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Background & objectives: Azithromycin has been in use as an alternate treatment option for enteric
fever even when the guidelines on the susceptibility testing were not available. There is lack of data on
susceptibility and mechanisms of resistance of azithromycin in Salmonella Typhi and S. Paratyphi A. The
aim of the present study was to determine the azithromycin susceptibility and resistance mechanisms in
typhoidal salmonellae isolates archived in a tertiary care centre in north India for a period of 25 years.

Methods: Azithromycin susceptibility was determined in 602 isolates of S. Typhi (469) and S. Paratyphi A
(133) available as archived collection isolated during 1993 to 2016, by disc diffusion and E-test method.
PCR was done for ered, ermA, ermB, ermC, mefA, mphA and msrA genes from plasmid and genomic DNA
and sequencing was done to detect mutations in acrR, rpID and rplV genes.

Results: Azithromycin susceptibility was seen in 437/469 [93.2%; 95% confidence interval (CI), 90.5
to 95.1%] isolates of S. Typhi. Amongst 133 isolates of S. Paratyphi A studied, minimum inhibitory
concentration (MIC) of <16 mg/l was found in 102 (76.7%; 95% CI, 68.8 to 83.0). MIC value ranged
between 1.5 and 32 mg/l with an increasing trend in MIC,; and MIC, with time. Mutations were found in
acrR in one and rplV in two isolates of S. Typhi. No acquired mechanism for macrolide resistance was
found.

Interpretation & conclusions: Azithromycin could be considered as a promising agent against typhoid
fever on the basis of MIC distribution in India. However, due to emergence of resistance in some parts,
there is a need for continuous surveillance of antimicrobial susceptibility and resistance mechanisms.
There is also a need to determine the breakpoints for S. Paratyphi A.
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Enteric fever is a community-acquired systemic can lead to increase in complications and morbidity, if
infection commonly caused by Salmonella enterica not treated with appropriate antibiotics. Antimicrobial
serovars Typhi and Paratyphi A. Rates of typhoid fever resistance to antityphoidal antibiotics started to emerge
as high as 980 cases per 100, 000 population have been in the years following their use in the treatment
reported from urban slums in Delhi'. Enteric fever of typhoid fever’. Due to widespread resistance
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to traditional first-line drugs such as ampicillin,
trimethoprim-sulfamethoxazole and chloramphenicol
in 1990s, fluoroquinolone or an extended-spectrum
cephalosporin were considered as the main treatment
options for enteric fever*. However, soon followed the
reports on fluoroquinolone-resistant enterica Typhi
(S. Typhi) and S. enterica Paratyphi A (S. Paratyphi
A), especially from developing countries*®. Although
cephalosporin susceptibility is retained at nearly 100
per cent, occasional ceftriaxone-resistant strains have
been reported from all over the world®.

In the meanwhile, the chloramphenicol susceptible
strains have re-emerged, though it is still not a
choice of treatment by the clinicians due to earlier
reported toxicity of bone marrow depression’. As
an alternative to these drugs, azithromycin was in
use for uncomplicated cases of typhoid fever since
1990s%. In 2015, Clinical and Laboratory Standards
Institute (CLSI) published the recommendation on
clinical breakpoints for azithromycin susceptibility in
S. Typhi.” However, there are still no guidelines for the
same in S. Paratyphi A°’.

Azithromycin is an azalide antimicrobial
agent that has been demonstrated to be equivalent
to chloramphenicol, fluoroquinolones and
extended-spectrum cephalosporins for the treatment
of uncomplicated typhoid fever when given for
5-7 days'™!". With the emergence of ciprofloxacin
resistance, azithromycin came into use for enteric fever
without any supportive evidence in pharmacokinetic
and pharmacodynamic studies or laboratory
breakpoints in any guidelines'®!!. All members of
Enterobacteriaceae are intrinsically resistant to
macrolides because of their hydrophobic nature, and
hence, there is low permeability through the outer
membrane, but azithromycin has an enhanced activity
for Enterobacteriaceae due to its basic character which
favours its high uptake by bacterial cells. In addition,
it achieves a higher intracellular concentration of
50-100 times more than the serum level expecting it
to act on intracellular pathogens like S. Typhi'?. There
are some sporadic reports of treatment failure with
azithromycin in enteric fever'*'*. The main reason
could be the lack of guidance for clinical decision
making from in vitro susceptibility results.

