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Abstract: Haliotis gigantea, a commercially cultivated abalone in China, predominantly displays the
pale-yellow-footed trait. However, a limited occurrence of the orange-footed muscle trait makes it a
valuable candidate for breeding programs. In our research, we examined the inheritance pattern of
the orange-footed trait and conducted a 90-day feeding trial for H. gigantea to compare the influence
of formulated feed and macroalgae on pigment enrichment and growth rates. Our results suggest that
the orange-footed trait has a recessive nature relative to its common counterpart and demonstrates
stable inheritance. We also identified a significant correlation between color-difference values (a*)
and total carotenoid content (TCC) (R2 = 0.955, p < 0.05), suggesting the TCC in abalone foot muscle
can be estimated using the a* value. Furthermore, introducing carotenoids to formulated feed
imparts an orange hue to the foot muscle, but this effect is inferior compared to using Gracilariopsis
lemaneiformis with a similar carotenoid content. This suggests that H. gigantea has a higher absorption
efficiency for the carotenoids from the macroalgae G. lemaneiformis compared to formulated feed.
Growth assessments indicate that the formulated feed, enriched with higher crude protein than
G. lemaneiformis, optimally supports H. gigantea growth. Our findings furnish valuable insights that
could steer breeding strategies and feeding practices towards achieving the orange-footed muscle
trait in H. gigantea.

Keywords: H. gigantea; foot color; inheritance pattern; carotenoid; feed

Key Contribution: The orange-footed trait in H. gigantea consistently inherits, potentially being
recessive to the standard phenotype. While the introduction of carotenoids to formulated feed does
not enhance color as effectively as G. lemaneiformis does, it does accelerate growth rates more rapidly
than G. lemaneiformis.

1. Introduction

The aquaculture of Haliotis gigantea, characterized by its pale-yellow foot muscles,
holds commercial importance in both China and Japan. In Japan, the species commands an
annual production of over 2000 tonnes, underlining its economic value. Concurrently, it
is gaining prominence in China, serving both the domestic market and emerging as a key
export commodity. However, in the cultured population, a small number of orange-footed
mutants sharply contrast with the common-footed H. gigantea. This orange-footed variant
is unique due to its appealing color and an abundance of carotenoids, making it a precious
biological material for the breeding of abalone species. Previous studies have suggested
that the color of the foot muscle in mollusks is predominantly due to the enrichment of
carotenoids in tissues [1]. One intriguing finding is that the content of carotenoids in the
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foot muscle of orange-footed H. gigantea reaches up to 300–500 µg/dry g [2], reportedly the
highest content among shellfish to date. This is about 16.5 times that of common-footed
H. gigantea or over 100 times of most edible shellfish [3]. However, the genetic pattern of
orange-footed H. gigantea remains to be elucidated.

Carotenoids are natural organic pigments, distinguished by their distinct chemical
structures. Based on their specific chemical structures, carotenoids can be categorized
into two primary classes. The first class, termed ‘carotene’, consists of compounds like
β-carotene and lycopene that contain only carbon and hydrogen without any oxygen.
The second class includes compounds like zeaxanthin and astaxanthin, which contain
oxygen-bearing functional groups such as hydroxyl, carboxyl, and epoxy groups [4]. At the
molecular level, the conjugated double bonds of carotenoids form a chromophore structure
of varying lengths [5], bestowing a red tint to aquatic animal muscles. They play an
essential role in the muscle pigmentation of fish and shellfish [6,7]. Beyond coloration, their
notable antioxidant, anti-inflammatory, and antiviral properties [8–10] are often harnessed
to promote the growth and health of fish and shellfish. Moreover, owing to their powerful
antioxidant capabilities and their involvement in vitamin A biosynthesis, foods which
contain carotenoids are vital for human nutrition and health [11,12].

