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Abstract

Poly-b-hydroxybutyrate (PHB) is a natural polymer that can be depolymerized

into water-soluble short-chain fatty acid monomers. These monomers can act

as microbial control agents. In this study, the effects of partially replacing the

diet of Siberian sturgeon fingerlings with 2% and 5% PHB were investigated.

Replacing 2% of the diet with PHB improved weight gain, specific growth rate

(SGR) and survival in the sturgeon fingerlings during the 10-week experimental

period. Community-level physiological profiling and PCR-denaturing gradient

gel electrophoresis (PCR-DGGE) were used to analyze the microbial commu-

nity diversity and community organization in the sturgeon gastrointestinal

tract. DGGE analysis revealed that PHB affected the intestinal microbial species

richness and diversity. The highest species richness was observed with 2%

PHB. DNA sequencing of the dominant bands in 2% and 5% PHB treatments

revealed that PHB stimulated bacteria belonging to the genera Bacillus and

Ruminococcaceae. Principal component analysis, Lorenz curves and the Shan-

non index of Biolog™ Ecoplate data revealed that aerobic metabolic potential

of the bacterial community was different in the PHB-treated fishes as com-

pared with the control situation. Overall, our results indicate that PHB act as

microbial control agents and replacement of 2% of Siberian sturgeon fingerling

diet with PHB has beneficial effects.

Introduction

The microbial community has an important role in the

health and nutrition of the host (Burr et al., 2005), and

the surrounding environment, including the cultivation

conditions, plays a key role in shaping the microbial

community (Hansen & Olafsen, 1999). The possibility of

steering the composition and functionality of a given

microbial community through the incorporation of pro-

biotics or prebiotics in the feed has been investigated.

Prebiotics have been defined as non-digestible diet com-

ponents that are metabolized by specific microorganisms

beneficial to the health and growth of the host (Gibson &

Roberfroid, 1995; Manning & Gibson, 2004). Positive

effects of prebiotics on immuno-stimulation, production

of beneficial metabolites in the gastrointestinal (GI) tract,

mineral uptake and growth performance in human

(Manning & Gibson, 2004), livestock (Patterson & Burk-

holder, 2003; Smiricky-Tjardes et al., 2003) and fishes

(Grisdale-Helland et al., 2008; Akrami & Hajimoradloo,

2009; Yousefian & Amiri, 2009) have been reported. The

production of short chain fatty acids (SCFA) due to the

fermentation of prebiotic compounds in the GI tract

resulting in the acidification of the colonic environment

is of specific importance. For instance, SCFA are known

to inhibit the growth of some potential pathogenic bacte-

ria, such as Salmonella spp. and Vibrio spp. (Defoirdt

et al., 2007). In general, the growth inhibitory effect is

believed to be caused by the undissociated form of the

acid, which is able to penetrate the bacterial cell mem-

brane. Once inside, the acid releases protons (H+) in the

neutral cytoplasm, which decreases the intracellular pH
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(De Schryver et al., 2010) and forces bacteria to redirect

energy towards the efflux of the excess protons, thereby

straining the cell metabolism and leading to lower cell

growth and even cell death (Kato et al., 1992).

Polyhydroxybutyric acid is an important member of

family of polyhydroxyalkanoates (PHAs) and it can be

degraded by bacteria (Kato et al., 1992; Patnaik, 2005). It

is a polymer belonging to the polyesters class that is pro-

duced under conditions of physiological stress and excess

of carbon as a form of energy storage by bacteria such as

Alcaligenes eutrophus and Bacillus megaterium. Poly-

b-hydroxybutyrate (PHB) has been shown to be able to

protect Artemia nauplii (Artemia franciscana) against vib-

riosis (Defoirdt et al., 2007; Halet et al., 2007; Van Cam

et al., 2009). Recent studies on PHB have been conducted

in different aquaculture species such as European sea bass

(Dicentrarchus labrax) juveniles and the larvae of the

giant river prawn (Macrobrachium rosenbergii) (Defoirdt

et al., 2007; Nhan et al., 2010). Results indicated that

PHB increases weight gain (WG), survival and SCFA con-

centration in the GI tract. In PHB-treated giant river

prawn, thiosulphate citrate bile salts sucrose agar counts

(all Vibrio sp.) were found to be significantly lower when

compared with control larvae, indicating that the addition

of PHB inhibited the growth of these potentially patho-

genic microorganisms.

