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ЧФ «ХАЛЫҚ»

В 2016 году для развития и улучшения качества жизни казахстанцев был 
создан частный Благотворительный фонд «Халык». За годы своей деятельности 
на реализацию благотворительных проектов в областях образования и науки, 
социальной защиты, культуры, здравоохранения и спорта, Фонд выделил 
более 45 миллиардов тенге.

  Особое внимание Благотворительный фонд «Халык» уделяет 
образовательным программам, считая это направление одним из ключевых 
в своей деятельности. Оказывая поддержку отечественному образованию, 
Фонд вносит свой посильный вклад в развитие качественного образования 
в Казахстане. Тем самым способствуя росту числа людей, способных 
менять жизнь в стране к лучшему – профессионалов в различных сферах, 
потенциальных лидеров и «великих умов». Одной из значимых инициатив 
фонда «Халык» в образовательной сфере стал проект Ozgeris powered by Halyk 
Fund – первый в стране бизнес-инкубатор для учащихся 9-11 классов, который 
помогает развивать необходимые в современном мире предпринимательские 
навыки. Так, на содействие малому бизнесу школьников было выделено более 
200 грантов. Для поддержки талантливых и мотивированных детей Фонд 
неоднократно выделял гранты на обучение в Международной школе «Мирас» 
и в Astana IT University, а также помог казахстанским школьникам принять 
участие в престижном конкурсе «USTEM Robotics» в США. Авторские 
работы в рамках проекта «Тәлімгер», которому Фонд оказал поддержку, легли 
в основу учебной программы, учебников и учебно-методических книг по 
предмету «Основы предпринимательства и бизнеса», преподаваемого в 10-11 
классах казахстанских школ и колледжей. 

  Помимо помощи школьникам, учащимся колледжей и студентам Фонд 
считает важным внести свой вклад в повышение квалификации педагогов, 
совершенствование их знаний и навыков, поскольку именно они являются 
проводниками знаний будущих поколений казахстанцев. При поддержке 
Фонда «Халык» в южной столице был организован ежегодный городской 
конкурс педагогов «Almaty Digital Ustaz. 

  Важной инициативой стал реализуемый проект по обучению основам 
финансовой грамотности преподавателей из восьми областей Казахстана, 
что должно оказать существенное влияние на воспитание финансовой 
грамотности и предпринимательского мышления у нового поколения граждан 
страны. 
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  Необходимую помощь Фонд «Халык» оказывает и тем, кто особенно 
остро в ней нуждается. В рамках социальной защиты населения активно 
проводится работа по поддержке детей, оставшихся без родителей, детей и 
взрослых из социально уязвимых слоев населения, людей с ограниченными 
возможностями, а также обеспечению нуждающихся социальным жильем, 
строительству социально важных объектов, таких как детские сады, детские 
площадки и физкультурно-оздоровительные комплексы. 

 В копилку добрых дел Фонда «Халык» можно добавить оказание помощи 
детскому спорту, куда относится поддержка в развитии детского футбола и 
карате в нашей стране. Жизненно важную помощь Благотворительный фонд 
«Халык» оказал нашим соотечественникам во время   недавней пандемии 
COVID-19. Тогда, в разгар тяжелой борьбы с коронавирусной инфекцией 
Фонд выделил свыше 11 миллиардов тенге на приобретение необходимого 
медицинского оборудования и дорогостоящих медицинских препаратов, 
автомобилей скорой медицинской помощи и средств защиты, адресную 
материальную помощь социально уязвимым слоям населения и денежные 
выплаты медицинским работникам.

В 2023 году наряду с другими проектами, нацеленными на повышение 
благосостояния казахстанских граждан Фонд решил уделить особое внимание 
науке, поскольку она является частью общественной культуры, а уровень ее 
развития определяет уровень развития государства. 

Поддержка Фондом выпуска журналов Национальной Академии наук 
Республики Казахстан, которые входят в международные фонды Scopus и 
Wos и в которых публикуются статьи отечественных ученых, докторантов 
и магистрантов, а также научных сотрудников высших учебных заведений 
и научно-исследовательских институтов нашей страны является не менее 
значимым вкладом Фонда в развитие казахстанского общества.

