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Abstract: Cyanobacterial biomass is important for biofuel and biofertilizer, however, biomass
production requires expensive chemical growth nutrients. To address this issue, we explored the use
of inexpensive growth nutrient media from an integrated manure-seawater system for cyanobacterial
biomass production. Salt-tolerant cyanobacterial strain HSaC and salt-sensitive cyanobacterial
strain LC were tested to evaluate the potential of integrated manure-seawater media for sustainable
cyanobacterial biomass production. As a prerequisite for seawater experiments, strain HSaC was
grown at different NaCl concentrations (0 mM, 60 mM, 120 mM, 180 mM, 240 mM and 300 mM) to
identify the optimum salt concentration. The highest biomass yield and photosynthetic pigment
contents were obtained at 120 mM NaCl concentration. The highest exo-polysaccharide (EPS) content
was obtained at 180 mM NaCl concentration. The treatments for the manure-seawater media were
cow manure, pig manure, chicken manure and BG11, each with distilled water, diluted seawater and
non-diluted seawater. The highest biomass and photosynthetic pigment yield for cyanobacterial
strains LC and HSaC were obtained from 0.5 dS/m and 10 dS/m diluted seawater integrated with cow
manure, respectively, but pig and chicken manure performed poorly. Overall, the biomass production
and photosynthetic pigment results from cow manure-seawater were relatively better than those
from the reference media (BG11). Based on the current findings, it is concluded that the growth
nutrients from integrated cow manure-seawater can wholly substitute for the BG11 without affecting
cyanobacterial growth, thereby reducing the usage of expensive chemical growth media. Thus,
the results of study help to enhance the biomass production of both salt-sensitive and salt-tolerant
cyanobacteria for sustainable biofuel and biofertilizer production.
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1. Introduction

Cyanobacteria (blue green algae) are a diverse group of prokaryotic oxygen-generating
photosynthetic micro-organisms that conduct photosynthesis in a very similar way as higher plants [1].
Cyanobacteria are able to produce useful metabolic products, such as pigment for feed additives,
fatty acids, proteins and other nutrients [2]. Because of the continuous increase in the global human
population and degradation of natural resources, meeting the demand for obtaining sustainable food
and energy without creating environmental problems has become a topic of concern. Therefore,
cyanobacteria have recently emerged as a potential candidate that might meet the above mentioned
criteria due to its capacity to effectively harvest natural solar energy, utilize water, CO2 and nutrients,
and convert them into biomass [3]. The biomass of cyanobacteria can be used for many purposes,
such as food production, biofertilizer for crop production and soil fertility, biofuels (energy), cosmetics,
and medical applications [3]. Cyanobacterial and microalgal biomasses have become important

Appl. Sci. 2019, 9, 3888; doi:10.3390/app9183888 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app9183888
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/18/3888?type=check_update&version=2


Appl. Sci. 2019, 9, 3888 2 of 14

substances for feed, biofuel, chemical production, and agricultural crop production that aims to meet
the global food demand. In addition, because of their photoautotrophic nature, they are cultivated to
generate important products, such as proteins, pigments, fatty acids, vitamins, and polysaccharides [4].

Interest in the production of biomass from cyanobacteria and microalgae for the extraction of
bio-fuels, bio-fertilizer, animal feed and other bio-products is increasing. Although microalgae are
considered as a potential alternative to meet some of the global demands, a decrease in the cost of
biomass production cost is required to actually achieve this potential [5]. Spirulina sp. is a filamentous
cyanobacteria with a relatively high cell growth rate, which makes it ideal for biomass production [6].
The role of Spirulina platensis biomass in poultry manure treatment and biogas production was studied
by Mahadevaswamy and Venkataraman [7] through an integrated anaerobic digestion (AD) and
microalgae cultivation system.

