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Abstract

A unicellular marine green alga, Chlamydomonas perigranulata, was
demonstrated to synthesize starch through photosynthesis, store it in a cell,
and ferment it under anaerobic conditions in the dark to produce ethanol,
2,3-butanediol (butanediol), acetic acid, and carbon dioxide (CO,). Previous
fermentation data of an algal biomass cultivated outdoors in a 50-L tubular
photo-bioreactor showed good carbon (C) recovery in the fermentation bal-
ance, with a higher ratio to alcohols and, therefore, lower ratio to CO, in the
C distribution of products than what would be expected from the Embden-
Myerhof-Parnas pathway. These findings led to a proposed concept for a
CO,-ethanol conversion system (CDECS). The above data were evaluated in
terms of hydrogen (H) recovery with the following results: C recovery at
105% was well balanced, although H recovery was as high as 139%, mean-
ing an additional gain of H through fermentation. This finding was repro-
duced wholly in a set of experiments carried out in the same month of the
following year, October, whereas another set of experiments was carried out
in the following June provided ordinary fermentation results in terms of C
and H recoveries with poor growth. Further analyses of these data revealed
that butanediol is equal to ethanol as a product from a putative conversion
system from CO, to the detected fermentation products, leading to the revi-
sion of the CDECS concept to a CO,-alcohol conversion system (CDACS).
The relevance of the CDACS will be discussed in relation to the cultivation
conditions employed by chance.

Index Entries: Marine green microalga; Chlamydomonas perigranulata;
endogenous starch fermentation; fuel alcohol; hydrogen recovery.

Introduction

Global warming and climate change are topics of world concern; one
of their causes is recognized to be anthropogenic increases in the atmospheric
levels of greenhouse gases, including carbon dioxide (CO,) derived from
fossil fuels through combustion. The reduction of such combustion and
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expansion of the CO, sink are essential principal measures to take in addi-
tion to the direct separation and sequestration of CO, at emission sites. An
effective approach to mitigating climate change is the subject of debate (1);
biological measures, including the utilization microalgae, have been pro-
posed as possible options (2—4), and efforts to discover new organisms (5),
even genetic materials (6), that might be of value for carbon sequestration
and the synthesis of renewable fuels are continuing.

Among renewable fuels, bio-ethanol produced by fermenting
microorganisms such as yeast, followed by distillation and dehydration if
necessary, has gained wide use as an alternative motor fuel and has
recently been the subject of increased attention, mainly because of unsta-
ble oil prices and the conviction to produce a major movable hydrogen
source for fuel cells in the future (7). In general, ethanol fermentation by
yeast results in a carbon loss of one-third, as carbohydrate is converted to
ethanol through enzymatic processes known as the Embden-Meyerhof-
Parnas pathway. We showed previously that Chlamydomonas perigranulata,
a unicellular marine green alga (8), converts endogenous carbohydrate,
intracellular starch stored through photosynthesis to valuable substances
including fuels and chemicals such as ethanol and 2,3-butanediol (butane-
diol) (9-11). In this fermentation, it was found that the whole metabolic
reaction provides about 40% more alcohols and results in a higher recov-
ery of carbon than expected from the consumed starch, a result that led us
to propose the concept of a CO,-ethanol conversion system (CDECS) (11).

This article describes an evaluation of the previous results in terms
of hydrogen (H) recovery in the fermentation balance, and presents a
revised proposal for a CO,-alcohol conversion system (CDACS).
Cultivation conditions will be discussed in relation to the CDACS and the
resultant efficient carbon (C) recovery in alcohol and an unexpected gain
in hydrogen.

Materials and Methods

Microalga

The microalga used in this study was C. perigranulata (§), which was
isolated from a water sample obtained at Yambu, Saudi Arabia, and on the
Red Sea.

