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Abstract: Influenza poses a serious threat to both individual and public health. This study aimed to
investigate the virological and epidemiological characteristics of influenza infections and to explore
the genetic diversity of the circulating influenza viruses. In total, 1886 nasopharyngeal specimens
from patients with acute respiratory illnesses were tested against 13 respiratory viruses using a
multiplex real-time PCR. Whole-genome sequencing, phylogenetic, and amino acid analyses of
representative influenza strains were performed. At least one respiratory virus was detected in 869
(46.1%) patients, 87 (4.6%) were co-infected with two or three viruses. Influenza A(HIN1)pdm09 was
the most prevalent virus (16.1%), followed by rhinoviruses (8.1%) and RSV (6.7%). Hemagglutinin
(HA) genes of the 74 influenza A(HIN1)pdm09 viruses were categorized in subclades C.1.8, C.1.9,
and C.1 within clade 5a.2a and D1, D.2, and D.3 within clade 5a.2a.1 The A(H3N2) viruses analyzed
belonged to clade 2a.3a.1, subclades J.2 and J.1. The sequenced B/Victoria lineage viruses fell into
clade V1A.3a.2, subclades C.5.6 and C.5.7. Amino acid substitutions in most viral proteins were
identified compared with the vaccine strains, including in the HA antigenic sites. This study
demonstrated the dominant distribution of the influenza A(HIN1)pdm09 virus among the
respiratory viruses studied and the genetic diversity of the circulating influenza viruses.

Keywords: influenza virus; acute respiratory infection; co-infection; whole-genome
sequencing; genetic characterization; amino acid substitution; vaccine

1. Introduction

Viral acute respiratory infections (ARIs) are among humans” most common infectious diseases.
This is largely due to the ease with which the pathogens spread, the short incubation period, the
continuously evolving nature of RNA viruses, and the high susceptibility of the population. Among
the over 200 known types of respiratory viruses, the most common causes of ARIs are influenza
viruses, rhinoviruses (RVs), coronaviruses (CoVs), respiratory syncytial virus (RSV), human
metapneumovirus (hMPV), parainfluenza viruses (PIVs), adenoviruses (AdVs) and bocavirus (BoV)
[1,2]. Co-infections between respiratory viruses occur and likely impact the disease severity and
outcome [3]. Influenza viruses are clinically and epidemiologically significant due to the more severe
symptoms they cause and their ability to trigger annual epidemics and periodic (at intervals of 10 to
40 years since 1890) pandemics. Seasonal influenza epidemics affect 3-11% of the entire population,
or around a billion people worldwide, with a significant disease burden on young children, older
adults, individuals with underlying chronic conditions, immunocompromised people, and pregnant
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women [4,5]. Every year, about 3-5 million people develop severe illness requiring hospital treatment,
and 290,000-650,000 cases of influenza result in death [6].

SARS-CoV-2 emerged in December 2019 and caused the largest pandemic in a century, resulting
in countless human casualties and significant consequences in many aspects of society. The public
health and social distancing measures implemented during the COVID-19 pandemic—such as
mandatory mask-wearing, working from home, school closures, restrictions on social gatherings,
travel limitations, quarantines, and isolating infected patients—significantly reduced the
transmission of influenza viruses and other seasonal respiratory viruses [7]. In 2022-2023, after two
years of low circulation, the influenza viruses returned with high activity similar to pre-pandemic
levels and a wide variety of circulating strains [8].

A notable characteristic of influenza viruses is their high variability and ongoing evolution,
driven by a significant mutation rate, rapid replication, and a segmented genome that facilitates gene
reassortment among different strains. Influenza viruses evolve with the continuous emergence of
new genetic groups, replacing previously circulating strains and increasing genetic and antigenic
differences from current vaccine viruses.

Surface glycoproteins of a virus, hemagglutinin (HA) and neuraminidase (NA) are primarily
targeted by neutralizing antibodies. During viral replication, minor changes (mutations) occur in the
HA and NA genes, leading to substitutions in amino acids. These changes can improve the virus’s
ability to evade the immune system, making it more challenging for the host to mount an effective
immune response and complicating efforts to control infections. The build-up accumulation of amino
acid changes in HA and NA leads to the emergence of new antigenic variants and reduced vaccine
effectiveness, a process called antigenic drift. Amino acid substitutions in the immunodominant
antigenic sites of the HA1 region of the HA protein, which surrounds the receptor-binding pocket,
may enhance the virus’s adaptability for more efficient transmission to humans. These changes
primarily contribute to an increased susceptibility to reinfection in individuals who have been
previously infected, reduce vaccine effectiveness, and necessitate regular updates to vaccine
formulations [9]. For influenza A(HIN1)pdm09, five antigenic sites that produce neutralizing
antibodies have been identified in the HA head domain: Sa, Sb, Cal, Ca2, and Cb. For influenza
A(H3N?2), five antigenic sites have also been identified: A, B, C, D, and E. [10,11]. Type B viruses have
three antigenic sites targeted by host immune responses: 120-loop, 150-loop, 160-loop, and 190-helix
[12]. An additional viral strategy to evade humoral immunity involves the incorporation of an
oligosaccharide at the sequon N X S/T on the HA and NA glycoproteins, with X representing any
amino acid other than proline. The glycan chains attached to the HA globular head limit antibody
access to the antigenic sites, influence viral antigenicity, and promote immune evasion [13].

This study aimed to characterize the virological and epidemiological aspects of influenza in
Bulgaria during the 2023-2024 season in relation to other viral respiratory infections. It also sought to
analyze the prevalence of co-infections between influenza viruses and other respiratory viruses, as well
as to investigate the genetic diversity and molecular evolution of the circulating influenza viruses.

2. Methods

2.1. Patients and Specimen Collection

Between October 2023 and May 2024, a total of 1,886 patients diagnosed with ARIs were recruited
from all 28 administrative regions of Bulgaria for the National Influenza Surveillance Program. This cohort
included individuals who either received outpatient care or were hospitalized due to their condition. The
criteria for study inclusion were aligned with the ECDC definition of an ARI. Specifically, participants
were required to present with a sudden onset of symptoms and exhibit at least one of the following four
respiratory manifestations: cough, sore throat, dyspnea, or coryza. Additionally, a clinician’s assessment
was necessary to determine that the illness was attributable to an infectious process [14]. Nasopharyngeal
and oropharyngeal swab specimens were systematically obtained from participants enrolled in the study
and promptly transferred to sterile collection tubes containing 2 mL of viral transport medium. Specimens
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were obtained during the visit to the doctor or within the first 24 h of admission to hospital. Following
collection, specimens were maintained at a temperature range of 2-8 °C for a maximum of 24 h at the
healthcare facilities before being transported in insulated ice packs to the National Laboratory for
Influenza and Acute Respiratory Diseases. Specimens were tested within 24 h of collection, and aliquots
of the primary samples were stored at -80 °C.

