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a b s t r a c t

This experimental study reports, for the first time, the radiation characteristics of the

unicellular green algae Chlamydomonas reinhardtii strain CC125 and its truncated chloro-

phyll antenna transformants tla1, tlaX and tla1-CWþ. Photobiological hydrogen production

is a sustainable alternative to thermo-chemical and electrolytic technologies with the

possible advantage of carbon dioxide mitigation. However, scale-up of photobioreactors

from bench top to industrial scale is made difficult by excessive absorption and waste of

light energy as heat and fluorescence. This results in limited light penetration into the

photobioreactor and low solar to hydrogen energy conversion efficiency. To overcome

these challenges, the algae C. reinhardtii have been genetically engineered with reduced

pigment concentrations in their photosystems. This can improve the performance of

photobioreactors by increasing the saturation irradiance of algae and quantum efficiency

of photobiological hydrogen production.

The extinction and absorption coefficients of all strains studied are obtained from normal–

normal and normal–hemispherical transmittance measurements over the spectral range

from 300 to 1300 nm. Moreover, a polar nephelometer is used to measure the scattering

phase function of the microorganisms at 632.8 nm. It is established that the wild strain C.

reinhardtii CC125 has major absorption peaks at 435 and 676 nm, corresponding to the in

vivo absorption peaks of chlorophyll a, and at 475 and 650 nm corresponding to those of

chlorophyll b. The genetically engineered strains have less chlorophyll pigments than the

wild strain and thus have smaller absorption cross-sections. In particular, the mutant tlaX

features a significant reduction in chlorophyll b concentration. For all mutants, however,

the reduction in the absorption cross-section is accompanied by an increase in scattering

cross-section. Although scattering becomes the dominant phenomenon contributing to the

overall extinction of light, it is mainly in the forward direction. Thus, to fully assess the

effect of genetic engineering on light transport in the photobioreactor requires careful

radiation transfer analysis using the radiation characteristics reported in this study.
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1. Introduction

Photobioreactors are enclosures used for cultivating micro-

organisms that utilize sunlight as their energy source for their

growth and subsequent product formation [1]. They have been

used in environmental engineering such as wastewater

treatment, heavy metal removal and CO2 mitigation [2]. More

recently, they have also been considered for hydrogen

production [3–7]. In photobiological hydrogen production, the

presence of dissolved O2 in the liquid medium and limited

sunlight penetration through a high-density culture are the

major issues limiting the solar energy conversion efficiency

[8–12]. The former has been alleviated by reversibly shutting

down the O2 production metabolism of the unicellular green

algae Chlamydomonas reinhardtii by sulphur deprivation [13].

This establishes C. reinhardtii as one of the best candidates for

photobiological hydrogen production [8,9,13]. However,

limited solar radiation penetration remains a challenge that

affects the H2 production rate and the solar to H2 energy

conversion efficiency of large cell density mass cultures.

Solar radiation transfer within absorbing, scattering and

non-emitting media, such as microorganism suspensions in

photobioreactors, is governed by the radiative transport

equation (RTE) [14]. The RTE is a semi-empirical integro-

differential equation derived from energy conservation

considerations. For a given wavelength l, it is expressed in

terms of dimensionless optical coordinates as [15]

dIl

dsl

¼ �Il

�
sl; bs�þ ul

4p

Z
4p

Il

�
sl; bsi

�
Fl

�bsi; bs�dUi (1)

where Il is the spectral radiance (sometimes known as spec-

tral intensity [15]) expressed in W m�2 sr�1. Here, bs is the unit

vector in the line-of-sight direction and dUi is the solid angle

around bsi. The dimensionless optical thickness sl and the

single scattering albedo ul are defined, respectively, as

sl ¼
Z s

0

ðkl þ slÞds ¼
Z s

0

blds (2)

and

ul ¼
sl

kl þ sl

¼ sl

bl

(3)

where kl, sl and bl (¼klþ sl) are the absorption, scattering and

extinction coefficients, respectively and expressed in m�1.

The scattering phase function Flðbsi; bsÞ represents the proba-

bility that the radiation propagating in direction bsi be scat-

tered in direction bs and is normalized such that

1
4p

Z
4p

Fl

�bsi; bs�dUi ¼ 1 (4)

Note that the variables kl, sl, bl and Fl are often denoted by al,

bl, cl and bl, respectively, in the ocean optics literature [16–18].

In the present study, the nomenclature commonly used in the

radiative heat transfer community is employed [15].

Eq. (1) indicates that the absorption and scattering coeffi-

cients, or the extinction coefficient and the single scattering

albedo, together with the scattering phase function are major

parameters needed to solve the radiation transfer equation and

predict light transfer in photobioreactors for simulation, design

and optimization purposes. However, these characteristics are

Nomenclature

a scattering particle diameter (m)

Aabs,l

spectral mass absorption cross-section (m2 kg�1)

Eext,l

spectral mass extinction cross-section (m2 kg�1)

f1 weighing factor in TPF

g Henyey–Greenstein asymmetry factor

h1 weighing factor in TPF

I radiance (intensity) (W m�2 sr�1)

L coordinate direction, Fig. 4b

lp photon path length (m)

n refractive index

OD optical density

P pathlength, P¼w/2 sin Qþ r

r the radius of rotation of the fiber-optic probe (m)bs local spatial coordinate unit vector

Ssca,l spectral mass scattering cross-section of

microorganisms (m2 kg�1)

t sample thickness (m)

T transmittance (%)