С уважением, 
Благотворительный Фонд «Халык»!
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БАС РЕДАКТОР:
МҰТАНОВ Ғалымқайыр Мұтанұлы,  техника ғылымдарының докторы, профессор, 

ҚР ҰҒА академигі, ҚР БҒМ ҒК «Ақпараттық және есептеу технологиялары институты» бас 
директорының м.а. (Алматы, Қазақстан), Н-5

БАС РЕДАКТОРДЫҢ ОРЫНБАСАРЫ:
МАМЫРБАЕВ Өркен Жұмажанұлы,  ақпараттық жүйелер мамандығы бойынша 

философия докторы (Ph.D), ҚР БҒМ Ғылым комитеті «Ақпараттық және есептеуіш технологиялар 
институты» РМК жауапты хатшысы (Алматы, Қазақстан), Н=5

РЕДАКЦИЯ АЛҚАСЫ:
ҚАЛИМОЛДАЕВ Мақсат Нұрәділұлы, физика-математика ғылымдарының докторы, 

профессор, ҚР ҰҒА академигі (Алматы, Қазақстан), Н=7
БАЙГУНЧЕКОВ Жұмаділ Жаңабайұлы, техника ғылымдарының докторы, профессор, ҚР 

ҰҒА академигі, Кибернетика және ақпараттық технологиялар институты, Сатпаев университе
тінің Қолданбалы механика және инженерлік графика кафедрасы, (Алматы, Қазақстан), Н=3

ВОЙЧИК Вальдемар, техника ғылымдарының докторы (физика), Люблин технологиялық 
университетінің профессоры (Люблин, Польша), H=23

БОШКАЕВ Қуантай Авғазыұлы, Ph.D. Теориялық және ядролық физика кафедрасының 
доценті, әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан), Н=10

QUEVEDO Hemando, профессор, Ядролық ғылымдар институты (Мехико, Мексика), Н=28
ЖҮСІПОВ Марат Абжанұлы, физика-математика ғылымдарының докторы, теориялық және 

ядролық физика кафедрасының профессоры, әл-Фараби  атындағы Қазақ ұлттық университеті 
(Алматы, Қазақстан), Н=7

КОВАЛЕВ Александр Михайлович, физика-математика ғылымдарының докторы, Украина 
ҰҒА академигі, Қолданбалы математика және механика институты (Донецк, Украина), Н=5

РАМАЗАНОВ Тілекқабыл Сәбитұлы,  физика-математика ғылымдарының докторы, 
профессор, ҚР ҰҒА академигі, әл-Фараби   атындағы Қазақ ұлттық университетінің ғылыми-
инновациялық қызмет жөніндегі проректоры, (Алматы, Қазақстан), Н=26

ТАКИБАЕВ Нұрғали Жабағаұлы, физика-математика ғылымдарының докторы, профессор, 
ҚР ҰҒА академигі, әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан),  Н=5

 ТИГИНЯНУ Ион Михайлович, физика-математика ғылымдарының докторы, академик, 
Молдова Ғылым Академиясының президенті, Молдова техникалық университеті (Кишинев, 
Молдова), Н=42

 ХАРИН Станислав Николаевич, физика-математика ғылымдарының докторы, профессор, 
ҚР ҰҒА академигі, Қазақстан-Британ техникалық университеті (Алматы, Қазақстан), Н=10

ДАВЛЕТОВ Асқар Ербуланович, физика-математика ғылымдарының докторы, профессор, 
әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан), Н=12

КАЛАНДРА Пьетро, Ph.D (физика), Наноқұрылымды материалдарды зерттеу институтының 
профессоры (Рим, Италия), H=26
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инженерной графики, Университет Сатпаева (Алматы, Казахстан), Н=3

ВОЙЧИК Вальдемар,  доктор технических наук (физ.-мат.), профессор Люблинского 
технологического университета (Люблин, Польша), H=23

