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ARTICLE INFO ABSTRACT
Keywords: Although microalgae produce value-added products, such as lipids, pigments, and polysaccharides using light
Chlamydomonas reinhardtii and carbon dioxide, these intracellular products require costly downstream processes such as extraction and
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Glycolic acid

Two-stage continuous culture
Flux balance analysis
Techno-economic analysis

purification. Thus, extracellular products are desirable for economic production. While reported before, the
secretion of glycolic acid by microalgal photorespiration has not received attention for industrial applications.
We developed a two-stage continuous cultivation system to increase glycolic acid production using a glycolate
dehydrogenase (GYD1) deficient mutant of Chlamydomonas reinhardtii which produces high concentrations of
glycolic acid. Specifically, 3% CO» was supplied in the first-stage culture for the production of biomass and
ambient air (0.03% CO3) was supplied to the second stage for the production of glycolic acid. As a result, overall
glycolic acid productivity reached 82.0 mg L' d? at a dilution rate of 0.34 d"!. However, as the pH of the second
stage decreased to 4.7 due to the increased glycolic acid production, we controlled the pH of the second stage at
pH 6.0, resulting in 122.6 mg L' d of glycolic acid productivity. Flux balance analysis revealed that the
experimental glycolic acid production rate was 69% of the theoretical glycolic acid production rate. The devi-
ation might be due to the toxicity of glycolic acid. When a techno-economic analysis was conducted based on the
experimental results, the minimum glycolic acid production cost was estimated to be $31 kg™, indicating a
potential for industrial production. These findings suggest that microalgae can be utilized for the cost-effective
industrial production of glycolic acid.

complex and costly downstream processes, such as cell disruption,
extraction and purification, are necessary [11]. The downstream pro-
cesses need sophisticated operations and often costly, hindering the
development of microalgal industries [12]. Although the production of

1. Introduction

Microalgae have emerged as an alternative to petrochemicals as a

light-driven renewable feedstock [1,2]. Microalgae have been mainly extracellular products, such as organic acids and exopolysaccharides

used for the production of biofuels owing to their high lipid contents [3]. from microalgae, can simplify the downstream processes, the process t."or

In addition, as microalgae consume inorganic compounds, such as car- extracellular products has been overlooked due to the low productivity
[13].

bon dioxide and heavy metals, microalgal bioengineering can resolve
environmental pollution and energy problems simultaneously [4-7].
Microalgae can also produce various value-added products such as for food additives and various polymers [14]. Microalgae can produce
omega-3, carotenoids, and isoprenoids [8-10]. Nonetheless, because extracellular organic acids using fermentative metabolism [15]. Under
most microalgae-derived bioproducts are intracellular products, dark fermentation (anaerobic) conditions, polysaccharides and sugars

Organic acids are commodity chemicals with numerous applications
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Nomenclature

D dilution rate (d™)

Py glycolic acid concentration in the first stage of the two-
stage continuous culture (g LY

P, glycolic acid concentration in the second stage of the
two-stage continuous culture (g LYH

Py glycolic acid concentration of a feed stream (g L)

P glycolic acid concentration in the single-stage
continuous culture (g LY

Pr glycolic acid concentration of the overall process of the
two-stage continuous culture (g LYH

t time (d)

X; biomass concentration in the first stage of the two-stage
continuous culture (g LY

X, biomass concentration in the second stage of the two-
stage continuous culture (g LY

X5 biomass concentration of a feed stream (g L'hH

X biomass concentration in the culture of single-stage
continuous cultivation (g LY

Xr biomass concentration of the overall process of the two-
stage continuous culture (g LYH

r specific glycolic acid production rate in the first stage
@h

2 specific glycolic acid production rate in the second stage
@h

Ts specific glycolic acid production rate in a single-stage
continuous cultivation (d™)

rr specific glycolic acid production rate of the overall
process in a two-stage continuous culture @ah

Greek letters

1 specific growth rate of C. reinhardtii in the first stage (d°
1

)

U2 specific growth rate of C. reinhardtii in the second stage
d"

Us specific growth rate of C. reinhardtii in a single-stage
continuous cultivation (d™)

ur specific growth rate of C. reinhardtii in a two-stage
continuous culture (d})

are catabolized to generate chemical energy (ATP) with reductant
(NADH and NADPH) [16]. The accumulated reductant can be used by
metabolizing pyruvate to several end-products including organic acids
(formate, acetate, and lactate) [17]. However, as the anaerobic organic
acid production by microalgae is not sustainable but transient, industrial
production of organic acids based on the fermentative process is not
economically feasible.

On the other hand, microalgae can produce glycolic acid using not
the fermentative metabolism but the light-driven photorespiration
mechanism [18,19]. RuBisCO mainly fixes CO, to make sugars and
metabolites, but also fixes Oz, forming one molecule each of 3-phospho-
glycerate and glycolate [20]. Thus, microalgae can produce increasingly
greater amounts of glycolic acid as the ratio of CO; and O» decreases
[19]. Glycolic acid, which is toxic to cells if accumulated at high con-
centrations, is converted to 3-phosphoglycerate and CO; via a photo-
respiratory pathway [21]. As the first step of the photorespiratory
pathway is to convert glycolate to glyoxylate by glycolate dehydroge-
nase, disruption of glycolate dehydrogenase (GYD1) in Chlamydomonas
reinhardtii resulted in the increased production of glycolic acid [22]. As
glycolic acid is utilized for a monomer of diverse biodegradable poly-
mers, glycolic acid can be widely used in the healthcare, pharmaceu-
tical, cosmetics, and food industries [23]. Thus, glycolic acid production
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by microalgae is expected to contribute to establishing more sustainable
and eco-friendly industries.

