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Synopsis Coloration is a complex phenotypic trait involving both physical and chemical processes at a multiscale level,

from molecules to tissues. Pigments, whose main property is to absorb specific wavelengths of visible light, are usually

deposited in specialized organelles or complex matrices comprising proteins, metals, ions, and redox compounds, among

others. By modulating electronic properties and stability, interactions between pigments and these molecular actors can

lead to color tuning. Furthermore, pigments are not only important for visual effects but also provide other critical

functions, such as detoxification and antiradical activity. Hence, integrative studies of pigment organelles are required to

understand how pigments interact with their cellular environment. In this review, we show how quantum chemistry, a

computational method that models the molecular and optical properties of pigments, has provided key insights into the

mechanisms by which pigment properties, from color to reactivity, are modulated by their organellar environment. These

results allow us to rationalize and predict the way pigments behave in supramolecular complexes, up to the complete

modeling of pigment organelles. We also discuss the main limitations of quantum chemistry, emphasizing the need for

carrying experimental work with identical vigor. We finally suggest that taking into account the ecology of pigments (i.e.,

how they interact with these various other cellular components and at higher organizational levels) will lead to a greater

understanding of how and why animals are vividly and variably colored, two fundamental questions in organismal

biology.

Introduction

The wide array of colors displayed by animals results

from the complex interaction between chemical and

physical processes. On the one hand, structural colors

are produced by the differential scattering of visible

wavelengths. On the other hand, pigmentary colors

are created by the differential absorbance of visible

wavelengths by molecules, altogether referred to as

pigments. Pigments are in most cases formed and

stored within specialized intracellular organelles called

pigment organelles. Pigment organelles vary in shape,

size, distribution, as well as in their intraluminal en-

vironment (pH, redox status, proteins, etc.), which in

fine produce coloration through both structural and

chemical processes without clear delimitation between

them. Coloration is therefore a complex phenotypic

trait whose study requires a multidisciplinary, multi-

scale, and integrative approach.

The reasons why only certain types of molecules

can absorb visible light lie in the electronic founda-

tion of colors (Zollinger 2003; Björn 2015).

Molecules are formed by atoms that are chemically

bound to each other by sharing their outermost elec-

trons. Those valence electrons possess a certain

amount of energy (expressed in electron volts) in

their stable ground state, as well as a range of other

discrete excited energetic states. Light carries energy

in the form of photons, which can be absorbed by

electrons if photons exactly match the energetic dif-

ference between one of the excited levels and the
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ground state (Zollinger 2003). Energies that can ex-

cite valence electrons of most atoms and molecules

are in the order of a few electron volts, lying typi-

cally in the UV region (�350 nm, �3.5 eV).

However, the way valence electrons are distributed

in a molecule (i.e., its electron configuration) can

stabilize excited states by lowering their energies.

Therefore, specific electron configurations can make

the absorption of photons between 1.5 and 3.5 eV

(wavelengths between 800 and 350 nm) possible

(Zollinger 2003). Those special electron configura-

tions usually involve alternating double bonds in

which electrons are freer to move, that is, they are

delocalized over those bonds. The part of a molecule

that is composed of such extended conjugated bonds

(e.g., aromatic rings) is called the chromophore.

Electron configurations of chromophores can be af-

fected by chemical groups (auxochromes), as well as

by interaction with the environment, such as ions,

pH, redox, metals, and proteins. Hence, pigments

can display various colors depending on their envi-

ronment and how they interact with it. Studying

those interactions at multiple scales, from the mole-

cule to the organelle and the cell, is therefore key to

understand color formation.

To unravel the interactions between light, pig-

ments, and their environment, one possible approach

is to model them using computational techniques.

The recent years have seen a surge in computing

power and user-friendly software leading to a wide-

spread use of theoretical works to rationalize and to

predict experimental studies (Curutchet and

Mennucci 2017). Such approach avoids the need to

measure a range of experimental parameters that are

not always easily accessible, especially at various

scales. Although modeling each pigment molecule

and their environment within a pigment organelle

is still highly challenging, recent studies show that

this goal is feasible at least in principle (Singharoy

et al. 2019). Further advances in this direction can

then be expected in the near future.

