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Abstract

Background: Achromobacter spp. are recognized as an emerging pathogen in
patients with Cystic Fibrosis (CF). Though recent works have established species-
level identification using nrdA sequencing, there is a dearth in knowledge relating to
species-level antimicrobial susceptibility patterns and antimicrobial combinations
which hampers the use of optimal antimicrobial combinations for the treatment of
chronic infections. The aims of this study were i) to identify at species-level referred
Achromobacter isolates ii) to describe species-level antimicrobial susceptibility
profiles iii) to determine the most promising antimicrobial combination for chronic

Achromobacter infections.

Methods: A total of 112 multidrug-resistant (MDR) Achromobacter spp. isolates from
39 patients were identified using nrdA sequencing. Antimicrobial susceptibility and

combination testing were carried out using the Etest method.

Results: We detected six species of Achromobacter and found that A. xylosoxidans
was the most prevalent species. Interestingly, sequence analysis showed it was
responsible for persistent infection (18/28 patients) followed by A. ruhlandii (2/3
patients). Piperacillin-tazobactam (70.27%) and cotrimoxazole (69.72%) were the
most active antimicrobials. Differences were observed in species-level susceptibility
to ceftazidime, carbapenems, ticarcillin-clavulanate, and tetracycline. Antimicrobial
combinations with cotrimoxazole or tobramycin demonstrate the best synergy while

cotrimoxazole gave the best susceptibility breakpoint Index values.

Conclusions: This study enriches the understanding of MDR Achromobacter spp.

epidemiology, confirms prevalence and chronic colonization of A. xylosoxidans in CF
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lungs. It presents in vitro data to support the efficacy of new combinations for use in

the treatment of chronic Achromobacter infections.

Keywords: Achromobacter spp.; A. xylosoxidans; Cystic Fibrosis; Antimicrobial

susceptibility testing; Synergy testing; Etest
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1.0 Introduction

Several pathogens have been reported as causing chronic infections but
Achromobacter spp. have increasingly been implicated as causal agents of infection
and colonisation in CF individuals (1-7). National CF registries have reported slight
increasing rates of Achromobacter spp. colonisation/infection in individuals (8)

varying between 2 and 17 % (9).

Achromobacter spp. are aerobic, Gram-negative, catalase- and oxidase-positive,
non-fermenting bacilli that are phenotypically similar but genetically distinct and are
widely distributed in the environment (5). Innate and readily acquired adaptive
resistance with antimicrobial exposure thereby altering expression of certain genes
promote chronic infection and this has been extensively described in literature (3).
This intrinsic resistance to multiple antimicrobials limits the therapeutic options for

Achromobacter spp. infections (5, 6).

The clinical relevance of isolation of Achromobacter spp. in the sputum of CF
patients is unclear. Some studies have proposed a link between decline of lung
function and chronic infection by Achromobacter xylosoxidans especially in patients
with chronic Pseudomonas aeruginosa infections (10). Others on the other hand
postulate that the biofilm-forming ability of Achromobacter xylosoxidans correlates

with poor lung function (11).

A. xylosoxidans is the most frequently isolated species from clinical samples but
there are known difficulties associated with the species identification of

Achromobacter isolates (9, 12). Conventional identification methods such as
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biochemical test, or indeed mass spectrometry, were shown to lack the optimal
discriminatory power needed to characterise Achromobacter isolates at species-level
(1, 13, 14). However, Spilker et al. (15, 16) reported characterization of new
Achromobacter species through sequencing of the nrdA housekeeping gene.
Characterisation of Achromobacter clinical isolates at the species-level and its
relationship with antimicrobial resistance profiles is expected to increase our
understanding of the clinical relevance of colonisation by this seemingly CF-related

bacterium (1).

The aims of this present study were:

i) To identify at species-level all Achromobacter spp. isolates referred to the Scottish

CF antimicrobial susceptibility centre using nrdA sequencing.

i) To describe species-level antimicrobial susceptibility profiles of Achromobacter
spp.

iii) To determine most promising antimicrobial combination treatment for multidrug-

resistant Achromobacter spp.

2.0 Results

2.1 Study population and geographic metadata

A total of 112 presumptive multidrug-resistant Achromobacter spp. were referred for
extended antimicrobial susceptibility testing. Isolates were collected over an 18 year
period (24 Sep 2001 to 09 Oct 2019) from 9 hospitals: 8 in Scotland and one in

Belfast (North Ireland). Edinburgh had the highest patient population (43.59%) and
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submitted 60/112 samples. Glasgow and Aberdeen with patient proportions of
17.95% and 12.82% submitted 10 and 17/112 samples respectively. Patient age
ranged from 11 to 78 years with a median age at first referral of 28 years. Study
population comprised of 17 (43.59%) and 22 (56.41%) male and female patients
respectively. Of this population, 18 individuals had single isolate referrals whilst the
remaining 21 individuals had multiple referrals (2-9 isolates per individual) with

colonization periods of 1-10 years (Table 1).

2.2 Species prevalence

nrdA sequencing differentiated the 112 referred isolates into 6 different species. We
observed that A. xylosoxidans (n=88/112, 78.57%) was the most prevalent species
amongst our patients (n=28/39, 71.79%) while A. insuavis was the second most
prevalent Achromobacter spp. (10%). To illustrate the degree of sustained
colonisation at patient level we constructed a neighbour joining tree (Fig 1) which
demonstrates that repeat isolates from patients (>2 submissions) were
representatives of the patients’ first referred isolates for 19 out of the 21 patients

(90.48%).

