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Abstract

This chapter aims to introduce the physical concepts and to provide the experimental
and theoretical frameworks necessary to understand and to quantify the interaction
between light and photosynthetic microorganisms. Indeed, light transfer is arguably
the most critical aspect to consider in designing, optimizing, and operating photo-
bioreactors of all sizes for the production of a wide range of value-added products. This
chapter presents state-of-the art theoretical and experimental methods for determining
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the scattering phase function and the absorption and scattering cross-sections of uni-
cellular and multicellular microorganisms as well as of colonies. An extensive database
of these so-called radiation characteristics over the photosynthetically active radiation
region is presented for a wide variety of promising freshwater and marine microalgae,
cyanobacteria, and nonsulfur purple bacteria with various shapes, sizes, pigments, and
responses to stresses. The effects of photoacclimation and of progressive and sudden
nitrogen starvation on the radiation characteristics are illustrated with Nannochloropsis
oculata. Finally, limitations of current approaches are discussed and future research
directions are suggested.

1. INTRODUCTION

Photosynthetic microorganisms use sunlight as their energy source

and carbon dioxide as their carbon source. Some of them are capable of pro-

ducing various value-added products including (i) nutritional supplements

(Richmond, 2004), (ii) biofuels such as hydrogen (Das and Veziroğlu,

2001) or lipids, in particular triglycerides (TAGs), for biodiesel production

(Chisti, 2007), as well as (iii) fertilizers (Richmond, 2004; Benemann, 1979).

Other species are able to remove organic waste from effluent water

(Richmond, 2004).

Due to the interest in the above-mentioned applications, the cultivation

of photosynthetic microorganisms in photobioreactors (PBRs) exposed to

artificial light (indoor) or to sunlight (outdoor) has been studied extensively.

The economic viability of large-scale cultivation can be severely reduced by

poor light penetration in dense microorganism cultures (Cornet et al., 1992;

Pilon et al., 2011; B!echet et al., 2013; Pruvost et al., 2014). In fact, unlike

nutrient concentrations, pH, and temperature, light intensity cannot be eas-

ily homogenized in the PBRs. As discussed in detail in other chapters of this

book, it is essential to accurately predict light transfer in the culture in order

to design, operate, monitor, and control PBRswith optimum light availabil-

ity and maximum productivity and energy conversion efficiency (Pilon

et al., 2011; Cornet and Dussap, 2009). To do so, understanding and quan-

tifying the interactions between light and photosynthetic microorganisms

are essential.

This chapter aims to provide the physical concepts needed to understand

and to quantify the interaction between light and photosynthetic microor-

ganisms from both experimental and theoretical points of view. It focuses on

the optical phenomena taking place up to the moment when photons are

108 Laurent Pilon and Razmig Kandilian



absorbed. The subsequent biological processes and pathways involved in

photosynthesis have been described in detail elsewhere (Ke, 2001;

Blankenship, 2008) and need not be repeated. This chapter also discusses

how the interaction between light and photosynthetic microorganisms

are affected by stresses. Finally, it closes by offering a few prospects.

2. BACKGROUND
2.1 Photosynthetic Microorganisms: Shapes and Sizes

There are thousands of photosynthetic microorganism species classified as

diatoms, green or red microalgae, eustigmatophytes, prymnesiophytes,

and cyanobacteria (Canter-Lund and Lund, 1995; Rodolfi et al., 2009).

While most diatoms and green microalgae exist in unicellular forms,

cyanobacteria can be either unicellular or multicellular (Becker, 1994;

Schirrmeister et al., 2013). This leads to photosynthetic microorganisms

with a large variety of shapes and sizes. Fig. 1A shows a micrograph of uni-

cellular green microalgae Chlamydomonas reinhardtii appearing spheroidal
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Figure 1 Micrographs of (A) Chlamydomonas reinhardtii, (B) dumbell-shaped Syn-
echocystis sp. cell free floating and immediately after cell division (inset), (C)
Anabaenopsis sp., (D) Anabaena cylindrica, (E) a colony of the microalgae B. braunii,
and (F) Pleodorina californica. Panels (B–D) and (F) are reproduced with permission from
Prof. Yuuji Tsukii, Hosei University (http://protist.i.hosei.ac.jp/).
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with major and minor diameters around 7–10 μm. They have been consid-

ered for photobiological hydrogen (Benemann, 2000; Melis, 2002; Pilon

and Berberoğlu, 2014) and lipids (Hu et al., 2008) production, and are often

used as model systems. Fig. 1B shows a micrograph of a population of free-

floating unicellular cyanobacterium Synechocystis sp. with a dumbbell shape

whose lobs are about 3–5 μm in radius. They are also considered for biofuel

production (Nakajima and Ueda, 1997). The inset of Fig. 1B shows a

micrograph of Synechocystis sp. immediately after cell division into two

morphologically identical daughter cells (Pinho et al., 2013). On the other

hand, certain multicellular cyanobacteria such as Anabaenopsis sp., elenkinii,

and circularis develop specialized cells called heterocysts that contain nitroge-

nase enzymes used for the biocatalytic reduction of atmospheric nitrogen

into ammonia (Berman-Frank et al., 2003). This special ability to fix atmo-

spheric nitrogen makes these cyanobacteria potential producers of fertilizers

(Benemann, 1979). In addition, they are capable of producing hydrogen

under certain conditions (Das and Veziroğlu, 2001; Tiwari and Pandey,

2012). Fig. 1C shows a micrograph of the cyanobacterium Anabaenopsis

sp. consisting of spheroidal vegetative cells with 3–3.5 μm minor diameter

and 4 μm major diameter and nearly spherical heterocysts 4–5 μm in diam-

eter. Fig. 1D shows the filamentous heterocystous cyanobacteriumAnabaena

cylindrica consisting of connected and nearly spherical vegetative cells and

fewer and larger heterocysts 2–4 μm in diameter. Filaments length varies

widely but typically exceeds 100 μm.

Finally, several microalgae species of interest for various value-added

products form colonies during their growth. For example, Botryococcus

braunii secretes exopolysaccharides (EPS), a viscous substance coating the cell

surface and causing their aggregation into colonies. EPS production is part of

a protection mechanism activated in response to environmental conditions

such as limited illumination (Dayananda et al., 2007), nonoptimal temper-

ature (Demura et al., 2014), high salinity (Demura et al., 2014), and limited

nutrient availability (Bayona and Garc!es, 2014). In addition, a recent study

demonstrated reversible cell aggregation in concentrated Chlorella vulgaris

cultures (Souli!es et al., 2013). Fig. 1E shows the colony formation of micro-

algae Botryococcus braunii consisting of tightly packed cells embedded in a

semitransparent EPS matrix. These colonies resemble fractal aggregates

formed by diffusion-limited aggregation (DLA). Finally, Fig. 1F illustrates

how certain colonial green microalgae can form complex spherical aggre-

gates containing a fixed number of distant cells including (i) eudorina (16,

32, or 64 cells), (ii) pleodorina (32–128 cells), or (iii) volvox (up to
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50,000 cells). Note that large colonies are much easier to harvest that small

free-floating cells which could prove practical and cost effective for indus-

trial production (Lee et al., 2009).

2.2 Light Harvesting Antenna or Pigments
Photosynthetic microorganisms absorb photons in the photosynthetically

active radiation (PAR) region ranging from 400 to 700 nm thanks to pho-

tosynthetic pigments, also referred to as light harvesting antenna. Each pig-

ment absorbs light over different spectral bands of the solar spectrum

enabling more efficient utilization of solar energy. Chlorophyll (Chl) a, b,

and c molecules are the primary pigments responsible for absorbing visible

photons and transferring the charges to the reaction center. Additionally,

there exists a wide variety of accessory pigment carotenoids that can be

divided into carotenes and xanthophylls (Ke, 2001). Carotenes are photo-

synthetic and absorb photons with wavelength corresponding to green

and yellow colors and transfer the charges to chlorophyll molecules

(Ke, 2001). They increase the solar light utilization efficiency of the micro-

organisms by broadening their absorption spectrum. On the other hand,

xanthophylls act to protect the photosynthetic apparatus against excessive

light (Ke, 2001). These photoprotective carotenoids shield the photosyn-

thetic apparatus from photooxidation under large light intensities and con-

vert excess radiant energy into heat (Lubián et al., 2000; Gentile and Blanch,

2001; Dubinsky and Stambler, 2009). In addition, phycobiliproteins are

found in cyanobacteria and red algae (Madigan and Martinko, 2006). They

include phycoerythrobilin (PEB) and phycourobilin (PUB), absorbing

mainly around 500–550 nm, and phycocyanin (PCCN), absorbing strongly

at 620 nm (Madigan and Martinko, 2006). Finally, bacteriochlorophylls

absorb light mainly in the far to near infrared part of the electromagnetic

spectrum (700–1000 nm) and are often found in purple bacteria (Ke, 2001).

Fig. 2 shows the specific absorption coefficient Ea (in m2/mg) of Chl a, b,

and c, photosynthetic (PSC) and photoprotective (PPC) carotenoids, as well

as phycoerythrobilin (PEB) and phycourobilin (PUB) over the PAR region

(Bidigare et al., 1990). It illustrates the two absorption peaks of Chl a and b,

one in the blue and one in the red part of the visible spectrum (Ke, 2001).