U correction term in recovering the phase function,

Eq. (12)

w incident beam diameter (m)

X microorganism concentration (kg m�3)

x size parameter

z distance between the detector and the virtual

image of the last lens (m)

Greek symbols

b extinction coefficient (m�1)

3h contribution of the forward scattered light to Th,l,X

3n contribution of the forward scattered light to Tl,X

Q scattering angle (rad)

Qa half acceptance angle of the detector (rad)

k absorption coefficient (m�1)

l wavelength (nm)

U solid angle (sr)

s scattering coefficient (m�1)

s optical thickness

F scattering phase function

c apparent(uncorrected) extinction coefficient (m�1)

ch apparent(uncorrected) absorption coefficient

(m�1)

Subscripts

l refers to wavelength

h refers to normal–hemispherical measurements

HG refers to Henyey–Greenstein phase function

PBS refers to phosphate buffer saline solution

TPF refers to truncated phase function
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strongly dependent on wavelength and difficult to predict from

electromagnetic wave theory given the complex morphology

of the microorganisms and their various chromophores.

Moreover, wild-type strains of algae found in nature

contain more light harvesting pigments than necessary for the

saturation of photosynthesis under bright sunlight, which is

a survival strategy due to limited light in their natural habitats

[19]. However, this is disadvantageous in scaled-up photo-

bioreactors because (i) the algae close to the light source will

absorb more light than they can utilize and waste it and (ii)

light will not penetrate deep into the photobioreactor resulting

in a reduction of the system efficiency. In order to overcome

these challenges, Polle et al. [19] genetically engineered the

green algae C. reinhardtii to have less pigments by truncating

their chlorophyll antenna. The authors demonstrated that the

saturation irradiance of photosynthesis was increased by

approximately a factor 2 from about 1500 to 3000 mmol m�2 s�1.

Qualitatively, the genetic transformation is apparent to the

unaided eye as the genetically engineered strains appear light

green while the wild strain appears dark green. This study aims

at quantitatively assessing the effect of genetic engineering on

the radiation characteristics of C. reinhardtii CC125 and its trun-

cated chlorophyll antenna transformants tla1, tlaX and tla1-CWþ.

2. Current state of knowledge

2.1. Truncated chlorophyll antenna transformants

Photochemical reactions conducted by algae start with the

absorption of solar light by the pigments in the light har-

vesting chlorophyll antenna complexes [20]. Besides having

a chlorophyll a containing core antenna complex, C. reinhardtii

also has a chlorophyll b containing auxiliary light-harvesting

antenna [20]. These complexes channel the solar energy to

two distinct photosystems, namely photosystems I and II (PSI

and PSII), where electrons necessary for driving various

chemical reactions are generated from oxidation of water [21].

In C. reinhardtii wild strain, PSI and PSII are reported to contain

240 and 230 chlorophyll molecules, respectively [8]. However,

for proper functioning of these complexes under bright

sunlight, the algae need only 95 and 37 chlorophyll molecules

in the core complexes of PSI and PSII, respectively [13]. Polle

et al. [20] genetically engineered C. reinhardtii via DNA inser-

tional mutagenesis to obtain the mutant strain tla1 having

permanently reduced number of chlorophyll molecules per

photosystem. This strain was derived from a cell wall-less

strain CC425-CW� and did not contain cell wall [20]. For use in

photobioreactors, it is necessary that cells have walls so that

they do not break on mechanical stirring [20]. Thus, Polle et al.

[20] crossed tla1 with a cell wall containing strain CC1068 and

isolated the strain tla1-CWþ showing observable characteris-

tics (phenotype) of tla1 and having a cell wall. The strain

CC125 is the wild-type C. reinhardtii and is used as a reference

to compare the radiation characteristics of the genetically

engineered strains. Finally, the strain tlaX has even a smaller

chlorophyll antenna than tla1. At the time of preparation of

the manuscript no publications were available on the mutant

tlaX. The reduction in pigment concentration compared with

tla1 is evident to the naked eye.

2.2. Measurement of the radiation characteristics

The radiation characteristics of microorganisms are

measured under the single scattering regime [22]. This means

that the scattered light undergoes only one scattering event in

the sampling volume. This condition is satisfied if the sample

thickness t is much smaller than the photon mean free path lp
such that [23,24],

t
�
1� gl

�
� lp;l (5)

where lp,l¼ 1/bl and gl is the mean cosine of the scattering

angle. The latter is also known as the Henyey–Greenstein

asymmetry factor and is defined as [15],

gl ¼
1

4p

Z
4p

FlðQÞcosQ dU (6)

Under single scattering regime, the radiation characteristics

of microorganisms are linearly dependent on concentration

[14]. Thus, it is more convenient to introduce the mass

extinction and absorption cross-sections, denoted by Eext,l

and Aabs,l, respectively, and expressed in meter square per

kilogram. They are defined as [14],

Eext;l ¼
bl

X
and Aabs;l ¼

kl

X
(7)

where X is the concentration of the microorganisms,

expressed in kilogram dry cell weight per cubic meter of liquid

medium. Similarly, the scattering coefficient sl and the mass

scattering cross-section Ssca,l expressed in meter square per

kilogram are defined as,

sl ¼ bl � kl and Ssca;l ¼
sl

X
(8)

The extinction coefficient bl is obtained from normal–normal

transmittance measurements of dilute suspensions [15]. The

most common technique uses a spectrophotometer where

a collimated monochromatic beam is incident on a cuvette

containing the algal suspension [15]. The transmitted light is

focused onto a pinhole in front of the detector to eliminate the

light scattered in directions other than the normal direction

[25]. Bohren and Huffman [25] indicated that for reliable

measurement of the extinction coefficient of highly forward

scattering samples, the half acceptance angle of the detector

Qa has to satisfy

Qa <
1

2xl

(9)

where xl is the size parameter defined as [15],

xl ¼
2panl

l
(10)

Here, a is the scattering particle radius, nl is the refractive

index of the non-absorbing and non-scattering medium in

which the scatterers are submerged. Furthermore, to elimi-

nate the effects of diffraction and multiple reflections from

the container walls, the measurements are taken with respect

to a cuvette containing the above-mentioned medium alone.

