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A B S T R A C T   

Spoligotyping is one of the molecular typing methods widely used for exploring the genetic variety of Myco-
bacterium tuberculosis. The aim of this study was to compare the spoligoprofiles of M. tuberculosis clinical isolates, 
obtained using in vitro and in silico approaches. 

The study included 230 M. tuberculosis isolates, recovered from Poland and Lithuania between 2018 and 2021. 
Spoligotyping in vitro was performed with a commercially available kit. Whole genome sequencing (WGS) was 
done with Illumina NovaSeq 6000 sequencer. Spoligotype International Types (SITs) were assigned according to 
the SITVIT2 database or using three different in silico tools, and based on WGS data, namely SpoTyping, 
SpolPred, and lorikeet. 

Upon in vitro spoligotyping, the isolates produced 65 different spoligotypes. Spoligotypes inferred from the 
WGS data were congruent with in vitro generated patterns in 81.7% (188/230) for lorikeet and 81.3% (187/230) 
for SpolPred and SpoTyping. Spacers 18 and 31 produced the highest ratio of discrepant results between in vitro 
and in silico approaches, with their signals discordantly assigned for 15 (6.5%) and 9 (3.9%) isolates, 
respectively. 

All three in silico approaches used were similarly efficient for M. tuberculosis spoligotype prediction. However, 
only SpoTyping could predict spoligotypes without a need for manual curation. Thus, we consider it as the most 
accurate tool. Its use is further advocated by the shortest time of analysis. A relatively high (ca. 20%) discordance 
between in vitro and in silico spoligotyping results was observed. While we discourage comparing conventional 
spoligotyping with in silico equivalents, we advise the use of the latter, as it improves the accuracy of spoligo-
patterns, and thus depicts the relatedness between the isolates more reliably.   

1. Introduction 

Tuberculosis (TB) is caused by a group of phylogenetically closely 
related, slowly growing bacteria, collectively known as the 

Mycobacterium tuberculosis complex (MTBC). Of nine species in the 
MTBC, M. tuberculosis is the most common cause of TB in humans 
worldwide (Kanabalan et al., 2021). Each year, the disease affects 10 
million people and kills nearly 1.5 million globally (World Health 
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Organization, 2022). One of the cornerstone priorities of TB control is to 
break the cycle of community transmission, and thus to curb the spread 
of the disease. A powerful tool to identify patients involved in the same 
chain of recent transmission is TB genotyping, a laboratory-based 
approach aimed at assessing the genetic relatedness of strains, and 
thus confirming or rejecting their epidemiological linkage. Among a 
wide array of genotyping methods, which have been developed for TB, 
spacer oligonucleotide genotyping (spoligotyping) has been one of the 
earliest and most widely adopted approaches for investigating molecular 
epidemiology of TB. Spoligotyping has become particularly useful in 
performing phylogenetic reconstructions and inferring evolutionary 
scenarios associated with M. tuberculosis (Tulu and Ameni, 2018; Song 
et al., 2020; Ali et al., 2019; Mokrousov et al., 2002). Spoligotyping 
interrogates the genetic diversity of the direct repeat (DR) region, which 
is found in the genomes of MTBC. Technically, it detects the presence of 
43 unique spacer sequences (spacers) through a reverse line blot hy-
bridization assay, with the results (spoligopatterns) expressed in a dig-
ital format (Jagielski et al., 2014). Establishing M. tuberculosis lineages 
and sublineages, Spoligotype International Types (SITs) designations, 
and comparative analyses are easily achievable with a publicly available 
international SITVIT2 web database, which encompasses spoligotypes of 
103,856 M. tuberculosis isolates, originating from 131 countries (Couvin 
et al., 2019). Some important advantages offered by spoligotyping 
include robustness and reproducibility of the results, along with their 
amenability to database storage and bioinformatic processing. The 
method is also highly sensitive, and requires ultra-low inputs of DNA, 
making it feasible on clinical samples, without the need for prior culture 
(Jagielski et al., 2016). 

