PLANT SCIENCE TODAY

ISSN 2348-1900 (online)

Vol 9(2): 221-227
https://doi.org/10.14719/pst.1308

RESEARCH ARTICLE

HORIZON
e-Publishing Group {j.pC

Evaluation of growth pattern and biochemical components of
Chlamydomonas reinhardtii Dangeard

Sharma B’

Department of Botany, Multanimal Modi College, Modinagar- 201 204, Uttar Pradesh, India

*Email: basudhasharma@gmail.com

ARTICLE HISTORY

Received: 09 June 2021
Accepted: 04 December 2021

Available online
Version 1.0 (Early Access): 01 February 2022
Version 2.0: 01 April 2022

@ Check for updates

Additional information

Peer review: Publisher thanks Sectional Editor
and the other anonymous reviewers for their
contribution to the peer review of this work.

Reprints & permissions information is avail-
able at https://horizonepublishing.com/
journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing
Group remains neutral with regard to jurisdic-
tional claims in published maps and institu-
tional affiliations.

Indexing: Plant Science Today, published by
Horizon e-Publishing Group, is covered by
Scopus, Web of Science, BIOSIS Previews,
Clarivate Analytics, etc. See https://
horizonepublishing.com/journals/index.php/
PST/indexing_abstracting

Copyright: © The Author(s). This is an open-
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution
and reproduction in any medium, provided
the original author and source are credited
(https://creativecommons.org/licenses/
by/4.0/)

CITE THIS ARTICLE

Sharma B. Evaluation of growth pattern and
biochemical components of Chlamydomo-
nas reinhardtii Dangeard . Plant Science
Today 9(2): 221-227. https://
doi.org/10.14719/pst.1308

Abstract

Chlamydomonas reinhardtii Dangeard is the simplest motile, unicellular
fresh water alga of class Chlorophyceae. It also functions as the most effi-
cient model system for converting solar energy to chemical energy in the
form of various metabolites. The objective of the present work is to deal
with the growth conditions/growth kinetics of Chlamydomonas reinhardtii
Dangeard, required for optimal biomass production. The parameter used to
study growth of algae was, photosynthetic measurement, biomass, proteins
and lipid measurement, which vary with the change in the cultural condi-
tions. Present investigations reveal that change in protein content is posi-
tively correlated with the increase in biomass, revealing that the algae can
grow rapidly in laboratory/cultural conditions. Lipid content shows a nega-
tive correlation with proteins and biomass. Lipids are known to have a role
as structural components, in hydration and also in signaling events. Lipids,
mainly the triacyl glycerides (TAGs) act as storage compounds enabling the
microalgae to survive in adverse environmental conditions. Lipidic content
increases in Chlamydomonas reinhardtii increases with optimal light and
nutrient system. The increase is in the form of triacyl glycerides which serve
as precursors for the production of biodiesel and bioethanol. Conclusion-
Further research is required to investigate the interactions of biomolecules
and growth of algae.
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Introduction

Algae are one of the oldest forms of plants present on earth. They have been
mentioned in ancient Roman, Greek and Chinese literature. Algae can occu-
py diverse habitats and are present in almost all places of the planet. Algae
can be microscopic or can be large macroscopic like the seaweeds. Algae
play an important role in ecosystem providing food for fisheries, playing an
important role in the food chain and also by providing oxygen to various
living forms. Among all the member of algae, green algae, Chlorophytes are
the most diverse form of algae, with nearly 7000 taxa (1, 2). It is a well-
known fact, that fossil fuels are limited and continuous use of fossil fuel
causes the production of carbon dioxide and greenhouse gases. An accumu-
lation of greenhouse gases has caused environmental related issues, which
have to be solved through advances in science and technology. This in-
cludes, the formation of new cleaner type of energy resources. Microalgae
are fast growing photosynthetically efficient and can be used as plant re-
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source for generation of cleaner alternative fuel, biodiesel.
Biodiesel is environmental friendly, renewable and biode-
gradable fuel originating form unprocessed/ recycled veg-
etable oil chemically. Microalgae like Chlamydomonas rein-
hardtii Dangeard (3) convert carbon dioxide into carbohy-
drates and lipids. They cause carbon dioxide sequestration
and reduce air pollutants. Due to the simple life cycle
which can be easily manipulated, C. reinhardtii has been
used as a model to study photosynthesis, cell division,
flagella synthesis, mitochondrial activity and more recent-
ly its use as a biofuel (4). In order, to understand the use of
C. reindardtii as a biofuel it is important to know the bio-
chemical components of the alage and the growth condi-
tions associated with it. Growth of C. reinhardtii can also
be assessed by different processes/biochemicals associat-
ed with it, including chlorophyll content.