Nowadays, the interest in microalgal mass culturing technology is focused on small-scale
cultivation, such as for commercial production and production for human food, as well as large-scale
production, for example, for renewable energy and environmentally sustainable approaches [5].
A major problem in algal mass cultivation for the production of sustainable biofuels is the need
for high phosphate and nitrogen nutrients. To address such nutrient demand problems, studies
have been conducted on anaerobic digestion effluent (ADE) as an alternative, cost-effective nutrient
supplement [8–10]. For the production of microalgal biomass, the waste of animals such as poultry
litter digester efflux (PLDE) can be used as an alternative culture medium source, because theycontain
all the necessary nutrients, and therefore might be an attractive low-cost microalgal growth media [11].
Developing economical and sustainable biomass production technology is likely to make microalgal
and cyanobacterial biomasses someof the most useful substances in bioindustries [12]. Experiments
on the treatment of anaerobically digested pig waste effluent by immobilized algae [13], suspended
micro-algae in large pond systems ([14–16]) and algal mass-cultures [17] were conducted for biomass
production. In some studies [18–20], the researchers tested agricultural fertilizer as a possible low-cost
growth medium alternative to Zarrouk’s medium [21] for algal biomass production.

Considering the significantly high microalgal biomass production from anaerobic digestion
effluent of cattle manure [22,23], extracts of poultry manure [11], and pig waste effluent [9,24],
and increased spirulina cell growth rates in hypersaline medium [25], in this study we explored
potential cyanobacterial growth media using integrated animal manure and seawater as organic and
inorganic nutrient sources, respectively. Although cyanobacterial biomasses are very important for
biofuel and biofertilizer production, mass culturing needs expensive chemical growth media, such as
BG11. Although there is currently great interest in developing economically feasible technologies for
cyanobacterial biomass production, research on using integrated manure-seawater systems as a cost
effective alternative growth nutrient source for cyanobacterial biomass production is not well reported.
Therefore, the aim of the current study was to develop economically feasible cyanobacterial growth
media from an integrated manure-seawater system for sustainable cyanobacterial biomass production.
The results obtained from the current research work will be used to develop cyanobacterial mass
cultivation technology for biofuel and biofertilizer production in a cost-effective way.

2. Materials and Methods

2.1. Evaluating a Cyanobacterial Strain (HSaC) at Different Salt Concentrations in BG11 Medium

We evaluated the growth performance of the salt tolerant cyanobacterial strain HSaC at different
salt concentrations in liquid media to determine the optimum salt concentration for high biomass
production. Two cyanobacterial strains (HSaC and LC) were obtained from the Center for Agricultural
Resources Research, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences,
Department of Microbial Ecology, and were previously isolated from soils of the North China plain.
The results from the NaCl salt experiment were perquisite for the experiment that was conducted on
seawater and animal manure media. The treatments for NaCl salt concentrations were: 0 mM, 60 mM,
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120 mM, 180 mM, 240 mM and 300 mM in BG11 media. Treatments were replicated 3 times, and the
total number of experiments was 18. The experiment was conducted using a completely randomized
design (CRD). Cyanobacteria was grown in flasks using an orbital shaker (180 rpm), and incubated at a
temperature of 25.5 ◦C. The growth culture was subject to light (2600 lux) for 8 h light and 16 h of dark.

2.2. Measurement of Biomass, Exo-Polysaccharides (EPSs) and Photosynthetic Pigments

For biomass measurement, 50 mL of cyanobacterial growth culture was collected and centrifuged
at 5000 rpm for 10 min. After the liquid supernatant was discarded, the biomass was exposed to room
temperature on aluminum foil to reduce the water content, and then the biomass was measured as a
fresh weight using the weight balance. In order to determine the exo-polysaccharide (EPS) content,
an extract was taken from the fresh biomass using the formaldehyde-NaOH method as described
by [26], and then the polysaccharide content in the extract was measured using the phenol-sulfuric acid
method as described by [27]. To measure the photosynthetic pigments (chlorophyll a and carotenoids),
extraction and spectrophotometric absorbance measurements were conducted using the protocol
described by [28], and the chlorophyll a content was calculated from the absorbance value using the
formula Chla [µg/mL] = 12.9447 (A665–A720) as described by [29]. Carotenoid content was calculated
using the formula, carotenoids [µg/mL] = [1000 (A470–A720)—2.86 (Chla [µg/mL])]/221 as described
by [30].

