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Abstract 

Background: Second-line drug resistance (SLD) among tuberculosis (TB) patients is a serious emerging challenge 
towards global control of the disease. We characterized SLD-resistance conferring-mutations among TB patients with 
rifampicin and/or isoniazid (RIF and/or INH) drug-resistance tested at the Uganda National TB Reference Laboratory 
(NTRL) between June 2017 and December 2019.

Methods: This was a descriptive cross-sectional secondary data analysis of 20,508 M. tuberculosis isolates of new and 
previously treated patients’ resistant to RIF and/or INH. DNA strips with valid results to characterise the SLD resistance 
using the commercial Line Probe Assay Genotype MTBDRsl Version 2.0 Assay (Hain Life Science, Nehren, Germany) 
were reviewed. Data were analysed with STATAv15 using cross-tabulation for frequency and proportions of known 
resistance-conferring mutations to injectable agents (IA) and fluoroquinolones (FQ).

Results: Among the eligible participants, 12,993/20,508 (63.4%) were male and median (IQR) age 32 (24–43). A total 
of 576/20,508 (2.8%) of the M. tuberculosis isolates from participants had resistance to RIF and/or INH. These included; 
102/576 (17.7%) single drug-resistant and 474/576 (82.3%) multidrug-resistant (MDR) strains. Only 102 patients had 
test results for FQ of whom 70/102 (68.6%) and 01/102 (0.98%) had resistance-conferring mutations in the gyrA locus 
and gyrB locus respectively. Among patients with FQ resistance, gyrAD94G 42.6% (30.0–55.9) and gyrA A90V 41.1% 
(28.6–54.3) mutations were most observed. Only one mutation, E540D was detected in the gyrB locus. A total of 
26 patients had resistance-conferring mutations to IA in whom, 20/26 77.0% (56.4–91.0) had A1401G mutation in 
the rrs gene locus.

Conclusions: Our study reveals a high proportion of mutations known to confer high-level fluoroquinolone drug-
resistance among patients with rifampicin and/or isoniazid drug resistance. Utilizing routinely generated laboratory 
data from existing molecular diagnostic methods may aid real-time surveillance of emerging tuberculosis drug-resist-
ance in resource-limited settings.
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Background
Tuberculosis (TB) remains one of the world’s deadliest 
infectious diseases, with an average of 10 million infec-
tions and 1 million deaths annually, even when it remains 
curable [1, 2]. A tota 88,000 new TB cases, which trans-
lates into 200/100,000 population were reported in 2019 
in Uganda[3, 4]. In the same year, a total of 1500 new 
Multidrug resistant/rifampicin resistant (MDR/RR) TB 
cases were estimated to be reported. Important to note 
is that only 559 (37%) of the estimated MDR/RR-TB cases 
were diagnosed and notified to the National TB and Lep-
rosy Program (NTLP) in 2019 [5] of whom 180 (12%) 
were previously treated [3, 4].

Uganda is among the 30 High TB/HIV burden coun-
tries [1, 2]. Despite the increase in TB notification, the 
progress to address detection and treatment gaps is still 
slow and large gaps remain [4, 6, 7]. Amidst all this, drug-
resistant TB (DR-TB) remains the most critical challenge 
facing global TB control. The prevalence of MDR-TB in 
Uganda in 2019 was estimated to be 1% (0.93–1.2) among 
newly diagnosed TB cases and 12% (6.5–19) among pre-
viously-treated TB cases [4]. Availing important drug 
resistance data at periodic intervals in the wait for preva-
lence and drug resistance surveys has a key role to play 
towards DR-TB control.

Uganda has a comprehensive TB diagnostic network 
that consists of 100 laboratories/transport hubs and ~ 251 
GeneXpert sites but these only diagnose rifampicin 
resistance. Molbio Truenat MTB/RIF (TrueNat) assay 
has also been proposed and introduced to increase TB 
detection at primary health centre level, where power 
supply and air conditioning is lacking [8]. In Uganda, 
the National TB Reference Laboratory (NTRL), which 
serves the entire country, employs the traditional meth-
ods of drug susceptibilty testing (DST) such as solid and 
liquid phenotypic testing for fluoroquinolones (FQ) and 
injectable agents (IA). The conventional DST methods 
are tedious, with a long turn-around time and technical 
challenges, more so with critical concentrations for new 
anti-TB drugs. This is partly addressed by the use of rapid 
diagnostics such as the Line Probe Assays (LPA) for gen-
otypic DST. The second-line probe assay test strip allows 
for the detection of specific mutations in the quinolone 
resistance-determining region (QRDR) and IA [9]. Spe-
cific mutations in the QRDR confer drug resistance to FQ 
(levofloxacin LXF, ofloxacin OFX, moxifloxacin MXF), 
whereas those in the rrs gene confer drug resistance to 
IA (amikacin AMK, kanamycin KAN, and capreomycin 

CAP) [10]. Increased drug resistance levels have in the 
recent past been linked to poor treatment outcomes [11]. 
Of the 384 patients that started on second line treatment 
in the MDR-TB Cohort of 2017 in Uganda, 74% were 
successfully treated [4]. This raises concerns about the 
eventual total costs after failed treatments and repeated 
diagnosis eventually engineering drug resistance. There is 
an urgent need for the protection of novel drugs through 
timely surveillance of resistance outbreaks.

Besides offering rapid DST beyond first-line anti-TB 
drugs, LPAs additionally provide data that can enhance 
drug resistance surveillance in the absence of drug resist-
ance surveys. This would guide TB control, surveillance 
and management efforts from disease control programs. 
This study therefore aimed at offering timely findings 
on the molecular characterisation of second line drug 
resistance among patients resistant to isoniazid and/or 
rifampicin, using the second-line LPA since its routine 
use in Uganda.

Methods
Study design and setting
This was a descriptive cross-sectional secondary data 
analysis involving extraction and review of data from 
samples of TB patients received between June 2017 and 
December 2019 at the NTRL in Kampala. Data extrac-
tion and review were performed on 20,508 isolate entries 
of TB patients for DST. The NTRL is a Biosafety Level 
(BSL) 3 Laboratory that is fully furnished to manipulate 
TB cultures and specimens [12].