Aside from genetic factors [1,13], the type and content of carotenoids in shellfish are
mainly influenced by environmental factors, such as feed and water temperature [14,15],
and physiological factors, including age, sex, and developmental stage [16,17]. It is worth
noting that shellfish, among other aquatic animals, can hardly synthesize carotenoids
independently. Instead, they acquire them through the ingestion of feeds or symbiotic
microorganisms enriched with carotenoids, which are subsequently absorbed, transported,
metabolized, and finally accumulated in the body [18]. Therefore, among various factors,
the type of diet plays a pivotal role in the enrichment of carotenoids in shellfish. Moreover,
both macroalgae and formulated feeds can be employed for abalone culture [19]. Since
fresh macroalgae offer more health benefits than formulated feeds, abalones in several
countries are known to be farm-fed with macroalgae [20,21]. Gracilariopsis lemaneiformis,
rich in essential nutrients and carotenoids, is widely used as a food source for cultured
abalone in China [2]. Formulated feeds are also essential in regions where abalones struggle
to thrive on live brown macroalgae. The effects of carotenoid-supplemented formulated
feeds versus macroalgae on the accumulation of carotenoids in the foot muscle of H. gigantea
and its subsequent growth are not yet fully understood.

This study intends to unravel the impact of genetic factors and dietary components
on the formation of orange foot muscle in H. gigantea. We conducted both self-crosses and
crosses among the abalones exhibiting orange and common foot colors. The colors were
then examined in the first generation resulting from these test crosses and the correlation
between progeny foot-muscle color and parental foot-muscle total carotenoid content (TCC)
was assessed. Additionally, we explored the effects of various feed types on the color
and growth of H. gigantea’s foot muscle. Our study promises to provide theoretical and
technical guidance for the cultivation of new abalone species that are both distinctive and
high-quality.

2. Materials and Methods
2.1. Parental Abalone Breeding and Offspring Cultivation

The parental abalones used in this study were sourced from the two-year-old cultured
stocks of H. gigantea at Fuda Abalone Farm in Jinjiang, Fujian Province. Careful selection
was made to choose healthy and vibrant parents that exhibited fully developed gonads and
displayed both orange and common foot-muscle phenotypes. In particular, RR refers to
parents that exhibit the orange-footed trait, while SS represents those with the common-
footed trait. To generate our F1 lines, we utilized these specific parental combinations:
RR × RR, SS × SS, RR × SS, and SS × RR, with the females listed first. Notably, all
spawning and fertilization processes were conducted in November.
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Throughout the growth process, all F1-generation lines were cultured under identical
conditions and received the same feeding regimen. During the period of culture, the tem-
perature was maintained at a range of 15–27 ◦C, oxygen levels were kept at 5.5–6.8 mg/L,
and the salinity was between 31–33 psu. The abalones were reared in 600-L buckets
and provided with appropriate feeds. Diatoms were provided as food for abalones aged
0–1 month, while regular formulated feed was given to those aged 2–7 months. Abalones
aged 8–10 months were fed with G. lemaneiformis, ensuring a suitable diet tailored to their
developmental stage (Table S1).

2.2. Color Identification of Abalone Foot Muscle

The color of the abalone foot muscle was assessed using a 3nh-NR110 color difference
meter from Shenzhen 3nh Technology Co., Ltd. Previous studies have demonstrated
a significant correlation (p < 0.01) between the color parameters’ brightness value (L*),
red-green value (a*), and blue-yellow value (b*) measured by this device and the color
characteristics observed with the naked eye [22]. Notably, an increase in the value of each
parameter indicates a deeper yellow color, ultimately transitioning to an orange-red hue.
Among these parameters, the a* value is considered the most representative.

The distinct coloration of the foot muscle allows for easy visual classification of orange-
footed H. gigantea compared to the common H. gigantea. However, for specimens that could
not be classified by visual inspection, we performed color-difference measurements using a
colorimeter and calculated the average value. Abalones with an a* value greater than or
equal to 10.00 were classified as orange-footed H. gigantea, while those with an a* value less
than 10.00 were categorized as common H. gigantea. For each abalone line, we identified
40 individuals of each foot-muscle phenotype (orange-footed/common).

2.3. Experimental Design of Acclimation and Feeding of the Experimental Abalone

The abalones used in the experiment consisted of two sets of H. gigantea aged 10 months,
referred to as Group A and Group B. Both groups were the offspring of orange-footed
H. gigantea and were bred in a self-bred manner (Figure S1). Throughout the culture process,
the environmental conditions remained consistent, with the exception of the feed provided
to abalones aged 8–10 months. Group A abalones were fed with G. lemaneiformis, while
Group B abalones received conventional formulated feed, which lacked carotenoids.