2.2. Molecular Detection of Respiratory Viruses

Viral nucleic acids were extracted automatically from 400 uL of each respiratory specimen with
an elution volume of 100 pL using a commercial ExiPrep Dx Viral DNA/RNA kit and ExiPrep 16DX
instrument (Bioneer, Daejeon, Republic of Korea), according to the manufacturer’s instructions. The
extracted viral RNA was tested simultaneously for influenza A/B viruses and SARS-CoV-2 using the
FluSC2 Multiplex Real-Time RT-PCR Kit provided by the International Reagent Resource (IRR)
(USA) [15]. Real-time RT-PCR was performed to subtype influenza A viruses and determine the
influenza B genetic lineage using the SuperScript III Platinum One-Step qRT-PCR kit (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), with specific primers and probes provided by IRR
(USA). Amplification was performed using a CFX96 thermal cycler (Bio-Rad Laboratories, Inc.,
Singapore), according to the protocol recommended by CDC-Atlanta (USA) [16].

The presence of eight common non-influenza respiratory viruses, namely RSV, hMPV, PIV types
1/2/3, RV, AdV, and BoV, was screened using multiplex real-time PCR assays with primers and
probes, as previously described [17]. Three PCR mixtures were developed, including the SuperScript
III Platinum One-Step qRT-PCR kit and combinations of primers and TagMan probes labeled with
different fluorescent dyes: Mixture 1: AdV + RSV + PIV1; Mixture 2: BoV + RV + PIV2; and Mixture 3:
hMPV + PIV3. Positive and negative controls were included in each experiment. The RN Aase-P gene
was used as an internal positive control during specimen extraction. For influenza type A and B
viruses, positive controls were provided by IRR (USA), while, for other viruses, AmpliRun
DNA/RNA Amplification Controls (Vircell, Spain) were used. The following thermocycling
parameters were used to detect influenza A/B, SARS-CoV-2, and non-influenza respiratory viruses:
e Reverse transcription: 25 °C for 2 min and then 50 °C for 15 min;

e Initial denaturation: 95 °C for 2 min;
e  Amplification for 45 cycles: 95 °C for 15 s and then 55 °C for 30 s.

Samples with a cycle threshold (Ct) value < 38 were considered positive.

2.3. Sequencing and Phylogenetic Analysis of Influenza Viruses

Influenza-positive samples were selected for sequencing from outpatients and hospitalized
patients across various age groups and geographical locations in the country, provided they had a
cycle threshold (Ct) value of < 28 in PCR amplification. Full-genome sequencing (WGS) of 36
influenza viruses (15 A(HIN1pdm09, 12 AH3N2) and 9 B/Victoria) was performed at the National
Laboratory for Influenza and Acute Respiratory Diseases using a commercial Illumina Microbial
Amplicon Prep Kit for Influenza A/B. (Illumina, San Diego, CA, USA). Sequencing was conducted
using the Illumina MiSeq system with the 150-cycle v3 reagent kit (Illumina, San Diego, CA, USA).
We analyzed the fragment size distribution of DNA libraries using QIAxcel Advanced capillary
electrophoresis (Qiagen, Hilden, Germany). Library normalization was performed using the Qubit 4
Fluorometer in conjunction with the Invitrogen™ Quant-iT™ 1X High-Sensitivity (HS) Broad-Range
(BR) dsDNA Assay Kit from Thermo Fisher Scientific, Waltham, MA, USA. We utilized the Explify
RPIP Data Analysis software (version 2.0.0) available on the BaseSpace platform, provided by
INlumina in Cambridge, UK, for genome analysis. In connection with the National Influenza Centers’
responsibility to share recently circulating influenza viruses, we sent to the WHO-Collaborating
Center in London (UK) influenza virus-positive clinical samples and cell-culture isolates where WGS
was performed. Consensus sequences were deposited in the EpiFlu database of the Global Initiative
on Sharing All Influenza Data (GISAID). For phylogenetic and molecular analyses, we performed
BLAST searches in GenBank and GISAID EpiFlu, to retrieve WHO-recommended vaccine strains,
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reference sequences with known genetic group identities determined by the WHO [18], and viruses
circulating in different European countries during the 2023-2024 season.

Multiple sequence alignment was performed using the MUSCLE algorithm implemented in the
Molecular Evolutionary Genetics Analysis package, version 11 [19]. The phylogenetic trees for the
HA genes were constructed using the maximum likelihood method. The best-fit nucleotide
substitution model was the Hasegawa-Kishino-Yano model with a gamma distribution (HKY+G).
The tree topology’s reliability was evaluated using 1000 bootstrap replicates. The nucleotide
sequences of the Bulgarian influenza viruses analyzed in this study are available in the EpiFlu
database of the GISAID, and the accession number list is presented in Supplementary Table S1. In
this study, the subclades of influenza viruses were determined by the key amino acid substitutions,
as proposed by the report of the WHO CC in London [18].

2.4. Deduced Amino Acid Sequence Analysis and Glycosylation Prediction

Translation of the nucleotide code into the amino acid code was performed using BioEdit
software (version 7.2). The studied sequences were aligned and compared with the sequence of the
vaccine viruses recommended by the WHO for 20232024 in the Northern Hemisphere [20] to
identify amino acid substitutions in viral proteins. HA-amino acid numbering was performed after
the signal peptide was removed.

The NetNGlyc 1.0 web server (https://services.healthtech.dtu.dk/service.php?NetNGlyc-1.0)
was used to predict putative N-glycosylation sites with a threshold value of 0.5. N-linked
glycosylation occurs when the amino acid sequence has N-X-S/T (sequon), where X is any amino
acid except proline.

2.5. Statistical Analysis

GraphPad Prism version 6.0 was used in statistical analyses. Categorical data were compared
using the Chi-square (x?) and Fisher’s exact tests. A p-value of less than 0.05 was regarded as
statistically significant. Continuous data were presented as either means or medians, depending on
the context in which they were analyzed. Statistical comparisons of continuous variables were
conducted using the Mann-Whitney U test. Differences with p values < 0.05 were considered
statistically significant.

