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Abstract Ochromonas sp. (Chrysophyceae) occupies differ-
ent trophic levels depending on its prevalent nutritional strat-
egy in the field. Ochromonas sp. can utilize inorganic and
organic carbon to grow photoautotrophically, mixotrophically,
and heterotrophically. To examine how exogenous organic
carbon influences population growth and photosynthesis in
Ochromonas sp., we cultured Ochromonas sp. in media with
different glucose concentrations (0, 50, 100, and 150 mg L™)
and two treatment modes (single addition of glucose at the
beginning and fed-batch mode with repeated addition every
12 h) for 15 days. Results showed that (1) compared to pho-
toautotrophic growth, adding glucose significantly enhanced
the growth rate and carrying capacity of Ochromonas sp. in a
concentration-dependent manner; (2) photosynthesis also in-
creased with glucose addition during the exponential growth
stage; (3) repeated glucose addition caused higher biomass
and photosynthetic performances than single addition, and
(4) with depletion of glucose and the population reaching a
stationary stage, photosynthetic parameters decreased slightly
but remained at a relatively stable level, which was similar to
that of photoautotrophic growth. We conclude that in compar-
ison with pure photoautotrophy, mixotrophic growth can re-
sult in higher population growth rate and final biomass in a
shorter time, especially in fed-batch cultures, indicating that
this would be a highly efficient way for mass cultivation of the
flagellate Ochromonas.
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Introduction

Mixotrophic microorganisms, whose nutritional mode lies
between photoautotrophy and heterotrophy, can utilize
both light and organic sources for food. Therefore,
mixotrophs occupy multiple trophic levels and confer eco-
logical benefits to aquatic ecosystems (Sanders 1991;
Jones 2000). Mixotrophs are very common among protists
such as some flagellates and ciliates, as well as other
mixotrophic organisms (Stoecker 1998). They can utilize
inorganic carbon to grow photoautotrophically, take up
dissolved organic carbon osmotrophically, or prey
phagotrophically on small phytoplankton to grow hetero-
trophically, and grow as photoheterotrophs when provided
with light and organic carbon (Boéchat et al. 2007). In
nature, photoautotrophic growth is thought to facilitate sur-
vival under poor environment (Andersson et al. 1989), and
mixotrophic mode is especially important under low-light
conditions with added carbon source (Rothhaupt 1996).
Under mixotrophic growth, Ochromonas sp. can usually
ingest food more efficiently than under heterotrophic
growth because it can derive more energy from the photo-
synthetic apparatus (Wilken et al. 2014). Boéchat et al.
(2007) have proposed that the success of mixotrophic
growth can be attributed to the combination of biochemical
benefits of heterotrophic and photoautotrophic metabolic
pathways.

Several methods of cultivating algae based on algal nutri-
tional modes have been reported to date. To achieve greater
algal production, dissolved organic carbon resources are used
osmotrophically in mixotrophic or heterotrophic culture of
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algae. Palsson and Daniel (2004) reported that the growth rate
and biomass of mixotrophic flagellate Poterioochromonas
malhamensis increased in the presence of organic carbon
compared with those in photoautotrophy. Higher biomass
and lipid production of mixotrophic Chlorella sorokiniana
have been achieved by the addition of glucose (Li et al.
2014). However, Girard et al. (2014) suggested that pho-
toautotrophic culture accumulated more lipids than
mixotrophic cultures with whey permeate as organic car-
bon for the green microalga Scenedesmus obliquus.
Besides glucose, other commonly used organic carbon
sources such as acetate, sucrose, and glycerol can increase
the final cell abundances and final exopolysaccharide con-
centration in mixotrophic growth of the cyanobacterium
Nostoc flagelliforme (Yu 2011). Also, molasses stimulated
the biomass of Arthrospira (Spirulina) platensis, a
microalga with rich proteins, vitamins, and polyunsaturat-
ed fatty acids (Andrade and Costa 2007). Wang et al.
(2012) even reported that diluted primary piggery waste-
water could contribute to lipid production of Chlorella
pyrenoidosa, which also reduced the high organic content
of piggery waste simultaneously. Taken together, these re-
ports indicate that mixotrophic growth offers many advan-
tages in the cultivation of algae.

