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Abstract: Microalgae are considered to have great potential as a source of biodiesel. Currently, algae
culture has three different trophic modes, i.e., autotrophic, heterotrophic, and mixotrophic, but not all
kinds of algae are suitable for heterotrophic and mixotrophic cultivation. In this study, Parachlorella
kessleri TY, screened from the soil of Shanxi Province, was heterotrophically and mixotrophically
treated with glucose as an organic carbon source, and the physiological and biochemical levels of
its growth and lipid accumulation were measured. The results showed that the highest biomass
and biomass productivity (1.53 g-L~! and 218.57 mg-L~'d~!) were attained by P. kessleri TY under
mixotrophic cultivation. In comparison, the lowest (0.55 g-1.~! and 78.57 mg-L~'d ') were attained
under heterotrophic culture. Furthermore, heterotrophic and mixotrophic conditions could accu-
mulate more lipids (total lipid contents: 39.85% and 42.92%, respectively), especially the neutral
lipids. Additionally, the contents of fatty acids suitable for use as biodiesel raw materials in both
heterotrophic and mixotrophic cultures increased, especially the content of C18:1. Moreover, due
to the lower biomass of heterotrophic cultivation compared with that from mixotrophic cultivation,
the total lipid productivity of heterotrophic conditions decreased. In summary, the conditions of
mixotrophic cultivation are more conducive to the accumulation of lipids in P. kessleri TY.
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1. Introduction

As worldwide energy demand continues to increase, biodiesel, a source of clean
energy, is presently receiving extensive research attention. For this reason, microalgae
are considered to be extremely valuable due to their numerous advantages, such as their
small size, the possibility of cultivation without the need for arable land, and their high
photosynthetic efficiency and biomass productivity, especially in terms of their storage
of rich lipids [1,2]. Therefore, they are currently considered to be a potential source of
biodiesel. To date, some oil-rich microalgae have already been studied, such as Chlorella
vulgaris, Nannochloropsis oceanica, Scenedesmus obliquus, Selenastrum capricornutum, and so
on [3-6]. A native oil-rich algal strain from Shanxi Province, Parachlorella kessleri TY, was
previously screened by the authors of the current study [7]. P. kessleri is a single-celled
immobile green microalgae belonging to the class Trebouxiophyceae; it has spherical cells of
less than 10 um in diameter and contains many chloroplasts [8]. However, of the few reports
about P. kessleri in the literature, most have focused on chloroplasts, its use in wastewater
treatment, or the effect on it of metal ions [8-14]. Nonetheless, P. kessleri is considered to
be a promising strain that can grow in a variety of media [8]. It has also been shown to
promote CO; capture and inorganic carbon assimilation in gaseous fermentation waste [11].
In addition, it has been reported that P. kessleri has a positive effect on the compound
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conversion and natural detoxification of cadmium Cd?* and chromium Cr,O72~ ions [12].
However, there are currently few studies on the lipid accumulation qualities of P. kessleri.

Microalgae can be cultured in a variety of ways, either autotrophically or using organic
carbon sources. Carbon sources are of particular importance because they are essential for
the development and formation of any organism. Previous studies have shown that the
carbon source is crucial to the biomass and lipid yields of microalgae [15]. Heterotrophic
cultivation offers a way of adding carbon sources such as glucose, sucrose, acetic acid, and
other organic matter to the medium used for microalgae in an autotrophic culture system
under low-light conditions. Microalga culture under heterotrophic conditions is considered
to be preferable to culture under autotrophic conditions because it effectively avoids the
issues related to light simulation that occur with autotrophic cultivation [16]. Many studies
have compared the growth of microalgae that have been cultured using different carbon
sources. In the case of green algae, not all the algae strains that were cultured under
heterotrophic conditions were able to absorb organic carbon sources other than glucose;
however, the use of glucose resulted in lower levels of bacterial contamination than other
carbon sources. In addition, the use of glucose in a heterotrophic culture system was found
to improve the growth parameters of green algae because the supplementation of glucose
in the medium induced the movement of passive transport cells from the medium to the
cells, therefore increasing the growth rate [17-19]. Another reason for choosing glucose is
that it is a byproduct of other industries [20-22]. Furthermore, glucose is easily metabolized
by heterotrophic microalgae. Therefore, glucose was selected as the heterotrophic carbon
source in this study.

Other research reports have shown that some microalgae can be cultivated under
autotrophic and heterotrophic conditions, as well as by a combination of autotrophic and
heterotrophic conditions, i.e., mixotrophic conditions, which can promote an increase in
resource utilization. In mixotrophic culture methods, microalgae not only use organic
matter as a carbon source but also perform light-intensity irradiation on it. In this way,
the carbon dioxide that is released by the microalgae through respiration can be further
absorbed and utilized under conditions of autotrophic culture. This behavior can overcome
the issue of biomass loss caused by the failure of the autotrophic growth of microalgae in
heterotrophic cultivation under dark conditions [23]. In addition, some studies have also
reported the influence of mixotrophic cultivation on the lipid accumulation of microalgae;
the results indicated that employing mixotrophic culture methods can improve the lipid
productivity of microalgae [24] but that not all algae species are suitable for heterotrophic
and mixotrophic cultivation.

In this study, Parachlorella kessleri TY was grown in heterotrophic and mixotrophic
cultivation conditions with added glucose. Subsequently, the adaptability of P. kessleri
TY to heterotrophic and mixotrophic culture systems was explored and analyzed by mea-
suring physiological indexes such as growth, pigment content, chlorophyll fluorescence
activity, lipid accumulation, carbohydrate content, and protein content. To the best of
our knowledge, no prior report exists on the heterotrophic and mixotrophic culture of
Parachlorella algae using an efficient culture method, i.e., with the addition of organic carbon
sources to accelerate the cell growth rate and shorten the cell growth time. Improving these
parameters would be conducive to achieving high biomass and a good accumulation of
bioactive substances in the future. Therefore, this study also serves as theoretical support
for the expansion of heterotrophic and mixotrophic alga cultivation.

