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The aim was to investigate transgenerational effects of feeding genetically modified (GM) maize expressing a truncated form of
Bacillus thuringiensis Cry1Ab protein (Bt maize) to sows and their offspring on maternal and offspring intestinal microbiota.
Sows were assigned to either non-GM or GM maize dietary treatments during gestation and lactation. At weaning, offspring
were assigned within sow treatment to non-GM or GM maize diets for 115 days, as follows: (i) non-GM maize-fed sow/non-GM
maize-fed offspring (non-GM/non-GM), (ii) non-GM maize-fed sow/GM maize-fed offspring (non-GM/GM), (iii) GM maize-fed
sow/non-GM maize-fed offspring (GM/non-GM), and (iv) GM maize-fed sow/GM maize-fed offspring (GM/GM). Offspring of
GM maize-fed sows had higher counts of fecal total anaerobes and Enterobacteriaceae at days 70 and 100 postweaning, respec-
tively. At day 115 postweaning, GM/non-GM offspring had lower ileal Enterobacteriaceae counts than non-GM/non-GM or
GM/GM offspring and lower ileal total anaerobes than pigs on the other treatments. GM maize-fed offspring also had higher
ileal total anaerobe counts than non-GM maize-fed offspring, and cecal total anaerobes were lower in non-GM/GM and GM/
non-GM offspring than in those from the non-GM/non-GM treatment. The only differences observed for major bacterial phyla
using 16S rRNA gene sequencing were that fecal Proteobacteria were less abundant in GM maize-fed sows prior to farrowing and
in offspring at weaning, with fecal Firmicutes more abundant in offspring. While other differences occurred, they were not ob-
served consistently in offspring, were mostly encountered for low-abundance, low-frequency bacterial taxa, and were not associ-
ated with pathology. Therefore, their biological relevance is questionable. This confirms the lack of adverse effects of GM maize
on the intestinal microbiota of pigs, even following transgenerational consumption.

Genetically modified (GM) maize is one of the most widely
grown GM crops worldwide. A large proportion of this is

maize that expresses a truncated form of the Cry1Ab protein from
Bacillus thuringiensis (Bt maize), which confers resistance to cer-
tain maize pests (1, 2). While to date adverse effects of Bt maize
consumption have not been definitively documented, the safety of
GM food and feed is an intensely debated subject (3).

Numerous studies have investigated the effects of Bt maize
consumption on production and health characteristics in differ-
ent animal species (3–10); however, apart from those conducted
by our group, few studies have been performed in pigs. Further-
more, while a number of studies have investigated the effects of Bt
maize on the intestinal microbiota of ruminants (6, 11, 12), our
group was the first to examine its impact on the porcine intestinal
microbiota (13, 14). Moreover, we were the first to employ high-
throughput 16S rRNA gene sequencing to determine if consump-
tion of GM food/feed influences intestinal microbial communi-
ties. Such studies are warranted, considering in vitro observations
that the Cry1Ab protein is antimicrobial against intestinal bacte-
ria, such as Clostridium, both in its intact and fragmented forms, at
concentrations of 25 to 63 �g/ml (15). Furthermore, the Cry1Ab
protein is not completely degraded during intestinal transit when
administered in feed at concentrations of 0.17 to 0.52 �g/g feed
and persists in the intestine at concentrations of 0.003 to 0.03
�g/ml (8, 9, 16). In addition, the finding that indigenous gut bac-
teria contribute to B. thuringiensis susceptibility in the larvae of
some insect species (17) suggests that Bt toxins in some way im-

pact the intestinal microbiota. Furthermore, Finamore et al. re-
vealed changes in local and systemic immune responses in mice
associated with Bt MON810 maize feeding that were especially
evident in young and old mice, i.e., at times of major shifts in the
intestinal microbiota (18). As no clear hypothesis is provided to
explain the outcomes of the study, it is possible that the differences
observed by Finamore et al. may be due to indirect effects of the
MON810 maize on the intestinal microbiota.

To date, the impact of GM feed consumption on the intestinal
microbiota of pregnant females and/or their offspring has not
been examined. Due to the physiological changes that occur dur-
ing pregnancy and the extra demands of the developing fetuses,
pregnant females may respond differently to the consumption of
Bt maize. Furthermore, any dietary-induced perturbations at the
level of the intestinal microbiota could potentially trigger an im-
mune response in the pregnant female that could affect in utero
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development of the offspring. Any disturbance of the intestinal
microbiota of pregnant females may also have consequences for
establishment of the piglets’ intestinal microbiota and indirectly
for maturation of the piglet immune system. This is because the
newborn’s first microbial contact is with the microbiota of the
mother at birth (19), and the maternal microbiota is the inoculum
for colonization of the neonatal digestive tract, which is important
for maturation of the neonatal immune system (20). Further-
more, as newborn pigs are in constant contact with the mother’s
feces until weaning, it is likely that establishment of their postnatal
preweaning intestinal microbiota depends largely on that of the
sow (20).

Therefore, the aim of this study was to investigate the transgen-
erational effects of feeding GM maize to sows during gestation and
lactation and to their offspring from weaning for 115 days on sow
fecal and offspring fecal, ileal, and cecal bacterial communities
using culture-dependent and -independent approaches.

MATERIALS AND METHODS
Pig feeding study. The pig study complied with European Union Council
Directives 91/630/EEC (outlines minimum standards for the protection
of pigs) and 98/58/EC (concerns the protection of animals kept for farm-
ing purposes). The study was approved by and a license was obtained from
the Irish Department of Health and Children (license number B100/
4147). Ethical approval was obtained from the Teagasc and Waterford
Institute of Technology ethics committees.