In a different technique, Daniel and Incropera [26] measured

the extinction coefficient of unicellular green algae Chlorella

pyrenoidosa using a fiber-optic probe submerged in the

microorganism suspension; thus, eliminating possible reflec-

tion and refraction by the container walls. The probe had
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a half angle of view of 1.28� (in water) and the sample was

illuminated by a collimated beam of diameter 71 mm (Xenon

Arc Lamp).

Moreover, a large body of literature exists on measuring

the absorption coefficient kl both in the field (in situ) and in the

laboratory. In situ measurements usually deal with extremely

small concentration of microorganisms and are designed to

overcome this difficulty by increasing the path length of the

sample. Some of these methods include:

� Reflecting tube absorption meter. This technique uses a tube

with reflective walls as the sample holder [27,28]. The tube is

illuminated with collimated monochromatic light at one

end. As the light propagates through the sample it gets

absorbed and scattered. The scattered light is reflected from

walls and detected at the other end together with the

transmitted light. The optical pathlength of the detected

scattered light is larger than that of the transmitted light

resulting in over estimation of the absorption coefficient.

� Isotropic point source techniques. This technique relies on the

principle that irradiance from an isotropic point source

decays proportional to exp(�kR)/R2, where R is the radial

distance from the source [29]. Thus, the absorption coefficient

can be obtained by measuring the irradiance at different

radial distances from the source. This method is valid under

single scattering regime and enables the measurement of

small absorption coefficients of natural waters.

Furthermore, some of the laboratory techniques for

measuring the absorption coefficient include the following:

� Integrating cavity absorption meter. This technique uses

a special sample holder known as the integrating cavity

made of two concentric cavities separated by a diffuse

translucent wall [30]. The sample is contained in the

innermost cavity and is illuminated homogenously from all

directions with monochromatic light delivered by a set of

fiber-optics. The attenuated light is detected by two sets of

fiber-optics at two different radial locations with respect to

the sample. The device is calibrated with Irgalan Black and

Alcian Blue solutions of known absorption characteristics

taking into account the geometry of the device. This device

is regarded as one of the most accurate methods for

measuring the absorption coefficient [24].

� Photoacoustic technique. In this technique, the sample is

irradiated with a beam of light chopped at some arbitrary

frequency [15]. The absorbed light is dissipated as heat

causing periodic changes in sample temperature. These

temperature changes give rise to pressure oscillations that

can be detected by a microphone and correlated to the

absorption coefficient of the particles [31].

� Integrating sphere technique. This method relies on the fact that

microorganism suspensions scatter light strongly in the

forward direction [14,22,26]. Thus, a significant portion of the

forward scattered radiation is collected by the integrating

sphere that has a large acceptance angle. Thus, the attenua-

tion in the transmitted radiation is attributed solely to the

effect of absorption. However, absorption coefficient obtained

with this method suffers from scattering error [17,32,33].

Several correction methods have been suggested by

Davies-Colley et al. [17], Merzlyak and Naqvi [34], and

Stramski and Piskozub [33]. The method reported by Davies-

Colley et al. [17] will be explained in detail in the next section.

Finally, the scattering phase function Fl is measured using

a nephelometer [25]. A typical nephelometer is comprised of

a detector with a small acceptance angle that can measure the

scattered radiation as a function of the polar and the

azimuthal angles. A recent review of different nephelometer

designs was given by Jonasz and Fournier [24]. For spherical or

randomly oriented particles, as in the case of well-mixed

microorganism suspensions, the phase function does not

change as a function of the azimuthal angle [15]. Thus, most

nephelometers measure Fl as a function of the polar angle Q

only. Moreover, the scattering phase function for large parti-

cles does not vary significantly with wavelength at scattering

angles less than 15� [16]. Since most of the scattered light is in

the forward direction, phase function measurements taken at

632.8 nm can be used as a first approximation for modeling

light transfer in photobioreactors over the photosynthetically

active region (PAR) ranging from 400 to 700 nm.

To the best of our knowledge, this work presents, for the

first time, experimental measurements of the radiation

characteristics of the hydrogen producing green algae C.

reinhardtii CC125 and its truncated chlorophyll antenna

transformants tla1, tlaX and tla1-CWþ over the spectral range

from 300 to 1300 nm as well as their scattering phase function

at 632.8 nm.

3. Materials and methods

3.1. Microorganism cultivation and sample preparation

C. reinhardtii is a unicellular green algae in the shape of

a spheroid measuring about 10 mm in diameter. All strains were

cultivated heterotrophically under aerobic conditions in TAP

medium [36] with irradiance of 2000–3000 lx provided by fluo-

rescent light bulbs (Ecologic by Sylvania, USA). The pH of the

medium was 7.3. Samples were taken from actively growing

cultures of each strain during their exponential growth phase.

