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Abstract

Nile tilapia, Oreochromis niloticus is the third most commonly farmed finfish species in the
world, accounting for nearly 5% of global aquaculture production. In the past few decades
much of the success of this species has been attributed to the development and distribution
of Genetically Improved Farmed Tilapia (GIFT). Despite the increasing availability of GIFT,
the productivity of small-scale farming remains highly variable, particularly in developing
nations. Commercial fish-feed pellets can increase fish farm productivity; however, many
small-scale farmers rely on other means of feeding fish due to the high cost and limited avail-
ability of commercial fish feed pellets. Therefore, understanding how locally-sourced feeds
affect the production of GIFT is an important step towards improving feeding practices, par-
ticularly for farmers with low financial capital. This study used stable isotope analysis (SIA)
and 16S rRNA gene sequencing to compare the effects of a locally-sourced vegetable-
based diet and commercial pellet-based diets on the relative condition, nutrient assimilation
patterns and gastrointestinal microbiota of GIFT. GIFT fed a locally-sourced diet were
smaller, and in a significantly poorer condition than those fed with commercial fish feeds.
SIA showed no differences in dietary carbon between the two diets; however, 5'3C, poor
fish condition and the abundance of specific bacterial taxa (of such as Fusobacteria) were
correlated. SIA revealed that GIFT fed locally-sourced diets that predominantly consisted of
vegetables were significantly enriched in 5'°N despite a perceived lack of dietary protein.
This enrichment suggests that GIFT fed a locally-sourced diet may be supplementing their
diet via cannibalism, a behaviour representative of poor farming practice. Overall this study
highlights the need to increase the availability of suitable GIFT feeds in developing nations.
The development a low-cost feed alternative could improve the success of small-scale GIFT
farmers in PNG, increasing both food and income security within the region.
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Introduction

Tilapia are amongst the most important aquaculture species of the 21** century accounting for
10% of the world’s finfish production [1]. Nile tilapia (Oreochromis niloticus) is the most com-
monly farmed tilapia species accounting for 83% of tilapia production through both commer-
cial and small-scale aquaculture [2]. WorldFish selectively bred O. niloticus to develop the
Genetically Improved Farmed Tilapia (GIFT) [3-5]. The global impact and success of GIFT
has been particularly evident in developing nations where it has helped to improve food and
income security [4, 6].

Inland aquaculture in Papua New Guinea (PNG) is mostly small-scale subsistence farming
with growth limited by infrastructure, the high cost and limited availability of commercial
feed, the poor economic status of people and a lack of fish husbandry skills in the farming
communities [7-9]. The farming of GIFT has been a greater success in PNG compared to
other fish species, such as trout, because it is a lower maintenance species and easy to breed
[10]. Nevertheless, the ruggedness of PNG’s interior, where GIFT is mostly farmed, makes fish
farming a challenge. As for many farmed species, commercial fish feed pellets are widely con-
sidered the best option to increase GIFT farm productivity; however, only 10% of the small-
scale fish farmers in PNG use commercial fish feed [10]. Whilst the nutritional needs of farmed
tilapia can be met through a variety of natural food sources [11], a poor diet can negatively
impact their growth and overall health [12].

The productivity of small-scale fish farms in PNG and other developing countries could be
increased by better understanding the dietary preferences and nutrient assimilation patterns of
the fish. Previous studies have relied on gut content analysis to classify the diet of fish [13]; how-
ever, gut content analysis does not determine if the consumed food contributes to growth. In
recent years, stable isotope analysis (SIA) has been used [14] to determine the source of assimi-
lated nutrients that contribute to growth [15, 16]. SIA depicts average nutrient assimilation pat-
terns based on the estimated turnover rate of the stable isotopes sourced from food, allowing for
accurate inferences to be made about a consumer’s diet [17]. Furthermore, analysis of the stable
carbon and nitrogen isotopes can provide information regarding the trophic ecology of the fish
[18-20] providing unique insights into the environmental influences and food web structure.

