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Abstract:  30 

Spectroscopic instruments are increasingly being implemented in the search for 31 

extraterrestrial life. However, microstructural spectral analyses of alien environments could 32 

prove difficult without knowledge on the molecular identification of individual spectral 33 

signatures. To bridge this gap, we introduce unsupervised K-means clustering as a statistical 34 

approach to discern spectral patterns of biosignatures without prior knowledge of spectral 35 

regions of biomolecules. Spectral profiles of bacterial isolates from analogous polar ice sheets 36 

were measured with Raman spectroscopy. Raman analysis identified carotenoid and violacein 37 

pigments, and key cellular features including saturated and unsaturated fats, triacylglycerols, and 38 

proteins. Principal component analysis and targeted spectra integration biplot analysis revealed 39 

that the clustering of bacterial isolates was attributed to spectral biosignatures influenced by 40 

carotenoid pigments and ratio of unsaturated/saturated fat peaks. Unsupervised K-means 41 

clustering highlighted the prevalence of the corresponding spectral peaks, while subsequent 42 

supervised permutational multivariate analysis of variance provided statistical validation for 43 

spectral differences associated with the identified cellular features. Establishing a validated 44 

catalog of spectral signatures of analogous biotic and abiotic materials, in combination with 45 

targeted supervised tools could prove effective at identifying extant biosignatures. 46 

47 
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Introduction: 48 

As mankind ventures further into the enigmatic depths of our solar system, the search for 49 

life beyond Earth is crucial for defining the context of human civilization and finding answers to 50 

the intrinsic question of Earth’s biological solitude and the origins of life on our planet. 51 

Compelling evidence for the existence of ancient oceans and ice deposits on Mars and the 52 

presence of liquid oceans beneath the ice shell of moons has driven the search for biosignatures 53 

relevant to astrobiological investigations. Biosignatures range from microbial mineralization 54 

(e.g. Gleeson et al., 2012; Gaboyer et al., 2017; Levett et al., 2020), gases (e.g. Seager et al., 55 

2012; Olson et al., 2018; Sousa-Silva et al., 2020), and stable isotopes (e.g. Anbar, 2004; Ono, 56 

2008; Brady et al., 2013), to organics (e.g. Watanabe et al., 2000, 2004; Rye and Holland, 2000), 57 

among others. If the ‘Rare Earth’ hypothesis is correct (Ward and Brownlee, 2000), the search 58 

for extraterrestrial life is essentially limited to microorganisms and microbially-derived organic 59 

material such as lipids, hydrocarbons, or polysaccharides. The exploration for organic 60 

biosignatures on extraterrestrial bodies has been an ambitious endeavor, and the recent 61 

advancements in single-cell spectral analyses techniques may provide the resolution needed for 62 

unambiguous biosignature identification.   63 

Spectral analysis tools are foundational to the exploration of extraterrestrial bodies. 64 

Landers, orbiting satellites, and observatories equipped with different spectrometers have 65 

provided invaluable information about planets and moons in our solar system and beyond (e.g. 66 

Giuranna et al., 2019; Lopes et al., 2019; Rapin et al., 2019; Hansen et al., 2020; Kunimoto et al., 67 

2020; Paganini et al., 2020). While NASA’s previous missions to Mars have exploited various 68 

forms of spectroscopy for geological applications, these approaches have uncovered details about 69 

the history of liquid water on the planet (Schmidt et al., 2008); an essential prerequisite for life 70 
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(Schwieterman et al., 2018). Moving forward, future missions will use spectroscopic 71 

technologies to search directly for signs of microbial life (Rull et al., 2017; Williford et al., 2018) 72 

and the positive, unambiguous identification of biomaterials indicative of extinct or extant life is 73 

intimately tied to this undertaking (Edwards et al., 2014).  74 

Raman spectroscopy is a common spectral analysis technique that can be used to non-75 

destructively identify biological compounds (Jehlicka et al., 2013; Rull et al., 2017). An 76 

important attribute of Raman spectroscopy when applied to the analysis of biomarkers is its 77 

ability to differentiate between molecular species based on intrinsic spectral signatures. Raman 78 

spectroscopy has been used to detect cellular components such as lipids, proteins, nucleotides, 79 

carbohydrates, and pigments in both algal and bacterial cells (Ermakov et al., 2005; Tuma et al., 80 

2005; Huang et al., 2010; Wu et al., 2011; Jehlicka et al., 2013, 2014, 2015; Oren et al., 2015; 81 

Serrano et al., 2015; Yakubovskaya et al., 2019) to profile organic and inorganic substances (De 82 