2. Materials and Methods
2.1. Algal Strains and Cultivation

The experimental algal species used in this study was the high-lipid soil-based green
algae Parachlorella kessleri TY, which was screened from soil samples sourced from Shanxi
Province in China. The algal strains were first cultured in an improved tris-acetate-
phosphate (TAP) [25] medium (without glacial acetic acid) with a pH = 7.0 £ 0.1. The
culture conditions were as follows: temperature—25 + 1 °C; light/dark ratio—12 h:12 h;
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light intensity—3000 lux. Samples were placed on a shaking table (HY-5A, Guohua, Jiangsu,
China), which was set to shake continuously at a rate of 2.5 g. After the algal strains had
been cultured to the logarithmic stage, they were centrifuged (2795 g for 10 min) to obtain
an algal pellet, which was then placed in a 1 L conical flask for culturing (with no more
than 700 mL of culture medium). The initial dry weight used for inoculation was about
0.07 g-L~!. The experiment was divided into a heterotrophic group (TAP full medium,
i.e., a mixture containing glacial acetic acid, to which a certain concentration of glucose was
added; light training was avoided), a mixotrophic group (TAP full medium, to which a
certain concentration of glucose was added; the sample was in normal light conditions),
and an autotrophic group (the control). Each group comprised three experimental repli-
cates. Culturing occurred over 7 days, with sampling analyses performed at the same time
every day.

2.2. Determination of Biomass Concentration and Biomass Productivity

Since the heterotrophic and mixotrophic experiment was conducted by adding an
appropriate volume of glucose to the medium as an organic carbon source, it was, thus,
necessary to begin by identifying the appropriate concentration of glucose for use under
heterotrophic and mixotrophic conditions to carry out the follow-up experiments. First,
different concentrations of glucose were added to the new total TAP medium, and then
the logarithmic algae were transferred into the mixture for heterotrophic and mixotrophic
cultivation. The glucose concentrations selected for the experiment were 5 g-L 1,10 g-L 7},
15 g-L7!, 20 gL 7!, and 40 g-L !, and the control group presented an autotrophically
cultured alga (glucose concentration: 0 g-L.~!). Three replicates were set for each group
of experiments, and the culture conditions were the same as above for a period of 7 d.
Sampling and analysis were conducted at the same time every day.

Working according to the method used by Lv et al. [26], some changes were made,
and the biomass of the algal culture was measured. The biomass of the algal culture was
expressed in terms of its dry weight. First, 10 mL of algal cultivation broth was filtered by
pre-drying, weighing, and passing through a membrane with an aperture of 0.45 pm. Then,
the sample was dried to a constant weight and weighed again. The difference in quality
between the two values was recorded as the algal dry weight. This was calculated using
Equation (1), as follows:

DW = (mp; —m;)/V 1)

where DW is the microalgal dry weight (g-L~!), m; (g) is the constant dry weight of the
filter membrane, m; (g) is the total weight of the filter membrane and algal culture after
extraction and filtration, and V (L) is the volume of the algal cultivation broth. Equation (2)
incorporates the dry weight value calculated in Equation (1), as follows:

BP(mg-L~'d1) = DW/T x 1000 )

where BP (mg-L~1d™!) is the biomass productivity of the algae, DW (g) is the dry weight
of the algal powder, and T (d) is the time of the cultivation.

2.3. Determination of Pigment Contents

Working according to the method developed by Mera et al. [27], the chlorophyll and
carotenoid contents were determined. First, 3 mL of alga culture was extracted every day
and then centrifuged (2795 x g for 10 min), after which the supernatant was discarded. Then,
3 mL of 95% ethanol solution was added, and the resulting solution was mixed. Afterward,
the cell wall of the algal strains was broken (at 20% for 10 min) with an ultrasonic crushing
instrument (SCIIENTZ-IID, Scientz, Ningbo, China). The resulting mixture was wrapped in
aluminum foil and placed in a refrigerator set at 4 °C (in the dark and at low temperature)
for 24 h. After 24 h, the mixture was taken out and centrifuged (2795x g, 10 min) to obtain
the supernatant for use in subsequent experiments. A solution of 95% alcohol was taken
solution as the blank control, and the absorbances at 649 nm, 665 nm, and 470 nm were
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determined with a UV-visible spectrophotometer (TU-1810, Persee, Beijing, China). The
pigment content was calculated according to the following formulae:

Chl a(mg-L™!) = 13.95 x ODggs — 6.88 x ODjgy9 (3)
Chlb(mg-L™1) = 24.96 x ODgy9 — 7.32 x ODggs5 (4)

Chl(a +b) (mg-L™!) = 18.08 x ODgy9 + 6.63 x ODggs5 (5)
Car(mg-L™1) = (1000 x ODyzy — 2.05 x Chl a — 114.8 x Chl b) /245 6)

where Chl a (mg-L~!) is the content of chlorophyll a (mg-L~!) in the algal cells for use in
Equation (3), Chl b (mg-L~!) is the content of chlorophyll b (mg-L~!) in the algal cells for
use in Equation (4), Chl (a + b) is the content of total chlorophyll for use in Equation (5),
and Car (mg-L 1) is the content of carotenoids for use in Equation (6).

2.4. Determination of Chlorophyll Fluorescence

To study further the effect of trophic modes on the photosynthetic activity of P. kess-
leri TY, three indicators of chlorophyll fluorescence PSII activity were measured using a
portable PAM fluorometer (AquaPen-C AP-C 100, EcoTech, Beijing, China) to calculate the
photosynthetic capacity of algae. The chlorophyll fluorescence was determined according
to the procedure developed by Markou et al. [28], whereby the fluorescence was measured
after 3 mL of algal culture underwent dark reaction conditions for 20 min. The measured in-
dexes include the maximum quantum yield of photosystem II photochemistry (Fv/Fm), the
potential activity of photosystem II (Fv/Fo), and the total light energy flux (PLABS values).

2.5. Determination of Total Carbohydrate Content

Similarly, 0.1 g of algal powder was accurately weighed after production under dif-
ferent trophic modes, and 6 M HCl was put into a water bath at 100 °C for 30 min. After
cooling, the sample was neutralized with 6 M NaOH, and the supernatant was taken after
centrifugation had been performed [29]. Total carbohydrate was extracted using the phenol
sulfuric acid method, after which a certain amount of the extract was taken. First, 1.5 mL
of distilled water was added, then 1 mL of 9% phenol solution and 5 mL of concentrated
sulfuric acid solution were added, and the mixture was left to stand for 30 min. A UV
spectrophotometer was used to determine the spectrum at 485 nm, and a sucrose solution
was used as the standard. Afterward, a standard curve was created, and the content was
calculated against the standard curve [29,30]. It was also necessary for the carbohydrate
content to be converted, the formula for which is as follows:

CSC(O/ODW) = [(Cz X Vrp X dl‘) /V52]/WF2 X 106 (7)

where Cg, represents the content of carbohydrates in the sample (% DW), C; represents
the content of carbohydrates according to the standard curve (ug), V1, represents the
total volume of the extract (mL), dr represents the dilution factor, Vs, represents the
amount added in the determination process (mL), and W, represents the dry weight of
the sample [29].

