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MODELLING THE PROBABILITY OF EMERGENCE
OF MULTIPLE DRUG RESISTANCE IN INFLUENZA VIRUS

Abstract. Antiviral drug resistance in influenza virus poses a serious threat to public health, particularly during
the epidemic period. In this article we evaluated the probability of emergence of multiple drug resistance to adaman-
tane and the oseltamivir in influenza virus. 35,061 amino acid sequences of both the neuraminidase and M2 matrix
protein genes were selected for analysis in the international NCBI database. In order to search for and count the sites
responsible for the formation of susceptibility to antiviral drugs, the scripts were developed and written in the Python
3.6 programming language. Evaluation of the possibility of simultaneous existence of amino acid substitutions in the
M2 and NA genes leading to the formation of resistance showed that these paired mutations are antagonistic to each
other, and theoretically the occurrence of such virus strains is unlikely. The findings can serve as a basis for the prac-
tical application of complex therapy with the drugs based on adamantane derivatives and neuraminidase inhibitors
against influenza virus.

Key words: influenza virus, antiviral resistance, amino acid substitutions, fitness cost, genetic linkage.

Introduction. Evolution of antibiotic resistance is usually the result of small changes that allow the
microbes or other organisms to survive under special circumstances when the organism encounters an
extremely strong selection pressure due to the presence of any antibiotic drug. In other cases, this is the
result of the transfer of pre-existing antibiotic resistance genes from one microbe to another and selection
of such microorganisms in an antibiotic-containing medium. Even in the first example, evolution does not
create a truly new function. Such changes often make microorganisms less adapted to normal growth con-
ditions — their efficiency declines, manifesting itself in reduced virulence, transmission, and growth rate,
while these mutants are able to survive treatment with antibiotics. This effect is widely recognized and
called the fitness cost of antibiotic resistance or “fitness cost”.

Energy costs of drug resistance are real, and biological realities such as “fitness cost” and other
limitations of the evolution of microorganisms play a vital role in shaping strategies used to combat resis-
tance to antibiotics, antiviral resistance, etc. In fact, if it weren’t for the “fitness cost”, in many cases drug-
resistant bacteria and viruses would multiply without restriction, and soon replace susceptible strains.
However, in practice, because of the “fitness cost”, resistant strains are replaced by susceptible strains
when the drug is removed from the medium, and the selection pressure is weakened. Thereby, the suscep-
tible strain will eventually defeat the resistant one in a drug-free medium. It can take several days, or
several decades, depending on the relative difference in the “fitness cost”. The difference in the “fitness
cost” between susceptible and resistant strains can also be leveled by compensatory mutations, but will
never be zero [1, 2].

A number of drug resistance mutations are incompatible with each other because of the cumulative
effect of the associated negative effects on the body, as well as in relation to the need to maintain a certain
general genomic context for the states of many other polymorphic alleles in the genome, including com-
pensatory mutations.
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There is a large number of works devoted to the study of the “fitness cost” concept in various bacte-
ria. However, there are very few similar studies on viral infection models. In this article, we have tried to
evaluate the probability of emergence of multiple drug resistance to adamantane and oseltamivir in
influenza virus.

There are currently two classes of the most common antiviral drugs used in the treatment of the
influenza virus infection: adamantane derivatives (amantadine, rimantadine) and neuraminidase inhibitors
(oseltamivir) [3].

The study into the genetic basis of resistance showed that all rimantadine-resistant strains have mu-
tations in the transmembrane domain of the M2 protein, namely at positions 26, 27, 30, 31, and 34 [4, 5].
In this case, a structure of the mutant transmembrane domain of the M2 protein changes, which leads to a
change in the structure of the viral ion channel [6, 7].

The frequency of appearance of a virus resistant to neuraminidase inhibitors remains low compared
to the resistance to adamantanes. However, every year the share of oseltamivir-resistant variants increases
throughout the world [8]. Genetic studies of influenza virus strains have revealed a histidine to tyrosine
amino acid substitution (H274Y mutation) in the neuraminidase protein, leading to the formation of
resistance to the oseltamivir.

