
APPLIED MICROBIAL AND CELL PHYSIOLOGY

Nondestructive monitoring of carotenogenesis
in Haematococcus pluvialis via whole-cell optical
density spectra

Alexei Solovchenko & Claude Aflalo &

Alexander Lukyanov & Sammy Boussiba

Received: 5 September 2012 /Revised: 26 November 2012 /Accepted: 19 December 2012
# Springer-Verlag Berlin Heidelberg 2013

Abstract We investigated the feasibility of rapid, nondestruc-
tive assay of carotenoid-to-chlorophyll (Car/Chl) ratio and total
carotenoids (Car) in cell suspensions of the carotenogenic
chlorophyte Haematococcus pluvialis Flotow under stressful
conditions. Whole-cell spectra are characterized by variable
nonlinear contributions of Car and chlorophylls (Chl), with a
strong influence of Car packaging and sieve effect inherent to
stressed H. pluvialis cells. Nevertheless, nondestructive assay
of Car/Chl in the range of 0.55–31.2 (Car content up to 188 mg
L−1; 5.4% of the cell dry weight) turned to be achievable with a
simple spectrophotometer lacking an integrating sphere upon
deposition of the cells on glass fiber filters. The scattering-
corrected optical density (OD) in the blue–green region of the
whole-cell spectrum, normalized to that in the red maximum of
Chl absorption (OD500/OD678), was tightly related (r2=0.96)
with the Car/Chl ratio found in extracts. Some features such as
the amplitude and position of the minimum of the normalized
first-derivative OD whole-cell spectra also exhibited a strong
(r2>0.90) nonlinear correlation with Car/Chl. These spectral
indices were also tightly related with Car, but the slope of the

relationship varied with the stressor intensity. The importance
of calibration over the widest possible range of pigment con-
tents and a correct choice of biomass load per filter are empha-
sized. The advantages and limitations of nondestructive
monitoring of carotenogenesis in H. pluvialis are discussed in
view of its possible application in optical sensors for laboratory
cultivation and mass production systems of the algae.

Keywords Astaxanthin . Carotenogenesis . Derivative
spectroscopy .Haematococcus . Noninvasive assay .

Secondary carotenoids

Nomenclature
A(l) Absorbance value at wavelength l;

we used this notation for dissolved
pigments in extracts

OD(l) Scattering-corrected optical density
spectra of a microalgal cell sample
deposited on a glass fiber filter

ODl OD(l) value at wavelength l
OD(l)/OD678 Spectrum normalized to red chlorophyll

absorption maximum
First derivative Partial derivative of OD(l)/OD678

spectra: ∂[OD(l)/OD678]/∂l

Introduction

The chlorophyte Haematococcus pluvialis Flotow is one of
the most biotechnologically important microalgal species
(Del Campo et al. 2007), the richest natural source of the
ketocarotenoid astaxanthin (Ast) (Sussela and Toppo 2006).
Ast exerts a plethora of beneficial effects on human health; it
is also a valuable feed additive in aquaculture (Guerin et al.
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2003; Boussiba 2000). InH. pluvialis, accumulation of Ast as a
major (over 95 % of total carotenoids; Lemoine and Schoefs
2010) secondary carotenoid (Car) takes place under stressful
conditions (high irradiance, nutrient limitation, high salinity,
etc.), in parallel with a reduction in chlorophyll (Chl) content,
and other cellular responses (Lemoine and Schoefs 2010). It is
believed that Ast, mainly in the form of fatty acid esters
(Zhekisheva et al. 2002; Boussiba 2000), localized in cytoplas-
mic lipid globules—or oil bodies (Peled et al. 2011)—plays a
role in protection of microalgal cells against photooxidative
damage via optical screening and/or elimination of reactive
oxygen species (Solovchenko 2011; Wang et al. 2003; Li et al.
2008), although the extent of its involvement is sometimes
difficult to assess (Fan et al. 1998). While the pattern of the
physiological responses to stress described previously is con-
served for various stress conditions, their extent depend strong-
ly on the stress intensity, as it is sensed by the algal cells. As a
consequence, quantitative relations between stress and re-
sponse are often elusive and poorly reproducible (Hu et al.
2008; Sarada et al. 2002; Zhekisheva et al. 2005).