2.3. Development of Growth Media from Animal Manure and Seawater

The manure-seawater experiment was conducted after we determined the growth performance of
cyanobacterial strain HSaC at different NaCl salt concentrations. Then, inexpensive growth media
for cyanobacteria were developed by integrating animal manure and seawater. Briefly, fresh animal
manures, namely, cow manure, pig manure and chicken manure, were obtained from a farm in the
Northern China Plain, and then, the manures were dried at room temperature to protect against
nutrient loss. After the manures had dried, they were ground, and then sieved with 2 mm diameter
mesh. The sieved manure was measured out based on 1 g of manure to 10 mL of distilled water, and
then stirred with magnetic bars at 710 rpm for 1 h at room temperature, and autoclaved at 121 ◦C
for 30 min to kill all the microbes in the manure. After autoclaving, the manures were centrifuged
using 5000 rpm at room temperature for 5 min with autoclaved tubes to collect the supernatant. The
collected supernatants were filtered with sterilized Whatman filter paper, and then the filtrates were
sterilized with UV for 1 h and stored as stock solution at 4 ◦C. Both natural and artificial seawater
were also autoclaved prior to the experiments. The first animal manure-seawater experiment was
conducted in 3 replicates with CRD to identify the best manure-seawater media for the growth of
cyanobacterial strain HSaC. The integrated manure-seawater treatments were: PD = pig manure with
distilled water, P10 = pig manure with diluted (10 dS/m) seawater, PS = pig manure with seawater,
CD = cow manure with distilled water, C10 = cow manure with diluted (10 dS/m) seawater, CS = cow
manure with seawater, BGD = reference cyanobacterial growth media (BG11) with distilled water,
BG10 = BG11 media with diluted (10 dS/m) seawater, BGS = BG11 media with seawater, ChD =

chicken manure with distilled water, Ch10 = chicken manure with diluted (10 dS/m) seawater, and
ChS = chicken manure with seawater. After we identified the best animal manure in reference to the
BG11 media, we conducted a second experiment comparing both natural and artificial seawater with
the selected best manure (cow manure) to investigate whether natural seawater can substitute for
artificial seawater. The treatments were performed in 3 replicates using CRD as follows: DW = cow
manure with distilled water, 10N = cow manure with diluted (10 dS/m) natural seawater, 10A = cow
manure with diluted (10 dS/m) artificial seawater, SN = cow manure with natural seawater, and SA =

cow manure with artificial seawater. For salt-sensitive cyanobacterial biomass production, we tested
salt-sensitive cyanobacterial strain LC. Briefly, the treatments were performed in 3 replicates using
CRD as follows: DW = cow manure with distilled water, 0.5 dS = cow manure with diluted (0.5 dS/m)
seawater, and 1.5 dS = cow manure with diluted (1.5 dS/m) seawater.
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2.4. Nutrient Composition of Seawater and Manure

Natural seawater was obtained from the Bohai Sea in the North China Plain, and its elemental
nutrient content and heavy metal concentration were found in a previous study [31,32]. The artificial
seawater was prepared by dissolving 1 g of sea-salt in 30 mL of distilled water. The sea-salt was obtained
from Guangzhou Yier BE Co., Ltd., Guangzhou city, Guangdong province, China, and contained
Mg2+, Na+, K+, Sr2+, Cl−, SO4

2+, HCO3−, Br−, Cu, Mo, Rb, Be, Co, Ni, I, As, W, Se, Ze, Cr, and Mn.
The nutrient composition of animal manures, namely, cow manure, pig manure and chicken manure
has been presented in previous studies (Tables 1 and 2).

Table 1. The nutrient contents of cow manure, pig manure and chicken manure in China (Source:
Nutrient Contents in Main Animal Manures in China. J. Agro-Environ. Sci. [33]).

Nutrient Constituent Cow Manure Pig Manure Chicken Manure

N (%) 1.56 2.28 2.08
P2O5 (%) 1.49 3.97 3.53
K2O (%) 1.96 2.09 2.38

Zn (mg kg−1) 138.6 663.3 306.6
Cu (mg kg−1) 48.5 488.1 78.2

Table 2. Elemental composition of cow (dairy) manure, pig (swine) manure and chicken (poultry)
manure presented in different reports (source: for dairy manure, [23]; for swine manure, [9]; and for
poultry manure [11]).

Element Cow (Dairy) Manure
(mg L−1)

Pig (Swine) Manure
(mg L−1)

Chicken (Poultry)
Manure (mg L−1)

Ca 860 170 173
Mg 260 100 21.5
Si 115 - 25.7
Fe 20.6 16.5 22.4
Al 20.6 7.3 6.92
Mn 9.2 2.7 4.57
B 1.6 - 2.87

Cd 0.08 0.009 0.989
Pb 0.05 0.036 2.76
Ni 0.09 - 1.33
Mo 0.06 0.11 1.76

2.5. Statistical Analysis

The collected data for all treatments were subjected to statistical ANOVA using statistical analysis
software (SAS) version 9.2. ANOVA tests were performed, and comparison of means was carried out
using Tukey’s test at the probability level of 5%.

