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ABSTRACT To guide the timely selection of antibiotic combinations against carbapenem-
resistant Gram-negative bacteria (CR-GNB), an in vitro test with a short turnaround time is es-
sential. We developed an in vitro ATP bioluminescence assay to determine effective
antibiotic combinations against CR-GNB within 6 h. We tested 42 clinical CR-GNB
strains (14 Acinetobacter baumannii, 14 Pseudomonas aeruginosa, and 14 Klebsiella
pneumoniae strains) against 74 single antibiotics and two-antibiotic combinations.
Bacteria (approximately 5 log,, CFU/ml) were incubated with an antibiotic(s) at 35°C;
ATP bioluminescence was measured at 6 h and 24 h; and the measurements were
compared to viable counts at 24 h. Receiver operating characteristic (ROC) curves
were used to determine the optimal luminescence thresholds (T, ) for distinguish-
ing between inhibitory and noninhibitory combinations. The areas under the 6-h
and 24-h ROC curves were compared using the DeLong method. Prospective valida-
tion of the established thresholds was conducted using 18 additional CR-GNB. The
predictive accuracy of Ty, for the 6-h ATP bioluminescence assay was 77.5% when
all species were analyzed collectively. Predictive accuracies ranged from 73.7% to
82.7% when each species was analyzed individually. Upon comparison of the areas
under the 6-h and 24-h ROC curves, the 6-h assay performed significantly better
than the 24-h assay (P < 0.01). Predictive accuracy remained high upon prospective
validation of the 6-h ATP assay (predictive accuracy, 79.8%; 95% confidence interval
[Cl], 77.6 to 81.9%), confirming the external validity of the assay. Our findings indi-
cate that our 6-h ATP bioluminescence assay can provide guidance for prospective
selection of antibiotic combinations against CR-GNB in a timely manner and may be
useful in the management of CR-GNB infections.

KEYWORDS in vitro combination testing, luciferin-luciferase reaction, multidrug
resistance

he treatment of infections caused by carbapenem-resistant Gram-negative bacteria

(CR-GNB) has posed a major challenge to clinicians worldwide (1). While a number
of novel antibiotics, such as ceftazidime-avibactam and ceftolozane-tazobactam, have
recently been added to the pool of existing antibiotics against CR-GNB, most of these
agents are effective only against a subset of CR-GNB; furthermore, limited clinical data
are currently available for these agents (2). Hence, clinicians are still often forced to
resort to toxic last-line agents, such as polymyxins, or to explore alternative options,
such as combination antibiotic therapy (3, 4).
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Cai et al.

TABLE 1 Genotypic characteristics of the 42 CR-GNB used in establishing Ty

Organism (n) Carbapenemase genes (n)?

A. baumannii (14) blagya-23-ike (14), blaoya 51 ke (14)

P. aeruginosa (14) blaye (5), blay, (4), blaygg (1)

K. pneumoniae (14) blapya-ss-iike (8), blaypm (6), blagpc (2)

aAll 14 A. baumannii strains harbored both the blagya »3.ike aNd blagya.s1.ike Carbapenemase genes. Five K.
pneumoniae strains coharbored the blagya_4s.jike and blaypy carbapenemase genes.

In routine clinical practice, a microbiological diagnosis of a pathogen, consisting of
identification of the causative organism and phenotypic susceptibility testing, typically
takes at least 48 to 72 h (5). In the case of CR-GNB infections, the conduct of in vitro
combination testing to guide the selection of antibiotic combination therapy may be
further required, resulting in an additional delay of approximately 3 days before
targeted treatment against the causative organism can be identified (6, 7). Such a delay
in the time to appropriate therapy not only is detrimental to patient outcomes but can
also promote the development of further antibiotic resistance if unnecessarily broad
spectrum or suboptimal empirical treatment options are employed (5, 8).

