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Abstract: Some microalgae can grow metabolizing inorganic and organic carbon sources, which might occur
simultaneously and independently, while energy is supplied by light and/or an organic carbon source. In this
context, the contribution of each metabolism to total growth can be determined by quantitative analysis. The
llumination of microalgal cells growing in the presence of organic substances, might cause an effect which can
drive the carbon metabolism in different ways. When analyzing the growth of different strains of microalgae,
some differences could be distinguished, between additive or inhibitory effect of light on heterotrophic
metabolism in mixotrophic or photoheterotrophic growth. This manuscript proposes, the integration of a kinetic
and stoichiometric metabolic model which explains the differences of carbon and energy utilization modes
between mixotrophic and photoheterotrophic growth in microalgae. This model presumably discloses relevant
independent facts between the mechanisms of photosynthesis and the oxidative metabolism of organic
compounds, such as glucose and the importance of these differences on the production of biomass and

secondary metabolites.
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INTRODUCTION

There are many aspects to be considered in order to
achieve higher biomass concentration and productivities.
Microalgae in general need an mnorganic carbon source
and luminous energy to camry out photosynthesis.
However, many are capable to utilize organic compounds
as carbon and energy source. Cyanobacteria, that are
naturally photoautotrophic, through utilization of plant-
like photosynthesis, nevertheless possess a respiratory
pathway and all the enzymes necessary for sugar
catabolism. But not all strains are capable to use this route
and grow heterotrophically!!. In some cases, cells are able
to perform photosynthesis and sinultaneously use
organic carbon substrate in complete darkness (Chlorella
sp.), but it happens that light is required for substrate
assimilation (mamly for enzymes activation). In this case,
the energy from light required i1s much lower than for
photoautotrophic growth. The efficiency of organic and
inorganic carbon incorporation to biomass changes
during photosynthetic growth, depending on microalgal
species, light intensity, energy and carbon source
(inorganic or organic) and growth phase. Chilorella
vulgaris™, Haematococcus pluvialis™ | Arthrospira

(Spirulina) platensis! are strains found to grow under
photoautotrophic, heterotrophic as well as mixotrophic
conditions. All of them were found to perform
photoautotrophic  and  heterotrophic  growth  as
independent and simultaneous mechanisms™. However,
there are other strains that grow preferably either
photoautotrophically, such as Selenastrum
capricornutuml’, Scenedesmus acutus™, heterotrophically
such as Chlorella vulgaris™ or photoheterotrophically
1n the presence of light. In general, the energy and carbon
sources for microalgae might be differentiated as in
Table 1.

The term mixotrophic and photoheterotrophic
metabolism are not well defined, in particular a fine
difference of the energy source required between them to
perform growth and specific metabolite production.
Therefore it is important to define quantitatively the
influence of light and the organic carbon source and their
interrelation when considering microalgal use for
production.

In other pomt of view the different metabolisms
imvolved could be distinguished according to pH
changes, which depend on the growth stoichiometry of
microalgae as part of the metabolism involved (Table 2).
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Table 1: Summary of energy and carbon sources in different metabolisms found in microalge

Name Energy source Carbon source Example

Photo autotroph Light Inorganic Cyanobacteria

(ChemoHeteratroph Organic Organic E. coli

Photo heterotroph Light Organic Purple and green photosynthetic bacteria i.e. Rhodospirilim
Mixotroph Light and organic Tnorganic and organic Chiorella (Photoautotrophic heterotroph)

Table 2: Stoichiometric equations considering pH changes in the culture of microalgae in various metabolisms

Metabolism Stoichiometric equation
photoautotrophic H,0 + HCO,_L> C(biomass) + 1/20, + 30H = pH increase
heterotrophic (1 + a) CH,0 + 0, —» C{biomass) + aC0, + (1+a) H,0 = pH decrease
mixotrophic bHCO, + cCH,0 — ™ (b + {c-a))C{biomass) + 30H- + aC02 => pH changes are
not significant

Symbols define these terms precisely. Moreover, the complexity
A - illuminated area of photobioreactor (cm?, m?) di st i1 trophic inol £ mi ]
o i oxyeen concentration (mg I, ppm) and inconsistence in trophic termmology of microalgae
Cooz - carbon dioxide concentration (mg 1™}, mmoles ml™") takes place due to overlapping of many types of
Car - glucose concentration (g 1) metabolisms, since there is a possibility of metabolic shift
1 - light intensity (klux, Wm™2, kTcm—2h™!, etc) th dtoch . . tal it [10]
L ) incident light intensity (klu, Winr, kJerm 2, etc) as the respond to changes m environmental conditions™.
L. - average light intensity (klux, Wim™2, kJem™2h, etc) It 1s of lugh importance to assess precisely what 1s meant
K : inhibition constant (mg 1) by growth limiting substrate in each type of metabolism
K - Light saturation constant (klux, Wm™2, kJem~?h~!, etc) hi h hi . hi
K, - Subtrate saturation constant (mg 17*; mrnoles 1™, etc) (autOtrop 1C, ] eterotrophie, mixotrophie,
Qp - photosynthetic rate (mol O, produced I"*th™!; mol O, g™* photoheterotrophlc).

biomass h™'; mol O, mg™! chlorophyll h™)

- irat t 1 O d I"'h™!; 1 O . .
Q& Zf)ilzﬁjnzggff bior(s;ss hflz) consume el Pl.u.)toa.utotropl.uc cultures: Photoautotrophy Jn\t.'olve.s
S - substrate concentration (mg I™!; g 1I%; mol 171) utilization of light as a sole energy source which is
tsﬂ - ":F”t‘al(;;‘bmate concentration (mg I'; ¢ I''; mol ["") converted into chemical energy through photosynthetic
- ime . . [ .

v . culture volume (1) reactions!', Photosyr.lthetlc. act.wlty 1s glgsely related to
X, - biomass concentration (g 17", in photoautotrophically the growth under this cultivation conditions. The most

growing cells i i ) frequently growth limiting substrates studied are light and
Ky - biomass concentration (g 17!), in heterotrophically

growing cells CO,. ] ] ] ]
K - biomass concentration (g 171), in mixotrophically growing In photoautotrophlc cultures, i which hght could be

cells o 3 considered as physical substrate, the influence of light
Yiea - bicenergetic yield (g kcal™") . . g . .
Y, . bicenergetic yield (g kI-) 1r.1ten31ty.on specific growth rate 15 f.re.q.uent:ly described
Vigis - biomass vield from substrate (g biomass produced g~! either with Monod (if no photomhibition is observed,

substrate consumed) : T T

equation 1) or Haldane (when photeinhibition occurs

e - heterotrophic  fraction in the mixotrophic growth q . ) . ( P ?

