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ABSTRACT

Background: Following the COVID-19 pandemic, a significant rise in multidrug-resistant pathogens such as
Acinetobacter, Enterobacter, Escherichia, Klebsiella, Providencia, Pseudomonas and Serratia spp. was observed in
Minas Gerais, Brazil. Diagnostic disparities and antimicrobial overuse for COVID-19-associated pneumonia likely
contributed to resistance gene spread.

Methods: This retrospective, cross-sectional, descriptive study analysed 13,012 Gram-negative bacterial isolates
collected from hospitals across Minas Gerais between 2016 and 2022. Samples, including urine, tracheal secretion,
blood and surgical wound exudate, were referred to the state public health laboratory (LACEN-MG) based on
resistance patterns detected via antibiograms. Genotypic analysis involved PCR screening for resistance genes
(blaKPC, blaOXA, blaNDM, blaSPM, blaVIM, blaIMP), categorized by pandemic period (pre-, during and post-
COVID-19). The presence of at least one gene indicated multidrug resistance.

Results: Among isolates, 70.8% were fermenting bacilli, mainly Klebsiella spp. (73.8%), 29.2% were non-
fermenting, mostly Acinetobacter spp. (62.1%) and Pseudomonas spp. (37.9%). Post-pandemic resistance increased
significantly (p<0.05). blaKPC declined in relative frequency (66.3% pre-pandemic to 44.4% post-pandemic) but
absolute numbers rose (n=2,906). blaOXA and blaNDM increased to 41.1% and 13.5%, respectively, with blaNDM
increasing over sixfold. Mcr-1 appeared exclusively post-pandemic in four isolates. b/laSPM, blaVIM and blaIMP
remained rare; blaIMP was detected only post-pandemic (0.24%, n=16).

Conclusions: Post-pandemic, resistance gene profiles diversified, with expansion of blaOXA, blaNDM and
emergence of mcr-1. Strengthened molecular surveillance, equitable diagnostic access and antimicrobial stewardship
are urgently needed in Brazil.

Keywords: Anti-microbial stewardship, blaKPC, Infection control, Molecular diagnostics, Multidrug-resistant,
Resistance genes, Surveillance

INTRODUCTION most robust ones. Minas Gerais, a state in south-eastern

Brazil with over 20 million inhabitants, was no exception,
The COVID-19 pandemic has had a devastating impact as th? already fragile system for investigating hOSPit?{l'
on healthcare systems worldwide, disrupting even the acquired resistance genes came to a near standstill in
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2020. This phenomenon occurred throughout Brazil,
leading to underdiagnosis, along with the interruption of
essential elective healthcare services, which contributed
to the rise of antimicrobial resistance.! Globally,
antimicrobial resistance (AMR) was already recognized
as a critical health threat prior to the pandemic, associated
with approximately 4.95 million deaths in 2019.2 During
the COVID-19 pandemic, several studies indicated that
empirical and often inappropriate use of antimicrobials to
treat suspected secondary infections accelerated the
spread of resistance genes, particularly among Gram-
negative bacteria.>* In hospital settings, especially in
intensive care units (ICUs), there was a marked increase
in infections caused by multidrug resistant organisms
(MDROs), a phenomenon attributed to both excessive
antimicrobial use and breakdowns in infection prevention
measures under the pressures of the pandemic.’

The spread of resistance mediated by plasmids, facilitated
by environmental contamination and transmission by
healthcare workers' hands (cross-contamination), reflects
the vulnerability arising from inadequate hygiene and
infection control practices.® These dynamic underscores
the crucial role of robust infection prevention programs
and rational antimicrobial use, whose disruption during
the pandemic created opportunities for resistance genes to
spread more rapidly.” Additionally, studies emphasize
that low- and middle-income countries like Brazil face
added challenges due to centralized laboratory networks
and the uneven distribution of diagnostic capabilities,
further hindering the timely identification and control of
resistant pathogens.®

Recent systematic reviews reinforce global concerns
regarding the increase in antimicrobial resistance during
the COVID-19 pandemic. Langford et al identified a
significant rise in resistance among Gram-negative
pathogens in patients with COVID-19, especially in
hospital settings. Similarly, Sulayyim et al reported high
resistance rates of Acinetobacter baumannii and
Klebsiella pneumoniae to various antibiotics, including
colistin, during the pandemic period. These findings
highlight the urgent need to strengthen surveillance
systems and promote rational antimicrobial use.*!?