Therapy for the disease with several drugs that act at different stages of the viral life cycle is now
considered to be one of the most effective approaches. And, perhaps, the complex therapy may reduce the
likelihood that any single mutation will lead to the emergence of resistance.

Materials and methods. Objects of the study. The amino acid sequences of the neuraminidase
protein and matrix protein M2 of the influenza A virus, obtained from the international NCBI database
[9], were used in this study. Information on the frequencies of amino acid substitutions in 53,761 genomes
of the influenza virus was analyzed. The data were used to examine the dynamics of mutation
accumulation in the global population of the influenza virus.

Search and analysis of amino acid substitutions leading to the emergence of resistant virus strains.
The search for mutations responsible for the formation of resistance to adamantane in the M2 protein gene
was carried out at positions 26, 27, 30, 31, and 34, initiating at the first start codon.

The search for mutations responsible for the formation of resistance to the oseltamivir in the
neuraminidase protein was carried out at position -2 from the location of the EEC/SSC/RY/H/F pattern.

The mutations associated with drug resistance were established according to the NCBI database
records [9].

To determine the conservative pattern in the neuraminidase gene, multiple amino acid sequence
alignment was performed using the MEGA 7 [10] and Lasergen software (version 12, DNASTAR, Inc,
Madison, WI).

Determination of mutation frequencies. The frequencies of single mutations responsible for the
formation of mono resistance have been calculated. The mutation frequency was calculated as the ratio of
the number of each mutation to the total number of amino acid sequences according to formula (1):

=n/N, (1)

where f — mutation frequency, n — number of mutations, N — total number of amino acid sequences.

To analyze the character of amino acid substitutions, the Grantham's distance was used (figure).

With a physicochemical distance above 57.9, the substitution is assumed to be conservative, or
radical in the opposite case [11].

Calculation of linkage disequilibrium (LD) parameter for the pairs of mutations. For each pair of
mutations, a parameter LD, characterizing the disequilibrium concatenation of the signs, was calculated
by the formulae (2)-(4) [12]:

ko1 D.

LD=3" p(4)p(B, )x|-—L]. @)
i=1 j=1 Dl.j

Dij :p(AiB_j)_p(Ai)p(Bj)a 3)

— 120 ——



ISSN 2224-5308 Cepus 6uonoeuueckas u meouyunckas. Ne 4. 2018

s _ {minlp(Ai)p(B,),a—p(AJ)(l ~p(B))| D, <0 N
" minlp(4)a- p(8 )= p(4)p(B)] D, 0°

where p4 and pB are the allele frequencies at loci 4 and B, pAB is the frequency of gametes carrying a
pair of alleles A and B at two loci.

A|JC|D|IE|JF|G|IH|T|]K|]L{M|N|P|IQ|R|S|T|V|IW]Y

AJ100] 9 |41 [ 50 )45 |73 |59 |54 |50 |54 |59 |45 |86 |54 |45 |54 |73 |68 |32]45
C 100027 (23] 4 |27 181 9 | 4 | 9| 9 [36 23|27 |18 45|32 9 1019
D 100 77 | 18 | 54 |59 | 23 | 50 | 18 | 27 | 86 | 50 | 68 | 54 | 68 | 59 | 27 | 14 | 27
E 100 36 | 54 | 82 | 36 | 73 |36 |41 |77 |54 |8 |73 |64 | 68 |41 | 27| 41
F 100 27 | 54 | 86 | 50 | 86 | 86 | 27 | 45 | 45 | 54 | 27 | 50 | 77 | 82 | 86
5 100 54 | 36 | 41 | 36 | 41 | 64 | 77|59 |41 | 73|73 50| 14 ] 32
H 100 54 | 82 | 54 | 59 | 68 | 64 | 86 | 86 | 59 | 77 | 59 | 45 | 59
I 100 50 | 95 195 |32 | 54 |50 | 54 | 3259 |86 | 68|82
K 100 | 50 | 54 | 54 | 50 | 73 | 86 | 41 | 64 | 54 | 50 | 59
L 100 91 |27 | 54 | 45 | 50 | 32| 54 | 82 | 68 | 82
M 100 32 | 59 | 50 | 54 | 36 | 59 | 86 | 68 | 82
N 100 54 | 77 |59 |77 | 68 |36 | 18] 32
P 100 64 | 50 | 64 | 82 | 68 | 32 | 50
Q 100 77 | 68 | 77 | 54 | 41 | 54
R 100 50 | 64 | 54 | 50 | 64
S 100 73 | 41 | 18 | 32
T 100 | 68 | 41 | 54
Vv 100 | 59 | 73
W 100 | 82
Y 100

