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Abstract

In contrast to crops, there are few studies using LED-based light with microalgae and none cultivating the
microalga Isochrysis aff. galbana (T-ISO) despite its importance to marine aquaculture. The objective was to
evaluate white and red LEDs as an alternative source of light for the cultivation of 1. aff. galbana (T-ISO). In
order to carry this out, white and red LEDs were used with a laboratory built Erlenmeyer-type photobioreactor
to determine productivity, cell number, size and biomass composition. Results were compared with standard
fluorescent lights of the same light intensity. The culture system consisted of 3 flasks for applying red LEDs, 3
flasks for white LEDs and 3 control group flasks illuminated with the normal fluorescent lighting at the similar
light intensity of ~60 uM m s . It was found that the population cell density did not significantly increase with
either red LEDs or white LEDs (p > 0.05), if at all. Standard fluorescent lighting (control group) showed
significant increases in population cell number (p < 0.05). Through microscopic observation cell size was found
to be smaller for white LEDS, and even smaller for red LEDs compared to fluorescent lighting. The biochemical
composition of proteins, carbohydrates and lipids was similar for all light regimes. The authors suggest that the
unexpected non-growth of 1. aff. galbana (T-ISO), a haptophyte microalga with white and red LEDs, is possibly
due to the fact that the cell growth initiation of this microalgae requires other wavelengths (possibly green) aside
from red and blue, to allow auxiliary pigments, probably fucoxanthin, to capture light.
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INTRODUCTION

Marine microalgae are recognized as a rich source of
pigments: [-carotene, long-chain polyunsaturated fatty acids
(PUFAs), polysaccharides and vitamins (1, 2). Although
microalgae cultivation is now over 40 years old, it is still a
pertinent practice today. Although it was established over 10
years ago, most of the microalgal species being grown
commercially on a large scale are still Spirulina spp. and
Chlorella spp. for health food (3), along with a handful of
other species principally used in aquaculture as live food for
farmed species (4).

Although microalgae biomass is still primarily commercially
produced for human consumption and feedstuff in
aquaculture, 25-30 years ago after the oil crises of the 1970s
the United States Department of Energy (DOE) started the
Aquatic Species Program from 1978 to 1996 looking into
using microalgae as a biofuel (5). However, due to the low
prices of oil at that time the program was discontinued in
1996. Recently, escalating oil prices (> $100/barrel) due to
depleting resources and high demand have revived interest in
microalgae as a sustainable energy alternative (6, 7).
Microalgae are particularly attractive since they can lessen
CO, emission, they are a nonfood crop, can produce oil with



low land usage (8) in saline or brackish or even wastewater
(9) with high productivity and high yields since many strains
contain up to 20-80% of their weight in triglycerides
convertible into biodiesel (10, 11). For these reasons, there
are currently many private companies actively attempting to
commercialize fuel derived from microalgae—however, none
as far as we are aware are in production.

In addition, due to declining fisheries worldwide, aquaculture
activity is on the rise thereby fueling demand for live
microalgae (12, 13). This calls for the development of more
sophisticated methods of microalgae cultivation, with higher
productivity and lower contamination than that available by
open ponds or raceways (14, 15). Debates vary, but one
general consensus is that ideally production should be in
photobioreactors (PBRs) where growth can be better
controlled; however, the cost of production has been a
looming concern.

One of the principal advantages of closed PBRs, as compared
to open ponds or raceways, is that the light path length can be
reduced leading to higher cell densities, which also
diminishes the possibility of contamination thereby reducing
harvesting costs. The development of the light emitting diode
(LED) technology over the years and its decrease in the cost
of production has led to an increasing number of new
applications of LEDs as a light source. LEDs offer a number
of advantages over other light technologies such as low cost,
longevity, low power consumption, low heat generation, and
wavelength control.

There are a limited number of studies utilizing high
efficiency light-emitting diodes (LEDs) with microalgae,
even though LEDs have been proposed as a primary light
source in commercial crop cultures due to their lower energy
costs compared to standard lighting (16). For example,
Matthijs et al., (17) reported that monochromatic exposure
from red LEDs alone can support microalgae growth,
whereas limited exposure to blue light failed to augment the
biomass production

of Chlorella sp. However, in that study the effect of blue
LEDs alone on the growth of Chlorella sp. was not studied
and the ratio of blue to red LEDs used may have possibly
been too low to cause any effect. In another study, Lee and
Palsson (18) reported also that in Chlorella sp. red LEDs also
had produced equivalent biomass growth in comparison to
fluorescent light. Oh et al. (19) studied the effects of
irradiance with various wavelengths from light-emitting
diodes on the growth of the harmful dinoflagellate
Heterocapsa circularisquama and the diatom Skeletonema
costatum; they reported light selectivity in stimulating the
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growth of one over the other. Wang et al., (20) reported that
red light-emitting diodes performed better than blue LEDs in
the cultivation of Spirulina platensis.