The investigation of Car accumulation occurring in H.
pluvialis on the background of Chl degradation is of consid-
erable importance for basic as well as applied research.
Studies of the relation between accumulation of secondary
Car, increase in carotenoid-to-chlorophyll (Car/Chl) ratio, and
change in light absorption by the microalgal culture provide
valuable information about acclimation of the photoautotro-
phic microorganisms to stressors (Hu et al. 2008; Sarada et al.
2002). In microalgal biotechnology, information on the dy-
namics of Car content in biomass is essential for timely and
informed decisions on the adjustment of illumination condi-
tions, on medium composition, and on the time for biomass
harvesting. Traditionally, the Car and Chl contents are deter-
mined by “wet” chemical methods with the use of spectro-
photometry or chromatography (Zhekisheva et al. 2005),
which are time-consuming, expensive, and not readily avail-
able in the field or at mass cultivation facilities. These consid-
erations emphasize the need for a reliable, rapid, and
preferably nondestructive technique for fast appraisal of the
relative Car content in microalgal cultures.

Remarkably, the engagement of protective mechanisms
based on the buildup of Ast-containing oil bodies in the cell
is accompanied by specific changes in the optical properties
of the algal cells (Solovchenko 2011). Recent reports show
that Ast presence and subcellular distribution in vivo could
be characterized (Kaczor et al. 2011) and even distinguished
from β-carotene (Collins et al. 2011) using advanced spec-
tral techniques such as Raman spectroscopy. However, cur-
rent understanding on the effects of Ast accumulation on the
optical properties of H. pluvialis cell suspension is clearly
insufficient to develop nondestructive spectroscopic tools
suitable for on-line monitoring of Car in laboratory or in-
dustrial mass cultures of H. pluvialis.

A solution to this problem would require a better under-
standing of the spectroscopy of H. pluvialis cell suspensions
and the relationships between whole-cell spectra and contri-
butions of different pigments to overall light absorption in the
process of carotenogenesis. Recently, we successfully
employed cell suspension optical density (OD) measurements
to develop an algorithm for gauging high-light tolerance ofH.
pluvialis cultures (Solovchenko 2011). In the present work,
we show the possibility of obtaining a quantitative description
of carotenogenesis in stressed H. pluvialis cultures with a
simple spectrophotometer lacking integrating sphere. We also,
for the first time, report the relationships between Car/Chl and
spectral features ofH. pluvialiswhole-cell ODwhich form the
foundation for the development of techniques for noninvasive
assay of Car accumulation in H. pluvialis cells. It is important
to realize that this approach is not intended to replace tradi-
tional pigment assay, but to complement it, providing a mean-
ingful index for the extent of stress in Haematococcus
cultures. We also believe that it would facilitate the develop-
ment of algorithms for nondestructive real-time monitoring of
other microalgae cultivated under stressful conditions.

Materials and methods

Cultivation conditions

The unicellular chlorophyte H. pluvialis Flotow 1844 em.
Wille K-0084 was obtained from the Scandinavia Culture
Center for Algae and Protozoa at the University of
Copenhagen, Copenhagen, Denmark. The algae were cultivat-
ed on modified BG11 medium (Boussiba and Vonshak 1991)
in 0.4-L glass columns (5 cm ID) under constant illumination
provided by daylight fluorescent lamps. The exponentially
growing cells (referred to as “green” cells) initially grown at
the irradiance of 35 μEm−2 s−1 were transferred to nitrate-free
medium at the irradiance of 350 μEm−2 s−1 as measured by a
LiCor 850 quantometer (LiCor, USA) in the center of an empty
column. The cultures were constantly bubbled with CO2/air
mixture (2:98, v/v) at 25 °C and the pH of the culture under
these conditions was in the range 7.0–7.8.

