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Abstract: Microalgae have considerable potential as a renewable feedstock for biochemical and
bioethanol production that can be employed in processes associated with carbon capture. Large-scale
microalgae cultivations are often non-axenic and are often cohabited by bacteria. A better under-
standing of the influence of cohabiting bacteria on microalgae productivity is required to develop
sustainable synthetic co-culture processes at scale. Nutrient limitation is a frequently employed
strategy in algal cultivations to accumulate energy reserves, such as lipids and carbohydrates. Here,
a non-axenic culture of an estuarine green microalga, Chlorella vulgaris CCAP 211/21A, was studied
under nutrient replete and deplete conditions to assess how changes in nutrient supply influenced
the cohabiting bacterial population and its association with intracellular carbohydrate accumulations
in the alga. Nutrient limitation resulted in a maximum carbohydrate yield of 47%, which was 74%
higher than that in nutrient replete conditions. However, the latter condition elicited a 2-fold higher
carbohydrate productivity. Three cohabiting bacterial isolates were cultivable from the three culture
conditions tested. These isolates were identified using the 16S rRNA gene sequence to belong to
Halomonas sp. and Muricauda sp. The composition of the bacterial population varied significantly
between the growth conditions and time points. In all cases and at all time points, the dominant
species was Halomonas isolates. Nutrient depletion resulted in an apparent loss of Muricauda sp. This
finding demonstrates that nutrient supply can be used to control cohabiting bacterial populations in
algal cultures, which will enable the development of synthetic co-culture strategies for improving
algae productivity.
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1. Introduction

Algae have been considered as a potentially sustainable feedstock for bioethanol and
biochemical production due to the conceptual promise of enabling production processes
incorporating CO2 capture. Algae are photosynthetic microorganisms that can capture solar
energy and transform it into biochemical products such as carbohydrates, lipids, proteins,
vitamins, and pigments that can be of economic value. Microalgae have long been consid-
ered to be a candidate for bioethanol production because of their relatively faster growth
rates compared to most bio-based feedstock and the potential for sustainably sourcing
nutrients from wastewaters for their cultivation. Although reaching practical economies of
scale has been challenging, they offer a conceptually attractive framework for developing
sustainable feedstock for industrial-scale productions. Despite the higher cost compared to
the production of fossil fuels, bioethanol production is increasing worldwide [1–3]. Given
the need to develop sustainable renewable energy sources to meet the ever-increasing
demand, the geopolitical uncertainties concerning fuel supply and distributions, and the
unsustainability of using fossil fuels to meet our demands, there is a continuing interest
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in developing sustainable feedstock for bioethanol production. In addition to biodiesel,
algae can be grown to accumulate fermentable carbohydrates that can then be fermented to
bioethanol and biobutanol.

The possibility of sustainably cultivating algae as a feedstock for bioethanol produc-
tion is attractive when considering alternatives for sourcing fermentable sugars. Some
genera of microalgae such as Chlorella, Dunaliella, Chlamydomonas, and Scenedesmus can
accumulate high amounts of carbohydrates (>40% of the dry weight). Chlorella species,
especially C. vulgaris, can accumulate 37–55% of their dry weight as carbohydrates [4].
Algae accumulate different types of carbohydrates, for example, starch in green algae,
glycogen in cyanobacteria, floridean starch in red algae, and chrysolaminarin in diatoms.
The most common monomers in microalgae are glucose (dominant), xylose, mannose, and
rhamnose [5], rendering carbohydrates derived from microalgae more suitable for fermen-
tations. Macroalgae also accumulate complex polysaccharides such as laminarin, glucans,
galactan, and cellulose. Nevertheless, these have compositions that are less favourable
and less cost-effective for bioethanol production compared to microalgae-sourced carbohy-
drates [6]. Microalgae have received more attention because their cultivation processes can
be more controlled. Typically, up to 60% of the dry biomass weight can be accumulated as
carbohydrates, depending on the strain type, growth mode, and environmental conditions.
Carbohydrates can be saccharified into fermentable sugars for bioethanol production, but
this will need cost-effective pre-treatment.

One of the most common approaches to increasing carbohydrate accumulation in
microalgae is nitrogen limitation, which routes the fixed carbon from Calvin’s Cycle to
produce lipids and carbohydrates instead of nitrogen-based products (proteins) [7]. In
addition, many studies have pointed out that one approach to increasing algae productiv-
ity is to employ a co-culture system which enhances microalgae growth and metabolite
production [8–11].