Here, we present how a computational approach,

quantum chemistry, can help us to understand the

way pigments interact with their environment, lead-

ing to not only visual effects like colors but also

other functions of physiological relevance, such as

detoxification. Indeed, quantum chemistry helps ra-

tionalizing pigmentary colors and their modulations

at different scales, from small molecules using first-

principles bases only to large complexes using a

combination of first-principles and empirical meth-

ods. This allows to infer chemically related properties

of pigments, such as their antiradical behaviors. The

most well-known examples of quantum chemical

analysis of pigments and their organelles can be

found in the description of light absorption during

photosynthesis (Singharoy et al. 2019). All pigments

and biological contexts could gain from such com-

putational approaches, allowing to distinguish effects

of different factors (Fig. 1) and to guide the formu-

lation of hypotheses/mechanisms.

Elements of quantum chemistry

The only prerequisite to perform quantum chemistry

is the basic chemical structure of the studied com-

pounds. Chemical and optical properties are then

inferred from calculations on these structures, more

precisely on their electron configuration (Hayward

2002; Jensen 2017). Within the quantum chemical

framework, molecular properties are derived from

the positions of electrons and nuclei. In principle,

these properties can be obtained “solely” by solving

the so-called Schrödinger wave equation that links

the energy of a molecule to the positions of its nuclei

and electrons (leaving the spin of electrons aside).

Virtually, all chemical properties can be derived

from total energy with respect to external parame-

ters, such as light, magnetic field, and so on.

Therefore, quantum chemical theories are theoreti-

cally ab initio methods that do not require any em-

pirical parameters, although in practice they usually

rely on a few sets of empirical parameters and are

therefore semi-empirical (e.g., density functional

tight-binding; Elstner and Seifert 2014). However,

except for hydrogen that comprises only two par-

ticles (one nucleus and one electron), all other chem-

ical systems fall within the class of many-body

systems, which do not have analytical solutions.

Furthermore, time should be included in the funda-

mental equation to account for electromagnetic

interactions and therefore to model photo-excited

states (Marques et al. 2012), which adds obviously

another layer of complexity.

To simplify these time-dependent many-body

problems and to solve them computationally in a

reasonable amount of time, several transformations

and approximations can be made (Jensen 2017); here

we will only focus on the most important one for

biological studies, which is the (time-dependent)

density functional theory (TDDFT). In this frame-

work, rather than considering the wave functions

of N electrons interacting with each other (i.e., N

correlated wave functions with three spatial coordi-

nates each), the electron density is used instead as

the fundamental quantity to calculate energies

(Hohenberg–Kohn theorem; Hohenberg and Kohn

1964). DFT, therefore, reduces the many-body issue
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of wave-function theories to a single-particle prob-

lem, whose total number of variables is only three

(i.e., the spatial coordinates of the electron density).

While complexity increases exponentially in wave-

function theories (N7 for the gold standard of quan-

tum chemistry), it becomes size-independent with

DFT in principle. However, not all energetic terms

of the Schrödinger equation possess an exact expres-

sion in terms of electronic density (Jensen 2017).

Finite basis sets describing electronic orbitals

(Kohn–Sham formalism; Kohn and Sham 1965)

and approximate density functionals are therefore

required to calculate kinetic energies and exchange–

correlation interactions, respectively (Jensen 2017).

As a result, the complexity of DFT computations

becomes size-dependent, but remains more favorable

than wave-function theories (Santoro and Jacquemin

2016).