Gelder et al., 2007), and to locate the presence of specific organic compounds in heterogeneous 83 

environmental samples (Wei et al., 2015; Tan et al., 2018).  84 

The recently launched mission of NASA's Mars 2020 Perseverance rover includes both a 85 

Raman spectrometer with a remote pulsed 532 nm laser on the SuperCam instrument and a UV 86 

Raman spectrometer on the Scanning Habitable Environments with Raman and Luminescence 87 

for Organics and Chemicals (SHERLOC) instrument to specifically look for signs of ancient life 88 

(Wiens et al., 2021). Previous studies have determined the feasibility of detecting biosignatures 89 

within Martian geologic analogs using Raman spectroscopy techniques (Edwareds et al., 2013). 90 

However, even in defined samples containing a mixture of abiotic and biotic components, the 91 

unambiguous identification of biological material can be extremely difficult. This identification 92 

becomes even more challenging when analyzing extraterrestrial samples with unknown 93 
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composition. Thus, it is both timely and critical to develop an understanding of Raman spectral 94 

biosignatures representative of microbial life in order to accurately interpret spectral data.  95 

The objective of this research was to provide a robust statistical approach to the analysis 96 

of microbial biosignatures generated by Raman spectroscopy. Bacteria isolated from the 97 

Greenland and Antarctic Ice Sheets were selected as model organisms, as these environments 98 

have long been recognized as analogs to habitable icy worlds (Price, 2000; Olcott Marshal and 99 

Cestari, 2015; Rodriguez e Silva et al., 2021). To identify the important spectral information 100 

from microbial cells, a principal component analysis (PCA) of cellular components was 101 

conducted. Spectral differences with respect to specific cellular features were visualized by a 102 

targeted spectra integration (TSI) biplot and statistically validated with supervised permutational 103 

(i.e., non-parametric) multivariate analysis of variance (PERMANOVA). Ultimately, by not 104 

assuming any prior spectral knowledge of cellular components, an unsupervised K-means 105 

clustering was performed. Our statistical approach was subsequently validated using publicly 106 

available datasets. This multivariate statistical approach allowed for identification of trends in 107 

spectral data based on the presence of cellular biosignatures and determined statistically 108 

significant differences between spectra. The statistical affirmation of the spectral “fingerprints” 109 

of biogenic material may be used to guide the search for life beyond Earth in unknown materials.   110 

 111 

Materials and Methods: 112 

Microbial Isolates and Growth Conditions: 113 

Twenty-five selected bacterial isolates (Supplemental Table 1) were studied from the 114 

Foreman Lab Isolate Collection, which were previously isolated from Pony Lake (PL) located at 115 

Cape Royds on Ross Island, Antarctica (77°33′S, 166°00′E), the supraglacial Cotton Glacier 116 
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stream (CG) in the Transantarctic Mountains, Antarctica (77°07′S, 161°40′E), and cryoconite 117 

holes on Russell Glacier (GRIS), Greenland (67°5'N, 50°0'W) (Figure 1). Bacterial strains were 118 

isolated on R2A agar media (Difco™) at 4°C. Single colonies from each site were selected 119 

according to morphological characteristics including color, size, and shape. Purified isolates 120 

were stored in 40% glycerol at -80°C and archived as part of the Foreman Lab Isolate Collection.  121 

Organisms from freezer stocks were streaked on R2A agar plates and incubated at 4°C. 122 

Additionally, Escherichia coli AW3110 and Bacillus subtilis were grown at 37°C, respectively. 123 

A sporulation medium (0.8% w/v Nutrient Broth, 0.1% w/v KCl, 1 mM MgSO4·7H2O, 0.01 mM 124 

MnCl2, 0.5 mM CaCl2, 1 mM FeSO4·7H2O; Schaeffer et al., 1965) was used to induce spore 125 

formation of B. subtilis. Spores were purified by a lysozyme treatment (15 mg/mL) for 1 hour at 126 

22°C, followed by centrifugations at 13,000 g for 1 minute and six washes with 1X phosphate 127 

buffered saline (PBS). The final spore pellet was resuspended in 1 mL PBS buffer and stored at  128 

-20°C prior to analysis.  129 

 130 

DNA Extraction and Amplification: 131 

Genomic DNA was extracted using the PowerSoil DNA Isolation Kit (Qiagen, U.S.A.)  132 

following manufacturer’s recommendations. PCR amplification of the 16S gene was performed 133 

with primers 9F 5’- GAGTTTGATCCTGGCTCAG-3’ and 1492R 5’- 134 

GGTTACCTTGTTACGACTT -3’ (Stackebrandt et al., 1993). PCR products were sent to 135 

