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Abstract: The vast majority of the world’s fishery by-products are utilized in the fish farming industry.
However, due to the high cost and unsustainability of these by-products, alternative sources must be
found. Marine diatoms produce important amounts of fatty acids, sterols, proteins and carbohydrates.
In this work, we assessed the nutritional value of Halamphora coffeaeformis at the exponential growth phase,
to determine its suitability for aquafeed. The strain was grown in a photobioreactor at 20 °C for 6 days.
The production of proteins, lipids and carbohydrates was determined, and essential fatty acid, sterol and
amino acid composition was assessed. The highest values of triacylglycerides (TAG), free and esterified
sterols, proteins and carbohydrates were found after 6 days of growth in the photobioreactor. Fatty
acid analysis by gas chromatography showed the presence of eicosapentaenoic (EPA) and arachidonic
(ARA) in amounts similar to those for fish oils. In terms of sterols, a predominance of stigmasterol was
observed, followed by cholesterol. The amino acid composition revealed 50% of them to be among those
essential for fish and other aquatic animals. Finally, a suitable amount of carbohydrates was found in
H. coffeaeformis cultures. Together, these findings support the use of H. coffeaeformis as an alternative and
sustainable source for aquafeed to partially replace the use of fishery by-products.
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1. Introduction

In recent years, microalgae have emerged as potential sources of food, pharmaceutical, nutraceutical
and cosmetic products, as well as animal feed. It is known that some species of microalgae can be used
to enhance the nutritional value of animal feed due to their ability to produce essential high-added-value
metabolites [1].

In aquafarming, fishmeal represents the main source of proteins and essential long chain poly-
unsaturated omega-3 fatty acids, such as eicosapentaenoic (EPA) and docosahexaenoic (DHA). However,
there is increasing interest in reducing the dependence on this resource due to its unsustainability and
variable cost and supply [2]. In this context, microalgae have emerged as appropriate candidates due to
their accessibility, adaptability and nutrient composition [3]. For aquaculture purposes, the crucial factors
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are growth rate and essential nutrient composition, both of which can be improved through adjustment of
environmental factors and culture strategies, to obtain a sufficient biomass of greater nutritional value [4].

Halamphora coffeaeformis is a marine benthic diatom isolated from Bahia Blanca Estuary, Argentina
(Southwestern Atlantic coast). This strain was selected due to its apparent fast growth in culture, its
adequate cell size as food for marine planktonic larvae [5] and because it belongs to the Bacillariophyceae
class, mostly considered as adequate food for the larvae [6]. The strain was grown under optimal
conditions in a photobioreactor in order to obtain basic information on its growth and biochemical
composition, with a view to the biotechnological applications of the biomass for aquaculture. The results
of this study are expected to provide valuable input on the potential of this species as feedstock
for aquaculture.

2. Material and Methods

2.1. Experimental Design

The diatom Halamphora coffeaeformis, isolated from the Bahia Blanca Estuary [7], was maintained
in f/2 medium with a salinity of 30, at 20 + 1 °C and 40 umol photons~m‘2~s_1 under a 12:12 h light/
dark photoperiod. For experiments, a starting inoculum of 6.82 x 10° cellsmL~! in f/2 medium was
used. The working volume in the cylindrical photobioreactor (Figmay) was 5 liters. Cells were kept
continuously agitated (30 rpm) at 20 °C (+ 2 °C) for 6 days, and air containing 5% (v/v) CO, was supplied
at 25 cm3-min~!. Then, cells were centrifuged for 10 min at 800 x g at 20 °C and washed with phosphate
saline buffer.

2.2. Growth rate and Biomass

Cells were counted daily in a Sedgwick-Rafter chamber, as described in [7]. The specific growth rate
(1) was estimated by a least square fit to a straight line of the logarithmically transformed data, according
to [8]. Biomass dry weight (DW) was determined as in [9,10], in triplicate, using pre-conditioned and
pre-weighed filters (Whatman GF/C, Maidstone, UK). The filters containing 20 mL of each sample were
washed three times and then dried at 100 °C until constant weight. The samples were subsequently
placed in a muffle/ashing furnace at 450 °C for 8 h, cooled in a vacuum desiccator and weighed to obtain
ash-free dry weight (AFDW). The percentage of biomass and cell walls or frustules was estimated from
the difference between DW and AFDW values.

