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1  | INTRODUC TION

In South Africa, the locally produced abalone, Haliotis midae, is an 
economically important aquaculture species, favoured internation‐
ally for its large size and organoleptic properties (Difford, Vlok, 
Rhode, & Brink, 2017). Prior to animal export, slow and irregular 
growth rates are some of the major concerns. Research initiatives 
ranging from improved diet formulations, probiotic additives, system 
designs and water quality, to genetic improvement (Macey & Coyne, 
2005; Troell et al., 2006; Vlok, Difford, Rhode, & Brink, 2016) have 
been implemented to improve animal growth and bridge the gap be‐
tween fast and slow‐growing animals.

Formulated feeds utilise fishmeal to ensure a high protein diet to 
provide the amino acids required for superior growth rates (Angell, 
Pirozzi, Nys, & Paul, 2012; Green, Jones, & Britz, 2011). The physio‐
logical importance of amino acids as components of protein building 
blocks and substrates for the synthesis of other molecules (Wu et 
al., 2014) are well described in literature. Supplementation of plant‐
based fish feed with lysine, methionine, threonine and tryptophan 
is considered a cost effective approach to supplement amino acids 
low in abundance (Li, Mai, Trushenski, & Wu, 2009). It has also been 
shown in pigs and poultry, that a diet supplemented with lysine, tryp‐
tophan and methionine or cysteine, improve tissue protein synthe‐
sis and growth (Wu et al., 2014). Furthermore, a diet supplemented 
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Abstract
Abalone is currently considered South Africa's most successfully produced aquacul‐
ture export product, with a 76% share of the total value generated by the aquaculture 
sector. A major risk factor for this sector is slow growth rates experienced during 
farming. Abalone feeds are often supplemented with amino acids in an attempt to 
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standard abalone feed, on the metabolite profile of slow‐growing abalone. A targeted 
liquid chromatography tandem mass spectrometry metabolomics research approach 
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as a substrate for amino acid catabolism in slower growing abalone, by means of pro‐
line breakdown to assist with energy production via the tricarboxylic acid cycle. 
Other amino acids and urea cycle intermediates, that is, arginine, asparagine, ornith‐
ine and creatine further support energy production via the action of protein catabo‐
lism in slow‐growing abalone. Additionally, the importance of understanding how 
abalone respond metabolically to modified feed highlights the use of metabolomics 
to answer abalone aquaculture farming questions.
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with l‐proline was shown to significantly increase the growth rates 
in young mammals and chickens (Vosloo, Rensburg, & Vosloo, 2013).

The importance of proline has been widely demonstrated to 
play an important role in cell structure, wound healing, anti‐oxida‐
tive reactions, immune responses, energy metabolism and protein 
synthesis in numerous organisms (Wu et al., 2011). In addition, Wu 
et al. (2011) promotes proline as the most important amino acid 
supporting whole body protein synthesis. Proline was also found to 
protect proteins from damage, due to its ability to act as a free rad‐
ical scavenger and subsequently, protect the peptide backbone of 
proteins (Vosloo et al., 2013). In plants, proline accumulation occurs 
in response to osmotic stress, temperature variations, nutritional 
deficits, bacterial pathogens and heavy metals (Pérez‐Arellano, 
Carmona‐Álvarez, Martínez, Rodríguez‐Díaz, & Cervera, 2010). This 
study, however, focuses on the mechanism by which proline may 
enhance mitochondrial activity and support energy production (as 
displayed in Figure 1).

When proline is oxidised to pyrroline‐5‐carboxylate (P5C), pro‐
line dehydrogenase transfers reducing equivalents to the electron 
transport chain (ETC) (Krishnan, Dickman, & Becker, 2008). Together 
with the subsequent activation of electron transfer flavoprotein 
(ETF), P5C has been found to be beneficial to the maintenance of 
osmotic and redox balance (Pérez‐Arellano et al., 2010). While the 
conversion of proline to P5C supplies electrons to the ETC (Teulier, 

