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a  b  s  t  r  a  c  t

Transgenic  maize  expressing  Bacillus  thuringiensis  (Bt)  insecticidal  crystal  (Cry)  proteins  may  contribute  to
a  decreased  need  for  chemical  pesticides,  providing  benefits  for  human  health  and  the  environment.  How-
ever,  there  is  public  concern  regarding  the  environmental  safety  of  transgenic  crops,  which  relates  also
to potential  adverse  effects  on  plant-microbe  interactions  by  affecting  the  plant-associated,  endophytic
microflora.  Thus,  we  compared  the  endophytic  bacterial  communities  in  plants  of  the  three  trans-
genic  Bt  maize  lines  MON89034  (cry3Bb1),  MON88017  (cry1A.105  and  cry2Ab2)  and  the  stacked  event
MON88017xMON89034  (cry1A.105  and  cry2Ab2,  cry3Bb1),  with  those  of  the  respective  near-isogenic
line,  and  with  those  in plants  of  three  additional,  conventional  maize  lines.  The maize  plants  were  grown
in a containment  system  on  two  different  soils  which  were  commonly  used  for  maize  cultivation  in Lower
Austria.

We obtained  700  bacterial  endophytes  and  characterized  them  regarding  their  phylogenetic  diversity
and  specific  plant  growth  promoting  functions,  including  the  production  of  1-aminocyclopropane-1-
carboxylic  acid  (ACC)  deaminase  and  indole-3-acetic  acid  (IAA).  Both  the  soil  environment  and  the  plant
cultivar  had  an effect  on  the  phylogenetic  diversity  of  the  endophytic  communities,  but  there  were  no
specific  effects  of the  transgenic  varieties.  Diversity  measures  of endophytic  isolates  were  not  different  in
Bt- versus  non-Bt  maize  varieties.  A variable  number  of  isolates  showed  ACC  deaminase  activity  irrespec-
tive of  the soil and  plant  cultivar.  Generally,  the  number  of  high  IAA  producers  appeared  to be  affected  by

the  soil  environment  but not  by  the plant  cultivar.  Cultivation-independent  profiling  via  terminal  restric-
tion  fragment  polymorphism  (T-RFLP)  analysis  of  the 16S  rRNA  gene  revealed  that  maize  root  endophytes
were  differentially  composed  dependent  on soil type  and  plant  cultivar,  but they  were not  discriminated
with  respect  to  Bt- versus  non-Bt  varieties.  In conclusion,  maize  endophyte  communities  studied  were
highly diverse  and showed  a high  potential  for plant  growth  promotion,  emphasizing  their importance
in  modern  agricultural  systems  irrespective  of  the  maize  cultivar,  including  Bt-modifications.
. Introduction

The major advantage of genetically modified (GM) maize
xpressing Bacillus thuringiensis (Bt) toxins is the reduced need for
road spectrum pesticides, providing benefits for human health
nd the environment. However, public concern has been raised
egarding the release of transgenic crops because of potential envi-
onmental implications. GM maize varieties expressing various

nsecticidal crystal (Cry) proteins, derived from the soil bacterium
t,  are among the most important transgenic crops today. Since the

ntroduction of genetically modified plants in 1996 the area of Bt
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maize cultivation has continuously increased up to an area of 39
million hectares worldwide and 91 thousand hectares in the EU in
2010 (James 2010).

Microbial Bt products specified as “bio-pesticides” have a long
history of safe use (Glare and O’Callaghan, 2000). To enhance
their insecticidal effect, genes encoding Bt toxins have been inte-
grated into plant genomes. The “first generation” Cry1Ab protein
confers to the plants resistance against lepidopteran insects (Euro-
pean corn borer, Mediterranean corn borer). Increased protection
against lepidopteran pests was achieved by the introduction of
a Bt expression cassette coding for cry1A.105 and the cry2Ab2,
resulting in the transformation event MON88034, conferring resis-

tance to the European corn borer (Ostrinia nubilalis), fall armyworm
(Spodoptera ssp.), black cutworm (Agrotis ipsilon)  and corn ear-
worm (Helicoverpa zea). The chimeric CryA.105 protein contains
sequences of the naturally occurring Cry1Ab, Cry1F, and Cry1Ac

dx.doi.org/10.1016/j.apsoil.2011.12.005
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
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Table 1
Physical and chemical characteristics of the soils studied. Analyses were performed
according to ÖNORM G1072, EN 15476, L 1061, L 1087, L1093, and L1089.