Study population
This study included sputum specimens from patients 
having either pulmonary or extra-pulmonary TB includ-
ing samples from patients with history of previous TB 
treatment who were referred to NTRL for DST from test-
ing centers country-wide. For analysis we included results 
of patients who had RR-TB detected on GeneXpert/Ultra 
and patients with rifampicin and/or isoniazid resistance 
detected using LPA and/or Mycobacteria Growth Indica-
tor Tube (MGIT) SIRE DST kit.

Sample processing, culture and drug susceptibility testing
Using the Uganda National TB specimen transport sys-
tem, all samples were transited to NTRL under a cold 
chain. Upon receipt, samples were accessioned for satis-
faction of the minimum sample acceptance criteria prior 
to sample processing. Samples were processed using 
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N-Acetyl-L-Cysteine-Sodium hydroxide (NALC-NaOH; 
1.5% NaOH final concentration). The specimens were 
then inoculated on both Lowenstein Jensen (LJ) media 
and MGIT. MGIT DST for the first and SLDs was per-
formed according to standard operating procedure [13]. 
DNA extraction for second line LPA DST was performed 
in the BSL3 using the GenoLyse® kit; Genotype MTB-
DRsl V2.0  (Hain Lifescience, Nehren, Germany) assay 
(direct) on the processed sediments or (indirect) on the 
respective positive cultures of the eligible participants 
and results interpreted according to standard procedures 
[9, 14]. All procedures were done according to standard 
procedures [9, 14], Fig. 1.

Laboratory quality control
Data quality control measures were taken using the 
NTRL Laboratory Information Systems to ensure that 
non-repetitive M. tuberculosis clinical patient isolates 
were considered for the study. The reviewed samples 
had acceptable internal quality control (IQC) results 
tested along each run performed. Comparability test-
ing was performed using the second line DST kit on the 
MGIT960 System (Becton Dickinson, Franklin Lakes, 

NJ). In fulfillment of External Quality Assurance of the 
test, LPA testing was also performed on well character-
ized proficiency testing strains from the Supranational 
Reference Laboratory, Antwerp, Belgium, provided 
annually. The test reagents and consumables used for 
testing clinical samples also had records of LOT-to-LOT 
testing to ascertain performance. A competent reviewer 
also reviewed the mutation interpretations after retrieval 
of the data considered for the study period, all following 
initial review performed by other independent person-
nel as per the required (ISO 15189:2012) international 
standards [15] for medical and testing laboratories. Fad-
ing of the LPA bands was minimized by adding cello-tape 
onto the strips and sticking them against the worksheet, 
which was then kept within a sheet protector. In this way, 
the bands were visible to the naked eye for all, except 10 
strips.

Statistical analysis
The input mutations were first sorted, cleaned and 
organized in Microsoft Excel 2016. The data, consisting 
of other sociodemographic data such as Age, Gender 
and History of TB treatment was then imported into 

Fig. 1 Flow chart for sample processing and enrolment into the study
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STATAv15 for analysis using the cross-tabulation tech-
nique with descriptive statistical tests using frequencies 
and proportions. Confidence Intervals at a 5% level of 
significance were computed for some of the propor-
tions to make inferences. The results were then pre-
sented as frequencies in the form of a table and graph.

Results
Overall, 20,508 entries of new and previously treated 
patients were screened for eligibility, largely consisting 
of males 12,993/20,508 (63.4%). The median age (Inter-
quartile range; IQR) of the participants was 32 (24–43) 
and a total of 14,880/20,508 (72.6%) were previously 
treated for TB, Table 1.

A total of 709/20,508 (3.45%) patients had results of 
first line DST to rifampicin and/or isoniazid, of whom 
576/709 (81.2%) were classified as rifampicin and/or 
isoniazid resistant. A total of 102/576(17.7%) was clas-
sified as single drug resistant (SDR) of whom 92/102 
(90.2%) [82.7–95.2] and 10/102 (9.8%) [4.8–17.3] 
were rifampicin mono-resistant and isoniazid mono-
resistant respectively, and 474/576 (82.3%) were MDR, 
Table 2.

Distribution and characterization of second line drug 
resistance‑conferring mutations
Only 68/576 (11.8%) of the patients had resistance to any 
of the SLD of whom 42/68 (61.8%) and 12/68 (17.6%) 
were classified with resistance to fluoroquinolones only 
and injectable agents only, respectively. Among the 
patients with SLD resistance results, 54/68 (79.4%) were 
either FQ/IA resistant, while 14/68 (20.6%) were resistant 
to both FQ and IA. A total of 249/20508 (1.2%) patients 
had indeterminate results for either one or both of the 
SLD. Of these, 31/249 (12.4%) were IA indeterminate 
only whereas 1/249 (0.4%) was FQ indeterminate only. A 
total of 217/249 (87.1%) was FQ and IA indeterminate. 
There were no cases of inferred SLD resistance with one 
invalid result in our study.

The distribution of the SLD resistance across all patient 
variables was highest amongst the patients of < 35  years 
of age, and males dominated in each of them. Previously 
treated TB patients were the majority in all categories of 
SLD resistance. We observed that history of TB treat-
ment was not a subject of vulnerability for any type of 
drug resistance among our study participants. The distri-
bution of SLD resistance is presented in Table 3.

Eleven types of SLD resistance-conferring mutations 
in 4 genes (including the eis gene) were screened for in 
all 576 patients. Overall, 102 resistance-conferring muta-
tions were identified in the samples tested, of which 
70/102 (68.6%) conferred resistance to FQ, the majority 
in the gyrA locus, and 1/102 (0.98%) in the gyrB locus. 
The mutations D94G 42.6% (30.0–55.9) and A90V 41.1% 
(28.6–54.3) contributed the highest to gyrA locus pro-
portions among the DR-TB patients. A total of 26 of the 
other mutations conferred resistance to IA, whereas 5 
were associated with low-level resistance to kanamy-
cin (KAN). On the other hand, 20/26 77.0% (56.4–91.0) 
of mutations conferring drug resistance to IA were 
observed for the rrs gene by the A1401G mutation 77.0% 
(56.4–91.0), Fig. 2.

