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Abstract

Background: Fermentative production of lactic acid from algae-based carbohydrates devoid of lignin has attracted
great attention for its potential as a suitable alternative substrate compared to lignocellulosic biomass.

Results: A Chlorella sp. GD mutant with enhanced thermo-tolerance was obtained by mutagenesis using N-methyl-
N'-nitro-N-nitrosoguanidine to overcome outdoor high-temperature inhibition and it was used as a feedstock for
fermentative lactic acid production. The indoor experiments showed that biomass, reducing sugar content, photosyn-
thetic O, evolution rate, photosystem Il activity (F,/F,, and F,//F.,’), and chlorophyll content increased as temperature,
light intensity, and CO, concentration increased. The mutant showed similar DIC affinity and initial slope of photo-
synthetic light response curve (a) as that of the wild type but had higher dissolved inorganic carbon (DIC) utilization
capacity and maximum photosynthesis rate (P,,,,). Moreover, the PSIl activity (F,//F.,) in the mutant remained normal
without acclimation process after being transferred to photobioreactor. This suggests that efficient utilization of inci-
dent high light and enhanced carbon fixation with its subsequent flux to carbohydrates accumulation in the mutant
contributes to higher sugar and biomass productivity under enriched CO, condition. The mutant was cultured out-
doors in a photobioreactor with 6% CO, aeration in hot summer season in southern Taiwan. The harvested biomass
was subjected to separate hydrolysis and fermentation (SHF) for lactic acid production with carbohydrate concentra-
tion equivalent to 20 g/L glucose using the lactic acid-producing bacterium Lactobacillus plantarum 23. The conver-
sion rate and yield of lactic acid were 80% and 0.43 g/g Chlorella biomass, respectively.

Conclusions: These results demonstrated that the thermo-tolerant Chlorella mutant with high photosynthetic
efficiency and biomass productivity under hot outdoor condition is an efficient fermentative feedstock for large-scale
lactic acid production.
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Background

Increase in carbon dioxide (CO,) emissions derived from
fossil fuel combustion is one of the main causes of global
warming [1]. Microalgae are among the most promis-
ing solution for carbon sequestration and also an ideal
feedstock for the production of biofuels [2]. Further-
more, microalgae are also capable of biosynthesizing high
value products like pigments and omega-3 fatty acids
[3]. On the other hand, using carbohydrate-rich micro-
algal feedstock for the fermentative production of fine
chemicals (such as succinic acid, lactic acid, and so forth)
has received increasing attentions [4, 5]. Among the bio-
based chemicals produced from microalgae, lactic acid
has been recognized with high potential for commerciali-
zation [6].

Lactic acid (2-hydroxypropanoic acid) is an important
chemical because of its wide applications in the food,
pharmaceutical, cosmetic, textile, and chemical indus-
tries [7, 8]. In addition, it can be used as a feedstock for
the production of poly-lactic acid (PLA), an environ-
mentally friendly biodegradable and biocompatible poly-
mer used in surgical sutures, orthopedic implants, drug
delivery systems, and disposable consumer products,
which can be substituted for petrochemical plastics [9,
10]. Almost all lactic acid is now produced through fer-
mentation of carbohydrate-rich materials [6]. Because
the manufacturing cost of raw materials is still high [11],
various renewable materials are considered as economic
resources for efficient lactic acid production and to
reduce the carbohydrate feedstock costs [6, 12]. In com-
parison to lignocellulosic biomass, microalgae that do not
contain lignin have been considered as a suitable alterna-
tive substrate for fermentative lactic acid production. A
freshwater green microalga Hydrodictyon reticulum that
contains 47.5% reducing sugars has been used as a car-
bohydrate substrate for the production of L-lactic acid
by Lactobacillus sp. isolated from the traditional Korean
food, makgeolli [13, 14]. The acid hydrolysate (5% H,SO,,
120 °C, 1 h) of a marine green microalga Nannochloropsis
salina after lipid extraction, a lipid-free algal hydrolysate
with glucose and xylose as dominant reducing sugars,
has also been used as a substrate for fermentative lactic
acid production by Lactobacillus pentosus with a lactic
acid yield of 0.93 g/g algal biomass at sugar concentration
ranging from 3 to 25 g/L [15].

An increase in temperatures limits the growth perfor-
mance of microalgae in field conditions, particularly in
photobioreactors (PBRs) [16]. The water temperatures
in tropical and subtropical regions, particularly in the
closed PBRs, frequently surpass 40—45 °C without tem-
perature control. The optimal growth temperature for
most algae is in the range of 20-30 °C, although some
species show improved heat tolerance [17—19]. Therefore,
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outdoor culture of microalgae generally encounters over-
heating issues. For example, overheating of the fed batch
cultures of Chlorella pyrenoidosa in tubular PBR in the
field resulted in a decrease of biomass when culture tem-
perature went above 40 °C [20]. Both growth (biomass
productivity) and photosynthetic performance (F,/F,,) of
Chlorella sorokiniana in outdoor cultures were reduced
when temperature as well as dissolved oxygen concentra-
tions increased [21]. Due to the possible lethality to algae
as a consequence of probable overheating in closed PBR,
temperature control is of major concern. In addition to
applying improved engineering strategies for tempera-
ture control, thermo-tolerant algal species can be chosen
to overcome high-temperature inhibition during outdoor
PBR culture.

