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Abstract

Responses to GM maize Bt-maize, MON810) expressing Cry1Ab protein from the soil bacterium Bacillus thuringiensis (Bt) in diets for both

normal and immune-sensitised (with soyabean meal (SBM)-induced enteropathy) post-smolt Atlantic salmon were investigated following

33 and 97 d of exposure. Triplicate tanks of salmon were fed one of four diets, all containing 20 % whole-kernel meal maize, either

Bt-maize or its near-isogenic maternal line, without or with 15 % extracted SBM inclusion. The fish fed Bt-maize utilised the feed less

efficiently, as revealed by lower protein and mineral digestibilities and lower lipid and energy retention efficiencies. Higher intestinal

weight, as well as increased interferon-g and decreased sodium–glucose co-transporter mRNA expression, and a transient increase in

T-helper cell presence, as measured by cluster of differentiation 4 (CD4) protein in the distal intestine (DI), may partly explain the

lower nutrient digestibilities and retentions. The Bt-maize seemed to potentiate oxidative cellular stress in the DI of immune-sensitised

fish, as indicated by increases in superoxide dismutase and heat shock protein 70 mRNA expression. The data suggest that Cry1Ab protein

or other antigens in Bt-maize have local immunogenic effects in salmon DI. No systemic immune responses could be detected, as indicated

by haematology, differential leucocyte counts, plasma clinical chemistry, as well as absence of Cry1Ab-specific antibodies and Cry1Ab pro-

tein in plasma. The responses to Bt-maize observed in the present study differed from results from earlier studies in salmon and other

animals fed the same event Bt-maize. Longer-term experiments and more in-depth studies on intestinal physiology and immune responses

are needed to evaluate health implications.
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GM maize is one of the major GM crops grown worldwide.

In comparison to 2010, the field area of GM maize planted

increased by 11 % to just under 51 million hectares in 2011,

occupying 32 % of the total global maize cultivation area(1).

It is becoming increasingly difficult to obtain non-GM

maize. Various maize products are used in commercial diets

for farmed fishes. The carbohydrate in whole-kernel meal is

an energy source and the starch serves as a feed binder. As

a result of the increasing production of salmon and other

fish species and decreasing availability of fishmeal, which

has been the main dietary protein source, especially for

piscivorous fish, plant protein sources are increasingly

being used in diets to obtain a cost-efficient, sustainable

aquaculture industry. Maize gluten meal, a by-product of

starch extraction containing approximately 60 % protein, has

increased in importance as a protein source in fish feeds.

The wet-milling process used to extract starch and provide

maize gluten meal as a by-product is carried out by steeping

the maize kernels in water at 508C, mildly acidified with sul-

phur dioxide (0·01 %) to prevent microbial growth, with sub-

sequent grinding and mechanical separation of the starch and

gluten. This mild treatment is not expected to denature the

maize proteins, including any transgenic proteins (see

later), although specific studies investigating this are appar-

ently absent from the scientific literature. If they remain

intact and biologically active, maize gluten meal would con-

tain higher concentrations of any transgenic proteins than

whole-kernel meal. Effects of maize gluten meal derived
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from GM maize as a feed ingredient for cultured fish have

apparently not been investigated.

GM Bt-maize (MON810) expresses Cry1Ab protein, by trans-

fer of a gene found in Bacillus thuringiensis (Bt) bacteria,

which confers resistance to the European corn borer, Ostrinia

nubilalis. The Cry proteins are endotoxins produced by the

soil bacterium Bt, and each has putative species-specific tox-

icity against insects(2,3). The high specificity of the three-

domain crystal proteins towards target insects arises due to

the need for alkaline pH (.9·5) for solubilisation, presence

of serine proteases in the midgut for processing and presence

of specific receptors in the insect midgut epithelial cells for

binding(3). The Cry protoxins are considered non-toxic to

higher animals(4), putatively due to differing pH and enzy-

matic and binding conditions in the gastrointestinal tract. In

one study, the Cry1Ab protein was reported to be rapidly

digested in simulated gastric and intestinal fluids, as immune

reactive bands were not identified(5), whereas another study

concluded that under more physiologically relevant in vitro

conditions (pH 2·5, pepsin-to-substrate ratio 1:20 and in the

presence of phosphatidylcholine) Cry1Ab was stable(6). Fur-

thermore, at least some studies indicate that ingested Cry1A

toxins may elicit humoral and mucosal immune responses in

mice(7–9), suggesting that even fragments of the protein may

be immunogenic, although this remains to be specifically

investigated. Marked histological changes in rat liver and

kidney by Bt-maize have been observed(10). A review of rat

feeding studies with three different commercialised GM

maizes (NK603, MON810 and MON863) suggested sex- and

often dose-dependent side effects, mostly affecting kidneys

and liver. The effects differed between GM types. Moreover,

effects on heart, adrenals, spleen and blood cells were also

frequently identified(11).

Concerns regarding possible allergenicity of GM plant crops

have also been raised(12,13). Transgenic proteins have been

suggested to be potentially antigenic or allergenic, possibly

due to differences in post-translational modifications follow-

ing integration of the transgenic DNA into a foreign organism’s

genome. It is not known whether Atlantic salmon or other fish

have the ability to elicit a type I hypersensitivity reaction

(classic allergic response), as they do not appear to have an

IgE-analogue and their mast cells are devoid of histamine(14).

However, the putative T-cell-mediated type IV hypersensitivity

reaction in the distal intestine (DI), caused by as little as

5–10 % inclusion of both full-fat and extracted soyabean

meal (SBM)(15–17), appears to have similar histopathological

and immunological characteristics to that of coeliac disease

(gluten intolerance) or other inflammatory bowel diseases in

human subjects. It may serve as a comparative model for

studying intestinal pathophysiological and immunological

responses in general, as well as investigating whether a pre-

existing hypersensitivity reaction alters the fish’s response to

a potential antigen in the GM plant ingredient.

The purpose of the present study was to assess whether

responses in Atlantic salmon to dietary inclusion of Bt-maize

expressing Cry1Ab differed from the near-isogenic maternal

line of maize and also when the fish were sensitised with

15 % SBM inclusion in diet (SBM-induced enteropathy).

Initially, the intention was to test maize gluten meal made

from the Bt-maize, as this is a more commonly used maize

product in salmon diets. However, we were unable to locate

a mill that could process the small quantities of Bt-maize

and control non-GM maize that we had at our disposal

within the financial and time restraints of the project. Thus,

the feeding experiment was carried out with 20 % inclusion

level of whole-kernel maize meal. Samples were taken from

fish exposed to the diets following an initial 33 d period, as

well as a longer period of 97 d. A wide range of physiological

responses were assessed in an attempt to identify any changes

that may serve as biomarkers for Bt-maize exposure, including

(1) growth performance and feed utilisation; (2) health par-

ameters such as haematology, plasma clinical chemistry and

relative weights and histomorphology of main organs; (3)

Cry1Ab protein and specific antibodies in plasma; (4) digestive

and intestinal function and (5) distal intestinal cell prolifer-

ation, oxidative stress and immune responses.