2.3 Antimicrobial susceptibility testing

Using 18 antimicrobials susceptibility testing were performed on the 112
Achromobacter isolates. Though unequal sampling was carried out in our study, Fig
2 shows that most of the Achromobacter isolates were resistant (= 93.33%) to the
aminoglycosides; amikacin, gentamicin, and tobramycin as well as the

fluoroquinolones; ciprofloxacin and levofloxacin (83.04 - 91.96%). The most active
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antimicrobials were piperacillin-tazobactam (70.27%), followed by co-trimoxazole
(69.72%) and minocycline (62.39%). Aztreonam had no activity against
Achromobacter spp. (For detailed information, see supplementary data). Thereatfter,
we grouped the first-referred study isolates and determined if differences existed in
the antimicrobial susceptibility patterns (Fig 2). Statistical analysis showed that
susceptibility differences exist for amikacin (p=0.032), gentamicin (p=0.002),
tobramycin (p=0.007), ciprofloxacin (p=0.001), levofloxacin (p<0.001) doxycycline
(p<0.001), minocycline (p=0.005) and ticarcillin/clavulanate (p=0.043). There was no
statistical difference in the susceptibility of both Achromobacter groups to aztreonam,

chloramphenicol, colistin, co-trimoxazole, ceftazidime or piperacillin-tazobactam.

2.4 Antimicrobial synergy testing

Antimicrobial synergy testing was conducted using the direct overlay Etest method
and findings classified using the FICI and SBPI criteria. In summary, a total of 738

antimicrobial combinations were tested with a mean of 6.6 combinations per isolate.

2.4.1 FICI

Using FICI criteria, the rates of synergy and antagonism between pairs of
antimicrobials were 10.57% and 2.30% respectively. Species grouping showed 2-
fold higher rate of synergy (11.75%) in A. xylosoxidans (n=604) when compared with

non-xylosoxidans (n=138) cumulatively (5.22 % synergy).

The rates of antimicrobial antagonism in A. xylosoxidans were 2.32% while in non-
xylosoxidans 2.24% was observed. A summary of the most synergistic combinations

for Achromobacter spp. were ceftazidime + imipenem (n=14, 50% synergy),
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tobramycin + ceftazidime (n=23, 34.78% synergy) and tobramycin + imipenem
(n=32, 21.88% synergy). The highest rate of antagonism was observed with
ceftazidime + co-trimoxazole (n=24, 12.50 % antagonism) and minocycline +
ticarcillin-clavulanate (n= 18, 11.11% antagonism). However when grouped as
species; for A. xylosoxidans ceftazidime + imipenem combinations (n=13, 53.85%)
as well as tobramycin with ceftazidime (n=18, 38.89%)/imipenem (n=26, 23.08%)
were the most synergistic combinations. While for non-xylosoxidans the antimicrobial
combination of tobramycin and ceftazidime (n=5/ 20%) was the most synergistic
combination. Interestingly, for A. xylosoxidans (Table 2), cotrimoxazole combinations
followed by tobramycin was the most prevalent synergistic combinations. While in
non-xylosoxidans (Table 3) tobramycin combinations were the most prevalent
synergistic combinations. This suggests that to achieve synergy, antimicrobial

combinations with cotrimoxazole and tobramycin should be explored.

2.4.2 SBPI

But in the laboratory, there is uncertainty about which combinations might be
synergistic in vitro, therefore our laboratory previously proposed use of the SBPI
method. For the 738 antimicrobial combinations tested in all study Achromobacter
spp., the median SBPI was 4.67 while the mean SBPI was 15.20. By species the
median and mean values of 4.00 and 15.79 were observed for A. xylosoxidans while

higher values (10.00 and 23.34) were observed for non- xylosoxidans.

The highest median SBPI for Achromobacter spp. was combinations of levofloxacin
with piperacillin-tazobactam (12.00) or co-trimoxazole (9.63). Tobramycin when

combined with either ceftazidime or imipenem gave the lowest median values. Table
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2 demonstrates that highest median SBPI for A. xylosoxidans was combinations of
cotrimoxazole with Ticarcillin-clavulanate (11.33) and imipenem (10.00). Similarly, for
non- xylosoxidans (Table 3) a high SBPI value was obtained for co-trimoxazole

combinations with levofloxacin (31.28) or ceftazidime (SBPI 22.44).

3.0 Discussion

Our study focused on Achromobacter spp. which has been reported as one of the
emerging pathogens found in cystic fibrosis patients (4, 17, 18). As the Scottish CF
antimicrobial reference laboratory we receive only multi and extensively drug
resistant isolates from Scottish hospitals as well as Belfast for antimicrobial synergy
testing. It is therefore difficult to show that our study is a representative picture of the
Scottish CF population. However, like other studies (3-5, 19) our study reiterates the
dominance of A. xylosoxidans (28 out of 39 patients) amongst the CF population.
Also, with an A. xylosoxidans prevalence of 78.57% our study agrees with the
estimated UK prevalence of 78.4% (3). Amoureux et al. (1) suggested that its
dominant role might be due to either a higher natural abundance or the presence of
favourable selective factors for example the possession of innate resistance to
disinfectants such as quaternary ammonium compounds which ensures its ability to
thrive in clinical samples. Also, A. insuavis was the second most patient carried
Achromobacter spp. but the persistent colonization of A. ruhlandii in our CF
population meant that the latter was the second most isolated species. Previous
studies have demonstrated that persistent CF infections are mainly attributed to A.
xylosoxidans, A. insuavis and A. dolens (5). This was also observed in our study,