БОШКАЕВ Куантай Авгазыевич, доктор Ph.D, преподаватель, доцент кафедры теоретической 
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КОВАЛЕВ Александр Михайлович, доктор физико-математических наук, академик НАН 
Украины,  Институт прикладной математики и механики (Донецк, Украина), Н=5

РАМАЗАНОВ Тлеккабул Сабитович,    доктор физико-математических наук, профессор, 
академик НАН РК, проректор по научно-инновационной деятельности, Казахский национальный 
университет им. аль-Фараби (Алматы, Казахстан), Н=26
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Abstract. In the realm of modern molecular biology and epidemiology,
where extensive genetic data undergoes intricate processing and analysis, 
information technologies assume a pivotal role in both propelling and refining 
the implementation of Multi-Locus Variable Number Tandem Repeat Analysis 
(MLVA). Within this dynamic landscape, these technologies emerge as catalysts that 
empower and elevate the MLVA methodology. The comparison of MLVA profiles 
across diverse individuals or locales reveals the rhythmic patterns of transmission, 
identifies sources of infection, and illuminates the path of pathogen propagation. 
This knowledge serves as the bedrock for focused interventions, targeted control 
strategies, and the preemptive containment of potential outbreaks. In the context 
of outbreak detection and management, MLVA's use shines particularly bright. 
The comparison of MLVA profiles across diverse individuals or locales reveals the 
rhythmic patterns of transmission, identifies sources of infection, and illuminates 
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the path of pathogen propagation. This knowledge serves as the bedrock for 
focused interventions, targeted control strategies, and the preemptive containment 
of potential outbreaks. In the endeavor to combat infectious diseases, Multi-Locus 
Variable Number Tandem Repeat Analysis (MLVA), underpinned by the formidable 
capabilities of information technologies, emerges as an indispensable instrument. 
It not only elucidates the intricate dynamics governing pathogenic agents but also 
furnishes the essential knowledge requisite for safeguarding public health. This 
review article describes the significant importance of information technology’s role 
in revealing outbreaks sources and epidemiological control as well as comparative 
analysis of algorithms is conducted. 

Keywords: Information systems, bioinformatics, MLVA, VNTR, algorithms
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Аннотация. Кең ауқымды генетикалық деректер күрделі өңдеуден және 
талдаудан өтетін заманауи молекулалық биология және эпидемиология 
саласында ақпараттық технологиялар көп локусты айнымалы сандар тандемді 



302

N E W S  of  the National Academy of  Sciences of  the  Republic  of  Kazakhstan

қайталау талдауын (MLVA) енгізуді ынталандыруда және нақтылауда шешуші 
рөл атқарады. Осы динамикалық ландшафтта бұл технологиялар MLVA 
әдістемесін күшейтетін және көтеретін катализаторлар ретінде пайда болады. 
Әртүрлі адамдар немесе жергілікті жерлерде MLVA профильдерін салыстыру 
берілудің ырғақты үлгілерін көрсетеді, инфекция көздерін анықтайды 
және патогеннің таралу жолын жарықтандырады. Бұл білім бағдарланған 
араласулар, мақсатты бақылау стратегиялары және ықтимал індеттердің 
алдын алу үшін негіз болады. Ауруды анықтау және басқару контекстінде 
MLVA қолдануы ерекше жарқырайды. Зардап шеккен адамдардан алынған 
патогендік штаммдардың MLVA профильдерін бөлу арқылы әдіс жалпы 
инфекция көздерін және жағдайлар арасындағы байланыстарды тез арада 
анықтайды. Бұл ептілік тез жауап беруге мүмкіндік береді, бақылауды және 
бақылауды жеңілдетеді. Әртүрлі адамдар немесе жергілікті жерлерде MLVA 
профильдерін салыстыру берілудің ырғақты үлгілерін көрсетеді, инфекция 
көздерін анықтайды және патогеннің таралу жолын жарықтандырады. Бұл 
білім бағдарланған араласулар, мақсатты бақылау стратегиялары және 
ықтимал індеттердің алдын алу үшін негіз болады. Жұқпалы аурулармен 
күресуде ақпараттық технологиялардың зор мүмкіндіктеріне негізделген 
Multi-Locus Variable Number Tandem Repeat Analysis (MLVA) таптырмас 
құрал ретінде пайда болады. Ол патогендік агенттерді басқаратын күрделі 
динамикасын ашып қана қоймайды, сонымен қатар қоғамдық денсаулықты 
сақтау үшін қажетті біліммен қамтамасыз етеді. Бұл шолу мақаласында 
індет ошақтарын және эпидемиологиялық бақылауды ашудағы ақпараттық 
технологиялар рөлінің маңыздылығы сипатталған, сонымен қатар 
алгоритмдерге салыстырмалы талдау жүргізілген.