Weber, Crevier, & Darveau, 2016) and supports energy production, 
the reactions of ETF (together with increased proline) appear to have 
an effect on cell volume, affecting the osmotic strength of cells, ac‐
companied by an increase in cytoplasmic calcium (Ca2+) (Halestrap, 
1987). Abundant proline, and its mitochondrial oxidation, has been 
demonstrated to elevate the cell's osmotic capacity, the subsequent 
increase in cell matrix volume, and the resulting osmotic swelling of 
the cell (Ballantyne & Moyes, 1987). With an increased matrix vol‐
ume, increased rates of beta(β)‐oxidation would be expected, as was 
previously demonstrated in liver cells stimulated by Ca2+ (Halestrap, 
1987). Altogether it seems probable that an increase in proline intake 
would increase (β)‐oxidation, with the resulting increase in acetyl‐
coenzyme A (CoA) being utilised by the tricarboxylic acid (TCA) cycle 
intermediates and energy production processes. In effect, increased 
energy production will stimulate the release of insulin which plays a 
key role in glucose and amino acid uptake and the synthesis of pro‐
tein, fat and glycogen (Newsholme, Bender, Kiely, & Brennan, 2007).

In a short‐term study on the benefits of proline‐supplemented 
abalone feed, Vosloo et al. (2013) proposed that the enhanced an‐
tioxidant capabilities provided by proline supplementation might 
contribute to production level growth benefits when extended over 
longer‐term studies. Coupled to recent work on fast‐growing H. midae 
consuming standard abalone feed, AbfeedTM (Marifeed Pty Ltd, 
South Africa), where it was hypothesised that faster growth can be 

F I G U R E  1   Mechanistic insights into proline metabolism. Proline enhances mitochondrial activity by stimulating cellular osmotic stress, 
which supports increased fatty acid catabolism resulting in energy production, and proline activates hypoxia inducible genes that play a 
protective role during hypoxia 
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linked to elevated insulin production which promotes protein synthe‐
sis (Venter, Vosloo, Mienie, Rensburg, & Lindeque, ), it becomes clear 
that investigations into the metabolic underpinnings of enhanced 
growth in farmed abalone are of major commercial importance. Even 
more so when focusing on the part of the abalone which is consid‐
ered the sought after edible part, commonly canned or frozen for 
exportation. Abalone are grown and cared for with the sole purpose 
of supplying abalone (more specifically muscle) of market size to the 
demanding market. The foot region constitutes about 66% of the 
total body mass of abalone, and is comprised of different muscle fibre 
types, which are expected to have different metabolic end products 
(Venter, Loots, Vosloo, Jansen Van Rensburg, & Lindeque, 2018).

The previously unanticipated importance of amino acid and fatty 
acid (acylcarnitines) dependent pathways in abalone‐fed formulated 
feeds was recently demonstrated using targeted metabolomics anal‐
ysis by means of liquid chromatography tandem mass spectrometry 
(LC‐MS/MS), providing robust support for the use of the analytical 
platform (Venter et al., 2018b). The use of LC‐MS/MS in multiple re‐
action monitoring (MRM) mode helps to analyse target compounds 
based on the transition from the unique precursor ion in the first 
quadrupole and selected product ion in the second quadrupole mass 
analyser, resulting in a higher specificity and selectivity when analys‐
ing compounds in this manner (George et al., 2010); and have proved 
useful in nutrition‐related studies (Xu et al., 2018). Considering the 
specificity offered by LC‐MS/MS and the groundwork that has al‐
ready been covered, the aim of this study was to investigate the 
effect of proline‐enriched abalone feed on the metabolite profile 
of slow‐growing adult H. midae, using a targeted metabolomics 
approach.

2  | MATERIAL S AND METHODS

The procedures and protocols used for this research were ethically 
reviewed and approved in accordance with the guidelines of the rel‐
evant institutional committees and granted Aquaculture Research 
Permit.

2.1 | Experimental design at production level

An 8‐month abalone growth experiment was conducted on‐site at 
HIK Abalone Farm (Pty) Ltd, situated in Hermanus, South Africa. 
The same cohort of animals was monitored for the duration of the 
experiment allowing day‐to‐day farming activities and regular size 
grading to continue as per farm protocol. The animals were sub‐
jected to two different feeding regimes. The first feeding regime 
used the standard formulated abalone feed (Abfeed S34) (Marifeed 
(Pty) Ltd, Hermanus, South Africa), and the second used proline‐sup‐
plemented Abfeed (Vosloo et al., 2013), which had an identical for‐
mulation to Abfeed S34, but was supplemented with 10 g proline per 
kilogram dry feed.