Mixotrophic Ochromonas sp., an organism with multi-
ple nutritional modes, has been reported to have a broad
range of habitats in marine and fresh waters (Sanders
1991). Several studies have showed that Ochromonas sp.
can strongly reduce the biomass of Microcystis and its tox-
in content (Yang et al. 2008; Van Donk et al. 2009; Zhang
et al. 2010) and suggested that Ochromonas might serve as
a possible biological control agent against Microcystis
blooms. However, mass culturing Ochromonas sp. is nec-
essary before using the mixotrophic organisms to control
Microcystis in the field. Based on the above studies on the
contribution of organic resources to rapid population
growth of some mixotrophic organisms, glucose was used
as a source of organic carbon in the current study to stim-
ulate the growth of mixotrophic Ochromonas sp.

In this study, Ochromonas sp. was cultured in media
with different glucose concentrations and two addition
treatments (single addition of glucose at the beginning
and repeated addition every 12 h) for 15 days to examine
how exogenous organic carbon influences growth and pho-
tosynthesis. We hypothesized that (1) glucose addition will
promote population growth of Ochromonas and that the
carrying capacity improves with increasing glucose con-
centration and (2) the fed-batch mode with repeated addi-
tion can produce higher biomass of Ochromonas compared
to single addition. The population growth rate and carrying
capacity, specific growth rate, and photosynthetic perfor-
mances were measured and analyzed to test the above
hypotheses.
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Materials and methods

The strain of mixotrophic chrysophyte Ochromonas sp. ob-
tained from Meiliang Bay, Lake Taihu, China, was isolated
under a microscope through stepwise dilution after being fed
with autoclaved wheat seeds. Subsequently, a single cell was
maintained in axenic mineral medium under photoautotrophic
growth. The medium used was BG-11 (Stanier et al. 1971).
Cultures of Ochromonas sp. were maintained at 25+0.5 °C
with constant light intensity of 40 pmol photons m s~ ' under
a 12:12-h light-dark cycle.

Experimental design

The experiments were performed in a 250-mL flask contain-
ing 150 mL of sterilized BG-11 medium with pH adjusted to
7.3. Ochromonas sp. cultures were incubated at 25+0.5 °C
with constant light intensity of 40 pmol photons m 2 s .
Ochromonas sp. was grown osmotrophically by supplying
glucose as organic carbon source. Three treatments were set
up: (1) photoautotrophically grown Ochromonas, without glu-
cose addition; (2) mixotrophically grown Ochromonas with a
single glucose addition at the beginning; and (3)
mixotrophically grown Ochromonas in fed-batch culture by
repeated glucose additions at 12-h intervals for 9 days. The
duration of all experiments was 15 days. Thus,
mixotrophically grown Ochromonas with repeated glucose
addition stopped receiving glucose after day 9. Four glucose
concentrations (0, 50, 100, and 150 mg Lfl) were used in the
experiments. In all treatment conditions, Ochromonas sp. was
precultured at the described light intensity and glucose con-
centrations were monitored for 4 days prior to the start of the
experiments. Each flask was inoculated with Ochromonas sp.
to a final concentration of ~1.0 x 10* cells mL™". To avoid
bacterial growth, the whole experiments (including inoc-
ulating and sampling Ochromonas) were operated in
sterile conditions and the glucose solution was filter-
sterilized, but antibiotics were not added in the cultures.
Samples (2 mL) for cell counts were taken every day,
with 1 mL for determining glucose concentration every
12 h until glucose was used up. Photosynthetic param-
eters were measured every day until day 9, after which
they were measured every 2 days. All treatments were
performed in triplicate.

Ochromonas sp. growth

Samples for counting were fixed in Lugol’s solution (2 %).
Abundance was determined using a hemocytometer.
Daily specific growth rates (u) were calculated as p=
InN, ;1 —1nN,, where N,.; and N, are cell abundances
(cells mL™") at times 7+ 1 and ¢, respectively. The popu-
lation dynamics were fitted using the logistic model
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f= WKWH) to obtain the population growth rate () and

carrying capacity (K).
Determination of glucose concentrations

To test the glucose concentration, samples (1 mL) were har-
vested by centrifugation at 8000 rpm for 10 min, and the
supernatant was filtered through a 0.2-um filter (Salus,
USA). Glucose concentration was determined by the glucose
oxidase-peroxidase method using a commercially available
glucose assay kit (Jiancheng F006, Nanjing, China) every
12 h, and the appropriate amount of glucose was added to
the constant addition groups until the final concentration in
each group was reached. After that, the final concentration
was measured. The dynamics of glucose concentrations are
shown in Fig. 1.