Materials and methods

Feed ingredients and experimental diet

Two maize types, Bt-maize (MON810) and its near-isogenic

maternal line (non-GM (nGM) maize), were derived from

planted seed varieties PR34N44 and PR34N43, respectively,

provided by Pioneer. They were grown simultaneously in

neighbouring fields in Spain. All the maize grains were dried

and ground just prior to diet preparation to obtain whole-

maize meal. Feeds were prepared by Nofima AS. Diet formu-

lations are given in Table 1. Yttrium oxide was added as a

biological marker for apparent digestibility determinations.

All diets were balanced regarding vitamins and minerals

according to estimated requirements(18). Protein, lipid and

energy levels were kept as similar as possible and were com-

parable between each nGM diet and GM counterpart with and

without SBM, respectively. The diets were extruded with a

feed particle (pellet) size of 3·5 mm. Salmon feed production

using extrusion is a common practice in Norwegian aquacul-

ture. Rausell et al.(19) reported that heat up to 608C did not

denature the pore-forming domain of the Cry1Ab protein,

although the receptor-recognising domains may be more

heat sensitive, and Xu et al.(5) reported anti-Cry1Ab binding

to Cry1Ab protein treated at 1008C for up to 60 min. Hence,

Cry1Ab protein integrity is expected to be at least partially

intact following extrusion.

Experimental design and facilities

The experiment was carried out using a 2 £ 2 factorial design

with four diet groups. The factors GM and SBM inclusion were

tested separately and in combination. The feeding trial was

conducted at the aquaculture research facilities of Nofima AS

following the institutional and national guidelines for the

care and use of animals, and approved by the National

Animal Research Authority in Norway. Post-smolt Atlantic

salmon of the Sunndalsøra breed with an initial average

weight of 93·8 (SE 0·3) g were randomly allocated, 100 fish

Oral GM Bt-maize exposure in Atlantic salmon 1409
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per tank, to twelve tanks. Triplicate tanks of fish were fed one

of the four experimental diets. Water surface area in the tanks

was 1 m2 and water depth 50 cm. The tanks contained filtered

running seawater with a temperature of 8·0 ^ 0·58C and sal-

inity between 31 and 32‰. Fish were continuously fed by

automatic disc feeders. During the trial, fish were subjected

to a 24 h light photoperiod.

Sampling

Sampling was conducted following 33 and 97 d of dietary

exposure to the experimental diets. The fish were not fasted

before the samplings, as this reduces potential diet-induced

inflammatory changes in the intestine(15) as well as changes

in physiological parameters(20). A total of ten randomly

selected fish per tank were anaesthetised, individually

weighed and body (fork) length measured. Blood was col-

lected from the caudal vein by means of a heparinised medical

syringe. Organs including liver, spleen, head kidney, gonads

(the latter only large enough to be weighed at 97 d) and the

different regions of the intestine were removed and weighed

for calculation of organosomatic indices. Prior to weighing,

the intestinal tract was cleared of visceral fat and luminal con-

tent, and then divided into proximal intestine (PI), mid intes-

tine (MI) and DI, as described earlier(21). From four of the ten

fish per tank, samples from the PI, MI, DI, spleen, head kidney

and liver for histological examination were collected, fixed in

4 % buffered formaldehyde solution for 24 h and subsequently

stored in 70 % ethanol until further processing. For mRNA

expression investigations, DI tissue samples were rinsed in

sterile PBS, transferred to RNA later for 24 h and stored

at 2208C. Head kidney, spleen and intestinal samples for

protein expression and/or digestive enzyme analyses were

frozen in liquid N2 and stored at 2808C. Intestinal contents

of MI (at 97 d only) and DI (at both 33 and 97 d) were

gathered from ten fish, weighed and freeze-dried. Faeces

were collected from thirty fish by stripping from the DI,

pooled and frozen on dry ice for digestibility measurements.

For composition analyses, whole fish and livers from an

additional five fish per tank at the 97 d sampling time were

pooled, frozen in liquid N2 and stored at 2808C.

Chemical composition analyses

Diets and faeces were analysed for DM, crude protein, crude

lipid, starch, ash (mineral) and yttrium oxide (Y2O3), the latter

by inductivity coupled plasma mass spectroscopy, as previously

described(22). Whole fish and livers were analysed for DM,

crude protein and crude lipid. Liver glycogen was also analysed.

DM was measured by drying at 1038C for 24 h with the exception

of faeces, which were freeze-dried. For ash, samples were

weighed before and after burning at 5408C. Fat in liver and

whole body was determined gravimetrically after ethyl-acetate

extraction and the fat in feed and faeces after acid hydrolysis

and extraction with diethyl ether. N was measured with a nitro-

gen determinator (LECO FP-428; Väsby) according to Associ-

ation of Official Analytical Chemists (AOAC) official methods

of analysis(23) and crude protein calculated as N £ 6·25. Starch

and glycogen were measured by enzymatic degradation(24).

Haematology, plasma clinical chemistry and detection of
plasma Cry1Ab protein and specific antibodies

Blood smears of whole blood on microscope slides were pre-

pared for differential blood cell counts using standard tech-

niques. Haematocrit was immediately measured using

microhaematocrit tubes centrifuged at 13 000 rpm for 5 min.

Erythrocyte counts and Hb were measured on a Cell-Dyn

400 (Sequoia-Turner) according to the manufacturer’s instruc-

tions, using Para 12 control blood (Streck) for calibration.

The rest of the whole blood was centrifuged at 3000 g for

10 min to obtain the plasma fraction. Plasma clinical chemistry

Table 1. Formulation and proximate composition of the experimental diets on an as-fed basis

Formulation nGM maize Bt-maize nGM maize þ SBM Bt-maize þ SBM

Ingredient (g/kg)
Fish meal (221/07) 486 486 382 382
nGM maize 196 – 196 –
GM maize (MON810) – 196 – 196
Extracted SBM (180/07) – – 147 147
NorSalmOil 245 245 202 202
Krill meal (103/07) 49 49 49 49
Vitamin mix 196 196 196 196
Mineral mix 3·9 3·9 3·9 3·9
Yttrium oxide 0·1 0·1 0·1 0·1
Carophyll Pink 10 % 0·3 0·3 0·3 0·3

Proximate composition (g/kg)
DM 948 943 943 912
Crude protein 402 392 394 389
Crude lipid 312 312 258 247
Starch 138 134 141 137
Ash 76 75 74 71
Residue* 20 30 76 68
Yttrium oxide 0·08 0·08 0·08 0·08

Gross energy (MJ/kg)† 24·2 23·9 21·9 21·3

nGM, non-GM; Bt, Bacillus thuringiensis; SBM, soyabean meal.
* Residue ¼ DM–(protein þ lipids þ starch þ ash).
† Gross energy was calculated using the energy concentrations of 39·5 for lipid, 23·6 for protein and 17·2 kJ/g for starch.
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was performed at the Central Laboratory of the Norwegian

School of Veterinary Science using Adviaw 1650 (Bayer Health-

care), an automated analysis system for clinical chemistry.

Total protein, globulins, albumin, alanine aminotransferase,

aspartate aminotransferase, alkaline phosphatase, amylase,

lipase, TAG, total bilirubin, total bile acids, NEFA and choles-

terol were analysed using standard techniques.