In the natural environment, microalgae cohabit with a wide range of different mi-
croorganisms. Synergistic relationships between microalgae and other microorganisms
have a significant effect on natural ecosystems [11]. Microalgae can provide bacteria with
dissolved oxygen during photosynthesis, improving bacterial respiration and increasing
organic matter consumption [12]. Algae-associated bacteria can promote the growth of
microalgae via commensalism and mutualism relationships and the secretion of some vita-
mins such as thiamine, biotin, and cobalamin [8,13,14]. Moreover, through remineralization,
bacteria are able to reassimilate organic molecules in the decomposition process. Bacterial
associations have been shown to be of value in increasing algal biomass productivity and
growth rates [15,16]. Equally, they have also been shown to reduce algal growth, despite
an increase in the accumulation of intracellular components, such as pigments [17].

Although co-cultured bacteria have been shown to have positive and negative influ-
ences on microalgae cultivations, and some of these are known to influence microalgal
carbohydrate productivities [16,18–20], the field is still developing, requiring more detailed
investigations on specific associations to develop conceptual frameworks and underlying
principles that are useful in establishing strategies to improve productivity. A high-yielding
strain of Chlorella vulgaris (CCAP 211/21A) that showed a high propensity to accumulate
carbohydrates in preference to lipids was reported earlier [21]. Industrial-scale cultivations
of microalgae, especially those in open pond systems, are likely to be non-axenic, which
promotes the growth of cohabiting microbial species, on which very little information
exists. The aim of this study was to further develop the understanding of this strain with
respect to potential cohabiting bacteria. Towards this end, the behaviour of the bacterial
population in a non-axenic culture of the algal strain was studied in conjunction with
nutrient fluctuations that could lead to improved carbohydrate productivities. We believe
this to be the first attempt of this sort, the findings of which will enable the development of
a conceptual framework that can be used to establish co-cultures as a strategy to improve
algal productivity.
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2. Results

In this study, we examined a laboratory-grown, non-axenic culture of the halotolerant
Chlorella vulgaris CCAP 211/21A. Cultivations were carried out under photoautotrophic
mode in f/2, a commonly used maintenance/cultivation medium [22]. Two modifications of
the media, where the nitrogen and phosphate concentrations were halved (f/4) or doubled
(2f ), were examined to study changes in the cohabiting bacteria associated with nutrient
supply changes that elicit differential carbohydrate accumulations.

2.1. Changes in the Nitrogen and Phosphorus Supply Strongly Influence Algal Growth and
Biomass Productivity in the Non-Axenic Culture

Over the course of the cultivation of non-axenic C. vulgaris under different nutrient
concentrations, the continuous growth of microalgae was observed in all the tested condi-
tions. Increasing the nutrient concentration increased the algal growth, as can be seen from
all three measures of growth (cell counts, optical density, and dry cell weight) (p < 0.001
for ANOVA on median growth rates), with a doubling of all measures of biomass in the
nutrient replete condition (2f ) compared to the deplete condition (f/4) (Figure 1).
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Figure 1. Growth characteristics of non-axenic C. vulgaris in f/2 and modified f/2 media cultured in
batch mode for 7 days; (A) cell count, (B) optical density (OD595nm), (C) dry cell weight of algae,
(D) nitrate consumption over the cultivation period, (E) phosphate consumption over the cultivation
period, (F) median specific growth rate of algae over the cultivation period, and (G) maximum
biomass productivity.

Dissolved inorganic nitrate was consumed fully in two days under the nutrient-
depleted conditions (f/4), whilst it took 5 days for total consumption in the replete conditions
(2f ) (Figure 1D). The median specific growth rate over 7 days of cultivation was also seen
to be higher in the replete conditions (2f ), as would be expected (Figure 1F). An 8-fold
difference in nutrient supply resulted in a nearly 3-fold difference in median growth rates
(DCW basis) (p < 0.01). Increasing the nutrient (N and P) supply 4-fold (2f ) resulted in
a 78% increase in the median growth rate (DCW basis). However, halving the nutrient
supply (f/4) resulted in reducing the median growth rate (DCW basis) by 34% (p < 0.05)
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(Figure 1F). A similar change could also be seen in the maximum biomass productivity
(Figure 1G). A similar result was reported by Meyers et al. [23], where a reduction in
the maximum biomass productivity by 15% was reported between nutrient-replete and
N-deplete conditions in a Chlorella salina cultivation. Differences in the cell count between
media containing different nutrient concentrations were noticed, primarily after 24 h. In
addition, the final dry cell weight increased in the medium that had high initial nitrate
levels (2f ), by 2-fold compared to the deplete condition (f/4) (p < 0.05). There was also a
2-fold increase in cell counts in the replete medium (2f ) compared to the deplete medium
(f/4) after 7 days of cultivation (p < 0.01).

