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Culture-free Antibiotic-susceptibility
Determination From Single-
bacterium Raman Spectra

A. Novelli-Rousseau® % 1. Espagnonr®, D. Filiputti ¥ O.GalX A. Douet?, F.Mallard & Q.Josso”

Raman spectrometry appears to be an opportunity to perform rapid tests in microbiological

diagnostics as it provides phenotype-related information from single bacterial cells thus holding the

promise of direct analysis of clinical specimens without any time-consuming growth phase. Here, we
demonstrate the feasibility of a rapid antibiotic-susceptibility determination based on the use of Raman

spectra acquired on single bacterial cells. After a two-hour preculture step, one susceptible and two
resistantE.coli s—"fcee ™Mt"F co . — f—FT& " ‘eZ> —™* S _"e4 o —SF ""fefe . f
fo—c,c'—c..e %oFe—foc. <ol ...<'" 3 Ff <ol fe'Sc.. <22 <o f "fe%ot ‘T .. te..
clinical breakpoints used as references in microbial diagnostic. Spectra were acquired and processed

—C e Zf—F O F = fZ ettcmL foctes foot Lf—ttT ™S _SF fe—c,'—c... TiF..
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single-cell heterogeneities to estimate the MIC and determinate the susceptibility phenotype of the

tested bacteria using only a few single-cell spectra in four hours only if including the preculture step.

Today, the initial antibiotherapies are usually empiric and suboptimal sitibeéta susceptibility data are not
available on the collection day of the sample. Consequently, developing new rapid micrabititogiosis and

more speci cally Antibiotic Susceptibility Testing (AST) that would give a response in aiearistead of a few

days is a key challenge not only to promote optimal patient outcomes but also to attestogiete develop

ment of new antibiotic-resistant organisiisStandard methods routinely used for AST require several prepara
tory steps such as growth and isolation on solid agar culture medium for 18 to 24 hours before hsEajisesuc
gold standard broth microdilution assay can be performed. Typidalyest results in the determination of the
Minimum Inhibitory Concentration (MIC) of the considered sirdor the given antibiotic. e comparison of

this MIC to reference breakpoints de ned by institutions such as the Clinicaledroidtory Standards Institute
(CLSI,http://clsi.org® and the European Committee on Antimicrobial Susceptibility Testing (EUCGART/
www.eucast.opd allows to qualify a strain as resistant (R), intermediate (1) or susceptible (S) to the antibiotic.
Even in automated formats such as Vitek-2 (bioMérieux, Marcy I'Etoile, France) or P{Bemion Dickinson,
Sparks, MD, USA), AST from bacterial colonies still tak&8 Beurs a er isolation of colonies, leading to action

able results being delivered 30 to 72 hours a er sampling. As a consequence, test results are notargbd to tai
initial therapeutic decision and to reduce broad spectrum antibiotic usage. MALDI-TOF has bedpedd up

the microbial identi cation — although it still requiresdiarial growth — and it is now key to speed up the’AST

order to provide actionable information sooner to clinicians. Nowadays, one of the fastest approaesiss fo
ance detection consists in molecular biology — mostly PCR-based — assays. Such assays only reguire small n
bers of micro-organisms and can be performed directly from a clinical specimen in just hours withioutgreq

any time-consuming bacterial culture. Nevertheless, such tests are based on ampli catiomaddiititmatic
resistance genes and inherently fail to detect unknowneetted phenotyp®s Alternatively, several pheno

typic approaches, based on optical methods, enable direct analysis of single microorganisms preseralin a clinic
sample. Fluorescence microscopy and phase-contrast imaging have recently deetessthe direct e ect of
antibiotics on cell morphology and early division cy&leAlthough they may reach single-cell sensitivity and

w
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Antibiotic ‘ Gentamicin Cipro oxacin Amoxicillin

MIC breakpoints folE. coli ( g/mL)

Susceptible S2 S 0.25 S 8

Resistant R 4 R 05 R 8

Tested concentrations g/mL) 0.5, 2, 8 (128, 256) 0.005, 0.015, 0.064,0.25,1 2,4,8,16
Susceptible strain ATCC 25922 (EC1) ATCC 25922 (EC1) ATCC 25922 (EC1)
MIC ( g/mL) 1 0.008 6

Number of experiments/spectra 7/886 7/889 5/604

Resistant strain ATCC 35421 (EC2) API1 9210041 (EC3) ATCC 35421 (EC2)
MIC ( g/mL) 256 3 256