An indigenous green microalga, Chlorella sp. GD was
isolated from piggery wastewater in Taiwan and exhib-
ited high biomass productivity of 0.852 g/L/day in indoor
PBRs using piggery wastewater as nutrient source [22],
and it can be used as a feedstock for fermentative lactic
acid production. Because water temperatures in out-
door PBRs frequently surpass 40 °C during the daytime
in hot summer season in Taiwan, overheating of PBR
becomes a problem for outdoor growth of Chlorella sp.
GD and its subsequent application in fermentative lactic
acid production. This study therefore aims to screen the
thermo-tolerant Chlorella sp. GD mutants with high pho-
tosynthetic efficiency after random chemical mutagenesis
using N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
[23] for improving outdoor biomass production and also
to investigate the suitability of algal biomass as a feed-
stock for fermentative production of lactic acid. We have
selected one mutant with elevated biomass productivity
and high CO, utilization efficiency under high-temper-
ature condition. The optimal conditions (temperature,
light intensity, and CO,) for biomass production were
examined in indoor and outdoor PBRs and the biomass
was harvested as a feedstock for fermentative production
of lactic acid.

Results
Isolation of Chlorella sp. GD mutant with enhanced
thermo-tolerance and high CO, utilization ability
After MNNG mutagenesis and high-temperature (40 °C)
screen, twenty-one mutants that showed higher biomass
production have been isolated. Of them, one mutant
(M4) that exhibited a twofold increase in biomass pro-
duction after 4 days at 40 °C incubation (Fig. 1A) was
chosen for further studies. The biomass production was
2.9 g/L when cultured in 75 mL BG-11 medium in a 125-
mL PBR (Fig. 1A).

Next, the utilization of CO, by the mutant and its inter-
actions with temperature were studied. The biomass of
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Fig. 1 Interaction of temperature and CO, concentration on algal
growth in indoor PBR. The growth performance of Chlorella sp. GD
wild type and mutant M4 was determined first under different tem-
peratures for 4 days (A) and then under different CO, concentrations
at 25 °C (B) and 40 °C (C) for 4 days. The data are expressed as the
mean =+ SD (n = 3) and different letters indicate significant difference
between the culture times (P < 0.05)
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both wild type and M4 increased when CO, concentra-
tion was increased to 2-6% and M4 showed a higher
increase in biomass with the maximum at 6% CO, aera-
tion (Fig. 1B). The biomass production of M4 can be fur-
ther increased up to 4.2 g/L by 6% CO, aeration under
40 °C condition.

Whether M4 still showed a better growth performance
under hot outdoor condition was tested using a 1-L
outdoor PBR set in the Aquafarm of College of Marine
Sciences, National Sun Yat-Sen University, Kaohsiung,
Taiwan (22°37/54.79"N, 120°15'39.82"E), from August 3
to 7, 2015. We found that although the biomass of both
wild type and M4 increased with time, M4 exhibited a
higher biomass production as compared to the wild type
whenever it was aerated with ambient air or 6% CO,
(Fig. 2A). Furthermore, aeration with 6% CO, resulted in
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a higher biomass production than air aeration, and the
biomass productivity of wild type and M4 after 4 days
of 6% CO, aeration was 0.65 and 1.02 g/L/day, respec-
tively (Fig. 2A). The algal cells appeared dark green for
mutant M4 grown in ambient air and 6% CO, and wild
type grown at 6% CO,, but for the wild type grown with
ambient air aeration, the cells were light green (Fig. 2B).
During the 4 days of culture, the weather was hot and
clear, as reflected by high temperature (Fig. 2C) and high
light intensity (Fig. 2E). The water temperature in the
PBR could increase up to 43-49 °C during daytime and
was down to around 26—28 °C during the night (Fig. 2D),
while the maximum light intensity in the center of the
PBR was 1280 pmol/m?/s at day 1 and the peak light
intensity on every day decreased as time increased, pos-
sibly due to increased cell density (Fig. 2F).

Because light intensity is known for its influence on
algal growth [21], the interactive effect of light intensity
(50 and 200 pmol/m?/s) with temperature (25 and 40 °C)
and CO, concentration (air and 6%) on biomass produc-
tion in relation to photosynthetic efficiency was carried
out in the mutant and the wild type. When light intensity
increased, both biomass and photosynthetic O, evolution
rate of the mutant M4 were higher than those of the wild
type (Fig. 3). Furthermore, both biomass (Fig. 3A-D)
and photosynthetic O, evolution rate (Fig. 3H-K) in the
mutant can be increased by increasing temperature (from
25 to 40 °C), CO, concentration (6% CO,), or light inten-
sity (from 50 to 200 pmol/m?%/s). Both biomass produc-
tivity and photosynthetic O, evolution rate were maximal
under the combination of 40 °C, 6% CO,, and 200 pmol/
m?/s (Fig. 3). Then, the photosynthetic performance
was further investigated by examining the time-course
dynamics in photosynthetic O, evolution rate and PSII
activity under 40 °C and 200 pmol/m?/s condition. The
data in Fig. 4 showed that the photosynthetic O, evolu-
tion rate in the mutant peaked on day 1 and decreased
gradually, while in the wild type a delayed response
appeared with the peak after 2 days. The active PSII
activity (F,//F,)’) in the wild type was around 0.55 during
0-1 days and then increased to 0.7 after 2 days, while that
in the mutant it was 0.7 over the culture period (Fig. 4B).
The CO, aeration did not change the F,//F,’ values in
both wild type and M4 (Fig. 4B). The maximum PSII
activity (F,/F,,) showed a similar trend (data not shown).
Our findings demonstrated that the mutant showed nor-
mal PSII activity in stock culture and after a transfer to
the PBR, whereas the wild type exhibited decreased PSII
activity in stock culture and the acclimation process was
needed for the wild type to recover after a transfer to the
PBR.
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Fig. 2 Growth performance in outdoor PBR. Biomass production