3. Results

3.1. Effect of NaCl Concentration on Growth of Cyanobacterial Strain HSaC

The biomass of cyanobacterial strain HSaC was significantly (p < 0.05) influenced by the NaCl
concentration. The biomass of HSaC increased as the NaCl salt concentration increased up to 120 mM,
but further increases in salt concentration resulted in a decrease in biomass production. Accordingly,
the highest (30.52 mg/mL) biomass yield was obtained at 120 mM NaCl concentration, while the lowest
(10.60 mg/mL) amount was obtained at 0 mM (Figure 1).
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Figure 1. Cyanobacterial strain HSaC biomass (mg/mL) in different NaCl salt concentrations (0 mM,
60 mM, 120 mM, 180 mM, 240 mM and 300 mM). The error bars represent standard deviation (SD).
The data are the mean of the three replicates. Differing letters indicate significant differences in the
means of HSaC cyanobacterial biomass in pair-wise comparisons (Tukey’s test p < 0.05) for each
treatment by LSD.

The exo-polysaccharide (EPS) content of the HSaC culture showed a significant (p < 0.05) difference
among the NaCl salt concentrations. Unlike biomass and photosynthetic pigment content, the highest
(0.84 mg/g) EPS content was obtained at 180 mM NaCl salt concentration, while the lowest content
(0.22 mg/g) was at 0 mM (Figure 2).

Figure 2. HSaC cyanobacterial exo-polysaccharide (EPS) content as influenced by different NaCl salt
concentration (0 mM, 60 mM, 120 mM, 180 mM, 240 mM and 300 mM). The error bars represent standard
deviation (SD). The data are the mean of the three replicates. Differing letters indicate significant
differences in the means of HSaC cyanobacterial exo-polysaccharide content pairwise comparisons
(Tukey’s test p < 0.05) for each treatment by LSD.
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The photosynthetic pigment (chlorophyll a and carotenoid) content showed a significant (p < 0.05)
difference among the NaCl salt concentrations. Accordingly, the highest chlorophyll a and carotenoid
contents (1.23 mg/g and 0.33 mg/g, respectively) were obtained at 120 mM NaCl, while the lowest
chlorophyll a and carotenoid contents (0.53 mg/g and 0.13 mg/g, respectively) were obtained at 0 mM
(Figure 3 and Figure S1, respectively).

Figure 3. HSaC cyanobacterial chlorophyll content as influenced by different NaCl salt concentration
(0 mM, 60 mM, 120 mM, 180 mM, 240 mM and 300 mM). The error bars represent standard deviation
(SD). The data are the mean of three replicates.

3.2. Growth Response of Cyanobacteria to Manure and Seawater Media

Differences in pH were observed between cow manure, pig manure and chicken manure. Before
the cyanobacteria were cultured, the chicken manure was slightly acidic (pH 6.87), while pig manure
and cow manure were basic (pH 8.76 and 9.43, respectively). After the cyanobacterial strain was grown
for approximately 21 days, the pH value of the cultures increased for BG11, cow manure-seawater,
and pig manure-seawater media, while there was no pH change in the chicken manure-seawater
medium (Figure 4).

The cyanobacterial strain HSaC biomass production was significantly (p < 0.05) different among
the integrated manure-seawater media. The highest (33.26 mg/mL) biomass was obtained from cow
manure with diluted seawater (10 dS/m), while the lowest biomass was from chicken manure with all
seawater treatments and pig manure with distilled water (Figure 5). The biomass yield obtained from
BG11 with seawater was higher than that obtained from the pig and chicken manures with seawater
(Figure 5).
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Figure 4. pH of cyanobacterial culture media before and after cyanobacterial growth. Pig = pig manure,
cow = cow manure, chicken = chicken manure, B = each manure before cyanobacteria were cultured,
DW = distilled water, 10 dS = diluted seawater at an EC of 10 dS/m, and SW = seawater. The error bars
represent standard deviations (SDs). The data are the mean of three replicates.