Isochrysis aff. galbana (T-ISO) is one of the most commonly
used microalgal species in aquaculture (14). Isochrysis sp.
are small (4—6 pm in diameter), motile with flagella, and
since they a lack a cell wall (naked) they are readily digested
by small (larval) invertebrates (21). They also have a high
content of the essential fatty acid docosahexaenoic acid
(DHA, 22:6 (n-3) (22). Isochrysis aff. galbana are considered
an excellent candidate for mass cultivation (23).

Most of the previous studies with Isochrysis sp. have been
related to light intensity and microalgal growth and not with
light quality (24, 25). For the first time, the present study
applies both white and red LEDs in a small Erlenmeyer-type
bioreactor to determine the cell density, productivity, size
and biomass composition of Isochrysis aff. galbana (T-1SO)
and compares the results with standard fluorescent lights. The
hypothesis being tested is whether this microalgae grows
with red and white LEDS.

MATERIALS AND METHODS

Microalgae Strain and culture conditions The microalga
Isochrysis aff. galbana (T-ISO; UTEX LB 2307) from the
Culture Collection of Microalgae at the Centro de
Investigaciones Biologicas del Noroeste S.C., La Paz, B.C.S.,
Mexico. The initial microalgae inoculums were grown in
three 2-L Erlenmeyer flasks in sterilized seawater (= 34 PSU)
with /2 medium (26) with continuous air bubbling (1 vvm).
Full spectrum white light was supplied continuously at 60
uM m s on average with a warm-white fluorescent tube
(Mexico General Electric Co., Mexico) positioned
horizontally along the side of the flasks. Ambient
temperature was controlled at 23 + 2 °C and the pH was 7.8.
For cell synchronization each of the three 2-L flasks with
culture were reinoculated every 3 days with 500 mL of cell
suspension and 1500 mL of /2 medium and this cycle was
repeated twice prior to use with 12h:12h (light:dark). This
was done in order to achieve synchronous growth and cell
division of the microalgal cells. For experimental runs the
doubly reinoculated suspension of microalgae was allowed to
reach the fourth day and was used to prepare 9 different 1-L
Erlenmeyer flasks (Kimble Glass Inc., USA) with 200 mL
inoculum and 700 mL of f/2 medium for experimental runs.
The experimental runs were repeated three times. Remaining
inoculums were resynchronized as indicated above.

Photobioreactor System Using a 1-L Erlenmeyer flask a
laboratory built photobioreactor system was proposed and
designed using red and white LEDs for illumination (Fig. 1).
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Fig. 1. Diagram of the proposed experimental system for
production of microalgae with monochromatic light showing the 3
red LEDs (numbered 1,2 and 3) and 3 white LEDs (numbered 4, 5
and 6). The light generated from single LEDs applied to the base of
an Erlenmeyer flask allows for the generation of light intensity of 60
pm mol'm s equal to that of flasks 7, 8 and 9 (control group)
using light from a white fluorescent tube (General Electric Co.,
Mexico) positioned horizontally to the side (not shown in diagram).

The system built consisted of 3 flasks for applying red LEDs
and three for white LEDs and 3 control group flasks
illuminated with the normal fluorescent lighting typically
used to grow 1. galbana in the laboratory. The red LEDs were
GaAlAs-based with a maximum of wavelength 680 nm and
half the bandwidth of 20 nm while the white LEDS used
were GaN-based LEDs with a peak at about 465 nm (Steren,
Mexico). Since the intensity of light decreases inversely by
the square of the distance the LEDs were mounted directly to
the base of the Erlenmeyer. Each LED illuminated flask base
consisted of 4 components as shown in Fig. 2A: (1) LED, (2)
Parabolic mirror, (3) lens and (4) a circular base made of
PVC. An assembled 1-L photobioreactor is shown in Fig. 2B
(right) covered with aluminum to exclude external light
sources.