Eight raceways, each containing 12 baskets of abalone (approxi‐
mately 27 months of age; 65 g wet weight; 71 mm shell length), were 

used for the growth trial. Following 8 months of abalone farming, 48 
baskets of adult abalone (with each basket containing approximately 
190 animals) consuming standard abalone feed and 48 baskets of 
abalone proline‐enriched abalone feed were subjected to grading 
(weighing animals individually) and splitting (redistribution of bio‐
mass to maintain stocking density) based on the standard protocol 
of the farm. These data allowed for the calculation of farm‐relevant 
growth data per basket per month for both feeding regimes.

2.2 | Experimental design for metabolomics analysis

Within the growth experiment, (described in Section 2.1) sampling 
of abalone adductor muscle was conducted at the onset of the ex‐
periment and again after 8 months of farming from the two cohorts 
of abalone consuming different feeds. At time of sampling, animals 
were further divided into two growth classes, for example, slow 
growers and fast growers, based on their weight and length. Abalone 
were defined as a slow grower if the animal was visibly smaller than 
other abalone in the same sampling basket at an identical life stage. 
Conversely, abalone was defined as a fast grower if a larger size was 
visibly seen in an individual amongst animals from the same sample 
basket at the same life stage. Prior to dissection, the animals were 
weighed to the nearest 0.01 g and the shell lengths were measured 
to the nearest 0.1 mm, along the longest axis, using callipers. The 
weight and length data further confirmed the size differential based 
on visual observations. Abalone gender was assessed before dissec‐
tion based on the colour of the gonad, which is a cream colour in 
males and a green colour in females.

At time of sampling, 36 abalone (18 abalone consuming standard 
abalone feed and 18 abalone consuming proline‐enriched abalone 
feed) were removed from their respective holding systems, and gen‐
tly patted dry with paper towels. Sampling measures for abalone 
consuming standard abalone feed consisted of: nine slow‐grow‐
ing abalone (4 male and 5 female) with an average wet weight of 
85.70 ± 8.47 g and shell length of 79.80 ± 1.56 mm, and nine fast‐
growing abalone (5 male and 4 female) with an average wet weight of 
124.00 ± 11.50 g and shell length of 87.90 ± 3.38 mm. The abalone 
consuming proline‐enriched abalone feed group contained: nine 
slow‐growing abalone (5 male and 4 female) with an average wet 
weight of 90.40 ± 9.89 g and shell length of 79.70 ± 2.11 mm, and 
nine fast‐growing abalone (6 male and 3 female) with an average wet 
weight of 121.30 ± 10.62 g and shell length of 88.10 ± 2.36 mm.

2.2.1 | Tissue sample collection

Animals were shucked using a scalpel, working rapidly from the an‐
terior to posterior axis, cutting longitudinally through the foot be‐
tween the mantle and the distal surface of the adductor muscle. A 
sample of the shell adductor muscle was removed from the 36 aba‐
lone sacrificed for metabolomics analysis, using a scalpel from the 
ventral surface towards the central point where the muscle attaches 
to the shell. Muscle samples to the equivalent of the volume of a 2 ml 
micro‐centrifuge tube were sampled in small blocks using a scalpel 
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and snap frozen using dry ice, before shipment, on dry ice, to the 
North‐West University.

2.2.2 | Metabolite extraction and sample 
preparation

A subsample (50 mg) of muscle tissue was removed with a scal‐
pel (while on ice), transferred into a new tube and weighed for the 
purpose of pre‐analysis normalisation. Tissue homogenisation was 
performed using a two‐step method previously published (Venter, 
Jansen Van Rensburg, Loots, Vosloo, & Lindeque, 2016). In brief, 
50 mg of the adductor muscle tissue was placed into separate micro‐
centrifuge tubes, followed by the addition of 200 µl water, 560 µl 
methanol and 60 µl internal standard (2‐acetamidophenol and 3‐
phenylbutyric acid, with a final concentration of 50 µg/ml), along 
with both a 3‐ and 7‐mm stainless steel bead. This was homogenised 
for 4 min at 30 Hz using a Retch M400 vibration mill. Subsequently, 
180 µl chloroform and 90 µl water was added and each tube was 
vortexed for 1 min, and then incubated on ice for 10 min. The sam‐
ples were centrifuged at 25,000 g for 10 min at 4°C resulting in 
phase separation. A volume of 60 µl upper polar phase and 30 µl 
of the lower a‐polar phase were used for LC‐MS/MS analysis, and 
an isotope mixture was added to ensure the monitoring of a known 
compound for retention time comparisons between batches. This 
combined sample was dried under a gentle stream of nitrogen at 
37°C. To the dried residue, 100 µl 3 N butanolic HCl solution (pre‐
pared 1:4 acetyl chloride:1‐butanol ratio) was added, whereafter the 
samples were capped and incubated at 60°C for 60 min. The bu‐
tylated samples were evaporated to dryness under a gentle stream 
of nitrogen at 60°C. Lastly, the dried residue was reconstituted in 
200 μl water:acetonitrile (50:50) containing 0.1% formic acid (Venter, 
Jansen Van Rensburg, Loots, Vosloo, & Lindeque, 2017).