Although TDDFT relies in practice on a certain

number of approximations that can affect its accu-

racy (Santoro and Jacquemin 2016), its success is

materialized by the ever-growing number of compu-

tational studies relating the chemical and optical

properties of pigments to their structure (van

Mourik et al. 2014; Escudero et al. 2015; Di

Tommaso et al. 2017). The low computational cost

of TDDFT is so affordable that it can simulate me-

dium to large molecules (i.e., with more than a

dozen of non-hydrogen atoms), which make the

bulk of pigments. However, it cannot yet model

very large complexes, including highly polymerized

forms of melanins and proteins, without being com-

bined with empirical methods like molecular me-

chanics (MM; i.e., hybrid quantum mechanics/MM;

see e.g., Singharoy et al. 2019). For example, TDDFT

has been applied to describe large systems like pho-

tosynthetic complexes (König and Neugebauer 2012;

Barone et al. 2014), to rationalize optical properties

of Green Fluorescent Proteins (Marques et al. 2003),

and to predict the structure of melanin polymers

(Kaxiras et al. 2006). Spectra of most pigment fam-

ilies have been obtained and demonstrate the

Fig. 1 Factors affecting pigment color within the organellar environment. Pigments can form complex with metals that binds to specific

chemical functions (1). Pigment structure is affected by the organellar pH. More acidic environment leads to addition of Hþ to

pigments (protonation), while basic environment leads to Hþ subtraction from pigments (deprotonarion; 2). The redox status of an

organelle is defined as the balance between oxidizing and reducing compounds. Oxidizers are able to receive electrons, while reducers

can transfer electrons. Pigment reduction leads to the addition of electrons and usually hydrogen. Pigment oxidation leads to the

subtraction of electrons and usually hydrogen (3). Pigment can bind to specific amino acids within defined pockets of proteins. Pigments

are released from proteins by the process of dissociation (4).

F. Figon and J. Casas1492

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/61/4/1490/6262638 by SIC

B M
em

ber Access user on 18 O
ctober 2021



accuracy and usefulness of quantum chemistry

(Table 1), allowing to better understand why pig-

ments with various chemical functions are differen-

tially colored.

In practice, to perform quantum chemical model-

ing, one needs to know the basic chemical structure

of the investigated compound, to have quantum

chemistry software, and to decide which computa-

tional methods to use (Fig. 2). The output can be a

3D representation of the molecule, its electronic

structure, an absorbance spectrum, a chemical value,

and so on, which can be compared to experimental

data (Fig. 2). By varying the chemical structure of

the compound, by adding protein interaction, metal

binding, and so on, one can test their effects on the

previous outputs and make correlations between

them. In the following, we review some of the quan-

tum chemical studies that demonstrated the effect of

those parameters on the color of pigments, particu-

larly of ommochromes, which are widespread in eyes

and integuments of invertebrates (Figon and Casas

2019).

Interaction between pigments and their

environment within pigment organelles

The pigment organelle is a complex environment

whose physical, chemical, and biological parameters

may influence pigments and their properties.

Quantum chemistry can help to disentangle the ef-

fect of each of these parameters.

Pigment color and redox status

Redox reactions involve the passage of electrons

from one molecule to another (Fig. 1). For pigments,

it usually means that double bonds are lost (created)

after reduction (oxidation; Needham 1974). Redox

reactions can hence tune the ability of a pigment

to absorb light, and thus its color (Sch€afer and

Geyer 1972).

Ommochromes are well-known to change color,

from yellow to red, reversibly depending on their

redox state (Figon and Casas 2019). In fact, ommo-

chromes can be easily differentiated from other an-

imal pigments because their reduced state is vivid

red while their oxidized state is brightly yellow.

Such reversible color changes at the molecular scale

are potentially of biological significance because the

redox status of the cell or of any compartment is

regulated (Go and Jones 2008). Hence, an organism

can rapidly tune its pigment organelle color through

variation of their redox status, for example, during

nuptial coloration of some dragonflies in which yel-

low males become red at sexual maturity (Futahashi

et al. 2012). Quantum chemical studies can help to

rationalize the color-changing capacities of ommo-

chromes by modeling how electron configurations

Table 1 Examples of pigments investigated by quantum chemistry

Pigment

Experimental absorbance

(main peaks; nm)

Computed

absorbance

(main transitions; nm) References

Ommochromes

Xanthommatin (oxidized) 440 451 Figon et al. (2021)

H2-xanthommatin (reduced) 480 461 (551) Figon et al. (2021)