MIRROR

Fig. 2. Photographic detail of the elements of the experimental
system for the production of microalgae with LEDs that shows in
the photo on the left: (A) LED, lens, parabolic mirror and a circular-
ring that provides the base support for an Erlenmeyer flask; to the
right: (B) Is a flask in its base protected from external light with
aluminum foil.
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This scheme allowed for an illumination intensity equal to
that of fluorescent lighting of 60 uM m s as measured at
the middle of the suspension culture (around the 300 mL
level). LEDs fail to generate any significant heating and thus
LEDs can be placed very close to bottom of flasks without
any heat stress to the microalgae suspension, LEDs do not
generate heat and the temperature was measured to be 23 + 2
°C. A warm-white fluorescent tube (Mexico General Electric
Co., Mexico) was positioned horizontally along the side of
the three control group flasks and the distance of the flasks
from the fluorescent lighting source was adjusted to match
that of the LEDS light intensity of 60 uM m?> s '. The
distance from the light source from the fluorescent (control)
which was provided horizontally was adjusted so the
horizontal lights provided were of the same intensity as the
light from the LEDS from the bottom of the flask at mid level
200 mL. It is important to note that although the control light
was provided horizontally and the experimental light was
provided from the bottom of the flask, it is assumed that on
average both microalgae cultures received similar light
intensity doses due to fact that all flasks were air bubbled to
provide mixing. The light intensity was measured using the
84022 SPER Scientific intensity meter (SPER Scientific Ltd.,
Scottsdale, AZ, USA) in lux and converted to uM m s .

In figure 3 is the actual system with LEDs assembled without
flasks (left photograph), while on the right is the actual
system assembled with flasks in place.

Fig. 3. Photographic detail of the elements of the experimental
system shows : (A) the system with LEDs inside the base, and (B)
the system with the 1-L flasks in light protected bases with external
Aluminum foil (RL =red LED, WL = white LED, FL = Fluorescent
light, i.e. the control group). The three flasks on the right are the
control group and are illuminated on the side with a fluorescent light
bulb.

Cell density At time zero and after each 5 days of light
treatment the microalgae cell densities and cell size
distribution were measured using a Coulter Counter



(Multisizer II; Beckman Instruments, Inc., USA) following
the procedure described by Sheldon and Parsons (27). The
Coulter counter not only provides total numbers but
categorizes numbers of cells according to size. A 1:20
dilution was prepared by removing 1 mL of cell suspension
per flask and adding of 19 mL of saline containing 10%
buffered formol. The data of the Coulter Counter was
converted by AccuComp® software and exported to a
spreadsheet to calculate cell densities. Count numbers were
multiplied by 20 (dilution factor). Samples were measured in
triplicate. Size distributions due to light treatments were not
obtained from this data since it has been documented that
size numbers can be inaccurate with Coulter Counter when
cells are nonspherical (28, 29, 30) or due to shrinkage caused
by formaldehyde (31) to prevent cell growth.

Productivity (P) To obtain Productivity (P) in units of
mg L'd"", the total dry weight of lyophilized microalgal cells
was calculated by dividing its harvested dry biomass by
culture volume (L) concentration and by the 5 days of light
treatment.

Determining specific growth rate (ue) The specific growth
rate of microalgae was calculated using the equation:

(1)

where u, = specific growth rate (d'), NI and N2 are the
number of cellsmL ™" at the time ¢/ and 2, respectively.

Duplication time The time for the number of cells (cellsmL™
") of microalgae to double in number was calculated using
the equation:

_in2
KU,

g )

where tg (days) is the time for cell duplication and pe is the
specific growth rate, and /n2 is the natural logarithm of 2
(approx 0.693). This equation is derived from equation 1 by
setting N2 = 2N1 and tg = 12-¢1.
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Microscopic measurement of cell size Live cell sizes after
light treatment were measured with a Mytek USB 2.0 Digital
Microscope Camera coupled to a microscope. A total of 9
cells were measured per each light treatment.

Protein quantification Protein content after the 5 days of
light treatment was carried for all samples out based on the
procedure of Lowry, et al. (32). The principle of this
technique is based on the oxidation of the peptide bonds of
the Folin-Ciocalteu reagent (a mixture of phosphotungstic
acid and phosphomolybdic acid), after treatment with an
alkaline solution of copper, which results in a blue color with
intensity dependent on peptide content. After lyophilization
dry weight samples weighing 5 mg were placed in test tubes,
then 5 mL of 0.IN NaOH was added to hydrolyze the
proteins and then placed in thermal bath brand Techne TE-8J
at 100 °C for 1 hour. The samples were allowed to cool to
room temperature, and then the mixture was centrifuged at
3,000 rpm for 20 min at 10 °C. The extract was separated by
Pasteur pipette. Two solutions were prepared: (1) Na,COj; to
2% (w/v) in 0.1N NaOH (solution A) and (2) 0.5% CuSOy in
1% K-tartrate and stirred (solution B). An aliquot of sample
(alkaline extract) plus 0.1 N NaOH to complete 1 mL was
added in a test tube, and 5 mL of solution A and B in a 50:1
ratio was added, vortexed and was let to stand for 15 minutes.
Later the mixture was added to 500 pL of Folin:H,O in a
ratio of 1:1. The mixture was vortexed and allowed to stand
in the dark for 40 minutes. The calibration curve was
prepared from a standard solution of bovine albumin (BSA)
with a concentration range of 0 - 150 pg/mL (0, 30, 60, 90,
120 and 150 pg/mL). Absorbance of the extract was
measured at 750 nm in a Thermo Spectronic Genesys 20
spectrophotometer.