The duration of the feeding study was 36 weeks. At insemination (day
0), 24 Large White � Landrace nulliparous sows (�165 kg) were blocked
by body weight and date of insemination before being randomly assigned
to one of two dietary treatments: (i) near-isogenic parent line maize (Pi-
oneer PR34N43; non-GM) or (ii) Bt maize (Pioneer PR34N44 event
MON810; GM). Sows were fed diets from insemination throughout preg-
nancy and lactation until weaning at �day 28 postparturition. At wean-
ing, offspring (n � 20/sow treatment) were selected and blocked by sow
treatment, sex, and body weight and randomly assigned within sow treat-
ment to either a non-GM or GM maize-based diet for 115 days, giving
rise to four dietary treatments: (i) non-GM maize-fed sow/non-GM
maize-fed offspring (non-GM/non-GM), (ii) non-GM maize-fed
sow/GM maize-fed offspring (non-GM/GM), (iii) GM maize-fed sow/
non-GM maize-fed offspring (GM/non-GM), and (iv) GM maize-fed
sow/GM maize-fed offspring (GM/GM). Sow and offspring housing
and management have previously been described by Walsh et al. (21)
and Buzoianu et al. (22), respectively.

Maize and diets. Seeds derived from the Bt MON810 and non-GM
parent line maize (PR34N44 and PR34N43, respectively; Pioneer Hi-
Bred, Sevilla, Spain) were grown simultaneously side by side in Valtierra,
Navarra, Spain, under similar management conditions by independent
tillage farmers in 2007. This was done to avoid, insofar as possible, com-
positional differences between the non-GM and the GM maize due to
differences in environmental exposure, soil composition, and manage-
ment practices. The GM and non-GM maize were purchased by the au-
thors from the tillage farmers for use in this animal study. Samples from
the non-GM and GM maize were tested for the presence of the cry1Ab
gene, pesticide contaminants, mycotoxins, and carbohydrate composi-
tion as previously described by Walsh et al. (10). All diets were manufac-
tured, and proximate and amino acid analysis was performed as previ-
ously described by Walsh et al. (10). All diets were formulated to meet or
exceed the National Research Council requirements for pigs at each pro-
duction stage (23). Details of animal feeding have previously been de-
scribed by Walsh et al. (21) and Buzoianu et al. (22).

Sample collection and analysis. Fecal samples were collected by rectal
stimulation from 12 sows per treatment group at insemination (day 0),
day 110 of gestation (�1 week prior to parturition), and day 28 of lacta-
tion. Samples were collected into sterile plastic containers and stored at

4°C in anaerobic jars containing Anaerocult A gas packs (Merck, Darm-
stadt, Germany) until analysis (within 12 h). Fecal samples were collected
in a similar manner from offspring at weaning and at days 30, 70, and 100
postweaning. At day 115 postweaning, i.e., when pigs had reached the
normal slaughter weight (�105 kg), the offspring were harvested in a
commercial abattoir using electrical stunning followed by exsanguina-
tion. Digesta samples were removed aseptically from the terminal tip of
the cecum and from the ileum (15 cm proximal to the ileocecal junction),
placed in sterile plastic containers, and stored anaerobically, as described
for the fecal samples. The last meal was provided 3 h before euthanasia.

Enumeration of Lactobacillus (indicator of beneficial bacteria [24])
and Enterobacteriaceae (indicator of pathogenic bacteria [24]) from indi-
vidual fecal samples and ileal and cecal digesta was performed as described
by Gardiner et al. (56). To inhibit growth of yeasts and molds, nystatin
(Sigma-Aldrich Ireland Ltd., Wicklow, Ireland) was added to Lactobacil-
lus selective agar (Becton, Dickinson, Cockeysville, MD) at a concentra-
tion of 50 units/ml. Total anaerobic bacteria from individual fecal samples
were enumerated as previously described by Rea et al. (25). To maintain
anaerobiosis, manipulation of all samples was performed in a Whitley A85
anaerobic workstation (DW Scientific, Shipley, United Kingdom), and
the plates were also incubated anaerobically within the workstation.

Fecal samples from sows at day 110 of gestation and from offspring at
weaning and day 100 postweaning and cecal samples from day 115
postweaning were frozen at �20°C for subsequent 16S rRNA gene se-
quencing.

DNA extraction and PCR. DNA was extracted from fecal samples of
sows at day 110 of gestation and from fecal samples of offspring at weaning
and day 100 postweaning and from offspring cecal samples at day 115
postweaning as described by Buzoianu et al. (13). PCR amplification of
the 239-bp V4 region of the 16S rRNA gene, gel electrophoresis, amplicon
quantification, and purification were performed as previously outlined by
Buzoianu et al. (13).

16S rRNA gene sequencing and bioinformatics analysis. Sequencing
was performed on a 454 Genome Sequencer FLX platform (Roche Diag-
nostics Ltd., Burgess Hill, West Sussex, United Kingdom), according to
the manufacturer’s protocols. Resulting raw sequences were quality
trimmed as previously described (26). A BLAST search of trimmed
FASTA sequences was then performed against a locally installed version of
the SILVA 16S rRNA database, with the top 50 hits against the database
selected. The taxonomic distribution of reads was determined using
MEGAN, with modified accession lookup tables for mapping the SILVA
assignments to NCBI taxonomy. MEGAN assigns reads to NCBI taxono-
mies by employing the lowest common ancestor algorithm. Bit scores
were used from within MEGAN for filtering the results before tree con-
struction and summarization. A bit score of 86 was selected as previously
used for 16S ribosomal sequence data (27). Phylum, family, and counts
for each subject were extracted from MEGAN. MOTHUR software was
used to compute alpha diversity indices. Sequence reads were clustered
into operational taxonomical units (OTUs) using the QIIME suite of soft-
ware tools. OTUs were aligned, and chimeric OTUs were removed using
the ChimeraSlayer program. A phylogenetic tree was generated using the
FastTreeMP tool. Subsequently, beta diversities of the samples were cal-
culated. Principal coordinate analysis (PCoA) and hierarchical clustering
of samples were implemented. PCoA plots were visualized with the KiNG
viewer. The number of reads assigned to each taxonomic rank was divided
by the number of reads assigned to the highest rank (phylum) to obtain
percent relative abundance values.

Statistical analysis. Statistical analysis of data was performed using
SAS/STAT, version 9.2 (2010) (SAS Institute, Inc., Cary, NC). Data were
checked for normality using the Shapiro-Wilk test within PROC
UNIVARIATE in SAS. In an attempt to ensure normality, bacterial counts
were log transformed to the base 10, and nonnormal relative abundance
data were transformed using the Box-Cox transformation (28). Data that
were initially normally distributed or were normalized with the Box-Cox
transformation were analyzed using PROC MIXED while nonnormal

Buzoianu et al.