2.3. Lipid Determinations

2.3.1. Quantification of Triacylglycerides (TAG) and Sterols

Lipid extracts, from samples taken every two days, were obtained by applying the method
proposed by Folch et al. (1957) [11]. One-dimensional thin-layer chromatography (TLC) was then
performed to separate TAG and sterols, as described in detail in [12]. These lipids were quantified
spectrophotometrically at a wavelength of 505 nm using TG color GPO/PAP AA and Colestat Enzimatico
commercial kits from Wiener Lab, Rosario, Argentina; following the manufacturer’s instructions.

2.3.2. Fatty Acid Characterization

TAG extracts from samples taken at day 6 were used to analyze the fatty acid composition
according to [12]. Fatty acids methyl esters (FAMEs) were obtained through transesterification using a
potassium hydroxide solution. Then, they were analyzed in an HP 4890D gas chromatograph with a
capillary SP2560 column (100 m, 0.25 mm, and 0.2 pm) (Supelco Inc., USA), a split/splitless injector
and a flame-ionization detector, at 260 °C. Data were processed using the HP3398a GC Chemstation
Software (Hewlett Packard, USA), and FAMEs were identified through comparison with the standard
certificate material Supelco FAME 10 mix 37 (CRM47885, Sigma-Aldrich), as detailed in [7,12].
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2.3.3. Sterol Characterization

Sterol extracts, from day 6, were silanized using SIGMA SIL-A reagent (Sigma-Aldrich, St. Louis,
MI, USA). The separation of sterols was carried out in an Agilent 7820A gas chromatograph equipped
with a 30 m SE 54 capillary column of 0.25 mm i.d. and 0.2 um film thickness, after which the sterols
were analyzed according to [12].

2.4. Protein Determinations

2.4.1. Total Protein Quantification

Proteins were determined spectrophotometrically through the Bradford method, using a standard
of bovine serum albumin (BSA) [13]. For this, samples were taken every two days and lysed using the
lysis buffer described in [12].

2.4.2. Amino Acid Characterization

The amino acid composition was determined from protein hydrolysates obtained according
to [14,15]. Then, free amino acids were separated through cationic exchange chromatography and were
identified by comparing retention times with those of amino acid commercial standards (18AA-Sigma®
and individual standards for L-Methionisulfone, L-Norleucine, L-Methioninsulfoxide, L-Tryptophan y
L-Ornithine). The resulting amino acids were re-derivatized and were detected spectrophotometrically at
570 and 440 nm and quantified using L-norleucine as internal standard [14,15]. Amino acid composition
was determined after 6 days of growing H. coffeaeformis in the photobioreactor.

2.5. Determination of Total Carbohydrates

The phenol-sulfuric acid method was used to determine the total carbohydrate production of H.
coffeaeformis in samples taken every two days [16]. Briefly, an aqueous phenolic solution (5% (w/v))
was added to the samples, together with concentrated sulfuric acid obtaining orange-yellow solutions
that were quantified spectrophotometrically at 490 nm. A standard curve using glucose (0.1 pg-uL™")
was also prepared.

2.6. Statistical Analysis

The results are expressed as average values + standard deviation (SD). Statistical differences
between groups were calculated by a two-tailed ¢ test, using the ¢ test function available in Microsoft
Excel. p < 0.001 (***), p < 0.01 (**) and p < 0.05 (*) were considered very highly significant, highly
significant and statistically significant, respectively.

3. Results

3.1. Growth and Biomass Production of H. coffeaeformis

Cell density and biomass production of Halamphora coffeaeformis cultured in a photobioreactor under
favorable conditions are shown in Figure 1. As can be observed, both values increased exponentially with
increasing days of culture and were significantly higher at day 6, when cell density and biomass reached
values of 7.8 + 1.05 x 10° cellsmL~! and 0.18 + 0.03 g-L.7!, respectively, with a p of 0.92 div-d~!. The rate
of biomass generation, shown as g of dry weight (DW)-L™!, was 22 + 2.9 mg-L~!-day ™.
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Figure 1. Growth rate and biomass production of H. coffeaeformis. The concentration of cells (grey) and
the rate of biomass generation (black) (average + standard deviation, n = 3) are shown, expressed as
cellsmL™! and g of dry weight-L~!, respectively.