Although still a relatively expensive solution, whole genome 
sequencing (WGS), has emerged in recent years as a powerful tool to 
map, most thoroughly and accurately, genetic diversities of 
M. tuberculosis (Meehan et al., 2019; Nikolayevskyy et al., 2019). Several 
software applications have been developed to predict spoligotype pat-
terns from raw sequence reads. Three of such softwares, namely Spo-
Typing (Xia et al., 2016), SpolPred (Coll et al., 2012), and lorikeet 
(Cohen et al., 2015) are most widely used, and have been successfully 
adopted in several WGS-based studies (Shanmugam et al., 2022; Hijikata 
et al., 2017; Jiménez-Ruano et al., 2021; Wollenberg et al., 2020; Tar-
lykov et al., 2020). The principle of all in silico spoligotyping methods 
lies in the detection of the 43 unique spacers, based on the obtained 
sequence reads. However, different softwares vary in the bioinformatic 
workflow. Lorikeet utilizes sequenced reads to match known spacer 
marker sequences, providing a comprehensive assessment of spacer 
presence or absence for each strain through the analysis of read count 
totals (Cohen et al., 2015). SpolPred, on the other hand, applies a 
detection threshold of 4 to address sequencing errors, offering two 
spoligotype outputs while permitting one ‘SNP’ per spacer (Coll et al., 
2012). Lastly, Spotyping adopts BLAST, allowing for one mismatch in a 
hit, and its determination of spacer presence relies on the number of hits 
surpassing a specific threshold, which is directly correlated with the 
sequence read depth of the locus, providing an alternative perspective 
for spoligotype analysis (Xia et al., 2016). 

The objective of this work was to evaluate the congruence of the 
spoligotyping patterns of M. tuberculosis clinical isolates, produced in 
vitro and using three independent in silico analytical tools. This was done 
to select the software application providing the most accurate prediction 
of the spoligotypes of M. tuberculosis from whole-genome sequence data. 

2. Materials and methods 

2.1. Study sample 

The study included 230 M. tuberculosis isolates, recovered from as 
many patients from Poland (n = 86) and Lithuania (n = 144) between 
2018 and 2021. Within this number were 130 multidrug-resistant 
(MDR) and 100 drug-susceptible (DS) isolates. Primary isolation, 

culturing, species identification, and drug susceptibility testing were 
performed with standard mycobacteriological methods (CLSI, 2018). 

The requirement for informed consent from the study subjects was 
waived by the Medical University of Warsaw Bioethics Committee (de-
cision no. AKBE/22/2019) since the study sample was collected during 
routine clinical practices, and all personal data were anonymized prior 
the study. All experimental protocols and methods were approved by the 
Medical University of Warsaw Bioethics Committee (decision no. AKBE/ 
22/2019). All methods were carried out in accordance with guidelines 
regulations of the Medical University of Warsaw. 

2.2. DNA extraction 

Genomic DNA was extracted using PureLink Genomic DNA Mini Kit 
(ThremoFisher Scientific, USA) or using a modified cetyl-
trimethylammonium bromide method, as described elsewhere (van 
Embden et al., 1993). The purified DNA was dissolved in TE buffer and 
quantified with the NanoDrop OneC Spectrophotometer (ThermoFisher 
Scientific, USA). The DNA samples were diluted to the required con-
centration (ca. 10 ng/μL) and stored at − 20 ◦C until used. 