(A) and appearance (B) of Chlorella sp. GD wild type and mutant

M4 were determined in outdoor PBR aerated with 6% CO,. The

data are expressed as the mean =+ SD (n = 3) and different letters

indicate significant difference between the culture times (P < 0.05).

Air temperature (C), PBR temperature (D), irradiance outside PBR (E),

and irradiance inside PBR (F) were recorded over culture period

Photosynthetic light response curve (Pl curve)
and dissolved inorganic carbon (DIC) utilization curve
The above results have indicated that the character-
istics of photosynthesis were modified in the mutant
with enhanced thermo-tolerance. Thus, the photosyn-
thetic light response curve (PI curve) was determined
using algal cells grown under high light intensity condi-
tion (200 pmol/m?/s) to characterize its photosynthesis.
As shown in Fig. 5A, the maximum photosynthesis rate
(Poay) Was higher in the mutant during early (day 1) to
late (day 4) culture period, especially when aerated with
6% CO,. However, the initial slope of photosynthetic
light response curve (a) was similar not only between
wild type and M4 but also between air aeration and CO,
aeration over the culture period (Fig. 5A). It reflects that
the mutant exhibited a higher light utilization activity
under CO, aeration.

In addition to a change in light utilization efficiency,
the photosynthetic kinetics with respect to dissolved
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Fig. 3 Interactive effects of temperature, light, and CO, concentra-
tion on algal growth and photosynthesis. The effects of temperature
(25 and 40 °C), light intensity (50 and 200 pmol/m?/s), and CO,
concentration (@mbient air and 6% CO,) on biomass production
(A-D) and photosynthetic O, evolution rate (E-H) of Chlorella sp.
GD wild type and mutant M4 were determined 4 days after culture
in indoor PBR. The data are expressed as the mean % SD (n = 3) and
different letters indicate significant difference between the culture
times (P < 0.05)

inorganic carbon could be also modified. The photo-
synthetic O, evolution rate in response to increasing
dissolved inorganic carbon (DIC) concentration was
assayed. The K, (DIC) value was calculated to evalu-
ate the affinity for DIC. The mutant showed a lower Kj,
(DIC) value whenever aerated with air or 6% CO,, and
this trend was similar at day 1 and at day 4 (Fig. 5). The
maximum rate of photosynthetic O, evolution under sat-
urated DIC concentration was significantly higher in the
mutant and also under 6% CO, condition (Fig. 5).

These results demonstrated that both light utilization
efficiency and DIC utilization efficiency have been modi-
fied in this thermo-tolerant Chlorella sp. GD mutant.
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Fig. 4 Time-course changes in photosynthetic activity in indoor
PBR. The photosynthetic O, evolution (A) and PSIl activity (F,'/F )
(B) of wild type and mutant M4 of Chlorella sp. GD were deter-
mined in indoor PBR aerated with ambient air or 6% CO, at 40 °C
under 200 umol/m?/s illumination. The data are expressed as the
mean =+ SD (n = 3) and different letters indicate significant difference
between the culture times (P < 0.05)

Cand N contents, sugar compositions, and fermentative
lactic acid production

To elucidate the possibility of using the biomass of Chlo-
rella sp. GD mutant M4 as a fermentation feedstock for
lactic acid production, the following parameters were
analyzed: the C and N content (%, dry weight) and C/N
molar ratio of wild type (WT) and mutant and their
reducing sugar content after acid hydrolysis with 4% (v/v)
H,SO,.

These tests were first performed using the cultures
obtained from indoor PBR. We found that C% and N%
in the mutant were higher than those in the wild type
under air aeration and therefore resulted in a similar
C/N ratio between wild type and M4. While the aera-
tion with 6% CO, increased C% in both wild type and M4
and decreased their N%, where C% and N% were simi-
lar between wild type and M4, leading to a similar C/N
ratio between wild type and M4 under 6% CO, aeration
(Table 1). After H,SO, hydrolysis, the monosaccharides
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Fig. 5 Comparison of photosynthetic light response curve (Pl curve)
(A-D) and dissolved inorganic carbon (DIC) utilization curve (E-H).
Pl curve and DIC utilization curve were determined in wild type and
mutant M4 of Chlorella sp. GD after 1 day and 4 days of culture in
indoor PBR aerated with ambient air (A, C, E, G) or 6% CO, (B, D, F, H)
at 40 °C under 200 pmol/m?/s illumination. The data are expressed as
the mean £SD (n=13)

present in the hydrolysate were glucose and xylose, with
glucose as the dominant sugar. The glucose content
was significantly higher in the mutant M4 and can be
slightly increased by CO, aeration (Table 1). In contrast,
the xylose content was not different between wild type
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and mutant, but can be increased by 6% CO, aeration
(Table 1). The total reducing sugar content was 39.69%
in the wild type and 45.02% in the mutant after 4 days of
culture under 6% CO, aeration.

