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Scientists are always on the lookout for new modalities of information which

could reveal new biological features that are useful for deciphering the complex-

ity of biological systems. Here, we introduce Raman spectroscopy as a prime

candidate for ecology and evolution. To encourage the integration of this

microscopy technique in the field of ecology and evolution, it is crucial to discuss

first how Raman spectroscopy fits within the conceptual, technical and pragmatic

considerations of ecology and evolution. In this paper, we show that the spectral

information holds reliable indicators of intra- and interspecies variations, which

can be related to the environment, selective pressures and fitness. Moreover, we

show how the technical and pragmatic aspects of this modality (non-destructive,

non-labelling, speed, relative low cost, etc.) enable it to be combined with more

conventional methodologies. With this paper, we hope to open new avenues

of research and extend the scope of available methodologies used in ecology

and evolution.
1. Introduction
Ecology and evolution are interlinked disciplines and aim together to decipher

the complexity of biological systems at various spatial and temporal scales. Fun-

damentally, ecology aims at characterizing the relation between biological

systems (cell, individual, community, population, etc.) and their environment

as shaped by selective pressures. To complement this effort, experimental evol-

ution tests how the selective pressures identified from ecological studies drive

the evolution of these biological systems. Contributing to this interplay is the

introduction of novel techniques granting us new vantage points which offer

new perspectives on biological systems.

In this perspective, we explore the possibilities offered by Raman spectroscopy

in the context of ecology and experimental evolution and argue that this optical

modality can benefit researchers of both communities. Vibrational spectroscopy

techniques such as Raman spectroscopy provide a unique molecular signature of

a sample (inorganic or organic) in a label-free, non-destructive and reproducible

manner [1]. Recently, Raman spectroscopy has been increasingly reported in biologi-

cal and biomedical studies for the purposes of identification, classification, diagnosis

and microscopic imaging of living or fixed single cells, tissues and organisms [2–5].

As Raman spectroscopy is recognized as a reliable technique for characterizing

species and biological processes, we envision that Raman spectroscopy can provide

relevant molecular information in the context of ecology and experimental

evolution, thus feeding the dynamic interplay existing between these fields.

Surprisingly, Raman spectroscopy has not yet been widely introduced in ecology

and experimental evolution, mainly because of a lack of intersecting connections

between these fields and the Raman community. Rare exceptions are however emer-

ging, as described later in the text, and we believe it is time to generalize this
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Figure 1. A general overview of Raman spectroscopy. (a) A generalized overview of the optical set-up for a typical spontaneous Raman spectroscopic microscope.
A monochromatic laser light illuminates the sample, emitting Raman scattering light. A small portion of this scattering passes through the objective lens and goes through
the optical pathway to the dispersive polychromator (i.e. spectrophotometer), where it is captured by a CCD detector. (b) Raw spectral data must be processed through
various procedures to improve the quality of the signal by removing noise (e.g. due to cosmic rays, the auto-fluorescence signal of the samples or from unavoidable
technical variations). Because spectra are not always useful to visualize and are characterized by the molecular composition between each group or conditions, they
are usually used as the input for multi-variate analyses such as principal component analyses, projection latent structure analyses, discriminant analyses and support
vector machines, which are particularly powerful for identifying and discriminating individuals from the contribution of all or specific Raman wavelengths. (c) Representation
of the inherent layers that contribute to the complex spectral signature.
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technique to ecologists and evolutionists, who have much to gain

from the integration of this optical modality. In doing so, we place

Raman spectroscopy at the heart of the conceptual, technical and

pragmatic considerations of ecology and experimental evolution.
2. A brief overview of Raman spectroscopy
Raman spectroscopy is avibrational spectroscopy technique used

to collect a unique chemical fingerprint of molecules from living

or non-living samples (figure 1). In the case of an optical
Raman microscope, a laser is used as an excitation source and is

targeted on a biological sample, causing the emission of Raman

scattering. A fraction of this scattering signal is captured back

through the objective lens and measured by a polychromator

equipped with a multi-channel detector (figure 1a). Each mol-

ecule has a distinct set of vibrational energy levels, and their

individual contribution yields a spectral signature within a few

seconds of exposure. From the Raman spectrum of biological

samples, the major cellular compounds (DNA/RNA, proteins,

lipids, carbohydrates, chlorophylls, carotenoids, etc.) can be

identified due to their wavelength-specific position. While the
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information from individual peaks (or their ratio) provides useful