Considering industrial production of bioproducts from microalgae,
continuous cultivation has many advantages, relative to batch and fed-
batch cultivations [24]. As continuous cultivation allows the mainte-
nance of stable cultures with proper cell densities for a long time at
steady-state, volumetric biomass productivity in continuous cultivation
of microalgae are generally 2.3- to 5-times higher than those in batch
cultivation [24,25]. Furthermore, a multi-stage continuous cultivation
system makes it possible to enhance the productivity of a bioproduct
[26]. As microalgae usually accumulate lipid, carotenoid, and other
value-added products under stress conditions [27], a two-stage culti-
vation method using stress conditions has been used for the induction of
value-added products in microalgae [28]. By applying this concept to
continuous cultivation, the productivity of a target product can be
further improved on top of the increased biomass productivity by the
continuous cultivation system [29].

Only a few studies have reported the development of glycolic acid
production from microalgae but did not examine the economic feasi-
bility of the overall process [18,30]. In this study, we aimed to develop
the economical production of glycolic acid from microalgae. We first
developed a two-stage continuous cultivation system and performed a
flux balance analysis (FBA) to understand the efficiency of our cultiva-
tion process. We also conducted a techno-economic analysis (TEA) to
evaluate the economic feasibility of the process developed in this study.
This study suggests that photoautotrophic multi-stage continuous
cultivation of microalgae can be used for the industrial production of
glycolic acid.

2. Material and methods
2.1. Microalgae strains and pre-culture

Chlamydomonas reinhardtii strains CC-4349 (CW15 mt-), CC-2702
(CIA5 deficient mutant) and CC-4160 (GYD1 deficient mutant), and
CC-400 (CW15 mt+, parental strain of CC-4160) were purchased from
Chlamydomonas Resource Center (https://www.chlamycollection.org/).
The strains were maintained on Tris-Acetate-Phosphate (TAP) agar
medium, which consisted of 20 mM Tris-HCl (pH 7.0), 0.375 g Lt
NH4Cl, 0.1 g L} MgS04-7H,0, 0.05 g L CaCl,-2H,0, 0.0108 g L™
KoHPO4, 0.0054 g L' KHyPO4, 1 mL L! glacial acetic acid and 1 mL L!
Hutner’s trace elements (50 g L'l Na,EDTA-2H,0, 22 g L' ZnSO4-7H50,
11.4 g L'V H3BO3, 5.06 g L't MnCl,-4H,0, 1.61 g L! CoCl,-6H,0, 1.57 g
L CuSO4--5H,0, 1.10 g L™} (NH4)¢Mo07024-7H20, and 4.99 g L! FeS-
04-7H20), at 25 °C under 120 pmol photons m 25! constant light. The
strains were activated in TAP broth medium at 25 °C under 120 pmol
photons m~2 s~! constant light with shaking at 120 rpm and were then
used as inoculum for cultivation. CC-4349, CC-2702, and CC-400 were
pre-cultured for 5 days, and CC-4160 were pre-cultured for 2 weeks.

2.2. Batch cultivation

In batch cultivation, cells were cultivated in HS medium, which
consisted of 0.5 g L1 NH4Cl, 0.02 g L' MgSO47H,0, 0.01 g L?!
CaCly-2H,0, 1.44 g L't K,HPO,, 0.72 g Lt KHoPOy, and 1 mL L Hut-
ner’s trace elements. Cultures were conducted in 250 mL Erlenmeyer
flasks with 200 mL working volumes at 25 °C under 120 pmol photons
m~2 s™! constant light with shaking at 120 rpm. Air with 3% CO, was
supplied to the culture directly at a constant flow of 0.5 vvm (volume gas
per volume medium per minute) for the first 6 days to induce photo-
synthesis and growth, and subsequently ambient air without additional
CO, was added to induce photorespiration and glycolic acid production.
CC-4349, CC-2702, and CC-4160 were cultured under batch conditions
for 20 days.


https://www.chlamycollection.org/
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2.3. Single-stage continuous cultivation system

Single-stage continuous cultivation was conducted in a 1 L culture
bottle with 500 mL working volumes. HS medium was supplied
continuously, and the same amount of culture volume was removed
using peristaltic pumps (Masterflex L/S, Cole-Parmer, IL, USA), sus-
taining total culture volume. Continuous cultivation was conducted at
25 °C with the agitation of 200 rpm by magnetic stirrer under 120 pmol
photons m~2 57! constant light. Ambient air was supplied to the culture
directly at a constant flow of 0.5 vvm. The single-stage continuous
culture was operated under five different dilution rates (D) ranging from
0.053 to 0.34 d'L. The steady state of the single-stage continuous culture
was determined by stably maintaining biomass and glycolic acid con-
centrations after a period of at least 2 residnece times (1/D) at each
dilution rate condition.

The scheme of single-stage continuous cultivation is presented in
Fig. la. Specific growth rate and biomass productivity of single-stage
continuous cultivation were calculated by the following mass balance
Eq. (1) [31]:

dxX;
dt

= DX; + p,X, — DX, (€Y

where X; is the biomass concentration of feed stream, X; is the biomass
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concentration in the culture of single-stage continuous cultivation, D is
the dilution rate, and y, is the specific growth rate of single-stage
continuous cultivation. As the feed stream (HS medium) has no
biomass, X; can be ignored, and dX/dt can be zero at a steady state.
Accordingly, the Eq. (1) can be simplified to:

er _ _ _
o = W—D)X =0 @
u =D )

Thus, the specific growth rate is the same as the dilution rate at a
steady state in single-stage continuous cultivation as Eq. (3). Biomass
productivity at a steady state is calculated by multiplying biomass
concentration (X;) by specific growth rate (y,).