Functional Biosciences (Madison, Wisconsin, U.S.A.) for Sanger sequencing. Sequences were 136 

assembled using the BioEdit 7.2 software package (Informer Technologies, U.S.A.). The 137 

nucleotide sequences were compared with the National Center for Biotechnology Information 138 

(NCBI) nucleotide database using the Nucleotide Basic Local Alignment Search Tool (BLAST) 139 
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(Altschul et al., 1990). Sequences were deposited in the NCBI database under the accession 140 

numbers GU592435, GU592436, MW293983-MW294005. 141 

Raman Spectroscopy: 142 

Colonies from environmental bacterial isolates (Supplemental Table 1), E. coli AW3110, 143 

and B. subtilis were scraped with a sterile loop into microcentrifuge tubes containing 1 mL 1X 144 

PBS buffer. Cells were fixed with paraformaldehyde (final conc. 2%) at 4°C for 2 hours, as 145 

paraformaldehyde has not been shown to impact Raman signal (Berry et al., 2014). After 146 

fixation, samples were centrifuged at 12,000 g for 5 minutes and washed three times with 1X 147 

PBS buffer. The final cell pellet was resuspended in 1 ml of a 1:1 mixture of 1X PBS buffer and 148 

100% molecular grade ethanol. All samples including spores (see above) were stored at -20°C 149 

untill subjected to Raman spectroscopy. 150 

To analyze the samples on the Raman spectrometer, 3 µL of each sample were placed 151 

onto a clean CaF2 Raman slide. Samples were dried at 40°C for 5 minutes. The slides were 152 

dipped in Milli-Q water to remove PBS buffer residues and immediately dried with compressed 153 

air. The samples were analyzed on a Raman spectrometer (LabRAM HR Evolution Raman 154 

Spectrometer, HORIBA) equipped with the LabSpec6 version 6.5.1 software package (HORIBA, 155 

Japan). Raman spectra (300-3300 cm-1) of individual cells were recorded using a 532 nm laser at 156 

45 mW of power with a 600 nm grating and a 100X objective (NA 0.90). The parameters used 157 

for each spectral measurement were two accumulations of ten seconds. Raman spectra were 158 

recorded for twenty individual cells for each isolate. The resulting spectra were processed using 159 

a fitted 4th degree polynomial line for baseline subtraction and the LabSpec6 4th degree data 160 

smoothing function (Savitsky-Golay algorithm) to reduce the noise to signal ratio of the 161 

measurements (Savitsky and Golay, 1964; Cai at el., 2018; Horiba, 2018).  162 
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Statistical Analyses:  163 

After the baseline subtraction and data smoothing steps, the Raman spectra were 164 

subjected to multiple multivariate statistical analyses. First, a PCA of the Raman spectra was 165 

conducted using the Eigenvector SOLO MIA version 8.7.1 software package (Eigenvector 166 

Research, Inc., U.S.A.). Exclusively for the PCA, the spectra were preprocessed using 167 

multiplicative signal correction (MSC) (Martens and Stark, 1991). A PCA scatterplot and 168 

corresponding principal component graphs were created to illustrate the regions of the spectra 169 

that accounted for the most variance between isolates (Supplemental Figures 1-2).   170 

Raman spectral regions, which were associated with key cellular features, were further 171 

analyzed in detail with a secondary analysis. Raman spectra were normalized by dividing all 172 

intensity values by the intensity of the lipid peak between 2900-2930 cm-1 to reduce the impact 173 

of the varying amplitude of this spectral feature for this step and all subsequent analyses. The 174 

areas under the Raman spectra that corresponded to carotenoid pigments, saturated and 175 

unsaturated fats, triacylglycerols, and proteins were integrated to calculate a single cumulative 176 

value for each feature (Table 1). It should be noted that spectral overlap can exist between 177 

cellular features, which elicits the use of multiple spectral features to identify some compounds. 178 

A second PCA was performed to create the TSI biplot with loadings associated with each of the 179 

aforementioned parameters. To identify differences based on carotenoids, saturated and 180 

unsaturated fats, proteins, and triacylglycerols (Table 1), a PERMANOVA with respect to 181 

colony color was performed using the “adonis” and “pairwise adonis” functions in the “vegan” 182 

version 2.5.6 package (Dixon, 2003; Oksanen et al., 2019) in the statistical software, R (R Core 183 