To distinguish between the two groups, individual abalones were labeled on their
shells prior to the experiment. They were then placed in test units, specifically 300 L
buckets, with 16 abalones from either Group A or Group B in each bucket. The abalones
were given two types of feeds throughout the experiment: G. lemaneiformis and a tailor-made
formulated feed (refer to Table S2). This led to the formation of four subgroups: Group AL
(Group A fed with G. lemaneiformis), Group BL (Group B fed with G. lemaneiformis), Group
AS (Group A fed with the formulated feed), and Group BS (Group B fed with the formulated
feed). Each subgroup consisted of three replicates. In the following 90-day experimental
period, the observed temperature ranged between 17–25 ◦C, oxygen levels were between
6.2–6.5 mg/L, and the salinity remained around 32 psu. Feeds were provided at 5 pm daily,
while residual feeds were cleaned and buckets were rinsed around 9 am the following
morning. During the 90-day feeding trial, the abalones consumed approximately half of
the daily feed provided. This was determined based on the amount of feed observed to be
remaining each day.

2.4. Assessing the Growth Indices of Abalone

The shell length of the abalones was measured using a vernier caliper with an accuracy
of 0.01 mm. Additionally, the body weight of the abalones was measured using a palm scale
with an accuracy of 0.01 g. The growth indices used in this work were calculated as follows:

(1) Fatness (g/mm) = total weight (g)/shell length (mm)
(2) Shell length gain ratio (%) = (final shell length (g) − initial shell length (g))/initial

shell length (mm)
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(3) Total mass gain ratio (%) = (final total weight (g) − initial total weight (g))/initial total
weight (g)

(4) Fatness gain ratio (%) = (final fatness (g/mm) − initial fatness (g/mm))/initial fatness
(g/mm)

2.5. Determination of Carotenoid Content in Abalone Foot Muscle
2.5.1. Isolation of Pigments

The tissue specimens were subjected to processing in a vacuum freeze-drying unit
for 48 h and subsequently ground into a powder using a tissue grinder. To extract the
carotenoids, 1.00 g of the powdered specimens was accurately weighed and placed in a
50 mL centrifuge tube. Then, 20 mL of ethyl acetate and 0.02 g of BHT (2,6-di-tert-butyl-4-
methylphenol) were added. The mixture was homogenized at 1000 rpm/min for 5 min,
followed by centrifugation at 4000 r/min and a low temperature of 4 ◦C for 5 min to
separate the supernatant from the specimen. This extraction procedure was repeated three
times to ensure thorough extraction of the carotenoids.

All supernatants were collected in a brown pear-shaped flask and evaporated using
a rotary evaporator at a water bath temperature of 32 ◦C and freezer temperature below
10 ◦C. A small amount of ethyl acetate was pipetted into a brown pear-shaped flask, and the
carotenoids were transferred in small amounts and multiple times to a 4 mL brown feed vial.
The extract was further concentrated using a solvent workstation (Maxtemp = 33 ◦C) and
stored in a refrigerator at −20 ◦C under shaded conditions.

Before chromatographic detection, the extracts were dissolved in 2000 µL of ethyl
acetate, thoroughly mixed by inverting, and subjected to ultrasonic treatment for 2–3 min to
ensure complete dissolution of the pigments. A single-use syringe was used to draw 1 mL of
the sample solution, which was then filtered through a 0.22 µm membrane and transferred
to a 2 mL liquid-phase brown vial to obtain the sample solution for HPLC analysis.

2.5.2. HPLC Analysis

Chromatographic conditions included the use of a mobile phase consisting of n-hexane
and ethyl acetate in a ratio of 40:60 (v/v). The flow rate of the mobile phase was set at
1.5 mL/min, and an injection volume of 20 µL was used. The analysis was performed
using a YMC-PackSIL silica gel column (250 × 4.6 mm, particle size 5 µm) at a column
temperature of 25 ◦C. The Chromeleon Console 7.2 (Thermo Fisher Scientific) was utilized
for data analysis.