(dimensionless) equation 2) equations.
AH, - enthalpy change for complete combustion of organic

compound (kcal mole™) |0 (1)
n - specific growth rate, d™!, H=H
Mo - maximurn specific growth rate (d™) m Klu + |U
In the case of autotrophic metabolism alkalization |
proceeds due to gaseous CO, consumption, in the case of ey 0
heterotrophy, growth medium becomes acidulated due to m |2 (2)
CQ, produced from an organic carbon source and in Ko+l + 2

mixotrophic culture pH value depends on the dominating
constituent metabolism, but in the majority of cases
remains approximately constant.

Kinetics and statics of microalgal growth: Tn the
literature terms “mixotrophic™ and “photoheterotrophic”
are frequently mistaken. Therefore there 1s the need to
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At low values of I (incident light), the Monod
equation approximates first-order equation in which the
specific growth rate is linearly related to the limiting
mcident  light imtensity, then u<y, according to
equation 3.
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H=H_—
K 3
L (3)
Alternatively, if lu = K,ﬂ, then
R @
H=H] 2l0 ZIJI_n

When!y>> K,ﬂ , a zero order relationship is established by
equation 5.

lO
H=p ==k
1]

(3)

m

In which the specific growth rate is at maximum value
and 18 no longer dependent on the incident light intensity
represented by T, but is dependent on other
environmental and physiological conditions, the latter
duo to photomntibition.

For Arthrospira platensis, the specific growth rate (p)
is independent on pH between 8.5 and 10.5, the optimum
temperature lies between 35 and 37°C, with a thin cell
suspension in a nutritionally sufficient medium, in which
exponential growth proceeds, the relation between p and
the light intensity (I,) is expressed with Monod equation
in which K, is the light saturation constant (klux), for
1,=2.2 d"" and K,,=10 klux were obtained at 35°C!"". The
biomass concentration X, of photoautotrophically grown
cells of A. platensis increased proportionally with the
merease n light intensity, in both batch and continuous
culture. Linear growth was a function of light intensity
while all other nutrients remained in excess.

In the case of batch cultures using a photobioreactor,
biomass increases produce a shading of the cells located
behind the cells in the illuminated surface, then
autotrophic growth can be assumed to occur mainly in the
culture upper surface zone, since the light illumination
from the illuminated surface of the fermentor was mostly
hindered by the algae present in this zone. Hence,
autotrophic growth of A. platensis may be expressed by:

dX
A

dt
i which biomass productivity may be defined with terms
of AX,/At for batch and DX,V for continuous culture,
indicating that productivity is proportional to I A,
depending of the bicenergetic yield.

(6)
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Eq. (6) may be simplified as:

d)(A
— =Kl 7
TRl (7)
i YkJA
where, ©  y , constant. K can be used as a

one design criteria for photobicreactor development!™.

Bioenergetic yield: The assessment of bioenergetic yield
(Y or Y, depending on the unit used) with respect to
A. platensis was performed by an appropriate
measurement of A(A) in the A=380-720 nm range of visible
light, coupled with a separate evaluation of the
wavelength distribution f{A) of a light source. Because all
the energy 1s gathered from light, AATP.=AATP, . Y, can
be determined from the following equation (8):

AX,
Y2 ®)
cal | At
where T is the intensity of absorbed light

{photosynthetically active radiation) (kI cm™h™"), A is
illuminated surface area (m”). The calculated values for
Y were: 0.01-0.02 g cell keal™ (4. platensis);, 0.01 g cell
keal™ (4. wmidulans) and 0009 g cell keal™
(C. vulgaris)'**!. Bioenergetic yields (Y,,) in both batch
and continuous culture were obtamed from the slope
giving 5.0x107° g biomass kI, as compared with values
of 2.4-48x107" g biomass kJ™' "9 for A. platensis, as
reported previously™™.

Heterotrophic cultures: It 1s well known that blue-green
algae were generally considered as  obligate
photoautotrophs. On the other hand, some reports
indicate that heterotrophic conditions could permit slow
growth on certamn carbon sources. Heterotrophy is
defined as utilization of sole carbon and energy source
from organic compounds. Tn this context, requirement for
light is eliminated"¥. Heterotrophy gives the possibility to
increase blomass concentration and thus productivity,
when it function independent and simultanecusly to
autotrophy, which could be fatherly improved by the
application of high-cell density techmques, frequently
used for 1.e. yeasts culture, such as fed-batch, chemostat
culture and membrane cells recycle systems!*®!
Heterotrophic growth confirmed
experimentally for the following strains of microalgae
capable of photosynthesis: Chlorella vulgaris™,
C. sorokiniana, C. regularis® and C. pyrenoidosa™,
2 Spirulina™'>*,

| Chlamydomonas reinhardtii™"*",

aerobic was

Scenedesmus Haematococus™,

Nitzschia 12

laevis



Biotechnology, 3 (1): 21-34, 2004

Table 3: Advantages and disadvantages of heterotrophic culture of microalgae (modified from Chen, 1996) (16)

Concept Advantages Disadvantages

Operation Easy maintenance of optimal condition for growth and production High costs of growth medium, axenic cultures required

Sterilization Elimination of predatory organisms by sterilization Potential contamination with bacteria

Yields Higher biomass concentration, growth rate and productivity Growth limitations when organic substrate concentration
decreases. O, concentration should be controlled

Light supply No need to supply light In some cases inability to produce light induced metabolites

or high valuable substances that can be solved by shifting to
mixotrophic growth conditions

Scenedesmus obliguus'®*"*, Synechocystis, Plectonema
boryanum and Nostoc™, where the organic compounds
mtroduced were: glucose, peptone and acetate, though
there might be a room for future investigations in
searching for other effective organic compounds. The
problem that might evolve is that, the quality of
heterotrophically grown cells might be different than
those grown photoautotrophically.