Carbohydrate quantification The carbohydrate content was
determined using the method of Dubois et al. (33). The basis
of this method is based on hydrolyzing glycosidic bonds
forming polysaccharides and disaccharides to be converted to
monosaccharides. The complexes vary in color from yellow
to orange, depending on the amount of carbohydrates present
in the sample. Lyophilized samples of 5 mg were weighed
and placed in test tubes, then 1 mL of sulfuric acid (H,SO,)
1.0 N and the mixture was placed in an ultrasonic cleaner
Branson 200 for 5 min. Then another 4 mL of sulfuric acid
(H,SO,4) 1.0 N was added to the mixture and the test tubes
were sealed with aluminum foil along with a screw cap.
These test tubes were placed in a thermal bath brand Techne
TE-8J at 100 °C for 1 hour. The test tubes with mixture were
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removed and allowed to cool to room temperature.
Centrifuged at 3,000 rpm for 15 min at 10 °C and then
separated the acid extract with a Pasteur pipette. An aliquot
of sample (acid extract) plus 1.0 N H,SO,4 to complete 1 mL
was added into a test tube, and 1 mL of 5% phenol was
added, mixed with a vortex and allowed to stand for 40
minutes. Then 5 mL of concentrated sulfuric acid (H,SO,)
was slowly added in a fume hood, mixed with a vortex and
cooled to room temperature. Absorbance was measured at
485 nm in a spectrophotometer Thermo Spectronic Genesys
20 mark. The results were compared against a calibration
absorbance curve prepared with 0, 24, 48, 72, 96, and 120
pg/mL, from a standard glucose solution of 120 pg/mL.

Lipid quantification Lipids were extracted according to
Bligh and Dyer (34) adapted to micro determinations.
Around 5 to 20 mg of freeze-dried sample was placed in
individual test tubes, then 3 mL of
chloroform/methanol/water (1:2:0.5) and 5 pL of antioxidant
BHT (1 mg mL™") were added. The mixture was placed in an
ultrasonic cleaner Branson 200, then samples were incubated
for 24 h at 4 °C protected from light. Afterwards 2 mL of
chloroform and 3 mL of water were added, mixed with a
vortex and centrifuged at 3,000 rpm for 10 min at 10 °C. The
bottom fraction (chloroform) was removed and placed in a
test tube. An aliquot of sample (chloroform extract) was
placed in a different tube and dried with N,. Then 2 mL of
concentrated sulfuric acid (H,SO,) was added and the test
tubes were sealed with aluminum foil along with a screw cap.
This mixture was burned at a temperature of 200 °C for 15
minutes according to Marsh and Weinstein (35). Then the
fraction was allowed to cool to room temperature and placed
in test tubes in an ice bath with 3 mL of distilled water and
mixed with a vortex until the entire sample was
homogeneous and no residual organic matter was visible.
Burned lipids have brown color directly related with quantity.
For the calibration curve a known quantity of lipids of 0, 30,
60, 90, 120, 150 and 180 pg was used from microalgae.
Absorbance was measured at 375 nm in a spectrophotometer
Thermo Spectronic Genesys 20 mark.

Statistics Data was analyzed using Statistica 6 (Statsoft,
Tulsa, OK). The Shapiro-Wilk test was carried out and was
found that all data had a normal error of distribution.
Subsequently, the Bartlett’s box test was run to insure sample
variance was equal across samples or homogenous.
Afterwards, analysis of variance (ANOVA) was run in
conjunction with Tukey’s test (p <0.05) method for

All Res. J. Biol, 2013, 4, 7-15

unplanned comparisons of means. For all measurements the
number of samples consisted of three replicates per light
treatment and was repeated three times (3x3, n=9).

RESULTS

Cell Density The cell density did not increase significantly in
red or white LEDs after 5 days of treatment (p >0.05),
however the cell density of the control group with fluorescent
lighting did increase significantly based on Tukey's test (p
<0.05) after 5 days from 2.93 x 10° to 7.75 x 10° cells/mL
(Table 1) a distinct difference when compared to red and
white LEDs.

Table 1. Cellular density of Isochrysis aff. galbana (T-ISO) at time
0 and after 5 days of light treatment with white LEDS (WL), red
LEDs (RL) and fluorescent lights (control) at 60 pm mol m s
(n=9).

