustration of MSC determination experimental flow for complex microbial communities. (A) Complex environmental samples of microbial
communities are sampled and cultivated in the presence of different antibiotic concentrations. (B) Phenotypic profiling of resistance by counting
colony forming units (CFUs) on plates prepared with a fixed amount of antibiotics. (C) Metabolomic exploratory assays to gain 16 s RNA data and to
profile which genes respond to antibiotics. (D) 16 s RNA is used to explore taxonomical diversity in response to identify an antibiotic concentration
which exerts selective pressure on the community. (E) Tracking relative abundance of resistance genes to gain insight about MSC. Created with

BioRender.com.

concentration fall? All we see are concentration levels represented as
fractions of MIC (e.g.: 1/2 or 1/16) but it is often unclear precisely
where within the sub-MIC range a particular experiment falls. A
standardized categorization of sub-MIC ranges would help to link an
observed effect on virulence to a certain sub-MIC zone. This would
make it easier to classify impact on bacterial virulence and thus pave
the way toward targeted treatment.

5 What to do now?—toward a
standardized framework to combat
virulence

The central claim of this critical review is that the reason for
ambiguous results across sub-MIC studies on virulence can in part
be attributed to the absence of standardized MIC and sub-MIC
methodology. To begin with, we explained the importance of having
clear definitions for terms such as “persistence” and “tolerance” in
sub-MIC research. Later we highlight that the lack of sub-MIC
understanding already starts at the stage of MIC determination.
Various examples for studies that use different MIC determination
methods and therefore calculate different values for similar strains and
antibiotics are given. We identified this as one of the main issues for
incomparable results. Lastly, studies investigating the sub-MIC area

Frontiers in Microbiology

(MSC and MIPC) are presented. Across them, consensus exists that
selection for bacterial fitness traits such as persistence and resistance
happens far below the MIC. While this is invaluable insight for
environmental agencies to pose limitations, the connection between
those findings and medical treatment possibilities needs to be made:
If we gain profound understanding of sub-MIC ranges, we could
characterize virulence within different ranges, opening up endless
possibilities for tailored treatment opportunities.

5.1 Starting at the beginning—standardizing
MIC determination

Perhaps not surprising, successful sub-MIC profiling calls for
rigid MIC determination. Well defined frameworks such as EUCAST
and CLSI are already in place, nevertheless, studies commonly deviate
from those protocols when calculating MIC. EUCAST and CLSI
generally recommend the broth microdilution, which agrees with the
approach chosen in numerous studies. Other methods such as the disk
diffusion and the gradient test are viable options, however
we recommend the broth microdilution as the main method of choice
for MIC determination (EUCAST, 2022; CLSI, 2023).

When performing the broth microdilution, various discrepancies
can arise, with the most frequent being the use of different media (LB,
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MHB, TSB) between studies. This review points out the major impact
the choice of growth media had on numerous study outcomes and
further underlines the importance of the standardized MHB media.
However, this holds only true in the case of experimental settings
performed on rich, unmodified media. Experiments requiring
minimal or depleted media require MIC determination in the same
growth conditions. These altered growth conditions could affect the
bacterial physiology, and therefore greatly modify the bacterial
metabolism and antibiotic susceptibility. According to EUCAST and
CLSI, the assessment of growth after antibiotic exposure should
be conducted visually by the unaided eye. However, some studies used
a photo-spectrometric readout. While it is difficult to infer the impact
of this deviation on the outcome of various studies, it is nonetheless a
step in the protocol that should be conducted according to already
standardized frameworks. Moreover, it is vital to adhere to other
parameters imposed by EUCAST, such as the purity of culture and the
correct density of inoculum (5x10° CFU/mL) (EUCAST, 2022). Lastly,
other culture conditions such as time and temperature of incubation
present yet another aspect of MIC determination in need
of standardization.

Increasing efforts need to be focused on assessing antibiotic
stability over the course of the MIC determination. While MIC tests
generally presume antibiotics to be stable in growth media,
degradation for antibiotics including B-lactams have been reported
(Brouwers et al., 2020). One study that investigated the effect of
typically used media (such as LB, MHB, TSB) found that the type of
culture media influenced the stability and subsequently the MIC of the
antibacterial agent allicin (Imani Rad et al., 2017). Efforts should
be directed on further understanding dynamics of antibiotics in
various media to avoid possible MIC determination biases and,
subsequently, inaccurate sub-MIC investigation. When MIC has been
calculated according to the standardized broth microdilution,
sub-MIC studies usually employ double dilutions to calculate
sub-MICs (e.g.: 1/2, 1/4,1/8...). Since virulence is impacted by minute
changes in antibiotic concentration, it would me more insightful to do
arithmetic dilutions for more reliable and granular results. Should
diffusion tests be used, measuring colony size by imagine-scanning
techniques could prove useful to measure sub-inhibitory effects.

5.2 How to standardize sub-MIC zones?

Recently, zones below MIC such as MSC and MIPC have been
described (Gullberg et al., 2011, 2014; Liu et al., 2011; Andersson and
Hughes, 2012, 2014; Hughes and Andersson, 2012; Stanton et al,,
2020). In contrast to MIC determination, no agreed guidelines and
methodologies to profile sub-MIC for a given organism exist.

Recent endeavors to develop methods for determination of MSCs
of antibiotics present an excellent start and efforts toward
understanding selective pressures on microbial traits have been made
in recent years. Although the body of research in this area is limited,
intriguing similarities, but also limitations of experimental intricacies
can be observed.

MSC determination experiments can be conducted based on
Gullberg et al. in simplified two strain competition experiments:
There, general consensus is to track the ration of tagged (e.g.:
fluorescent) susceptible and resistant isogenic strains in a co-culture
(Gullberg et al,, 2011). The antibiotic concentration at which the

Frontiers in Microbiology

10.3389/fmicb.2023.1299321

resistant mutant outgrows the susceptible one is termed MSC
(Figure 4). Such systems could readily be standardized in many ways:
First, it is of utmost importance that for every pathogen a susceptible
reference strain against which the pathogen of interest is competing,
needs to be found. Second, as in MIC determination, the media in
which the experiment takes place must be standardized and
investigated for potential antibiotic degradation to rule out biases.
Third, guidelines for parameters of the competition like number of
serial passages, overall duration of the experiment and time of
sampling must be standardized. Lastly, a common readout method to
track the ratio of the competing cells must be found (FACs, qPCR).
The implementation of standardized guidelines to test for MSC with
strain competition experiments in clinical settings is an important step
that needs to be taken. However, the method also comes with some
limitations that need to be addressed: The competing strains used by
past studies are isogenic with the only exception being the fluorescent
tags by which their abundance can be tracked. This presents an issue,
since clinical isolates are most probably not isogenic, making it hard
to attribute the effect we see solely to the antibiotic. Nonetheless,
we argue that it would still give an estimate of the area in which
selection for resistance might occur.

Simple strain competitions are vital and should be readily
standardized in clinical contexts. However, it also becomes clear that
findings might not be translatable to bigger microbial communities
and, ultimately, with the aim of treatment, to in vivo environments. A
limited number of studies investigating MSC of microbial
communities have been conducted (Lundstrom et al., 2016; Kraupner
etal, 2018; Murray et al., 2018; Stanton et al., 2020). However, thus
far, the focus of MSC research has primarily been on exploring its
application in determining environmental regulation thresholds.
Analysis of such studies for this review revealed a consensual workflow
that could potentially be translated to sub-MIC virulence profiling and
treatment opportunities (Figure 5). Most studies measure MSC for
various types of endpoints, all of which should follow agreed
guidelines: Phenotypic endpoints to assess MSC in environmental
communities presents invaluable information in case not all genes that
contribute to resistance are known. CFU counts could present a
method that could easily be standardized in terms of media used and
number of bacteria plated.

Furthermore, most studies investigating selective properties of
antibiotics in environmental communities utilize genotypic
endpoints. Before measuring the endpoints, metabolomic assays such
as shotgun-sequencing are employed to find genes that are impacted
by antibiotic exposure. Subsequently, the relative abundance of these
genes is then quantified using the gold-standard qPCR assay. Due to
the high cost of large-scale metabolomics, we propose the following:
In order to standardize this workflow, exploratory metabolomic data
should be available for everyone, preferably in a large database that
shows up and downregulated genes across multiple species of
communities under exposure of antibiotics. That way the assay does
not need to be done every time and a core list of crucial genes can
readily be analyzed with qPCR. As argued by Stanton et al,, it is also
necessary to assess the starting prevalence of genes. This would help
assess if the genes are under positive or negative selection and one
could therefore differentiate between resistance and persistence
mechanisms (Stanton et al,, 2020). When establishing general
protocols for genotypic endpoint measurements, this is something
that needs to be considered.
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However, Kraupner et al. warn that changes in gene abundance
should not always be taken at face value since they could also
be consequences of taxonomic shifts (Kraupner et al, 2018).
Taxonomic analysis represents another intriguing way that has been
used to study MSC and should be considered when profiling a
microbial community. For this, a diversity analysis to identify an
antibiotic concentration which exerts selective pressure on the
community could be employed.

For a successful MSC profiling of complex communities,
investigation of phenotypic, genotypic and, possibly taxonomic
endpoints are essential. A rigid guide exploring phenotypic and
genotypic MSC determination should readily be standardized for
rapid profiling of complex communities. Taxonomic analysis presents
a new way to look at the whole picture but due to its steep costs and
need of specific equipment it does not need to be prioritized when
outlining standardized protocols.

The newly emerging concept of a sub-MSC zone, the MIPC zone
presents another thought-provoking concept. To the best of our
knowledge, only one study came up with this term and investigated
the matter (Stanton et al., 2020). Between the MSC and the MIPC,
they explain that the number of resistant bacteria could be higher than
if there was no antibiotic present (Stanton et al., 2020). They highlight
that selection happens below the MSC level and that we need to look
even deeper to fully profile pathogens. Future work needs to
be focused on fully characterizing persistent phenotypes and
understanding the underlying epigenetic mechanisms. qPCR
endpoints for generalized pathogen- specific set of genes accountable
for persistence then need to be analyzed for reduced rate of negative
selection under antibiotic exposure.

5.3 Transition to ex vivo microbial
community studies could open the door
for targeted therapies

As discussed earlier, isogenic strain experiments could present an
integral part of clinical diagnostics and profiling of single strain
pathogens against a reference strain. But as the step toward clinical
profiling of larger microbial communities needs to be made,
community assays discussed in this review present a solid base to
build upon. They already have a good framework in place and could
be used to successfully profile complex human communities from
phenotypic, genotypic and possible taxonomic angles. For this,
standard media best representing the in vivo environment needs to
be established.

With a proper sub-MIC profiling in place, the impact of antibiotics
on virulence could be systematically unraveled and a VIC of a specific
antibiotic could potentially be determined more accurately for a given
pathogen. This brings up the last issue briefly discussed in this review:
How should virulence be measured? Virulence presents a complex
topic and is highly strain specific. Every pathogen has different ways
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The study evaluated the association of DNase | enzyme with antimicrobial
photodynamic therapy (aPDT) in the treatment of oral candidiasis in mice
infected with fluconazole-susceptible (CaS) and -resistant (CaR) Candida
albicans strains. Mice were inoculated with C. albicans, and after the infection
had been established, the tongues were exposed to DNase for 5 min, followed by
photosensitizer [Photodithazine®(PDZ)] and light (LED), either singly or combined.
The treatments were performed for 5 consecutive days. Treatment efficacy
was evaluated by assessing the tongues via fungal viable population, clinical
evaluation, histopathological and fluorescence microscopy methods immediately
after finishing treatments, and 7 days of follow-up. The combination of DNase
with PDZ-aPDT reduced the fungal viability in mice tongues immediately after the
treatments by around 4.26 and 2.89 log,, for CaS and CaR, respectively (versus
animals only inoculated). In the fluorescence microscopy, the polysaccharides
produced by C. albicans and fungal cells were less labeled in animals treated with
the combination of DNase with PDZ-aPDT, similar to the healthy animals. After
7 days of the treatment, DNase associated with PDZ-aPDT maintained a lower
count, but not as pronounced as immediately after the intervention. For both
strains, mice treated with the combination of DNase with PDZ-aPDT showed
remission of oral lesions and mild inflammatory infiltrate in both periods assessed,
while animals treated only with PDZ-aPDT presented partial remission of oral
lesions. DNase | enzyme improved the efficacy of photodynamic treatment.