In this study, the effects of PHB on Siberian sturgeon

(Acipenser baerii) fingerling growth performance and its

GI tract microbial community were investigated. The

impacts of three commercial diets containing 0%, 2%

and 5% PHB on the activity and structure of the

microbial community in the GI tract were investigated

with community-level physiological profile (CLPP)

analyses (i.e. Biolog™ microplate) and by 16S rRNA

denaturing gradient gel electrophoresis (DGGE) (Garland

& Mills, 1991; Muyzer & Smalla, 1998).

Materials and methods

Experiment set-up

The 10-week experiments were conducted at the Labora-

tory of Aquaculture & Artemia Reference Centre (ARC) in

75-L tanks supplied with water flow-through (every 1 h,

100% water replaced), aeration and heaters to keep water

temperature around 15 ± 1 °C. The light-dark cycle was

controlled for 12 h light and 12 h dark. Fish were trans-

ferred to the tanks with initial weight 17.1 ± 0.8 g

(Table 1) at the density of about 8 g L�1. The fish were fed

with commercial pellets (2.0 mm diameter) for sturgeon

(Joosen-luyckx, Aqua Bio, Belgium). The amount of food

was weighed every day to determine fish consumption abil-

ity and body weight. Fishes were fed three times daily

(8:00, 13:00 and 18:00 h) with equal servings. The residual

food were siphoned out of the tank and carefully recorded.

Three diets, containing 0% (control), 2% and 5%

(w/w) PHB, were evaluated in triplicate. PHB-containing

diets were prepared 3 days prior to feeding to ensure they

were completely dried. PHB was dissolved in chloroform:

water solvent (80 : 20, v/v) and then mixed with food

pellets at the above ratios. The diets were left exposed to

air for chloroform evaporation, and kept at room temper-

ature to dry. The experiment described was performed

twice with similar results. Only the results of the second

experiment are shown.

Measured parameters

The survival of the sturgeons over the 10 weeks was deter-

mined from daily observations. For fish weight and feeding

rate in each tank, sturgeon fingerlings were weighed indi-

vidually every 2 weeks following 24 h without feeding. The

average WG/fish/treatment over the 10 weeks was calcu-

lated as follows: the average weight of the fish as measured

at the beginning of the experiment was subtracted from the

weight of fishes sampled on the final day of the experiment.

The SGR was calculated as follow: SGR (%) =
ln W – ln W0/t, where W is the average weight after

10 weeks, W0 is the average initial weight (measured at the

beginning of the experiment), and t is the experiment per-

iod (10 weeks). The same approach was used to calculate

the feed conversion ratio (FCR), expressed as the feed con-

sumption (g) divided by the weight increase of the fish (g)

per treatment. Three fish were randomly selected for mea-

surement of pH in the GI tract, anaesthetized with

2 mL L�1 phenol ethanol (Sigma Company), dissected

with scissors, and an incision was made in the gut for mea-

surement of the midgut and hindgut pH using a biotrode

pH electrode (Hamilton, Switzerland).

Bacterial community analysis – DGGE

Samples for the DNA extraction were collected at the end

of the experiment. Three fish in each tank were sampled

Table 1. Growth performance of Siberian sturgeon fingerlings fed

the control diet and experimental diets in second trial (n = 3)

Control 2% PHB 5% PHB P value

Initial weight 17.5 ± 0.8 17.6 ± 0.7 18.07 ± 1.3 0.05

Final weight 69.1 ± 7.8 75.8 ± 2.7 67.5 ± 4.9 0.05

Weight gain 51.5 ± 8 58.1 ± 3 49.4 ± 3.8 0.05

SGR 2.2 ± 0.2 2.3 ± 0.1 2.1 ± 0.1 0.05

Survival 89.1 ± 9.3 96.6 ± 3.4 94.5 ± 5.4 0.05

FCR 0.75 ± 0.01 0.79 ± 0.03 0.84 ± 0.06 0.05

Values are average ± SD, n = 3.
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at random and euthanized with 2 mL L�1 of 2-phenoxy-

ethanol, with sodium bicarbonate to maintain the neutral

pH. After dissection in sterile conditions, the spiral valve

contents of three fish per replicate were gently removed.

