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Abstract: Supplements in fish nutrition can help alleviate pressure on the wild stock; however, there is limited
information on the benefits of rooibos tea extract in aquafeed. This study aimed to determine the effect of
rooibos tea extract inclusion in the commercial diet on the growth performance of larval fish. Fish were reared
on three diets: a commercial diet with 30% fermented or green rooibos extract and a commercial tilapia diet
(control). Fish (initial weight of 0.54 + 0.008 g and length of 2.22 + 0.01 cm) were randomly distributed into
recirculating aquaculture systems in triplicates at 100 fish per tank. Fish was hand-fed thrice daily for eight
weeks at 2% body weight. After that, samples were withdrawn to measure growth parameters. Fish-fed
fermented, and green tea extracts exhibited a significantly (p <0.05) higher weight gain than the controls. The
feed conversion ratio was higher in the control group, fermented (1.50 + 0.25 cm) and green tea (1.41 + 0.07 cm).
Similarly, the control group exhibited the highest condition factor (K=13.14 +4.87). The two treatment groups
were comparable (p >0.05) in growth performance. Overall, the evidence indicates that adding rooibos tea
extracts to the basal diet can improve fish growth.

Keywords: Aspalathus linearis; Oreochromis mossambicus; feed supplements; growth performance;
survival rate

1. Introduction

Tilapia, mainly endemic to the African continent, is one of the most popular cultured species in
the global aquaculture industry, according to the United Nations Food and Agriculture Organization
[1]. Recently, world production of both farmed and wild tilapia has increased by 7.6% annually, from
900,000 tonnes in 1990 to nearly 7 million tonnes in 2018 [2], and aquaculture has been identified as a
significant driving force behind the impressive growth. This growth further consolidated the position
of tilapia as the second-most important farmed finfish species group. The estimated value of farmed
tilapia reached 11.2 billion US dollars, accounting for 4.5% of the total value of all farmed aquatic
animals, with a 2.8% increase in 1998, but lower than the peak increase of 5.2% achieved in 2012 [3,
4]. Nevertheless, tilapia production is highly imbalanced [5], with China being the largest tilapia
farming country, producing over 30% of the global output. In China, for example, while it is common
for a fish farmer to harvest 15 tonnes/ha per crop through intensive pond culture, Africa produces
less than 5 tonnes/ha per crop [6]. As the global demand for fish products surges from 154 million
tonnes in 2011 to the projected 186 million tonnes by 2030 [7], it is apparent that the quality of
aquafeeds used in fish farming will be a crucial driver in the blue economy. Unfortunately, many
subsistent fish farmers in low and medium-income countries cannot afford many of the high-quality
aquafeeds because of their huge cost of production and purchase. Thus, there is a need to seek cost-
effective, high-quality aquafeeds to meet the increasing demand. It is well established that global
fisheries’ landing has remained constant at about 90 million tonnes per annum, whereas conventional
aquaculture production has increased and supplied approximately 78 million tonnes [8]. On the other
hand, consumers” demand for fish products is growing by more than 2.5% per year, while wild fish
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stocks are declining drastically . According to the FAO, over 40% of global fish stocks are fully
exploited, and an additional 18% are over-exploited, with no possibility for further expansion [9]
while, food and nutrition security remains a global challenge in many low- and medium-income
countries, as aquaculture's importance as a source of protein continues to grow [10]. Therefore,
reliance on wild fishery resources is not feasible soon [11]. Accordingly, the global shift to intensive
fish farming has increased demand for nutritionally complete feed to promote optimal growth and
expand production capacity with minimal mortality or reduced susceptibility to infectious diseases
[12]. This trend has intensified the application of various growth promoters and hormones to enhance
feed conversion efficiency and productivity [13]. Some of these interventions have negative
implications for human and environmental health.

The shortage of wild fish and the increasing demand for farmed fish have necessitated research
interest in quality and safe aquafeed devoid of pollutants and antibiotics [14]. The aquafeed industry
has turned to plant-based ingredients due to their availability, low costs, evidence-based
ethnomedicinal properties and local use as ingredients in livestock feed. Therefore, in the recent past,
aquaculture nutrition research has focused on developing feed substitution strategies such as the use
of components and supplements of plant origin [15-21]. Besides, plants and their extracts have been
used in animal nutrition as appetizers, flavourants, digestive and physiological stimulants, and
antioxidants to prevent or treat specific pathological conditions and promote growth [22]. The
benefits of applying phytochemicals and herbal products to enhance productivity in the aquaculture
industry are well established [23-26]. Phytochemicals are commonly found in fruits, vegetables, and
plant-based beverages such as wine and tea [27].