Proteins are important biomolecules and have a
role in cell differentiation (5), cell signalling pathways (6)
and cellular adhesion (7). Many glycoproteins play a struc-
tural, defensive, signaling, adhesive, nutritive and guid-
ance function (8, 9). Biochemical analysis of proteins will
display the different proteins required for locomotion,
differentiation, adhesion and signalling pathways. Lipids
are also biochemical components having an important
function in algae. Chlamydomonas spp. is efficiently able
to convert water, carbon dioxide and light into products
suitable for renewable energy including hydrogen, carbo-
hydrates and lipids (10). An accumulation of lipids also
helps the algae to overcome different environmental
stress, mainly nitrogen deficiency stress (11). Lipids are
known to have a role as structural components, in hydra-
tion and also signalling events. An understanding of the
growth parameters of C. reinhardtii and the nutrient condi-
tions that allow the growth of alga are required before the
alga can be explored for biomass/lipid production. Present
studies deal with the growth kinetics of C. reinhardtii cul-
ture, through spectrophotometric studies and its biochem-
ical analysis.

Materials and Methods
Culture of microalgae

Cultures of C. reinhardtii were obtained from Visva-Bharti
culture collection of Algae, Shantinikentan and were cul-
tured in laboratory conditions. The cultures were in inac-
tive form and were subcultured to form actively dividing
cells. Algal cultures were cultured in N 11 medium (12). The
composition of the media included micronutrients, KNOs
(L gl'), Na;HPO4.H,O (0.083 glt), KH,P040.052 gl?),
MgS0..7H,0 (0.05 gl!), CaCl,.H,0(0.01 gl?). Trace metal mix
included MnCl,.4H,0 (0.099 gl?), NiSO4.6H,0 (0.0236 gl?),
ZnS0,4.7H,0 (0.063 gl?), CuS04.5H,0 (0.005 gl?), NH4NO;
(0.0029 gl?), (NH4)6M070,.4H.0 (0.0018 gl?), CoS04.7H,0
(0.0028 gl?). Fe-EDTA stock- 10 g chelate per liter, auto-
claved separately and added (1 ml) to the cool sterilized
medium. Temperature was kept constant at 25+2 °C, with
a photoperiod of 14:10 hr., light intensity 70 um and pho-
ton m2sec! and pH of 6.8. Batch/closed culture were main-
tained and light microscopy studies were carried out after

every five days.
Determination of growth kinetic parameter

The Growth kinetic of the C. reinhardtii culture was deter-
mined by calculating the optical density at 683nm, of the
culture every day. The specific growth rate was calculated
at the exponential growth rate:

Specific growth rate (p)= n(n,-ny)
-ty

where ni-absorbance of culture suspension at the begin-
ning (t1) n,- absorbance of culture suspension at the end
(t2) of selected time.

Experiments were designed to have representative
of each phase of growth of the algae. Therefore, different
physiological parameters were studied after every five
days of culture growth.

Determination of microalgae cell concentration

Cell concentration was determined by measuring the opti-
cal density at wavelength (685 nm) using UV/VIS spectro-
photometer. The concentration was also determined using
a hameocytometer and counting the number of cell at 50X.

Calculation of the dry cell weight/biomass

The dry cell weight of the microalgae was measured by
conventional oven drying method (13). Briefly, one hun-
dred millilitres aliquots of culture was passed through a
cellulose acetate membrane filter (0.45 um pore size, 47
mm in diameter). Each loaded filter was dried at 105 °C
until the weight was invariant. Dry weight of the blank fil-
ter was subtracted from the loaded filter to obtain the mi-
croalgae dry cell weight.