In order to eliminate absorption and scattering due to the

nutrient media, the microorganisms were centrifuged at

2000 rpm for 5 min (Super T21 by Sorvall, USA), washed and

suspended in phosphate buffer saline (PBS) solution. While

measuring their radiation characteristics, the microorganisms

should not be suspended in distilled water [37]. Indeed, due to

the large osmotic gradient between the inside of the cells and

pure water, the cells will absorb water and stretch, with

a concomitant change in their radiation characteristics.

However, PBS solution overcomes this problem and provides

a non-scattering medium, suitable for optical measurements

[37]. One liter of PBS solution contained 8 g NaCl, 0.2 g KCl, 1.15 g

Na2HPO4$7H2O and 0.2 g KH2PO4. The refractive index of the PBS

solution was measured with an abbe refractometer (Leica USA,

Model Mark II Plus) and found to be 1.3341 at 21 �C.

Fig. 1 shows the in vivo differential interference contrast

(DIC) and chlorophyll fluorescence micrographs of all strains.

The images were obtained using Zeiss 510 confocal scanning

laser microscope in the transmission and epi-fluorescence
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mode simultaneously as reported by Chen and Melis [38]. The

excitation was provided by a Helium Neon laser at 543 nm

while the chlorophyll fluorescence emission was detected in

the red region with a long pass filter with a cut-off wavelength

of 560 nm placed in front of the detector. It illustrates the size

and shape of each strain as well as the location of the chlo-

rophyll pigments that fluoresce in red [36]. The strong red

fluorescence observed in the wild strain CC125 qualitatively

shows that it has the largest concentration of chlorophyll

while tlaX has the least. In addition, the cell size distribution

has been quantified for each strain using a 100 mm deep

hemacytometer (Hausser Scientific, USA, Model 1490) and the

image processing and analysis software ImageJ [39]. The

software approximates the cells as ellipses and reports

the primary and secondary axes as major and minor diame-

ters. For each strain, over 400 cells were counted. Fig. 2 shows

the number frequency of the major and minor diameters of

the cells for all strains with bins of width 0.1 mm. It indicates

that tla1 has the smallest mean major and minor diameters of

8.4 and 7.4 mm, respectively, whereas those of tla1-CWþ were

largest and equal to 10.3 and 8.9 mm. Moreover, tlaX had the

largest standard deviation of 2.4 and 2.6 mm for the major and

minor diameters, respectively. The mean major and minor

diameters along with their standard deviations have been

summarized in Table 1. In addition, Table 1 reports (i) the

circularity defined as 4p(area of the cell/perimeter of the cell)2

[39], and (ii) the Ferret diameters defined as the longest

distance between two points along the perimeter of a particle

[39], for all strains. Note that observations under the optical

microscope establish that the size and the shape of all strains

investigated remain the same in PBS as in the nutrient media.

Three dilutions of each strain were prepared. Microor-

ganism concentration of each dilution was determined using

calibration curves that relate the optical density (OD) at 750 nm

of a microorganism suspension to both the dry cell weight and

the number of cells per unit volume of liquid [36]. The optical

density is defined as OD¼�log10(T750/T750,PBS), where T750 and

T750,PBS are the transmittance at 750 nm of the microorganism

suspension in PBS and of PBS alone, respectively. The cali-

bration curves were created by measuring the dry cell weight

and the number of cells per unit volume at a given OD. First, the

OD of the microorganisms was measured in disposable poly-

styrene cuvettes with light path of 10 mm at 750 nm [40] using

a UV–VIS spectrophotometer (Cary-3E by Varian, USA). Then,

the cells were counted using the hemacytometer and ImageJ

software. Finally, the microorganism suspensions were

filtered through mixed cellulose filter membranes with

0.45 mm pore size (HAWP-04700 by Millipore, USA) and dried at

85 �C over night. The dried filters were weighed immediately

after being taken out of the oven on a precision balance (model

AT261 by Delta Range Factory, USA) with a precision of

0.01 mg. Fig. 3(a) and (b) show the dry cell weight in kilogram

dry cell per cubic meter and the number density in number of

cells per cubic meter, respectively, versus OD at 750 nm cali-

bration curves for all strains using a 1 cm pathlength cuvette. It

indicates that for all strains, 1 unit of OD at 750 nm corre-

sponds to a microorganism concentration of 0.367 kg dry

cell m�3 and 2.79� 106 cells m�3.

CC125 tla1

tlaX tla1-CW+

10 μμm

10 μμm

10 μμm

10 μμm

a b

dc

Fig. 1 – Differential interference contrast and fluorescence micrographs of (a) CC125, (b) tla1, (c) tlaX and tla1-CWD. The scale

bars correspond to 10 mm. Chlorophyll pigments fluoresce in red.
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Finally, the chlorophyll a and chlorophyll b concentrations

were determined for each strain using the ethanol extraction

method developed by Wintermans and De Mots [35]. Table 2

summarizes the chlorophyll a, chlorophyll b, and total chlo-

rophyll concentrations for all strains in gram of chlorophyll

per kilogram dry cell of microorganism. It indicates that all

genetically engineered strains indeed contain both less chlo-

rophyll a and b than the wild strain. Moreover, CC125, tla1, and

tla1-CWþ had half as much chlorophyll b than chlorophyll

a whereas strain tlaX had about hundred times less chloro-

phyll b than chlorophyll a. Note that tla1-CWþ has more

chlorophyll a and b than tla1. This is most likely due to the fact
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that tla1-CWþ was an offspring of tla1 and the wild strain

CC1068 [19]. Overall, these results corroborate with qualitative

observations made in Fig. 1.