In Minas Gerais, the centralization of biological sample
analysis (genotyping) in a single regional public
laboratory highlights the concentrated technical capacity
and limited infrastructure of advanced laboratories in
other microregions. Consequently, the post-pandemic
period represents a critical window to assess the long-
term impacts of interrupted surveillance systems and the
inappropriate use of antimicrobials on the genetic
landscape of hospital-acquired bacterial resistance.
Therefore, this study aimed to analyze and compare the
genotypic profile of hospital bacterial resistance in Minas
Gerais, Brazil, across the pre-, during and post-COVID-
19 pandemic periods. By examining variations in the
detection of resistance genes over time, the study seeks to
highlight the potential consequences of disrupted

diagnostic services and weakened infection control
practices on the spread and evolution of antimicrobial
resistance in a middle-income healthcare setting.

METHODS

This is a cross-sectional, retrospective, descriptive study
conducted between 2016 and 2022 in the state of Minas
Gerais, Brazil. A total of 13,012 Gram-negative bacterial
isolates from hospitals were analyzed, extracted from the
database of the Central Public Health Laboratory of
Minas Gerais (LACEN-MG). The samples, collected
from cases of infection and/or colonization, were sent by
healthcare institutions mainly hospitals as recommended
by Technical Note No. 01/2013 of the National Health
Surveillance Agency (ANVISA).!!

Total of clinical samples
collected (2016-2022):
13,339

Y

Exclusion of gram-positive
bacteria: 327

v

Inclusion of gram-negative
bacteria; 13,012

h A
Phenotypick resistance
profile-based selection:

blakPC, blaOXA, blaNDM,

blaSPM, blaViIM, blalMP

A 4

Temporal classification of
samples: pré-pandemic,
pandemic and
post-pandemic

v

Statistical analyses:
descriptive, Chi-square test

Figure 1: Methodological flowchart of the study on
resistance genes in gram-negative bacteria isolated
from hospitals in Minas Gerais, Brazil (2016-2022).

The samples were collected from 37 municipalities across
all regions of the state, with a focus on the capital, Belo
Horizonte, which accounted for 65% of the total
biological samples. The materials mainly included urine,
tracheal secretion, blood and surgical wound exudate.
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The samples were sent to LACEN based on phenotypic
resistance profiles identified by the microbiology
laboratories of the participating units. All materials that
showed resistance in the antibiogram to one or more
classes of antimicrobials, such as carbapenems or other
critical classes, were analyzed. Genotypic analysis was
performed by detecting resistance genes blaKPC,
blaOXA, blaNDM, blaSPM, blaVIM and blaIMP using
polymerase chain reaction (PCR). The presence of one or
more of these genes was considered indicative of
multidrug resistance (MDR).

For temporal analysis, the data were categorized into
three periods pre-pandemic (until March 2020), pandemic
(April 2020 to December 2021) and post-pandemic
(January 2022 to December 2023). Descriptive statistics
and univariate analyses were applied to assess the
distribution of microorganisms and resistance genes. The
comparison of resistance rates between periods was
conducted using the chi-square test, with a significance
level set at p<0.05. As an inclusion criterion, all samples
of Dbiological materials sent by hospitals with
carbapenem-resistant microorganisms were considered,
according to Technical Note 01/2013. As an exclusion
criterion, gram-positive bacterial isolates (n=327) were
excluded from the analysis. This study was approved by
the Research Ethics Committee of the Ezequiel Dias

Foundation (FUNED), under protocol number CAAE:
65564322.0.0000.9507.

RESULTS

A total of 13,012 samples of gram-negative bacteria of
hospital origin were analyzed from 37 municipalities
(4.3%), covering all regions of Minas Gerais, located in
the south-eastern region of Brazil, with 65% of the
samples coming from the capital, Belo Horizonte. The
biological urine samples were predominantly observed
(37.6%), with Gram-negative fermenting bacilli found in
9,225 (70.8%) samples and Klebsiella spp. accounting for
73.8%. The most requested biological samples were
tracheal secretions (46%), with non-fermenting bacilli
found in 3,801 (29.2%) samples, comprising 62.1%
Acinetobacter spp. and 37.9% Pseudomonas spp.

In the comparison of the pre- and post-pandemic periods,
there was an increase in resistance (p<0.05) (Table 1).
Demonstrates the most prevalent genes during the pre-
pandemic, pandemic and post-pandemic periods of
COVID-19. Four patients were found to have mecrl
genes, including two Klebsiella pneumoniae (from
surgical wound secretion and tracheal aspirate) and two
Escherichia coli (from peritoneal fluid and surgical
wound secretion), all of which were identified during the
post-pandemic period.

Table 1: Distribution and univariate analysis of multidrug-resistant (MDR) microorganisms during pre-pandemic,
pandemic and post-pandemic periods of COVID-19.

Period

Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Micro organism

Acinetobacter sp.

Citrobacter sp.

Enterobacter sp.

Escherichia sp.

Kilebsiella sp. Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Morganella sp. Covid-19 pandemic (Brazil)

Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)
Post-pandemic
Pre-pandemic

Covid-19 pandemic (Brazil)

Proteus sp.