Cry1Ab protein levels and specific antibodies in plasma

were determined as previously described(25) and modified

for salmon. Briefly, plasma Cry1Ab protein levels were ana-

lysed by ‘sandwich’ ELISA using a commercially available kit

QuantiPlate for Cry1Ab/Cry1Ac (Envirologix) following manu-

facturer’s instructions. A standard curve was prepared by using

purified Cry1Ab protein standards (0–5mg/ml) provided in

the kit. The mean absorbance read at 450 nm against reference

wavelength 630 nm was calculated and used to determine

sample concentrations. Positive and negative controls were

prepared with the kit Cry1Ab-positive control solution as

internal standards. The matrix-specific limit of detection of

the adapted kit was determined by interpolation at optical

density units (ODmatrix) from the Cry1Ab standard curve.

ODmatrix units were determined to be 3 SD from the mean

of a population of negative samples measured for a specific

matrix. The criteria for positive samples was to exceed the

matrix-specific limit of detection.

For detection of specific antibodies against Cry1Ab in

plasma, ELISA plates were coated overnight at 48C with

1 mg/ml of purified Cry1Ab toxin (a fermentation product of

B. thuringiensis var. Kurstaki from Dipel, produced by Valent

BioSciences Corporation) in 0·05 M-carbonate–bicarbonate

buffer (pH 9·6). The plates were blocked for 1 h at 378C with

0·01 M-PBS (pH 7·4), containing 1 % gelatine. PBS alone or

serial dilutions (from 1:5 to 1:78 125) of fish plasma were

added to the plates and incubated for 1 h at 378C. Plates

were then incubated with anti-fish IgM mouse IgG1

(1:16 000) antibodies for 1 h at 378C. Following this, biotin-

labelled anti-mouse IgG1 antibody conjugate (1:5000) was

added to the wells and the plates were incubated for 1 h

at 378C. Horse-radish peroxidise-labelled avidin conjugate

was subsequently added and the incubation step was

repeated. For colour development, H2O2/o-phenylenediamine-

containing substrate solution (pH 5) was added and the plates

were developed for 5 min in the dark. The enzyme reaction

was stopped by the addition of 4 M-H2SO4. The absorbance

was read at 492/630 nm. Samples were analysed in

duplicate and the washing procedure repeated after each

step involved manually washing the plates twice with PBS

containing 1 % gelatine and decanting. Antibody titre was

defined as the maximum serum dilution with an absorbance

measurement higher than the blank signal plus three times

the standard deviation.

Histology

All formalin-fixed tissues were routinely dehydrated in ethanol,

equilibrated in xylene and embedded in paraffin according to

standard histological procedures. Sections of 5mm were

stained with haematoxylin and eosin and blindly evaluated

under a light microscope. Distal intestinal morphology was

scored according to the criteria previously described in Atlantic

salmon with SBM-induced enteritis(15): (1) widening and

shortening of the intestinal folds; (2) loss of the supranuclear

vacuolisation in the absorptive cells (enterocytes) in the

intestinal epithelium; and (3) cellular infiltration of a mixed

leucocyte population in the central lamina propria within the

intestinal folds as well as in the submucosa. The degree of

histological changes was assessed as normal, mild, moderate

or severe.

Digestive enzyme activities and bile acid concentrations

Leucine aminopeptidase activity in the PI, MI and DI tissue

was analysed to assess intestinal function following the

method described previously(26). Activities are related to

mmol substrate hydrolysed per unit time in the whole tissue

per kg body weight (enzymatic capacity) and per mg protein

(specific activity). Protein was analysed using the Bio-Rad

Protein Assay (Bio-Rad Laboratories).

For trypsin activity analysis, 50 mg freeze-dried intestinal con-

tent was homogenised and suspended in 2 ml dH2O. Trypsin

activity was measured colorimetrically according to Kakade

et al.(27), using the substrate benzoyl-arginine-p-nitroanilide

(Sigma-Aldrich). The trypsin activity is expressed as the

change in optical density units (U) and related to mg DM.

The bile acid concentrations in the intestinal contents were

analysed using the Enzabilew kit from Nycomed Pharma AS

Diagnostics.

Quantitative real-time PCR

RNA purification and quality control, DNase treatment, comp-

lementary DNA synthesis, primer optimisation and quantitat-

ive PCR assays were performed as described in detail

elsewhere(28). Quantitative PCR primers were obtained from

the literature or designed using Primer3 software (http://

frodo.wi.mit.edu/primer3). See Table 2 for details. b-Actin

(ACTB), RNA polymerase II (RNAPOLII), hypoxanthine

phosphoribosyltransferase 1 (HPRT1) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were evaluated for use

as reference genes by ranking relative gene expression

according to their stability, as described previously(28). A com-

bination of GAPDH and RNAPOLII was used as normalisation

factor. Distal intestinal mean normalised expression of the

target genes was calculated from raw Cq values using a plate

calibrator-normalised relative quantification(29).

Western blot analysis

A measure of 50 mg tissues samples from DI, head kidney and

spleen were homogenised with 400ml cold radioimmuno-

precipitation assay lysis buffer (50 mM-Tris–HCl (pH 8·0),

150 mM-NaCl, 0·1 % SDS, 1 % Igepal CA-630, 0·5 % sodium

deoxycholate, 2·5 mM-phenylmethylsulfonyl fluoride (PMSF),

2·5 mM-EGTA, 4 mM-ethylene glycol tetraacetic acid (EGTA),

5 mM-sodium orthovanadate, 5mg/ml aprotinin, 50mg/ml

leupeptin, 2mg/ml pepstatin, 0·2 mg/ml benzamidine and

Oral GM Bt-maize exposure in Atlantic salmon 1411
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10 mM-sodium fluoride). The homogenates were centrifuged

at 16 000g at 48C for 20 min and supernatants were collected.

Protein content was quantified using the Bradford assay

(Bio-Rad) with bovine serum albumin (BSA) as a standard.

Samples of 10mg protein were prepared for SDS-PAGE

and transferred to a nitrocellulose membrane (Invitrogen).

Membranes were incubated with primary antibodies: rabbit

polyclonal anti-GAPDH (1:250; Abcam); mouse monoclonal

anti-CD4 (1:50; provided by Karsten Skjødt, University of

Southern Denmark); and mouse monoclonal anti-proliferating

cell nuclear antigen (PCNA) (1:2000; Dako) in 1 £ Tris-

buffered saline with Tween-20 (TBST) (50mM-Tris–HCl

(pH 7·5), 150mM-NaCl, 0·1% Tween 20) with 5% non-fat dry

milk and subsequently incubated with the alkaline phospha-

tase-conjugated secondary antibodies. The targeted proteins

were visualised with fluorescence by ECFe Western Blotting

reagent Pack (GE Healthcare) and Typhoon 9200 imager

system (Amersham Biosciences). ImageQuant software (Amer-

sham Biosciences) was applied to quantify the band intensities.

GAPDH was used as a reference for normalisation of the target

protein expressions.