Because mass culture will be carried out in outdoors
for future industrial application using algal biomass as a
feedstock, the sugar content in algal biomass harvested
from outdoor culture was determined to check whether
the mutant still showed higher sugar content under
outdoor culture. The culture period was 8 days and 1 g
NaNO; was added at the beginning of the culture and
again after 4 days of culture to prevent N deficiency dur-
ing prolonged culture. After 8-day outdoor culture (Sep-
tember 10-18, 2015), the biomass of wild type and M4
was 6.16 g/L and 8.22 g/L, respectively, and the content
of total reducing sugar, glucose, and xylose in the mutant
was 59.83, 49.93, and 4.90%, respectively, and for the wild
type it was 48.57, 44.54, and 4.03%, respectively (Table 2).
Based on the initial biomass of 0.162 g, the biomass pro-
ductivity of wild type and M4 was 0.75 and 1.01 g/L/day,
respectively. The fermentation yield of acid hydrolysate
was 0.36 and 0.43 g lactic acid/g biomass in wild type
and mutant, respectively, with lactic acid production of
2.18 and 3.56 g lactic acid/L PBR in wild type and M4,
respectively (Table 2). As shown in Table 3, the fermenta-
tion efficiency (lactic acid conversion rate) for standard
glucose, wild type biomass, and M4 biomass were 74.87,
80.42, and 79.17%, respectively, with a complete conver-
sion within 5 h. It is worth noting that the conversion
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efficiency using algal biomass as a feedstock was higher
than that of using pure glucose. The consumption of glu-
cose and xylose was complete at 5 h of fermentation for
all samples, while the titer of lactic acid production after
5 h of fermentation was 14.50, 16.10, 16.38 g/L for stand-
ard glucose, wild type biomass, and M4 biomass, respec-
tively (Table 3). The time-course relationship between
the growth of Lactobacillus plantarum 23 and lactic acid
production has been shown in Fig. 6. In both wild type
(WT) and M4 mutant feedstock, as ODg, of L. plan-
tarum 23 increased with time, the lactic acid productiv-
ity (g/L/h) increased to a peak at 3 h, following a decline,
while the lactic acid yield (g lactate/g biomass) increased
to the maximum after 5 h.

Discussion

Overheating of PBR in outdoor condition is one of the
major problems that limits the growth of algal cells. It
could be overcome via the efficient temperature control
in outdoor PBRs [24]. Besides, the selection of heat-tol-
erant species provides an alternative solution. Here we
have successfully selected a heat-tolerant mutant (M4)
from Chlorella sp. GD after MNNG mutagenesis. M4
exhibited high biomass productivity of 1.01 g/day/L in
outdoor PBR, in which the temperatures can reach up to
49 °C at noon. This is not only higher than other Chlo-
rella spp. [25, 26] but also exceed other green algae, for
example, 0.840 g/day/L for Scenedesmus sp. CNWN [27]
and 0.796 g/day/L for Desmodesmus sp. [28]. It is also

Table 1 Comparison of C and N content between Chlorella sp. GD wild type and mutant M4

Condition Strain C% N% C/N Reducing sugar after acid hydrolysis
Glucose (%) Xylose (%) Total sugar (%)
Air WT 43.89 + 0.38b 6.56+0.11b 7.8 £ 0.09¢ 16.47 £ 0.98¢ 89+051b 2537 £1.03c
M4 4882 £+ 0.24a 7.17 £0.04a 7.94 £ 0.05¢ 31.09 + 1.65a 8.6 £ 084b 39.69 £ 3.62a
6% CO, WT 49.24 + 0.60a 5.06 £ 0.08c 11.63 +£0.09a 2317 +£1.8% 11.16 +£0.99a 3433 +2.85b
M4 5033 £0.72a 552+ 0.13c 10.69 £ 0.17b 34.05+2.32a 1097 £ 0.83a 4502 £ 2.76a

Cand N content (%, w/w, dry weight) and C/N molar ratio of Chlorella sp. GD wild type (WT) and M4 mutant after 4 days of aeration with air or 6% CO, using
laboratory bottle, and their reducing sugar content after acid hydrolysis. The data are presented as mean = SD (n = 3) and the different letters following the SD

indicate the significant difference at P < 0.05

Table 2 Sugar compositions, fermentative lactic acid production, and conversion efficiency

Strain Biomass Start substrate (g) Reducing sugar after acid hydrolysis Lactic acid yield (g/g Lactic acid production (g
biomass) lactic acid/L PBR)
Glucose (%) Xylose (%) Total sugar (%)
WT 6.16 £032 47.15 4454+131 403+£052 4857+201 0.36 218
M4 822+051% 39.28 5493+ 1.03* 4904 031* 5983+ 1.10% 043 3.56

The biomass (g dry weight/L PBR), glucose and xylose contents (%, g/g biomass) of Chlorella sp. GD wild type (WT) and M4 mutant after acid hydrolysis using 4% (v/v)
H,S0,, as well as the lactic acid production performance of Lactobacillus plantarum 23.The biomass was obtained after 8 days of incubation in 1-L outdoor PBR under