information, multi-variate analyses on whole spectra are often

used to discriminate physiological differences among individuals

or groups (figure 1b). Although the compound effect of the

inherent layers constituting the Raman signal remains to be

characterized (figure 1c), the interplay between these layers con-

tributes to a rich and complex spectral signature that monitors

the changes in the molecular composition and metabolism of

living organisms or cells. Prominently, Raman spectroscopy has

demonstrated its ability to identify microorganisms, algae,

fungi and whole organisms and also to characterize biological

phenomena in a reproducible and very accurate manner [6–9].

The low intensity of Raman scattering signals, inherently

weaker than fluorescence signals, has historically limited the

application of Raman spectroscopy to the identification of geo-

logical and synthetic compounds [10]. However, technical

advances in terms of detection limits (i.e. spectral and spatial

resolution, sensitivity, speed of acquisition) have strongly con-

tributed to improving the sensitivity of the method and allow

biological applications. In particular, the use of a coupled

charge device (CCD) camera or an sCMOS camera with high

quantum yield and low dark current, and an objective lens

with a high optical aperture (N.A.), has greatly contributed in

reducing the exposure time/laser intensity required to obtain a

spectrum with a good signal-to-noise ratio. As for the spatial res-

olution of a confocal Raman microscope, it is determined in the

same manner as a confocal fluorescence microscope and depends

on the N.A. of the objective and the excitation laser wavelength.

With an excitation wavelength of 532 nm, a 1.2 N.A. objective

lens and a slit size set around the focal spot size, the lateral

(XY) spatial resolution is approximately 270 nm, which enables

subcellular compartments of living single cells and tissues to be

imaged (e.g. [4]).

It is worth mentioning that, following these technical

improvements, a multitude of derivatives of vibrational

Raman scattering have been developed, such as coherent

anti-Stokes Raman scattering, surface-enhanced Raman scatter-

ing, tip-enhanced Raman scattering and stimulated Raman

scattering, each providing different experimental advantages

and limitations that must be considered for the biological

entity of interest [2]. Raman spectroscopy has also been criti-

cized for the interpretability of its spectral information. For

example, it is currently not possible to identify precisely the

type or concentration of a given protein present in a sample,

although other compounds such as pigments may exhibit

very specific spectral signatures. Efforts have been made, how-

ever, to facilitate the processing and interpretation of spectral

information, and these efforts are supported by solid theoretical

foundations (signal processing, multi-variate analyses, etc.).

In our opinion, these recent technical and analytical

developments have only started to reveal the full possibilities

of interpreting biological phenomena from Raman spectral

data, as demonstrated by the ever-growing list of applications

and discoveries in various fields. We wish to further this

effort in ecology and evolution.

3. Grounding Raman spectroscopy in the
conceptual framework of ecology and
experimental evolution

The choice of a given technique in ecology is fundamentally

constrained by its capacity to characterize specific traits and
distinguish variations among the individuals or samples

under consideration, which may differ in response to

environmental changes. Thus, the methods used in ecology

must be replicable, sensitive and robust. Interestingly, the

ability of Raman spectroscopy to identify subtle variations

among individuals or samples (species, subspecies, growth

state, type of pigment, etc.) for the purpose of discrimina-

tion and classification has been widely reported, notably in

microbiological studies (e.g. [6,7]). This ability to delineate

a fine granularity of phenotypes can also be applied to ident-

ify the environmental stressors to which the measured

organisms are subjected. For example, specific spectral infor-

mation from single bacteria cells subjected to antibiotic

stressors has been used to establish a barcode reflecting the

severity (concentration dependence) and temporality (time

dependence) of the responses [8,9]. It is worth mentioning

that recent studies showed supporting evidence for the sensi-

tivity of infrared spectroscopy in monitoring in situ
environmental stress from the tissue samples of various

species [11–13]. Likewise, it is expected that the ability of

Raman spectroscopy to provide a broad and fine characteriz-

ation of biological systems will benefit a broad range of

ecological studies in both temporal and spatial contexts.