Grantham's physicochemical distance matrix for amino acid substitutions

Bioinformatics calculations. To search for amino acid substitutions in the examined genes respon-
sible for the emergence of drug resistance and calculate frequencies of both mono- and paired mutations,
we have used own scripts written in the Python 3.6.

Results. Finding whole genome amino acid sequences of influenza A virus from the NCBI database.
The whole genome amino acid sequences of the NA and M2 proteins were obtained from the NCBI
database to carry out an analysis. The appropriate filters were used to collect relevant data, which make it
possible to get rid of laboratory isolates, mixed strains, and duplicating sequences.

In total, 53,761 whole genome sequences of the NA and M2 genes of the influenza A virus
circulating in the world between 1902 and 2017 were obtained from the database. In view of the fact that
the strains are often deposited in the NCBI without the first start codon, or, conversely, have an additional
sequence before it, the sequences obtained were optimized in the subsequent experiments. Using own
scripts written in Python 3.6, all sequences of the M2 and NA proteins were aligned with the first start
codon. In addition, the strains, which simultaneously included genome sequences of the M2 and NA
proteins, meeting the requirements as described above, were sorted.

As a result of all manipulations, 35,061 amino acid sequences of both the neuraminidase and M2
matrix protein genes were selected for further analysis.

Analysis of amino acid substitutions leading to the emergence of resistant strains of influenza virus.
Using the obtained amino acid sequences, the search and counting of sites responsible for the formation of
resistance to adamantane and to the oseltamivir were carried out in subsequent experiments. In view of the
fact that, despite the optimization, the amount of data analyzed was extremely large, direct search and
counting of sites were not possible. At the same time, the existing software (both commercial and free)
did not allow to carry out the required manipulations. We have developed and written own scripts in the
Python 3.6, which enables us to perform a search and counting of sites for the given parameters quickly
and optimally.
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According to the published data, the formation of resistance to adamantane causes by amino acid
substitutions in the matrix protein of the influenza virus at positions 26, 27, 30, 31, and 34 relative to the
start codon. All amino acid substitutions in the M2 protein and their absolute number are shown in table 1.

Table 1 — Amino acid substitutions in the M2 protein gene

Substitution Number Phenotype Substitution Number Phenotype
26A 1 n/d 30A 35007 S
26F 51 R 30E 1 n/d
261 346 R 301 11 n/d
26L 34645 S 30N 1 n/d
26N 3 n/d 308 22 n/d
26P 1 n/d 30T 16 R
26R 1 n/d 30V 3 R
26S 8 n/d 31K 1 n/d
26V 5 n/d 31A 1 n/d
A27 1144 R 3IR 2 n/d
27E 1 n/d 311 6 n/d
27F 38 n/d 3IN 20579 R
27G 20 n/d 31G 4 n/d
271 1585 R 3IL 11 n/d
27L 5 n/d 31D 7 n/d
27M 3 n/d 318 14450 S
278 2 R 34G 35039 S
27T 345 R 341 15 n/d
27V 31918 S 34E R

34W 4 n/d
Notes: S — susceptibility phenotype; R — resistance phenotype; n/d — no data.