Chl a absorbs around 435, 630, and 676 nm while Chl b absorbs around 475

and 650 nm.

All photosynthetic species express Chl a but feature specific combination

of other pigments. For example, marine eustigmatophyceaseNannochloropsis
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oculata contain the pigments Chl a, β-carotene, and the xanthophylls

violaxanthin and vaucherxanthin but lack Chl b (Cohen, 1999). Note that

advances in genetic engineering has enable the reduction of light harvesting

antenna, i.e., the concentration of pigments (Nakajima and Ueda, 1997,

2000; Polle et al., 2003). For example, Synechocystis sp. has been genetically

engineered with reduced light harvesting pigments (particularly PCCN), to

increase their energetic yield per cell (Nakajima and Ueda, 1997). Similarly,

C. reinhardtii has been genetically modified with truncated light antenna, i.e.,

with reduced Chl a and b pigment concentrations (Polle et al., 2003;

Berberoğlu et al., 2008).

Finally, photosynthetic microorganisms not only absorb light but also

scatter it due to the refractive index mismatch between the different cell

compartments and between the cell wall and the surrounding growth

medium ( Jonasz and Fournier, 2007). Here, scattering refers to the elastic

interaction between a photon and the microorganism resulting in the pho-

ton changing its direction while conserving its energy, i.e., its wavelength.

Scattering depends mainly on the cell size and on the refractive index mis-

match between the cell and the surrounding medium. The effective refrac-

tive index of the cell depends on their water content and their chemical

composition ( Jonasz and Fournier, 2007; Aas, 1996). The major cell con-

stituents, namely, proteins, carbohydrates, and lipids do not absorb in the

PAR region and have refractive indices larger than that of water. In addition,

Figure 2 Specific absorption coefficient Ea of Chl a, b, c, photosynthetic (PSC) and
photoprotective (PPC) carotenoids, as well as phycoerythrobilin (PEB) and phycourobilin
(PUB) (Bidigare et al., 1990).
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carbohydrates and proteins have larger refractive indices than lipids. All these

constituents have refractive index nearly constant over the PAR region

(Aas, 1996).

2.3 Light Transfer in Photobioreactors
Fig. 3 illustrates schematically the transport of photons in a PBR and their

interaction with photosynthetic microorganisms including absorption and

scattering. One can distinguish between single scattering, when photons are

subjected to at most one scattering event, and multiple scattering when pho-

tons may be scattered more than once. In PBRs, microorganisms are typi-

cally uniformly distributed and randomly oriented thanks to stirring and/or

bubble sparging, used as ways to keep them in suspension (Kumar et al.,

2011). Thus, the PBR culture can be assumed to be homogeneous, absorb-

ing, scattering, and nonemitting. Then, the spectral radiation intensity

Iλðr, ŝÞ (in W/m2 #sr #nm) along the direction ŝ, at wavelength λ, and loca-

tion r in the suspensions satisfies the radiative transfer equation (RTE)

expressed as (Pilon et al., 2011)

nm,l

Incident light

Absorption

Out-scattering

nλ, kλ

In-scatteringMicro-
organism

ˆIl (r, s)

ŝ

Figure 3 Illustration of light transfer in PBR including absorption and scattering of pho-
tons by photosynthetic microorganisms.
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ŝ #rIλðr, ŝÞ¼%κλIλðr, ŝÞ%σs,λIλðr, ŝÞ

+
σs,λ
4π

Z

4π
Iλðr, ŝiÞΦT,λð̂si, ŝÞdΩi:

(1)

Here, κλ and σs, λ are the effective spectral absorption and scattering coeffi-

cients of the suspension (in m%1), respectively. The extinction coefficient is

defined as βλ¼κλ+σs, λ. The scattering phase functionΦT,λð̂si, ŝÞ represents
the probability that light propagating in the solid angle dΩi along direction

ŝi be scattered into the solid angle dΩ along direction ŝ. It is normalized

such that

1

4π

Z

4π
ΦT,λð̂si, ŝÞdΩi¼ 1: (2)

The first and second terms on the right-hand side of Eq. (1) represent res-

pectively the attenuation by absorption and out-scattering while the last term

corresponds to the augmentation of radiation due to in-scattering (Fig. 3).

This last term accounts for multiple scattering and vanishes when single scat-

tering prevails, thus simplifying significantly the solution of the RTE.

Moreover, it is often interesting to define integral variables describing the

scattering phase function ΦT, λ in simpler terms. For example, the asymme-

try factor, denoted by gλ, for an axisymmetric phase function is defined as

(Pilon et al., 2011)

gλ ¼
1

2

Z π

0

ΦT,λðΘÞcosΘ sinΘ dΘ (3)

where Θ is the scattering angle between directions ŝi and ŝ. The asymmetry

factor varies between%1 and 1, corresponding to the limiting cases of purely

backward and forward scattering, respectively. On the other hand, isotropic

scattering featuresΦT, λ(Θ)¼1 and gλ¼0. Similarly, the backward scattering

ratio, denoted by bλ, is defined as (Pottier et al., 2005)

bλ ¼
1

2

Z π

π=2
ΦT,λðΘÞ sinΘdΘ: (4)

It is equal to 0, 1/2, and 1 for purely forward, isotropically, and purely back-

ward scattering suspensions, respectively. Note that photosynthetic micro-

organism suspensions scatter visible light strongly in the forward direction

due to their large dimensions compared with the wavelength. Then, gλ
approaches unity and bλ tends to zero.
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The average absorption "Cabs,λ and scattering "Csca,λ cross-sections (inm
2) of

a suspension of polydisperse microorganism cells can be related to its spectral

absorption κλ and scattering σs, λ coefficients according to (Pilon et al., 2011)

"Cabs,λ¼
κλ
NT

and "Csca,λ ¼
σs,λ
NT

(5)

whereNT is the cell number density defined as the number of cells per m3 of

suspension. Alternatively, the biomass concentration of the microalgal sus-

pension X, expressed in mass of dry weight per unit volume of suspension

(g/L or kg/m3), is often measured instead of NT (Cornet et al., 1992;

Takache et al., 2010, 2012; Kandilian et al., 2014a,b). Then, the average

spectral mass absorption and scattering cross-sections "Aabs,λ and "Ssca,λ,

expressed in m2/kg dry weight, can be expressed as

"Aabs,λ¼
κλ
X

and "Ssca,λ ¼
σs,λ
X

: (6)

Typically, the biomass concentration X in conventional PBR varies from

0.1 to 2.0 g/L (Takache et al., 2010). However, in closed intensified PBRs

such as biofilm (Ozkan et al., 2012) or internally illuminated PBRs (Cornet,

2010) the biomass concentration X can reach up to 100 g/L.

2.4 Connection to Growth Kinetics and PBR Performance
From an energy point of view, the photosynthetic microorganisms “disre-

gard” the direction of the incident photons. Then, instead of considering the

directional intensity Iλðr, ŝÞ, it is more appropriate to use the local spectral

fluence rate Gλ(r) defined as the irradiance incident from all directions, at

location r in the PBR and expressed as

GλðrÞ¼
Z

4π

Iλðr, ŝÞdΩ: (7)

Thanks to their different pigments, photosynthetic microorganisms can use

photons with a wide variety of wavelengths. Then, the local fluence rate can

be averaged over the PAR region to yield the PAR-averaged fluence rate

GPAR(r) defined as (Pilon et al., 2011),

GPARðrÞ¼
Z

PAR

GλðrÞdλ: (8)

Conveniently, simple analytical solutions of the RTE have been derived for

Gλ(r), based on the two-flux approximation, for one-dimensional flat-plate
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and tubular PBRs (Cornet et al., 1992, 1995). In fact, they have been shown

to predict Gλ(r) and GPAR(r) accurately for outdoor open ponds and flat

plate PBRs exposed to both collimated and diffuse sunlight (Lee et al.,

2014). Such analytical solutions bypass the need to solve the RTE numer-

ically. However, they still requires knowledge of the radiation characteristics

of the microorganism suspensions, namely κλ, σs,λ, and bλ.

Finally, microalgae are in suspension and move quickly through the

PBR. Then, the average fluence rate Gave over the entire PBR of volume

V can be estimated from the local PAR-averaged fluence rate as,

Gave¼
1

V

Z

V

GPAR rð ÞdV : (9)

The average fluence rate Gave has been used in growth kinetics models such

as the Haldane-type model (Andrews, 1968; Sukenik et al., 1991; Grima

et al., 1996; Acien Fernandez et al., 1997; Chen et al., 2011; B!echet
et al., 2013). It can be used for optically thin PBRs where the PAR-averaged

fluence rate does not vary significantly within the PBR (Fernandes et al.,

2010; Lee et al., 2013; Kong and Vigil, 2014). However, when the PBR

features strong gradient in GPAR(r), a more general approach is to relate

the local growth rate μ(r) to the local fluence rate GPAR(r) and average

μ(r) over the volume of the PBR (Cornet et al., 1998; Yun and Park,

2003; Pruvost et al., 2008; Cornet and Dussap, 2009; Murphy and

Berberoğlu, 2011; Takache et al., 2012; Lee et al., 2014).