3.2. Experimental procedure and analysis

In measuring the radiation characteristics, the following

assumptions are made: (1) the microorganisms are well mixed

and randomly oriented, (2) for all measurements, the path-

length and the concentration of the samples is such that

single scattering prevails, i.e., photons undergo one scattering

event at most as they travel through the suspension, (3) the

scattering phase function has azimuthal symmetry and is

only a function of the polar angle, and (4) the scattering phase

function is independent of wavelength in the spectral range of

interest from 300 to 1300 nm.

First, a polar nephelometer has been constructed to

experimentally measure the scattering phase function of

microorganisms at 632.8 nm. The details of the experimental

set-up and its validation have been reported elsewhere [41]

and need not be repeated. The nephelometer featured a fiber

optic probe with a miniature Gershun tube that limits the half

acceptance angle of the detector to 0.7� in water. The nephe-

lometer measured the scattered intensity Il in W m�2 sr�1 as

a function of the polar angle Q. The scattering phase function

was recovered using the analysis suggested by Privoznik

et al. [22],

FlðQÞ ¼
2IlðQÞ½UlðQÞ��1R p

0 IlðQÞ½UlðQÞ��1sin Q dQ
(11)

The geometrical correction term Ul(Q) accounts for the vari-

ation of the scattering volume and the pathlength between

the scattering volume center and the detector with detection

angle and is given by [22],

UlðQÞ ¼
Z w=sin Q

0

h
1þ bl

w
2

c tan Q� blL cos Q
i

�
h
1� bl

�
r� w

2 sin Q

�ih
1� bl

� w
sin Q

� L
�i

dL ð12Þ

where w is the beam diameter equal to 1.7� 10�3 m, r is the

radius of rotation of the fiber-optic probe, equal to 6� 10�3 m,

and L is the coordinate direction along the line of sight of the

detector, marking the length of the scattering volume as

shown in Fig. 4. The pathlength of the radiation reaching the

Table 1 – Mean diameters, their standard deviations,
circularity, and Ferret diameters of all strains

CC125 tla1 tlaX tla1-CWþ

Average major diameter (mm) 8.9 8.4 9.4 10.3

Standard deviation of major

diameter (mm)

1.6 1.3 2.4 2.3

Average minor diameter (mm) 7.8 7.9 8.1 8.9

Standard deviation of minor

diameter (mm)

1.6 1.3 2.6 2.2

Circularity 0.86 0.9 0.8 0.8

Ferret diameter (mm) 9.2 8.8 9.8 10.6

R
2
 = 0.984

0
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all strains.

Table 2 – Chlorophyll (Chl) concentrations of all C.
reinhardtii strains determined by ethanol extraction [36]

Strain Chl a
(g kg�1 dry cell)

Chl b
(g kg�1 dry cell)

Total Chl
(g kg�1 dry cell)

CC125 29.80� 2.03 14.53� 1.11 44.33� 3.14

tla1 18.98� 1.36 8.67� 0.66 27.65� 2.02

tlaX 16.82� 0.24 0.16� 0.07 16.98� 0.31

37RP-tla1 22.24� 2.17 10.34� 0.98 32.57� 3.15

w

L

r

direction of
propagation of the
incident beam

0

P

incident beam

detector

view angle

w/sinΘ

Θ

Fig. 4 – Coordinate system used in recovering the

scattering phase function from the measured intensity

distribution [26].
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detector is denoted by P¼w/2sin Qþ r [22]. Note that due to

the finite size of the probe and the beam, data could only be

obtained for scattering angle Q up to 160� where the probe did

not obstruct the incident beam.

The extinction coefficient b632.8 was measured with the

nephelometer at wavelength 632.8 nm. In this method, the

radiation flux Fl(z), expressed in W m�2, at two different

locations z1 and z2 along the path of a divergent incident beam

are measured. The extinction coefficient was evaluated as

[22],

b632:8 ¼
lnjF632:8ðz2Þ=F632:8ðz1Þj þ ln

��z2
1=z

2
2

��
z1 � z2

(13)

where z is the distance between the detector and the virtual

image of the last lens in the optical setup shown in Fig. 4. Note

that the second term in the numerator accounts for the

divergence of the incident beam. At all angles, the experi-

mental value of b632.8P was less than 0.1 ensuring single

scattering [22].

Then, the extinction coefficients bl of the four strains of C.

reinhardtii were measured from normal–normal transmittance

measurements Tl,x over the spectral range from 300 to

1300 nm using a UV–VIS–NIR spectrophotometer (Model UV-

3101PC, Shimadzu, USA). All the transmission measurements

were carried out in a liquid flow cell of pathlength t equal to

0.001 m with quartz windows (FT04-060 by Thermo, USA).

During the measurements, the microorganism suspension

was continuously flown through the flow cell with a peristaltic

pump (4049 K33 by McMaster, USA) at a flow rate of approxi-

mately 10 mL min�1 to avoid settling of microorganisms. In

order to account for reflection and refraction by the flow cell,

measurements were made with respect to the transmission

spectrum of PBS alone denoted by Tl,PBS.