Melanins

Eumelanin Broadband absorption 471–1016 Marchetti and Karsili (2016)

Pheomelanin Broadband absorption

up to 600 nm

286–347 Marchetti and Karsili (2016)

Carotenoids

Astaxanthin 480 471 Polyakov et al. (2010);

Hern�andez-Marin et al. (2012)

Zeaxanthin 450 527 Lima et al. (2016)

Pterins

Xanthopterin 390 330–375 Roca-Sanju�an et al. (2014)

Acidic form of pterin 340 336 Chen et al. (2007)

Basic form of pterin 360 351 Chen et al. (2007)

Porphyrins

Chlorophyl a 430; 540; 662 430; 540; 662 Linnanto and Korppi-Tommola (2006)

Bacteriochlorophyl a 394; 583; 773 394; 581; 775 Linnanto and Korppi-Tommola (2006)
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are affected by reduction. In our recent studies

(Figon et al. 2021), we tested the hypothesis that

chemical functions of ommochromes provide the

unique property of turning red after reduction,

which is called bathochromy (from Greek: bath-

os¼ deep, chromy¼ color; Sch€afer and Geyer

1972). We found that oxidized states of ommo-

chromes are unaffected by the chemical functions

attached to the light-absorbing chromophore while

electrons, upon light-excitation, relocalized to these

chemical functions in the reduced state (Figon et al.

2021). Such differences between the oxidized and the

reduced state account for the bathochromic shift of

ommochromes, which is not present in other animal

pigments (but see phenazines, which are

ommochrome-related pigments of bacteria; Glasser

et al. 2017).

We found that other chemical parameters could

tune bathochromic shifts of ommochromes upon re-

duction. Molecular geometry and the 3D position of

the chemical function involved in electron delocali-

zation can turn a bathochromic ommochrome into

an hypsochromic one (from Greek: hypso¼ low,

chromy¼ color), meaning that it turns yellower or

even colorless upon reduction (Figon et al. 2021).

This result implies that the environment, such as

Fig. 2 Workflow of a typical quantum chemical calculation of excitation energies of a pigment. The first step to perform a quantum

chemical calculation is to draw the 2D and 3D structures of the pigment (1). This does not need to be accurate as the next step will.

Coordinates of all atoms are exported as text format (.xyz file; 2). These are used for the first quantum calculation step that optimizes

the molecular geometry using quantum chemical frameworks, in this case, DFT. This iterative calculation requires, among others, a

functional density (e.g., B3LYP, PBE0, etc.) that relates the electronic density of a system to its energy; a basis set (e.g., 6-31, 6-

311þG(d, p), etc.) that defines atomic orbitals of electrons; and whether a solvent is implicitly included or not (e.g., gas phase, water,

ethanol, etc.; 3). The result is an optimized 3D structure of the molecule (4) of which coordinates (5) are used for a second quantum

chemical calculation (6). This step is mandatory because the geometry found in (4) could correspond to an unstable one. So-called

harmonic calculations allow to ascertain whether the optimized geometry is in a “valley” of energy (stability; green arrows) or a settle-

back (unstability; red dashed arrow). Next step is to model optical properties by calculating excitation energies (i.e., wavelengths of

absorption) using TDDFT (7). Discrete excitation energies can then be compared to experimental absorbance spectra. Calculations can

then be refined by testing the effect of embedded systems (molecular dynamics), solvents, metal complexation, and so on. These

calculations may require to start back at step 1.
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proteins or metals, could have a significant impact

on the color-changing capacity of ommochromes by

binding to their chemical functions and modifying

their position in space relatively to the light-

absorbing chromophore.

Pigment color and metals

Metals can be associated to the functioning of pig-

ment organelles (Blaby-Haas and Merchant 2014), to

the biosynthesis of pigments via enzymatic activities

(Solano et al. 1996) and to photo and biochemical

activities of pigments (Hong and Simon 2007).