7736 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


data were analyzed using PROC NPAR1WAY. Data analyzed using
PROC MIXED are presented as least-squares means and 5th to 95th
confidence limits of raw data (for data that were initially normal) or of
the back-transformed values (for data normalized using the Box-Cox
transformation), while bacterial counts are presented as log values
with their corresponding standard errors of the means. Data analyzed
using nonparametric tests are presented as medians and 5th to 95th
percentiles (the 5th percentile is larger than 5% of the values and the
95th percentile is larger than 95% of the values). Significance is re-
ported at a P value of �0.05. For all variables, the individual pig was
the experimental unit.

For sows, relative abundance data that were normally distributed and
log-transformed microbial counts were analyzed using PROC MIXED in
SAS with treatment as a fixed effect and block as a random effect in the
statistical model. For microbial counts, day 0 values were included as
covariates in the statistical model, and day was included as a repeated
variable. The slice option was used to test for simple effects at individual
time points. Nonnormal data were analyzed using the Kolmogorov-Smir-
nov test within PROC NPAR1WAY.

For offspring, data that were normally distributed or that were nor-
malized were analyzed as a 2-by-2 factorial split-plot design with sow
treatment regarded as the main plot and offspring treatment as the sub-
plot. Sow and offspring treatment and their interaction were included in
the statistical model as fixed effects, and block, sow block, and the sow
block-sow treatment interaction were included as random effects. Data
that were normal or that were normalized for both day 0 and day 100 were
analyzed as repeated measures, with day included in the statistical model
as a repeated variable. The slice option was used to test for simple effects at
individual time points. P values were adjusted for multiple comparisons
using the Tukey-Kramer adjustment. For bacterial counts, day 0 values
were included as a covariate in the statistical model. For nonnormal data, a
nonparametric Kolmogorov-Smirnov test was used for sow treatment and
offspring treatment effects, and a nonparametric Kruskal-Wallis test was used
to analyze differences among the four combinations of treatments.

RESULTS

One sow from the non-GM treatment group received antibiotic
treatment on days 105 to 107 of gestation. Likewise, two of the off-
spring (one from each of the non-GM/GM and the non-GM/
non-GM treatment groups) were treated with antibiotics for 3 days
between day 70 and day 100. As a result, data from any of these treated
animals were not included for analysis at subsequent sampling
points.

Maize and diets. No major compositional differences were ob-
served between the GM and non-GM maize (10) or between the
non-GM and GM diets (see Tables S1 and S2 in the supplemental
material). The Bt maize was found to have a 2.63 percentage units
(as a percentage of dry matter) lower enzyme-resistant starch con-
tent and a 3.08 percentage units (as a percentage of dry matter)
higher overall starch content than the non-GM maize. However,
the values remained within the natural variability for maize vari-
eties cited in the literature (13).

Effects of feeding GM maize-based diets to sows during ges-
tation and lactation and to offspring for 115 days postweaning
on selected culturable fecal and intestinal microbiota. Bacterial
counts from sow fecal samples are presented in Table S3 in the
supplemental material. There was no effect of feeding GM maize-
based diets to sows on counts of culturable fecal Enterobacteria-
ceae, Lactobacillus bacteria, or total anaerobes on day 110 of ges-
tation or day 28 of lactation. While Lactobacillus counts increased
from day 28 of gestation to day 28 of lactation (P � 0.05) (data not
shown), Enterobacteriaceae and total anaerobe counts decreased
between these two sampling points (P � 0.05) (data not shown).

Bacterial counts from offspring fecal and intestinal digesta
samples are presented in Table 1. There was no sow treatment-
offspring treatment interaction or effect of offspring treatment on
fecal Enterobacteriaceae counts at any time during the study (P �
0.05). At day 100 postweaning, offspring from GM maize-fed sows
had higher fecal counts of Enterobacteriaceae than offspring from
non-GM maize-fed sows (P � 0.05) (Table 1). No sow treatment-
offspring treatment interaction was observed for Lactobacillus
counts in the feces of offspring, nor were any sow or offspring
treatment effects seen. A sow treatment effect was observed for
fecal total anaerobes at day 70 postweaning when offspring of GM
maize-fed sows had higher counts than offspring of non-GM
maize-fed sows (P � 0.05) (Table 1). Ileal Enterobacteriaceae
counts were lower at day 115 postweaning in offspring on the
GM/non-GM treatment diet than in offspring on the non-GM/
non-GM and GM/GM treatment diet (P � 0.05). No treatment
effect was observed for offspring ileal or cecal Lactobacillus counts
at day 115 postweaning (P � 0.05). However, at day 115
postweaning ileal total anaerobe counts were lower in pigs on the
GM/non-GM treatment than in pigs on all other treatments (P �
0.05), and this led to an offspring treatment effect, with GM
maize-fed offspring having higher counts than non-GM maize-
fed offspring (P � 0.05; Table 1). A sow treatment-offspring treat-
ment interaction was also observed for cecal total anaerobes at day
115 postweaning, with offspring on the non-GM/GM and GM/
non-GM treatments having lower counts than offspring on the
non-GM/non-GM treatment (P � 0.05).

Effects of feeding GM maize-based diets to sows during ges-
tation and lactation and to offspring for 115 days postweaning
on microbial population indices. A total of 65,890 reads (average
of 2,864 [range, 1,068 to 4,176] reads/sample) of the V4 region of
the 16S rRNA gene were generated from high-throughput se-
quencing of fecal samples from sows. In offspring at weaning,
188,583 (average of 4,715 reads [range, 3,048 to 6,827]/sample)
reads were generated, while at day 100 postweaning, 175,133 reads
were generated (average of 4,609 [range, 2,509 to 6,881] reads/
sample). High-throughput sequencing of cecal samples at day 115
postweaning yielded 100,601 reads (average of 2,719 [range, 1,400
to 4,682] reads/sample).

Population indices were similar among treatments (Table 2).
Unweighted beta diversity plots did not show clustering specific to
any treatment group (see Fig. S1, S2, S3, and S4 in the supplemen-
tal material).