The three samples of the same tanks (replicate) were

pooled and frozen at �20 °C. DNA extraction was per-

formed using the CTAB buffer method (Boon et al.,

2003).

Amplification of the 16S rRNA gene by means of PCR

was conducted as reported in Boon et al. (2002). Briefly,

the V3 region was amplified using primer 338f (5′-ACT-
CCTACGGGAGGCAGCAG-3′) with a 40-base GC clamp

attached to its 5′ end and primer 518r (5′-ATTA-
CCGCGGCTGCTGG-3′). After 5 min denaturing at 94 °C,
35 cycles of the following procedure were carried out:

1 min of denaturation at 95 °C, 1 min of annealing at

55 °C, 2 min of primer extension at 72 °C; and a final

extension at 72 °C for 10 min. DGGE was performed with

a D-code universal mutation detection system (Bio-Rad).

The denaturing gradient of the gel ranged between 45%

and 55%. Electrophoresis was performed with a constant

voltage of 38 V at 60 °C for 16 h. DGGE patterns were

analyzed with BIONUMERICS software version 5.0 (Applied

Maths, Sint-Martens-Latem, Belgium). UPGMA clustering

analysis was carried out using Pearson correlation data.

Calculation of DGGE range weighted-richness (Rr)

was performed as described by Marzorati et al. (2008),

according to the formula: Rr = (N2 9 Dg), where N is

the total number of bands in the pattern, and Dg the

denaturing gradient between the first and the last band

of the pattern. Community organization was evaluated

using the Lorenz method (Lorenz, 1905; Marzorati et al.,

2008). A Lorenz curve was obtained as follows: for each

DGGE lane, the respective bands were ranked from high

to low based on their intensities. Consecutively, the

cumulative proportions of bands were used as the x axis,

and the y axis was represented by their respective cumu-

lative proportions of intensities. Mathematically, this

yields a convex curve. The more the Lorenz curve

deviates from the theoretical perfect evenness line (i.e.

the 45° diagonal); the less evenness can be observed in

the structure of the studied community (Marzorati et al.,

2008).

Cloning and sequencing

The 16S rRNA genes were amplified using the primers P63f

and R1378r, according to the protocol reported in Boon

et al. (2002). The fragments were ligated in pCR2.1-TOPO

plasmids and transformed into chemical competent TOP10

cells using the TOPO TA Cloning® kit (Invitrogen). The

cells were grown in Luria–Bertani (medium) in the pres-

ence of ampicillin (50 mg L�1) and 40 lL, 40 mg mL�1

X-gal in dimethylformamide at 37 °C for 16 h. The plas-

mid DNA was used to perform a PCR reaction with the

primer couple 338f–518r, as described above. These frag-

ments were run on a DGGE gel alongside PCR fragments

generated with gut template DNA, identifying clones that

generated the fragments boxed in Fig. 1. The plasmid DNA

was used to perform M13 PCR (according to the instruc-

tions in the TOPO TA Cloning® kit). The fragments were

purified using the QIAquick PCR Purification kit (QIAgen)

and sent for sequencing to AGOWA (Germany).

CLPP – BiologTM Microplates

CLPPs were determined with Biolog™ EcoPlates (Biolog

Inc., Hayward, CA) including 30 different carbon sources

and a negative control (water) (Insam, 1997). Three fish

in each tank were sampled and euthanized using

2 mL L�1 of 2-phenoxyethanol. After dissection in sterile

conditions, the hindgut (spiral valve) contents of three

fish from the same replicate were gently removed and,

after pooling, 1 g (wet weight equivalent) was suspended

in 10 mL sterile saline solution (0.85% NaCl) with a Lab

Blender (stomacher 400, model BA 7021, UK). Sample

suspensions were filtered with a cellulose nitrate mem-

brane filters (50-lm pore size) to remove food particles.

The filtrate containing bacteria was further diluted 10

times with physiological solution to reach a final volume

of 100 mL. Each well of the Biolog™ EcoPlates was filled

with 130 lL of the final dilution (Garland & Mills, 1991).