6% CO, condition. Data are presented as mean =+ SD (n = 3)
* Following the SD indicates significant difference at P < 0.05 using student t test
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Table 3 The time-course lactic acid production with Lactobacillus plantarum 23 and the consumption of glucose
and xylose from hydrolysate of microalgal feedstock
Time (h) Control wWT? m4b Lactic acid® (g/L)

Glucose (g/L) Glucose (g/L) Xylose (g/L) Glucose (g/L) Xylose (g/L) Control WT M4 mutant
0 20.5£0.32 21.0£033 1.9 £ 0.06 214+£0.29 2.1£0.10 0 0 0
3 454017 2.6540.08 0.21 +£0.00 2754+0.13 02 +£001 1160£036 13.10£054 1345+£039
5 0 0 0 0 0 1450£028 16104£040 16384062
8 0 0 0 0 0 1440£0.12 16134£008 16454+0.13
12 0 0 0 0 0 1450£0.12 1613£008 1645+0.13
24 0 0 0 0 0 1450£0.12 16134£008 16454+0.13
Conversion rate? (%) 74.87 80.42 79.17

The WT and M4 mutant feedstock was obtained after 8 days of culture under 6% CO, condition. Pure glucose (used as control) in the fermentation broth of the control
test was 20.5 g/L and accordingly, the content of glucose in the hydrolysate of the wild type (WT) and M4 mutant in the fermentation broth was adjusted to around
21 g/L with a xylose content of around 2 g/L. The conversion rate is estimated as (lactic acid content/theoretical lactic acid content) x 100 after 24 h of fermentation.

The data are presented as mean & SD (n = 3)

@ 47.15 g day wt. of WT feedstock in 1 L fermentative mixture
b 39.28 g day wt. of M4 feedstock in 1 L fermentative mixture
¢ Lactic acid in 1 L fermentative mixture

9 (Real lactic acid content/theoretical lactic acid content) x 100

comparable to the biomass productivity of mixotrophi-
cally cultured Chlorella sorokiniana in the presence of 2%
(w/v) glucose, 1.178 g/L/day [12]. It is obvious that this
heat-tolerant mutant M4 is a promising strain for out-
door culture of microalgae in southern Taiwan under hot
weather.

Chlorella mutant M4 is a potential fermentative feed-
stock for large-scale lactic acid production. The results
obtained from indoor and outdoor PBRs illustrate that
M4 adapts to high-temperature environment and high-
intensity illumination in outdoor condition when aerated
with 6% CO, and its biomass production can reach up to
8.22 g/L. The total reducing sugar content after H,SO,
hydrolysis was 59.83% with glucose and xylose as the
major components. It is therefore a suitable feedstock for
the production of lactic acid through fermentation. Using
a lactic acid-producing bacterium L. plantarum 23, the
lactic acid conversion rate of M4 biomass and the lactic
acid yield were 79.17% and 0.43 g/g, respectively. Our
findings agree with the notion that algae are a promis-
ing biomass species due to their high CO, fixation ability
than higher plants and a feedstock for fermentative pro-
duction of many chemicals such as lactic acid due to their
abundant polysaccharides, proteins, phosphate, vitamins,
and minerals [29, 30].

The fermentative conversion rate of M4 biomass
into lactic acid (79.17%) was higher than that of glu-
cose (74.87%). This can be attributed to the presence of
xylose. The existence of organic nitrogen (amino acid and
peptides), vitamins, and other nutrients in acid hydro-
lysate may also contribute to higher lactic acid yield of
algal biomass. Although we did not determine these

constituents in the acid hydrolysate of Chlorella biomass,
the nitrogen content in algal biomass was 5-7%, and it
can be utilized as the nitrogen nutrient for the lactic acid-
producing bacterium L. plantarum 23. It is known that
supplementation of nitrogen [31] and/or vitamin B [32]
alone or together enhanced lactic acid production from
Lactobacilli. 1t is expected that the nitrogen-containing
compounds and vitamins in algal biomass augment lac-
tic acid synthesis in the bacterium L. plantarum 23 dur-
ing growth and fermentation. Yeast extract is generally
used as the source of amino acids and vitamin B for lac-
tic acid fermentation [33], but it is the major contribu-
tor of medium cost for industrial lactic acid production
[34]. Using dry biomass of a freshwater green microalga,
H. reticulum, the amount of yeast extract and peptone for
lactic acid fermentation has been markedly reduced [13].
The potential of Chlorella biomass in the replacement
of yeast extract for lactic acid production will be deter-
mined in the near future.

Although PSII activity (F,'/F,/) was similar between
wild type and the mutant M4 after 3—4 days of culture,
the photosynthetic O, evolution rate was higher in M4
mutant compared to the wild type (Fig. 4). This is because
the PSII activity is the representation of mainly PSII
function while the photosynthetic O, evolution rate is
the combination of PSII activity, electron transport rate,
and Calvin cycle function. Therefore, the data obtained
indicate that the photosynthetic electron transport rate
and the function of Calvin cycle could also be enhanced
in this mutant M4. It is worth noting that since the deter-
mination of photosynthetic O, evolution rate was car-
ried out at 25 °C as described in the “Methods” section,
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Fig. 6 Time-course profile of lactic acid yield, lactic acid productiv-
ity, and the growth (ODgy) of Lactobacillus plantarum 23 during
lactic acid fermentation using microalgal biomass as feedstock. The
feedstock from WT (A) and M4 mutant (B) strains was obtained from
8-day culture under aeration with 6% CO,. The content of glucose
in wild type (WT) and M4 mutant in the fermentative mixture was

Lactobacillus ODyy, or Lactate productivity (g/L/h) gg

adjusted to around 21 g/L, while the xylose content was around 2 g/L

the photosynthetic ability of the microalgae was assessed
after temperature and light treatment with and without
the CO, supplement.