Calculations

Condition factor ðK Þ ¼ ðbody weight=fork length3Þ £ 100:
Organosomatic index ¼ ðorgan weight=body weightÞ £ 100:

Specific growth rate ¼ ððln final weight 2 ln initial weightÞ

£ 100Þ=t; t ¼ time in d:

Feed efficiency ¼ weight gain ðgÞ=feed intake ðgÞ:

Apparent digestibility coefficient ð%Þ

¼ 100 2 ð100 £ ðnutrient in faeces=yttrium oxide in faecesÞ

£ ðyttrium oxide in feed=nutrient in feedÞÞ:

Nutrient retention efficiency ¼ 100

£ nutrient gain=nutrient intake:

Mean corpuscular volume ¼ ðhaematocrit=erythrocytesÞ £ 10:

Mean corpuscular Hb ¼ ðHb=erythrocytesÞ £ 10;

Hb ¼ Hb ðg=100 mlÞ:

Mean corpuscular Hb concentration ¼ ðHb=haematocritÞ £ 100:

Statistics

The data were statistically evaluated using JMP version 9.0

(2010) Statistical Discoverye (SAS Institute, Inc.). Normal dis-

tribution of data was tested using a plot of actual v. predicted

residuals and the Shapiro–Wilk W-statistic on the residuals.

The results were subjected to two-way ANOVA, with GM

and SBM inclusion as the class variables. The data for mRNA

expression (n 7 or 8) and protein levels (n 3) were analysed

based on individual fish, while for other data tank means

(n 3) were used. For the histological evaluation, results were

compared using the x 2 test. All reported P values are two-

sided and significance was set at P,0·05.

Results

Proximate composition, as well as pesticide and mycotoxin

levels in the two maize types are reported in Walsh et al.(30).

Cry1Ab protein levels in the Bt MON810 maize was 0·6 parts

per million (0·00 006 %), while the non-GM counterpart did

not contain detectable levels of Cry1Ab. Analysed proximate

compositions of the experimental diets (Table 1) were similar

to calculated compositions. All diets were close to equivalent

in composition, similar in protein, starch and ash. However,

Table 2. Primer pair sequences, amplicon size (AS), annealing temperature (AT), efficiency (E) and Genbank accession number for genes used for
quantitative real-time PCR

50-30 primer sequence
AS AT

Gene Forward Reverse (bp) (8C) E Genbank accession no.

CD4 GAGTACACCTGCGCTGTGGAAT GGTTGACCTCCTGACCTACAAAGG 123 60 1·85 [DQ867018]
IL-1b GCTGGAGAGTGCTGTGGAAGA TGCTTCCCTCCTGCTCGTAG 73 60 1·92 [AY617117]
IL-17a TGGTTGTGTGCTGTGTGTCTATGC TTTCCCTCTGATTCCTCTGTGGG 136 60 2·00 [GW574233]
TGF-b AGTTGCCTTGTGATTGTGGGA CTCTTCAGTAGTGGTTTGTCG 191 60 1·90 [EU082211]
IFN-g CTAAAGAAGGACAACCGCAG CACCGTTAGAGGGAGAAATG 159 60 1·93 [FJ263446]
PCNA TGAGCTCGTCGGGTATCTCT GTCCTCATTCCCAGCACACT 170 55 2·00 [BT056931]
HSP70 CCCCTGTCCCTGGGTATTG CACCAGGCTGGTTGTCTGAGT 121 60 1·97 [BG933934]
CAT CCGACCGTCCGTAAATGCTA GCTTTTCAGATAGGCTCTTCATGTAA 140 58 2·00 [BG935638]
SOD CCACGTCCATGCCTTTGG TCAGCTGCTGCAGTCACGTT 140 55 1·88 [BG936553]
PEPT GGCTTTCTGCTCTGTGAAGG TAGGGGGACACAACAAGACC 89 55 1·94 [EB174326]
SGLT TCGTGGGATCTTTCATCCTCA CCATGTAGCCCGTCTGGAAG 78 60 2·00 [NM_001171787]
ACTB CAAAGCCAACAGGGAGAAGATGA ACCGGAGTCCATGACGATAC 133 60 1·86 [AF012125]
RNA-POLII CCAATACATGACCAAATATGAAAGG ATGATGATGGGGATCTTCCTGC 157 60 1·80 [BG936649]
HPRT1 CCGCCTCAAGAGCTACTGTAAT GTCTGGAACCTCAAACCCTATG 255 60 1·99 [BT043501]
GAPDH AAGTGAAGCAGGAGGGTGGAA CAGCCTCACCCCATTTGATG 96 60 1·85 [BT050045]

CD4, cluster of differentiation 4; TGF-b, transforming growth factor b; IFN-g, interferon-g; PCNA, proliferating cell nuclear antigen; HSP70, heat shock protein 70; CAT, cata-
lase; SOD, superoxide dismutase; PEPT, peptide transporter; SGLT, sodium-dependent glucose transporter; ACTB, b-actin; RNA-POLII, RNA polymerase II; HPRT1, hypox-
anthine phosphoribosyltransferase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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SBM-containing diets were slightly lower in lipid and gross

energy and higher in residue levels.

During the entire feeding trial, all the fish appeared normal

and no mortalities were observed. The fish fed the 15 % SBM

inclusion diets were successfully sensitised (see Effects of

soyabean meal section).

Effects of Bt-maize and interactions between GM and
soyabean meal inclusion

Growth performance and feed utilisation. No differences in

initial or final body weight, body weight gain, body length,

specific growth rate, condition factor, feed intake or feed effi-

ciency were observed between nGM maize- and Bt-maize-fed

fish (Table 3). Nor were interactions between Bt-maize and

SBM observed.

Proximate composition of whole body and liver. Bt-maize

caused lower crude lipid deposition (Table 4). No effects on

whole-body crude protein or DM, or on liver crude lipid, gly-

cogen or DM were observed in Bt-maize-fed fish. No inter-

actions between Bt-maize and SBM were observed.

Apparent nutrient digestibilities, faecal DM and nutrient

retention efficiencies. Crude protein and mineral digestibility

of the Bt-maize diets were reduced (P¼0·0456 and 0·0261,

respectively; Fig. 1). Decreased crude lipid retention

(P¼0·0203) and a tendency toward decreased energy reten-

tion (P¼0·0550) were observed in the fish fed Bt-maize

(Fig. 2). No interactions between Bt-maize and SBM were

found in any of these parameters.

Organosomatic indices. A transient (detected at 33 but not

at 97 d) trend (P,0·10) towards higher relative weights of

whole intestine (P¼0·0924) and PI (P¼0·0752) were observed

Table 3. Mean growth performance and feed utilisation of Atlantic salmon (initial body weight 93·8 (SE 0·3) g) fed non-GM (nGM) maize or GM Bt-maize
without or with soyabean meal (SBM) for 33 and 97 d†

Two-way ANOVA

Normal (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize Pooled SE P P P

Day 33
BW (g) 137·4 136·6 131·5 130·6 2·5 0·75 0·0329* 0·99
BL (cm) 22·0 22·2 22·1 22·3 0·2 0·28 0·64 0·64
BWG (g) (0–33 d) 43·9 41·8 38·2 37·2 2·3 0·48 0·0402* 0·82
SGR (0–33 d) 1·17 1·11 1·04 1·01 0·05 0·40 0·0481* 0·75
CF 1·29 1·28 1·22 1·24 0·02 0·60 0·0152* 0·44
FI (g) (0–33 d) 30·1 30·2 29·6 30·7 0·9 0·52 0·97 0·63
FE (0–33 d) 1·46 1·38 1·29 1·21 0·05 0·12 0·0040* 0·97

Day 97
BW (g) 212·4 211·5 197·2 202·2 5·5 0·72 0·0450* 0·61
BL (cm) 25·2 25·2 24·9 25·0 0·3 0·83 0·31 0·42
BWG (g) (0–97 d) 118·9 116·7 104·0 108·8 5·3 0·80 0·0512 0·53
SGR (0–97 d) 0·85 0·83 0·77 0·79 0·03 0·93 0·0639 0·42
CF 1·38 1·35 1·35 1·33 0·02 0·36 0·28 0·83
FI (g) (0–97 d) 93·0 92·3 89·8 95·3 2·5 0·33 0·96 0·16
FE (0–97 d) 1·28 1·26 1·16 1·14 0·03 0·58 0·0021* 0·99

nSBM, non-SBM; Bt, Bacillus thuringiensis; BW, body weight; BL, body length; BWG, body weight gain; SGR, specific growth rate; CF, condition factor; FI, feed intake;
FE, feed efficiency.