However, during the analysis, a number of amino acid substitutions were recorded in the matrix
protein gene, which, according to the literature data, did not clearly differentiate into mutations leading to
susceptibility or resistance, but nonetheless affecting the phenotype to some extent.

In order to take into account the influence of these substitutions on the formation of resistance in
influenza virus and calculate the linkage disequilibrium parameter, an analysis was made to determine the
character of the amino acid substitutions for the M2 protein. To determine the nature of the mutations,
which were not described in the literature, the Grantham's physicochemical distance matrix was used. The
results are shown in table 2.

In addition to the mutation at position 274 resulting in resistance to oseltamivir, a number of
substitutions are known for the neuraminidase protein. However, some of them are related to compen-
satory mutations, while the other part is specific only for certain genetic groups of the influenza virus and
cannot provide an adequate picture of resistance formation. As a result, only an amino acid substitution at
position 274 in the neuraminidase protein was used in the final analysis. However, in view of the fact that
the neuraminidase protein sequences differ in length due to the presence of insertions/deletions that are
responsible for pathogenicity, the search for position 274, initiating at the start codon, will not provide
adequate amino acid content in this site. Therefore, in preliminary studies, a conservative pattern was
searched for, which would be located in the immediate vicinity of the necessary site.

The search for a conservative pattern was carried out using the MEGA 7 and Lasergen 12 software.
A rather conservative EEC/SSC/RY/H/F pattern, located two amino acids after the site responsible for the
formation of resistance to the oseltamivir, was found.

Using the found pattern and own scripts, the number of sites responsible for the formation of sus-
ceptibility/resistance was determined (table 3).
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Table 2 — Determination of the character of amino acid substitutions in the M2 protein gene

Amino acid substitution Number of substitutions Character of substitutions
26A 1 R
26N 3 R
26P 1 R
26R 1 R
26S 8 R
26V 5 S
27E 1 R
27F 38 S
27G 20 R
27L 5 S
27M 3 S
30E 1 R
301 11 R
30N 1 R
308 22 R
31K 1 R
31A 1 R
31R 2 R
311 6 R
31G 4 S
31L 11 R
31D 7 S
341 15 R
34W 4 R

Notes: S — susceptibility phenotype; R — resistance phenotype.

Table 3 — Amino acid substitutions in the neuraminidase protein gene

Substitution Number of substitutions Phenotype
274H 34615 S
274Y 446 R

Notes: S — susceptibility phenotype; R — resistance phenotype.

In subsequent experiments, in order to calculate the linkage disequilibrium parameter, it was required
to determine a possibility of the simultaneous existence of amino acid substitutions in the M2 and NA
genes leading to the formation of resistance within the same organism. Therefore, only mutations leading
to the resistance phenotype were used for the analysis. In other words, the frequencies of mutations, both
described in the literature and calculated according to the Grantham's distance, were summed up within
the same site. Based on the values obtained, the frequencies of mutations responsible for resistance to
adamantanes at positions 26, 27, 30, 31, and 34 for protein M2 and to oseltamivir at position 274 for the
neuraminidase protein were calculated. The values of theoretical and practical frequencies of paired
mutations were further calculated. Practical frequencies were obtained on the basis of direct counting of
substitutions in the M2 and NA genes (table 4).

Using the obtained frequency values, the linkage disequilibrium (LD) parameter was calculated for
paired mutations.
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Table 4 — Frequencies of paired mutations

Paired mutations Practical values Theoretical values
26-274 0,0 1,50E-04
27-274 1,7E-04 1,12E-03
30-274 0,0 1,96E-05
31-274 3,68E-03 7,47E-03
34-274 0,0 7,98E-06

The linkage disequilibrium (LD) parameter is a non-random distribution of allele frequencies at
different loci, which can be due not only to the close genetic linkage but also to the adaptive advantage of
the particular combination of alleles, whose frequency accordingly increases in comparison with the
frequency expected with a random distribution.