Microalga Cultivation

The culture medium and growth conditions were described previ-
ously (10). F/2 medium (12,13) was used with a slight modification: the
concentrations of nitrate and phosphate were enriched four times. The F/2
medium contained (/L) 75 mg NaNO,; 5 mg NaH,PO4-2H,0; 1 mL min-
eral solution; 1 mL vitamin solution; an artificial seawater agent, 16 g
instant ocean; 22 g NaCl. The mineral solution concentrations (g/L) were
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as follows: 0.18 MnCl,-4H,O; 0.022 ZnSO,-5H,0; 0.01 CuSO,-5H,0; 0.006
Na,MoO,-2H,0; 0.01 CoCl,-6H,0; 3.15 FeCl,(6H,O; 4.36 Na,EDTA. The
stock vitamin solution contained (mg/mL), 0.1 thiamine-HCI; 0.005 biotin;
0.0005 vitamin B12. The artificial seawater agent, Instant Ocean, was pur-
chased from Aquarium Systems, Inc., Mentor, Ohio. Cells were pre-cul-
tured in a 10-L carboy (working volume of 8 L) and supplied with 1% CO,
in air at a rate of 300 mL/min. Illumination was provided by a fluores-
cence lamp, which surrounded the carboy and gave a light intensity of
about 7 kLx at the outer surface of the vessel set in a room in which the
temperature was controlled at 25°C. After about 7 d of culture, an algal
concentration of 0.5 g/L was attained and used for inoculation.

Outdoor Cultivation in a 50-L Scale Tubular Bioreactor

Outdoor cultivations of the microalga were carried out between July
and October, 1996 (10), and between June and October, 1997, at the
Hiroshima lab of Mitsubishi Heavy Industries, Ltd., in Hiroshima.
Cultivation conditions were as described in previous papers (10,11).

The F/2 medium was used with further modification for outdoor cul-
tivation; the concentrations of nutrients, including nitrate, phosphate, metals,
and vitamins, were enriched 8 times. A working volume of 50 L was used
in a 53-L air-lifted tubular bioreactor. Tap water was used to prepare the
medium after filtration through polypropylene-wound cartridge filters
(TWC-IN-PPS, Advantec Tokyo Ltd., Tokyo). The reactor was sterilized
with sodium hypochlorite solution (10 g/L) by overnight circulation before
use (14). Cultivation was started by the inoculation of 16 L of a preculture
(about 30% of the working volume). Air containing 1.8% CO, was supplied
at 1.7 L/min, which drove the medium circulation at a rate of 0.3 m/s.
[Nlumination and temperature employed for cultivation were natural except
for spraying water on the tubes if necessary to keep the temperature under
35°C. Illumination by sunlight was measured with a digital illuminometer
(IM-3, Topkon Corporation, Tokyo). The reactor system consisted of a poly-
acryl tubular bioreactor, air compressor, flow meters for CO, and air, and
separate temperature sensors for the culture medium and the atmosphere.
The reactor specifications are as follows: two horizontal tubes (length of
2000 mm) and two vertical tubes (height of 3880 mm) with an inside
diameter (ID) of 70 mm and an outside diameter of 76 mm, a tank (140 mm
ID and 450 mm long), and a gas injection port. Cultures were harvested by
centrifugation in a rotor (Qn rotor, Kokusan Co. Ltd., Tokyo) at 10 k rpm
(9100¢) and a flow rate of about 1 L/min. This system can yield about 100 g
of cells in 50 L culture medium within 1 h. The packed cells were transferred
immediately to a vessel as described later for fermentation.

Fermentation in the Dark

The fermentation procedures were described previously (10,11). Cells
were suspended in artificial sea water or an appropriate buffer to a suitable
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concentration (150-200 g of cells/L). The air was removed by flushing
with N, (1 L/min) at the start of fermentation. The microalgal slurry was
maintained automatically at 25°C in a water bath and at pH 7.0 by inter-
mittent additions of 2M NaOH solution coupled with a pH sensor and a
controller that moved a U-shaped vane at a constant 60 rpm. The vane’s
shaft was made of polytetrafluor-ethylene (70-mm long and 10-mm wide
for the vertical part and 70-mm long and 15-mm wide for the horizontal
part, 5 mm in thickness). The fermentation apparatus consisted of a fer-
menter, a cooler for volatile substances, and a gas collector (Tedlar Bag for
1L, Tuchi Seieido Ltd., Osaka). The fermentation vessel (a cylindrical glass
flask with a flat bottom, No 0582-500, Shibata Scientific Technology Ltd.,
Tokyo) had an inner diameter of 85 mm and a height of 115 mm with a
removable cover with four necks (No 0580-4), a mechanical-rotation drive
and automatic pH-controlling systems.