Quantum chemistry can be used to investigate the

link between metal binding of pigments with their

color and reactivity. Indeed, metals are expected to

influence electrons of pigments and thus their exci-

tation energy, leading to color changes (Zollinger

2003). Pirenoxine, an ommochrome-like compound,

is able to bind calcium via its chemical functions

directly attached to the light-absorbing chromophore

(Liao et al. 2011). Experimentally, this was associated

with a change in absorbance spectrum, and thus in

color (Liao et al. 2011). Metals like Ca2þ, Mg2þ, and

Zn2þ have been widely observed in ommochrome-

containing organelles, the ommochromasomes,

within a various number of animals (White and

Michaud 1980; Gribakin et al. 1987; Ukhanov 1991).

Various pigments have been described to be able

to bind metals and to change their colors. For ex-

ample, carotenoids, like the astaxanthin found in

crustacean, can bind Ca2þ, Zn2þ, Cu2þ, Pb2þ,

Cd2þ, and so on (Hern�andez-Marin et al. 2012).

Upon binding, a shift in color is observed toward

redder colors, which is another form of bathochromy

(Polyakov et al. 2010; Hern�andez-Marin et al. 2012).

This example among others emphasizes the general

character of the link between metals, pigment, and

their color.

Pigment color and pH

pH, or the concentration in Hþ within a compart-

ment, is an important chemical factor driving cell

functions that is tightly controlled at all scales,

from subcellular organelles to tissues. pH can affect

compounds like pigments by adding hydrogens to

their chemical structure and thus alter their elec-

tronic structure, leading to modification in absorp-

tion properties (Needham 1974; Zollinger 2003).

Quantum chemistry can play a key role in under-

standing this effect by linking directly the position of

hydrogen addition and its effect on coloration. For

ommochromes, quantum modeling revealed that

hydrogens bind to key atoms in the light-absorbing

chromophore, which completely alters its capacity to

absorb visible light and leads to color-loss of ommo-

chromes in acidic conditions (Williams et al. 2019).

Optical properties do not only comprise absorp-

tion (excitation states) but also fluorescence (deexci-

tation state) following absorption. Modeling

fluorescence by quantum chemistry is possible, al-

though it remains more challenging than absorption

(Jacquemin 2018). Nonetheless, quantum chemistry

can provide insights into the molecular factors that

tune fluorescence in biological contexts, such as en-

ergy transfers from excited pigments to other mole-

cules leading to photochemical reactions (i.e.,

photosensitization). Pterins, pigments present in vir-

tually all kinds of animals (Needham 1974), have

been widely studied by quantum chemistry because

they exhibit fluorescent and photosensitizing proper-

ties of biological relevance (Mart�ınez and Barbosa

2010; Liu et al. 2014; Roca-Sanju�an et al. 2014). A

study investigating the capacity of pterin to transfer

Hþ to acetate revealed the importance of acidic con-

ditions to quench fluorescence and thus to facilitate

hydrogen abstraction from pterin to acetate (i.e., to

perform photoreaction; Liu et al. 2014). Pigment or-

ganelle pH could thus be regulated either to avoid or

to favor photosensitization depending on the

context.

Pigment color and proteins

Proteins are key constituents of pigment organelles

and they are widely described to interact with pig-

ments (Loco et al. 2018; Williams et al. 2019). For

example, ommochromes can bind specific proteins

called ommochrome-binding proteins, which pre-

sumably help their transport and increase their sta-

bility (Martel and Law 1992; Sawada et al. 1997;

Williams et al. 2019). When a pigment binds to a

protein, its structure is potentially deformed by the

interaction with amino acids of the binding site

(Loco et al. 2018). Hence, binding could lead theo-

retically to color change of pigments because, as seen

previously, their 3D structure is an important pa-

rameter in tuning light absorbance of ommochromes

(Figon et al. 2021).