Glycolic acid production rate and glycolic acid productivity of single-
stage continuous cultivation were calculated by the following mass
balance Eq. (4):

dp,
= DP+r.P —DP, 4

where Py is the glycolic acid concentration of feed stream, Ps is the
glycolic acid concertation in the culture of single-stage continuous
cultivation, D is the dilution rate, and r; is the specific glycolic acid

a Ambient air
\ Sampling

port

Ventilation
Ventilation port
port
D, Xi, P D, Xs, Ps
— f —
HS medium

b 3% CO:

Ventilation

port

Ambient air
\ Sampling

\ Sampling

port

Ventilation
port

Ventilation
port

port =1 =1 = -3 o= =3
D, Xy, P, D, X1, P1 ~ D, Xz P:
— C — —
1 , i
! i
! i
i M, 1, :
i Xr, Pr
i
HS medium 1 I
9 I i
’ 1st stage 2nd stage ’
D, X, Pt L R TR N b it D, Xt, Pr

Overall process

Fig. 1. Scheme of single-stage continuous cultivation (a) and two-stage continuous cultivation (b). In the two-stage continuous cultivation (b), orange-colored
arrows, dashed box, and letters represent the process and parameters for calculating biomass and glycolic acid productivity of the overall process.
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production rate in single-stage continuous cultivation. As the feed
stream (HS medium) has no glycolic acid, Py can be ignored, and dP,/dt
can be zero at steady state. Accordingly, the Eq. (4) can be simplified to:

ap,
dr

(ry—D)P; =0 )

ry =D (6)

Glycolic acid productivity at a steady state is calculated by multi-
plying glycolic acid concentration (P;) in the culture by glycolic acid
production rate (ry) .

2.4. Two-stage continuous cultivation system

In two-stage continuous cultivation, two 1 L culture bottles were
connected (Fig. 1b). HS medium was provided to the first stage culture,
and the second stage reactor received the culture from the first stage
reactor. A working volume of 500 mL in each stage was maintained. Air
with 3% CO, was supplied to the first stage reactor at 0.5 vvm for
biomass production, and ambient air was added to the second stage
reactor at 0.5 vvm to induce glycolic acid production. Two-stage
continuous cultivation was conducted at 25 °C with agitation 200 rpm
by magnetic stirrer under 120 pmol/m?2/s constant light. The two-stage
continuous cultures were operated at the dilution rates of 0.17 and 0.34
d’l. The steady states of the two-stage continuous cultures were deter-
mined by stably maintaining biomass and glycolic acid concentrations of
both stages after a period of at least 4 residence times (1/D) at each
dilution rate condition. In the case of the pH controlling conditions of
the second stage at 0.34 d’}, a steady state was determined after a period
of additional 2 residence times.

Specific growth rate and biomass productivity of each stage were
calculated separately. The specific growth rate and biomass productivity
of the first stage can be calculated by the following mass balance Eq. (7):
% — DX, X, — DX, @
where Xy is the biomass concentration of the feed stream, X; is the
biomass concentration of the first stage, D is the dilution rate, and y; is
the specific growth rate of the first stage. As the feed stream (HS me-
dium) has no biomass, Xy can be ignored, and dX;/dt can be zero at
steady state. Accordingly, the Eq. (7) can be simplified to:

X
o= -D)x, =0 ®)
w =D C)

Biomass productivity of the first stage at steady state is calculated by
multiplying biomass concentration (X;) by specific growth rate (u;) of
the first stage.

Glycolic acid production rate and glycolic acid productivity of the
first stage was calculated by the following mass balance Eq. (10):
ddi;:DPf—&-rlPl —DP, (10)
where Py is the glycolic acid concentration of feed stream, P; is the
glycolic acid concertation of the first stage, D is the dilution rate, and ry
is the specific glycolic acid production rate of the first stage. As the feed
stream (HS medium) has no biomass, Py can be ignored, and dP;/dt can
be zero at steady state. Accordingly, the Eq. (10) can be simplified to:

‘%: (m—D)P, =0 an
r =D (12)

Glycolic acid productivity of the first stage at steady state is calcu-
lated by multiplying glycolic acid concentration (P;) and glycolic acid
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production rate (r;) of the first stage.
The specific growth rate and biomass productivity of the second
stage can be calculated by the following mass balance Eq. (13):
dX
7: = DX, +p, X, — DX, (13)
where X, and y, are biomass concentration and specific growth rate
of the second stage, respectively. As dX,/dt is zero at steady state, the Eq.
(13) can be written as follows:

D(X, — X))

a 14)

Hy =

The biomass productivity of the second stage at steady state is
calculated by multiplying biomass concentration (X,) and specific
growth rate (u,) of the second stage.

Glycolic acid production rate and glycolic acid productivity of the
second stage were calculated by the following mass balance Eq. (15):
dP.

7: =DP, +r,P,—DP, (15)
where P, and r;, are glycolic acid concentration and specific glycolic acid
production rate of the second stage, respectively. As dP,/dt is zero at
steady state, the Eq. (15) can be written as follows:
D(P, — Py)
— = U 1
2 P, (16)

Glycolic acid productivity of the second stage at steady state is
calculated by multiplying glycolic acid concentration (P,) by glycolic
acid production rate (r,) of the second stage.

Specific growth rate, biomass productivity, glycolic acid production
rate, and glycolic acid productivity of the overall process in two-stage
continuous cultivation were calculated assuming that the first and sec-
ond stages were a single reactor. Specific growth rate and biomass
productivity of the overall process were calculated by the following
mass balance Eq. (17):

X

d—tT = DX; + p;Xr — DXy a7)
where y; and X7 is the specific growth rate and biomass concentration of
the overall process, respectively. As there was no biomass in the feed
stream (HS medium), Xy can be ignored and dXr/dt can be zero at steady
state. Accordingly, the Eq. (17) can be simplified to:

dX.
= —D)Xr =0 (18)
pr =D 19)

Biomass productivity of the overall process at steady state was
calculated by multiplying biomass concentration (Xy) and specific
growth rate (u;) of the overall process. As the effluent of the overall
process is the same as the effluent of the second stage (Fig. 1b), it can be
assumed that the biomass of the overall process (Xr) is equal to the
biomass of the second stage (X:). Thus, the biomass productivity of the
overall process was calculated by multiplying biomass concentration
(X,) of the second stage and specific growth rate (u;) of the overall
process.