3. Results

3.1. Patient Characteristics

Of the 1886 patients studied, 919 (48.7%) received treatment in primary healthcare facilities, while
967 (51.3%) were hospitalized. The age range of the patients was from 1 month to 90 years, with a median
age of 5 years. The study population was divided into five distinct age groups (0-4 years old, 5-14 years
old, 15-29 years old, 30-64 years old, and > 65 years old), comprising 816 (43.3%), 799 (42.4%), 131 (6.9%),
94 (5%), and 36 (1.9%) patients, respectively. Ten (0.5%) patients were of unknown age. Among the study
subjects with known sex, 1,011 males and 857 females resulted in a male-to-female ratio of 1.18.

3.2. Virus Detection

The presence of 13 respiratory viruses was prospectively screened in 1886 patients presenting
an ARI, and at least one respiratory virus was detected in 869 (46.1%) of them. Among the study
patients, 781 (41.4%) were found to be infected with a single virus, 82 (4.3%) were co-infected with
two viruses, and 5 (0.3%) were co-infected with three viruses. Influenza viruses were detected in 422
(22.4%) patient samples, of which influenza types A and B accounted for 89.8% (n = 379) and 10.2%
(n =43), respectively. Among the influenza A viruses detected, 304 (72%) were A(HIN1)pdm09, and
75 (28%) were A(H3N2). All the detected influenza type B viruses were assigned to the Victoria
lineage. Influenza activity started in week 51/2023 when sentinel detections reached 10% positivity

d0i:10.20944/preprints202501.1898.v1
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and peaked in week 3/2024. The highest influenza activity was observed in January 2024. In weeks 1-
8/2024, the A(HIN1)pdm09 virus dominated, representing >60% of the detected influenza viruses.
The number of cases positive for influenza type B increased in March 2024. The last positive case
(type B) occurred in week 20/2024 (Figure 1).
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Figure 1. Weekly distribution of detected respiratory viruses during the 2023-2024 season.

A total of 69 (3.7%) patients were positive for SARS-CoV-2. Non-influenza respiratory viruses,
including RSV (122; 6.7%), hMPV (18; 1%), PIV-1 (1; 0.1%), PIV-2 (13; 0.7%), PIV-3 (27; 1.4%), RV (152;
8.1%), AdV (74; 3.9%), and BoV (61; 3.2%), were detected in 468 (24.8%) patients.

Among the 13 respiratory viruses studied, the influenza A(HIN1)pdm09 virus was most
frequently detected, followed by RVs and RSV (p <0.05). HMPV, PIVs, and influenza B/Victoria were
identified as having the lowest frequency (<50 cases) (Figure 2).
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Figure 2. Number of detected respiratory viruses during the 2023-2024 season.

3.3. Epidemiological Characteristics
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Viral respiratory infections were observed in all age groups. The proportion of positive cases in
the age groups 0-4 years, 5-14 years, 15-29 years, 30-64 years, and > 65 years was 55.9% (456/816), 39%
(312/799), 35.9% (47/131), 40.4% (38/94) and 30.6% (11/36), respectively. Children aged 0-4 years were
most frequently affected by respiratory viruses. In this age group, mixed infections between two or
three respiratory viruses were most often identified (7.6%, 62/816) (Table 1). The percentages of
influenza virus-positive cases among the age groups mentioned above were 23% (188/816), 21.7%
(173/799), 17.6% (23/131), 28.7% (27/94), and 25% (9/36). The most affected age group by influenza was
30-64 years (28.7%) followed by +65 years (25%). The average age of the influenza virus-positive patients
was 9.9 years (range, 2 months to 87 years; median, 5 years), and 51.4% were male. The predominant
A(HIN1)pdm09 virus was more frequently detected among the oldest age group (25%) and 30-64-year-
olds (19.1%). The highest rate of influenza B detection (5%) was observed in children aged 5-14 years
(p<0.05) and decreased with age. Women (23.6%) were affected slightly more than men (21.5%) by
influenza, although the difference was not statistically significant (p = 0.2904). In patients with SARS-
CoV-2 infection, the positive rate was highest in the older adults (65+ years) (8.3%), and the lowest
positive rate was in the 5-14-year-olds (3.1%) (p<0.05). Seasonal non-influenza viruses were most
prevalent in the 0-4-year age group, accounting for 51.3%. In the youngest age group, RSV was the most
pervasive seasonal non-influenza respiratory virus, followed by RV (p <0.05).

Table 1. Age distribution of patients with confirmed viral respiratory mono-infections and co-infections.

. Mono- Dual Triple
Age group (years) Total positive (%) ) ) ) ) ) .
infections infections infections
0-4y (n=2816) 456 (55.9) 394 59
5-14 y (n=799) 312 (39) 293 17 2
15-29y (n=131) 47 (35.9) 46 1 -
30-64y (n=94) 38 (40.4) 34 4 -
265y (n=36) 11 (30.6) 11 - -
without data (10) 4 3 1 -
Total (n =1886) 869 (46.1) 781 (41.4%) 82 (4.3%) 5(0.3%)

At least one respiratory virus was detected in 388 (42.2%) cases among outpatiens, and in 481
(49.7%) among inpatients. Approximately 18.5% (170/919) of outpatients were identified as positive
for influenza virus infection, and 26.1% (252/967) of hospitalized patients (p<0.05). The detection rates
for influenza A(HIN1)pdm09 virus in outpatients and inpatients were 13.3% (123/919) and 18.7%
(181/967) (p<0.05); for influenza A(H3N2) virus—3.6% (33/919) and 4.3% (42/967), and for influenza
type B—1.5% (14/919) and 3% (29/967) (p<0.05). SARS-CoV-2-positive cases were detected in 27 (2.9%)
outpatients and 41 (4.2%) inpatients.

3.4. Clinical Characteristics

Respiratory viruses usually affect the upper respiratory tract and can lead to complications in
the lower respiratory tract, heart, and central nervous system. We explored the participation of
influenza viruses, SARS-CoV-2, and seasonal non-influenza respiratory viruses in the development
of the most common complications—tracheobronchitis, bronchiolitis, pneumonia, and central
nervous system involvement (febrile seizures, cerebral edema, viral meningitis, and
encephalopathy). The proportions of influenza viruses detected in patients with tracheobronchitis,
bronchiolitis, pneumonia, and neurological complications were 13.3% (2/15), 12.2% (16/131), 12.2%
(39/319), and 2.8% (1/36), respectively; regarding seasonal non-influenza viruses, the proportions
were 53.3% (8/15), 22.9% (30/131), 32.3% (103/319), and 5.6% (2/36), respectively. In SARS-CoV-2-
infected patients, the proportions were 26.7%, 1.5%, 2.5%, and 0%, respectively (Figure 3). The
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detection rates for individual influenza viruses — A(HIN1)pdm09, A(H3N2), and type B viruses—in
patients with bronchiolitis were 7.6% (10/131), 2.3% (3/131), and 2.3% (3/131), respectively, and in
pneumonia patients were 8.8% (28/319), 3.4% (11/319), and 0% (0/319), respectively. RSV was the most
common virus identified in patients with bronchiolitis, accounting for 19.1% (25/131) of cases, and
was the second most common cause of pneumonia after influenza viruses in the entire study
population, responsible for 10.7% (34/319) (p < 0.05). Among the children aged 0-4 years diagnosed
with pneumonia, 14.8% (26/176) and 10.8% (19/176) had confirmed RSV and influenza infections,
respectively. Among the patients with lower respiratory tract complications due to RSV, 63.3%
(38/60) were children under 2 years of age. No deaths were reported in any of the analyzed patients.