Team 2020). The normalized spectra were analyzed using PERMANOVA from 550-1800 cm-1 184 
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to remove the peak from the CaF2 Raman slide (321 cm-1) and the noise from the characteristic 185 

“silent region” (1800-2800 cm−1) of the spectra.  186 

For the unsupervised analysis, a non-targeted analysis of similarity (ANOSIM) was 187 

performed on the normalized, full Raman spectra between 550 and 1800 cm-1 using the “vegan” 188 

package in R to quantify intraspecies dissimilarity in relation to the variance between isolates. 189 

The “kmeans” and “fviz_cluster” functions (Kassambara, 2017) were used to create an 190 

unsupervised K-means cluster plot that grouped isolates based on their spectral features. Other 191 

clustering methods like fuzzy c-means or information theoretic approaches that assign clusters 192 

with a probability could also be applied, warranting future research (Dunn, 1973; Parker et al. 193 

2010). This statistical approach was subsequently applied to additional Raman spectra from 194 

literature to demonstrate the replicability and applicability of the model. Twenty individual 195 

spectra were selected from twelve carotenoid pigmented bacterial isolates and from endospores 196 

from seven Bacillus spp.. Results from these additional organisms were used not in the 197 

interpretation of the spectra from this project, but rather as another way to test the applicability 198 

and practically of these analytical modeling techniques. 199 

 200 

Results: 201 

Characteristics of Bacterial Isolates: 202 

Bacterial isolates were closely related to the genera Glaciihabitans, Polaromonas, 203 

Herminiimonas, Undibacterium, Janthinobacterium, Variovorax, Cryobacterium, 204 

Actimicrobium, Hymenobacter, and Flavobacterium (Supplemental Table 1), and represented 205 

lineages of the phyla Actinobacteria (N=3) and Bacteroidetes (N=6), and the order 206 

Burkholderiales (N=16). When grown on R2A agar plates, isolates Glaciihabitans sp. GRIS 2-207 
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15, Variovorax sp. GRIS 2-14, Cryobacterium sp. GRIS 2-6, Hymenobacter sp. GRIS 2-18, 208 

Flavobacterium sp. CG 9-1, Cryobacterium sp. CG 9-6, Flavobacterium sp. CG 23-5, 209 

Flavobacterium sp. PL 10, Flavobacterium sp. PL 11, and Flavobacterium sp. PL 12 formed 210 

bright yellow, orange, or red pigments (Supplemental Table 1). Of the eight bacterial isolates 211 

that were closely related to Janthinobacterium spp., only Janthinobacterium sp. GRIS 1-11 212 

produced purple pigments; a common characteristic of this genus. All other isolates were either 213 

cream-colored or had colonies that appeared in a salmon-pink tone.  214 

Raman Spectroscopy: 215 

The Raman spectra for the orange pigmented isolates Glaciihabitans sp. GRIS 2-15, 216 

Flavobacterium sp. PL 11, and Flavobacterium sp. CG 9-1, as well as the red isolates 217 

Hymenobacter sp. GRIS 2-18 and Cryobacterium sp. CG 9-6, showed pronounced peaks 218 

between 988-1000 cm-1, 1138-1150 cm-1, and 1498-1510 cm-1 (Figure 2A). Smaller peaks in the 219 

spectra of these isolates were identified between 2006-2024 cm-1, 2141-2153 cm-1, 2288-2303 220 

cm-1, 2504-2513 cm-1, and 2645-2657 cm-1. These characteristic Raman peaks were absent in the 221 

spectra for all yellow pigmented, pink-colored, and non-pigmented environmental isolates 222 

(Figure 2B-D; Supplemental Figure 3), as well as the lab strains (E. coli AW3110 and B. subtilis 223 

and spores; Figure 2F). High autofluorescence of the purple isolate Janthinobacterium sp. GRIS 224 

1-11 caused difficulty discerning key features of the full spectra without a high degree of 225 

baseline subtraction. For this reason, the spectra for Janthinobacterium sp. GRIS 1-11 were 226 

excluded from further analyses. Nonetheless, with focus on 400-1800 cm-1, the Raman spectra 227 

for Janthinobacterium sp. GRIS 1-11 showed peaks at 1130 cm-1, 1275 cm-1, and 1550 cm-1 228 

(Figure 2E). 229 
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Common spectral peaks highlighted by Raman spectroscopy that were related to lipids 230 

included a predominant peak between 2900-2930 cm-1 (Table 2; Figure 2), and distinguishable 231 

peaks at 1260 cm-1, 1300 cm-1, 1440 cm-1, 1650 cm-1, 2800-3000 cm-1, and 3023 cm-1. Peaks 232 

around 1300 cm-1, 1460 cm-1, and 1630-1680 cm-1 may also be attributed to triacylglycerols. 233 