Analyses

The analytical procedures undertaken and their conditions were
described previously (10,11). Starch in cells was measured by coupled meth-
ods with perchloric acid treatment (15): glucose produced by hydrolysis by
perchloric acid was determined using a Glucose CllI-test kit (Wako Pure
Chemical Industries Ltd., Osaka). Ethanol, butanediol, and gas concentra-
tions were analyzed by gas chromatography on a Shimadzu (Shimadzu
Corporation, Kyoto, Japan) GC-8A instrument equipped with a data proces-
sor (Chromatopac C-R1A), a flame ionization detector (FID) and a thermal
conductivity detector. For alcohol determination, a glass column (ID 3.2 x 2.1
m) of PEG-20M 20% Uniport HP 60/80 (GL Sciences Ltd., Tokyo) was used.
The column temperature was maintained at 200°C, the carrier gas was N,
and the flow rate was 35 mL/min. For gas measurements, a SUS column
(ID 1.4 x 1.8 m) of WG-100 (GL Sciences Ltd., Tokyo) was used at a column
temperature of 50°C, with N, as the carrier gas at a flow rate of 35 mL/min.
The concentrations of organic acids, including acetate and lactate, in the
fermented microalgal slurry were measured by gas chromatography on a
Shimadzu GC-9A instrument equipped with a data processor (Chromatopac
C-R3A), a column (ID 3.2 x 2.6 m) of Thermon 3000 (Shinwa Chemical
Industries Ltd., Kyoto) and a FID. The column temperature was maintained
at 160°C, the carrier gas was N, and the flow rate was 35 mL/min. Inorganic
carbon was determined by a total organic carbon analyzer (16) using a
Shimadzu TOC-5000 instrument. The sample was treated at 150°C and CO,
produced was measured. Nitrate concentration in the culture medium was
determined by the brucine absorption method (17).

Calculations

The calculations employed in this study were based on the literature
(18): carbon recovery is defined as the ratio of mol of C in the fermentative
end products to the mol of C in the starch metabolized; hydrogen recovery
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Table 1
Summary of the Outdoor Cultivation of C. perigranulata
and the Subsequent Fermentation Volume

Cultivation series # T33” T35 T38

Cultivation date Oct 18-30,1996  Jun 4-17,1997  Oct 7-20,1997

Concentration of biomass 1.53 0.55 1.55
harvested (g/L)

Biomass harvested (g) 79 27 77

Starch content (%) 35 25 28

Fermentation volume (mL) 437 138 350

2(See ref. 10)

is defined as the ratio of molecule of available H in the fermentative end
products to the molecule of available H in the starch metabolized, in which
the molecule of available H in a compound with a general formula of
CaHnOgz is calculated as 4a + n — 2z; the O/R index is defined as the ratio
of the weighed sum of the O/R values of the oxidized end products to the
weighed sum of the O/R values of the reduced end products, in which the
O/R value of a compound with general formula of CaHnOz is calculated
asz—n/2.

Chemicals

All chemicals used in this study were reagent grade unless otherwise
stated. Ethanol and 2,3-butanediol were purchased from Wako Pure
Chemical Industries, Ltd., Osaka.

Results and Discussion

Re-Evaluation of Previous Fermentation Results

A summary of the outdoor cultivation of C. perigranulata reported
previously (10) is listed in Table 1 with the results of similar cultivations
carried out the following year. The fermentation results as described in a
previous paper (10,11) are evaluated in terms of H recovery in the fermen-
tation balance in addition to C recovery, as listed in Table 2. The data show
that C recovery was almost balanced (105%), while H recovery was signi-
ficantly higher (139%), and leaning toward the product side, with more H
gained during fermentation, which is also shown by the O/R index being
as low as 0.23. These findings suggest that some reducing power was
added to a metabolite(s) to lead to the production of more alcohols, and
that, on the whole, the fermentation products recovered were more
reduced than the substrate in the case of this alga.