CNS invonvement (n=36)

Bronchiolitis (n=131) I-

Tracheobronchitis (n=15) I

0 20 40 60 80 100 120 140 160
Number of detected viruses
Inf A(HIN1)pdmO09 u Inf A(H3N2) u Inf B/Victoria
RSV Metapneumovirus Parainfluenza viruses 1/2/3
Rhinoviruses Adenoviruses Bocaviruses

SARS-CoV-2

Figure 3. Number of respiratory viruses detected in patients with tracheobronchitis, bronchiolitis, pneumonia,

and CNS complications.

3.5. Incidence of Co-Infections Between Respiratory Viruses

In this study, 87 (4.6%) patients were co-infected with two or three respiratory viruses. Among
them, 42 (48.3%) cases of mixed infections involved influenza viruses. There were seven cases of
SARS-CoV-2 co-infection with influenza A(HIN1)pdm09 (five cases) and A(H3N2) viruses (two
cases). The following seasonal non-influenza viruses were co-detected with influenza: RV (10 cases),
BoV (10), AdV (9), RSV (7), PIV3 (2), and PIV2 (1). Figure 4 presents percentages of mono-infections,
dual infections, and triple infections for each respiratory virus. Influenza viruses B/Victoria,
A(HIN1)pdm09, and A(H3N2) were characterized by the lowest participation in cases of mixed
infections—4.7% (2/43), 10.2% (31/304), and 12% (9/75), respectively, while BoV, PIVs, and AdVs were
the most frequently involved in co-infections—41% (25/61), 34.1% (14/41), and 33.8% (25/74),
respectively. RSV, SARS-CoV-2, RV, and hMPV occupied an intermediate position regarding the
share of co-infections with their participation—18.9% (23/122), 20.6% (14/68), 21.1% (32/152), and
22.2% (4/18), respectively.
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SARS-CoV-2

BoV

AdV

RV

PIV 1/2/3

HMPV

RSV

Inf B/Vic

Inf A(H3N2)

A(H1N1)pdm..

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m Single infection m Dual infection m Triple infection

Figure 4. Proportions of single, dual, and triple infections with participation of individual respiratory viruses.

Table 2 compares the proportions of co-infections for each virus studied in outpatients and
hospitalized patients. The proportions of co-infections identified in virus-positive outpatients and
inpatients were 4.9% (19/388), and 14.1% (68/481), respectively (p<0.05). The proportions of co-
infections involving influenza A(HIN1)pdm09, RSV, PIV type 3, RV, AdV, and BoV were
significantly higher in hospitalized patients compared to outpatients (p<0.05). These proportions did
not differ considerably for other viruses studied between outpatients and inpatients.

Table 2. Number (%) coinfections involving individual respiratory viruses in outpatients and inpatients.

Viruses Outpatients Inpatients Viruses Outpatients Inpatients
No No (%) of No No (%) of No No (%) of No No (%) of
positive co- positive co- positive co- positive co-
infections infections infections infections
A(HINI) 24 (13.3%) Parainfluenza
123 7 (5.7%) 181 0 0 (0%) 1 0 (0%)
pdm09 p<0,05 type 1
Parainfluenza
A(H3N2) 33 3(9.1%) 42 6 (14.3%) 9 3(33.3%) 4 1 (25%)
type 2
Parainfluenza 10 (50%)
B/Vic 14 1(7.1%) 29 1 (3.4%) 7 0 (0%) 20
type 3 p<0,05
25 (33.8%)
SARS-CoV-2 27 5 (18.5%) 41 9 (22%) Rhinoviruses 78 7 (9%) 74
p<0,05
20 (31.7%) 19 (43.2%)
RSV 59 3(5.1%) 63 Adenoviruses 30 6 (20%) 44
p<0,05 p <0,05
Metapneumo 21 (55.3%)
10 1 (10%) 8 3(37.5%) Bocaviruses 23 4 (17.4%) 38
virus p<0,05
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3.6. Comparison of Ct values in Cases of Influenza Virus Coinfections

The Ct value provides a reliable means to quantify pathogen activity (a low Ct value corresponds
to a high viral load in nasopharyngeal swabs). We compared the Ct values for influenza and non-
influenza respiratory virus detections in cases of co-infections. In 88% (37/42) of viral co-infections
involving the influenza virus, its Ct was lower than that of the concomitantly detected non-influenza
viruses (p = 0.03). The mean Ct value for influenza virus detections was lower than that of non-
influenza virus detections in cases of co-infections (25.9 + 4.2 and 31.0 + 4.8, respectively) (Figure 5).

[ 125%~75%

T Range within 11QR

— Median Line
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45+ < + Data
p < 0,001 | + Outliers
40
* R * l * -
35 - -
q) >
= o009
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20
15 T T
Ct for influenza viruses Ct for non-influenza viruses

Figure 5. Distribution of Ct values for influenza viruses and other respiratory viruses in cases of co-infections.

