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Introduction

Fourier transform infrared (FTIR) micro-spectroscopy is a powerful analytical technique used for characterizing cells and tissues. It is a non-invasive tool since it does not require exogenous probes or contrast agents and it does not induce radiation damage to cells, even if high brightness infrared beam is used [1,2]. The mid-IR region (4000 -400 cm -1 ) provides a non-restrictive chemical description of the major cellular components (e.g. lipids, proteins, carbohydrates, and nucleic acids). In microbiology, it has been mainly exploited to characterize samples containing millions of cells (colonies, cell pellets, etc.) and it has largely proved to be efficient for identifying microorganisms [3][4][5][6] and for assessing molecular changes of food-associated micro-organisms in response to stress conditions [7][START_REF] Saulou | Synchrotron FTIR microspectroscopy of the yeast Saccharomyces cerevisiae after exposure to plasmadeposited nanosilver-containing coating[END_REF][START_REF] Lu | Using of infrared spectroscopy to study the survival and injury of Escherichia coli O157:H7, Campylobacter jejuni and Pseudomonas aeruginosa under cold stress in low nutrient media[END_REF].

Many industrial processes involve bacteria (e.g. the production and preservation of bacteria used as starters in fermented foods, or the inactivation of foodborne pathogens). Analysing the biochemical composition of bacteria appears crucial for identifying molecular biomarkers of bacterial resistance to environmental conditions, and thus for improving process efficiency. Furthermore, probing bacteria at the single-cell level could reveal bacterial population heterogeneity and could enableby reverse-engineeringthe identification of appropriate processing conditions for recovering homogeneous bacterial populations with target functionalities (e.g. metabolites production or health properties). Due to the very small dimension of single bacterial cells (approximately ten times smaller than eukaryotic cells), the use of a brighter source than the one traditionally used (thermal source) is mandatory. Synchrotron radiation-based Fourier transform infrared (SR-FTIR) micro-spectroscopy has indeed been successfully applied to study bacteria at the single-cell level in a dry state [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF][START_REF] Saulou | Synchrotron FTIR microspectroscopy of Escherichia coli at single-cell scale under silver-induced stress conditions[END_REF]. This allowed the study of bacterial biochemical modifications after exposure to stressful conditions and population heterogeneity. However, the biochemical characterization of individual live bacterial cells by FTIR spectroscopy in aqueous environments remains a challenge.

In FTIR micro-spectroscopy, the presence of water is the main obstacle due to its strong infrared absorbance in the same mid-IR frequency region as major biological components. Water absorption bands at 3500 -3000 cm -1 (O-H stretching mode) and at approximately 1650 cm -1 (O-H bending mode) indeed overlap interesting spectral features arising from cell lipids and proteins, respectively. To overcome this water issue, dehydration, chemical fixation, or replacing water by deuterated water are the techniques currently employed. These techniques of sample preparation can, however, affect different cellular structures [START_REF] Gazi | Fixation protocols for subcellular imaging by synchrotron-based Fourier transform infrared microspectroscopy[END_REF][START_REF] Lyng | Preparation of Tissues and Cells for Infrared and Raman Spectroscopy and Imaging[END_REF][START_REF] Vaccari | Infrared Microspectroscopy of Live Cells in Microfluidic Devices (MD-IRMS): Toward a Powerful Label-Free Cell-Based Assay[END_REF] and bacterial growth [START_REF] Xie | Effects of Low-Level Deuterium Enrichment on Bacterial Growth[END_REF], limiting the interpretation of the obtained spectra.

Methods to minimize the contribution of water in IR spectra have been developed for studying live cells in aqueous solution. In transmission mode, sample devices with path lengths lower than 10 µm were used to reduce the beam path through the water layer. For example, an open-channel microfluidic device was developed for the analysis of microbial biofilms [START_REF] Holman | Real-Time Chemical Imaging of Bacterial Activity in Biofilms Using Open-Channel Microfluidics and Synchrotron FTIR Spectromicroscopy[END_REF]. Demountable liquid cells [START_REF] Tobin | FTIR spectroscopy of single live cells in aqueous media by synchrotron IR microscopy using microfabricated sample holders[END_REF], closed-channel microfluidic devices [START_REF] Vaccari | Synchrotron radiation infrared microspectroscopy of single living cells in microfluidic devices: advantages, disadvantages and future perspectives[END_REF][START_REF] Doherty | Live single cell analysis using synchrotron FTIR microspectroscopy: development of a simple dynamic flow system for prolonged sample viability[END_REF] have also been used to study micron-sized single eukaryotic cells (at approximately 10 µm spatial resolution) in aqueous environments. In these studies, the high spatial resolution provided by synchrotron radiation (SR) through its intrinsic photon flux density, has allowed biochemical mapping at the sub-cellular level. Recently, Chan et al. [START_REF] Chan | Subcellular mapping of living cells via synchrotron microFTIR and ZnS hemispheres[END_REF][START_REF] Chan | Transmission Fourier Transform Infrared Spectroscopic Imaging, Mapping, and Synchrotron Scanning Microscopy with Zinc Sulfide Hemispheres on Living Mammalian Cells at Sub-Cellular Resolution[END_REF] developed a transmission liquid cell composed of two ZnSe hemispherical lenses tightly closed employing a screw ring and a thin spacer of 6 µm controlling the path length. This new device was first tested using synchrotron FTIR microscopy for studying live cells at a lateral resolution close to 2.2 µm at 6 µm wavelength [START_REF] Chan | Subcellular mapping of living cells via synchrotron microFTIR and ZnS hemispheres[END_REF]. Then, Chan et al. [START_REF] Chan | Transmission Fourier Transform Infrared Spectroscopic Imaging, Mapping, and Synchrotron Scanning Microscopy with Zinc Sulfide Hemispheres on Living Mammalian Cells at Sub-Cellular Resolution[END_REF] extended the application of this transmission device to FPA imaging and linear array imaging systems. However, performing experiments in transmission mode required the correction of the protein-related bands (in particular the amide I band) to remove the strong contribution of the water bending modes. Semiautomatic water subtraction procedures were suggested [START_REF] Vaccari | Synchrotron radiation infrared microspectroscopy of single living cells in microfluidic devices: advantages, disadvantages and future perspectives[END_REF][START_REF] Doherty | Increased optical pathlength through aqueous media for the infrared microanalysis of live cells[END_REF] to eliminate operator subjectivity and processing large numbers of spectra.