Effect of feeding a GM maize-based diet to sows on the rela-
tive abundance of sow fecal microbiota at day 110 of gestation.
Results for taxa with abundances that differed significantly among
sow treatments are presented in Table 3 and Fig. 1 (only main
phyla are shown in the figure). A full outline of all taxa detected in
fecal samples of sows can be found in Table S4 in the supplemental
material. At the phylum level, the relative abundance of Proteobac-
teria was lower in the feces of GM maize-fed sows (P � 0.05) (Fig.
1). Verrucomicrobia were detected in only four sows on the
non-GM treatment and in none on the GM treatment, resulting in
a lower relative abundance of this phylum in GM maize-fed sows
(P � 0.05) (Table 3).

A total of 40 bacterial families were identified in the feces of
sows at day 110 of gestation (see Table S4 in the supplemental
material). The Rikenellaceae differed in their relative abundances
among treatments, with GM maize-fed sows having lower abun-
dance than the non-GM maize-fed sows (P � 0.05). Counts of the
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Prevotellaceae, Succinivibrionaceae, Rikenellaceae-related bacteria,
and Lactobacillaceae were also lower in the feces of GM maize-fed
sows than in feces of non-GM maize-fed sows (P � 0.05).

Forty genera were detected in the feces of sows at day 110 of
gestation. The relative abundances of the genus Prevotella were
significantly different between non-GM maize- and GM maize-
fed sows, with a lower relative abundance found in the latter (P �
0.05) (Table 3). The relative abundances of Lachnospiraceae incer-
tae sedis, Anaerobiospirillum, and Lactobacillus were also lower in
GM maize-fed sows (P � 0.05); with respect to Lactobacillus this
may have resulted from the low frequency of detection in this
treatment group.

Effect of feeding a GM maize-based diet to sows on the
relative abundance of fecal microbiota of offspring at wean-
ing. Results for taxa with abundances that differed significantly
among treatments are presented in Table 4 and Fig. 1 (showing
only the main phyla) and in Tables S8 and S9 in the supplemental
material. A full outline of all taxa detected in offspring fecal sam-
ples at weaning can be found in Table S5. At the phylum level, the
relative abundance of Firmicutes was higher for offspring of GM
maize-fed sows than for offspring of non-GM maize-fed sows
(P � 0.05) (Fig. 1). A sow treatment effect was also observed for
fecal Proteobacteria, with lower relative abundance in offspring
from GM maize-fed sows than in offspring of non-GM maize-fed
sows (P � 0.05) (Fig. 1).

Analysis of fecal bacterial communities in weanling pigs re-
vealed 43 families (see Table S5 in the supplemental material). A
higher relative abundance was observed in offspring from GM
maize-fed sows than in offspring from non-GM maize-fed sows
for the families Ruminococcaceae (P � 0.05) (see Table S8), Lach-
nospiraceae (P � 0.05) (see Table S8), and Clostridiaceae (P �
0.05) (see Table S8). Fecal Clostridiaceae were also present at a
higher relative abundance in the feces of pigs on the GM/non-GM
treatment than in pigs on the non-GM/GM treatment (P �
0.05) (Table 4). There was also an overall offspring treatment
effect for the Rikenellaceae family, with GM maize-fed off-
spring having higher relative abundance than non-GM maize-
fed offspring (P � 0.05) (see Table S9). Offspring of GM maize-
fed sows also had higher relative abundance of Victivallaceae
than offspring of non-GM maize-fed sows (P � 0.05) (see Ta-
ble S8).

A total of 73 genera were detected in the feces of weanling
pigs, with offspring of GM maize-fed sows having a higher
relative abundance of Subdoligranulum than offspring of
non-GM maize-fed sows (P � 0.05) (see Table S8 in the sup-
plemental material). Relative abundance of fecal Clostridium
was higher in pigs on the GM/non-GM treatment than in pigs
on the non-GM/GM treatment (P � 0.05) (Table 4). Fecal
Butyricimonas bacteria were present at a higher relative abun-
dance in pigs on the GM/GM treatment than in pigs on any of

TABLE 1 Bacterial counts in offspring of sows fed a GM or non-GM maize diet

Sample source, bacteria, and
sampling daya

Counts in offspring of sows fedb:

P valueNon-GM diet GM diet

SEMNon-GMc GMc Non-GM GM
Sow
treatment

Offspring
treatment

Treatment
interactiond

Fecal samples
Enterobacteriaceae

Day 30 5.61 5.94 5.80 6.24 0.196 0.51 0.29 0.64
Day 70 6.72 6.73 6.61 6.78 0.154 0.91 0.73 0.97
Day 100 6.78 6.50 7.15 7.18 0.139 0.05 0.61 0.16

Lactobacillus
Day 30 8.92 9.03 8.94 8.98 0.090 0.94 0.68 0.97
Day 70 8.48 8.98 8.71 8.42 0.096 0.41 0.58 0.18
Day 100 8.69 8.90 8.76 8.17 0.171 0.34 0.59 0.41

Total anaerobes
Day 30 9.41 9.20 9.60 9.27 0.120 0.41 0.09 0.29
Day 70 9.20 9.51 9.70 9.66 0.116 0.03 0.35 0.09
Day 100 8.99 9.72 9.53 9.15 0.224 0.96 0.68 0.59

Digesta samples
Enterobacteriaceae (day 115)

Ileum 7.91 A 7.34 AB 6.31 B 8.30 A 0.432 0.37 0.06 0.01
Cecum 7.85 7.18 7.05 7.50 0.302 0.41 0.69 0.06

Lactobacillus (day 115)
Ileum 7.01 7.25 7.02 7.19 0.383 0.95 0.52 0.91
Cecum 8.34 7.78 7.90 7.92 0.320 0.62 0.38 0.34

Total anaerobes (day 115)
Ileum 8.70 A 8.63 A 7.96 B 8.87 A 0.192 0.14 0.02 0.01
Cecum 9.54 A 8.97 B 9.15 B 9.19 AB 0.148 0.55 0.07 0.03

a Day postweaning.
b Sows were fed either a non-GM or a GM maize-based diet during gestation and lactation. Data are presented as treatment least-squares means (log10 CFU g�1). Variability present
at weaning has been accounted for by including weaning counts as covariates in the statistical model. Within a row, the same letter is placed next to values whose means are not
significantly different (P � 0.05). Means separation was performed using a Tukey-Kramer adjustment for multiple comparisons.
c Diet of offspring. Within sow treatment, offspring were fed either a non-GM or a GM maize-based diet from weaning for 115 days.
d Sow treatment-offspring treatment interaction.
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the other treatments (P � 0.05) (Table 4). Likewise, Roseburia
was more abundant in feces of pigs on the non-GM/GM treat-
ment than in pigs on all other treatments (P � 0.05) (Table 4).