REGIME RESPONSE

Time Light:Dark Period Mean Cell Density (cells mL™)
(hours)

days WL RL FL WL RL FL

0 12h:12h 12h:12h 12h:12h 266+ 0.16x10° 2.56 £0.14x10° 293 £0.19 x 10°
5 12h:12h 12h:12h 12h:12h .9440.20x10° 268 £0.11x10° 775 £ 1,01 x 10°

Productivity and Specific growth rates Comparison of
Productivity (mg'L 'day ") values of microalgae indicate that
productivity was worse for red and white LEDS ~4 X
compared to the control or fluorescent lighting (p < 0.05;
Table 2). This is also reflected in lower Specific growth rates
(pe) for white LEDs (4.8 X smaller) and red LEDs (4.2 X
smaller) compared to the fluorescent lighting control group.

Growth or Duplication time The best or lowest mean
duplication time (tg) was 3.7 days with fluorescent light
control group and was significantly different from both LED
light treatments (p < 0.05, Table 3).

The 3.7 day duplication time measured in 1. galbana suggests
at 5 days of light treatment the microalga had reached its
maximum population growth with fluorescent lighting and
had entered the saturation growth phase with delayed cell
growth. We assume this because typical values of cell
doubling time replication (tg) in the exponential phase for 1.
aff. galbana (T-ISO) is less than a day, for example
approximately 9.5 h in other studies (36).
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The values of cell replication (tg) for white and red LEDs
were very high, 38.4 and 18.7 days, respectively, indicating
that with these light sources the microalgae are not growing
and suggest that microalgae are in stasis or a photorespiration
phase, probably waiting for better light conditions for
reproduction. A simple ratio comparison of duplication times
indicates that with both white and red LEDs duplication was
10.4 X and 5 X longer, respectively, than with fluorescent
lighting (control).

Table 2. Isochrysis aff. galbana (T-ISO) Productivity, P; Specific
growth rate growth, pe (d"); and Time in days for cellular
duplication, g after 5 days of light treatment with white and red
LEDs and fluorescent light at 60 um mol m s '(n=9).
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Biochemical content Mean values of protein, carbohydrates,
and lipids of Isochrysis aff. galbana at the end of 5 days of
culture were very similar with red and white LED and
fluorescent light (Table 3).

Table 3. Protein, carbohydrate and lipid biochemical composition of
Isochrysis aff. galbana (T-ISO) at the end of 5 days of culture with
red and white LEDs and fluorescent light (n =9).

BIOCHEMICAL ~ CONTENT
LIGHT SOURCE LIGHT PROTEINS CARBOHYDRATES LIPIDS
SOURCE Mean + STD Mean + STD Mean + STD
WHITE LED RED LED FLUORESCENT (mg/a) (ma/g) (ma/g)
Parameter P He tg P He tg P He tg WHITE LED 301 +28 75+ 19 388 + 68
(units) | ma rdt (dh () | ma it (dY (d) | ma Ut (dY) (d) RED LED 322457 87437 356 + 77
MEAN 843 0039 384 812 0045 187 ;3236 0.189 37
+ | | i
D?;/D 1298 0040 34 {032 0023 93 (472 0024 05 *FL 276 £ 47 80+ 10 37818

Cell size obtained by microscopic photographs Digital
images were taken (Fig. 4) after the light treatments (day 5)
and showed that the size of the microalgae /. aff. galbana (T-
ISO) is larger with fluorescent light (mean value of 49 pm?),
followed in size with white LED (mean value of 36.5 um?, p
< 0.05), and smallest with red LEDs (mean value of 22.6
pm?, p < 0.05), which corresponds to sizes that are 1.3 X and
2.2 X smaller, respectively, compared to fluorescent light or
control group (n=9).

<

10um e
Fig. 4. Microscopic photographs of Isochrysis aff. galbana (T-ISO)
showing typical differences in sizes with white LED (WL) , red
LED (RL) and fluorescent light (FL = control group) after 5 days of
light treatment in the experimental system at 1000X magnification
(n=9).

TFL=tluorescent light (control)

DISCUSSION

According to the present findings the cell density growth rate
did not significantly differ from zero after 5 days of light
treatment in red and white LEDs. This result differs from the
limited studies with LEDs with other microalgae,
dinoflagellates or cyanobacteria where growth is observed
irrespective of whether treated with either red or blue LEDs
(17,18,19,20). However, this is significant for as far as the
authors are aware this is the first study that Isochrysis aff.
galbana (T-ISO) has been cultivated, or attempted to be
cultivated with LED-derived light sources, herein
monochromatic red and multi-chromatic white LEDs. Also,
all previous reported studies with LEDs and microalgae have
used green microalgae, while I aff. galbana (T-ISO) is a
golden-brown microalga.

