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Results on identification of bacteria aging in complex environmental
samples using Raman spectr oscopy
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aUniv. Grenoble Alpes, CEA, LETI, F-38000 Grenolifeance
PCEA, LIST, F-91191 Gif-sur-Yvette, France

ABSTRACT

Spontaneous Raman scattering is a reliable tecarfigqufast identification of single bacterial celighen spectra are
acquired in laboratory conditions where bacteriawgh and state are controlled. We have developpeuiléi-modal
system combining Raman spectroscopy and darkfielfjing, aiming at analysing environmental sampigscally in
the field context obiological pathogens detectiorSuch sampleare heterogeneous, both in terofigphenotype content
and environmental matrix, even after a preliminauyification stepln this paper, we report a study on the identifarat
of Bacillus Thuriengensis (BT) mimicing pathogerctesia,embedded in a real-world matria:sample of surface water
enriched with environmental bacterial species. plipose is to evaluate both the detection limiagihg BT over time
and the false alarm rate, in the conditions ofeperiment.

Keywords: Raman spectroscopy, single bacterial cell ideraifon, environmental samples, starvation.

1. INTRODUCTION

Vibrational methods, and among them, confocal Ram&mo-spectroscopy, are very promising technicoegast and
robust identification of microorganisms. Raman $mecopy has been demonstrated on laboratory esltiar identify
bacteria at the strain level with biomass rangimgnf micro-colonies down to single céllsn the context of pathogen
threat detection the technique has to be deplayélki field, applied on environmental sample withgnowth. It is well
known that the Raman spectra recorded on microageandepend on growth and environmental conditibns bacteria
cultivated under various conditions it was previgishown that identification at the species or esteain level is possible
providing a comprehensive database is employétet, establishing a database for complex enviemtal samples would
be prohibitive. Besides, as the amount of varigbiticluded in the database increases, the clggsgsessively merge,
resulting in poor identification results. When deglwith environmental samples, one is faced withaging of bacteria
in hostile conditions. While most microorganismdeera quiescent state and ultimately die, some spitirulate. This
respectively translates in a loss of the Ramanrasigm in drastic spectral changes. All these rémhargue in favor of an
identification algorithm using a database compas#d of the most relevant conditions, assessinglisiance to the base.

We developed a classification algorithm to deahwjpectra of vegetative bacteria and spores isbfeden environmental
matrices. It uses a hierarchical decision struciuite an evaluation of the decision reliabilityesich stage. In this work
we present the results obtained in two experiméntthe first one, Bacillus thuringiensis are aging poorly nutritive
medium. In the second one, the bacteria were iatedlin surface water sampled from a pond. Incse, a set of species
associated with false positives in the contextaithpgen detection were also added. The goal oé theseriments was to
assess the limits of a single cell Raman identificefor bacteria aging in the presence of biolagimise.

2. MATERIAL AND METHOD

2.1 Sample preparation and Raman acquisition protocol

We used a strain of Bacillus thuringiensis (BT):@0-10792. Growth is performed in standard lab cthonl{a few hours
in petri dish at 37°). For a first experiment, B& éntroduced in water with poorly nutritive elentgeand stored at 20°C
to observe their evolution over time, but no othacteria were introduced.
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In a second experiment, the medium is sampled Borface water of a small city pond (temperatureé)< Burthermore
we add 6 bacterial species listed in the enviroriederorm NF X 52-120: 2015-05 (noted Env): Pseudaasolurida,
Pseudomonas rhizosphaerae, Pseudomonas fluoreBsengdpomonas jessenii, Arthrobacter oxydans, @silmicrobium
cellulans, — at concentrationt@i/mL. BT bacteria are inoculated €t€u/mL) and the mixture is stored at 20°.

For the acquisition, we used a custom Raman ingmimieveloped in our lab. A detailed description ba found irf.
Briefly, the system allows targeting of bacteriallg, and the measurement of single-cell Ramantspasing a confocal
arrangement. The spectrometer resolution is 72 over the band 500-3400 tinThe system has been integrated in a
transportable instrument called BACRAM, designedrnswer the need for rapid identification of baelgrathogens.

2.2 Classification algorithm

Acquired spectra are first preprocessed, then cozdp® a previously acquired database using sugevinultivariate
classification algorithms. The database is compadetore than 8000 spectra, and is representafivrie pathogens
bacteria while being different for obvious facilitgasons. It contains four families (BacillaceaeykBolderiaceae,
Francisellacead;nterobacteriaceae) and 14 species (3 or 4 stpgnspecies). Furthermore, 4 Bacillus species can
sporulate. For database acquisition, all speciegi@wn in standard lab conditions.