Effect of feeding a GM maize-based diet to sows and their
offspring on the relative abundance of fecal microbiota in off-
spring at day 100 postweaning. As noted above, results for taxa

with abundances that differed significantly among treatments are
presented in Table 4 and in Tables S8 and S9 in the supplemental
material. A full outline of all taxa detected in offspring fecal sam-
ples at day 100 postweaning can be found in Table S6. At the
phylum level, only the Fibrobacteres were affected by treatment,
with lower counts in pigs on the non-GM/GM and the GM/
non-GM treatments than in pigs on the non-GM/non-GM treat-
ment (P � 0.05) (Table 4).

Thirty-five bacterial families were detected in the feces of pigs
at 100 days postweaning. The relative abundance of fecal Fibro-
bacteraceae was lower in pigs on the non-GM/GM and GM/
non-GM treatments than in pigs on the non-GM/non-GM treat-
ment (P � 0.05) (Table 4). Fecal Helicobacteraceae counts were
higher in pigs on the non-GM/GM treatment than pigs on all
other treatments (P � 0.05) (Table 4).

Fecal Ruminococcus was less abundant in pigs on the GM/GM
treatment than in pigs on the non-GM/GM treatment (P � 0.05)
(Table 4), leading to a lower relative abundance of this genus in
offspring of GM maize-fed sows than in offspring of non-GM
maize-fed sows (P � 0.05) (see Table S8 in the supplemental ma-
terial). Oscillospira and Faecalibacterium were less abundant in
feces of GM maize-fed offspring than in non-GM maize-fed off-
spring (P � 0.05) (see Table S9). Fibrobacter was less abundant in
offspring on the non-GM/GM and GM/non-GM treatments than
in offspring on the non-GM/non-GM treatment (P � 0.05) (Ta-
ble 4). GM maize-fed offspring had lower fecal Thalassospira
counts than non-GM maize-fed offspring (P � 0.05) (see Table
S9). Helicobacter was present at a higher relative abundance in pigs
on the non-GM/GM treatment than in pigs on any of the other
treatments (P � 0.05) (Table 4). Solobacterium was less abundant
in pigs on the GM/non-GM and GM/GM treatments than in pigs
on the non-GM/non-GM treatment (P � 0.05) (Table 4).

Effect of feeding a GM maize-based diet to sows and their
offspring on the relative abundance of cecal microbiota of
offspring at day 115 postweaning. Results for taxa with abun-
dances that differed significantly among treatments are presented

TABLE 2 Bacterial diversity within samples from offspring fed non-GM
or GM maize-based dietsa

Microbiota source and diversity
measure

Value for offspring of sows fed:b

Non-GM dietc GM dietd

Non-GMe GMe Non-GM GM

Offspring feces at weaning
Chao 1 richness estimation 806 812 953 820
Shannon diversity index 5.06 5.02 5.30 5.16
Good’s coverage 0.95 0.95 0.94 0.95

Offspring feces at day 100 postweaning
Chao 1 richness estimation 1,106 1,098 1,125 1,156
Shannon diversity index 5.68 5.61 5.54 5.58
Good’s coverage 0.93 0.93 0.93 0.93

Offspring cecal digesta at day 115
postweaning

Chao 1 richness estimation 846 938 784 869
Shannon diversity index 5.40 5.53 5.46 5.44
Good’s coverage 0.91 0.90 0.90 0.91

a Estimates of diversity were computed using MOTHUR software and are presented as
treatment means.
b Sows were fed either a non-GM or a GM maize-based diet during gestation and
lactation.
c Diversity values for sows on a non-GM diet were 1,267 (Chao 1 richness estimation),
5.92 (Shannon diversity index), and 0.87 (Good’s coverage).
d Diversity values for sows on a GM diet were 1,242 (Chao 1 richness estimation), 5.86
(Shannon diversity index), and 0.88 (Good’s coverage).
e Diet fed to offspring. Within sow treatment, offspring were fed either a non-GM or a
GM maize-based diet from weaning at �28 days for 115 days.

TABLE 3 Relative abundance (%) of sow fecal bacteria at day 110 of gestationa

Taxon

Abundance (%) in feces of sows fed:b

P value

No. of animalsc

Non-GM diet GM diet Non-GM diet GM diet

Phylum
Verrucomicrobia# 0 (0–0.4) 0 (0) 0.04 4 0

Family
Rikenellaceae† 5.9 (1.7–11.9) 3.6 (1.9–6.5) 0.05 11 12
Prevotellaceae† 2.4 (1.3–4.4) 1.5 (0.7–2.9) 0.01 11 12
Succinivibrionaceae# 1.9 (0–14.8) 0.5 (0–2.3) 0.01 10 10
Rikenellaceae-related bacteria† 1.6 (0–4.7) 0.6 (0.2–1.2) 0.04 10 12
Lactobacillaceae# 0.2 (0–1.0) 0 (0–0.4) 0.03 9 3

Genus
Prevotella† 2.4 (1.3–4.4) 1.5 (0.7–2.9) 0.01 11 12
Lachnospiraceae incertae sedis# 1.3 (0.5–2.8) 0.8 (0.6–1.5) 0.01 11 12
Anaerobiospirillum# 1.8 (0–14.3) 0.5 (0–2.3) 0.01 10 10
Lactobacillus# 0.2 (0–1.0) 0 (0–0.4) 0.03 9 3

a Data are presented as treatment means (95% confidence intervals are given in parentheses) for data analyzed using parametric tests (†) or medians (with 5th to 95th percentiles)
for data analyzed using nonparametric tests (#). The main phyla are shown in Fig. 1, and a full outline of the relative abundance of all bacterial taxa detected in sow feces is available
in Table S4 in the supplemental material.
b Sows were fed a non-GM or a GM maize-based diet during gestation and lactation.
c Number of animals in which the bacterial taxon was present (total of 11 and 12 sows on the non-GM and GM treatments, respectively).
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in Table 4 and in Tables S8 and S9 in the supplemental material, as
noted above, and a full outline of all taxa detected in offspring
cecal samples can be found in Table S7. A total of 13 phyla were
detected at 115 days postweaning. However, no phylum was af-
fected by treatment (P � 0.05).