There are contradictory information in the literature
whether lag-phase is extremely long in heterotrophic
growth. Arthrospira  platensis grown
heterotrophically on glucose as the sole carbon source
under axenic conditions. Some studies show that growth
could be detected cnly after several days™, while in other
reports on heterotrophic growth, 8 h long lag-phase was

30]

was

observed

As  observed previously, heterotrophic growth
(dXy/dt) occurred at the expense of glucose. The final
bicmass concentration attained was 4.14 g 17" after 440 h
of cultivattion when an mitial glucose concentration of
9.0 g 1" was used”. These results contrasted with other
reports in which heterotrophic growth of drthrospira was
not clearly found™!, suggesting that the cultivation time
was not long enough to support growth 1n these studies.
This could be also explained with the lack of bicarbonate
n the growth medium, that shows the buffering capacity.
When heterotrophic growth 1s carried out in the absence
of bicarbenate, CO, 1s produced (CO,+H,O=HCO, + H")
and medium becomes strongly acidulated (pH drops to
3-4). Under these conditions growth is inhibited. Tn the
presence of bicarbonate (as in typical Zarrouk growth
medium) pH was only slightly acidulated (7.5) and the
growth proceeded until glucose was exhausted™.

Tt was confirmed that heterotrophic growth of
Arthrospira platensis might contribute to at least in part
of the biomass production. The specific growth rate of
d¥,/dt was 8 3x107° h™, comparable to that obtained for
Haematococcus pluvialis (9.3x107° h™), but lower than
that obtained for Clhlorella vulgaris UAM 1019, The
specific glucose consumption rate (0.018 h™) was almost
constant using different initial glucose concentration
between 0.5 and 9 g 17" The overall growth vield
(0.46 g biomass g glucose™ ) was comparable to the yield
values of well-known heterotrophs such as veasts and
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other aerobic-heterotrophs.  Another microalgae,
Chlorella regularis could grow in dark-heterotrophic
continuous culture using acetate.

Furthermore, it has also been reported by several
nutritionists, that heterotrophically grown algal cells show
high digestibility and biological value as feed for various
ammals and fish. Continuous cultures in acetate-limited
chemostat and oxygen-limited turbidostat culture of
Chlorella regularis 3-50, using acetate as the sole carbon
source were carried up to study the growth characteristics
of this alga under dark-heterotrophic conditions. Due to
the poor tolerance to acetate of the algal cells, turbidostat
cultures based upon pH-stat were performed, under
operating conditions almost identical to those of oxygen-
limited chemostat cultures. In the oxygen-limited cultures,
the sum of the amount of carbon in the cells grown and
the carbon dioxide evolved was nearly equal to the
quantity of carbon in the acetate consumed by the alga.
Energetic analyses gave values of true growth yields,
Y5:=25.6 (g cell mole acetate™), Yy,;=23.8 (g cell mole
0,7 and Y 5012 (g cell keal™) and values of
maintenance coefficients, m=0.2 (mmoles acetate g~ cell
h™), m,=0.4 (mmoles O, g 'h™") and m’=0.042 (kcal g™
cell h™), respectively. It was confirmed that growth yields
for acetate and oxygen-limited cultures were apparently
higher than those m the acetate-limited. A cell
productivity of 8.6 g cell 17'"h™ was obtamned with oxygen
consumption rate 0.36 mole O, I7'h™, when the oxygen-
limited turbidostat culture was carried out by feeding
fresh medium containing 140 ml acetic acid 17", The
content of cellular protein and chlorophyll was 40-65 and
1.0-2.5% per dry cell weight, respectively. These values
tended to decrease with the increase of residual acetate in
the culture brotht®.

Because all energy 1s gathered from glucose
AATP=AATP,,. the growth yields for total available
energy acetate, Y, for heterotrophic culture can be
calculated using the following equation:

1
Y =
M FAH ) (-AH )Y,

(%)

10

Heterotrophic growth offers several advantages, in
particular gives the possibility to culture photosynthetic
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cells in the manner common for large-scale heterotrophic
organisms (i.e. yeasts). But still many problems to be
solved (Table 3).

Mixotrophic cultures: Mixotrophy (photolithotrophic
heterotrophy) is defined as a metabolic process, in which
photosynthesis 1s the main energy source, although both
organic compounds and CO, are essential. Amphitrophy
(subtype of mixotrophy) refers to organisms that are able
to live either autotrophically or heterotrophically)
depending on the ratio of organic substrate concentration
to light mtensity””. According to another definition, a
mixotroph is an orgamism able to assimilate organic
compounds as carbon sources while using inorganic
compounds as electron donors (Table 1). Marquez” and
Hata?  suggest, that in mixotrophic culture a
simultaneous uptake of organic compounds and CQ,
takes place as carbon sources for cell synthesis and it is
then expected that CO, released via respiration, will be
rapidly trapped and reused under sufficient light intensity.
Thus, mixotrophic cells acquire the energy by catabolizing
organic compounds via respiration and converting light
energy into chemical energy via photosynthesis!'1.

Stamier found, that the cellular growth rate of
Spirulina sp. in the presence of glucose, even in the
presence of light, respiration occurs. Photosynthetic
(measured as O, production) and respiratory activity
(measured as O, consumption) were studied m the
medium supplemented with glucose in the presence and
in the absence of photosynthesis inhibitor (DCMU, 5
mmol 17"). Respiratory activity showed that light did not
mfluence O, consumption rate, no matter whether DCMU
was present or not!'! and with or without light®™ . This
fact might serve as an indicator to differentiate mixotrophy
from photoheterotrophy. Studies with radioactively
labeled glucose “C for 80 h, revealed that 50% of isotope
was incorporated into the biomass and the remaining 50%
was excreted in the form of CO,M.