Tea, Camellia sinensis, considered native to South China [28], is one of the most consumed
beverages worldwide. The main constituents in tea leaves are catechins, normally found in
unfermented green tea [29], while theaflavins and thearubigins are the major polyphenolic
compounds in black tea [30]. Rooibos is one of the most popular herbal teas in South Africa [31]. It is
prepared from a leguminous shrub, Aspalathus linearis, an indigenous herbal plant well known for its
many aesthetic health benefits associated with the antioxidant properties of tea polyphenols [32-34].
According to the various manufacturing processes and properties such as colour, components, and
taste, rooibos tea is branded as fermented (FRT) or unfermented (green) tea (GRT) [35]. Some of the
class of compounds in FRT are tannins, flavonoids (aspalathin and aspalalinin), and phenolic acids
[36] and this study). Aspalathin is the main flavonoid of GRT and is one of the main constituents of
FRT water extract [37, 38]. Polyphenols are well known for their antioxidative action and regulation
of several protein functions, including the prevention of oxidative stress-related diseases in animals
and humans [39-43]. Due to the high polyphenolic contents of rooibos extracts, they can scavenge
free radicals and prevent cellular oxidative damage [34] (Joubert et al., 2008). However, the health
benefits of rooibos tea extracts have never been evaluated in fish growth studies. Therefore, the
current study assessed the effects of FRT and GRT tea extracts as feed potential supplements in O.
mossambicus production.

2. Materials and Methods

2.1. Commercial Diet and Tea Composition

The ingredients and chemical composition of the commercial feed and the teas (fermented and
green rooibos tea) are shown in Table 1. The Commercial feed was sourced from a commercial feed
company (Avi Feed Co., South Africa). Green (GRT) and fermented (FRT) rooibos tea were purchased
from Rooibos Ltd. (Clanwilliam, South Africa).

2.2. General Experimental Procedures

All experiments were performed at the freshwater biology laboratory of the Department of
Biological and Environmental Sciences, Walter Sisulu University (WSU). O. mossambicus larvae were
sourced from a registered supplier (Aquaculture Innovations, Grahamstown, South Africa). Larval
fish were acclimatised for two weeks before the onset of the experiments and fed a commercial tilapia
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diet twice daily. Before feeding trials, fish were starved for 24 h, size-sorted by hand, and randomly
stocked into each recirculating aquaculture system (RAS). The RAS consisted of a PVC circular cage
connected to a biological filter, a water pump, a UV steriliser, and an electric water heater. Tanks
were filled with de-chlorinated tap water two weeks before fish stocking. The water flow rate into
each tank was 600 L/h. Supplemental aeration was provided in each tank for optimal oxygen
dissolution using a regenerative blower and a submerged air diffuser. The water temperature was
maintained at 28 + 1 °C. Temperature and dissolved oxygen readings were recorded daily using a
handheld Hanna portable Model HI198198 dissolved oxygen (DO) meter (Hanna Instruments, South
Africa). Total ammonia nitrogen (TAN), nitrite nitrogen, and pH were measured weekly using a
Freshwater Aquaculture Test Kit (Hanna Instruments, South Africa). The photoperiod was
maintained at 14:10 h (light: dark), and water in each system topped up in each system weekly. Fish
were cultured on three diets: a control, basal commercial tilapia diet (Avi Feed Co., South Africa) -
(CBD) with 0.0% (w/v) rooibos tea extract inclusion, a basal diet with 30% (w/v) fermented rooibos
tea (FRT) extract inclusion and basal diet with 30% (w/v) green rooibos tea (GRT) extract inclusion.
A total of nine hundred fish (initial weight of (0.54 = 0.08 g) and length (2.22 + 0.01 cm) were randomly
distributed into the RAS in triplicates at hundred fish per tank. Each diet was assigned to triplicate
tanks of fish and fish hand-fed to satiation three times daily for eight weeks at 2% body weight. At
the end of eight weeks, samples were withdrawn to measure different growth parameters.

2.3. Preparation of Experimental Feed

Aqueous extracts of fermented (FRT) and green rooibos tea (GRT) were separately prepared by
adding 300 g of plant material into a clean glass beaker with 1 L of deionised water and brewed for
30 min. The tea extracts were allowed to cool at room temperature (=25 °C) before filtering. The tea
extracts were then refrigerated at 4 °C until further use. The control diet was prepared by mixing dry
pellets of tilapia feed (7.5 g) with 30 mL of deionised water. Similarly, equal amounts of pellet feed
were mixed with either 30 mL each of FRT and GRT aqueous tea extracts to form a ball-shaped dough.
These three diets were kept in labelled containers and stored at -20 °C until feeding.