2.3. DNA sequencing and processing of sequencing data 

Paired-end libraries were prepared from high-quality genomic DNA 
with the NovaSeq 6000 Reagent Kits according to the manufacturer's 
instructions (Illumina, USA). Whole-genome sequencing was done with 
Illumina NovaSeq 6000 sequencer (Illumina, USA) in 2 × 150 bp paired- 
end mode. The quality of reads before and after pre-processing was 
assessed using FastQC v0.11.5 (Leggett et al., 2013) and MultiQC v1.9 
(Ewels et al., 2016) tools. The filtering and trimming of raw reads was 
performed with fastp v0.23.1 tool (Chen et al., 2018) with the following 
parameters: --detect_adapter_for_pe --cut_window_size 6 --cut_tail 
--cut_mean_quality 19 --length_required 50 --n_base_limit 5 --trim_poly_x 
--poly_x_min_len 10 --correction --overlap_len_require 20 --overlap_diff_limit 
5. In order to evaluate the completeness and contamination level of 
acquired genomic data and to allow manual verification of discordant 
spacer we assembled M. tuberculosis genomes. Filtered reads were used 
with SPAdes genome assembler v3.15.3 using –isolate and --kmers 
33,55,77,99,127 flags (Vasilinetc et al., 2015). Quality of assemblies 
was assessed using QUAST v5.1.0rc1 with Mycobacterium tuberculosis 
H37Rv genome as a reference (Gurevich et al., 2013) and further by 
remapping 3,000,000 filtered read pairs subsampled with SeqKit v2.1.0 
(Shen et al., 2016) with the application of bwa mem v.0.7.17-r1198- 
dirty (Li, 2013) and samtools v.1.10 (Li et al., 2009). Information 
about the number of contigs, GC content distribution across contigs in 
each assembly, as well as the coverage of each contig were used to 
evaluate assemblies and perform additional filtering of contaminated 
and low-coverage contigs. This step was conducted manually. Further-
more, the completeness and contamination level of obtained assemblies 
was assessed with CheckM v1.1.3 (Parks et al., 2015). For in silico spo-
ligotyping, complete sets were used to maintain comparable genomes 
coverage. 

The spoligotyping was conducted using only raw reads and assem-
bled genomes were used to evaluate discordant spacers. 

The raw reads were deposited under NCBI Bio-Project, accession 
number PRJNA931475. 

2.4. Spoligotyping in vitro 

Spoligotyping was performed using commercial kits (Ocimum Bio-
solutions, India) and following the published protocol (Kamerbeek et al., 
1997). All profiles were assessed by two independent researchers. SIT-
VIT2 database (http://www.pasteur-guadeloupe.fr:8081/SITVIT2/) 
was used for classifying Spoligotype International Types (SITs), and 
spoligotype families for all isolates studied (Couvin et al., 2019). 
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2.5. Spoligotying in silico 

Phylogenetic clades of M. tuberculosis were assigned in silico, using 
three different spoligotyping tools available online, i.e. (i) SpoTyping 
(https://github.com/xiaeryu/SpoTyping-v2.0) (Xia et al., 2016); (ii) 
SpolPred (www.pathogenseq.org/spolpred; available as of July of 2021) 
(Coll et al., 2012), and (iii) lorikeet (http://genomeview.org/jenkins/lor 
ikeet/) (Cohen et al., 2015). All three applications were run on raw WGS 
reads after quality control processing. Only raw reads meeting two 
criteria, i.e. (i) high quality of the sequences and (ii) confirmed 
M. tuberculosis origin, were selected for in silico spoligotyping. The 
approach involved analyzing the genome assembly results. 

Lorikeet and SpolPred were run separately for each raw read type, 

forward and reverse, with appropriate value supplemented to -b flag in 
case of SpolPred. Since SpoTyping can compute spoligotype for paired- 
end reads, each pair was analyzed as a single unit. In case of SpolPred 
and lorikeet, the programs were run separately on forward and reverse 
reads, which in 12 cases showed discordant results (for 9 and 3 strains 
when using SpolPred and lorikeet, respectively). The conflicts were 
resolved manually by accepting the results with a higher number of 
detected spacers. 

To check, if the presence of spacer 31 was missed due to insertion of 
IS6110, CRISPRbuilder-TB and manual inspection were applied (Guyeux 
et al., 2021). 