The photosynthetic CO, fixation and light utiliza-
tion efficiency have been modified in the Chlorella sp.
GD following the gain of enhanced thermo-tolerance.
Although the DIC affinity and the initial slope (a) of PI
curve were similar between wild type and the mutant,
the DIC-dependent photosynthetic O, evolution rate
(i.e., the capacity of DIC utilization) and the value of
P_ .« were greatly enhanced in the mutant grown under
40 °C, 200 pmol/m?/s, and 6% CO, condition. It is there-
fore proposed that the genotypic alterations observed
in mutant strains lead to enhanced carbon reduction
through the Calvin cycle, its subsequent flux into sugars
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and their immobilization in starch, although the trans-
port of CO, and/or HCO,~ through cell membrane is not
modified in M4. Furthermore, a similar initial slope («) of
PI curve and the elevation of P, value reflect that M4
possesses enlarged light trap (photosystems number) but
fixed antenna size for the absorption of light energy when
light intensity is increased. Such potential genetic modifi-
cations in photosynthetic functions lead to high biomass
and sugar production in M4 cultured in outdoor PBR
aerated with enriched CO,. Therefore, M4 is a potential
candidate for photoautotrophic mitigation of CO, from
flue gas in outdoor conditions.

The photosynthetic O, evolution rate (PI curve) shown
in Fig. 5A-D also demonstrates that the photosynthetic
O, evolution rate of M4 mutant was higher than that of
the wild type in response to light intensity >200 umol/
m?/s, especially under the supply of 6% CO,. Therefore,
200 pumol/m?/s was selected as high light intensity in
the indoor PBR study. The biomass production was not
examined in the light intensity higher than 200 pumol/
m?/s in the indoor PBR experiments. However, the bio-
mass production of M4 mutant in the field test (light
intensity can reach up to around 1400-1800 pmol/m?*/s
at noon) was found to be significantly higher than that
of the wild type. The enhancement of photosynthesis
and biomass production in this heat-tolerant mutant M4
by enriched CO, is dependent on elevated light inten-
sity and temperature. Because CO, fixation by algae is a
light-dependent process, illumination at low light inten-
sity (50 pmol/m?/s) does not provide enough photons
for the light-dependent reactions in M4 to provide suf-
ficient energy for CO, fixation under 6% CO, and 40 °C
condition. Further, the reaction rate in Calvin cycle can
be accelerated by elevated temperatures. In indoor PBR,
the combination of high temperature (40 °C), elevated
light intensity (200 umol/m?*/s), and enriched CO, (6%)
is required for the maximal biomass production. A simi-
lar result has been observed in the previous study using
C. vulgaris ARC1 to examine the interactive effect of
CO, and temperature on algal biomass production in
47 pumol/m?/s condition; the highest biomass occurred at
6% CO, and elevated temperature (30 °C) [35]. It is rec-
ognized that CO,, light, and temperature, are the limiting
factors for photosynthesis [36—38]. These factors interact
in the regulation of photosynthetic activity [37, 39, 40].
Therefore, promotion of photoautotrophic biomass pro-
duction of the mutant M4 can be attributed to enhanced
photosynthesis with CO, as inorganic carbon source
under elevated temperature and high light intensity.

The mechanism for the mutant with enhanced high-
temperature tolerance is likely involved in the mutation
of the genes associated with heat shock proteins and
their related components. In response to the increase in
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temperature tolerance, the genes involved in enlarged
PSII number (such as light harvesting complex), as
reflected by the elevation of P, value, and enhanced
CO, fixation process (the function of CO, utilization
and Calvin cycle), as reflected by increased DIC-depend-
ent photosynthetic O, evolution rate, are also mutated.
Alternatively, it is also likely that photosynthesis can be
enhanced in M4 mutant because heat shock proteins
could protect photosynthetic electron transport during

stress [41].

Conclusions

The mutant strain of Chlorella sp. GD with enhanced
thermo-tolerance and higher CO, fixation ability shows
higher biomass productivity of 8.22 g/L in hot outdoor
PBR. The photosynthetic CO, fixation and light utili-
zation efficiency have been modified in the Chlorella
mutant. This ability makes M4 a potential candidate for
the mitigation of CO, using outdoor PBR. The mutant
composed of higher reducing sugar is a suitable feedstock
for fermentative lactic acid production with a yield of
0.43 g/g. This heat-tolerant mutant is a promising micro-
algal species and a potential feedstock for fermentative
lactic acid production. However, the feasibility for cost-
competitive lactate production from algal carbohydrates
produced with photobioreactors (PBRs) is challenged
by the high cost associated with PBR operations. In our
future work, open pond system will be used to cultivate
mutant M4 to produce algal biomass with high carbo-
hydrate content in a cheaper way to further evaluate the
economic feasibility of lactic acid production using the
microalgal biomass as feedstock.