2.4. General Experimental Procedures

All experiments were performed at the freshwater biology laboratory of the Department of
Biological and Environmental Sciences, Walter Sisulu University (WSU). O. mossambicus larvae
were sourced from a registered supplier (Aquaculture Innovations, Grahamstown, South Africa).
Larval fish were acclimatised for two weeks before the onset of the experiments and fed a commercial
tilapia diet twice daily. Before feeding trials, fish were starved for 24 h, size-sorted by hand, and
randomly stocked into each recirculating aquaculture system (RAS). The RAS consisted of a PVC
circular cage connected to a biological filter, a water pump, a UV steriliser, and an electric water
heater. Tanks were filled with de-chlorinated tap water two weeks before fish stocking. The water
flow rate into each tank was 600 L/h. Supplemental aeration was provided in each tank for optimal
oxygen dissolution using a regenerative blower and a submerged air diffuser. The water temperature
was maintained at 28 + 1 °C. Temperature and dissolved oxygen readings were recorded daily using
a handheld Hanna portable Model HI198198 dissolved oxygen (DO) meter (Hanna Instruments,
South Africa). Total ammonia nitrogen (TAN), nitrite nitrogen, and pH were measured weekly using
a Freshwater Aquaculture Test Kit (Hanna Instruments, South Africa). Photoperiod was maintained
at 14:10 h (light: dark), and water in each system topped up in each system weekly.

Fish were cultured on three diets: a control, basal commercial tilapia diet (Avi Feed Co., South
Africa) - (CBD) with 0.0% (w/v) rooibos tea extract inclusion, a basal diet with 30% (w/v) fermented
rooibos tea (FRT) extract inclusion and basal diet with 30% (w/v) green rooibos tea (GRT) extract
inclusion. A total of nine hundred fish (initial weight of (0.54 + 0.08 g) and length (2.22 + 0.01 cm)
were randomly distributed into the RAS in triplicates at hundred fish per tank. Each diet was
assigned to triplicate tanks of fish and fish hand-fed to satiation three times daily for eight weeks at
2% body weight. At the end of eight weeks, samples were withdrawn to measure different growth
parameters.
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2.5. Measurement of Growth Performance Parameters

The initial body weight (IBW) (g), initial body length (IBL) (cm), final body weight (FBW) (g),
and final body length (FBL) (cm), were measured at the beginning and end of the feeding trial.
Specific growth rate (SGR) was calculated using equation 1:

SGR (%)=(100 x(FBW — IBW))/(time (d)) 1)

The rate of weight gain (WGR) was calculated using equation 2:

WGR=100%x  ((FBW — IBW))/IBW @)

The condition factor (CF) was calculated using Equation 3:

CF=100%x FBW/FBL (3)

The survival rate (SR) was calculated using Equation 4:

SR=100%x NF/NI @)

NF is the number of fish at the end of the feeding trial and NI is the number of fish at the
beginning of the feeding trial.

2.6. Tissue fixation and processing

The method of Okuthe (2013) was adopted. Briefly, liver and spleen samples were fixed in
Histochoice fixative (Sigma-Aldrich, St. Louis, MO, USA) overnight at room temperature, rinsed in
running tap water, and then in 70 % ethanol. Tissues were preserved in 70 % ethanol until further
processing. Fixed tissues sufficient for analysis were dehydrated through an ethanol series and
cleared in a xylene solution. Tissues were embedded in paraffin wax (Paraplast®, Merck, Darmstadt
Germany) at approximately 58 °C in the embedding machine (Thermo Scientific Microm EC 350).
Sections were manually cut at 5 - 7 pm thickness, using Leica manual microtome (Leica RM2235:
Leica Biosystems), floated in a water bath at 37 °C, and then positioned on Poly-Prep glass slides
(Sigma-Aldrich, St. Louis, MO, USA). Tissue sections were dewaxed in xylene, hydrated in ethanol
series (Okuthe, 2016), stained with Harrison’s modified haematoxylin, counterstained with eosin, and
mounted in DPX. Images of stained tissues were examined and captured using a Leica DM 750
microscope fluorescent (Leica Microsystems, GmbH, Germany), attached to a DFX 310 FX digital
camera, and analyzed using Leica LAS imaging software version 4.5.