Surely, this aspect is also of importance in the context of

experimental evolution. However, it can be argued that the

keystone for enabling Raman spectroscopy to be integrated

into this field is that the molecular signature must reasonably

be linked to fitness or a relevant adaptive response. Interest-

ingly, some studies have hinted at this possibility. For

example, spectral taxonomic markers were found to relate

to the microbial growth [7], the viability of the cell [14] and

changes in the mitochondrial membrane potential associated

with apoptosis [15]. As a case in point, a laboratory exper-

iment showed that the somatic growth and reproductive

output of a copepod species were directly correlated

with its total fatty acid content and with its composition in

saturated fatty acids [16]. As Raman spectroscopy is particu-

larly good at detecting lipids, with the possibility of

distinguishing saturated lipids from unsaturated ones [17],

the spectral information related to lipid markers could be

used here as a proxy to estimate the copepod’s fitness.
4. Implementing Raman spectroscopy in the
context of ecology and evolution

In addition to the aforementioned conceptual considerations,

it can be argued that experimental design in ecology and evol-

ution takes into account several technical or pragmatic aspects.

In this section, we argue that Raman spectroscopy affords the

opportunity to counter a number of these limitations.

Ecological studies often require the collection of infor-

mation from many individuals to capture general trends

while minimizing the interference and confounding effects.

For example, non-invasive practices may be required due to

ethical considerations for ecological studies (well-being of

the studied organisms, endangered species, etc.). By compari-

son, in experimental evolution, analytical approaches for

phenotyping often rely on destructive methods, which

increase the need for sampling, labour, costs and the risk of

perturbing or contaminating the system (e.g. in microbial

cultures) [18]. Thus, non-invasive Raman spectroscopy tech-

niques should be particularly advantageous for the
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monitoring of populations in laboratory set-ups or even in

the field. In particular, we envision that non-invasive Raman

spectroscopy techniques should integrate well with the studies

of culturable/non-culturable microorganisms. Measurements

take only a few seconds for each spectrum, can be fully automa-

tized and can be scaled to various containers (slide, 96-well

plate, agar plate, cuvette, etc.), thus minimizing the labour

required and the risk of contamination through repeated

sampling. For example, this could be particularly useful for

characterizing the ecological or evolutionary dynamics of

microbial species in long-term experimental ecosystems

(e.g. [19,20]). In this context, Raman spectroscopy could be

used to monitor the population dynamics and quantify the

severity of various selective pressures (figure 2).

One crucial advantage of this non-invasive aspect of

Raman spectroscopy is that the sample remains viable for

further analytical procedures. Thus, these approaches can be

used as an adjunct to more conventional methodologies.

This point is particularly relevant to ecology and experimental

evolution, which often rely on a combination of phenotypic

and genetic analyses at different time points. For example,

populations or single cells of microorganisms could be charac-

terized by Raman-activated cell sorters [21], and immediately

retrieved for genetic analyses. The range of possible combi-

nations with conventional methods is apparently unlimited.

One of the most significant examples is the integration of

Raman spectroscopy with fluorescent in situ hybridization

(Raman–FISH) to reveal further biologically relevant infor-

mation [22]. This method has been used as a culture-

independent approach to determine and quantify the activity

of aerobic naphthalene-degrading groundwater microbial

communities [23]. By taking advantage of phylogenetic ana-

lyses of functional RNAs coupled with Raman imaging to

confirm the presence and quantify the activity in situ of the

degrader pools, this study illustrated the role played by uncul-

turable microorganisms in the biodegradation and the carbon
cycle process in the ecosystem. Thus, Raman–FISH has the

potential to enable the measurement of genes that affect eco-

logical success, and possibly evolutionary fitness, in natural

environments and populations.

The above advantages of Raman spectroscopy are com-

plemented by the diversity of organisms on which it can be

used. Specifically, previous studies have successfully applied

Raman spectroscopy to the characterization of living or fixed

bacteria, mycobacteria, microalgae, fungi, lichen, spores,

worms (e.g. Caenorhabditis elegans), protists, corals, insects,

mice, and also plant tissues (leaves, roots, seeds, etc.) (e.g.