Figure 5. Effects of different animal manures and seawater dilution on HSaC cyanobacterial biomass.
PD = pig manure in distilled water, CD = cow manure in distilled water, BGD = BG11 in distilled
water, ChD = chicken manure in distilled water, P10 = pig manure in diluted seawater (EC 10
dS/m), C10 = cow manure in diluted seawater (10 dS/m), BG10 = BG11 in diluted seawater (10 dS/m),
Ch10 = chicken manure in diluted seawater (10 dS/m), PS = pig manure in seawater, CS = cow manure
in seawater, BGS = BG11 in seawater and ChS = chicken manure in seawater. The error bars represent
standard deviations (SDs). The data are the mean of three replicates. Differing letters indicate significant
differences in means of cyanobacterial biomass in pairwise comparisons (Tukey’s test p < 0.05).

The biomass production yield, and photosynthetic pigments (chlorophyll a and carotenoid)
content for cyanobacterial strain HSaC did not show a significant (p < 0.05) difference between the
cow manure with natural and artificial seawater treatments (10N and 10A, respectively) as shown
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in Figure 6, Figure 7 and Figure S2. On the other hand, a significant difference in biomass yield and
chlorophyll a was observed between the natural seawater (SN) and artificial seawater (SA) treatments
(Figures 6 and 7).

Figure 6. Effect of both natural and artificial seawater in cow manure media on HSaC cyanobacterial
biomass. DW = distilled water with cow manure, 10N = natural seawater (EC, 10 dS/m) with cow
manure, 10A = artificial seawater (EC, 10 dS/m) with cow manure, SA = artificial seawater with cow
manure and SN = natural seawater with cow manure. The error bars represent standard deviation (SD).
The data are the mean of three replicates. Differing letters indicate significant differences in means
of HSaC cyanobacterial biomass in pairwise comparisons (Tukey’s test p < 0.05) for each treatment
by LSD.

Figure 7. Effect of natural and artificial seawater with cow manure on the chlorophyll content of
salt-tolerant cyanobacteria (HSaC). DW = distilled water with cow manure, 10N = natural seawater
(EC, 10 dS/m) with cow manure, 10A = artificial seawater (EC, 10 dS/m) with cow manure, SA =

artificial seawater with cow manure and SN = natural seawater with cow manure. The error bars
represent standard deviations (SDs). The data are the mean of three replicates. Differing letters indicate
significant differences in means of HSaC cyanobacterial chlorophyll content in pair wise comparisons
(Tukey’s test p < 0.05) for each treatment by LSD.
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The photosynthetic pigment (chlorophyll a) content (Figure S3) and biomass yield (Figure 8) of
cyanobacterial strain LC were significantly (p < 0.05) different among the cow manure-seawater media
treatments. The highest biomass yield (35.47 mg/mL) of strain LC was obtained from cow manure
with diluted natural seawater at an EC of 0.5 dS/m, while the lowest value (10.66 mg/mL) was from
cow manure with diluted seawater at an EC of 1.5 dS/m (Figure 8).

Figure 8. Effect of natural seawater and cow manure media on salt sensitive cyanobacteria (LC) biomass
production. DW = cow manure with distilled water, 0.5 dS = cow manure with natural seawater at
an EC of 0.5 dS/m, 1.5 dS = cow manure with natural seawater at an EC of 1.5 dS/m. The error bars
represent standard deviation (SD). The data are the mean of three replicates. Differing letters indicate
significant differences of means of LC cyanobacterial biomass production in pairwise comparisons
(Tukey’s test p < 0.05) for each treatment by LSD.

4. Discussion

4.1. Effect of NaCl Salt Concentration on Growth of Cyanobacterial Strain HSaC

The salinity tolerance capacity for the obtained cyanobacterial strain HSaC was tested. The biomass
of the fresh weight increased from 0 mM NaCl salt concentration to 120 mM. Although the maximum
biomass yield was obtained at 120 mM, a further increase in salt concentration resulted in a higher
biomass yield than that at 0 mM NaCl concentration (Figure 1). This finding shows that the current
tested cyanobacterial strain HSaC is a salt-loving microorganism. Gabbay and Tel-Or [25] conducted
an experiment on marine spirulina to study the biochemical and physiological indicators of salinity
tolerance. The authors reported that an increased cell growth rate in hypersaline medium suggested
that the organism is salt-loving rather than salt-resistant.