The link between proteins and spectral properties

of pigments has been investigated in other pigmen-

tary systems, especially carotenoids. The well-known

fact that dark blue lobsters turn red when cooked

has been the subject of intensive studies, including

quantum chemical investigations (Weesie et al. 1997;

Loco et al. 2018). While the hypsochromic effect of

heat in this system has long been known to be due

to the dissociation of a carotenoid pigment, the
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astaxanthin, from a protein, the crustacyanin, the

exact molecular mechanism at stake has been

strongly debated. Quantum calculations supported

several mechanisms, including steric effects that de-

form astaxanthin upon protein binding (Cianci et al.

2002), polarization changes within the protein bind-

ing pocket (Weesie et al. 1997; Cianci et al. 2002),

ionic effects (Weesie et al. 1997; Begum et al. 2015)

and pigment–pigment interaction through aggrega-

tion of two astaxanthins within a single crustacyanin

(van Wijk et al. 2005). A recent study used hierar-

chical quantum chemical models combined with

molecular dynamics to overcome some of the limi-

tations of previous quantum chemical calculations

(Loco et al. 2018). Indeed, the dynamic flexibility

of linear carotenoids within the binding pocket of

crustacyanin proteins can only be precisely simulated

by taking into account dynamic interactions between

pigments and amino acids at all steps. The authors

found that both the astaxanthin and the protein

binding pocket dynamically change upon light exci-

tation, leading to structural changes of the pigments

and modulation of electrostatic effects of amino

acids (Loco et al. 2018). This example emphasizes

that performing static quantum chemical computa-

tions without considering interactions between pig-

ments and their close environment may lead to false

claims regarding molecular mechanisms. Hence,

quantum chemical models always need to be com-

pared to experimental setup and if disagreements are

found, quantum chemical calculations should be re-

fined toward more complex and integrative models

of embedded systems.

Interactions between two parameters

Once the effect of one parameter on the color of

pigments has been deciphered, it is of interest to

study how it interacts with other factors. This inter-

mediary step is especially required before integrating

all parameters together in an attempt to understand

how pigments behave in the complex environment

of an organelle.

A recent integrative study of cephalopod chroma-

tophores revealed that ommochromes could be sta-

bilized by interacting with proteins (Williams et al.

2019). To obtain these results, the authors used a

combination of computational and experimental

approaches, including in particular molecular dock-

ing and quantum chemistry. The latter technique

revealed that ommochrome color is highly sensitive

to pH because hydrogens are added to the light-

absorbing chromophore modifying greatly its elec-

tronic structure and thus its absorption (Williams

et al. 2019). Experiments supported this hypothesis,

showing that ommochromes within proteins were

protected from color bleaching due to acidification

(Williams et al. 2019), and therefore maintain their

coloration throughout life.

In addition to coloration, quantum chemistry can

help to understand spectral properties of photore-

ceptors by rationalizing how rhodopsin, one of the

main visual pigments made of a protein and a ca-

rotenoid, absorbs very specific wavelengths

(Andruniow et al. 2004). It is well-known that the

geometry of the carotenoid within rhodopsin is a key

parameter to explain its photo-excitation behavior,

in particular its light-triggered isomerization (i.e.,

rotation around double bonds; Kukura 2005).

However, it was unknown how the protein cavity

could influence electronic excitation through its

chemical interaction with the carotenoid. The

authors found that the binding site acts as a gas-

like environment, preventing solvent to interact

with the carotenoid, therefore preserving the electro-

static interaction between aminoacids and carotenoid

(Andruniow et al. 2004). Hence, not only proteins

can change the geometry of pigments but they can

also recreate physical environments that are very dif-

ferent from the aqueous nature of biological envi-

ronments, a property widely known to tune

pigment colors in various contexts and well-

explained by quantum chemistry (Cerezo et al.

2015).