Methods

Algal strain and mutation

The stock cells of Chlorella sp. GD were phototrophi-
cally and axenically cultured in 50 mL BG-11 medium
(pH 8.0, NaNO, as adjusted to 1 g/L) [42] in a 125 mL
flask (PYREX, Germany) and agitated on an orbital shak-
ing incubator (model OS701, TKS company, Taipei, Tai-
wan) at 150 rpm under continuous illumination with
white light [50 pmol/m?/s measured by a LI-250 Light
Meter with a LI-200SA pyranometer sensor (LI-COR,
Inc., Lincoln, Nebraska, USA)] at 28 °C. When cell den-
sity determined by ODgg, reached 0.4-0.5, 15 mL of
culture (2x10° cells/mL) was centrifuged at 4000xg for
3 min and subject to chemical mutagenesis by treating
with 0.05 mg/mL N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG, filtrated through 0.22 um filter) for 1 h. Accord-
ing to the survival curve for mutagenesis with MNNG,
the MNNG concentration of 0.05 mg/mL that resulted in
around 5% of cell viability (data not shown) was chosen
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in this study. After removal of MNNG solution by cen-
trifugation at 4000x g for 3 min and then again washing
with fresh 15 mL BG-11 medium, the cells were sus-
pended in 1 mL BG-11 medium with shaking (100 rpm)
for recovery under low light intensity of 5-10 pmol/m?/s
at 25 °C for 24 h. Then, algal cells were spread on the agar
(BG-11) with 0.2 mL for one plate and these five plates
were incubated at 40 °C and 100 pmol/m?/s illumination
for high-temperature tolerance screening. After 1 week,
179 colonies appeared on the plate and was transferred to
axenic test tube containing 5 mL BG-11 and incubated in
a shaker incubator at 40 °C and 200 pmol/m?*/s illumina-
tion for further screen. Thirty-one colonies became green
after 3 days which were then transferred to 125 mL flask
containing 50 mL BG-11 for a second round of screening.
Two of the colonies which exhibited a higher growth rate
compared to wild type were obtained and the best per-
forming mutant M4 was chosen for further studies.

In the attempt to check whether this mutant can tol-
erate high-temperature stress in the field conditions in
southern Taiwan in the tropical region where air tem-
peratures could reach around 35 °C and water tempera-
tures would surpass 40—45 °C during the daytime in the
summer, a 1-L vertical column glass PBR (60 cm height
and 5 cm internal diameter) with gas inlet at the bottom
was set up in outdoor conditions without temperature
control. The medium in PBR was aerated with ambient
air or 6% CO, at 0.2 vvm (air volume/culture volume/
min). The medium in PBR was stirred by magnetic stir-
rer with a speed of 100 rpm. Both air temperatures and
irradiance outside the PBR and water temperatures and
irradiance in the center of the PBR were recorded for
evaluation of thermal tolerance and enhanced light tol-
erance of M4. The initial cell density for cultivation was
set at ODgg, = 0.4. For reducing sugar production to be
used as a feedstock for lactic acid fermentation, the algal
cells after 8 days of culture in outdoor PBR were har-
vested after centrifugation at 10,000 x g and lyophilized at
—50 °C in a lyophilizer. The dried biomass was stored at
—20 °C until analysis.

The effects of temperature, CO,, and light intensity
on biomass and photosynthetic efficiency were studied
using small PBR setup in the laboratory. A 75-mL verti-
cal column glass PBR (10 cm height and 5 ¢cm internal
diameter) with gas inlet at the bottom was set up. Ambi-
ent air or CO, in different concentrations (2, 6, and 20%)
was used for aerating the culture at the rate of 0.5 vvm.
The temperature was controlled at 25, 40, or 48 °C and
light intensity was set up at 50 or 200 pmol/m?*/s with an
external light source (14 W TL5 tungsten filament lamps,
Philips Co., Taipei, Taiwan) mounted on both sides
of the PBR for 24 h illumination. The cell density was
determined by the absorbance at 682 nm. The initial cell
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density for culture in PBR was set at ODgg, = 0.4 (~0.16 g
dry weight/L).

Algal biomass estimation

The biomass of Chlorella sp. GD wild type and mutant
M4 was determined using UV/VIS spectrophotom-
eter via the measurement of optical density at a wave-
length of 682 nm (ODgg,). The absorbance values were
converted to dry weight via appropriate calibration
(1 ODgg, = 0.410 g/L). The initial biomass for indoor
PBR culture and outdoor OBR culture was ~0.16 g dry
weight/L.

Determination of photosynthetic O, evolution rate

The amount of O, released or uptake by algal cells were
detected using a Clark-type oxygen electrode fitted with a
DW3 chamber (Hansatech, Kings Lynn, Norfolk, England)
with temperature controlled at 25 °C using a thermostat.
For sampling, the cells were collected and centrifuged
at 5000xg for 10 min and then the cell pellet was sus-
pended in 50 mM HEPES buffer (pH 7.4) with a density
of 1.0 x 10° cells/mL containing 5 mM NaHCO,. Then,
the photosynthetic O, evolution was determined at a
light intensity of 800 umol/m?/s till stable slope appeared.
After that, light was turned off to determine respiratory
O, uptake rate. Because the preliminary test showed that
photosynthetic O, evolution reached plateau during 600—
1400 pumol/m?/s, followed by a slight drop during 1600—
2000 pmol/m?/s, the intensity of 800 pmol/m?/s was
chosen for the determination of photosynthetic O, evolu-
tion rate. The light source used was low voltage Tungsten
halogen lamps (12 V, 50 W; Sylvania, Danvers, MA, USA).
Three replicates per treatment were performed. The net
photosynthetic O, evolution rate and the respiration rate
were expressed as pmol O, evolution/h/10° cell and pmol
O, uptake/h/10° cell, respectively. The gross photosyn-
thetic O, evolution rate was the sum of net photosyn-
thetic O, evolution rate and the respiration rate.