Peaks assigned to proteins were observed around 1004 cm-1, 1300 cm-1, 1550 cm-1, and 1600-234 

1700 cm-1. Small spectral features corresponding to the presence of nucleotides were observed 235 

across almost all samples from 600-800 cm-1. B. subtilis spores maintained the same spectral 236 

features as their vegetative counterparts, albeit producing stronger signals (Figure 2F). 237 

 PCA clustered spores, red/orange pigmented isolates, and non-pigmented/pink-238 

colored/yellow pigmented bacterial isolates into three distinct groups (Supplemental Figure 1). 239 

Additionally, to determine whether spectral signatures are characteristic of certain bacterial 240 

isolates, a TSI biplot was generated (Figure 3) to visualize the variability among the 5 cellular 241 

features listed in Table 1. The first principle component (PC1) explained 94.97% of the total 242 

variation. Spectral signatures of the orange pigmented Flavobacterium sp. PL 11 were best 243 

explained by the presence of triacylglycerols. Flavobacterium sp. CG 9-1 and Glaciihabitans 244 

sp.GRIS 2-15 were described by their carotenoid pigment spectra and protein peaks. Spectra of 245 

Hymenobacter sp. GRIS 2-18 were moderately influenced by proteins. All other bacterial 246 

isolates produced Raman spectra largely described by fatty acid peaks. Due to the overlap of 247 

spectral peaks for saturated and unsaturated fats, the angle between these two loading vectors 248 

was very narrow.  249 

For the supervised approach, a pairwise PERMANOVA confirmed significant differences 250 

in Raman spectra between isolates (Table 3). Overall, all pairings showed statistically significant 251 

differences across different regions of the Raman spectra, with the exception of certain pairings 252 



12 
 

with pink-colored, yellow pigmented, and non-pigmented organisms. All pigment groups were 253 

statistically significantly different when comparing the full Raman spectra (550-1800 cm-1), or 254 

just the carotenoid regions (Table 3). For the protein and triacylglycerol regions, only the yellow 255 

and non-pigmented bacterial isolates were not statistically significantly different (P≥0.056). 256 

Collectively, Raman spectra for non-pigmented isolates were not statistically significantly 257 

different than other groups across the saturated fat region (P≥0.132). In addition, pairwise 258 

PERMANOVA revealed that Raman spectra were more similar with respect to saturated fat 259 

features as opposed to unsaturated fats. 260 

The non-targeted ANOSIM indicated dissimilarity between the Raman spectra of the 261 

different isolates (R=0.891, P=0.001). Subsequent unsupervised K-means analysis grouped 262 

Raman spectra into four clusters and reflected trends based on pigmentation and prevalent 263 

macromolecules (Figure 4A and Supplemental Table 3). Raman spectra for B. subtilis cells 264 

grouped as an individual cluster (Cluster 1). Overall, Clusters 1, 3, and 4 exhibited similar 265 

spectral characteristics, but were distinguished by the relative ratios of the intensities of each 266 

peaks. Cluster mean 1 was defined by spectral features corresponding to nucleotides around 800 267 

cm-1 (Barhoumi et al., 2008; Parab and Tomar, 2012), proteins near 1004 cm-1 (De Gelder et al., 268 

2007; Wu et al., 2011), potential triacylglycerols at 1150 cm-1 (Motoyama, 2012), amide (II and 269 

III) bands at 1550 cm-1 and 1300 cm-1 (De Gelder et al., 2007; Wu et al., 2011), saturated fats at 270 

1440 cm-1, and unsaturated fats at 1660 cm-1 (Samek et al., 2010; Czmara et al., 2014; Sharma et 271 

al., 2015). Red and orange pigmented bacterial isolates formed Cluster 2. The cluster mean for 272 

the orange and red cells showed three peaks characteristic for carotenoids at 1006 cm-1, 1154 cm-273 

1, and 1520 cm-1 (Ermakov et al., 2005; Wood et al., 2005; De Gelder et al., 2007) (Figure 4B). 274 

Conversely, non-pigmented, pink-colored, and yellow pigmented cells spanned across Clusters 3 275 
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and 4 with differences in cluster means largely driven by a nucleotide peak (Barhoumi et al., 276 