2.7. The micronucleus assay (MN)

Blood samples were collected from sampled fish by cardiac puncture, with a heparinized syringe
(needle 0.5 mm thick) for micronucleus analysis. Blood drops from each fish were placed on a Poly-
Prep glass slide (Sigma-Aldrich, St. Louis, MO, USA) with the use of a pipette. Glass coverslips were
used to spread blood onto slides. Slides were air-dried for 2 h at room temperature and then fixed in
methanol for 10 min. For each experimental group, ten slides were prepared. Five slides from each
treatment group were stained with a fluorescent dye, acridine orange (AO) to provide information
about the physiologic or pathologic state of fish during the feeding trial. Images of the stained
material were viewed and captured using a Leica DM 750 microscope fluorescent microscope (Leica
Microsystems, GmbH, Germany. Units similar and next to the main nucleus were interpreted as
micronuclei (Fig. 3), (Minissi et al., 1996).

2.8. Statistical analysis

2.8.1. Growth Performance Parameters

Statistical Package for Social Sciences (IBM, SPSS, V. 5) was used to analyse fish growth data,
and one-way analysis of variance (ANOVA, Table 5) was performed to test the differences between

doi:10.20944/preprints202310.0681.v1
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growth parameter means of different treatments. Duncan’s post hoc test for multiple comparisons
was performed to determine significant differences among groups. A significant difference was
considered when P < 0.05.

2.8.2. Plant Metabolite Analysis

The concentration (mg/L) was measured for each of the five herbal samples (clients) for each of the
compounds (IDs). There were three replicates for each measurement. The hypothesis that the
vectors of the client means were all equal was to be tested. The multivariate permutations test
(PERMANOVA) was performed by using the Adonis function in the vegan package of R.

3. Results
3.1. Analysis of plant metabolites

3.1.1. Sugars in GRT and FRT

Rooibos tea extracts contain three significant groups of sugar: the monosaccharides (D-glucose
and D-fructose), the disaccharides (sucrose and a-lactose), and a trisaccharide (raffinose). The FRT
and GRT extracts have the same fruit sugar concentration (sucrose = 90 mg/mL). It is worth
mentioning that the FRT extract had a higher glucose concentration (=78 mg/mL) when compared to
the GRT, with 40 mg/mL. On the other hand, the a-lactose concentration was lower in the FRT extract
(8 mg/mL) compared to the GRT extract, which gave 28 mg/mL (Fig. 1).
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Figure 1. Plots of mean sugar concentrations (mg/L) for the herbal compounds.

Both FRT and GRT extracts have 4-hydroxybenzoic acid, vanillic acid, protocatechuic acid, p-
coumaric acid, syringic acid, ferulic acid and caffeic acid. The mean concentrations of phenolic acid
profiles are shown in Table 1. The results of a PERMANOVA test show that FRT mean concentrations
were much greater than the corresponding GRT ones. This also applies to mean concentrations of
protocatechuic acid. The molecular structures of the identified sugar and phenolic compounds in the
FRT and GRT extracts are shown in Figure 2.

Table 1. Amino acid and phenolic acids concentrations for the four (4) different teas, (-) = Absent/not
detected.
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FRT* GRT*
Essential amino acids (Concentration mg/L)
Alanine 23.58 26.95
Glycine 16.6 19.69
Valine 15.25 17.64
Leucine 30.44 36.21
Isoleucine 11.9 13.89
Proline 24.98 31.02
Methionine 6.59 7.07
Serine 11.09 12.95
Threonine 22.79 25.16
Phenylalanine 17.28 20.48
Aspartic acid 30.21 44.27
Glutamic acid 41.43 47.95
Asparagine 10.64 12.43
Tyrosine 10.87 12.77
Phenolic acids (Concentration ppb:ug/L)

FRT* GRT*
4-Hydroxybenzoic_acid 183.93 71.72
Vanillic acid 752.47 161.62
Protocatechuic acid 1243 920.2
m-coumaric acid - -
p-coumaric acid 129.43 77.75
Syringic acid 1404.98 135.83
Ferulic acid 3572.69 833.71
Caffeic acid 490.83 88.36

*FRT - Fermented rooibos tea, *GRT — Green rooibos tea.
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Figure 2. Chemical structures of the sugar and phenolic compounds identified in the fermented and
green rooibos tea extracts, with major functional groups highlighted in red and blue colour. Structures
were prepared with ChemDraw Ultra Version 7 (CambridgeSoft Corporation, Cambridge, MA, USA).