KEYWORDS

photochemotherapy, Candida albicans, antifungal drug resistance, fungi, enzyme

1 Introduction

Oropharyngeal candidiasis (OPC) is the most prevalent infection caused by Candida spp.
(Akpan and Morgan, 2002; Eggimman et al., 2003). Infections caused by Candida spp. are
associated with biofilm formation, a complex microstructure of cells adhered to a surface and
enveloped by an extracellular matrix (ECM) (Flemming et al, 2007). ECM contributes to
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preserving biofilms and conserving stable interactions between cells,
surfaces (substrate), and the environment (Flemming et al., 2007). In
addition, ECM reduces the susceptibility of microorganisms against
therapies classically used (Flemming et al., 2007; Seneviratne et al.,
2008). Biochemical analyses show that the production of polysaccharides
(B-1-3-glucan, p-1-6-glucan, p-1-6-mannan and chitin, for example),
nucleic acids (extracellular DNA—eDNA) and lipids protect the biofilm’
cells and keep stable interactions between ECM components
(Eggimman et al.,, 2003; Nett et al., 2007; Martins et al., 2010). The
antifungal resistance of Candida albicans biofilms is multifactorial,
including the stimulation of drug efflux pumps, the physiological state
of the cells, and the protection employed by the ECM through
f-mannan and B-glucans that bind with fluconazole and amphotericin
B (Flemming et al., 2007; Seneviratne et al., 2008). In addition to
f-mannan and p-glucan, eDNA is an important constituent of the ECM
and promotes the structural integrity of biofilms (Mitchell et al., 2016).
The addition of DNase enzyme improves the susceptibility of mature
C. albicans biofilms against some antifungal agents (Martins et al.,
2010). Furthermore, the presence of polysaccharides or eDNA was
reported as a bacterial biofilm mechanism of protection against the
diffusion of antibiotics (Al-Fattani and Douglas, 2006; Anderson and
O'Toole, 2008; Mulcahy et al., 2008).

Because the ECM has been related to biofilm protection (Nobile
etal., 2008), the use of enzymes capable of hydrolyzing polysaccharides
and nucleic acids has been investigated, as it represents an alternative
way of increasing the susceptibility of the biofilm to antifungal drugs
(Nobile et al., 2008). DNase I enzyme can significantly reduce eDNA,
soluble matrix proteins, and water-soluble polysaccharides of a
fluconazole-resistant C. albicans (Panariello et al., 2019). This enzyme
acts externally to the cell, reducing biofilm stability and enhancing its
susceptibility to photodynamic therapy and antifungals (Liao, 1974;
Martins et al., 2012; Tetz and Tetz, 2016; Panariello et al., 2019). The
treatment of mature biofilms with DNase I (50 mg/mL) inhibited
adhesion, biofilm formation, and reduced the biomass by
approximately 30% (Perezous et al., 2005). Incubation of in vitro
48h-old biofilms for 5min to DNase I reduced eDNA and extracellular
polysaccharides in the ECM of fluconazole-susceptible and -resistant
C. albicans strains (Panariello et al., 2019).

Due to the increase of resistant microorganisms (Kumar et al.,
2022), the side effects of antifungals (Campoy and Adrio, 2017),
recolonization, and organization into biofilms (Kumar et al., 2022),
studies have evaluated alternative strategies to manage fungal
infections. In this context, antimicrobial photodynamic therapy
(aPDT) is suggested for inactivating microorganisms and treating oral
candidiasis (Lambrechts et al., 2005; Konopka and Goslinski, 2007;
Donnelly et al, 2008). The photodynamic process requires a
photosensitizing agent (PS) combined with light with a wavelength
corresponding to the PS absorption band (Donnelly et al., 2008). The
interaction of light with PS, in the presence of oxygen, produces
reactive species capable of inducing cell inactivation (Machado, 2000).
Reactive species have non-specific reactivity with organic molecules
and can cause irreversible damage to cellular targets, such as
membrane lysis and protein inactivation. Thus, any cellular
macromolecule can be considered a target for aPDT (Bonnett and
Martinez, 2001; Donnelly et al., 2008).

Photodithazine (PDZ)-aPDT inactivated Candida biofilms and
treated oral candidiasis (Seneviratne et al., 2008; Martins et al,,
2010). A single application of PDZ-aPDT in a murine model
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decreased the fluconazole-susceptible C. albicans (ATCC 90028)
viability by 4.36 log,, (Carmello et al., 2015). On the other hand,
mice infected by a fluconazole-resistant C. albicans strain (ATCC
96901) that received a single session of PDZ-aPDT presented
reduced fungal cell viability by 1.96 log,, (Alves et al., 2018). Five
consecutive applications of PDZ-aPDT or antifungal nystatin
promoted reductions in the fluconazole-susceptible C. albicans
(ATCC 90028) by 3 and 3.2 logs,, respectively, and yielded the
remission of tongue lesions after 24 h of treatment (Carmello et al.,
2016). When the animals were inoculated with a fluconazole-
resistant strain (ATCC 96901), PDZ-aPDT was as effective as the
topical antifungal nystatin in the treatment, reducing viability by
around 1.2 log,, (Hidalgo et al., 2019); however, the animals showed
white or pseudomembranous patches on the dorsum of the tongues.
In animals inoculated with fluconazole-resistant C. albicans, the
associations of treatments (PDZ-aPDT and nystatin) reduced ~2.3
log,, of fluconazole-resistant C. albicans (Hidalgo et al., 2019), and
the macroscopic analysis revealed remission of oral lesions ranging
~95% after 24h (Hidalgo et al.,, 2019). In general, previous studies
(Carmello et al., 2015, 2016; Alves et al., 2018; Hidalgo et al., 2019)
demonstrated the efficacy of PDZ-aPDT in treating infections
caused by fluconazole-susceptible C. albicans. However, fluconazole-
resistant C. albicans have reduced susceptibility to aPDT, and to find
similar outcomes in the treatment of infections with these strains, it
is necessary to combine treatments.

DNase treatment might be an adjuvant to anti-biofilm therapies
since it reduces most ECM components that can hinder antifungal
drug penetration into biofilms without interfering with cell viability
(Panariello et al., 2019; Abreu-Pereira et al., 2022). The incubation of
fluconazole-susceptible C. albicans biofilm with DNase I (5min)
before PDZ-aPDT reduced the counting of viable colonies (CFU) and
the quantity of eDNA in the ECM (Panariello et al.,, 2019). This
treatment strategy applied to fluconazole-resistant C. albicans biofilm
decreased CFU (~1.62 log,,), water-soluble polysaccharides (36.3%),
and eDNA (72.3%) (Abreu-Pereira et al., 2022). Hence, the effect of
photodynamic treatment was potentiated because DNase I disturbed
the ECM and allowed the diffusion of PDZ and light through the ECM
of fluconazole-susceptible and -resistant C. albicans biofilm, increasing
treatment efficacy (Abreu-Pereira et al., 2022). Hence, the present
study evaluated whether the application of DNase could potentiate the
action of PDZ-aPDT treatment in mice infected with fluconazole-
susceptible and -resistant C. albicans, focusing on fungal viable
population recovery and resolution of candidiasis lesions on the
mice’s tongues.

2 Materials and methods

2.1 Photosensitizer, DNase enzime and LED
parameters

Photodithazine® (PDZ) is a chlorin e6 derivative (VETAGRAND,
Co, Moscow, Russia), which has an absorption peak of 660 nm. The
PDZ was prepared on the day of use from the stock solution
(5,000mg/L) at a concentration of 200 mg/L in natrosol gel (Farmacia
Santa Paula, Araraquara, SP, Brazil) and was kept protected from light
(Hidalgo et al., 2019). The bovine pancreas DNase I enzyme stock
solution (AMPD1, Sigma-Aldrich, St. Louis, MO, USA) was prepared
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on the day of use in 0.1 M sodium acetate buffer (pH 5.5) at the
concentration of 20 units/mL (Abreu-Pereira et al., 2022).

The red LED light device (LXHLPR09, Luxeon® III Emitter,
Lumileds Lighting, San Jose, California, USA) was used with an
absorption band of 660 nm, and the light intensity at the end of the
device (5mm in diameter) was 44.6 mW/cm? Thus, a light dose of
50J/cm” (19 min) was applied to the tongues of animals infected with
C. albicans.

2.2 Experimental oral candidiasis and
treatments performed

The present study was approved by the Animal Ethics Committee
of the School of Dentistry of Araraquara, UNESP (Case number:
09/2020). A total of 180 female mice of the Swiss strain (= 5weeks old)
were used from the vivarium of the School of Dentistry of Araraquara,
UNESP. The animals were allocated in cages, with five animals per
cage according to the study groups, and kept in a room with a
controlled temperature (23 +2°C) with standard chow and water ad
libitum (Carmello et al., 2016; Hidalgo et al., 2019).

Strains of C. albicans ATCC (American Type Culture Collection,
Rockville, USA), susceptible to fluconazole (ATCC 90028; CaS) and
resistant to fluconazole (ATCC 96901; CaR) were defrosted, reactivated
on Agar Sabouraud Dextrose (SDA) medium (37°C, 48h). Next,
colonies were transferred and cultivated in RPMI 1640 (Sigma-Aldrich,
St. Louis, MO, USA) buffered to a pH of 7.0 with 3-(N-Morpholino)
propanesulfonic acid 4-Morpholinepropanesulfonic acid (MOPS)
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 16h. Then, the cells
were washed twice with sterile phosphate buffered saline (PBS)
(50mM), resuspended with 3mL of RPMI 1640, and the cell
suspension was standardized spectrophotometrically with an optical
density (OD) of 540 nm (1.0nm = 0.08, corresponding to 10’ CFU/mL)
(Carmello et al., 2016; Hidalgo et al., 2019).

For the induction of oral candidiasis, the methodology described
before (Takakura et al., 2003; Carmello et al., 2016) was used with
some modifications. Tetracycline (0.83 mg/mL) was administered in
the water available to the animals during the experimental period. The
animals were immunosuppressed with subcutaneous injections of
prednisolone at a dose of 100 mg/kg of body mass on days 1, 5, 9, and
13. Inoculation with the strains was performed on day 2 of the
experiment (Figure 1; Takakura et al., 2003; Carmello et al., 2016;
Hidalgo et al., 2019). For this procedure, the animals were sedated
with 0.1 mL of chlorpromazine hydrochloride (2 mg/mL), and sterile
mini-swabs soaked in the CaS or CaR suspension were scrubbed
across the dorsum of the animals’ tongues for 30s.

On day 7, the presence of white patches or pseudomembranous
lesions was verified, and the treatments were performed. The animals
were anesthetized with an intraperitoneal injection of ketamine
[100 mg/kg body weight (National Pharmaceutical Chemistry Union
S/A, Embu, SP, Brazil)] and xylazine [10mg/kg body weight
(Veterinary JA Ltda., Sponsor Paulista, SP, Brazil)]. Then, the animals
were placed in a supine position on the work table, the tongues were
gently taken out of the oral cavity, and 50 pL of PDZ diluted in natrosol
gel (200mg/L) was applied with a pipette (Carmello et al., 2016;
Hidalgo et al., 2019). The mice stayed in the dark for 20 min for a
pre-incubation time. Then, each dorsum of the tongue was illuminated
with LED for 19min (50]J/cm?) (P+L+ group). The effect of the
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isolated application of PDZ (P +L-) and the LED (P-L+ group) was
also evaluated. For DNase treatment, the tongue of the mice received
50pL of DNase (20units/mL) for 5min. One group received the
combined treatment with the enzyme and PDZ-aPDT (DNase+P + L+
group). After the treatments, neither DNase nor PDZ was removed
from the mice’ tongue. The untreated control group (P-L- group)
received no PDZ, light, or DNase. In addition, two additional negative
infection control groups (NIC groups) with healthy animals were
evaluated. In one of them, mice were immunosuppressed on days 1,
5,9, and 13 (NIC+ group); in the other group, animals did not receive
immunosuppression (NIC- group). Seven animals were evaluated for
each experimental condition, except the group NIC+ (n=3) and NIC-
(n=3). The therapies were performed once a day for five consecutive
days (from day seven until day 11).

2.3 Fungal viable population

After five consecutive days of treatment (day 11) and 7 days after
the end of the treatment (day 18), C. albicans cells were recovered
from the tongue of mice. For this procedure, the mini-swabs were
swabbed on the dorsum of each tongue for 1 min. Then, they were
transferred to tubes with 1 mL of saline solution and vortexed for
1min to detach C. albicans cells. Then, serial dilutions were made
(107" a 107°) and plated in duplicate in SDA culture medium
containing 5 pg/mL of chloramphenicol. After 48h of incubation at
37°C, the viable colonies were counted, and the values of CFU/mL
were determined.

2.4 Macroscopic analysis of tongue'’s
lesions

The white patches or pseudomembranous lesions in the tongues
of mice were photographed before the beginning of the treatments,
24h (day 12), and 7days (day 18) after the last application. All
photographs were standardized and obtained with the same digital
camera (Sony Cyber-Shot DSCF717; Sony Corporation, Tokyo,
Japan), by the same operator and under the same conditions (place,
light, angle, and position of the animals), thus aiming to facilitate the
reproducibility. The extension area of the lesion on the tongue in each
photograph was evaluated using the Image].exe program.' The
percentage of the extension area of each lesion over the total area of
the tongue was calculated using this software (Hidalgo et al., 2019).

2.5 Histopathological analyses and animal
sacrifice

Initially, mice were anesthetized with an intraperitoneal
injection of ketamine and xylazine. Then, animals’ tongues were
surgically removed and destinated for histopathological and
fluorescence microscopic analyses. After the tongue excision, mice
were euthanized by intramuscular injection of a lethal dose of

1 https://imagej.nih.gov/ij/docs/install/windows.html
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FIGURE 1

hydrochloride was administered in the water system.