Revision of the CO ,~Ethanol Conversion System

In the CDECS mentioned previously, only CO, derived from the orig-
inal butanediol fermentation pathway was counted tentatively as source
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a
Starch aGlc = (b + 2e)ET + ¢BD+ dCO, (1)

l aGlc = bET + (c + €) BD + dCO» (2)
G-6P

'
* C

28 v ’ﬁ ¢

Pyruvate > o-Acetolactate

c \*
CO,
b l c
COQ COZ
™ ¢o,-Alohol e

conversion system

Acetaldehyde Acetoin
.t
cOo,
b 2e € ¢
Ethanol Ethanol (or butanediol) Butanediol

Fig. 1. A possible endogenous starch fermentation pathway in C. perigranulata and
the CDACS. Molar amounts of substances in the pathway are presented as a—e for
starch, ethanol, 2,3-butanediol, CO,, and 2,3-butanediol produced through the
CDACS, respectively. This figure indicates that alcohol obtainable from the CDACS is
either ethanol or 2,3-butanediol. Equations 1 and 2 represent the stoichiometry for
each case of ethanol and 2,3-butanediol as a product of the CDACS, respectively.
Abbreviations: G-6P, glucose-6 phosphate; Glc, glucose; ET, ethanol; and BD,
2,3-butanediol. For other abbreviations see the text.

for the additional formation of ethanol through CDECS in order to explain
the stoichiometry of the above novel fermentation, a higher ratio of alco-
hols to CO, than expected on the basis of the Embden-Meyerhof-Parnas
pathway. In this article the CDECS is revised as follows along with its
name. CO,, which is formed at the decarboxylation step not only in the
butanediol pathway, but also in the original ethanol pathway, is converted
to ethanol and/or butanediol through a CDACS, as shown in Fig. 1. The
revised system takes into account the fact that butanediol should not be
excluded as an additional product produced through the CDACS, and
that, therefore, this alcohol is equal to ethanol as a product through a puta-
tive CO, conversion system. CDECS is one type of such a putative CO,
conversion system.

Considering a possible metabolic pathway from starch to alcohol via
pyruvate and CDACS, acetic acid is assumed to be the same compound as
ethanol, which was also a case with the previous CDECS. The basis of the
above assumption is as follows: acetic acid (1) is a minor product in this

Applied Biochemistry and Biotechnology Vol. 129-132, 2006



Effective Microalgal Alcohol Fermentation 815

fermentation; (2) is equivalent to ethanol in C number as well as in basic
chemical structure, although different in redox level; and (3) has the same
metabolic pathway until just before the final step in a series of reactions in
yeast fermentation, which is probably also the case in this alga, because
pyruvate decarboxylase activity has been demonstrated in vitro under
anaerobic and dark conditions (9), and so the final step from acetaldehyde
to ethanol would be catalyzed by this enzyme as in yeast.

Stoichiometry in the Fermentation of the Microalgae

Some features of the fermentation results, including product pattern
and the distribution of C and H among products, are listed in Table 2. The
conversion pathway in the CDACS is explained in the following three
cases, the formation of ethanol only, the formation butanediol only, and the
simultaneous formation of both ethanol and butanediol.

Possible Ethanol Formation in the CDACS

On the basis of the determined amount of substrate and the products
listed in Table 3 and shown in Fig. 2A, the validity of the possible pathway
and CDACS is described as follows: assuming that all of the 88 mmol of
butanediol detected was formed through the original fermentation path-
way from pyruvate to butanediol via o-acetolactate, the original ethanol
pathway will yield as much as 93 (= 269 — 176) mmol ethanol, an amount
that is estimated by subtracting the 176 mmol pyruvate used for butane-
diol formation from the 269 mmol pyruvate metabolized by glycolysis
derived through starch consumption. As 211 mmol ethanol was detected,
the additional amount of ethanol required is 118 (= 211 — 93) mmol, which
is obtained by subtracting the above mentioned 93 mmol ethanol from the
211 mmol ethanol that was determined. On the other hand, if the CDACS
is active and converts CO, to ethanol, the expected amount of ethanol will
be as much as 96 mmol, which corresponds to 192 (= 269 — 77) mmol as car-
bon; the latter is estimated by subtracting the detected 77 mmol CO, from
the 269 mmol CO, that is expected to be formed through both the original
ethanol and butanediol fermentation pathways.