Resistance profiles to SLD were distributed differ-
ently among patients. Four patients were found to have 
low-level drug resistance conferring mutations in the eis 
locus, independent of other mutations known to confer 
drug-resistance to any of FQ or IA. The pattern of SLD 
resistance-conferring mutations is presented in Table 4.

Discussion
In this study among RIF and/or INH- resistant TB 
patients, the prevalence of resistance to second line drugs 
was 9.3% for FQ, 4.5% for IA and 2.4% for both FQ and 
IA. Among the four genes we considered to describe the 
molecular characterization of second-line drug resistance 
of which D94G in the gyrA gene for FQ and A1401G in 

Table 1 Sociodemographic characteristics of the patients

N Sample size, n Frequency, % Percentage, IQR Interquartile Range

Variable (N = 20,508) n (%)

Age

 Median (IQR) 32 (24–43)

Age groups

  < 35 years 11,147 (54.3)

  ≥ 35 years 9361 (45.7)

Sex

 Female 7515 (36.6)

 Male 12,993 (63.4)

History of TB treatment

 Previously treated 14,880 (72.6)

 New case 2871 (14.0)

 Regimen history unknown 10 (0.1)

Not provided 2747 (13.3)

Table 2 Overall drug resistance per first-line Anti-TB drug tested

N Sample size, n Frequency, % Percentage, RIF Rifampicin, INH Isoniazid, 
*=include MDR

First 
Line DR 
(N = 709)

Test result, n (%)

Resistant* Susceptible Indeterminate Invalid Inferred

RIF 566 (79.8) 101 (14.2) 42 (5.9) 0 (0.0) 0 (0.0)

INH 486 (68.3) 182 (25.7) 43 (6.1) 0 (0.0) 0 (0.0)
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the rrs gene for IA were the most prevalent resistance-
conferring mutations to SLD. Resistance to FQ was 
conferred by mutations in the QRDR documented by 
previous studies [16–18].

As previously documented [19], the majority 72.6% of 
patients in our study who were resistant to RIF and/or 
INH were previously treated for TB. In addition to this, 
our study further established that patients under the age 
of < 35 were the majority, in consistency with a study 
by Kirenga et  al., (2015)[20]. The low frequency of any 
resistance to RIF and/or INH 576/20,508 (2.8%) among 

the TB patients in our study may be due to selection bias 
as a result of the purposive nature of sampling for this 
study. It is worth noting that this low proportion of drug-
resistance is within the low Sub-Saharan estimates [21, 
22] and also given the low DR-TB burden in our setting. 
This may be attributed to the strong directly-observed 
treatment strategy mechanisms and regulations against 
an over-the-counter sale of Anti-TB drugs in Uganda. 
All these combined efforts work in synergy to influence 
patient care by strengthening laboratory systems, eventu-
ally increasing access to DST and reduced anti-TB drug 
misuse to improve TB patient management.

The high number of samples subjected to DST in our 
setting may be attributed to the fact that the NTRL 
serves as a public TB culture laboratory, with a functional 
hub transport system to link specimens for further test-
ing [23].

Mono-resistance to RIF was higher than INH monore-
sistance and is backed by recent studies that have raised 
more awareness on this phenomenon [24, 25]. The low 
proportions of INH mono-resistance at 9.8% (4.8–17.3) 
in this study may be attributed to a selection bias as a 
result of our selected study population. However, the 
higher proportions of RIF mono-resistance at 90.2% 
(82.7–95.2) are in agreement with two studies that raise 
awareness of increasing levels of this type of drug resist-
ance among TB patients [24, 25]. Malenfant and Brewer 
[24] recently reported that the availability of diagnostic 
assays that allow for quick detection of RIF resistance has 
increased awareness of patients with rifampicin mono-
resistant TB (RR-TB), which was previously thought to 
be uncommon [24]. A study conducted in South-western 
Uganda by Micheni et al. [25] also reported that the over-
all prevalence of monoresistance to INH and RIF was 

Table 3 Distribution of second-line drug resistance amongst the patient variables

N Sample size, n Frequency, Rx Regimen, % Percentage, FQ Fluoroquinolone, IA Injectable agent, FQ Only=Pre−XDR

Variable % Proportion (95% Confidence interval)

FQ Only
(n = 42)

IA Only
(n = 12)

FQ/IA
(n = 54)

FQ & IA
(n = 14)

Age groups

  < 35 years 64.3 (48.0–78.4) 83.3 (51.6–97.9) 59.3 (45.0–72.4) 85.7 (57.2–98.2)

  ≥ 35 years 35.7 (21.6–52.0) 16.7 (2.1–48.4) 40.7 (27.6–55.0) 14.3 (1.8–42.8)

Gender

 Female 23.8 (12.1–39.4) 25.0 (5.5–57.4) 11.1 (4.2–22.6) 35.7 (12.8–64.9)

 Male 76.2 (60.5–87.9) 75.0 (42.8–94.5) 88.9 (77.4–95.8) 64.3 (35.1–87.2)

History of TB treatment

 Previously treated 64.3 (48.0–78.4) 66.7 (34.9–90.1) 59.3 (45.0–72.4) 71.4 (41.9–91.6)

 New case 33.3 (19.6–49.5) 33.3 (10.0–65.1) 38.9 (25.9–53.1) 28.6 (8.4–58.1)

 Treatment history unknown 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

 Not provided 2.4 (0.1–12.6) 0 (0.0) 1.9 (0.0–9.9) 0 (0.0)
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8.5% and 11% respectively, while the prevalence of MDR-
TB was 6.7% [25].

