
lable at ScienceDirect

Clinical Microbiology and Infection xxx (xxxx) xxx
Contents lists avai
Clinical Microbiology and Infection

journal homepage: www.cl inicalmicrobiologyandinfect ion.com
Original article
Assessment of trimethoprim-sulfamethoxazole susceptibility testing
methods for fastidious Haemophilus spp.

Y. Sierra 1, F. Tubau 1, 2, A. Gonz�alez-Díaz 1, 2, A. Carrera-Salinas 1, J. Moleres 4,
P. Bajanca-Lavado 3, J. Garmendia 2, 4, M. �Angeles Domínguez 1, 5, 6, C. Ardanuy 1, 2, 6, **,
S. Martí 1, 2, *

1) Microbiology Department, Hospital Universitari de Bellvitge, IDIBELL-UB, Barcelona, Spain
2) Research Network for Respiratory Diseases (CIBERES), ISCIII, Madrid, Spain
3) Haemophilus Influenzae Reference Laboratory, Department of Infectious Diseases, National Institute of Health, Lisbon, Portugal
4) Instituto de Agrobiotecnología, CSIC-Gobierno, Navarra, Spain
5) Spanish Network for Research in Infectious Diseases (REIPI), ISCIII, Madrid, Spain
6) Department of Pathology and Experimental Therapeutics, Faculty of Medicine, University of Barcelona, Barcelona, Spain
a r t i c l e i n f o

Article history:
Received 4 October 2019
Received in revised form
20 November 2019
Accepted 21 November 2019
Available online xxx

Editor: F. Allerberger

Keywords:
Antimicrobial susceptibility testing methods
clinical resistance breakpoint
EUCAST
Haemophilus influenzae
Haemophilus parainfluenzae
Resistance-related determinants
Trimethoprim-sulfamethoxazole
* Corresponding author. S. Martí, Microbiology Depa
de Bellvitge, Feixa Llarga s/n, L'Hospitalet de Llobrega
** Corresponding author. C. Ardanuy, Microbiology
versitari de Bellvitge, IDIBELL-UB, Barcelona, Spain.

E-mail addresses: c.ardanuy@bellvitgehospital.ca
bellvitgehospital.cat (S. Martí).

https://doi.org/10.1016/j.cmi.2019.11.022
1198-743X/© 2019 European Society of Clinical Micro

Please cite this article as: Sierra Y et al.
Haemophilus spp., Clinical Microbiology and
a b s t r a c t

Objectives: To compare the determinants of trimethoprim-sulfamethoxazole resistance with established
susceptibility values for fastidious Haemophilus spp., to provide recommendations for optimal
trimethoprim-sulfamethoxazole measurement.
Methods: We collected 50 strains each of Haemophilus influenzae and Haemophilus parainfluenzae at
Bellvitge University Hospital. Trimethoprim-sulfamethoxazole susceptibility was tested by microdilution,
E-test and disc diffusion using both MuellereHinton fastidious (MH-F) medium and Haemophilus test
medium (HTM) following EUCAST and CLSI criteria, respectively. Mutations in folA, folP and additional
determinants of resistance were identified in whole-genome-sequenced isolates.
Results: Strains presented generally higher rates of trimethoprim-sulfamethoxazole resistance when
grown on HTM than on MH-F, independent of the methodology used (average MIC 2.6-fold higher in
H. influenzae and 1.2-fold higher in H. parainfluenzae). The main resistance-related determinants were as
follows: I95L and F154S/V in folA; 3- and 15-bp insertions and substitutions in folP; acquisition of sul
genes; and FolA overproduction potentially linked to mutations in -35 and -10 promoter motifs. Of note,
2 of 19 H. influenzae strains (10.5%) and 9 of 33 H. parainfluenzae strains (27.3%) with mutations and
assigned as resistant by microdilution were inaccurately considered susceptible by disc diffusion. This
misinterpretation was resolved by raising the clinical resistance breakpoint of the EUCAST guidelines to
�30 mm.
Conclusions: Given the routine use of disc diffusion, a significant number of strains could potentially be
miscategorized as susceptible to trimethoprim-sulfamethoxazole despite having resistance-related
mutations. A simple modification to the current clinical resistance breakpoint given by the EUCAST
guideline for MH-F ensures correct interpretation and correlation with the reference standard method of
microdilution. Y. Sierra, Clin Microbiol Infect 2019;▪:1
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Introduction