ATP bioluminescence has been widely employed to assess bacterial contamination
in the food and health care settings and appears to be a rapid and sensitive alternative
technique for antibiotic combination testing (9-11). This assay is based on the ability of
firefly luciferase to catalyze the oxidation of p-luciferin in the presence of a magnesium
salt and ATP, and the light intensity emitted has been shown to be proportional to the
ATP content and hence to the viable bacterial biomass in the sample (12). A main
advantage of using ATP bioluminescence to quantify bacteria is that unlike viable
plating, ATP bioluminescence bypasses the additional incubation time needed for the
bacteria to form visible CFU, thereby shortening the turnaround time by at least 24 h
(6, 11). Furthermore, since the need for the tedious and labor-intensive process of
viable plating is eliminated, the use of ATP bioluminescence can allow a large number
of antibiotic combinations to be tested in a high-throughput manner, making it suitable
for prospective combination testing to guide the selection of combinations against
individual CR-GNB strains (6, 11).

We have previously developed a robust and reproducible ATP bioluminescence
assay to determine effective antibiotic combinations against CR-GNB within 24 h (11).
However, a number of published studies have proposed that with ATP biolumines-
cence, shorter incubations (2 to 8 h) of the bacteria with the tested antibiotic(s) may be
sufficient (13, 14). In this study, we developed a combination testing assay using ATP
bioluminescence to predict effective antibiotic combinations against CR-GNB within 6
h, and we compared this new assay to the 24-h ATP bioluminescence assay. We further
validated the predictive accuracy of both the 6-h and the 24-h ATP bioluminescence
assay prospectively, using additional CR-GNB strains.

RESULTS

Characteristics of the CR-GNB isolates. The genotypic characteristics and MICs of
the 42 CR-GNB isolates are shown in Tables 1 and 2, respectively. As shown, all CR-GNB
isolates were nonsusceptible to cefepime, piperacillin-tazobactam, imipenem, mero-
penem, and doripenem. In addition, all Acinetobacter baumannii isolates were nonsus-
ceptible to amikacin and levofloxacin. Most CR-GNB isolates remained susceptible to
polymyxin B (73.8%); polymyxin B MICs ranged from 0.5 to =16 mg/liter. The most
common carbapenemase genes detected among Klebsiella pneumoniae isolates were
blaoya-ag.iike (57.1%) and blaypy (42.9%). Five (35.7%) K. pneumoniae isolates copro-
duced NDM and OXA-48-like carbapenemases.

Changes in ATP bioluminescence and viable bacterial counts over 24 h. The
changes in viable bacterial counts over 24 h appeared to be similar for all CR-GNB (Fig.
1). Viable bacterial counts increased exponentially during log-phase growth until 6 h,
followed by corresponding increases in ATP bioluminescence for all CR-GNB. Interest-
ingly, for A. baumannii and Pseudomonas aeruginosa, when the viable bacterial counts
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TABLE 2 Phenotypic characteristics of the 42 CR-GNB used in establishing T,

A. baumannii (n = 14) P. aeruginosa (n = 14) K. pneumoniae (n = 14)

No. (%) MIC range No. (%) MIC range No. (%) MIC range
Antibiotic nonsusceptible (mg/liter) nonsusceptible (mg/liter) nonsusceptible (mg/liter)
Amikacin 14 (100.0) =128 9(64.3) =1to =128 9(64.3) 2 to =128
Aztreonam 1to =128 12(85.7) 4 to =128 14 (100.0) =128
Polymyxin B 2(14.3) 1to =16 3(21.4) 1to8 6(42.9) 0.5to 16
Cefepime 14 (100.0) =64 14 (100.0) 32 to =64 14 (100.0) =64
Piperacillin-tazobactam 14 (100.0) =256 14 (100.0) 32 to =256 14 (100.0) =256
Doripenem 14 (100.0) =16 14 (100.0) =16 14 (100.0) =16
Imipenem 14 (100.0) =16 14 (100.0) =16 14 (100.0) 8to =16
Meropenem 14 (100.0) =16 14 (100.0) =16 14 (100.0) =16
Levofloxacin 14 (100.0) 8 to =64 14 (100.0) 32 to =64 12 (85.7) 2 to =64
Tigecycline 10(71.4) 0.5 to =32 NDe 4 (28.6) 05to 4
Rifampin 1 to =64 ND =64

aND, not done.