Chlorophyll a fluorescence determination of PSIl activity
using pulse amplitude modulation (PAM) fluorometry
Chlorophyll a fluorescence parameters were employed
to determine the activity of photosystem II (PSII) using
AP-C 100 (AquaPen, Brno, Czech Republic). A 0.5-mL
aliquot of an algal culture was diluted with TAP medium
to an ODgg, = 0.10-0.15 with a chlorophyll a content of
1.5-2.2 pg/mL. A 2-mL aliquot of diluted algal cells was
then transferred to an AquaPen cuvette and subjected
to a pulse of saturating light of 4000 pumol/m?/s photo-
synthetically active radiation (PAR) to obtain the light-
adapted minimal fluorescence (F,) and the light-adapted
maximal fluorescence (F,). To determine the maximum
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PSII activity, F,/F,, (=F,, — F,/F,,), 2 mL of diluted algal
cells in an AquaPen cuvette was incubated in the dark for
30 min and then flashed with saturated light (4000 pmol/
photons/m?/s) to obtain the dark-adapted minimal fluo-
rescence (F,) and dark-adapted maximal fluorescence
(F,,)- The active PSII activity, F,/F, = F,] — F,/F,,, and
the maximum PSII activity, F,/F,, = F,, — F,/F,,, were
then calculated.

Determination of carbohydrate, nitrogen, and sugar
content

For the determination of algal tissue C and N contents,
100 mL of cells was centrifuged at 12,000x g for 5 min at
4 °C and then the pellet was lyophilized at —50 °C. The
dry algal sample of 0.01 g was used for the determination
of C and N by the Elementar vario EL III CHNOS Ele-
mental Analyzer (Elementar, Hanau, Germany).

The carbohydrate composition in wild type and mutant
was determined using the modified quantitative sacchari-
fication (QS) method reported by the Nation Renewable
Energy Laboratory (NREL), USA [43]. A small amount of
dry cell powder (~0.1 g dry weight) was added to 3 mL
of 72% (w/w) sulfuric acid and incubated for 60 min at
30 °C for the primary hydrolysis. The hydrolysate was
then diluted to 4% (w/w) sulfuric acid and incubated for
20 min at 121 °C (sterilization) as the secondary hydroly-
sis. The supernatant was neutralized and analyzed by
high performance liquid chromatography for the concen-
trations of reducing sugars present and the total carbohy-
drates obtained.

Acid hydrolysis of microalgal biomass

Lyophilized microalgae powder (40 g/L) was mixed with
sulfuric acid at a final concentration of 4% (w/w). The
slurry was autoclaved for 20 min at 121 °C. After acid
hydrolysis, the hydrolysate was cooled to room tem-
perature and then centrifuged at 25 °C and 10,000 rpm
for 5 min. After cooling to room temperature, microal-
gae hydrolysate was neutralized with CaCO; and the
formed solid precipitate was removed by centrifuging at
13,500 rpm for 5 min. The supernatant containing the
released sugars was collected as acid hydrolysate, whose
sugar content was measured with a high performance liq-
uid chromatograph machine equipped with a refraction
index detector (RID-10A, Shimadzu, Japan) [44]. HH was
prepared as previously described [45]. In all experiments,
the hydrolysate was supplemented with all other compo-
nents of the modified MRS media (see the next section)
except for the primary carbon source. A concentrated
solution containing the modified MRS components was
autoclaved at 121 °C for 20 min and added to the treated
hydrolysate.
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Production of lactic acid by separate hydrolysis

and fermentation (SHF)

The efficiency of the conversion of hydrolyzed microal-
gal biomass into lactic acid was examined with the lac-
tic acid-producing bacterium Lactobacillus plantarum
23. After acid hydrolysis of the microalgal biomass, fol-
lowing the procedures described above, the residue was
removed via centrifugation (10,000 rpm, 5 min) and the
pH of hydrolysate was adjusted to 5.5 with NaOH to be
suitable for lactic acid fermentation with L. plantarum
23. Fermentations were carried out under anaerobic
conditions with 100 mL modified MRS medium in reac-
tor. The culture conditions were maintained at pH 5.5,
temperature 30 °C, and 200 rpm agitation for 24 h. The
modified MRS medium was composed of 10 g/L peptone,
10 g/L beef extract, 1 mL/L Tween 80, 2 g/L K,HPO,,
5 g/L CH3;COONa, 2 g/L ammonium citrate, 0.1 g/L
MgSO,-7H,0, 0.05 g/L MnSO,-5H,0. For carbon source,
20 g/L glucose or acid hydrolysate equivalent to 20 g/L
glucose was added in the modified MRS medium.

Statistics

All experiments were repeated at least three times and
because they showed a similar trend, only the results for
one of them are shown in this paper. Statistical analy-
ses were performed using SPSS (SPSS 15.0 for Windows
Evaluation Version). Significant differences between sam-
ple means were analyzed using Student’s ¢ test or Dun-
can’s new multiple range test at P < 0.05.
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