Photosynthesis measurement

Photosynthetic activities of Ochromonas sp. during the exper-
iments were measured using a Phyto-PAM (Walz, Germany).
Photosynthetic parameters including maximal efficiency of
PSII photochemistry (F,/F,,), effective quantum yield of
PSII photosynthetic efficiency (©pgy), maximum relative elec-
tron rate (rETR,,4¢), and initial slope « (apr) Were calculated
from the fitting photosynthesis-irradiance (P-E) curve.

Statistical analyses

All data are presented as mean+ SD and showed normal dis-
tribution and homogeneity of variance by the Shapiro-Wilk

and equal variance tests. The growth rates and carrying capac-
ity (K) among treatment groups were assessed by one-way
ANOVA followed by the Tukey test (a=0.05).
Photosynthetic performances and instantaneous growth rates
among treatments were assessed by two-way ANOVA follow-
ed by the Holm-Sidak method (a=0.05), with time and glu-
cose concentrations as the two factors. All statistical analyses
were performed using Sigmaplot 11.0.

Results

Ochromonas sp. growth in response to different glucose
concentrations

Cell abundances in treatments with glucose addition were sig-
nificantly higher than those in photoautotrophic growth, i.e.,
adding glucose significantly promoted the carrying capacity of
Ochromonas sp. (Figs. 2a—c and 3; P<0.05). The Ochromonas
sp. population in the photoautotrophic growth (no glucose
added), single addition of glucose, and repeated addition of
glucose (fed-batch culture) groups reached stationary phase on
days 6, 4, and 7, respectively. The carrying capacity of the
repeated-addition treatment group increased with rising glucose
concentration and reached a significantly higher level than those
of the single-addition treatments (Fig. 3; P<0.05).

Adding glucose significantly enhanced the population
growth rates of Ochromonas sp. in comparison with those in
photoautotrophic growth (no glucose added) (Fig. 3;
P<0.05). In the single-addition treatment group, the popula-
tion growth rate was the highest at 150 mg L™' (2.66
+0.36 days "), and no significant difference was found in
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the population growth rates between 50 and 100 mg L'
(P=0.738). Besides, the population growth rate at
150 mg L™ was significantly higher than that at 50 mg L™
in the fed-batch treatment group (P<0.05).

Daily specific growth rates in all treatment groups gradu-
ally decreased with time, until the populations reached their
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Fig. 3 Population growth rate and K (carrying capacity) at different
concentrations of glucose cultures. C indicates repeated-addition
treatment. Error bars indicate standard deviation. Significant difference
is indicated by different lowercase letters in the growth rate (one-way
ANOVA, P<0.05). Values marked with the same uppercase letters are
significantly different in terms of carrying capacity (P <0.05)
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respective carrying capacities (Fig. 2). During the exponential
phase, daily specific growth rates in the mixotrophic treatment
increased with rising glucose concentration and became sig-
nificantly higher than those in photoautotrophic growth
(Fig. 2d—f; P<0.05). These data indicated that adding glucose
could efficiently promote the growth rate of Ochromonas sp.,
especially at higher glucose concentration.

Changes in photosynthetic capacities

The photosynthetic activities in all treatment groups were
higher at the beginning than at a later stage—it decreased with
decreasing daily specific growth rate but finally stayed in sta-
tionary phase when population stability was reached (Figs. 4
and 5). Adding highly concentrated glucose (150 mg L)
caused significant enhancement of F,/F,, and ®pgy; on day 2
when compared with those in photoautotrophic growth
(Fig. 4; P<0.001). Meanwhile, rETR,,x at 100 and
150 mg L™ in mixotrophic culture was especially higher than
that of photoautotrophically growing microalgae on day 1
(Fig. 5a—c; P<0.001). Significant difference in agrg was also
observed between photoautotrophic and fed-batch treatments
on day 2 (Fig. 5e-f; P<0.05).
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In the single-addition treatment group, photosynthetic ac-
tivities of mixotrophic Ochromonas sp. on day 2 increased
significantly with increase in glucose concentration (Fig. 4;
P<0.05), which was also observed on days 3 and 4 in the
fed-batch treatment group (Fig. 5; P<0.001). From day 3,
photosynthetic performances began to decrease rapidly with
decreasing glucose in all single-addition treatment and repeat-
ed 50-mg L' glucose addition treatment groups. However, it
was observed that photosynthetic performances were always
higher when high glucose was repeatedly added, compared to
those receiving single addition of glucose. At the end of the
experiment, the photosynthetic activities were stable across all
groups. In particular, photosynthesis of Ochromonas in the
groups receiving glucose addition was almost close to that
of groups grown under photoautotrophic condition.