The fact that the highest biomass yield, chlorophyll a and carotenoid contents were obtained
at 120 mM NaCl salt concentration indicated that 120 mM is a threshold NaCl salt concentration
for improved growth and development of cyanobacterial strain HSaC. Although further increasing
the salt concentration from 120 mM to 300 mM resulted in a reduction in the chlorophyll a and
carotenoid contents, increasing the salt concentration from 0 mM to 120 mM significantly increased the
photosynthetic pigment content (Figure 3 and Figure S1).

The highest exo-polysaccharide (EPS) content was obtained at 180 mM NaCl concentration, which
is unlike the results of biomass yield and photosynthetic pigments, whose contents peaked at 120 mM
(Figure 2). This behavior could probably result from the cells having invested more energy in EPS
production than in cell division at 180 mM salt concentration, and less energy in EPS production than
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in cell division at 120 mM salt concentration. As the salt concentration increased, the EPS production
also increased until the threshold level, but further increases in salinity reduced the EPS content.
Similarly, Zou et al. [34] explained that, an increase in salt concentration increased the microbial EPS
production, and a high salinity decreased EPS production in micro-organisms. In another study [35],
it was reported that the EPS content increased with an increase in NaCl from 52.3 mg·L−1 to 62 mg·L−1

in the culture. A similar study [36] stated that the production of cyanobacterial exopolysaccharides
(EPSs) was found to be stimulated by salts. This increase in EPS might be because EPSs on the cell
membrane help cyanobacteria to maintain the osmotic balance or the excess flow of salt ions into the
cell. Arora et al. [36] concluded that the increased EPSs had a strong ability to remove Na+ from the
cyanobacterial culture solution. It has been suggested that the accumulation of EPSs on the bacterial
cell membrane is a protective response against salinity stress [34].

4.2. Growth Response of Cyanobacterial Strains HSaC and LC to Manure and Seawater Media

The pH of cow manure, chicken manure and pig manure media before cyanobacterial culture
were not similar (Figure 4). This difference in pH could be mainly dependent on the feed that the
animals consume and the acidic ion concentration in the manures. Chicken (poultry) manure is rich in
N [26], which contributes to acid formation. After the culture had grown for 21 days, the pH increased
in the cow manure compared to the pH pre-culturing, while no change in the chicken manure and little
change in the pig manure was observed. The increase in pH has a direct relationship to the growth of
the cyanobacteria, because they utilize more CO2 for photosynthesis, which can be used as a substrate
for carbonic acid production and lowering the pH value. Pandey et al. [37] reported that determining
the pH of growth culture media could be an indirect way to determine the potential cell growth of
Spirulina platensis.

Cow manure with 10 dS/m diluted seawater showed the highest biomass production among all
treatments (Figure 5). The higher biomass production in all treatments of cow manure-seawater than in
chicken and pig manure treatments might be due to the optimum macro and micro nutrient distribution
in cow manure. The biochemical analysis of anaerobic digester effluent from cattle waste product
has shown the existence of micronutrients that sustainably support the growth of cyanobacteria [22].
Chinnasamy et al. [8] stated that most animal wastes such as livestock manure contain the essential
nutrients to provide productive microalgal growth, and can be used as economically feasible algae
growth media. Kebede-Westhead et al. [9] reported that, when the loading rate of anaerobically
digested cow manure effluent increased, the productivity of algal biomass increased significantly to up
to 16.5 g dry weight m−2 d−1, however, although the loading rate of anaerobically digested pig manure
effluent increased, the productivity of algal biomass remained less than 10 g dry weight m−2 d−1.

Increased antibiotic concentrations in the pig and poultry manure could be another reason for the
low biomass yield from pig and poultry manures compared to cow manure. This idea is supported
by Zhang et al. [38] who stated that soil treated with pig manure and poultry manure resulted in
a high antibiotic resistance genes (ARGs) content compared to that in cow manure and a control.
In this current study, the biomass from cow manure-seawater media is higher than or equal to the
biomass from the BG11 (reference cyanobacterial growth medium). In another experiment, Kobayashi
et al. [22] grew different chlorella strains of microalgae in 10% anaerobic digester effluent, which was
obtained from cattle manure, and this growth was compared with the growth of algae cultured in Bold’s
Basal Medium. The results confirmed that the biomass produced from chlorella strains in anaerobic
digester effluent of cattle manure was similar to or greater than 280 mg/L, which was the amount
produced in Bold’s Basal Medium in 21 days. In the current study, although pig and poultry manures
suppressed cyanobacterial growth, they have performed well in other experiments for microalgal
biomass production. Singh et al. [11] conducted an experiment on the growth of four microalgae strains,
including chlorella in anaerobic digestion effluent (ADE) from poultry waste. The authors reported
increased biomass production from the ADE, which resulted in high levels of protein (39% w/w) and
carbohydrate (22% w/w). The report of Wang et al. [39] explained that the extract of poultry litter has
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the capacity to yield up to 180% more algal biomass as compared to artificial fertilizer growth medium.
Effluent with reduced phosphorous and nitrogen content yielded increased fatty acid content (7.5–11%)
and biomass production of chlorella species, even though fermented pig manure with various chemical
additions was used as the substrate [24].