Glycolic acid production rate and glycolic acid productivity of two-
stage continuous cultivation were calculated by the following mass
balance Eq. (20):

%:DPfﬁ-rTPT—DPT (20)
where rr and Py are the specific glycolic acid production rate and gly-
colic acid concentration of the overall process, respectively. As the feed
stream (HS medium) has no glycolic acid, Py can be ignored, and dPr/dt
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can be zero at steady state. Hence, the Eq. (20) can be simplified to:

P
% — (rr—D)Py =0 1)

rr =D (22)

Glycolic acid productivity of the overall process at steady state is
calculated by multiplying glycolic acid concentration (Pr) and glycolic
acid production rate (rr) of the overall process. However, for the same
reason as calculating the biomass productivity of the overall process, the
glycolic acid was calculated by multiplying the glycolic acid concen-
tration of the second stage (P,) and glycolic acid production rate of the
overall process (rr) .

2.5. Analytical methods

Cell growth was determined by optical density (OD) and biomass
concentration. OD was measured at 750 nm using a Biomate 5 ultra-
violet-visible spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Biomass concentration was estimated by filtering cells with
the MF-Millipore Membrane Filter (0.22 um pore size, Millipore, MA,
USA), washing with deionized water, drying at 75 °C overnight, and
measuring the weight of samples. Ammonium concentrations in the
medium were measured using the ammonia colorimetric assay kit
(K470-100, BioVision, Milpitas, CA, USA), according to the manufac-
turer’s instructions. The concentration of glycolic acid was determined
by 1200 Infinity series HPLC system (Agilent Technologies, Santa Clara,
CA, USA) equipped with a refractive index detector using a Rezex ROA-
Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, CA, USA).
The column was eluted with 0.005 N H,SO4 at a flow rate of 0.6 mL/min
at 50 °C [32].

2.6. Flux balance analyses

In order to conduct in silico simulations for estimating upper limits of
glycolate production by C. reinhardtii, we used the published genome
scale metabolic model of C. reinhardtii, iCre1355 [33], available at htt
ps://github.com/baliga-lab/Chlamy_model iCre1355. The autotrophic
model was used to estimate the theoretical maximum glycolic acid
production rate of the GYD1 mutant. In order to introduce the photo-
respiration pathway into the iCre1355 model, two transport reactions
were added based on Fang et al., (2012) [34]: glycerate transport re-
actions from mitochondria to cytosol and from cytosol to chloroplast.

To simulate the flux distribution in GYD1 mutant, the reaction of
GYD1 was knocked out in the model by setting both upper and lower
flux bounds to zero. We set the upper and upper and lower bounds of the
RuBisCO carboxylation rate and ammonium uptake rate based on the
experimental data of this study (Table S1). The RuBisCO carboxylation
rate was estimated using the Eq. (23):

COgbiofixation = [(Cbioma:sXPbinmasx) + (CglymliracidXPglymlimcid) ] X (MCOZ /MC)
(23)

where the symbols stand for Cpiomass-carbon content in the biomass,
Phiomass -biomass productivity, Cgpycolic acid -carbon content in glycolic
acid, Pglycolic acid -glycolic acid productivity, MCO2-molar mass of carbon
dioxide, and MC -molar mass of carbon [35]. Cpiomass Value was set to
0.52 based on carbon contents of C. reinhardtii and other microalgae in
previous studies [36,37]. Cgycolic acid value was set to 0.32 considering
the molecular weight of glycolic acid. Experimental values from this
study were used for Ppiomass and Pglycotic acid-

Flux balance analysis (FBA) were performed using Python with the
COBRA toolbox. The glpk (GNU Linear Programming kit) package was
used to solve linear programming problems [38]. We then estimated the
theoretical maximum glycolic acid production rate according to the
ratio of the rates of carboxylation and oxygenation (RuBisCO). All code
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used in the simulation is available in the Supplementary Data 2.

2.7. Techno-economic analysis

The techno-economic analysis was carried out to estimate the gly-
colic acid production cost of the two-stage continuous cultivation
developed in this study. Superpro Designer v9.5 (Intelligen, Inc., Scotch
Plains, NJ, USA) was used to calculate the mass and energy balances of
the processes.

The following units of the process (Fig. S1) were modeled in Su-
perpro Designer: a blending tank for making medium, a 1-acre open
raceway pond (ORP) for pre-culture, two 10-acre ORPs for biomass
production and glycolic acid production, a decanter centrifuge, a mixer-
settler extractor for glycolic acid extraction, an evaporator for organic
solvent recycling, a spray drying, three heat exchangers, four centrifugal
pumps, three centrifugal compressors, four mixer/splitters, a gas
receiver tank, and three air compressor (Fig. S1).