2.2. Three Cultivable Cohabiting Bacteria Could Be Isolated from C. vulgaris CCAP 211/21A

Three cohabiting bacterial isolates grew when the algal cultures were plated in R2A agar
prepared with f/2, f/4, or 2f. An SEM image of the algal cells and the two co-habiting bacteria
is shown in Figure 2a. The colony morphology of these three isolates was, respectively, seen
to be (a) small rounded, (b) large irregular, and (c) yellow rounded colonies (Figure 2b). All
three isolates stained negative on Gram staining. The 16S rRNA molecular typing indicated
two of the isolates (small and large colonies) to belong to Halomonas species (accession
numbers OM666636.1 and OM665417.1), whilst the third yellow colony was indicated to
belong to Muricauda sp. (accession number OM666632.1) (Figure 3). It can be seen from
the literature (Table 1) that different bacterial species are associated with Chlorella sp. from
different environments (freshwater and marine), demonstrating that the bacterial cohabitation
of algae cultures is reasonably well established. Halomonas sp. is generally associated with
Dunaliella cultivations [24], but has also been shown to be co-cultivated with Chlorella sp. [25].
Muricauda sp. has been isolated from algal cultivations and shown to be of utility in developing
co-cultures with different microalgae species [26]. Bacteria of the classes Gama-proteobacteria
(to which Halomonas belongs) and Flavobacteria (to which Muricauda belongs) have been
associated with industrial algae cultivations [27], and also reported to be the dominant
bacterial types associated with microalgae in aquatic karst ecosystems [28].

Table 1. Literature reports of cohabiting bacteria isolated from cultures of Chlorella sp. in freshwater
and marine growth media before this study.

Microalgae sp. Medium for Algal
Growth Bacterial Species Identified Medium for Bacterial Growth Reference

Chlorella sp. P02
(freshwater) BG-11

Pseudomonads,
Brevundimonas,

Caulobacterales and
Rhodospirillales

BG11 solidified with 1.5%
BactoAgar and 2% Gelzan [29]

C. vulgaris (marine) F/2 Rhodovulum sulfidophilum Marine agar 2216 [30]

C. sorokiniana
(freshwater) BG-11

Klebsiella pneumoniae
and Acinetobacter

calcoaceticus
Nutrient

broth (Hi Media) [31]

C. sorokiniana
(freshwater)

Fresh photoautotrophic
medium

Ralstonia pickettii,
Sphingomonas sp.,

Microbacterium
trichotecenolyticum and

Micrococcus luteus

Heterotrophic media [32]

C. vulgaris
(freshwater) BG-11 Stenotrophomona smaltophili - [33]

C. vulgaris
(freshwater) BG11

Flavobacterium,
Hyphomonas,

Rhizobium and
Sphingomonas

R2A, TSA, BG11 + glucose
100 ppm [34]

C. ellipsoidea
(marine)

Modified Bold’s basal
medium Brevundimonas sp. 1% MBBM agar [35]

C. vulgaris
(freshwater) BG11 Rhizobium sp. LB agar [36]

C. vulgaris
(freshwater) BG11 Bacillus sp. LB agar [37]
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Figure 2. (a). An SEM image of non‐axenic C. vulgaris culture, showing Halomonas (A,B) and Mu‐

ricauda (C) cells in the co‐culture, alongside C. vulgaris cells. (b). Three species of co‐habiting bacteria 

isolated from C. vulgaris culture after 7 days of cultivation on f/2 + R2A agar plate incubated at room 

temperature. 

Muricauda sp.

Halomonas sp.

Chlorella vulgaris

A

B

C

Figure 2. (a). An SEM image of non-axenic C. vulgaris culture, showing Halomonas (A,B) and
Muricauda (C) cells in the co-culture, alongside C. vulgaris cells. (b). Three species of co-habiting
bacteria isolated from C. vulgaris culture after 7 days of cultivation on f/2 + R2A agar plate incubated
at room temperature.
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Figure 3. Phylogenetic tree of isolated cohabiting bacteria (A): Halomonas (A,B) and (B): Muricauda
(C) from C. vulgaris culture and closely related species based on 16SrRNA sequencing, distance was
estimated with Tamura-Nei model and branch support were assessed with 500 bootstraps using
Mega 11.0 software.