Experimental protocol. On the days 1, 5, 9, and 13 the animals were immunosuppressed with subcutaneous injections of prednisolone. On day 2, the
animals were inoculated with CaS or CaR. The treatment was performed during 5days (days 7-11). On days 11 and 18, the fungal load was recovered
from the mice’s tongue. The tongue removal and euthanasia were performed on days 12 and 18. During the experimental period (18 days), tetracycline

TABLE 1 Probes and stains used in the fluorescence microscopic analysis.

Labeling target

Labeling (stain or probe)
(excitation/emission nm)

References

C. albicans ConcanavalinA (ConA) lectin conjugated with

tetramethylrhodamine (488/520 nm)

Molecular Probes (Cat. No.
C860)

Lobo et al. (2019) and Falsetta et al. (2014)

Nucleic acids HOESCHT 33342

ABCAM Staining Staining Dye
Solution (Cat. No. ab228551)

Chazotte (2011)

Polysaccharides produced by | Primary monoclonal antibody to (1 — 4)-p-mannan

C. albicans and galacto-(1 — 4)-B-mannan

Biosupplies (Cat. No. 400-4) Lobo et al. (2019) and Wartenberg et al. (2014)

Secondary antibod
v v Goat Anti-Mouse IgG H&L (Alexa Fluor® 594)

(561/620nm)

Abcam (Cat. No. ab175660) Lobo et al. (2019) and Wartenberg et al. (2014)

ketamine (0.2 mL) and xylazine (0.4 mL) 24h (day 12) and 7 days
(day 18) after the last application of treatment (Carmello et al.,
2016; Hidalgo et al., 2019).

The tongues were placed in plastic cassettes for the
histopathological and fluorescence microscopic analyses. These
cassettes were immersed in 10% paraformaldehyde (pH 7.2)
(441.244, Sigma-Aldrich, St Louis, MO, USA). Then, the histological
fixation process was made, and the blocks were fixed on wooden
supports and placed in a rotating microtome. Sixteen serial
histological sections of each block were obtained. These cuts were
placed on glass slides and stained with hematoxylin-eosin (HE)
stain to evaluate the histological events that occurred in each of the
groups through light microscopy [Zeiss microscope LSM 700 (Carl
Zeiss, Heidelberg, Germany)] at 100 and 200X magnification. A
pathologist performed the histological analysis, and the following
aspects were evaluated: the presence/absence of yeast and
inflammatory infiltrate, epithelial tissue integrity, and adjacent
connective tissue response. The material was classified into scores:
0—the absence of inflammation; 1—the presence of inflammatory
infiltrate; 2—moderate inflammation; 3: severe inflammation; and
4: abscess formation (ISO 7405:1997). The evaluation was
performed by a single examiner blinded to each experimental group
at each evaluated time after treatment.
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2.6 Microscopy analysis of fluorescence to
determine fungal colonization on tongues

Initially, the samples were deparaffinated and hydrated in water.
The antigenic retrieval was performed by heat. The sections were then
immersed in 10 mM buffered sodium citrate, pH 6.0, and placed in the
microwave twice for 5min each (El-Habashi et al., 1995). Next, the
slides were dried, and the sections were circled with a hydrophobic
barrier pen (Sigma Advanced PAP Pen-Z377821) and 20 pL of the
primary antibody (1 — 4)-p-mannan and galacto-(1 — 4)-f-mannan
(400-4) (Table 1) diluted in 2% bovine serum albumin (BSA) and
0.1% Triton X100 (1:20 dilution) was pipetted on each section (Lobo
et al, 2019). The slides were incubated overnight (4°C). After
incubation, sections were carefully washed with 0.89% NaCl solution,
and a blocking solution (3% BSA) was added, followed by incubation
for 15min (room temperature). Then, the sections were washed again
with 0.89% NaCl solution, and the secondary antibody (20 pL) labeled
with Alexa Fluor® 594nm (1:500 dilution in 2% BSA) was added
(Table 1), followed by incubation for 2h (4°C). After the secondary
antibody incubation time, the sections were washed with 0.89% NaCl
and incubated with 20 pL of concavalin-A lectin conjugated with
Alexa Fluor® 488 nm (200 pg/mL) (Table 1) and Hoescht (6 pg/mL)
(Table 1) for 30 min. Next, samples were washed with 0.89% NaCl. The
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mounting media [Fluoromount ™ Aqueous Mounting Medium
(F4680, Sigma-Aldrich, St Louis, MO, USA)] was added, and the
slides were ready for image acquisition. Images were acquired using
the Leica DM2500 LED microscope (Leica Microsystems, Wetzlar,
Germany).

2.7 Statistical analysis

Analyses were performed using the IBM SPSS Statistics for
Windows Version 27; IBM Corp., Armonk, NY, USA. Data from each
strain was evaluated separately. The normality and homoscedasticity
of the data from CFU converted in base-10 logarithms for each strain
were assessed using the Shapiro-Wilk and Levenes tests, respectively.
The data were normal and heteroscedastic, so they were analyzed by
a two-way ANOVA test, considering two treatment evaluation periods
(immediate and 7 days after). Games-Howell post-hoc analysis was
performed for multiple comparisons (a=5%). The percentage values
of tongue’s lesions assumed normality and were homoscedastic for the
data evaluated in both periods (24h and 7 days after the treatments)
for Ca$S and CaR. Thus, they were analyzed by one-way ANOVA,
followed by Tukey’s post-hoc (a=5%). Descriptive analyses were
performed for the images obtained for the histopathological and
fluorescence microscopy evaluations.

3 Results

3.1 Fungal viable population from mice
inoculated with CaS and CaR

The results of viability from CaS immediately after the treatments
demonstrated that the animals treated with DNase followed by
PDZ-aPDT (DNase+P + L+ group) showed the highest log,, reduction
value (CFU/mL), compared to the negative control group (P-L-)
equivalent to 4.26 log,, (Figure 2) and different from the other groups
and the control (p <0.0001). The P+ L+ group (PDZ-aPDT) showed

10.3389/fmicb.2023.1274201

a reduction of approximately 2.50 log,, compared to the control (P-L-
group) (Figure 2). The other groups showed statistically similar values
with the control (P-L-) (p>0.05) (Figure 2).

The results of CaR showed that DNase+P + L+ group immediately
after the treatments was statistically different from the other groups
and exhibited the highest log,, reduction value (CFU/mL), compared
to the P-L-group (p <0.0001), equivalent to 2.89 log,, (Figure 3). The
group treated only with PDZ-aPDT (P+L+ group) showed a
reduction of 0.34 log,, compared to the P-L- group. The P+L-, P-L+,
P+L+, DNase and P-L-groups presented statistically similar effects
(Figure 3).

The results of 7 days after the end of the treatments demonstrated
that the DNase+P + L+ group exhibited the greatest reduction in the
viable colonies of CaS when compared to the negative control group
(P-L-) (p<0.0001); this reduction was approximately 1.97 log,,
(Figure 2). The P+ L+ group was similar to DNase+P + L+ group and
showed a statistically different value from the other groups, with a
reduction of 1.18 log,;, compared to the P-L- group (p <0.0001). The
other experimental groups (P +L-, P-L+, DNase) showed statistically
similar effects among themselves and with the negative control (P-L-)
(p>0.05) (Figure 3).

For CaR after 7days of the end of the treatments, the
DNase+P + L+ group showed the greatest reduction in viable colonies
when compared to the P-L- group (p <0.0001), with a reduction of
approximately 1.27 log,, (Figure 3). The P+L+ group showed a
reduction of 0.22 log,, compared to the P-L- group. The other
experimental groups (P+L-, P-L+, P+L+, and DNase) showed
statistically similar values among themselves and the P-L- group
(p>0.05) (Figure 3).

3.2 Clinical evaluation from mice
inoculated with CaS and CaR

The results after 24 h of treatment (Figure 4) for mice inoculated
with the CaS showed that the DNase+P+L+ and P+L+ groups
significantly reduced oral lesions by 98.92 and 97.71%, respectively,
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FIGURE 2
Mean values +/- standard deviation of logy, (CFU/mL) for different experimental groups and periods evaluated (immediately and 7 days after
treatments) for animals inoculated with CaS. Different number of asterisks denotes statistical difference between the groups.
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FIGURE 4

asterisks denotes statistical difference between the groups.
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Mean values +/— standard deviation of the lesion size (with the size of the patches) in percentages (%) on the tongue’s dorsum of the mice inoculated
with CaS evaluated 24 h (black circle) and 7 days (blue circle) after the end of the treatments. * denotes statistical difference. Different number of

when compared to the P-L- group (p <0.0001). The results for 7 days
after the treatments showed a reduction in oral lesions of 83.31% for
DNase+P + L+ group, compared to the P-L- group (p<0.0001). The
DNase+P + L+ group was statistically different from P+ L+ group that
reduced the oral lesions by around 63.81% compared to the P-L-
group (p<0.0001). The other groups evaluated immediately and after
7 days (Figure 4) showed a statistically similar effect to the P-L- control
(p>0.05). The images presented in Figure 5 illustrate the presence of
white patches or pseudomembranous plaques on the dorsum of the
animals’ tongues inoculated with CaS$ for each group 24h and 7 days
after the treatments.

The results obtained for CaR (Figure 6) demonstrated that the
DNase+P + L+ and P+ L+ groups immediately after the treatments
exhibited reductions of oral lesions by 96.07 and 50.41%, respectively,
when compared to the P-L- group (p <0.0001). Immediately after the
treatments, the other groups showed a statistically similar effect to
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the P-L- group (p > 0.05). In addition, 7 days after the treatments, the
DNase+P + L+ group showed a significant reduction in oral lesions
by 75.24% when compared to the P-L- group (p <0.0001). The other
groups showed statistically similar values to the P-L- control
(p>0.05) (Figure 6).

The images in Figure 7 illustrate the presence of white patches or
pseudomembranous plaques on the dorsum of the tongues 24h and
7 days after the treatments performed on animals inoculated with CaR
(Figure 7).

3.3 Histopathological evaluation
The histopathological evaluation demonstrated that the sections

from tongues contaminated with Ca$ exhibited mild inflammatory
infiltrates for groups DNase+P+L+ and P+L+ 24h after the
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7 days after the treatment 24h after the treatment

FIGURE 5

P+ L+ 24 h and DNase+P + L+ 24 h and 7 days after the treatments.

Representative images of the white or pseudomembranous patches of mice’ tongues inoculated with CaS for the groups P-L-, P+ L-, P-L+, and DNase
24 h and 7 days after the end of treatment. Also, representative images of the remission of tongue lesions were observed in the mice submitted to the

FIGURE 6

asterisks denotes statistical difference between the groups.
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Mean values +/- standard deviation of the lesion size (with the size of the patches) in percentages (%) on the tongue’s dorsum of the mice inoculated
with CaR evaluated 24 h (black circle) and 7 days (blue circle) after the end of the treatment. * denotes statistical difference. Different number of

treatment (Figure 8). These groups presented histopathological
characteristics similar to those observed in the NIC- and NIC+
groups. The stratified epithelium exhibited normal and healthy
features, with lingual papillae covered by a fine keratin layer. The
other groups (P-L-, P-L+, P+L- and DNase) presented similar
histopathological characteristics with moderate inflammatory
infiltration and the presence of numerous hyphae/pseudohyphae on
the keratin layer and some hyphae/pseudohyphae invading the
epithelial tissue of the tongues (Figure 8). Regarding the histological
sections evaluated at 7days after the treatment for CaS, the
morphological characteristics remained relatively unchanged, with
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the exception of the P-L-, P+L-, P-L+, and DNase groups, which
showed moderately degraded muscle tissue (Figure 8).

For the animals inoculated with CaR (Figure 9), the group treated
with DNase+P + L+ presented histopathological characteristics similar
to those observed in the NIC- and NIC+ groups (Figure 8) after 24h of
the treatments. The stratified epithelium exhibited normal and healthy
features, with lingual papillae covered by a fine keratin layer (Figure 9).
The group treated with P+ L+ showed a greater number of hyphae and
pseudohyphae within the keratin epithelial layer. The animals in the
P-L-, P+L-, P-L+, and DNase groups presented extensive amounts of
C. albicans covering the epithelial tissue, and there was a loss of the
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24h after the treatment

7 days after the treatment

FIGURE 7

DNase+P + L+ treatment are observed 24 h and 7 days after the treatment.

Representative images of the white or pseudomembranous patches of mice’ tongues inoculated with CaR for the groups P-L-, P+ L-, P-L+, P+ L+, and
DNase 24 h and 7 days after the end of treatment. Also, representative images of the remission of tongue lesions in the mice submitted to the

papillae (Figure 9). This epithelium showed intense inflammation with
the existence of mononuclear cells inside the dilated blood vessels
caused by the inflammation. The underlying connective tissue was
formed by muscle fibers with normal characteristics.

The histological findings 7 days after treatments (Figure 9) for the
P-L-, P+L-, P-L+, and DNase groups contaminated with CaR were
similar to those observed 24 h after treatments associated with damage
in the muscular tissue. In the P+ L+ and DNase+P + L+ groups, many
hyphae and pseudohyphae were observed in the epithelium keratin
layer, but the epithelial tissue remained with normal characteristics
(Figure 9).