Pigments extraction and analysis

Total Chl and Car were extracted from microalgal cells pel-
leted by centrifugation with dimethyl sulfoxide (DMSO) for
5 min at 70 °C with 5 ml per approximately 3.5 mg dry weight
(DW). The pigment concentrations were routinely determined
spectrophotometrically in DMSO extracts with a Cary 50
Bio Spectrophotometer (Varian, Palo Alto, CA, USA)
(Solovchenko et al. 2010). The extracts were diluted such
that the absorbance at pigment maxima was kept in the
range 0.2–0.8. In certain experiments, the pigment content
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in H. pluvialis cells was determined in acetone extracts
after separation using an high-performance liquid chroma-
tography system equipped with a photodiode array detec-
tor (Varian Analytical Instruments, Walnut Creek, CA,
USA) as previously described (Zhekisheva et al. 2005;
Peled et al. 2011).

Filter spectra measurement and processing

To reduce the influence of scattering and rapid sedimentation
of cells on the cuvette floor, a technique for measuring turbid
microalgal samples similar to that described in Solovchenko et
al. (2009) was used. Cells were deposited on 25-mm GF/F
glass wool filters (Schleicher & Schuell, Dassel, Germany).
The wet filters were mounted with cells facing the detector on
the output window of the cuvette compartment. The OD of the
filters was expressed as −log10 T, where T is transmittance
(Fig. 1a). The spectra were taken in the range 400–800 nm
with subtraction of the values of a baseline provided by an
empty filter soaked in the culture medium. The corrected
spectra, OD(l), were obtained by smoothing the measured
spectra with three-point moving average algorithm and base-
line shift to yield zero OD at 800 nm. The OD(l) spectra were
normalized to the red Chl OD maximum at 678 nm yielding
OD(l)/OD678 spectra (Fig. 1b). Finally, the first derivative of
the OD(l)/OD678 spectra (Fig. 1c) was calculated using rou-
tine spreadsheet equation to estimate the steepness of the slope
in the range 520–600 nm and the position of the associated
inflexion point. This part of the original spectra is further
referred to as the “green edge.” The coefficient of variation
on spectral measurements was routinely under 5 %.

Statistical treatment

The results of three independent experiments are presented
in the figures. Where appropriate, averages and standard

errors of the mean were calculated and displayed. All corre-
lations are significant at P<0.001 level.

Results

The dynamics of biomass accumulation and pigment
content

In routine experiments, the cells of H. pluvialis cultures were
incubated under conditions favoring carotenogenesis (nitro-
gen-free medium, 350 μEm−2 s−1 irradiance) for 6 days. At
the beginning of cultivation (day 0), theH. pluvialis cells were
typically characterized by a high Chl content (1.8–2.0 % DW)
and a correspondingly low Car content (0.5–1.1 % DW). The
Car profile at this stage was dominated by lutein and β-
carotene, containing also neoxanthin, violaxanthin, and zeax-
anthin as the minor Car, but only traces of Ast were detectable
(not shown). After 6 days under the stress conditions, the algae
steadily accumulated biomass (increasing by fourfold), while
the cell density remained relatively unchanged (Fig. 2a). The
Chl content steadily decreased by more than 3-fold, while total
carotenoid content increased by 17-fold (Fig. 2b); the same
applies to specific Car content (Fig. 2c). Consequently, the Car/
Chl weight ratio increased spectacularly (bymore than 31-fold;
Fig. 2b, curve 3), indicating that this is the most sensitive and
unequivocal indicator of stress. The proportion of total Ast (in
free and fatty-acid esterified forms), negligible before the onset
of stress, increased sharply, reaching >95 % of the total Car by
the end of the experiment (not shown).

OD spectra of whole H. pluvialis cells

Our preliminary attempts to record conventional OD spectra
of H. pluvialis cell suspensions in a standard 1-cm cuvette
gave unsatisfactory results due to rapid sedimentation of the
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Fig. 1 OD spectra of red H. pluvialis cells (Car content=188 mgL−1;
5.4 % DW) measured upon deposition on glass fiber filters at different
biomass loads: a measured spectra, the amount of biomass on filter (in

milligrams DW) is indicated near the respective curves; b measured
spectra from a corrected to OD800=0 and normalized to OD678; and c
the first derivative of the normalized OD spectra from b
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algal cells on the cuvette floor and to the strong influence of
light scattering (data not shown), stressing the need for
means to correct the contribution of the latter.