2.2.3 | Sequence and batch design

Samples were assigned to a batch using a randomisation equation to 
allocate these to the respective batches for analysis (Dunn, Wilson, 
Nicholls, & Broadhurst, 2012). Quality control (QC) samples were in‐
cluded in every batch by preparing a pooled mixture of the adductor 
muscle tissue. These QC samples were included within the biological 
sample batches and treated identically to the experimental samples. 
The QC samples were injected at regular intervals throughout the 
analytical run of the analysed batch.

2.2.4 | LC‐MS/MS conditions

Reverse phase liquid chromatography analyses were performed 
using an Agilent 1200 Infinity LC system as previously described 
(Venter et al., 2018a). In brief, a sample volume of 0.5 µl was injected 
onto an Agilent SB‐Aq column (2.1 × 100 mm, 1.8 µm) maintained 
at 45°C. Water (A) and acetonitrile (B) both with 0.1% formic acid 
were used as mobile phases for separation under the following gra‐
dient conditions: 0 min 5% (B); 0–0.2 min 5% (B); 0.2–2 min 25% (B); 

2–7 min 25% (B); 7–7.5 min 90% (B); 7.5–9 min 90% (B) all using a 
flowrate of 0.4 ml/min; 9–9.1 min 90% (B); 9.1–12 min 95% (B) and 
12–12.5 min 5% (B). The remaining gradient was executed using a 
flowrate of 0.5 ml/min followed by a 4 min post‐run (total run time of 
16.5 min per sample). Mass spectrometry detection was performed 
on an Agilent 6410 Triple Quadrupole using positive electrospray 
ionisation, a drying gas temperature of 300°C, a drying gas flow of 
7.5 L/min and nebuliser pressure of 30 psi. MRM transitions were 
optimised via direct infusion with Agilent Technologies MassHunter 
optimizer software (Venter et al., 2018a). All source conditions were 
kept at the predetermined optimum values for each metabolite with 
a dwell time of 45 ms. Table 1 summarises the optimised source and 
MRM conditions for each metabolite using enhanced sensitivity at 
an EMV of 400 displaying the monitored metabolites, the precursor 
and product ions [mass to charge ratio (m/z)] selected, the fragmen‐
tor (F) voltage and the collision energy (CE) voltage used.

2.2.5 | LC‐MS/MS data analysis

Data were inspected with Agilent's MassHunter Qualitative soft‐
ware for retention time drifts and other batch‐related effects before 
quantification. Supervised peak integration was performed using 
Agilent's MassHunter Quantitative software.

2.2.6 | Data processing

Data quality evaluation
The quality of the data was firstly evaluated to ensure that techni‐
cal variance from experimental factors did not affect the relevant 
biological variance and that the data could be used without correc‐
tions. The QC samples analysed amongst the batch were assessed 
in terms of coefficient of variance percentages and visual interpre‐
tations (Wehrens et al., 2016). The data were evaluated for a within 
batch effect (Xia, Mandal, Sinelnikov, Broadhurst, & Wishart, 
2012), and as no visible effect was seen within the datasets no cor‐
rection methods were applied. Furthermore, principal component 
analysis (PCA) was used to determine whether a natural grouping in 
the data exists when considering this from a multivariate perspec‐
tive (Lindeque et al., 2015). Factors like gender, size and time of 
sample preparation were investigated using this approach in order 
to confirm that the relevant biological variance in the compared 
groups was not influenced by these confounders. As a result, the 
grouping displayed visually on the PCAs did not display any favour 
towards possible confounding factors within the groups of interest.