The above amounts of 118 and 96 mmol ethanol were obtained by sub-
tracting the expected amount of ethanol, which is obtained if no more
butanediol is formed through the CDACS, from the amount of ethanol
actually determined, and by subtracting the amount of CO, actually deter-
mined from the expected amount of CO, derived through each original
pathway. It should be mentioned that the former amount was derived
through product side estimation, and the latter amount through substrate
side estimation. The difference, 22 mmol ethanol, is as much as 44 mmol in
carbon equivalents, which corresponds to the difference in the moles car-
bon in the total fermentation products and the starch consumed as sub-
strate (Table 2). The extra ethanol equivalent to 44 mmol C probably arose
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Table 3
Endogenous Starch Fermentation and Its Products Via the CDACS

Assumed product from CO,

(Cultivation T33) (Cultivation T38)
Product (mmol) Ethanol Butanediol” Ethanol Butanediol”
Starch consumed -134 -134 -102 -102
EthanolP
Observed 211 211 203 203
Produced from 93 211 109 203
acetaldehyde(A)
Produced from 96 N/A 80.5 N/A
CO, (B)
Calculated (A + B) 189 N/A 189.5 N/A
Calculated and 22 N/A 13.5 N/A
observed difference
Butanediol”
Observed 88 88 48 48
Produced from 88 29 48 1
acetoin(C)
Produced from N/A 48 N/A 40
CO, (D)
Calculated(C + D) N/A 77 N/A 41
Calculated and N/A 11 N/A 7
observed difference
CO, 77¢ 77¢ 44 44

22 3-butanediol.
Including acetic acid.
‘Including inorganic C.

from starch derivatives, such as intermediates that comprise the glycolysis
and fermentation pathway from glucose to alcohol already present before
the start of the fermentation experiment, including starch measurement. It
can be concluded, therefore, that the CDACS is active.

Possible Butanediol Formation Via the CDACS

In the same manner, the validity of the above pathway is described
for butanediol as a product formed via the CDACS, as shown in Table 3
and Fig. 2B. In this case the amount of butanediol required is more 59
(= 88 —29) mmol more than that obtained by subtracting 29 mmol butanediol
from 88 mmol butanediol. The expected amount of butanediol from the
CDACS, on the other hand, is as much as 48 mmol. The difference,
11 mmol butanediol, is again equivalent to as much as 44 mmol C, which
indicates that butanediol production provides an alternative situation to
the case of ethanol production as discussed in the previous section.
Therefore, CDACS is also demonstrated to be active, and butanediol can
also be expected as a product of the CDACS.

Applied Biochemistry and Biotechnology Vol. 129-132, 2006
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A 134
Starch
G-6P 134Glc = (93 + 96) ET + 88BD + 77CO,
l = 189ET + 88BD + 77CO,
} 88
269 T 88
Pyruvate > o-acetolactate
88 \‘18
93 CO 2
| 88
CO, CcO,
\ CO,—Alcohol / v
conversion system
Acetaldehyde 269C Acetoin
192C 77C l
CO,
93 96 88 v
Ethanol - - -5 - - - - Ethanol Butanediol
= (118)
B 134
Starch
G-6P 134Glc = 211ET + (29 +48) BD + 77C0,
l =211ET + 77BD + 77CO,
l 29
'
269 ’\ 29
Pyruvate » o-Acetolactate
29 \fg
CO,
211 l 29 /
CO, CO,
\ CO,—Alcohol o .
conversion system
Acetaldehyde 269C Acetoin
! 192C
77C
CO,
48 29
11 A
Ethanol Butanediol - - -  Butanediol
(59) 8

Fig. 2. Analysis of C flux in a possible endogenous starch fermentation pathway

and CDACS in C. perigranulata cultivation T33. (A) All 2,3-butanediol analyzed is
assumed to have been formed through the original 2,3-butanediol pathway shown in
Fig. 1, and, therefore, extra CO, results in ethanol formation through CDACS. (B) All
ethanol analyzed, in reverse, is also assumed to have been formed through the
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Simultaneous Formation of Ethanol and 2,3-Butanediol via the CDACS

It should be mentioned that the simultaneous formation of ethanol
and butanediol by the CDACS is highly probable. Ethanol formed via the
CDACS is coupled with its formation in the original fermentation pathway
as well as butanediol formation in both the original pathway and CDACS.
Therefore, for example, a decrease in ethanol formed by the CDACS could
be complemented by an increase in ethanol formed by the original path-
way, which would lead to a decrease in the amount of butanediol formed
by the original pathway and a compensating increase in the amount of
butanediol formed in the CDACS. The above compensation would still
range between 96 mmol and none for ethanol, and between none and
48 mmol for butanediol.