3.7. Phylogenetic Analysis of Influenza Viruses

Genetic analysis of circulating influenza viruses was performed due to their widespread
distribution and important clinical role. Phylogenetic trees were generated to determine the
affiliation of the Bulgarian influenza sequences to the known genetic groups and their genetic
relatedness to vaccine strains and viruses circulating in other countries during the same period. The
HA genes of the 74 Bulgarian A(HIN1)pdmO09 viruses analyzed belonged to two globally distributed
genetic clades, 5a.2a (70 strains, 94.6%) and 5a.2a.1 (4 strains, 5.4%). The second clade included the
2023-2024 Northern Hemisphere vaccine strain A/Victoria/4897/2022. Viruses from clade 5a.2a were
further categorized into three subclades: C.1.8 (35 strains), C.1.9 (26 strains), and C.1 (9 strains). The
representatives of clade 5a.2a.1 fell to subclades D.1 (one strain), D.2 (two strains), and D.3 (one strain)
as illustrated in Figure 6 [18]. The 37 A(H3N2) study viruses sequenced were classified in the same
clade 2a.3a.1 but fell into two different subclades: ].2, which accounted for the majority of viruses (33
strains, 89.2%) and J.1, which constituted the remaining 4 strains (10.8%) (Figure 7). All 12 B/Victoria-
lineage viruses, detected in Bulgaria, fell into the genetic clade V1A.3a.2, subclade C.5 and clustered
together with B/Austria/1359417/2021, the vaccine strain for the 2023-2024 NH influenza season. C.5
has further split into two subclades: C.5.6 (11 strains) and C.5.7 (1 strain) (Figure 8).
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Figure 6. Phylogenetic analysis of the HA nucleotide sequences from influenza A(HIN1)pdm09 viruses
circulating in Bulgaria during the 2023-2024 season. The phylogeny tree was generated by the ML method with
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1000 bootstrap replicates. WHO-recommended vaccine strains are indicated in red, and reference strains—in
bold. Bulgarian strains, detected in December 2023, January, and February, 2024, are shown in maroon, green,
and blue, respectively.
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Figure 7. Phylogenetic analysis of the HA nucleotide sequences from influenza A(H3N2) viruses detected in
Bulgaria during the 2023-2024 season. The phylogeny tree was generated by the ML method with 1000 bootstrap
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replicates. WHO-recommended vaccine viruses are indicated in red, and reference strains—in bold. Bulgarian
viruses detected in December 2023, January, February, and March 2024 are shown in maroon, green, blue, and

purple, respectively.
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Figure 8. Phylogenetic analysis of the HA nucleotide sequences from influenza B/Victoria lineage viruses
circulating in Bulgaria during the 2023-2024 season. The phylogeny tree was generated by the ML method with
1000 bootstrap replicates. WHO-recommended vaccine strains are indicated in red, and reference strains—in
bold. Bulgarian strains, detected in December 2023, January, February, and March 2024, are shown in maroon,

green, blue, and purple, respectively.

3.8. Amino Acid Polymorphisms in Viral Proteins

The surface glycoproteins HA and NA are under selective immune pressure [21] and evolve
rapidly; therefore, they were subjected to detailed molecular analyses. The complete HA and NA
amino acid sequences of Bulgarian influenza viruses were compared with those of the WHO NH
vaccine strains to identify substitutions that might affect vaccine effectiveness.
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3.8.1. A(HIN1)pdm09

When comparing the HA protein of the Bulgarian A (HIN1)pdm09 viruses with the
A/Victoria/4897/2022 vaccine strain, 16 amino acid changes were detected in the HA1 polypeptide
(globular head) and 6 in HA2 (stem region) (Table 3). The HA1 substitution R223Q was fixed and
present in viruses from all genetic groups, and six substitutions were present in subclades 1.8, C.1.9,
and C.1 and had a frequency of 94.6%. The substitution T120A was present in subclades C.1.8, C.1.9,
and D.3, and S137P—in C.1.8 and C.1.9. The other 13 substitutions were specific for individual
subclades. Among the specified amino acid substitutions, four affected dominant epitopes: S137P and
R142K in Ca, K154R in Sa, and K169Q in Cal [22]. No substitutions were identified in the receptor-
binding site (RBS): the 190-helix (residues 184-191) [23]. All Bulgarian viruses harbored eight
conserved putative N-glycosylation motifs in HA (HA1 positions 10, 23, 87, 162, 276, and 287, and
HA2 positions 154 and 213). All of these were present in the vaccine strain.

NA sequences of A(HIN1)pdm09 viruses differed from the sequence of the A/Victoria/4897/2022
vaccine strain by 15 substitutions. The substitutions D50N, S200N, and E382G were presented in
subclades C.1.8, C.1.9, D.1, and D.2 and showed high frequency: 97.3%, 97.3%, and 98.6%,
respectively. Viruses from subclades C.1.8 and C.1.9 carried the common NA substitution 1264T with
a frequency of 60.8%. The remaining 11 substitutions were specific for the individual subclades
(Supplementary Table S2). All Bulgarian viruses harbored eight potential N-glycosylation motifs in
NA (positions 42, 50, 58, 63, 68, 88, 146, and 235). The substitutions D50N and N73S resulted in a gain
of new potential N-glycosylation sites. None of the analyzed NA sequences harbored the H275Y
amino acid substitution, conferring highly reduced inhibition (HRI) by oseltamivir and peramivir,
nor was the Q136K reported in variants with RI by zanamivir [24].

The nucleotide sequences of the remaining genes PB2, PB1, PA, NP, MP, and NS of influenza
A(HINT)pdmO09 viruses were analyzed in comparison to those of the vaccine-derived strain. Several
amino acid substitutions were identified in the relevant proteins, as detailed in Supplementary Table
S3: two in PB2, two in PBI, five in PA, seven in NP, one in NS, and three in NEP. M1/M2 had no
substitutions. Importantly, no amino acid changes were found in the binding site of the PA inhibitor
baloxavir (positions 20, 24, 34, 37, and 38) [24].

Table 3. Amino acid substitutions identified in HA protein of influenza viruses A(HIN1)pdm09 (n = 74),
A(H3N2) (n = 38), and B/Victoria lineage (n = 12) detected in Bulgaria during the 2023-2024 season (without
signal peptide; +/- CHO—gain/loss of N-glycosylation site).

Viruses/genetic groups AA substitutions Antigenic sites Number of strains (%)
A(HIN1)pdm09

All strains R223Q 74 (100)
C.1.9 N38D 10 (13.5)
D.1 R45K 1(1.4)
C.1.8 V471 35 (47.3)
C.19 S83F 11 (14.9)
C18 196T 32 (43.2)
D2 R113K 2(2.7)
C.18,C19 and D.3 T120A 62 (83.8)
C.1l.8and C.1.9 5137pP Ca2 61 (82.4)
C8,C9 andC1 R142K Ca2 70 (94.6)
Cc18 K154R Sa 13 (17.6)
C.19 K169Q Cal 26 (35.1)
C18 K208R 13 (17.6)
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C.8,C.9 and C.1
C.8,C.9 and C.1
C.8,C.9 and C.1
C.8,C9 and C.1
D.3

C.8,C9 and C.1
D.2

C.19

C.18

A(H3N2)