Discussion
In the presence of organic carbon, the growth rate and biomass

of microalgae are commonly increased compared with those
in photoautotrophy. The results of our study showed that

glucose assimilation by mixotrophic Ochromonas resulted in
enhancement of population growth. The carrying capacity and
growth rate in mixotrophic cultures were at least 7 times and
1.4 times higher compared to those of cultures grown photo-
autotrophically. In particular, cell abundance reached
1x107 cells mL™! in fed-batch treatment, which was more
than 200 times that found in purely photoautotrophic culture.
This finding is consistent with that of Li et al. (2014), who
reported that the growth rate and biomass of Chlorella
sorokinian fed with glucose were higher compared to those
under photoautotrophic culture. As shown in Fig. 3, cell den-
sity increased with higher glucose concentration, i.e., it was
concentration-dependent. This result was also observed in the
species Tetraselmis (Platymonas) subcordiformis (Xie et al.
2001). In our study, a decline in cell abundance occurred at
high glucose concentration during the stationary stage, which
was possibly a result of limited organic resource (Simonds
et al. 2010), metabolite accumulation, and expansion of living
space.

In addition, we found that fed-batch mode by repeated
addition of glucose resulted in higher biomass of
Ochromonas than single addition of glucose. The fed-batch
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Fig. 5 a—c Maximum relative
electron rate (tETR ) and d—f
initial slope alpha (cgrR) of
Ochromonas sp. at different
concentrations of glucose in
cultures. Error bars indicate
standard deviation. Glucose
addition ceased on day 9
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system is routinely used to improve biomass productivity in a
mixotrophic process, such as glucose-grown Nannochloropsis
sp. (Xu et al. 2004; Benjamas and Salwa 2012) and 4.
(Spirulina) platensis (Chen and Zhang 1997), acetate-grown
Haematococcus pluvialis (Hata et al. 2001), and A4. platensis
(Matsudo et al. 2014). Cerén-Garcia et al. (2013) suggested
that semi-continuous mode could lead to much higher bio-
mass productivities of Phaeodactylum tricornutum than fed-
batch mode. Thus, mixotrophic growth, especially fed-batch
mode, would be an ideal method of high-density cultivation of
Ochromonas sp. in a short time. In this experiment, antibiotics
were not added into the medium although we have adopted
some measures to avoid bacterial growth, and thus, it was
possible that a few bacteria grown in the medium could be
ingested as carbon source by Ochromonas (Porter 1988;
Sanders et al. 2001; Wilken et al. 2013). In this case, bacteria
may be an additional carbon source for Ochromonas when

glucose was used up.

Surprisingly, constant addition of glucose did not have a
more positive effect on population growth rate compared to
once addition (Fig. 3). This result is similar to those previously
described by Rym et al. (2010), who showed a low growth rate
at high glucose concentration (0.35 day ' at 2500 mg L'
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glucose). Benjamas and Salwa (2012) suggested that high
organic nutrient concentration could inhibit cell growth and
lipid accumulation in mixotrophic cultures. In some cases, less
polyunsaturated fatty acids were produced compared to satu-
rated fatty acids under mixotrophic and heterotrophic condi-
tions (Boéchat et al. 2007). Also, the failure of consumer
Ochromonas to feed on the cultures might be the cause of
low population growth rate since high cell abundance pro-
duced by mixotrophic cultivation is known to reduce glucose
availability (Chrzanowski and Foster 2014). Instead, the low
population growth rate in photoautotrophic condition may be
caused by increase in photorespiration (Wilken et al. 2013).
The work of Wilken et al. (2014) suggested that the
photosynthetic machinery of mixotrophic Ochromonas
sp. remains fully functional. Benefiting from the capacity
for photosynthesis, mixotrophs can dominate in terms of
biomass over heterotrophs (Palsson and Daniel 2004). In
addition, supplementing organic carbon contributes to
higher cell abundance of mixotrophs than that of photoau-
totrophs (Cerén-Garcei et al. 2000). Thus, photosynthesis
and intake of organic carbon are correlated and mutually
dependent in influencing the growth of mixotrophic organ-
isms. The present result showed that photosynthesis of
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Ochromonas sp. changed along with population growth
under mixotrophic culture. Maximal efficiency of PSII
photochemistry (F,/F,,), effective quantum yield of PSII
photosynthetic efficiency (@pgy), initial slope « (agtR),
and maximum electron transport rate (rETR,,,x) are known
as important photosynthetic indicators that show the integ-
rity of the PSII reaction center and photosynthetic capacity.
The photosynthetic performances (F,/F,,, ®PSII, artr and
rETRmax) of Ochromonas sp. increased at first, then de-
creased, and finally stayed constant regardless of glucose
addition (Figs. 4 and 5).