Furthermore, a comprehensive examination of CRISPRbuilder-TB 
results was applied for all isolates with disconcordant in vitro vs. in 

Fig. 1. Spoligotype patterns of 230 M. tuberculosis isolates determined upon laboratory typing and WGS. Probes differently assigned with in vitro and in silico methods 
are marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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silico results. Manual inspection was employed to identify any sequence 
abnormalities within the DR locus. To narrow down this approach, the 
analysis was conducted only for 17 spacers which gave discrepant re-
sults between in vitro and in silico methods. Furthermore, the 17 spacers 
were analyzed only in context of 42 isolates which gave discrepant re-
sults between in vitro and in silico methods. This translated into a total of 
714 signals manually assessed. 

An anomaly was detected when: (i) there was no DR in the upstream/ 
downstream of the spacer, (ii) the DR was truncated downstream of the 
spacer, (iii) sequence of the DR upstream/downstream of the spacer was 
qualified as non-canonical, (iv) there was an IS6110 insertion upstream/ 
downstream of the spacer. 

The presence of spacers disconcordantly assigned with in silico tools 
was investigated through the BLAST sequence aligner (to scrutinize the 
raw data for sequences resembling the spacers). Additionally, lorikeet 
and SpolPred log files were used, which provide information on the 
number of hits recovered for each spacer. 

3. Results 

3.1. Spoligotyping in vitro 

For 230 isolates, a total of 65 distinct spoligopatterns were observed. 
Almost a fifth (n = 43; 18.7%) of the isolates were represented by a 
unique pattern. The remaining isolates (n = 187; 81.3%) were split into 
22 clusters (2–70 isolates per cluster) (Fig. 1). 

Upon comparison with the SITVIT2 database, 29 (12.6%) isolates 
could not be assigned to any SIT described in the database. Phyloge-
netically, all isolates of known SITs were classified into 17 families 
(Supplementary Table 1). 

3.2. Whole-genome sequencing 

Sequencing of 230 M. tuberculosis genomes yielded a mean coverage 
of 531× per genome. The average number of contigs per genome was 76 
(± 26) corresponding to an average N50 score of 151 kb (± 54 kb). The 
genome sizes ranged from 4.330 to 4.535 Mbp (avg. 4.377 Mbp ± 0.158 
Mbp). The mean GC content was 65.6% ± 0.02%. The genome 
completeness ranged from 99.61% to 99.94% (avg. 99.93 ± 0.01) and 
the contamination level reached up to 0.67% in a single genome. 

3.3. Concordance between in vitro and in silico spoligotyping 

A total of 188 (188; 81.7%) isolates gave consistent results between 
in vitro spoligotyping and lorikeet. The same isolates, except one (187; 
81.3%) produced identical spoligotypes with SpolPred and SpoTyping. 
Thus, the overall agreement between in vitro and in silico spoligotyping 
at the isolate level was 81.7% for lorikeet and 81.3% for SpolPred and 
SpoTyping (Fig. 1; Table 1). 

The isolates with discordant spoligotypes between the two ap-
proaches, usually differed by only 1 or 2 spacers (i.e. 32 isolates differed 
in only one spacer, 7 in two spacers, two in three spacers, and one in four 
spacers). 

Among the whole study sample, 26 (26/43; 60.5%) of the spacers 
consistently gave congruent results between in vitro and in silico spoli-
gotyping. The remaining (17/43; 39.5%) spacers were either present or 
absent, compared to in vitro assay (Fig. 2; Supplementary Table 1). More 
specifically, 7 spacers missing with in silico tools were detected upon in 
vitro analysis (i); (ii) 9 spacers detected with in silico tools were missing 
upon in vitro analysis (ii); and one spacer (no. 37) was either present (1 
isolate) or absent (7 isolates), compared to in vitro analysis (Fig. 2; 
Supplementary Table 1). 

