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Abstract

One of the bottlenecks in cultivating juvenile green aba-

lone Haliotis fulgens is the lack of well-adapted natural

or formulated food for optimal growth. The goal of this

study was to analyse the digestive gland structure of

juvenile green abalone fed rehydrated natural feed, Ulva

sp. (Chlorophyta), Eisenia arborea, Macrocystis pyrifera,

Egregia menziesii (Phaeophyta) and Porphyra perforata

(Rhodophyta), using histochemical techniques. Structure

of the digestive gland was described, and proteoglycan

granules were detected in the digestive cells. The abun-

dance of granules was variable, depending on the feed

provided to the abalone, and this was reflected in their

growth. Granular content in digestive cells fed Ulva sp.

was scarce, leading to low growth rate and high feed

conversion ratio (FCR). Digestive cells of juveniles fed

E. menziesii led to the best nutritional condition, includ-

ing many proteoglycans cellular granules, best weight

growth rate and a low FCR. Histochemical analysis of

the digestive gland, differentiated by a modified Goldner

trichrome method that included Alcian blue, was a useful

tool for determining the nutritional status of farmed aba-

lone, therefore recommended for assessing adjustments to

the natural feed or formulation to meet the nutritional

needs of abalone.
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Introduction

Green abalone, Haliotis fulgens (Philippi, 1845), is a marine

resource of ecological and economic importance along the

coast of the Baja California Peninsula. It is an important

source of income in several exporting countries, but it is an

overexploited resource. Abalone farming is well developed

in China, Taiwan and Japan and less developed in Austra-

lia, Chile, Iceland, Ireland, New Zealand, South Africa,

Thailand, the USA and Mexico (Gordon & Cook 2003).

One of the bottlenecks in intensive abalone farming is the

natural or formulated food for optimal growth at a reason-

able price (Viana et al. 1993; Fleming et al. 1996; Knauer

et al. 1996; Kawamura et al. 1998). In Mexico, abalone

farms use natural diets, principally Macrocystis pyrifera to

rear abalone spat of 10 mm (MacBride 1998); however,

abundance and biochemical content of M. pyrifera changes

with environmental conditions.

On the Pacific coast of North America, the main species

of macroalgae associated with abalone habitats are M. py-

rifera, Eisenia arborea, Laminaria farlowii, Pterygophora

californica, Desmarestia lingulata, Cystoseira osmundacea,

Sargassum muticum and Crytopleura crispa. Along the

southern coast of the Baja California Peninsula, algae spe-

cies associated with abalone banks are brown algae (C. os-

mundacea, E. arborea, Sargassum sinicola, Spatoglossum

howelli) and red algae (Corallina officinalis var. chilensis,

C. vancouveriensis, Cryptopleura crispa, Gelidium robustum,

Prionitis cartilagineum and P. lanceolada) (Serviere-Zar-

agoza et al. 2003).

Several studies describe the nutritional value of macroal-

gae consumed by abalone. Artificial diets have been exten-

sively tested over the past three decades, chiefly to support

refinements in abalone aquaculture (Uki & Watanabe 1992;

Leighton 2000). These studies tried to find the best
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alternatives of feed for abalone that lead to high growth

rates under cultivation. For example, Uki et al. (1986) eval-

uated 57 macroalgae as diets for juvenile Haliotis discus

hannai and obtained the best growth with Eisenia bicylis.

Mercer et al. (1993) showed that Palmaria was the best

macroalgae for juvenile H. tuberculata and H. discus han-

nai. Corazani & Illanes (1998) evaluated the growth in

juvenile H. discus hannai and Haliotis rufescens fed three

natural diets (Ulva rigida, Macrocystis integrifolia and

Lessonia trabeculata) and an artificial diet. They found that

the highest growth for both abalone species was with the

artificial diet and the natural diet of U. rigida for H. discus

hannai and M. integrifolia for H. rufenses. Serviere-Zar-

agoza et al. (2001) evaluated three macroalgae Eisenia ar-

borea, Gelidium robustum, M. pyrifera and a seagrass

(Phyllospadix torreyi) in juvenile H. fulgens, finding that

M. pyrifera led to the highest growth rate (53 ! 2 lm d"1;

survival of 93%). Nelson et al. (2002) tested three macroal-

gae (Egregia menziesii, Chondracanthus canaliculatus and

Ulva lobata) in juvenile H. fulgens, obtaining the best

results with E. menziesii. Pérez-Estrada et al. (2011) found

that E. menziesii, M. pyrifera and P. perforata are more

efficient in promoting growth in juvenile green abalone

than Ulva sp. and E. arborea.