An alternative approach, based on thermodynamic and biochemical

considerations, consists of defining the specific local rate of photon absorp-

tion (LRPA), A expressed in μmolhν/kg#s represents the amount of

photons in the PAR region absorbed per unit weight of biomass and per

unit time (Cornet et al., 1992; Pruvost and Cornet, 2012). The LRPA

depends on the mass spectral absorption cross-section of the species and

on the spectral fluence rate in the PBR. It can be expressed as (Cornet

et al., 1992)

A ðrÞ¼
Z

PAR

"Aabs,λGλðrÞdλ: (10)

It has been used to predict the growth kinetics and biomass or lipid produc-

tivities of the PBR (Pruvost and Cornet, 2012; Takache et al., 2012;

Kandilian et al., 2014a).
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The specific mean rate of photon absorption (MRPA) can be determined

by averaging the LRPA over the volume of the PBR according to (Cornet

et al., 1992)

hA i¼ 1

V

Z

V

A ðrÞdV : (11)

The MRPA hA i accounts for the cumulative effects of (i) biomass concen-

tration, (ii) the spectral mass absorption cross-section "Aabs,λ, and (iii) the local

spectral fluence rate Gλ(r) inside the PBR.

Overall, the process variables GPAR(r), Gave, A ðrÞ, and hA i are strongly
associated with growth kinetics of microorganisms and with the productiv-

ity and efficiency of the PBRs. In order to determine these variables, it is

necessary to know the radiation characteristics ΦT,λ(Θ), κλ, and σs,λ of the
suspension. This can be achieved numerically or experimentally, as discussed

in the next sections.

3. THEORETICAL PREDICTIONS
3.1 Introduction

Theoretical predictions of the radiation characteristics ΦT,λ(Θ), ( "Cabs,λ,
"Csca,λ) or ( "Aabs,λ, "Ssca,λ) of a suspension of polydisperse photosynthetic

microorganisms can be obtained by solving Maxwell’s equations of electro-

magnetic wave theory based on the cells’ shapes, size distribution, and

complex index of refraction. Lorenz–Mie theory refers to the analytical

solution of Maxwell’s equations for homogeneous and spherical particles

(Mie, 1908; Bohren and Huffman, 1998). Analytical solutions also exist

for homogeneous concentric spheres or coated spheres (Aden and

Kerker, 1951; Bohren and Huffman, 1998) and randomly oriented and infi-

nitely long cylinders (Wait, 1955; Kerker, 1969; Bohren and Huffman,

1998). Note, however, that all these analytical expressions require the use

of a computer program.

For more complex shapes, Maxwell’s equations can be solved numeri-

cally. However, given the complexity and variations in the morphology of

the photosyntheticmicroorganisms and despite the increasing available com-

puting resources, simplifications of the shape and/or of the optical properties

of the photosyntheticmicroorganisms are necessary. This section presents the

different theoretical approaches used to predict the radiation characteristics of

microorganisms and discusses their advantages and limitations.

117Interaction Between Light and Photosynthetic Microorganisms



3.2 Heterogeneous vs Homogeneous
Despite the heterogeneous nature of photosynthetic microorganism cells

(Fig. 1), they have typically been treated as homogeneous with some effec-

tive complex index of refraction (Quirantes and Bernard, 2004; Pottier et al.,

2005; Jonasz and Fournier, 2007; Berberoğlu et al., 2007; Gordon, 2011;

Lee et al., 2013; Dauchet et al., 2015). This assumption can be justified

by the often small mismatch in complex index of refraction between the dif-

ferent cell compartments. In addition, it was validated by Quirantes and

Bernard (2004) whomodeled single cell microalgae as homogeneous spheres

and as coated spheres. The outer coating was assumed to be nonabsorbing

and represented the cellular cytoplasm. By contrast, the inner core, rep-

resenting the organelles and chloroplasts, was absorbing and featured a larger

refractive index than the outer coating. The authors found that light absorp-

tion and scattering cross-sections of a homogeneous sphere with volume-

averaged complex index of refraction were similar to those of the coated

sphere for representative wavelengths, cell dimensions, and optical proper-

ties (Quirantes and Bernard, 2004).

Alternatively, one could treat microorganisms as heterogeneous cells.

Advancednumerical tools can solveMaxwell’s equations for verycomplexhet-

erogeneous structures (Waterman,1965;Mackowski, 1994;Mishchenkoetal.,

2002, 1995).However, the number of input parameterswould be very large to

account for the shapes, dimensions, volume fractions, and spectral complex

index of refraction of the various cell compartments (e.g., nucleus, chloroplast,

cell wall, mitochondria, cytoplasm, starch grains). The latter is difficult tomea-

sure in vivo and usually is not precisely known, in particular as a function of

wavelength over the PAR region ( Jonasz and Fournier, 2007). In addition,

the computational cost to predict spectral radiation characteristics while

accounting for the different organelles as well as the polydispersity of the cell

populationseemsquiteprohibitive forcurrentlyavailable computingresources.

However, for some species, a compromise could be to model cells as coated

spheres without adding significant complexity. For example,Chlorella, feature

a relatively thick (&130 nm; Gerken et al., 2013) and nonabsorbing but

strongly refracting (n&1.5; Atkinson Jr et al., 1972; Traverse, 2007) cell wall

that could be modeled as the coating of a homogeneous core.

3.3 Effective Optical Properties of Photosynthetic
Microorganisms

Jonasz and Fournier (2007) reviewed various methods used to predict or mea-

sure (i) the average refractive index n, (ii) the spectral refractive index nλ,
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(iii) the spectral absorption index kλ, or (iv) the complex index of refraction

mλ for phytoplankton and bacteria in water. For example, Aas (1996) used

the Lorenz–Lorenz effective medium approximation (EMA) to determine

n from the various components of the phytoplankton cells. The authors

pointed out that uncertainty in the water content had a significant effect

on the predictions, even more than the choice of EMA. Alternatively,

Bricaud, Morel, and Stramski (Bricaud and Morel, 1986; Bricaud et al.,

1988; Stramski et al., 2001) used the Helmholtz–Ketteler theory ( Jonasz

and Fournier, 2007) for nλ and kλ to predict the complex index of refraction

of various phytoplanktons. The parameters of the model were retrieved by

fitting theoretical predictions with experimental measurements of absorption

spectra for various phytoplankton suspensions.

Pottier et al. (2005) predicted the radiation characteristics ofC. reinhardtii

using the Lorenz–Mie theory assuming that (i) the cells were homogeneous

and spherical, (ii) the refractive index was constant over the PAR and equal

to 1.55, and (iii) the absorption index was given by

kλ ¼
λ
4π

X

j

CjEaj ¼
λ
4π

ρdryð1%xwÞ
X

j

wjEaj (12)

where Cj is the concentration of j
th pigment in the cell (in kg/m3) while ρdry

is the density of the dry biomass (in kg/m3), xw is the average water mass

fraction in the cells, and wj¼Cj/X is the concentration of jth pigment on

a dry mass basis. Moreover, Eaj (in m2/kg) is the specific absorption

cross-section of individual pigments, as reported by Bidigare et al. (1990)

and reproduced in Fig. 2.

Recently, Dauchet et al. (2015) relaxed the assumption of constant

refractive index. Instead, they predicted the refractive index nλ of microalgae

cells using the subtractive Kramers–Kronig relation based on the absorption

index kλ of the microorganism, estimated by Eq. (12) (Pottier et al., 2005).

Then, the refractive index of the cell was estimated according to (Dauchet

et al., 2015)

nν¼ nνp +2
ðν2%ν2pÞ

π
P

Z νmax

νmin

ν0kν0

ðν02%ν2Þðν02%ν2pÞ
dν0: (13)

where ν¼ c/λ is the frequency of radiation, c is the speed of light in vacuum,

and P is the Cauchy principal value. The anchor frequency denoted by νp
was chosen such that the cells did not absorb at that frequency, i.e.,

kνp ¼ 0. On the other hand, the value for nνp must be known or retrieved
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experimentally.Dauchet et al. (2015) chose an anchor wavelength λp as

820 nm for C. reinhardtii as green microalgae do not absorb at λ'750 nm

(Dauchet et al., 2015). The authors retrieved a value of nνp ¼1.44 forC. rein-

hardtii using an inverse method that minimized the difference between the

measured and the predicted normal–hemispherical transmittance at 820 nm.

The latter was estimated by solving the RTE using theMonte Carlo method

and the predicted radiation characteristics of the microorganisms.

Finally, Pilon and coworkers (Lee et al., 2013; Kandilian et al., 2013;

Heng et al., 2014) retrieved the spectral complex index of refraction mλ over

the PAR region for various microalgae and cyanobacteria from the exper-

imental measurements of their absorption and scattering cross-sections. The

authors used an inverse method based on genetic algorithm and a forward

method based on one of the theoretical models described in the next

sections.