The total capital cost is calculated as the sum of direct and indirect
cost based on values of Superpro designer v9.5. The annualized capital
cost is calculated by multiplying the total capital cost by the capital
recovery factor (CRF), which can be calculated as follows [39]:

i(1+i)"

CRF =
(14" -1

(24)

where i and N represent the interest rate and the plant lifetime,
respectively. In this study, the value of i and N was assumed to be 8%
and 20 years, respectively [40]. The material cost and utility cost were
estimated based on the simulation results and unit prices of the chem-
icals and utilities. The labor cost is estimated using the following cor-
relation equation [40]:

(25)

. 02
Labor cost = 105 x (Total capital cost>

106 x 500

The maintenance cost was estimated to be 4% of the total capital cost
and the laboratory cost for quality control and assurance (Laboratory
QC/QA) was estimated to be 8% of the labor cost [41]. The annual
operating cost was calculated as the sum of material cost, utility cost,
labor cost, maintenance, and Laboratory QC/QA cost. Finally, the
annual cost was defined as the sum of the annualized capital cost and the
annual operating cost. The glycolic acid production cost was defined as
follows [42]:

Annual cost
Annual production rate of glycolic acid
(26)

Glycolic acid production cost =

3. Results and discussion
3.1. Screening of glycolic acid producing strains in a batch culture

We cultivated C. reinhardtii CIA5 mutant (CC-2702), GYD1 mutant
(CC-4160), and CW15 mt- (CC-4349) as a control in a batch culture. For
the first 6 days, air with 3% CO, was added to induce photosynthesis and
biomass production, and then ambient air without additional CO, was
provided to induce photorespiration and glycolic acid production. We
found that CW15 mt- grew well and did not produce extracellular gly-
colic acid at all (Fig. 2a and b). In contrast, the CIA5 mutant showed
significantly reduced growth and produced 0.28 g L! of glycolic acid in
20 days (Fig. 2a and b). The GYD1 mutant showed slightly reduced
growth, relative to WT, and produced 0.72 g ! of glycolic acid. (Fig. 2a
and b). The mutation in Cia5 which is a master transcriptional regulator
of the carbon concentrating mechanism (CCM) negatively affected car-
bon assimilation and photosynthesis, resulting in notable growth defects
under ambient air conditions. On the other hand, as CCM of the GYD1
mutant is intact, its growth did not decrease substantially as compared
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o
o

Time (day)

Time (day)
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Fig. 2. Analyses of growth, glycolic acid production, and pH in the batch culture. (a) Growth curve based on OD750 nm. (b) Glycolic acid concentration in the culture.
(c) pH of the culture. CW15 mt-, GYD1, and CIA5 represents CC-4349 (control), CC-4160 (GYD1 deficient mutant), and CC-2702 (CIA5 deficient mutant),
respectively. Cells were cultivated in 250 mL Erlenmeyer flasks with 200 mL working volumes of HS medium at 25 °C, 120 rpm, and 120 pmol photons m~2 s~!
constant light. Air with 3% CO5 was provided to the culture for the first 6 days for photosynthesis and growth, and then the ambient air was supplied to the culture for
photorespiration and glycolic acid production. The data points represent the average of samples and error bars indicate standard deviation (n = 2).

to the CIA5 mutant. It appeared the slightly reduced growth of the GYD1
mutant was attributed to a pH decrease of the culture medium due to the
production of glycolic acid (Fig. 2¢).

Taubert et al., (2019) reported the glycolic acid production in
C. reinhardtii WT via the photorespiration mechanism [18]. They tried to
develop the glycolic acid-producing process, combined with a methane
production process using anaerobic fermentation of glycolic acid. To

produce glycolic acid by C. reinhardtii, they used 6-ethoxy-2-benzothia-
zolesulfonamide (EZA) and isoniazid, which are inhibitors of carbon
fixation. Furthermore, they supplied a high concentration of oxygen
(40% 02/0.2% CO3) to induce photorespiration. Considering an
industrial-level production, the use of toxic chemicals and high con-
centrations of oxygen is not economically feasible. In contrast, the GYD1
mutant can produce a high concentration of glycolic acid under just
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ambient air conditions. Accordingly, we decided to delve into cultiva-
tion conditions to increase glycolic acid productivity using the GYD1
mutant for industrial production.

3.2. Single-stage continuous cultivation of GYD1 mutant

Single-stage continuous cultivation was conducted with the GYD1
mutant (CC-4160), and CW15 mt+ (WT, CC-400), the parental strain of
the GYD1 mutant (Fig. 1a and Fig. S2). Ambient air was provided for the
continuous culture to induce photorespiration and glycolic acid pro-
duction. We confirmed that the performance of glycolic acid production
was changed according to dilution rates. The biomass concentrations
and biomass productivities of the GYD1 mutant were lower than those of
the WT strain at all dilution rates (Fig. 3a and b). This result was
consistent with the batch cultivation result. Due to the lower growth, the
GYD1 mutant also consumed less ammonium in the HS medium, relative
to the WT strain (Fig. 3c). While the biomass concentrations of both WT
and GYD1 mutant strains increased as dilution rates decreased (Fig. 3a),
biomass productivities of both WT and GYD1 mutant strains decreased
(Fig. 3b).

We also found that only the GYD1 mutant secreted glycolic acid
(Fig. 3d). The secreted glycolic acid concentration of the GYD1 mutant
increased as dilution rates decreased. At the lowest dilution rate (0.053
d™h, the glycolic acid concentration and productivity were 0.64 g L and
34.0 mg L' d, which were highest in the single-stage continuous
cultivation (Fig. 3d and e). Due to the higher production of glycolic acid
at a low dilution rate, the pH of the GYD1 culture decreased to 4.9, while
the pH of WT culture was maintained above 6 (Fig. 3f).
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However, the highest glycolic acid productivity (34.0 mg L' d!) in
the single-stage continuous cultivation at the dilution rate of 0.053 d’!
(Fig. 3e) was lower than the volumetric productivity (35.8 mg L1dhof
glycolic acid in the batch culture (Fig. 2c). When we performed the
batch cultivation, we provided 3% CO5 to the culture in the initial
growth stage to increase biomass. Due to the enhanced growth at the
early stage, the GYD1 mutant was able to produce more glycolic acid
when ambient air was provided. In contrast, as we supplied only
ambient air in the single-stage continuous cultivation, the GYD1 mutant
did not accumulate biomass to support a large increase of glycolic acid
productivity. Thus, the single-stage continuous cultivation has a limi-
tation in enhancing glycolic acid productivity due to slow growth under
ambient air conditions.