It has been proved experimentally that in mixotrophic
culture, the addition of orgamc substrate resulted in the
increase in the growth rate, as well as in the final biomass
concentration. In mixotrophic culture no photoinhibition
was observed, that typically occurred above 20 klux in
photoautotrophic culture™ ™. This could be explained
with the protective role of glucose or with the shift in light
intensity at which photoinhibition occurs. Photosynthetic
growth produces O, which 1s accumulated along the
cultivation time, by the photosynthetic activity depending
of light intensity, in which high photosynthetic activity
build up high dissolved oxygen concentration in close
photobioreactors, fact than might accelerate oxidative
reactions. Cells growing heterotrophically might use part
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of the O, produced by cells growing photoautotrophically,
decreasing dissolved oxygen concentration, situation
than can helps to reduce photoxidative damage.

Many attempts have been done to explain the
mechanism of mixotrophic growth, in particular
contribution of autotrophy and heterotrophy. The
problem 13 difficult to clarify when umquely
distinguishing the constituent metabolisms, co-existing in
a single cell, they must interact somehow. Therefore it is
of high importance to establish whether light influences
heterotrophic or heterotrophic light-drived metabolism.

Other effective carbon sources utilized in mixotrophic
cultures in addition to glucose and peptone were arginine,
aspartic acid, leucine, proline, TCA-cycle organic acids,
acetic, butyric, tartaric and maleic acids. The specific
growth rate () and the growth rate (dX/dt) of mixotrophic
cultures supplemented with 0.1% peptone increased
1.2-1.3 fold and 1.85-1.93 fold, respectively, as high as
those observed mn culture without peptone added. The
effectiveness of peptone assimilation was remarkable in
the light intensity range lower than the saturation
intensity. The growth yields were much higher in
mixotrophic cultures in the presence of glucose and/or
pepteone than m purely autotrophic cultures. It could be
seen that mixotrophic growth yield could become almost
twice as high as autotrophic growth yield".

Ogawa and Terui™ reported glucose assimilation
using different imtial concentrations. In the logarithmic
growth phase, the relation between the intensity of
incident light (I,) and the specific growth rate () in
mixotrophic cultures with glucose added could be
analyzed with Lineweaver-Burk plots. The specific growth
rate increased at low light intensity, but did not exceed the
value of p, which was reached in autotrophic cultures
growing under sufficiently strong illummation. Therefore,
mixotrophic culture is effective, enabling to mcrease the
biomass productivity at low light intensity or when the
culture is in the linear growth phase. If cell density is
sufficiently high, autotrophic growth 1s dependent of the
intensity of incident light and the illuminated area.

In mixotrophic cultures of 4. platensis grown at three
different light intensities, the biomass concentration (3,)
increased with light intensity and mcreased with an
increase in glucose consumption. The final biomass
concentration in mixotrophic cultures at 5.07x107" kJ
cm*h™! was 1.23 g biomass 17!, 1.9 times greater than
autotrophic cultures at the same light intensity. Ths
indicates that mixotrophic growth of 4. platensis might be
useful for the biomass production from the practical
viewpoint,

The carbon recovery for mixotropluic growth of
A. platensis indicated that almost no extracellular
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Table 4: How to distinguish the different metabolisms

situation 1 situation 2

situation 3

situation 4

no light no glucose light no glucose
onty chemoautatrophic phatoautotrophic and
organisms mixotrophic organisms

no light glucose
heterotrophic and
mixotrophic organisms

light glucose
phatoautotrophic, heterotrophic,
mixotrophic and photoheterotrophic organisms

products were produced. In  fact, the bicarbonate
consumption rates observed in autotrophic cultivation
were 6.7, 9.8 and 15.5x107° g h™'1™" for light intensities of
5.07,7.79 and 11.39x10~° klJem *h ™", respectively which
were larger than those observed in mixotrophic cultivation
(1.1, 3.4 and 7.8x107°h™'17"). This suggested that CO,
produced from heterotrophic glucose metabolism might be
used photosynthetically together with bicarbonate from
the culture medium!?.

Since the energy comes from two sources,
AATP=AATP, +AATP,, the bioenergetic yields of

mixotrophic cultures can be defined as follows:
AX
M
Y o=
k IAT +V(BH) (S, 5)

(10)

The values of Y, determined from equation 10 gave
8.1,7.2and 6.7x107° g kI~ for light intensities of 5.07, 7.79
and 11.39x107° kI emh ™", respectively were determined
for A. platensis"®. These values were smaller than those
for C. vulgaris (17.9 to 23.9x107° g kI™")™ because the
contribution of the heterotrophic activity in mixotrophic
cultures of 4. platensis was smaller than i C. vulgaris.

Lee ef al™ reported that the energetic yield for the
algae in mixotrophic culture were larger than under
photoautotrophic conditions. However, it resulted from
the comparison of energies of such different nature.
Generally bicenergetic vields from organic substrates are
significantly higher than from light™. Similar results were
obtained by Hata et al. (2000) who studied conversion
efficiency and sharing of energies from organic compound
(glucose) and light by measuring mtracellular metabolic
fluxes in mixotrophic batch cultures of Marchantia
polymorpha. The authors found that the efficiency of
energy conversion was larger in the case of respiration
than through photosynthesis!'l.

Algal density obtained mixotrophically at 2.2 g 17" in
Arthrospira cultures was comparable to the density
obtained in outdoor mass culture (1.0 g 17") using PVC-
constructed pond with 10 cm depth and intensities of 3.5
to 6.3 g I obtained in a tubular photobioreactor (2.6 cm
diameter)™. Tn both cases, solar radiation was about 10
times greater (121.42 and 104.75x107° kI em™ h™',
respectively) than the light illumination used for
Arthrospira in mixotrophic conditions (11.39x107° kJ cm™
h™"). Therefore, axenic mixotrophic cultures of Spirulina
platensis 1n a closed photobioreactor might be useful to
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produce biomass containing high amounts of pigment
such as phycocyanin, chlorophyll and carotenoids.