In parallel, ATR configurations have been used to study adherent live cells. The direct growth of bacterial biofilms onto ATR crystals enabled the infrared analysis of adherent bacteria [START_REF] Marcotte | Solute Size Effects on the Diffusion in Biofilms of Streptococcus mutans[END_REF][START_REF] Delille | Situ Monitoring of the Nascent Pseudomonas fluorescens Biofilm Response to Variations in the Dissolved Organic Carbon Level in Low-Nutrient Water by Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy[END_REF][START_REF] Comeau | A Comparison of Pseudomonas Aeruginosa Biofilm Development on ZnSe and TiO 2 Using Attenuated Total Reflection Fourier Transform Infrared Spectroscopy[END_REF][START_REF] Quilès | Analysis of changes in attenuated total reflection FTIR fingerprints of Pseudomonas fluorescens from planktonic state to nascent biofilm state[END_REF][START_REF] Kuimova | Chemical Imaging of Live Cancer Cells in the Natural Aqueous Environment[END_REF]. In such a configuration, a liquid medium flows over the biofilm and the evanescent wave produced interacts with bacterial cells in intimate contact with the ATR crystal. Moreover, Kuimova et al. [START_REF] Kuimova | Chemical Imaging of Live Cancer Cells in the Natural Aqueous Environment[END_REF] pioneered in combining ATR hemisphere with FTIR microspectroscopy to map seeded adherent eukaryotic cells in solution. Cells and the solution were maintained by capillary forces on the surface of removable ATR hemispheres and analysed with 4 µm of estimated spatial resolution [START_REF] Kazarian | ATR-FTIR spectroscopic imaging: recent advances and applications to biological systems[END_REF]. Regardless of the FTIR micro-spectroscopy device, the investigation of live prokaryotic cells, being approximately ten times smaller than eukaryotic cells, is today limited to the study of clusters of millions of adherent cells.

Our research activities focus on industrial processes for producing frozen and freeze-dried concentrates of lactic acid bacteria. The improvement of bacterial viability and process efficiency requires the identification of cellular components involved in bacterial resistance and the capability of producing homogenous cell populations. FTIR spectroscopy appears as a relevant tool for screening bacterial strains and defining optimal process operating conditions. Previously, we investigated lactic acid bacteria in the dried state at the single-cell level by combining synchrotron infrared and fluorescence miscopies and evidenced population heterogeneity [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF]. In the present study, our objective was to develop FTIR micro-spectroscopy devices for probing live bacteria and to compare the biochemical data obtained at the single-cell level with data obtained from clusters of thousands of cells using a bench-top instrument. In particular, evaluating the possibility of evidencing bacterial population heterogeneity by analysing clusters of cells was also undertaken.

To address the challenge of biochemical characterization of single-cell bacteria in an aqueous environment, we developed a dedicated setup consisting of an ATR-FTIR inverted microscope, which was coupled to the synchrotron radiation of the SMIS beamline of SOLEIL facility. At the bench-top level, a custom-made transmission demountable cell was coupled to an FTIR microscope with a thermal source. More particularly, we have studied Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) in an aqueous environment. L bulgaricus is a lactic acid bacterium (rod-shaped of about 3-6 µm length and 1 µm diameter), widely used as a starter for manufacturing cheese, fermented milk, meat, vegetables, bread and healthcare products, and exhibiting variable resistance to freezing. After the acquisition, the infrared spectra were processed to remove the spectral contribution of water using a program developed on purpose. In this article, we present the first results obtained with both devices on the biochemical characterization of two L. bulgaricus strains in an aqueous environment. The secondary structure of proteins and components of the cell envelope were proposed as potential markers of cryo-resistance.

Methods

Bacterial samplescultivation conditions and preparation of cell suspensions

Two strains of the lactic acid bacterium Lactobacillus delbrueckii subsp. bulgaricus were used in this study: CFL1 (CIRM-BIA; Rennes, France) and ATCC 11842 (Manassas, VA, USA). They were cultivated according to the procedure described by Meneghel et al. [START_REF] Meneghel | Biophysical characterization of the Lactobacillus delbrueckii subsp. bulgaricus membrane during cold and osmotic stress and its relevance for cryopreservation[END_REF], resulting in the recovery of cryo-sensitive L. bulgaricus CFL1 and cryo-resistant L. bulgaricus ATCC 11842 bacterial populations.

Upon harvest, cells were washed twice with Tris-HCl buffer (50 mM, pH 8.8, Bio-Rad; Hercules, CA, USA) to remove growth residues and metabolites that may contribute to the vibrational spectra. Cells were additionally washed in saline solution and re-suspended in a 1:1 (wt:wt) ratio of a saline solution before analysis.

Synchrotron radiation-based ATR-FTIR inverted microscope

The development of an ATR-FTIR inverted microscope and the associated experiments were carried out in collaboration with the beamline scientists at the SMIS beamline of the SOLEIL synchrotron facility (Saint-Aubin, France). The device was adapted from the configuration used by Saulou et al. [START_REF] Saulou | Synchrotron FTIR microspectroscopy of Escherichia coli at single-cell scale under silver-induced stress conditions[END_REF] and Passot et al. [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF] for analysing spectra of individual dried bacterial cell (Fig. 1a) and the configuration described by Kuimova et al. [START_REF] Kuimova | Chemical Imaging of Live Cancer Cells in the Natural Aqueous Environment[END_REF] and then by Kazarian and Chan [START_REF] Kazarian | ATR-FTIR spectroscopic imaging: recent advances and applications to biological systems[END_REF] for analysing adherent live cells in intimate contact with the ATR hemisphere (Fig. 1b). This configuration was turned over in the present work (Fig. 1c) to easily introduce samples directly on the surface of a high refractive index hemisphere and to make the analysis of a solution of non-adherent cells possible.