2.3. Nutrient Supplementation Is Required to Enable Growth of Cohabiting Bacteria in Isolation

In order to understand the growth requirements of the cohabiting bacteria and how
their needs were supplemented by C. vulgaris, we examined the growth of the bacterial
isolates in defined media in isolation of the algae. The f/2 medium used for the algae
cultivation does not contain any organic carbon source, which would be required for
the isolated bacteria to grow. In addition, a more easily assimilable nitrogen source is
required. Considering these points, the bacterial growth was assessed in isolation as
colony-forming units (CFU/mL) in agar supplemented with f/2 media components, with
the added supplementation of (a) glucose as the carbon source (f/2 + G), (b) ammonium
chloride as a simple N source, in addition (f/2 + GN), (c) yeast extract as a complex N
source, in addition (f/2 + GNY), and (d) R2A, as a complex cultivation medium (f/2 + R2A).
In addition, growth was also characterised in f/2 alone as a control, as well as R2A with
and without salt (R2A + salt, R2A) for comparison.

The results are displayed in Figure 4. No growth was observed in the f/2 media
(control) because it does not contain the essential elements for bacterial growth. Although
R2A medium is rich in nutrients for growth, there was no observable growth when it
was tested for 5 days, due to lack of salt. However, the addition of salt to R2A resulted
in noticeable growth for all three bacteria. This indicates that the isolated bacteria were
halophilic, meaning they needed salt to grow, as well as enough nutrients. It is known that
halophilic bacteria do not grow on media without the presence of salt (NaCl) [38].

Little growth was noticed in f/2 + G and f/2 + GN, which contained lower amounts
of nitrogen and carbon sources. However, growth in f/2 + GNY was better than that in
f/2 + G and f/2 + GN (as can be seen from the maximum specific growth rates, p < 0.001
for the two Halomonas sp., and p < 0.05 for Maricauda sp.) because it contained a richer
source of carbon, which is important for bacterial growth. The maximum specific growth
rates of the Halomonas sp. WSR2 were comparable in f/2 + R2A, f/2 + GNY, and R2A + salt
(p > 0.05). However, Halomonas sp. WS1 and Maricauda sp. WSR showed a higher growth
rate in f/2 + R2A compared to f/2 + GNY and R2A + salt (p < 0.05 for Halomonas sp. WS1
and p < 0.001 for Maricauda sp. WSR). The growth profile also indicated a slower growth
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of Maricauda sp. WSR in R2A + salt (Figure 4C), suggesting that f/2 + R2A is a more
suitable optimal medium to cultivate all three species. This medium contains sufficient
concentrations of N and P to sustain the growth of bacteria and contain salt. All three
bacterial species appeared to synchronise their growth to coincide with algal growth, as
these growth rates are quite low for bacteria. This was also observed to be the case in
earlier reports, e.g., [26,29]. Cohabiting bacteria rely on carbohydrate exudates from the
algal culture to survive and may have evolved to grow on scant resources at slow rates.
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Figure 4. Growth rate by colonies count of bacterial isolates that grow in different media for optimal
growth (A) Halomonas sp. WSR2, (B) Halomonas sp. WS1, (C) Muricuda sp. WSR, and (D) µmax of the
growth rate of all three species.