3.4 Microscopy fluorescence evaluation

The representative images from animals for P-L- group inoculated
with Ca$ and CaR 24 h after the treatment (Figures 10, 11, respectively)
showed a thick layer of biofilm (green) surrounded by polysaccharides
(1-4 B-mannan and galacto) (red) produced by C. albicans. The
images of DNase+P + L+ group presented similarity with NIC group
once the polysaccharides (red) and fungal cells (green) were not
labeled. The P +L+ group showed a small amount of biofilm (green)
and polysaccharides (red) (Figures 10, 11).

After 7 days of the treatment for Ca$ and CaR (Figures 12, 13),
the P-L- group was labeled with polysaccharides produced by
C. albicans (red), with higher intensity of label in fungal cells (green)
(Figures 12, 13). The DNase+P + L+ group of animals contaminated
with CaS presented a small layer of C. albicans biofilm and
polysaccharides (red color) (Figure 12). The P+L+ group
demonstrated a slight presence of fungal biofilm (green) and
polysaccharides (red color) (Figure 12). For CaR, the group
DNase+P + L+ presented less biofilm and polysaccharides than the
group treated only with PDZ-aPDT (P + L+ group) once there was a
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thick layer of CaR biofilm (green) surrounded by polysaccharides
(red) (Figure 13).

4 Discussion

In vitro studies report the improved efficacy of PDZ-aPDT
combined with DNase against C. albicans biofilms (Panariello et al.,
2019; Abreu-Pereira et al., 2022). Enzymes decrease the integrity of
the ECM by hydrolyzing proteins, polysaccharides, and nucleic acids.
DNase I reduces biofilm stability, increasing the susceptibility of the
biofilm to the action of antifungals and aPDT (Liao, 1974; Martins
et al., 2012; Tetz and Tetz, 2016; Panariello et al., 2019; Abreu-Pereira
etal, 2022). The current study investigated whether applying DNase
I enzyme could potentiate PDZ-aPDT outcomes in mice infected by
susceptible- and fluconazole-resistant C. albicans. Here, DNase
I (20units/mL) combined with PDZ-aPDT promoted antifungal
effects against CaR in the oral lesions of mice with experimental oral
candidiasis, and macroscopic analysis showed that 24h after
completion of treatment, the animals presented 96.7% remission of
lesions. To our knowledge, no previous published study has
investigated in vivo the efficacy of DNase I associated with aPDT in
treating induced oral candidiasis in mice.

The results from mice inoculated with CaR showed that DNase
I prior PDZ-aPDT promoted a reduction in viable colony counts by
around 2.89 and 1.27 log,,, respectively, immediately and 7 days after
the treatments. In addition, the macroscopic oral lesions were reduced
by around 96.07 and 75.24% 24h and 7 days after the treatment,
respectively. These results observed here corroborate with a previous
study (Hidalgo et al., 2019), that evaluated the combination of PDZ
(200 mg/L) mediated aPDT associated with nystatin in the treatment
of mice infected with fluconazole-resistant C. albicans (ATCC 96901).
Using the same methodology for induction of infection in mice, the
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FIGURE 8
Representative images of the histological sections of tongues from mice inoculated with CaS and recovered 24 h and 7 days after the end of
treatments. Muscle tissue was stained with hematoxylin—eosin (HE) (40X). Black arrow — keratin layer contaminated with hyphae and pseudohyphae;
green arrow — lamina propria and yellow arrow — dilated blood vessels in response to the local inflammatory reaction.

combination of treatments reduced ~2.60 log,, the fungal viability
and~95% the macroscopic oral lesions 24h after the treatment
(Hidalgo et al., 2019). The results obtained after 7 days of the end
treatment showed that nystatin combined with PDZ-aPDT promoted
a reduction of ~1 log,, in fungal viability and macroscopic reduction
in oral lesions by around ~50% (Hidalgo et al., 2019). Here, DNase
yielded an outcome more favorable than nystatin in decreasing fungal
viability and reducing the rate of lesion recurrence. Using alternative
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sources can lead to access to novel therapeutic agents with fewer side
effects without the risk of antifungal resistance (Sandai et al., 2016;
Torabi et al., 2022). DNase may be an adjuvant for biofilm treatments
since it degrades eDNA in the extracellular matrix of biofilms
(Rajendran et al., 2014; Hamblin and Abrahamse, 2019). Therefore,
we suggest that DNase enabled PDZ diffusion in the extracellular
matrix of biofilms, potentiating the effects of PDZ-aPDT and
promoting the inactivation of biofilms in vivo.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1274201
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Jord&o et al. 10.3389/fmicb.2023.1274201
+
-
+
a
+
[}
(%)
©
c
o
FIGURE 9
Representative images of the histological sections of tongues from mice inoculated with CaR and recovered 24 h and 7 days after the end of
treatments. Muscle tissue was stained with hematoxylin—eosin (HE) (40X). Black arrow — keratin layer contaminated with hyphae and pseudohyphae;
green arrow — lamina propria and yellow arrow — dilated blood vessels in response to local inflammatory reaction.

The enzyme associated with PDZ-aPDT reduced the fungal
viability of CaS by around 4.26 and 1.97 log,, respectively,
immediately and 7 days after the treatments. In addition, there was
a remission in the oral lesions, around 98.92 and 83.31%,
respectively, after 24h and 7 days. In vivo investigation (Carmello
et al,, 2015) demonstrated that five applications of PDZ-aPDT or
antifungal nystatin promoted reductions in the cell viability of
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C. albicans (ATCC 90028) of 3 and 3.22 logs,,, respectively 24 h
after the treatment (Carmello et al, 2016). After 7days of
treatment, a reduction of ~2 log,, for PDZ-aPDT and nystatin
groups was observed (Carmello et al, 2016). Compared to
antifungal, the lack of development of antimicrobial resistance
increases further studies using aPDT (Hamblin and Abrahamse,
2019). Thus, our findings revealed that DNase improves aPDT
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FIGURE 10

red, respectively. In the last column are the merged images

Representative fluorescence microscopy images of histological tongues sections recovered 24 h after treatments from the mice inoculated with Cas,
labeled with Hoestch (first left column), concanavalin A conjugated with Alexa 488 nm (second column), and with primary antibody (1 — 4)-f-mannan
and galacto-(1 — 4)-p-mannan (400-4) paired with secondary antibody conjugated with Alexa Fluoride 594 nm (third column). The tongue tissue cells
(cell nucleus) were represented by the color blue. Fungal cells and matrix polysaccharides of C. albicans were represented by the colors green, and

outcomes, being a promising alternative for fungal inactivation,
including resistant microorganisms.

DNase I (5min) combined with PDZ-aPDT decreased the fungal
viability in ~2.16 log,, and the levels of eDNA in the ECM of biofilms
formed by fluconazole-susceptible C. albicans (ATCC 90028)
( ). When fluconazole-resistant C. albicans
biofilms were treated with DNase prior to the PDZ-aPDT, there was a
decrease of ~1.92 log,, in the fungal viability, water-soluble
polysaccharides (36.3%), and eDNA (72.3%) (

). Here, the fluorescence microscopy images of histological
tongue sections 24 h after treatment demonstrated that DNase I before
PDZ-aPDT promoted a reduction in fungal polysaccharides, similar
to healthy animals (NIC). After 7 days of the treatment, the presence
of polysaccharides was observed only in mice infected by fluconazole-
resistant C. albicans. Still, the fungal viable count was smaller than that
in the PDZ-aPDT group. Thus, DNase treatment reduced the fungal
polysaccharides in vitro (

) and in the animal model here. Among the components present
in the ECM, eDNA, associated with p-glucans and p-mannans,
contributes to the organizational integrity of biofilms and antifungal
tolerance of C. albicans (

Frontiers in

). Some reports found an association between
eDNA levels and increased microbial resistance to antibiotics (

). Therefore, disrupting the ECM and
reducing eDNA levels of C. albicans biofilms are essential to optimize
antifungal therapies.

The histological sections of the tongues recovered after the
treatment with DNase before PDZ-aPDT for both strains (CaS and
CaR) demonstrated histological characteristics similar to those of the
NIC group (healthy animals). The tissues presented a reduced amount
of hyphae/pseudohyphae/blastopore on the keratin layer, minor
inflammation in the subjacent connective tissue, and intact muscle
tissue. In a previous study, mice treated with 5 applications of nystatin
associated with PDZ-aPDT presented normal
characteristics, which are outcomes very similar to those observed in
the present study (

histological

). In addition, the inoculation
of mice with fluconazole-resistant C. albicans promoted an intense
inflammatory response in the subjacent connective tissue (

) and 5 applications of PDZ-aPDT decreased
an inflammatory reaction from intense to mild ( ).
Here, the control groups (P-L-, P+ L-, P-L+, and DNase) 24 h after the
treatment presented a large area of hyphae/pseudohyphaes covering
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FIGURE 11

Representative fluorescence microscopy images of histological tongues sections recovery 24 h after the treatments from the mice inoculated with
CaR, labeled with Hoestch (first left column), concanavalin A conjugated with Alexa 488 nm (second column), and with primary antibody

(1 - 4)-p-mannan and galacto-(1 — 4)-B-mannan (400-4) paired with secondary antibody conjugated with Alexa Fluoride 594 nm (third column). The
tongue tissue cells (cell nucleus) were represented by the color blue. Fungal cells and matrix polysaccharides of C. albicans were represented by the
colors green and red, respectively. In the last column are the merged images
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FIGURE 12

Representative fluorescence microscopy images of histological tongues sections recovered 7 days after the end of treatments from the mice
inoculated with Cas, labeled with Hoestch (first left column), concanavalin A conjugated with Alexa 488 nm (second column), and with primary
antibody (1 — 4)-p-mannan and galacto-(1 — 4)-p-mannan (400-4) paired with secondary antibody conjugated with Alexa Fluoride 594 nm (third
column). The tongue tissue cells (cell nucleus) were represented by the color blue. Fungal cells and matrix polysaccharides of C. albicans were
represented by the colors green and red, respectively. In the last column are the merged images.
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FIGURE 13

and red, respectively. In the last column are the merged images.

Representative fluorescence microscopy images of histological tongues sections recovery 7 days after the end of treatments from the mice inoculated
with CaR, labeled with Hoestch (first left column), concanavalin A conjugated with Alexa 488 nm (second column), and with primary antibody

(1 - 4)-B-mannan and galacto-(1 — 4)-p-mannan (400-4) paired with secondary antibody conjugated with Alexa Fluoride 594 nm (third column). The
tongue tissue cells (cell nucleus) were represented by the color blue. Fungal cells and matrix polysaccharides of C. albicans were represented by green

the epithelial tissue, which demonstrated acanthosis associated with
the papillae destruction.

Moreover, there is an intense inflammation of the epithelium
with dilated blood vessels. Seven days after the treatments, the
muscle fibers were partially degraded in the superficial region of the
tissue in the control groups (P-L-, P+L-, and P-L+ groups). In the
sections from animals inoculated with CaR, 7 days after the end of
treatment, there were hyphae and pseudohyphae on the keratin
layer, suggesting recurrence of the oral infection in the DNase+P + L+
group, but its keratin layer was smaller than that observed for P+ L+
group. Furthermore, in the PDZ-aPDT group, there was a return in
the oral lesions. Our results demonstrated that DNase before
PDZ-aPDT reduces the lesion recurrence rate after 7 days compared
to other treatments for fluconazole-resistant C. albicans. Therefore,
DNase I affected the biofilm composition and hampered the new
formation of C. albicans biofilm, probably because the complete
epithelial restructuring was promoted in the groups treated with
DNase+P +L+.

The overall increased occurrences of pathogens resistant to
conventional antifungals and the toxicity of drugs have motivated
searches for strategies to inactivate fungal species. In addition, the
ECM of C. albicans biofilms limits the penetration of antimicrobials,
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antiseptics, and photosensitizers, influencing the efficacy of aPDT
and other fungal therapies. In summary, DNase before PDZ-aPDT
promoted expressive outcomes by reducing fungal viability and
healing the oral lesions in mice. Therefore, this study further
demonstrates that DNase is a promising alternative adjuvant for
fungal photoinactivation in vivo of antifungal-susceptible and
-resistant strains.

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

The animal studies were approved by Animal Ethics Committee
of the School of Dentistry of Araraquara, UNESP (Case number:
09/2020). The studies were conducted in accordance with the local
legislation and institutional requirements.
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Bacterial infections represent a key public health issue due to the occurrence
of multidrug-resistant bacteria. Recently, the amount of data supporting the
dynamic control of epigenetic pathways by environmental cues has triggered
research efforts toward the clarification of their role in microbial infections.
Among protein post-translational modifications, reversible acetylation is
the most implicated in the feedback to environmental stimuli and in cellular
homeostasis. Accordingly, the latest studies identified the histone deacetylase
6 (HDACG6) enzyme as a crucial player in the complex molecular machinery
underlying bacterial clearance or killing. A very important milestone for the
elucidation of the consequence of HDACG6 activity in bacterial infections
is herein described, unveiling for the first time the role of a potent HDAC6
inhibitor in interfering with biofilm formation and modulating virulence factors
of P. aeruginosa. We demonstrated that compound F2F-2020202 affected
the production of some important virulence factors in P. aeruginosa, namely
pyocyanin and rhamnolipids, clearly impairing its ability to form biofilm.
Furthermore, evidence of possible QS involvement is supported by differential
regulation of specific genes, namely Rhll, phAzl, and gsrO. The data herein
obtained also complement and in part explain our previous results with selective
HDACS6 inhibitors able to reduce inflammation and bacterial load in chronic
infection models recapitulating the cystic fibrosis (CF) phenotype. This study
fosters future in-depth investigation to allow the complete elucidation of the
molecular mechanisms underlying HDACG6's role in bacterial infections.