Reproduced Cultivation and Fermentation With Confirmation of the
CDACS Concept

The following year, several sets of the experiments involving outdoor
cultivation and subsequent fermentation were again carried out during
the period from June to October, and their typical results are listed in
Tables 1 and 2 and shown in Fig. 3. In the case of microalgal cells obtained
in October (T38), the fermentation results reproduced almost completely
the results obtained the previous year with a high C recovery and a
significantly higher H recovery (140%), thus confirming the CDACS con-
cept. The CDACS is assumed to account for 80.5 mmol ethanol or 40 mmol
butanediol, a difference of as much as 13.5 mmol ethanol or 7 mmol
butanediol from those analyzed on the product side (Table 3, Fig. 3).

Poor Cultivation and Resultant Inactive CDACS

Another set of experiments carried out in June, 1998 (T35), on the
other hand, failed to reproduce the above results (Tables 1 and 2, and Fig. 4).
In these experiments, the cultivation results were very poor: the biomass
concentration at the stationary phase of growth was only about one-third
that observed in the case of excellent growths, as in T33 and T38, and,
therefore, the resultant biomass obtained was also only one-third of that
obtained in T33 and T38 with a lower starch content (Table 1).

With respect to the fermentation results, as listed in Tables 2 and 4
and shown in Fig. 4, the C and H recoveries were 112% and 108%, respec-
tively, values very close to each other. The O/R index was 1.09 (Table 2),
and evolved CO, corresponded to one-third of the total mol C of the

Fig. 2. (Continued) original ethanol pathway shown in Fig. 1, and, therefore, extra
CO, results in 2,3-butanediol formation through the CDACS. Numerical values repre-
sent the amount of each compound in mmol; values that are underlined and in paren-
theses represent analyzed values and the amounts required to conform with the
analyzed values, respectively. For explanations, see Fig. 1.
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A 102

Starch

|

G-6P 102Glc = (109 + 80.5) ET + 48BD + 44CO,
! = 180.5ET + 48BD + 44CO,

'

| 48

205 T T 48
Pyruvate > o-Acetolactate
48 N8
CO,

109 | 48 /
CcO CcO
2~ ] COxAlcohol ¢
conversion system
Acetaldehyde 205C Acetoin
161C 44C l
44
- CO
109 80.5 2 48
Ethanol - - - - - - - Ethanol Butanediol
208 (gg)
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G-6P 102Glc = 203ET + (1 + 161/4) BD + 44C0O2
l = 203ET + 41BD + 44CO,
|
l 1
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Pyruvate y » o-Acetolactate
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COo,
203 | 1
co co
? >~ CO.—Alcohol s

conversion system

Acetaldehyde 205C Acetoin
mc | 161C
CO,
203 40
Ethanol Butanediol - - - Butanediol
48
(47)

Fig. 3. Analysis of C flux in a possible endogenous starch fermentation pathway
and CDACS in C. perigranulata cultivation T38. For explanations, see Figs. 1 and 2.

products. Taken together, although the C and H recoveries in this fermen-
tation were increased as much as about 10% in stoichiometry, the fermen-
tation itself in this case seems to have proceeded according to only the
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A 4

Starch

|

G-6P 41Glc = 43ET + 19.5BD + 82CO,

|
|

4 19.5

82 T 19.5
Pyruvate a-Acetolactate
19.5 195

CO,
43
| 195 /
COo, co,
\ /
Acetaldehyde Acetoin
82 l
CO»
43 288 195
Ethanol Butanediol
54.5
B a
Starch
G-6P 41Glc = 54.5ET + 13.75BD + 82C0,
‘ 13.75
!

82 ’\ 13.75
» o-Acetolactate

Pyruvate
13.75 NREE
CO,
54.5 | 1375 /
CO, CO,
\ / 4
Acetaldehyde Acetoin
82 l
CO, 13.75
54,5 88 195 ¥
Ethanol Butanediol

Fig. 4. Analysis of C flux in a possible endogenous starch fermentation pathway of
C. perigranulata cultivation T35, a case where the CDACS was inactive and, therefore,
no alcohol could come out through the CDACS. For explanations, see Figs. 1 and 2.

Embden-Meyerhof-Parnas pathway, which means the CDACS is not
needed to explain the fermentation results.
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Table 4
Endogenous Starch Fermentation and Its Products
When the CDACS Is Inactive (Cultivation T35)

Product® (mmol) Butanediol? Ethanol

Starch consumed -41 —41

Ethanol

Observed 54.5¢ 54.5¢

Produced from acetaldehyde 43 54.5

Calculated and observed 11.5 0
difference

Butanediol?