Although the breakpoints for S. Typhi are defined
now, the absence of guidelines for S. Paratyphi A can
lead to the suboptimal use of this drug in paratyphoid
fever leading to treatment failure and emergence

of resistance’!®, azithromycin-resistant strains of
S. Paratyphi A have been reported in India leading to
the treatment failure'.

The molecular mechanisms conferring resistance to
azithromycin in typhoidal salmonellae are yet not fully
understood and reported although these mechanisms
are well described in non-typhoidal salmonellae'.
In this context, there is a need to generate more data
on susceptibility and mechanisms of resistance of
azithromycin in typhoidal salmonellae. Therefore
the present study was carried out to determine the
azithromycin susceptibility pattern and resistance
mechanisms in a collection of archived isolates of
S. Typhi and S. Paratyphi A isolated at the All India
Institute of Medical Sciences (AIIMS) hospital, New
Delhi, over a period of 25 years from 1993 to 2016
from the patients presented with enteric fever.

Material & Methods

A total of 602 isolates were included in the study,
of which 469 (77.9%) were S. Typhi and 133 (22.1%)
were S. Paratyphi A. These were the blood culture
isolates obtained from enteric fever patients who
attended AIIMS hospital during 1993-2016. The blood
culture and isolation methods were carried out as per
standard protocol. In brief, 5 ml of fresh intravenous
blood was inoculated in brain heart infusion broth
(Difco, USA) and incubated at 37°C for 18-24 h',
Subcultures were made on MacConkey’s agar (HiMedia
Laboratories Pvt. Ltd., Mumbai) and 5 per cent sheep
blood agar (BioMérieux, France) after 24 h, 48 h and
7 days. All non-lactose-fermenting Gram-negative
colonies were identified by standard biochemical
tests'®. The identification was further confirmed by
slide agglutination test using specific antisera (Statens
Serum Institute, Copenhagen)'®.

Antimicrobial susceptibility testing

Antimicrobial susceptibility was determined by
Kirby-Bauer disk diffusion method using azithromycin
disks (15 pg) from HiMedia Laboratories Pvt. Ltd.,
Mumbai'’. Minimum inhibitory concentration (MIC)
was determined by E-test (Etest®; BioMérieux, France)
as per manufacturer’s instructions. Interpretation was
done as per CLSI 2015 guidelines’. MICs of resistant
isolates were further confirmed by broth microdilution!s,
There is no recommendation for quality control of
azithromycin susceptibility in non-fastidious strains of
Enterobacteriaceae; so standard recommended strain
of Staphylococcus aureus (ATCC 29213) was used as
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a quality control strain for azithromycin disk diffusion,
E-test and broth microdilution. Zone sizes were
extrapolated against the MIC values, and a scatterplot
diagram was constructed, separately for S. Typhi and
S. Paratyphi A.

Determination of macrolide resistance mechanisms:
Molecular mechanisms for macrolide resistance were
determined in all isolates having MIC >16 pg/ml.
Some isolates having MIC lower than 4 pg/ml were
also included as negative control. Genomic DNA was
prepared by QIAmp commercial DNA isolation kit
(QIAamp DNA minikit; Qiagen, Hilden, Germany).
Plasmids’ extraction was done with QIAGEN
Plasmid isolation kit (QIAprep Spin Miniprep,
Hilden, Germany). The mutations responsible for
intrinsic resistance and the genes conferring acquired
resistance mechanisms were explored. PCR and
DNA sequencing was used to detect the following
macrolide resistance genes using previously described
primers!>1%-20,

Intrinsic _mechanisms for resistance: For intrinsic
mutations conferring macrolide resistance, acrR, ripD
and rlpV genes were amplified and sequenced from
genomic DNA. Standard S. Typhi strain Ty-2 (ATCC
19430) was used as quality control strain for PCR and
sequencing of these genes !>".