All strains

J2

]2

J1

]2

]2

]2

J2

]2

]2

J1
J.1and].2
]2

J.1
B/Victoria lineage
All strains
Cb5.6
Cb5.7

A216T
E260D
A277T
D356E
1372V
H451N
V4271
K480R
V5271

E50K C

D53N C

N96S +CHO
1140K

N186D B

1192F B 190-helix
1223V

G225D

T10M

P21S

125V

F79L E

R92K
N122D
V166L
P239S
K276E
V347M
N378S
L4091
1418V

A -CHO

D197E
D129N
E128G

190-helix
120-loop
120-loop

71 (95.9)
71 (95.9)
71 (95.9)
71 (95.9)
1(1.4)
71 (95.9)
2(2.7)
10 (13.5)
6 (8.1)

37 (100)
37 (100)
37 (100)
37 (100)
37 (100)
37 (100)
37 (100)
37 (100)
5 (13.5)
6 (16.2)
4(10.8)
8 (21.6)
3(8.1)

33 (89.2)
5 (13.5)
8 (21.6)
33 (89.2)
3(8.1)

21 (56.8)
8 (21.6)
4(10.8)

12 (100)
1(8.3)
12 (100)

3.8.2. A(H3N2)

All 37 analyzed A(H3N2) strains belonged to clade 2a.3a.1 and displayed eight amino acid
differences in the HAI peptide relative to the vaccine virus A/Darwin/9/2021 (Table 3).
Representatives of the two subclades J.1 and ].2 carried additional amino acid substitutions: J.2 (10)
and J.1 (4). Six substitutions affected antigenic sites A (1), B (2), C (2), and E (1). HAI substitution
I192F was located in the 190-helix. Twelve potential N-glycosylation motifs in HA (HA1 positions 8,
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22, 38, 45, 63, 96, 122, 126, 133, 165, 246, and 285, and HA2 position 154) were identified. The N965
substitution resulted in a gain, and N122D resulted in a loss of potential N-glycosylation site.

Amino acid substitutions were identified in nine positions of the NA protein in comparison with
the A/Darwin/9/2021 vaccine strains. Two substitutions S150H and Y470H were present in all strains,
and R400K was present in both subclades with a frequency of 48.6%. Viruses from the two subclades
carried additional amino acid substitutions: ].2 (3) and ].1 (3) (Supplementary Table S2). Nine
potential N-glycosylation motifs in NA (61, 70, 86, 146, 200, 234, 245, 367, and 463) were identified,
with two motifs (146 and 367) located near the enzymatic active site [25].

The following numbers of amino acid substitutions were identified in the remaining viral
proteins: PB2 (four), PB1 (two), PA (eight), NP (four), M1 (zero), M2 (four), NS1 (eight), and NEP
(one) (Supplementary Table S3). Notably, substitutions in positions 38, 34, and 28 of the PA gene,
which are associated with decreased activity of baloxavir, were not observed [14].

3.8.3. B/Victoria

All 12 Bulgarian B/Victoria-lineage viruses belonged to clade V1A.3a.2, subclades C.5.6 and C.5.7
within subclade C.5. The amino acid substitution D197E was identified in HAI domain in both
subclades C.5.6 and C.5.7. The representative of these subclades carried additional amino acid
substitutions D129N and E128G, respectively. In type B viruses, the major antigenic regions are the
120-loop (116-137 aa), 150-loop (141-150 aa), and 160-loop (160-172 aa) [26]. The substitutions E128K
and D129N were located in the 120-loop and D197E was located in the 190-helix (193-202 aa). No
amino acid substitutions occurred in the remaining antigenic epitopes 150-loop and 160-loop [27].
Eleven putative N-glycosylation motifs were identified: at HA1 positions 25, 59, 145, 166, 233, 304,
and 333, and HA?2 positions 145, 171, 184, and 216. N-glycosylation motifs 145, 166, and 197 fall into
antigenic sites: 150-loop, 160-loop, and 190-helix, respectively.

The B/Victoria-lineage viruses carried a common NA amino acid substitution 1459V and
additional amino acid substitutions in subclades C.5.6 (three) and C.5.7 (four) (Supplementary Table
S2). Four putative N-glycosylation motifs were identified at positions 56, 64, 144, and 284. None of
the analyzed NA protein sequences displayed substitutions at the active site of NA and their
surrounding residues [28].

Substitutions were identified in the remaining viral proteins except for NEP (Supplementary Table
S3).

Table 4 summarizes the number of amino acid substitutions in HA antigenic sites compared to
the vaccine strains and the number of potential N-glycosylation motifs in HA and NA.

Table 4. Number of amino acid substitutions in HA antigenic sites compared to the vaccine strains and number
of potential N-glycosylation motifs in HA and NA of influenza viruses circulating in Bulgaria during the 2023-

2024 season.

N-glycosylation
Influenza Vaccine
Antigenic sites motifs
viruses strains
HA NA
Sa Sb Cal Ca2 Cb  190-helix
A(HIN1)pdm09 A/Victoria/4897/2022 8 8
1 - 1 2 - -
A/Darwin/9/2021 A B C D E 190-helix
A(H3N2) 12 9
1 2 2 - 1 1
B/Austria/1358417/2021 120- 150- 160- 190-helix
B/Victoria 1 1 1
oop oop 0op 1 4
lineage 2 - - 1
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4. Discussion