Observed 19.5 19.5

Produced from acetoin 19.5 13.75

Calculated and observed 0 5.75
difference

CO,

Produced from pyruvate 82 82

to acetaldehyde and from
pyruvate to acetoin

Calculated and observed 6 6
difference

“Product: Observed amount of the product was assumed to be obtained
through its original metabolic pathway.

b2 3-butanediol.

‘Including acetic acid.

On the basis of the data in Fig. 4A, the validity of the CDACS being inac-
tive is described as follows. In this system, according to Embden-Meyerhof-
Parnas pathway, 41 mmol glucose-equivalents of starch were metabolized to
82 mmol pyruvate as an intermediate and converted finally to ethanol,
butanediol, and CO,. The resultant CO, formed is expected to equal the
amount of that of pyruvate metabolized and to be as much as 82 mmol. The
measured amount of CO,, however, was 88 mmol, just slightly more than
expected. Therefore, no additional CO, needed to enter the CDACS to be
turned into alcohol. With respect to the amount of alcohol produced, assum-
ing all of the 19.5 mmol butanediol determined was formed through the orig-
inal pathway, the original ethanol pathway will produce 43 (= 82 ( 19.5 x 2)
mmol ethanol, which is the amount obtained by subtracting 19.5 mmol pyru-
vate twice, the amount of butanediol determined from the 82 mmol pyruvate
formed through glycolysis of the starch consumed. As 54.5 mmol ethanol was
found, there was an ethanol shortage of as much as 11.5 (= 54.5 (43) mmol.

Taken together, because 41 mmol starch was estimated to be consumed
as the starting substrate and 19.5 mmol butanediol was formed, 11.5 mmol
ethanol, and 6 mmol CO, were missing, which corresponds to 29 mmol C,
the amount of the difference between the substrate and total products
(Table 4). Therefore, owing to the shortage of CO, in the fermentation
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system employing cultured T35, it is apparent that CO, did not enter the
CDACS and be transformed into ethanol. The extra CO, and ethanol
probably derived from metabolic intermediates that existed prior to the
start of the fermentation experiments.

In a similar manner, the inactivity of the CDACS is confirmed by the
other case in which the 54.5 mmol ethanol detected is assumed to have
been formed through its original metabolic pathway (Fig. 4B). In this case,
because 82 mmol pyruvate was considered to be metabolized and because
54.5 mmol ethanol was also considered to be formed, 5.75 mmol butane-
diol and 6 mmol CO,, equivalent to 29 mmol C, were lacking as listed in
Table 4. Because of a lack of CO, to enter the CDACS, the conversion of
CO, to butanediol through the CDACS can be excluded. The extra CO,
and butanediol probably derived from metabolic intermediates that
existed prior to the start of the fermentation experiments. In conclusion,
poor cultivation and subsequent fermentation resulted in the CDACS
remaining inactive.

Conditions for CDACS to Be Active

In this section, conditions under which the CDACS becomes active
are discussed in term of the cultivation and fermentation conditions.
Typical profiles of the outdoor cultivation of C. perigranulata are shown in
Fig. 5. Both the T33 and T38 cultivations were carried out in the same season
in different years and resulted in excellent growth and fermentation. They
showed the following features in common:

1. sufficient and stable illumination by sunlight;

2. biomass concentration reaching more than 1.5 g/L at the stationary
phase of growth;

3. high-starch content near 30%;

4. relatively wide cultivation temperature from 30°C to 5°C; and

5. complete nitrate consumption and further cultivation for several
days under nitrate starvation conditions.

The cultivation of T35, on the other hand, in which the CDACS was
judged to be inactive, showed the following marked features:

1. biomass concentration of the medium at harvest as low as 0.5 g/L,
about 1/3 of that observed for the excellent growth cases;

2. lower starch content of 25%; and

3. a narrow range of cultivation temperature relative to T33 and T38,
which is owing to the temperature at night being higher at around
20°C.