2.4. Changes in Nutrient Supply Increase Cohabiting Bacterial Load and Minimise
Population Diversity

The distributions of the three bacterial isolates in the three nutrient conditions (f/4,
f/2, and 2f ) tested are shown in Figure 5 for three time points (days 0, 3, and 7) of algal
cultivation. Halomonas sp. WSR2 (small colonies) can be seen to dominate the bacterial
population under all conditions. Muricauda sp. WSR (yellow colonies) appeared on all days
in f/2 but appeared only on day 7 in the deplete (f/4) and day 3 in the replete (2f ) cultures.
This species appeared to be sensitive to changes in the nutrient supply, as movement to
both replete (2f ) and deplete conditions (f/4) from the control condition (f/2) resulted in
lower cell counts or complete absence. Halomonas sp. WS1 (large colonies) showed a
similar trend of reduced numbers in replete (2f ) and deplete (f/4) conditions compared
to f/2. Halomonas sp. WSR2 (small colonies), on the other hand, showed an increase in
cell counts in both deplete (f/4) and replete (2f ) conditions compared to the control (f/2).
Environmental fluctuations are known to influence composition and behaviour in microbial
communities [39], and changes in the bacterial composition of algae–bacterial co-cultures
exposed to different nutrient regimes are known to occur [29]. Muricauda is sensitive to
changes in nutrient levels, as has been noted before in algal co-cultures inhabited by this
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bacterial species [40–42]. Halomonas is known to dominate among bacteria cohabiting algal
cultures [41,43].
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Figure 5. Distribution of three species of bacteria at three isolation points during microalgae cultiva-
tion in f/2, f/4, and 2f media. Nutrient depletion increases carbohydrate yields but repletion increases
productivity with an apparent loss of a bacterial isolate from the cohabiting population.

The increase in the bacterial load over the algal cultivation relative to the start
([X]t/[X]0) was minimal in f/2, whilst the two extreme conditions resulted in a greater
increase, seen to be greater under replete compared to deplete conditions (p < 0.001 for
day 3 and p < 0.01 for day 7). This is also reflected in the total counts on day 3 for the three
conditions (ANOVA, p < 0.001). Both the type and concentration of the nitrogen source
have been shown to influence the bacterial load in co-cultures [44]. Changes in the nutrient
supply appear to significantly perturb the cohabiting bacterial composition of the algal
culture (ANOVA, p < 0.001). However, interestingly, the total bacterial counts increased
when the nutrient supply regime was changed. A more uniform bacterial composition
could be seen throughout the f/2-grown cultures compared to the f/4 and 2f cultures, and
the increase in the total bacterial load was also higher in f/4 and 2f compared to f/2.

The carbohydrate yield in the algal cells was highest (47% DW) on day 3 of the nutrient
deplete condition (f/4), compared to a highest yield of 27% DW observed in the replete
conditions (2f ), which has been demonstrated in algal monocultures [23]. A number of
other studies [4,7,45,46] have indicated that C. vulgaris (freshwater) accumulate a high
carbohydrates content (42.3–50% DW) under nitrogen depletion. In our study, an 8-fold
decrease in nitrogen (N) and phosphorus (P) supply resulted in a 75% increase in the
carbohydrate yield (p < 0.01). However, when considering the maximum carbohydrate
productivity, halving the N and P supply (f/4) resulted in reducing this productivity to 75%
of the control (f/2), whereas a 4-fold increase in the N and P supply (2f ) led to a 1.6-fold in-
crease in the carbohydrate productivity (p < 0.05). The maximum carbohydrate productivity
was reduced by 53% in the deplete (f/4) compared to the replete (2f ) conditions. Yield and
productivity were inversely proportional in this case, given the strong influence of nutrient
depletion on biomass productivity. Interestingly, earlier reports on algal monocultures,
e.g., [23], have reported increases in carbohydrate productivity and yield under nitrogen
depletion conditions compared to replete conditions.
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A statistically significant difference in the bacterial composition was detected for
the three conditions on ANOVA (p < 0.001) at day 3, when the carbohydrate yield and
productivity were at their highest (Figure 6). Both the depletion (p < 0.001) and repletion
(p < 0.05) of nutrients resulted in a statistically significant increase in the total bacterial load
at this time point. As noted earlier, Halomonas sp. WSR2 dominated the bacterial population
(97%), with a much smaller contribution (3% of the population) by Halomonas sp. WS1. and
no detection of Muricauda sp. WSR in the nutrient replete condition (2f ), which showed the
highest carbohydrate productivity, although this species could be detected under the other
two conditions.
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Figure 6. Time profile of carbohydrate yield (%DCW) of C. vulgaris in f/2, f/4, and 2f media. The
cohabiting bacterial distribution in the three media at a time point when the maximum yield was
observed is plotted on top, as well as the maximum carbohydrate productivity at this time point,
plotted alongside.