3.2. Triglyceride Production and Fatty Acid and Sterol Composition

In terms of biochemical composition, H. coffeacformis biomass produced a small but detectable
amount of TAG at day 0, which proportionally increased in culture, reaching the highest value at day 6
(~18 mg-L’l) (Figure 2A). In addition, TAG content, considering total biomass (g TAG 100 g-DW’l),
presented the same trend. Analysis of the fatty acids (FA) at day 6 revealed that saturated (SFA) and
monounsaturated (MUFA) fatty acids were the predominant lipid classes. A significant percentage
of essential poly-unsaturated fatty acids (PUFA) was also produced by H. coffeaeformis, representing
~17.5% of the FA (Figure 2C). Of these PUFA, approximately 9% were omega-3 (w-3), 5% were omega-6
(w-6) and 3% were omega-9 (w-9) (Figure 2D), giving a w-3/w-6 ratio of 1.64.
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Figure 2. Lipid profile of H. coffeaeformis. (A) Production of triacylglycerides (TAG) by the marine
diatom cultured at 20 °C in the photobioreactor. (B) TAG content (g TAG 100 g-DW‘l) (C) Percentage
composition of saturated (SFA), mono-unsaturated (MUFA) and poly-unsaturated (PUFA) fatty acids
after 6 days of growing H. coffeaeformis in the photobioreactor. (D) Relative content of essential omega
(w) -3, -6 and -9 fatty acids in H. coffeaeformis after 6 days. The graphics show average values + their
standard deviation (n = 3). * stands for statistically significant (p < 0.05), ** highly significant (p < 0.01)
or *** very highly significant differences (p < 0.001) between conditions, respectively.

Furthermore, the FA profile revealed that eicosapentaenoic (C20:5w3), linoleic (C18:2wé6c) and
oleic (C18:1w9c) acids were the most abundant in the w-3, w-6 and w-9 groups, respectively (Table 1).
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Table 1. Fatty acid profile of H. coffeaeformis. Percentage fatty acid composition of the neutral lipid

fraction of H. coffeacformis. The table shows average values + standard deviation (n = 3).

Fatty Acids (%)
C 14:0 (myristic) 14.11 + 0.390
C 16:0 (palmitic) 25.82 + 0.291
C 16:1 (palmitoleic) 38.05 + 0.513
C 18:0 (stearic) 0.55 + 0.027
C 18:1w9c (oleic) 4.03 + 0.402
C 18:2wé6c (linoleic) 3.52 + 0.074
C 18:3w6 (7 linolenic) 0.95 + 0.053
C 20:2 (eicosadienoic) 2.56 + 0.191
C 20:4w6 (arachidonic) 1.02 + 0.094
C 20:5w3 (eicosapentaenoic) 9.40 + 1.062

As can be observed in Figure 3, the level of non-esterified sterols markedly increased in culture,
reaching its highest value at day 6 (Figure 3A). However, when these results were expressed in terms
of biomass (g Non-esterified sterols 100 gZ-DW™!), a slight decrease was observed (Figure 3B). In the
case of esterified sterols, slighter increases in their production (mg-L™!) were observed after four and
six days of culture in the photobioreactor. Their maximal values were also reached at day 6 (Figure 3C),
but their contribution to total biomass decreased over time (Figure 3D). Nevertheless, the production
of non-esterified sterols was quantitatively more significant than that of esterified sterols, representing
~5and 3 mg-L~!, respectively. Analysis of the sterol profile of H. coffeaeformis revealed only four species:
stigmasterol, cholesterol, clerosterol and sitostanol (Figure 3E). Stigmasterol was quantitatively the
most important sterol, representing more than 65% of the sterol fraction, the other three sterols being