Natural feed of abalone is a mixture of macroalgae,

diatoms and biofilm; however, little is known of the

important nutrient requirements of juvenile abalone in

terms of energy level, proteins and micronutrients (Pérez-

Estrada et al. 2011). One major concern of all aquaculture

enterprises is to satisfy the nutritional requirements of the

organisms during the first stages of life. This is a funda-

mental factor for developing abalone production, particu-

larly in the Baja California Peninsula. Shawl & Davis

(2006) point out that the major bottleneck in intensive

gastropod farming is the lack of formulated food for opti-

mal growth of larvae and juveniles in hatcheries at a rea-

sonable price. The objective was to improve husbandry

techniques for grow-out of juveniles, using diets that

allow a growth rate equal to or higher than wild juve-

niles. Most studies of the digestive tract and digestive

gland of microphagous prosobranch gastropods have been

performed on species living in intertidal environments to

determine the influence of tidal variations on the digestive

gland (Nelson & Morton 1979). Cui et al. (2001) observed

that digestive cells of H. discuss hannai contain a number

of vesicles that participate in the heterophagic function of

the cells. These cells have considerable variation in size

and appearance and are involved in accumulating ingested

material.

Gros et al. (2009) describe digestive cells with large Al-

cian blue-positive granules in Strombus gigas that contain

large quantities of proteoglycans that are exported to the

stomach through physiological destruction of digestive cells

undergoing halocrine secretion. Aldana Aranda & Frenkiel

(2012) analysed the structure of the digestive gland using

histochemical techniques and measured the growth and sur-

vival of queen conch (S. gigas) with nine formulated feeds.

Proteoglycan granules and acidophilic granules were

detected in the digestive cells. The abundance of both types

of granules was variable, mostly related to the nutritional

state of the animals.

The extracellular matrices in various animal tissues con-

sist of several common components: fibrous collagen pro-

teins; hyaluronan (or hyaluronic acid), a large

mucopolysaccharide; and covalently linked polysaccharides

and proteins in the form of proteoglycans (mostly carbohy-

drate), and glycoproteins (mostly protein). However, the

exact composition of the matrix in different tissues varies,

reflecting the specialized function of the tissue (Lodish

et al. 2000). The proteoglycan molecules in connective tis-

sue form a highly hydrated, gel-like ‘ground substance’ in

which fibrous proteins are embedded. The polysaccharide

gel resists compressive forces on the matrix, while permit-

ting the rapid diffusion of nutrients, metabolites and hor-

mones between the blood and the tissue cells (Lodish et al.

2000).

The goals of this study were to compare the status of the

digestive gland of juvenile green abalone fed one of five

natural diets under controlled laboratory conditions and

using histochemical techniques to differentiate proteogly-

cans to obtain a feed index.

Material and methods

Diets

Five macroalgae: Ulva sp. (Chlorophyta), Eisenia arborea,

Macrocystis pyrifera, Egregia menziesii (Phaeophyta) and

Porphyra perforata (Rhodophyta), were tested. Ulva sp.

and E. arborea were collected from the Pacific coast of the

central part of the Baja California Peninsula, and M. pyrif-

era, E. menziesii and P. perforata were collected from the

northern coast of the peninsula. The proximate composi-

tion of the dry feed was determined using the methods of

AOAC (1995), and its results were summarized in Table 1.