Figure 2 shows a picture of the ATR-FTIR inverted configuration (Fig. 2a) as well as, a schematic overview of the device with the optical path of the infrared beam (Fig. 2b), and enlargements of the system including the IR objective, ATR hemisphere and sample chamber (Fig. 2c) and the ATR hemisphere with a bacterial deposit on its surface (Fig. 2d). The synchrotron source, coupled to the FTIR spectrometer, is directed outwards towards the inverted microscope, and an intermediate image is created using a pair of parabolic mirrors, to set an adjustable aperture at this image stage. A 45° tilted mirror is installed before the focusing objective (Schwarzschild, 32×, NA = 0.65) to mask half of the incoming beam, and collect the returned beam, for directing it to an MCT (mercury cadmium telluride) infrared detector (Thermo Fischer Scientific). We used a germanium (Ge) hemisphere (refractive index RI Ge ≈ 4.01 in the mid-IR region) as the ATR component. With an intermediate aperture of 128

x 128 µm 2 size, accounting for the x32 enhancement of the Schwarzschild and the Ge refractive index, we estimate that the projected spot size on the sample is approximately 1 x 1 µm 2 .

The flat face of the Ge hemisphere constituted the base of the liquid sampling chamber, as shown in Fig. 2c. The body of the chamber was appended to the base of the ATR hemisphere with a circular seal in between and watertightness was guaranteed by pressing the assembly together thanks to a rotating ring (Fig. 2b). The liquid chamber was closed with a screw cap to avoid water evaporation during experiments. Hemisphere and liquid chamber were supported by an X Y linear translation stage (Prior stage, 0.1 µm precision). The whole was enclosed in a box made in Plexiglas® that was purged with dry air.

At the interface between Ge hemisphere and medium containing bacteria, an evanescent wave is created and penetrates the sample, to a depth (d p ) depending on the wavelength , according to the following equation:

𝑑𝑝 =  2  𝑅𝐼 𝐺𝑒 √ sin 2  -( 𝑅𝐼 𝐺𝑒 𝑅𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 ) 2
where RI Ge and RI sample are the refractive indexes of the Ge ATR crystal (4.01) and sample (considered similar to water, 1.5), respectively, and  is the angle of incidence (30° in our configuration). Under such conditions, the penetration depth (d p ) of the evanescent wave was shallower than 1.6 µm (d p at 3000 cm -1 (lipid region) = 0.53 µm; at 1650 cm -1 (proteins region) = 0.96 µm; and at 1000 cm -1 (carbohydrates region) = 1.59 µm). In such a configuration, and given the size of the rod-shaped bacteria under investigation (1 µm thick x 3 -6 µm long) as determined in a previous study [START_REF] Meneghel | Biophysical characterization of the Lactobacillus delbrueckii subsp. bulgaricus membrane during cold and osmotic stress and its relevance for cryopreservation[END_REF], the absorption of IR light essentially arose from portions of one or two bacteria plus some surrounding and underlying water.

All spectra were recorded with the Omnic software (Version 8.1, Thermo Scientific, USA). A background spectrum was acquired (128 co-added scans, 4 cm -1 resolution) without any sample on the surface of Ge hemisphere. Then, a volume of 10 µL of saline solution (the diluent) was deposited in the chamber and a second spectrum was acquired. Saline water was then removed, and dryness of the hemisphere was verified by checking the disappearance of the water O-H stretching vibration (the broad band centred at ~3400 cm -1 ) in the preview mode of the Omnic software. A volume of 10 µL of a bacterial suspension in saline solution was then deposited in the chamber. Spectral features of bacterial cells appeared gradually as cells settled down in contact with the hemisphere. The 5 µm translation step of the X Y stage ensured to probe different cells at each position (projected beam size: 1 x 1 µm²) within a sampling area of typically of 60 x 60 µm 2 , centred at the hemisphere's centre point.

A total of approximately 100 spectra were recorded (128 co-added scans, 4 cm -1 resolution) per sample deposit.

Thermal source transmission FTIR microscope

The thermal source transmission FTIR experiments were carried out using a Nicolet IN10 infrared microscope (Thermo Scientific, USA) with a permanently aligned objective (15×, NA = 0.7), hereafter referred to as "transmission FTIR microscope". A specific demountable sample holder for liquid samples was designed (Fig. 3ab) fitting a CaF 2 micro-chamber (Hellma Analytics, Paris, France) which could be maintained tightly closed (Fig. 3c).

A thin strip of Mylar (polyethylene terephthalate film of 2.5 µm thickness from GoodFellow, Lille, France) was placed in the middle of the CaF 2 chamber to separate it into two parts (Fig. 3d). One µL of saline water (the diluent) was deposited over one side of the disc and 1 µL of bacterial suspension over the other side. The lid was immediately appended to avoid sample drying and the chamber was maintained tightly closed in the dedicated sample holder which was placed on the transmission FTIR microscope. Chamber height (path length) was accurately determined by counting the complete peak to peak interferences fringes appearing on spectra (4.3 µm ± 0.7 µm = mean of 8 measurements after mounting and dismounting the custom-made sample holder containing the CaF 2 micro-chamber). All spectra were recorded with the Omnic software. A background spectrum was recorded in an air bubble in the diluent region and spectra were recorded at different positions in the diluent and bacterial locations (128 co-added scans, 8 cm -1 resolution). Aperture was set at 50 x 50 µm², making a sampled volume of approximately 10 4 µm 3 . The approximate volume of L. bulgaricus cells being a few µm 3 (about 6 µm 3 for L. bulgaricus CFL1 and about 3 µm 3 for L. bulgaricus ATCC 11842) [START_REF] Meneghel | Subcellular membrane fluidity of Lactobacillus delbrueckii subsp. bulgaricus under cold and osmotic stress[END_REF], the estimated number of probed bacterial cells with this experimental setup could, therefore, be roughly estimated at a few thousands. Sample drying was never observed following chamber dismounting.

Spectral processing / Data processing and analysis

Pre-processing of raw spectra

The Omnic software was used for spectral sortingto remove spectra displaying Mie scattering or Mylar absorption featuresand an automatic atmospheric correction was applied to remove the residual contribution from water vapour and carbon dioxide to all spectra (ATR and transmission configuration, bacteria and diluent spectra). The advanced ATR correction tool from Omnic was additionally applied to the spectra for considering the wavelength-dependent penetration depth of the IR radiation, with the following parameters: RI Ge = 4.01, sample RI = 1.5, angle of incidence = 30°, number of bounces = 1. In total, 549 spectra were recorded with the ATR configuration at the single-cell level and kept for analysis (282 for L. bulgaricus CFL1 and 267 for L.

bulgaricus ATCC 11842), and 406 with the transmission configuration (225 for L. bulgaricus CFL1 and 181 for L. bulgaricus ATCC 11842).