Table 2. Proximate Chemical Composition (wet basis) of the basal diet.

Diets CBD* FRT* GRT*
Proximate Composition %

Dry matter 95.28 95.29 95.32
Moisture 4.72 4.71 4.68
Protein 32.99 32.8 33.17
Fat 4.94 475 4.81
Ash 7.03 6.98 7.03
Fibre 3.32 2.69 3.87
Carbohydrates 50.01 50.73 50.31

Experimental fish groups fed a diet containing rooibos tea extracts (FRT and GRE) showed an
improvement in the growth indices compared to the group fed with the CBD but with a significant
increase in the Viscerosomatic Index (VSI). Fish groups fed GRT extracts had the highest VSI
compared to other test groups. Weight gain and the specific growth rate of fish fed with FRT and
GRT were also higher than the control (those fed the CBD), showing the role natural plant products
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(metabolites) played in fish growth. The feed conversion ratio (FRC) was higher in fish fed the BCD
(2.32 £0.57), followed by FRT (1.50 + 0.25) and GRT (1.41 + 0.07). Similarly, fish-fed BCD had higher
Condition factor (CF): CBD (13.14+4.87), GRT (6.70 + 2.53), and FRT (6.29 + 2.45). A higher feed
conversion ratio and condition factor in the control than FRT and GRT reaffirms the aesthetic value
of rooibos tea metabolites. There was no significant difference between the FRT and GRT treatment
groups (ANOVA, P <0.05) Table 3.

Table 3. Growth performance and survival rate of larval Oreochromis mossambicus fed three
different diets: commercial basal diet (CBD), and diets supplemented with either fermented (FRT) or
green (GRT) rooibos tea extracts.

Growth parameters Basal diet FRT* GRT*
Initial number of fish - NI 300 300 300

Initial body weight (g) - IBL 0.55 +0.022 0.55 + 0.022 0.54 + 0.032
Initial body length (cm) - IBL 2.22+041- 2.24 +0.307 2.21 £0.452
Final body weight (cm) - FBW 2.86 +0.602 4.01 +0.88b 413 +0.75>
Final body length (cm) - FBL 5.25+0.512 5.51 + 0.50a0 5.84 + 0.46bc
SGR (%) 3.65+0.402 4.38+0.44° 448 +0.42°b
Condition factor (%) - CF 13.14 +4.87 = 6.92+245%" 6.70 £2.53 b
Growth (%) 5.15+1.32a 7.69+1.95% 798+1.65"
HIS (%) 6.59 £ 1.91a 6.75+ 1.962 7.02+2.102
VSI (%) 21.06 +7.102 2291 +11.87v 26.64 +12.52¢*
Rate of weight gain (g) - RWG 2.32+0.59a 3.46+0.88" 3.59+0.74¢°
Food conversion ratio (%) — FCR 2.32+(0.574 1.50+ 0.25P 1.41+0.07°
Survival Rate (%) - SR 95.30 96.70 96.30

*FRT - Fermented rooibos tea, *GRT — Green rooibos tea.

Values mean + SD of three replicates. Values with the different letters in the same row are
significantly different (n = 15). (a, b & c) in a row indicates, that similar superscripts do not differ
(P>0.05), and different superscripts indicate a significant difference (P<0.05). *FRT- Fermented
Rooibos tea-supplemented diet. *GRT — Green Rooibos tea-supplemented diet. Basal diet — non-
supplemented diet

3.2.2. Liver and spleen histopathology

The potential effects of rooibos tea extracts on the liver and splenic functions were evaluated.
The spleen of fish-fed CBD showed a higher degree of loosely dispersed macrophages, specifically in
the white pulp, with a reduced number of blood cells (Fig. 3A). At low magnification, the boundary
between the white and red pulp was blurry, the red pulp being more diffuse. The FRT group
exhibited a balance of red and white pulp and few blood cells, with the moderate occurrence of
scattered macrophages mainly restricted to the white pulp (Fig 3B). The GRT group indicated fewer
macrophages within the diffuse white pulp and a prominent red pulp surrounding the white pulp
(Fig. 3D).

The spleen was full of red blood cells and had an apparent boundary between the white and the
red pulp. Normal polygonal hepatocytes with normal blood vessels were observed in fish-fed CBD
with a moderate degree of cytoplasmic vacuolisation, and hepatocytes showed clear boundaries (Fig.
3D). Fat vacuoles and large hepatocytes with displaced nuclei characterised the liver of fish fed FRT
(E) and GRT extracts (F) (Fig. 3 E and F respectively).
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Figure 3. Haematoxylin and eosin (H&E) stained sections of O. mossambicus. Spleen (A-C); A, CBD =
control with melanoma-macrophages (MM) within the white pulp; B, FRT with fewer
melanomacrophages and a few erythrocytes (Er); C, GRT with a distinct boundary between the white
and red pulp and a few scattered melano-macrophages within both the red and white pulp. Liver (D
-F).