Түйін сөздер: Ақпараттық жүйелер, биоинформатика, MLVA, VNTR, 
алгоритмдер
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Аннотация. В сфере современной молекулярной биологии и 
эпидемиологии, где обширные генетические данные подвергаются сложной 
обработке и анализу, информационные технологии играют ключевую роль 
как в продвижении, так и в совершенствовании внедрения многолокусного 
тандемного повторного анализа с переменным числом (MLVA). В этом 
динамичном ландшафте эти технологии становятся катализаторами, 
которые расширяют возможности и совершенствуют методологию MLVA. 
Сравнение профилей MLVA у разных людей или мест выявляет ритмические 
закономерности передачи, определяет источники инфекции и освещает пути 
распространения патогена. Эти знания служат основой для целенаправленных 
мер, стратегий прицельного контроля и упреждающего сдерживания 
потенциальных вспышек. В контексте выявления и борьбы со вспышками 
использование MLVA проявляется особенно ярко. В борьбе с инфекционными 
заболеваниями незаменимым инструментом становится мультилокусный 
анализ тандемных повторов с переменным числом (MLVA), подкрепленный 
огромными возможностями информационных технологий. Он не только 
разъясняет сложную динамику патогенных агентов, но также предоставляет 
важные знания, необходимые для защиты общественного здоровья. В данной 
обзорной статье описывается значимость роли информационных технологий 
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в выявлении источников вспышек и эпидемиологическом контроле, а также 
проводится сравнительный анализ алгоритмов.

Ключевые слова: информационные системы, биоинформатика, MLVA, 
VNTR, алгоритмы

Работа выполнена при поддержке Комитета науки Министерства 
науки и высшего образования Республики Казахстан в рамках программы 
финансирования научных исследований на 2023–2025 годы, ИРН проекта 
AP19678041 («Разработка программного обеспечения для идентификации 
тандемных повторов при полногеномном секвенировании»).

Introduction 
In recent years, the field of molecular biology has witnessed tremendous 

advancements in genotyping techniques, revolutionising our understanding of 
microbial diversity and population dynamics (Messina et.al., 2018). Among these 
techniques, Multi-Locus Variable Number Tandem Repeat Analysis (MLVA) has 
emerged as a powerful tool for characterising and discriminating between strains 
of various microorganisms. MLVA utilises the polymorphism observed in tandemly 
repeated DNA sequences, known as variable number tandem repeats (VNTR) to 
provide insights into the genetic variability and relatedness of microbial populations.

MLVA involves the amplification and subsequent analysis of multiple VNTR 
loci, each of which comprises a variable number of repeated DNA motifs (Lindstedt, 
2005). The number of repeats at each locus varies among strains, leading to distinct 
patterns that can be used for strain typing and epidemiological investigations. 
By comparing the MLVA profiles obtained from different isolates, researchers 
can discern the relatedness between strains, identify clonal outbreaks, trace the 
source of infections, and monitor the spread of pathogens within a population or 
geographical region.

MLVA's significance spans a spectrum of vital contributions, including its role as 
a discriminating force among closely linked microorganism strains. By delving into 
the intricacies of variable number tandem repeats (VNTRs) within strain genomes, 
MLVA crafts distinct profiles that segregate strains with precision.