Procedure of water subtraction

The removal of bulk water contributions from live bacteria spectra was performed using an in-house Matlab script (version: 8.3.0.532, Mathworks, Natick, MA, USA) that was guided by the method developed by Vaccari et al. [START_REF] Vaccari | Synchrotron radiation infrared microspectroscopy of single living cells in microfluidic devices: advantages, disadvantages and future perspectives[END_REF]. To calibrate our water subtraction program, we used the value of the amide I/II area ratio determined on dried bacterial samples. According to our experience on dried bacteria [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF], the amide I/II area ratio, calculated from infrared spectra of single-cell bacteria dried on the surface of ATR-hemisphere acquired using synchrotron radiation, is a constant parameter within a bacterial population.

Our script involves removing a scaled diluent spectrum to the spectra of live bacteria, with the scaling factor determined by an algorithm designed to optimize the amide I/II area ratio. The water subtraction procedure was applied to spectra obtained with both the ATR and the transmission configurations.

The reference value of the amide I/II area ratio of the two strains of L. bulgaricus (CFL1 and ATCC 11842) was defined from ATR-FTIR spectra of dried bacterial cells recorded on Ge hemispheres. The calculation of the area ratio was performed on pre-processed spectra between 1727 cm -1 and 1584 cm -1 (amide I), and between 1584 cm - 1 and 1481 cm -1 (amide II), respectively, with a baseline extending from 1727 cm -1 to 1481 cm -1 . The amide I/II area ratios for both strains in the dry state were: 2.17 for L. bulgaricus CFL1 and 2.34 for L. bulgaricus ATCC 11842.

In Fig. 4 is presented the pre-processed spectrum recorded on a cluster of few thousands of live bacterial cells (Fig. 4a), the corresponding diluent (saline water) spectrum (Fig. 4b), and the best result (spectrum) of the live bacterial cell after water subtraction (Fig. 4c). For that, the spectrum in Fig. 4c was obtained by running the inhouse subtraction procedure with a range of scaling factors (from 0.6 to 1 with a step of 0.02) (see Electronic Supplementary Material (ESM) Fig. S1).

To improve both repeatability and reproducibility of the water subtraction procedure, and for minimizing the influence of the operator bias, the Matlab algorithm automatically optimizes the value of the scaling factor [START_REF] Vaccari | Synchrotron radiation infrared microspectroscopy of single living cells in microfluidic devices: advantages, disadvantages and future perspectives[END_REF].

An example of uncorrected and corrected spectra of live bacteria obtained in the ATR and transmission configurations is presented in Fig. 5. The removal of water contribution to the spectra was noticeable through i) the drastic reduction of the broad and intense O-H stretching vibration band around 3400 cm -1 , ii) the removal of the H-O-H bending, and libration combination band spanning from approx. 2500 to 1900 cm -1 , as evidenced by the flat baseline produced by the subtraction procedure in this region [START_REF] Kong | Fourier Transform Infrared Spectroscopic Analysis of Protein Secondary Structures[END_REF], and iii) the recovery of the particular shape of the amide I and II bands (1500 -1700 cm -1 ).

Post-processing of spectra (statistical analysis)

Post-processing of water-subtracted spectra was performed with the Unscrambler® X software package (Version 10.2, CAMO Software AS, Oslo, Norway). Three spectral regions, mainly containing information about lipids (3016 -2800 cm -1 ), proteins (1800 -1300 cm -1 ), and carbohydrates plus phosphorylated molecules (1363 -975 cm -1 ) were analysed. The extended multiplicative scatter correction (EMSC) was used to normalize and correct the baseline of spectra in each of the spectral regions of interest. The spectra were additionally smoothed (Savitzky-Golay algorithm (3 rd order)) with a 9-point smoothing factor when considering the 1800 -1300 cm -1 region, and with a 5-point smoothing factor otherwise. To resolve protein secondary structures or identify precise peak locations, the second-order derivatives of FTIR spectra were calculated using a 7-points Savitzky-Golay algorithm (3 rd order).

After post-processing, the data was statistically analysed by principal component analysis (PCA) to study the unsupervised variation pattern in the data using the Unscrambler® X software package. The assignment of the principal absorption bands was performed using data from the literature on bacteria (see ESM Table S1). For the sake of clarity, only relevant scores and loading plots are presented in the Results and discussion section.

Results and discussion

Analytical capabilities of the two FTIR devices developed to probe live bacteria:

Single cells and clusters of thousands of cells in an aqueous environment were characterized by the synchrotron radiation-based ATR-FTIR inverted microscope and the thermal source transmission FTIR microscope, respectively. Figure 5b displays examples of infrared spectra obtained after the water subtraction procedure for both devices. With the synchrotron radiation-based ATR-FTIR inverted microscope (black curve in Fig. 5b), two spectral regions could not be accurately exploited (red boxes in Fig. 5b): i) the 1300-900 cm -1 region characterizing phosphate groups, polysaccharides, and nucleic acids, and ii) the 3000-2800 cm -1 region characterizing fatty acids of the bacterial cytoplasmic membrane. These issues are ascribed to the strong absorption arising from the protective layers of alumina mirrors of the beamline (1300-1150 cm -1 ) and to the limited penetration depth of the evanescent wave (approximately 0.53 µm at 3000 cm -1 ), respectively. Considering this low value of penetration depth and the likely presence of some water between the hemisphere and the cell surface, only the external cellular components of lactic acid bacteria were probed by the evanescent wave. The external cellular components of lactic acid bacteria are the constituents of the cell wall, such as exopolysaccharides, wall peptidoglycan, teichoic acids, and proteins [START_REF] Delcour | The biosynthesis and functionality of the cellwall of lactic acid bacteria[END_REF][START_REF] Kleerebezem | The extracellular biology of the lactobacilli[END_REF][START_REF] Chapot-Chartier | Interactions of the cell-wall glycopolymers of lactic acid bacteria with their bacteriophages[END_REF]. Fatty acids are part of the membrane lipid bilayer, located one layer deeper than the cell wall. The evanescent wave could only shallowly reach such lipid membrane components, thus explaining the absence of exploitable fatty acid spectral features in the single-cell analysis. Since the fatty acid membrane composition can play a role in the bacterial response to environmental stress, the transmission FTIR microscope set up offers advantages over the synchrotron radiation-based ATR-FTIR inverted microscope to exploit information of the lipid bands.