2008; Parab and Tomar, 2012) around 800 cm-1 (Figure 4B). Noteworthy, while other spectral 277 

tool such as UV-VIS and Fourier-transform infrared spectroscopy can reveal spectra of microbial 278 

features (Supplemental Figure 5-11), they perform bulk measurements on samples. As such, 279 

these tools lack replicate measurements on single cells across a sample necessary for the 280 

supervised and unsupervised approaches.  281 

While differences in the acquisition of spectra did not allow for a direct incorporation of 282 

the literature data into the existing unsupervised statistical model, analysis of these external 283 

datasets supported the model for distinguishing isolates based on prevalent Raman features. The 284 

literature dataset exhibited moderate dissimilarity between Raman spectra of different isolates 285 

(ANOSIM; R=0.6311, P=0.001) and showed trends in the K-means clusters based on carotenoid 286 

pigmentation and prevalence of saturated and unsaturated fat peaks (Supplemental Figure 4 and 287 

Supplemental Table 4). Akin to the K-means analysis of the polar isolates, spectral peaks 288 

associated with carotenoids were the most prominent and overshadowed lesser features in 289 

Cluster means 2 and 4. The sporulated isolates separated into their own grouping in Cluster 3. 290 

Despite sharing peaks associated with nucleotides, amides, saturated and unsaturated fats, 291 

moderate carotenoid peaks at 1150 cm-1, and 1500 cm-1 were the differentiating factors between  292 

Cluster means 1 and 3, which consisted of less pigmented isolates and non-pigmented spores, 293 

respectively (De Gelder et al., 2007; Wu et al., 2011). Cluster means 2 and 4 reflected similar 294 

spectral features and were predominantly defined by the relatively high intensities of the 295 

aforementioned carotenoid peaks. 296 

 297 

Discussion: 298 
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 Spectra measured by Raman spectroscopy encompassed many cellular features 299 

fundamental to microbial life. Though spectral features for proteins, saturated and unsaturated 300 

fats, and pigments were identified, peaks affiliated with carotenoid pigments were surprisingly 301 

not observed for the yellow or pink-colored isolates. This reduced resolving power of Raman 302 

spectroscopy could be in part attributed to intact cells analyses, as purified pigment extracts 303 

produce clearer Raman characteristics (Ermakov et al., 2005; Wood et al., 2005; De Gelder et al., 304 

2007). Appropriate acquisition parameters are also paramount to measuring well-defined spectra, 305 

as excessive laser power or exposure time could have led to bleaching or lysing of the biological 306 

samples. Raman peaks for isolates Glaciihabitans sp. GRIS 2-15, Hymenobacter sp. GRIS 2-18, 307 

Cryobacterium sp. CG 9-6, and Flavobacterium sp. PL 11, and Flavobacterium sp. CG 9-1 308 

around 1006 cm-1, 1154 cm-1, and 1520 cm-1 were suggestive of ʋ3 in-plane rocking of CH3 309 

groups, ʋ2 in-phase C-C bond stretching, and ʋ1 in-phase C=C bond stretching, respectively; 310 

spectral bands characteristic for carotenoid pigments (Ermakov et al., 2005; Wood et al., 2005; 311 

De Gelder et al., 2007; Jehlicka et al. 2014). Small peaks between 2000-2650 cm-1 further 312 

affirmed the presence of carotenoids (Ou-Yang et al., 2015). Despite the high autofluorescence 313 

of the purple bacterium Janthinobacterium sp. GRIS 1-11 above 2000 cm-1, Raman spectra 314 

clearly exhibited peaks distinctive for violacein (Jehlicka et al. in 2015). In addition to pigments, 315 

Raman analysis successfully detected key cellular features across all bacterial isolates (Table 2), 316 

including membrane phospholipids as the most prominent biosignature (Kint et al., 1992; Parab 317 

and Tomar, 2012), unsaturated and saturated fatty acids (Samek et al., 2010; Wu et al., 2011), 318 

triacylglycerols (Samek et al., 2010; Motoyama, 2012), and amides groups I-III (Wu et al., 319 

2011). Spectral overlap between protein and pigment peaks (Ermakov et al., 2005; Wood et al., 320 

2005; De Gelder et al., 2007) or fatty acids and triacylglycerols (Motoyama, 2012; Czmara et al., 321 
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2014) likely contributed to either cellular compound when present concomitantly. The spectral 322 

ratios of saturated and unsaturated fatty acids would allow for an approximation of the degree of 323 

membrane lipid saturation (Czmara et al., 2014). However, while it was expected that bacteria 324 

growing at lower temperatures incorporate more unsaturated fats into their membranes (Vokt and 325 