Acquired mechanisms for resistance: For acquired
mechanisms of resistance, PCR for ered, ermA,

ermB, ermC, mefd, mphA and msrA genes was done
to determine their presence in genomic and plasmid
DNA using previously published primers and PCR
conditions®. S. aureus ATCC 43300 was used as
positive control for ermA. There was no standard
ATCC control strain available for ered, ermB, ermC,
mefA, mphA and msrA genes in published literature.
Hence, positive controls were identified in house by
screening a large collection of clinical isolates for the
presence of azithromycin resistance genes. Briefly, a
total of 83 azithromycin-resistant strains of S. aureus,
Streptococcus pneumoniae, Acinetobacter baumannii,
Klebsiella pneumoniae and Enterococcus faecalis
available from the clinical bacteriology laboratory
of AIIMS were screened by PCR for the presence of
resistance determining genes. PCR was performed
using published primers and PCR conditions. Of the
88 strains seven were found to be PCR positive for
the genes included in the study. Following this, DNA
sequencing was performed as described below using
the amplified PCR products. The DNA sequences were

aligned with the sequences of corresponding genes
available at NCBI database (https://www.ncbi.nlm.nih.
gov/gene/). The selected specific DNA sequences from
designated control strains were submitted to GenBank
(NCBI).

PCR and DNA sequencing: PCR reactions were
performed in a final reaction volume of 50 pl. The
reaction mixture consisted of 39.3 ul of PCR quality
water, 5 ul PCR buffer, 1 ul dNTPs (Deoxynucleotide
triphosphates), 0.5 ul each of forward and reverse
primers and 0.7 pl Tagman DNA polymerse (Thermo
Fisher Scientific Inc., USA)in MY Cycler thermal cycler
(Bio-Rad Laboratories, Inc., USA). Initial denaturation
was done at 94°C for eight minutes followed by
35 cycles of denaturation (94°C), annealing (as per
annealing temperature of each gene) and extension
(72°C) for 60 sec each and a final extension for five
minutes at 72°C. To examine the PCR product, 5 pl of
the PCR product was mixed with 6X gel loading buffer
and loaded along with 100 bp ladder in 1.5 per cent
(w/v) agarose gel prepared in 0.5 X TBE (tris-Borate-
EDTA) buffer. The gel was examined under ultraviolet
light in GEL-DOC system (Bio-Rad Laboratories, Inc.,
USA).

DNA Sequencing was carried out by Sanger
sequencing method, with AmpliTaq Gold DNA
polymerase enzyme (Applied Biosystems, USA)
using an automated DNA sequencer ABI PRISM"
310 Genetic Analyzer (Applied Biosystems, USA).
Forward and reverse DNA sequences for each gene
were aligned together and analyzed in Genedoc
software v2.6.0022'.

Results

Of the 602 isolates tested 469 were S. Typhi and
133 were S. Paratyphi A. All these isolates collected
during 1993-2007 were grouped together for analysis
due to small numbers being available from each year
making it difficult to calculate MIC, and MIC during
that time, while from 2008 onwards, analysis was done
as per current year.

Antimicrobial susceptibility in S. Typhi: Of the 469
isolates, 437 were azithromycin susceptible [93.2%;
95% confidence interval (CI), 90.5 to 95.1%]. MIC
distribution was continuous and the MIC values
ranged between 1.5 and 24 pg/ml with MIC, and
MIC,, 12 pg/ml. MIC distribution peaked at 12 pg/
ml for S. Typhi as shown by frequency histogram in
Fig. 1. There was a gradual increase in median MIC
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from 8 to 12 pg/ml, from 2007 to 2016 (Table I).
Scatterplot analysis of the zones of inhibition vs.
MIC to azithromycin showed a linear relation, and
the MIC susceptibility breakpoint was found to be
corresponding with disk diffusion zone diameter
breakpoint (Fig. 2A).