10
0

95908580757065

CON 1

CON 2

CON 3

2% PHB 1

2% PHB 3

2% PHB 2

5% PHB 1

5% PHB 3

5% PHB 2

Fig. 1. DGGE band patterns based on the

amplified bacterial DNA extracted from the

intestinal matter of Siberian sturgeon

fingerlings fed with different diets (control,

2% PHB, 5% PHB). The rectangle indicates

bands that are more dominant in both PHB

treatments than in the control treatment).
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Plates were incubated at 25 °C in aerobic conditions and

the absorption at 590 nm was read in a microtiter plate

reader (TECAN, Model infinite M200, Austria) after 24,

48, 72 and 96 h of incubation. Biolog™ EcoPlate data

were normalized by ‘average well-colour development’

(AWCD) as described by Garland & Mills (1991). In the

following formula, C is the colour production within each

well, R the absorption value in the control well, and n is

the substrate number (31 in EcoPlates).

AWCD ¼
X

ðC� RÞ=n:

The Shannon diversity index (H′) for Biolog™ EcoPlate

data was calculated from the following equation:

H0 ¼ �Pn
i¼1ðPi ln PiÞ, where Pi is the relative absorption

(Insam, 1997). Finally, the evenness based on Biolog™
Ecoplate data related to the functionality was calculated

by means of the following equation: E = H′/ln S, where

H′ is the Shannon diversity index and S the number of

wells with colour development.

Negative values were considered to be zero (Viti et al.,

2007). Principal Component Analysis (PCA) was used to

detect differences between treatments in terms of both

bacterial diversity and activity (on the readings from the

Biolog™ EcoPlates) (Viti et al., 2008). A Pareto–Lorenz
curve was applied to investigate functional biodiversity in

Biolog™ Ecoplate data.

Statistical analysis

The results are presented as mean values followed by the

standard deviation (mean ± SD). One-way ANOVA was

applied for growth performance parameters. All statistical

analyses were performed using SPSS software (SPSS Inc.,

Chicago, IL). PCA scores were analyzed by multivariate

analysis of variance (MANOVA). Pairwise comparisons were

performed if a difference was detected among the treat-

ments.

Results

Fish performances

The effect of the diets containing different amounts of

PHB was examined with respect to WG, SGR, FCR and

survival of sturgeon fingerlings. The treatment with 2%

PHB resulted in the highest average values for WG and

SGR, although the values were not statistically significant

as compared to those obtained in the other treatments

(Table 1). The FCR of sturgeons fed with PHB was also

not significantly different from that of fishes fed the

control diet. The survival of fishes fed with 2%, 5% and

0% PHB were 96.6%, 94.5% and 89.1%, respectively

(Table 1). The GI tract pH was slightly alkaline for all

treatments, with hindgut pH being higher than midgut

pH. The midgut pH of the groups fed 2% PHB

(7.2 ± 0.05) and 5% PHB (7.2 ± 0.09) diets was signifi-

cantly (P < 0.05) lower than of those fed the control

(7.4 ± 0.10) diets. The group fed a diet supplemented

with 2% PHB had the lowest intestinal pH (7.8 ± 0.03).

However, this was not significantly (P > 0.05) different

from the pH of those fed a diet supplemented with 5%

PHB (7.9 ± 0.10).

Bacterial community composition analysis –
DGGE

DGGE analysis was used to assess the effect of the PHB

treatment on the structure of the gut microbial commu-

nity. This analysis was conducted on the total bacterial

community at the end of the experiment. The intestinal

microbial community patterns clustered according to the

diet fed (Fig. 2). In addition, the patterns of fish from

the control group and the 2% PHB group were more

similar to each other than to the 5% PHB group. How-

ever, in the patterns obtained from fish fed PHB-contain-

ing diets, some specific bands became apparent (rectangle

in Fig. 1), belonging to three groups of bacteria. They

were phylogenetically similar to Bacillus sp. (99.5% simi-

larity) and Ruminococcaceae sp. (either 66.8% or 66.3%

similarity). To provide an ecological interpretation to the

DGGE patterns, range-weighted richness and the commu-

nity organization (Co) indexes were calculated, as

suggested by Marzorati et al. (2008) (Table 2). Rr values

for control, 2% PHB and 5% PHB were 32.7 ± 0.5,

44.2 ± 2.1, and 28.2 ± 1.6, respectively. The differences

among treatments were all statistically significant

(P < 0.01). The highest Rr value was obtained with the

2% PHB treatment, and the lowest one with the 5% PHB

treatment. Finally, the DGGE patterns were used to calcu-

late the Co index to describe the degree of evenness of a

Fig. 2. Pareto–Lorenz distribution curves based on PCR-DGGE

patterns.
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given microbial community (Table 2). The Lorenz curves,

a graphical representation of the Co parameter associated

to the three treatments, showed that 2% PHB increased

the evenness of the microbial community as compared to

the control situation. In contrast, 5% PHB exerted a

higher selective pressure, decreasing the degree of even-

ness of the microbial community (Fig. 1).