Gross energy was determined using a bomb calorimeter

(Model 1261; Parr Instrument, Moline, IL, USA), as

described in Pérez-Estrada et al. (2011).
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Feeding trial

The feeding trials lasted 136 days under controlled labora-

tory conditions with hatchery-produced juvenile green aba-

lone H. fulgens (31.67 mm ! 0.11 SE in length) and

2.46 g ! 0.02 SE in weight. The juveniles were placed in

52-L fibreglass tanks at a concentration of 34 juveniles per

tank, with three replicates for each diet. Abalones were

cleaned twice a week to avoid growth of microalgae and

biofilm that could be used as a food source. We used a ran-

domized pattern of diets among tanks. Before beginning

the experiment, an ANOVA was conducted to ensure homo-

geneity of initial size and weight among tanks. Sea water

was filtered at 10 lm and was exchanged at a rate of 10%

per day under continuous flow. For the whole period, tem-

perature was maintained at 20 ! 1 °C SD, using a chiller;

salinity of 37.4 g L"1 ! 0.5 SD; concentration of dissolved

oxygen of 7.0 g L"1 ! 0.1 SD, and pH at 8 ! 0.1.

Rehydrated macroalgae were fed ad libitum every 2 days

in the afternoon, and the uneaten food was removed. Feeds

were rehydrated for 5 min in sea water before feeding.

Once a month, maximum shell length of tagged individuals

was measured with a vernier calliper, and wet body weight

was measured with an electronic balance (Explorer, Ohaus,

Parsippany, NJ, USA). Before weighing the specimens,

excess water was removed by blotting with paper towels

(Pérez-Estrada et al. 2011).

Nutritional status of abalones was analysed using shell

length, wet body weight, feed conversion ratio (FCR), his-

tological features of the digestive gland and the feed index.

Growth rate on a per-day basis was calculated for shell

length and wet body weight at the end of the trial (Coraza-

ni & Illanes 1998). Apparent FCR was determined as dry

feed consumed per wet weight gain per animal per day

(Britz 1996). Dead specimens were removed and replaced

with similar sized, tagged abalone to maintain the standard

density. Replacements were excluded from sampling.

A nonparametric Tukey test (Sokal & Rohlf 1995) of the

feed index and growth rates was used to test for significant

differences (P < 0.05) among diets.

Histological analysis

Five juveniles from each diet treatment were sampled at

the end of the feeding trial (N = 15). Stomachs of each

individual were dissected in the midsection that contains

the digestive gland and the sections used in histological

examinations. Sections were fixed in Davidson’s fluid for

24 h and processed with standard histological techniques

(Gabe 1968; Luna 1969). After dehydration in an ethanol

series, and clearing with Clarene, the sections were embed-

ded in Paraplast wax (SPI Supplies, West Chester, PA,

USA). Sections (5 lm thick) were stained with a modified

Goldner trichrome method that included Alcian blue (8GX

Sigma-Aldrich) at pH 2.5 to differentiate blue granules of

proteoglycans from the digestive cells (Gabe 1968).

The slides were examined and recorded with a digital

camera (Nikon DXm 1200F) mounted on a Nikon micro-

scope. For every abalone, two slides were prepared, with

five sections per slide. The number of blue granules in the

digestive cells was counted. Counting was made in three

fields of the five sections at 1009 magnification, and the

mean and SD for each diet was calculated. To determine

the feed index, we used the technique described by Aldana

Aranda & Frenkiel (2012). The feed index is the sum of

blue granules in the large adenomer cells. Data were trans-

formed to granule area (lm2), using the circle area formula

for the granules divided by the image area (lm2) at 1009,

which was always a constant 13 771 lm²). This was multi-

plied by 100 to obtain per cent.

Table 1 Proximate composition (g kg"1 dry matter ! SE, n = 3) and gross energy of macroalgae used to feed juvenile green abalone

Haliotis fulgens

Biochemical composition
(%)/Diet UL EA MP EM PP

Protein 47.8 ! 4.6c 120.0 ! 0b 164.0 ! 1a 119.0 ! 0b 169.0 ! 2a

Lipids 35.0 ! 1.2a 39.5 ! 0.1a 36.3 ! 1.9a 37.0 ! 1.8a 14.6 ! 1.3b

Ash 365 ! 2b 288 ! 2d 421 ! 1a 314 ! 3c 240 ! 0e

Crude fibre 18.2 ! 0.4c 30.6 ! 1.5b 29.4 ! 0.8b 59.1 ! 0.1a 18.4 ! 0.2c

NFE 534 ! 5b 522 ! 3b 349 ! 2d 469 ! 3c 558 ! 3a

Gross energy (KJ g"1) 8.3 ! 0.2d 12.4 ! 0.2c 12.3 ! 0.0b 11.4 ! 0.1b 4.1 ! 0.1a

NFE, Nitrogen Free Extract is mainly carbohydrates. UL, Ulva spp; EA, Eisenia arborea; MP, Macrocystis pyrifera; EM, Egregia menziessi;
PP, Porphyra perforata.
Mean values with different letters in each column indicate significant differences (P < 0.05).
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Results