3. Discussion

In this study, we report that a non-axenic culture of C. vulgaris, which was found to
have three cohabiting bacteria, responded strongly to changes in nitrogen and phosphorus
supply with respect to its growth and biomass productivity. Previous studies have shown
that nitrogen and phosphorus are essential for the growth of microalgae, and their optimal
supply is vital to maintain a high cell density and elevated growth rate. Nitrogen plays an
essential role, being an inherent component of proteins and the photosynthetic machinery.
Phosphorus is incorporated in nucleic acids and is a critical component of cellular energy
currency. It is well known that nitrogen deficiency can inhibit growth and cell division
in microalgae. N-deficiency negatively affects algal growth, biomass concentration, and
chlorophyll synthesis. A lack of nitrogen decreases the photosynthetic rate and diverts
electron flow to producing sugars and lipids in microalgae [47,48]. P-deficiency likewise
influences biomass growth and productivity. Phosphate is also known to influence biomass
productivity in N-depleted cultures of Chlorella sp., with higher phosphate levels leading
to higher productivities than lower phosphate levels [49]. An optimal level of phosphate
can lead to a higher biomass productivity even under nitrogen depletion [50]. P limitation
has been shown to influence biomass productivity to a lesser degree than p-depletion in
freshwater Chlorella cultivations [51]. The absence of nitrogen or phosphorus (15–20% of
the replete conditions) significantly reduced biomass productivity. In contrast, phosphorus
limitation alone reduced biomass productivity to 92% of that observed under replete
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conditions in a freshwater C. vulgaris cultivation. The observations in our study mostly
mirrored these observations from earlier investigations, albeit in apparently axenic cultures.

The three cohabiting bacterial candidates were isolated, identified, and characterised
within this study. These were found to have synergistic effects with respect to algal growth.
Synergistic bacterial associations with microalgae are known to exist, where vitamins from
bacteria are provided for the algae in exchange for organic carbon [13,14]. An increased
bacterial load over the cultivation period in co-cultures has been frequently observed [34,44].
Changes in community compositions in bacteria associated with microalgae in response
to nitrogen fluctuations in the environment are known [52], as well as designed nitrogen
source variations affecting the bacterial composition in algae–bacterial consortia [53]. We
show in this study that a shift in nutrient supply (both nitrogen depletion and repletion)
reduces the diversity of the cohabiting bacterial population, despite increased bacterial
growth in the co-cultures. This is interesting, as it provides evidence for using nutrient
stress as a lever to control the bacterial population and its influence on the behaviour of the
co-cultured algae.

In addition, changes in nitrogen supply have been shown to result in changes in
the influence of bacteria on algal productivity in co-cultures [54]. The positive influence
of bacteria such as Azospirillum brasilense [18,19] and Bacillus pumilus [19] in enhancing
carbohydrate accumulations in Chlorella sorokiniana have been reported, as well as the effect
of a combination of selected bacterial strains on enhancing the biochemical composition
and biomass productivities in Muriellopsis sp. [16]. The enhancement of carbohydrates in
biomass by 55% has also been reported in microalgae–bacteria consortia under low nitrate
concentrations [20].

In this investigation, we highlighted the positive role of cohabiting bacteria in combi-
nation with nutrient alterations in enhancing carbohydrate accumulations in microalgae.
We also showed that not all cohabiting bacteria behave in a similar manner and that there
is merit in characterising the cohabiting bacterial population and studying its effect in
co-cultures as an enabler to increase productivities.

4. Materials and Methods
4.1. Microalgae and Culture Condition

Chlorella vulgaris CCAP 211/21A was sourced from the Culture Collection of Al-
gae and Protozoa (CCAP, Oban, Bodmin, UK). The microalgae were cultivated in sterile
f/2 medium, which consisted of (M): NaNO3 0.882; NaH2PO4.H2O 0.0362; trace metal
stock: FeCl3.6H2O 0.011; Na2EDTA.2H2O 0.011; CuSO4.5H2O 0.3 × 10−5; Na2MoO4.2H2O
0.9 × 10−5; ZnSO4.7H2O 0.8 × 10−5; CoCl2.6H2O 0.4 × 10−4; MnCl2.4H2O 0.3 × 10−2; vi-
tamins: Thiamine HCl (B1) 0.2 × 10−5; Biotin 0.2 × 10−7; Cyanocobalamin (B12) 0.3 × 10−7.
An inoculum maintained in f/2 medium was used to seed the culture with a starting OD595
of 0.25. The cultivations were carried out in 1 L Duran bottles with continuous stirring
(with the help of a magnetic stirrer) and aeration (0.04% CO2), with the intermittent use of
5% CO2 for 1 h daily. The culture was irradiated with continuous illumination at 200 µmol
photons/m2/s of light (LED fluorescent lamp). Two additional modifications of the f/2
medium were employed, one in which both the nitrate and phosphorus concentrations
were halved (f/4) to simulate nutrient-limited conditions and the other in which both the
concentrations were quadrupled (2f ) to simulate nutrient replete conditions.