One may circumvent the use of an integrating sphere for the
measurement of OD in cell suspension by acquiring spectra
from cells deposited on a wet glass fiber filter using a conven-
tional spectrophotometer. The wet filter is positioned over the
photomultiplier window, with cells away from the incident
beam. In this case too, it is critical to correct for light scattering.
Using the spectrum of a wet empty filter for baseline correction
allowed obtaining reliable spectral data in a wide range of cell
density and Car content of the culture and over the whole
spectral range studied (see the “Materials and methods” sec-
tion). A further correction proved to be necessary to eliminate
the contribution of scattering by the cells, with the extent of the
correction depending on the amount of biomass loaded on the
filter (see, e.g., the 750- to 800-nm range in Fig. 1a). The OD at
800 nm (where no pigment absorbs) was used as a blank
correction for this purpose. As a result, the corrected OD(l)
spectra were very close to baseline in the 750- to 800-nm range,
indicative of a great decrease in the contribution of scattering.

The scattering-corrected OD spectra of H. pluvialis cells
deposited on a wet filter, acquired without the use of integrat-
ing sphere, at different physiological states (from vegetative
green cells to stressed red cysts with high Car/Chl) are pre-
sented in Fig. 3, in comparison with the conventional spectra
of the pigments extracted from the same samples. The spectra
of the whole cells (Fig. 3a) present profound differences with
those for the extracts (Fig. 3b), in which pigments are in dilute
solution. In particular, the amplitudes of the pigment absorp-
tion bands in the red and in the blue–green parts of the
spectrum were lower, the bands were broader, and the peaks
were less resolved in the whole-cell spectra than in the spectra
of the pigment extracts, apparently due to a sieving effect and/
or aggregation of the molecules of the pigments (see the
“Discussion” section). Remarkably, the magnitude of the dif-
ference increased along with the accumulation of Car and loss

of Chl; the highest difference between whole-cell and extract
spectra was recorded for the cells with the highest Car content
(cf. spectral curves in Fig. 3a, b).

The data presented in Fig. 1 are representative of suspen-
sions subjected to intense and prolonged stress, achieving very
high Car content and Car/Chl to test the feasibility of the
suggested approach. Different amounts of biomass were load-
ed upon filters. The raw spectra (Fig. 1a) indicate that, similar
to spectra recorded with an integrating sphere (see spectra in
Solovchenko 2011), only the Chl absorption is well-resolved
(peak centered at 678 nm), while the combined contribution of
Car and Chl in the blue–green region of the spectrum appears
as a broad flat band in the range 400–550 nm. After subtrac-
tion of OD800 and normalization to OD678, the spectra essen-
tially coincided (see, e.g., Fig. 1b), revealing the quasilinear
dependence between OD and the amount of biomass loaded
on the filter in the range 0.4–4.5 mg DW/filter, corresponding
to OD500 of 0.04–0.78.

The analysis of the relationship between OD(l) and the
amount of biomass applied to the filter with different Car/Chl
in the diluted suspensions showed that the relation “OD(l) vs.
DWon filter”was nearly linear in the range 0.4–4.5 mgDWin
all cases studied (see, e.g., the data in Fig. 4). This relationship
departed from linearity at higher OD500 (>0.9) in the case of
“green” cell suspension (low Car/Chl), but less in the case of
“red” cells with high Car/Chl, apparently due to stronger
aggregation of Car and sieve effect in the latter case.
Notably, the higher the Car/Chl ratio of the samples taken at
different cultivation stages, the lower the slope of the linear
part of the relationships “OD500 vs. DW on filter” (Fig. 4).
This effect was also apparent with OD678 (not shown).

Changes of the OD spectra of H. pluvialis cells in the course
of carotenogenesis

Cultivation of H. pluvialis under stressful conditions brought
about profound changes in the OD spectra of the microalga
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(Fig. 3). The stress-induced carotenogenesis was accompa-
nied by the disappearance of spectral details in the blue–green
region, resulting in the formation of a broad (approximately
150 nm wide), almost featureless band with an abrupt longer-
wavelength slope. A considerable decrease of the amplitude in
the band of the specific OD contributed by Chl in the red
region (Fig. 3a) took place along with an overall reduction of
that in the blue–green region, where absorption by both
Car and Chl occurs, despite the increase in Car content.
On the other hand, an increase in Car contribution to the
absorbance was readily apparent in the extract spectra
(Fig. 3b) at intermediate Car/Chl ratios; however, at higher
Car/Chl, a saturation effect becomes obvious, equivalent to
that expected from the Lambert–Beer law at high chromo-
phore concentrations.