Fischamend Tulln

pH 6.45 7.28
Total C % 3.3 2.4
Total N % 0.18 0.23
NH4 mg/kg 10.5 11.1
NO3 mg/kg 390 47
K2O mg/100 g 6.6 19
P2O5 mg/100 g 13 40
Mg mg/100 g 9.6 15.8
Cu (EDTA) mg/kg 3.5 11.9
Fe  (EDTA) mg/kg 34 287
Mn  (EDTA) mg/kg 67 436
Zn  (EDTA) mg/kg 1.9 5.5
Sand % 12 32
0 M. Prischl et al. / Applie

roteins, whereas Cry2Ab2 is a variant of the wild-type Cry2Ab
rotein isolated from Bacillus thuringiensis subsp. kurstaki. Resis-
ance to coleopteran insect pests (Diabrotica spp.) was obtained by
he expression of modified B. thuringiensis (subsp. kumamotoen-
is) cry3Bb1 by the transformation event MON88017. Conventional
rossing of MON89034 and MON88017 generated the stacked
aize line MON89034 × MON88017, comprising combined expres-

ion of insecticidal genes from the parental lines (EFSA, 2010).
Environmental risk assessment of GM plants includes the inves-

igation of unintended effects on plant fitness due to genetic
odifications (EFSA, 2010). Beneficial plant-microbe interactions

re of particular importance for soil nutrient cycling, plant nutri-
ion and resistance to biotic and abiotic stresses (Compant et al.,
010a; Domey and Lippmann, 1989; Glick, 2005; Lethbridge and
avidson, 1983; Rodriguez and Fraga, 1999; Yang et al., 2009).

Endophytes, living inside the plants tissue, are particularly
nown for their plant beneficial properties (Berg et al., 2005;
ottmann et al., 1999; Sessitsch et al., 2004). Changes in commu-
ities of plant-associated microorganisms, both in the rhizosphere
r in the endosphere, may  have adverse effects on the plants’ fit-
ess and should be considered in a risk assessment of transgenic
rops. Nonetheless, studies addressing plant-associated microbiota
uch as endophytes of transgenic crops are rare (Heuer et al., 2002;
asche et al., 2006a).

Studies on soil microbes of Bt maize (event Bt176) produc-
ng Cry1Ab proteins have demonstrated consistent differences in
ungal and bacterial communities compared to the conventional
ounterpart or another Bt maize (event Bt11) also expressing
ry1Ab (Castaldini et al., 2005; Turrini et al., 2005). However, these
ffects could be related to possible changes in plant physiology
nd composition of root exudates of the specific transformation
vent Bt176, which affected rhizosphere microbial communities.
ther studies have found only minor changes in the soil micro-
ial community structure (Blackwood and Buyer, 2004; Brusetti
t al., 2005; Castaldini et al., 2005; Griffiths et al., 2006; Mulder
t al., 2006) or did not reveal negative effects on soil microbial
ommunities due to the expression of cry1Ab (Flores et al., 2005;
önemann et al., 2008; Saxena and Stotzky, 2001). Reported effects
f the Cry1Ab protein on microbial communities were transient
nd were exceeded by other environmental factors (Fang et al.,
005; Filion, 2008; Griffiths et al., 2006; Griffiths et al., 2005;
illey et al., 2006). Few studies have so far considered the expres-
ion of Cry3Bb1 proteins (Devare et al., 2007; Devare et al., 2004;
coz and Stotzky, 2008), and they could not show any significant
ffects on soil microbial colonization. However, no information on
otential effects of Bt maize MON88017 (cry1A.105 and cry2Ab2)
nd the stacked event MON88017xMON89034 (cry1A.105 and
ry2Ab2, cry3Bb1) on plant-associated microorganisms is presently
vailable.