minor components (~12%, ~11% and ~9% respectively) (Figure 3E).
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Figure 3. Sterol production and composition of H. coffeaeformis. Non-esterified (A) and esterified (C) sterols
(shown as mg of sterols L~1). Non-esterified (B) and esterified (D) sterols expressed in terms of biomass
(g 100 g:DW™1). E) Sterols detected in H. coffeaeformis at day 6 (expressed as % of total sterols). In the
graphics, average values + standard deviation are indicated (n = 3). * stands for statistically significant
(p < 0.05), ** highly significant (p < 0.01) or *** very highly significant differences (p < 0.001) between

conditions, respectively.
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3.3. Protein Production and Amino Acid Composition

The amount of proteins significantly increased after 4 days of culture in the photobioreactor
(Figure 4A). The highest protein production occurred at day 6, representing ~40 mg-L~!. On the other
hand, the amount of proteins in terms of biomass (g Protein 100 g-DW~!) showed no significant changes
between the values obtained at day 0 and day 6 (Figure 4B). Analysis of the amino acid composition
showed total amino acid content to be 22/100 g biomass at day 6. Close to 50% of total amino acids
(~11 g 100 g-DW ') were essential for fish and other aquatic animals and ~5% of them were conditionally
essential (Figure 4C). With the exception of tryptophan, all amino acids considered as essential were
present in H. coffeaeformis cultures, leucine and arginine being the most abundant (Table 2).

% Total amino acids
w
<)

Essential  Cond. essential Non-essential

Figure 4. Protein production and amino acid composition of H. coffeaeformis. (A) Protein production (mg of
proteins'L_l). (B) Proteins considering total biomass (g Protein 100 g'DW_l) (C) Essential, conditionally
essential and non-essential amino acids. The graphics show average values + standard deviation (n = 3).
* statistically significant (p < 0.05), *** very highly significant differences (p < 0.001) between conditions.

Table 2. Amino acid profile of H. coffeaeformis. Amino acid composition (% of total amino acids) of H.
coffeaeformis after 6 days of culture in the photobioreactor. The table shows average values + standard
deviation (n = 3). The amino acid classification shown was taken from [17], taking into account the
nutritional needs of aquatic animals.

Amino Acids % of Total Amino Acids
Essential*
Arginine 7.04 + 1.48
Histidine 2.30 + 0.36
Isoleucine 4.15 + 041
Leucine 8.21 + 0.67
Lysine 6.01 + 0.63
Methionine 447 + 0.09
Phenylalanine 6.50 + 0.49
Threonine 5.65 + 0.58
Tryptophan nd
Valine 6.19 + 0.18
Conditionally essential*
Cysteine 0.21 + 0.02
Glutamine nd
Hydroxyproline nd
Proline 3.07 + 0.09
Taurine nd
Non-essential AA
Alanine 6.63 + 0.67
Asparagine nd
Aspartate 11.14 + 1.17
Glutamate 12.72 + 0.58
Glycine 5.71 + 0.36
Serine 6.18 + 0.54
Tyrosine 4.05 + 0.45
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3.4. Carbohydrate Production

Finally, to complete the biochemical profile of H. coffeaeformis biomass, the carbohydrate content was
determined. The results, expressed as mg of glucose per liter of culture (mg of glucose-L. 1) (Figure 5A) and
as g per 100 g of biomass (g Glucose 100 g-DW~1) (Figure 5B), showed that the amount of carbohydrates
increased with the days in culture, reaching maximal values (~50 mg-L ™! or ~28 g 100 g DW !, respectively)
after 6 days of culture in the photobioreactor.
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Figure 5. Total carbohydrate content of H. coffeaeformis cells. The graphics show the carbohydrates
(expressed in mg of glucose-L ™! (A) and also in g Glucose 100 g-DW~! (B)) at day 0, and after 2, 4 and 6
days of growing in the photobioreactor. The graphics show an average of the obtained values + standard

deviation (n = 3). ** highly significant (p < 0.01); *** very highly significant differences (p < 0.001) between
conditions, respectively.