Antimicrobial susceptibility testing (AST) methods require
standardized conditions to provide reproducible results between
clinical centres. Their use and interpretation are standardized by
organizations such as the American Clinical and Laboratory Stan-
dards Institute (CLSI) and the EuropeanCommittee onAntimicrobial
blished by Elsevier Ltd. All rights reserved.

im-sulfamethoxazole susceptibility testing methods for fastidious
1016/j.cmi.2019.11.022

mailto:c.ardanuy@bellvitgehospital.cat
mailto:smartinm@bellvitgehospital.cat
mailto:smartinm@bellvitgehospital.cat
www.sciencedirect.com/science/journal/1198743X
http://www.clinicalmicrobiologyandinfection.com
https://doi.org/10.1016/j.cmi.2019.11.022
https://doi.org/10.1016/j.cmi.2019.11.022


Y. Sierra et al. / Clinical Microbiology and Infection xxx (xxxx) xxx2
Susceptibility Testing (EUCAST) [1,2], with the broth microdilution
as reference standard [3,4] and the disc diffusion assay as a bench-
mark in routine clinical practice [5]. Major organizations recom-
mend using MuellereHinton (MH) as reference medium because of
satisfactory growth of most non-fastidious microorganisms and
excellent antibiotic diffusion through its surface. When used with
fastidious microorganisms, such as Haemophilus influenzae, this
mediummust be supplemented for bacterial growth, prompting the
introduction of two MH-derived media, the MH Fastidious (MH-F)
based on EUCAST criteria and the Haemophilus Test Medium (HTM)
based on CLSI criteria [1,2]. These supplemented media are not ex-
pected to interfere with the tested antimicrobials and should not
produce false-negative or false-positive results. Evaluating the ac-
tivity of different antimicrobials on different media for fastidious
and non-fastidious microorganisms is essential for methodological
validation. Previous studies have already shown discrepancies in
trimethoprim-sulfamethoxazole susceptibility results [6,7] due to
differences in the composition of the substrate supplements. This
was mainly associated with an excess of thymidine in the media,
which subsequently affected bacterial metabolic activity [8,9].

Trimethoprim-sulfamethoxazole is a bacteriostatic agent
composed of trimethoprim and sulfamethoxazole that is normally
manufactured in a 1:5 or 1:19 ratio [10]. Its action is based on the
inhibition of tetrahydrofolate formation as the limiting compound
for pyrimidine synthesis. This process is carried out by selective
inhibition of the dihydrofolate reductase (DHFR), which is encoded
by the folA gene (also named folH, dhfr or dhf), that catalyses the
reduction of dihydrofolate into tetrahydrofolate. Trimethoprim in-
terferes in this step as a competitive analogue of dihydrofolate,
binding to DHFR and inhibiting dihydrofolate recycling and de novo
formation. In addition, the dihydropteroate synthase enzyme,
encoded by folP, catalyses the formation of pteridine diphosphate
and para-aminobenzoic acid. Sulfamethoxazole covalently attaches
to pteridine diphosphate and competes with para-aminobenzoic
acid for the active binding-site, thereby diverting its metabolic
flux [11]. In Haemophilus spp., point mutations in folA [12e14],
mutations or short-insertions in folP [15], plasmid-mediated
acquisition of sul genes [16], and DHFR overproduction potentially
linked to mutations in the promoter regions [17] are the most
common resistance mechanisms. Existing evidence also relates
H. influenzae resistance to thymidine auxotrophy caused by loss-of-
function mutations in the thymidylate synthase encoding gene
thyA [18,19].