Antimicrobial susceptibility in S. paratyphi A: In case
of S. Paratyphi A, of the 133 isolates tested, MIC
ranged between 2 and 32 pg/ml. MIC value of <16 pg/
ml was found in 102 isolates (76.7%; 95% CI, 68.8 to
83.0). In frequency histogram, the peak for S. Paratyphi
A was skewed towards right, showing the higher
MIC distribution than S. Typhi (Fig. 1). A gradual
increase was seen in MIC, and MIC,, with time.
MIC, had increased from 8 to 16 ug/ml and MIC,,
from 12 to 24 pg/ml, from 2007 to 2016 as shown
in Table I. Scatterplot analysis of MIC vs. zone of
inhibition showed a linear relationship but distributed
towards higher MIC values as shown in Fig. 2B, when
compared with S. Typhi.

Molecular mechanisms

A total of 246 isolates were selected for molecular
studies for azithromycin resistance, which included
those having MIC >16 pg/ml. Isolates having MIC
lower than 4 pg/ml were also included as negative
controls for azithromycin resistance determining
mutations. The positive control strains were selected
for all the genes by DNA sequencing and the control
sequences were submitted to GenBank (NCBI); the
accession numbers are given in Table II.
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Fig. 1. Frequency histogram for azithromycin minimum inhibitory
concentration (MIC) in Salmonella Typhi and S. Paratyphi A;
distribution curve is skewed towards right for S. Paratyphi A.

DNA sequencing was done for acrR, rplD and rplV
genes to find the mutations responsible for macrolide
resistance. Sequence analysis revealed a 6 bp insertion
at position 234 acrR in gene, which resulted in insertion
of two amino acids: glutamic acid and isoleucine
at position 78 in regulator protein of AcrAB efflux
pump of S. Typhi (Fig. 3). No mutation was found
in 7plD gene of any of the isolates. Rp/V gene had
mutations in two isolates of S. Typhi, one had A208
to C transversion resulting in amino acid change from
lysine to threonine at position 70 of L22 protein. Fig. 3
depicts the amino acid sequence alignment of mutant
rplV sequences with reference strain of S. Typhi ATCC
19430-Ty2. Corresponding amino acid substitutions as
a result of mutations are shown in Table III. Another
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Fig. 2. (A). Scatterplot of azithromycin minimum inhibitory
concentration (MIC) vs. zone diameter (zone of inhibition, ZOI)
for 469 isolates of Sa/monella Typhi showing concordance between
Clinical and Laboratory Standards Institute (CLSI) breakpoint (ZOI
>14 mm and MIC <16 pl/ml) and determined epidemiological cut-
off MIC <16 ul/ml), (B). Scatterplot of azithromycin MIC vs. zone
diameter for S. paratyphi A, showing lower zone diameter and higher
MICdistribution than S. Typhi. Both plots show the relationship
between the MIC to azithromycin (y-axis) and the inhibition zone
diameters (x-axis). The dotted line denotes the cut-off for susceptible/
resistant as per CLSI, 2015".
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Table 1. Temporal comparison of minimum inhibitory concentration 50 (MIC, ) and minimum inhibitory concentration 90 (MIC, ) for
azithromycin in enteric fever isolates

Year Salmonella Typhi Salmonella Paratyphi A
Total S % (95% CI) MIC,, MIC,, Total S % (95% CI) MIC,, MIC,,
number (pg/ml) (ng/ml) number (ng/ml) (ng/ml)
of isolates of isolates
1993-2007 71 98.6 (92.4-99.8) 8 12 11 100 (74.1-100) 8 12
2008 81 92.6 (84.8-96.6) 6 12 24 75 (55.1-88) 12 16
2009 76 84.2 (74.4-90.7) 8 12 21 76.2 (54.9-89.4) 8 16
2010 98 92.9 (85.9-96.5) 6 12 23 73.9 (53.5-87.4) 12 16
2011 11 90.9 (62.3-98.4) 8 12 4 100 (51.0-100) 12 16
2012 13 92.3 (66.7-98.6) 8 12 4 100 (51.0-100) 12 16
2013 17 88.2 (65.7-96.7) 6 12 6 83.3 (43.6-96.9) 12 16
2014 14 92.9 (68.5-98.7) 8 12 4 100 (51.0-100) 16 16
2015 15 100 (79.6-100) 12 16 11 45.4 (21.3-71.9) 16 24
2016 73 98.6 (92.6-99.8) 12 12 25 72 (52.4-85.7) 16 24
Total 469 93.2(90.5-95.1) 12 12 133 76.7 (68.8-83.0) 16 16