Knowledge of the composition and microbial diversity within the gastrointestinal tract is
vital because of the influence these symbionts have on the host’s growth and survival [21-23].
For aquatic species, including finfish, farming practices can heavily influence the gastrointesti-
nal microbiota, impacting digestion and the assimilation of essential nutrients [24-26]. Recent
studies on tilapia microbiomes have generated data on the effects of dietary supplementation
[27, 28] and rearing conditions [29, 30]; however, little is known on the effects of locally-sourced
feeds. This study aimed to determine how different feeding practices affect the condition, nutri-
ent assimilation patterns and the gastrointestinal microbiome of GIFT reared in earthen ponds.
We aimed to use stable isotope analysis of carbon and nitrogen to identify differences in diets
and therefore the trophic status of GIFT. Additionally, we aimed to associate specific microbial
assemblages with different conditions, assimilation patterns and feeding practices to underpin
the development of more effective farming practices for small-scale fish farmers.

Methods
Ethics statement

All experimental procedures involving live fish were approved by the University of New South
Wales Animal Care & Ethics Committee (UNSW ACEC) under permit number 18/26B specif-
ically for this study.
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Study site

Oreochromis niloticus (GIFT Strain) individuals were collected from six different fish farms
within the Aiyura valley (-6.3381° S, 145.9042° E), located in the Eastern Highlands of Papua
New Guinea. The stocked GIFT were from the same family line acquired from the Highlands
Aquaculture Development Centre (HAQDEC) breeding program. The sampled farms all stock
GIFT in earthen ponds, and represent one of two different feeding practices; a locally-sourced
raw vegetable-based diet (mostly sweet potato, banana leaves and garden waste) (n = 3) (here-
after referred to as a ‘vegetable’ diet) and a mixed diet consisting of both the occasional supple-
mentation of raw vegetables (mostly sweet potato, banana leaves and garden waste) and
regular commercial feed pellets (n = 3) (hereafter referred to as a ‘pellet’ diet). The commercial
fish feed pellets were all from a single imported source from Vietnam and included 30% crude
protein, 5% crude fat, 16% ash, 6% crude fibre and 11% moisture with raw ingredients includ-
ing fishmeal, wheat flour, soybean meal, fish oil, rice bran and vitamins and minerals. Parame-
ters such as feeding frequency and pond size were recorded on site during sample collection.
The age of the GIFT and stocking density of the sampled ponds was estimated as there were no
records kept of fish being removed from the ponds (for consumption or the sale at local mar-
kets) or restocking events. Water quality measurements of temperature (n = 3), pH (n = 3) and
dissolved oxygen (DO) (n = 3) were recorded at each farm using a TPS WP91 water quality
meters with an Ionode J44 intermediate junction pH probe and YSI DO probe. Probes were
calibrated daily according to the manufacturer’s guidelines and standards.

Sampling

Individual fish (n = 10) of similar size were collected from each farm using handheld nets and
immediately euthanised in an AQUI-S solution (UNSW Animal Care & Ethics Committee Permit:
ACEC number 18/26B). All fish were devoid of any gross or clinical signs of disease. Standard mea-
surements of length and weight were recorded prior to dissection. Dissections were undertaken at
HAQDEC within 2 hours of collection. White dorsal tissue samples were aseptically removed,
scaled and skinned before being rinsed with distilled water and stored at -20°C. In addition, the
gastrointestinal tract was aseptically removed with a combined hindgut content and hindgut wall
sample collected and frozen (initially at -20°C) and stored at -80°C prior to microbial analysis.