2.6. Determination of Total Protein Content

The algal cultures produced under different nutrient methods were centrifuged and
freeze-dried, after which 0.1 g algal powder was weighed. PBS buffer was added to the
powder, and then the cells were crushed with a cell breaker for 10 min to ensure that the
cell walls of the algal cells were fully broken to better extract the protein content. The
determination of protein content was conducted according to the method employed by
He et al. [31] and Guo [32], after which the content was calculated against the standard



Fermentation 2023, 9, 891

50f19

curve. To achieve this, the protein content in the sample needed to be converted, and the
formula for which is as follows:

Csp (O/ODW) = (C1 X VT1>/(V51 X WFl X 1000) (8)

where Cgp represents the protein content of the sample (% DW), C; represents the protein
content according to the standard curve (ng), V1 represents the total volume of the extract
(mL), Vg1 represents the amount of sample added during the determination process (mL),
and Wg; represents the dry weight to the sample [31].

2.7. Determination of Neutral Lipid Content

Nile Red (NR) is a fluorescent dye that is soluble in lipids and can be used to detect
the neutral lipid content of biological cells. The neutral lipids react with the NR dye to
produce bright yellow fluorescence; therefore, the detected fluorescence intensity can be
used to show changes in neutral lipid content [33].

2.8. Determination of Total Lipid Content and Fatty Acid Composition
2.8.1. Determination of Total Lipid Content

First, the algal culture was centrifuged (2795x g, 10 min), after which the algal pellet
was put into a freeze dryer (18ND, Scientz, Ningbo, China) for freeze-drying after centrifu-
gation. The dried algal powder was accurately weighed at 0.1 g (w1, g) after being frozen
and was then put into an empty 5 mL glass bottle. The empty 5 mL glass bottles were
weighed in advance (wy, g), after which 3 mL of methanol and 1.5 mL of chloroform were
dissolved into them. The contents were mixed well using the vortex oscillator, crushed
with an ultrasonic crushing machine (at 25% for 10 min), and, finally, centrifuged (2795x g,
10 min). The upper liquid was drawn off, and 1.5 mL of 0.75% KCl solution and 1.5 mL of
chloroform solution were added. The contents were shaken and mixed evenly, then they
were centrifuged at 2795x ¢ for 10 min, and the lower liquid was removed. The above
steps were repeated twice, then all liquids were combined in a 5 mL glass bottle, blown dry
with nitrogen, and weighed (w3, g) [34]; three repetitions were performed for each group.
The calculation formula is as follows:

LC(WODW) = (W3 — Wz)/W1 x 100% (9)

LP(mgL~'d™ 1) =BP x LC (10)

where LC (% DW) is the weight percentage of the total lipid content in the algal powder,
w1 (g) is the dry weight of the algal powder, w; (g) is the weight of the empty bottle, and
w3 (g) is the total weight of the algal lipids and the glass bottle after the algal lipids were
extracted, calculated using Equation (7). LP (mg-L~'d 1) is the lipid productivity of the
alga, calculated using Equation (8).

2.8.2. Determination of Fatty Acid Composition

First, the extracted algal oil was methylated, then the dried algal oil was dissolved in
chloroform and then transferred to a 1.5 mL Agilent bottle. Then 1 mL 1 mol/L of sulfuric
acid methanol solution was added, after which the bottle was filled with nitrogen and
sealed. Afterward, the bottle was heated in a water bath at 100 °C for 1 h, cooled at room
temperature, and 200 uL ultra pure water was added, followed by shaking the bottle to
mix the liquid thoroughly. The organic phase was added to another 1.5 mL Agilent bottle
and dried using nitrogen for testing [35].

Afterward, the above sample was analyzed using a gas chromatography-mass spec-
trometry instrument (GC-MS) (7890A-5975C, Agilent, Los Angeles, CA, USA). For the
GC-MS analysis, an RTW-WAX column (30 m x 0.25 mm and 0.5 pm) with a temperature
program was used to bring the sample from 50 °C to 150 °C. This temperature was main-
tained for 2 min, then it was raised to 200 °C at a speed of 10 °C/min for 6 min, raised



Fermentation 2023, 9, 891

6 of 19

to 230 °C at a speed of 10 °C/min for 30 min, and finally raised to 240 °C at a speed of
10 °C/min for 10 min. Acting as a carrier gas, nitrogen was used at a flow velocity of
0.35 mL/min with an electron ionization (EI) source set at an electron energy level of 70 eV.
The mass spectrum scanning range was m/z 20—450, and the sample size was 0.2 pL. The
mass spectral database NIST 05 was employed to determine the molecular structure of each

component, the relative content of which was calculated using the peak area normalization
method [36].

2.9. Statistical Analysis

The experiment was replicated three times, and all data were expressed as the
mean =+ standard error. A completely randomized design was used for the study, and
a Student’s t-test was used to determine the statistical significance of the differences be-
tween mean values at p < 0.05 [37]. All statistical analyses were carried out using the SPSS
19.0 statistical software (IBM Inc. Chicago, IL, USA).

3. Results
3.1. Analysis of Changes in Growth
3.1.1. The Effect of Glucose Concentration on the Growth of Parachlorella kessleri TY

The changes recorded in the growth of P. kessleri TY cultivated in autotrophic, het-
erotrophic, and mixotrophic media supplemented with different concentrations of glucose
are shown in Figure 1. Regardless of whether autotrophic, heterotrophic, or mixotrophic
cultivation was used, the dry weight of the resulting algae solution exhibited an increasing
trend, and all samples entered a stable period after experiencing the logarithmic phase. In
the full experiment cycle, the initial dry reset under all conditions was set to be consistent
at about 0.07 g-L~1. At 0-1 d of cultivation, the algae strains were in an adaptive state,
and the biomass of the algae solution did not change greatly under all conditions. The dry
weight was measured at about 0.1 g-L~!. After 1 d, the algal culture, under all conditions,
entered the logarithmic phase. When the algae solution was supplemented with glucose
concentrations under heterotrophic conditions, its growth rate was lower than that of the
control group (0 g-L~1!). In heterotrophic conditions, the liquid phase of algae that was
supplemented with a glucose concentration of 10 g-L~! showed the best growth (Figure 1a).
The growth of algal strains receiving sufficient light under mixotrophic conditions was
very different from that seen under heterotrophic conditions. Except for the alga culture
supplemented with 40 g-L~! glucose, where growth was slightly lower than that of the
control group, all alga cultures supplemented with various glucose concentrations grew
well, and growth was higher than that in the control group (Figure 1b). Regardless of
whether the algae were grown in heterotrophic conditions or mixotrophic conditions, the
best growth was seen in the alga culture supplemented with 10 g-L~! glucose, followed by
the alga culture supplemented with 15 g-1.71,20 g-L. 7!, 5 ¢g-L~! and 40 g-L~! glucose. In
summary, the medium supplemented with 10 g-L.~! glucose was selected for subsequent
experiments regarding the heterotrophic and mixotrophic cultivation of P. kessleri TY.