3.2.3. The Micronucleus (MN) Assay

The mutagenic potential of the tea extracts was examined using the MN assay in blood samples
to evaluate different chromosomal alterations in blood cells. No signs of toxicity, such as loss of
appetite, were noted during the feeding trial in all groups. Contrary to the expected results, MN were
seen in the control group blood samples and rarely in experimental groups (Fig. 4), affirming the
absence of a cytotoxic effects diet. Supplementing the commercial basal diet (CBD) with rooibos tea
extracts did not enhance the frequencies of MN frequencies inferring the non-toxicity of the tea
extracts. There were no differences between the GRT and FRT treatment groups. These effects might
be related to the natural compounds present in the extracts, which did not interfere with the DNA
synthesis process.
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Figure 4. Photomicrographs of Micronucleus (MN) assay in fish fed different rooibos tea extracts for
6 weeks, acridine orange (AO) stain. (A and B), Diet 1 CBD = (control); (C and D) Diet 2 (FRT), and (E
and F), Diet 3 (GRT). Arrows in A,B and D indicate the micronucleus.

4. Discussion

Feed is one of the foremost expenses of intensive fish farming, and its availability in quality and
quantity is significant for the appropriate growth and reproduction of fish [39]. It is, unfortunately,
one of the limiting factors in aquaculture production in low and middle-income countries. Similarly,
diet supplementation is a major consideration in intensive aquaculture during fish culture,
specifically during the early stages of growth [40]. Thus, the application of functional feed
supplements of plant origin, which provide safer and sustainable alternatives to antibiotics, is highly
recommended to increase cultured fish's growth performance and fish health status and for food
security.

4.1. Larval fish growth response to FRT- and GRT extract-supplemented diets

It is well known that fish modifies feed intake to satisfy their energy demand [41, 42]. Thus, an
elevation in feed intake usually occurs to meet nutrient demand in deficient diets. In this present
study, the effects of fermented (FRT) and green rooibos tea (GRT) extracts inclusion in the basal diet
(CBD) on the growth and survival of larval O. mossambicus were evaluated. The study revealed that
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FRT and GRT extract inclusion in the CBD improved feed utilisation and growth in larval fish, which
may indicate efficient feed utilisation, resulting in an increased organo-somatic index (VSI%). The
GRT-supplemented diet seemed to be more suitable for growth and FCR than that of the FRT. Thus,
adding rooibos tea extracts, specifically GRT, to the CBD may have influenced feeding behaviour in
the larval fish to favoured growth performance.

Tilapia fish generally accepts a wide variety of plant diets. Therefore, adding GRT and FRT
extracts as supplements to the basal diet might have been useful, as reported in feeding trials with
other fish species [43]. In similar studies, positive effects of green tea (Camellia sinensis L) have been
demonstrated, wherein dietary green tea's negative effects of dietary oxidised fish oil were reversed.
Green tea also improved growth performance, lipid metabolism, and antioxidant defense in the
sturgeon hybrid of Sterlet [44]. Similarly, positive effects of green tea on the antioxidant defense and
immune parameters of rainbow trout, Oncorhynchus mykiss at the molecular level have been reported
[45], while its ability to positively modulate myogenic regulatory factors and stress-related genes in
juvenile grass carp (Ctenopharyngodon idellus) has also been reported [46].