CLPP of intestinal microbiota

The AWCD of Biolog™ EcoPlates has been used as an

index for aerobic metabolism of culturable bacteria under

investigation. In the current experiment, this value is an

indication of the catabolic diversity of the culturable bac-

teria under aerobic conditions. The positive AWCD activ-

ity was calculated by excluding the negative values,

meaning that only the coloured wells were calculated. The

results indicated that treatments supplemented with PHB

enhanced the aerobic metabolic of culturable bacterial as

shown by higher positive AWCD values (Fig. 3). The aer-

obic metabolism of the bacterial communities from the

2% and 5% PHB treatments were respectively 37% and

4.6% higher than the control after 96 h (Fig. 3).

The 31 carbon sources used in the Biolog™ EcoPlates

assay belong to six categories: seven carboxylic acids, six

amino acids, four polymers, two amines/amides, 10 car-

bohydrates, and two phenolic compounds. Supplementa-

tion with 5% PHB resulted in higher polymer

metabolism, whereas addition of 2% PHB had almost no

effect (Fig. 4a). In contrast, the relative utilization effi-

ciency of other carbon sources including amino acids,

carbohydrates and carboxylic acids was highest when fish

were fed with 2% PHB (Fig. 4b–d). In particular, con-

sumption of amino acids by the aerobic bacterial commu-

nity in 2% PHB treatment after 96 h was approximately

50% and 63% higher than control and 5% PHB, respec-

tively. A higher aerobic bacterial activity for carboxylic

acid components was observed in 2% PHB treatment

compared with the control (89%).

The Shannon index has been used as a means to

express the diversity level of aerobic bacterial metabolism.

The aerobic bacterial community of sturgeon fingerlings

fed with the 2% PHB diet showed the highest Shannon

index (2.5 ± 0.2) indicating that these fish contained the

most diverse community in terms of metabolic potential

(Table 3).

A Lorenz curve was used to describe the evenness dis-

tribution of a microbial community in terms of the Bio-

log™ Ecoplate data. Our results showed an increase in

evenness in the 2% PHB treatment (high aerobic meta-

bolic potential) (Fig. 5). In contrast, the functional biodi-

versity with 5% PHB treatment was lower than that of

the control.

PCA was performed on Biolog™ Ecoplate data. Analy-

sis by MANOVA indicated that the aerobic bacterial activity

in 2% PHB was significantly different with respect to the

control and 5% PHB (no differences between control and

5% PHB) (Table 4, Fig. 6).

Discussion

In the previous two decades, antibiotics were widely used

not only for treatment but also to promote the growth of

fish, especially juvenile fish (Acar et al., 2000). However,

the banning of growth-promoting antibiotics usage in the

EU and other countries has challenged researchers to find

alternatives strategies (De Schryver et al., 2010).

Recently, many alternative bio-control studies have

been performed to find alternative ways to promote

growth (Mahious et al., 2006; Zhou et al., 2007). In this

study, the effects of PHB on the growth performance and

the intestine bacterial community structure of Siberian

sturgeon were investigated in 10-week trial. Our results

indicated that there is no significant difference between

fish fed on PHB-containing diets and control in terms of

WG, survival, FCR or SGR, although treatment with 2%

PHB performed the best in the trial. Analyzing the micro-

bial community by PCR-DGGE and Biolog™ Ecoplates

Table 2. Range-weighted richness (Rr) and Co indexes calculated on

the DGGE patterns of the intestinal microbial communities from

sturgeon fingerlings fed with three different diets (control, 2% PHB

and 5% PHB, respectively) (n = 3)

Control 2% PHB 5% PHB

Rr 32.7 ± 0.5a 44.2 ± 2.1b 28.2 ± 1.6c

Co 37.5% 27.1% 47.1%

Values are average ± SD, n = 3.