however longitudinal analysis of our data agrees with Gade et al. (6) that A. ruhlandii
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is also capable of persisting in the CF airways. The mechanisms of persistence has
not been fully established with several hypotheses postulated. Gade et al. (6) reports
that inter-patient transmission might be possible while Edwards et al. (5) showed that
Achromobacter spp. is patient specific and there was clearance in all but one patient
when treated with oral cotrimoxazole. Also, Dupont et al. (4) reported that the
environmental habitat might not play a role in the reseeding of isolates for patients
with persistent infections. We hypothesize that these isolates may not be entirely
eradicated from the CF airways during treatment and on the development of
favourable conditions multiply and cause pulmonary exacerbations. This is because
analysis of the antimicrobial susceptibility patterns of isolates from patients with
repeated submissions show similar antimicrobial patterns while results from our nrdA
sequencing demonstrate persistent infection. We also did not observe any evidence
of potential transmission between individuals or shared geographical location.
However, further epidemiological studies on these isolates is necessary to enrich our

knowledge on the mechanisms of persistence.

Coward et al. (3) reported that there are no established guidelines for managing CF
patients who persistently harbour Achromobacter spp. with antimicrobial
susceptibility pattern/testing less defined. Indeed, there is a dearth in the knowledge
of species-level antimicrobial susceptibility patterns as well as the most promising
synergistic combinations. Similar to other studies (3, 19-21) the most active
antimicrobial was piperacillin-tazobactam, and cotrimoxazole at 70% while
minocycline was third at 62%. As expected, we observed a high resistance of our

isolates to the aminoglycosides. This resistance reported by Bador et al. (22) is due
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to the possession of AxyXY-OprZ efflux system which confer resistance to
aminoglycoside in Achromobacter spp. especially A. xylosoxidans, A. ruhlandii and
A. insuavis which make up 96% of this study. Similarly as observed by Amoureux et
al. (19), Achromobacter spp. was more susceptible to imipenem (47%) compared to
meropenem (37%) although our values (given that our samples were MDR and XDR
strains) had a lower susceptibility percentage. Also, mirrored in our observation as
described in most CF and environmental isolates were high ciprofloxacin (92%) and
aztreonam (100%) resistance while for the newer B-lactam combinations such as
ceftolozane-tazobactam (100%) and ceftazidime-avibactam (78%) our isolates were
resistant to these drugs. This observation was also made by Coward et al. (3). But,
few CF studies have described species antimicrobial susceptibility patterns of
Achromobacter spp. We demonstrate that in Achromobacter spp. differences exist in
the susceptibility of non-xylosoxidans compared with A. Xxylosoxidans to the
carbapenems, cephalosporins or tetracyclines. The presence of resistance-
nodulation-cell-division-type pumps in A. xylosoxidans such as AxyABM, AxyXY-
OprZz and TetA confers the cell with the ability to pump cephalosporins,
fluoroquinolones, aztreonam, chloramphenicol, carbapenems and tetracycline out of
the cell (23, 24). Papalia et al. (25) reported that a homologue of AxyABM was
present in A. ruhlandii, therefore conferring it with the ability to expel
chloramphenicol. Further research is needed to determine the presence of efflux

pumps and characterize if present in non-xylosoxidans.

Irrespective of isolate susceptibility, antibiotic exposure gives rise to the emergence

of multi drug and extensively drug resistant strains causing limited therapeutic
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options in patient management. Therefore to reduce toxicity and improve efficacy
while preventing the emergence of drug resistance, multiple antibiotics thought to be
effective as single agents are typically often prescribed in the clinic (26). But there is
limited information on synergistic combination for the treatment of Achromobacter
spp. infections. To the best of our knowledge this is the first time antimicrobial
synergy results are described for Achromobacter spp. to species level. Analysis of
our data showed that there were differences in the synergy observed in both
Achromobacter groups when there was availability of the interpretative guidelines.
For all and first- referred isolates, there was ~50% increase in synergy for A.
xylosoxidans compared to non-xylosoxidans when two CLSI interpretative guidelines
were known. Though not a remit of this study, more research would enhance
knowledge on how the more resistant A. xylosoxidans is able to demonstrate more

synergistic combinations than non-xylosoxidans.

At a genus level, our results demonstrate that for Achromobacter spp. combinations
of ceftazidime + imipenem (50%) was the most synergistic combinations. This is in
contrast with observations made by Saiman et al. (27) which stated that ciprofloxacin
+ meropenem combinations (9%) were the most synergistic combinations. It is worth
noting that not all the combinations were tested at the same frequency and
differences existed in the rates observed for both studies. But, GoOmara et al. (26)
reported that due to lack of standardization, differences exist in synergy reported
using different methods. Indeed, Saiman used the checkerboard while our lab used
the direct overlay E-test method. It might also be due to our cut off which analysed