This micro-level resolution unveils the genetic mosaic within populations and 
meticulously traces the footprints of infectious agents' transmissions. Beyond 
mere differentiation, MLVA significantly bolsters epidemiological investigations 
(Li et.al., 2009). The comparison of MLVA profiles across diverse individuals or 
locales reveals the rhythmic patterns of transmission, identifies sources of infection, 
and illuminates the path of pathogen propagation. This knowledge serves as the 
bedrock for focused interventions, targeted control strategies, and the preemptive 
containment of potential outbreaks (Cheng et.al, 2015). In the context of outbreak 
detection and management, MLVA's use shines particularly bright. By dissecting 
MLVA profiles of pathogenic strains sampled from affected individuals, the technique 
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promptly pinpoints common infection sources and links between cases. This agility 
enables swift response, facilitating containment and control. Remarkably, MLVA 
has played an instrumental role in deciphering outbreaks spanning a gamut of 
infectious diseases, from foodborne ailments to nosocomial infections, Thus, in 
the summer of 2018, a small dairy farm located in the eastern region of Austria 
experienced an abnormal and advanced increase in the number of somatic cells in 
milk (MSCC). As a result of the bacteriological examination, it became clear that 
nine out of twenty lactating cows had at least a quarter infected with P. aeruginosa. 
Results obtained in this study suggested that one single strain was responsible for 
the whole outbreak. Complementing its dynamic roles, MLVA serves as a vigilant 
sentinel through constant surveillance and monitoring of microbial populations. 
Regular analyses of isolates from clinical samples, food sources, and environmental 
reservoirs reveal the evolution of pathogens over time. This vigilance aids in 
uncovering nascent strains, discerning evolutionary trajectories, and gauging 
the effectiveness of control measures. Furthermore, MLVA's utility extends to 
zoonotic diseases, elucidating transmission dynamics by identifying akin strains 
in animal reservoirs and tracing links to human infections (Cumbassa, 2013). It's 
also a cornerstone in foodborne outbreak investigations, identifying contamination 
sources and catalysing effective interventions. MLVA's contributions encompass 
strain discrimination, epidemiological insight, outbreak vigilance, surveillance, 
and the scrutiny of zoonotic and culinary pathogens. A fusion of high-resolution 
discrimination and transmission tracking, MLVA plays an indispensable role in 
molecular biology and public health, bolstering our understanding of microbial 
realms, advancing control strategies, and safeguarding public welfare.

Methods 
As the main method, comparative analysis of various algorithms for VNTR 

search was used when comparing types of algorithms that focused on finding 
already known tandem repeats and discovering new tandem repeats using machine 
learning methods.

MLVA analysis was implemented using the MLVA_finder script in which RAW 
reads of Brucella abortus were used as input data. 

Results
1.1 Process of MLVA analysis implementation 
The process of MLVA typically involves three main steps: DNA extraction, 

PCR amplification of VNTR loci (Figure 1), and fragment analysis. Initially, DNA 
should be extracted from the target microorganism using established protocols, 
after that the stage of assessing concentration and purity of the DNA. Subsequently, 
PCR primers specifically need to be chosen, after performing PCR amplification, 
the resulting amplicons are then subjected to fragment analysis, typically utilizing 
capillary electrophoresis, to determine the size of the VNTR alleles present in each 
sample. These sizes are subsequently used to construct MLVA profiles for each 
isolate (Li et.al., 2009; Pourcel et.al., 2020).
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Fig. 1. The representation of tandem repeats 

1.2 The MLVA analysis input and output data 
The input data for MLVA analysis include such files and/or information as:
Sequences, including “fasta” sequences or raw data converted to fasta as well as 

reference sequence in “fasta” format. Primers located near to repeat region together 
with additional information including <locus_name>_<pattern_size>bp_<insert_
size_in_reference_genome>bp_<corresponding allele coding convention>U	
forward_primer, reverse_primer (Table 1)