The result is surprising since it is well known that in 1. aff.
galbana the main pigments are chlorophyll a, cl, c2 and
fucoxanthin (37). Chlorophyll a is considered generally to be
sufficient to drive photosynthesis and it strongly absorbs in
the red and blue region. However, the importance of antenna
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pigments photon capture is well recognized at least in
cyanophytes. The transfer of energy trapped by
phycobilisomes (PBS) to the chlorophyll a of photosystem I
(PS 1) or photosystem II (PS II) is regulated either at the
transfer point from the PBS to the two photosystems or at a
transfer point between the Chlorophyll a of PS II and PS I
(38). It is important to note, that white light LEDs used in
this study are actually mainly a high power blue emitter LED
with some phosphor in conjunction, the current technical
solution and as such is not true white light. One possibility is
that there was not enough energy at the specific wavelength
to activate antenna pigments like fucoxanthin.

It is hypothesized that although cell sizes were very different,
the percentages or ratio of biochemical content was
maintained irrespective of biomass loss. This may be a
fitness strategy that the microalgae have maintained during
inadequate light intensity or wavelength in order to survive
while waiting for better light resources for reproduction.

Herein, we also report that red and white LED-derived light
leads to a reduction in cell size compared with fluorescent
lighting in this non-green microalga, Isochrysis aff. galbana
(T-ISO). Studies of microalgal cell size changes induced by
light quality are few. However, we found at least one study in
the literature that reports a similar effect, but with a green
freshwater microalga. Lee and Palsson (18) reported that with
Chlorella vulgaris a narrow-spectrum monochromatic red
light reduced average cell volume from 60 to 30 um® cell”’,
and also found by switching light sources to full spectrum
that the two dissimilar cell population states were
interchangeable.

Another possibility of the size reduction observed with red
and white LEDs is that the light fluence level applied is
below the light intensity compensation point (38) and the
microalga is smaller simply because its respiration rate is
higher than its photosynthetic rate and it utilized its energy
stored. We suggest that this indeed may be a possibility, but
not because the fluence rate is not high enough, 60 uM m *s~
"is more than sufficient, but possibly because Isochrysis aff.
galbana (T-ISO) needs another specific wavelength to grow.

In summary, the data in this study suggest that Isochrysis aff.
galbana (T-ISO) needs a wavelength possibly a green
wavelength to grow and divide other than the red and white
LEDs provided for in this study for the following reasons: (i)
it is generally accepted that the minimum photosynthesis
level for unicellular photoautotrophic growth, although at
low growth rates, is at 2 uM m s ™' (40) our fluence rate was
well above this at 60 uM m s, (ii) Lee and Palsson (18)
observed growth in Chlorella (a green microalgae) with
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narrow-bandwidth red light with LEDS, but their microalgae
was green with obviously different pigments or ratio of
pigments, (iii) Isochrysis aff. galbana (T-ISO) is a yellow-
brown microalgae haptophyte possibly indicating it has
pigments like fucoxanthin as part of the main auxiliary
pigments (38) which absorbs between 480 and 530 nm (41)
mostly corresponding to green light, and (iv) many earlier
landmark studies with photosynthesis and with microalgae
have shown that a combination of different wavelengths
affects photosynthesis rates (39) and this is due to accessory
pigments (42); however, most of these studies were
conducted with green or red microalgae.

CONCLUSION

Hence, the results suggest that the non-growth of Isochrysis
aff. galbana, a golden-brown colored haptophyte, with red or
white (mainly blue) LEDS is because the microalgae needs
another wavelength to activate auxiliary pigments. This
conclusion is supported by two facts: (1) the microalgae did
not divide with LEDs (numbers were essentially the same
before and after light treatment with LEDs) and (2) the size
of the microalgae with LEDs was significantly smaller
compared to fluorescent (control) light treatments, suggesting
that with LEDs the microalgae was only in a respiration
phase and was using its energy stores. It is also important to
note that this microalga is a different pigmented microalga
than that was used in the earlier pioneering studies of
photosynthesis which used green and red microalgae, a
possibly reason why this response has not been previously
reported. Moreover, it is still unclear whether a single
wavelength or combinations of wavelengths are necessary to
influence photosynthesis or photomorphological responses in
this microalga studied, i.e. Isochrysis aff. galbana. Further
light studies will be required to confirm and disentangle the
light processes in this microalga.