Digestive gland structure

In juvenile abalone, the digestive gland has an array of

adenomers (Fig. 1A), measuring 180–200 lm to 220–

280 lm. Adenomers are secreting cells connected by small

secondary ducts, which join larger ducts leading to the

stomach. The secondary ducts are lined with simple epithe-

lium composed of a single cell type. Adenomers of the

digestive gland are composed of large functional groups of

digestive cells containing granules stained blue and smaller

areas stained red, containing vacuolated cells (Fig 1A–D).

Digestive cells measured 86.33 lm by 6.67 lm, which con-

tained large blue-stained granules, 2.0–4.5 lm (average

4.26 ! 1.63 lm) in diameter. The larger primary ducts

were lined by epithelia devoid of cilia, but with blue-stained

mucocytes, giving a positive histochemical reaction in the

digestive gland. The connective tissue surrounding the

digestive gland has small, round, red-stained amoebocytes

(Fig. 1D).

The digestive gland and blue granules from specimens

fed one of five natural diets were not similar in structure

(Fig. 2A–E). Digestive cells of abalone fed Ulva sp. had cell

membranes and intracellular granules giving the cell a

degenerated appearance (Fig. 2A). The digestive gland of

abalone fed this diet lacked blue granules or unstained

granules, therefore, lacking the proteoglycan component.

Abalone fed E. arborea contained a large number of blue

granules, but these were small (4.0 ! 1.21 lm) (Table 2).

Abalone fed M. pyrifera or E. menziesii had a well-struc-

tured cellular appearance in the digestive gland, and the

large granules of the digestive cells were stained blue

(Figs. 2C,E). Egregia menziesii, M. pyrifera and P. perfora-

ta appear to be the most useful of the five natural diets, as

indicated by higher growth rates and FCR (Table 2).

The highest density of blue granules occurred in abalone

fed P. perforata (mean of 342 granules) and had a feed

index of 32.97 ! 10.07. Abalone fed E. arborea had a feed

index of 6.64 ! 5.21. Abalone fed M. pyrifera or E. menzi-

esii had a feed index of 32.49 ! 7.16 and 32.97 ! 6.72,

respectively. One-way ANOVA test showed significant differ-

ences among diets in the value of the feed index

(P < 0.0001), and the Tukey test (P ≤ 0.05) showed signifi-

cant differences between the feed index of abalone fed Ulva

sp. or E. arborea than abalone fed E. menziesii, M. pyrifera

or P. perforata (Fig. 3).

(A)

(B) (D)

(C)

Figure 1 (A) Adenomers of digestive gland from a juvenile of Haliotis fulgens. Vacuolated cells (vc) with granules stained blue (g) and

lumen (L) of adenomers. Microphotography at 40x. (B) Primary duct with one type of epithelium; plicate ciliated epithelium (ec) typical of

primary ducts. This epithelium is characterized by abundant blebs (b) at the apical pole, and lumen (L). (C) Digestive gland showing two

types of cells: digestive cells (dc) containing numerous large granules stained blue by Alcian blue (g) and of smaller crypt areas stained

mostly red containing vacuolated cells (vc) with large round inclusions (i). (D) Epithelium of primary ducts with mucocytes (m) stained by

Alcian blue that constitutes a positive control even if the digestive gland granules are not stained blue. The connective tissue possesses

amoebocytes stained red (a), lumen (L).
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Discussion

Most histological studies of the digestive gland structure of

molluscs have been achieved with bivalves (Purchon 1977;

Morse & Zardus 1997). Gastropod digestive glands have

been described by comparison with bivalve digestive glands

(Fretter & Graham 1962). However, feeding methods and

nutritional requirements are not similar in these two

groups. Bivalves are suspension feeders and ingest small

unicellular algae delivered to intracellular digestion in the

digestive gland cells (digestive cells), whereas prosobranch

gastropods, such as Haliotis spp., are grazers, usually feed-

ing on macroalgae, when available, and on biofilm in the

nearby surrounding area.