Being a relatively inexpensive drug, trimethoprim-
sulfamethoxazole is widely prescribed as the initial antibacterial
treatment for acute otitis media, non-severe pneumonia and ex-
acerbations of chronic obstructive pulmonary disease. This has led
to selection pressures that have contributed to the emergence of
resistant strains among common respiratory pathogens, such as
H. influenzae [19]. Indeed, resistance levels exceeding 20% are
common in H. influenzae, despite a lack of significant connection
between trimethoprim-sulfamethoxazole use and the develop-
ment of resistance. This is especially true of non-typable clinical
isolates, contrasting with the low resistance rates observed in
capsulated strains [20,21]. Although there has been little research
into Haemophilus parainfluenzae, current data indicate a growth in
the identification of multidrug-resistant clinical isolates with
resistance mechanisms accumulating against several antimicrobial
agents, including trimethoprim-sulfamethoxazole [22]. We have
recently detected discrepancies in trimethoprim-sulfamethoxazole
susceptibility when using differentmedia (MH-F and HTM) and AST
methods during routine hospital analysis, significantly affecting the
validation of fastidious H. influenzae and H. parainfluenzae. Bacteria
with MICs close to the resistance breakpoint were difficult to
classify because of persistent contradictions in the susceptibility
Please cite this article as: Sierra Y et al., Assessment of trimethopr
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results. We therefore recognized the need for deeper study to
identify the most accurate methodology. In this study, we identify
and compare the determinants of resistance with the
trimethoprim-sulfamethoxazole susceptibility values obtained by
microdilution and disc diffusion and propose a more relevant
breakpoint for trimethoprim-sulfamethoxazole resistance.

Methods

Study design and growth conditions

FiftyH. influenzae and 50H. parainfluenzae strains were obtained
from the routine microbiology stock collection at Bellvitge Uni-
versity Hospital. The selection was based on trimethoprim-
sulfamethoxazole susceptibility rates for H. influenzae and
H. parainfluenzae obtained in previous studies [23,24] as well as
strains collected in our hospital. This built large and well-balanced
groups for each pathogen, with similar numbers of susceptible and
resistant strains based on disc diffusion following the EUCAST
guideline. All information about the strains, susceptibility out-
comes and whole-genome sequencing results can be consulted in
the Supplementary material (Table S2). Haemophilus influenzae
ATCC49247 (NZ_LR134171.1) was included as the standard control
for susceptibility testing.

Antimicrobial susceptibility testing

Trimethoprim-sulfamethoxazole (1:19 ratio) susceptibility was
tested simultaneously bymicrodilution, E-test (bioM�erieux, Marcy-
l’�Etoile, France) and disc diffusion (Bio-Rad, Hercules, CA, USA).
Commercial MH-F and HTM agar media were used for the disc
diffusion and E-test methods based on EUCAST and CLSI guidelines,
respectively [1,2]. Manufactured MH-F broth and commercial HTM
brothwere used to performmicrodilution according to EUCASTand
CLSI guidelines, respectively [1,3] (see Supplementary material,
Table S1 for the final composition of the media used). Experiments
were performed in duplicate on two different days and AST results
were independently read by two experienced clinical analysts to
reduce the bias induced by inaccurate reading.

Whole-genome sequencing

Genomic DNA from H. parainfluenzae strains was sequenced on
an Illumina MiSeq Platform (Illumina Inc., San Diego, CA, USA) and
assembled with the INNUca v4.2 pipeline (https://github.com/B-
UMMI/INNUca) through ummidock/innuca:3.2-01, as previously
described [22]. In addition, we included pre-sequenced isolates of
H. parainfluenzae obtained from Gonz�alez-Díaz et al. [22], and of
H. influenzae obtained from Moleres et al. [23] and Pinto et al. [24]
(see Supplementary material, Table S2 and Data set S1). In silico
screening of mutations targeting genes involved in antibiotic
resistance was performed with GENEIOUS R9 (Biomatters, Auckland,
New Zealand), using the closed genomes of H. parainfluenzae T3T1
(NC_015964) and H. influenzae Rd KW20 (NC_002516.2) for refer-
ence. The acquired resistance mechanisms were screened using
ABRICATE v0.8.0 (https://github.com/tseemann/abricate) through
flowcraft/abricate:0.8.0-3 Docker image for RESFINDER v3.2 [25].
Multiple sequence alignments of folA (including the upstream re-
gion) and folP were constructed in MEGA v6.0, highlighting all the
changes at the nucleotide and amino acid levels (see Supplemen-
tary material, Data set S1). Susceptibility outcomes obtained
through disc diffusion, E-test and microdilution methods, tested
with both MH-F and HTM media, were compared with the muta-
tions identified in the folA and folP genes to uncover discrepancies
that may lead to clinical misinterpretation.
im-sulfamethoxazole susceptibility testing methods for fastidious
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Results

Discrepancies among growth media and AST methods

Clinical isolates of H. influenzae and H. parainfluenzae were
tested using two growth media (MH-F and HTM) and three AST
methodologies (microdilution, E-test and disc diffusion). Signifi-
cant differences were observed when evaluating both media, in-
dependent of the methodology used. Strains were generally more
resistant to trimethoprim-sulfamethoxazole when grown on HTM
instead of MH-F (see Supplementary material, Table S2). Although
these differences were not clinically relevant (i.e. would not affect
treatment selection) for the highly susceptible or highly resistant
strains, they could produce discordant readings among strains with
MICs close to the breakpoint limits.