only combinations which had been tested more than 5 times. The unpredictability of
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synergy and the non-correlation of synergy and clinical efficacy was the reason our
lab had earlier proposed the use of SBPI (28) as a useful parameter for comparing in
vitro effectiveness of combinations thereby ranking them. Our results suggest that
combinations of cotrimoxazole with several antimicrobials are able to give a high
SBPI values although these values do not predict a synergistic FICI. A major
limitation of our data is the lack of information on the clinical outcomes of our
combinations. Therefore, further investigation is required to assess if there is a
correlation of SPBI values and clinical efficacy. In clinical practice however, there is
a growing evidence showing the lack of effectiveness seen when guiding
antimicrobial selection based on in vitro synergy testing. Indeed, results from a
randomized, double-blind controlled trial demonstrated that there was no difference
between groups and proposed synergy testing in CF patients should be stopped
(29). However, this study was carried out using multiple-combination bactericidal test
method and with various degrees of agreement in synergy methods, it is possible
that others might be more clinically relevant. Finally, the selected study of multidrug-
resistant strains may have overestimated our observation of persistence. It would be

interesting to how the use of random selection would impact on our results.

In summary, the Achromobacter spp. remains a key emerging pathogen in CF
individuals and has been implicated in pulmonary exacerbations. This research
reiterates the prevalent MDR species that make up the Achromobacter genus and
highlights their susceptibility profiles to several antimicrobials. It also attempts to give
antimicrobial combinations which might be used in the treatment of chronic

Achromobacter infections. With inconsistency reported in clinical outcomes of these
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patients, accurate identification of Achromobacter spp. will undeniably play a vital

role in approach taken during therapeutic management of CF patients.

4.0 Materials and method

4.1 Study Isolates

A total of 112 presumptive Achromobacter spp. identified by 8 Scottish and 1
Northern Ireland laboratories were collected over an 18 year period (24™ September
2001 — 9™ October 2019) when they were sent for extended susceptibility testing.
Isolates were stored in the bacterial preservation system MICROBANK™ (PRO-LAB

DIAGNOSTICS Ontario, Canada) at -80°C.

Isolates were plated on receipt onto Mueller-Hinton agar (MH), MacConkey agar,
Pseudomonas Cetrimide agar and Burkholderia cepacia selective agar plates (All
agar plates manufactured by Oxoid Ltd., Basingstoke, UK). Following 18-24 hr
incubation at 35 °C in ambient air, plates were examined for purity and thereafter
incubated a further 24 hr to confirm for purity. Oxidase testing (Oxoid Ltd.,
Basingstoke, UK) was performed as a confirmatory test on 18-24 hr colonies.
Oxidase positive and non-lactose fermenting isolates were accepted as

Achromobacter spp
4.2 nrdA Sequencing

Species identification of isolates was carried out by nrdA sequencing according the
method described by Spilker et al. (15). Briefly, a single colony of Achromobacter

spp. was suspended in 20 pl of lysis buffer composed of 0.25 % (v/v) sodium
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dodecyl sulfate (Sigma-Aldrich, Irvine, UK) and 0.05 N NaOH (Sigma-Aldrich, Irvine,
UK). On heating for 15 mins at 95 °C, 180 pl of high-pressure-liquid-chromatography
grade water (Sigma-Aldrich, Irvine, UK) was added to the suspension. The solution
was centrifuged at 13,300 rpm for 5 mins and the supernatants stored at -20 °C. Full
length nrdA amplification and sequencing was carried out using the nrdA-specific
forward (GAACTGGATTCCCGACCTGTTC) and reverse
(TTCGATTTGACGTACAAGTTCTGG) primers as previously published (15).
Amplified PCR products were sequenced by Eurofins genomics (GATC Biotech AG,
Konstanz, Germany) and sequence chromatograms were visualized and edited
using the SeqgMan Pro (DNAStar, Madison, WI, USA). Allele numbers were assigned
to each isolate using the Achromobacter MLST database

(http://pubmlst.org/org/achromobacter/). Trimmed sequences were aligned using

MegAlign Pro (DNAStar, Madison, WI, USA). Clustal W in MegAlign Pro was used to
generate a neighbour joining tree with 1,000 bootstrap replications using default
parameters. Study isolates were grouped as either A. xylosoxidans or non-

xylosoxidans following nrdA identification.

4.3 Minimum Inhibitory Concentration (MIC) testing

MIC testing was performed on MH Agar using the Etest methodology according to
manufacturer’s instructions (Liofilchem, Abruzzi, Italy and BioMerieux, Basingstoke,
UK). The antimicrobials tested were amikacin, gentamicin, tobramycin, ciprofloxacin,
levofloxacin,  aztreonam, ceftazidime, piperacillin/tazobactam, imipenem,
meropenem, colistin, chloramphenicol, minocycline and co-trimoxazole. Data relating

to susceptibility to ticarcillin/clavulanate which the service had stopped testing were
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included in the analyses up to its stop date (2018). While susceptibility data of
antimicrobials introduced by the service later than 2001, namely doxycycline
(October 2003), Ceftazidime-avibactam (January 2018) and ceftolozane-tazobactam

(January 2018) were included in the analyses from the time of introduction.