Table 1 – primers located near VNTR region
n/a PrimerName Forward primer Reverse primer
1 Bruce23_9bp_51bp_1u CGCCCTTGAGGGTGAGCGTGT GGATATGGAATCAGAACACGC
2 Bruce24 _8bp_108bp_8u CATGGCCGCAGCGACCATATT TGCTCCAGCGCGCGGGGAGGT
3 Bruce35_10bp_98bp_4u GGCGCGGTGTTGGCGATCAGC ACGGCAGCCATGCTGATGGGG
4 Bruce36_15bp_95bp_4u GCCCGTCGCCAGTGTTGAAGT CAATAGGGACAACGCATCGAA

Once the MLVA analysis has finished, it will produce a “.csv” file which contain 
information on numbers of VNTR repeats (Table 2)
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Table 2 – output of the MLVA analysis using MLVA_finder [10] and custom scripts 
n/a Bruce23_ 

9bp_51bp_1u
Bruce24 
_8bp_108bp_8u

Bruce35_ 
10bp_98bp_4u

Bruce36_15bp_ 
95bp_4u

1 B-abortus-B0502_
S44 3 7 4 19

2 B-abortus-B0558_
S38 4 6 4 19

3 B-abortus-
Kaz-030_S2 4 6 4 19

4 B-abortus-
Kaz-050_S6 3 6 5 19

As can be seen from the example of artificial data, it can be seen that primers 
whose locus name is Bruce23 has highest discriminatory power, while Bruce36 
loci has the lowest discriminatory power which means such data have no scientific 
interest (Delgrange et.al., 2004; Benson, 1999). 

1.3 Algorithms for identification of VNTR repeats 
VNTRs are sequences where a short motif is repeated in tandem, and the number 

of repeats varies among individuals. For the last 2 decades, various algorithms have 
been developed to detect these repeats in DNA sequences. Table 3 illustrates an 
overview of some common algorithms used for VNTR identification (Table 3)

Table 3 – Algorithms for searching VNTR repeats
n/a Algorithm 

name
Description 

1 STAR Identifies all segments of the sequence that correspond to significant 
approximate tandem repetitions of the motif. In our model, an Exact Tandem 
Repeat (ETR) comes from the tandem duplication of the motif and an ATR 
derives from an ETR by a series of point mutations.

2 TRF RF is a widely used algorithm for detecting tandem repeats in DNA sequences. 
It employs a heuristic approach to identify repeating patterns and can handle a 
variety of repeat motifs. TRF has been extensively used in the field of genomics 
and bioinformatics for detecting and characterising VNTRs.

3 T-REKS T-REKS is an algorithm for de novo detection and alignment of repeats in 
sequences based on K-mers algorithm. Minimal length of repeat arrays is 9 for 
true homorepeats and 14 for other repeats with potential biological meaning.

4 RPWM The novel RPWM algorithm, which uses a novel algorithm for constructing 
multiple alignments based on the generation of random position weight 
matrices, is developed and applied to detect TRs of 2 to 50 nucleotides long in 
the rice genome, revealing that TRs occupied 5% of the genome and that most 
of them were 2 and 3 bases long

5 TRhist An algorithm specifically developed to detect and correctly annotate TR 
expansions. Their identification of expanded TTTCA repeats within long 
TTTTA repeats causing BAFME1 was also facilitated by long-read sequencing 
technologies.
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6 PTRStalker PTRStalker is a new algorithm for ab-initio detection of fuzzy tandem repeats 
in protein amino acid sequences.

7 RepeatSeq Determines genotypes for microsatellite repeats in high-throughput sequencing 
data.

8 STR-FM

Various algorithms have a number of advantages and drawbacks in relation to 
each other.

For instance, STAR is a straightforward algorithm used for identifying simple 
tandem repeats (STRs) in DNA sequences. It works by sliding a fixed-size window 
across the sequence and searching for repeated patterns within that window. 
When a repeated pattern is found, it is marked as a tandem repeat, however, the 
algorithm is designed for basic repeat patterns and may not handle complex or 
compound repeats efficiently. To overcome the issue of searching a limited number 
of patterns, the other tools such RepeatSeq and STR-FM were developed. These 
tools implement search of VNTR repeats using machine learning algorithms 
such as linear regression or classification. Despite machine learning solutions 
for identifying VNTR repeats becoming more popular for identifying new repeat 
patterns, most VNTR analysis algorithms based on already known repeats remain 
the main direction when it comes to outbreak tracking, that is why the algorithms 
like RPWM play such an important role (Jorda et.al., 2009; Korotkov et.al., 2021; 
Gall-Duncan et.al., 2022).