Pre-processing of spectra consists successivatpsmic spikes removal, smoothing using Savitzkya@giolynomial
filters, subtraction of baseline by Clayton filiggi channels binning, restriction to region-of-iet&, and normalization.

For relatively standardly grown bacteria, an id@rdtion using a SVM classifier has shown to previtie best resufts

When considering more variable conditions, and abscterial species not included in the databaser atiassification

algorithms were prefered. We developped a hiereatifiame :

- a first step implemented by a PLS (« Partial L&giare ») in addition to the test of a few chinastical peaks, leading
to a partition : spore (Sp) / vegetative (Veg) hmxploitable bacteria (NE-Sp or NE-Veg) / outligtait).

- a second step performing a LDA decompositionrgar Discrimination Analysis") using the Sp dat&basthe Veg

one depending on the first step. Classificatiopesformed at family and species levels, followedaWahalalobis
distance, allowing to provide information on themmprobable species and a confidence level.

A threshold allows to tune the algorithms at a mmrdess conservative level, thus controlling thgor between false
positives / negatives.

3. RESULTSAND DISCUSSION

3.1 Bacillusthuringiensisin water

In the first experiment (illustrated Figure 1), tdentification process at TO gives 97% of Veg-Biter 5 days, 41% were
still identified as Veg-BT, the rest being NE-Ve&fter 10 days, only NE were found (Veg and Sp). §leuring the
evolution of Veg-BT, they progressively are classifas NE, with a complete evolution in a few daiso importandly,
no other species of the database are found, whichdwconsist in false alarms if the database isicemed as pathogens.

1 day 5 days 10 days
1day | 5days 10 days
Veg, BT [ 97 % | 41% 0%
NE-Veg | 3% 36% 58 %
NE-Sp 0% 4% 30%

Figure 1. Bacillus thuringiensis (BT) after 1, 5 drftidays in water matrix. Left : Identification résu

3.2 Bacillusthuringiensisin complex real-world sample

The microscope image shows various microorganisminown ones coming from the lake water, introduisadteria,
both BT and Env ones. Sampling bacteria for speatmuisition is done manually, statistically reprg cells
distribution in the image. Ten acquisition time meiwere performed over 3 days, about 100 speath. d-or the first
point, BT is measured in clean water to be usecefesence. Figure 2 shows some images, and thé&seduhe first
identification step. The red curve (Out+NE_Veg+NR) Sorresponds to the cases where the system ¢aomsider the
spectra for classification with a sufficient cordfitte level. They could be ignored in final decisstep.
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Figure 2. First step of identification process.

For the second step, we have tested two approathesnvironmental species (Env) have been legsredously and
can be integrated in the database (case 2 — Fagrght) or not (case 1 — Figure 3-left). It is flamental to remind that
the ground truth is unknown. In both cases, identiVeg-BT decrease over time while Sp-BT incrgaperulation). A
minimum (time point 6) of 10% bacteria still alldevconclude the presence of BT. In case 1, otheteba of the database
are found (red curve), interpretable in false pasiexcept if these species are present in the legimgater. No reliable
ones (orange curve) is an output of the algoritlomesponding to bacteria that are "too far" frony apecies of the
database. In case 2, the black curve records ttterimthat are identified as Env (proposed indhtabase). Mainly of
the spectra of orange and red curves of casecbargs as Env of case 2, showing the influencetefjrating Env bacteria
in the database. Considering visually the imageg#&gh acquisition, we observe a strong correldigtveen the visual
aspect and the (BT / Env) classification — thispgheriteria is not used in the current decisiomatgm.
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Figure 3. Second step of identification processirenmental species being out of (left) and inlftfjghe database.

3.3 Conclusion

In the context of our experiments, we observe thaing the evolution of bacteria, the performandesrease but still
allow to conclude after a few days. This result sahbe generalized due to all possibilities of mearld samples. But the
observed trends put the focus on main questioaslabase composition, knowing that it is not pdediblearn all possible
conditions, and the interest to integrate in degatzaset of representative species. Also the fitaggin algorithm should
be designed to deal with over time damaged bactatiassessed by Raman spectra. Outputs of thétllgsuch as the
Non exploitable spectra or Non reliable ones angl@mental to control the false alarms rate andelksionfidence level.
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