*P,0·05.
† The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion by two-way ANOVA analysis.

Table 4. Mean composition of whole body and liver of Atlantic salmon fed non-GM (nGM) maize or GM Bt-maize without or with soyabean meal (SBM) for 97d†

Two-way ANOVA

Normal (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize Pooled SE P P P

Whole body (g/100 g)
Crude protein 16·3 16·4 16·3 16·3 0·1 0·56 0·91 0·74
Crude lipid 13·8 12·8 13·1 11·9 0·2 0·0012* 0·0054* 0·72
DM 32·3 31·7 31·0 30·8 0·4 0·30 0·0195* 0·57

Liver (g/100 g)
Crude protein 13·7 13·4 13·6 13·3 0·2 0·19 0·72 0·90
Crude lipid 4·2 4·6 4·4 4·1 0·2 0·76 0·49 0·41
Glycogen 7·3 8·1 7·7 8·2 0·5 0·15 0·58 0·91
DM 25·9 26·6 25·9 26·3 0·4 0·22 0·81 0·86

nSBM, non-SBM; Bt, Bacillus thuringiensis.
*P,0·05.
† The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion by two-way ANOVA analysis.
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in fish fed Bt-maize diets (Table 5). Moreover, an interaction,

albeit not significant (P¼0·0936), indicated that Bt-maize

tended to increase PI weight reduced by SBM at 33 d. At

97 d, no differences were observed, nor were interactions

between Bt-maize and SBM observed.

Haematology, leucocyte counts, plasma clinical chemistry

and Cry1Ab-specific antibodies and protein in plasma. The

Bt-maize did not cause any differences in haematological

values or differential leucocyte counts (Table 6), or in

plasma clinical chemistry (Table 7) at either 33 or 97 d. Nor

were interactions between Bt-maize and SBM observed.

Cry1Ab protein plasma concentrations were below detection

limits and no specific antibodies (IgM) against Cry1Ab could

be detected (data not shown).

Histology. The histomorphology of head kidney, spleen,

liver, PI, MI (data not shown) and DI (Fig. 3 and Table 8;

see also Effects of soyabean meal section), as assessed by

light microscopy, did not differ between nGM maize- and

Bt-maize-fed fish, nor were any interactions between Bt-maize

and SBM observed.

Digestive enzyme activities and bile acid concentration.

Bt-maize significantly decreased leucine aminopeptidase-

specific activity (P¼0·0368; Fig. 4(B)) and tended to decrease

enzymatic capacity (P¼0·0724; Fig. 4(A)) of PI tissue at 97 d.

No differences in either trypsin activity or bile acid concen-

tration in MI and/or DI content were caused by Bt-maize

(Table 9). No interactions between Bt-maize and SBM were

observed for any of these parameters.

mRNA expression in distal intestine tissue. Real-time

quantitative PCR analyses were limited to the DI, where poss-

ible interactions in immune-sensitised salmon would be

expected. The relative mRNA expression analyses of CD4,

IL-1b, IL-17a, transforming growth factor-b, IFN-g, PCNA,

heat shock protein 70 (HSP70), catalase, superoxide dismutase

(SOD), peptide transporter and sodium-dependent glucose

transporter (SGLT) in DI are shown in Fig. 5(A)–(K),

respectively.

Significant interactions between Bt-maize and SBM

inclusion were observed for SOD (P¼0·0271) at 33 d

(Fig. 5(I)), as well as IFN-g (P¼0·0340; Fig. 5(E)), HSP70

(P¼0·0366; Fig. 5(G)) and SGLT (P¼0·0070; Fig. 5(K)) at

97 d. Bt-maize caused increased SOD (Fig. 5(I)) at 33 d and

HSP70 (Fig. 5(G)) at 97 d only in SBM-fed fish. At 97 d,

increased IFN-g (Fig. 5(E)) was caused by Bt-maize feeding

in normal fish, but this response appeared to be abolished

or masked with SBM inclusion in the diet. For SGLT, the

Bt-maize decreased its expression in normal fish, but not in

fish fed SBM inclusion diets (Fig. 5(K)).

Western blot analyses of cluster of differentiation 4 and

proliferating cell nuclear antigen. Western blot analyses of

protein isolated from DI were analysed for CD4 and PCNA

as local immune and toxicity indicators, respectively. Further-

more, protein isolated from head kidney and spleen were ana-

lysed for PCNA as an indicator of toxicity that may have

escaped detection by plasma clinical chemistry, organoso-

matic indices or histological evaluation.

Single immunoreactive CD4 bands at approximately 51 kDa

in DI (Fig. 6) and PCNA bands at approximately 31 kDa in

head kidney, spleen and DI (Fig. 7) were detected. An

increase in CD4 protein was transiently caused by Bt-maize

at 33 d (P¼0·0436; Fig. 6). PCNA expression was transiently

decreased in DI by Bt-maize at 33 d (P¼0·0330), but not at

97 d. The Bt-maize did not have any effect on PCNA protein

levels in either HK (Fig. 7(A) and (B)) or spleen (Fig. 7(C)

and (D)). No interactions between Bt-maize and SBM were

observed for any of these parameters.

Effects of soyabean meal

The fish fed 15 % SBM inclusion diets were sensitised, as

indicated by mild-to-moderate histopathological signs of

inflammation in DI (Fig. 3 and Table 8). These were chara-

cterised by increased width of the lamina propria and submu-

cosa, infiltration of inflammatory cells, decreased enterocyte

100

80

60

40

20

0
Protein Lipid

A
D

C
 a

n
d

 F
D

M
 (

%
)

Starch Mineral FDM

a bb

b

a

a

*
**

*
**

Fig. 1. Apparent digestibility coefficients (ADC (%)) of crude protein, crude

lipid, starch and mineral, as well as faecal DM (FDM) in fish fed the four

experimental diets for 97 d. Values are means, with their pooled standard

errors represented by vertical bars (n 3). *,**Significant effect of GM inclusion

(two-way ANOVA). a,b Significant effect of soyabean meal (SBM) inclusion

(P,0.05; two-way ANOVA). , non-GM maize; , GM Bt-maize; , non-

GM maize þ SBM; , GM Bt-maize þ SBM.
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Fig. 2. Nutrient retention efficiencies (%) of DM, crude protein, crude

lipid and energy in fish fed the four experimental diets for 97 d. Values are

means, with their pooled standard errors represented by vertical bars (n 3).