3.4 Radiation Characteristics of Unicellular Spheroidal
Microorganisms

The radiation characteristics of axisymmetric spheroidal microorganisms,

such a C. reinhardtii (Fig. 1A), with major and minor diameters a and b can

be predicted numerically using (i) the T-matrix method (Waterman, 1965;

Mackowski, 1994; Mishchenko et al., 2002, 1995), (ii) the discrete-dipole

approximation (Draine, 1988), and (iii) the finite-difference time-domain

method (Liou, 2002). Most often, however, they have been approximated

as homogeneous spheres with some equivalent radius req and some effective

complex index of refraction mλ¼nλ+ ikλ (Pottier et al., 2005; Berberoğlu

et al., 2007; Dauchet et al., 2015), as discussed in Section 3.6.1.

In general, the size-averaged absorption "Cabs,λ and scattering "Csca,λ cross-

sections of polydisperse spheroidal microalgae suspension with size distribu-

tion f(a, b) can be estimated as (Pilon et al., 2011)

"Cabs,λ ¼
Z 1

0

Z 1

0

Cabs,λða,bÞ f ða,bÞdadb

and "Csca,λ ¼
Z 1

0

Csca,λða,bÞ f ða,bÞdadb:
(14)

Note that the same expressions apply to the mass cross-sections "Aabs,λ and
"Ssca,λ. Similarly, the total scattering phase functionΦT,λ(Θ) of the suspension
is expressed (Modest, 2013)
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ΦT,λðΘÞ¼
1

"Csca,λ

Z 1

0

Z 1

0

Csca,λða,bÞΦλða,b,ΘÞf ða,bÞdadb (15)

where Φλ(a, b,Θ) is the scattering phase function of a single spheroidal scat-

terer with major and minor diameters a and b. Similar averaging over the cell

population can be formulated for particles with other shapes as long as the

geometry can be parameterized with one or more parameters.

Finally, the average absorption "Cabs,λ and scattering "Csca,λ cross-sections

of the suspension are related to themass absorption "Aabs,λ and scattering "Ssca,λ
cross-sections by (Pottier et al., 2005)

"Aabs,λ ¼
"Cabs,λ

V32ρdryð1%xwÞ
and "Ssca,λ¼

"Csca,λ
V32ρdryð1%xwÞ

: (16)

Here, V32 (in m3) is the Sauter mean diameter of the cells, xw is the average

mass fraction of water in the cells, and ρdry is the density of dry material in the

biomass. This relationship is often useful when comparing theoretical pre-

dictions and experimental measurements or for retrieving the effective com-

plex index of refraction of microorganisms from the measurements of "Aabs,λ
and "Ssca,λ (Lee et al., 2013; Heng et al., 2014). However, it requires knowl-

edge of xw whose measurement is often affected by large experimental

uncertainty ( Jonasz and Fournier, 2007).

3.5 Multicellular Microorganisms and Colonies
Several numerical methods exist to estimate the radiation characteristics of

(i) multicellular microorganisms, such as filamentous cyanobacteria, and (ii)

aggregates consisting of spherical cells, such as microalgae colonies. They

include the superposition T-matrix method (Mackowski, 1994;

Mackowski and Mishchenko, 1996, 2011; Mishchenko, 2015), the gener-

alizedmultiparticle-Mie theory (Xu, 1997), and the volume integral method

(Iskander et al., 1989), to name a few. The superposition T-matrix method is

based on the superposition solutions of Maxwell’s equations for single spher-

ical monomers or cells. The electromagnetic (EM) field scattered by the

entire aggregate of cells is the sum of the EM fields scattered by each of

the constituent cells (Mackowski and Mishchenko, 1996). The EM field

incident onto a monomer takes into account not only the incident EM field

but also the scattered fields from all the other cells in the aggregate

(Mackowski and Mishchenko, 1996). The interacting fields are transformed

into a system of sphere-centered equations for the scattering coefficients and
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inverted to obtain the T-matrix (Mackowski andMishchenko, 1996). Then,

the absorption and scattering cross-sections of the randomly oriented aggre-

gate of spherical cells can be obtained from operations on the T-matrix

(Mackowski and Mishchenko, 1996).

The use of the T-matrix method for nonspherical particles and for aggre-

gates of spherical particles has been popularized by Mishchenko and

Mackowski thanks to the availability of regularly updated computer pro-

grams and their user’s manual (Mishchenko et al., 2002; Mackowski and

Mishchenko, 2011; Mishchenko, 2015). However, depending on the

number of cells and/or on the size of the aggregate, calculations can be time

consuming and often require large computational resources (Kimura et al.,

2003).

3.6 Equivalent Scattering Particles
Efforts have been made to approximate the radiation characteristics of (i)

nonspherical unicellular microorganisms, (ii) multicellular microorganisms,

and (iii) aggregates of cells with complex morphologies by those of particles

with simple shapes such as spheres, coated spheres, or infinitely long cylin-

ders. The radiation characteristics of such scatterers with simple shapes can

be computed relatively rapidly (Kerker, 1969; Bohren and Huffman, 1998;

Kahnert et al., 2014) compared with predictions by the T-matrix method,

for example. This is particular important for real-time monitoring and con-

trol of PBRs as well as for inverse method aiming to retrieve the spectral

complex index of refraction of microorganisms from their measured

cross-sections (Heng et al., 2014).

3.6.1 Nonspherical Unicellular Microrganisms
As previously mentioned, nonspherical cells have been modeled as spheres

with equivalent radius and effective complex index of refraction. This

approximation can be justified by the fact that they are typically well mixed

and randomly oriented in the PBRs. Then, the equivalent radius req can be

approximated such that either the volume or the surface area of the equiv-

alent sphere is identical to that of the actual cell. The radius rv of the volume-

equivalent sphere can be expressed as

rv ¼ a 3
2E

! "1=3 (17)

where, E is the spheroid aspect ratio defined as E¼a/b. Alternatively, the

radius rs of the surface area-equivalent sphere is given by
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rs ¼
1

4
2a2 + 2ab

sin%1e

e

# $ 1=2

where e¼ðE2%1Þ1=2

E
: (18)

Lorenz–Mie theory predicts the absorption Cabs,λ and scattering Csca,λ cross-

sections of a single homogeneous spherical cell based on (i) the equivalent

cell radius req (e.g., rv or rs), (ii) the wavelength λ of interest, (iii) the refractive
index nm,λ of the nonabsorbing medium at λ, and (iv) the complex index of

refraction of the microorganism mλ¼nλ+ ikλ. In fact, the cross-sections

depend only on the size parameter χeq¼2πreq/λ and on the relative index

of refraction mr,λ¼mλ/nm,λ, i.e., Cabs/sca,λ¼Cabs/sca,λ(χeq, mr,λ).

In addition, the anomalous diffraction approximation can also be used to

predict the cross-sections of spherical cells based on the facts that (i) their

relative complex index of refraction mr,λ is such that jmr,λ%1j≪ 1 and (ii)

the size parameter χeq¼2πreq/λ satisfies χeqjmr,λ%1j≪ 1 (van de Hulst,

2012; Jonasz and Fournier, 2007). This approximation offers simple analyt-

ical expressions for the cross-sections expressed as Cabs/sca,λ¼Cabs/sca,λ

( χeq, mr,λ). It has been widely used in the ocean optics community to predict

the radiation characteristics of phytoplanktons (Bricaud and Morel, 1986;

Stramski et al., 1988; Bricaud et al., 1988; Jonasz and Fournier, 2007).

Nonspherical cells can also be easily modeled as coated spheres. For

example, Quirantes and Bernard (2006) modeled Aureococcus anophagefferens

cells as coated spheres with a shell volume fraction of 15%. The inner core

and outer coating corresponded to the cytoplasm and chloroplast and their

complex index of refraction was equal to 1.36 and 1.4+i0.005, respectively.

The authors compared theoretical predictions of algal bloom reflectance to

measurements by a tethered surface radiometer. They found better agree-

ment between measurements and prediction when the cells were modeled

as coated spheres compared to when they were modeled as homogeneous

spheres. This was attributed to the larger backscattering ratio of the coated

spheres compared to homogeneous spheres of the same outer radius and

effective volume-averaged complex index of refraction.

3.6.2 Multicellular Microorganisms and Colonies
Recently, Lee and Pilon (2013) demonstrated that the absorption and scat-

tering cross-sections per unit length of randomly oriented linear chains of

spheres, representative of filamentous cyanobacteria (Fig. 1D), can be

approximated as those of randomly oriented infinitely long cylinders with

equivalent volume per unit length. Then, for linear chains of monodisperse

cells of diameter ds, the diameter dc,V of the volume-equivalent infinitely
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long cylinder is given by dc,V ¼
ffiffiffiffiffiffiffiffi
2=3

p
ds. This approximation was used to

retrieve the spectral complex index of refraction of Anabeana cylindrica over

the PAR region (Heng et al., 2014).