Estimation of total protein content

Total protein content was estimated (14). 500 pl of algae
was taken and was digested in 500 pl of 1IN NaOH for 10
min in boiling water bath. After cooling 2.5 ml of reagent B
(prepared by adding 48 ml of 5% Na,COs and 2 ml of 0.5%
CuS04.5H,0 in 1% Sodium potassium tartarate) and kept
undisturbed for 10 min. After 10 min 500 pl of folin reagent
(prepared by diluting phenol folin with water in 1:2 ratio)
was added. Absorbance was read at 700 nm after 30 min
incubation in dark. A standard curve was generated using
stock of Bovine Serum Albumin (BSA; 1 mg ml-1) for serial
dilutions ranging from 10-100 pg of BSA.

Estimation of total lipid content

Lipids were exacted according to standard procedure (15).
A mixture of 4 ml methanol and 2 ml of chloroform were
added to glass vials containing a known amount of dry
biomass. After 24 hr the mixture was agitated in a vortex
for 2 min and two millilitres of chloroform was added. The
mixture was again shaken vigorously for 1min and then 3.6
ml of millipore water was added. The mixture was again
vortexed and centrifuged at 2000 rpm for 10 min. The su-
pernatant was filtered through Whatman No 1 filter paper
into a previously weighed clean vial and evaporated on a
water bath. The residue was further dried in an oven at 104
°C. The residue left represents total lipids and its contents
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were determined gravimetrically. Extracted lipids were dis-
solved in equal volume of chloroform and boarded on silica
plates for ascending chromatography. Neutral lipids were
separated using hexane: diethyl ether: acetic acid (80:20:1).

Estimation of total chlorophyll content

Total chlorophyll content was determined according to
standard procedure (16). Two ml. of the culture suspension
was centrifuged at 10000 rpm for 5 min. The pellet was dis-
solved in two ml of 90% acetone and incubated overnight
at 4 °C. The mixture was again centrifuge at 10000 rpm. for
5 min and the supernatant was used for pigment estima-
tion. The chlorophyll content was estimated according to
the following equation:

All experiments were done in triplicates with at least
three technical replicates in each experiment undertaken.
Statistical analysis, wherever required, was undertaken by
calculating standard deviations and errors along the mean
data from replicates. .

Chla=(14.21 x 0D663-3.01x0D645) V
w
Chl b=(25.23 x OD645 - 5.16x OD663) V
w
Chl (a+b) = (9.05 x 0D663+22.2 x OD 645) V
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Results
Chlamydomonas reinhardtii shows a simple life cycle

Batch cultures of C. reinhardtii were prepared from the algal
collection center and were studied for different physiologi-
cal parameter after an interval of 5 days. The growth kinet-
ics of the algal culture was also investigated separately.
Batch cultures/closed cultures of C. reinhardtii were pre-
pared with the N-11 nutrient media. It was observed that in
the given nutrient, light and temperatures conditions, Chla-
mydomoanas reproduced at a fast rate (Fig. 1E). Studies
carried out by light microscopy revealed the presence of
spherical cells of C. reinhardti with two anteriorly placed
flagella and a thick cell wall. The cell wall encloses a plasma
membrane, nucleus, cytoplasm, contractile vacuoles, cup
shaped chloroplast, pyrenoid, eyespot. In the center a nu-
cleus was clearly visible along with the cup shaped chloro-
plast and pyrenoids (Fig. 1A). As the number of C. reinhardtii
culture days increase, clumping of the algae was evident.
This was mainly due to the presence of mucilage which al-
lowed the cells to stick to one another (Fig. 1B, C). Fresh
medium was not provided during incubation, which led to a
decline in nutrient concentrations and an increase in con-
centration of waste. This stress led to the various changes
in C. reinhardtii which was observed in the later stages of
the cultural studies. In the given conditions, C. reinhardtii
reproduced at a fast rate as could be visualized in 5 day and
15 day culture. The specific growth rate at the exponential
phase was 1.18 (Fig. 1E). After 15 days of culture there was a
slight decrease the density. The cell density is principally
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Fig. 1. Light microscopy of Chlamydomonas reinhardtii (A-F). (A): C. reinhardtii showing cup shaped chloroplast and nucleus (Magnification: 630x). (B); C. rein-
hardtii, morphology at 5 day culture (Magnification: 400x. (C): C. reinhardtii, showing clustering at 10 day cultute (Magnification: 400x) (D): C. reinhardtii show-
ing clustering and clumping (Magnification: 400x). (E): Growth curve of C. reinhardtii in cultural conditions. (F): Growth measure of C. reinhardltii as measured by

spectrophotometer. (G); Growth/cell density as measured by haemocytometer.