Data pre‐processing
Zero filtering was performed (Venter et al., 2015), by removing fea‐
tures not detected in all of the samples of one experimental group, 
as they do not contain any statistical value.

Data normalisation
To remove non‐biological variation, the data were normalised using 
the mass spectrometry total useful signal normalisation method. 
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wwThis method performs correction in accordance with the sum 
of all the component signals that are present in all the samples 
(Lindeque, Matthyser, Mason, Louw, & Taute, 2018).

Data pre‐treatment
The pre‐treatment steps were completed by using the webserver 
MetaboAnalyst (www.metaboanalyst.ca) (Xia, Sinelnikov, Han, & 
Wishart, 2015). Firstly, the missing value estimation was performed 
by replacing the missing (or zero) values with half of the minimum 
positive value in the original data. The data were further transformed 
using the generalised logarithm (glog) transformation function be‐
fore statistical analysis. This ensures a more normal distribution of 
the metabolite values for parametric tests. Also, it decreases the 
weight of the more abundant compounds for multivariate analysis 
(Lindeque, Hidalgo, Louw, & Westhuizen, 2013).

Statistical analysis
The average mass increase per basket per month was compared 
using an unpaired t test with Welch's correction for unequal vari‐
ances (p < 0.05) after normality testing (Shapiro–Wilk Test, p > 0.05).

For metabolomics data, multivariate analyses were done to get 
an overview of the data and to observe the covariance of metabo‐
lites and differences in metabolite levels between individuals con‐
suming both standard and proline‐enriched abalone feed (Lindeque 
et al., 2015). Univariate statistical analyses were used to identify 
biological meaningful variables, for the purpose of identifying the 
metabolite markers best describing the variation between the slow 
and fast‐growing abalone consuming proline‐enriched abalone feed.

MetaboAnalyst was used to perform PCA analysis on the entire 
dataset to visualise the differences between the experimental groups. 
Scatter plots of the PCA scores were plotted with 95% confidence el‐
lipses to more effectively indicate grouping. Univariate analyses were 
performed with MetaboAnalyst and MS Excel. Student's t test was 
used to find significant differences in metabolite levels between the ex‐
perimental groups of the proline‐enriched feed group. Features with a 
p < 0.05 (false discovery rates corrected p‐value) indicated that the fea‐
tures differed significantly between groups and were labelled as import‐
ant. The features with a p > 0.05 were removed from the data matrix, 
resulting in only data with statistical significance. The effect size of the 
remaining features was determined to ensure that the differences were 
large enough (or practical significant). Effect size was calculated by de‐
termining the absolute difference between the means of the two groups 
divided by the maximum standard deviation of the two groups. Features 
with a d > 0.8 were labelled as important and remained in the data matrix 
for further analysis (Ellis & Steyn, 2003). Using the calculated p‐values 
and d‐values, a Volcano plot was constructed to visualise the statistical 
results differentiation between slow and fast‐growing abalone.

Pathway analysis
The important metabolites that differed statistically and practically 
between the slow and fast‐growing experimental group consuming 
enriched abalone feed were used for pathway analysis. A metabolic 
map of the metabolite profile of slow‐growing adult H. midae was 

compiled manually. Pathways where several metabolites differed sig‐
nificantly between the experimental groups were considered to be 
affected. The metabolites are reported as relative compound intensi‐
ties based on their presence in the abalone adductor muscle sample.

3  | RESULTS

3.1 | Production level farm data

A mean mass difference of 122 ± 24.5 g/basket/month for adult 
abalone consuming proline‐enriched abalone feed was calculated 
(Figure 2) when compared to the mass increase of abalone consum‐
ing standard abalone feed.

3.2 | Multivariate statistical analysis of abalone 
consuming both standard and proline‐enriched 
abalone feed

A total of 29 metabolite detected were used to construct the PCA 
score plot (Figure 3) depicting abalone which consumed standard and 
proline‐enriched abalone feed with further distinction been slow and 
fast‐growing abalone groups. The first two principal components ac‐
counted for 31% of the total variance in the data. The PCA score plot 
shows differentiation between the slow (X) and fast (∆) growing aba‐
lone consuming standard abalone feed and an overlap between slow 
(+) and fast (○) growing abalone consuming proline‐enriched abalone 
feed, with no other outliers or subgroupings present.