In this study, MIC values between the standard doubling dilution scale were rounded
up to the next doubling dilution (e.g. 0.75 = 1.0 mg/L). The MICs for amikacin,
gentamicin, tobramycin, ciprofloxacin, levofloxacin, aztreonam, ceftazidime,
piperacillin/tazobactam, imipenem, meropenem, ticarcillin/clavulanate, doxycycline,
chloramphenicol, minocycline and co-trimoxazole were interpreted as susceptible
(S), intermediate (I) or resistant (R) according to the Clinical and Laboratories
Standards Institute  (CLSI) approved interpretive standards for non-
enterobacteriaceae (30). Ceftazidime/avibactam, ceftolozane/tazobactam and
colistin were interpreted as per CLSI standards for Pseudomonas aeruginosa (30). In
this study, multidrug-resistance (MDR) was defined as acquired non-susceptibility to

at least one agent in 23 antimicrobial groups (31).

4.4 Combination testing

Combination testing was performed using a minimum of six pairs of antimicrobials (A
+ B), as described previously (28). Briefly, MH agar plates were inoculated with two
Etest strips (A and B) placed top to tail according to the manufacturer’s instructions.
After 1 hr to allow antimicrobial migration into the agar, each strip is removed and
fresh Etest is placed in opposite orientation on the imprint (Etest A strip replaced with
fresh Etest B strip and vice versa). Plates were further incubated for 22-24 hrs in

ambient air at 35 °C.
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4.4.1 Fractional inhibitory concentration index (FICI)

Indices derived from the combination MIC results were calculated using the MIC

value read off the Etest strip and interpreted as described below.
FICI = (MlC A combination / MIC A single) + (M|C B combination / MIC B single)-

Where an MIC was found to be greater than the antimicrobial range tested, the next
doubling dilution above the highest value of the range tested was used to calculate
the FICI (e.g. if an MIC of >256mg/L was found then the FICI was calculated using
512mg/L) (32). The indices were interpreted as: synergy - FICI 0.5, no interaction -

FICI >0.5 and <4.0 and antagonism - FICI >4.0 (33).

Analyses of species susceptibility to double combinations of antimicrobials tested =5
times was carried out when CLSI breakpoints for non-enterobacteriaceae was

known.
4.4.2 Susceptible breakpoint index (SBPI)

SBPI = (Susceptible breakpoint of antimicrobial A / MIC of antimicrobial A combination)
(Susceptible breakpoint of antimicrobial B / MIC of antimicrobial B combination) (28). The
combination results were graded and reported in rank order of their SBPI results
from highest to lowest SBPI which displays the effectiveness of the combination in
decreasing order. Any combination found to be antagonistic (FICI >4.0), was not

ranked and was not recommended for therapy irrespective of the SBPI result.

4 5 Statistical methods
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Descriptive statistics were derived using Microsoft Office Excel 2013 and IBM SPSS
statistics for windows, Version 24 (IBM Corp., Armonk, N.Y., USA). A two-tailed
Mann Whitney test was performed using GraphPad Prism, Version 8.4.0 (GraphPad

software, San Diego, California, USA).

5.0 Acknowledgements

The authors would like to thank the laboratories and clinicians who use the Cystic
Fibrosis Antibiotics Susceptibility testing service (CFASS) for their support in sending
samples. CFASS is an adult patient testing facility funded by the National Services
Division of the Common Services Agency of the Scottish Executive. Achromobacter
spp. identification was supported by grants from the University of Aberdeen and the
NHS Grampian Clinical Microbiology Fund (NHS Grampian Endowment Funds
Registered Charity Number SC017296). IMG serves as a consultant to and/ speaker

to Pfizer and MSD. All other authors declare no competing interests.

6.0 References

[1.] Amoureux, L., Bador, J., Verrier, T., Mjahed, H., De Curraize, C. and Neuwirth,
C., 2016. Achromobacter xylosoxidans is the predominant Achromobacter species
isolated from diverse non-respiratory samples. Epidemiology & Infection, 144(16),
pp. 3527-3530

[2.] Cools, P., Ho, E., Vranckx, K., Schelstraete, P., Wurth, B., Franckx, H., leven,
G., Van Simaey, L., Verhulst, S. and De Baets, F., 2016. Epidemic Achromobacter
xylosoxidans strain among Belgian cystic fibrosis patients and review of literature.
BMC microbiology, 16(1), pp. 122.


about:blank
about:blank

385
386
387
388
389
390
391

392
393
394
395

396
397
398
399
400

401
402
403
404

405
406
407
408
409
410

411
412
413
414

415
416
417
418
419

420
421
422
423

[3.] Coward, A., Kenna, D.T.D., Woodford, N., Turton, J.F., Armstrong, M., Auckland,
C., Bowler, I., Burns, P., Cargill, J., Carroll, M., Flight, W., Graver, M., Green, H.,
Horner, C., Jones, A., Jones, A.M., Jones, G., Mayell, S., Orendi, J., Perry, A., Robb,
A., Tucker, N., Waine, D., Winstanley, T. and W.ithers, N., 2019. Structured
surveillance of Achromobacter, Pandoraea and Ralstonia species from patients in
England with cystic fibrosis. Journal of Cystic Fibrosis.

[4.] Dupont, C., Jumas-Bilak, E., Doisy, C., Aujoulat, F., Chiron, R. and Marchandin,
H., 2018. Chronic airway colonization by Achromobacter xylosoxidans in cystic
fibrosis patients is not sustained by their domestic environment. Appl. Environ.
Microbiol., 84(23), pp. 1739-18.