3.1.2. The Effect of Heterotrophic Culture and Mixotrophic Culture on the Growth of
P. kessleri TY

The dry weight of P. kessleri TY grown via autotrophic culture, heterotrophic culture,
and mixotrophic culture was consistent with biomass productivity, which was at a maxi-
mum when grown via mixotrophic cultivation (Figure 2 and Table 1). The changing trend
of the three growth conditions was consistent in the experiment cycle; all trends were
rising, and all trends entered a stable period after reaching the logarithmic phase. The
growth rate was the fastest in the autotrophic group, followed by the heterotrophic group.
The initial dry reset of the three groups was consistent, at about 0.07 g-L~1. After 1d,
the cultures all entered the logarithmic phase, and the growth of the mixotrophic group
was significantly faster than that of the autotrophic group and heterotrophic group. The
autotrophic group and the mixotrophic group entered a stable period on Day 4, while
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the heterotrophic group entered a stable period on Day 5. The growth of the mixotrophic
group after Day 4 was relatively slow compared with the previous days, but the group still
maintained sustained growth. By Day 7, all groups had reached the maximum dry weight
and biomass productivity. The dry weight and biomass productivity of autotrophically
grown algae were 0.74 g-L~! and 105.81 mg-L~'d !, respectively. The dry weight of algae
from the heterotrophic group was 0.74 times that of the autotrophic group (0.55 g-L 1), and
the biomass productivity was 78.57 mg-L~'d~!. The dry weight of algae in the mixotrophic
group was the highest, reaching 1.53 g-L~!, which was about 2.07 times that of the au-
totrophic group, and its biomass productivity was 218.57 mg-L~'d~!. The results indicate
that heterotrophic cultivation conditions were not conducive to the growth of P. kessleri
TY. However, the mixotrophic culture conditions were favorable to the growth of P. kessleri
TY. At the end of the experimental period, the dry weight and biomass productivity of the
mixotrophic group were both higher than the sum of that of the autotrophic group and the
heterotrophic group. This result was similar to those reported by Yan [38].

——0gL"! ——0gL’
——5¢g'L" ——5gL!
— 15F 10 g-L" - L5, 10 gL'
= —~+15g-L" = |-—15gL"
& ——20 gL' ) ——20gL"!
E 1.0—+40gL" Z 10
) 23
2 2
= =
[ z
205 205

Time (d) Time (d)
(@) (b)

Figure 1. Changes in the dry weight of Parachlorella kessleri TY under conditions with the supplementa-
tion of different concentrations of glucose over 0—7 days; (a) heterotrophic cultivation in dark conditions;
(b) mixotrophic cultivation in light conditions. (Data are shown as +/— standard deviation).

Table 1. Changes in the biomass productivity of Parachlorella kessleri TY grown under different trophic
modes on Day 7.

Trophic Modes Biomass Productivity (mg-L-1d~1)
autotrophic 105.76 ® +1.22
heterotrophic 77.95¢ £ 5.82
mixotrophic 218.43 @ +10.00

Data are shown as +/ — standard deviation, with three replicates in each group. Different letters in the table mean
there is a significant difference between values (p < 0.05), while the same letter means that there is no significant
difference (p > 0.05) [37]. Letters are sorted according to the size of the average value of data.

3.2. Analysis of Pigment Content

The changes in the periodic pigment content of P. kessleri TY under different trophic
modes are shown in Figure 3. The pigment contents of the autotrophic group and
mixotrophic group were higher than those of the heterotrophic group. Likewise, the
contents of chlorophyll a, chlorophyll b, chlorophyll (a + b), and carotenoids in the various
alga cultures increased under the three conditions. However, the pigment content in the
heterotrophic group cultivated in dark conditions changed more slowly. The pigment con-
tent of the three trophic modes indicated significant differences from the first day of testing.
The autotrophic group and the mixotrophic group first entered the logarithmic phase and
then entered the stable phase after 4 d. The pigment content in the autotrophic group was
markedly higher than that in the other two groups throughout the whole experimental
cycle. The content of chlorophyll a in the autotrophic group at Day 7 was 2 times and
8.5 times of that seen in the mixotrophic group and heterotrophic group, respectively. The
carotenoid contents were 1.3 times and 3.6 times that in the mixotrophic and heterotrophic
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groups, respectively; these results are consistent with those reported by Li et al. [39]. The
above results indicate that autotrophy was more beneficial to the synthesis of chlorophyll
and carotenoid contents than heterotrophic and mixotrophic cultivation.

—&— Autotrophy
1.5 ——®— Heterotrophy
—&— Mixotrophy

1.0

Dry Weight (g-L™)

0.5

Time (d)

Figure 2. Changes in the dry weight of P. kessleri TY grown under different trophic modes over
0—7 days. (Data are shown as +/— standard deviation).

20

20 | —=— Autotrophy —a— Autotrophy
- —e— Heterotrophy -~ —e— Heterotrophy
] —a— Mixotrophy = 15 | Mixotrophy
) 15 )
E £
« =
=10 S0
= z
-3 =3
2 2
S S -
£ s z°
Q ()
. L L
0 1 2 3 4 5 6 7 8 8
Time (d) Time (d)
(€Y b
2.5
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5 &0
¥ E s
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= Sor
1
2 ©os
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0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time (d) Time (d)
© (d)

Figure 3. Changes in the pigment content of P. kessleri TY under different trophic modes of cultivation
over 0—7 days; (a) the contents of chlorophyll a; (b) the contents of chlorophyll b; (c) the contents of
chlorophyll (a + b); (d) the carotenoid contents. (Data are shown as +/— standard deviation).