Among two spacers with the highest ratio of discordantly assigned 
signals were spacers no. 18 and 31 (Fig. 2; Supplementary Table 1). The 
spacer no. 18 was not detected upon in silico analysis in 15 (6.5%) iso-
lates that produced weak, but visible hybridization signals upon in vitro 
assay (Fig. 3). Of these isolates, all (14; 93.3%) except one (DLT-S-69 of 
H3 family) were of LAM-RUS family, designated as either SIT254 (n = 9) 
or SIT264 (n = 5) according to in silico analysis, yet of LAM9 family 
(SIT766; n = 9) or T1 family (SIT3351; n = 5) according to in vitro 
analysis. Nine (3.9%) isolates had spacer no. 31 present in their in silico- 
generated spoligopatterns, while it was undetected upon hybridization 
procedure. Half (5/9; 55.5%) of the isolates were either of T1 family 
(SIT53) or H3 family (SIT50; n = 4 and SIT207; n = 1), according to in 
silico and in vitro spoligotyping, respectively. 

3.4. CRISPRbuilder analysis of the anomalies within the spacers 

In order to explain discrepancies between in vitro and in silico ana-
lyses, the manual inspection of CRISPRbuilder results was employed for 
17 spacers of 42 isolates producing such discrepancies (please see Ma-
terials and Methods, section 2.5). 

Among 23 signals missing with in silico tools, yet detected upon in 
vitro analysis (8 spacers; 19 isolates), only one case (1/23; 4.4%) was 
associated with a sequence anomaly (Supplementary Table 3). On the 
contrary, for the vast majority (31/35; 88.6%) of signals identified with 
in silico tools, yet missing upon in vitro analysis, an anomalous sequence 
of the corresponding spacer was identified (10 spacers; 30 isolates) 
(Supplementary Table 3). In case of 14 (14/35; 40%) of those signals, 
IS6110 insertion in the upstream (11/14; 78.6%) or downstream (3/14; 
21.4%) of the spacer was detected in the corresponding spacer sequence. 

Furthermore, as many as 108 anomalies, including (42; 38.9%) 
insertion of IS6110, were found in sequences of signals which gave 
congruent results between in silico and in vitro analysis (10 spacers; 32 
isolates) (Supplementary Table 4). 

3.5. Concordance between in silico tools 

The concordance of the results between SpolPred and lorikeet was 
99.6%, since all but one isolates produced identical spoligopatterns 
(Table 1). The concordance between all three in silico tools was 99.1%, 
as only one isolate had its SpoTyping-derived profile different from that 
produced by the other two methods (Table 1). The two isolates with 
discordant in silico results are summarized in Fig. 4. The KR-PLM-2 
isolate found to be a new orphan type upon in vitro analysis, was cate-
gorized as either SIT1837 with SpoTyping or SIT1 (Beijing family) with 

Table 1 
Time of analysis and the overall agreement between spoligotyping methods under the study.   

Average time of analysis** Method: (n*; %) 

in vitro SpolPred SpoTyping lorikeet 

Method: (n*; %) 

in vitro 1 day 230/230; 100% 187/230; 81.3% 187/230; 81.3% 188/230; 81.7% 
SpolPred 10 min 30 s 187/230; 81.3% 230/230; 100% 228/230; 99.1% 229/230; 99.6% 
SpoTyping 20 s 187/230; 81.3% 228/230; 99.1% 230/230; 100% 228/230; 99.1% 
lorikeet 57 s 188/230; 81.7% 229/230; 99.6% 228/230; 99.1% 230/230; 100%  

* n; number of isolates/total number of isolates; 
** the test was conducted on a single, uncompressed fasta file with 6 million reads, each composed of 150 nucleotides. For each program the test was run on a single 

core of Intel(R) Xeon(R) CPU E5–2630 v3 @ 2.40GHz processor. 
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SpolPred and lorikeet. Whereas KR-PLS-13 isolate harbored spoligotype 
characteristic of SIT62 (H1 family), according to lorikeet and in vitro 
assays. This isolate, however, was recognized as representing an orphan 
type of not defined family, based on SpolPred or SpoTyping analysis. 