[5.] Edwards, B.D., Greysson-Wong, J., Somayaji, R., Waddell, B., Whelan, F.J.,
Storey, D.G., Rabin, H.R., Surette, M.G. and Parkins, M.D., 2017. Prevalence and
outcomes of Achromobacter species infections in adults with cystic fibrosis: a North
American cohort study. Journal of clinical microbiology, 55(7), pp. 2074-2085.

[6.] Gade, S.S., Nagrskov-Lauritsen, N. and Ridderberg, W., 2017. Prevalence and
species distribution of Achromobacter sp. cultured from cystic fibrosis patients
attending the Aarhus centre in Denmark. J. Med. Microbiol., 66(5), pp. 686-689.

[7.] Pereira, R., Leao, R.S., Carvalho-Assef, A.P., Albano, R.M., Rodrigues, E.,
Firmida, M.C., Folescu, T.W., Plotkowski, M.C., Bernardo, V.G. and Marques, E.A.,
2017. Patterns of virulence factor expression and antimicrobial resistance in
Achromobacter xylosoxidans and Achromobacter ruhlandii isolates from patients
with cystic fibrosis. Epidemiology & Infection, 145(3), pp. 600-606.

[8.] Cystic Fibrosis Foundation. 2019. Cystic Fibrosis Foundation patient registry
annual data report. Cystic Fibrosis Foundation, Bethesda, MD.

[9.] Papalia, M., Steffanowski, C., Traglia, G., Almuzara, M., Martina, P., Galanternik,
L., Vay, C., Gutkind, G., Ramirez, M.S. and Radice, M., 2019. Diversity of
Achromobacter species recovered from patients with cystic fibrosis, in Argentina.
Revista Argentina de microbiologia, 52 (2), pp. 13-18.

[10.] Somayaji, R., Stanojevic, S., Tullis, D.E., Stephenson, A.L., Ratjen, F. and
Waters, V., 2017. Clinical outcomes associated with Achromobacter species
infection in patients with cystic fibrosis. Annals of the American Thoracic Society,
14(9), pp. 1412-1418.


about:blank
about:blank
about:blank
about:blank
about:blank

424
425
426
427

428
429
430
431
432
433
434

435
436
437
438
439
440

441
442
443
444

445
446
447
448

449
450
451

452
453
454

455
456
457
458

459
460
461

[11.] Coward, A., Kenna, D.T.D., Perry, C., Martin, K., Doumith, M. and Turton, J.F.,
2016. Use of nrdA gene sequence clustering to estimate the prevalence of different
Achromobacter species among Cystic Fibrosis patients in the UK. Journal of Cystic
Fibrosis, 15(4), pp. 479-485.

[12] Vandamme, P.A., Peeters, C., Inganas, E., Cnockaert, M., Houf, K., Spilker, T.,
Moore, E.R. and Lipuma, J.J., 2016. Taxonomic dissection of Achromobacter
denitrificans Coenye et al. 2003 and proposal of Achromobacter agilis sp. nov., nom.
rev., Achromobacter pestifer sp. nov., nom. rev., Achromobacter kerstersii sp. nov.
and Achromobacter deleyi sp. nov. International Journal of Systematic and
Evolutionary Microbiology, 66(9), pp. 3708-3717.

[13.] Amoureux, L., Bador, J., Zouak, F.B., Chapuis, A., De Curraize, C. and
Neuwirth, C., 2016. Distribution of the species of Achromobacter in a French cystic
fibrosis centre and Multilocus sequence typing analysis reveal the predominance of
A. xylosoxidans and clonal relationships between some clinical and environmental
isolates. Journal of Cystic Fibrosis, 15(4), pp. 486-494.

[14.] Barrado, L., Brafias, P., Orellana, M.A, Martinez, M.T., Garcia, G., Otero, J.R.
and Chaves, F., 2013. Molecular characterization of Achromobacter isolates from
cystic fibrosis and non-cystic fibrosis patients in Madrid, Spain. Journal of clinical
microbiology, 51(6), pp. 1927-1930.

[15.] Spilker, T., Vandamme, P. and Lipuma, J.J., 2012. A Multilocus sequence
typing scheme implies population structure and reveals several putative novel
Achromobacter species. Journal of clinical microbiology, 50(9), pp. 3010-3015.

[16.] Spilker, T., Vandamme, P. and Lipuma, J.J., 2013. Identification and distribution
of Achromobacter species in cystic fibrosis. Journal of Cystic Fibrosis, 12(3), pp.
298-301.

[17.] Green, H. and Jones, A.M., 2018. Emerging Gram-negative bacteria:
pathogenic or innocent bystanders. Current opinion in pulmonary medicine, 24(6),
pp. 592-598.

[18.] Recio, R., Brafias, P., Martinez, M.T., Chaves, F. and Orellana, M.A., 2018.
Effect of respiratory Achromobacter spp. infection on pulmonary function in patients
with cystic fibrosis. Journal of medical microbiology, 67(7), pp. 952-956.

[19.] Amoureux, L., Sauge, J., Sarret, B., Lhoumeau, M., Bajard, A., Tetu, J., Bador,
J. and Neuwirth, C., 2019. Study of 109 Achromobacter spp. isolates from 9 French
CF centres reveals the circulation of a multiresistant clone of A. xylosoxidans


about:blank
about:blank
about:blank
about:blank

462
463

464
465
466
467
468

469
470
471
472

473
474
475
476

477
478
479
480

481
482
483

484
485
486
487

488
489
490

491
492
493
494
495

496
497

belonging to ST 137. Journal of Cystic Fibrosis, 18(6), pp.804-807.