Plant Science Today, ISSN 2348-1900 (online)



224 SHARMA

guided by light penetration, corresponding to the light pen-
etration (OD of the cultures).

Microalgae cell concentration

The microalgae concentration was determined by two
methods, by absorbance at 685 nm and by haemocytome-
ter (Fig. 1F). As can be observed, the cells enter the log
phase after 5 day of culture. The cell count also increases.
Studies by haemocytometer, however, revealed that the
number of cells decline after 5 day to 10 day and then fur-
ther decreased (Fig. 1G). This is observed due to the for-
mation of clumps/colonies. C. reinhardtiiis a fresh water
motile algae, however since it has been cultured (closed) in
flasks, C. reinhardtii may form clumps or colonies (Fig. 1D).
It is also known that when water is limiting, cells which may
be present as palmelloid stage, which is group of non flag-
ellate cells grouped in a common hydroxyproline and sugar
rich mucilage. When palmelloid aggregates are exposed to
water, they transform to flagellate forms.

Pigments system

Pigments refer to the substances that help in the absorp-
tion of a particular wavelength of visible light. The pigment
extracted in C. reinhardltii, correspond to maximum absorp-
tion at 683 nm (corresponding to the chlorophylls) and 433
nm (corresponding to the carotenoids; (Fig. 2A). Further
investigations revealed that chlorophyll a is the major form
of chlorophyll present in C. reinhardtii (Fig. 2B). Chlorophyll
b is lesser in as compared to chlorophyll a. As the days of
algal culture increase, the chlorophyll content also increas-
es, and thereafter remains stable.

Protein content increases in cultural conditions

Proteins are required for growth and reproduction. As can
be correlated with growth kinetics, proteins show a sharp
increase from 0 day to 5 day of algal culture (Fig 3A). The
increase further continues until 15 days of culture and then
a decline in the protein content is observed in the 20 day of
culture. It can be concluded that proteins required for
growth and reproduction are active till the 15" day and
there are some physiological changes occurring in the 20
day leading to a decrease in the protein content.
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Fig. 2. Estimation of chlorophyll content. (A): Absorption spectra of chloro-
phyllin C. reinhardtii. (B): Total chlorophyll content (a and b) in C. reinhard-
tii.

Fig. 3. Biochemical detection in C. reinhardii. (A): Total protein content in C.
reinhardtii in cultural conditions. (B): Gravimetric estimation of total lipid
content in cultural condition of C. reinhardtii. (C): Total biomass of C. rein-
hardtii in cultural condition (D): TLC analysis of neutral lipids in C. reinhardtii
after 15 days of culture.

Dry Cell Weight

The dry cell weight or the biomass of C. reinhardtii in-
creased as the days of algal culture increase (Fig. 3C). The
dry weight or biomass is mainly the proteins, cell wall car-
bohydrates and membrane lipids. Present investigations
reveal that the biomass increases even though the growth
declines. This can be attributed to the fact that algal culture
has started facing stress after 15 days of culture and has led
to increase palmelloid stage of C. reinhardtii. Biochemical
pathway may be directed towards the formation of cell wall
carbohydrates, mucilage and other products, leading to
slight increase in the biomass.

Lipid content increases even after a decline in the protein
content

The lipid content of C. reinhardtii reveals an increased level,
as the days of culture increase. Present investigations re-
veal that the lipid content initially increase, however,
shows a sharp decline after 20 days of culture (Fig. 3B). It
may be concluded that the algae the lipids may be initially
used as food storage. Later on, however, the algal culture
faces some stress after 20 days thereby altering its bio-
chemical pathways. After 20 days, the lipids may be catabo-
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lized for the formation of mucilaginous sugars, leading to
high occurance of palmelloid stage in algal cultures. Quan-
titative studies through thin layer chromatography of Chla-
mydomonas culture in 15 days reveal the presence of mon-
oacylglycerides, diacylglycerides and free fatty acids (Fig.
3D).