As with other tea types, rooibos' potential health benefits and bioactivity have been linked to its
naturally occurring polyphenolic contents [32, 47]. The high polyphenolic contents of rooibos extracts
confer considerable antioxidant properties, with scavenging effects on free radicals, which may
prevent cellular oxidative damage [35]. Two classes of phenolic acids, hydroxybenzoic and
hydroxycinnamic acids, were found in the two rooibos tea extracts analysed. Hydroxybenzoic acids
(C6-C1) included p-hydroxybenzoic, vanillic, syringic, and protocatechuic acids. The
hydroxycinnamic acids, known as phenylpropanoids [48], (C6-C3), included p-coumaric, caffeic, and
ferulic acids. Protocatechuic acid (PCA) was the most abundant in GRT, followed by ferulic, vanillic,
and syringic acids. PCA is a major metabolite of complex polyphenols and has been effective in
several physiological functions due to its anti-inflammatory properties [49, 50]. Also, the addition of
PCA was reported to be effective in improving the growth of freshwater algae, Euglena gracilaris at
800g/L [51], while it also improved meat quality and body weight in broilers [52]. The authors argue
that applying PCA may induce an active cellular immune response, resulting in good health and
higher body weight, which agrees with the current study's findings. Therefore, the high content of
PCA in GRT extracts explains the growth performance and increased body weight seen in fish fed
GRT extracts compared to other treatment groups. The major phenolic acids in the FRT extract were
ferulic, syringic, protocatechuic, and vanillic. Ferulic acid (FA), like PCA, is a secondary metabolite
which can enhance growth performance, carcass characteristics, and meat quality in ruminants by
reducing lipid peroxidation and increasing the average daily gain and carcass weight [53].

Overall, phenolic acids are generally regarded as strong natural antioxidants, having key roles
in various biological and pharmacological properties, such as anti-

inflammatory, antimicrobial, antiviral, food additive, signalling molecules, and many more [52,
54]. The benefits of these naturally occurring organic acids in the dietary supplements of farm animals
have been well documented. In farm animal production, for example, phenolic acids act as growth
promotors by stimulating digestive enzyme secretions, thus decreasing pathogenic bacteria in the
gastrointestinal tract (GIT) or modulating gut morphology [54]. Studies in farm animals have also
shown improved FCR in poultry feed supplemented with natural extracts containing phenolic
compounds, wherein improvement in FCR values was associated with the alteration of intestinal
surface area, resulting in better nutrient absorption [55, 56]. Furthermore, phenolic compounds are
known to balance the useful and pathogenic bacteria in the GIT, which helps maintain sound gut
health and ultimately enhances growth [52]. They may also improve the flavour and palatability of
feed, thus promoting feed intake and growth performance [57]. However, aquafeed rarely exploits
phenolic acid-rich natural extracts for the same purpose [54]. Phenolics are associated with high
growth rates, probably attributed to their potential antioxidants and ability to avert cell damage from
free-radical oxidation reactions. Thus, our study findings have provided insight into the usefulness
of natural products, such as the phenolic acid-rich rooibos extracts, as a potential aquafeed
supplement.
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Although the effects of FRT and GRT extracts on gut health were not evaluated in the current
study, it may be deduced that the presence of a variety of phenolic compounds in rooibos tea extracts
may have improved flavour and palatability of feed leading to better growth performance.
Alternatively, a higher growth rate and improved FCR in the GRT treatment group could be due to
alterations of the intestinal surface area and digestive enzyme activities, which resulted in better food
absorption, increased body weight, and less wastage of feed. Furthermore, the observed variations
in the concentrations of glucose and lactose for the two rooibos tea extracts could only have been
possible because of the breaking down of a-lactose in the GRT extract upon fermentation process to
afford glucose and galactose units [58], thus accounting for the observed increase in the concentration
of glucose in the FRT extract and a consequential decrease in its a-lactose concentration. Even though
sugars are regarded as non-essential dietary nutrients in aquafeed, they still represent an inexpensive
source of valuable dietary energy while also giving integrity to feed pellets in the form of less density,
more stability, and optimal binding activity during the feed manufacturing process [59, 60].

4.2. Micronucleus (MN) assay

In this study, the potential health benefits of rooibos tea extracts were corroborated by the
micronucleus (MN) assay results. The MN assay is a delicate biomarker commonly used to
investigate the genotoxicity effects of chemicals isolated or in mixtures present in the aquatic
ecosystem. The method validated by the World Health Organization, the United Nations
Environmental Program, and the International Program on Chemical Safety (IPCS, OMS) for the
evaluation of environmental samples, natural products, including biological agents [61] and reveals
chromosome damage or mitotic spindle dysfunction [61, 62]. The assay has been demonstrated to be
sensitive to various environmental pollutants, such as polycyclic aromatic hydrocarbons (PAHs) [63],
and pesticides [64].

In fish, cytogenetic damage of erythrocytes is best indicated by MN assay [65], which can be
influenced by diet or water quality [66]. Here, the assay was used to provide information about the
physiologic or pathologic state of fish during the feeding trial. It well known that plants tend to
synthesize these bioactive polyphenols as a defense mechanism, to protect their vital metabolic
functions against free radicals and survive in different highly oxidative environments [67]. The low
occurrence of micronuclei counts in treatment group following the acridine orange (AO) staining
procedure can be attributed to the free radical scavenging (antioxidant) properties conferred by the
phenolic compounds in rooibos tea extracts to prevent cellular oxidative damage [33]. This has been
reported in laboratory animals, including humans [68-72].