Photoheterotrophic culture: Photoheterotrophy
(photoorganotrophy, photoassimilation,
photometabolism) describes metabolism in which light is
required to use organic compounds as carbon source!".
Different reports state that photoheterotroph is an
organism able to use light as a source of energy and
organic materials as carbon source (Table 1). Zhang
defined photoheterotrophy as the wuse of sugar
exclusively as carbon source, ATP provided by electron
transfer via Photosystem I or respiration™. Inhibition of
photosynthesis by DCMIU, inhibition of
heterotrophy in any case with or without light supply.
According to Orus et al/"” photoheterctrophism occurs
under light natural condition of dim light, that does not
support photoautotrophic growth that was stimulated by
inhubiting photosystem II with DCMU. In this category
Synechocystis sp. that uses glucose with light supply, but
does not grow without both light or glucose, should be
included.

The nability of all cyanobacterial strains to grow
heterotrophically and mixotrophically might result, as
Zhang suggests, from a lack of an efficient uptake of
organic substrates, a fact demonstrated for Nostoc sp.
PCC7118, Symechocystis PCC6308 and PCCT7008
strains™ . The presence of an active glucose uptake
system was described for facultative phototrophs, all
capable of photoheterotrophy and chemoheterotrophy
(sugar 1s the source of both: carbon and energy), for
example Plectonema boryamim, Synechocystis PCC 6714,
Synechocystis PCC 6803, Nostoc MAC PCCR009. The first
two strains transported glucose via proton/glucose
symport, the remaining through facilitated diffusion by
the glucose transporter. The lack of sugar transport
system could explain why some cyanobacteria are
obligate photoautotrophs™.

causes

This could be discussed by considerng the following
four growth cases (Table 4):

1. No orgamc carbon source (glucose) nor light 1s
available

2. Only light is available
3. Only organic compounds are available
4.  Both light and organic compounds are available
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ATP, NADPH

Fig. 1: Photoheterotrophic metabolic pathway. Light is the sole source of energy

Photoheterotrophic organisms cannot grow solely on
glucose nor solely on light, but can grow only when light
and glucose are present at same time (situation 4). This
means that glucose 15 used only as a building material, but
not as energy source, seems to be, there is not Krebs
cycle actively working. Microalgae which can perform
mixotrophic growth can easily shift between autotrophic
and heterotrophic nutrition mode, driving situations 2, 3
and 4 depending on environmental condition specially
light and organic compound availability.

In photoheterotrophic growth, energy can be taken
from light and transformed into chemical energy as ATP
and NADPH i the light phase of photosynthesis. In dark
phase, in which is Calvin cycle is not active, CO, can not
be assimilated for glucose synthesis. Therefore, probably
the following situation occurs (Fig. 1): energy from light
15 conwverted mto chemical energy of ATP/NADPH, that
are used in metabolic transformations of glucose nto
biomass, therefore CO, is not or minimal produced.
Oxygen 1s produced due to water photolysis. According
to these, two clear differences between
photoheterotrophy  and mixotrophic metabolisms  can
observed. CO, 18 not preduced by oxidative metabolism in
photoheterotrophy as in mixotrophy and a part of the O,
15 produced by glucose photolysis in photoheterotrophy
a difference of mixotrophy in which O, is produced by
photosynthesis.

Therefore, if the energy 1s gathered only from light,
AATP=AATP, . bioenergetic equation will be the same
as for photoautotrophic growth™.

Light-activated heterotrophic cultures: Some species
require light to grow heterotrophically, 1.e. Syrechocystis
that does not grow on glucose in complete darkness
unless receiving some minimal light™!, glucose can
stimulate its growth rate m lght Light-activated
heterotrophic growth (LAHG) 1s heterotrophic growth on
organic compounds (such as glucose) under conditions
without continuous illumination, when short period light
pulses are supplied 1.e. every day to the cells culture. An
example could be Synechocystis 6803 — chemoheterotroph
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that 1s incapable to grow when light 13 not supplied
periodically, although light is not directly used as the
LAHG includes at least two basic
biological processes: light-sensing/signal transduction
and heterotrophic growth under very weak light®®. Then,
quantitative analysis of mixotrophic growth has not been
clear. Synechocystis sp. PCC6803 was grown in a 2.5 1
enclosed photobioreactor on medium with or without

energy source.

glucose. The ncident light intensities ranged from 1.5 to
7 klux. The highest average specific growth rates of
mixotrophic cultures and photoautotrophic cultures were,
respectively, 1.3 h™ at a light intensity of 7 klux on
32 gl glucose and 0.3 h™" at both light ntensities of
5 and 7 klux. The highest cell density 2.5 g 17! was
obtained at both light intensities 5 and 7 klux on 32 g
glucose 17" Glucose consumption decreased with
decreasing light mtensity. The energy yields of
mixotrophic cultures were 4 and ¢ times higher than in
autotrophic cultures. Light favored mixotrophic growth of
Synechocystis sp. PCC 6803, particularly at ligher
intensities (5-7 klux)!*.

Contribution of heterotrophy in mixotrophy: In the case
of mixotrophy, the contribution of heterotrophically
growing cells to total biomass cultured in mixotrophic
conditions, might be generalized using the mathematical
description obtained for Arthrospira platensis'®. The
sum of biomass produced under autotrophic and

heterotrophic growth comncided with the biomass
produced mixotrophically X, i.e.,
Kig =Ko+ Xy amn)

Assuming that ¢ 1s the heterotropluc fraction m the
mixotrophic growth, X;; in the mixotrophic culture can be
expressed as follows:

Xy = ot o, o<a<l (12)
from equations 11 and 12, X, 1s expressed as:
A
X = (13)
Mo1-a

In dense cultures, the light is utilized only by the
algae in the illuminated surface zone of the reactor, 1.e., the
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value of ¢ at the surface zone 18 low, while cells located
under this zone are less able to utilize the light energy due
to the dense layer of algae in the surface, 1.e., the value of
¢ m this zone (Light limited zone) becomes larger.