The disc diffusion and E-test methods were compared against
the reference standardmicrodilutionmethod using a four-quadrant
chart to define major errors. For H. influenzae (Fig. 1), only two and
nine strains were found within the very major error quadrants and
identified as false-susceptible in the MH-F media (Fig. 1c) and HTM
media (Fig. 1a), respectively. MICs obtained by the E-test and
microdilution methods were hardly comparable, with substantially
lower values obtained by the E-test, independent of the growth
medium used (see Supplementary material, Table S2). This finding
was corroborated by the presence of values clearly above the esti-
mated correlation line between the MICs (Figs. 1b,d). For
H. parainfluenzae, although the correlation between the disc
diffusion and microdilution methods was better for the HTM me-
dium (Fig. 2), the E-test method presented a non-suitable correla-
tion with the microdilution (Figs. 2b,d). In this case, nine strains
were false-susceptible in the MH-F medium (Fig. 2c), compared
with only two strains in the HTM medium (Fig. 2a).
Fig. 1. Trimethoprim-sulfamethoxazole susceptibility in Haemophilus influenzae by testing m
both HTM and MH-F media (a and c, respectively). Microdilution (log2) was correlated wit
coloured lines represent ideal correlation. Grey areas represent clinical breakpoints for tri
following the CLSI guideline, and c and d following the EUCAST guideline). Plot areas are re
major error quadrant (S-R, false-resistant); R-R, non-error quadrant (resistant); SeS, non
Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; HTM, Haem
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Resistance-related determinants

The discrepancies found among the growth media and AST
methods prompted a detailed genetic analysis of the genes
involved in trimethoprim-sulfamethoxazole resistance. Table S2
(see Supplementary material) summarizes the susceptibility out-
comes and all mutations identified in the folA and folP genes by
comparison with the RdKW20 reference strain. These data also
show the correlations of trimethoprim-sulfamethoxazole resis-
tance with mutations for analysis of the accuracy of both growth
media. There was an overestimation of trimethoprim-
sulfamethoxazole resistance in the HTM medium, especially for
H. influenzae, with seven resistant strains identified that had no
known mutations. The strains were then classified by groups ac-
cording to the main amino acid substitutions associated with
resistance, as shown in Table 1: Group I included susceptible strains
with no mutations; Group II was assigned to strains that only
presented mutations in folA and/or the promoter site, despite
having a wide range of MICs; Group III comprised resistant strains
with mutations in folA (including the promoter region) and folP
genes; and Group IV was linked to the presence of the mobile
sulphonamide-resistance (sul2) gene, but was only identified in
H. parainfluenzae strains.

Based on the microdilution results obtained on MH-F media
(Table 1), resistance among H. influenzae strains was more likely
with mutations in the folA gene that caused amino acid modifica-
tions in the central (I95L) or C-terminal (F154S) domains. Addi-
tionally, mutations and a 15-bp nucleotide insertion in the folP gene
were responsible for the high resistance to trimethoprim-
sulfamethoxazole, with MIC values rising above 4 mg/L. This
applied to all but one susceptible H. influenzae strain that had an
MIC of 0.25 mg/L and that lacked the initial mutations in folA.
ethod and media. Microdilution (log2) was correlated with the disc diffusion method in
h the E-test method (log2) in both HTM and MH-F media (b and d, respectively). The
methoprim-sulfamethoxazole, expressed as the trimethoprim concentration (a and b
presented as follows: VMEQ, Very major error quadrant (ReS, false-susceptible); MEQ,
-error quadrant (susceptible). Abbreviations: CLSI, Clinical and Laboratory Standards
ophilus Test Medium; MH-F, MuellereHinton Fastidious.
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Fig. 2. Trimethoprim-sulfamethoxazole susceptibility in Haemophilus parainfluenzae by testing method and media. Microdilution (log2) was correlated with the disc diffusion
method in both HTM and MH-F media (a and c, respectively). Microdilution (log2) was correlated with the E-test method (log2) in both HTM and MH-F media (b and d,
respectively). The coloured lines represent ideal correlation. Grey areas represent clinical breakpoints for trimethoprim-sulfamethoxazole, expressed as the trimethoprim con-
centration (a and b following the CLSI guideline, and c and d following the EUCAST guideline). Plot areas are represented as follows: VMEQ, Very major error quadrant (ReS, false-
susceptible); MEQ, major error quadrant (S-R, false-resistant); R-R, non-error quadrant (resistant); SeS, non-error quadrant (susceptible). Abbreviations: CLSI, Clinical and Labo-
ratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; HTM, Haemophilus Test Medium; MH-F, MuellereHinton Fastidious.
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Although trimethoprim-sulfamethoxazole-associated mutations
have not been described for H. parainfluenzae strains, analogous
mutations to those identified forH. influenzaewere also observed in
folA (I95L and F154S/V), together with the acquisition of sul2 genes
linked to high-level resistance. Indeed, we identified only one
susceptible strain without mutations in either folA or folP.