KEYWORDS

antimicrobial resistance, Pseudomonas aeruginosa, bacterial biofilm, HDAC6
inhibitors, cystic fibrosis
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Introduction

Bacterial infections represent a very serious public health threat
due to the emergence of multidrug-resistant bacteria. Common
antibiotics are no longer successful against several different microbial
species, such as those belonging to the “ESKAPE” pathogens group
(Pendleton et al., 2013).

P aeruginosa and S. aureus, including methicillin-resistant
S. aureus [MRSA], are most frequently isolated from the sputum of
patients with cystic fibrosis (CF), a genetic disorder commonly
involving polymicrobial infections in the respiratory tract with a
different distribution in the course of the disease. Predominant
bacterial species that colonize CF lung at the early stages of CF include
S. aureus and Haemophilus influenzae, whereas P. aeruginosa and the
Burkholderia cepacia complex are mainly present in the later stages of
the disease (Malhotra et al., 2019).

Several virulence factors generated by P. aeruginosa play a major
role in chronic respiratory infections, and alginate overproduction
may drive P. aeruginosa coinfection with S. aureus. At the same time,
both bacteria display a range of competitive and cooperative
interactions (Limoli and Hoffman, 2019). Since P. aeruginosa and
S. aureus are common in CF lung, molecules targeting these pathogens
or mechanisms associated with their virulence can be relevant in the
treatment of polymicrobial infections in pulmonary disease.

Quorum sensing (QS), a cell density-based intercellular
communication network, displays key importance in the control of
bacterial resistance and virulence, and biofilm formation during
bacterial infections. P. aeruginosa uses three main quorum sensing
(QS) systems, namely Las, Rhl, and Pgs, controlling the production of
virulence factors, including proteases and exoenzymes, allowing the
bacteria to trigger the infection process in the host tissue (Garcia-
Reyes et al., 2020).

Pyocyanin is a key virulence factor generated and profusely
secreted by approximately 95% of P. aeruginosa isolates, and it has
been demonstrated to be essential for full virulence in animal and
human airway infection models (Caldwell et al., 2009; Rada and Leto,
2013). Pyocyanin is a phenazine that can cross biological membranes,
allowing P. aeruginosa to receive and transport electrons arising from
the respiration process and to survive in oxygen-limited environments;
in the biofilm, pyocyanin creates a redox potential gradient that
enhances iron bioavailability, a key factor for biofilm formation.
Molecules able to contrast biofilm formation are of great interest in CF
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disease. Bacteria embedded in the biofilm are safeguarded against
immune system responses, contributing to the establishment of a
chronic inflammatory status characterized by mucus hypersecretion
and abnormal neutrophil recruitment, major factors contributing to
pulmonary manifestations of CF patients (Cohen and Prince, 2012).
Finally, several pieces of evidence highlight the detrimental effects of
pyocyanin on the host immune function, including dodging of
defense mechanisms, modulation of multidrug efflux pump expression
in P, aeruginosa biofilm, and antibiotic resistance (Raju et al., 2018).
Thus, the reduction of pyocyanin production may affect the virulence
potential of P aeruginosa during airway infections in CE and
pyocyanin could represent a promising target for developing new
therapeutic options against P. aeruginosa infection.

Recently, the dynamic regulation of epigenetic players by
environmental cues emerged as a key factor in bacterial infections and
stimulated increasing research efforts toward the clarification of the
role of epigenetic players in the infection process (Grabiec and
Potempa, 2018). Among protein post-translational modifications,
reversible acetylation is the most implicated in the feedback to
environmental stimuli and in cellular homeostasis. In this context, the
histone deacetylase (HDAC) class of enzymes has been unveiled as key
players in the multifaceted molecular mechanisms underlying
bacterial clearance or killing.

The QS signal generated by P. aeruginosa, namely 2-AA, triggered
the reprogramming of immune cells accompanied by increased
HDACI expression in human THP-1 monocytes. The process was
fully reverted by HDACI inhibition, thus clearly demonstrating the
involvement of this isoform in endorsing tolerance to P. aeruginosa
(Bandyopadhaya et al., 2016).

As previously stated, metabolites generated by pathogenic bacteria
are also able to influence the host acetylation system. Accordingly, it
has been shown that short-chain fatty acids (SCFAs) such as propionic
and butyric acids secreted by anaerobic bacteria are able to inhibit
class I/II HDACs, thus modulating different pathways of immune
response (Correa-Oliveira et al., 2016).

Later on, HDACS6 isoform gained increasing attention, since its
key role in infection was shown, with particular reference to the
immune response associated with the infection process (Hamon and
Cossart, 2008; Bierne et al., 2012). HDACS differs from other isoforms
due to its exclusive cytoplasmic localization (other isoforms mainly
reside in the nucleus), which, of course, implies that its substrates are
cytoplasmic proteins such as a-tubulin, HSP90, and cortactin.
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Moreover, in contrast to other HDAC isoforms, HDACS6 features two
catalytic domains (Brindisi et al., 2020; Barone et al., 2022).

Accordingly, in 2015, it was demonstrated that only the HDAC6-
selective inhibitor TubA and not MS-275, which specifically inhibits
class I HDACs, enhanced bacterial killing by macrophages (Ariffin
et al,, 2015). Similar studies also showed that selective HDAC6
inhibition triggered bacterial clearance, reduced the formation of
pro-inflammatory cytokines, reestablished the population of innate
immune cells in the bone marrow, and enhanced survival in a sepsis
mouse model (Li et al., 2015; Zhao et al., 2016).

This evidence, coupled with the data connecting HDACS6 to the
modulation of mitochondrial activity and to the triggering of
mitochondrial ROS production, supports a key function for
HDACS in the regulation of bacterial clearance (Chen et al., 2008;
Kamemura et al., 2012; Bai et al., 2015), which strongly differentiates
HDACES isoform from class I HDAC:s.

In particular, HDAC6 inhibitors can modulate infection by
triggering innate immune-mediated bacterial clearance and/or
reducing the damage ascribable to the robust inflammation process
associated with the infection. Moreover, these data validate the use of
HDACS6-selective inhibitors as an innovative therapeutic option for
the treatment of airway chronic inflammation.

To further support this evidence, the outcome of Hdac6 depletion
on both the CF inflammatory response and the bacterial load was
recently examined in a model of chronic infection using clinical
P, aeruginosa to recapitulate the CF phenotype. The loss of Hdacé6 led
to increased bacterial clearance in CF mice, thus reestablishing
responses to bacterial challenge. Moreover, Hdac6 depletion limited
weight loss and modulated neutrophil recruitment, further validating
the benefits of HDAC6-selective inhibitors in diseases featuring
chronic airway inflammation, such as CF (Rosenjack et al., 2019).
We recently confirmed these data through pharmacological inhibition
of HDAC6, demonstrating for the first time the efficacy in reducing
bacterial load and inflammatory markers in a mouse model of chronic
P, aeruginosa infection (Brindisi et al., 2022).

While the role of the so-called acetylome enzymes in bacterial
infections is being increasingly explored and clarified, still little
information is available on their role in the regulation of virulence and
QS processes (Grabiec and Potempa, 2018).

We herein unveil for the first time the role of a very potent and
selective HDAC6 inhibitor in the modulation of QS and biofilm
formation in P aeruginosa. We demonstrated that F2F-2020202
affected the production of important virulence factors in P. aeruginosa,
namely pyocyanin and rhamnolipids, clearly impairing its ability to
form biofilm. Furthermore, evidence of possible QS involvement is
supported by differential regulation of specific genes, namely RhlI,
phAzl1, and gsrO. The implication of such results is discussed.

Materials and methods
Chemicals

F2F-2020202 is a small molecule (chemical formula C;sH,;sN;Oq,
MW =643 g/mol) designed and synthesized at the Department of
Pharmacy, University of Naples Federico II. It displays high potency
on HDACS6 (ICs,=4.1nM) and high isoform selectivity over HDACI,
as a representative of nuclear HDAC isoforms (ICs,=2292.0 nM), with
a selectivity index (SI) of 422. The molecule is currently subject to a
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patent application. Antibiotics were purchased from Sigma-Aldrich
(Milan, Italy).

Strains

Pseudomonas aeruginosa ATCC 27853 and P. aeruginosa PAO1
(ATCC BAA-47-B1) were obtained from the American Type Culture
Collection (Rockville, MD). Each tested compound was dissolved in
100 pL DMSO to give a stock solution (40 mM) and diluted in Mueller-
Hinton (MH). Upon sequential dilution, the final DMSO
concentration in the assays was well below 2% since literature data
demonstrate that 2% DMSO in the assay can modulate QS-associated
virulence factors in P. aeruginosa (Guo et al., 2016).

Bacteria antimicrobial susceptibility testing

The minimal inhibitory concentration (MIC) of all the compounds
was determined in Mueller-Hinton medium (MH) by the broth
microdilution assay, following the procedure already described
(Buommino et al., 2021). The compounds were added to bacterial
suspension in each well, yielding a final cell concentration of
1x10°CFU/mL and a final compound concentration ranging from
3.25 to 100 pM. Negative control wells were set to contain bacteria in
Mueller-Hinton broth plus the amount of vehicle (DMSO) used to
dilute each compound. Positive controls included 2ug/mL of
tobramycin (TOB 4.27 uM). All antibiotic concentrations reported are
according to breakpoint values reported in the EUCAST v.12.0 (The
European Committee on Antimicrobial Susceptibility Testing, 2022).
The MIC was defined as the lowest concentration of the drug that
caused a total inhibition of microbial growth after 24h incubation
time at 37°C. Medium turbidity was measured by a microtiter plate
reader (Thermo Scientific Multiskan GO, Waltham, MA,
United States) at 595 nm. All the tests were conducted at least three
times using independent cell suspensions.

Motility inhibition assays

Swimming and swarming motilities were performed following a
published procedure (Zhou et al., 2018). Briefly, 2 pL of overnight
P aeruginosa PAO1 cultures (OD 620=0.5) treated with 30pM
compound F2F-2020202 was inoculated at the center of the
swimming agar (1% tryptone, 0.5% NaCl, 0.3% agar, pH 7.2) and
swarming agar medium (1% tryptone, 0.5% NaCl, 0.5% glucose, 0.5%
agar, pH 7.2), respectively. DMSO (0.15%) was used as a negative
control. Plates were incubated at 37°C overnight, and migration was
then evaluated.

Biofilm inhibition assay

Crystal violet assay

The assay was performed following two procedures, both employing
the final crystal violet (CV) staining. First, the assay was conducted in
glass test tubes (13x100 mm) as described by Yamamoto et al., with some
modifications. Briefly, compound F2F-2020202 was added at a final
concentration of 30 pM, at which no growth inhibition was observed, to
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a volume of 3mL of medium containing 10°CFU/mL of P. aeruginosa
PAOL strain. Control cells were grown in medium broth alone. Negative
controls were set to contain bacteria in Mueller-Hinton broth (MH) plus
the amount of vehicle (DMSO) used to dilute the compound. After
culturing for 24h at 37°C, the supernatant was gently removed, and the
tubes were rinsed with 3mL of PBS. The biofilm biomass was then
measured by staining with 3mL of 0.1% crystal violet, ensuring that the
formed ring pellicle was covered. After 30 min of incubation, the crystal
violet was removed, and the biofilm biomass was quantified by adding
ethanol (EtOH) 100%. The absorbance was measured at 620nm using a
microtiter plate reader (Thermo Scientific Multiskan GO, Waltham, MA,
United States). The percentage of growth inhibition was determined using
the following formula: % of biofilm inhibition=((Control OD -
[compound F2F-2020202 or DMSO OD])/Control OD) x 100. [Control
represents MH with bacterial inoculum alone]).

P. aeruginosa tends to form a characteristic air-liquid interface
biofilm. The second protocol was performed to allow the microscopic
visualization of P. aeruginosa biofilm on glass surfaces (Kasthuri et al.,
2022). Briefly, wells containing 1 mL of MH broth with 15pM of
F2F-2020202 or DMSO were used as treated and control groups,
respectively. Then, 10°CFU/mL of P. aeruginosa PAOI strain was
added to each well. Successively, a 1 cm? glass piece was put in the well
diagonal to the broth surface and incubated at 37°C for 24 h. After
incubation, the slides were carefully taken with forceps, gently washed
three times in sterile distilled water, and then stained as above
reported. The unabsorbed dyes were removed by washing the slides in
sterile distilled water. After air drying at room temperature, the
biofilm architecture of control and treated samples was observed at x
400 magnification (Iris Digital System, Twin Helix).