Different letters within rows denote significant differences (P < 0.05).

Fig. 3. Positive AWCD activity of intestinal bacteria from sturgeon

fingerlings receiving three different diets (control, 2% PHB and 5%

PHB).
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showed that there is a high aerobic metabolic potential in

fish fed with 2% PHB. Sturgeon fingerlings fed on a diet

containing 5% PHB were slightly retarded in their

growth, which may be partly due to added PHB replacing

part of the total feed. In a previous study by De Schryver

et al. (2010) with sea bass larvae, the highest growth rate

and the lowest FCR were observed with 5% PHB, indicat-

ing that the optimal PHB dose might be species-specific.

Table 3. Shannon’s index of diversity for the GI tract microbial

communities from sturgeon fingerlings from Biolog™ EcoPlates data

that received three different diets (control, 2% PHB and 5% PHB),

after 24 h incubation

Control 2% PHB 5%PHB

Shannon’s index 2.2 ± 0.1a 2.5 ± 0.2b 2.1 ± 0.2a

Evenness 0.79 ± 0.1a 1.07 ± 0.1b 0.71 ± 0.1a

Values are average ± SD, n = 3.

Different letters within rows denote significant differences (P < 0.05).

Fig. 5. Pareto–Lorenz distribution curves based on BiologTM Ecoplate

data.

Table 4. Comparisons of CLPP of the GI tract microbial community

of the Siberian sturgeon fingerlings in dietary treatments by MANOVA

Treatments Wilks’ lambda test P value

All three treatments 0.001 < 0.01

Control vs. 2% PHB 0.006 < 0.01

Control vs. 5% PHB 0.33 ns

2% PHB vs. 5% PHB 0.00 < 0.01

(a)

(c) (d)

(b)

Fig. 4. The use of (a) polymers, (b) amino

acids, (c) carboxylic acids, and (d)

carbohydrates as a carbon source by intestinal

bacteria from sturgeon fingerlings receiving

three different diets (control, 2% PHB and

5% PHB).

Fig. 6. Ordination diagram of CLPP from dietary treatment.
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Growth-promoting effects achieved by including dietary

compounds have been observed using inulin in turbot

(Psetta maxima) larvae (Mahious et al., 2006), xylooligo-

saccharides in crucian carp (Carassius carassius) juveniles

(Baohua et al., 2009) and Grobiotic™ AE in hybrid

striped bass (Li & Gatlin, 2004, 2005). In contrast, no sig-

nificant differences could be observed in Arctic charr

(Salvelinus alpinus) fed with inulin (Olsen et al., 2001),

with salmon fed with galactooligosaccharide (Grisdale-

Helland et al., 2008), tilapia or Gulf sturgeon fed with

mannanoligosaccharide (Pryor et al., 2003; Genc & Yil-

maz, 2007), Siberian sturgeon fed with arabinoxylooligo-

saccharides (Rurangwa et al., 2008). These products have

been classified as prebiotic, non-digestible diet compo-

nents that are degraded by specific microorganisms bene-

ficial to the health and growth of the host (Gibson &

Roberfroid, 1995; Manning & Gibson, 2004). The prebi-

otic effect has been associated with the production of

SCFA, which provides a beneficial environment for bene-

ficial bacteria (De Schryver et al., 2010).

PHB is an important member of the family of PHAs

and it can be degraded by microbial extracellular hydro-

lytic enzymes to 3-hydroxybutyrate, becoming a carbon

and energy source for the fish (Kato et al., 1992; Patnaik,

2005; De Schryver et al., 2010). High survival of sea bass

larvae fed only on PHB particles (in comparison with

starvation) was observed by De Schryver et al. (2010).

Axenic A. franciscana could also degrade and metabolize

PHB for energy purposes, as shown by Defoirdt et al.

(2007). Both studies indicate that 3-hydroxybutyrate

could be used as an energy source, although both organ-

isms might not be able to grow on this substrate alone.

Growth-promoting effects of PHB have been observed in

sea bass (De Schryver et al., 2010) and giant freshwater

prawn (Nhan et al., 2010) when it was incorporated in

the feed. The released 3-hydroxybutyrate as a SCFA tends

to decrease GI tract pH, as also observed by De Schryver

et al. (2010) in sea bass juveniles.

