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Genome-wide association studies (GWAS) are vital in determining disease etiology.
Since most of the existing computational models for GWAS require many features, they are
often too computationally expensive for clinical use. An algorithm for prediction of
Mycobacterium tuberculosis drug resistance is proposed by using cross-accuracy
computations. We do exhaustive investigation of SNP pairs followed by a greedy algorithm
to improve prediction accuracy of SNP combinations. A dataset of 3178 Mtb genomes was
tested to predict resistance to 8 drugs. The results were compared with those from TB-profiler
and Mykrobe web systems. They indicate that our algorithm closely approximates the
performance of the existing methods for first-line drugs, while is outperforming them in
accuracy for the second-line drugs tested.
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[TonHOTreHOMHBIH ananu3 acconuanuii ([IAA) nmeer BayxHOE 3HAUCHHE IS OTIpeIeIie-
HUSI ATHOJIOTHH 3a00seBaHmid. [10CKOJIbKY OOJBIIMHCTBO CYIIECTBYFOIIMX BHIYMCITUTEIBHBIX
mozeneit st [IAA TpeOyroT BEIYMCICHNS MHOTHX IPU3HAKOB, OHU 3a49aCTYIO CIIUIIKOM TPY-
JOEMKHE JUTs UCIIOJIb30BaHUs B KIIMHIUYECKOH MpakTHKe. B 0KIIa1e MpeyiokKeH ajJropuTM
MPOTHO3MPOBAHUS JIEKAPCTBEHHOM YCTOMUMBOCTH MUKOOakTepuii Tydepkynesa (Mtb), ocHo-
BaHHBII HAa BBIYUCICHUU TOYHOCTH MPEACKa3aHMs ISl BCeX map Mytanuid. [Jis moBbIIICHHs
TOYHOCTH TNpPEACKa3aHUsl Ha OCHOBE KOMOMHALMA MYTallMil MCIIONBb3yeTCs >KaJHBIA airo-
putMm. Habop nanubix u3 3178 reHomoB Mth Obu1 mpoTecTipoBan [uis npencka3aHus yCToi-
YHBOCTH K § siekapcTBaM. [1omydeHHbIe pe3yIbTaThl CPAaBHUBAINCH C PE3yJbTaTaMH BeO-cep-
BucoB TB-profiler u Mykrobe. Onu mokaseiBaroT, 4T0 MPEIOKEHHBIH aIrOPUTM HE3HAYH-
TENBHO YCTYNAeT M0 TOYHOCTH MPEICKa3aHusl TUM CepBHCaM IS TIPenapaToB MepBoi Jiu-
HUH, HO MPEBOCXO/IUT MX IO TOYHOCTH JUIS IPOTECTUPOBAHHBIX MIPENApaToB BTOPOM JTMHUH.

Knroueewie cnosa: nekapCTBEHHO-YCTONUMBBIM TyOepKyiie3; KOMOMHALIUS MYyTalui;
IepeKpecTHast TOUHOCTb.
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INTRODUCTION

Genome-wide association analysis (GWAS) is an algorithm that searches
for correlations between single nucleotide polymorphisms (SNPs) and traits [1].
Due to the large number of SNPs, finding combinations of k SNPs among
hundreds of thousands in genomes is a complex combinatorial problem. In
recent years, Monte Carlo method [2], spanning tree method [3], machine
learning methods [4, 5] etc., have appeared, which can improve search
efficiency. Discriminant functions for calculating associations between SNP
combinations and phenotypes are essential, and discriminant functions with
light computations are favorable for improving search efficiency. Mutual
information and conditional entropy (Shannon entropy-based methods) [6] and
chi-square tests [7] are widely used to assess associations in a lightweight way.

The aim of this research is to explore a search method that is able to find
SNP combinations satisfying high recognition accuracy. The methodology
developed uses exhaustive investigation of SNPs interaction for all SNP pairs
followed by a greedy algorithm to find combinations of SNPs associated
with phenotypes.

METHODS

If an initial sequence of SNPs x = (x4,Xy, ..., X,) contains thousands of
elements, then one can compute accuracy values a(xi, xj) (1) for combined
SNPs created by all pairs (Xi,xj) of single SNPs. It allows to use further this
information for finding the most important combinations of SNPs.

Let us select q pairs (x;, x;) with the highest a(x;, x;) values which contain
distinct SNPs. Now we will propagate these pairs of SNPs to combinations of
up to | SNPs by a greedy algorithm as follows. For every selected pair (xi,xj)
consider combinations of three SNPs (x;, x;, x,) for every x, from the initial
sequence x distinct from x; and x;. Select an arbitrary combination of three
SNPs (x;, x;, X)) With the maximum accuracy value a(x;, x;, xy ). Similarly, one
can get combinations of up to 1 SNPs starting from the selected pair (Xi,xj).