Pyocyanin and rhamnolipid assay

Pyocyanin appears in different colors in media depending on the pH
and oxidation status of the culture (Rada and Leto, 2013). To ensure that
the 691/600nm ratio of the untreated bacterial cells was not higher than
that of the treated cultures due to a difference in the pH or oxidation
status, pyocyanin was first quantified according to Kumar et al. (2014)
with some modifications. P. aeruginosa PAO1 cultures prepared as above
reported (MIC assay) were treated with 30 uM compound F2F-2020202
for 24h at 37°C. The microbial culture was separately collected from each
growth medium and centrifuged at 10,000 rpm for 15min. The cell-free
culture supernatant (CFCS) was extracted with chloroform (5/3, v/v). The
organic phase was mixed with 1 mL of hydrochloric acid (0.2M). After
10min centrifugation at 4°C, the organic phase was collected. The
intensity of the solution color was quantified by measuring its absorbance
at the wavelength of 520nm.

The CFCS was also used for another pyocyanin quantification
protocol. The CFCSs of the control and treated groups were collected
by centrifugation at 10,000 rpm for 10min and filtered through a
0.2pm membrane filter. Pyocyanin concentration was then
determined by measuring the absorbance at 691 nm.

For the rhamnolipid assay, P. aeruginosa strain PAO1-treated
culture was centrifuged (10,000g for 10 min), the supernatant was
collected and acidified to pH 2 (with HCl), and the absorbance was
measured at 570 nm.

RNA isolation and real-time PCR
P. aeruginosa was treated with 30 pM of F2F-2020202 for 24 h.
Total RNA was isolated using the GenUp Total RNA kit
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(biotechrabbit, Berlin, Germany) according to the manufacturer’s
instructions. DNA contamination from the total RNA was removed
by incubation with DNase I (RNase-free DNase Set, Qiagen, Hilden,
Germany). Measuring the A260/A280 nm ratio assessed the nucleic
acid purity. To generate cDNA, total RNA was reverse transcribed
using RevertUP II Reverse Transcriptase (biotechrabbit, Berlin,
Germany) into cDNA using random hexamer primers (Random
hexamer, Roche Diagnostics, Monza, Italy) at 48°C for 60 min
according to the manufacturer’s instructions. The real-time PCR
was carried out using 1 pL of cDNA (5ng/pl). Expression levels of
several quorum sensing genes (see Table 1) were analyzed by
quantitative real-time polymerase chain reaction (QRT-PCR) using
the CFX96 system (Bio-Rad, Hercules, CA, United States) with the
SYBR Green Master Mix kit (Applied Biosystems, Waltham, MA,
United States). The thermal cycling parameters were the following:
50°C for 2 min for UDG activation, followed by the activation of the
DNA polymerase at 95°C for 2 min, 40 cycles comprising 15s at
95°C for denaturation, and 1 min at the primer-specific annealing
temperature (see Table 1) for annealing and extension. The
experiments were carried out in duplicate for each data point, and
the ribosomal gene rpsL was used as an internal control to
normalize all data.

Statistical analysis

Each antimicrobial assay was repeated at least three times. All
results of antimicrobial activity are expressed as mean *standard
deviation (S.D.). The results were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc comparison tests to
verify differences between compounds and concentrations (p <0.05).

Results and discussion

Compound F2F-2020202 was first tested for its ability to affect
bacterial cell growth on the P. aeruginosa PAO-1 strain. As reported
in Figure 1, the compound did not induce an evident and significant
reduction of cell growth at 30 and 15uM. Only at 60 puM, a slight
reduction of cell growth was observed (growth reduction
percentage =18%).

However, the 30 uM F2F-2020202-treated cells showed a visible
reduction in pyocyanin production (yellow staining of the medium)
when compared to the control cells (green staining) (Figure 2). The
same result was not observed at the 15uM (data not shown).
Consequently, the impact of compound F2F-2020202 on the
production of some PAO-1 virulence factors such as pyocyanin and
rhamnolipids was further analyzed using biochemical assays.

Biochemical quantification results confirmed the diminished level
of pyocyanin (22% decrease) (Figure 3A) and rhamnolipids (44%
decrease) (Figure 3B) in 30 pM treated P. aeruginosa. DMSO (0.15%),
used as a vehicle, did not affect by itself the production of
virulence factors.

Pyocyanin is an important P. aeruginosa virulence factor capable
of directly inducing pulmonary pathophysiology, associated with a
decline in lung function, and is essential for the release of extracellular
DNA (eDNA), aiding in the formation of biofilm (Das et al., 2013).
Additionally, pyocyanin contributes to the dominant colonization of
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TABLE 1 Primer sequences used for the gqRT-PCR and annealing conditions.

10.3389/fmicb.2024.1340585

Gene Sequence (5'-3) Annealing temperature
Fw GGCTGGGACGTTAGTGTCAT
LasI 60°C
Rev AAAACCTGGGCTTCAGGAGT
Fw CTGTGGATGCTCAAGGACTAC
LasR 55°C
Rev TCGTAGTCCTGGCTGTCCTT
Fw AAGGACGTCTTCGCCTACCT
RhII 60°C
Rev GCAGGCTGGACCAGAATATC
Fw CATCCGATGCTGATGTCCAACC
RhIR 55°C
Rev ATGATGGCGATTTCCCCGGAAC
Fw GGATGCCGAATTGGTTTG
pqsE 53°C
Rev GGTCGTAGTGCTTGTGGG
Fw AACGGTCAGCGGTACAGGGAAAC
phzA1 60°C
Rev ACGAACAGGCTGTGCCGCTGTAAC
Fw CTGTAACCGTTCGGCCCCCTTCATG
phzA2 60°C
Rev ATGCGAGAGTACCAACGGTTGAAAG
Fw ATGCTTACGTTTTGGGCTAT
qsrO 53°C
Rev ATGGAAATGGATTCTTTTGAGTT
Fw GCAACTATCAACCAGCTGGTG
rpsL 60°C
Rev GCTGTGCTCTTGCAGGTTGTG
§§88
15q ssss | CTRL
HHHH
*dekdk
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1.0+ §§ DMSO
1
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Q"" ek
(@) F2F-202
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FIGURE 2
Pyocyanin reduction induced by compound F2F-2020202 at 30 pM.
CTRL represents the untreated bacteria. DMSO 30 pM (0.15%) served
0.0 as the negative control. F2F-202 is the abbreviation for F2F-
2020202. The yellow staining of 30 uM F2F-2020202-treated cell
media reflects a reduction of pyocyanin production when compared
to the control and DMSO-treated cells (green staining). The image is
representative of nine different experiments.
FIGURE 1
MIC determination of compound F2F-2020202 against P. aeruginosa
PAO-1. The bacterial growth was determined at different
concentrations of compound F2F-2020202 (from here onward P, aeruginosa in the CF lung (Carlsson et al., 2011). Considering the
reported in figures as F2F-202, 60, 30, and 15pM) after 24h important role of pyocyanin in biofilm formation, we analyzed the
incubation time at 37°C. CTRL represents the untreated bacteria. . i o
DMSO 60 M and 30 uM (0.3 and 0.15%, respectively) served as the potential effect of F2F-2020202 on biofilm inhibition at 30 pM. The
negative controls. TOB represents tobramycin at 2 pg/mL (4.27 uM). treatment with F2F-2020202 significantly affects P. aeruginosa biofilm
Three replicates were performed. The error bars indicate the formation, as the pellicle in the glass tube was thin and slightly colored
mean + standard deviation of the mean. Statistical differences were . X . K .
determined using ANOVA followed by Tukey's test (***p <0.001 and (Figure 4A). A crystal violet assay allowed the estimation of biofilm
*rikp < 0.0001 vs. CTRL; ##p < 0.01; ####p < 0.0001 vs. DMSO; formation by quantifying the crystal violet uptake by the biofilm
ip<0.01 and 0688p < 0.0001 for significant differences among the matrix. As shown in Figure 4B, treatment with F2F-2020202 reduced
compound F2F-2020202 at different concentrations). Tobramycin . . N
showed a significant difference with DMSO at every concentration biofilm formation by 38% compared to untreated and DMSO-treated
(####p<0.0001). cells. We used also a second method to allow the microscopic
visualization of P. aeruginosa biofilm on glass surfaces. In Figure 4C,
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FIGURE 3

Effect of compound F2F-2020202 on virulence factors secreted by P. aeruginosa PAOL. CTRL represents the untreated bacteria. DMSO 30 pM (0.15%)
served as the negative control. F2F-202 is the abbreviation for F2F-2020202. The levels of pyocyanin (A) and rhamnolipids (B) at 30 uM concentration
were evaluated. Bar errors showed the standard deviations of nine, nine, and ten replicates, respectively. Statistical differences were determined using
ANOVA followed by Tukey's test (***p <0.001 and ****p <0.0001).
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FIGURE 4

Effect of compound F2F-2020202 at 30 uM on biofilm formation. CTRL represents the untreated bacteria. DMSO 30 pM (0.15%) served as the negative
control. F2F-202 is the abbreviation for F2F-2020202. (A) The biofilm assay in glass tubes at air-liquid interfaces showed a visible reduction of the
biomass attached to the glass walls. (B) Crystal violet staining. The absorbance values obtained at 620 nm are presented as mean + standard deviation.
Statistical differences were determined using ANOVA followed by Tukey's test (****p <0.0001). (C) Representative image of three independent
experiments performed on P. aeruginosa PAO1 showing the reduction of the biofilm organization and compactness. Images were micrographed using
the light microscope.

Frontiers in Microbiology 99 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1340585
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Barone et al.

10.3389/fmicb.2024.1340585
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FIGURE 5

were determined using ANOVA followed by Tukey's test (**p < 0.01).

(A) The pictures are representative of three independent experiments conducted on P. aeruginosa PAOL. CTRL represents the untreated bacteria.
DMSO 30 pM (0.15%) served as the negative control. F2F-202 is the abbreviation for F2F-2020202. Compound F2F-2020202 at 30 uM showed a visible
reduction in the swarming mobility on plate agar. (B) The bar chart shows the effect of compound F2F-2020202 at 30 pM on the swarming motility.
Five replicates were done for the statistical comparisons. The measurements are presented as centimeters + standard deviation. Statistical differences
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Expression levels of rhll, gsrO, and phzAl expressed as a percentage of the expression level of these genes in the control group. CTRL represents the
untreated bacteria. F2F-202 is the abbreviation for F2F-2020202. DMSO 30 uM (0.15%) served as the negative control. Three replicates were done for
the statistical comparisons. Statistical differences were determined using ANOVA followed by Tukey's test (*p < 0.05, **p < 0.01).

biofilm was allowed to form on a 1cm? glass piece. It is evident that
F2F-2020202 reduced the thickness of the biofilm, resulting in less
organization and compactness compared to DMSO-treated and
control cells.

Finally, since motility is a key factor in biofilm development,
we analyzed the activity of compound F2F-2020202 on swarming
motility, an organized form of surface translocation useful in the early
stages of biofilm development (Shrout et al., 2006). Swarming motility
was affected by treatments with F2F-2020202 at 30 uM, as shown in
Figures 5A,B. This result is in accord with the observed reduced
rhamnolipid production, a rhamnose-containing glycolipid surface-
active molecule with hemolytic activity, encoded by the QS-controlled
Rhl genes. The importance of such results relies on the role played by
rhamnolipids in chronic and acute P. aeruginosa lung infection. They
contribute to atelectasis, inhibit the mucociliary transport and ciliary
function of the human respiratory system, are implicated in swarming
motility, and finally play a crucial role in biofilm formation (Davey
etal., 2003).
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To confirm the biochemical results herein reported, we sought
to determine using real-time PCR the efficiency of F2F-2020202 to
modulate some QS-related genes that are involved in the regulation
of the above-mentioned virulence factors. We focused our analysis
on Las, Rhl, and Pgs. In summary, LasI and RhlI control the synthesis
of their autoinducers (Als) N-(3-oxododecanoyl)-L-homoserine
lactone (3-oxo-C12-HSL) and N-butanoyl-L-homoserine lactone
(C4-HSL), respectively, which bind to LasR and RhIR. The chemical
signaling pathways are hierarchically organized, with Rhl modulated
by Las. The third QS network in P. aeruginosa is the Pseudomonas
quinolone signal (Pgs), which is a non-acylated homoserine lactone
(AHL)-mediated QS signaling network employing alkyl-4-
quinolones (AQs), among which 2-heptyl-3-hydroxy-1H-quinolin-
4-one (PQS) and 2-heptyl-1H-quinolin-4-one (HHQ) as signal
chemical effectors. These diversified Als used by the QS network are
strongly interconnected and mutually modulate their activities.
Upon binding to LasR, RhIR, or PgsR, these signal molecules activate
the expressions of QS-related genes of P. aeruginosa, controlling the

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1340585
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Barone et al.