Heng et al. (2015) demonstrated that the absorption "Cabs,λ and scattering
"Csca,λ cross-sections and the asymmetry factor gλ of bispheres, quadspheres,

and rings of up to 20 spherical cells could be approximated as those of coated

spheres such that (i) the coating has the same total volume VT and complex

index of refraction mλ as the cells, (ii) the inner core has the same index of

refraction nm,λ as the surrounding medium, and (iii) the projected area of the

equivalent coated sphere is the same as the average projected area "Ap of

the multicellular microorganisms. Kandilian et al. (2015) proved that this

volume and average projected area equivalent coated sphere approximation

can also be used for fractal aggregates of up to 1000 spherical microalgae with

a wide range of size parameter and relative complex index of refraction. In

fact, this approximation was able to capture the effects of both multiple scat-

tering and shading among constituent cells on the integral radiation charac-

teristics of the aggregates. Then, the equivalent coated sphere has inner

ri,V + "Ap
and outer ro,V + "Ap

radii expressed as (Heng et al., 2015)

ri,V + "Ap
¼ r3

o,V + "Ap
% 3

4πVT

& '1=3
and ro,V + "Ap

¼ "Ap

π

& '1=2
(19)

The total volume VT of an arbitrary aggregate made of Ns polydisperse

spherical cells of radius ðrjÞ1(j(Ns
can be written as (Heng et al., 2015)

VT ¼
XNs

j¼1

4π
3
r3j (20)

The average projected area "Ap of randomly oriented multicellular microor-

ganisms and of colonies of spherical cells can be estimated numerically, as

described in Heng et al. (2015). For monodisperse spherical cells, it was

found to be proportional to the square of the constitutive cell radius rs such

that (Heng et al., 2015)

"Ap¼ αðNsÞr2s (21)

where α is a constant depending on the number of cells Ns in the mul-

ticellular microbe. For bispheres and quadspheres, α(2) and α(4) were found
to be equal to 5.35 and 9.70, respectively. For a circular ring of Ns mono-

disperse cells α(Ns) was such that α(Ns)¼2.42Ns for Ns'5. Similarly, for
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fractal aggregates, α(Ns) was given by αðNsÞ¼ πN γ
s where the exponent γ

was a function of the aggregate’s fractal dimension Df. It was fitted with

numerically generated data for different values of Df varying from the lim-

iting cases ofDf ¼1.0 corresponding to linear chains of spheres andDf ¼3.0

for spheres aggregated in a simple cubic packing so that (Kandilian

et al., 2015)

γ¼ 0:73+ 0:19 1+
Df%1

2

& '1:8
( )1=1:8

(22)

Note that the coated sphere approximation can be used in other fields as dif-

ferent from light transfer in PBR as combustion systems (Drolen and Tien,

1987; Mengüç et al., 1994) and atmospheric science (Latimer and Wamble,

1982; Latimer, 1985). In addition, "Ap can be measured using image analysis

of two-dimensional micrographs of freely suspended microorganisms

(Brown and Vickers, 1998).

Overall, the main challenges of the theoretical approach for predicting

the radiation characteristics of photosynthetic microorganisms reside in (i)

predicting accurately both their effective refractive index nλ and the absorp-

tion index kλ as functions of wavelength and of the cell’s biochemical com-

position and in (ii) accounting for their complex shape and their

polydispersity. To date, these challenges have not been fully addressed

and/or the state of the art models have not been rigorously validated. Exper-

imental measurements offer an alternative to determine the microorganisms’

radiation characteristics without relying on assumption difficult to verify.

4. EXPERIMENTAL MEASUREMENTS

This section presents a versatile method to measure directly the com-

plete set of radiation characteristics ΦT,λ(Θ), and ( "Cabs,λ, "Csca,λ) or ( "Aabs,λ,
"Ssca,λ) of photosynthetic microorganisms of various shapes and sizes.

4.1 Assumptions
The following assumptions are necessary in the data analysis of experimental

measurements: (1) the photosynthetic microorganisms are well mixed and

randomly oriented. (2) For all measurements, the pathlength and cell con-

centration of the samples are relatively small such that single scattering pre-

vails, i.e., photons undergo one scattering event at most as they travel

through the suspension. (3) The scattering phase function ΦT,λ(Θ) has
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azimuthal symmetry and is only a function of the polar angle. This can be

satisfied by ensuring that the microorganisms are randomly oriented

( Jonasz and Fournier, 2007). In addition, (4) ΦT,λ is assumed to be time

invariant and constant over the PAR region. Finally, (5) the suspension is

scattering in the forward direction, i.e., the scatterers are large compared

with the wavelength of interest.

4.2 Scattering Phase Function
The scattering phase function ΦT,λ(Θ) of the microalgae can be measured

using a polar nephelometer, as illustrated in Fig. 4. A typical nephelometer

is comprised of a probe with a small acceptance angle such that it can mea-

sure the scattered radiation as a function of the polar angle. A laser provides a

continuous beam narrowly centered around wavelength λ in the PAR

region. It is modulated by a beam chopper at constant frequency. The mod-

ulated beam is collimated and reduced in size by a set of collimating lenses

and a pinhole. The collimated beam enters a sample holder dish containing

A
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Figure 4 Schematic of (A) the nephelometer used to measure the scattering phase
function at wavelength λ of the laser. (B) Optical path with coordinate system used
in recovering the scattering phase function from the measured intensity distribution
(Privoznik et al., 1978). (C) The miniaturized Gershun tube (drawings not to scale).
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the microorganism suspension through a transparent glass window. The

microorganisms are kept in suspension and randomly oriented with the

aid of a black magnetic stirring bar and a magnetic stirrer. The scattered light

is collected with a custom made fiber-optic probe immersed in the suspen-

sion and consisting of (i) a miniaturizedGershun tubewith a small half accep-

tance angle and (ii) a UV–IR fiber-optic cable. The probe is mounted on a

computer controlled motorized rotary stage (Fig. 4A). The collected light is

detected with a photomultiplier tube (PMT) and amplified with a lock-in

amplifier. The PMT is powered with a variable high voltage power supply.

The latter enables the sensitivity of the PMT to be varied so that the input to

the lock-in amplifier is within its detection range. Use of the lock-in ampli-

fier together with the beam chopper enables the detection of noisy signals

otherwise difficult to detect.

The nephelometer measures the scattered intensity Iλ in Wm%2sr%1 as a

function of the polar angle Θ. Then, the scattering phase function can be

obtained based on the analysis derived by Privoznik et al. (1978) and leading to

ΦλðΘÞ¼
2IλðΘÞ½UλðΘÞ*%1

Z π

0

IλðΘÞ½UλðΘÞ*%1 sinΘdΘ
(23)

The geometrical correction term Uλ(Θ) accounts for the variation of the

scattering volume and the pathlength with detection angle and is given

by (Privoznik et al., 1978)

Uλ¼
Zw= sinΘ

0

1 + βλ
w

2
c tanΘ%βλL cosΘ

& '
1%βλ r% w

2sinΘ

& 'h i

+ 1%βλ
w

sinΘ
%L

& 'h i
dL

(24)

where w is the beam diameter, r is the radius of rotation of the fiber-optic

probe, and L is the coordinate direction along the line of sight of the detec-

tor, marking the length of the scattering volume (Fig. 4B).

Moreover, the extinction coefficient βλ¼κλ+σs,λ of the suspension can

be determined with the nephelometer by measuring the radiation flux Fλ(z),

expressed in Wm%2, at two different locations z1 and z2 along the path of a

divergent incident beam. Then, the extinction coefficient is given by

βλ ¼
ln jFλðz2Þ=Fλðz1Þ+ lnðz22=z21Þ

z1%z2
(25)
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where z is the distance between the detector and the virtual image of the last

lens in the optical setup.

Finally, the above measurements can be performed for different wave-

lengths by employing different types of lasers emitting at different

wavelengths. However, there exists a limited number of options in the

PAR region. Alternatively, one can assume that the scattering phase func-

tion is independent of wavelength as done in the literature for A. variabilis

(Merzlyak and Naqvi, 2000). This has been corroborated with analysis and

experimental measurements for cyanobacteria Synechococcus (Stramski

and Mobley, 1997) and green microalgaeN. occulata (Kandilian et al., 2013).

4.3 Absorption and Scattering Cross-Sections
The average absorption and scattering cross-sections "Cabs,λ and "Csca,λ of

microorganisms suspensions can be experimentally measured using a spec-

trometer equipped with an integrating sphere. First, the spectral normal–
normal Tnn,λ and normal–hemispherical Tnh,λ transmissions of several dilute

suspensions with different known concentrations are measured, as illustrated

in Fig. 5. Here, the scattering phase function ΦT,λ(Θ) previously measured

for the same suspension is used to correct for various optical effects.