plateaued from 8 h to 24 h, we observed a ~10-fold reduction in ATP bioluminescence
(from 7.8 log,, relative light units [RLU]/ml at 8 h to 6.9 log,, RLU/ml at 24 h for A.
baumannii and from 7.8 log,, RLU/ml at 8 h to 6.8 log,, RLU/ml| at 24 h for P.
aeruginosa). For K. pneumoniae, both viable bacterial counts and ATP bioluminescence
plateaued and remained constant from 8 h to 24 h.

Combination testing by viable plating. A total of 74 different single antibiotics
and two-antibiotic combinations were tested against each of the 42 CR-GNB isolates
(for a total of 3,108 distinct antibiotic-isolate observations). Of these, 1,478 (47.6%)
antibiotic combinations were found to be inhibitory against the CR-GNB isolates tested.
The most effective antibiotic combinations against all CR-GNB isolates tested were
polymyxin B plus amikacin (inhibitory against 34/42 [90.0%] CR-GNB isolates) and
polymyxin B plus rifampin (inhibitory against 34/42 [90.0%] CR-GNB isolates) (see Table
S1 in the supplemental material). Against CR A. baumannii, the most effective antibiotic
combinations in vitro, based on the results of viable plating, were polymyxin B plus
rifampin and polymyxin B plus cefepime (each combination was inhibitory against
13/14 [92.9%] CR A. baumannii isolates). Against CR P. aeruginosa, the most effective
antibiotic combination in vitro was polymyxin B plus amikacin (inhibitory against 13/14
[92.9%] CR P. aeruginosa isolates). Polymyxin B plus tigecycline was the most effective
antibiotic combination in vitro against K. pneumoniae (inhibitory against 14/14 [100%]
CR K. pneumoniae isolates).

Determination of inhibitory-noninhibitory thresholds for the 6-h and 24-h ATP
bioluminescence assays. The receiver operating characteristic (ROC) curves for the 6-h
and 24-h ATP bioluminescence assays for all CR-GNB and for each species are shown in
Fig. 2. Upon comparison of the ROC curves for the two assays using the DelLong
method (15), we found that the 6-h ATP bioluminescence assay performed significantly
better than the 24-h ATP bioluminescence assay overall, as well as by bacterial species.

We summarized the sensitivities, specificities, and unweighted accuracies of the
optimal luminescence thresholds that distinguish between inhibitory and noninhibitory
combinations (T, ;) for the 6-h and 24-h ATP bioluminescence assays in Table 3 and
further described the sensitivities, specificities, and unweighted accuracies of the Tg
for selected antibiotic combinations in the 6-h and 24-h ATP bioluminescence assays in
Tables S2 to S4 in the supplemental material. When all GNB organisms were collectively
analyzed, the overall T, , value that provided maximum unweighted accuracy (77.5%)
for the 6-h ATP bioluminescence assay was —1.12, with a sensitivity of 82.7% and a
specificity of 72.3%. For the 24-h ATP assay, the overall Ty, value that provided
maximum unweighted accuracy was —0.26, with an unweighted accuracy of 71.5%
(sensitivity, 69.3%; specificity, 73.7%). When individual Ty, , values were established for
each species, the unweighted accuracies of thresholds remained relatively high. The
individual Ty, , values appeared to differ between species and antibiotic combinations,
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FIG 1 Changes in ATP bioluminescence and viable bacterial counts for CR A. baumannii (a), CR P.
aeruginosa (b), and CR K. pneumoniae (c) without exposure to antibiotics over 24 h.

as well as between the 6-h and 24-h assay. Notably, the unweighted accuracies of the
6-h assay T, were higher than those of the 24-h Ty, for all species.