The results of comparing natural and artificial seawater with cow manure media did not show a
significant (p < 0.05) difference between the 10N and 10A treatments for cyanobacterial strain HSaC
biomass production, chlorophyll a and carotenoid content (Figure 6, Figure 7 and Figure S2). However,
as compared to other treatments, like SN, SA and DW, a significant difference was observed among the
treatments. Therefore, in both natural and artificial seawaters with cow manure media, the highest
biomass yield, chlorophyll a, and carotenoid content were recorded in the cow manure with diluted
(10 dS/m) seawater medium (Figure 6, Figure 7 and Figure S2). This result suggested that both
artificial and natural seawater at similar diluted salt concentrations can be used interchangeably as
a potential source of cyanobacterial growth media in combination with cow manure. The biomass
yield and photosynthetic pigment contents showed a strong correlation in the current experiment, but
we found a weak correlation in treatment SN, that is, the biomass yield showed a higher decrement
as compared to photosynthetic pigment (Figures 6 and 7). This weak correlation between biomass
yield and photosynthetic pigment content could be because high salt concentrations (76.0 dS/m) in
natural seawater influenced cyanobacterial cell division more than the photosynthetic pigment content.
Unlike in artificial seawater, which has a low salt concentration (42.3 dS/cm), in natural seawater,
cyanobacterial cells likely invested more energy in cell protection (maintaining the health of cells
and photosynthetic pigments) than in cell division, which resulted in a decreased biomass yield
and increased photosynthetic pigment content (Figures 6 and 7). In addition, the high heavy metal
concentration in our natural seawater [32] might have influenced cyanobacterial cell division more
than it influenced photosynthetic pigments.

To identify the optimum growth conditions for the salt-sensitive cyanobacterial strain LC,
experiments were conducted on media with a low salinity concentration of natural seawater and cow
manure, and the highest values of biomass production and chlorophyll a content were recorded using
0.5 dS/m diluted seawater with cow manure medium (Figure 8).

5. Conclusions

In the current study, we developed a cost-effective cyanobacterial growth media from integrated
manure-seawater nutrients for sustainable cyanobacterial biomass production. Before we tested
seawater as a nutrient source, we evaluated the growth of the salt-tolerant cyanobacterial strain HSaC
at different NaCl concentrations. Based on the results of the salinity test, we conducted an experiment
to evaluate different animal manures, namely, cow manure, pig manure and chicken manure in different
salt concentrations of seawater. According to the results, cow manure integrated with 10 dS/m diluted
seawater showed the highest biomass production for salt-tolerant cyanobacterial strain HSaC, and cow
manure with 0.5 dS/m diluted seawater showed the best biomass yield for salt sensitive cyanobacterial
strain LC. The results from integrated cow manure-seawater media were better than or similar to the
results from the reference growth media (BG11). However, other animal manures, such as pigs and
chickens, exhibited low biomass yield. The biomass production and photosynthetic pigment contents
resulting from cow manure with natural seawater and cow manure with artificial seawater did not
show a significant difference between 10N and 10A. The results indicated that both natural seawater
and artificial seawater at similar dilution can be used interchangeably for biomass production. Overall,
the research findings from the current experiment suggested that cyanobacterial biomass produced
from integrated cow manure-seawater media could be used for cyanobacterial biofertilizer and biofuel,
which are important for improving soil fertility and energy production, respectively. This study will
help smallholder farmers to produce their own cyanobacterial biofertilizer, and to produce energy
from biofuel with cheap growth media. For more sustainable biomass production, further research
should be conducted using different animal manures in combination with seawater.
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