Number of experiments/spectra 3/404 3/399 3/486

Table 1. Description of the biological model and experimental database. ree antibiotics have bieh tes
gentamicin which inhibits protein synthesis, cipro oxacin which prevents DNA supercoiling, and amoxicillin
which impedes the cell wall synthesis. For each of them are listed the clinical breakpoints from*®UCAST
for E. coli, the tested concentrations, the references of susceptible and resistant dir@iol$ wfith the
corresponding MICs (measured in Vi@. Each “experiment” consisted in testing, on one date, one strain

in presence of one antibiotic at multiple concentrations (including 0) and acquiring around 50 spectra per
concentration; it was replicated on di erent dates. e overall database contains 3668 spectra of singke bacter
Note thatE. coliATCC 25922 strain is the AST quality-control reference recommended by EUOCAST.

tested on resistant strain EC2.

provide excellent performance in some cases, such methods are still limitedybywith speed and structural
change characteristic of the microbial species. Probing the initial metabolic respgingéeanicro-organisms

to the presence of antibiotics, independently of any morphological changes and division, woeltchburtterate
testing. Among optical methods adapted to the characterization of individual cells, Ranm@aspeiciroscopy

has been shown to accurately provide identi cation information from single bacteriétedisd has also been
shown to detect metabolic changes at the single bacterial cell level when they are incubateténgirastibi
otics'>'". More advanced methods using Surface Enhanced Raman Spectroscopy have also been défnonstratec
that could provide several advantages regarding the acquisitioli tinee selectiviyf (if required) at the cost

of some additional reagents or protocol complexity. Howenest of the related studies were restricted to very
high antibiotic concentratiort8 Other studies have demonstrated that resistance phenotypes can be detected
with antibiotic concentrations in the scope of AST but whesraging the response of a number of €&ifs
Demonstrating that Raman microspectroscopy is able to perform single-cell AST tests would pecYidiejaet

that is both able to provide identi cation and AST. It would be a major improvement of the overall bighieva
time to phenotypic results. In the present study, we performed Raman micro-spectrometry\a! thiesiagle
bacterial cells incubated in the presence of antibiotic concentrations close to clinical intsaly®observed

that in such conditions, Raman spectra are modi ed in a unique manner in the presence of antibiotic, de ning
what could be called an “antibiotic e ect signature”. We then studied the occurrence of this “siginatde a
population of bacterial cells as a function of the antibiotic concentration. Interestiegifiow that the antibiotic

e ect signature is unequally spread among the bacterial cells population and thaiabitityae ects the coex
istence of di erent spectral populations which relative abundance varies depending oniamtirioentration.
Furthermore, we demonstrate, by analyzing these di erences through a Support Vector Machine (8\éM) wit
radial basis kernel, that this di erential spectral betiagan be used to determinate the susceptibility phenotype
and estimate the MIC of the considered strain, and that this prediction caméesiag only a very small num

ber of cells of the considered bacterial population.

Results

Study design. e standard broth microdilution test used to determine the MIC of an antibiotic relies on a
series of overnight bacterial cultures in presence of the antibiotic at increasing concentrations. dratioren
range used corresponds to a series of doubling concentrations including thellbiglabreakpoints as they

are de ned by the CLSI and by the EUCAST (Taldaed Methods) and depends on the bacterial species. e
monitoring of the growth in each culture allows the determination of the MIC for which bacteria do not grow
MIC under the low breakpoint de nes susceptible strains while MIC values above the high breakpoint de ne
resistant strains.

Here, based on the same principle, we incubated a series of bacterial suspensions in the pretsignce of a
otics at increasing concentrations ranging from below low breakpoint to above héddpdire de ned by the
EUCAST (see Tablg. Bacteria cultures without antibiotic were also incubated as a reference. e incubation
time in presence of antibiotics was reduced to two hours before performing a Raman chemometricadinalysi
single cells. For that purpose, bacteria were collected from the suspension and depositecsertove ibp for
Raman spectra acquisition on single bacterial cells. A er spectra acquisition, each spectrum wesssegpr
to remove the background signal (mostly uorescence) and glass signal (see details in Methods) in order to
reduce the impact of non-biological and non-speci ¢ si¢gha resulting spectra, normalized by their mean
intensity in the region of interest [650—-1750] drwere called “normalized net spectra’. For the sake of clarity,
in the following description, bacteria which were incubated for 2 h with antibiotic are eadpexséd” bacteria
and bacteria which were incubated without antibiotic “non-exposed” bactertest was performed both on a

| (2018) 8:3957 dwvawvy~ ezw{e~VW~&XXYy*XeEe*



Raw intensity

2000 3000 4000 5000

1000

T

Raw intensity
1000 2000 3000 4000 5000

(1)