production of virulence factors, including proteases and exoenzymes,
allowing the bacteria to trigger the infection process in the host
tissue (Garcia-Reyes et al., 2020). QS controls the pyocyanin
biosynthesis through a cascade of complex steps orchestrated by two
enzymes encoded on two homologous operons phzABCDEFG,
named phzAl and phzA2, whose expression can be repressed by the
gsrO gene product (Mavrodi et al., 2001; Kohler et al., 2014). The
regulator gene gsrO plays an important role in the QS system since
it can downregulate all QS system regulatory and target genes.
Finally, AHLs and HHQs also participate in the modulation of
inflammation and immune responses in the host (Caldwell et al.,
2009). In this context, molecules targeting QS have been suggested
to have a beneficial effect by reducing P. aeruginosa virulence factors
and, thus, its pathogenicity (Rada and Leto, 2013) and boosting the
susceptibility to antibiotics of the bacteria embedded in biofilm
(Cohen and Prince, 2012). We analyzed the expression levels of
genes coding signal molecule catalyzing enzymes (pgqsE, lasl, and
rhll), the expression levels of genes coding for transcriptional
activators binding with signal molecules (lasR and rhiIR), and gsrO
gene expression, which are the main QS genes investigated in
P aeruginosa. Surprisingly, despite the relevant reduction of
virulence factors described above, we did not observe a strong
modulation of the gene expression (Figure 6). Gene expression levels
decreased by 30% for rhll and 24% for phzAl, while qsrO was
induced by 18%. On the contrary, las, lasR, rhIR, pgsE, and phzA2
were not modulated (data not shown). With these data in hand,
we have tried to provide a rational explanation of the experimental
results and to link the QS gene expression to the observed
biochemical results. Of course, the biochemical results offer an
unambiguous picture of the F2F-2020202 effect on the modulation
at the molecular level of QS. Accordingly, upon our preliminary
investigation of gene expression, the registered reduction in rhil gene
expression might lead to reduced C4-HSL production, inducing an
absence of regulation of the hierarchically connected QS genes. This
could explain the reduction of pyocyanin and rhamnolipid synthesis,
both under the control of rhll. Rhamnolipid regulation is also under
the control of pgsE, which is involved in bacterial response to PQS
and pgsR. Unfortunately, we did not observe a pgsE gene expression
modulation, thus making even more complex the interpretation of
the phenotypic results. Worthy of note, the null mutation in PQS
leads to reduced biofilm formation and decreased pyocyanin,
elastase, PA-IL
(Yan and Wu, 2019).
However, due to the complexity of the QS system in P. aeruginosa,
from the results obtained in this study, it is difficult to link the QS gene
expression to the observed biochemical results. The partial reduction

lectin, and rhamnolipid production

of some QS gene expressions, as well as the lack of modulation of
others, suggests that the observed effects are not directly under the
control of the rhl system but, rather, linked to a more complex
interaction among QS regulators.

Conclusion

In this study, we showed for the first time the activity of new
selective HDACS6 inhibitors in the attenuation of P aeruginosa
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virulence. Compound F2F-2020202 reduced the production of
pyocyanin and rhamnolipids and affected the ability of P. aeruginosa
to form biofilm. Our results are strongly relevant since they
demonstrate for the first time the effect of such inhibitors on the
modulation of virulence factors of P. aeruginosa.

The data herein obtained can also in part explain our previous
results with selective HDAC6 inhibitors showing the reduced
inflammation and bacterial load in chronic infection models
recapitulating CF phenotype. The significant reduction in
pyocyanin and rhamnolipid production, key players in the
pathophysiology of CF, and subsequent biofilm reduction should
lead to reduced inflammation and recovered protective immune
response. This study fosters future in-depth investigation to allow
the complete elucidation of the molecular mechanisms underlying
F2F-2020202 activity. In particular, targeted RNA sequencing to
profile-specific QS transcripts will be helpful in studying and
unveiling genes and pathways regulated by HDAC6 inhibitors.
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Isolates coproducing serine/metallo-carbapenems are a serious emerging
public health threat, given their rapid dissemination and the limited number
of treatment options. The purposes of this study were to evaluate the in vitro
antibacterial activity of novel f-lactam-p-lactamase inhibitor combinations
(BLBLIs) against carbapenem-resistant Klebsiella pneumoniae (CRKP)
coproducing metallo-p-lactamase and serine-p-lactamase, and to explore
their effects in combination with aztreonam, meropenem, or polymyxin in
order to identify the best therapeutic options. Four CRKP isolates coproducing
K. pneumoniae carbapenemase (KPC) and New Delhi metallo-p-lactamase
(NDM) were selected, and a microdilution broth method was used to determine
their susceptibility to antibiotics. Time-kill assay was used to detect the
bactericidal effects of the combinations of antibiotics. The minimum inhibitory
concentration (MIC) values for imipenem and meropenem in three isolates did
not decrease after the addition of relebactam or varbobactam, but the addition
of avibactam to aztreonam reduced the MIC by more than 64-fold. Time-kill
assay demonstrated that imipenem-cilastatin/relebactam (ICR) alone exerted a
bacteriostatic effect against three isolates (average reduction: 1.88 log,, CFU/
mL) and ICR combined with aztreonam exerted an additive effect. Aztreonam
combined with meropenem/varbobactam (MEV) or ceftazidime/avibactam
(CZA) showed synergistic effects, while the effect of aztreonam combined
with CZA was inferior to that of MEV. Compared with the same concentration
of aztreonam plus CZA combination, aztreonam/avibactam had a better
bactericidal effect (24 h bacterial count reduction >3 log;,CFU/mL). These data
indicate that the combination of ATM with several new BLBLIs exerts powerful
bactericidal activity, which suggests that these double p-lactam combinations
might provide potential alternative treatments for infections caused by
pathogens coproducing-serine/metallo-carbapenems.

KEYWORDS

carbapenem-resistant Klebsiella pneumoniae, -lactamase inhibitor, bactericidal
effect, time-kill assay, aztreonam
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Introduction

The emergence and widespread dissemination of acquired
f-lactamase genes have made carbapenem-resistant Enterobacterales
(CRE) a formidable challenge in global public health and clinical
management (Gandra and Burnham, 2020). Meanwhile, carbapenem-
resistant Klebsiella pneumoniae (CRKP) causes severe infections in
debilitated and immunocompromised patients, leading to extended
hospital stays and increased mortality, and has been classified as an
“urgent threat” by the US Centers for Disease Control and Prevention
(CDCQC) (Tzouvelekis et al., 2012). Resistance of CRKP to p-lactam
antibiotics is usually associated with the production of p-lactamases,
(ESBLs) and
carbapenemases belonging to various molecular classes (Nordmann

including  extended-spectrum  f-lactamases
and Poirel, 2019). To counteract the hydrolytic activity of these
enzymes and to restore the antimicrobial activity of some p-lactam
antibiotics, combinations of f-lactam with f-lactamase inhibitor (BLI)
have been developed; this represented a breakthrough for clinical
treatment, and some of these combinations have been approved by the
Food and Drug Administration (FDA). The main novel groups are
diazobicyclooctanes (DBOs) (avibactam and relebactam) and boronic
acid derivatives (vaborbactam) (Yahav et al., 2020). Avibactam has
been used in combination with ceftazidime, which provides extensive
activity against Enterobacterales and Pseudomonas aeruginosa
expressing one or multiple P-lactamases (Zhanel et al, 2013;
Castanheira et al., 2015). Relebactam, which is closely related to
avibactam at the structural level, was developed to enhance the activity
of imipenem after displaying compatibility and effectiveness both in
vitro and in mouse infection models of CRE (Blizzard et al., 2014;
Papp-Wallace et al,, 2018). A multicenter comparative study found
that imipenem-cilastatin/relebactam (ICR) was more effective than
imipenem plus polymyxin therapy and was an efficacious and well-
tolerated treatment option for carbapenem-resistant infections
(Motsch et al, 2020). Vaborbactam was approved for use in
combination with meropenem [meropenem/vaborbactam (MEV)] by
the FDA in August 2017, showing excellent in vitro activity against
KPC-producing Enterobacterales (Hackel et al., 2018). Although these
combinations are very active against class A $-lactamase-producing
Enterobacterales, none of them display activity against metallo-f-
lactamase (MBL)-producing isolates.

Aztreonam remains a clinically available agent for metallo-f-
lactamase-producing strains due to its ability to evade MBL-mediated
hydrolysis, but it can be hydrolyzed by most clinically relevant serine
beta-lactamases, such as ESBLs, AmpC, and KPC (Brogden and Heel,
1986). The most troubling isolates are probably those that produce
both serinase and MBLs, since most -lactam antibiotics and BLI
inhibitors are ineffective against them. In recent years, more and more
studies have sought to use combination therapy treatment against
MBL-producing strains, and some of these have indicated that a
combination of aztreonam plus CZA displays in vitro synergy against
MBL-producing Enterobacterales (Marshall et al., 2017; Jayol et al.,
2018). It has also been found that the combination of aztreonam plus
avibactam is highly active against MBL-producing strains, with the
MIC;, being 0.5 mg/L in a wide range of CREs (Karlowsky et al., 2017).
This raises the question of whether a combination of aztreonam with
other p-lactam-p-lactamase inhibitor combinations (BLBLIs) is a
potential treatment option against strains coproducing serinase and
MBL. In this study, to explore the best potential treatment combination
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against strains coproducing serine-p-lactamase and MBL, time-kill
assay was used to assess and compare the antibacterial effects of
several combinations of aztreonam with antibiotics (including CZA,
MEYV, ICR, AV], polymyxin, and meropenem).

Materials and methods

Bacterial strains and resistance
characteristics

A total of 127 CRKP isolates were collected from patients admitted
to Yongchuan Hospital of Chongging Medical University from 2019 to
2020. Identification at the species level was performed by matrix-
assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass
spectrometry (Bruker Daltonik, Bremen, Germany) and by analysis
using a VITEK-2 automated microbiology analyzer (bioMérieux,
France). A modified carbapenem inactivation method (mCIM) and an
EDTA-modified carbapenem inactivation method (eCIM) were used to
conduct preliminary screening of the production of carbapemase, as
described in the Supplementary materials. The beta-lactamase genes
blacrx s blasay, blargy, blaoxa, blaxee, and blaxpy were routinely
amplified via PCR, and the positive results were sequenced via Sanger
sequencing. All primers were obtained from previous studies (Gong
etal, 2018; Huang et al., 2021). The patient electronic medical records
corresponding to all strains were collected from the hospital information
management system and the laboratory information management
system of our hospital. Four K. pneumoniae clinical isolates that were
coproducers of KPC and NDM (CRKP238, CRKP241, CRKP279, and
CRKP319) were obtained and utilized for all experiments.

Multilocus sequence typing (MLST)

Multilocus sequence typing (MLST) was performed using seven
housekeeping genes of K. pneumoniae that were amplified using
primers from online databases,' and sequence types (STs) were
determined using online database tools. The novel allele profiles were
sent to klebsiellaMLST@pasteur.fr for confirmation.

Antimicrobial susceptibility testing

The antibiotics tested in this study were tigecycline, polymyxin,
meropenem, imipenem, amikacin, levofloxacin, aztreonam, CZA,
MEYV, ICR, and aztreonam/avibactam. All antibiotic powders were
weighed in an electronic balance and prepared in stock antibiotic
solutions at all storage concentrations in sterile water (DMSO for
aztreonam) and stored at —80°C. The specific dissolution method is
shown in Supplementary Table S1. Subsequently, the aliquots were
thawed and diluted to the desired concentrations with cation-adjusted
Mueller Hinton broth (CAMHB). Antimicrobial susceptibility was
evaluated using reference broth microdilution methods, conducted
according to Clinical and Laboratory Standards Institute (CLSI)

1 https://bigsdb.pasteur.fr/klebsiella/primers-used/
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procedures (document MO07). Quality control strains included
Escherichia coli ATCC 25922, K. pneumoniae ATCC 700603, and
ATCC BAA-1705, and the minimum inhibitory concentrations
(MICs) were interpreted according to CLSI recommendations.

Time-Kill experiment

Time-kill studies were performed to analyze the bactericidal
activity of the selected antibiotics alone and in combination with
BLBLIs at clinically achievable free-drug concentrations. All
experiments were performed in duplicate. An overnight culture of
isolate was diluted with LB broth and further incubated at 37°C
(120rpm) for 12 h to reach early log-phase growth. The initial bacterial
inoculum was adjusted to 10°CFU/mL in fresh CAMHB broth.
Antibiotic concentrations used during time-kill experiments represent
mean steady-state concentrations of non-protein-bound drug in
humans, as calculated from data in the literature (based on the area
under the antibiotic concentration-time curve in serum or plasma
over 24h divided by 24h [AUC, ,,/24h]). The following antibiotic
concentrations were used: aztreonam, 17 mg/L (Tangden et al., 2014);
meropenem, 10 mg/L (Benitez-Cano et al., 2020); polymyxin, 2 mg/L
(Tsuji et al., 2019); CZA, 33.5/6 mg/L (Das et al., 2020); aztreonam/
avibactam, 17/6 mg/L; MEV, 23.2/25.5mg/L (Wenzler et al.,, 2015);
and ICR, 11.4/7.5mg/L (Rizk et al., 2018). Viable colony counts were
performed by obtaining samples after 0, 2, 4, 8, 12, and 24h of
antibiotic exposure. Synergy was defined as induction of a reduction
by >2 log,, CFU/mL by the combination compared with the most
active agent alone. Bactericidal activity was defined as a> 3 log,, CFU/
mL reduction in viable bacterial count at 24h compared with the
initial inoculum. The detection limit of the time-kill assay was 2.17
log,y CFU/mL.