Due to its large acceptance angle of about 3�, the spectro-

photometer measured an apparent extinction coefficient cl

given as [17,32]

cl ¼ �
1
t

ln

�
Tl;X

Tl;PBS

�
(14)

The apparent extinction coefficient is related to the true

absorption and extinction coefficients through [17,32],

cl ¼ kl þ sl � 3nsl (15)

where 3n represents the portion of the light scattered in the

forward direction and detected by the spectrophotometer in

directions other than the normal direction due to the finite

size of the acceptance angle. It is defined as [42,43],

3n ¼
1
2

Z Qa

0

FlðQÞsin Q dQ (16)

where Qa is the half acceptance angle of the detector. Using

Eq. (15), the extinction coefficient can be determined as
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bl ¼
cl � 3nkl

1� 3n
(17)

Finally, the absorption coefficient kl was determined from

the hemispherical transmittance measurements performed

with an integrating sphere [22]. The measurements were

corrected for scattering errors using the analysis suggested by

Davies-Colley et al. [17]. Under single scattering conditions,

the apparent absorption coefficient ch,l is related to the

hemispherical transmittance of the microorganism sample

Th,l,X by [17]

ch;l ¼ �
1
t

ln

�
Th;l;X

Th;l;PBS

�
(18)

where Th,l,PBS is the normal–hemispherical transmittance of

the PBS solution alone. Due to the geometry of the experi-

mental set-up all the scattered radiation cannot be captured

and measured by the integrating sphere. Thus, ch,l over-

estimates the actual absorption coefficient that can be

retrieved as [17],

kl ¼ ch;l � ð1� 3hÞsl (19)
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Fig. 6 – The (a) absorption kl, (c) scattering sl, and (d) extinction bl coefficients and the corresponding (b) mass absorption

Aabs,l, (d) mass scattering Ssca,l, and (f) mass extinction Eext,l cross-sections of C. reinhardtii CC125 over the spectral range

from 300 to 1300 nm at three different microorganism concentrations.
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where 3h is the fraction of scattered light detected by the

integrating sphere. Ideally, 3h is equal to unity when all light

scattered in all directions is collected and detected by the

integrating sphere. In order to account for the scattering error,

Davies-Colley et al. [17] assumed that the microorganisms do

not absorb radiation at wavelength lo, in this case lo¼ 750 nm

for Anabaena variabilis and lo¼ 900 nm for Rhodobacter sphaer-

oides. At this wavelength, the apparent absorption coefficient

is equal to the scattering error given as

ch;lo
¼ ð1� 3hÞslo (20)

Combining Eqs. (19) and (20) yields

kl ¼ ch;l � ch;lo

sl

slo

where
sl

s750
¼

cl � ch;l

c750 � ch;750

(21)

3.3. Validations

First, measurements using the nephelometer and the

procedure to analyze the data have been successfully vali-

dated with polystyrene spheres of 19 mm in diameter and

with glass fibers of 10 mm in length and 17 mm in diameter as

reported in Ref. [41].
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Fig. 7 – The (a) absorption kl, (c) scattering sl, and (d) extinction bl coefficients and the corresponding (b) mass absorption

Aabs,l, (d) mass scattering Ssca,l, and (f) mass extinction Eext,l cross-sections of C. reinhardtii tla1 over the spectral range from

300 to 1300 nm at three different microorganism concentrations.
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The experimental set-up and analysis for measuring the

extinction, absorption and scattering coefficients have also

been successfully validated against predictions from Mie

theory using polystyrene microspheres with diameter of 5 mm

and standard deviation of 0.6 mm supplied by Duke Scientific

Corp., USA (Part No: 2005A). Fig. 5 compares the extinction,

absorption and scattering cross-sections of the microspheres

predicted by Mie theory with the uncorrected experimental

results [using Eqs. (14) and (18)] and the corrected results

[using Eqs. (17) and (21)] over the spectral range from 400 to

800 nm. It shows that predictions from Mie theory lie within

the experimental uncertainty of the corrected experimental

data estimated to be 14% for both the extinction and scattering

cross-sections and within 6% for the absorption cross-section.

The experimental uncertainties in cross-sections were esti-

mated from the propagation of uncertainties in measuring the

normal–normal and normal–hemispherical transmittances,

the factors 3n and 3h, and the concentration of the polystyrene

microspheres. Note that in our Mie theory calculations, the

spheres were assumed to be non-absorbing, i.e., their

absorption cross-section was equal to zero over the entire

spectral range of interest (Fig. 5b).

In summary, the experimental apparatus and data analysis

procedure were successfully validated. It has been established
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Fig. 8 – The (a) absorption kl, (c) scattering sl, and (d) extinction bl coefficients and the corresponding (b) mass absorption

Aabs,l, (d) mass scattering Ssca,l, and (f) mass extinction Eext,l cross-sections of C. reinhardtii tlaX over the spectral range from

300 to 1300 nm at three different microorganism concentrations.
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that correcting for the forward scattering is necessary for

accurately measuring both the extinction and the absorption

coefficients. The experimental results reported from here on

correspond to the corrected data.

4. Results and discussion

All transmittance measurements were performed twice and

the arithmetic average of the results is reported. The relative

difference between the replica measurements was less than

0.1% over the entire spectral region considered and for all

microorganisms.