3.3 | Univariate statistical analysis of slow and fast‐
growing abalone consuming proline‐enriched abalone 
feed data

The muscle metabolites that differed markedly between the slow 
and fast‐growing abalone consuming proline‐enriched abalone 

F I G U R E  2   Farm data collected from 48 baskets of abalone 
subjected to an 8‐month feeding trial consuming standard abalone 
feed (left) and proline‐enriched abalone feed (right). The horizontal 
line, boxes and whiskers represent the median, 25–75th percentiles 
and range respectively. ****Indicate significance (p < 0.001). 

http://www.metaboanalyst.ca
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feed are given in the Volcano plot of Figure 4, with effect size (d2) 
on the x‐axis and –log10 adjusted p‐value on the y‐axis. Based on 
univariate analyses, a total of 10 metabolites showed an increased 
metabolic response, while eight metabolites displayed a reduced 
metabolic response.

3.4 | Metabolic differences between slow and 
fast‐growing abalone consuming proline‐enriched 
abalone feed

Analysis of abalone muscle samples revealed that the metabolite pro‐
file (Figure 5) of slow‐growing animals consuming proline‐enriched 
feed. Here, acetylcarnitine and carnitine belong to the fatty acid me‐
tabolite class, while alanopine, creatine and tauropine are classified 
as metabolites of carbohydrate metabolism. Lastly, the amino acid 
metabolite class containing alanine, arginine, asparagine, glycine, his‐
tidine, leucine, lysine, N,N‐dimethylglycine, ornithine, proline, threo‐
nine tryptophan and tyrosine was most affected (Table S1).

4  | DISCUSSION

4.1 | Improved growth rates with proline 
supplementation based on production level farm data

The farm data collected from 48 baskets of abalone consuming 
proline‐enriched abalone feed (Figure 2) suggests that this diet of‐
fers production level benefit when directly compared to standard 

abalone feed data. Based on research done on juvenile H. midae, it 
was estimated that feed supplementation with l‐proline provides in‐
dividual advantage, potentially benefiting the mariculture industry 
(Vosloo et al., 2013). This outcome was seen once again when using 
adult animals and highlights the importance of understanding the 
metabolic changes induced by proline‐enriched abalone feed as it 
may assist with increased abalone growth especially when investi‐
gating methods to assist with bridging of the gap between slow and 
fast‐growing abalone (as discussed next).

4.2 | Overview of muscle metabolite data generated 
using metabolomics analysis

A number of studies have recently proved the usefulness of metabo‐
lomics in discerning the effect of diet intervention (Jarak et al., 2018; 
Xu et al., 2018; Yang et al., 2018). As metabolomics is the endpoint 
of the ‘omics cascade’ and is the closest to the functional phenotype 
of the cell (Dettmer, Aronov, & Hammock, 2007), the metabolome 
was investigated for any further phenotypic changes which may be 
induced in abalone consuming proline‐enriched feed. The PCA score 
plot in Figure 3 gives an overview of the data prior to univariate 
analysis. Here, the metabolites detected in abalone adductor muscle 
analysed with LC‐MS/MS analyses are shown with differentiation 
between slow and fast‐growing abalone receiving standard and pro‐
line‐enriched abalone feed.

The slow‐growing abalone groups consuming standard (X) and 
enriched (+) abalone feeds show the largest variation which can 
be attributed to the large phenotypic (weight and length) variance 
found within these groups. When focusing on the fast‐growing aba‐
lone group (○) consuming the enriched diet, the samples are grouped 
closer together demonstrating comparable metabolite profiles in this 
group of animals. The fast‐growing group consuming standard aba‐
lone feed (∆) grouped separately from the other groups, highlighting 
unique metabolic changes occurring in that group. Abalone group‐
ing in accordance to size/age/growth classes is a common practice 
as demonstrated in H. tuberculate where improved production was 
eventually achieved when same‐size counterparts are grouped 
(Mgaya & Mercer, 1994). The metabolomics data demonstrated here 
further shows covariance of the metabolites liked to specific groups, 
which can be used to discriminate between slow and fast‐growing 
animals, serving as a useful for metabolite‐guided classification in fu‐
ture studies. Lastly, the overlap seen in the confidence ellipses of the 
enriched groups suggests that there are similar metabolic processes 
at similar rates between the fast and slow‐growing receiving added 
proline. In order to assess the underlying metabolic differences, the 
focus will now shift to solely the proline‐enriched abalone group.