Discussion

Chlamydomonas reinhardtii grows exponentially in N-11
media

Chlamydomonas reinharitii Dangeard is a fresh water micro-
algae and shows a simple life cycle. Structurally the algae is
pear shaped/spherical with two anterior flagella, a thick
cell wall, plasma membrane, nucleus, cytoplasm, two con-
tractile vacuoles, enlarged cup shaped chloroplast, pyre-
noid, eyespot and other cellular organelles like mitochon-
dria, golgi bodies, endoplasmic reticulum, ribosomes, vesi-
cles and dense granules called volutin granules (17). The
flagella originate from blepharoplast, and show 9+2 ar-
rangement. Flagella are connected to nucleus by neuromo-
tor apparatus. At the base of flagella, contractile vacuoles
are present which function as osmoregulators and regulate
the water content in C. reinhardtii. The cell wall of C. rein-
hardtiiis complex composed of seven layers of hydroxypro-
lien rich glycoproteins (18). A single cup shaped chloroplast
in which contain the chlorophyll and an eyespot or stigma
is embedded and is involved in the light dependent move-
ment of C. reinhardtii. The lower part of the chloroplast is
occupied by pyrenoids which aids in the carbon accumulat-
ing mechanism increasing the efficiency of enzyme RuBisCo
(Ribulose 1, 5-bisphosphate carboxylase oxygnease) (18).
Growth curve when plotted against absorbance of 685 nm
revealed the presence of lag phase, exponential (log)
phase, stationary phase and declining phase. Various cul-
tural conditions, mainly light intensity and nutrient availa-
bility have an effect on growth rate and cell density. Exces-
sive solar radiation cause photoinhibition, while low light
due to cultural density may lead to reduced photosynthetic
activity and growth rates (19). The initial phase was the lag
phase, where cell division was present, however, there was
no net increase in the mass. The cells possibly synthesize
new components, mainly ATP, essential cofactor, ribosome
etc. for cell division. After the lag phase the cells enter the
log phase, where the growth rate is constant, and cells di-
vide at regular intervals. In the log phase there is an in-
crease in protein and DNA synthesis resulting in an in-
creased rate of reproduction, thereby increased biomass.
The cultures in log or exponential growth respond to pre-
cise, coordinated and quick changes to the environment. As
the nutrient conditions deplete in the cultures, the cells
enter the stationary phase, where the growth rate decreas-
es. Earlier studies have indicated that nitrogen starvation
triggers signalling pathway to sexual cycle (20). The zygote
formed undergoes a resting period, hence a decrease in the
growth of the culture. As the cell density increase, the OD
increases reaching to its peak and then slowly lowers down
due to cell conglomeration of dead cells, nutrient depletion
and bacterial infection. Soon after the stationary phase, the
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cells enter the decline stage, which is mainly due to starv-
ing nutrients. The cell growth declines and the cells under-
go programmed cell death. Present investigations reveal
that in C. reinhardtii specific growth rate in the culture was
1.18.

Palmelloid stage of Chlamydomonas is formed in cultural
condition

Structural studies have revealed that C. reinhardtii possess-
es a large chloroplast enabling it effectively trap solar radia-
tion and also makes it a highly photosynthetically efficient
model. Chlorophyll causes light absorption at wavelength
of 645 and 663. Absorption of chlorophyll is also a measure
of the health of culture, as damaged cell decolorize (21).
Absorption at 443 corresponds to the absorption by carote-
noids, which are involved in absorption of light, reduction
in the production of radical oxygen species (ROS) and ener-
gy dissipation (22). As per the increase in biomass, an in-
crease in chlorophyll content was also expected. A zig zag
pattern of cholorophyll content, is observed after 5% day of
culture. It can be postulated that it is due to the formation
of palmelloid stage observed after 5 days of culture which
does not allow the total extraction of the chlorophyll pig-
ment. A decline in the latter period (15 days of culture)
shows a deteriorating cultural conditions of the microalgae.