3.3. Analysis of Chlorophyll Fluorescence Characteristics

As shown in Figure 4, Fv/Fm, Fv/Fo, and Piaps all showed a downward trend
in chlorophyll fluorescence under autotrophic, heterotrophic, and mixotrophic culture
conditions. However, levels in the heterotrophic group were significantly lower than those
in the autotrophic and mixotrophic groups. After 0-1 d, the chlorophyll fluorescence



Fermentation 2023, 9, 891

90f19

parameters of the three groups under different conditions began to differ; the chlorophyll
fluorescence values for the autotrophic group were significantly higher than those of the
heterotrophic group. After 7 d of cultivation, the values for the autotrophic group were the
highest, about twice that of the heterotrophic group. However, the values of Fv/Fm, Fv/Fo,
and Piaps in the autotrophic group were similar to those in the mixotrophic group (albeit
slightly higher in the autotrophic group). The experiment indicated that both the dark
reaction conditions and glucose supplementation inhibited the photosynthetic capacity and
PSII activity of P. kessleri TY, with the dark reaction having a more serious effect.
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Figure 4. Changes in the chlorophyll fluorescence parameter of P. kessleri TY under different trophic
modes over 0—7 days; (a) Fv/Fo (the potential activity of photosystem II); (b) Fv/Fm (the maxi-
mum quantum yield of photosystem II photochemistry); (¢) Paps (the maximum quantum yield of
photosystem II photochemistry). (Data are shown as +/— standard deviation).

3.4. Analysis of Total Carbohydrate Content

As shown in Figure 5, the carbohydrate content of P. kessleri TY under different trophic
modes was consistent with the results for its total lipid content. The mixotrophic group had
the highest carbohydrate content of about 27.45%, followed by the heterotrophic group,
the carbohydrate content of which was 24.95%. In comparison, the autotrophic group had
the lowest carbohydrate content of 22.5%. The above results indicated that the addition
of glucose as an organic carbon source could promote the total carbohydrate content of
P. kessleri TY, and they also show that the presence of light was more conducive to the
increase in total carbohydrate content than growth in dark conditions.

3.5. Analysis of Total Protein Content

The total protein content from the alga cultures grown using three different trophic
modes showed an opposite trend to the total lipid and total carbohydrate content (Figure 5).
The total protein contents of the heterotrophic group and mixotrophic group were lower
than those of the autotrophic group, which was 24.6%. In comparison, those of the het-
erotrophic group and mixotrophic group were 21.21% and 20.5%, respectively. These results
demonstrate that the medium used for P. kessleri TY was significantly affected by glucose.
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Figure 5. Total lipid content, carbohydrate content, and protein content of P. kessleri TY grown under
different trophic modes on Day 7. (Data are shown as +/ — standard deviation. Values with different
letters are significantly different within the group (p < 0.05), values with the same letters are not
significantly different within the group (p > 0.05) [37], and letters are sorted according to the average
size of the data).

3.6. Analysis of Neutral Lipid Content

As shown in Figure 6, the neutral lipid content increased over time under all three
conditions. The neutral lipid content in the heterotrophic group and the mixotrophic group
was significantly higher than that in the autotrophic group, and the neutral lipid content
in the heterotrophic group and the mixotrophic group increased logarithmically at 1-4 d,
while in contrast, the autotrophic group showed lower levels. On Day 7, the neutral lipid
content in the mixotrophic group was the highest, at about 2.7 times that in the autotrophic
group, followed by the heterotrophic group, about 2.5-fold of that seen in the autotrophic
group (Figure 6). The above results clarified that adding glucose as an organic carbon
source is beneficial to the accumulation of neutral lipids in P. kessleri TY, which was also
one of the factors affecting the accumulation of neutral lipids.
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Figure 6. Changes in the fluorescence intensity of P. kessleri TY under different trophic modes over
0—7 days. (The content of neutral lipids in the cells is shown in fluorescence intensity. Data are
shown as +/— standard deviation).
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3.7. Analysis of Total Lipid Content and Fatty Acid Composition
3.7.1. Analysis of Total Lipid Content

As shown in Figure 5, on Day 7, the total lipid content in both the heterotrophic group
and the mixotrophic group was higher than that in the autotrophic group; the total lipid
content in the mixotrophic group was the highest (up to 42.92%), and the content in the
heterotrophic group was 39.85%, while that in the autotrophic group was 33.75%. Moreover,
the contents were determined for the autotrophic, heterotrophic, and mixotrophic groups
on day 7 of lipid productivity, and the contents were 35.69 mg-L~'d !, 31 mg-L~'d~! and
93.61 mg-L~'d !, respectively. It was clear that the lipid productivity of the mixotrophic
group was obviously higher than that of the other two groups; the lipid productivity of
the heterotrophic group was the lowest, while its total lipid content was higher than that
of the autotrophic group. This is because of its low biomass productivity, leading to low
lipid productivity (Table 2). In conclusion, the addition of glucose as an organic carbon
source could promote the total lipid content of P. kessleri TY. It was found that cultivation
in the light was more advantageous than in the dark in terms of lipid accumulation. In
addition, the dry weight of biomass, total lipid content, and lipid productivity were all
at their highest under conditions of mixotrophic cultivation, which identifies it as most
conducive to the larger-scale accumulation and application of P. kessleri TY.

Table 2. Lipid productivity in P. kessleri TY under different trophic modes on Day 7.

Trophic Modes Lipid Productivity (mg-L-1d-1)
autotrophic 35.69° +0.78
heterotrophic 31.00 ¢ £+ 0.96
mixotrophic 93.612 +0.37

Data are shown as +/— standard deviation, with three replicates in each group. Different letters in the table
mean that there is a significant difference between values (p < 0.05), while the same letter means that there is no
significant difference (p > 0.05) [37]. Letters are sorted according to the size of the average value.

3.7.2. Analysis of Fatty Acid Composition

The content of each type of fatty acid in P. kessleri TY that was cultured under different
trophic modes is listed in Table 3. In total, 7 fatty acids were detected in the samples
cultured under autotrophic conditions, and 6 fatty acids were detected in the samples
grown under heterotrophic and mixotrophic conditions. They were mainly composed
of C16 and C18 fatty acids with high contents, namely 87.56% in the autotrophic group,
90.6% in the heterotrophic group, and 91.12% in the mixotrophic group. All fatty acids
contained both saturated fatty acids (SFA) and unsaturated fatty acids (UFA); there was no
aromatic ring heterogeneous structure to the fatty acids, and the unsaturated double bonds
were no more than four. Although the contents were slightly different for the different
trophic modes regarding the main fatty acids in the samples, they mainly contained three
fatty acids: palmitic acid (C16:0, autotrophic group: 22%, heterotrophic group: 23.6%, and
mixotrophic group: 24%), linoleic acid (C18:2, autotrophic group: 14.64%, heterotrophic
group: 20.5%, and mixotrophic group: 21.1%) and linolenic acid (C18:3, autotrophic group:
28.79%, heterotrophic group: 19.7%, and mixotrophic group: 17.95%). In addition to
the three main fatty acids mentioned above, oleic acid (C18:1) also accounted for a large
proportion of fatty acids (15.51% and 15.84%, respectively) in the heterotrophic group and
the mixotrophic group. According to the literature, C16:0, C18:1, C18:2, and C18:3 are the
main fatty acids used in biodiesel preparation [40].