In order to rule out a possible interference from variable
Chl background disturbing the relationship “OD(l) vs. pig-
ment content or ratio,” we tried to relate the OD(l) spectra
normalized to Chl red absorption maximum, OD500/OD678,
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with Car or Car/Chl. Normalization revealed, apart from a
decline of Chl contribution to light absorption by the micro-
algal cells, a dramatic increase in the absorption in the 400-
to 550-nm range with flattening of the spectrum shape and
an increase in the longer-wavelength slope of this band
(Fig. 3c, which may be called “green edge” by analogy to
the “red edge” (Gitelson et al. 1996) in plants). This effect
was even more pronounced in the extract spectra (Fig. 3d).

The amplitude of the OD500/OD678 ratio was correlated to
the Car/Chl mass ratio and, to a lesser extent, to the Car
content (not shown), in the broad band 400–550 nm. Thus,
the ratio OD500/OD678 was linearly related with the Car/Chl
ratio at Car/Chl<20 (r2=0.95); at higher values of the ratio,
this relationship departed from linearity but remained uniform
and tight under all conditions investigated (cf. solid and bro-
ken lines in Fig. 5). The relationships “OD500/OD678 vs. Car”
were also linear in the whole range studied, but the slope of the
relationship was variable and dependent on the stress intensity
experienced by the cultures (data not shown), presenting,
therefore, a lesser diagnostic value.

Notably, due to stress-induced carotenogenesis, which
brought about the broadening and flattening of the OD500/
OD678 spectra, the longer-wavelength slope of the broad
absorption band in the blue–green (green edge) became more
abrupt and moved towards longer wavelengths (Fig. 6c). This
effect was readily apparent as a bathochromic shift and an
increase in the amplitude of the characteristic minimum in the
range 520–600 nm on the first-derivative spectra (Fig. 6a).

The position of the inflection point and the amplitude of the
derivative minimum (i.e., the inclination of the slope of the
unresolved absorption band governed by Car; Fig. 6)
exhibited a uniform positive correlation with Car/Chl ratio
under our experimental conditions (Fig. 6b, c, respectively).
As in the case of OD500/OD678, the green edge parameters
were tightly related with Car content, but the parameters of the
relationships were different in different experiments, depend-
ing of the stress intensity (data not shown).

Discussion

Current literature on H. pluvialis includes only a few reports
on the systematic investigation of spectral properties of
whole-cell suspension (see, e.g., Solovchenko 2011), espe-
cially cysts with high Car content (or Car/Chl). These cir-
cumstances obviously stem from the optical complexity of
this system. In particular, H. pluvialis cells contain high
amounts of pigments which are localized in specific struc-
tures (thylakoid membranes of chloroplast or cytoplasmic
oil bodies in case of Chl and primary Car or secondary Car,
respectively) nonuniformly distributed within the cell vol-
ume (Boussiba 2000; Peled et al. 2011). Under stressful
conditions, H. pluvialis cells rapidly accumulate secondary
Car concomitantly with a decline in Chl and primary
(photosynthetic) Car. The increase in concentration of chro-
mophore (such as Ast) molecules confined to the small
volume of oil bodies could lead to broadening and bath-
ochromic shifts of their maxima (Zsila et al. 2001). As a
consequence, a number of serious obstacles for measure-
ment of OD spectra in H. pluvialis cell suspension arise,
including rapid cell sedimentation, significant influence of
light scattering, strong pigment aggregation, and sieving
effect.