[20.] Diez-Aguilar, M., Ekkelenkamp, M., Morosini, M., Merino, |., De Dios Caballero,
J., Jones, M., Van Westreenen, M., Tunney, M.M., Cantén, R. and Fluit, A.C., 2019.
Antimicrobial susceptibility of non-fermenting Gram-negative pathogens isolated
from cystic fibrosis patients. International journal of antimicrobial agents, 53(1), pp.
84-88.

[21.] Otero, L.L., Moreno, R.G., Moreno, B.B., Valenzuela, C., Martinez, A.G. and
Cavero, T.A., 2016. Achromobacter xylosoxidans infection in an adult cystic fibrosis
unit in Madrid. Enfermedades infecciosas y microbiologia clinica, 34(3), pp. 184-187.

[22.] Bador, J., Neuwirth, C., Liszczynski, P., Muzier, M., Chrutiennot, M., Grenot, E.,
Chapuis, A., De Curraize, C. and Amoureux, L., 2016. Distribution of innate efflux-
mediated aminoglycoside resistance among different Achromobacter species. New
microbes and new infections, 10, pp. 1-5.

[23.] Bador, J., Amoureux, L., Blanc, E. and Neuwirth, C., 2013. Innate
aminoglycoside resistance of Achromobacter xylosoxidans is due to AxyXY-OprZ, an
RND-type multidrug efflux pump. Antimicrobial Agents and Chemotherapy, 57(1), pp.
603-605.

[24.] Swenson, C.E. and Sadikot, R.T., 2015. Achromobacter respiratory infections.
Annals of the American Thoracic Society, 12(2), pp. 252-258.

[25.] Papalia, M., Traglia, G., Ruggiero, M., Almuzara, M., Vay, C., Gutkind, G.,
Ramirez, M.S. and Radice, M., 2018. Characterisation of OXA-258 enzymes and
AxyABM efflux pump in Achromobacter ruhlandii. Journal of Global Antimicrobial
Resistance, 14, pp. 233-237.

[26.] GOmara, M. and Ramoén-Garcia, S., 2019. The FICI paradigm: correcting flaws
in antimicrobial in vitro synergy screens at their inception. Biochemical
pharmacology, 163, pp. 299-307.

[27.] Saiman, L., Chen, Y., Tabibi, S., San Gabriel, P., Zhou, J., Liu, Z., Lai, L. and
Whittier, S., 2001. Identification and antimicrobial susceptibility of Alcaligenes
xylosoxidans isolated from patients with cystic fibrosis. Journal of clinical
microbiology, 39(11), pp. 3942-3945.

[28.] Milne, K. and Gould, I.M., 2010. Combination testing of multidrug-resistant
cystic fibrosis isolates of Pseudomonas aeruginosa: use of a new parameter, the


about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

498
499

500
501
502
503
504
505

506
507
508

509
510
511

512
513
514
515

516
517
518

susceptible breakpoint index. Journal of antimicrobial chemotherapy, 65(1), pp. 82-
90. https://doi.org/10.1093/jac/dkp384.

[29.] Aaron, S. D., Vandemheen, K. L., Ferris, W., Fergusson, D., Tullis, E., Haase,
D., Berthiaume, Y., Brown, N., Wilcox, P., Yozghatlian, V and Bye, P. (2005).
Combination antibiotic susceptibility testing to treat exacerbations of cystic fibrosis
associated with multiresistant bacteria: a randomised, double-blind, controlled
clinical trial. The Lancet, 366(9484), 463-471.
https://pubmed.ncbi.nlm.nih.gov/16084254

[30.] CLSI, 2018. Performance Standards for Antimicrobial Susceptibility Testing.
28" ed. CLSI supplement M100. Wayne, PA: Clinical and Laboratory Standards
Institute; pp. 30-38.

[31.] Basak, S., Singh, P. and Rajurkar, M., 2016. Multidrug resistant and extensively
drug resistant bacteria: A  study. Journal of pathogens, 2016.
https://doi.org/10.1155/2016/4065603

[32.] MacKenzie, F.M., Smith, S.V., Milne, K.E., Griffiths, K., Legge, J. and Gould,
I.M., 2004. Antibiograms of resistant Gram-negative bacteria from Scottish CF
patients. Journal of Cystic Fibrosis, 3(3), pp. 151-157.
https://doi.org/10.1016/}.jcf.2004.03.009.

[33.] Odds, F.C., 2003. Synergy, antagonism, and what the chequerboard puts
between them. Journal of Antimicrobial Chemotherapy, 52(1), pp. 1-1.
https://doi.org/10.1093/jac/dkg301.


about:blank
about:blank
about:blank

519

520

521
522

523
524

525

526

527
528
529
530
531
532
533

534

535
536
537

538

539

540

541
542
543

544

545
546
547
548

Figure Legends

Table 1. Characteristics of study population and demographics

P00, anonymized participant number; F, female; M, male; -, data unavailable

Fig 1. Neighbour joining tree illustrating the nrdA clustering of Achromobacter
spp. isolates from patients with repeated submission.

P, patient; 01-38 anonymized number, a-i; repeated samples submitted by patient.