3.3. Two-stage continuous cultivation of GYD1 mutant

In order to overcome the drawback of low cell densities of the GYD1
mutant in the single-stage continuous cultivation system, two-stage
continuous cultivation was implemented (Fig. 1b and Fig. S3). Air
with 3% CO4 was supplied to the first stage for biomass production to
induce high rates of net photosynthesis, and ambient air without addi-
tional CO, was added to the second stage to induce glycolic acid pro-
duction by the RuBisCO oxygenation reaction.

Under the two-stage continuous culture, the biomass concentration
of the first stage was 0.72 g L'! at a dilution rate of 0.17 d"* and 0.50 g L™!
at the dilution rate of 0.34 d’! (Fig. 4a). Thus, biomass productivities of
the first stage were 121.8 mg L™ d”! and 170.0 mg L d'! at the dilution
rates of 0.17 d’! and 0.34 d. In contrast, the biomass concentrations
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(0.80 g L! and 0.57 g L)) in the second stage were only slightly
increased over the first stage due to the lack of CO,, resulting in low
biomass productivities of 1.57 mg L' d! and 2.92 mg L! d! at the
dilution rates of 0.17 ! and 0.34 d’}, respectively (Fig. 4b). The initial
ammonium concentration of the HS medium was about 9 mM and a
large amount of the supplied ammonium was consumed at the first stage
with increased biomass production. We observed that ammonium was
barely consumed in the second stage as biomass productivities are 100-
fold lower than those at the first stage (Fig. 4c). The biomass pro-
ductivities of the overall process were 136.0 and 192.7 mg L' d! at the
dilution rates of 0.17 and 0.34 d}, respectively. When compared to the
single-stage cultivation where only ambient air was used, the overall
biomass productivities of the GYD1 mutant were significantly increased,
especially at the first stage by using 3% CO; (Fig. 3b and 4b).

Glycolic acid production was also improved in the two-stage
continuous cultivation system. Although the GYD1 mutant produced
only negligible amounts of glycolic acid in the first stage, the GYD1
mutant produced 0.34 and 0.24 g L of glycolic acid in the second stage
when the dilution rates were 0.17 and 0.34 d}, respectively (Fig. 4d).
Consequently, the glycolic acid productivities of the overall process in
two-stage continuous cultivation were 57.8 mg L'l d"! and 82.5 mg L' d°
! at the dilution rates of 0.17 and 0.34 d’', respectively (Fig. 4e). The
productivities in the two-stage continuous cultivation were 70% and
143% higher than those in the single-stage continuous cultivation. The
increased biomass productivity in the first stage led to significantly
improved glycolic acid production at the second stage.

Besides, we observed that the biomass and glycolic acid pro-
ductivities were higher at a high dilution rate condition (0.34 d'\). The
specific growth rate and glycolic acid production rate of the second stage
at the dilution rate of 0.34 d’! were almost doubled, relative to those at
the dilution rate of 0.17 d’! (Table 1). The increased growth rate in the
second stage might be related to the pH of the culture. The pH of the
second stage culture was lower (pH 4.0 vs. 4.7) at the dilution rate of
0.17 d! than at the dilution rate of 0.34 d"! due to the high concentra-
tions of the glycolic acid in the culture (Fig. 4e and f). The lower pH of
the culture negatively affected the cells, resulting in a lower growth rate
and glycolic acid production rate (Table 1). Thus, a high dilution rate
appeared to be more suitable for the production of glycolic acids.

We also noticed that the pH in the first stage where CO5 was supplied
to suppress photorespiration was maintained at 6 regardless of dilution
rates. This indicated that pH 6 is a favorable condition for the GYD1
mutant to grow. Thus, it was expected that glycolic acid production can
be further enhanced if the pH of the second stage is maintained at 6.

3.4. Two-stage continuous cultivation of GYD1 mutant with pH control of
the second stage

We examined the effects of pH on growth and glycolic acid pro-
duction by transferring the cells from the continuous culture into batch
culture. We collected the outflow GYD1 mutant culture from the second
stage of two-stage continuous cultivation with the dilution rate of 0.34 d°
1. As the pH of the outflow culture was 4.4, the pHs of the batch culture
were adjusted to 4.4 and 6.0, which was the same as the pH of the first
stage using 1 N KOH (Fig. 4f). When the GYD1 mutant was cultured at
the initial pH 6.0 and 4.4 conditions, the GYD1 mutant maintained the

Table 1
Specific growth rate and glycolic acid production rate at the second stage of two-
stage continuous cultivation.

Rate\Dilution rates 0.17d? 0.34d?! 0.34 d! with pH
control
Specific growth rate (d) 0.017 + 0.040 + 0.074 + 0.016
0.005 0.012
Specific glycolic acid 0.150 + 0.318 + 0.318 + 0.001
production rate (d™) 0.001 0.001
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cell density and produced more glycolic acid at the condition of initial
pH 6.0 as compared to the conditions with initial pH 4.4 (Fig. S4). This
indicated that a decrease in pH due to glycolic acid production nega-
tively affected further growth and glycolic acid production.

Thus, we controlled the pH of the second stage at the dilution rate of
0.34 d’!. The pH of the second stage was maintained at 6.0 by the
automatic addition of 0.5 N KOH (Fig. 4f). As a result, the biomass
concentration of the second stage further increased up to 0.68 g L,
which was 28% higher than that of the first stage (Fig. 4a). Given that
biomass concentration of the second stage without pH control exhibited
a 13% increase compared to the first stage, biomass production was
certainly enhanced by the pH control. Consequently, biomass produc-
tivity of the overall process increased to 232.3 mg L' d! (Fig. 4b).