The two developed FTIR devices allowed the biochemical characterization of the bacterial populations in the 1800-1300 cm -1 spectral region (green box in Fig. 5b). With the synchrotron radiation-based ATR-FTIR inverted microscope, the penetration depth of the evanescent wave in this spectral region was approximately 1 µm. It can thus be estimated that at least half of the thickness of a bacterial cell was probed by the infrared beam. In the case of the thermal source transmission FTIR microscope, several layers (around 4 layers) of bacterial cells contributed to the infrared spectra.

Characterization of two L. bulgaricus strains by ATR and transmission FTIR configurations in the 1800 -1300 cm -1 spectral region

The feasibility of the two developed FTIR devices to probe live bacteria was demonstrated, in particular in the 1800 -1300 cm -1 spectral region. An additional objective of our work was to evaluate the efficiency of the benchtop device compared to the single-cell analysis allowed by the synchrotron-based ATR-FTIR inverted microscope to access bacterial population heterogeneity. Principal component analyses were performed both using the two sets of data obtained with the ATR-FTIR inverted microscope and the transmission FTIR microscope separately (see ESM Fig. S2 and Fig. S3), and combined (Fig. 6 and see ESM Fig. S4 and Table S2). PCA were performed on normalized and smoothed water-subtracted spectra. Table S2 summarizes and compares the results obtained from the three PCA. Regardless of the dataset considered, the analysis discriminated the bacterial strains according to similar spectral features. As expected, probing live cells at the single-cell level using the synchrotron-based ATR-FTIR inverted microscope evidenced a higher level of heterogeneity within the bacterial population than probing clusters of thousands of cells (see ESM Fig. S2, Fig. S3).

When combining the two datasets in the PCA, the three first principal components (PC) explained more than 90 % of the variance of the spectral dataset. The results concerning PC1 (variability 52 %) and PC2 (variability 36 %) are displayed in Fig. 6a, 6b, and 6c, whereas the contribution of PC3 (variability 5 %) to the analysis is presented in ESM Fig. S4.The spectra acquired using the transmission FTIR configuration are represented with full symbols (Fig. 6a) and appeared included within the spectra acquired using the inverted ATR-FTIR configuration, represented with open symbols, regardless of the strain considered (in purple for the cryo-resistant strain ATCC 11842 and pink for the cryo-sensitive strain CFL1).

The PCA score plots showed a cluster separation according to the L. bulgaricus strain, using the second and the third principal components (PC2 and PC3) (Fig. 6a and Fig. S4b in ESM), whereas PC1 appeared related to the dispersion within the bacterial spectra of a given strain (Fig. 6a). The population of L. bulgaricus CFL1 cells are mainly located in the negative area of PC2 from positive to negative directions of PC3 (Fig. S4b in ESM). Two subpopulations of L. bulgaricus ATCC 11842 appeared located in the positive direction of PC2 and the negative direction of PC3.

The loading plots of PC2 and PC3 (Fig. 6b and Fig. S4c) revealed that major contribution to the spectral differences between the two strains arose from spectral characteristics of the amide I (1700 -1600 cm -1 ) band, probably overlapping with nucleic acid weak features (1715 -1680 cm -1 ), and the amide II (1550 -1500 cm -1 ) band, i.e.

from the protein components of cells. Positive peaks in the loading plot of PC2 (and negative peaks in the loading plot of PC3) correspond to spectral features mainly associated with the cells of L. bulgaricus ATCC 11842.

To further analyse the secondary structure of proteins, the second derivative of one individual spectrum of each strain, obtained using the ATR-FTIR inverted microscope (Fig. 6d) was plotted (purple and pink arrows in the score plot, Fig. 6a). The second derivatives of spectra acquired using the transmission FTIR microscope for both strains are displayed in ESM Fig. S5b. Cells of L. bulgaricus CFL1 (cryo-sensitive cells) appeared to be specifically characterized by a higher content of -helix protein secondary structures (1657 -1655 cm -1 ) than the cells of L. bulgaricus ATCC 11842 (cryo-resistant cells), which in turn seemed to be characterized by a higher content of pleated sheets and -turns protein structures (1685 -1680 cm -1 ) than the cryo-sensitive cells.

Variations in the -sheet bands' positions (1685 -1680 cm -1 and 1640 -1630 cm -1 , Fig. 6d) between both strains may be associated with different numbers of strands, lower wavenumbers being indicative of a higher number of strands [START_REF] Barth | Infrared spectroscopy of proteins[END_REF].

Depending on the bacterial strain and on the environmental growth conditions (e.g. medium composition, temperature, pH, growth time), bacteria express differently their genome and could synthesize specific proteins [START_REF] Yin | Proteomes of Lactobacillus delbrueckii subsp. bulgaricus LBB.B5 Incubated in Milk at Optimal and Low Temperatures[END_REF][START_REF] De Angelis | Functional proteomics within the genus Lactobacillus[END_REF][START_REF] Streit | Acid adaptation of Lactobacillus delbrueckii subsp. bulgaricus induces physiological responses at membrane and cytosolic levels that improves cryotolerance[END_REF][START_REF] Serror | csp -like genes of Lactobacillus delbrueckii ssp. bulgaricus and their response to cold shock[END_REF]. By probing dehydrated L. bulgaricus CFL1 cells with SR-based ATR microscope, α-helix protein secondary structure (1656 cm -1 ) characterized cells grown in MRS medium while β-pleated sheet secondary structure (1631-1627 cm -1 ) was associated with growth in whey medium [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF]. Our present data shows differences in the protein secondary structure for two strains, L. bulgaricus CFL1 and ATCC 11842, grown in the same culture medium (whey) and analysed in an aqueous environment. Such differences in protein structure are certainly due to distinct genome expressions for protein synthesis and they could be related to bacterial cryo-resistance.