Stable isotope analysis

White dorsal tissue samples were prepared and analysed as per the methods previously described
by Kinney, Hussey [31] and Gopi, Mazumder [32]. Briefly, dorsal tissue samples were washed
with distilled water, oven-dried, ground to fine powder and loaded into tin capsules for analysis.
Powdered samples were analysed in the continuous flow isotope ratio mass spectrometer (CF-
IRMS), model Delta V Plus (Thermo Scientific Corporation, USA), at the Australian Nuclear Sci-
ence and Technology Organisation (ANSTO) for stable carbon and nitrogen isotopes. The data
were reported relative to IAEA (International Atomic Energy Agency) secondary standards, and
all results were certified relative to air for nitrogen, and Vienna-PeeDee Belemnite (VPDB) for
carbon. The results were accurate to 1% for both C% and N% and +0.3 parts per thousand (%o)
for 8"°C and 8"°N. The C: N molar ratio relates to the lipid content of a sample and affects §'>C
values. When the C:N ratio was greater than 3.5, the result was mathematically corrected to
account for the lipid content using the formula specified by Post, Layman [33] as follows:

813(:correctecl = 613(:untreated —3.32 + 0.99xC:N
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16S rRNA gene amplicon sequencing and analysis

Bacterial DNA was extracted from the hindgut samples (8 mg) using the DNeasy® Blood
&Tissue Kit (QIAGEN, USA) following the manufacturer’s protocol. The diversity and struc-
ture of the microbial community associated with each sample was assessed by amplicon
sequencing of the V3-V4 variable region of the 16S rRNA gene, using the barcoded universal
bacterial primers: 341F (CCT ACG GGN GGC WGC AG)and 785R (GAC TAC HVG GGT
ATC TAA TCC) [34]. PCR amplification was performed using the following conditions; 94°C
for 2 minutes, followed by 40 cycles of 94°C for 30 seconds, 50°C for 30 seconds and 72°C for
30 seconds with a final extension of 72°C for 7 minutes. Barcoded samples (N = 60) were
sequenced on a MiSeq Illumina (2 x 300 bp) at the Ramaciotti Centre for Genomics (UNSW
Sydney, Australia) generating paired-end reads of approximately 440 base-pairs (bp).

Firstly, sequencing reads of low quality (quality score of less than 15 [35]) were removed
using Trimmomatic version 0.38 [35]. Subsequent processing of the reads was conducted
using Usearch version 11.0.667 [36]. Paired-end reads were merged, and quality filtered to
remove reads with more than five errors and less than 300bp. The resulting sequences were
then trimmed to remove primer sequences before being clustered in zero-radius operational
taxonomic units (ZOTU). A de novo chimera removal was included in the clustering step with
remaining chimeras removed using the UCHIME algorithm with reference to the SILVA ref-
erence database (SILVA SSURef 132 NR) [37]. zOTU sequences were then taxonomically clas-
sified using UCHIME by BLAST alignment against the SILVA database. Samples with low
zOTU counts (< 30, 000) were removed. The zOTU counts of each sample were rarefied
through random sampling to a value of 34, 313 (lowest count) to account for uneven sequenc-
ing depth across samples using the R Package ‘vegan’ [38]. Rare zOTUs with counts across all
samples of <25 were removed after rarefaction. After removal of samples and zOTUs, as
described above, the resulting count table consisting of 1,830 zOTUs and their counts in each
sample (N = 52, SI Table) was used for all subsequent analysis.

Statistical analysis

All data analyses were conducted in R version 3.4.3 [39]. Relative condition factor (K,,) was used
to assess the condition of the sampled fish and was calculated as described in Jisr, Younes [40]

and Le Cren [41]. Two fish were identified as significant outliers (>3 SD and > 95% CI) and
therefore removed from the condition and subsequent correlation analysis. Analysis of variance
(ANOVA) was used to test for significant differences in relative condition, water quality, weight,
total length, standard length and isotopic values (8'°C and §'°N) of GIFT between the two feeding
practices. Differences isotopic values were visualised using the package ggplot2 version 2.2.1 [42].

Alpha diversity (Shannon Weaver Index) was calculated in the ‘vegan’ package version 2.5-
4 with statistical differences analysed using a one-way ANOVA [38]. Differences in commu-
nity structure were investigated by permutational multivariate analysis of variance (PERMA-
NOVA) based on Bray-Curtis distance matrices using the ‘vegdist’ and ‘adonis’ functions in
the ‘vegan’ package. Additionally, differences in community structure were visualized using
the metaM DS function. Differences in dispersions (variances) between treatments were deter-
mined by Levene’s test for homogeneity of variances using ‘betadisper’.