Hence, the apparent (average) value of o in
mixotrophic culture would increase with an increase in
biomass density during the cultivation In order to
estimate the apparent value of & and «; during the culture,
the value of ¢ is constant during a short period of time,
At;,

Then equation 12 can be expressed as follows:

AX AX
M - 1 A (14)
Ati 1- a, Ati
by substituting equation 12 mto equation 13
AX
m_ 1 Kl (15)
At 1-a 0

ther, mtegration of equation 14 yields

Xt A _ Kl g
fxm M 1-a, fi i (16)
le,
Kl
di:17 ° (ti+17ti) (a7
Mivl *Mi

Basing on equation 17, the values of « for the
mixotrophic cultures were calculated using K=0.53, = 5.1,
7.8.11.4x10 kIl emh ™, At = 24 h and the values of X,
and X, for final and initial biomass concentration,
respectively, during At;, The data indicate that
mcreased with the cultivation time, ranging from 0.02 to
approximately 0.61 after 240 h of cultivation. The values of
¢; depends directly of the biomass density.

Dual substrate limitation approach to mixotrophy and
photoheterotrophy : There 1s the scarcity of information
on the influence of light mtensity on the growth rate in
mixotrophic  culture!™®*****%  and  photcheterotrophic
culture. Vonshak (2000), showed that 1, was greater than
1, (20-40%) at each light intensity.

Vonshak disagrees that autotrophy and heterotrophy
function independently in Spirulina sp. cells. The
arguement used by the author was that autotrophy and
heterotrophy possess a common link, which are the
components of electrons transport system, therefore
mixotrophy is lower than the simple superposition of
autotrophy and heterotrophy. Vonshak also suggests
(after Stamier) that cells require less light for growth than
autotrophic cells!™,
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Mixotrophic culture could be discussed as dual
limited process: 1) with light as physical substrate and ii)
glucose as chemical substrate. The mfluence of these two
substrates could be described either with the additive

n um,si
b= i
‘Z; Ksi ™S (18)
or multiplicative
n U S_
m. 1
i _‘11 Ksi™3) (19

growth kinetics!'™*,

Since mixotrophic metabolism is the sum of two
distinctive metabolisms: autotrophic and heterotrophic, a
mixotrophic cell utilizes simultanecusly two energy
sources (light and glucose) and two carbon sources (CO,
and glucose). Photohoterotrophic organism, though uses
the energy of light and carbon of glucose for cellular
growth and maintenance. Therefore in the case of
mixotrophic growth, light and glucose could be
considered as growth enhancing substrates (3,;) and in
the case of photoheterotropluc growth, both: light and
glucose are thought to be growth essential substrates
(S,..), since they are sole energy and carbon source,
respectively. In these situations, of multiple substrate
limitation for heterotrophic growth, the following growth
kinetic model can be modified from that proposed*:

n S m

b= Z pmi enh,i H

i1 K -1 K
en es

mj ess,j

(20)

+ +
h,1 enh,i s, j ess,j

that distinguishes
essential substrates.

The first term in the above equation shows the
stimulatory effect of growth enhancing
{glucose and light in mixotrophic metabolism) and p;
represents the maximum specific growth rate m the
presence of growth enhancing substrates. The second
term represents photoheterotrophic growth, involving
essential substrates.

According to definition of volumetric growth rate, the
following rate equations could be proposed for
mixotrophic (r,) and photoheterotrophic (ry;) growth
mode:

between growth enhancing and

substrates

dX, dx:‘ dXHM
ro=——=r'+r'"=——+ 21
Mgt Ho dt dt (2l

M M M M
r.M:HMX:HA“)XA +UH(CGI) H (22)
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r

PH:”PH(l’CGl)XPH#(rH (23)
where p(S) could be 1e. Moned-type equation or
inhibition equation.

Zhang described the growth in mixotrophic culture
with the multiplicative approach®. He used Haldane
equation to describe the mfluence of light mtensity and
glucose concentration on specific growth rate. The model
parameters were determined for light: n,=0.0919 h™,
K,=3.02 klux, K=2.34 klux and for glucese: ,=0.14h~",
Ke368gl ', K=124¢g 1"

Contribution of autotrophic and heterotrophic in
mixotrophic metabolism could be also discussed by
studying the mfluence of light intensity and glucose
concentration on specific growth rate (Fig. 2 and 3).
Spirulina sp. was cultured with the use of different
metabolisms, at various light intensities and initial glucose
concentrations (Table 5) in low-light path photobioreactor
under sterile conditions. It was found that growth
parameters have the substantial influence on static as well
as kinetic growth pattern and under conditions of high
prosperity (under high light mtensity and/or glucose
concentration) cells metabolize less economically, that
was reflected by the lower values of Y, and Yy, Also, in
the presence of higher glucose concentrations, Yy
decreased. This means that intense demtrification occurs.
Therefore it 1s not advantageous to culture cells at high
glucose concentration. The optimal growth parameters
determined were C,=2.5 g 17, I_=10.5 klux (Table 5)*.

Photomhibition was observed only in autotrophic
culture, but not in mixotrophic (Fig. 3). It was found, that
I, is always greater than u . but p ,at lower light
mtensities was lower than ;. If mixotrophy was a simple
superposition of autotrophy and heterotrophy (after
assumption that hght does not influence heterotrophic
constituent), the dependence of p,=f(T) should have the
same character as L,=f(T). But the function p,=f(T) seems
to be rather Menod-type, than of inhibitory character™.

In the mathematical model it might be assumed that
the influence of growth parameters could be described
with multiplicative approach (equation 20), in which the
primary  metabolism i1s  autotrophy.  Therefore,
photoheterotrophy depends of the mfluence of light to
glucose uptake as energy and carbons source
respectively, the following growth equation can be
proposed,

ol Co) = . (D). F(C) 24
where f{Cy) 13 Monod-type function describing

stimulatory effect of glucose presence™.