On the one hand, the photosynthetic performances of
Ochromonas sp. fed with glucose were more enhanced than
those in photoautotrophic growth at the beginning. This result
is consistent with that obtained by Vonshak et al. (2000) with
A. platensis, and verified our starting hypothesis that glucose
addition could enhance the growth of Ochromonas. Van
Wagenen et al. (2015) reported that adding glucose in the dark
could increase photobioreactor efficiency of mixotrophic
C. sorokiniana. Higher photosynthetic parameters were also
observed when high glucose was added continuously during
the exponential phase (Figs. 4 and 5). On the other hand, the
photosynthetic capacities decreased slightly with exhaustion of
glucose after the exponential phase, which was possibly
caused by enhancement of respiration (Orus et al. 1991).
When glucose is added as an exogenous organic resource,
some are converted to starch, whereas others normally remain
to be oxidized through the glycolytic pathway or are directly
oxidized into pentose phosphate and eruythrose-4-phosphate
through the pentose phosphate pathway (Yang et al. 2000). The
active glucose metabolism process may explain the decreases
in photosynthetic capacities, i.e., heterotrophic metabolism
dominated during this phase, bringing more positive effects
on cell abundance of Ochromonas sp. In some instances, pho-
toautotrophic microalgae switch to mixotrophic growth in the
presence of organic carbon by decreasing the photosynthesis
rate (Matantseva and Skarlato 2013). An early study by Liu
et al. (2009) demonstrated that uptake of carbohydrates re-
duces F.,/F,, in P. tricornutum, a mixotrophic marine diatom.
Similar reduction was observed in mixotrophic Ochromonas
sp. when heterotrophic bacteria were added as prey, because
adding glucose decreases the expression of the photosynthetic
genes PsbA and Rubisco, which results in low capacity for
carbon fixation (Wilken et al. 2014). Finally, photosynthesis
rate recovered at the end of the experiment when population
stability was reached. In particular, the photosynthetic perfor-
mances of the single-addition treatment group were almost
identical to that of photoautotrophic Ochromonas sp., which
indicates that the former likely adapted to the environment and
transitioned into photoautotrophic mode.

An interesting phenomenon observed in the experiment is
that inhibition of photosynthetic performances occurred not
only in mixotrophic cultures but also in photoautotrophic

condition, which might be related to population growth.
Thus, all of the above results confirmed that photosynthetic
capacity could be enhanced in the early growth stage under
mixotrophic condition, and then weakened with decreasing
daily specific growth rate, and finally kept stable. Repeated
addition of glucose at high concentration could make photo-
synthesis of mixotrophic Ochromonas sp. more active.
However, the coincidence and independence between photo-
autotrophic and heterotrophic modes in mixotrophic culture
(Martinez and Oras 1991; Marquez et al. 1993) should still be
further discussed. Moreover, glucose used as an organic
source in the present study is known to cause osmotic stress
as well (Kanwal et al. 2014), so it should be investigated
further to explain the observed inhibition of photosynthesis.

We conclude that heterotrophic growth can promote popu-
lation growth and photosynthesis of mixotrophic Ochromonas
sp., especially fed-batch culture, and can thus be a highly
efficient way for mass culturing Ochromonas sp. to control
Microcystis in the field.
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