We weighed 1.00 mg of zeaxanthin and β-carotene standards separately and dissolved
them in ethyl acetate of chromatographic purity. The solutions were transferred into 2 mL
volumetric flasks, and the volume was adjusted accordingly. After thorough shaking, the
standard solutions were diluted at equal ratios to obtain concentrations of 500, 250, 125, 62.5,
31.25, 15.625, 3.125, 1.5625, 0.78125, 0.15625, and 0.078125 µg/mL. The standard solutions
were then analyzed using the chromatographic system, and the peak area values of the
standard solutions at different concentrations were used to calculate the standard curves
and conversion equations.

Using the same chromatographic conditions, the sample solution was analyzed and
the chromatogram was recorded. By comparing the peak retention times with those of
the standard solution, the types of carotenoids present in the specimens were identified.
The contents of Zeaxanthin and β-carotene in the specimens were calculated based on the
standard curve. Considering that the combined amount of Zeaxanthin and β-carotene
accounts for over 85% of the total carotenoid content in the abalone foot muscle and plays
a crucial role in determining the TCC levels, their sum was considered as the TCC in the
abalone foot muscle.

2.6. Data Analysis

Data collection and data pre-processing were carried out using Microsoft Excel, version
2021. To examine the differences between the means of our groups, we employed one-
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way analysis of variance (ANOVA). In the case where the one-way ANOVA indicated a
significant difference (p < 0.05), a post hoc Tukey test was performed to identify specifically
where these differences occurred. Statistical analysis was performed using IBM SPSS
Statistics 26, and graphs were generated using the ggplot2 package in R version 4.3.0.

3. Results
3.1. Genetic Foot-Muscle Color Patterns

A total of 4819 abalones from 16 F1-generation lines were included in this study.
Specifically, four of these lines were derived from both parents being of the orange-footed
H. gigantea variety (R × R). In contrast, three lines had both parents from the common
H. gigantea variety (S × S). Additionally, six lines stemmed from a female parent of the
orange-footed H. gigantea and a male parent from the common H. gigantea (R × S), while
the remaining three lines were obtained from a female parent from the common H. gigantea
and a male parent from the orange-footed H. gigantea (S × R).

Table 1 shows that when the crosses involved two orange-footed H. gigantea parents,
the majority of F1-generation offspring manifested orange foot muscles. A small number
of individuals fell below the standard for orange foot muscles, which could be attributed
to individual variations. As for the crossbred lines of orange-footed H. gigantea with
common-footed H. gigantea, only one line exhibited a balanced segregation of character
at a ratio of 1:1 (common-footed: orange-footed). In contrast, the other lines consistently
exhibited the regular pale-yellow character. Similarly, the F1-generation lines of common-
footed H. gigantea demonstrated a clear segregation of character at ratios of 1:0 and 3:1.
These observed segregation ratios of character (0:1, 1:0, 1:1, 3:1) are in line with Mendelian
inheritance patterns.

Table 1. Progeny separation of foot-muscle color in F1 lineage of H. gigantea.

Parental Combination (Female × Male)

RR × RR SS × SS RR × SS SS × RR

Progeny separation (SS:RR)

RR-1: 0:94 (0:1)
RR-2: 9:852 (0:1)
RR-3: 0:230 (0:1)
RR-4: 0:450 (0:1)

SS-1: 130:0 (1:0)
SS-2: 43:15 (3:1)

SS-3: 312:97 (3:1)

RS-1: 163:0 (1:0)
RS-2: 540:0 (1:0)
RS-3: 850:0 (1:0)
RS-4: 551:0 (1:0)
RS-5: 137:0 (1:0)
RS-6: 106:0 (1:0)

SR-1: 140:0 (1:0)
SR-2: 39:47 (1:1)

RR represents orange-footed parents, SS represents common-footed parents.

Figure 1 shows the relationship between carotenoid content (TCC) and muscle color-
difference value (a*). A strong positive correlation between the foot muscle a* and TCC
(R2 = 0.977, p < 0.01) was found in our study involving 29 individuals H. gigantea, including
both orange-footed and common-footed variants.