When considering the loading plot of PC1 (Fig. 6c), dispersion within the bacterial population appeared to be associated with the amide I protein spectral features, in particular with antiparallel pleated sheets and -turns (1720 -1675 cm -1 ), and -pleated sheet (1640 -1600 cm -1 ) protein secondary structures. The cryo-sensitive bacterial population of L. bulgaricus CFL1 appeared more heterogeneous than the cryo-resistant one (L. bulgaricus ATCC 11842), regardless of the FTIR device. Nevertheless, the synchrotron-based ATR-FTIR inverted microscope (open symbols in Fig. 6a) enables a better estimation of population heterogeneity than the transmission FTIR microscope (full symbols in Fig. 6a). To further analyse the sample heterogeneity noticed in Fig. 6a, we show in Fig. 6e the second derivatives of the infrared spectra of the two most distant points along the PC1 axis of the PC1-PC2 score plot (grey arrows in Fig. 6a). Each selected point corresponds to the spectrum of a single cell of L. bulgaricus CFL1. The second derivatives of the spectra of the two most distant points for clusters of thousands of cells of L.

bulgaricus CFL1 are displayed in ESM Fig. 5c. The heterogeneity of L.bulgaricus CFL1 population could be ascribed to protein secondary structures, in particular to the proportion between -helix (1655 cm -1 ) and -sheet (1637 cm -1 ) protein secondary structures.

Having access to cell-to-cell variations enables the understanding of the microbiological processes and physiological mechanisms that can be masked by measurements in bulk samples [START_REF] Schmid | Chemical and biological single cell analysis[END_REF][START_REF] Wang | Single cell analysis: the new frontier in 'omics[END_REF][START_REF] Fernandes | Experimental methods and modeling techniques for description of cell population heterogeneity[END_REF]. Moreover, the evaluation of population heterogeneity is relevant to different applications. For example, it allows the screening of microorganisms or for a given one, controlling production processes and detecting deviations (e.g. not obtaining the desired bacterial physiological state associated with a target functionality). Furthermore, relating single-cell biochemical information to the cell's physiological state can also help a reverse engineering strategy to define the experimental conditions (strains, cultivation, and cryopreservation conditions) leading to the production of homogeneous cryo-resistant populations of bacterial cells for industrial use [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF][START_REF] Brehm-Stecher | Single-Cell Microbiology: Tools, Technologies, and Applications[END_REF].

The transmission FTIR microscope enabled the discrimination of the two bacterial strains and the detection of population heterogeneity. In addition, other spectral regions than the protein one could be investigated using this configuration: the amide III and cell wall/polysaccharides (1300 -975 cm -1 ) and the lipid (2800 -3000 cm -1 ) spectral regions. Since no relevant information could be extracted from the analysis of the lipid spectral region, only the region between 1300 and 975 cm -1 is presented thereafter.

Characterization of the L. bulgaricus strains by transmission FTIR configuration in the 1300 -975 cm -1 spectral region

Due to the strong absorption arising from the protective layers of alumina mirrors present in the synchrotron-based ATR inverted microscope in the 1300 -1150 cm -1 region (Fig. 5b), the spectra obtained using this device could not be exploited in this region and were not included in the PCA.

PCA was performed on normalized and smoothed water-subtracted spectra acquired using the transmission FTIR microscope, in the 1360 -975 cm -1 range. The PC1 versus PC2 score plot and the loading plots of PC1 and PC2 are reported in Fig. 7 (see PC 3 contribution in ESM Fig. S6). The PCA clustered both strains according to PC1 (76 % of total variance). To assess specific spectral features explaining the discrimination between both L.

bulgaricus strains, we studied the loading plot of PC1 (Fig. 7b). L. bulgaricus ATCC 11842 (cryo-resistant) appeared to be characterized by a higher content of protein amide III band components (1285 -1255 cm 1 ) than L.

bulgaricus CFL1 (cryo-sensitive) (Fig 7b). When considering the average spectra calculated for the two strains (Fig. 7d), large spectral differences were observed in the amide III protein region (1310 -1240 cm -1 ). The differences in the amide III region support the hypothesis of proteins implication in the cellular mechanisms of cryo-resistance previously proposed from the analysis of the amide I and amide II spectral regions. The loading plot of PC1 also indicates that the spectra of L. bulgaricus CFL1 cells (cryo-sensitive strain) were characterized by a higher contribution of complex sugar ring modes (1076 -1052 cm -1 ) from the peptidoglycan of the bacterial cell wall [START_REF] Naumann | Infrared Spectroscopy, a Tool for Probing Bacterial Peptidoglycan: Potentialities of Infrared Spectroscopy for Cell Wall Analytical Studies and Rejection of Models Based on Crystalline Chitin[END_REF], and of PO 2 -groups (1222 -1200 cm -1 ), than the ones of the cryo-resistant strain (Fig. 7b).

PCA also revealed a higher sample dispersion within the population of cryo-sensitive L. bulgaricus CFL1 (represented in pink) than the spectra of the cryo-resistant L. bulgaricus ATCC 11842 (represented in purple) according to PC2 (11 % of total variance) (Fig. 7a). The heterogeneity within L. bulgaricus CFL1 population appeared to be associated to the following spectral features: the symmetric (1085 -1074 cm -1 ) and asymmetric (1240 -1210 cm -1 ) stretching vibrations from PO 2 -groups, and the vibrations of the complex sugar rings modes arising from the peptidoglycan of the bacterial cell wall (1045 -1010 cm -1 ). PO 2 -groups are involved in several cellular components: i) the phosphodiester functional groups of DNA/RNA polysaccharides backbone, ii) the polar head groups of phospholipids, and iii) phosphorus-containing carbohydrates such as teichoic acids and lipoteichoic acids (charged polymers present in the cell wall of Gram-positive bacteria). The peptidoglycan of Gram-positive bacterial wall is a multilayered polymer of sugar rings and amino acids which surrounds the cell as a protecting network and accounts for up to 60 % of the cell wall weight [START_REF] Naumann | Infrared Spectroscopy, a Tool for Probing Bacterial Peptidoglycan: Potentialities of Infrared Spectroscopy for Cell Wall Analytical Studies and Rejection of Models Based on Crystalline Chitin[END_REF]. The cell wall-related bands have been proposed

as markers of bacterial populations [START_REF] Passot | Understanding the cryotolerance of lactic acid bacteria using combined synchrotron infrared and fluorescence microscopies[END_REF][START_REF] Schuster | Single-cell analysis of bacteria by Raman microscopy: spectral information on the chemical composition of cells and on the heterogeneity in a culture[END_REF][START_REF] Choo-Smith | 1713 νC=O, νC=N, νC=C, δNH ADN/ARN bases /nucleic acids (weak features of nucleic acids often overlapped by amide I[END_REF]. Our results from the spectral region between 1300 and 975 cm -1 agree with these previous studies. They also suggest that the sugar rings of peptidoglycan, the phosphate groups, as well as the amide III protein band are potential markers of cryo-resistance/cryo-sensitivity.