4.3. Histopathology

In teleost fish, the spleen is a main hematopoietic and peripheral lymphoid organ [67]. It plays
a critical role in the storage [73] and production of erythrocytes and the destruction of aged blood
cells, endothelial cells, reticulocytes, macrophages, and melanin macrophages [74]. In addition, the
teleost spleen contains antibody-producing cells [75, 76]. It has a role in antigen presentation and
initiation of the adaptive immune response [77, 78], and also used as a biomarker for environmental
pollution [79]. In the current study, the effects of FRT and GRT on splenic function were not obvious.
There were no indications of histopathological lesions or degeneration in tissues. However, our study
observed a few scattered splenic macrophage aggregates specifically in the CBD group, while an
increase in the number of blood cells in the GRT treatment group may have indicated better blood
flow.

The liver, on the other hand, is an accessory digestive organ and a good indicator of the
nutritional condition of fish [80, 81] and is one of the most important organs for digestion and
absorption of nutrients from feed. Monitoring the histological structure of the fish liver is the method
of choice in assessing the effects of nutrient mixtures or the use of raw materials of plant origin in
feed. New compounds often negatively affect the hepatic function, fitness, health, and production
characteristics of cultivated fish [81]. Notwithstanding, commercial feeds cause fat accumulation and
degeneration of the liver, cell membrane, and vacuolation of hepatocytes. Such lesions may indicate
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circulatory anomalies [82, 83]. In the present study, fish fed the experimental diets revealed
morphological alterations in hepatic tissues, including increased cytoplasm nuclear ratio and changes
in the nucleus, cytoplasm, and hepatocyte vacuolisation, especially in the FRT treatment group.
Similar nutritional disorders have been previously reported [81], which corroborates the results of
the current study, specifically in the FRT and GRT treatment groups, where changes in the tissue
parenchyma were prevalent. Nonetheless, hepatic alteration due to excessive caloric ingestion is
known to saturate the physiological competency of the liver and may lead to lipid accumulation [84].

Lipid accumulation, distorted nuclei, change in the cell membranes, and mild necrosis in fish
liver are the main symptoms of liver toxicity. Liver toxicity due to FRT and GRT extract inclusion
could not be determined with certainty in the current study. Nevertheless, cytoplasmic vacuolisation
was the most frequent hepatocyte change and could have been caused by excessive caloric ingestion,
and vacuolar degeneration due to various factors, making it difficult to establish a threshold of what
was healthy and pathological in the liver. To facilitate the transition towards sustainable aquafeeds,
we recommend that feeding trials using A. linearis extracts be conducted under appropriate
production conditions to determine the optimal levels of inclusion and their effects on fillet quality
and flavour. The micronucleus assay is herein reaffirmed as a bioindicator, which describes short-
term feeding and environmental insults under laboratory conditions.

5. Conclusions

Our study focused on the effects of rooibos tea extracts (FRT and GRT) on growth performance
in larval Oreochromis mossambicus. Rooibos tea extracts may have increased the aroma and palatability
of diets, resulting in higher feed intake and body weight. The results support using rooibos tea
extracts in larval O. mossambicus rearing. GRT-fed fish experienced significantly higher weight gain
and conferred a feasible option of enriching tilapia feed with rooibos (A. linearis) tea extracts as a
supplement. The herbal teas may have improved intestinal health and nutrient digestibility,
enhanced the growth of beneficial bacteria and overall improved fish growth performance. It is
hypothesised that protocatechuic-rich phenolic complexes in GRT extracts increased the aroma and
palatability of diets, resulting in higher feed intake and body weight gain for fish. At the same time,
their sugar contents may act as an inexpensive, valuable energy source with the potential to improve
feed pellet integrity. The two tea brands are locally sourced and may benefit the aquaculture industry,
creating avenues for their inclusion in aquafeed. However, further research to elucidate the various
governing factors on the effectiveness of dietary inclusion of A. linearis tea extracts in aquafeed and
how the functional components of GRT extracts exert their effects in fish is required.

6. Ethics statement

The animal study application was reviewed and approved by experimental procedures that
followed all guidelines regarding animal care. The use of animals was approved by Walter Sisulu
University’s Senate Research Ethics Committee (# WSU/FNS-AREC- 2021/01-11/A1).
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