*,**Significant effect of GM inclusion (two-way ANOVA). a,b Significant

effect of soyabean meal (SBM) inclusion (P,0.05; two-way ANOVA). ,

non-GM maize; , GM Bt-maize; , non-GM maize þ SBM; , GM

Bt-maize þ SBM.
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vacuolisation, increased goblet cell frequency and a shift of

enterocyte nuclei from basal to a more apical position. With

time, the inflammation became exacerbated and fusion of

mucosal folds was also observed. Moreover, the SBM-fed

fish also showed reduced faecal DM (diarrhoea; Fig. 1),

decreased intestinal and liver weights (Table 5), increased

trypsin activity in DI content (Table 9) and increased CD4

mRNA levels in the DI at 97 d (Fig. 5(A)).

Other results also indicated reduced performance and organ

malfunction associated with the hypersensitivity reactions,

Table 5. Mean organosomatic indices (g/kg body mass) of head kidney (HKSI), spleen (SPSI), liver (LISI), whole intestine (ISI), proximal intestine
(PISI), mid intestine (MISI), distal intestine (DISI) and gonad (GSI) of Atlantic salmon fed non-GM (nGM) maize or GM Bt-maize without or with soya-
bean meal (SBM) for 33 and 97 d†

Two-way ANOVA

Normal (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize Pooled SE P P P

Day 33
HKSI 1·5 1·6 1·5 1·6 0·1 0·30 0·62 0·87
SPSI 0·6 0·6 0·5 0·6 0·02 0·14 0·0647 0·11
LISI 18·6 19·0 17·7 18·2 0·3 0·19 0·0184* 0·91
ISI 52·4 52·7 45·7 48·8 0·8 0·0924 0·0002* 0·11
PISI 43·8 44·0 38·6 41·6 0·7 0·0752 0·0012* 0·0936
MISI 3·0 3·1 2·6 2·7 0·1 0·33 0·0002* 0·62
DISI 5·6 5·6 4·5 4·5 0·1 0·91 ,0·0001* 0·78
GSI – – – – – – –

Day 97
HKSI 1·5 1·5 1·3 1·4 0·1 0·64 0·15 0·63
SPSI 0·9 0·9 0·7 1·0 0·1 0·47 0·68 0·29
LISI 16·4 16·5 15·4 14·8 0·4 0·70 0·0474* 0·60
ISI 59·6 60·5 56·1 58·1 1·7 0·40 0·10 0·74
PISI 51·4 52·0 49·3 51·2 1·1 0·44 0·38 0·72
MISI 2·6 2·7 2·1 2·3 0·1 0·28 0·0109* 0·99
DISI 5·7 5·7 4·7 4·7 0·2 0·93 0·0016* 0·93
GSI 1·3 1·3 1·3 1·3 0·1 0·79 0·34 0·84

nSBM, non-SBM; Bt, Bacillus thuringiensis.
*P , 0·05.
† The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion by two-way ANOVA analysis.

Table 6. Mean haematological parameters including haematocrit (Hct), erythrocyte count, Hb, mean corpuscular volume (MCV), mean corpuscular
Hb (MCH) and MCH concentration (MCHC) and differential leucocyte counts including lymphocytes, granulocytes and monocytes of Atlantic salmon fed
non-GM (nGM) maize or GM Bt-maize without or with soyabean meal (SBM) for 33 and 97 d†

Two-way ANOVA

Normal (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize Pooled SE P P P

Day 33
Hct (%) 44·2 43·1 42·1 42·7 0·8 0·75 0·15 0·35
Erythrocytes (1012/litres) 1·5 1·5 1·5 1·6 0·1 0·77 0·37 0·78
Hb (g/100 ml) 11·2 11·3 11·3 11·4 0·4 0·75 0·88 1·00
MCV (10215 litres) 292 295 277 279 7 0·71 0·0390* 0·99
MCH (£1026 g) 74·6 75·7 73·1 72·6 1·1 0·77 0·0644 0·48
MCHC (g/100 ml) 25·5 25·7 26·5 26·0 0·5 0·81 0·21 0·52
Lymphocytes (%) 87·7 91·0 90·3 93·3 3·0 0·30 0·41 0·97
Granulocytes (%) 10·4 7·0 8·1 5·3 2·3 0·18 0·39 0·90
Monocytes (%) 1·9 2·0 1·6 1·4 0·8 0·99 0·52 0·84

Day 97
Hct (%) 44·9 45·7 44·9 40·4 2·3 0·44 0·28 0·29
Erythrocytes (1012/litres) 1·2 1·3 1·2 1·1 0·1 0·34 0·24 0·27
Hb (g/100 ml) 10·0 10·0 9·5 8·5 0·5 0·31 0·0650 0·28
MCV (10215 litres) 370 370 364 385 11 0·37 0·70 0·38
MCH (£1026 g) 80·6 81·1 77·6 80·4 1·9 0·39 0·33 0·57
MCHC (g/100 ml) 22·0 22·1 21·5 21·0 0·5 0·71 0·15 0·59
Lymphocytes (%) 87·5 89·8 91·3 88·9 2·1 0·99 0·50 0·29
Granulocytes (%) 10·7 8·8 7·8 9·5 2·1 0·93 0·61 0·42
Monocytes (%) 1·8 1·4 0·9 1·6 0·4 0·63 0·41 0·23

nSBM, non-SBM; Bt, Bacillus thuringiensis.
*P , 0·05
† The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion by two-way ANOVA analysis.
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such as decreased growth performance and feed and nutrient

utilisation and retention (Tables 3 and 4; Fig. 1), erythrocyte

mean corpuscular volume (Table 6) at 33 d and plasma alka-

line phosphatase, bile acid, cholesterol and NEFA concen-

trations (Table 7), despite no difference in feed intake

(Table 3). The fish exhibited maldigestion, as indicated by

lower macronutrient digestibilities (Fig. 1), digestive enzyme

activities (Fig. 3) and nutrient transporter mRNA levels (pep-

tide transporter and SGLT; Fig. 5(J) and (K), respectively), as

well as changes in trypsin activity and bile acid concentration

in the intestinal content (Table 9). Increased PCNA mRNA and

protein (Figs. 5(F), and 7(E)–(F), respectively), HSP70 mRNA

(Fig. 5(G)) and decreased catalase mRNA (Fig. 5(H)) in DI are

also indicative of malfunction of the inflamed tissue.

Discussion

Despite somewhat lower protein and mineral digestibility of

the Bt-maize containing diets, growth and feed efficiency

after 97 d of feeding did not differ between fish fed Bt-maize

or nGM maize. However, Bt-maize appeared to cause changes

in nutrient metabolism, either locally in the intestine or

systemically, as indicated by the reduced whole-body lipid

content and lipid retention efficiency, a response not pre-

viously observed in Bt-maize-fed salmon(31). The battery of

analyses conducted did not reveal any remarkable differences

that unequivocally explain this finding, although tendencies of

higher intestinal weights and increased CD4 protein, albeit

transient, as well as relative mRNA expression of IFN-g in DI

may indicate that local changes in tissue growth and

immune responses in the intestinal tissue may have had a

metabolic cost. Maintenance of the intestine has been esti-

mated to require as much as 20–25 % of an organism’s daily

nutrient and energy requirements(32), and changes in intestinal

growth may therefore account for reduced body lipid stores.