20

Specific growth rate

Light intensity
Fig. 2: The influence of light intensity on specific growth

rate in photoautotrophic (A) and mixotrophic (M)
culture (31)

Specific growth rate

Glucose concentration

Fig. 3: The influence of glucose concentration on
specific growth rate in heterotrophic (H) and
mixotrophic (M) culture at different light
intensities I1 and I2 (I11:-12)FY

Zhang studied phycocyanin production i fed-batch
high cell mixotrophic culture of Spirulina platensis with
stepwise increase in light intensity. This mode of culture
was carried out in order to avoid substrate inhibition. The
author found that the cell density reached was 10.2 g I,
4.3-fold higher than in batch culture (2.4 g I7"). He also
investigated the influence of initial glucose concentration
and light intensity in mixotrophic batch culture and
proposed a number of mathematical models to describe
the optimal glucose concentration (also as 2.5 g 17') and
light intensity (3.86 klux)*. The optimal light intensity
differs from determined by Chojnacka™. This difference
could be due to different method of light mtensity
measurement and distribution mside the culture vessel.
Zhang also did not observe photoinhibition in
mixotrophic culture, but observed inhibitory influence of
glucose at hugher concentrations. This could be explained
with nitrogen limitation™.
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Table 5:  Static and kinetic growth parameters of Spiruding sp. culture under autotrophic, heterotrophic and mixotrophic growth conditions at different light
intensities (0-23 klux) and initial glucose concentration (0-10 g 1"} (31)
Yyl Yy Yy [kTg™ Con[me g'] by [h']
Autotrophic
11 - 1.3-21 8x1073-1x1073 44-3.7 0.024
Heterotrophic
Cg | 0.90-0.10 0.8-2.0-0.8 14x1073-2x1072 4.5-4.0 0.045
Mixotrophic
[1(Cer25g1™) 0.13-0.23 3.0-1.2 10x1073-5x107° 2.5 0.055
Cy 1 (1=10.5 klux) 0.80-0.13 24-1.2 20x10~°-5x10~ 3.7-2.5 0.055
0,
‘CH,ON, CHO,
HNO,
energy: CHO,,
energy: hv
H
HNO, 'CH,ON,
Co,

Fig. 4: Diagram of the mixotrophic growth model, left site represents photoautotrophic metabolism, right site
heterotrophic metabolism. O, 1s produced by photosynthesis and CO, - by oxidative decomposition of organic

compounds

Stoichiometric equations in microalgal metabolism

Mass balance: In mixotrophic growth (Fig. 4), low
concentration of oxygen might nfluence heterotrophic
metabolism. However,  autotrophic constituent
produces oxygen m the process of photosynthesis.
Heterotrophic metabolism produces CO, to be used by
autotrophic growth. If the rate of photosynthesis (Qp)
equals the rate of respiration (Qg), no net production nor
consumption of O, and CO,1is observed, thus organic
carbon 18 incorporated to biomass utilizing light energy

Photoautotrophic

_ kcal,, A o
aHCO, + bHNQ, + ¢H,O —l"'>(.'.H,,(‘.l,,NII +00, + BOH

Heterotrophic

dCHO, + BHNO, + €0, —=2=% S cH O N, + eH,0 +QHCO, + XH'

Photoheterotrophic

dcHO,” + BHNO, = $eh o N, + H,0 +OHCO, + XH' + 00,
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and CO, (Fig. 4). But tlus 1deal situation of balanced self-
production and consumption is not observed in real
systems, due to substrate limitations.

In photoheterotrophic growth (Fig. 5) only a single
route proceeds: O, is produced by water photolysis with
the simultaneous consumption of glucose and nitrogen
source and with the utilization of luminous energy.

Thus, each metabolism could be described with the
following growth equations and elemental balance:

Cia=1

N:b=q

H: atb+2c =pHp

O: 3a+3btc = nt2utp
*:a=p

C:d=1+¢

N:b=q

H: d Hb’= p+2etdty

O: md+3b™+2e = nt+e+3¢p

ey
C:d=1+¢
N:b=q

H: di+b’ = pt2et+dty
O: md+3b” = nt+e+3¢p+2a
b=
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H,0
CHO,,
HNO,
energy: hy
"CH,ON,
0,

Fig. 5: Diagram of the photoheterotrophic growth model.
This mode of growth consists of only one part, in
which energy is obtained from light and carbon
from organic carbon source

Mixotrophic: When assuming that the composition of
autotrophically, heterotrophically and mixotrophically
grown cells is the same (CH,O_N,) and there is no product
formation nor external O, supply, then O ,used for
heterotrophy origmates from photoautotrophy. Equations
can be arranged in two steps:

fikeal, A

aHCO,™ + BHNO, + cH,0 ———5 CH,ON, + &0, + BOH ™

O, - o ket
+ BHNO, < LF——2RC—=— 3 ey o N,
+ gH,0 +DHCO, + BHNO,

in ii) F means forward and R the reverse reactions

In the initial balance, ¢Q, is the amount of oxygen
produced by photosynthesis, b’NO, 1s the amount of
nitrate source available for growth;

“Ca=1
N:b=gtb’
H: 2¢t+atb = ptb'+p

O: 3a+3b+c = n+3b +2e+f

“C : biomass produced autotrophically

The term $HCO, is the amount of carbon dioxide
produced by oxidative metabolism of the organic carbon
source comsumption, it 1s suggested to be an amount
available for photosynthesis and b””HNO, is the amount
of nitrate source that is still available for growth. CO,
produced  heterotrophically and O, produced
photoautotrophically are used into two steps, forward in
which biomass is produced heterotrophically and reverse
which produced
photoautotrophically to expenses of CO, coming from
oxidative metabolism of glucose.

phase, in biomass is
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Forward

IC:d=1+¢ "C: biomass produced heterotrophically
N: b =qg+bh”

H: [d+p+b' = pH2e+dpt+b’”

O: 3b’+2e+B+md = ntet3d + 3b”

Reverse

A =1

N: b7 =qg+b’

H: 2e =pt+f

O: et3p+3b7" = n+3b F 2wt

Under these cultivation conditions, oxidative
metabolism depends on the oxygen amount produced by
photosynthesis. Heterotrophic growth does not proceed,
if there 1s oxygen limitation occurring at low
{(photosynthetic rate), in this case dX,,/dt = dX ,/dt, which
might happen under microaerophilic conditions. Tn other
words: Qp = Qp. When no oxygen limitation is present,
which could happen when Qg > Qy, then dX,,/dt > dX,/dt.
In terms of carbon and energy flux, growth rate and
biomass concentration under mixotrophic growth should
be = than growth rate and biomass obtained in
autotrophic growth.