A
EC1 w/o ATB - 0 pg/mL 1483
« 8 ng/mL 1574
-1 783
o] 1443
8 |
c o
8
S o
> © 1240
|
o
N
o
o,
T T T T T T T T T T T © T T T T T
500 1000 1500 2000 2500 3000 800 1000 1200 1400 1600 800 1000 1200 1400 1600
Raman shift (cm™) Raman shift (cm™') Raman shift (cm™")
© |
EC1 + 8 ug/mL genta. - 0 pg/mL
> © | o 8 pg/mL
B — ()
E ;\o\ =+ ® ° g
] = . °
c g o
9 - o
I S .
s o e
= -1 e
o )
z ol o e °
560 1600 1500 2600 2560 3600 8(50 1600 12‘00 14‘00 16‘00 ‘5 6 é 1‘0
Raman shift (cm’1) Raman shift (cm’1) PC1 (46%)

Figure 1 Raman spectra of single bacterial cells from suscefptitné strain EC1 incubated for 2 hours in the
absence or presence ofgmL gentamicin. Raw spectra in tl& §bsence (44 spectra) amjl presence (39
spectra) of antibiotic, obtained in a single experimem) Corresponding normalized net spectra in the region
of interest [650—1750] cmiwith a zoom on region [1400-1520] chmand €) associated variance spectra of
the bacteria incubated with (blue) and without (red) antibiof)cPCA plot of the normalized net spectra,
evidencing the enhanced variance among exposed bacteria (blue dots) and their discrimination from non-
exposed bacteria (red dots). e corresponding 50%-con dence ellipses are plotted as a visual guide.

susceptible strain and on resistant strains for each antibiotic molecule (seB Fabkeer to con rm the spec

i city of the detected e ect. e method was carried out for three bactericidal antibiotics with di ereotles of
action, an aminoglycoside, a quinolone arxetalactam. Resulting experimental conditions are summarized
in Tablel. For each tested antibiotic, viability assays which consisted in culturing the samples ohiuagar cu
medium directly a er incubation with antibiotic were performed. It allowed us to con rm thatimconditions

the antibiotics were e ective on bacterial cells and ledassof viability as could be expected for the di erent
antibiotic concentrations (see supplementary Fig. 1). No loss of viability was observed fot stsagta. We
con rmed that the number of cells was not smaller a er than before the sample incubation by coulstingjrog!
microscopy (data not shown). is numbering, coupled to a more classical Petri dish numbering, con rated th
we were able to observe, and gather spectra from, bacteria that were still in the sample but ihéeltmgeo\a.

We hence ascertained that no bias was introduced in our study by selecting a speci ¢ populatioruefteells d
the sample preparation protocol and that we were measuring eectlls that were undergoing an e ect of the
antibiotic.

S§—"f...—c'e T St fe—c, '—c...a@Tif. Inordérto.extradt e Relivan Sigratlirg éf the
antibiotic e ect on single bacteria, we rst analyzed the changes induced on Raman spectra of wnglebls
when they were exposed to inhibitory antibiotic concentrations. Such modi cations aretiélddiyaFigl in the
case of susceptitiecolicells (EC1; see Talileincubated for 2 hours in the absence or presence of gentamicin
at eight times the related MIC (§/mL). Although spectral changes between exposed and non-exposed bacteria
were very faint (see raw spectra in Egyband normalized net spectra in Fig,d, they could clearly be evi
denced on a small number of Raman peaks (see zoom it J§g.ey were accompanied with a much higher
intercellular spectral variability in the presence of antibiotic, concentrated on few spatianpeaks (Fide).
e principal component analysis (PCA) of normalized net spectra (Efyyclearly showed this enhanced vari
ability among spectra of exposed bacteria, as also a partial discrimination from spectrexgfosed bacteria.
is suggested that the antibiotic e ect was not homogeneous among individual cells in theribhpbpulation,
although the loss of viability in those conditions was more than 99.99% (see supplementary Fig. 1). Very simila
spectral modi cations could be observed on the same strain in the presence of inhibiting concerdfation
ro oxacin and amoxicillin (not shown).
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In order to isolate the spectral changes that were speci ¢ to the antibiotic e ect and thratdeath small
amplitude, we calculated “di erence spectra’ de ned as the di erence between each normalized nehspett
the mean of all the normalized net spectra measured on the non-exposed bacterial cells in theesameatexp
(i.e. same strain and date). is procedure was designed to remove the main part of the strain-speci c-informa
tion and the metabolic variability originating from the bacteria at di erent dates and evidencealsgenges
that are reproducible for di erent dates and strains.