We observed a consistent proportion of multidrug-
resistance among DR-TB patients, of whom, majority 
were RR-TB on the GeneXpert. This is in agreement with 
the global statistics of an estimated proportion of 82% liv-
ing with MDR-TB among RR-TB patients. This is also still 
within range of the estimated 78% proportion of RR-TB 
patients that had MDR-TB as disclosed by the United 
Nations General Assembly (2018) on the fight against TB 
disease [1, 2]. The higher number of RIF resistant cases; 
566 (79.8%) is attributed to the robust Xpert network in 
the country for detection of RR-TB patients, whose sam-
ples are thereafter referred for DST beyond RIF at the 
NTRL.

Our study findings also revealed a key establishment 
of a low proportion 68/576 (11.8%) of SLD resistance in 
which 9.3% and 4.5% were classified with at least resist-
ance to FQ and IA respectively. This relatively low pro-
portion of SLD resistance may be due to the sampling 
since a study of DR-TB prevalence requires other designs, 
with additional testing methods. Furthermore, the low 
SLD resistance proportion may be explained by previ-
ous documentation that drug resistance beyond first line 
anti-TB drugs and compensatory mutations remain low 
among TB patients in Uganda [26]. According to previ-
ous documentation by Theron et al. [27], the Hain Geno-
type MTBDRsl assay misses about one out of every five 
instances of FQ-resistant TB, as well as one out of every 

four cases of IA-resistant TB [27]. Nevertheless, the over-
all FQ resistance rate being lower than the global average 
of 21% [4] is quite encouraging. It especially calls for high 
regard of timely universal DST using points of care tests 
covering second line and novel anti-TB drugs to ascertain 
these estimates or even keep the numbers low and man-
ageable if found to be accurate.

Given the fact that SLD resistance testing utilizing the 
Hain Genotype MTBDRsl assay was only available at the 
National Reference Level during our study period, we 
cannot rule out the likelihood that drug resistance to FQ 
and/or IA is higher than what we have reported.

Consistent with studies done elsewhere, among 
patients resistant to FQ in our study, resistance was 
mostly conferred by the gyrA [16, 28, 29] locus whereas 
resistance to second-line IA was mainly conferred by 
the rrs gene at codon A1401G [30]. Additionally, five eis 
C14T mutations were detected in the eis gene locus and 
led to low-level resistance to KAN [31], of which four 
occurred independent of mutations in the rrs gene. This 
type of mutations in the eis promoter region are sugges-
tive of low-level KAN resistance as widely reported [32–
34] but AMK remains effective [35]. Mutations in this 
region have been found to be associated with phenotypic 
KAN resistance in TB irrespective of whether the studied 
strains did or did not contain any mutations in the pro-
moter region [36, 37].

The reported higher proportion of SLD resistant 
patients with resistance to any of FQ or IA as compared 

Table 4 Drug resistance-conferring mutation profiles among TB patients with second line drug-resistance

N Sample size, n Frequency, % Percentage, CI Confidence Interval, FQ Fluoroquinolones, IA Injectable agents

Drug (N = 68) Resistance conferring mutation profile (s) n (%; 95% CI)

FQ (Pre-XDR)

gyrA (A90V) 11 (16.2; 8.4–27.1)

gyrA S91P 2 (2.9; 0.4–10.2)

gyrA (D94A) 1 (1.5; 0.0–7.9)

gyrA (D94N/Y) 8 (11.8; 5.2–21.8)

gyrA (D94G) 13 (19.1; 10.6–30.5)

gyrA (A90V, D94G) 3 (4.4; 0.9–12.4)

gyrA (A90V, D94N/Y, D94G) 4 (5.9; 1.6–14.4)

IA

rrs (A1401G) 6 (8.8; 3.3–18.2)

rrs (G1484T) 6 (8.8; 3.3–18.2)

FQ & IA

gyrA (A90V)/rrs (A1401G) 7 (10.3; 4.2–20.1)

gyrA (D94G)/rrs (A1401G) 1 (1.5; 0.0–7.9)

gyrA (D94G)/rrs (A1401G) 3 (4.4; 0.9–12.4)

gyrA (S91P, D94A/rrs (A1401G) 1 (1.5; 0.0–7.9)

gyrA (D94A, D94G)/rrs (A1401G) 1 (1.5; 0.0–7.9)

gyrA (D94H, D94G)/gyrB (E540D)/rrs (A1401G)/eis (C14T) 1 (1.5; 0.0–7.9)
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to those resistant to both FQ and IA is consistent with 
findings from recent global TB reports [1, 2, 4]. Our 
findings show a link between age and IA resistance as 
well as FQ and IA resistance, with patients younger 
than 35  years old being more susceptible to both types 
of SLD resistance. Like studies conducted elsewhere, 
gender was found to be a more susceptible determi-
nant for SLD resistance. Males were more likely than 
females to develop FQ/IA resistance. Similar to findings 
from a prospective study that involved eight countries 
[38], males were more susceptible to develop FQ resist-
ance than females. However, the study only included 
South Africa, a high-burden setting, as the only African 
country among the eight. In our study, the higher fre-
quency of drug-resistance to FQ, IA, FQ/IA and FQ & 
IA among < 35-year-olds, previously treated patients and 
males may be attributed to the respective dominance of 
proportions of male participants.

One interesting observation from our study is the way 
in which the highest frequency (68.63%) of mutations 
known to confer drug resistance to FQ was observed in 
the gyrA gene locus in particular, the D94G (37.14%) and 
A90V (35.71%) mutations. Only one mutation, E540D, 
was detected in the gyrB locus among SLD resistant 
patients. This is not uncommon, given the fact that a rare 
occurrence has been cited in this locus [39]. This docu-
mentation, together previous studies that highlighted 
a rare occurrence of mutations in the gyrB gene locus 
[39] as well as a discrepancy in the ability to detect some 
mutations using some of the most commonly employed 
molecular diagnostics [16] may partly explain the under-
representation of mutations in this gene locus among 
other reasons. Varying sensitivity levels have recently 
been reported especially with the detection of FQ for 
the tests performed using the WHO endorsed Genotype 
MTBDRsl v2.0 kit [27].