The Bt (Cry) protein has been characterised as lectin-

like(33–35) and the data suggest that this protein or other com-

ponents in the Bt-maize may act as growth factor(s) in the

intestine of salmon, leading to an increase in relative intestinal

weights. Some lectins, such as phytohaemagglutinin, have

been demonstrated to function as growth factors for the intes-

tinal mucosa(36–38). Correspondingly, lower activity of the

brush-border enzyme leucine aminopeptidase in PI may

indicate that the growth led to an increase in immature

epithelial cells that had not developed full functionality(39).

Table 7. Mean plasma clinical chemistry including total protein (Tprot), globulins, albumin, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (AP), amylase, lipase, TAG, total bilirubin, total bile acids, NEFA and cholesterol in Atlantic salmon fed non-GM (nGM)
maize or GM Bt-maize without or with soyabean meal (SBM) for 33 and 97 d†

Two-way ANOVA

Normal (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize Pooled SE P P P

Day 33
Tprot (g/l) 32·5 30·8 28·0 33·2 3·2 0·60 0·74 0·32
Globulins (g/l) 17·0 15·8 14·5 17·2 1·8 0·69 0·76 0·32
Albumin (g/l) 15·5 15·0 13·5 16·0 1·4 0·50 0·74 0·32
ALT (IU/l) 13·8 15·3 14·0 13·0 1·2 0·84 0·39 0·32
AST (IU/l) 215 213 201 218 32 0·81 0·89 0·77
AP (IU/l) 160 144 147 193 32 0·65 0·58 0·36
Amylase (IU/l) 819 825 919 930 131 0·95 0·43 0·99
Lipase (IU/l) 11·5 11·2 10·8 11·8 0·6 0·59 1·00 0·30
TAG (mM) 4·6 3·1 3·1 2·8 0·7 0·23 0·25 0·46
Total bilirubin (mM) 5·3 4·8 3·7 4·5 0·8 0·84 0·22 0·42
Bile acids (mM) 21·0 9·0 8·8 13·5 5·7 0·56 0·54 0·18
Cholesterol (mM) 11·8 10·6 8·2 10·1 1·7 0·84 0·25 0·38
NEFA (mM) 0·57 0·58 0·53 0·47 0·10 0·79 0·43 0·68
Osmolality (mOsm/k) 334 330 332 332 1·0 0·20 0·89 0·13

Day 97
Tprot (g/l) 39·5 37·0 38·3 38·0 1·6 0·38 0·95 0·51
Globulins (g/l) 20·8 19·2 19·7 19·7 0·7 0·30 0·67 0·29
Albumin (g/l) 18·7 17·8 18·7 18·3 0·9 0·50 0·77 0·78
ALT (IU/l) 59·0 47·7 32·3 36·8 20·0 0·86 0·35 0·70
AST (IU/l) 290 362 278 348 55 0·20 0·81 0·99
AP (IU/l) 166 164 186 219 15 0·34 0·0371* 0·28
Amylase (IU/l) 688 606 765 674 72 0·24 0·32 0·95
Lipase (IU/l) 13·8 13·5 13·5 13·8 0·4 1·00 1·00 0·46
TAG (mM) 5·3 5·4 4·8 4·1 0·7 0·69 0·24 0·55
Total bilirubin (mM) 5·8 5·8 5·2 5·2 0·5 1·00 0·16 1·00
Bile acids (mM) 13·0 16·8 6·0 7·5 3·0 0·37 0·0179* 0·70
Cholesterol (mM) 14·8 13·6 11·7 12·4 0·8 0·74 0·0246* 0·27
NEFA (mM) 0·62 0·62 0·48 0·47 0·04 0·85 0·0079* 0·85
Osmolality (mOsm/k) 337 336 340 339 3·0 0·83 0·31 0·98

nSBM, non-SBM; Bt, Bacillus thuringiensis.
*P , 0·05.
† The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion by two-way ANOVA analysis.
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This again may explain the lower nutrient digestibility in fish

fed Bt-maize-containing diets.

The histological evaluation indicated that the presence of

Bt-maize in diets neither caused damage to any organs or tis-

sues, nor did it appear to change the SBM-induced hypersen-

sitivity reaction in salmon DI. This was supported by the

general lack of differences in haematological and plasma clini-

cal chemistry values. This is in agreement with results of ear-

lier studies in salmon(40,41). Similarly, light microscopy

investigation in liver and pancreas of sheep following oral

exposure to Bt176-maize did not reveal histological changes.

However, at higher magnification with electron microscopy,

smaller, irregularly shaped cell nuclei containing increased

amounts of granules in hepatocytes and pancreatic acinar

cells were caused by Bt176-maize(42). Moreover, electron

microscopy also revealed that nuclei in pancreatic acinar

cells, hepatocytes and testes cells were modified by GM

soyabean(43–45). Thus, electron microscopy analysis may be

necessary for further investigation of Bt-maize effects on

subcellular structures in salmon tissues.

The transient increase in CD4 mRNA expression and protein

level in DI caused by Bt-maize indicated presence of CD4þ T

effector cell. The reason for the transient nature of these

responses is unknown. It does, however, imply develop-

ment of tolerance to the Bt-maize following a period of

oral exposure. Cry1Ab protein immunoreactivity may be

(A) (B) (E) (F)

(C) (D)

33 d 97 d

lp

lp

lp
lp

V V

(G) (H)

Fig. 3. Histological details of distal intestinal simple folds of Atlantic salmon fed (A and E) non-GM (nGM)-maize, (B and F) GM Bt-maize, (C and G) GM Bt-maize

with soyabean meal (SBM) and (D and H) Bt-maize with SBM diets for 33 and 97 d (haematoxylin and eosin; £ 400). No differences between nGM and

Bt-maize-fed fish were observed. The SBM-fed fish, however, showed reduced supranuclear vacuolisation (v) in enterocytes, widened lamina propria (lp) due to

cellular infiltration and increased numbers of intra-epithelial lymphocytes ( ) and goblet cells ( ). The SBM-induced changes became exacerbated with time.

(A colour version of this figure can be found online at http://www.journals.cambridge.org/bjn).

Table 8. Distal intestinal histomorphological changes†‡

Two-factor x 2 test

Healthy (nSBM) Sensitised (SBM)
nGM/GM: nSBM/SBM: GM–SBM interaction:

nGM maize Bt-maize nGM maize Bt-maize P P P

Day 33
Normal structures 11 10 1 4 0·91 ,0·0001* 0·40
Mild changes 1 2 6 5
Moderate changes 0 0 5 3

Day 97
Normal structures 11 11 0 0 1·00 ,0·0001* 1·00
Mild changes 1 1 4 3
Moderate changes 0 0 8 9

nGM, non-GM; nSBM, non-soyabean meal; SBM, soyabean meal; Bt, Bacillus thuringiensis.
*P , 0·05
† The values signify the number of Atlantic salmon per dietary treatment that displayed the various degrees of morphological changes (n 12) following 33 and 97 d

of feeding nGM maize or GM Bt-maize without or with soyabean meal (SBM). The changes were classified according to the criteria previously described(14).
‡ The P values are given for nGM/GM and nSBM/SBM inclusion, respectively, as well as for interactions between Bt-maize and SBM inclusion.
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conserved as it passed through the digestive tract, as indicated

by in vitro digestion trials, in which the protein was only

slightly degraded at pH 2 even at high pepsin-to-substrate

ratio(6). The protein or immunoreactive fragments of the pro-

tein was also found in the digesta of pigs(25) fed the same

batch of Bt-maize as the salmon in the present study. The

pH range along the gastrointestinal tracts of Atlantic salmon

is 4·5–8·6(21,46), thus higher than most monogastric mammals.