4.2. Isolation of Cohabiting Bacteria from Algae Culture

The bacterial population in algal cultivation media (f/2 and modified f/2 media) was
detected by taking 100 µL of the algal culture at three different time points (the day of
inoculation, third, and seventh day of cultivation), then diluting for inoculation on plates.
R2A agar mixed with the respective algae culture media (f/2, f/4, or 2f ) was used to cultivate
the bacteria. The agar plates were incubated at room temperature for 7 days. The colonies
that formed were counted then sub-cultured to obtain pure isolates for further identification
and characterisation.
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4.3. Identification of Isolated Bacteria

The colony morphology of the bacterial isolates was studied, in addition to Gram
staining and molecular typing.

4.4. 16S rRNA Molecular Identification of Isolated Bacteria

Colonies PCR 16S rRNA genes were carried out for isolated bacteria using 27F (5′

AGAGTTTGATCMTGGCTCAG-3′) as the forward primer and 1492R (5′-GGTT
ACCTTGTTACGACTT-3′) as a reverse primer. A Phusion polymerase kit (NEB, Biolabs,
Ipswich, MA, USA) was used to perform amplification of the target templates following
the PCR kit manufacturer’s guidelines. The total volume of PCR for all samples was 50 µL:
25 µL master mix, 2.5 µL each of forward and reverse primers, 1 µL of 20 of 20 ng/µL
gDNA, and made up to 50 µL with nuclease-free water. The PCR was carried out in a
thermocycler (Applied Biosystems, Waltham, MA, USA), applying the following conditions:
an initial denaturing step at 98 ◦C for 30 s followed by 30 cycles of the denaturing step
at 98 ◦C for 1 min, annealing at 58 ◦C for 10 s, and elongation at 55 ◦C for 1 min. Lastly,
final elongation was performed at 72 ◦C for 5 min. The PCR products were cleaned up
using a PCR clean up kit, and the products were analysed by a spectrophotometer (Thermo
Scientific Nanodrop, 2000) to determine their concentration and were investigated by gel
electrophoresis (MupidTM-one, Advance Co. Ltd., London, UK) using 1% agarose gel
containing an aliquot of Gel Red (6 µL/100 mL) (Insight Biotechnology Ltd., London, UK).
Moreover, the DNA concentration was determined by a Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and the absorbance ratio was at A260 nm.
In total, 1 µL of bacterial DNA was used to measure the DNA quantity.

The PCR amplification products were purified using the QIAquick® PCR Purification
Kit according to the manufacturer’s instructions and analysed on 1% agarose gel (Figure 7).
The concentration of the purified PCR products was determined using a Nanodrop spec-
trophotometer (Thermo Fisher Scientific). The primers used for DNA sequencing, designed
for the molecular identification of the strains, included the Forward Primer and Reverse
Primers used for DNA amplification. Primers were prepared at concentrations (10 µM each),
and sequencing was performed using the Sanger method. The resulting sequences were
analysed with sequencing analysis software (Sequencing Analysis Software, Thermo Fisher
Scientific) for base calling. Quality trimming of the sequence data was conducted to remove
low-quality bases from both ends of the sequence reads. The trimmed sequences were
then aligned to reference sequences in the GenBank database using a standard nucleotide
BLAST search to confirm the identity of the amplified fragments.
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Figure 7. Agarose gel electrophoresis of microbial genomic DNA of Halomonas sp. WSR2 (A),
Halomonas sp. WS1 (B), and Muricuda sp. WSR (C).
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4.5. Experimentation of Media Composition for Growth of Cohabiting Bacteria in Isolation

The growth of the isolates’ bacteria was monitored in different media that contained
different sources of essential nutrients (with respect to C and N, primarily): f/2, R2A,
f/2 + Glucose (f/2 + G), f/2 + Glucose + Ammonium chloride (f/2 + GN), f/2 + G + Ammonium
chloride + Yeast extract (f/2 + GNY), R2A + salt, and f/2 + R2A. The cultivations were carried
out in broth for 72 h in a shaking tray at 150 rpm and room temperature 20 ± 1 ◦C. The
samples were taken daily to observe the growth by CFU.