Protein content tends to increase in cultural conditions

Among the different biomolecules, proteins are indicators
of growth in C. reinhardltii. Proteins are required for cell divi-
sion, protein maturation and other processes till the culture
reaches the stationary phase. There is also a correlation of
an increase of the proteins along with the biomass of the
algae. It can be postulated that decline of nitrogen in the
culture may cause stress and initiate biochemical path-
ways, giving rise to toxic substances, resulting in decline of
the algal culture. Various enzymes play a regulatory role in
physiological processes of Chlamydomonas spp. Enzyme
posphoenol pyruvate caroboxylase (PEPC) regulates photo-
synthesis and photorespiration. The protein has a negative
role in lipid production and blocking the enzymes results in
increased accumulation of lipids (23). Unique novel protein
including hydrogenase is also present in Chlamydomonas
spp. which allows the production of hydrogen instead of
oxygen (24). The enzyme hydrogenase has been used for
biofuel purposes and further profiling of proteins will be
helpful to indicate the activity of this enzyme in relation to
the days of C. reinhardtii culture.

Stress in the algal cultures, has led to an increase in accu-
mulation of lipids

An increase in lipids is correlated with a decrease in bio-
mass. Initially there is an increase in the lipids as correlat-
ing with the proteins and biomass. In the latter stages, how-
ever, after 20 days of culture, there is a decrease in the pro-
tein and biomass. Earlier studies have indicated unfavora-
ble conditions cause accumulation of lipids. Lipids accumu-
late in the chloroplast and inside the lipid bodies. A break-
down of protein tends to release lipids in culture (25). Li-
pids in the form of fatty acids are synthesized in the plas-
tids, and are then transported for further modification and
assembly. It has been established that nitrogen deprivation
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induces accumulation of TAGs and starch. TAGs, act as a
storage of carbon rich compounds, a resource for future
recovery (26). Concurrent to earlier research it has been
observed that Chlamydomonas spp. form TAGs when it is
nutrient deprived (27) or salt stress, as has been observed
in 15-20 days of culture. Present results indicate an increase
in TAGs, in 15 days of culture. Lipids from algae are rich in
saturated and unsaturated fatty acids mainly oleic acid,
palmitic, stearic and linoleic acid. TAGs can be used in the
production of biodiesel (28) and bioethanol (29). The com-
position of lipids as revealed in present study show that C.
reinhardtii can be used for the production of biodiesel.

Conclusion

Present studies undertaken in algal culture indicate that
the nutritive media N-11 is favorable for the growth of C.
reinhardtii. This can be observed by the increased rate of
growth in 5 days (initial stages of the culture growth). As C.
reinhardtii days of culture increase the amount of biomass,
chlorophyll, proteins and lipid also increase. After 10 day,
however, palmelloid stage in C. reinhardtii, is observed,
which hinders in the total chlorophyll extraction. The total
protein content increases and shows a decline only after
the 15" day of culture revealing certain physiological
changes in the culture of C. reinhardtii. The lipid content
initially increases and later shows a decreasing trend after
the 15-20 days revealing, stress and changes in biochemical
pathway in the algal culture. A detailed characterization of
protein and lipid will further aid in understanding the exact
change that has occurred in the cultural situation of C. rein-
hardtii.

Acknowledgements

The author is thankful to the Principal, Multanimal Modi
College, Modinagar for providing the basic infrastructure
for carrying out the research. The author is also thankful to
Jawaharlal Nehru University for providing the necessary
instruments required for the work.

Compliance with ethical standards

Conflict of interest: The author declares that there are no
conflicts of interest.

Ethical issues: None.

References

1. Fritsch FE. The structure and reproduction of Algae. Vol I, Cam-
bridge University Press. Cambridge, UK. 1935.

2. Smith GM. Cryptogamic Botany, Vol. I, McGraw-Hill Co., New
York. 1955.

3. Dangeard PA. Recherches sur les algues inférieures. Annales des
Sciences Naturelles. Botanique, série.1888;7:105-75.

4.  Dubini A. Biofuel production from Chlamydomonas reinhardtii,
Green energy. Biochem Soc. 2011;20-34. https://doi.org/10.1042/
B1003302020

5. Coimbra S, Almeida J, Junqueira V, Cosa ML, Pereira LG. Arabino-
galactan proteins as molecular marker in Arabidopsis thaliana

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

sexual reproduction. J Exp Bot. 2007; 58: 4027-35. https://
doi.org/10.1093/jxb/erm259