Overall, 37 (37/43; 86%) of the spacers produced congruent results 
across all in silico spoligotyping methods for the entire study sample, and 
matched with the in vitro results. Thus, 6 spacers (i.e. 29 and 30 for KR- 
PLM-2 and 23, 25, 37, 38 for KR-PLS-13) gave discordant results (Fig. 4), 
in a way that they were not identified using at least one of the in silico 
spoligotyping tools. Manual inspection, involving use of BLAST software 

for sequence alignment of raw reads, was employed to check if the data 
contained any traces of missing spacer sequences. In case of strain KR- 
PLM-2, manual inspection showed that there were no sequences 
significantly homologous to spacer 29, however there was a substantial 
number of raw reads covering spacer 30. The same approach showed 
that for strain KR-PLS-13, the in silico methods should have detected all 
missing spacers. Further investigation revealed that the disconcordance 
of in vitro and in silico results for strain KR-PLS-13 was likely due to the 
spacers' hit counts falling just below the expected detection threshold. 
The reason behind discrepancies for KR-PLM-2 isolate is unknown. 

Fig. 2. Missing or detected spacer as per in silico when compared with in vitro analysis. Panel above and below the Spacer ID shows in how many isolates a given 
spacer was missed (top) or detected (bottom) upon in silico analysis, compared hybridization assay. 

Fig. 3. Hybridization patterns using conventional spoligotyping probes. The density of dots for 15 isolates which gave discordant results between in silico and in vitro 
analysis (DLT-37 – DLT-S-39), at position 18 (marked with ▾) compared to positive dot (isolate DLT-S-69). 

Fig. 4. Spoligotyping profiles of two isolates, which produced discordant results upon in silico spoligotyping.  
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Due to the internal construction of SpolPred and lorikeet software, 
spoligotypes for 9 (3.9%) and 3 (1.3%) isolates, respectively, required 
additional manual curation. Using SpoTyping all isolates had their 
spoligotypes assigned without a need for manual curation. 

4. Discussion 

For more than two decades, spoligotyping has been one of the most 
widely used genotyping method for epidemiological studies of TB. 
Although being a relatively simple, cost-effective, and high-throughput 
method, it suffers from low discriminatory power and thus limited use in 
phylogenetic and transmission studies. Nowadays, the optimal option to 
fully explore the phylogenetic branching and variation on strain level 
and to justifiably draw epidemiological conclusions on TB disease is 
WGS analysis. However, integrating WGS into the routine workflow is 
too expensive for many clinical laboratories. Therefore, spoligotyping is 
still in use. 

In total, 80% of the in silico predictions of spoligopatterns matched 
the experimental (in vitro) data. This value is slightly lower than those 
published previously for SpolPred (88.6%) (Coll et al., 2012) and Spo-
Typing (85.7%–90.1%) (Xia et al., 2016; Genestet et al., 2022; Bogaerts 
et al., 2021). The differences were explained by a number of possible 
factors including suboptimal hybridization, laboratory cross contami-
nation, PCR contamination, ambiguous hybridization patterns or ge-
netic alterations of the DR locus (Genestet et al., 2022; Bogaerts et al., 
2021). Weak hybridization signals due to sequence variations within the 
spacers may particularly lead to interpretation ambiguities (Genestet 
et al., 2022; van Embden et al., 2000; Honisch et al., 2010). Further-
more, the lack of a spacer (signal) upon in vitro spoligotyping, yet its 
preservation upon in silico spoligotyping might occur with the insertion 
of transposable elements into the DR locus (Genestet et al., 2022; Filliol 
et al., 2000; Legrand et al., 2001). DR region is known to be a hotspot for 
IS6110 insertion (Roychowdhury et al., 2015). The discrepancies be-
tween in vitro and in silico spoligotyping can also be attributed to WGS- 
related technical issues, such as low genomic sequence quality or errors 
during data analysis (Xia et al., 2016; Coll et al., 2012). These diffi-
culties, however, can be overcome due to optimization of DNA isolation 
and analytical conditions (Xia et al., 2016; Hijikata et al., 2017; Genestet 
et al., 2022). 