To identify specific zZOTUs that significantly correlated with relative fish condition and
nutrient assimilation patterns, we assessed those with a relative abundance of over 1% that
were present in at least 90% of the samples. Correlation coefficients were calculated using Pear-
son’s correlation with a significance threshold of P < 0.05.

To identify specific zOTUs associated with each of the farming practices, multipattern anal-
yses were conducted using the ‘multipatt’ function within the ‘indicspecies’ package version
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1.7.6 [43]. Indicator species values were calculated using the ‘indval” function. Correlation
indices (phi coefficients) were calculated using the r.g function [44]. This calculation used
presence-absence data and point-biserial correlation coefficients corrected for unequal sample
sizes [44]. The zOTUs that were identified as significant indicators or associated with signifi-
cant correlation indices were visualised using ‘pheatmap’ version 1.0.10 [45]. The heatmap
results were visualised and z-score transformed to represent the number of standard deviations
azOTU abundance was from the overall mean abundance of that zOTU.

Results
The condition of Genetically Improved Farmed Tilapia

GIFT fed a diet incorporating commercial pellets were in a significantly better condition than
those only fed vegetables (Table 1). Pellet-fed GIFT were also significantly heavier and larger
than their vegetable-fed counterparts with significant differences observed for both total and
standard length (Table 1). Dissolved oxygen concentrations were significantly lower in farms
that used only a vegetable-based diet when compared to farms using commercial feeds

(Table 1). There was no significant difference in temperature or pH between the two farming
practices nor was there a significant correlation with fish condition (Table 1).

Stable carbon and nitrogen isotopes

Stable carbon isotope values did not vary significantly between vegetable and pellet-fed GIFT
(Table 2), with the observed 8'°C values for both feeding practices showing some overlap (Fig
1) and ranging between -27.1%o and -23.2%o. The SIA data did show that the stable nitrogen
isotope differed significantly (Table 2) between the treatments or diet types, and that the vege-
table-fed GIFT were enriched in §'°N (Fig 1). The 8!°N values ranged between 4.8%o and
9.9%o for pellet-fed GIFT and 8.1%o and 11.6%o for vegetable-fed GIFT.

Gut microbiome diversity associated with Genetically Improved Farmed
Tilapia

High throughput amplicon sequencing of the 16S rRNA gene identified 1, 830 zOTUs among
52 samples. Rarefaction curves of the samples (subsampled to 34, 313 counts) indicated that all

Table 1. ANOVA results showing a comparison of growth statistics and water quality parameters for O. niloticus farmed under different diets.

Standard Length (cm)
Total Length (cm)
Weight (g)
Relative condition (kn)
Dissolved Oxygen
Temperature (°C)
pH
Feed frequency (n / week)
Fish Age* (years)
Pond surface area (m?)
Stocking density ** (fish/m?)

Average (+SD) F statistic Significance
Vegetable-based Pellet-based
10.95 (2.31) 16.67 (3.59) 49.1 <0.01
13.59 (2.76) 19.70 (3.21) 57.17 <0.01
51.80 (32.81) 151.34 (72.85) 43.35 <0.01
0.98 (0.11) 1.03 (0.18) 5.482 0.02
4.65 (3.57) 10.48 (2.27) 10.9 0.03
24.02 (3.26) 22.47 (1.74) 1.594 0.225
7.23 (0.69) 7.82 (0.65) 3.454 0.0816
3.67 (2.89) 7 (0) 4 0.116
2.17 (1.04) 2 (1.80) 0.019 0.896
46 (15.1) 354 (387.49) 1.893 0.241
22.46 (12.8) 22.8 (24.26) 0.001 0.983

‘Pellet’ is representative of GIFT fed commercial fish feed pellet based diet, and ‘Vegetable’ is representative of GIFT fed a locally-sourced vegetable-based diet.