4.3 | Metabolic differentiation between slow and 
fast‐growing abalone consuming proline‐enriched 
abalone feed

The Volcano plot differentiating between slow and fast‐growing 
abalone consuming proline‐enriched feed (Figure 4) clearly shows 

F I G U R E  3   PCA score plot of adductor muscle metabolites in 
abalone consuming standard (stand) and proline‐enriched abalone 
feed (enrich) with 95% confidence ellipses showing grouping of fast 
and slow‐growing adult abalone in both groups
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histidine as the metabolite which was the largest affected. Histidine 
is regarded as an essential amino acid in abalone and should be sup‐
plied by diet (Fleming, Barneveld, & Hone, 1996), suggesting that 
histidine is not sufficiently present in abalone muscle following 
consumption of proline‐enriched abalone feed. Numerous metabo‐
lomics studies have detected histidine in abalone (Bae, Yoon, & Lim, 
2011; Lu, Feng, Cai, & Chen, 2017; Sheedy, Lachambre, Gardner, & 
Day, 2015; Venter et al., 2018b; Viana et al., 2007), but none to date 
link this metabolite to growth differences of abalone, making it an 
interesting metabolite for future investigations.

When focusing on the effect of added proline to the standard 
abalone feed, it is important to keep in mind that both slow and fast‐
growing abalone received added proline from a dietary source for 
metabolic use. However, the slow‐growing group showed decreased 
proline levels suggesting catabolism (breakdown) thereof for usage in 
energy production (Figure 5). It appears as if the proline supplemen‐
tation reversed the metabolic profiles of the slow‐growing abalone 
when compared to their fast‐growing counterparts as previously seen 
(Venter, Vosloo, Loots et al., 2018). Based on the previous work on H. 

midae, it was concluded that slow‐growing abalone did not fully uti‐
lise glycolysis for energy production but also depends on alternative 
pathways (such as β‐oxidation and amino acid catabolism) to sustain 
basal energy levels. Likewise, this study also demonstrates that slow‐
growing abalone depend on alternative routes for energy production 
utilising predominantly amino acids like proline as an energy source.

From Figure 5, it is clear that proline ensures glutamate pro‐
duction to replenish alpha(α)‐ketoglutarate levels in the TCA cycle 
following deamination (Brosnan, 2000), which is typically what is 
expected in the slow‐growing abalone group. As part of regulatory 
functioning, the TCA cycle allows oxaloacetate to be converted to 
aspartate (and vice versa) (Newsholme et al., 2003). With additional 
proline catabolised, glutamine production is initiated ensuring glu‐
tamate production and conversion to the TCA cycle subsequently 
resulting in increased aspartate and then asparagine production. 
Furthermore the hydrolysis of asparagine yields aspartate (Garrett 
& Grisham, 2010) which is required to produce argininosuccinate, 
and with that the production of arginine is stimulated, which cleaves 
to urea and ornithine, and also causes creatine production (Salway, 

F I G U R E  4   Volcano plot showing the metabolite differences between slow and fast‐growing abalone consuming proline‐enriched abalone 
feed. Increased metabolites (blue) include: (1) ornithine, (2) tryptophan, (3) carnitine, (4) arginine, (5) glycine, (6) creatine, (7) asparagine, 
(8) leucine, (9) tyrosine and (10) alanine. Decreased metabolites (pink) include: (1) histidine, (2) acetylcarnitine, (3) proline, (4) N,N‐
dimethylglycine, (5) tauropine, (6) alanopine, (7) threonine and (8) lysine 
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2004), of which increased metabolite concentrations were ob‐
served. The catabolism of proline releases an amino group which 
supports the production of ammonia resulting in urea production 
and increased urea cycle intermediates. Increased urea cycle inter‐
mediates are typically seen in abalone when subjected to hypoxic 
conditions; (Venter et al., 2018b), however, their presence may be 
linked to increased protein catabolism as a consequence of increased 
proline breakdown and downstream pathways. Furthermore, in‐
stead of phosphoarginine and phosphocreatine being broken down 
as an adenosine triphosphate (ATP) source, it seems probable that 
the increased intermediates will be converted to these phosphate 
sources to fill intracellular stores for future use.