The comparative analysis between the RPWM (Reputation Weight Matrix) 
algorithm and alternative methods for tandem repeat (TR) identification yielded 
insightful revelations about their respective capabilities. Specifically, the study 
unveiled that RPWM displayed a unique proficiency in discerning tandem repeats 
characterised by elevated levels of nucleotide divergence (Pellegrini et.al., 2012; 
Guilmatre et.al., 2013; Korotkov et.al., 2021).

The parameter "average number of base substitutions per nucleotide (x)" 
denotes the extent of sequence variation or mutation present within a tandem repeat 
sequence. Within this context, a higher value of x signifies a greater departure 
from the original sequence due to various genetic changes. These alterations can 
encompass mutations, insertions, deletions, or evolutionary shifts that reshape the 
repeat motif while preserving the tandem arrangement (Bolognini et.al., 2020; 
Kumar et.al., 2013).

The research findings illuminated RPWM's exceptional acumen in identifying 
tandem repeats situated within the range of 1.5 to 3.2 for the average number of 
base substitutions per nucleotide (x). Essentially, RPWM excelled in capturing 
tandem repeats that underwent a moderate level of mutational transformation. This 
remarkable capability allowed for nuanced modifications in the repeat motif while 
preserving the essential tandem structure (Gao et.al., 2019).

Conversely, prevalent methods like T-REKS and TRF demonstrated limitations 
in detecting divergent tandem repeats characterised by higher x values (>1.5). This 
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implies that these methodologies might encounter challenges when accurately 
pinpointing tandem repeats subjected to significant mutational adjustments, 
consequently leading to a decreased sensitivity in recognizing such divergent 
repeats (Gelfand, 2014).

The significance of these findings resides in RPWM's potential to expand 
the horizons of tandem repeat discovery to sequences marked by evolutionary 
divergence. Such implications are far-reaching, particularly in evolutionary 
genomics, where the identification of more divergent tandem repeats enriches the 
comprehension of genetic variability and evolutionary dynamics.

1.4 Tools for detecting VNTR repeats
These tools (Table 4) offer diverse algorithms and features tailored to cater to 

various aspects of tandem repeat analysis. Here is the list of software solutions 
dedicated to tandem repeat identification.

Table 4 – Tools for MLVA analysis 
n/a Tool name Description 
1 R e v i S T E R 

0.1.7
ReviSTER (Revise Simple Tandem repeat Error Reads) is an automated 
pipeline using a local mapping reference reconstruction method to revise 
mismapped (mapped to incorrect position) or partially misaligned (mapped 
to correct position but one of ends misaligned) reads at STR (Simple Tandem 
Repeat) loci. It takes FASTQ-formatted files, a reference sequence file and a list 
file containing STR locations as inputs and utilises BWA as an initial mapping 
program.

2 TRiCoLOR a freely available tool for tandem repeat profiling using error-prone long 
reads from third-generation sequencing technologies. The method can identify 
repetitive regions in sequencing data without a prior knowledge of their motifs 
or locations and resolve repeat multiplicity and period size in a haplotype-
specific manner.

3 Phobos Phobos is a tandem repeat search tool for complete genomes. PHOBOS can 
search for tandem repeats with a unit size of more than 5000 bp, which in the 
STAMP modules implies that primers can also be designed for minisatellites 
and tandem repeats with even longer units.

4 Bionumerics The BIONUMERICS software offers a fully automated workflow for multi-
locus VNTR analysis, starting from raw capillary sequencer chromatogram 
files

5 TideHunter Uses a fast seed-and-chain algorithm to efficiently recognize the underlying 
repeat pattern size, and then partition the original long-read into multiple 
repeat units.