Traditionally, integrating spheres are used to cope with
incomplete light collection due to light scattering (Merzlyak
et al. 2008). The application of more sophisticated approaches
for light-scattering compensation requires more advanced and
expensive spectrophotometers and additional spectrum scans
for each sample (Merzlyak and Naqvi 2000) being, therefore,
less suitable for rapid estimation of Car or Car/Chl. In this
work, we used an alternative approach similar to the opal glass
method developed by Shibata (1973). This method is based on
the deposition of microalgal cells on glass fiber filters prior to
measurement and was previously developed to record the OD
spectra of the chlorophyte Parietochloris incisa (Solovchenko
et al. 2009). Remarkably, the approach does not require any
special sampling accessories such as solid sample holder since
the wet filters are adhesive enough to be mounted on the
vertical wall of the cuvette compartment in front of the light-
exit window. There is no need for special software and/or
processing modules as well since all the steps of spectral data
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processing are carried out with little effort using standard
spreadsheet functions. Application of this technique made it
possible to obtain reliable spectral data on H. pluvialis cell
suspensions, compatible with those recorded with a more
advanced spectrophotometer fitted with an integrating sphere
(see, e.g., spectra in Solovchenko 2011).

The analysis of cell suspension spectra recorded using this
approach revealed certain features characteristic of stress-
induced pigment changes, primarily due to carotenogenesis
inH. pluvialis cells. Noteworthy, the amplitude of the raw OD
(l) spectra was not directly correlated to their pigment content
(Fig. 3a, b). Thus, the magnitude of the broad maximum in the
blue–green region of the spectrum was often lower in the red
cells with high Car/Chl (>3) than in samples with lower Car/
Chl. However, this apparent paradox observed in raw whole-
cell spectra (decrease in blue–green band upon increasing Car
content) was fully resolved after normalization to the red Chl
maximum (Fig. 3c), suggesting that the increase in Car con-
tent contributes more than the decrease in Chl to the course of
stress-induced carotenogenesis.

We believe that the discrepancy observed with raw
whole-cell spectra stems from a sieving effect which could
be further exacerbated by fusion of Ast-containing oil bod-
ies (Pilát et al. 2012) at advanced stages of carotenogenesis.
Although there are some indications for the buildup of Ast
in small and medium oil bodies at intermediate stages of
carotenogenesis (Collins et al. 2011), it is difficult to infer
the relation between oil body size and the extent of Ast
packaging therein. Furthermore, the manifestations of pack-
aging could also reflect the extension of the effective optical
path due to light scattering (inversely related to the size of
scattering particles). All these circumstances complicate the
construction of a robust algorithm for direct estimation of
Car content via OD(l). It is unlikely that the previously
mentioned discrepancy resulted from distortion of spectra

due to deposition of the cells on glass fiber filters since the
normalized spectra are largely independent of the biomass
(Fig. 1b) routinely applied to the filters in our experiments;
indeed, a quasilinear relation exists in “OD(l) vs. DW on
filter” (Fig. 4). On the other hand, one should carefully
check the linearity of this relationship in each particular
experimental system since it is influenced, apart from the
optical properties of microalgal cells per se, by the scattering
properties of the filters and the spectrophotometer geometry.
Remarkably, the slope of “OD500 vs. DW on filter” relation-
ship decreased with the onset of stress-induced caroteno-
genesis, reflecting the increase in sieve effect due to buildup
of local Ast concentration and, possibly, fusion of oil bodies
containing the pigment.

It is well-known that, in H. pluvialis cultures subjected to
stressful conditions (Torzillo et al. 2003; Boussiba 2000),
carotenogenesis occurs in parallel with degradation of Chl
manifesting the reduction of photosynthetic apparatus in
order to avoid photooxidative damage (Wang et al. 2003;
Solovchenko 2011). It was found recently that the Car/Chl
ratio, but not the absolute amount of Chl or Car, correlates
directly with high light-stress tolerance in H. pluvialis
(Solovchenko 2011), making Car/Chl an informative index
of the cell physiological condition. At the same time, extra
care should be exercised at very high Car/Chl since small
errors in Chl assay in this case could lead to a considerable
inaccuracy in the determination of the ratio. The normaliza-
tion of OD(l) to the red Chl maximum essentially equalized
the contribution of Chl to light absorption, making apparent
the relative contribution of Car which drastically increased
in the course of carotenogenesis (Fig. 3c). Indeed, OD(l)/
OD678 exhibited a tight relationship with Car/Chl in the
studied range (Fig. 5).