Therefore, it is likely that the Cry1Ab protein escapes full

digestion also in the salmon gastrointestinal tract. The elevated

DI IFN-g expression observed in the Bt-maize-fed fish is an

indication that a local immune response is elicited following

more than 3 months of dietary exposure. The cytokine is pro-

duced by CD4 and CD8 effector T cells once antigen-specific

immunity develops(47). It has been reported that IFN-g and

other cytokines, such as IL-12, IL-10 and IL-4, were induced

in cultured mice spleen cells by Cry1A protein(8). Thus, the

CD4 and IFN-g transcriptional responses merit further investi-

gations as biomarker candidates for exposure to GM maize.

With few exceptions, responses to Bt-maize exposure were

generally not influenced by the SBM-induced hypersensitivity

reaction. The only significant interactions detected were with
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quantitative PCR analyses from the DI. SBM-inclusion in

the diets appeared to increase the DI response to Bt-maize

regarding HSP70, SOD (transient effect) and possibly SGLT

mRNA levels. For the latter, IFN-g has been shown to decrease

ion transporter presence or activity in intestinal epithelium

in higher vertebrates(48–50) and result in malabsorption of

ions(50,51). Thus, the elevated IFN-g expression in DI may

explain the tendency of decreased SGLT mRNA expression,

and also help explain the reduced mineral digestibility

observed in Bt-maize-fed salmon. For HSP70 and SOD, the
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dependency of the Bt-maize effects on sensitised fish

indicates a potentiating effect on cellular stress responses.

On the other hand, the opposite was seen with IFN-g,

in which SBM appeared to ameliorate the increase caused

by Bt-maize alone. However, the dependency of the

Bt-maize effects on sensitised fish for all these genes were

generally low, so that the implications for the general

health of the fish appeared to be marginal, as confirmed

by other findings in the fish following 97 d of exposure to

the Bt-maize.

Other responses to Bt-maize observed in the present study

may be of lower value as biomarkers, as they are quite

unspecific and differed from results in earlier studies in

salmon and other animals fed the same GM-event maize or

other crop plants. For example, the lack of effects on feed

intake and growth was not in agreement with the earlier
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immunoblots including glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control: lane 1 – non-GM (nGM) maize; lane 2 – GM Bt-maize; lane 3 – nGM

maize þ soyabean meal (SBM); and lane 4 – GM Bt-maize þ SBM. Values are means, with their pooled standard errors represented by vertical bars (n 3).

The respective relative immunostaining intensities (B) are also shown. *,** Significant effect of GM inclusion (two-way ANOVA). , nGM maize; , GM Bt-maize;
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studies in salmon, in which the same GM-event maize signifi-

cantly decreased both(31). Nor were the significantly decreased

protein and ash digestibilities, lipid retention, lipid content in

filet and unchanged starch digestibility observed in the present

study in line with results reported by Hemre et al.(31). A 3-year

study on sheep, however, reported decreased plasma potass-

ium levels caused by Bt-maize(41). It has been reported earlier

that Bt-maize induced increased liver and DI weights and

decreased spleen and head kidney weights in Atlantic

salmon(31) and enlarged spleen in rats(11). However, no effects

of Bt-maize on these organs were currently observed in

salmon. Nor were unchanged peptide transporter 1 mRNA in

DI in agreement with an earlier study(52). Previous studies

showed that plasma total protein or albumin tended to

decrease in rats and broiler chickens fed Bt-rice, Bt-maize or

Bt-cottonseed meal(10,53–55). However, Bt-maize did not

cause any changes in plasma protein level or osmolality in

the present study, which indicate that the decreased protein

and mineral digestibilities of the Bt-maize diets were not

enough to negatively influence salmon health during the time-

span encompassed by this feeding trial.

Furthermore, changes in cellular proliferation (PCNA) in DI,

spleen or head kidney do not appear to be of value as bio-

markers for Bt-maize exposure. Changes in normal intestinal

cell renewal have been suggested as early indicators

for abnormal or toxic conditions in the gastrointestinal

tract(39,56–60). It has been reported that Cry1A can bind to

the intestinal mucosal surfaces, influencing some epithelial

cell functions(61). The expression of a proliferation marker,

Ki-67, was significantly higher in the basal cells of the ruminal

epithelium of sheep fed Bt-maize(41). As the DI was the main

region showing histomorphological changes in the present

study, PCNA mRNA and protein expression were determined

in this tissue as well as in the immunologically important tis-

sues, spleen and head kidney. PCNA was increased both at

gene and protein expression level in the DI of fish with

SBM-induced hypersensitivity, as reported in other

studies(39,40). Analyses in more proximal intestinal regions,

where tendencies of increased tissue weights were observed

in the Bt-maize-fed fish, would be useful in future studies to

assess PCNA as a potential biomarker for Bt-maize exposure.

Conclusions

In the present study, an overall evaluation of health and

growth performance indicated that Bt-maize (MON810) in

diets for normal and SBM-sensitised Atlantic salmon resulted

in lower protein and mineral digestibility as well as lipid

and energy retention, indicating that these fish utilised and

metabolised feed less efficiently compared to those fed the

nGM maize. The increased IFN-g associated with the tendency

of decreased SGLT expression may partly explain the lower

nutrient and mineral digestibilities in Bt-maize-fed salmon.

Metabolic costs associated with higher intestinal growth and

immune responses, as indicated by elevated distal intestinal

IFN-g mRNA expression levels and transient CD4 protein

level, may explain lower lipid retention. Furthermore,

Bt-maize may potentiate oxidative cellular stress in the DI

of fish afflicted with an intestinal hypersensitivity reaction, as

indicated by increases in SOD mRNA and HSP70 mRNA.

The increases in CD4 protein and IFN-g mRNA in the DI of

Bt-maize-fed fish suggest that Cry1Ab protein or other anti-

gens produced due to genetic modification have potential

local immunogenic effects in the gastrointestinal tract and

may function as biomarkers for MON810-event maize

exposure for this species. However, long-term observations

and more in-depth studies on immune responses and nutrient

utilisation may be needed to confirm these results. Testing

maize gluten meal derived from GM maize, a more commonly

used, protein-rich maize product in salmonid diets, would also

be of practical value for the aquaculture industry.

Acknowledgements

The study was supported by a European Union Seventh

Framework Programme grant (GMSAFOOD, grant no.

211820). The authors wish to thank Asbjørn Valset at Nofima

Marine research station at Sunndalsøra, Norway for skilled

animal care, and Ellen K. Hage, Elin C. Valen and Gunn

C. Østby in our lab in Oslo for excellent technical assistance.
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