4.6. Analytical Methods
4.6.1. Microalgal Growth

Microalgal growth was measured using three approaches. The optical density (OD595nm)
of C. vulgaris was measured daily for 7 days using a UV-Vis spectrophotometer (SEPEC-
TROstar NANO). The microalgal cell count was measured using a Haemocytometer. In
addition, the dry cell weight (DCW) was measured by sampling 5 mL of culture, removing
the culture medium using centrifugation, and freeze-drying the pellet after one wash.

The specific growth rate of the algae was calculated using the following Formula (1):

µ = (In Nt − In N0)/(t − t0) (1)

Nt is the algal biomass, OD, or cell count at the beginning of the exponential growth,
and N0 is the corresponding value at different time (t) intervals.

4.6.2. Dissolved Inorganic Nitrate and Phosphate

Dissolved inorganic nitrogen (DIN) was measured using the method of Collos et al. [55].
Briefly, 5 mL of algae was centrifuged at 4000 rpm for 10 min, 2 mL of the algal suspension was
transferred into a glass cuvette, and the optical density was measured directly at 220 nm using a
UV-Vis spectrophotometer (SEPECTROstar NANO, BMG Labtech, Ortenberg, Germany).

Dissolved inorganic phosphate (DIP) was measured using the method of Strickland and
Parsons [56]. Briefly, 100 µL of mixed reagent (ammonium molybdate 1 mL, sulphuric acid
2.5 mL, ascorbic acid 1 mL, and potassium antimolnyl tartrate 0.5 mL) was added to 1 mL of
culture filtered samples. The absorbance of the mixture was then measured after half an hour at
885 nm, and the phosphate concentrations were inferred from a standard graph.

4.6.3. Carbohydrate Assay

Carbohydrates in the microalgal cells were estimated by using the anthrone method,
as a part of a combined biochemical assay [57]. Briefly, the pellets were destroyed by
bead-beating for 30 min to release the biochemical components outside the cells. In total,
100 µL of supernatant was taken, then, 400 µL of pre-chilled 75% H2SO4 and 800 µL of
anthrone reagent (25 mg of anthrone, 500 µL of ethanol, and 12 mL of 75% H2SO4) were
added to the samples. The samples were thoroughly mixed and incubated at 100 ◦C for
15 min and measured at 578 nm. Glucose was used to create a standard curve to estimate
the carbohydrate concentration in the algae cells.

4.7. Scanning Electron Microscopy (SEM)

The samples were processed using an electron microscope unit, as detailed else-
where [58]. The samples were fixed on a glass slide with glutaraldehyde (1.5%) and kept
at 4 ◦C for 24 h. Then, the samples were washed with ultra-pure water and dehydrated
by 25–100% Ethanol. The fixed samples were coated with gold and observed under SEM
(TESCAN Vega 3 LMU, Tescan UK, Cambridge, UK). The Scanning Electron Microscope
had an accelerating voltage of 15 kV.

4.8. Statistical Analysis

All algal and bacterial experiments were carried out in triplicates, and so were biolog-
ical replicates. Data are shown as mean and standard error about the mean. A one-way
analysis of variance (ANOVA) test was applied to assess the statistical significance of the
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influence of conditions on the various outcomes. In some instances, a two-way ANOVA
was carried out when two factors were considered. A t-test with unequal variance was
employed to assess thr statistical significance for comparing two sets of data. Where p
values are reported, these are for the t-test, except in cases where ANOVA is mentioned.

5. Conclusions

In summary, three species of cohabiting bacteria (belonging to Halomonas and Muri-
cauda sp.) were detected in a C. vulgaris non-axenic cultivation. Halomonas sp. WSR2 was the
dominant species under different nutrient conditions. The bacterial population increased
over time with the microalgae, indicating a synergistic relationship with the algae. The
nutrient availability in the culture not only affected the algal growth, but also influenced
the cohabiting bacterial load. Three bacterial isolates were detected at all isolation points
in f/2, but only one of those was dominant when the nutrient levels were increased (2f ) or
decreased (f/4). Nutrient depletion resulted in increased carbohydrate yields, but reple-
tion increased productivities, with an apparent loss of Muricauda sp. This study provides
evidence for using nutrient stress as a lever to control the bacterial population and its
influence on the behaviour of the co-cultured algae. Further understanding with respect
to the influence of the cohabiting bacteria on the algal cultures will enable appropriate
applications of this approach to be developed.
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