The high-level resistance conferring mutations from 
the gyrA locus were more frequently observed among 
the DR-TB patients with FQ resistance only. Resistance 
to IA among the studied patients was mainly conferred 
by the rrs A1401G mutation 77.0% (56.4–91.0) and is 
consistent with other relevant reports [31]. Our finding 
is in agreement with literature pointing to this mutation 
being the most common molecular mechanism of drug 
resistance to the injectables-kanamycin and amikacin 
[31]. The gyrA D94N/Y, and gyrA D94G mutations, which 
are all linked to high-level resistance to moxifloxacin, a 
key FQ drug, were found to be among the top three most 
commonly observed mutations in the gyrA locus among 
DR-TB patients studied. When the gyrA D94G mutation 
is present neither LFX nor MFX are effective options for 
treatment, whereas the presence of A90V implies that 
high doses of MFX could be effective, as this mutation is 

associated with low-resistance to the drug. This under-
lines the need to highly regard timely surveillance and 
DST in order to protect the SLDs and emergence of pre-
extensively drug-resistant (XDR) TB.

The higher frequency of DST results with relativity to 
other results points to the reality that LPA indetermi-
nate results from this study were easily resolved from 
repeat testing. LPA indeterminate results have previously 
been reported to occur in 1.4–19.2% of TB specimens, 
depending on the smear- and culture-status of the tested 
samples, as well as sample type (extra pulmonary or pul-
monary) [40].

Only one case of invalid results was recorded dur-
ing our study period. This may be due to the fact that an 
invalid result nullifies the entire strip, as it accommodates 
both FQ and IA target gene loci. Invalid results have 
previously been reported to occur in only 6% of smear 
positive sputum samples upon repeat testing [41]. Such 
errors arise as a result of errors made during run setup, 
presence of amplification inhibitors and/or performance 
of the amplification reaction. The findings of our study 
were produced by highly experienced professionals who 
adhere to high standards of work and undergo regular 
capacity building.

Our study had no cases of inferred resistance, a phe-
nomenon that depicts the conserved genetic nature of 
strains tested at the NTRL from the referring sites, and 
therefore demonstrates the relevance of the LPA in our 
local setting. Although these instances of inferred resist-
ance can be common locally [42], they are uncommon 
globally (< 1% of isolates), with synonymous and non-
synonymous mutations such as phylogenetic mutations 
reported to cause systematic cases like these.

All in all, increased uptake of SLD resistance detection 
may therefore prove to be helpful in the rapid detection 
of SLD drug resistance in settings with low burden such 
as ours, as efforts move to an all-oral regimen. This is 
mostly desirable with the introduction of suitable rapid 
molecular diagnostics that would contribute a lot in 
terms of protecting the all-oral regimen.

Our findings are based on a couple of strengths. In the 
first place, our study was done at the Uganda NTRL, a 
World Health Organisation (WHO) Supranational Refer-
ence Laboratory with high competency and skilled per-
sonnel, which assured the quality of the drug resistance 
results presented. Our study findings are based on a large 
sample size, which assures the statistical power for our 
conclusions. We ensured that expertise was employed 
as the basis for selecting a sample that was most useful 
to the purposes of the research. This was done with con-
sideration of the eligibility criteria where quality assured 
phenotypic DST results and agreeing data for the assays 
were used. Purposive efforts were also put in place to 
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make the sampling as representative of the population 
as possible. The laboratory information systems in place 
reduced human error and guided the inclusion criteria 
for SLD resistant samples.

However, our study has some limitations; the study 
involved a retrospective review of the available data, 
which may have suffered from some missing information. 
The suboptimal sensitivity of the Genotype MTBDRsl 
Version 2.0 assay is a limitation in our study, highlight-
ing the need for target sequencing as a reference standard 
at national reference level. We also recognize the risk of 
selection bias associated with the sampling of the patients. 
The specific mutations for 10 patients could not be re-
interpreted because the bands on the line probe assay 
strips had faded beyond interpretation, thereby reducing 
the number of those suitable for inclusion in the study. 
Their characterisation could not be achieved, since these 
were not captured in the Laboratory Information Systems, 
highlighting the need for laboratories to enter these char-
acterisation data in a standardised manner for future use 
in translational research and guiding policy. Finally, our 
data presentations fall short of the recent WHO definition 
of XDR-TB [43], a short fall that limited our establishment 
of patients that would fit in this category. This stresses the 
need to remain vigilant about the emergence of XDR-TB 
among well documented high-risk TB patients.

Conclusion
We document that among the second line drug resistant 
patients exists a high frequency of high-level resistance 
to fluoroquinolones, a pivotal category of second line 
anti-TB medicines. The emergence of high-level resist-
ance to moxifloxacin among the patients resistant to SLD 
generally highlights the need for routine diagnostic and 
surveillance mechanisms to keep record of the specific 
mutations from the routinely employed molecular diag-
nostics and serve the aforementioned purposes. Utilizing 
the routinely generated laboratory data from rapid molec-
ular diagnostic tools, and targeted sequencing may prove 
to be a valuable strategy for TB control in anticipation of 
drug resistance surveys in resource-limited settings.

Abbreviations
DNA: Deoxyribonucleic acid; DST: Drug susceptibility testing; LPA: Line probe 
assay; MDR-TB: Multidrug resistant tuberculosis; NTRL: National tuberculo-
sis reference laboratory; QRDR: Quinolone resistance determining region; 
RR-TB: Rifampicin resistant tuberculosis; SLD: Second-line drug; TB: Tuber-
culosis; WHO: World Health Organisation; XDR-TB: Extensively drug resistant 
tuberculosis.

Acknowledgements
The laboratory manager and data manager at the Uganda National Tubercu-
losis Reference Laboratory are highly acknowledged for their general support 
for this piece of work. The Laboratory employees that contributed to the 

generation of the data utilized in this study are also recognized in a particular 
way for their technical assistance with this project. The financial support to 
run all the diagnostic activities that contributed to the generation of the data 
used in the study was part of the routine funding through the Regional Global 
Fund through the East, Central and Southern Africa (ECSA) Health Community 
Project to the Supra-National Reference Laboratory of Uganda to support 
Tuberculosis (TB) diagnostic implementation and quality management 
systems in the Laboratories performing TB testing. WS is a NURTURE fellow 
under NIH grant D43TW010132, a postdoctoral fellow under MUII+, Uganda 
Medical Informatics Centre (UMIC) Bioinformatics endeavour and under the 
European & Developing Countries Clinical Trials Partnership (EDCTP) grant 
TMA2018CDF-2351. The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript.