It can be seen from Table 3 that the composition of fatty acids and the content of each
component in the heterotrophic group and the mixotrophic group were similar but were still
slightly different. The sum of C16 and C18 in the heterotrophic group and the mixotrophic
group was basically the same (as shown in the table, the difference is not significant),
and their components were simpler than those in the autotrophic group. In addition,
the contents of oleic acid (C18:1), SFA, and monounsaturated fatty acids (MUFA) in the
heterotrophic group and the mixotrophic group were higher than those in the autotrophic
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group. However, the content of polyunsaturated fatty acid (PUFA) was significantly higher
in the autotrophic group (57.38%) than in the other groups (heterotrophic group—44.37%,
mixotrophic group—42.85%). These results were basically consistent with those reported
in the study by Li et al. [41].

Table 3. Fatty acids composition in P. kessleri TY under different trophic modes on Day 7. (Data are
shown as +/ — standard deviation).

Fatty Acids Composition

Autotrophic (% DW) Heterotrophic (% DW) Mixotrophic (% DW)

C16:0 22.00¢£0.26 23.60° +0.17 24.002 +0.07
Clé:1 2.30€ £ 0.05 3.310 +0.07 3912 +0.05
C16:2 6.81 £ 0.06 - -
C18:0 7.71¢ £ 0.05 8.00° +0.08 8.3228 +0.05
C18:1 531¢£0.14 15.51° 4+ 0.05 15.842 £ 0.03
C18:2 14.64 ¢+ 0.11 20.50® +0.06 21.102 £ 0.03
C18:3 28.792 £ 0.25 19.70° 4+ 0.07 1795¢+0.11
Cl6 + C18 87.56° + 0.50 90.60 @ + 0.08 91.122 4+ 0.06
others 12.442 £ 0.50 9.40° 4+ 0.80 8.88° 4+ 0.06
SFA 33.93 € £ 0.06 34.88° +0.24 35.472 +£0.15
MUFA 8.69 € £ 0.06 20.77° +0.14 21.67 @ +0.08
PUFA 57.382 £ 0.11 44.37° +0.06 42.85° £ 0.08

Data are shown as +/— standard deviation, with three replicates in each group. Different letters in the table
mean that there is a significant difference between values (p < 0.05), while the same letter means that there is no
significant difference (p > 0.05) [37]. Letters are sorted according to the size of the average value.

4. Discussion

At present, most of the research on microalgae is aimed at autotrophic culture methods.
However, due to the limitations of light, algal photosynthesis is fixed, and it is difficult
to increase its biomass to a high level. Conversely, organic compounds are absorbed via
aerobic respiration through exposure to light conditions; therefore, organic carbon could be
fully utilized and, thus, encourage better growth [42]. Heterotrophy involves cultivation
under dark conditions without light and depends on the addition of organic compounds.
However, the ability to achieve heterotrophy is very weak, meaning that the energy pro-
vided by respiration is not enough to sustain the growth of the microalgae. Therefore, not
all algal strains are suitable for heterotrophic culture. Mixotrophic cultivation could supple-
ment autotrophy with organic compounds, therefore obtaining higher biomass and greater
biomass productivity at a lower cost than heterotrophic cultivation [43]. According to some
studies, the light sensitivity of microalgae that were cultured concurrently was lower than
that of microalgae grown under autotrophy or heterotrophy. For example, Yan [44] reported
that the growth of Scenedesmus obliqguus grown using the mixotrophic system was superior
to that in samples grown using the autotrophic and heterotrophic systems, and its biomass
productivity was 4 times that seen in samples grown under autotrophic conditions and
3.2 times that in samples grown under heterotrophic conditions, respectively. Ma et al. [45]
found that the biomass of Chlorella sp. Grown under mixotrophic conditions was 2.4 times
and 2.6 times that of samples grown under autotrophic and heterotrophic conditions, re-
spectively, while the biomass of Dunaliella alina that had been grown under mixotrophic
conditions was 1.9 times and 1.3 times that of samples grown under autotrophic and het-
erotrophic conditions, respectively. Kabir et al. [46] found that the biomass of Selenastrum sp.
samples grown under mixotrophic conditions was 1.6 times and 1.36 times that of samples
grown under autotrophic and heterotrophic conditions. Because the research focuses on
different species of algae, the relationship between photosynthesis and respiration was
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different in each study, meaning that the growth rates that were reported were different
for autotrophy, heterotrophy, and mixotrophy. For example, Zhang et al. [47] reported that
the growth rate of C. zofingiensis samples grown under mixotrophic cultivation conditions
was the same as that of samples grown under autotrophic and heterotrophic conditions.
Yan [44] reported that the growth rate of S. obliquus was higher under mixotrophic culture
conditions than that seen under autotrophic culture and heterotrophic culture conditions.
However, Kabir et al. [46] reported that the growth rate of C. vulgaris cultivated under
mixotrophic conditions was lower than the sum of those grown under autotrophy and
heterotrophy. The results showed that the photoinhibition of algae growth under an au-
totrophic system could be eliminated due to the protective effect of the organic carbon
source, and the presence of an organic carbon source also promotes autotrophic growth.

However, not all kinds of algae are suitable for heterotrophic culture and mixotrophic
culture. In this study, the identified species of algae P. kessleri TY was supplemented with an
appropriate concentration of glucose. It was found that although its total lipid content was
high, its lipid productivity was also low due to its low biomass; that is, the growth of the
algal strain was poor in dark conditions. However, the biomass and biomass productivity of
P. kessleri TY that was grown under mixotrophic culture conditions were both high, and the
values were higher than the sum of the two other cultivation methods. The results showed
that species of microalgae that were suitable for mixotrophic cultivation could convert light
energy and organic carbon into biomass energy via photosynthesis and respiration, and
their dry weight and biomass productivity could also be significantly improved [38]. This
could be because most of the glucose metabolism in healthy microalgae cells occurs through
glycolysis and pentose phosphate pathways, even when operating under photoautotrophic
metabolism. Therefore, under photoautotrophic conditions, the addition of glucose to the
medium provides the cells with immediate energy to a certain extent and significantly
accelerates growth, which is mainly due to the assimilation of organic carbon, which is
a more energy-efficient process for algal cells than assimilation through photosynthesis
(the Calvin-Benson cycle) [19]. In addition, the microalgae grown in heterotrophic culture
conditions could only obtain carbon and energy from the reducing organic substrate. In
contrast, microalgae in mixotrophic culture conditions could be collected from all available
sources (organic carbon, CO,, and light) present in the medium at the same time. Moreover,
mixotrophic cultivation is not simply a combination of autotrophic and heterotrophic
growth techniques. The two processes interact with each other and have a synergistic effect
that can increase the biomass dry weight and biomass yield, which will be higher than the
sum of the two metabolisms at the same time, as well as independently [42,48].