The relationships “OD(l)/OD678 vs. Car content” and
“OD(l)/OD678 vs. Car/Chl” were linear in a wide range of

a b c

Fig. 6 The changes in first derivative of the normalized OD spectra of
whole cells on filter (a) and relationships between the position (b) or
the amplitude (c) of the “green edge” feature (see hollow dots

connected with a broken line in a) with Car/Chl ratio in the course of
H. pluvialis nitrogen starvation (see Figs. 2 and 3c). Dashed line is the
best fit function (n=23, r2=0.90)
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Car changes and began to depart from linearity only at high
Car (see Fig. 5). It is difficult to say whether it is an effect of
saturation or the change of effective absorption coefficient
of Ast taking place along with its accumulation. Plausible
reasons include changes in Car composition (e.g., increase
in proportion of Ast from <1 to >95 %; Zhekisheva et al.
2005) and in the degree of aggregation of Car molecules.

Analysis of the first-derivative spectra revealed that the
characteristic spectral changes accompanying carotenogen-
esis in H. pluvialis include a remarkable increase in the
green edge effect (the amplitude of the derivative minimum
in the 520- to 600-nm range and its profound bathochromic
shift; Fig. 6a). It was found that the amplitude of green edge
slope and the magnitude of its shift towards longer wave-
lengths are exponentially related with Car/Chl, and these
relationships are uniform under the experimental conditions
used in the present work (Fig. 6b, c). On the contrary, the
relationships of Car content with the green edge features (as
well as with OD(l)/OD678) were tight (r2>0.95) but pos-
sessed different slopes under different stress intensities. One
may speculate that this phenomenon is caused by different
trends of Chl degradation significantly affecting OD(l)/
OD678, but not Car content. This further supports the sug-
gestion of Car/Chl ratio as a preferable marker of stress in H.
pluvialis.

We would like to note in conclusion that, despite the strong
influence of pigment packaging and sieve effect inherent to
the whole-cell spectra of stressed H. pluvialis cultures, the
nondestructive rapid assay of Car/Chl ratio and Car content
turned to be feasible in this system upon deposition of the cells
on a glass fiber filter with a simple spectrophotometer without
the use of an integrating sphere. It was found that the dramatic
changes in scattering-corrected OD occurring in the blue–
green region of the spectrum, upon normalization to variable
Chl absorption, are tightly related with changes in pigment
content and composition. Simple OD ratios as well as the first-
derivative minimum amplitude and position in the range 520–
600 nm exhibited a strong positive correlation with Car/Chl in
the range 0.55–31.2 and Car up to 188 mgL−1. It should be
noted, however, that, due to the extremely high local Car
concentrations achieved in stressed H. pluvialis cells, the
relationship with absolute Car content varied depending on
the intensity of the stress. Nevertheless, in view of a similar
quasilinear evolution of the Car/Chl mass ratio observed with
other microalgae under stress (C. Aflalo, unpublished; see also
Merzlyak et al. 2007; Solovchenko et al. 2009), this method-
ology could be extended to study cellular response in other
systems.

The findings described in this work allow one to obtain a
quantitative record of the development of stress-induced
carotenogenesis in H. pluvialis nondestructively via OD
measurements. In particular, the normalized OD in the broad
band around 500 nm, as well as the green edge features,

could be employed in the development of models for rapid
assay of Car/Chl in the algal cells suspensions. It should be
noted, however, that obtaining a calibration in the widest
possible range of Car/Chl changes in any particular culture
system and careful control of the biomass load per filter is
crucial for the robustness of Car/Chl estimation.

The advantages of OD-based nondestructive monitoring of
carotenogenesis in microalgae such as rapidity, simplicity, and
affordability form a ground to believe that this approach could
find use in the development of algorithms for real-time mon-
itoring of carotenogenesis and physiological condition of the
microalga in situ. Such algorithms could be used in solid-state
optical sensor design for automation of large-scale laboratory
cultivation and mass production systems of H. pluvialis and,
possibly, other microalgae, provided that its limitations are
taken into account.
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