Prospective validation of established Ty, ,,. A total of 18 prospectively collected
clinical CR-GNB isolates were employed for the validation of the established Tg, , (1,332
distinct antibiotic-isolate observations). Like the 42 isolates employed for establishing
the Ty, all 18 CR-GNB isolates were not susceptible to cefepime, piperacillin-
tazobactam, imipenem, meropenem, or doripenem. Eleven (61.1%) of the isolates were
susceptible to polymyxin B; polymyxin B MICs ranged from 0.5 to =16 mg/liter. All A.
baumannii isolates harbored blagya.»3 and blagya_s1ie gENES; 4 (66.7%) P. aeruginosa
isolates harbored genes encoding metallo-B-lactamases (MBLs). OXA-48-like carbapen-
emases (4/6 [66.7%)]) were the most common carbapenemases detected among the K.
pneumoniae isolates.

The results of the prospective validation are shown in Table 4. When all organisms
were collectively analyzed, the predictive unweighted accuracies (95% confidence
intervals [Cl]) of the established T, , for the 6-h and 24-h ATP bioluminescence assays
were 79.8% (77.6% to 81.9%) and 81.0% (78.8% to 83.1%), respectively. The positive
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FIG 2 Six-hour and 24-h ROC plots for all CR-GNB (a), A. baumannii (b), P. aeruginosa (c), and K. pneumoniae (d), for all single drugs and two-drug combinations.
Upon comparison of the areas under the ROC curves, the 6-h ATP assay performed significantly better than the 24-h assay for all CRGNB and for each species.

predictive value and negative predictive value of the 6-h ATP bioluminescence assay
when all CR-GNB were collectively analyzed were 77.1% (95% Cl, 74.6% to 79.4%) and
83.0% (95% Cl, 80.3 to 85.4%), respectively. The accuracies of the individual T, , values
for each species appeared to be similar across all species for the 6-h assay, with the
unweighted accuracy ranging from 79.8% to 80.4%. In contrast, the accuracies of the
individual Ty, values for the 24-h assay upon external validation appeared to differ
slightly for each species, which may be attributed to the differences in basal ATP
content between different bacterial species upon entry into stationary phase. The
unweighted accuracy of the 24-h T, value appeared to be highest for K. pneumoniae
(91.4% [95% Cl, 88.4% to 93.9%)]) and lowest for P. aeruginosa (76.1 [95% Cl, 71.9 to
80.0]).

DISCUSSION

This study builds on previously published work that applied ATP bioluminescence to
antimicrobial susceptibility and combination testing (9, 11, 13, 14). Our ATP biolumi-
nescence assay for combination testing determined effective antibiotic combinations
against CR-GNB within a rapid turnaround time of 6 h, with a reasonably high degree
of accuracy. The assay was found to be accurate across a wide array of antibiotic
combinations, as well as across different species of CR-GNB. Using prospective valida-
tion; we further ascertained the external validity of our assay. Given the reduced
turnaround time of our method relative to those of conventional viable plating
methods (which require at least 48 to 72 h), our 6-h ATP bioluminescence assay may be
employed to prospectively guide the selection of antibiotic combinations against
individual CR-GNB strains in a timely fashion.

The use of rapid susceptibility testing methods, including rapid antibiotic combina-
tion testing methods, can facilitate the early initiation of targeted treatment, which can
potentially improve patient outcomes and contribute to reducing health care costs (5).
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TABLE 3 Sensitivity, specificity, and unweighted accuracy of T, in distinguishing between inhibitory and noninhibitory antibiotic
combinations at 6 h and 24 h

. L No. (%) of antibiotic Accuracy of the ATP bioluminescence

Organism (no. of antibiotic- combinations assay (%)
isolate observations) and time y o P value for comparison
of ATP bioluminescence Unweighted  of 6-h and 24-h
measurement Inhibitory?  Noninhibitory?  Tg Sensitivity  Specificity  accuracy AUROC curves?
All organisms (3,108) 1,478 (47.6) 1,630 (52.5) <0.01

6 h —-1.12 82.7 723 77.5

24 h —0.26 693 737 71.5
A. baumannii (1,036) 522 (50.4) 514 (49.6) <0.01

6 h —1.03 76.2 71.2 73.7

24 h —-020 512 76.3 63.8
P. aeruginosa (1,036) 477 (46.0) 559 (54.0) <0.01

6 h —1.26 86.2 73.5 79.9

24 h —-036 66.7 71.7 69.2
K. pneumoniae (1,036) 479 (46.2) 557 (55.7) <0.01

6 h —143 858 79.5 82.7

24 h —0.72 86.0 78.6 823

aBased on viable counts.
bAUROC curves, areas under the ROC curves.