The use of amino acids to stimulate protein synthesis is also 
demonstrated when viewing the amino acids with decreased con‐
centrations in Figure 5. Decreased levels of essential amino acids 
like tyrosine, leucine, lysine and histidine support the usage for the 
synthesis of proteins, adding to the large metabolite variation seen 
in the slow‐growing proline‐enriched abalone group (+) of the PCA 
in Figure 3. Altogether, the process of protein synthesis is depen‐
dent on factors like substrate availability, the developmental stage of 
the organism, environmental factors, species etc. (Wu et al., 2014), 

making it impossible at this stage to speculate which amino acids are 
used primarily for protein synthesis, but considering the decrease of 
the above‐mentioned metabolites, they can be considered as build‐
ing blocks for protein synthesis.

Additional proline in the mitochondria also supports β‐oxidation, 
which resulted in decreased acetylcarnitine and increased dehydroxy‐
carnitine and carnitine in the slow‐growing abalone group. In brief, 
β‐oxidation is responsible for the breakdown of fatty acid molecules 
to generate acetyl‐CoA for usage in the TCA cycle (Garrett & Grisham, 
2010). Then again acetylcarnitine can be regarded as storage product 
for acetyl‐CoA production which also assists with TCA functioning 
and ATP production via the ETC in abalone during standard farming 
conditions. The activation of fatty acid catabolism in this study is also 
supported by the working of proline, which stimulates mitochondrial 
activity. Although no literature supporting this in abalone could be 
found, evidence for this has previously been reported in other spe‐
cies like bumblebees (Teulier et al., 2016). Research done on plants 
show that during stress, proline and lipid metabolism share dual roles 
(Shinde, Villamor, Lin, Sharma, & Verslues, 2016), suggesting that pro‐
line has the ability to regulate β‐oxidation, subsequently resulting in 
decreased acetylcarnitine and an increase in alanine, as seen in this 

F I G U R E  5   Metabolic muscle profile of slow‐growing Haliotis midae with comparative concentrations of those metabolites significantly 
different in the carbohydrate (blue), amino acid (green) and fatty acid (brown) metabolic pathways, are indicated by an increase (↑) or 
decrease (↓) in comparison to that fast‐growing abalone group 
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experiment (Figure 5). Furthermore, adult abalone have the capacity 
to accumulate lipid stores, suggesting an increased dependence on a 
pathway like β‐oxidation for energy production in H. midae (Laas & 
Vosloo, 2010). Based on a dietary lipid investigation conducted on H. 
iris, it was concluded that lipids do not significantly affect the growth 
of this abalone species (Tung & Alfaro, 2012), which could be true for 
H. midae as well.

Although both groups consumed a proline‐enriched diet, it ap‐
pears that the slow‐growing abalone were able to metabolise more 
of the amino acid compared to the fast growers. This might then 
also hint that amino acid catabolism is very active in the slow‐grow‐
ing adult abalone, which could explain their growth rate (as demon‐
strated by weight and length measures in Section 2.2).

5  | CONCLUSIONS

Abalone feed supplementation with proline offers production level 
benefit and although the understandings of the metabolic underpin‐
nings driving this are still controversial it is important for future di‐
rected feed improvements. Also, the findings of this study highlight 
the metabolic significance of added proline to abalone feeds. The 
addition of proline to standard abalone feed serves as a sufficient 
substrate for amino acid catabolism. The metabolite profile of slow‐
growing abalone suggests that the breakdown of additional proline 
from a dietary source assists with energy production via the use of 
the TCA cycle and the ETC. This is further supported by increases in 
urea cycle intermediates and several amino acids which support the 
action of protein catabolism for energy production purposes. Lastly, 
this study is helpful for a better understanding of the metabolic 
functioning of slow‐growing adult H. midae consuming a proline‐ 
enriched abalone diet. Consecutive work on juvenile abalone will be 
worthwhile to determine if slow growth is noticeable at an earlier 
life stage and to establish if a proline‐enriched diet can bridge the 
gap between the slow and fast‐growing animals prior to adulthood.
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