Author contributions
DM and WS conceived the study. DM and DLK participated in the rigorous 
interpretation and review of the mutation interpretations after retrieval of the 
data considered for the study, II did the statistical analysis and DM drafted the 
initial manuscript. MLJ reviewed the study and guided the initial writing. WS 
guided the subsequent writing, DLK, JK, AN, JEP, RKM, DT, AN, BO, IT, HB, DN 
and KM participated in the, the acquisition, analysis, interpretation of data, 
draft manuscript review, laboratory analysis and data generation. DM wrote 
the final draft of the manuscript. WS reviewed the drafts and review process 
that resulted into the final manuscript. All authors read and approved the final 
manuscript.

Funding
European and Developing Countries Clinical Trials Partnership, 
TMA2018CDF-2351, Willy Ssengooba, NIH-NURTURE, D43TW010132, Willy 
Ssengooba

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The data used in this study was initially collected for routine care in efforts 
to detect and control the spread of tuberculosis. Administrative approval to 
access the routinely collected de-identified laboratory data was obtained 
from the National TB reference Laboratory, National TB Program—Ministry of 
Health, Kampala, Uganda. A confidentiality agreement signed by the author 
and filed with the Data Manager. All the data collected for the study were fully 
anonymized and no patient names were used throughout the data collection 
and analysis phase. No additional approval was required since the study 
utilized de-identified routinely collected data.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Makerere University, College of Health Sciences, Kampala, Uganda. 2 World 
Health Organisation Supranational Reference Laboratory, Uganda National 
TB Reference Laboratory, Kampala, Uganda. 3 Department of Pharmacology 
and Toxicology, School of Pharmacy, Kampala International University, Kam-
pala, Uganda. 4 National Health Laboratory and Diagnostic Services, Kampala, 
Uganda. 5 Faculty of Infectious & Tropical Diseases, London School of Hygiene 
& Tropical Medicine, London, UK. 6 United States Agency for International 
Development, Defeat TB Project, Kampala, Uganda. 7 National Tuberculosis 
and Leprosy Control Programme, Ministry of Health, Kampala, Uganda. 8 World 
Health Organisation EPI Laboratory, Uganda Virus Research Institute, Entebbe, 
Uganda. 9 Department of Medical Microbiology, School of Biomedical Sci-
ences, Makerere University, Kampala, Uganda. 10 Makerere University Lung 
Institute, Makerere University College of Health Sciences, Kampala, Uganda. 



Page 9 of 10Mujuni et al. BMC Infectious Diseases          (2022) 22:363  

Received: 11 August 2021   Accepted: 2 April 2022

References
 1. World Health Organisation. Global TB Report 2018. 2018. https:// apps. 

who. int/ iris/ handle/ 10665/ 274453. Accessed 3 Feb 2021.
 2. World Health Organisation. Global TB Report 2019. https:// apps. who. int/ 

iris/ handle/ 10665/ 274453. Accessed 3 Feb 2021.
 3. TB Report - Apps on Google Play. https:// play. google. com/ store/ apps/ 

detai ls? id= uk. co. adappt. whotb repor t& hl= en_ US& gl= UG. Accessed 4 Jul 
2021.

 4. World Health Organisation. Global TB Report 2020. https:// www. who. int/ 
publi catio ns/i/ item/ 97892 40013 131. Accessed 3 Nov 2021.

 5. USAID. Uganda Tuberculosis Roadmap Overview, Fiscal Year 2021. 2020. 
https:// www. usaid. gov/ sites/ defau lt/ files/ docum ents/ Uganda_ TBRM21_ 
TB_ DIAH_ Versi on_ Final. pdf. Accessed 3 Nov 2021.

 6. Awoke N, Dulo B, Wudneh F. Total Delay in Treatment of Tuberculosis and 
Associated Factors among New Pulmonary TB Patients in Selected Health 
Facilities of Gedeo Zone, Southern Ethiopia, 2017/18. Interdiscip Perspect 
Infect Dis. 2019. https:// doi. org/ 10. 1155/ 2019/ 21542 40.

 7. Bloom BR, Atun R, Cohen T, Dye C, Fraser H, Gomez GB, et al. Tuberculosis. 
In: Holmes KK, Bertozzi S, Bloom BR, Jha P, editors., et al., Major infectious 
diseases. 3rd ed. Washington: The International Bank for Reconstruction 
and Development/The World Bank; 2017.

 8. Truenat TB Test - Diagnosis, resistance testing, COVID-19—TBFacts. 
https:// tbfac ts. org/ truen at/. Accessed 4 Jul 2021.

 9. Global Laboratory Initiative. Global Laboratory Initiative Line probe assays 
for drug- resistant tuberculosis detection. 2008. -. https:// stoptb. org/ wg/ 
gli/ assets/ docum ents/ LPA_ test_ web_ ready. pdf. Accessed 2 Nov 2021.

 10. Lipin MY, Stepanshina VN, Shemyakin IG, Shinnick TM. Association of 
specific mutations in {katG}, {rpoB}, rps L and rrs genes with spoligotypes 
of multidrug-resistant Mycobacterium tuberculosis isolates in Russia. Clin 
Microbiol Infect. 2007. https:// doi. org/ 10. 1111/j. 1469- 0691. 2007. 01711.x.

 11. Cegielski JP, Kurbatova E, Walt MVD, Brand J, Ershova J, Tupasi T, et al. 
Multidrug-resistant tuberculosis treatment outcomes in relation to treat-
ment and initial versus acquired second-line drug resistance. Clin Infect 
Dis. 2016. https:// doi. org/ 10. 1093/ cid/ civ910.