To date, several different phenotypic approaches, including turbidimetry, conductance,
and ATP bioluminescence, have been employed (16). ATP bioluminescence, in partic-
ular, has been frequently proposed as a rapid alternative to conventional microbiolog-
ical testing methods, including susceptibility tests on Gram-positive and Gram-negative
bacteria, Mycobacterium spp., and bacteria in biofilms, and for the assessment of
postantibiotic effects (9, 17, 18). In most of these studies, ATP bioluminescence is rapid
and relatively simple to perform and has demonstrated good concordance with
traditional susceptibility testing methods.

A number of published studies have suggested that bacterial ATP bioluminescence,
measured as early as 2 to 6 h, could be employed to predict the results of conventional
24-h susceptibility testing (13, 14). The growth curves generated in our study showed
that bacteria were in log-phase growth up to 6 h; during log-phase growth, we
observed that the ATP contents of the bacterial cells increased and demonstrated a
linear relationship with viable bacterial counts. Interestingly, when the bacteria entered
stationary phase at 8 to 24 h, we observed consequent reductions in bacterial ATP
contents, particularly in A. baumannii and P. aeruginosa; this may be attributed to the
fact that in stationary phase, ATP production is reduced as bacterial cell division slows.
Our observations corroborated the findings by Vogel et al., who suggested that the
bacterial growth phase affects ATP bioluminescence measurements and, consequently,
the correlation with viable counts (19). Hence, we hypothesized that the 6-h bacterial
ATP bioluminescence may potentially be associated with higher accuracy than the 24-h
bacterial ATP bioluminescence in the prediction of inhibitory combinations on conven-
tional viable plating.

In this study, we compared our ATP bioluminescence assay to viable plating results.
This is because viable plating is the most common method employed for determining
the activity of antibiotic combinations in in vitro combination testing against CR-GNB
and is also the testing method currently employed in Singapore for patients infected
with CR-GNB (7). We observed reasonable accuracy for the 6-h ATP bioluminescence
assay upon internal and external validation. Most notably, upon comparison of the ROC
curves of the 6-h and 24-h ATP bioluminescence assays, the 6-h ATP bioluminescence
assay appeared to fare significantly better. Differences in accuracies and thresholds
were observed between different CR-GNB species; such interspecies variation may be
attributed to the difference in basal ATP content between different bacterial species
(12). Inaccuracies in our 6-h ATP bioluminescence assay compared to viable plating
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TABLE 4 Prospective validation of established Ty,
Value (% [95% CI)

Time of ATP bioluminescence

measurement and Unweighted Positive predictive Negative predictive
organism(s) Sensitivity Specificity accuracy value value
6 h
All CR-GNB 84.2 (81.2-86.9) 75.5(72.0-78.7) 79.8 (77.6-81.9) 77.1(74.6-79.4) 83.0(80.3-85.4)
A. baumannii 75.3(69.1-80.9) 86.2 (81.0-90.4) 80.9 (76.9-84.4) 84.2(79.2-88.2) 78.2(73.9-82.0)
P. aeruginosa 86.1(81.3-90.0) 70.8 (63.5-77.4) 80.0 (75.9-83.6) 81.5(77.7-84.8) 77.3(71.3-82.3)
K. pneumoniae 83.4(77.1-88.6) 78.4(73.0-83.2) 80.4 (76.4-84.0) 71 6 (66.5-76.1) 87.9(83.8-91.1)
24 h
All CR-GNB 82.0(78.8-84.8) 80.0 (76.8-83.0) 81.0(78.8-83.1) 80.2 (77.6-82.5) 81.9(79.3-84.2)
A. baumannii 72.2 (65.7-78.0) 80.4 (74.7-85.4) 76.4(72.1-80.2) 78.2(73.1-82.6) 74.8(72.1-80.2)
P. aeruginosa 79.3 (73.4-84.0) 71.4 (64.1-77.9) 76.1(71.9-80.0) 80.5 (76.5-84.0) 69.8 (64.2-74.8)
K. pneumoniae 97.7 (94.3-99.4) 87.4(82.8-91.1) 91.4 (88.4-93.9) 83.4(78.6-87.3) 98.3 (95.7-99.4)