By doing so, we could clearly detect the antibiotic e ect on the susceptible strain. e results, pdeisent
Fig.2 for the three antibiotics, showed that the di erence spectra from the exposed susceptibial lcatter
exhibited signi cant and reproducible positive and negative peaks. is is illugdrdieough the mean of those
di erence spectra, plotted as a blue line in E&g-cand accompanied with the aforementioned high intercellular
variability, concentrated on the same peak positionsrange around the mean shown as a light-blue band in
Fig.2a—9. e peaks were more obvious for gentamicin (F&) and cipro oxacin (Fig2b) than for amoxicillin
(Fig.20), where they were considerably reduced by the averaging. In contrast, no signi cant spectral-modi ca
tion was observed for the exposed resistant bacteria (mean of their di erence spectra is plotted as a red line ir
Fig.2a—q for which the cell-to-cell variability was also found to be lower (pink band). is con rms the speci
city of the spectral changes induced by the antibiotic on susceptible strathheRbree antibiotics, PCA plots
of same di erence spectra (F&fl—f) showed more obvious spectral changes — including for amoxicillin — which
signi cantly separated the exposed (dark-blue dots) from the non-exposed (light-blue dots) susceptible bacteria
cells, the latter being superimposed precisely on the exposed (red dots) and non-exposed (pink dots) resistan
bacteria. e PCA plots also showed that the results for the exposed susceptible bacteria wererqditeibip
from date to date (dark-blue ellipses superimposed for the 3 experiment dateQd-ig.

In the PCA plots, the main separation between the spectra from exposed susceptible bacteria amah those fr
non-exposed or resistant bacteria was observed parallel to the axis of the rst “principal com&ntor
gentamicin and cipro oxacin (Fi®d,9. For amoxicillin (Fig2f), and for this particular restricted set of data,
it was rather parallel to the PC1-PC2 direction. (For larger amoxicillin datasets, incorporating more concentra
tions, as shown in Fig.or Fig.4, the PC1 axis was more closely aligned with the observed shi s.) atis why
we examined the “loading vector” LV1 (Rig,hfor gentamicin and cipro oxacin) or LV’ (LV1-LV2) 2/2
(Fig.2i for amoxicillin), which gives the spectral features that contribute to the PC1 score, orvelsptectiie
(PC1-PC2) 2/2 score, with their weights (positive or negative). A positive scaesponds to an increase
in peaks with positive weight in the loading vector and a decrease in peaks with negative weight, cmmpared t
spectra of non-exposed bacterial cells (and the contrary for a negative score). is vector thitsiteoha
pertinent “spectral signature” for the antibiotic e ect. Strikingly, the signaturesnalat for the three antibiotics
were highly similar (Fig2g—). It is also noticeable that, for gentamicin (Rid). and amoxicillin (Fig2f), the
antibiotic e ect was re ected both by spectra with a positivessiul by spectra with a negative shi in PC1 (resp.
PC1-PC2). is was not the case with cipro oxacin (FRg), for which only positive shi s were observed. is
will be further discussed in the subsequent sections. e spectral zones signi cantly cointgiba the signa
ture correspond to spectral features typical of bacterial Raman spectra: peaks with weiitits at 783 ¢m
1240 cm?, 1483 cm! and 1574 cm, are attributed to nucleic aéfdvhereas peaks at 1125 éand 1443 cnt,
with negative weights, are generally attributed to proteins

ofZs>ece ' —St t'efeetit... 4n it o-determiSeWhether this spectral signature of the
antibiotic e ect and the associated score could be directly used to determine the MIC of thébéristet, we
studied the variations (and distributions) of the PC1 score of single EC1 bacterial cells inctbétedaasing
concentrations of antibiotic, from well under (including 0) to well above the MIC. e results obtainatido
three antibiotics (see Fig) showed that the PC1 score tended to increase with increasing antibiat#con
tration, at least for gentamicin and cipro oxacin (Fgl,§. However, this variation was largely masked by the
high cell-to-cell spectral variability (Fi8a—9 that we observed, especially at high antibiotic concentrations. In
the case of amoxicillin, decreases of PC1 score with increasing concentration could even be obs8fyed (Fig.
between 0 and 3/mL, and between 4 and mL). Note that, in these new PCA plots, the LV1 loading vector
associated with PC1 (not shown) was very similar to the spectral signature showBdriFig.