Brody, 1985; Neidleman, 1987), no clear trend in fatty acid saturation was determined based on 326 

growth temperature (Supplemental Table 2). Using membrane lipids as a biomarker, Raman 327 

analysis was also able to differentiate between vegetative B. subtilis cells and spores. B. subtilis 328 

spores had much higher spectral ratios of unsaturated to saturated fats compared to vegetative 329 

cells, and the thick spore envelope likely intensified Raman signals (Soni et al., 2016). 330 

While the TSI biplot and PERMANOVA were very effective at visualizing and 331 

statistically interpreting spectral differences, respectively, they are supervised approaches that 332 

require a priori knowledge of the dataset to reduce the analytical complexity and focus targeted 333 

regions of the Raman spectra (Maisa et al., 2013; Datta et al., 2017). Hence, the supervised 334 

statistical analysis is inherently limited to the selected spectral characteristics (Table 1). 335 

Conversely, K-means is an unsupervised algorithm that infers clustering of a set of samples 336 

without any initial knowledge on features of interest (Maisa et al., 2013; Datta et al., 2017; 337 

Szalontai et al., 2020). Importantly, this generalized analysis technique can be applied to any 338 

dataset without the need for assuming properties of the samples. Thus, the wide scope of the 339 

unsupervised analysis presents an advantage for the detection and identification of 340 

extraterrestrial biosignatures that are potentially hidden within the microscale of different 341 

molecules of unknown composition. In addition, an unsupervised approach could subsequently 342 

inform target regions for a supervised spectral analysis (Khodabakhshian and Abbaspour-Fard, 343 

2020; Szalontai et al., 2020). 344 
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 345 

Conclusion: 346 

Technological advances that drive astrobiology will undoubtedly shape the future as 347 

mankind continues to extend its reach beyond Earth into the solar system. As the use of spectral 348 

analyses for biological detection advances, it becomes increasingly imperative to have reference 349 

databases for spectroscopic signatures to interpret future data collected on Mars and beyond. 350 

Central to this goal is the need for analytical capabilities to (i) interpret large volumes of spectral 351 

profiles without prior knowledge of the sample, (ii) integrate multiple spectral datasets, and (iii) 352 

ultimately determine whether these signatures are representative of extinct or extant life. 353 

Measuring biosignatures of organisms from analogous environments through a variety of 354 

analytical techniques could inform site selection for future rover exploration and guide analyses 355 

for NASA’s missions to Mars. 356 

Overall, this study recapitulated the capabilities of Raman spectroscopy to detect spectral 357 

features that are indicative of the presence of life and expands upon the growing scientific field 358 

that may help guide more detailed analyses of extraterrestrial spectral samples. Among other 359 

cellular features, spectral analyses focused on carotenoid pigmented bacterial cells, spores, and 360 

model extraterrestrial organisms such as Deinococcus radiodurans, which have all been 361 

proposed as potential targets for extraterrestrial signs of life (Dartnell et al., 2010). Unsupervised 362 

K-means clustering successfully identified Raman spectral fingerprints of these 363 

astrobiologically-relevant biosignatures without requiring any prior knowledge of biological 364 

composition. This statistical model, however, also highlighted that not all carotenoid pigments 365 

and spores were distinct in their spectral information, requiring a more detailed chemical 366 

knowledge of cellular components to interpret the unsupervised clusters.  367 
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We propose unsupervised statistical analyses, such as K-means clustering, as an essential 368 

analytical method for spectral data, as this generic approach can be widely applied in 369 

extraplanetary applications. Further, establishing a catalog of microbial biosignatures from 370 

analogous environments, organic molecules, and inorganic substrates will aid the interpretation 371 

of spectral trends from these analyses and can allow for the use of supervised models (e.g. TSI 372 

biplot, PERMANOVA) in targeted, secondary analyses (Edwards et al., 2013; Lafuente et al., 373 

2015; Mendili et al., 2019). Incorporating abiotic Raman signatures of relevant analog geological 374 

material should also be considered to further strengthen the model and our ability to 375 

unequivocally interpret the biogenicity of unknown materials. Building on this database will help 376 

with interpreting spectroscopic data, as well as shape the technology that pioneers the 377 

exploration of our neighboring worlds. 378 
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Figure Legend: 647 

Figure 1: Sampling locations in (A) the western margin of the Greenland Ice Sheet and (B) the 648 

McMurdo Sound area, Antarctica. 649 

 650 

Figure 2: Raman spectra of the environmental bacterial isolates. The spectra represent the 651 

average Raman spectra for 20 individual cells for each isolate. (A) orange and red, (B) yellow, 652 