In this study, the prevalence, epidemiological, and clinical characteristics of the common
respiratory viruses detected in Bulgaria during the 2023-2024 season were presented focusing on
influenza viruses. A wide range of respiratory viruses were identified, among which influenza
A(HIN1)pdm09 was the most prevalent and SARS-CoV-2 was circulating at a very low level. During
the COVID-19 pandemic, extensive non-pharmaceutical measures and travel restrictions targeting
SARS-CoV-2 were also effective in reducing the transmission of seasonal respiratory viruses
including influenza viruses. During the first two pandemic seasons, the activity of most seasonal
respiratory viruses plummeted abruptly worldwide [2]. In 2022-2023, after easing restrictive
containment measures, the incidence of seasonal respiratory viruses increased significantly and
became comparable to that in the pre-COVID years [29-31]. During the study period, most seasonal
respiratory viruses studied were detected with varying frequency, and influenza A, RV, and RSV had
the highest prevalence. This pattern aligns with findings by Lv et al., who found the highest positive
rates for RV, RSV, and influenza A among the tested respiratory viruses [32]. In the USA, during the
“tripledemic” in 2023-2024, overlapping peaks of influenza, RSV, and SARS-CoV-2 were a national
concern [33]. In our study, the influenza detection rate (22.6%) was close to that in the pre-pandemic
season 2018-2019 (34.1%) [34] and significantly greater than that during 2021-2022 (4.2%) [35]. All
seasonal influenza viruses were detected, except for the B/Yamagata/16/88 lineage. However, no
confirmed B/Yamagata detections have been reported worldwide since March 2020, raising
speculation about its possible extinction [36]. In line with other European countries, A(HIN1pdm09)
was the most prevalent influenza virus [37]. The seasonality of influenza circulation was similar to
that of the pre-pandemic seasons, with a typical peak in January and a second small wave of influenza
B at the end of the season [34]. The proportion of positive cases for all studied respiratory viruses was
highest in the age group 0-4 years and decreased with age, which is in line with other studies [38].
However, the age distribution of detected influenza viruses showed a higher positive rate (28.7%) of
influenza viruses in middle-aged people (30-64 years) unlike previous seasons in Bulgaria and other
countries when more frequent involvement of children was found [39]. This finding may be
explained by the high percentage (78.7%) of hospitalized patients in the 30-64 age group, in whom
the infection rate of influenza viruses is higher compared to outpatients. As per our previous studies
and studies in other countries, the highest rate of influenza B detection (5%) was observed in children
aged 5-14 years (p<0.05) [39]. The detection rate of influenza viruses in general and of A(HIN1)pdm09
and B/Victoria, in particular, was higher in hospitalized patients than in outpatients (p<0.05),
whereas, for SARS-CoV-2-positive cases, no significant differences were found between outpatients
and inpatients (2.9% vs. 4.2%, p = 0.1393). A previous study in the WHO European region found a
higher proportion of laboratory-confirmed influenza cases in outpatients than in hospitalized
patients [40]. Among patients with low respiratory tract infections, the detection rates for influenza
type A (9.9%, 13/131 in cases of bronchiolitis and 12.2%, 39/319 in cases of pneumonia) were higher
than those for type B (2.3%, 3/131 in cases of bronchiolitis and 0% in cases of pneumonia) (p<0.05),
indicating the higher virulence of type A. Influenza A(HIN1)pdm09 was the most prevalent virus
among patients with pneumonia and second among those with bronchiolitis (p<0.05).

The widespread application of multiplex molecular methods in the diagnosis of respiratory tract
infections led to the more frequent detection of mixed infections when two or more respiratory
viruses are simultaneously present in the same clinical specimen. The prevalence of mixed infections
in cases of ARIs varies widely in different studies and depends on several factors such as
geographical location, seasonality, patients’ age, social and immune status, and the specific viruses
[3]. In our study, 4.6% of patients were co-infected with two or three viruses, and multi-pathogen
detections were significantly more frequent in pediatric patients: 7.6% in children 0-4 age and 2.5%
in age group 5-14 years. At the same time, no co-infections were found in patients 65+. The rate of
viral co-infections in our study was similar to those in Brazilian (7.5%) [41] and Chinese (3.25%) [42]
studies and significantly lower than that in the Italian study (37.8%) [38]. In the literature, young age
is associated with a higher co-infection rate, which can be explained by an immature immune system
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leading to increased susceptibility to infections and undeveloped habits for preventing infections
[43]. In this study, we showed differences between respiratory viruses in their tendency to co-infect
the same individual. Influenza viruses had the lowest co-infection rate, while BoV, PIVs, and AdV
were the most frequently involved in co-infections. In line with our results, an Italian study reports
the highest co-infection rate for BoV (87.8%), while Flu A has been mainly detected in single infections
[38]. In a Spanish study, the proportion of co-detections ranged from 3% for influenza virus to 39%
for BoV [44]. Other Spanish researchers found the lowest co-infection rates for FluA, SARS-CoV-2,
and hMPV and a high frequency of AdV, RSV, and RV co-infections [45]. Similar to a study conducted
by Siqueira, influenza viruses were most often co-detected with BoV, RV, and AdV [41]. We
established that the proportion of co-infections in virus-positive inpatients was higher compared to
that in virus-positive outpatients (p<0.05). In addition, the co-infections involving influenza
A(HIN1)pdm09, RSV, PIV-3, RV, AdV, and BoV were more common in hospitalized patients than
ambulatory patients. Our results were consistent with those of French researchers, who found 4.1
and 93.9 higher frequency of co-infections in hospitalized infants than in primary care for RSV and
RV, respectively (p<0.001) [46]. Maio et al. report a higher prevalence of co-infections in children with
lower respiratory tract infections compared to those with upper respiratory tract infections [38].
These data suggest that infection with more than one respiratory virus may lead to a more severe
clinical course of the disease. However, the clinical significance of mixed infections has not been
definitively established and probably depends on the viruses involved. Opinions are divided on
whether co-infection with multiple viruses affects disease severity [47,48]. Numerous authors have
reported longer hospital stays, a higher risk of hospitalization, increased admission to intensive care
units, and even fatalities in patients with confirmed viral co-infections [41,49]. On the other hand,
some studies show no link between co-infection and worsened clinical outcomes. [50,51]. More
research is needed to understand how infections caused by multiple viruses together can impact the
seriousness of diseases and the overall results for patients.

The mean value of viral loads, expressed by Ct, for influenza viruses, was higher compared to
the mean value of non-influenza viruses in cases of mixed infections, indicating a higher replication
rate of influenza viruses and their leading etiological role during co-infection. Virus-virus
interactions probably also play a role in these cases where one virus inhibits the replication of another
virus through competition for resources, interferon induction, or other immunological mechanisms
[52,53].

The genetic characterization of circulating influenza viruses is essential for understanding their
evolution and relevance to the effectiveness of vaccines and antiviral drugs. Phylogenetic analysis of
Bulgarian 2023-2024 influenza viruses showed significant genetic diversity, especially among the
predominant A(HIN1)pdm09 viruses. Influenza A(HIN1)pdm09 accounted for 72% of all influenza
viruses detected and belonged to two genetic clades and six subclades: C.1, C.1.8, and C.1.9 within
clade 5a.2a, and D1, D.2, and D.3 within clade 5a.2a.1. The majority (94.6%) of Bulgarian
A(HIN1)pdm09 viruses belonged to clade 5a.2a whereas the 2023-2024 NH vaccine strain
A/Victoria/4897/2022 belonged to clade 5a.2a.1. This discrepancy raises concerns about the 2023-2024
vaccine’s effectiveness in protecting against most circulating viruses. However, according to WHO
data, the vaccine strain Victoria/4897/2022 matched well with circulating 5a.2a and 5a.2a.1 clades
viruses [18]. A similar clade/subclade distribution was found by researchers from Sicily who report
modest predicted vaccine effectiveness against the C.1.8 and C.1.9 subclades [37]. In a USA study,
98.9% of the A(HIN1)pdm09 viruses detected in the 2023-2024 season belonged to subclade C.1.1.1
and not a single representative of the most prevalent subclades C.1.8 and C1.9 in our study were
identified, demonstrating geography-related variations in the distribution of individual genetic
groups of influenza viruses [54] The Bulgarian sequences carried substitutions defining the indicated
subclades: V471, I96T, and T120A (for C.1.8), P137S, K169Q, A216T, and K480R (C.1.9), S137P and
K169R (C.1), R45K (D.1), R113K, and V4271 (D.2), and T120A and 1372V (D.3) [18]. In total, 16 amino
acid changes compared to the vaccine strain were detected in the HAI polypeptide (globular head)
and 6 in HA2 (stem region) including 4 substitutions in HA1 antigenic regions: Sa (1), Cal (1), and
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Ca2 (2) [22]. Both mutations S137P and R142K in Ca2 were the most represented being found in 82.4%
and 94.6% of strains, respectively. No variations were found in the epitopes Sb, Cal, and Cb or in the
receptor-binding site (RBS) located between Sb, Ca2, and Sa. Specific epitopes Sa and Sb are located
on the top of the HA protein, while constant sites Cal, Ca2, and Cb are proximate to the stalk domain
[55]. Koel et al. (2015) reported that substitutions in or near the RBS may alter the antigenic properties
and adaptability of the virus for enhanced transmissibility [56].