The apparent extinction coefficient β,λ can be obtained from normal–
normal transmittance measurements of cuvettes, of pathlength t containing

either the microalgae suspension Tnn,λ,X or the reference medium Tnn,λ,ref

(Pilon et al., 2011)

β,λ ¼%1

t
ln

Tnn,λ,X
Tnn,λ, ref

# $
: (26)

Similarly, the apparent absorption coefficient κ,λ can be defined from the

normal–hemispherical transmittance Tnh,λ as (Pilon et al., 2011)

κ,λ ¼%1

t
ln

Tnh,λ,X

Tnh,λ, ref

# $
(27)

In addition, the apparent extinction coefficient β,λ can also be expressed as a

function of the actual absorption κλ and scattering σs,λ coefficients (Pilon
et al., 2011)

β,λ ¼ κλ + ð1% EnÞσs,λ: (28)

Here, En represents the fraction of light scattered in the forward direction and
detected by the spectrometer. Ideally, En is equal to zero and β,λ ¼ βλ.
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However, due to the finite size of the acceptance angle of the detector, En is
larger than zero and is assumed to be constant over the PAR region. It can be

defined from the suspension’s scattering phase function ΦT,λ(Θ) previously
measured as (Pilon et al., 2011)

En ¼
1

2

Z Θa

0

ΦT,λðΘÞ sinΘdΘ (29)

where Θa is the half acceptance angle of the spectrometer’s detector

(Fig. 5A). The actual extinction coefficient βλ¼κλ+σs,λ can then be

determined according to

βλ ¼
β,λ % Enκλ
1% En

: (30)

A

B

Figure 5 Schematic of experimental setup used to determine (A) the extinction coef-
ficient βλ from normal–normal spectral transmittance and (B) the absorption coefficient
κλ from normal–hemispherical spectral transmittance.
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Similarly, the apparent absorption coefficient κ,λ is related to the actual

absorption κλ and scattering σs,λ coefficients according to (Pilon et al., 2011)

κ,λ ¼ κλ + ð1% EhÞσs,λ: (31)

Here, Eh is the fraction of the scattered light detected by the detector con-

nected to the integrating sphere. Ideally, when all the scattered light is

accounted for, Eh is equal to unity. Moreover, at λ¼750 nm green micro-

algae are assumed to be nonabsorbing, i.e., κ750¼0 m%1. Then, Eqs. (28)

and (31) at 750 nm simplify to

β,750¼ð1% EnÞσs,750 and κ,750¼ð1% EhÞσs,750: (32)

Combining Eqs. (30) to (32) yields

κλ ¼ κ,λ % κ,750
β,λ % κ,λ

β,750% κ,750

# $
and σs,λ¼

β,λ % Enκλ
1% En

% κλ: (33)

Then, the average absorption "Cabs,λ and scattering "Csca,λ cross-sections of

the microorganism suspension can be estimated as

"Cabs,λ¼ κλ=NT and "Csca,λ ¼ σs,λ=NT : (34)

Similarly, κλ and σs,λ can be divided by the samples’ respective dry mass

concentration X to obtain the average mass absorption and scattering

cross-sections "Aabs,λ and "Ssca,λ.

Finally, in this method, the pathlength and concentration of the samples

are to be chosen such that single scattering prevails, ie, photons undergo at

most one scatteringevent as they travel through the suspension (Assumption1).

To verify this important assumption, van de Hulst (2012) suggested that

“a simple and conclusive test for the absence of multiple scattering” consists

of demonstrating that the scattered intensity is directly proportional to the

particle concentration. In other words, the spectral cross-sections "Cabs,λ and
"Csca,λ (or "Aabs,λ and "Ssca,λ) for different values of cell densityNT (orX) should

collapse onto a single line if single and independent scattering prevailed. This

provides further validation of the experimental procedure and data analysis.

4.4 Validation of the Experimental Procedure
Before measuring the radiation characteristics of photosynthetic microor-

ganisms, the experimental setups, procedures, and data analysis should be

rigorously validated. To do so, experimental results for ΦT,λ(Θ), κλ, and
σs,λ of scatterers of known shape, size distribution, and complex index of
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refraction can be compared with theoretical predictions based on the exact

solution of Maxwell’s equations (see Section 3). Examples of such well char-

acterized and commercially available suspensions include polystyrene latex

or glass microspheres and long glass fibers.

4.4.1 Validation of the Scattering Phase Function Measurements
Fig. 6A compares the experimentally determined scattering phase function

at 632.8 nm of polystyrene latex microspheres with predictions by the

Lorenz–Mie theory. The microspheres had a Gaussian size distribution of

mean diameter 19 μm and standard deviation 3.56 μm. The particle com-

plex index of refraction (in air) at 633 nm was mλ¼1.5823+ i4 + 10%4

(Ma et al., 2003). Note that experimental measurements describe a smooth

line whereas theoretical predictions show strong oscillations inΦT,λ(Θ). This
difference was due to the fact experimentally, the microspheres were poly-

disperse and in constant motion in the stirred suspension. In fact, several of

them may pass by the probing volume (Fig. 4B) during the finite acquisition

time of the PMT. By contrast, the theoretical predictions considered a single

spherical particle of diameter 19 μm at rest in the electromagnetic (EM)

field. Similarly, Fig. 6B compares the experimentally measured scattering

phase function of long glass fibers and theoretical prediction for randomly

oriented infinitely long cylinders of diameter 15–20 μmwith complex index

of refraction of 1.4567+ i 10%7 at 632.8 nm (Malitson, 1965; Kang et al.,

2001). Similarly successful validation has been obtained with monodisperse
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Figure 6 Comparison of the scattering phase functions at 632.8 nm measured experi-
mentally for (A) polydisperse polystyrene latex microspheres with mean diameter
19 μmand (B) randomly oriented infinitely long glass fibers 15–20 μm in diameter along
with the corresponding theoretical predictions (Berberoğlu and Pilon, 2007; Berberoğlu
et al., 2008).
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polystyrene latex microspheres 5 μm in diameter (Kandilian, 2014). Note

that measurements beyond scattering angle of 160° should be disregarded

because of the interference of the rotating fiber optic probe with the incident

laser beam (Berberoğlu and Pilon, 2007). This has little consequence on the

determination of the asymmetry factor gλ since only a small amount of

energy is present in these backscattering angles beyond 160° due to the large
size of the microorganisms compared with the wavelength.

Overall, for both polydisperse microspheres and randomly oriented long

cylinders, very good agreement was found between experimental measure-

ments and theoretical predictions. These results demonstrate the capability

of the nephelometer to measure the scattering phase function of scatterers of

various shapes and sizes.

4.4.2 Validation of the Cross-Section Measurements
Fig. 7 compares the experimentally measured (A and C) absorption "Cabs,λ
and (B and D) scattering "Csca,λ cross-sections between 400 and 700 nm of

monodisperse latex spheres 2.02 and 4.5 μmdiameter with Lorenz–Mie the-

ory predictions using the complex index of refraction of latex reported by

Ma et al. (2003). Here also, the good agreement between theoretical and

experimental results successfully validated the experimental setup and the

data analysis. Similar validation has been performed with the same polydis-

perse polystyrene latex microspheres and randomly oriented and infinitely

long glass fibers considered for validating the scattering phase function mea-

surements, as illustrated in Fig. 6 (Berberoğlu and Pilon, 2007).

4.4.3 Validation of Single Scattering Assumption
Fig. 8A and B respectively show the spectral absorption κλ and scattering σs,λ
coefficients measured in the PAR region for dilute solutions of cyano-

bacteria A. cylindrica with mass concentrations X equals to 0.202, 0.296,

and 0.431 kg/m3. Each data point represents the arithmetic mean of κλ
and σs,λ measured three times for each concentration and the error bars

correspond to 95% confidence interval. It is evident that the scattering

and absorption coefficients increased with increasing mass concentration

X. In addition, A. cylindrica absorbed mainly in the spectral region from

400 to 700 nm with peaks (i) at 435 and 676 nm corresponding to absorp-

tion by Chl a (Bidigare et al., 1990), (ii) at 630 nm corresponding to PCCN

(Wolk and Simon, 1969), and (iii) a shoulder around 480 nm corresponding

to absorption by PSC and PPC (Bidigare et al., 1990). In addition, scattering
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dominated over absorption at all wavelengths between 400 and 750 nm, i.e.,

σs,λ ≫ κλ, due to the fact that the cells were optically soft, i.e., jmr,λ%1j≪ 1.

Fig. 8C and D show the average mass absorption "Aabs,λ and scattering
"Ssca,λ cross-sections after normalizing κλ and σs,λ by X according to

Eq. (6). It is evident that the three datasets collapsed on a single line. This

confirms that single scattering prevailed and that absorption and scattering

were linear processes. It is interesting to note the small dips in the scattering

cross-section "Ssca,λ coincided with the peaks in the absorption cross-section.

This “cross-talk” between absorption and scattering can be attributed to

resonance behavior in the real part (or refractive index) of the complex

index of refraction of the microalgae at wavelengths when the imaginary
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Figure 7 Experimental measurement and Lorenz–Mie theory predictions of the aver-
age absorption "Cabs,λ and scattering "Csca,λ cross-sections between 400 and 700 nm of
monodisperse polystyrene latex microspheres with diameters d equal to (A and B)
2.02 μm and (C and D) 4.5 μm, respectively (Kandilian, 2014).
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part (or absorption index) features strong absorption peaks. Such resonance

can be predicted by the Ketteler–Helmholtz theory ( Jonasz and Fournier,

2007), among others.

Overall, these different results demonstrate the validity and the versatility

of the described experimental method. Note that it can also be used for other

absorbing and/or scattering particles as long as they can be suspended in a

liquid.