The expression of yet poorly investigated cry genes might lead to
ubtle changes in plant metabolite composition and thereby cause
lterations of associated endophyte communities as compared to
he nearly isogenic wildtype. Therefore, the aim of the present
tudy was to assess whether the expression of different novel
ry gene combinations in the maize lines MON88017, MON89034
nd MON88017xMON89034 leads to different endophytic com-
unities as compared to the wildtype. To have some additional

nformation on the baseline variation we included several addi-
ional non-transgenic maize lines in our study and cultivated plants
n two different soils. Endophytic communities were character-
zed by cultivation and cultivation-independent analysis. Isolated
trains were identified by 16S rRNA gene sequencing and tested

or plant growth-promoting functions. Potential effects due to
he genetic modification or other parameters on the endophytic
ommunity structure were assessed by 16S rRNA gene-based com-
unity analysis.
Silt % 61 38
Clay % 27 30

2. Materials and Methods

2.1. Containment experiment and sampling

We used seven different maize cultivars, including three trans-
genic cultivars (MON89034, MON88017, MON88017 × 89034),
their near isogenic line DK315, and three conventional maize culti-
vars (DKC3420, DKC5143, Antares). MON88017 carries the cry3Bb1
gene mediating resistance towards Coleoptera,  whereas MON89034
carries cry1A105 and cry2Ab2 conferring resistance towards Lep-
idoptera. The stacked event MON89034xMON88017 carries the
combination of cry3Bb1, cry1A105 and cry2Ab2. Maize plants were
grown in two  different soils sampled from two different agricul-
tural maize fields in “Fischamend” and “Tulln” located in Lower
Austria, Austria. Chemical characteristics of the soils are shown in
Table 1. Soil chemical analyses included the measurement of nitrate
and ammonia (ÖNORM EN 15476), the soil C content (ÖNORM G
1072), plant available phosphorus and potassium (ÖNORM L 1087),
and CaCl2 extractable Magnesium (ÖNORM L 1093), as well as the
determination of Cu, Fe, Mn  and Zn in EDTA extracts (ÖNORM L
1089).

Maize plants were grown from kernels in small pots (4 cm Ø)
on “Tulln” and “Fischamend” soils, respectively, starting from April
2008. Three kernels were sown per pot, and four replicate pots for
each treatment were established. After four weeks of growth, only
one (the strongest) plantlet was  kept in the individual pots after
discarding the remaining ones, and the pots were transferred from
the greenhouse to the containment tunnels to allow adjustment of
the pre-grown plants to environmental conditions. After four more
weeks of growth, in June 2008, plantlets of each maize cultivar were
planted in individual pots containing 35 l of “Tulln” or “Fischamend”
soil, respectively. All maize plants were grown in containment tun-
nels consisting of a greenhouse construction covered only with a
net to prevent insect and pollen translocation. Plants were exposed
to natural climatic conditions, except for watering when the water-
holding capacity of the soils was  too low in periods of hot-dry
climate. No pesticide or herbicide was  applied. Pots were arranged
in a randomized design to prevent bias due to spatial positioning
and plants were harvested at the flowering stage in August 2008.

2.2. Isolation of endophytes

Bacterial endophytes were isolated from maize roots (3-5 mm

diameter). Roots were separated from the soil, washed with tap
water and subsequently surface sterilized by soaking them in 5%
sodium hypochlorite for 3 minutes, followed by three times wash-
ing in sterile distilled water, and washing in 70% ethanol, flaming
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nd aseptic peeling with a scalpel. Surface sterilized plant material
as ground with mortar and pestle with addition of 3 ml  of 09%

odium chloride. One ml  of supernatant collected from the suspen-
ion was used for preparing 10−1 and 10−2 dilutions in 09% sodium
hloride. Hundred �L of undiluted supernatant and dilutions were
lated on R2A agar medium (Seghers et al., 2004) and incubated
t room temperature for five days. In each treatment the various
olony morphologies found on the various replicate plates were
arefully recorded and few colonies of each type were sampled.
n total, fifty bacterial isolates were selected from each of the 14
xperimental treatments resulting in 700 isolates in total.