Results
Bacterial strains and patient characteristics

The CZA resistance rate of 127 CRKP isolates collected from 2019
to 2020 was 12.5% (16/127). The resistance and carbapenemase
production status of these isolates are shown in Supplementary Table S2;
among these, four CZA-resistant isolates contained NDM enzyme and
KPC enzyme, nine isolates only produced NDM enzyme, one isolate
produced IMP enzyme, and two isolates only produced KPC-2
enzyme. The treatment history of patients with isolates coproducing
NDM and KPC was further analyzed. As shown in Figure 1, three
strains (CRKP238, CRKP268, and CRKP216) were isolated from
patient A, who was admitted to the respiratory critical care unit due
to pneumonia. After a period of treatment with meropenem and
cefepime, an ST170 isolate (CRKP238) carrying blagpc , and blaypy s
was isolated from sputum. After the patient was transferred to the
respiratory intermediate care unit (RICU) and had continued to
be treated with meropenem and cefoperazone/sulbactam for a period
of time, two STI11 isolates (CRKP268 and CRKP216) that only
produced KPC-2 enzyme were isolated in the urine and secretions,
respectively. Patient B was admitted to the respiratory critical care
department due to chronic obstructive pulmonary disease (COPD).
After 7 days of treatment with cefepime, CRKP241 was isolated from
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the patient; he was then discharged after 5days of treatment with
tigecycline. Patient C, a preterm infant, was treated with meropenem,
imipenem, and ceftazidime, after which a multidrug-resistant isolate
(CRKP279) was isolated from sputum. After treatment with amikacin
cefoperazone/sulbactam, patient C was cured and discharged. Finally,
CRKP319 belongs to ST6279, which is a novel ST identified in our
study, exhibiting a multidrug resistance phenotype; it was isolated
from patient D, with neonatal pneumonia, who was discharged after
treatment with ceftazidime and cefoperazone/sulbactam.

Antimicrobial susceptibility testing

As shown in Table 1, the four isolates selected in this study carried
blarey, blagec,, and blaxpy, or blaypys, respectively. In addition,
CRKP238 also produced blacrxmes- Four strains were resistant to
meropenem and imipenem; addition of neither 4 mg/L relebactam nor
8mg/L vaborbactam resulted in a decrease in the MIC values, except
in the case of CRKP238. For CRKP238, adding relebactam to imipenem
reduced the MIC value by 256-fold, and adding vaborbactam to
meropenem reduced the MIC value by more than 128-fold. All strains
were highly resistant to CZA (MIC >256mg/L) and aztreonam
(MIC>32mg/L). While the addition of 4mg/L avibactam to aztreonam
significantly decreased the MIC by more than 64-fold, MIC values of
three of the strains against polymyxin were 2 mg/L, the exception being
CRKP241, which was resistant to polymyxin.

Time-Kill assay results

The growth and kill trends for four isolates cultured with seven
antibiotics at average steady-state serum concentrations are shown in
Figure 2; Supplementary Figure SI. Bacterial growth without
antibiotics reached 10 to 11 log,, CFU/mL at 24 h for all isolates. Single
antibiotics (aztreonam, meropenem, and polymyxin) were not
bactericidal against any of the isolates at 24h. CZA and MEV
monotherapy were also not bactericidal against any of the isolates at
24h. The CZA combination therapies with different antibiotics
showed different effects as compared with monotherapy. Neither CZA
plus meropenem nor CZA plus polymyxin was bactericidal against
CRKP241, CRKP279, or CRKP319. For CRKP238, CZA combined
with meropenem or polymyxin achieved more than 3 log,, CFU/mL
reduction compared with the initial inoculum (Figure 2;
Supplementary Figure S1). Although aztreonam alone was ineffective
against all four strains, it had a synergistic effect when combined with
CZA. The combination of aztreonam plus CZA produced bactericidal
activity at 12h, which achieved more than 3.78 log, CFU/mL bacteria
reduction, except in the case of strain CRKP241. However, in all
isolates, regrowth was observed at 24 h, with an average reduction of
2.30 log,, CFU/mL compared with the initial inoculum.

Similar to CZA monotherapy, the use of MEV alone produced no
bactericidal activity against any strains at 24h. However, the
combination of MEV plus aztreonam had a synergistic effect, resulting
in more than 3.78 log10 CFU/mL reduction at 24h. Unlike CZA and
MEV monotherapy, ICR alone decreased bacteria relative to the
inoculum to varying degrees at 24h (for CRKP238, 1.8 log,,CFU/mL
reduction; for CRKP241, approximately 2.12 log,, CFU/mL reduction;
for CRKP319, approximately 1.72 log,, CFU/mL reduction). However,
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FIGURE 1

Timeline of CRKP infection and treatments during the patients’ hospitalizations. CRKP238, CRKP268, CRKP216, CRKP241, CRKP279, and CRKP319 are
carbapenem-resistant Klebsiella pneumoniae strains. MEM, meropenem; FEP, cefepime; SCF, cefoperazone/sulbactam; TZP, piperacillin/tazobactam;
TGC, Tigecycline; CTM, cefotiam; IPM, imipenem; CAZ, ceftazidime; AMK, amikacin.

TABLE 1 The minimum inhibitory concentrations (MICs) of antibiotics and antimicrobial resistance genes (ARGs) of four carbapenem-resistant
Klebsiella pneumoniae isolates.

Antibiotics CRKP238 CRKP241 CRKP279 CRKP319
MIC (mg/L)
Imipenem 64 8 16 16
Meropenem >128 16 64 32
Amikacin 2 2 2 >128
Levofloxacin 64 4 <0.125 16
Tigecycline 2 32 2 4
Polymyxin 2 4 2 2
Aztreonam >128 >128 32 >128
ATM/AVI 0.5/4 0.5/4 0.5/4 0.25/4
CZA >256/4 >256/4 >256/4 >256/4
ICR 0.25/4 8/4 32/4 16/4
MEV 1/8 16/8 >32/8 16/8
blagpc.
blﬂkpoz blﬂkpcrz e
blakpcrz blayp,
blaxpm s blaxpn
ARGs blanpys blargy,
blaey blaygy
blargy blagy
blacry w.es qu
qnrS

ATM/AV], aztreonam/avibactam; CZA, ceftazidime/avibactam; ICR, imipenem-cilastatin/relebactam; MEV, meropenem/vaborbactam.

ICR plus aztreonam produced bactericidal activity against all strains,

Discussion

but this effect was only an additive one. In addition, the combination

of aztreonam and avibactam tested in this study was found to exhibit
bactericidal activity and reduced the amount of bacteria by more than

3.78 log,) CFU/mL.
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fB-lactam antibiotics are the most widely used and abundant
antibiotics in clinical practice. Unfortunately, the abuse of
carbapenems has undoubtedly contributed to the emergence and
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FIGURE 2
Bacterial load (log10 CFU/mL) over the course of 24 h in the four carbapenem-resistant Klebsiella pneumoniae isolates coproducing KPC and NDM for
each antibiotic combination regimen were shown in A=H. LOD (lower limit of detection) = 2.17 log10 CFU/mL. ATM, aztreonam; CZA, ceftazidime/
avibactam; MEV, meropenem/vaborbactam; ICR, imipenem-cilastatin/relebactam; AVI, avibactam; MEM, meropenem; PB, polymyxin.
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widespread distribution of acquired p-lactamase genes, which have
led to an increasing resistance rate. In the case of serine/metallo-
enzyme-coproducing pathogens, often referred to as “superbugs,”
which are capable of hydrolyzing nearly all available p-lactam
antibiotics, BLBLI preparations may not be effective in terms of
their bactericidal effect, and there is an ongoing quest for
new treatment.

It was expected that no bactericidal effect would be observed
for CZA and MEV monotherapy, although the MIC values against
MEV were lower than the concentrations used in the time-kill
assay, except in the case of CRKP279. Published data show that ICR
has excellent in vitro activity against isolates carrying class A and C
B-lactamases (Hirsch et al., 2012) but is not effective in restoring
MBL
carbapenemases (Lapuebla et al., 2015). However, recent data from

susceptibility to isolates expressing OXA-48 or
a small sample showed that 42.9% of MBL-producing K. pneumoniae
isolates (6/14) were susceptible to ICR (Yang et al., 2022). Contrary
to expectations, ICR showed bacteriostatic activity against three
strains in this study, although the addition of relebactam to
imipenem did not reduce the MIC against three of the strains, with
CRKP238 being the exception. In a study by Yu et al., ICR displayed
bactericidal activity against four MBL-producing isolates at 24h
(Yuetal., 2021); the amount of bacteria in three isolates producing
NDM or IMP enzyme decreased by >5 log,, CFU/mL. These
observations highlight a need to further evaluate the effectiveness
of ICR against MBL-producing isolates.

Aztreonam is a special f-lactam, given its resistance to MBL
inhibition, while the presence of KPC can hydrolyze it, so
aztreonam alone is not enough to fight against strains coproducing
MBL and KPC enzyme. The synergistic effects of aztreonam plus
CZA or MEV have been confirmed in vitro and in vivo (Marshall
et al., 2017; Biagi et al., 2019), and a recent observational study
indicated that the combination of CZA plus aztreonam offers a
therapeutic advantage for patients with bloodstream infections due
to MBL-producing Enterobacterales (Falcone et al.,, 2021). Our
results demonstrated that the combinations of aztreonam plus CZA
or MEV both had a synergistic effect, whereas MEV combinations
had better bactericidal activity at 24h compared with CZA
combinations. In addition, bacterial regrowth was observed in three
strains at 24 h, which suggests that clinical killing of bacteria may
be possible by increasing the frequency of drug administration.
We also found that the bactericidal effect achieved by the
combination of aztreonam plus ICR was similar to that of
aztreonam plus MEV, which can reduce the amount of bacteria by
more than 3.78 log,, CFU/mL.

Avibactam is also currently in development in combination with
aztreonam; although avibactam does not inhibit MBLs, this
combination restores the activity of aztreonam against MBL-producing
pathogens via inhibition of co-expressed serinase. The aztreonam/
avibactam combination has demonstrated potent in vitro activity
against MBL-producing Enterobacterales in several surveillance
studies. In the global INFORM surveillance study, the MICs,9, against
OXA-48 plus MBL (n=23) was 0.25/0.5mg/L, respectively
(Kazmierczak et al.,, 2018). Our in vitro susceptibility test (MIC values
<0.5/4mg/L) and time-kill assay also showed that aztreonam/
avibactam was potent against CRKPs coproducing NDM and KPC.

While the theory behind combining aztreonam with avibactam,
CZA, MEYV, or ICR is the same, notable differences between these
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combinations are present in the form of the penicillin-binding
protein (PBP) targets of the f-lactams and the p-lactamase affinity
of the inhibitors, which may lead to different effects. Aztreonam has
high affinity for PBP3, while ceftazidime mainly binds to PBP1a/b
and PBP3, disrupting peptidoglycan synthesis in K. pneumoniae
(Sutaria et al, 2018). In this study, the time-kill assay results
demonstrated that aztreonam/avibactam was more effective than
aztreonam plus CZA, reducing the amount of bacteria to a greater
extent. We speculate that ceftazidime and aztreonam competitively
bind to PBP3, while ceftazidime can be hydrolyzed by NDM to
counteract its bactericidal effect, resulting in the inferior combined
effect of aztreonam plus CZA as compared to aztreonam/avibactam.
It has been found that the saturation of one or more PBPs also
results in different bacterial dissolution rates, and the saturation of
multiple PBP sites leads to higher bacterial dissolution rates (Satta
et al,, 1995). Meropenem and imipenem bind to PBP2 and PBP4
(Sutaria et al., 2018), and when these are combined with aztreonam,
the combination could lead to the saturation of multiple sites, which
may explain the better combined effect of MEV or ICR plus
aztreonam in this experiment. In view of the different bactericidal
effects of these double f-lactam combinations, promising dual-drug
and triple-drug combination administration strategies can
be rationally designed and optimized in the future based on existing
PBP binding sites and B-lactamase mechanisms against multidrug-
resistant K. pneumoniae, which may be superior to unoptimized,
empirical double p-lactam combinations.

Different effects have been observed for the combination of
polymyxin plus CZA. Some experiments have found that this
combination does not improve the survival rate of Galleria mellonella
(Borjan et al., 2020), while others have found that the combination of
colistin plus CZA has a synergistic bactericidal effect against
MBL-producing strains (Montero et al., 2021). In addition, one study
tested the efficacy of a double p-lactam strategy against
carbapenemase-producing isolates, finding that CZA combined with
meropenem or imipenem showed synergy against certain
KPC-producing strains (Gaibani et al., 2017). However, our results
only detected one strain that showed synergistic effect in time-kill
assay. The effects of meropenem or polymyxin combined with CZA
need further investigation.

Conclusion

The combination of aztreonam plus avibactam, CZA, MEV, and
ICR showed good antibacterial activity. These double B-lactam
combinations offer potential solutions for isolates coproducing MBL
and KPC. However, the collection in this study was monocentric, and
the 24-h static nature of in vitro time-kill experiments is a limitation
of this study. More isolates are needed to conduct in vitro and in vivo
studies to further determine the appropriate selection of and optimal
dosing regimen for novel agents.
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