At the family level, a sow treatment-offspring treatment inter-
action was observed for Clostridiaceae, with a higher relative abun-
dance observed in the ceca of pigs on the non-GM/GM treatment
than in pigs on the non-GM/non-GM treatment (P � 0.05) (Table
4). The offspring of GM maize-fed sows had lower cecal Entero-
bacteriaceae counts than the offspring of non-GM maize-fed sows,
irrespective of offspring treatment (P � 0.05) (see Table S8 in the
supplemental material).

At the genus level, a sow treatment-offspring treatment inter-
action was observed for cecal Phascolarctobacterium, with pigs on
the non-GM/GM treatment having lower relative abundance than
those on the non-GM/non-GM and the GM/GM treatments (P �
0.05) (Table 4). The relative abundance of Anaerotruncus was also
higher in GM maize-fed pigs than in non-GM maize-fed pigs (P �
0.05) (see Table S9 in the supplemental material).

DISCUSSION

It is well recognized that the intestinal microbiota has a major
influence on host health (19, 29). As the maternal microbiota
provides the inoculum for colonization of the offspring digestive
tract (19), any effect that GM maize consumption may have on the
intestinal microbiota of pregnant sows could affect the health and

lifelong performance of their offspring. A number of studies have
investigated the impact of Bt maize consumption on the intestinal
microbiota of ruminants (11, 12, 30), and our group has evaluated
its influence on the porcine microbiota (13, 14). However, results
from transgenerational studies are absent from the literature, and,
to our knowledge, this is the first study to investigate the effects of
GM maize on the intestinal microbiota of pregnant sows and their
offspring.

While some differences were observed in selected groups of
culturable bacteria in the offspring feces, these are not likely to
have originated from the mother, as no differences were observed
for these groups within the sow feces when analyzed at the end of
gestation. Furthermore, the differences in Enterobacteriaceae ob-
served using culturing were not evident when the unculturable
component of this family was accounted for using 16S rRNA gene
sequencing analysis. Moreover, these differences, as well as the
treatment differences observed for total anaerobes in the ileal and
cecal digesta, were not associated with intestinal dysfunction or
organ pathology (22) and are, therefore, not believed to be of
biological relevance. This is in agreement with findings from our
previous studies that showed a lack of adverse effects on cul-
turable intestinal microbiota in pigs fed GM maize for 31 or
110 days (14, 22).

Sows. If GM maize were to affect the intestinal microbiota, it
would be most evident in sows as they had the highest dietary
inclusion of maize. However, GM maize consumption had no
significant effects on selected culturable microbiota or on the

FIG 1 Main phyla detected in feces of sows and their offspring. Data are presented as treatment means or medians , with whiskers corresponding to the
95% confidence interval or 5th to 95th percentiles, respectively. Sows were fed either a non-GM or a GM maize-based diet during gestation and lactation. Within
sow treatment, offspring were fed either a non-GM or a GM maize-based diet from weaning for 115 days, giving rise to four dietary treatments: non-GM
maize-fed sow/non-GM maize-fed offspring (non-GM/non-GM), non-GM maize-fed sow/GM maize-fed offspring (non-GM/GM), GM maize-fed sow/
non-GM maize-fed offspring (GM/non-GM), and GM maize-fed sow/GM maize-fed offspring (GM/GM). *, P � 0.05 for the treatment effect; †, P � 0.05 for the
maternal treatment effect. The numbers of animals per treatment group were as follows: 11 sows on the non-GM treatment, 12 sows on the GM treatment, 10
offspring per treatment at weaning, 9 offspring per treatment on the non-GM/non-GM and non-GM/GM treatments, and 10 offspring per treatment on the
GM/non-GM and GM/GM treatments at day 100 postweaning (pw). A full outline of all taxa detected can be found in Tables S4, S5, and S6 in the supplemental
material.
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dominant bacterial phyla, as assessed by high-throughput se-
quencing. Proteobacteria were less abundant in GM maize-fed
sows, most likely as a result of lower relative abundance of mem-
bers of this phylum (i.e., the family Succinivibrionaceae and its
member genus Anaerobiospirillum). A lower relative abundance of
Proteobacteria was also observed at weaning for offspring of GM
maize-fed sows, and this may have been due to the influence of the
maternal microbiota; however, it was not associated with treat-
ment differences in any member taxa. These reductions can be
considered beneficial as increased Proteobacteria have been linked
with intestinal inflammation (31), and this phylum encompasses
bacteria known to cause intestinal pathology in humans and ani-
mals (32, 33). Interestingly, this reduction in Proteobacteria was
associated with beneficial immune effects in the same sows (34).

The lower relative abundance of Prevotellaceae and its member
genus Prevotella in GM maize-fed sows could be a result of the
lower enzyme-resistant starch content of the GM maize used in
the present study (10) as these bacteria are known to be involved
in intestinal fiber fermentation (35). However, this was not re-
flected in the offspring microbiota at weaning, 100 days later, or at
slaughter age. The lack of effect at weaning may be explained by
the fact that pigs were still suckling up to this point and had there-
fore not consumed any solid feed. Furthermore, fiber-degrading
populations in the gastrointestinal tract (GIT) do not stabilize

before 6 weeks postweaning (36). The fact that offspring abun-
dances of Prevotellaceae and Prevotella were not impacted by ma-
ternal dietary treatment later in life may be due to the fact that
sows are known to have a fully developed hindgut fiber-ferment-
ing microbiota, while hindgut fermentation is not at its peak in
younger pigs (37). These data also provide evidence that, while the
maternal microbiota is important for initial colonization of the
digestive tract, other factors, such as diet composition and rearing
environment, have a major influence on lifelong structure of off-
spring microbiota, which is in agreement with the findings of
Schmidt et al. (38) and Mulder et al. (39).