Ellis M, Egelund J, Schultz CJ, Bacic A. Arabinogalactan- proteins:
key regulators at the cell surface? Plant Physiol. 2010;153:403-19.
https://doi.org/10.1104/pp.110.156000

Losada JM, Herrero M. Arabinogalactan-protein secretion is asso-
ciated with the acquisition of stigmatic receptivity in the apple
flower. Ann Bot. 2012;110:573-84. https://doi.org/10.1093/aob/
mcs116

Hiscock SJ, Allen AM. Diverse signalling pathways regulate pollen
-stigma interactions: the search for consensus. New Phytol. 2008;
179: 286-317. https://doi.org/10.1111/j.1469-8137.2008.02457.x

SangY, Xu M, Ma F, Xu X, Gao X-Q, Zhang XS. Comparative proteo-
mic analysis reveals similar and distinct features of proteins in
dry and wet stigmas. Proteomics. 2012; 12: 1983-98. https://
doi.org/10.1002/pmic.201100407

Work VH, Radakovits R, Jinkerson RE, Meuser JE, Elliott LG,
Vinyard, DJ, Laurens LML, Dismukes CJ, Posewitz. Increased lipid
accumulation in the Chlamydomonas reinhardtiista 7-10 starch-
less isoamylase mutant and increased carbohydrate synthesis in
complemented strains. Eukaryotic Cell. 2010; 9: 1251-61.https://
doi.org/10.1128/EC.00075-10

Giroud C, Gerber A, Eichenberger W. Lipids of Chlamydomonas
reinhardtii. Analysis of molecular species and intracellular sites(s)
of biosynthesis. Plant Cell Physiol. 1988; 29: 587-95.

Soeder CJ, Bloze A. Sulphate deficiency stimulates release of
dissolved organic matter in synchronous cultures of Scenedes-
mus obliquus. Physiol. Plat.1981; 52: 233-38. https://
doi.org/10.1111/j.1399-3054.1981.tb08498.x

Ratha SK, Rao PH, Govindaswamy K, Jaswin RS, Lakshmidevi R.
et al. A rapid and reliable method for estimating microalgal bio-
mass using a moisture analyser. J Appl Phycol. 2016;28:1725-34
https://doi.org/10.1007/s10811-015-0731-1

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-
ment with the Folin Phenol reagent. J Biol Chem. 1951;193:265-
75. https://doi.org/10.1016/S0021-9258(19)52451-6

Bligh EG, Dyer WJ. A rapid method for total lipid extraction and
purification. Can J Biochem Physiol. 1959;37:911-17. https://
doi.org/10.1139/059-099

Lichtenthale HK, Buschmann C. Chlorophylls and carotenoids:
Measurement and characterization by UV-VIS spectroscopy. Curr
Protoc Food Anal Chem. 2001; F 4.3.1-F 4.3.8. https://
doi.org/10.1002/0471142913.faf0403s01

Harris EH. The Chlamydomonas sourcebook. A Comprehensive
Guide to Biology and Laboratory Use. New York: Academic Press,
San Diego, CA. 1989.

Roberts K. Crystalline glycoprotein cell walls of algae: their struc-
ture, composition and assemblely. Phil Trans R Soc Lond.(B)
1974; 268: 129-146. https://doi.org/10.1098/rstb.1974.0021

Fischer BB, Wiesendanger M, Eggen RI.L. Growth condition-
dependent sensitivity, photodamage and stress response of
Chlamydomonas reinhardtii exposed to high light conditions.
Plant Cell Physiol. 2006; 47: 1135-45 https://doi.org/10.1093/pcp/
pcjo85

Bishop CL. Life cycle control of Chlamydomonas reinhardltii, Ge-
nome Biol. 2003; 4: 20030423-01 https://doi.org/10.1186/gb-
spotlight-20030423-01

Tamburic B, Zemichael F, Maitland G, Hellgardt K. Parameters
affecting the growth and hydrogen production of the green alga
Chlamydomonas reinhardtii. Int J Hydrog Energy. 2011;36:7872-
76. https://doi.org/10.1016/j.ijhydene.2010.11.074