3.2. Effects of Feeds on the Foot Muscle Color

Figure 2 displays marked changes in the foot muscle a* value (indicating color) of
abalones in all four groups and initial values (dash lines) of Group A and B. The initial
a* values of Group A and B are 22.55 ± 4.31 and 6.47 ± 1.83, respectively. Considered from
the perspective of identical initial TCC but different types of feed, compared to the initial
a* value, Group AL’s foot-muscle color had no significant change (p > 0.05), whereas Group
AS’s lightened (p < 0.05). Both Group BL and BS transitioned to an orange tint, with BL’s
change more evident (p < 0.05). For the TCC values, Group AL showed a notably greater
color difference than Group AS, while Group BL differed more from Group BS (p < 0.05).
Table 2 indicates that the levels of zeaxanthin and β-carotene in the feeds for Group A and
B are not significantly different (p > 0.05).
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Table 2. Analysis of carotenoid content of two type of feeds (mean ± SD).

Diet
Carotenoid (mg/kg)

Zeaxanthin β-Carotene

Formulated feed 130.33 ± 3.68 a 149.33 ± 4.11 a

G. lemaneiformis 126.29 ± 15.96 a 143.95 ± 8.73 a

Differences denoted by distinct letters within the same column are statistically significant (p < 0.05).

3.3. Effects of Feeds on the Growth Rate

To avoid the impact of initial specimen size differences on the results of the experiment
(Table S3), the shell length gain ratio, mass gain ratio, and fatness gain ratio were considered
as the indices measuring growth rate. Figure 3 shows that after the end of the feeding
experiment, four groups of abalones were detected with significant changes in respect
of shell length, total weight, and fatness. Considered from the perspective of identical
initial TCC but different types of feed, among the three indicators, Group AS significantly
outperformed Group AL (p < 0.05), and Group BS outperformed Group BL (p < 0.05).
There was no significant difference between Group AS and Group BL (p > 0.05). From
the perspective of different initial TCC values but identical feed types, in these three
indicators, Group BL was significantly higher than Group AL (p < 0.05), and Group BS was
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significantly higher than Group AS (p < 0.05). In addition, our data show that both the
crude protein and crude lipid contents in the formulated feed were notably higher than
in G. lemaneiformis, registering at 40.00 ± 0.50% vs. 15.91 ± 5.39% and 3.58 ± 0.23% vs.
1.74 ± 0.11%, respectively (p < 0.05), as detailed in Table 3.
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Figure 3. Comparison of shell length, weight and fatness gain ratio of abalone in 4 groups
(mean ± SD, n = 20). (a) Shell length increase ratio; (b) Dry weight increase ratio; (c) Body mass
increase ratio. Means with different letters are significantly different (p < 0.05).

Table 3. Analysis of nutrient composition of two experimental feeds (mean ± SD).

Diet Ash (%) Moisture (%) Crude Protein (%) Crude Lipid (%) Crude Carbohydrate (%)

Formulated feed 10.69 ± 0.57 a 6.55 ± 0.04 a 40.00 ± 0.50 a 3.58 ± 0.23 a 39.18 ± 0.97 a

G. lemaneiformis 17.52 ± 0.01 b 90.37 ± 0.41 b 15.91 ± 5.39 b 1.74 ± 0.11 b 64.83 ± 1.89 b

Differences denoted by distinct letters within the same column are statistically significant (p < 0.05).

4. Discussion

The inheritance of body color in aquatic animals, especially mollusks, remains a debated
topic. While much research on color genetics predominantly targets fish [23–26], mollusk
studies focus mainly on scallop foot muscles [27–29]. For example, when orange-bodied
Cyprinus carpio wuyuanensis was bred with blue-gray-bodied Cyprinus carpio rubrofuscus, the
F1 offspring were blue-gray, showing blue-gray dominance. Subsequent F1 self-crossing and
back-crossing revealed inheritance controlled by two gene pairs [25]. In contrast, studies
on Japanese koi (Cyprinus carpio) present varied theories about the genetic control of their
colors [24,26]. For Yesso scallops, Li et al. [28] demonstrated Mendelian inheritance for
muscle color, linking it to the PyBCO-like 1 gene. In a separate study, Li et al. [29] identified
through transcriptome analysis that the down-regulation of PyBCO-like 1 results in carotenoid
accumulation in muscle. These studies highlight the different inheritance patterns between
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fish and mollusks. In H. gigantea, the orange-footed trait seems recessive, possibly governed
by allelic genes, though further F2, F3, and back-crossing studies are essential.