The LD parameter can take both positive and negative values. Positive linkage values indicate that
two loci occur together in the same haplotype more often than expected, while negative LD exists when
alleles occur together in the same haplotype less often than expected. The data are shown in table 5.

Table 5 — Linkage disequilibrium parameter for paired mutations in the M2 and NA proteins

Paired mutations LD value
26-274 -1,50E-04
27-274 -9,70E-04
30-274 -2,00E-05
31-274 -3,95E-03
34-274 -8,16E-06

LDcommon -5,12E-03

The resulting negative LD values indicate that these paired mutations are antagonistic to each other.
The common LD parameter also has a negative value. Theoretically, the emergence of influenza virus
strain, which simultaneously possesses such pairs of amino acid substitutions in the NA and M2 genes, is
extremely unlikely. However, the LD parameter has a low negative value, tending to zero, which in turn
may indicate a lack of analyzed data or a relative general neutrality of the simultaneous presence of two
mutations resulting in the formation of multiple drug resistance.

Conclusions. The concept of energy relevance is a characteristic of any living organism. The
acquisition or loss of structures, including genetic ones, inevitably leads to a change in the energy status
of the organism. Restoring this balance entails changes in the structure of the genome or epigenome.
However, this can be problematic for viruses due to the limited size of their genome and lead to
irreversible fatal consequences.

Based on the data presented in the NCBI database, as well as the analysis carried out, it was sug-
gested that resistance to adamantane and neuraminidase inhibitors (oseltamivir) cannot exist simul-
taneously due to the energy irrelevance. In this article, the effect of compensatory mutations on the
decrease of the “fitness cost” was not taken into account; however, the findings can serve as a basis for
subsequent studies.

Theoretical calculations obtained in the framework of this work undoubtedly require a compre-
hensive experimental verification and evaluation. However, if the results are confirmed, the data may
serve as a basis for reviewing or clarifying existing regimens for influenza virus treatment.
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T'PUIIT BUPYCBIHJAFBI KONITETEH JIOPITE TYPAKTBLUIBIKTBIH,
MAMIA BOJTY MYMKIHJITTH MOJEJIAEY

AnnHotanus. Tymay BUPYCHIHBIH JOPLUTIK 3aTTapFa Kapchl BUPYCKA KAPCHI TYPAKTHUTBIFBI KOFAMJIBIK JACHCAYIIBIK
YIIiH, acipece SMUAeMus Ke3eHIHae eeyii Karep 0ombin Tabbutanpl. Ockl Makantaga 0i3 TPUIMIT BUPYCHIHIAFHI ala-
MaHTaHJBIK KaTapIarbel [IpernapaTTap MEH OCEIETAMHUBHD IMperapaThlHa KUIITEreH MOPLTIK TYPaKThUIBIFBIHBIH Taiina
0oy Mymkinairia O0arananeik. Tammay ynrie NCBI xansikapanbeik 6a3acbiHia HelpaMUHUIA3 jKoHE M2 MaTpHKCTIK
aKybI3 petiHae reaaepAid 35061 aMUHKBIIIKBUIAAPBIHBIH Oipi3aimiri OoibIHIIA ipikTemik. Bupycka kapchl npemna-
parrapra Ce3iMTaIABIKTHI KAJBIITACTRIPYFa JKayanThl CAUTTapabl i3/1ey *oHe caHay yuriH Python 3.6 Oarmapiama-
Jlay TUTIHJIE CKPHIITTEP 931pJIEHII, jKa3blJIbI.

TypaKTBUIBIKTEI KaJbINTACTRIPYFa okeneTiH M2 xoHe HA reHaepinieri aMiH KbIIIKBUIBIHBIH aIMacThIpyiIa-
pBIHBIH Oip Me3ringe 0oy MYMKIHIITIH Oaranay Oyi MyTalusapAblH JKynrapbl Oip-OipiHe aHTaroHHCT OOJIBII
TaOBLTAJIBI J)KOHE TEOPHSUTBIK TYPAC MYHIAH IMITaMMIAP.IbIH Haia O0Myhl eKiTarai.