The lower abundance of the family Lactobacillaceae in the feces
of GM maize-fed sows resulted from a lower abundance of its
member genus Lactobacillus. Although no difference was observed
in fecal Lactobacillus counts using traditional culturing methods,
this can be attributed to the inability of culture-based approaches
to account for unculturable lactobacilli (40). Lower intestinal Lac-
tobacillus counts would generally be perceived as negative as this
genus is considered to have a beneficial role in the porcine, as well
as the human, intestine (41, 42); however, no health abnormalities
were observed in the sows (21, 34).

Offspring at weaning. Fecal Firmicutes were more abundant in
the offspring of GM maize-fed sows at weaning as a result of dif-
ferences in member taxa, such as the Ruminococcaceae, Lachno-

TABLE 4 Relative abundance of fecal bacteria in offspring at weaning and 100 days postweaning and of cecal bacteria at day 115 postweaninga

Sample source, sampling date, and
taxon

Abundance (%) in sows fedb:

P value
(treatment
interaction)d

No. of animals for the combinationeNon-GM diet GM diet

Non-GMc GMc Non-GM GM
Non-GM/
non-GM

Non-GM/
GM

GM/
non-GM

GM/
GM

Feces at weaning (�28 days of age)
Family

Clostridiaceae# 0.3 (0–5.5) AB 0 (0–0.4) B 0.9 (0–2.4) A 0.3 (0–1.3) AB 0.01 7 3 9 9
Genus

Clostridium# 0.1 (0–0.6) AB 0 (0–0.2) B 0.4 (0–2.3) A 0.1 (0–0.4) AB 0.03 5 2 8 5
Butyricimonas# 0 (0) B 0 (0) B 0 (0) B 0 (0–0.2) A 0.02 0 0 0 3
Roseburia# 0 (0) B 0.1 (0–1.4) A 0 (0–0.1) B 0 (0–0.2) B 0.02 0 5 2 1

Feces at day 100 postweaning
Phylum

Fibrobacteres# 0.4 (0–0.8) A 0 (0–1.1) B 0 (0–0.4) B 0.2 (0–1.9) AB 0.02 8 3 4 7
Family

Fibrobacteraceae# 0.4 (0–0.8) A 0 (0–1.1) B 0 (0–0.4) B 0.2 (0–1.9) AB 0.02 8 3 4 7
Helicobacteraceae# 0 (0–0.1) B 0 (0–0.2) A 0 (0) B 0 (0) B 0.01 1 4 0 0

Genus
Ruminococcus# 0.8 (0.3–4.1) AB 1.0 (0.6–3.3) A 0.7 (0.2–1.4) AB 0.5 (0.3–2.2) B 0.05 9 9 10 10
Fibrobacter# 0.4 (0–0.8) A 0 (0–1.1) B 0 (0–0.4) B 0.2 (0–1.9) AB 0.02 7 3 4 7
Helicobacter# 0 (0–0.1) B 0 (0–0.2) A 0 (0) B 0 (0) B 0.01 1 4 0 0
Solobacterium# 0 (0–0.2) A 0 (0–0.1) AB 0 (0) B 0 (0) B 0.02 4 2 0 0

Cecal digesta at day 115
postweaning

Family
Clostridiaceae† 1.2 (0.3–2.1) B 2.3 (1.4–3.3) A 2.1 (1.2–3.0) AB 1.5 (0.6–2.4) AB 0.04 8 8 10 9

Genus
Phascolarctobacterium† 5.5 (3.9–7.1) A 3.6 (2.0–5.2) B 4.0 (2.5–5.5) AB 5.3 (3.9–6.8) A 0.03 9 8 10 10

a Data are presented as treatment means (95% confidence intervals are given in parentheses) for data analyzed using parametric tests (†) or medians (with 5th to 95th percentiles)
for data analyzed using nonparametric tests (#). The main phyla are shown in Fig. 1, and a full outline of the relative abundance of all bacterial taxa detected in the feces of offspring
at weaning and at day 100 postweaning is available in Tables S5 and S6 in the supplemental material. A full outline of the relative abundance of all bacterial taxa detected in the
cecum of offspring at day 115 postweaning is available in Table S7 in the supplemental material. Within a row, the same letter is placed next to values whose means are not
significantly different (P � 0.05). Means separation was performed using Tukey-Kramer adjustment for multiple comparisons.
b Sows were fed either a non-GM or a GM maize-based diet during gestation and lactation.
c Diet of offspring. Within sow treatment, offspring were fed either a non-GM or a GM maize-based diet for 115 days from weaning.
d Sow treatment-offspring treatment interaction. A true sow treatment-offspring treatment interaction could be modeled only for data that underwent parametric statistical
analysis. For nonparametric analysis, the P value from the comparison among the four combinations (non-GM/non-GM, non-GM/GM, GM/non-GM, and GM/GM) of treatments
is presented.
e Number of animals in which the bacterial taxon was present (n � 10 per group at weaning; n � 9 per treatment for the non-GM/non-GM and non-GM/GM treatments; n �10
per treatment for the GM/non-GM and GM/GM treatments at days 100 and 115 postweaning).
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spiraceae, and Clostridiaceae families and their member genera,
Subdoligranulum and Clostridium. This increase in Firmicutes, al-
though not found in the sow feces, was accompanied by a reduc-
tion in Proteobacteria, as outlined above. A higher abundance of
Firmicutes has been associated with a higher energy intake and
increased deposition of body mass (43). This is in agreement with
our data as offspring of GM maize-fed sows consumed more feed
and grew faster than offspring from non-GM maize-fed sows (22)
even though there were no major nutritional differences between
the non-GM and GM diets. These animals had improved lifelong
performance even though the increase in Firmicutes did not per-
sist to day 100 postweaning. This study was not designed to inves-
tigate sow reproductive performance, and there was insufficient
replication to allow statistical analysis of the litter size of sows.
However, a higher number of pigs were born to GM maize-fed
sows (21). This may have led to marginal in utero growth retarda-
tion in piglets, which is known to induce leptin resistance and
increased appetite in offspring (44, 45). The latter was in fact ob-
served postweaning in the offspring of GM maize-fed sows (22).
Interestingly, the intestinal microbiota of leptin-deficient mice
has also been shown to be higher in Firmicutes and lower in Pro-
teobacteria (43).