Finally, let us select either a single SNP or a combination of SNPs associated
with resistance to a considered drug with the maximum accuracy value.

The quality of prediction of a phenotype based on a SNP in a considered
genome position can be evaluated using several measures:

TN
Recall = ity =
eca TP+FN'SpeC1 icity TN + FP’ D
Decision — TP A B TP+TN
recision = TP + FP’ ccuracy = TP + TN + FP + FN
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Prediction of drug resistance is based on the presence of a SNP under
consideration in a genome sample. If a sample is resistant to drug d and is
predicted correctly, then the prediction is considered true positive (TP).
Similarly, if a sample is sensitive to drug d and is predicted to be susceptible,
then the prediction is considered true negative (TN). However, no prediction is
perfect, and if a sample is resistant but is predicted to be sensitive, then the
prediction is considered false negative (FN). Similarly, if a sample is sensitive
do drug d but is predicted to be resistant, then the prediction result is false
positive (FP).

RESULT AND DISCUSSION

The original data set used in this study included the drug susceptibility test
data (DST) and genome-wide data corresponding to these cases. These data
were taken from the TB portal [8], presenting an excellent platform for
investigations on drug-resistant tuberculosis (TB). The DST data provide
verified information on resistance or sensitivity of Mtb samples to considered
drugs. Our dataset contained 3178 whole genomes. We investigated resistance
to 4 first-line drugs such as Isoniazid (INH), Rifampin (RIF), Streptomycin
(SM), Ethambutol (EMB), and 4 second-line drugs, such as Amikacin (AMK),
Linezolid (LZD), Levofloxacin (LFX) and Kanamycin (KM).

The efficiency of the developed algorithm was compared with Mykrobe
[9] and TB-Profiler [10]. Both are considered as practical prediction tools for
Mycobacterium tuberculosis drug resistance. The prediction results of
"Mykrobe v0.13.0" and "TB-Profiler v5.0.1" were computed for the same
dataset.

Our algorithms showed slightly underperformance than Mykrobe and TB-
profiler for first-line drugs, however, for second-line drugs we have got higher
accuracy values than Mykrobe and TB-Profiler. The algorithm is clearly
applicable to maximize other predictors as well. It has also an advantage of
providing results that are clearly interpretable, since resistance to a specific drug
is predicted by the presence of the corresponding individual mutations in a
genome sample under consideration.
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Comparison of the developed algorithms with Mykrobe and TB-profiler systems

Recall | Specificity | Precisio | Accuracy

Drug N Method
90.3% 91.8% 96.1% 90.7% Our algorithm
INH 89.4% 95.7% 97.9% 91.3% Mykrobe

89.9% 95.2% 97.7% 91.5% TB-profiler
93.8% 80.9% 87.9% 88.6% Our algorithm
RIF 92.6% 84.8% 90.1% 89.5% Mykrobe
93.8% 84.5% 90.0% 90.1% TB-profiler
84.8% 69.9% 82.1% 79.1% Our algorithm
SM 94.7% 64.7% 81.4% 83.3% Mykrobe
93.0% 66.2% 81.7% 82.8% TB-profiler
91.9% 70.3% 69.5% 79.5% Our algorithm
EMB 86.5% 78.8% 75.0% 82.1% Mykrobe
93.2% 72.0% 71.0% 81.0% TB-profiler
94.9% 58.3% 75.9% 79.5% Our algorithm
AMK 32.6% 95.3% 90.6% 58.9% Mykrobe
33.2% 95.0% 90.2% 59.1% TB-profiler
92.7% 49.2% 73.6% 75.5% Our algorithm
LFX 50.5% 90.0% 88.5% 66.1% Mykrobe
53.5% 89.4% 88.6% 67.7% TB-profiler
93.0% 80.1% 83.3% 86.7% Our algorithm
LZD 0.3% 100.0% | 100.0% 48.6% Mykrobe
0.4% 100.0% | 100.0% 48.6% TB-profiler
70.0% 80.0% 75.7% 75.3% Our algorithm
KM 78.1% 68.1% 68.5% 72.8% Mykrobe
79.8% 66.6% 68.0% 72.8% TB-profiler

CONCLUSION

We proposed a novel algorithm for predicting Mycobacterium tuberculosis
drug resistance using cross-accuracy computations. The results obtained
demonstrate the superiority of the developed algorithm over Mykrobe and TB-
Profiler for the second-line drugs tested. They showed also that the number of
SNPs in combinations can be constrained by 5 to ensure an appropriate
approximation of prediction accuracy using the developed algorithm. This can
also be utilized to reduce the computational efforts required to search for SNP
combinations.
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