5. RADIATION CHARACTERISTICS UNDER VARIOUS
CONDITIONS

5.1 Exponential Growth
Experimental measurements have been performed on a wide variety of pho-

tosynthetic microorganism species. These species include (i) the green

microalgaeC. reinhardtiiCC125 and its truncated chlorophyll antenna trans-

formants tla1, tla1-CW+, and tlaX (Berberoğlu et al., 2008), (ii) the
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Figure 8 Experimental measurements of the (A) absorption κλ, and (B) scattering σs, λ
coefficients and of the average (C) absorption "Aabs,λ , and (D) scattering "Ssca,λ cross-
sections of dilute suspensions of A. cylindrica over the PAR region with different dry
mass concentrations X (Heng et al., 2014).
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freshwater green microalgae Botryococcus braunii (Berberoğlu et al., 2009) and

(iii) Chlorella sp. (Berberoğlu et al., 2009), (iv) the marine microalgae

Chlorococcum littorale (Berberoğlu et al., 2009) and (v) Nannochloropsis oculata

(Kandilian et al., 2013; Heng and Pilon, 2014), (vi) the purple nonsulfur bac-

teria Rhodobacter sphaeroides (Berberoğlu and Pilon, 2007), and (vii) the fil-

amentous cyanobacteria Anabaena variabilis (Berberoğlu and Pilon, 2007)

and (viii) A. cylindrica (Heng et al., 2014). Unless otherwise noted, these

measurements were performed under replete conditions during the culture’s

exponential growth phase. Heng and Pilon (2014) demonstrated that light

transfer in PBRs can be predicted using constant radiation characteristics

measured during the exponential growth phase with reasonable accuracy

provided that the cultures were not nitrogen-limited. Indeed, during nitro-

gen starvation, pigment concentrations and radiation characteristics evolved

rapidly and irreversibly with time, as discussed later in this Section.

Fig. 9 shows the scattering phase function at 632.8 nm measured exper-

imentally for various species previously mentioned. It indicates that all these

microorganisms scatter light strongly in the forward direction. In fact, in all
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Figure 9 Scattering phase function ΦT,632.8(Θ) at 632.8 nm reported for various fresh-
water and marine green microalgae, cyanobacteria, and nonsulfur purple bacteria
(Berberoğlu and Pilon, 2007; Berberoğlu et al., 2008, 2009; Kandilian et al., 2013).
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cases, the associated asymmetry factor gλ was larger than 0.95 and did not

change significantly with wavelength (Kandilian et al., 2013).

Similarly, Fig. 10 compares the average mass spectral absorption "Aabs,λ
and scattering "Ssca,λ cross-sections of the same species. It indicates that

microorganisms presented different absorption peaks depending on the spe-

cies. C. reinhardtii and its truncated light-harvesting antenna (tla) trans-

formants featured absorption peaks at 435 and 676 nm corresponding to

Chl a while the peak at 475 nm and the peak broadening around 650 nm

can be attributed to Chl b. Note that genetic engineering led to a reduction

in the absorption cross-sections across the PAR ranked by decreasing order

as tla1-CW+ (with cell wall), tla1 and tlaX (without cell wall) (Berberoğlu

et al., 2008). On the other hands, all C. reinhardtii strains had similar scatter-

ing cross-section. It is also interesting to note that filamentous cyanobacteria

A. variabilis presented the same Chl a absorption peaks at 435 and 676 nm

but also a peak at 621 nm corresponding to phycocyanin (PCCN)

(Madigan et al., 2006). The scattering cross-section of A. variabilis was

the largest of all microorganisms considered, most likely due to its long

filaments. Finally, the nonsulfur purple bacteria R. sphaeroides stands out

for its absorption peaks around 370, 480, 790, and 850 nm associated to

the presence of bacteriochlorophyll (BChl) b and cartenoids (Madigan

et al., 2006; Broglie et al., 1980).
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The radiation characteristics shown in Figs. 9 and 10 for various species

are available directly online (Pilon, 2015) or from the corresponding authors

upon request.

5.2 Effect of Stresses
5.2.1 Definitions
5.2.1.1 Photoacclimation and Chromatic Acclimation
Photosynthetic microorganisms may experience photoacclimation and

chromatic acclimation in response to different incident irradiance and spec-

trum, respectively (Fisher et al., 1996; Gentile and Blanch, 2001; Dubinsky

and Stambler, 2009). Photoacclimation refers to the ability of photosyn-

thetic microorganisms to adjust their light harvesting capacity, on the time

scale of hours to days, based on the amount of light energy available to carry

out photosynthesis. On the other hand, chromatic adaptation refers to the

adjustment of pigment composition based on the spectral composition of

the incident light.

In practice, photosynthetic microorganisms tend to increase their pig-

ment concentrations in light-limited conditions and to reduce them under

strong light illumination. For example, Fisher et al. (1996) found that

Nannochloropsis sp. grown under 30 μmol/m2s, in continuous cultures,

had a steady-state chlorophyll concentration 4.5 times larger than when

grown under 650 μmol/m2s. Gentile and Blanch (2001) observed an 80%

and 60% decrease in Chl a and vioxanthin, respectively, in batch grown

Nannochloropsis gaditana when the incident irradiance was increased from

70 to 880 μmol/m2s. However, low incident light may not always lead to

significant changes in the microorganisms radiation characteristics as increas-

ing the concentration of chlorophylls also decreases their in vivo specific

absorption coefficient due to mutual shading of pigment molecules

(Dubinsky and Stambler, 2009). The latter is partially responsible for what

is known as the package effect corresponding to the nonlinear relationship

between cell pigment concentrations and cell absorption cross-section

( Jonasz and Fournier, 2007).

Moreover, microalgae may increase their photoprotective carotenoid con-

centration in response to large irradiance while reducing the amount of pho-

tosynthetic carotenoids through the so-called xanthophyll cycle (Lubián et al.,

2000; Gentile and Blanch, 2001; Dubinsky and Stambler, 2009). The latter

does not usually lead to changes in the overall carotenoid concentration as

changes in the two types of carotenoids compensate each other (Dubinsky

and Stambler, 2009; Lubián et al., 2000).
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Finally, photoacclimation and chromatic acclimation depend on the

microalgae species. For example, Lubián et al. (2000) demonstrated that

N. oculata had lower concentrations of carotenoids and larger Chl a concen-

tration per cell compared with N. gaditana and N. salina for cultures grown

under the same conditions.

5.2.1.2 Photoinhibition
Exposing microalgae to large irradiance causes photooxidative damage in

some of their photosystem units. This so-called photoinhibition leads to a

decrease in the photosynthetic efficiency. This is primarily due to the

destruction of reaction center proteins (Ke, 2001). The chloroplast repairs

such damage by destroying the affected proteins and synthesizing new ones

and integrating them into the affected photosystems. In fact, the cells con-

tinuously perform a damage repair cycle to repair the damaged photosystems

(Baroli and Melis, 1996; Neidhardt et al., 1998). However, when the dam-

age rate exceeds the repair rate, photoinhibition prevails and the overall effi-

ciency of the cells decreases (Ke, 2001). In addition, the overall chlorophyll

content can also decrease during the growth due to intense incident light.

This is sometimes referred to as chlorophyll bleaching (Baroli and Melis,

1996). As a result, the absorption cross-section decreases over the PAR

region and particularly at the chlorophylls absorption peaks (Fig. 2).

5.2.1.3 Nitrogen Starvation
Several strategies can be used to enhance microalgal lipid productivity

(Williams and Laurens, 2010). For example, nitrogen starvation triggers

large amounts of neutral lipid accumulation in various species mainly in

the form of triglyceride fatty acids (TAGs) (Hu et al., 2008; Van Vooren

et al., 2012). The latter are believed to serve as carbon and energy storage

compound for the cells (Hu et al., 2008). TAGs are also the main feedstock

for lipid to biodiesel conversion through transesterification reaction with

methanol to produce methyl esters of fatty acids that are essentially biodiesel

(Chisti, 2007). Kandilian et al. (2014a) demonstrated that TAG synthesis and

productivity frommicroalgaeN. oculatawas limited by themean rate of pho-

ton absorption hA i (Eq. (11)) in the PBR during nitrogen starvation.

Nitrogen starvation can be achieved by either sudden or progressive star-

vation. Sudden starvation consists of two steps: first, microalgae are grown in

nitrogen replete conditions. Then, they are transferred into a nitrogen-free

medium. Progressive starvation consists of initially adding a small amount

of nitrogen to the culture medium, in the form of nitrate, for example.
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After inoculating the PBR, the microalgae grow and multiply until they

consume all the nitrates in the medium and the culture medium becomes

deprived of nitrogen.

In general, nitrogen limitation results in a decrease in pigment concen-

trations and in a significant change of color of the suspension (Kandilian

et al., 2014a). In addition, the cells increase their carotenoid to Chl a con-

centration ratio (Heath et al., 1990). This ratio is related to the so-called

stress index defined as the ratio of the optical densities (OD) of the cells’ pig-

ment extract at wavelengths 480 and 665 nm (Heath et al., 1990). It is an

indicator of the “nutrient status” of the cells and is inversely correlated to

the C/N ratio of the cells (Heath et al., 1990). In fact, Flynn et al. (1993)

reported that nitrogen replete N. oculata cells had a carbon to nitrogen ratio

(C/N) of 6 while NH+
4 deprived cells featured C/N ratio of nearly 26

(Flynn et al., 1993).

5.2.2 Photoacclimation and Progressive Nitrogen Starvation
Fig. 11A and B presents the average spectral absorption cross-sections "Cabs,λ
ofN. oculata at different times during their growth in a flat-plate PBR oper-

ated in batch mode under 7500 and 10,000 lux, respectively (Heng and

Pilon, 2014). The incident light was provided by red LEDs emitting at

630 nm. The average absorption cross-section "Cabs,λ displayed peaks at

435, 630, and 676 nm corresponding to in vivo absorption peaks of Chl a

and at 485 nm corresponding to that of carotenoids. It also varied signifi-

cantly with time in response to changes in light and nutrients availability.