In this study, the two most error-prone spacers were nos. 18 and 31 
which were discordantly assigned for 6.5% and 3.9% of the isolates, 
respectively. The spacer no. 18 was absent upon in silico approach in 15 
isolates, yet presented faint signal with in vitro analysis. Low signal in-
tensity for spacer no. 18 upon in vitro spoligotyping has been described 
previously and linked to inaccurate design of the oligonucleotides. The 
use of redesigned probe, more specific to spacer no. 18 clearly resolved 
those weak signals as false-positives (van der Zanden et al., 2002). 

As for spacer no. 31, it was detected with in silico yet missed upon in 
vitro analysis in 9 isolates. As observed in previous studies, insertion of 
IS6110 into DR adjacent to spacer no. 31 might disrupt its target. This in 
turn makes signal undetected in conventional spoligotyping method, as 
exemplified by conversion of SIT50 (in vitro) to SIT53 (in silico) (Genestet 
et al., 2022; Filliol et al., 2000; Legrand et al., 2001). Here, only 2 (2/9; 
22.2%) isolates with discordant results for spacer no. 31 had an insertion 
of IS6110, in DR downstream of the spacer no. 31 (Supplementary 
Table 2). In our sample, 4 out of 9 isolates were of SIT50 according to in 
vitro spoligotyping and of SIT53 upon in silico analysis. 

Overall, for all but one of the signals missing with in silico tools, yet 
detected upon in vitro analysis, no anomaly was detected in their cor-
responding spacer sequences (Supplementary Table 3). This confirms 
that most probably technical issues are responsible for those discrep-
ancies (Genestet et al., 2022; Bogaerts et al., 2021). On the contrary, for 
the signals detected with in silico tools, yet missing upon in vitro analysis, 
nearly 90% were due to anomalies in their corresponding spacer se-
quences. In 15 instances, the absence of a DR region (either upstream or 
downstream) adjacent to the spacer sequence was identified as the 

underlying cause for the absence of a signal in vitro. Additionally, in 11 
cases, a combination of a non-canonical DR region and an IS6110 
insertion accounted for the misidentifications. Notably, IS6110 insertion 
alone was found to be responsible for 14 instances of misidentification. 
Interestingly, as many as 109 anomalies, including 41 IS6110 insertions 
were found among sequences corresponding to 425 signals which gave 
congruent results between in silico and in vitro analysis (Supplementary 
Table 4). This demonstrates that not all within-spacer aberrations might 
be responsible for in vitro vs. in silico discrepancies. Consequently, not all 
anomalies within the spacers should be included for correction of WGS- 
based detection of the spacers (Mokrousov et al., 2016). The existence of 
subtle, not necessarily IS6110-insertion linked, variations within the 
spacer and DR region sequences might potentially lead to false negative 
results when using in vitro spoligotyping method. However, the analysis 
of those particular sequences was beyond the scope of this article, since 
it would necessitate a more extensive research effort. Ideally, such an 
endeavor would involve a comprehensive dataset encompassing all 
available M. tuberculosis raw sequencing reads, coupled with corre-
sponding results from standard laboratory practice spoligotyping. 

As for the concordance between in silico tools, the implemented 
analysis showed, that the observed differences might be largely 
explained by the adopted criteria. It is important to note that the 
threshold for detection varies among different methods. Lorikeet utilizes 
a sophisticated statistical model to determine whether the number of 
recovered hits is sufficient for a spacer to be considered present or ab-
sent. On the other hand, SpolPred and SpoTyping have more stringent 
thresholds: SpolPred uses a strict criterion of more than 4 hits, while 
SpoTyping defines spacer presence based on a numerical parameter 
multiplied by the average sequencing depth. Fortunately, all programs 
allow for threshold parameterization. Our findings indicate that there is 
potential for further optimization of the threshold values to improve the 
accuracy of spacer detection. Fine-tuning these thresholds may lead to 
more reliable results and enhance the overall efficacy of these methods 
in spacer analysis. 