Providencia sp.

Pseudomonas sp.

Samples MRD (n MRD risk (%) P value

784 138 18

231 4 2 <0.001

1346 840 62

31 28 90

6 6 100 >(.100

35 35 100

356 283 79

53 43 81 <0.001

219 204 93

124 105 85

24 20 83 <0.001

156 153 98

3145 2780 88

757 712 94 <0.001

156 153 98

26 18 69

4 3 75 0.080

21 20 95

141 122 87

40 36 90 0.070

121 115 95

114 75 66

44 36 82 <0.001

167 164 98

424 31 7

20 6 3 <0.001
Continued.
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Micro organism Period Samples MRD (n) MRD risk (%) P value
Post-pandemic 937 762 81
Pre-pandemic 435 161 37

Serratia sp. Covid-19 pandemic (Brazil) 51 24 47 <0.001
Post-pandemic 228 201 88
Pre-pandemic 5580 3741 67

Total Covid-19 pandemic (Brazil) 1290 890 69 <0.001
Post-pandemic 6142 5335 87

Distribution and univariate analysis of multidrug-resistant (MDR) microorganisms during pre-pandemic, pandemic and post-pandemic periods of
COVID-19. The table presents the number of samples (n), the number of MDR isolates (MRD), the proportion of MDR risk (%) and the p value for each
microorganism during the three study periods. Significant differences in MDR prevalence across periods are indicated by p-values <0.05.

Table 2: Percentage of resistance genes in gram-negative isolates across pre-pandemic, pandemic and post-
pandemic periods.

. Pandemic Post- . Pandemic Post-
Pre-pandemic . . Pre-pandemic . .
(%) Perlod . pandemic () Perlod . pandemic
in Brazil in Brazil (n
blaKPC 66.3 55.6 44.4 3538 784 2906
blaOXA 30 32.9 41.1 1603 464 2691
blaNDM 2.2 10.9 13.5 119 153 884
blaSPM 1.3 0.3 0.5 67 4 31
blaVIM 0.2 0.3 0.3 12 4 17
blaIMP 0 0 0.2 0 0 16
Total 100 100 100 5339 1409 6545

Data represent the percentage and absolute number (n) of gram-negative isolates carrying each resistance gene during the three COVID-
19 time periods: pre-pandemic (until March 2020), pandemic (April 2020 to December 2021) and post-pandemic (from January 2022 to

December 2023).

The Table 2 reveals significant changes in the distribution
of resistance genes between the periods analyzed,
evidencing a shift in the genetic profile of bacterial
resistance in the state of Minas Gerais during and after
the COVID-19 pandemic. The blaKPC gene, associated
with carbapenem resistance and considered highly
prevalent in Brazil, showed a progressive reduction in its
relative frequency: from 66.3% in the pre-pandemic
period, it dropped to 55.6% during the pandemic and
reached 44.4% in the post-pandemic period. Despite this
percentage drop, the absolute number of samples with
this gene increased again in the post-pandemic period
(n=2,906), indicating that resistance remains widespread
and due to the need to continue surveillance in the
research of resistance genes.

On the other hand, the b/laOXA and blaNDM genes
showed an increase in their relative prevalence, especially
in the post-pandemic period. The b/laOXA gene increased
from 30.0% to 41.1% and the blaNDM gene frequency
increased more than sixfold, from 2.2% to 13.5%. These
data suggest the possible dissemination of emerging
bacterial clones with these genes or even a scenario of
selective pressure resulting from the intensive use of
antimicrobials during the pandemic to treat infections
caused by viruses and secondarily by bacteria. Less
prevalent genes, such as blaSPM, blaVIM and blaIMP,
remained at low levels, although blaIMP was detected
exclusively in the post-pandemic period (0.24%, n=16),
which may indicate its recent emergence in the local
context.

This dataset highlights a diversification of the genotypic
resistance profile after the COVID-19 pandemic, with an
increase in the participation of less frequent genes and a
relatively substantial reduction in the dominance of
blaKPC. These changes require continued surveillance
and reinforcement of infection control policies and
rational use of antimicrobials, especially in the
antimicrobial stewardship program, since the genetic
diversity of resistance mechanisms can compromise the
effectiveness of current and future therapies.