AJBIHFaH HOTWXKEJNEp TPUIN BUPYCHIHA KATHICTHI HEHPAMUHHIA3 WHTUOUTOPIAPHI KOHE aJaMaHTaH TYBIHJIbI-
Japhkl MpenapaTTapbiMeH KEIIeH T TepaHsHbI TPAKTUKAIBIK KOJIIaHy VIIIiH HeTi3 00Ja aajipl.

Tyiiin ce3mep: rpum BHPYCHL, BUPYCKAa KAapChl TYPAKTHUIBIK, aMHHKBIIIKBUIIBIK anMacyiap, fitness cost,
TipKecIe reHep.
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MOJEJUPOBAHHME BO3MOKHOCTH BOSHUKHOBEHMUS
MHOXECTBEHHOM JIEKAPCTBEHHOM YCTOMYMBOCTH Y BUPYCA T'PHITIIA

AHHOTAUMs. AHTHBHpYCHAas PE3UCTCHTHOCTh BHUpPYyCa TpHUINA K JICKAPCTBCHHBIM IIperiaparaM sBIISCTCS
Cepbe3HOH yrpo30i JuIs 00IECTBEHHOTO 3/IpaBOOXPAaHEHUs], 0COOCHHO B 3ITMIEMHYECKHI eproa. B 310l crarbe Mbl
MPOBEJIA OLECHKY BO3MO)XHOCTH BO3HHKHOBEHHS MHOXXECTBEHHOH JICKAPCTBEHHON YCTOHYMBOCTH K Tpenaparam
aJaMaHTaHOBOTO PsJia M IIperapary OcCelbTaMUBHp y BHpyca rpunma. J[ns aHammsa Obuto otodpano mo 35061
aMUHOKHCIIOTHBIX IOCIIEIOBATENIFHOCTEH TeHOB KaK HeHpaMWUHHIA3bl, TAaK WU MaTPUKCHOTO Oeinka M2 B MexIy-
HaponHoU 6aze NCBI. [Ing moucka u mojcyera caiToB, OTBEYAOIINX 32 (hOPMUpPOBaHKE YYBCTBUTEIBHOCTH K TIPO-
TUBOBUPYCHBIM Ipenaparam, ObLIH pa3paboTaHbl U HAIMCAHbI CKPUITHI HA s3bIKe MporpammupoBanus Python 3.6.
OreHKa BO3MOXXHOCTh OJHOBPEMEHHOTO CYIIECTBOBAHMS aMHHOKHCIIOTHBIX 3aMeH B reHax M2 m NA, Bemymmx K
(hOpMHUPOBAHUIO YCTOMYMBOCTH TOKa3aja, YTO JaHHBIE MApbl MyTallUi SBJSIFOTCS aHTarOHUCTHYECKUMH TI0 OTHOIIIE-
HUIO JIPYT K JPYTY, U TEOPETHYECKH BOZHUKHOBEHUE TAKHUX ILTAMMOB BHpyCa MaJoBeposTHO. [loiyueHHbIe pe3yiib-
TaTbl MOTYT CIYXUTb OCHOBAHUEM [JId MPAKTUYCCKOIO NMPUMCHCHUA KOMIIIEKCHOM TCpanuu mnpernaparaMmu Mmpous-
BOJHBIX aJaMaHTaHa ¥ HHTHOUTOpaMHU HeHpaMUHHIa3bl B OTHOLICHUN BUPYCa TPHIIIIA.

KiaroueBble cjioBa: BHPYC TpUIla, MPOTHBOBUPYCHAS PE3UCTCHTHOCTh, AMHHOKHCIIOTHBIC 3aMeEHEI, fitness
COSt, CIIETNIEHHOCTh T€HOB
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