Conclusions

In summary, the present work showcases the first results from live lactic acid bacteria measurements with two infrared microscopy approaches. The ATR-FTIR inverted microscope developed in this work, associated with synchrotron radiation provides a way to precisely investigate cell-to-cell spectral differences. In particular, it enabled the analysis of the 1800 -1300 cm -1 spectral region, and thus protein secondary structures arising from one to two bacteria in aqueous solution (i.e., under fully native conditions and without disturbing cellular processes). The cryo-sensitive L. bulgaricus CFL1 population was identified as more heterogeneous than the cryoresistant L. bulgaricus ATCC 11842 population in the culture conditions studied.

On the other hand, the transmission FTIR microscope coupled with a sample holder for liquid samples also appeared as an interesting approach for the analysis of live cells in an aqueous environment, in the whole mid-IR region, by enabling the reduction and control of the optical path length. It provided intermediate access to population heterogeneity between traditional bulk FTIR spectroscopy (which likely probes 10 5-6 cells) and singlecell resolution analysis.

From both FTIR approaches, we were able to identify some potential cellular markers of bacterial populations: secondary structure of proteins, in particular the proportions of α-helix and β-sheet structures, and cell envelope components, with more specifically polar head groups of membrane phospholipids and complex sugars of the peptidoglycan cell wall. These cellular components, already used for microbial identification purposes, seemed also to be involved in cryo-resistance mechanisms. Nevertheless, the actual involvement of these cellular components in bacterial cryo-resistance deserves to be confirmed experimentally and this hypothesis does not exclude that factors related to cryo-resistance may not be observed by FTIR spectroscopy.

Using a thermal source FTIR microscope appeared promising for preliminary or explorative works, before moving to higher spectral resolution using the bright source of the synchrotron radiation. Defining appropriate production parameters leading to homogeneous populations of resistant cells may be an interesting outcome of this work.

Coupling with microfluidic devices may also be the next step of the development to monitor evolving, dynamic processes. Heterogeneity 1720-1675, 1640-1600 1720-1675, 1640-1600 1700-1675, 1645-1630 * obtained from the loading plots of each corresponding PCA (either performed on the combined data set comprising the data obtained with the ATR-FTIR inverted microscope and the transmission FTIR microscope, or on the data set of each device separately) Fig. S1 Effect of the scaling factor values on the water subtraction procedure. Example of a set of spectra obtained after the subtraction of the diluent spectrum (Fig. 4b) to the pre-processed sample spectrum (Fig. 4a) for different scaling factors (from 0.6 to 1 with a step of 0.02). (a) Score plot of Principal component 2 (PC2) vs PC1 from Principal Component Analysis (PCA) of processed infrared spectra in the 1800 -1300 cm -1 region, of L. bulgaricus CFL1 bacteria (pink circles, freeze-sensitive) and L. bulgaricus ATCC 11842 bacteria (purple squares, freeze-resistant) acquired using the ATR-FTIR inverted microscope (open symbols, one to two cells) and using the transmission FTIR microscope (full symbols, clusters of few thousands of cells) in the 1800-1300 cm -1 region, (Fig. 6a). Arrows indicate the extreme points selected to calculate the second derivatives; (b) second derivatives of two extreme points (spectra) according to PC2, corresponding to L. bulgaricus CFL1 (pink arrow in (a)) and L. bulgaricus ATCC 11842 (purple arrow in (a)), (c) second derivatives (Savitsky-Golay algorithm; 9 points, 3rd order) of two extreme points according to PC1, corresponding to L. bulgaricus CFL1 (grey arrows in (a)). 

Declarations

Fig. 1

 1 Fig.1 Schematic diagrams showing different Attenuated Total Reflectance-Fourier transform infrared (ATR-FTIR) microspectroscopy setups. (a) the setup described by Saulou et al. (2013) [11] and Passot et al. (2015) [10] for studying dried individual cells, (b) the setup described by Kuimova et al. (2009) [27] and Kazarian and Chan (2013) [28] for studying adherent live cells, and (c) the set up developed in this work for studying live non-adherent individual bacterial cells, the synchrotron radiation (SR)-based ATR-FTIR inverted microscope.

Fig. 2

 2 Fig.2 Picture (a) and diagrams (b-d) of the Attenuated Total Reflectance-Fourier transform infrared (ATR-FTIR) inverted microscope developed for the analysis of individual bacterial cells in an aqueous environment using synchrotron radiation (SR): (b) the overview of the optical path of the infrared beam, (c) a cross-section view of the microscope objective, hemisphere and liquid chamber, and (d) an enlargement diagram of the liquid sampling area showing the ATR principle.

Fig. 3

 3 Fig.3 Prototype liquid sample device adapted to the motorized stage of the transmission FTIR microscope: (a) Picture of the home-made sample holder and tools used to mount and dismount the assembly, (b) technical drawing of the sample holder maintaining the micro-chamber tightly closed, (c) schematic view of a demountable CaF 2 micro-chamber, (d) mosaic image of the sampling area (enlargement of the red dotted area in (c)) where the diluent and liquid sample are separated by a thin strip of polyester film (Mylar®).

Fig. 4

 4 Fig.4 Illustration of the water subtraction procedure applied on pre-processed transmission infrared spectra, showing: (a) a sample spectrum recorded on a cluster of a few thousands of L. bulgaricus ATCC11842 cells in an aqueous environment, (b) a diluent (saline water) spectrum, and (c) the best result from the subtractions performed between the sample spectrum (a) minus the diluent spectrum (b) multiplied by the scaling factor 0.62 (further subtraction results with other scaling factors ranging from 0.6 to 1 are presented in Fig. S1).