*Fish age is an estimate provided by the farmers based on stocking information.

** Stocking density was estimated using information regarding pond size and initial stocking numbers from farmers.

https://doi.org/10.1371/journal.pone.0237775.t001
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Table 2. The ANOVA results for stable isotope values of O. niloticus.

Average (+SD) F statistic Significance
Vegetable-based Pellet-based
s'3C -25.02 (0.81) -24.74 (0.95) 1.5618 0.217
31°N 10.00 (1.33) 7.04 (2.09) 91.043 <0.01

https://doi.org/10.1371/journal.pone.0237775.t1002

were sequenced nearly to saturation and hence their bacterial communities were well covered
(S1 Fig).

Alpha diversity, as measured by the Shannon-Weaver Index, did not vary significantly
between the two feeding practices (P = 0.683, S2 Fig). Ordination of the Bray-Curtis

Location

&N

-26 -25 -24
&C
Fig 1. Stable isotope biplot of O. niloticus. Stable isotope biplot (mean and standard deviation of 3'>C and §'°N values) of O. niloticus for
each of the sampled farms. Pellet-fed fish are represented by solid, black shapes with vegetable-fed fish represented by outlined symbols.

https://doi.org/10.1371/journal.pone.0237775.9001
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Fig 2. Bray-Curtis dissimilarities of the GIFT microbiome. Non-Metric multidimensional scaling (nMDS) plot based
on Bray-Curtis dissimilarity of the bacterial communities of GIFT fed different diets (P = 0.001). Pellet-fed fish are
represented by solid, black shapes with vegetable-fed fish represented by red symbols. Stress = 0.1703505.

https://doi.org/10.1371/journal.pone.0237775.9002

dissimilarities (Fig 2) showed a distinct separation between the bacterial assemblages of pellet
and vegetable-fed GIFT. The bacteria associated with pellet and vegetable-fed GIFT were sig-
nificantly different in overall species composition (F = 7.0596, P = 0.001) and dispersion (F =
4.0541, P = 0.04). There was more significantly variability in the clustering pattern of microbial
communities associated with the vegetable diets than the more tightly clustered pellet associ-
ated communities (Fig 2, F = 4.0541, P = 0.04). Differences in species composition within each
diet group (i.e vegetable and pellet) were also seen (Fig 2), with the dispersion of microbial
communities associated with pellet-fed fish differing significantly between farms (F = 7.4513,
P =0.003).

Pearsons correlation revealed that three zOTUs (13, 2 and 9) were significantly correlated
with fish condition and nutrient assimilation (Table 3). zZOTUs 13 and 9 were both identified
to the genus level as Cetobacterium sp. (Phylum: Fusobacteria) and were negatively correlated
with fish condition and dietary carbon. Similarly, significant negative correlations were also
identified for zOTU 2 (genus: Fusobacterium sp., Phylum: Fusobacteria).
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Table 3. Pearson correlation coefficients between the relative condition (kn), dietary carbon (8">C) and the relative abundance of bacterial taxa associated with O.

niloticus.

Zotu2 (g Fusobacterium)

Zotu9 (g Cetobacterium)

Relative condition (kn) 83C
Correlation coefficient Significance Correlation coefficient Significance
-0.49 <0.01 -0.41 <0.01
-0.39 <0.01 -0.33 0.02
-0.43 <0.01 -0.37 <0.01

Zotul3 (g Cetobacterium)
https://doi.org/10.1371/journal.pone.0237775.t003

Indicator species analysis revealed that 24 zOTUs were significantly associated with pellet-
based diets (P <0.05) based either on presence and absence data, species abundances or both
(Fig 3). Pirellulaceae was the most commonly identified family within this subset accounting
for 45% of the zOTUs (Fig 3). Within this family, zOTU 5, 64 and 93 were found to be good
indicators of pellet diets. In contrast, 4 zZOTUs showed a significant association with tilapia fed
vegetable diets (Fig 3). These bacteria were identified as Rhodoblastus acidophilus (zOTU 192)
and Rickettsiella sp. GSU (zOTU 246) and Candidatus Udaeobacter (zOTU 73 and 510).