The resultant failure of growth in the cultivation of T35 may be as a
result of the strong illumination sunlight (over 200 Ly/d) during the initial
phase of growth, although the illumination and cultivation temperature
data for 3 d during the early stages of cultivation (5-7 June) could not be
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Fig. 5. Time courses of C. perigranulata growth and its parameters during outdoor cul-
tivation. (A), (B), and (C) are cultivating series numbers T33, T35, and T38, respectively
(see Table 1). Some results (A) have been reported previously (10). In (B), data for the illu-
mination and cultivation temperature for 3 d in the early stages of cultivation (June 5-7)
could not be obtained as a result of technical circumstances.
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Fig. 5 (Continued)

obtained due to some technical difficulties. The former data were esti-
mated to be 220, 120, and 250 Ly/d, respectively, on the basis of the values
observed and reported at the Hiroshima Meteorological Observatory.
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With respect to the fermentation conditions, on the other hand, the algal
slurry concentration employed for all three lots was adjusted to about 20%,
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and the volume of each fermentation mixture varied depending on the
biomass obtained (Table 1) with no significant effects on the CDACS activity.

Taken together, some cultivation conditions are considered to be
essential for the CDACS to be active. The remarkable differences between
the excellent cases (T33 and T38) and the poor case (T35) offer suggestions
as to favorable cultivation conditions:

1. stable sunlight illumination and excellent growth; and
2. atemperature range of the medium during cultivation varying from
30°C to 5°C.

Therefore, potential conditions under which the CDACS is active are
considered to be as follows:

1. excellent growth under stable illumination; and

2. a culturing temperature providing suitable level of warmth during
the daytime accompanied by cool at nights; the latter, especially,
should be required during the stationary phase of growth under
nitrate starvation.

It is well known that during the stationary phase of growth, continued
cultivation and starvation of some nutrients leads to an increase in starch
content (19). If the night temperature is high enough to consume the accu-
mulated starch, algal cells will begin to degrade it without any reducing
power being accumulated. The CDACS is, therefore, considered to be no
longer active. In conclusion, the accumulation of sufficient amounts of starch
and reducing power are needed for the CDACS to be active. In order to
maintain these accumulations in the culture medium during periods of low
illumination, the temperatures should be maintained as low as possible.

Possible Metabolic Pathway of Alcohol Fermentation Via the CDACS

As described previously, the refixation of CO, formed through alcohol
fermentation and its further conversion to alcohol are proposed in Fig. 1. In
the previous proposal of the CDECS, a formic acid derivative was
presented as a candidate for the initial product of CO, fixation (11); here,
another possibility using the existing photosynthetic system may be
pointed out, a part of this photosynthetic system, especially the CO, fixation
process including Rubisco, would be expected to work even under anaerobic
and dark conditions. In addition, a possibility using the existing central
carbon metabolic pathway and alcohol fermentation pathways should be
also pointed out for the CDACS, after its fixation, CO, would be introduced
into the central carbon metabolic pathway as an intermediate, and, finally,
some of it would be converted to alcohol.

CO, fixation by photosynthesis stands always on a background of
enriched energy by ATP storage and reducing power such as NADPH,
reduced Fd and reduced a state of the Fd/thioredoxin system (20,21).
These substances or states in this microalga could also be produced and
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stored by photosynthesis during cultivation, especially during nitrate
starvation where no proliferation can proceed (22).

Recently, the refixation and utilization of formed CO, through lipid
formation have been reported in green rape seeds under conditions of some
illumination (23). The CDACS that is active in this microalga is also a novel
example of the re-fixation and utilization of formed CO,, and it should be
pointed out that this alga performs them under anaerobic and dark
conditions. It is an important model system with which to elucidate the
mechanisms of effective C and H utilization because it involves single cells
and the reaction occurs after photosynthesis and can be separated from the
light reaction of photosynthesis. Finally, it should be noted that this algal
fermentation system was demonstrated to produce lactic acid as an addi-
tional product under some conditions of cultivation and fermentation (24).

In conclusion, the potential for microalgae to contribute to CO2 miti-
gation might be higher than currently expected. Recently, a large report of
a microalgae utilization R&D project undertaken over almost two decades
has appeared (25). In this report, it is noted that the use of some microalgal
species results in the production of biodiesel, an alternative fossil fuel has
the potential to become competitive depending on current petroleum
costs. This present study is similar in that, although biodiesel was not
produced, the bio-alcohol products are renewable. Many issues, including
the physiology and applicability to mitigation remain to be elucidated (3).
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