In the northern hemisphere, brown algae are the most

common component in the abalone diet, and in the south-

ern hemisphere, abalone feed mostly on abundant red algae

(Shepherd & Steinberg 1992). Brown algae produce better

growth than red algae (Leighton & Boolootian 1963;

Hirose 1974; Uki et al. 1986; Mai et al. 1995); however, in

(A)

(B) (D)

(C)

Figure 2 Comparison of digestive glands of Haliotis fulgens juveniles fed with various diets. All the pictures are of digestive glands at the

same magnification with obj x40. (A) Digestive gland of an abalone fed with Ulva sp. showing large digestive or secreting cells without blue

granules and crypt cells; (B) Juvenile fed on diet Eisenia arborea has twice number of those observed in Ulva sp. (C) Abalones feed with

Macrocystis pyrifera showing smaller blue granules and a homogenous structure showing intracellular granules stained by Alcian blue; (D)

Abalone fed on diet P. perforate showing that the digestive gland cells with granules stained and duct appears normal.

Figure 3 Feed index in juvenile H. ful-

gens fed with five different diets. Box-

plots (n = 45 in each plot) showing feed

index. The box contains 50% of the

data (90% of data when whiskers are

included), while dots indicate extreme

values. Data are given as medians (hor-

izontal line within each box) ! SD.

Letters indicate significant differences

between dietary treatments (Tukey test,

P ≤ 0.05).
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our treatments, the red algae P. perforata produced growth

rates that were not significantly different than brown algae

(Pérez-Estrada et al. 2011). Moreover, the feed efficiency of

P. perforata was superior to brown algae. Good results

with red macroalgae for Haliotis iris and Haliotis australis

were obtained by Poore (1972). Leighton & Peterson (1998)

report that the red alga Gracilaria sp. supported a growth

rate comparable to E. menziesii at an abalone farm in San

Diego County, California. In the wild, the choice of macro-

algae appears to be related to the nutritional content of the

macroalga and is also influenced by the morphology and

the presence of noxious metabolites in macroalgae (Shep-

herd & Steinberg1992; Leighton 2000).

Abalone show a moderate preference for the genus Ulva

(Mercer et al. 1993). Good growth was reported in H. tu-

berculata that were fed U. lactuca (Uki & Watanabe 1992)

and H. discus hannai that were fed Ulva sp. (Mercer et al.

1993). These species of Ulva contained approximately 131 g

kg"1 protein, which was higher than the species of Ulva

used in the feeding trial (47.8 ! 4.6 g kg"1) of Pérez-Estra-

da et al. (2011). Higher FCR of this alga by juveniles did

not compensate for its low protein content, which resulted

in the lowest protein intake among the diets. Husbandry

techniques for the grow-out of juveniles need diets that

allow a growth rate equal to or higher than wild juveniles,

which typically show growth rates of 174 lm d"1 (Sakai

1962; Uki 1981; Uki et al. 1986). L!opez et al. (1998) and

Preece & Mladenov (1999) reported growth rates of 10–

135 lm d"1 for juveniles fed artificial diets. The highest

growth rates in juvenile H. discuss were obtained by Uki

et al. (1986) and in H. fulgens by Leighton & Peterson

(1998), using a natural diet of M. pyrifera (Table 3). Viana

et al. (1996), Leighton & Peterson (1998), and Serviere-Zar-

agoza et al. (2001) fed M. pyrifera to abalone and obtained

Table 2 Mean and SD throughout the digestive cells; counting of blue granules and their diameter (n = 45). Mean values (!SD, n = 3 for

growth rate) of juvenile green abalone Haliotis fulgens fed different macroalgae diets

Diet

Digestive cells
Number of
blue granules

Diameter of
blue granules (lm)

Weight growth
rate (mg day"1)* FCR*Length (lm) Width (lm)

Ulva sp 87.55 ! 11.28 6.34 ! 1.05 23 ! 9.88b 4.30 ! 2.0 1.4 ! 0.0c 42.4 ! 7.5a

Egregia menziessi 83.47 ! 4.66 5.27 ! 1.15 283 ! 67.96a 3.98 ! 1.27 9.2 ! 1.9a 16.0 ! 3.6b