El-sheekh et al. [49] reported that the pigment content in C. vulgaris grown under
both mixotrophic and heterotrophic conditions was lower than that under autotrophic
conditions (the pigment content under mixotrophic conditions was higher than that in
samples grown under heterotrophic conditions). The results indicated that grown under
light conditions had a positive effect on pigment content, while glucose had an inhibitory
effect on pigment content. The reports made by Lewitus et al. [50] and Oliveira [19] both
indicated that mixotrophic and heterotrophic cultures were not conducive to chlorophyll
accumulation in microalgae; these findings are consistent with the results of this study.
In general, the amount of pigment synthesized through the photo collection process is
lower in samples from mixotrophic cultures compared to those cultured in autotrophic
growth conditions, possibly because organic carbon is thought to cause major changes in
the photosynthetic system. Under mixotrophic conditions, microalgae could not only use
light energy to synthesize organic matter but also use organic carbon sources for glucose
metabolism, therefore enriching the biomass. In addition, in the presence of glucose, cell
growth is almost independent of photosynthetic carbon assimilation [51]. As expected,
heterotrophically grown samples produce negligible pigment levels because, in these
cultivation methods, by definition, the only source of energy is chemicals. When the
photosynthetic system is inactive, the cells do not have access to light [52]. Furthermore,
chlorophyll is an important photosynthetic pigment of microalgae; however, heterotrophy
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is characterized by a decrease in chlorophyll content. Since darkness is not conducive to
chlorophyll synthesis, cell division leads to chlorophyll dilution. In microalgae, most of the
chlorophyll is involved in the formation of light-harvesting complex II, and the regulation
of its size mainly occurs at the level of chlorophyll synthesis. Heterotrophic cultivation is
carried out under dark conditions, meaning that the algae cannot synthesize chlorophyll,
and cultivation is accompanied by the rapid degradation of light-harvesting complex II,
resulting in a more pronounced decrease in chlorophyll b relative to chlorophyll [53]. At the
same time, carotenoids are also related to photosynthesis. They are important in secondary
cell metabolism (mainly in photoprotection and allelopathy) and are mainly regulated by
light. Therefore, the carotenoid content is lower in the absence of light, which is consistent
with the results of this study [19]. As a result, the demand for chlorophyll in samples
grown under heterotrophic cultivation and mixotrophic cultivation is reduced, resulting in
a continuous decline in chlorophyll content.

In addition, this study also found that the photosynthetic capacity under heterotrophic
and mixotrophic conditions was similar to that in samples grown under autotrophic
conditions, both being lower than that in samples grown under autotrophic conditions. The
results showed that the introduction of organic carbon sources exhibited different degrees of
inhibition on the photosynthetic system activity of microalgae. Vidotti et al. [48] found that
after Chlorella sp. was switched from autotrophic conditions to mixotrophic conditions, the
activity and efficiency of photosynthetic system II and photosynthetic system I decreased,
and the photosynthetic pigment content decreased. Liu [53] studied the effects of different
trophic modes on Phaeodactylum tricornutum and found that after the addition of organic
carbon sources, the contents of photosynthetic pigments in the cells decreased, along with
the activity of the PS II system/photosynthetic oxygen release rate, i.e., organic carbon
reduced the photosynthetic capacity of P. tricornutum. Exogenous glucose provides energy
and a small molecular carbon skeleton for the growth of the cells through catabolism,
therefore reducing the dependence of cells on light energy. As a result, the photosynthetic
capacity of cells under mixotrophic conditions was lower than the level in the autotrophic
samples. The results showed that both dark reaction conditions and the presence of glucose
inhibited the photosynthetic capacity and PSII activity of microalgae [54].

Moreover, carbohydrates and proteins are two other important storage substances
occurring alongside the lipids found in microalgae cells. Studying the changes in carbohy-
drate and protein contents in microalgae is helpful when analyzing the flow direction of
carbon in the three culture systems. However, there are few reports detailing the carbo-
hydrate and protein contents of microalgae grown under heterotrophic and mixotrophic
conditions. Although this experiment was carried out in the current study, the results
showed that carbohydrates in the heterotrophic group and the mixotrophic group were
also higher than those in the autotrophic group, but that their total protein contents were
lower than those in the autotrophic group, meaning that the production of algal proteins
depended on the use of both a carbon source and a light source. These findings concur
with those reported by Ogbonna and Tanaka [55]; they also found that the protein con-
tent of Chlorella during the process of glucose addition in heterotrophic and mixotrophic
conditions continued to fall (maintained under conditions where the carbohydrate and
protein contents were higher than in samples grown under heterotrophic conditions). The
reason for this might be due to the decrease in protein content in samples grown under
mixotrophic conditions, which is related to the tricarboxylic acid cycle. The TCA cycle,
which causes reduced power in the cells, is also involved in the amino acid synthesis
pathway. The assimilation of organic carbon sources through the TCA cycle provided
the necessary conditions for microalga cultivation. Therefore, NADH and amino acid
metabolism could both occur. As a result, in mixotrophic culture conditions, microalgae
cells obtain reduced power from other sources, resulting in the down-regulation of the TCA
cycle and a decreased protein content [52]. Moreover, during the growth and metabolism
process of algal cells, carbon, and nitrogen will form a competitive relationship because the
participation of carbon will convert the proteins, requiring higher nitrogen levels for their
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conversion into saccharide fatty acids [56,57], leading to a decrease in protein content. In
this scenario, protein synthesis decreases while carbohydrate and lipid contents increase,
in particular inducing the accumulation of triacylglycerol (TAG) in algal cells; that is, the
algal cells convert more carbon and energy for lipid synthesis [58-61].