Fig. 5

 5 Fig.5 Example of pre-processed infrared spectra of live bacteria recorded with an SR-based ATR-FTIR inverted microscope (one to two cells) and thermal source-based FTIR transmission microscope (cluster of a few thousands of cells), before (a), and after (b) water subtraction. Green and red-coloured regions indicate the exploitable and non-exploitable spectral regions of spectra acquired at a single-cell level, respectively.

Fig. 6

 6 Fig.6 Principal Component Analysis (PCA) of processed FTIR spectra in the 1800 -1300 cm -1 region, of L. bulgaricus CFL1 bacteria (pink circles, freeze-sensitive) and L. bulgaricus ATCC 11842 bacteria (purple squares, freeze-resistant) acquired using the ATR-FTIR inverted microscope (open symbols, one to two cells) and using the transmission FTIR microscope (full symbols, clusters of a few thousands of cells) (a-c), and second derivatives (d-e) of selected points indicated by arrows in (a).(a) Score plot of principal component 1 (PC1) vs. principal component 2 (PC2); (b) and (c): loading plots of the PC2 and PC1 axis, respectively. Positive peaks in PC2 characterized L. bulgaricus ATCC 11842 cells, whereas negative peaks characterized L. bulgaricus CFL1 cells, (d) second derivatives of two extreme points according to PC2 axis and obtained with the ATR-FTIR inverted microscope, corresponding to L. bulgaricus CFL1 (pink arrow in (a)) and L. bulgaricus ATCC 11842 (purple arrow in (a)), and (e) second derivatives of two extreme points according to PC1 axis and obtained with the ATR-FTIR inverted microscope, corresponding to L. bulgaricus CFL1 (grey arrows in (a)).

Fig. 7

 7 Fig.7 Principal Component Analysis (PCA) of processed FTIR spectra of L. bulgaricus CFL1 (pink circles, freezesensitive) and L. bulgaricus ATCC 11842 (purple squares, freeze-resistant) acquired using the transmission FTIR microscope (clusters of a few thousands of cells), in the 1360 -975 cm -1 region (a-c) and mean infrared spectra of L. bulgaricus ATCC 11842 (in purple) and L. bulgaricus CFL1 cells (in pink) (d).(a) Score plot of principal component 1 (PC1) vs. principal component 2 (PC2), (b) and (c) loading plots of the PC1 and PC2 axis, respectively. Positive peaks in PC1 characterized L. bulgaricus ATCC 11842 cells, whereas negative peaks characterized L. bulgaricus CFL1 cells.

  Fig. S2Principal Component Analysis (PCA) of processed infrared spectra acquired using the synchrotron radiation-based ATR-FTIR inverted microscope (one to two cells), in the 1800 -1300 cm -1 region. (a), (b) and (c) Score plots of principal component 2 (PC2) vs. principal component 1 (PC1), PC3 vs PC1 and PC3 vs PC2, respectively. (d), (e) and (f) loading plots of the PC1, PC2 and PC3 axes, respectively. Positive peaks in PC2 characterized L. bulgaricus ATCC 11842 cells, whereas negative peaks characterized L. bulgaricus CFL1 cells. Positive peaks in PC3 characterized L. bulgaricus CFL1 cells, whereas negative peaks mainly characterized L. bulgaricus ATCC 11842 cells and a sub-population of L. bulgaricus CFL1 cells.

Fig. S6

 S6 Fig. S6 Contribution of Principal Component 3 (PC3) to the Principal Component Analysis (PCA) of processed infrared spectra of L. bulgaricus CFL1 (pink circles, freeze-sensitive) and L. bulgaricus ATCC 11842 (purple squares, freeze-resistant) acquired using the transmission FTIR microscope (clusters of few thousands of cells) (Fig. 7), in the 1360 -975 cm -1 region. (a) and (b) Score plots of principal component 3 (PC3) vs. principal component 1 (PC1) and PC3 vs PC2, respectively. (c) Loading plot of the PC3 axis.

Table S2

 S2 Comparison of information obtained with the two devices developed: a synchrotron radiation-based ATR-FTIR inverted microscope and a thermal-source transmission FTIR microscope.

	PCA combining data sets of ATR-FTIR inverted microscope and FTIR transmission microscope
	PC1	Heterogeneity within bacterial populations	Amide I, Nucleic acids
	PC2	Sub-populations of bacterial strains	Amide I, Amide II, Nucleic acids
		ATCC 11842: PC2 positive direction,	
		CFL1: PC2 negative direction,		
	PC3	Sub-populations of bacterial strains	Amide I, Amide II, Nucleic acids
		Heterogeneity within CFL1 population	
		ATCC 11842: PC3 negative direction	
		CFL1: PC3 negative and positive direction	
	PCA with data sets of ATR-FTIR inverted microscope	
	PC1	Heterogeneity within bacterial populations	Amide I, Nucleic acids
	PC2	Sub-populations of bacterial strains	Amide I, Amide II, Nucleic acids
		ATCC 11842: PC2 positive direction,	
		CFL1: PC2 negative direction		
	PC3	Sub-populations of bacterial strains	Amide I, Amide II, Nucleic acids, Lipids
		Heterogeneity within CFL1 population	or proteins (1468-1448 cm -1 )
		ATCC 11842: PC3 negative direction	
		CFL1: PC3 negative and positive direction	
	PCA with FTIR transmission microscope		
	PC1	Bacterial strains		Amide I, Amide II, Nucleic acids
		ATCC 11842: PC1 positive direction	
		CFL1: PC1 negative direction		
	PC2	Heterogeneity within CFL1 population	Amide I, Amide II, Nucleic acids
	PC3	Heterogeneity within CFL1 population	Amide II
	Main infrared vibrational bands characterizing each strain and the heterogeneity within bacterial population*
		ATR-FTIR inverted microscope and FTIR transmission microscope	ATR-FTIR inverted microscope	FTIR transmission microscope
	CFL1	1716-1700, 1658-1648,	1716-1700, 1658-1648, 1555-	1715-1695, 1658-1650,
		1555-1522, 1420-1405	1522, 1468-1448, 1420-1405	1552-1522, 1468-1448
	ATCC	1720-1675, 1670-1660,	1720-1675, 1670-1660, 1625-	1625-1595
		1625-1595, 1420-1405	1595, 1420-1405	
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Wavenumber range and ~ peak position (cm