Juergens M, Deshpande R, Lucker B, Park J, Wan H, Gargouri M,
Holguin FO, Disbrow B, Tanner S, Skepper J, Kramer D, Gang
Hicks L, Shachar-Hill Y. The regulation of photosynthetic struc-

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1042/BIO03302020
https://doi.org/10.1042/BIO03302020
https://doi.org/10.1093/jxb/erm259
https://doi.org/10.1093/jxb/erm259
https://doi.org/10.1104/pp.110.156000
https://doi.org/10.1093/aob/mcs116
https://doi.org/10.1093/aob/mcs116
https://doi.org/10.1111/j.1469-8137.2008.02457.x
https://doi.org/10.1002/pmic.201100407
https://doi.org/10.1002/pmic.201100407
https://doi.org/10.1128/EC.00075-10
https://doi.org/10.1128/EC.00075-10
https://doi.org/10.1111/j.1399-3054.1981.tb08498.x
https://doi.org/10.1111/j.1399-3054.1981.tb08498.x
https://doi.org/10.1007/s10811-015-0731-1
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1002/0471142913.faf0403s01
https://doi.org/10.1002/0471142913.faf0403s01
https://doi.org/10.1098/rstb.1974.0021
https://doi.org/10.1093/pcp/pcj085
https://doi.org/10.1093/pcp/pcj085
https://doi.org/10.1186/gb-spotlight-20030423-01
https://doi.org/10.1186/gb-spotlight-20030423-01
https://doi.org/10.1016/j.ijhydene.2010.11.074

23.

24.

25.

ture and function during nitrogen deprivation in Chlamydomonas
reinhardtii. Plant Physiol. 2015;167:558-73.https://
doi.org/10.1104/pp.114.250530

Xiaodong D, Jiajia C, Yajun L, Xiaowen F. Expression and knock-
down of the PEPC1 gene affect carbon flux in the biosynthesis of
triacylglycerols by the green alga Chlamydomonas reinhardtii.
Biotechnol Lett. 2014; 36:2199-2208 https://doi.org/10.1007/
$10529-014-1593-3

Miller R, Wu G, Deshpande RR, Vieler A, Gartner K, Li X, Moellering
ER, Zauner S, Cornish AJ, Liu B, Bullard B, Sears B, Kuo MVEL,
Shachar-Hill Y, Shiu S, Benning C. Changes in transcript abun-
dance in Chlamydomonas reinhardtii following nitrogen depriva-
tion predict diversion of metabolism. Plant Physiol. 2010;
154:1737-52 https://doi.org/10.1104/pp.110.165159

Siaut M, Cuine S, Cagnon C, Fesssler B, Nguyen M, Carrier P, Beyly
A, Beisson F, Triantaphylides C, Beisson Y, Peltier G. Oil accumu-
lation in the model green alga Chlamydomonas reinhardtii: char-
acterization, variability between common laboratory strains and

26.

27.

28.

227

relationship with starch reserves. Biotechnology. 2011;11:7.
https://doi.org/10.1186/1472-6750-11-7

Soto-Sierra L, Wilken LR, Dixon CK. Aqueous enzymatic protein
and lipid release from the microalgae Chlamydomonas reinhard-
tii. Bioresour. Bioprocess. 2020;7,46 https://doi.org/10.1186/
s40643-020-00328-4

Sharma, KK, Schuhmann H, Schenk PM. High lipid induction in
microalgae for biodiesel production. Energies. 2012; 5: 1532-
15553. https://doi.org/10.3390/en5051532

Kim EJ, Kim S, Choi HG. et al. Co-production of biodiesel and
bioethanol using psychrophilic microalga Chlamydomonas sp.
KNMO0029C isolated from Arctic sea ice. Biotechnol Biofuels 2020;
13, 20. https://doi.org/10.1186/s13068-020-1660-z

§8§

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1104/pp.114.250530
https://doi.org/10.1104/pp.114.250530
https://doi.org/10.1007/s10529-014-1593-3
https://doi.org/10.1007/s10529-014-1593-3
https://doi.org/10.1104/pp.110.165159
https://doi.org/10.1186/1472-6750-11-7
https://doi.org/10.1186/s40643-020-00328-4
https://doi.org/10.1186/s40643-020-00328-4
https://doi.org/10.3390/en5051532
https://doi.org/10.1186/s13068-020-1660-z