Furthermore, the study by Yun et al. [62] clarified that the lipid content of Chlorella sp.
cultivated under mixotrophic and heterotrophic conditions, along with additional carbon
sources, was significantly higher than that found in samples grown under autotrophic
conditions. Mixotrophic culture has certain advantages, not only in light sensitivity and
biomass productivity but also in lipid content and lipid productivity. In addition, the study
by El-sheekh et al. [49] illustrated that glucose had a positive effect on the lipid production
of Chlorella grown under mixotrophic culture conditions. Liu et al. [63] also believed that
glucose could improve the biomass and lipid contents of microalgae (to a level significantly
better than that under autotrophic conditions). In this study, regardless of the neutral lipid
content, the total lipid content, or lipid productivity, all values for algae in the mixotrophic
culture group were significantly higher than those in the autotrophic group; its lipid content
and lipid productivity reached 42.92% and 93.61 mg-L~'d !, respectively. The above
results indicate that the lipid content in algae cultivated under mixotrophic conditions
was significantly higher than that found in algae grown under autotrophic conditions,
which may be due to the addition of organic substrates, contributing to lipid accumulation
as a means of energy storage [54]. Moreover, under mixotrophic cultivation, part of the
energy is used for growth. In contrast, the rest of the energy is stored as carbohydrates
and lipids, which increases the volume of microalgae and, therefore, increases the lipid
content. However, under both mixotrophic and heterotrophic conditions, the total lipid
content was higher than the carbohydrate content, while the carbohydrate content was
lower than the lipid content. This may be related to the carbohydrate content because
lipid synthesis depends, to a significant extent, on starch degradation [64]. Furthermore,
lipid production in microalgae depends on the utilization of acetyl-CoA and NADPH.
Due to the presence of organic matter and inorganic carbon in mixotrophic cultivation,
carbon dioxide was released and then fixed through the interaction of autotrophic and
heterotrophic metabolism. This led to further electron flows between PSI and PSII, meaning
that more energy and NADPH were produced under mixotrophic conditions [65].

In this study, the fatty acid composition and content of P. kessleri TY samples grown
under different trophic modes were determined and analyzed. It was found that the cells
in the heterotrophic group and the mixotrophic group exhibited a similar composition
and content of fatty acids. In contrast, their contents of the C16 and C18 fatty acids were
higher than those in the autotrophic group. The difference between the values for the
heterotrophic group and the mixotrophic group was not significant; the values were 90.6%
and 91.12%, respectively. This may be due to the balance of ATP and the reducing agent
(NADPH or NADH) between fatty acid synthesis and glucose oxidation [52]. Furthermore,
the biosynthesis pathway of heterotrophic and mixotrophic metabolism could up-regulate
the production of fatty acids and inhibit the enzymes involved in fatty acid degradation.
Glycolysis/gluconeogenesis, the tricarboxylic acid cycle, and pyruvate metabolism are all
required for fatty acid biosynthesis to provide the required ATP and acetyl-CoA. Under
heterotrophic culture conditions, in addition to the above metabolism process, a pentose
phosphate pathway was also present; however, metabolism could only take place under
dark conditions, therefore promoting the biosynthesis of fatty acids [66]. Moreover, the
presence of glucose changed its metabolic pathway. Glucose leads to metabolic pathways
that are conducive to glycolysis, pathways in which the intermediate product (dihydroxy-
acetone phosphate) is the substrate required for lipid synthesis. Therefore, the contents of
fatty acids were higher under heterotrophic and mixotrophic conditions [51]. In addition,
compared with the autotrophic group, the contents of C18:1 and C18:2 in the heterotrophic
group and the mixotrophic group increased, while the content of C18:3 decreased. Further-
more, the levels of saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA)
were highest in the mixotrophic group, followed by the heterotrophic group, and were
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the lowest in the autotrophic group. The results showed significant differences, but the
polyunsaturated fatty acid (PUFA) contents of the various samples were contrary. SFA and
MUFA are beneficial to the production of biodiesel, which finding is basically consistent
with the results published by Li et al. [39]. According to the relevant standards for biodiesel,
the main fatty acids are palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2), and
linolenic acid (C18:3). The fatty acids in this study did not contain an aromatic cyclic
isomerism structure; most of the carbon chain length comprised units of 14 to 20 carbons,
while the unsaturated double bonds did not exceed 4 carbons [19,40,46]. Moreover, the SFA
exhibited antioxidant properties, which would be conducive to the long-term storage of
biodiesel. The MUFA demonstrated better stability at low temperatures and, thus, would
not degrade due to high levels of oxidation [59]. In the determination of fatty acids per-
formed in this study, P. kessleri TY demonstrated the maximum values of C16:0, C18:1, and
C18:2 when grown under mixotrophic culture conditions. At the same time, the contents of
SFA and MUFA were also higher than those of the other two groups. The enhancement of
SFA and the saturation of unsaturated fatty acids increase the value of biological resources
as industrial fatty acids. In contrast, the increase in carbon chains indicates the possibility
of producing high-value lipids. In conclusion, concurrent culture techniques increased the
SFA content of P. kessleri TY and saturated its unsaturated fatty acids (UFA) [62]. Therefore,
the contents of fatty acids when using mixotrophic and heterotrophic culture methods were
higher. In comparison, the contents of polyunsaturated fatty acids were lower than those
in the samples grown under autotrophic culture conditions. The possible reasons for this
finding are as follows: (1) most of the saturated fatty acids and monounsaturated fatty acids
accumulated under mixotrophic and heterotrophic culture conditions; (2) photosynthesis
and lipid synthase would be more fully utilized under autotrophic conditions; (3) the
desaturation process involved in the biosynthesis of polyunsaturated fatty acids requires
molecular oxygen, and the high levels that developed under autotrophic conditions in-
creased the unsaturation of fatty acids [53]. Therefore, P. kessleri TY, when cultured under
mixotrophic conditions, is quite suitable for use as biodiesel. This study lays a foundation
for the improvement and development of biological resources to produce high-value lipids.

5. Conclusions

In this study, it was found that Parachlorella kessleri TY grew fastest under mixotrophic
culture conditions but grew more slowly under heterotrophic culture conditions. Both
the heterotrophic and mixotrophic methods of culture could encourage the accumulation
of the grease present in P. kessleri TY; the contents of neutral lipids, in particular, notably
increased, and the contents of C16:0, C18:1, and C18:2 (especially C18:1), which are suitable
for use as biodiesel raw materials, were significantly higher than those found in samples
grown under autotrophic culture conditions The contents of SFA and MUFA were also high.
Because the biomass productivity was too low when using heterotrophic culture methods,
the lipid content after heterotrophic culture was also significantly reduced, which was not
conducive to the production of biodiesel; conversely, the lipid productivity when using
co-culture methods was higher. To sum up, when combined with an analysis of two very
important indexes of lipid productivity and fatty acid composition, this study shows that
it is beneficial to increase the biomass productivity and lipid productivity of P. kessleri TY
using mixotrophic culture methods. It also indicates that P. kessleri TY could convert the
absorbed organic carbon into lipids more efficiently when grown using this culture system.
This result is of great significance for the production of biodiesel.
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