Resistant H. influenzae strains presented mutations in the pro-
moter region upstream of the folA gene (Fig. 3a), with a mutation
within the -35 motif (ATGAAA/ATGACA) and in the nucleotide
position -24 (T/C) compared with the reference H. influenzae
KW20 strain. By contrast, resistance-associated mutations in the
promoter region of H. parainfluenzae folA (Fig. 3b) were mainly
identified within the -10 motif (TATAGT/TATAAT).

Discrepancies in trimethoprim-sulfamethoxazole resistance reports
in routine clinical testing

The previously observed discrepancies among AST methods
were comparedwith the determinants of resistance, and the results
supported the accuracy of the MIC values against the disc diffusion
methodology. Among H. influenzae (Table 1a), two Group II strains
identified as resistant by microdilution (2 mg/L) were classified as
susceptible by disc diffusion despite presenting mutations in the
folA promoter region and/or the I95L substitution in FolA. Among
the H. parainfluenzae strains (Table 1b), differences were even
greater. Seven Group II and two Group III strains were identified as
susceptible by disc diffusion, with MIC values ranging from 4 to 32
mg/L. They all had a mutation in the -10 motif of the promoter
region and additional mutations in the folA gene. Group III strains
also presented modifications in FolP.

According to these data, 11 resistant strains (two for
H. influenzae, 10.5%; and nine for H. parainfluenzae, 27.3%) would be
Please cite this article as: Sierra Y et al., Assessment of trimethopr
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inaccurately considered susceptible based on the disc diffusion
results. Consequently, the breakpoint for disc diffusion may benefit
from slight modification to accommodate the results of genomic
analysis for folA and folP. Simply raising the clinical resistance
breakpoint of the EUCAST guideline to �30 mm for both
H. influenzae and H. parainfluenzae may be sufficient to rectify this
issue (Fig. 4).

Discussion

Our study provides an updated evaluation about trimethoprim-
sulfamethoxazole susceptibility of H. influenzae and
H. parainfluenzae strains assessed using different AST methods on
HTM (CLSI) and MH-F (EUCAST) media. Previous studies have
already reported the potential for false interpretation with disc
diffusion methods depending on the medium used [7,26]. Over
time, the stability of growth media has increased, with a conse-
quent improvement in the reproducibility of results. Nevertheless,
Jacobs et al. [6] described that differences in the tested media
resulted in low reproducibility of susceptible H. influenzae strains.
According to our results, MH-F proved to be the most reliable
medium for determining trimethoprim-sulfamethoxazole suscep-
tibility, showing better correlation among the different methodol-
ogies and with the genetic modifications associated with
trimethoprim-sulfamethoxazole resistance. In addition, the MH-F
medium was associated with optimal growth of both Haemophi-
lus species, overcoming the frequent complaints about clinical
isolates that fail to grow on HTM [27], and produced results that
were easier to read because of better definition of the inhibition
zone, corroborating previous observations [6].