Similar trends were observed for both incident irradiances.

Fig. 11C and D plots "Cabs,λ at wavelengths 485 and 676 nm with respect

to time. Similarly, Fig. 11E and F shows the measured Chl a and total carot-

enoids (PSC+PPC) concentrations as functions of time. It is evident that

the trends in the absorption peaks "Cabs,676 and "Cabs,485 closely follow the

trends in Chl a and PSC+PPC concentrations, respectively. In fact,
"Cabs,676 and "Cabs,485 and the corresponding pigment concentration reach

their maximum and minimum at the same times. The initial downregu-

lation of pigments was caused by exposure to excessive amounts of light

when the cell concentration was relatively small. It contributed to reducing

the energy absorbed per cell in order to prevent photodamage to their

light-harvesting antenna. It is interesting to note that the duration of the

initial downregulation of pigments closely coincided with the duration of

the lag phase observed in the growth curves (see Fig. 2 of Heng and
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Pilon, 2014). Then, Chl a and carotenoids concentrations increased

between times 50 and 200 h for the culture grown under 7500 lux and

between 75 and 180 h for those grown under 10,000 lux. This was due

to upregulation of pigments by microalgae during the exponential growth

λ

λ

λ

λ

(µ

λ λ

( µ

A B

C D

E F

Figure 11 (A and B) Average spectral absorption cross-section "Cabs,λ of N. oculata,
(C and D) temporal evolutions (C and D) of average absorption cross-sections at 485
and 676 nm, and (E and F) of pigment Chl a and carotenoids for N. oculata grown under
7500 and 10,000 lux, respectively (Heng and Pilon, 2014).
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phase to avoid photolimitation. Finally, elemental analysis predicted that the

cultures grown under 7500 and 10,000 lux became nitrogen-limited after

about 200 and 180 h, respectively. Interestingly, Fig. 11E and F shows that

pigment concentrations decreased sharply around those times.

5.2.3 Sudden Nitrogen Starvation
Fig. 12A and B shows the temporal evolution of the average mass absorption
"Aabs,λ and scattering "Ssca,λ cross-sections over the PAR region for N. oculata

during sudden nitrogen starvation of a batch culture with an initial biomass

concentration X0 of 0.23 kg/m
3 (Kandilian et al., 2014a). It illustrates how

"Aabs,λ decreased sharply by nearly one order of magnitude across the PAR

region within 96 h. This was accompanied by a decrease in Chl a concen-

tration from 3–3.5 to 0.25–0.75 wt.% and in carotenoid from 0.45–0.6 to

0.1–0.2 wt.% over the same time period (Kandilian et al., 2014a). The stress

index also increased continuously during that time, as did the TAG concen-

tration from 5–10 to 30–45 wt.% (Kandilian et al., 2014a). On the other

hand, Fig. 12B indicates that the scattering cross-section "Ssca,λ did not

change significantly during sudden nitrogen starvation. Using these

radiation characteristics, Kandilian et al. (2014a) demonstrated that (i)

TAG productivity correlated with light absorption rate by cells and (ii) a crit-

ical light absorption rate was needed to achieve large TAG accumulation.
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Figure 12 Average mass (A) absorption and (B) scattering cross-sections of N. oculata
after 0, 24, 48, 72, and 96 h of cultivation during sudden nitrogen starvation of batch
culture exposed to 250 μmolhν/m

2 s with initial biomass concentration X 0¼0.23 kg/m3.
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6. CONCLUSIONS AND PROSPECTS

This chapter has emphasized the importance of understanding and

quantifying the interaction between light and photosynthetic microorgan-

isms in designing, optimizing, monitoring, and operating PBRs of all sizes

for the production of value-added products. To do so, knowing the radia-

tion characteristics of photosynthetic microorganisms and their evolution

with time and various stresses is essential. In fact, they are directly related

to growth kinetics and to lipid production. This chapter has presented the-

oretical and experimental methods to determine the radiation characteristics

of a wide variety of promising microorganism species with various shapes,

sizes, and responses to stresses.

First, the theoretical methods for predicting the radiation characteristics

of photosynthetic microorganisms are relatively fast and could be used for

simulating microalgae growth under various operating conditions. It could

also be employed for real-time monitoring and model-based control of

PBRs to achieve their maximum productivity. However, existing models

make simplifications on the shape of the cells or may require several input

parameters difficult to obtain in practice in order to predict the spectral com-

plex index of refraction. In fact, they have only been validated indirectly by

considering the normal–hemispherical transmittance measurements of

Chlamydomonas reinhardtii suspension grown under optimal conditions

(Pottier et al., 2005; Dauchet et al., 2015). Therefore, one should perform

direct comparison between experimental measurements and numerical pre-

dictions of the radiation characteristics and of the effective complex index of

refraction for selected representative microalgae grown under various con-

ditions. To do so, their size distribution, pigment concentrations, cell com-

position, and radiation characteristics should be measured simultaneously.

On a more fundamental level, contradicting arguments appear in the lit-

erature on the validity of approximating cells as homogeneous (Quirantes

and Bernard, 2004, 2006). In particular, it remains unclear (i) how the chlo-

roplast spatial distribution within the cell affects its absorption cross-section,

(ii) how to accurately model the package effect, (iii) how the cell organelles

participate to light scattering, and (iv) how this should be accounted for.

Addressing these questions is made even more difficult by the fact that “very

little is known about the optical properties of these organelles” ( Jonasz and

Fournier, 2007). Experimental determination of in vivo organelles’ optical

properties present major challenges. However, it could ultimately help
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determine the conditions under which microorganisms could be treated as

homogeneous with some effective optical properties.

Moreover, the experimental measurements presented in Section 4 can

faithfully capture the effect of themicroorganisms’ size, shape, and polydisper-

sity. However, the experimental setup can be costly and the experimental

procedure is time consuming. Thus, it may be difficult to implement in actual

production systems. In addition, measurements are valid only for specific

growth conditions and need to be repeated each time conditions change

including pH, temperature, illumination, medium composition, etc. Thus,

it would be beneficial to develop a simplified experimental method to deter-

mine the radiation characteristics and in particular the absorption cross-section

which is the most influence on light transfer in PBRs (Kandilian, 2014).

Finally, many photosynthetic microorganisms have highly nonspherical

and sometimes very complex shapes such as Scenedesmus, Spirunila, or

Golenkinia. Similarly, many genus or species of interest are colonial (e.g.,

Scenedesmus, Botryococcus) forming complex and sometimes large colonies.

Experimental measurements and theoretical methods or approximations

to determine their radiation characteristics are still lacking, for the most part.

REFERENCES
Aas E: Refractive index of phytoplankton derived from its metabolite composition, J Plankton

Res 18(12):2223–2249, 1996.
Acien Fernandez FG, Garcia Camacho F, Sanchez Perez JA, Fernandez Sevilla JM, Molina

Grima E: A model for light distribution and average solar irradiance inside outdoor tubu-
lar photobioreactors for the microalgal mass culture, Biotechnol Bioeng 55(5):701–714,
1997.

Aden AL, Kerker M: Scattering of electromagnetic waves from two concentric spheres,
J Appl Phys 22(10):1242–1246, 1951.

Andrews JF: A mathematical model for the continuous culture of microorganisms utilizing
inhibitory substrates, Biotechnol Bioeng 10(6):707–723, 1968.

Atkinson AW Jr, Gunning BES, John PCL: Sporopollenin in the cell wall of Chlorella and
other algae: ultrastructure, chemistry, and incorporation of 14C-acetate, studied in syn-
chronous cultures, Planta 107(1):1–32, 1972.

Baroli I, Melis A: Photoinhibition and repair in Dunaliella salina acclimated to different
growth irradiances, Planta 198(4):640–646, 1996.

Bayona KCD, Garc!es LA: Effect of different media on exopolysaccharide and biomass pro-
duction by the green microalga Botryococcus braunii, J Appl Phycol 26(5):2087–2095, 2014.

B!echet Q, Shilton A, Guieysse B: Modeling the effects of light and temperature on algae
growth: state of the art and critical assessment for productivity prediction during outdoor
cultivation, Biotechnol Adv 31(8):1648–1663, 2013.

Becker EW: Microalgae: biotechnology and microbiology, Cambridge, UK, 1994, Cambridge
University Press.

Benemann JR: Production of nitrogen fertilizer with nitrogen-fixing blue-green algae,
Enzym Microb Technol 1(2):83–90, 1979.

Benemann JR: Hydrogen production by microalgae, J Appl Phycol 12:291–300, 2000.

143Interaction Between Light and Photosynthetic Microorganisms

http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0010
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0010
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0015
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0015
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0015
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0015
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0020
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0020
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0025
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0025
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0030
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0030
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0030
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0035
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0035
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0040
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0040
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0040
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0045
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0045
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0045
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0045
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0050
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0050
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0055
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0055
http://refhub.elsevier.com/S0065-2377(15)00044-7/rf0060
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