To further analyze the distributions of the PC1 scores for di erent concentrations of the acitivioile

taking into account the fact that very similar spectral signatures had been fotime datibiotic e ect with the
three antibiotics, we calculated a global PCA for all di erence spectra measured on the singiédsistefithe
susceptible strain (all three antibiotics, all concentrations, all experiments). e main discriminatingrexis fo
antibiotic e ect was found parallel to PC1 again, with about no discrimination along the PC2 axis &&e Fig.
e loading vector LV1 associated with the principal component PC1 was then taken as the commeal sfgect
nature of the antibiotic e ect (Figb) and we plotted the global distribution of the P&€ares, for each antibiotic
(Fig.4c—9. e resulting histograms clearly showed a bimodal (for cipro oxacin) or trimodal (for gentamicin
and amoxicillin) repartition of spectra, suggesting the existence of distinct populationteobaonditions.
ese populations were delimited by tting the histograms with (two or three) Gaussian peaks. A psi@o
tion with low scores (around zero) corresponding to at dérce spectra (mean di erence spectrum shown in
blue in Fig4f-h) was called “no e ect” group. A second population, with high positive scores, was called ‘ATB
eect "group. Its mean di erence spectrum (shown in orange in4Figh) is characterized by positive peaks at
783cm?, 1240 cm?, 1483 cm® and 1574 cmt and negative peaks at 1125 éand 1443 cnt. e third popu -
lation, with high negative scores, was called “ATB e édroup. is last group has a mean di erence spectrum
with about the same peaks and opposite intensities (in green #f,Rigot observed for cipro oxacin). To fur
ther characterize the relationship between antibiotic canaton and spectral e ect, we calculated the relative
abundance of each of these three groups among the di erence spectra, as a function of antibiotiatcmmcen
e resulting plots (Fig. 4i—k) showed that the “no e ect” group contained all non-exposed bacteria, as expected.
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Figure 2 Spectral signature of the antibiotic e ect extracted from the di erence spectra of single bacteria
cells. e “di erence spectra’ {.e the di erences between each normalized net spectrum and the mean of all

the normalized net spectra measured on the non-exposed bacterial cells) of single bacteriabagdld foc

2 hours are shown foa) gentamicin (0 and 8&/mL, 374 spectra)b) cipro oxacin (0 and 0.064g/mL, 483

spectra) andd) amoxicillin (0 and 8g/mL, 474 spectra). For clarity, only the mean of the di erence spectra

is shown, for the exposed susceptible bacteria (blue line) and the exposed resistant ones (red line), as well as
the corresponding standard-deviation range (light blue and pink bandb)f)(Corresponding PCA plots

of di erence spectra, for susceptible bacteria exposed (dark-blue dots) and non-exposed (light-blue dots) as
well as for resistant bacteria exposed and non-exposed (resp. red and pink dots). 50%-con dence ellipses are
also plotted with the same colors, independently for each of the three experiments dates, as a visual guide to
show the reproducibility of experimentg—) Plots of the loading vectors, LV1 fgy gentamicin andk)

cipro oxacin, giving the weights involved in the PC1 score, and I(0M/1-LV2)  2/2 for {) amoxicillin,

giving the weights involved in the (PC1-PC2) 2/2 score. ese loading vectors constitute the “spectral
signature” of the antibiotic e ect.

When increasing the antibiotic concentration, the relative size of this group gradually dbd@eetse contrary,

‘ATB e ect "and “ATB e ect " groups were observed only among the exposed bacteria (except for cipro oxa
cin for which “ATB e ect " group was not observed) and gradually increaseid $ize with increasing antibiotic
concentration. is important observation shows thatt the single bacterial cell level, the modi@anf Raman
spectral properties (hence metabolic state) does not change in a continuous manner. Insteiaticbbsrow

or do not show the antibiotic e ect signature in their spectrum and only theoption of bacterial cells with
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