Discussion

The isotopic values of a consumer are related to its diet; therefore, stable isotope analysis can
be used to accurately identify a consumer’s dietary profile and trophic status [17, 18, 46]. The
8"C values for both the vegetable only and pellet-fed GIFT indicates some similarities in die-
tary carbon sources [47, 48]. Assessing dietary carbon is important, as it encompasses essential
nutrients such as carbohydrates and lipids [49]. These nutrients are vital for fish health as they
play an important role in growth and metabolism [50, 51]. In fish, fluctuations in dietary car-
bon are often reflected by their gastrointestinal microbiota [52]. In our study, an overlap in
dietary carbon may be due to the occasional provision of vegetables to pellet-fed fish; however,
a clear separation in §'°N suggests distinct dietary nitrogen sources. In aquatic systems, includ-
ing aquaculture ponds, significantly enriched §'°N values can be indicative of anthropogenic
nitrogen input [53] such as fertilisers [54]. Whilst the remoteness of our study site and absence
of intensive agricultural farming reduces the potential for such anthropogenic inputs, some
farmers do use chicken manure to fertilise crops. Small-scale piggeries and vegetable cropping
also occur in the catchment of the farms, and urban activities in the nearby town of Kainantu,
may also be sources of nutrients; however, their contribution to the nutrient budgets of the
farms is likely to be negligible. Despite the use of chicken manure, a previous study has shown
that this type of organic fertiliser does not influence the growth and §'°N of GIFT [11]. This
indicates that the enrichment of 8'°N in vegetable-fed GIFT in our study is not a result of ferti-
liser, rather, it likely represents a response to dietary preferences [55].

High 8"°N values are regularly associated with an increase in the consumption of animal-
based protein [49, 56]; however, this is not always indicative of an optimal diet [57]. In our
study, vegetable-fed GIFT were significantly enriched in §'°N despite a perceived lack in die-
tary protein in the introduced food sources. An optimal diet for GIFT between 20-200g would
consist of 34% protein [58]; however, a vegetable-based diet consisting of mostly sweet potato
would likely provide the fish 1-5g of protein per 100g consumed [59, 60]. One explanation for
our results is that the vegetable-fed GIFT are not receiving enough dietary nitrogen to meet
their metabolic needs, and subsequently they are forced to utilise nitrogen reserves in the
body, increasing the 8'°N in their tissues [61]. Alternatively, provision of an insufficient diet
may have resulted in the vegetable-fed GIFT supplementing their diet via cannibalism [62].

Within pond cannibalism can negatively affect a farm’s ability to produce table-sized fish
and can therefore negatively affect productivity and profitability. Whilst fish cannibalise for

PLOS ONE | https://doi.org/10.1371/journal.pone.0237775  August 19, 2020

8/16


https://doi.org/10.1371/journal.pone.0237775.t003
https://doi.org/10.1371/journal.pone.0237775