ACKNOWLEDGMENTS

We thank Centro Investigaciones Biologicas del Noroeste
(CIBNOR) for supporting this research with the Project
ACO0.2. The authors especially thank Juan Francisco Villa
Medina, Jorge Cobos Anaya, Alfonso Alvarez Casillas,
Marte Félix Virgen, Julidn Alfonso Garzén Favela, Adriana
Greene Yee, Cynthia Elizabeth Aldana Avilés, Eleonora
Puente Carreén and Rosa Linda Salgado Garcia whose
technical assistance at CIBNOR was indispensable in
carrying out the work. MVC thanks CONACYT for
fellowship grant No. 211773.

13



REFERENCES

1. Cohen Z [Ed.] Chemicals from Microalgae. Taylor &
Francis Inc. USA. 1999; 419 pp.

2. Arad S, Richmond A. Industrial production of microalgal
cell-mass and secondary products—species of high potential:
Porphyridium sp. In: Richmond, A. (Ed.), Handbook of
Microalgal Culture: Biotechnology and Applied Phycology.
Blackwell Science Ltd., UK, 2004; 289-298.

3. Borowitzka MA. Commercial production of microalgae:
ponds, tanks, tubes and fermenters. J Biotechnol 1999;
70:313-321.

4. Miiller-Feuga A, Robert R., Cahu C, Robin J, Divanach P.
Uses of microalgae in aquaculture. In: Stottrup JG, McEvoy
LA (Eds), Live Feeds in Marine Aquaculture, Blackwell
Science Ltd., Oxford, UK 2003; pp. 252-299.

5. Sheehan J, Dunahay T, Benemann J, Roessler P. A look
back at the US Department of energy’s aquatic species
program: biodiesel from algae; close- out report. Close out
report. In: Trans, AS (Ed.), Program US Department of
Energy’s Aquatic Species Program: Biodiesel from Algae,
NREL 1998; pp. 325.

6. Borowitzka MA. Marine and halophilic algae for the
production of biofuels. J Biotechnol 2008; 136(1): S7.

7. Huang G, Chen F, Wei D, Zhang X, Chen G. Biodiesel
production by microalgal biotechnology. Appl Energy 2010;
87: 38-46.

8. Chisti Y. Biodiesel from Microalgae. Biotechnol 2007,
Adv. 2: 294-306.

9. van Beilen, JB. Why microalgal biofuels won't save the
internal combustion machine. Biofuel Bioprod Bior 2010; 4:
41-52.

8. Metting FB. Biodiversity and application of microalgae. J
Ind Microbiol Biotechnol 1996; 17(5-6):477 -489.

11. Spolaore P, Joannis-Cassan C, Duran E, Isambert A.
Commercial applications of microalgae. J Biosc Bioeng
2006; 101:87-96.

12.  Borowitzka MA. Microalgae for aquaculture:
opportunities and constraints. J Appl Phycol 1997; 9; 393—
401.

13. Miiller-Feuga A. The role of microalgae in aquaculture:
situation and trends. J Appl Phycol 2000; 12: 527-534.

All Res. J. Biol, 2013, 4, 7-15

14. Tredici MR, Materassi R. From open ponds to vertical
alveolar panels: the Italian experience in the development of
reactors for the mass cultivation of phototrophic
microorganisms. J Appl Phycol 1992; 4: 221-231.

15. Tredici, MR. Mass production of microalgae:
photobioreactors. In: Richmond A (Ed), Handbook of
Microalgal Culture: Biotechnology and Applied Phycology,
Blackwell Publishing, lowa, USA 2004; pp. 178-214.

16. Yeh N, Chung J. High-brightness LEDs—Energy
efficient lighting sources and their potential in indoor plant
cultivation. Renew Sust Energ Rev 2009; 13: (8) 2175-2180.

17. Matthijs HCP, Balke H, Van Hes UM. Application of
light-emitting diodes in bioreactors: flashing light effects and
energy economy in algal culture (Chlorella pyrenoidosa).
Biotechnol Bioeng 1995; 50: 98—107.

18. Lee CG, Palsson B@. Photoacclimation of Chlorella
vulgaris to Red Light from Light-Emitting Diodes Leads to
Autospore Release Following Each Cellular Division.
Biotechnol Prog 1996; 12: 249-256.

19. Oh SK, Kim D, Sajima T, Shimasaki Y, Matsuyama Y,
Oshima Y, et al. Effects of irradiance of various wavelengths
from light-emitting diodes on the growth of the harmful
dinoflagellate Heterocapsa circularisquama and the diatom
Skeletonema costatum. Fisheries Sci 2008; 74 (1): 137-145.

20. Wang C-Y, Fu C-C and Liu Y-C. Effects of using light-
emitting diodes on the cultivation of Spirulina platensis.
Biochem Eng J 2007; 37:21-25.