The glycolic acid concentration was also enhanced along with the
increased biomass production by pH control (Fig. 4d). Thus, glycolic
acid productivity of the overall process with pH control was 122.6 mg !
d!, which was 49% higher than the productivity under no pH control
condition (Fig. 4e). Notably, the glycolic acid productivity was 3.6-fold
greater at the dilution rate of 0.34 d™! with pH control compared to the
single-stage continuous cultivation (Fig. 3e and 4e).

We also observed that the pH control of the second stage has a
positive effect on the specific growth rate rather than glycolic acid
production rate (Table 1). As such, the increase of glycolic acid pro-
duction by pH control might be due to the enhanced growth of the GYD1
mutant.

3.5. Flux balance analysis of the GYD1 mutant

FBA was performed to estimate the theoretical maximum glycolic
acid production rate of the GYD1 mutant using the genome scale
metabolic model of Chlamydomonas reinhardtii iCre1355. The RuBisCO
carboxylation rate and the ammonium uptake rate were estimated based
on the experimental results of the single-stage continuous cultivation at
D = 0.34 d’!. The RuBisCO carboxylation rate (CO, biofixation rate, eq
(23)) was calculated based on only biomass and extracellular glycolic
acid [35]. Although the GYD1 mutant could produce other extracellular
products from CO5 [13], the amount seems to be negligible according to
the HPLC result (Fig. S5). We set the upper and lower bounds of the
RuBisCO carboxylation rate to 0.82 mmol gDW'h~! and those of the
ammonium uptake rate to 0.19 mmol gDW'h~! (Table S1). The growth
rate and glycolic acid production rate were simulated according to the
ratio of the rates of carboxylation and oxygenation (CO2/0>) reactions
by RuBisCO (Fig. 5a). Basically, the growth rate and glycolic acid pro-
duction rate was inversely proportional. The growth rate increased with
increased carboxylation reaction rates, resulting in 0.022 h™!, equal to
0.53 d!, of the maximum growth rate with the lowest glycolic acid
production rate. On the other hand, the glycolic acid production rate
increased with increased oxygenation reaction rates, resulting in 0.41
mmol gDW h™! of the maximum glycolic acid production rate with the
lowest growth rate. At the growth rate of 0.014 h™' (0.35 d), the
theoretical maximum glycolic acid production rate was calculated to be
0.16 mmol gpW'h~! (Fig. 5b). The experimental glycolic acid pro-
duction rate at the dilution rate of 0.014 h~! (0.35 d"!) under the single-
stage continuous cultivation was 0.11 mmol gDW*h ™!, which showed a
31% deviation between the experimental and predicted values (Fig. 5b).
We also investigated theoretical maximum glycolic acid production
rates under the two-stage continuous cultivation with or without pH
regulation at the dilution rate of 0.35 d!, and the theoretical maximum
glycolic acid production rates were 0.13 and 0.15 mmol gDW'h~},
which had 38% and 33% deviations, respectively (Table S1). The de-
viations might be caused because FBA does not consider the toxicity of
glycolic acid and environmental stresses, such as low pH. Considering
the stress factors by glycolic acid, our experimental glycolic acid pro-
duction rates might be almost the maximum values. We also investigated
metabolic fluxes of the photosynthesis and photorespiration pathways in
the GYD1 mutant at the growth rate of 0.014 h! (0.35 d’l), and found
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Fig. 5. The flux balance analyses of the GYD1
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that all oxygenated fluxes by RuBisCO did not go through the GYD1
reaction, leading to the production of extracellular glycolic acid
(Fig. 5¢). Based on the FBA result, we confirmed that our continuous
processes were well-established for the production of glycolic acid.

3.6. Techno-economic analysis of microalgae-based glycolic acid
production

TEA was carried out to evaluate the economic feasibility of glycolic
acid production by the GYD1 mutant. We compared three cases of the
two-stage continuous cultivation systems (the dilution rates of 0.17 d’!,
0.34d’!, and 0.34 d! with pH control) based on the results in this study.

The simulated process consisted of pre-culture, biomass production,
glycolic acid production, glycolic acid extraction, glycolic acid drying,
and medium and extraction solvent recycling processes (Fig. S1). We
modeled the two-stage continuous cultivation system using two open
raceway ponds (ORPs). The data of biomass, glycolic acid production,
and required major nutrient (NH4Cl, KoHPO4, and KH2PO4) concen-
tration were determined based on the experimental data in this study
(Table S2). In the case of other nutrients, initial concentrations of HS
medium were used, and trace metal was omitted. In downstream pro-
cesses, a decanter centrifuge was used to separate cells from superna-
tants, and a methyl isobutyl ketone (MIBK) solvent and amberlite resin
were employed for glycolic acid extraction. We assumed that MIBK
solvent was recycled and Amberlite resin was set up with the glycolic
acid extraction unit (the mixer-settler extractor), and thereby the
Amberlite resin cost was included in the equipment purchase cost. The
data of harvesting and extraction of glycolic acid were collected from the
available literature [43,44]. The assumption of major parameters
applied to the process are presented in Table S3.