(C) pink, (D) non-pigmented, and (E) purple bacterial isolates (non-baseline subtracted or data 653 

smoothed). (F) E. coli AW3110, vegetative cell and spores of B. subtills.  654 

 655 

Figure 3: TSI biplot of the integrated regions of the Raman spectra that correspond to key cell 656 

features (i.e., carotenoids, saturated fats, unsaturated fats, triacylglycerols, and proteins) for each 657 

environmental, bacterial isolate grown at 4°C and B. subtilis, B. subtilis spores, and E.coli 658 

AW3110 grown at 37°C. Data points reflect the color of the bacterial colonies. Non-pigmented 659 

isolated are shown in black. Each genus is displayed with a different marker shape. 660 

 661 

Figure 4: (A) K-means Cluster plot of the normalized Raman spectra of the bacterial isolates 662 

from 550-1800 cm-1. The list of the species comprising each cluster is listed in Supplemental 663 

Table 3. (B) Cluster means for the K-means Cluster plot of the normalized Raman spectra from 664 

550-1800 cm-1. 665 

 666 
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Figure 1: 669 
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30 
 

Table 1: Published regions of Raman spectra representative of cellular components used for 676 
statistical analyses. 677 
 678 
Key Cellular Feature Raman Spectral Region (cm-1) Reference 
TSI Biplot    

Carotenoids 980-1020, 1070-1170, 1220-1280, 
1480-1550 

Wood et al., 2005 

Saturated fats 1290-1360, 1415-1465, 2880-2980 Sharma et al., 2015 
Unsaturated fats 1220-1280, 1625-1675  Sharma et al., 2015 
Triacylglycerols 1070-1170, 1290-1360, 1415-1465, 

1625-1675 
Motoyama, 2012 

Proteins 980-1020, 1290-1360, 1480-1550, 
1625-1675 

Wu et al., 2011 

PERMANOVA   
Carotenoids 1006, 1154, 1520 Wood et al., 2005 
Saturated fats 1300, 1440 Sharma et al., 2015 
Unsaturated fats 1260, 1650 Sharma et al., 2015 
Triacylglycerols 1080, 1130, 1300, 1460, 1630-1680 Motoyama, 2012 
Proteins 1004, 1300, 1550, 1600-1700 Wu et al., 2011 
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Table 2: Biosignatures of Polar, bacterial isolates determined by Raman spectroscopy. 680 
 681 
Key Cellular Feature Spectral Region (cm-1) Reference 

Carotenoids 1006, 1154, 1520, 2006-
2024, 2141-2153, 2288-
2303, 2504-2513, 2645-2657 

Ermakov et al., 2005; Wood et al., 2005; De 
Gelder et al., 2007; Ou-Yang et al., 2015 

Membrane lipids 2920 Kint et al., 1992; Parab and Tomar, 2012 
Unsaturated fats 1260, 1650, 3023 Samek et al., 2010; Wu et al., 2011; Czmara 

et al., 2014; Sharma et al., 2015  
Saturated fats 1300, 1440 Samek et al., 2010; Wu et al., 2011; Czmara 

et al., 2014; Sharma et al., 2015 
Proteins 1004 De Gelder et al., 2007; Wu et al., 2011 
Amide I-III 1300, 1550, 1600-1700 De Gelder et al., 2007; Wu et al., 2011 
Triacylglycerols 
 
Nucleotides 

1080, 1130, 1300, 1460, 
1630-1680 
600-800 

Motoyama, 2012 
 
Barhoumi et al., 2008; Parab and Tomar, 
2012 
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Table 3: Pairwise PERMANOVA for normalized Raman spectra from 550-1800 cm-1 of 683 
bacterial isolates. Statistically significant results are shown in bold. NP (non-pigmented). 684 
Significance level: * <0.050, ** <0.010, *** <0.001 685 

 686 

Pairs Full 
Spectra 

Carotenoid 
Regions 

Unsaturated 
Fat Regions 

Saturated 
Fat Regions 

Protein 
Regions 

Triacylglycerol 
Regions 

Orange vs. Pink ** ** ** * ** ** 
Orange vs. NP ** ** * 0.501 ** ** 
Orange vs. Yellow ** ** ** * ** ** 
Orange vs. Red ** ** ** ** ** ** 
Pink vs. NP * * 0.052 0.117 ** ** 
Pink vs. Yellow ** ** 1.000 0.533 ** * 
Pink vs. Red ** ** ** ** ** ** 
NP vs. Yellow ** * ** 0.132 0.056 0.059 
NP vs. Red ** ** ** ** ** ** 
Yellow vs. Red ** ** ** ** ** ** 
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