A summary of the biochemical composition of H. coffeaeformis is shown in Figure 6. Cell walls or
frustules represented a significant fraction of the biomass (~25 g 100 g-DW™!). However, the organic
constituents such as TAG, sterols, proteins and carbohydrates were the major components of biomass
(~65 g 100 g'DW™1), carbohydrates being the most abundant (28 g 100 g:DW1), followed by proteins
(25 g 100 g'DW™!) and TAG plus sterols (10.5 g 100 g'DW~!). The remainders would include other
components such as pigments, polar lipids and minerals, not analyzed in this study.

Other products
11.5g 100g DW-'
+/-1.2g 100g DW-

Proteins
25g 100g DW-'
+/- 1.5g 100g DW-'

Frustule
25g 100g DW-'
+/-2.3g 100g DW-'

Triacylglycerides + Sterols
10.5 g 100g DW-'
+/-0.47g 100g DW-'

Carbohydrates
28g 100g DW-'
+/- 1.3g 100g DW-'

Figure 6. Biochemical profile of H. coffeaeformis. The graphic summarizes the main components found
in H. coffeacformis, expressed as considering total biomass (g 100 g:DW™1).

4. Discussion

In the last decade, interest in microalgae has increased considerably, due to their potential applications
in sewage treatment, bioenergy, biopharmaceutics and food biotechnology [18]. A growing number of
studies are being performed to establish whether microalgal-based feed can be used for aquaculture
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purposes [19]. The growth and biochemical composition of microalgae are two key qualities used to
select appropriate species. The growth performance of H. coffeaeformis revealed a higher specific growth
rate than the 25 species of benthic diatoms evaluated by Scholz and Liebezeit [20], including four species
of the genus Amphora.

In general, neutral lipids are the main lipid fraction found in diatoms [7,21-23]. The production
of TAG by H. coffeaeformis increased with the number of days in culture in the photobioreactor, and its
value (in mg-L~!) was comparable to that reported for another diatom from Bahia Blanca Estuary
grown under similar conditions [24]. Moreover, diatom biomass is valuable in terms of its fatty acid
composition, as it can contain high levels of essential poly-unsaturated long chain fatty acids (PUFAs)
such as eicosapentaenoic (EPA) and arachidonic (ARA) acids [25]. These PUFAs are highly valuable
to the aquaculture industry and are currently obtained from fish oils [19]. Diatoms have therefore
emerged as a promising alternative source to partially replace fish-oil-based aquaculture feed [26].
In this context, H. coffeaeformis showed an interesting essential long-chain PUFA content, w-3 FAs
being the major ones, followed by w-6 and w-9 FAs. The FA profile obtained under the tested culture
conditions was similar to that previously reported for this strain [7]. PUFA represented about 17% of
the total FA, EPA being the most abundant (9.4%). This finding is consistent with previous studies
showing that EPA is quantitatively the major FA of the long-chain PUFA fraction of diatoms [19].
However, although the w3/w6 ratio obtained in H. coffeaeformis is acceptable, Ryckebosch et al. [27]
reported a higher EPA content than that found in this study in two other diatoms: P. tricornutum and
T. pseudonana. Taking into account essential FAs, the level of ARA and EPA found in H. coffeaeformis
was even higher than that reported for the fish oils used for aquafeed [28] (Table 3). However, we did
not detect DHA FA. As this FA is essential for the growth and survival of marine fish larvae [29], the
use of an additional strain containing high levels of DHA to supplement fish diet could be a strategy to
successfully replace the use of fish oil for aquaculture purposes.

It is known that diatoms can synthesize different classes of sterols [30]. In H. coffeaeformis cultures
we found the main sterol species to be phytosterols, with cholesterol as a minor component. These
findings are in agreement with a previous report on Amphora coffeaeformis showing a predominance of
a sterol of 29 carbons, the stigmasterol [31]. Our findings are also in agreement with those reported
in [32], which establishes that there are distinctive sterols for each diatom cluster, stigmasterol being
the typical biomarker of Amphora, Amphiprora and Entomoneis species [32]. Unlike the sterol profile
of Nitzchia closterium, consisting mainly of cholesterol [33], the latter was quantitatively the second
most abundant sterol found in the studied strain. Although it is not an essential nutrient for fish, it is
still an important component of their diet. In fact, it was demonstrated that its deficiency in fish diets
stimulated the (3-oxidation of FA [34]. Therefore, in terms of sterol composition, H. coffeaeformis shows
a suitable profile for aquaculture purposes under the culture conditions tested.