Yields: In photoautotrophic growth, algae utilize CO, as
their sole carbon source. They depend on light as the
source of all available energy for growth and maintenance.
Under these conditions cells produce O,. In heterotrophic
growth organic compounds (i.e. glucose) are the sole
energy source. The cells produce CO, and consume O,.
The energy 1s taken from glucose. In mixotrophic growth
the net production/consumption of CO, and O, depends
on the dominating metabolism (autotrophy or
mixotrophy), which 18 depending on growth conditions
(light mtensity and glucose concentration). In mixotrophic
growth light 15 utilized and organic substrate 1s consumed.
In photoheterotrophic growth light is the sole energy
source (with adventitious production of oxygen) and
glucose 18 the sole source of carbon. Basing on these
assumptions and definitions the biomass yields from
carbon (mass Yy, and molar yy.), from oxygen (ygo or
Vo) and  bicenergetic yields (Yy,.,) are proposed
(Table 6).

There are differences between mixotrophy and
photoheterotrophy in terms of flux of carbon as well as
the source of energy. In the case of photoheterotrophy,
energy depends only on light and should be used to drive
dXy/dt, some amount of energy could be used for
maintenance and some is dissipated. If this assumption
withdrawn,  photoheterotrophy  could  be
distinguished from mixotrophy by a deficiency in electron
mass transfer or energy limitation to drive heterotrophy

was
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Table 6: Summary of biomass, energetic and oxygen yields equation, for different metabolic growth modes found in microalgae

Biomass vield Biomass yield Energetic
from carbon from carbon Yield (ngygen Oy gen
Growth mode gource Yy SOUICE Yy Vgen yield ¥ yield
Photoautotrophic A XA 1 A XA v o Yo = QX
AC, a kcal o
) hv
AX 1 AX v o]
Heterotrophic H E H X/0 ; Yo = QrXn
AC keal
X, +X
AX A H
Mixotrophic M (ard)rd AXM v TR QpX, - QpXy
a+dp)+ =——
AC _AC x/a C=0
co, 2%y kc alhv+kc alGlu e
AX AX
Photoheterotrophic PH 1 PH Y = E Yoy = QpXa
- QX
AC., d keal 1
and autotrophy simultaneously, since light is the only and light used simultanecusly as energy source.

source of energy.

Microalgae, naturally photoautotrophic (performing
photosynthesis) sometimes posses a respiratory activity
and all the enzymes necessary for sugar catabolism, but
only almost half of the species tested are capable to live
heterotrophically and  mixotrophically.  Obligate
photoautotrophy was found to be not only the lack of
sugar transport, but also disability to sustain metabolic

equilibrium,  that  disables  survival — Usually
photoautotrophic  growth yields cells of the highest
quality, but the lowest biomass concentration.

Heterotrophic and mixotrophic mode gives higher cellular
concentration, but biomass quality (1.e. photosynthetic
pigments content) could be lower, accessory pigments
content such as phycobiliprotems could be hugher.

The terms mixotrophy and photoheterotrophy are
frequently used mterchangeable in the literature.
Although these two metabolisms operate on both light
and organic carbon source, reactions mvolved differ
substantially. This should be considered when proposing
a mathematical model (kinetic or static). Although the
models used to describe microbial growth are based on
Monod or Haldane equations, it 1s of high importance to
precisely identify growth limiting substrates and the type
of interaction in the case of multiple substrate kinetics.
This is also significant when defining biomass growth
yields and energy requirments.

Mixotrophs are capable to shift between different
nutrition modes depending on growth conditions.
Mixotrophy carried out two constitute metabolic
pathways: autotrophy and heterotrophy, which probably
slightly differ in efficiency from the situation when they
do not coexist in a single cell. In mixotrophy, organic
compounds and carbon dioxide might be employed
simultaneously as carbon source and orgamc compounds
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Therefore, growth kinetics should be described in terms
of the differences stated among photoautotrophy,
mixotrophy and photoheterotrophy, specially when the
process is influenced by the presence of growth
enhancing substrates.

Photoheterotrophy perform a single metabolism in
which light 15 the sole source of energy and organic
compounds are sole source of carbon. It involves the use
of sugar exclusively as carbon source, ATP 1s provided
through cyclic electron transfer via Photosystem L
Therefore these two substrates are growth essential.

Another difference between mixotrophy and
photoheterotrophy oxygen  production
consumption. In mixotrophic metabolism, the net oxygen
production/consumption could equal one when the
component equal. In the case of
photoheterotrophic  metabolism  though, oxygen is
produced via water photolysis, in the reaction in which

is and

metabolisms

light energy 1s stored m the form of organic compounds
such as ATP and NADPH, are furtherly used i carbon
assimilation from orgamc compounds (not CO,).

Another way to distinguish these two metabolisms 1s
that mixotrophs are able to employ single constituent
metabolisms: can grow solely on light (in the absence of
organic compounds) or solely on organic compounds (in
complete darkness). Photoheterotrophs do not grow
these conditions, they require the
simultaneous presence of these two substrates.

A better knowledge of metabolic differences and
requirements of energy and carbon for microalgae

under since

cultivation, 1s necessary to produce ligh valuable
products, such as pigments, antioxidants, tocopherols,
enzymes, etc., that can be used mn the biomedical, food
and chemica mdustries.
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