DISCUSSION

The concentration of genotyping requests predominantly
in the metropolitan region of Belo Horizonte suggests
disparities in access to diagnostic services and laboratory
resources across the state. These disparities may lead to
underreporting and underdiagnosis in more remote
regions, hindering preventive measures such as in-
hospital contact isolation and exacerbating the problem of
antimicrobial resistance.”> AMR, intensified by the
SARS-CoV-2 pandemic, is a global crisis that
exacerbates infection control challenges, especially in
low- and middle-income countries. Tackling this threat
requires multisectoral and coordinated efforts with
clinical, socioeconomic and policy approaches at both
global and local levels.!3

The COVID-19 pandemic negatively impacted the
control of multidrug-resistant bacteria due to the
diversion of resources towards viral testing, exacerbating
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pre-existing problems, particularly the underdiagnosis of
microbial resistance and the lack of focus on the
surveillance of colonization and hospital-acquired
infection genes.'*  Reports from the World Health
Organization had already highlighted concerns regarding
these issues. !’

The empirical use of antimicrobials in COVID-19
patients, justified by the severity of the disease, the use of
corticosteroids, invasive devices (such as orotracheal
tubes and central venous catheters) and prolonged stays
in intensive care units, increased the risks.!¢

Lima et al may reflect a transient impact on the incidence
of MDR A. baumannii, however, the effects of COVID-
19 on hospital-acquired MDR infections can vary across
healthcare services, a reality shaped by precautionary
measures and rational antimicrobial use.!’

Data analysis from the state of Minas Gerais revealed an
increase in genotypic resistance profiles, primarily in
descending order for Klebsiella spp., Acinetobacter spp.,
Pseudomonas spp. and Serratia spp. These endemic
pathogens showed a worsening genotypic profile in the
post-pandemic period. The predominance of resistance
genes such as blaKPC, blaOXA, blaNDM, blaSPM,
blaVIM and blaIMP reflects this concerning pattern of
carbapenem resistance, complicating and limiting
therapeutic options for severe infections.'® However,
there was a low prevalence of mcr-1 detection, in total
the four cases.

The management of MDR Klebsiella pneumoniae is a
critical challenge, with high rates of hospital mortality.
Infection control and rational antibiotic use are essential
to slow down resistance, especially with new
antimicrobials now available to treat this infection.!”

The study highlights the urgent need to strengthen
surveillance and infection control systems in Minas
Gerais and other affected regions, particularly by
improving access to point-of-care technology for early
molecular diagnosis of highly pathogenic and
epidemiologically significant microorganisms. Enhancing
hospital hygiene practices, the effectiveness of
antimicrobial stewardship programs and the training of
healthcare professionals and family members are
essential measures to minimize the impact of resistant
bacterial dissemination and improve the response to
future health crises.

Carbapenem-resistant Klebsiella pneumoniae is a major
public health threat due to its multidrug resistance and
high mortality rates. A Chinese study shows that
Klebsiella pneumoniae is the second most isolated
bacterium in Chinese clinics, with meropenem resistance
increasing from 2.9% in 2005 to 30.0% in 2023,
significantly limiting therapeutic options.?’ This study
highlights a significant change in the genetic and
epidemiological profile of antimicrobial resistance after
the pandemic. A percentage reduction in the prevalence

of the blaKPC gene was observed, although there was an
increase in the absolute number of cases in the post-
pandemic period. Simultaneously, there was a significant
increase in the frequency of the b/laOXA and blaNDM
genes, indicating possible dissemination of emerging
clones or horizontal acquisition of these genes by
different bacterial species.?!

The concentration of diagnostic resources in the
metropolitan area of Belo Horizonte highlights the
critical need to improve access to microbiological testing
and infection control in smaller, underserved regions.

The detection of highly prevalent resistance genes such as
blaKPC, blaOXA and blaNDM, along with the
emergence of mcr-I in some cases, underscores the
urgency of action. Strengthening surveillance systems,
improving hospital hygiene practices and enhancing
antimicrobial stewardship programs are vital to contain
the spread of these resistant bacteria. Additionally,
investments in point-of-care molecular diagnostic
technologies, especially in resource-limited regions, are
crucial to mitigating future public health threats.

As this is a retrospective epidemiological study,
underreporting of the submission of biological specimens
by healthcare facilities may occur, underestimating
microbial resistance.

CONCLUSIONS

This study demonstrates a significant post-pandemic shift
in the genotypic profile of hospital-acquired bacterial
resistance in Minas Gerais, Brazil. Despite the
proportional decline of the blaKPC gene, its absolute
frequency remained high, while the increased detection of
blaOXA, blaNDM and the emergence of mcr-1 indicate a
diversification in resistance mechanisms. These findings
reflect not only the biological impact of the COVID-19
pandemic but also systemic weaknesses in diagnostic
infrastructure and infection control measures, particularly
in underserved regions. Strengthening molecular
surveillance, ensuring equitable access to microbiological
diagnostics and reinforcing antimicrobial stewardship are
essential strategies to contain the spread of multidrug-
resistant organisms. Targeted investments in laboratory
capacity and infection prevention programs are urgently
needed to improve response capacity and reduce
morbidity and mortality from resistant infections in
Brazil’s public health system.
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