Regarding the mutation analyses, De Groot et al. [17] suggested
that trimethoprim resistance in H. influenzaewas due to alterations
im-sulfamethoxazole susceptibility testing methods for fastidious
1016/j.cmi.2019.11.022



Table 1
Trimethoprim-sulfamethoxazole susceptibility results tested by microdilution, E-test, and disc diffusion in Haemophilus influenzae (a) and Haemophilus parainfluenzae (b)
strains grown over MuellereHinton-Fastidious medium (EUCAST criteria)

(a) H. influenzae (n ¼ 50)

MuellereHinton fastidious
medium (MH-F)

FolA amino-acid changes FolP amino-acid changes Additional resistance-related
determinants

Groupa n Microdilution (mg/L) Disc (mm) I95 F154 P64_N65ins N65 G189 sul folA promoter changes

-35 motif -24 bp -4 bp -3 bp

I 30 0.016e0.25 31e43
II 1 2 25 A/C

6 2e4 6e26 Leu A/C
1 8 13 Ser A/C T/C
1 16 14 Ser T/C G/T
1 32 6 Leu Val A/C

III 2 0.25e4 6e31 Asn Asp Cys
1 4 15 Asn Asp Cys T/C G/A
3 4e8 6e16 Leu Asn Asp Cys A/C
2 �32 6 Leu Ser-Phe-Leu-Tyr-Asn Asp Cys A/C
1 >32 6 Leu Ser-Phe-Leu-Tyr-Asn Asp Cys A/C T/C G/A
1 >32 6 Leu Asn Asp Cys

(b) H. parainfluenzae (n ¼ 50)

MuellereHinton fastidious
medium (MH-F)

FolA amino-acid changes FolP amino-acid changes Additional resistance-related
determinants

Groupa n Microdilution (mg/ml) Disc (mm) I95 F154 P64_M65ins A66_E67ins G189 sul folA promoter changes

-10 motif

II 1 4 28 Leu G/A
8 4-8 6e30 Ser G/A
2 8 26e28 Leu Ser G/A
8 8e32 6e26 Leu Val G/A

III 2 8 10e13 Leu Val Ala G/A
2 8 15e19 Ser Ile Cys G/A
2 16 23e25 Leu Ile Cys G/A
1 >32 6 Leu Val Ile Cys G/A

IV 1 0.5 34 sul2
1 32 6 Ser sul2
1 >32 6 Leu Val sul2 G/A
1 >32 6 Leu Ile Cys sul2 G/A
3 >32 6 Leu Val Ala sul2 G/A
1 >32 6 Ser Ile Cys sul2 G/A

Data are shown as a range of values for microdilution (mg/L) and disc diffusion (mm).
EUCAST clinical breakpoints (year 2019); MIC: �0.5 mg/L (susceptible), >1 mg/L (resistant); Disc diffusion: �23 mm (susceptible), <20 mm (resistant).

a Strains were classified by groups according to resistance determinants pattern. Group I, No mutations; Group II, Mutations in folA; Group III, Mutations in folA and folP;
Group IV, Strains carrying sul2 gene.
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in the species-specific folA genes rather than the horizontal transfer
of resistance genes from other bacterial species. They reported that
the greatest effects on susceptibility were from point mutations in
folA and a possible overproduction of DHFR due to mutations in the
folA promoter region [17]. Among our tested strains, the I95L sub-
stitution was identified as the most relevant modification ac-
counting for the rise of MIC values. This was followed by changes at
position 154, mainly among H. parainfluenzae strains, suggesting a
role of secondary structure alterations as leading resistance
mechanisms against trimethoprim-sulfamethoxazole. Conversely,
the previously described C-terminal change at position 135 seemed
to have no relevance, being identified among susceptible
H. influenzae strains (E135K) and all H. parainfluenzae strains
(S135N). Regarding FolP modifications, asparagine insertion
(P64_N65ins) [16] seemed to have no impact on the MIC by itself,
rather acting in an interconnected manner initiated with folA mu-
tations, the main mechanism of trimethoprim-sulfamethoxazole
resistance. Conversely, the 15-bp insertion found in H. influenzae,
as well as the acquisition of sul2 [15,16] among H. parainfluenzae,
may have resulted in the higher MIC values.

We consider analysis of the genetic determinants of resistance
essential to identifying the optimal methodological conditions. As
is already known [26,28], we showed that MICs obtained by the E-
test method were hardly comparable with those obtained by
Please cite this article as: Sierra Y et al., Assessment of trimethopr
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microdilution, giving substantially lower values that underestimate
the level of resistance. Although this devalued the suitability of the
E-test method, the inaccuracies observed with the disc diffusion
method were even more alarming. Given the widespread adoption
of disc diffusion instead of microdilution in routine clinical practice,
our results indicate that a significant number of strains could be
potentially miscategorized as susceptible despite presenting
resistance-related mutations. A slight modification to the current
resistance breakpoint could accommodate these strains that are
phenotypically resistant by microdilution but susceptible by disc
diffusion. Although no discordances between microdilution and
disc diffusion were found with the HTM medium for
H. parainfluenzae strains, we still advocate using the MH-F medium
for both species because it showed lower risk of growth failure,
easier susceptibility result assessment and better outcomes.