Antimicrobial susceptibility results are given for disk diffusion method (same results were obtained by all the methods used for
susceptibility testing). Isolates from 1993 to 2007 are grouped together for analysis. MIC,, the concentration of drug inhibiting 50%

of the isolates; MIC,, the concentration of drug inhibiting 90% of the isolates; CI, confidence interval; S, susceptible

Table II. Polymerase chain reaction primers and positive control strains along with GenBank accession numbers

Gene Band Positive control GenBank Reference for primers
size (bp) accession number

acrR 816 Salmonella enterica Typhi Ty21a MF150847 Sharma et al, 2013"

rplD 637 Salmonella enterica Typhi Ty21a MF150849 Gunell ef al, 2010

rplV 394 Salmonella enterica Typhi Ty21a MF150850 Gunell ef al, 2010"

ereA 420 Acinetobacter baumannii- MF095628 Phuc Nguyen et al, 2009%°
characterized strain

ermA 533 Staphylococcus aureus ATCC MF095625 Phuc Nguyen et al, 2009%°
43300

ermB 639 Escherichia coli-characterized MF095626 Phuc Nguyen et al, 2009%°
strain

ermC 642 Staphylococcus MF095627 Phuc Nguyen et al, 2009%°
aureus-characterized strain

mefA4 345 Streptococcus MF095629 Phuc Nguyen et al, 2009%°
pneumoniae-characterized strain

mphA 403 Escherichia coli-characterized MF095624 Phuc Nguyen et al, 2009%°
strain

msrd 384 Staphylococcus aureus- MF095630 Phuc Nguyen et al, 2009%°

characterized strain

https://'www.ncbi.nlm.nih.gov/

isolate had a mutation C299T leading to change in an MIC of 24 pg/ml. All the mutant sequences were
protein sequence at position 100 from amino acid submitted to GenBank; accession numbers are listed
threonine to isoleucine (Fig. 4). Both these isolates had in Table III.
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AcCrR TY2 :
13786/S

WHFKNKSDLFSEIWELSESNIGELEIEIEIEYQAKFPDDPLSVLREILVHILEATV

Fig. 3. Protein sequence alignment for acrR of 13876/9 with control sequence from TY2 showing insertion of two amino acids I and E at 78

position relative to first codon of the acrR gene.
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Fig. 4. Protein sequence alignment of 7p/} from mutant strains 107/5 and 11894/14 with control sequence from TY2, showing the amino acid

changes at K70 to T and T100 to I.

Table III. Molecular mechanism of macrolide resistance found in the isolates
Isolates Year of Azithromycin Molecular mechanism of Amino acid GenBank
ID isolation MIC (pg/ml) resistance found change accession number
13786/09 2009 16 AcrR (insertion 234 ATTGAG) Insertion at 78- EI MF150848
107/5 2010 24 RplV (A208C) Lys70 Thr MF150851
11894/14 2014 24 RplV (C299T) Thr100 Ile MF150852
MIC, minimum inhibitory concentration

None of the isolates had acquired macrolide
resistance genes ered, ermA, ermB, ermC, mefA, mphA
and msrA in plasmid or genomic DNA.

Discussion

Several randomized clinical trials had established
azithromycin as an effective alternative treatment
option for uncomplicated typhoid fever, but the
treatment was given without any laboratory-
supported data in antimicrobial susceptibility due to
the absence of any guidelines®. The continued use of
azithromycin in patients infected with strains having
reduced susceptibility could have been responsible for
treatment failures reported'*!* leading to the emergence
of azithromycin-resistant strains.

In our study, 93.2 per cent of S. Typhi and 76.7 per
cent of S.Paratyphi A were susceptible to azithormycin.
Similar results were reported by various studies from
India and other parts of the world****. In contrast to
these studies, azithromycin resistance was reported
in 34.7 per cent isolates in a study from 2005 to
2008, and clinical non-response was observed in 19
of 36 patients treated with azithromycin when BSAC

(British Society for Antimicrobial Susceptibility
Testing) guidelines of 2014% were used before the
CLSI recommendations®27.