All three in silico approaches tested were easy-to-use and fast, yet 
SpoTyping was the most time efficient (Table 1). Furthermore, only with 
SpoTyping, spoligopatterns could be assigned without a need for manual 
curation. This is due to the fact that SpoTyping accepts paired-end reads 
as an input, while lorikeet and SpolPred cannot and must be run on 
single reads separately (Xia et al., 2016; Coll et al., 2012; Cohen et al., 
2015). Therefore, SpoTyping is considered as the most accurate easily 
operated tool for the prediction of the spoligotypes of M. tuberculosis 
from whole-genome sequence data. 

It is important to acknowledge that the DNA sequencing approach 
used in our study played a crucial role in determining the range of 
applicable in silico spoligotyping tools. While long-read sequencing 
technologies, such as PacBio SMRT or Oxford Nanopore, would render 
the use of the same tools impossible, alternative tools are already 
available for spoligotyping based on long-read data, such as Galru (Page 
et al., 2020) or LAMBDR (James et al., 2019). However, their accuracy 
has not yet been confirmed on datasets as big as ours. 

In silico spoligotyping was developed as a replacement for conven-
tional in vitro techniques, which can sometimes yield ambiguous results 
with weak hybridization signals, leading to potential misclassification of 
strains. Additionally, spacer and DR sequence modifications, such as 
insertion of transposable element into the DR locus or hypothesized 
simple nucleotide variations can result in false-negative outcomes in 
conventional spoligotyping. These limitations might be overcome by 
using in silico spoligotyping. This approach, however, relies heavily on 
the quality of sequence reads and the criteria adopted for bioinformatic 
analysis, including detection thresholds. Since historically established 
SITs were based on in vitro spoligotyping, the more accurate in silico 
spoligotyping might occasionally “misassign” the M. tuberculosis geno-
type, as it does not include the detection of abnormalities within the DR 
locus. The reference databases used in in silico spoligotyping were based 
on in vitro analyses. In conclusion, in silico spoligotyping improves the 
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accuracy of spoligopatterns, providing a more reliable depiction of 
relatedness between strains. However, for a meaningful comparison 
with the currently existing SIT databases, the analysis should incorpo-
rate anomalies within the DR locus. Optimally, current SIT databases 
should integrate both in vitro and in silico spoligotyping results. This 
combined approach would shed light on the SITs that are most 
frequently affected by discrepancies between these two methodologies. 
This will be critical to establish the compatibility of in silico spoligo-
typing results with historical records and databases. 

Finally, as our analysis showed a profound impact of CRISPR locus 
anomalies on both in vitro and in silico spoligotyping, we hypothesize 
that further, detailed analysis of intrinsic differences between spacer and 
DR sequence variants may help indicate whether certain SITs are more 
prone to misclassification (e.g. SIT50). 

It is of note that during manuscript preparation a new tool, i.e. 
Spolpred2 was developed (Napier et al., 2023). However, since its major 
advances are faster data processing and higher data input flexibility, it 
was not included in our analysis during the revision state of the article. 

5. Conclusions 

All three in silico approaches were similarly efficient for the predic-
tion of M. tuberculosis spoligotypes. Given a relatively high (ca. 20%) 
discordance between the in vitro and in silico results, we discourage from 
comparing conventional spoligotyping with in silico equivalents. Since 
SIT databases were based on in vitro spoligotyping, and in silico spoli-
gotyping does not include the detection of abnormalities within the DR 
locus, M. tuberculosis genotypes can be wrongly predicted upon bio-
informatic analysis. However, as it improves the accuracy of spoligo-
patterns, the use of in silico spoligotyping is recommended whenever 
WGS data are available. 
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