During the study period, the influenza A(H3H2) virus was detected in 17.8% of the influenza
viruses circulating in the country and the sequenced strains belonged to two genetic subclades—].2
(89.2%, 33/37) and J.1 (10.8%, 4/37) within clade 2a.3a.1, represented by influenza A/Thailand/8/2022,
the vaccine component for the NH 2024-2025 influenza season. A high frequency (81.2%) of subclade
J.2 was also demonstrated in the USA study during the same season [54]. Subclade ].2 (reference
A/Sydney/878/2023) was defined by N122D (-CHO) and K276E and was distributed as the globally
dominant subclade. Subclade J.1 (reference A/Sydney/856/2023) was characterized by 125V and
V347M with an additional 1418V (in some viruses) and circulated at a significantly lower frequency
[18]. From week 40/2023 to week 9/2024, the detection rate of these two subclades in EU/EEA
countries was 55% and 34 %, respectively [57]. Bulgarian A(H3H?2) sequences harbored 22 amino acid
changes compared to the vaccine strain, including 6 substitutions in antigenic sites A (1), B (2), C (2),
and E (1), and a substitution located in the 190-helix. Previous studies have shown that antigenic drift
variants emerge when at least four substitutions occur simultaneously at two or more antigenic sites
[58,59]. Substitutions at antigenic sites A and B, located at the top of HA flanking the RBS, are
primarily responsible for antigenic drift [60,61]. No amino acid variations were found at antigenic
sites A (position 145) and B (positions 155, 156, 158, 159, 189, and 193) near the RBS, responsible for
major antigenic changes in A(H3N2) viruses over the period 1968-2003 [62]. Table 4 shows that the
A(H3N2) viruses analyzed have higher levels of amino acid polymorphisms in HA antigenic regions
and a higher degree of glycosylation compared to A(HIN1)pdm09 and B/Victoria lineage. This
explains the higher frequency of generating new antigenic variants in A(H3N2) viruses, the reduced
vaccine effectiveness, and the requirement for more frequent updates of the vaccine component [63].
Perovsky et al. suggested a link between increased HA and NA epitope distance between seasons
with flu epidemic severity, higher transmissibility, greater A(H3N2) subtype dominance, and
increased population susceptibility [64].

During the 2023-2024 season, the majority of globally circulating influenza B/Victoria lineage
viruses belonged to clade V1A.3a.2, subclade C.5, which has further split into subclades C.5.1, C.5.4,
C.5.6, C.5.7, and basal C.5 [18]. The 12 B/Victoria-lineage viruses, detected in Bulgaria, fell into two
subclades: C.5.6 (11 strains) and C.5.7 (1 strain). In contrast to our findings, 75.5% of USA B/Victoria
viruses detected were classified as subclade C.5.1 [54]. The defining mutations for subclades C.5.6
(D129N) and C.5.7 (E128G) were represented in all Bulgarian sequences from the respective subclades
[18]. Two amino acid variations were located at the antigenic site 120-loop and one—at the 190-helix.
Previous studies have reported that the 120-loop is one of the sites with the greatest variability and
that amino acid substitutions in this region may impact antigenicity and escape from neutralizing
antibodies [65,66]. Our findings are in agreement with those of previous studies that showed lower
variability and slower evolution of type B viruses [67,68].

Overall, a few variations were identified in the N-glycosylation motifs compared to those in the
vaccine strains. The acquisition or removal of N-linked glycosylation can dramatically affect the
antigenic properties of viruses [69].

The lack of amino acid changes associated with reduced or highly reduced susceptibility to
neuraminidase inhibitors and the PA inhibitor indicates that these antivirals remain a suitable choice
for the treatment of influenza [24].

This study had a few limitations. The circulation pattern of influenza viruses was the focus of
this study; other respiratory viruses were less well analyzed. The largest number of patients included
in the study were children aged 0-4 years, followed by children and adolescents aged 5-14 years. The
age groups 30-64 years and especially those over 65 years were poorly represented. Future studies
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should have a more balanced distribution by age of the enrolled patients. In this study, we observed
a higher prevalence of viral co-infections in inpatients compared to outpatients, but we did not
examine the clinical data and disease severity in these patient groups. When comparing the Ct values
of different viruses, it should be kept in mind that the Ct value is only an indirect method and does
not take into account the amplification efficiency of the primers for the different respiratory viruses.
Despite these limitations, our study provides a comprehensive overview of the circulation pattern,
genomic evolution, diversity, and phylogenetic relationships of influenza viruses during the second
post-COVID-19 pandemic season. The data from this study could help public health policymakers in
developing effective strategies to control the transmission of influenza viruses and mitigate the
severity of future epidemics.

In conclusion, this study showed high activity of the influenza A(HIN1)pdm09 virus and to a
lesser extent RVs and RSV in Bulgaria during the 2023-2024 season. Influenza viruses had a relatively
low involvement in cases of co-infections. In most cases of mixed infections studied, influenza viruses
probably had a leading etiological role due to the higher viral loads. Monitoring cases of influenza
virus co-infections with other viral agents is crucial due to their possible implications for disease
severity, outcomes, and potential effects on treatment efficacy, vaccination strategies, and infection
control measures. Our study revealed notable genetic diversity among the circulating influenza
viruses in Bulgaria and offered significant insights into their evolutionary dynamics. Continuous
monitoring is essential for enhancing our understanding of influenza evolution and improving public
health strategies to effectively manage emerging viruses.
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