Fig 2. Achromobacter spp. susceptibility patterns. Percentage susceptibility of
all-referred Achromobacter spp., first-referred isolates (A. xylosoxidans and non-
xylosoxidans) to several antimicrobials. AMK, amikacin; GEN, gentamicin; TOB,
tobramycin; CIP, ciprofloxacin; LVX, levofloxacin; ATM, aztreonam; CAZ, ceftazidime;
TZP, piperacillin-tazobactam; IPM, imipenem; MEM, meropenem; COL, colistin; TIM,
ticarcillin-clavulanate; CHL, chloramphenicol; DOX, doxycycline; MIN, minocycline;
SXT, co-trimoxazole

i CLSI-approved interpretative standards for non-enterobacteriaceae

CLSl-approved interpretative standards for P. aeruginosa. Colistin resistance may
be over-estimated due to limitations of the diffusion method.

Table 2. Summary of antimicrobial combinations tested on A. xylosoxidans

isolates

TOB, tobramycin; LVX, levofloxacin; CAZ, ceftazidime; IPM, imipenem; MEM,
meropenem; TIM, ticarcillin-clavulanate; CHL, chloramphenicol; MIN, minocycline;
SXT, co-trimoxazole

:Percentage active when used as a single agent
Number of times the combinations were tested
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Table 3. Summary of antimicrobial combinations tested on Non- xylosoxidans
isolates

TOB, tobramycin; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem; MIN,
minocycline, SXT, co-trimoxazole; CHL, chloramphenicol

:Percentage active when used as a single agent
Number of times the combinations were tested
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Table 1. Characteristics of study population and demographics

Participant Sex Location Age at first No of samples Period of
number submission submitted colonization
(yrs) (yrs)
PO1 F Inverclyde 12 5 4
P02 F Glasgow 16 1 -
P03 F Edinburgh 13 6 9
Po4 F Edinburgh 20 3 1
P05 M Kilmarnock 11 4 3
P06 M Edinburgh 22 1 -
pPo7 F Edinburgh 18 8 10
P08 F Dumfries 25 5 5
P09 M Dundee 24 5 8
P10 M Aberdeen 20 7 10
P11 F Aberdeen 16 1 -
P12 M Edinburgh 24 7 8
P13 F Edinburgh 18 6 6
P14 F Edinburgh 54 1
P15 F Edinburgh 25 1 -
P16 F Edinburgh 19 9 6
P17 M Edinburgh 23 4 4
P18 M Glasgow 13 4 4
P19 M Edinburgh 28 1
P20 F Dundee 33 1 -
P21 M Edinburgh 30 3 3
P22 M Edinburgh 18 2 2
P23 F Aberdeen 21 4 1
P24 M Glasgow 20 1 -
P25 M Aberdeen 48 3 4
P26 F Glasgow 20 1 -
p27 F Aberdeen 30 2 3
P28 F Glasgow I 1
P29 M Edinburgh 32 1
P30 F Belfast 69 1
P31 F Belfast 44 1
P32 F Belfast 1
P33 F Belfast - 1
P34 M Glasgow 21 1
P35 F Glasgow 24 1 -
P36 F Edinburgh 23 3 2
P37 M Edinburgh 78 2 2
P38 M Edinburgh 16 2 2
P39 M Belfast 1
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Table 2. Summary of antimicrobial combinations tested on A. xylosoxidans isolates

Antimicrobial Synergy Antagonistic SBPI
Second( %S?

First (%S?) ) Number © % Rank % Rank Median Rank
CAZ (23) IPM (46.6) 13 5385 1 5.17 5
TOB (0) CAZ (23) 18 3889 2 317 13
TOB (0) IPM (46.6) 26 2308 3 333 10
IPM (46.6) SXT (64.7) 10 2000 4 10.00 2
CAZ (23) SXT (64.7) 15 2000 4 1333 1 8.50 4
MIN (54.1) SXT (64.7) 15 1333 6 6.67 5 467 6
TOB (0) MEM (36.8) 15 1333 6 2.79 16
TOB (0) TIM (49.3) 15 1333 6 2.75 18
SXT (64.7) CHL (2.4) 16 1250 9 9.13 3
TOB (0) SXT (64.7) 10 1000 10 1000 3 423 8
SXT (64.7) TIM (49.3) 10 1000 10 11.33 1
LVX (1.1) MIN (54.1) 16 333 10
LVX (1.1) TIM (49.3) 10 4.46 7
MIN (54.1) CHL (2.4) 24 3.08 14
MIN (54.1) CAZ (23) 19 3.33 10
MIN (54.1) TIM (49.3) 18 11 2 3.08 14
MIN (54.1) IPM (46.6) 11 367 9
TOB (0) MIN (54.1) 13 7.69 4 2.719 16
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Table 3. Summary of antimicrobial combinations tested on Non- xylosoxidans isolates

Antimicrobial Synergy Antagonistic SBPI

First (%S2) Second (%S?) Number ® % Rank % Rank Median Rank
CAZ (37.5) TOB (4.2) 5 20.00 1 3.42 8
LVX (20.8) MIN (91.7) 6 16.67 2 6.67 3
TOB (4.2) IPM (50) 6 16.67 3 433 6
CAZ (37.5) SXT (87.5) 9 4 1111 1 22.44 2
LVX (20.8) SXT (87.5) 6 5 31.28 1
MIN (91.7) CHL (4.2) 5 7 6.67 3
TOB (4.2) MEM (37.5) 5 433 6
CAZ (37.5) MIN (91.7) 5 6.46 5
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