Integrative modeling of pigment organelles

So far, we have shown that quantum chemistry helps

in understanding the effect of distinct environmental

factors, such as pH, redox, proteins, and metals, on

pigment properties. Now, we discuss how quantum

chemistry and other computational approaches can

provide ways to integrate those parameters at differ-

ent scales, from molecules to organelles. Because of

the number of actors that need to be taken into

account, this integrative approach can only be tack-

led with state-of-the-art computational techniques

(Netz and Eaton 2021). To date, only very few exam-

ples of such studies have been performed, especially

on pigmentary systems. Very recently, a tour-de-

force has been performed with the nearly complete

modeling of a light-harvesting pigment organelle

from purple bacteria (Singharoy et al. 2019). Those

organelles are at the center of the photosynthetic

process, leading to the production of chemical en-

ergy from light in the form of ATP. The authors

used, among others, quantum chemistry and molec-

ular dynamics to recapitulate and rationalize the
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functioning of this light-harvesting organelle, “from

atoms to phenotype.” They demonstrated how com-

ponents of the organelles, from pigments to lipids,

cooperate and how their coupling leads to emergent

photosynthetic properties (Singharoy et al. 2019).

In particular, the authors added in their integra-

tive model the effect of the molecular environment

on the geometry of the pigment, as well as the redox

status, leading to a more complete description of the

pigment state in situ than what is usually achieved in

quantum chemical studies (Singharoy et al. 2019).

Results showed that pigments are reoriented by the

lipids in which they are embedded, leading to a

broadening of their absorption spectrum, hence em-

phasizing the importance of geometry in determin-

ing spectral properties. The authors also considered

the impact of the redox state of the pigment organ-

elle, showing that reducing conditions result in an

enhanced formation of ATP because of stronger elec-

trostatic interactions between the pigment and other

actors of the electron chain (Singharoy et al. 2019).

Overall, this nearly complete modeling of a photo-

synthesizing pigment organelle from quantum calcu-

lations, among others, shows that integrating all

parameters together allows to predict and to ratio-

nalize how an organelle absorbs light beyond the

mere presence of pigments. Other pigmentary sys-

tems, and mostly those involved in color formation

like ommochromasomes, pterinosomes, and melano-

somes, would gain from being studied with such

integrated approach.

Toward pigment ecology

Although pigments are usually seen as important for

life because of their visual effect, they can also per-

form a wide range of other biological functions, such

as thermoregulation, UV protection, oxidative stress

buffer, and so on (Needham 1974; Cuthill et al.

2017). In the following, we provide examples in

which quantum chemistry can help understanding

those functions beyond coloration, as well as how

they relate to the spectral properties of pigments.

The potential antiradical activity of ommo-

chromes was acknowledged �50 years ago

(Nishikimi et al. 1978). It is now well supported

by in silico (Romero and Mart�ınez 2015; Zhuravlev

et al. 2016), in vitro (Chan-Higuera et al. 2019;

Martin et al. 2019; Ushakova et al. 2019), and

in vivo studies (Ostrovsky et al. 1987; Dontsov et

al. 1999; Insausti et al. 2013). Our findings revealed

that the most bathochromic-reduced states were also

those with the highest electron affinities (Figon et al.

2021), suggesting that they could undergo further

reductions. Note that increased electron affinities

are not incompatible with reduced states, which are

already electro-rich states, because the addition of

hydrogen and structural changes upon reduction is

likely to change the electronic landscape of com-

pounds and therefore their chemical properties in a

complex manner. Therefore, red ommochromes may

function as antireductants by subtracting electrons

from radicals, and thus protect cells and organisms

against photosensitization, reactive oxygen species,

and so on. This hypothesis has already been widely

applied to other pigmentary systems (Mart�ınez and

Barbosa 2008; Hern�andez-Marin et al. 2012; Romero

and Mart�ınez 2015), particularly carotenoids that led

to suggesting electron acceptance as a mechanism to

scavenge free radicals for the first time (Mart�ınez et

al. 2008, 2009; Mart�ınez 2009). Similar to redox

bathochromy, red shifts induced by the binding of

carotenoids with metals (Hern�andez-Marin et al.

2012) could provide better antiradical capacities be-

cause it modifies the capacity of the pigment to ac-

cept or to donate electrons. Those computational

results warrant experimental evidence as the antirad-

ical behavior of a compound is often a complex one.

Indeed, a compound can act either as an antioxidant

or a prooxidant depending on the cellular context

(Schwarcz et al. 2012; Zhuravlev et al. 2016).