PLOS ONE Gut microbiome and nutrient assimilation in Tilapia

R e — e
Pellet

Zotu192.s_Rhodoblastus.acidophilus

15
Zotu73.g_Candidatus.Udaeobacter I 1
Zotu246.s_Rickettsiella.sp..GSU 05
Zotu510.g_Candidatus.Udaeobacter 0

-05

Zotu377.f_Pirellulaceae

Zotu495.g_Pirellula

e
>
o

Zotu380.f_Pirellulaceae

Zotu277.f_Rhizobiales.Incertae.Sedis

Zotu93.f_Pirellulaceae

Zotu155.f_Beijerinckiaceae. FUkuNS7

l, Zotu975.g_Pedomicrobium

1 Zotu58.f_Pirellulaceae

[ » ZotuB4.f_Pirellulaceae

Zotu14.g_Chthoniobacteraceae.LD29

Zotu280.g_Clostridium.sensu.stricto.1

Zotu311.g_Methylocystis

|- Zotu70.s_Mycobacterium.brisbanense

Zotu144.g_Chthoniobacteraceae.LD29

I Zotu256.f_Beijerinckiaceae

Zotud606.f_Pirellulaceae

Zotu2055.f_Pirellulaceae

Zotu266.f_Beijerinckiaceae

Zotu83.g_Cyanobium.PCC.6307

Zotu18.f_Pirellulaceae

Zotud1.f_Pirellulaceae
Zotu356.f_Rhizobiaceae

Zotu5.f_Pirellulaceae

ZotuB0.f_Rhizobiaceae

€ wuey
| uuey
b wiey
5 wiey
z wiey
9 wied

Fig 3. Bacterial taxa that are significant indicators of diet. Differentially abundant log-transformed zOTUs (identified to
the lowest taxonomic level possible) (P-Adj <0.05) that represent the taxa that were found to be significantly indicative or
associated with either the pellet, or vegetable-fed GIFT. zOTU abundances have been z-score transformed and thus show
the number of standard deviations a zZOTUs abundance is from the mean abundance of that zOTU.

https://doi.org/10.1371/journal.pone.0237775.9003
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many reasons, stress, limited food availability and low dissolved oxygen are considered major
drivers [63-65]. Previous studies on tilapia have reported filial (both egg and fry) cannibalism,
with stunted individuals, or progeny from the initial stocked fish, more likely to become prey
[63, 65]. In our study, vegetable-fed GIFT averaged 6cm smaller and 100g lighter than their
pellet-fed counterparts, further supporting the possibility of within pond cannibalism. It
should be noted that these differences may also be attributed to age, as fish reproduction in
farms is not traditionally controlled and was therefore not considered. While no direct evi-
dence of cannibalism was observed, the organic material in the hindgut of the gastrointestinal
tract of fishes is usually in an advanced stage of digestion, thus making it difficult to visually
identify what was consumed [66].

The ability of a fish to effectively absorb nutrients and digest foods depends on its gastroin-
testinal microbiota [24-26]. The gastrointestinal microbiota can impact a fish’s weight and
overall health [21, 67, 68]. Overall, we identified significant differences in the gastrointestinal
microbiota of GIFT in response to feeding practice. This result is in accordance with previous
studies that have reported changes in the microbiome of fishes in response to changes in diet,
and dietary supplementation [27, 28]. In our study, a larger number of zOTUs were identified
as significantly associated with commercial pellet-fed GIFT than those fed vegetables (Fig 3),
likely reflecting diet stability as has been seen for humans and ants [69, 70]. Farmers using a
commercial pellet-based diet for their GIFT consistently source imported tilapia feeds directly
from the National Fisheries Authority (NFA). In contrast, the vegetable-only diet is inconsis-
tent and largely determined by harvesting season and the availability of vegetable garden
waste.

Pirellulaceae was the most commonly identified family within the taxa found to be signifi-
cantly indicative of pellet-fed GIFT accounting for 45% of the zOTUs (Fig 3). Pirellulaceae
(Phylum: Planctomycetes) are aquatic bacteria found in both marine and freshwater environ-
ments. Pirellulaceae have been previously identified in association with soils [71] and African
cichlids [72]. Whilst little is known about the exact role of this family, a previous study has sug-
gested that heterotrophic Planctomycetes play an important role in the fermentation of carbo-
hydrates [73]. Carbohydrates account for a large portion of commercial fish feeds due to their
low cost and binding properties [74]. The high abundance of this taxon within the gastrointes-
tinal tract of GIFT suggests that they may be functioning as mediators in the breakdown and
digestion of consumed carbohydrates.