Macrocystis pyrifera 94.20 ! 18.50 5.17 ! 0.75 273 ! 97.08a 3.82 ! 1.50 8.2 ! 0.4ab 14.7 ! 1.5b

Porphyra perforata 78.95 ! 7.94 10.10 ! 0.90 342 ! 70.40a 4.00 ! 1.21 8.1 ! 0.1ab 6.5 ! 1.0b

Eisenia arborea 88.99 ! 15.70 6.50 ! 1.26 48 ! 14.96b 5.22 ! 2.17 4.5 ! 0.7bc 38.8 ! 6.4a

*Information from Pérez-Estrada et al. 2011.
FCR: apparent feed conversion ratio.

Table 3 Growth rates of various species of Haliotis spp. fed with different diets

Haliotis Feed

Growth rates

ReferenceLength (lm d"1) Weight (mg d"1)

H. fulgens Ulva sp. rehydrated 1.6 1.4 Pérez-Estrada et al. (2011)
H. fulgens Macrocystis pyrifera rehydrated 18.1 8.2 Pérez-Estrada et al. (2011)
H. fulgens Porphyra perforata rehydrated 15.1 8.1 Pérez-Estrada et al. (2011)
H. fulgens E. menziesii rehydrated 17.5 9.2 Pérez-Estrada et al. (2011)
H. fulgens E. arborea rehydrated 12 4.5 Pérez-Estrada et al. (2011)
H. discus hannai Natural 80–174 – Sakai (1962); Uki (1981); Uki et al. (1986)
H. midae Natural 15–53 – Simpson & Cook (1998)
H. asinia Natural 2–70 – Simpson & Cook (1998)
H. iris Artificial 10–107 – Preece & Mladenov (1999)
H. tuberculata Artificial 134.8 3.20 L!opez et al. (1998)
H. fulgens Macrocystis pyrifera fresh 120–140 – Leighton & Peterson (1998)
H. fulgens M. pyrifera rehydrated 46 5.49 Serviere-Zaragoza et al. (2001)
H. fulgens Eiseniaarborea rehydrated 19 1.52 Serviere-Zaragoza et al. (2001)
H. fulgens M. pyrifera rehydrated 39 16.00 Ponce et al. (2004)
H. fulgens M. pyrifera fresh 12–16 – Viana et al. (1993, 1996)
H. fulgens Egregia spp. fresh 43 56 Nelson et al. (2002)
H. corrugata E. menziesii rehydrated 14 1.19 Robles (2003)
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growth rates ranging from 18 to 120 lm d"1. In the juve-

nile specimens in our study, growth rates ranged from

1.6 lm d"1 and 47.8 g kg"1 proteins and 35 g kg"1 lipids

with Ulva sp. to 18.1 lm d"1 with 164 g kg"1 proteins and

36 g kg"1 lipids with a M. pyrifera diet. Here, abalone fed

with Ulva sp. had suboptimal growth (Pérez-Estrada et al.

2011). Britz (1996) found that diets containing the highest

level of dietary fat (100 g kg"1) produced significantly

lower growth rates and efficiencies of protein deposition in

H. midae in comparison with abalone fed diets containing

60 or 20 g kg"1 fat. However, shell length and wet weight

are not a sufficient measure to accurately determine the

nutritional status of molluscs (Lucas & Beninger 1985).

In the digestive gland of juvenile H. rubra, Johnston

et al. (2005) found structural and physiological changes:

greater tubule number and density, higher enzyme produc-

tion and increased digestive efficiency with age. In juvenile

H. rufescens, Garc!ıa-Esquivel & Felbeck (2006) observed

significant dietary effects on enzyme activity, especially in

the digestive gland. Abalone fed 250 or 380 g kg"1 crude

protein diets exhibited higher cellulase and lysozyme activi-

ties than abalone fed fresh kelp. In contrast, higher prote-

ase activity occurs in kelp-fed abalone than abalone fed

crude protein diets, indicating that abalone can adjust

enzyme levels to maximize ingestion of dietary protein and

carbohydrates. The digestive gland appears to be the most

important site for storage and secretion of enzymes in juve-

nile red abalone. Similar findings were reported for H. ful-

gens (Picos-Garc!ıa et al. 2000), indicating two main

digestion regions: the stomach–digestive gland region,

where high quantities of complex carbohydrases (cellulase

and lysozyme) and the mouth–intestine region, where high

activity of lipase and amino peptidase occurs. Garc!ıa-Car-

re~no et al. (2003) found acid, serine proteinases and amino

peptidases in the digestive organs of juvenile H. fulgens. Pi-

cos-Garc!ıa et al. (2000) found hydrolysed trypsin, chymo-

trypsin and acid phosphatase-specific substrates in extracts

from the hepatopancreas of H. fulgens, showing that diges-

tive enzymes in juveniles have activity peaks at acid pH.

In H. discuss hannai, Cui et al. (2001) observed that the

digestive cells are capable of ingesting exogenous material

in the lumen of the tubules and these contain a number of

vesicles with heterophagic functions of cells, where the vesi-

cles exhibit considerable variation in size and in different

regions of the cells, which involve accumulation of ingested

material. They show that the digestive cells secrete protein-

ase and can store food material. Aldana Aranda & Fren-

kiel (2012) determined that the juvenile herbivorous

gastropod Stombus gigas grew and survived with

formulated diets or natural food when they used histo-

chemical techniques to examine digestive gland tissue. They

observed proteoglycan granules in the digestive cells and

determined that abundance of granules was variable,

according to the nutritional status of the juveniles.

Cui et al. (2001) described two types of cells in the diges-

tive gland of H. discus hannai: digestive and basophilic

cells. The digestive cells are capable of ingesting fine exoge-

nous material from the lumen of the tubule and contain

vesicles concerned with the heterophagic function of the

cells. The apical and subapical vesicles of these cells were

called heterophagosomes, involved in accumulation of

ingested material. Those in the mid-regions, called hetero-

lysosomes, contain acid phosphatase and non-specific ester-

ase that enhance intracellular digestion of ingested material

and the vesicles in the basal regions that accumulate undi-

gested and indigestible residues. Aldana Aranda & Frenkiel

(2012) observed that digestive cells lost its blue granules

when the queen conch was starved. When the conchs were

later fed natural food or formulated diet, the digestive

gland was restored to an almost normal status, with its

digestive cells containing numerous blue granules. The

authors observed that fine powder in the stomach is trans-

ported to the digestive gland tubules, and they found large

quantities of secretion granules coming from the digestive

cells in the stomach. In our study, we observed blue gran-

ules of different sizes in the stomach, mostly related to the

specific diet. Further, using the digestive gland structure as

a feed index, abalone fed Ulva sp. had digestive cells with

no blue granules and abalone fed M. pyrifera or P. perfo-

rata had many blue granules in their digestive cells, indicat-

ing accumulation of proteoglycan granules.

The feed index was different for each of the five diets;

therefore, a useful tool to test for micronutrients from

algae to adapt natural feed to the real needs of juveniles.

In the trials, the optimal nutritional status resulted in the

best digestive gland structure, as well as the best shell

length and weight. Similarly, the lowest FCR occurred with

the E. menziessi, M. pyrifera or P. perforate diets. The his-

tological study of the cell structure of the digestive gland

demonstrated that the M. pyrifera diet provided the best

appearance in abalone, as well as the best overall perfor-

mance of the five diets.

In the digestive gland of H. fulgens, Pérez-Estrada et al.

(2011) found that its biochemical composition closely

reflected recently consumed food, compared with slower

turnover of constituents in muscle tissue, which reflects

retained nutrients. They observed simultaneous decreases in

the concentration of nutrients in the digestive gland and
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muscle and lower growth rates for abalone fed Ulva sp.

and E. arborea and increases in concentration of carbohy-

drates and lipids of abalone fed P. perforata.

We observed that digestive gland structure, particularly

the digestive cells appear to be a more sensitive tool to

evaluate the efficiency of diets for juvenile green abalone.

Aldana Aranda & Frenkiel (2012)showed that a period of

7–20 days of testing a diet is enough to see the effect of

diet in the microstructure of the digestive gland, in contrast

with measuring growth rate, which takes at least 3 months

to observe the effect of nutrients. This histochemical tech-

nique represents a considerable advantage for those

engaged in cultivating abalone.
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