 12. Kasule GW, Kateete DP, Joloba ML. Mycobacterium tuberculosis Uganda II 
is more susceptible to rifampicin and isoniazid compared to Beijing and 
Delhi/CAS families. BMC Infect Dis. 2016;16:1–8.

 13. Siddiqi SH, Rüsch-Gerdes S. For BACTEC MGIT 960 TB system. 2006. 
https:// www. finddx. org/ wp- conte nt/ uploa ds/ 2016/ 02/ mgit_ manual_ 
nov20 06. pdf. Accessed 3 Nov 2021.

 14. GenoLyse® | Manual isolation of bacterial DNA from patient samples. 
https:// www. hain- lifes cience. de/ produ kte/ dna- isoli erung/ genol yse. html. 
Accessed 20 Nov 2021.

 15. International Standards Organisation. ISO - ISO 15189:2012 - Medical 
laboratories — Requirements for quality and competence. 3rd Edition. 
https:// www. iso. org/ stand ard/ 56115. html. Accessed 3 Feb 2021.

 16. Kateete DP, Kamulegeya R, Kigozi E, Katabazi FA, Lukoye D, Sebit SI, et al. 
Frequency and patterns of second-line resistance conferring mutations 
among MDR-TB isolates resistant to a second-line drug from eSwatini, 
Somalia and Uganda (2014–2016). BMC Pulm Med. 2019. https:// doi. org/ 
10. 1186/ s12890- 019- 0891-x.

 17. Yadav R, Saini A, Mankotia J, Khaneja R, Agarwal P, Sethi S. Genetic char-
acterization of second-line drug-resistant and extensively drug-resistant 
mycobacterium tuberculosis from the Northern Region of India. J Epide-
miol Glob Health. 2018;8:220–4.

 18. Mogashoa T, Melamu P, Derendinger B, Ley SD, Kgwaadira B, Rankgoane-
pono G, et al. Detection of Second line drug resistance among drug 
resistant Mycobacterium tuberculosis isolates. Pathogens. 2019. https:// doi. 
org/ 10. 3390/ patho gens8 040208.

 19. Zignol M, van Gemert W, Falzon D, Sismanidis C, Glaziou P, Floyd K, et al. 
Surveillance of anti-tuberculosis drug resistance in the world: an updated 
analysis, 2007–2010. Bull World Health Organ. 2012;90:111–9.

 20. Kirenga BJ, Ssengooba W, Muwonge C, Nakiyingi L, Kyaligonza S, Kasozi 
S, et al. Tuberculosis risk factors among tuberculosis patients in Kam-
pala, Uganda: implications for tuberculosis control. BMC Public Health. 
2015;15:13.

 21. Berhan A, Berhan Y, Yizengaw D. A meta-analysis of drug resist-
ant tuberculosis in sub-saharan africa: how strongly associated 
with previous treatment and HIV co-infection? Ethiop J Health Sci. 
2013;23:271–82.

 22. World Health Organisation. Global Tuberculosis Report 2017. https:// 
www. who. int/ tb/ publi catio ns/ global_ report/ gtbr2 017_ main_ text. pdf. 
Accessed 3 Feb 2021.

 23. Joloba M, Mwangi C, Alexander H, Nadunga D, Bwanga F, Modi N, et al. 
Strengthening the tuberculosis specimen referral network in Uganda: 
the role of public-private partnerships. J Infect Dis. 2016;213(Suppl 
2):41–6.

 24. Malenfant JH, Brewer TF. Rifampicin mono-resistant tuberculosis—a 
review of an uncommon but growing challenge for global tuberculosis 
control. Open Forum Infect Dis. 2021. https:// doi. org/ 10. 1093/ ofid/ ofab0 
18.

 25. Micheni LN, Kassaza K, Kinyi H, Ntulume I, Bazira J. Rifampicin and 
isoniazid drug resistance among patients diagnosed with pulmonary 
tuberculosis in southwestern Uganda. PLoS ONE. 2021;16:e0259221.

 26. Ssengooba W, Meehan CJ, Lukoye D, William G, Musisi K, Joloba ML, et al. 
Infection, genetics and evolution whole genome sequencing to comple-
ment tuberculosis drug resistance surveys in Uganda. Infect Genet Evol. 
2016;40:8–16.

 27. Theron G, Peter J, Richardson M, Warren R, Dheda K, Kr S. GenoType® 
MTBDRsl assay for resistance to second-line antituberculosis drugs. 
Cochrane Database Syst Rev. 2016. https:// doi. org/ 10. 1002/ 14651 858. 
CD010 705. pub3. www. cochr aneli brary. com.

 28. Zhao X, Xu C, Domagala J, Drlica K. DNA topoisomerase targets of the 
fluoroquinolones: a strategy for avoiding bacterial resistance. Proc Natl 
Acad Sci USA. 1997;94:13991–6.

 29. Georghiou SB, Seifert M, Catanzaro D, Garfein RS, Valafar F, Crudu V, et al. 
Frequency and distribution of tuberculosis resistance-associated muta-
tions between Mumbai, Moldova, and Eastern Cape. Antimicrob Agents 
Chemother. 2016;60:3994–4004.

 30. Cheng S, Hide M, Pheng SH, Kerléguer A, Delvallez G, Sam S, et al. Resist-
ance to second-line anti-TB drugs in cambodia: a phenotypic and genetic 
study. IDR. 2021;14:1089–104.

 31. Jugheli L, Bzekalava N, de Rijk P, Fissette K, Portaels F, Rigouts L. High level 
of cross-resistance between kanamycin, amikacin, and capreomycin 
among Mycobacterium tuberculosis isolates from Georgia and a close 
relation with mutations in the rrs gene. Antimicrob Agents Chemother. 
2009;53:5064–8.

 32. Zaunbrecher MA, Sikes RD, Metchock B, Shinnick TM, Posey JE. Overex-
pression of the chromosomally encoded aminoglycoside acetyltrans-
ferase eis confers kanamycin resistance in Mycobacterium tuberculosis. 
PNAS. 2009;106:20004–9.