Our study had some statistical limitations, mainly due to the
small population size, which could be corrected by including a
larger collection of strains in the future. Additional mutagenesis
studies may be required to clarify the involvement of minor
changes among H. parainfluenzae strains as well as mutations in the
folA upstream promoter region that were identified among resis-
tant strains. The involvement of this region with resistance was
unclear because many susceptible strains also presented these
mutations.
im-sulfamethoxazole susceptibility testing methods for fastidious
1016/j.cmi.2019.11.022



Fig. 4. Haemophilus influenzae and Haemophilus parainfluenzae trimethoprim-
sulfamethoxazole susceptibility tested on Mueller-Hinton Fastidious medium. Micro-
dilution (log2) correlated with disc diffusion in MH-F. Grey areas represent clinical
breakpoints (EUCAST) for trimethoprim-sulfamethoxazole expressed as the trimeth-
oprim concentration. Red dashed line represents clinical breakpoints proposed based
on the current study outcomes. Error areas are represented as follows: VMEQ, Very
major error quadrant (ReS, false-susceptible); MEQ, major error quadrant (S-R, false-
resistant).

(a)

(b)

N MIC
Strains (mg/L)

KW20 - - A T G A A A A A T C A C T T A A T A T C A G G T A T A G T A A C G G C A A A T T T T A - G G G G G A T T T A T G
30 0,016-0,25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . .
1 0,25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . C . . . . .
6 2-4 . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . C . . . . .
2 4->32 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . C . . . . .
6 4->32 . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . C . . . . .
1 4 . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . G . . . . . . . . . . . .
1 8 . . . . C . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . .
1 16 . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . G . . . . . . . . . . . .
1 32 . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . .
1 >32 . . . . C . . . . . . . C . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . - . . . . . . . . . . . .

N MIC
Strains (mg/L)

T3T1 - - T A C A G A T T T T G T G A A T A G C T A T G A T A T A G T G C - A A A A A A A T A A A A A T A G G A T A G A A A A T A T G
1 0,064 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1 0,064 . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
1 0,064 . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
12 0,064-0,5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
1 0,125 . T . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
1 0,25 . T . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
3 4-8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
6 4-8 . T . . . . . . . . . . . . . . . C . . . . . . . . . . A . . . - . . . . . . . G . . . . . . G . . . . . . . . . . . . . .
1 8 . . . . . . . . . . T . . . . . . . . . . . . . . . . . A . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
2 8-16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . A . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
19 8->32 . T . . . . . . . . C . . . . . . . . . . . . . . . . . A . . . - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
1 32 . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . A - . . . . . . . G . . . . . . . . . . . . . . . . . . . . .
1 >32 . T . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . A . . . . . . . G . . . . . . . . . . . . . . . . . . . . .

↦↦ folA-10-35

↦↦ folA

+1

+1-35 -10

Fig. 3. Upstream nucleotide sequence of the promoter region of folA gene in Haemophilus influenzae (a) and Haemophilus parainfluenzae (b). Strains were grouped by sequence
pattern and MIC result by microdilution on MH-F (EUCAST criteria). The -35 and -10 promoter regions are shown in grey, with the arrow representing the folA start codon. The
dotted line separates the strains by susceptibility validation as resistant or susceptible (EUCAST criteria). Abbreviations: EUCAST, European Committee on Antimicrobial Suscep-
tibility Testing; HTM, Haemophilus Test Medium; MH-F, MuellereHinton Fastidious.
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In conclusion, we performed a challenging evaluation of the
current clinical methodologies for trimethoprim-sulfamethoxazole
susceptibility testing in combination with a genomic analysis. We
identified various resistance-associated mutations and found that
accuracy cannot be ensured with a disc diffusion breakpoint <30
mm. Consequently, our results suggest the need to modify the
current clinical resistance breakpoint given by the EUCAST guide-
line to ensure the correct interpretation of the disc diffusion test.
Moreover, where facilities allow, we recommend that this should
be complemented by microdilution analysis for those strains that
are difficult to evaluate.
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