could also be due to a number of other factors. First, the formation of bacterial
spheroplasts with high ATP contents upon exposure to 3-lactam antibiotics may cause
inaccuracies when B-lactam-containing combinations are studied (20). Second, the
potential presence of viable but nondividing dormant or persister cells, which produce
basal amounts of ATP but cannot be detected by viable plating techniques, may
contribute to the inaccuracies of our ATP bioluminescence assay (21). Third, and last, an
incubation time of 6 h may be insufficient to detect bacterial regrowth, which can arise
from selective amplification of a resistant subpopulation (22).

A notable strength of our study was that we accounted for potential differences in
growth rates, and consequently in ATP contents, among different CR-GNB isolates by
employing the antibiotic-minus-control difference (AARLU) to generate the Ty, , differ-
entiating between inhibitory and noninhibitory combinations. This design is similar to
the study design published by Ivancic et al. and is critical, since differences in the
growth rate between isolates can contribute to large variations in ATP bioluminescence
measurements, with a resultant compromise of the accuracy of the ATP biolumines-
cence assay (13). Another advantage of our study was that we employed CR-GNB with
a wide array of resistant mechanisms. This not only reflected the diversity in our local
CR-GNB strains but also ensured that our established thresholds could be applied to
CRGNB with a wide array of resistance mechanisms (23). Unfortunately, since we
employed only a limited number of isolates to establish the Ty, ,, we were unable to
generate individualized thresholds for each antibiotic combination, which may have
inadvertently led to a reduction in the accuracy of our 6-h ATP bioluminescence assay.

Conclusion. The emerging global spread of carbapenem resistance among Gram-
negative organisms, combined with the lack of effective new agents, underscores the
importance of identifying appropriate and effective targeted antibiotic therapy within
the shortest period possible. Our 6-h ATP bioluminescence assay can provide guidance
for prospective combination selection in a timelier manner than current, traditional
combination testing methods. Further studies with larger numbers of specimens from
multiple health care centers should be conducted to validate this approach and
potentially to develop bioluminescence thresholds for individual antibiotic combina-
tions.

MATERIALS AND METHODS

Microorganisms. We employed 42 nonclonal clinical CR-GNB isolates (14 A. baumannii, 14 P.
aeruginosa, and 14 K. pneumoniae isolates) collected from 5 public acute-care hospitals in Singapore from
2009 to 2012 as part of a national surveillance study. The MICs of multiple antibiotics were determined
using custom-made broth microdilution panels (Trek Diagnostics, East Grinstead, UK), and susceptibility
was defined in accordance with the breakpoints provided by the Clinical and Laboratory Standards
Institute (24). All isolates were stored at —80°C and were subcultured twice on 5% blood agar plates
(Thermo Scientific, Malaysia) for 24 h at 35°C before each experiment.

To describe the molecular mechanisms of carbapenem resistance, all A. baumannii isolates were
screened for the blagya »s, blaoya 24 blAgya s, and blagya.sg genes, while all P. aeruginosa isolates were
screened for commonly acquired MBL genes (blay,, bla,ye, blag,, blag,, blase,, and blays,,) using
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TABLE 5 Antibiotic concentrations employed in combination testing and corresponding
simulated dosing regimens