4.1. Cross-sections of the wild strain

Fig. 6(a), (c), and (e) shows the absorption kl, scattering sl, and

extinction bl coefficients of C. reinhardtii CC125, respectively,

measured at three different microorganism concentrations,

namely 0.0898, 0.1386, and 0.1840 kg m�3 in the spectral region

from 300 to 1300 nm. Fig. 6(a) shows that C. reinhardtii CC125

have absorption peaks at 435, 475, and 676 nm. The peaks at

435 nm and 676 nm correspond to the absorption peaks of in

vivo chlorophyll a. In addition, in vivo chlorophyll b has

absorption peaks at 475 and 650 nm. Thus, the absorption

peak at 475 nm and the peak broadening around 650 nm

observed in Fig. 6(a) can be attributed to the presence of
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Fig. 9 – The (a) absorption kl, (c) scattering sl, and (d) extinction bl coefficients and the corresponding (b) mass absorption

Aabs,l, (d) mass scattering Ssca,l, and (f) mass extinction Eext,l cross-sections of C. reinhardtii tla1-CWD over the spectral range

from 300 to 1300 nm at three different microorganism concentrations.
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chlorophyll b. The chlorophyll a and b pigments are respon-

sible for absorbing solar radiation and generating electrons

that drive the metabolic reactions of the microorganisms.

In addition, Fig. 6(b), (d), and (f) shows the spectral mass

absorption, mass scattering and mass extinction cross-

sections Aabs,l, Ssca,l and Eext,l over the spectral region from

300 to 1300 nm. It establishes that Aabs,l, Ssca,l and Eext,l are

independent of concentration X as they collapse on a single

line for different microorganism concentrations. This also

shows that multiple scattering is negligible for the concen-

trations considered as assumed in the data analysis.

4.2. Cross-sections of the transformants

The coefficients kl, sl and bl and the cross-sections Aabs,l, Ssca,l

and Eext,l of the strains tla1, tlaX and tla1-CWþ were obtained

in a similar manner and are presented in Figs. 7 to 9, respec-

tively. The general trends observed and the absorption peaks

for the genetically engineered strains are similar to those

found for the wild strain.

4.3. Comparisons between the wild strain and the
transformants

In order to better appreciate the effect of genetic engineering

on the radiation characteristics of the truncated chlorophyll

antenna transformants, Fig. 10(a) through (c) shows the ratio

of cross-sections Aabs,l, Ssca,l and Eext,l of tla1, tla1-CWþ and

tlaX to those of CC125, respectively. Fig. 10(a) indicates that

genetic engineering of C. reinhardtii CC125 reduces the

absorption cross-section Aabs,l (i) by 25% to 45% for tla1, (ii) by

30% to 70% for tlaX, and (iii) by 5% to 15% for tla1-CWþ over the

spectral region from 400 to 700 nm, i.e., PAR. Note that the

ratio of cross-sections with respect to those of the wild strain

outside PAR gives very large and noisy results due to division

by zero or very small numbers. Furthermore, these trends

agree well with the measured chlorophyll concentrations of

the strains summarized in Table 2. Moreover, for all wave-

lengths between 400 and 700 nm, tlaX absorbs less than tla1 as

expected a priori. This is especially apparent around the

absorption peaks of chlorophyll b at 475 and 650 nm.

On the other hand, changes in the mass scattering cross-

sections show an opposite trend to those observed for the

mass absorption cross-sections. Fig. 10(b) shows that the

scattering cross-sections of tla1, tlaX and tla1-CWþ increase by

up to 45%, 80% and 25%, respectively. The maximum increase

is observed around the absorption peaks of C. reinhardtii CC125

at 435, 475 and 676 nm. Thus, as absorption is reduced, scat-

tering becomes more important for the genetically engineered

C. reinhardtii. Similar observations have been reported in the

ocean optics literature where decrease in the absorption

cross-section is associated with an increase in the scattering

cross-section [32]. Moreover, while CC125, tlaX and tla1-CWþ

display similar scattering cross-sections in the spectral region
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from 700 to 1,300 nm, tla1 feature a smaller scattering cross-

section that decreases with increasing wavelength. This can

be attributed to the fact that tla1 lack cell walls the other

strains have.

Moreover, Fig. 10(c) illustrates the ratio of the extinction

cross-section Eext,l of tla1, tlaX and tla1-CWþ with respect to

that of CC125. It shows that Eext,l for tla1 and tla1-CWþ do not

differ by more than 10% from that of CC125 in the spectral

region from 300 to 700 nm. On the other hand, the extinction

cross-section of tlaX increases as much as 25%. Furthermore,

the extinction cross-sections of the strains with cell walls are

identical in the spectral region from 700 to 1300 nm. However,

similar to the scattering cross-sections, the extinction cross-

section of tla1 decreases with increasing wavelength with

respect to those of the strains with cell walls. Although chlo-

rophyll antenna reduction does not reduce the extinction

cross-sections of the mutants, it has several advantages

enabling improved photosynthetic efficiency. First of all,

reduction in chlorophyll antenna size increases the saturation

irradiance of photosynthesis [9]. Thus, microorganisms can

conduct photosynthesis at larger irradiances without incur-

ring photooxidative damage. Note that the results of Polle

et al. [19] were conducted at very large irradiance of

1500 mmol m�2 s�1. Moreover, reducing the chlorophyll

antenna size increases the quantum efficiency of photosyn-

thesis at large irradiances [8]. This is because, photons are

not absorbed and wasted as heat and fluorescence by a giv-

en microorganism but scattered, mainly in the forward

direction, increasing their chance of being used by other

microorganisms. Finally, since scattering is mainly in the

forward direction, the effect of larger scattering cross-section

on the local irradiance within the photobioreactor is not trivial

and requires detailed radiation transfer analysis. However,

this analysis falls beyond the scope of the present study.