 33. Chen W, Biswas T, Porter VR, Tsodikov OV, Garneau-Tsodikova S. Unusual 
regioversatility of acetyltransferase Eis, a cause of drug resistance in XDR-
TB. PNAS. 2011;108:9804–8.

 34. Kambli P, Ajbani K, Nikam C, Sadani M, Shetty A, Udwadia Z, et al. Correlat-
ing RRS and EIS promoter mutations in clinical isolates of Mycobacterium 
tuberculosis with phenotypic susceptibility levels to the second-line 
injectables. Int J Mycobacteriol. 2016;5:1–6.

 35. Singh R, Dwivedi SP, Gaharwar US, Meena R, Rajamani P, Prasad T. Recent 
updates on drug resistance in Mycobacterium tuberculosis. J Appl Micro-
biol. 2020;128:1547–67.

 36. Sowajassatakul A, Prammananan T, Chaiprasert A, Phunpruch S. Molecu-
lar characterization of amikacin, kanamycin and capreomycin resistance 
in M/XDR-TB strains isolated in Thailand. BMC Microbiol. 2014;14:165.

 37. Sowajassatakul A, Prammananan T, Chaiprasert A, Phunpruch S. Overex-
pression of eis without a mutation in promoter region of amikacin- and 
kanamycin-resistant Mycobacterium tuberculosis clinical strain. Ann Clin 
Microbiol Antimicrob. 2018;17:33.

 38. Dalton T, Cegielski P, Akksilp S, Asencios L, Caoili JC, Cho S, et al. Preva-
lence of and risk factors for resistance to second-line drugs in people 
with multidrug-resistant tuberculosis in eight countries : a prospective 
cohort study. Lancet. 2012;380:1406–17.

 39. Almeida Da Silva PEA, Palomino JC. Molecular basis and mechanisms of 
drug resistance in Mycobacterium tuberculosis: classical and new drugs. J 
Antimicrob Chemother. 2011;66:1417–30.

https://apps.who.int/iris/handle/10665/274453
https://apps.who.int/iris/handle/10665/274453
https://apps.who.int/iris/handle/10665/274453
https://apps.who.int/iris/handle/10665/274453
https://play.google.com/store/apps/details?id=uk.co.adappt.whotbreport&hl=en_US&gl=UG
https://play.google.com/store/apps/details?id=uk.co.adappt.whotbreport&hl=en_US&gl=UG
https://www.who.int/publications/i/item/9789240013131
https://www.who.int/publications/i/item/9789240013131
https://www.usaid.gov/sites/default/files/documents/Uganda_TBRM21_TB_DIAH_Version_Final.pdf
https://www.usaid.gov/sites/default/files/documents/Uganda_TBRM21_TB_DIAH_Version_Final.pdf
https://doi.org/10.1155/2019/2154240
https://tbfacts.org/truenat/
https://stoptb.org/wg/gli/assets/documents/LPA_test_web_ready.pdf
https://stoptb.org/wg/gli/assets/documents/LPA_test_web_ready.pdf
https://doi.org/10.1111/j.1469-0691.2007.01711.x
https://doi.org/10.1093/cid/civ910
https://www.finddx.org/wp-content/uploads/2016/02/mgit_manual_nov2006.pdf
https://www.finddx.org/wp-content/uploads/2016/02/mgit_manual_nov2006.pdf
https://www.hain-lifescience.de/produkte/dna-isolierung/genolyse.html
https://www.iso.org/standard/56115.html
https://doi.org/10.1186/s12890-019-0891-x
https://doi.org/10.1186/s12890-019-0891-x
https://doi.org/10.3390/pathogens8040208
https://doi.org/10.3390/pathogens8040208
https://www.who.int/tb/publications/global_report/gtbr2017_main_text.pdf
https://www.who.int/tb/publications/global_report/gtbr2017_main_text.pdf
https://doi.org/10.1093/ofid/ofab018
https://doi.org/10.1093/ofid/ofab018
https://doi.org/10.1002/14651858.CD010705.pub3.www.cochranelibrary.com
https://doi.org/10.1002/14651858.CD010705.pub3.www.cochranelibrary.com


Page 10 of 10Mujuni et al. BMC Infectious Diseases          (2022) 22:363 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 40. Ling DI, Zwerling AA, Pai M. GenoType MTBDR assays for the diagno-
sis of multidrug-resistant tuberculosis: a meta-analysis. Eur Respir J. 
2008;32:1165–74.

 41. Raizada N, Sachdeva KS, Chauhan DS, Malhotra B, Reddy K, Dave PV, 
et al. A multi-site validation in india of the line probe assay for the rapid 
diagnosis of multi-drug resistant tuberculosis directly from sputum 
specimens. PLoS ONE. 2014;9:e88626.

 42. Ajileye A, Alvarez N, Merker M, Walker TM, Akter S, Brown K, et al. Some 
synonymous and nonsynonymous gyra mutations in mycobacterium 
tuberculosis lead to systematic false-positive fluoroquinolone resistance 
results with the hain GenoType MTBDRsl assays. Antimicrob Agents 
Chemother. 2017. https:// doi. org/ 10. 1128/ AAC. 02169- 16.

 43. WHO announces updated definitions of extensively drug-resistant tuber-
culosis. https:// www. who. int/ news/ item/ 27- 01- 2021- who- annou nces- 
updat ed- defin itions- of- exten sively- drug- resis tant- tuber culos is. Accessed 
23 Jul 2021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1128/AAC.02169-16
https://www.who.int/news/item/27-01-2021-who-announces-updated-definitions-of-extensively-drug-resistant-tuberculosis
https://www.who.int/news/item/27-01-2021-who-announces-updated-definitions-of-extensively-drug-resistant-tuberculosis

	Molecular characterisation of second-line drug resistance among drug resistant tuberculosis patients tested in Uganda: a two and a half-year’s review
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and setting
	Study population
	Sample processing, culture and drug susceptibility testing
	Laboratory quality control
	Statistical analysis

	Results
	Distribution and characterization of second line drug resistance-conferring mutations

	Discussion
	Conclusion
	Acknowledgements
	References