Concn
Drug Simulated dosing regimen? (mg/liter) Reference
Amikacin 15-20 mg/kg of body wt every 24 h 65 25
Aztreonam 8 g every 24 h (infused over 24 h) 24 26
Cefepime 2gevery8h 50 27
Doripenem 1 g every 8 h (infused over 4 h) 13 28
Imipenem 1 g every 6 h (infused over 0.5 h) 12.5 29
Levofloxacin 750 mg every 24 h 8 30
Meropenem 2 g every 8 h (infused over 3 h) 20 31
Piperacillin-tazobactam 4.5 g every 6 h (infused over 4 h) 35and 7 32
Polymyxin B 30,000 1U/kg/day or at least T MIU every 12 h 2 33
Rifampin 600 mg every 12 h 4 34
Tigecycline 100 mg every 12 h 2 35

alU, international units; MIU, million international units.

multiplex PCR assays (25). For K. pneumoniae, the presence of genes encoding extended-spectrum
B-lactamases (ESBLs), plasmid-mediated AmpC B-lactamases, MBLs, and K. pneumoniae carbapenemases
(KPCs) were determined using PCR (25).

Ethics. This study was approved by the SingHealth institutional ethics review board prior to initiation
(2012/110/D).

Antimicrobial agents and experimental reagents. Eleven antibiotics were employed as single
drugs and in two-antibiotic combinations for combination testing at clinically relevant concentrations
(Table 5) (26-36). Stock solutions of all antimicrobial agents except rifampin were prepared in sterile
water and aliquoted for storage at —80°C. Rifampin was dissolved in dimethyl sulfoxide (DMSO) and was
then serially diluted in sterile water to the desired final drug concentration. The final DMSO concentration
(<1%, vol/vol) had no effect on bacterial growth (37).

To quantify ATP in bacterial samples, the BacTiter-Glo microbial cell viability assay (Promega,
Madison, WI, USA) was prepared according to the manufacturer’s instructions at the start of each
experiment and was employed. Briefly, 100 ml of the BacTiter-Glo buffer was transferred to an amber
bottle containing the substrate in order to reconstitute the lyophilized enzyme-substrate reagent after
equilibration to room temperature, and the reagent was within 24 h.

Changes in ATP bioluminescence and viable bacterial counts over 24 h. We described the
changes in ATP bioluminescence (measured in relative light units [RLU] per milliliter) and counts
obtained by viable plating (measured in CFU per milliliter) for 3 clinical CR-GNB strains (K. pneumoniae
KP53879, P. aeruginosa PA14004, and A. baumannii AB8879) in the absence of antibiotics over 24 h. For
each strain, an overnight bacterial culture was prepared using cation-adjusted Mueller-Hinton Il broth
(CA-MHB) and was incubated at 35°C until log-phase growth. The bacteria were further diluted to achieve
a final inoculum concentration of approximately 5 log,, CFU/ml (1 X 10° CFU/ml to 5 X 10° CFU/ml), and
24 ml of the suspension was transferred to 50-ml sterile conical flasks. The flasks were then incubated in
a shaker water bath at 35°C. Serial samples were obtained from each flask at 0 (baseline), 1, 2, 3, 4, 5, 6,
and 24 h after incubation. At each time point, the total ATP content of the sample was determined by
the addition of 100 wl BacTiter-Glo assay reagent, and the bioluminescence intensity was recorded using
a GloMax integrated luminescence system (Promega, Madison, WI) with a 1-s integration time. Viable
counts were also determined by quantitative cultures, performed by dropping serial 10-fold dilutions of
the reconstituted samples onto Mueller-Hinton agar (MHA) plates (Thermo Scientific, Singapore) and
enumerating bacteria visually after further incubation at 35°C for 18 to 24 h.