Previous research has highlighted the relationship between carotenoid enrichment and
muscle color in shellfish. Zhao et al. [30] introduced two scallop strains, ‘QN Orange’ and
‘Bohai Red’, both derived from a hybrid cohort of Bay scallop (Argopecten irradians irradians)
and Peruvian scallop (Argopecten purpuratus). The orange-adductored ‘QN Orange’ strain
had a carotenoid concentration of 82.68 µg/g, which was substantially higher than its ‘Bohai
Red’ counterpart with white adductor muscles. Another instance is the ‘Nanao Jinbei’,
originating from golden-yellow individuals of scallops in Nanao, Shantou, Guangdong;
this strain exhibits golden-yellow hues across its shell, adductor muscle, and mantle. The
carotenoid concentration in its golden-yellow adductor muscle lies between 10.0 and
15.6 µg/g, which is 4.7 to 13.7 times more than the typical white adductor muscle [13].
These studies emphasize the direct association between carotenoid concentrations and the
visible muscle colors, aligning with our findings. In addition, measuring TCC directly
can be cumbersome. According to our results, using the a* value as an indicator offers a
quicker method to estimate TCC in shellfish muscle, presenting a potential tool for swiftly
assessing muscle coloration.

Our study builds on the existing knowledge that abalones have the ability to derive
β-carotene from both fresh macroalgae and formulated feeds [31]. Our results suggest
that abalones starting with lower carotenoid levels might better accumulate carotenoids
over time. One possible explanation is that there may be an upper saturation limit for
carotenoid accumulation in abalones. Abalones that start with higher levels may be closer
to this saturation point, making additional accumulation less efficient. Our findings also
suggest that H. gigantea accumulates carotenoids from G. lemaneiformis more efficiently than
from the formulated feed. The reason could be that fresh macroalgae might contain other
nutrients or compounds that act synergistically with pigments to enhance their uptake
or incorporation into tissues, an effect that might not be replicated in formulated feeds.
It is worth noting that natural pigments, such as those found in fresh macroalgae, tend
to have better deposition in abalone tissues compared to formulated feeds [32–34]. Thus,
while genetics are influential, H. gigantea’s foot-muscle color also largely depends on its
diet types.

Bansemer et al. [35] found that formulated feeds would be more beneficial to the growth
of Haliotis laevigata compared to natural algae such as Ulva lactuca and G. lemaneiformis,
which coincides with the results revealed in our study. This accelerated growth in abalones
on the formulated feed is largely attributed to the limited protein and lipid content in
fresh macroalgae [2,36]. Orange-muscle abalones, despite their elevated carotenoid content,
displayed slower growth rates than their common counterparts under identical dietary
conditions. This observation aligns with findings from a recent study [37]. One possible
explanation is that carotenoid synthesis or storage might require more energy. When
organisms prioritize certain physiological functions, such as coloration, they might redirect
energy from other functions, like growth.

5. Conclusions

In conclusion, our study demonstrates that the orange-footed trait in H. gigantea is
recessive and stably inherited, making it a valuable focus for future breeding programs.
A strong correlation between the color-difference values (a*) and the total carotenoid
content (TCC) was established, indicating that TCC can be reliably estimated using the
a* value. While supplementing formulated feed with carotenoids resulted in an orange hue
in the abalone’s foot muscle, the effect was less potent compared to the natural macroal-
gae G. lemaneiformis. This implies that H. gigantea absorbs carotenoids more efficiently
from G. lemaneiformis. Finally, our growth assessments suggest that formulated feeds en-
riched with higher crude protein are more effective for the growth of H. gigantea than
G. lemaneiformis. These findings provide valuable insights that could guide both breeding
and feeding strategies for enhancing the desirable orange-footed muscle trait in H. gigantea.
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