Another potential antiradical activity of pigments

and their organelles is their capacity to chelate metals

(Ostrovsky and Dontsov 2019). Metals are indeed

known to produce oxidative stress through the for-

mation of radicals. For example, iron-based Fenton

reactions produce radicals that can damage lipids of

biological membranes (Rozanowski et al. 2008). On

the one hand, pigment could therefore mitigate such

effect by chelating and sequestering metals within

pigment organelles, away from other important parts

of the cell, such as the nucleus and the cellular mem-

brane. On the other hand, pigments could shunt

substantial amounts of metals, especially heavy met-

als, which could have deleterious effects once metab-

olized. For example, the red color in shrimp may not

always indicate healthier organisms as cupper that is

found associated to carotenoids may be detrimental

when ingested (Mart�ınez et al. 2014).

Conclusion

Quantum chemistry holds great promises to better

understand animal coloration and the many biolog-

ical functions of pigments. This approach allows one

to dissect the role of various factors on the optical

properties of pigments, which are usually related to

chemical reactivity and thus to other functions than
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mere coloration. We summarize the main uses of

quantum chemistry in the field of pigment biology

as following.

(1) Quantum chemistry provides the foundation to

reveal the molecular determinants of color

changes of ommochromes following reduction

or oxidation. This knowledge can be used to

rationalize the behavior of other pigments with

similar optical behaviors (Glasser et al. 2017)

and to craft more efficient color-changing devi-

ces (Kumar et al. 2018; Figon et al. 2021).

(2) Quantum chemistry considerations provide the

conceptual basis for color modulation by the

presence of metals within pigment organelles

and other complex matrices.

(3) Quantum chemistry can rationalize the behavior

of pigments when they interact with multiple

cellular parameters, such as proteins, pH, or sol-

vents, and therefore help, understanding the bi-

ological role of pigment–protein interactions

within organelles.

(4) Quantum chemistry allows to model embedded

and multiscale systems, and hence to make

assumptions on the mechanisms producing

spectral properties of supramolecular pigment

complexes, particularly pigment organelles.

(5) Quantum chemistry can hence help relating pig-

ment properties that seem distantly related, such

as color and chemical reactivity. Such associa-

tion allows to propose new roles of pigments

beyond their mere visual effect.

By integrating those factors in a complete model-

ing scheme of the pigment organelle, computational

methods provide insights into the emergence of phe-

notypes from the interaction between molecular

actors, organelles, and their environment (Fig. 3).

These interactions show analogies with those of

organisms within their environment, hence we pro-

pose that the “pigment ecology” is an important as-

pect to consider and that its study requires an

integrative, interdisciplinary, and multiscale ap-

proach. This should have important implications in

our understanding of the proximate and ultimate

causes that lead to plastic coloration in animals

(Figon and Casas 2018). However, one should not

forget that quantum chemistry remains limited by

computational resources, even if recent development

in using powerful and widely accessible Graphics

Processing Units (GPU)- and cloud-based code will

certainly lead to further progress in modeling at DFT

levels pigments and their complexes in a faster and

more cost-effective manner (Ufimtsev and Mart�ınez

2008; Seritan et al. 2021). In any case, a certain num-

ber of approximations need to be made, which nec-

essarily come with drawbacks. Quantum chemistry

Fig. 3 Integrative view of pigments in their organellar and cellular

multiscale environment. (A) At the molecular level, pigments

interact with pH, metals, reductants, and oxidizers. (B) At a

larger scale, pigments can be embedded within protein through

the interaction with amino acids of binding pockets. (C) Within

the organellar environment, all those factors can interact in var-

ious ways. For example, protein binding can protect pigments

from solvent or pH, metals can influence pH, pH can affect metal

complexation, and so on. Coloration of pigment organelles is the

result of all of those interactions, defining pigment ecology. (D)

Shape, sizes, interactions, and emergent properties of pigment

organelles at the cellular level can further affect coloration at a

higher scale.
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cannot replace actual experiments, but holds great

promises to guide the formulation of hypotheses

and to rationalize the behavior of complex systems.
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