The microbial community in the GI tract affects the

host in many ways that modulate nutrition of the

immune system (Blaut, 2002). In this study, we used two

common methods to study the microbial community

associated to the sturgeon GI tract: 16S rRNA gene fin-

gerprinting by PCR-DGGE and CLPPs. Both methods

indicated that the incorporation of 2% PHB in the diet

improved the intestinal microbial community in terms of

microbial diversity and activity.

Cluster analysis based on DGGE patterns demonstrated

that the dietary treatments clustered into distinct groups.

Range-weighted richness and Lorenz curves were applied

to analyze the DGGE patterns. These methods revealed

that treatment with 2% PHB increased the diversity of

the intestinal microbial community. For instance, Lorenz

curves describe the equality of distribution within a pop-

ulation and also indicate a relation between the structure

of a microbial community and its functionality (Mertens

et al., 2005; Marzorati et al., 2008; Wittebolle et al.,

2008). Lorenz curve analysis based on DGGE patterns

showed that range-weighted richness and evenness in the

2% PHB treatment was higher than in the control and

5% PHB treatments. High growth rate and low mortality

were observed in 2% PHB and hence it seems that there

is a relationship between bacterial diversity in the GI tract

and growth rate in Siberian sturgeon; however, probably

because of the excellent conditions in the experimental

tanks, even in the control (FCR < 0.85), significant differ-

ences were not observed. Our results are in agreement

with a previous study by De Schryver et al. (2010) in sea

bass which indicated that there is a relationship between

fish growth rate, low mortality in the 5% PHB treatment

and range-weighted richness. The DGGE patterns showed

some bands apparently amplified from Bacillus sp. and

Ruminococcaceae sp. in the PHB treatments that were

absent (or less dominant) in the control. Previous studies

have shown that these types of bacteria accumulate or

degrade PHB according to environmental conditions (Liu

et al., 2010). Liu et al. (2010) isolated Acidovorax spp.,

Acinetobacter spp. and Ochrobactrum spp. from Siberian

sturgeon, sea bass and prawn gut, respectively, that were

able to degrade PHB by extracellular enzymes. Several

studies have shown that Bacillus sp. and Ruminococcaceae

sp. can be used as a probiotic, decreasing pathogenic bac-

teria and stimulating the non-specific immune system in

fish (Sakai et al., 1995; Rengpipat et al., 1998; Daniels

et al., 2010). However, for further information these

kinds of bacteria should be isolated from sturgeon gut, to

investigate their effects as a probiotic.

Calculation of AWCD values for Biolog™ Ecoplates

showed that the 2% PHB treatment resulted in a higher

aerobic metabolism of culturable bacteria in the sturgeon

GI tract. The sturgeon fingerlings fed a diet containing 2%

PHB showed an increase in the consumption of amino

acids, carboxylic acids and carbohydrates within different

groups of carbon sources in the Biolog™ Ecoplates. The

highest aerobic metabolism was observed with 2% PHB in

the carboxylic acid group. Naturally organic acids such as

carboxylic acids are a product of bacterial fatty acid catabo-

lism and PHB is a fatty acid polymer that can be degraded

and used by bacterial as an energy source (Azain, 2004). In

Biolog™ Ecoplate substrates, carboxylic acids are the most

diverse substrates in term of molecular weight and chemi-

cal configuration (Christian & Lind, 2007). Our results

indicate that in the 2% PHB treatment, these kinds of car-

boxylic acids can be degraded quickly. The same trend in

evenness and range-weighted richness was observed in the

Biolog™ Ecoplate data and in the DGGE patterns.
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There is a strong relation between species richness and

productivity in ecosystems (Wilsey & Potvin, 2000; Wit-

tebolle et al., 2009). Results indicate that a well balanced

diet with PHB increases bacterial species richness in the

fish GI tract. PHB degradation in sturgeon gut alters GI

tract pH, most probably because of b-hydroxybutyrate
(SCFA) production, inducing changes in the composition

of the bacterial community. However, in this case, PHB

did not improve the sturgeon growth performance

parameters when compared with studies of European sea

bass and giant freshwater prawn.

In conclusion, our results and previous studies have

shown that inclusion of PHB in the fish diet can be used

as microbial control agent in aquaculture and that its

effect on growth performances depends on both concen-

tration and species.
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