Offspring at day 100 postweaning. At day 100 postweaning,
the genus Helicobacter and its corresponding family, the Helico-
bacteraceae, were also altered in the feces of pigs on the non-
GM/GM treatment compared to all other treatments, in that they
were found at higher relative abundances. However, while these
bacteria are normally associated with gastrointestinal pathology,
in this instance no health abnormalities or disruptions in intesti-
nal architecture were observed in these pigs (22).

While the pattern of relative abundance for Ruminococcus re-
sembles the pattern of feed intake for these pigs (22), there are no
data in the literature to correlate this fiber-fermenting genus with
feed intake. Faecalibacterium and Oscillospira are detected with
low abundance in the human and ruminant digestive tracts and
seem to be associated with a high-fiber diet (46, 47). Therefore, the
lower relative abundances of these genera observed in the feces of
GM maize-fed pigs at day 100 postweaning may be a result of the
slightly lower enzyme-resistant starch (which is considered di-
etary fiber) in the GM maize used in this study (13).

Offspring at day 115 postweaning. The large intestine is the
main microbial fermentation site in pigs, with the highest bacterial
load (37). However, no major effects of GM maize feeding were
observed within the cecal microbiota at slaughter at day 115
postweaning; for example, no differences were uncovered for the
major bacterial phyla or families. Relative abundance of the family
Clostridiaceae, however, was increased in pigs on the non-
GM/GM treatment, and Enterobacteriaceae counts were lower in
offspring of GM maize-fed sows. However, while members of
both of these families are known to cause intestinal pathology in
humans and animals (48–50), the differences were numerically
small, and no changes in intestinal architecture or any adverse
health effects were observed in these treatment groups (22).

Overall observations. Overall, of the total of 436 taxa (phyla,
families, and genera) detected in this study in sows and their off-
spring, differences among treatments were observed for only 36
taxa, and most of the differences occurred for minor taxa with low
frequencies of detection whose role in the intestine is not fully
established. Some of the differences observed in the offspring mi-
crobiota might be attributable to the unexpected and most likely

treatment-independent differences in the in utero environment
experienced by pigs on each sow treatment; however, a much
more likely explanation is that they were due to changes in the
maternal microbiota in response to feeding GM maize. This is
because the sow plays a major role in microbial colonization of the
digestive tract of preweaning pigs (20). However, a clear effect of
feeding GM maize to sows on the intestinal microbiota of their
newly weaned offspring was not observed, and the treatment dif-
ferences observed at weaning did not persist. Furthermore, no
adverse effects were observed on the immune system or organ
health in either sows or their offspring (21, 22).

The absence of adverse effects of GM maize consumption sup-
ports our previous conclusions that cecal bacteria are not majorly
affected by either short- or long-term GM maize consumption
(13, 14). Similar results have been obtained in cows, where short-
term consumption of GM maize did not affect rumen microbiota
as assessed by 16S rRNA gene sequencing (11), quantitative PCR
(12), or ribosomal intergenic spacer analysis (30). Culturable
amylolytic and cellulolytic bacteria were also unaffected by 3 years
of feeding GM maize to sheep (6).

Apart from investigating the impact of GM maize consump-
tion, the present study also provides, for the first time, an insight
into the intestinal microbiota of sows at the end of pregnancy and
its impact on offspring microbiota using 16S rRNA gene sequenc-
ing. The fecal microbiota of sows and their offspring and the off-
spring cecal microbiota were dominated for the most part by Fir-
micutes and Bacteroidetes, similar to previous findings for the cecal
and fecal microbiota of weanling and finisher pigs (13, 14, 51, 52)
and in agreement with data from humans (47, 53). Some similar-
ities are evident between the fecal microbiota of sows and their
offspring, providing support for the assumption that maternal
flora influences the microbiota of progeny (19). For example,
Lachnospiraceae and Ruminococcaceae were the dominant families
in sows prior to delivery and in offspring at weaning and thereaf-
ter. However, differences were also observed, perhaps the most
obvious being the relatively low abundance of the Spirochaetaceae
family in offspring at weaning and the fact that Bacteroidetes were
replaced by Proteobacteria as the second most dominant phylum
in these animals while the Spirochaetes were the second most dom-
inant phylum in sows. At the genus level, Prevotella bacteria are
among the most abundant genus within both the sow and off-
spring microbiota. However, in accordance with its correspond-
ing family, Spirochaetaceae, and phylum, Spirochaetes, Treponema
are detected at low relative abundance in offspring at weaning in
comparison to sows and offspring at later time points. Another
difference is that the fecal microbiota of pigs at weaning is low in
Ruminococcus-related bacteria, while they were a major genus in
growing pigs and sows. Overall, these data demonstrate perturba-
tions in the intestinal microbiota at weaning, which is most likely
due to maternal separation as well as social and environmental
changes and is in agreement with the findings of other investiga-
tors (54, 55). Furthermore, weaning is a time of flux for the intes-
tinal microbiota, and while the maternal microbiota provides the
seed inoculum, adult-type bacterial communities take time to es-
tablish. However, the data also indicate that most of the main
phyla and families were already established and resembled adult
patterns as early as day 28 of life, providing further evidence of the
influence of early life environment on gut microbiota composi-
tion in adult pigs (39).

While long-term GM maize consumption by sows and their
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offspring impacted the intestinal microbiota, the effects were lim-
ited and were not associated with any health abnormalities in ei-
ther sows or their progeny. Furthermore, differences observed in
GM maize-fed sows did not transfer to offspring, and effects in
offspring were not consistently detected across sampling points.
This helps to confirm the lack of adverse effects of GM maize
consumption even following long-term exposure in immunode-
ficient animals, i.e., pregnant females and newly weaned pigs.
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