The details of the total capital cost and operating cost of the three
cases were presented in Table S4 and S5. Total annual cost (the sum of
annualized capital cost and operating cost) was $7.07 million, $11.71
million, and $11.75 million under the conditions of 0.17 d, 0.34 d™,
and 0.34 d'! with pH control, respectively (Table 2). The annual cost for
the production of glycolic acid increased at higher dilution rate condi-
tions. Thus, although the annual production rate of glycolic acid was
16% higher at a high dilution rate of 0.34 d"! compared to a low dilution
rate of 0.17 d', the glycolic acid production cost was 43% greater at the
dilution rate of 0.34 d! due to the high annual cost. Interestingly, with
the addition of pH control at the dilution rate of 0.34 d!, the annual
glycolic acid production was doubled (383 MT yr!) as compared to the
condition of the dilution rate of 0.17 d! without pH control. Thus,
although the annual cost was most expensive at the dilution rate of 0.34
d! with pH control, the glycolic acid production cost was $31 kg~!
which was the lowest price. Based on these results, it was demonstrated
that the two-stage continuous cultivation at a high dilution rate (0.34 d°

Table 2
TEA results for the glycolic acid production in microalgae in two-stage contin-
uous cultivation.

Cost \ Dilution rate 0.17 d* 0.34d? 0.34 d! with pH
Control

Annualized capital cost ($ yr’l) 3,153,386 5,096,243 5,102,028
Annual operating cost ($ yr’l) 3,918,014 6,616,889 6,645,623

Annual cost ($ yr™") 7,071,400 11,713,132 11,747,651
Annual production rate of 187 272 383
glycolic acid (MT yr~1)
Glycolic acid production cost ($ 38 43 31
kg™
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1y with pH control is the most economic configuration for glycolic acid
production.

However, the efficiencies of glycolic acid production in ORP
employed for TEA might be lower than the efficiency from the lab-scale
experiments. Thus, we additionally conducted TEA with a scenario of
reduced efficiencies (25%, 50%, and 75%) of glycolic acid production at
the dilution rate of 0.34 d”! with pH control conditions. Basically, the
altered efficiencies did not significantly affect the annual costs
(Tables S6 and S7). However, decreases in glycolic acid production ef-
ficiency increased the production costs. As a result, the glycolic acid
production costs were 41, 60, and 120 $ kg’1 at 75%, 50%, and 25%
efficiencies, respectively (Fig. 6). Considering that glycolic acid is
currently produced by chemical synthesis with no carbon sequestration
[45] and the market price is estimated to be around $200 to 350 kg%,
the photoautotrophic production of glycolic acid using microalgae will
be economically-feasible with the lower efficiencies.

As there is a growing interest in producing chemicals via microbial
fermentation from renewable resources, many metabolic engineering
studies for glycolic acid production in bacteria or yeast have been re-
ported. To date, the reported highest glycolic acid titer was 108.2 g L
and 15.0 g L' in engineered bacteria (Escherichia coli) and yeast (Kluy-
veromyces lactis), respectively [45]. However, bacteria and yeast require
sugars and produce other byproducts. Although the glycolic acid titer in
this study was 0.36 g L'! in the two-stage continuous cultivation (0.34 d
! with pH control), glycolic acid could be economically produced by
using modest CO; supplementation in the first stage and ambient air in
the second stage (Fig. 4d). Indeed, we found that the CO; cost is almost
0% of the total operating cost (Table S5 and S7).

Additionally, the reduced downstream process in glycolic acid pro-
duction might be an economic advantage. Glycolic acid production from
microalgae does not require a cell disruption-related process, unlike
other microalgal products. Panis et al., (2016) reported TEA of astax-
anthin production process using Haematococcus pluvialis [46]. Interest-
ingly, they found that the cell disruption step was highly energy-
demanding, accounting for a substantial fraction of the operating cost.
Moreover, they concluded that the biological production of astaxanthin
could not compete with synthetic astaxanthin due to high production
costs.

In this study, we present the photoautotrophic production of glycolic
acid by the C. reinhardtii GYD1 mutant under the well-controlled envi-
ronment. However, it is necessary to develop an economic and scalable
microalgae culture system, just as the TEA was conducted using open
raceway ponds. The GYD1 mutant would not be competitive in the open
raceway ponds due to various environmental conditions, stresses, and
contamination issues. Thus, we propose that the mutants would be
transformed with herbicide resistance genes so that inexpensive and
environmentally benign herbicides can be used to suppress competitive
contamination [47]. Besides, we assumed many parameters of the
downstream processes based on the previous studies (Table S3) due to
the lack of experimental data. As these may render the calculated pro-
duction cost of glycolic acid in the TEA inaccurate or underestimated,
experimental developments of the downstream processes will be
necessary for the commercial production of glycolic acid from the GYD1
mutant. Nevertheless, we envision that the photoautotrophic production
of glycolic acid would be as competitive as other microbial
fermentation-based production from sugars as carbon dioxide can be
directly converted into glycolic acid [45]. Thus, the developed strategy
in this study can be considered for the industrial production of glycolic
acid.

4. Conclusions

Here, we developed a microalgal cultivation process for the photo-
autotrophic production of glycolic acid. We report that the GYD1 mutant
of C. reinhardtii is a promising candidate for the production of glycolic
acid from carbon dioxide. When a single-stage continuous cultivation
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Fig. 6. TEA results according to glycolic acid production efficiency under the
0.34 d’! dilution rate with pH control conditions.

was conducted with the GYD1 mutant by providing ambient air, the
GYD1 mutant was not able to sustain the growth and production of
glycolic acid. Therefore, we developed a two-stage continuous cultiva-
tion of the GYD1 mutant for the efficient production of glycolate. The
first stage focused on the growth of the GYD1 mutant by providing 3%
CO9, and subsequently glycolic acid production was induced by
providing only ambient air in the second stage. Besides, we controlled
the pH of the second stage to further increase glycolic acid production,
resulting in a volumetric productivity of 122.62 mg glycolic acid L't d'..
FBA demonstrated that sustainable production of glycolic acid is feasible
and TEA revealed that microalgae-based glycolic acid production can be
cost-competitive considering current market prices. These findings
suggest that the photoautotrophic production of glycolic acid by a
microalgal culture can be conducted at large scales for industrial
chemical production and carbon sequestration.
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