Table 3. Main lipid species relevant for aquafeeds. The percentages of lipids found in H. coffeaeformis
are compared with those found in fish oils used for aquafeed according to [32].

H. coffeaeformis Fish Oils *
Essential Fatty Acids % %
EPA 9.40 + 1.06 7.175-15.375
ARA 1.02 + 0.09 0.375
DHA n.d. 4.875-10.075
Sterols
Cholesterol 12.4 +0.12 4.4
Phytosterols 87.5+0.20 n.d.

For aquafeed purposes, proteins are an important source of nitrogen, providing essential and
conditionally essential amino acids that cannot be synthesized or are only partially synthesized by
fish [17,35]. Some of these amino acids are key metabolic regulators of fish growth, reproduction and
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resistance to environmental stressors [17]. Moreover, an appropriate amount of proteins may help to
reduce the level of ammonia, a water pollutant released by fish [36], such that protein and amino acid
requirements are important issues to be considered in connection with aquaculture feed. We observed
an interesting amount of proteins in H. coffeaeformis, with amino acid composition comparable to that
reported for other diatoms [14]. H coffeaeformis proteins provide all the amino acids that are considered
essential for aquatic animals, representing 50% of total amino acids, except for tryptophan. In addition,
two conditionally essential amino acids, cysteine and proline, were found in the studied strain. In terms
of proteins and amino acids, it therefore appears that H. coffeaeformis-based formulated aquafeed could be
a valuable non-fishmeal protein source, providing a similar composition to fishmeal [37], the otherwise
ideal protein source for aquatic animals.

Carbohydrates are important energy sources for fish and must be provided with the diet in order
to avoid the use of lipids and proteins to obtain energy [38]. In this connection, it has been reported that
the growth rate of chinook salmon significantly improved with a diet containing 10% carbohydrates [39].
It is thus important to include an appropriate amount of these nutrients in the aquafeed diet. Total
carbohydrates found in H. coffeaeformis, representing about 28 g 100 g-DW~!, were higher than those
found in other microalgal species, such as P. tricornutum and Chlorella sp. [40]. This value would appear
to be adequate even taking into account the high quantities required for efficient use by fish. However,
it should be taken into account that nutritional values can vary according to the species cultivated, due
to the anatomical and functional variations occurring within different fish species [41].

Therefore, when H. coffeaeformis is grown in f/2 medium, a good growth performance is observed.
In addition, the fact of carrying out experiments lasting six days allows the culture medium not to
be depleted of nutrients, thus obtaining significant amounts of proteins and carbohydrates in the
biomass. For aquaculture purposes, the culturing strategy requires a compromise between biomass
optimization and harvesting to avoid leading cell metabolism towards exclusive lipid synthesis,
because carbohydrates are required to avoid fish fat digestion, and proteins containing essential amino
acids to obtain good levels of fish growth and reproduction [17,35,41]. In fact, the proximal chemical
analysis of H. coffeacformis revealed protein and lipid contents (g 100 g-DW~!) similar to that reported
for Navicula incerta [42]. There, lipid content was significantly higher during the stationary growth
phase than during the exponential phase, whereas protein content was found to be similar in both
growth phases. Different to N. incerta, H. coffeacformis showed a marked increase in carbohydrate
content, as was observed in the benthic diatom Proschkinia sp. [42]. On the other hand, in the diatoms
Thalassiosira pseudonana [43] and Nitzschia inconspicua [44] both lipid and carbohydrate contents were
higher in the stationary phase, while protein content was lower than that observed in the exponential
growth phase. These differences in the biochemical composition could be due to variations in both the
culture conditions and harvesting time.

In conclusion, the growth performance and nutrient composition of H. coffeaeformis under the
tested conditions, shows this strain to have considerable potential for use as feed in aquaculture. These
findings provide useful baseline information for the design of larger scale production systems.
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