Combination testing by ATP bioluminescence and viable plating. The procedures for combina-
tion testing by ATP bioluminescence and viable plating have been described in detail previously (11). All
assays were repeated on the same and different days in order to ensure intraday and interday
reproducibility of results. Briefly, for 6-h ATP bioluminescence, log-phase bacterial suspensions in
CA-MHB were added to 96-well flat-bottom white microtiter plates (Greiner Bio-One, Frickenhausen,
Germany) containing 50 ul of the test antibiotic(s) per well so as to obtain a final volume of 100 ul per
well (final bacterial concentration, approximately 5 log,, CFU/ml [1 X 10° CFU/ml to 5 X 10° CFU/ml]) and
were incubated with agitation at 35°C. At 6 h, the plates were removed; the total ATP content in each
well was determined by the addition of the BacTiter-Glo assay reagent; and the bioluminescence
intensity was recorded as described above. For 24-h ATP bioluminescence, the same procedure was
repeated, but the 96-well plates were removed and measured after 24 h of incubation instead of 6 h.

For viable plating, 100 ul of the log-phase bacterial suspension in CA-MHB was added to each well
of 96-well round-bottom clear microtiter plates (Greiner Bio-One, Frickenhausen, Germany) containing
100 wl of the test antibiotic(s) per well so as to obtain a final bacterial concentration of approximately
51log,;, CFU/mI (1 X 10° CFU/ml to 5 X10° CFU/ml). The plates were incubated at 35°C with agitation for
24 h. At 24 h, samples were obtained from each well and were washed with sterile normal saline to
minimize drug carryover. Viable counts were determined as described above. The lower limit of detection
for the colony counts was 2.6 log,, CFU/ml. The pharmacodynamic endpoint for determining the efficacy
of the antibiotic combination in vitro was the presence of inhibitory activity, defined as any decrease in
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the colony count on subculture of an organism in the presence of antibiotics from the colony count of
the initial inoculum at 24 h.
Determination of inhibitory-noninhibitory thresholds for the 6-h and 24-h ATP biolumines-
cence assays. The statistical methods employed to establish thresholds for distinguishing between
inhibitory and noninhibitory combinations have been described previously (11). Briefly, for each speci-
men and antibiotic combination, background RLU values (obtained from blank CA-MHB) were first
subtracted to obtain log,,-corrected RLU values at time zero. To obtain the change in log,,-corrected
RLU values (ARLU) after exposure to antibiotics, the log, ,-corrected RLU at time zero was subtracted from
the log,-corrected RLU obtained at 6 h (or at 24 h for 24-h ATP bioluminescence testing). To further
account for possible differences in growth rates among the different bacterial isolates, the ARLU for the
no-antibiotic control was subtracted from the ARLU for each antibiotic-bacterium combination to create
an antibiotic-minus-control difference (AARLU). Receiver operating characteristic (ROC) curve analysis
was carried out using the AARLU values to establish the optimal luminescence thresholds that distin-
guish between inhibitory and noninhibitory combinations (T, ) as determined by viable plating (i.e., if
AARLU values are less than or equal to Ty, the combination will be classified as inhibitory). Individual
ROC curves were also generated against each bacterial species in order to determine if the optimal
threshold value differs across species. The presence of an inhibitory activity was defined as any decrease
in colony count at 24 h upon subculture of an organism in viable plating, in the presence of antibiotics,
when compared to initial inoculum. To compare the performances of the 6-h and 24-h ATP biolumines-
cence assays, we compared the 6-h and 24-h ROC curves using the DeLong method (15). All statistical
analyses were performed using STATA 14 (StataCorp LP, College Station, TX, USA), and a final P value of
=0.05 was considered to be significant.
Prospective validation of established Tg, . Eighteen CR-GNB isolates (6 A. baumannii, 6 P.
aeruginosa, and 6 K. pneumoniae isolates) were prospectively obtained from Singapore hospitals in 2015
to validate the 6-h and 24-h ATP bioluminescence assays. The isolates were described phenotypically and
genotypically as described above. ATP bioluminescence combination testing was first performed at 6 h
and 24 h, and each specimen-antibiotic combination was then classified as “inhibitory” or “noninhibitory”
using the previously established Ty, . Combination testing via determination of viable counts was then
performed as described above to determine the performances (sensitivity, specificity, overall unweighted
accuracy, positive predictive value, and negative predictive value with 95% confidence intervals) of the
assays in identifying inhibitory and noninhibitory antibiotic combinations.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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