21. Martinez-Fernandez E, Acosta-Salmon H, Rangel-
Davalos C. Ingestion and digestion of 10 species of
microalgae by winged pearl oyster Pteria sterna (Gould,
1851) larvae. Aquaculture 2004; 230: 417-423.

22. Wikfors GH, Patterson GW. Differences in strains of
Isochrysis of importance to mariculture. Aquaculture 1994;
123: 127-135.

23. Ewart JW, Pruder GD. Comparative growth of Isochrysis
galbana PARKE and Isochrysis aff. galbana. J] World Mar
Soc 1981; 12(1): 333-339.

24. Brown MR, Dunstan GA, Jeffey SW, Volkman JK,
Barrett SM, LeRoi JM. The influence of irradiance on the
biochemical composition of the Prymnesiophyte Isochrysis
sp. (clone-T.ISO). J Phycol 29: 1993; 601-612.

25. Tzovenis I, De Pauw N, Sorgeloos P. Optimisation of T-
ISO biomass production rich in essential fatty acids: II.
Effect of different light regimes on growth and biomass
production. Aquaculture 2003; 216: 203-222.

14



26. Guillard RRL. Culture of phytoplankton for feeding
marine invertebrates. In: Smith WL, Chanley MH (Eds),
Culture of marine invertebrate animals. Plenum Press, New
York, 1975; pp 26-60.

27. Sheldon RW, Parsons TR. A Practical Manual on the Use
of the Coulter Counter in Marine Science. Coulter
Electronics Sales Company, Canada 1967; 66 pp.

28. Harbison GR, McAlister, VL. Fact and artifact in
copepod feeding experiments. Limnol Oceanogr 1980; 25(6):
971-981.

29. Nilsson JR. On the correlation of the volume of a prolate-
spheroidal cell. Tetrahymena, as determined by electronic
particle counters and by morphometry. J Protozool 1990;
37:500-504.

30. Montagnes DJS, Berges JA, Harrison PJ, Taylor FJR.
Estimating carbon, nitrogen, protein, and chlorophyll a from
volume in marine phytoplankton. Limnol Oceanogr 1994; 39:
1044-1060.

31. Iwasawa K, Murata A, Taguchi S. Cell shrinkage of
Isochrysis galbana (Prymneshiophyceae) during storage with
preservatives. Plankton Benthos Res 2009; 4(3): 120-121.

32. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem
1951; 193: 265-275.

33. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith
F. Colorimetric method for determination of sugars and
related substances. Anal Chem 1956; 28:350-356.

34. Bligh GE, Dyer JW. A rapid method of total lipid
extraction and purification. Can J Biochem Physiol 1959;
37(3): 911-917.

All Res. J. Biol, 2013, 4, 7-15

35. Marsh BJ, Weinstein BD. Simple charring method for
determination of lipids. J Lipid Res 1966; 7: 574-576.

36. Boussiba S, Sandbank E, Shelef G, Cohen Z, Vonshak A,
Ben-Amotz A, et al. A. Outdoor cultivation of the marine
microalga  Isochrysis  galbana in  open  reactors
Aquaculture1988; 72(3-4): 247-253.

37. Durmaz Y, Donato M, Monteiro M, Gouveia L, Nunes
ML, Gama Pereira T, et al. Effect of temperature on growth
and Dbiochemical composition (sterols, a-tocopherol,
carotenoids, fatty acid profiles) of the microalga, Isochrysis
galbana. Isr J Aquacult/Bamidgeh 2008; 60(3): 190-197.

38. Fujita Y, Murakami A, Aizawa K. Short-term and long-
term adaptation the photosynthetic apparatus: Homeostatic
properties of thylacoids. In: Bryan, DA, (Ed.) The Molecular
biology of cyanobacteria pp. Kluwer Academic Publisher.
The Netherlands, 1994; 677-692.

39. Emerson R. Dependence of yield of photosynthesis in
long-wave red on wavelength and intensity of supplementary
light. Science 1957; 125: 746.

40. Overmann J, Garcia-Pichel F. The phototrophic way of
life. In: Dworkin, M (Ed.), The Prokaryotes: An Evolving
Electronic Resource for the Microbiological Community.
Springer, New York 2005; 32—85.

41. Bidigare RR, Ondrusek ME, Morrow JH, Kiefer DA In
vivo absorption properties of algal pigments. In: Spinrad RW
(ed.) Ocean Optics. X Proc Soc. photo-opt. Instrum Eng
1990; 1302: 90-302.

42. Haxo FT. The wavelength dependence of photosynthesis
andthe role of accessory pigments. In: Allen MB (ed)
Comparative biochemistry of photoreactive pigments.
Academic Press, New York, 1960; pp 339-361.

15