In our study, majority of isolates had azithromycin
MIC range from 4 to 12 pg/ml. Comparing
susceptibility of S. Typhi and S. Paratyphi A, it was
found that MIC values were higher for S. Paratyphi A
than S. Typhi. The MIC distribution for S. Paratyphi
was skewed to right as has also been observed in other
reports from India®* and other parts of the world?’.
However, the clinical significance of this finding may
be difficult to analyze as there are no susceptibility
guidelines for S. Paratyphi A in the CLSI or any
other international guidelines. Based on our data, a
breakpoint of 32 pg/ml was proposed for S. Paratyphi
A as has also been suggested by Parry et al*.

In addition to the higher MIC values, MIC, and
MIC,, showed an increase towards the resistance with
the time, in case of both S. Typhi and S. Paratyphi A.
This could possibly be due to the increased use of
this antibiotic imposing increasing selective pressure
on the bacteria as observed in our results with 50 per
cent of the isolates showing increase in MIC from §
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to 12 pg/ml. This highlights the need for continuous
monitoring of antimicrobial susceptibility.

Studies investigating azithromycin resistance
mechanisms in Salmonella are scarce. Different
mechanisms of macrolide resistance have been
identified in Enterobacteriaceae, some of these are
located within the bacterial chromosome, namely, target
alterations or chromosomal efflux pumps, and others
are encoded within transferable elements and able to be
transferred among microorganisms*. Mechanisms of
azithromycin resistance include the mutations in target
genes or efflux pumps and the presence of specific
resistance genes (e.g., mphA, mefA, ereA and ermB)*.
Although there are multiple mechanisms for macrolide
resistance described in Enterobacteriaceae and some
in non-typhoidal salmonellae also, there are no studies
on azithromycin resistance mechanisms in typhoidal
salmonellae'>?.

In this study, mutations associated with
azithromycin resistance were found in acrR and
rplV genes. Of the total 246 isolates, overexpression
of AcrAB efflux pump was observed in a single
isolate from 2009, having MIC 16 pg/ml. A 6 base
pair insertion in the DNA sequence led to insertion
of glutamic acid and isoleucine at position 78,
similar to the previous findings by Olliver et al”®, in
S. Typhimurium. This mutation is responsible for
extrusion of macrolides from the bacteria. The role of
acrR in resistance was shown in S. Typhi by Nikaido
et al’®, who observed that inactivation of AcrAB pump
resulted in 64-fold decrease in the MIC of erythromycin
(from 512 to 8 ug/ml).

Substitutions were also found in 7p/V gene in two
isolates, one isolate of S. Typhi having MIC 24 ng/ml
had a mutation at A208C resulting in amino acid change
from lysine to glutamine at position 70. The role of this
mutation is yet not clear, and there is a need to study
the significance at the protein level for expression. In
another isolate with azithromycin MIC 24 pg/ml, a
C299T mutation was found leading to change in protein
sequence at position 100. There is no other study
describing the mutation at this position, but the mutation
at position 99 (adjacent to Thr100) of L22 protein is
known to be associated with macrolide resistance®’.

In our study, all isolates were negative for ereA,
ereB, ermA, ermB, ermC, mefA, mphA and msrA genes
associated with macrolide resistance. None of the
S. Paratyphi A isolates included in the study showed any
known mechanism of macrolide resistance. Since we

looked for only the mechanisms commonly reported
in Enterobacteriaceae, we could have missed some
resistance determining mechanisms. Furthermore,
there were limited number of isolates available for
the study from a single hospital. There is a need for
monitoring antimicrobial susceptibly and the presence
of resistance mechanisms in larger number of S. Typhi
and S. Paratyphi A isolates.

In conclusion, the findings of the present study
emphasize the need for continuous monitoring of
antimicrobial susceptibility of typhoidal salmonellae
and investigating the mechanisms underlying
azithromycin resistance. More clinical data on the
treatment and outcomes may be required before finally
recommending azithromycin as empirical antibiotic of
choice to treat enteric fever.
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