Candidatus Udaeobacter copiosus sp. (phylum: Verrucomicrobia) was the most common
taxon found to be significantly associated with GIFT fed a vegetable-only diet (Fig 3). Ca. U.
copiosus is a relatively newly described bacterial genus that appears well adapted to the soil
environment [75]. Thus, the presence of Ca. U. copiosus within the GIFT gastrointestinal tract
is most likely a reflection of the tendency of these fish to consume detrital material [76], with
this genus merely a transient taxon within the GIFT microbiota.

The presence of nine bacterial taxa across most (90%) of the fish in our study is of interest
as it implies that these taxa may have been acquired from the hatchery prior to distribution.
This finding is significant because the microbial composition of larval and juvenile fish has a
significant influence of the microbiome of adults [77]. Three of these ‘hatchery associated” taxa
(zOTU 13, 2 and 9, Phylum: Fusobacteria) were negatively correlated with relative fish condi-
tion and 8'°C (Table 3). These results suggest that depleting the availability of §'*C could
decrease the abundance of Fusobacteria, and subsequently improve the relative fish condition
of GIFT. Modification of §"°C within the fish tissue could be achieved by simply altering the
types of vegetable-based foods used or promoting a farming practice that incorporates com-
mercial fish-feed pellets as a ‘supplement’. Our study has shown that farming practices incor-
porating commercial-feed pellets increase relative fish condition of GIFT (Table 1). The
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promotion of a commercial-feed supplemented farming strategy would need to be incorpo-
rated not only by the fish farms, but also the hatcheries because microbial symbionts attained
from the rearing water during the early stages of ontogeny can be maintained into adulthood.

Fusobacteria are commonly identified as a major constituent of freshwater fish micro-
biomes [22, 78-80]. In our study, Fusobacteria correlated with poor fish condition which was
predominately the case for vegetable-fed GIFT. Previous studies have reported that high abun-
dances of Fusobacteria are often associated with carnivorous species [81, 82], likely due to
their ability to metabolise protein derived amino acids [83]. Therefore, the possibility that veg-
etable-fed GIFT are turning to cannibalism could explain the presence of Fusobacteria in fish
with poor condition.

Conclusion

The results from this study contribute to a growing body of work on the influence of diet on
the microbiota, trophic status and condition of freshwater fishes. We show that trophic level is
not always indicative of a good diet and can represent poor farming practices. Specifically, our
results demonstrate how poor feeding practices can negatively impact the success of GIFT
farms. We found that fish fed an insufficient vegetable based diet were in a relatively poor con-
dition and while yet to be confirmed, possibly supplementing their diet through filial cannibal-
ism. These results further highlight the extent of challenges faced by low income, small-scale
subsistence farmers in developing nations. Small-scale fish farms account for the majority of
inland freshwater finfish aquaculture and play a fundamental role in enhancing not only food
and income security but also quality of life [2]. For GIFT to contribute to human nutrition and
livelihoods in PNG, they need to be farmed productively and profitability. Further research in
rural communities in developing nations is needed to improve farming practices through the
education of farmers and increased availability of suitable feeds. The introduction of new
farming practices such as the use of mono-sex fingerlings stocked by size class could help
boost local production of GIFT in PNG. Furthermore, the development of a low-cost feed
alternative that better suits the nutritional needs of GIFT would reduce the costs involved with
accessing commercial feed pellets, and further increase the farming success and profits of
small-scale GIFT farmers in PNG.
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S1 Fig. Rarefaction curves. Rarefaction curves of microbial communities sampled from the
gastrointestinal tract of Genetically Improved Farmed Tilapia (GIFT) (Oreochromis niloticus),
a) after sequence quality filtering and without rarefication of sequencing depth, b) equalized
sampling depths (34, 313 sequences randomly obtained per sample) and c) after the removal
of rare species.

(TIF)

$2 Fig. Shannon weaver diversity. Shannon Weaver diversity index of the bacterial communi-
ties within the gastrointestinal tract of GIFT fed two different diets. ‘Pellet’ is representative of
GIFT fed commercial fish feed pellet based diet, and “Vegetable’ is representative of GIFT fed a
locally-sourced vegetable-based diet.
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