[24–29]). Although the totality of the Raman spectra can

hold much information to identify intra- or interspecific vari-

ations, some studies focus specifically on the identification of

specific chemical structures, such as pigments (carotenoids,

melanin, chlorophylls, etc.), the unique spectral signatures

of which [28–31] can reflect the physiological condition of

an individual. For example, Brat et al. [26] took advantage

of Raman spectroscopy to study the carotenoid composition

of living aphid insects raised under various environmental

conditions. The carotenoid content correlated with the ATP

content, which was used as a proxy marker for the insect’s

metabolism. Moreover, the authors could demonstrate that

environmental stresses conducted on a given population

resulted in the phenotypic heterogeneity of carotenoid

content two generations later. This kind of use of Raman

spectroscopy is particularly relevant as pigments are difficult

to extract and quantify by conventional methods. Because of

the ubiquity and ecological importance of pigments in

insects, phytoplankton, birds, crustaceans, protists, etc., we

envision that Raman spectroscopy will open a broad range

of applications to address pertinent questions on ecological

communities. We show a possible application related to the

ecology of birds in figure 3.

Furthermore, rather than focusing on the biological entity,

one may instead measure the molecular composition of the

http://rsif.royalsocietypublishing.org/
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environmental niches. For example, Raman spectroscopy has

been successfully used to characterize the molecular compo-

sition of soil [33]. Thus, we expect Raman spectroscopy will

allow assessment of the impact of environmental composition

on the biodiversity or functions of resident species. One of the

first ecological studies using Raman spectroscopy provides a

good example of how the molecular composition of lichen

substrata is affected by environmental variables such as

salinity, freshwater or rock type, which in turn affect the dis-

tribution of lichen species across natural sites [24].

And last but not least, we stress that pragmatism should

always be used when choosing an experimental method. Por-

table Raman spectroscopes are now commercialized, with

prices ranging from US$3000 to US$30 000. This could be a

strong incentive for ecologists working in the field. However,

depending on the molecular compounds or organisms that

are being studied, a home-made or commercialized micro-

scope with more expensive equipment might be required to

achieve a good spectral resolution and sensitivity (approx.

from US$50 000 to US$200 000, depending on the optical set-

up). Specifically, for the most demanding biological samples,

a good polychromator equipped with a powerful detector

(usually, a CCD camera) and a high N.A. objective lens are

required. On the other hand, one advantage by comparison

with other methods (e.g. figure 3) is that there is little or no
need for sample preparation (e.g. extraction, labelling, etc.),

which makes the cost of analysis particularly low and appeal-

ing. To facilitate the practical use of Raman spectroscopy by

biologists, guidelines presenting how to build and set-up

Raman microscopes, and how to perform spectral analyses,

were recently published (e.g. [1,34]). Another strong incentive

for the integration of Raman platforms in academic environ-

ments is that they can benefit researchers from various

specialties, including cell biology, ecology, chemistry, geology

or engineering.
5. Perspectives and conclusion
Our work was motivated by the fact that the advantages of

Raman spectroscopy have not yet been introduced in ecology

and experimental evolution, despite its ability to address

many central questions in these fields. Here, we demonstrated

that the unique metabolic signature of the Raman signal and

its ability to characterize the phenotypes of living and non-

living entities show promise for various applications in ecology

and experimental evolution. It is worth mentioning that similar

conclusions could be drawn with other derivatives of infrared

or near-infrared absorption spectroscopy techniques. The non-

destructive nature of these techniques, their versatility and
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their relative low cost make them appealing to a broad range of

users and experimental set-ups.

In the future, it is worth exploring whether the aforemen-

tioned advantages of vibrational spectroscopy could benefit

the empirical demonstrations of current and emerging con-

cepts in ecology and evolution, such as the study of the

phenotypic plasticity of individuals and its consequences

for evolution [35–37] and for evolutionary rescue [38,39].

The ability of Raman spectroscopy to measure both at various

scales (from molecules to populations) may give the opportu-

nity to study complex hierarchical dynamics [40], or even the

characterization of the molecular evolutionary dynamics in

artificial systems [41].

In order to open new avenues of research and to extend

the scope of available methodologies used in ecology and
evolution, we strongly encourage ecologists and experimental

evolutionists to communicate with spectroscopy experts and

discuss the possibility for biologically relevant applications.

Overall, we hope that this forward-looking perspective will

initiate the integration of Raman spectroscopy into the field

of ecology and evolution.
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