The single scattering albedo ul represents the contribution

of scattering to the overall extinction and is shown in Fig. 11(a)

for all strains. The figure establishes that the single scattering

albedo for all strains is greater than 0.5 and scattering domi-

nates over absorption over the entire spectrum. Then, accu-

rate knowledge of the scattering phase function Fl(Q) of the

microorganisms and solution of the RTE are required for

accurate simulation, modeling and optimization of the pho-

tobioreactor as established by Berberoğlu et al. [14]. In

particular, the commonly used Beer-Lambert’s law is no

longer valid as it does not distinguish between absorption and

scattering phenomena and ignores in-scattering (path radi-

ance) represented by the second term on the right-hand side

of Eq. (1) [14]. Furthermore, to better illustrate the effect of

genetic engineering on ul Fig. 11(b) shows the ratio of the

single scattering albedo of all strains with respect to that of

the wild strain CC125. It indicates that ul is larger than that of

CC125 by up to 30%, 45% and 15% for tla1, tlaX and tla1-CWþ,

respectively.

4.4. Scattering phase functions of all strains

Finally, the scattering phase functions of all strains were

measured using the nephelometer at microorganism

concentrations of 0.007� 0.002 kg m�3 and at the wavelength

of 632.8 nm. Fig. 12 shows the scattering phase functions of

CC125, tla1, tlaX and tla1-CWþmeasured by the nephelometer

along with the truncated phase function (TPF) approxima-

tions. In TPF, the phase function is divided into two parts,

from 0 to Qcutoff and from Qcutoff to p. Each part is a linear

combination of two Henyey–Greenstein phase functions. The

latter is given as [15]

FHG ¼
1� g2

½1þ g2 � 2g cos Q�3=2
(22)

where g is the mean cosine of the scattering phase function,

also known as the Henyey–Greenstein asymmetry factor. The

TPF for the different strains is expressed as [14]

FðQÞ ¼ f1FHG;gTPF;1 ðQÞ þ
�
1� f1

�
FHG;gTPF;2

for 0 	 Q 	 Qcutoff

FðQÞ ¼ h1

h
f1FHG;gTPF;1

ðQÞ þ
�
1� f1

�
FHG;gTPF;2

i
for Qcutoff < Q < p

(23)

where f1 and h1 are weighing parameters and gTPF,1, and gTPF,2

are the asymmetry factors. These are determined by mini-

mizing the sum of the squares of the error between
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experimentally obtained phase function and the TPF model.

Note that the TPF function needs to be normalized by the

method previously adopted by Nicolau et al. [44]. The TPF

parameters along with the Henyey–Greenstein asymmetry

factors for all strains are summarized in Table 3. Fig. 12

indicates that the scattering is mainly in the forward direc-

tion for all strains. Moreover, the scattering phase functions

of all strains show similar trends. Finally, the TPF parameters

indicate that the scattering phase function of the genetically

engineered strains is peaked slightly more forward than the

wild strain.

5. Conclusions

This article presents for the first time the radiation charac-

teristics of C. reinhardtii CC125 and its truncated chlorophyll

antenna transformants tla1, tlaX and tla1-CWþ over the

spectral range from 300 to 1,300 nm as well as their scattering

phase functions at 632.8 nm. It establishes that C. reinhardtii

CC125 has major absorption peaks at 435 and 676 nm, corre-

sponding to the in vivo absorption peaks of chlorophyll a, and

at 475 and 650 nm corresponding to that of chlorophyll b. The

genetically engineered strains have less chlorophyll pigments

than the wild strain and thus have smaller absorption cross-

sections. In particular, tlaX has the smallest absorption cross-

section and the lowest chlorophyll b concentration of all

strains. However, the reduction in the absorption cross-

section is compensated by an increase in scattering cross-

section of the genetically engineered strains.

Moreover, the single scattering albedo ul is greater than 0.5

over the spectral region from 300 to 1300 nm, indicating that

scattering is the dominant phenomena contributing to the

overall extinction. Although scattering dominates over

absorption, it is mainly in the forward direction and reduction

of absorption cross-section can still improve the performance

of photobioreactors by increasing the saturation irradiance of

algae and quantum efficiency of photobiological hydrogen
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Fig. 12 – The scattering phase function of (a) CC125, (b) tla1, (c) tlaX and (d) tla1-CWD at 632.8 nm obtained experimentally

and the corresponding TPF approximation.

Table 3 – Parameters associated with the TPF and
Henyey–Greenstein approximations for the scattering
phase function of all strains at 632.8 nm

CC125 tla1 tlaX tla1-CWþ

gTPF,1 0.98 0.99 0.99 0.99

gTPF,2 0.95 0.96 0.98 0.97

f1 0.65 0.86 0.72 0.71

h1 0.42 0.40 0.50 0.52

Qcutoff (�) 30 30 30 30

g 0.98 0.99 0.99 0.98
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production. Thus, optimizing light transport in the photo-

bioreactor requires careful radiation transfer analysis [14].

The reported radiation characteristics should enable such

accurate radiation transfer modeling of photobioreactors for

hydrogen production. Finally, the experimental and analytical

methods presented here can be used to accurately measure

the radiation characteristics of other microorganisms for

photobioreactors or ocean optics applications. Future work

should evaluate the specific hydrogen production rate and

light to hydrogen energy conversion efficiency of the geneti-

cally engineered microorganisms to ensure that pigment

reduction has not adversely affected their hydrogen produc-

tion metabolism.
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