6 MLVA_finder MLVA_finder.py is a python script designed to do Multi loci VNTR analysis
(VNTR stands for Variable Number of Tandem Repeats).
MLVA_finder.py performs an in-silico PCR to extract sequences of tandem 
repeat from submitted fasta file(s)  
and call VNTR alleles.

7 VNTRseek VNTRseek is a targeted, efficient VNTR (Variable Number of Tandem 
Repeats) detection software which can provide essential information on VNTR 
occurrence and characteristics of minisatellites

8 RepWords RepWords detects tandem repeats in FASTA sequences.
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These software solutions collectively cater to the various needs of researchers 
engaged in tandem repeat analysis. The choice of software depends on factors 
such as the complexity of the genome, the specific type of tandem repeats being 
investigated, the desired level of accuracy, and the ease of use. By utilising these 
tools, researchers can unravel the intricate patterns of tandem repeats, shedding 
light on the genomic tapestry and contributing to our understanding of genetic 
diversity and evolution.

1.5 Sequences analysis equations (calculation and interpretation of the 
Discriminatory Power)

Sequence analysis equations is an algorithm that is used for aligning the 
sequences. Although it is not used as the main tool in MLVA analysis, the algorithm 
is able to provide more information on gaps in sequences, sequence identity and 
similarity when it comes to missing data(nucleotides) in sequence or checking the 
direction of sequence.

The expression of Discriminatory Power (D), as initially demonstrated by 
Hunter, finds its formulation in the context of Simpson's index of diversity (1):

(1)

Within this equation, D represents the discriminatory power index, N signifies 
the count of unrelated strains subjected to testing, S denotes the variety of distinct 
types identified, and xj corresponds to the number of strains belonging to the jth 
type. It's important to note that the assumption is made that the strains are classified 
into exclusive categories. In essence, a D value of 1.0 would denote a typing 
method capable of distinctly classifying every member within a strain population 
from all others. In contrast, an index of 0.0 would imply that all members of a strain 
population share an identical type. Notably, an index of 0.50 signifies that if one 
strain is randomly selected from a strain population, there exists a 50% likelihood 
that the subsequent randomly selected strain would be indistinguishable from the 
initial selection. Simpson's diversity index is applicable only to situations in which 
all strains can be placed into mutually exclusive groups (Hunter et.al., 1989). 

To improve the algorithm, a generalised version of the first algorithm was 
proposed by Hunter (Doster, 2019): 

  (2)

In the context of this mathematical formulation (4), "aj" is indicative of the 
count of strains within the population that are non-distinguishable from the jth 
strain. Here, "N" stands for the total number of strains within the population. Put 
simply, this process involves sequentially comparing each individual strain with all 
other strains present within the population. Through this comparison, the goal is to 
ascertain the number of other strains that share an indistinguishable nature with the 
jth strain, thereby yielding the value of "aj".
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The second equation is more effective when it comes to implementing   statistical 
and epidemiological Interpretation. Based on the MLVA results, researchers can 
draw statistical and epidemiological conclusions. This might involve identifying 
potential sources of infection, characterising transmission dynamics, and making 
informed decisions for public health interventions.

Conclusion 
While new approaches like machine learning are involved in detecting new 

VNTR repeat patterns, it is important to improve already existing algorithms for 
identifying known repeats in assemblies. As it can be seen from the comparative 
analysis conducted in the article, each algorithm has its own range of application, 
some algorithms are strictly focused on identifying long repeats while missing the 
short ones. 

Although there are a variety of tools and algorithms existing, still there is no 
gold standard protocol for detection of such repeats in various organisms. It has 
been revealed that most algorithms for detecting VNTR repeats are focused on 
searching already known tandem repeats in pathogens. T-REKS is one of the most 
successfully developed algorithms in terms of accurate detection of tandem repeats 
from several nucleotides long to hundreds of nucleotides long.  

An important aspect in searching such repeats is that most algorithms and 
software created are working only with assemblies, meaning that some data could 
be missed from the final analysis as in most cases genome assembly contains gaps 
that may lack important information such repeats. Thus, creating an algorithm that 
could work directly with raw data (sequences) is another direction that is able to 
improve the quality of MLVA analysis.
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