.3. Phylogenetic characterization of bacterial isolates

To characterize isolates at the strain level PCR amplification
f the intergenic spacer (IGS) region between the 16S and 23S
RNA genes of the endophyte isolate DNA was  performed in
0 �l reactions containing 100 �M MgCl2, 1 x reaction buffer
Invitrogen), 10 �M of forward and reverse primers each, 10 mM
NTP mix, and 25 U Taq-Polymerase (Invitrogen). The primers
sed were pHr, TGCGGCTGGATCACCTCCTT, and P23SR01, GGCT-
CTTCTAAGCCAAC, (Massol-Deya et al., 1995). Amplification of

GS fragments was performed in a GeneAmp PCR System 9700
hermocycler (Applied Biosystems) with the following conditions:
enaturation at 95 ◦C for 5 min, followed by 30 cycles of 30 s of
enaturation at 95 ◦C, 1 min  annealing at 55 ◦C and 1 min  extension
t 72 ◦C, and a final extension of 10 min  at 72 ◦C. IGS fragments of
pproximately 1500 to 2500 bp length depending on the organism
ere obtained.

Restriction fragment length polymorphism (RFLP) analysis was
erformed on all 700 bacterial isolates to identify different IGS
ypes. Twenty �l restriction enzyme reactions contained 175 �l
CR product, 1 x reaction buffer C (Promega), and 2 U of HhaI restric-
ion enzyme and were incubated at 37 ◦C for four hours. Restriction
ragments were separated on a 25% agarose gel running at 100 V
or 25 to 3 h. Restriction patterns were compared using the soft-
are Gelcompar Version 60 (Applied Maths). Distinct IGS types
ere chosen as the parameters for calculation of richness, Shannon
iversity (H’)  and Shannon equitability (J’).

Partial 16S sequences were amplified for each IGS type with the
rimers 8F, AGAGTTTGATCCTGGCTCAG, (Weisburg et al., 1991)and
520R, AAGGAGGTGATCCAGCCGCA, (Edwards et al., 1989). Reac-
ion mixtures (50 �l) contained 10 to 20 ng of genomic DNA, 1x
eaction buffer BD (Solis Biodyne), 200 �M (each) dATP, dCTP,
GTP, and dTTP, 3 mM MgCl2, a 0.2 �M concentration of the
rimers, and 2.5 U of FIREPol® DNA Polymerase (Solis Biodyne).
mplifications were performed in a PTC-100 thermocycler (MJ
esearch, Inc) with an initial denaturing step of 5 min  at 95 ◦C

ollowed by 30 cycles of 30 s at 95 ◦C, 2 min  of annealing at
5 ◦C, and 10 min  of extension at 72 ◦C. Amplicons were sub-

ected to sequence analysis (primer 518R, ATTACCGCGGCTGCTGG)
erformed at AGOWA Gesellschaft für molekularbiologische Tech-
ologie mbH  (http://www.agowa.de). Sequences were blasted
gainst the National Center for Biotechnology Information (NCBI)
atabase.

.4. Functional analysis of maize-associated bacteria

Activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deam-
nase of isolated endophytes was tested on Brown & Dilworth
BD) minimal medium (Brown and Dilworth, 1975) containing 0.7 g
−1 ACC as a sole nitrogen source. As positive controls, BD plates

ontaining 0.7 g l−1 NH4Cl, and as negative controls, BD plates
ontaining no nitrogen source were used. Growth of isolates was
etermined after seven days incubation at 30 ◦C to estimate ACC
eaminase production.
Ecology 54 (2012) 39– 48 41

Production of indole-3-acetic acid (IAA) was tested by grow-
ing individual bacterial endophytes on growth medium containing
0.025 g yeast extract, 0.204 g tryptophane, 1.44 g agar and 5 g glu-
cose per l medium Following incubation for at least two days
in the dark 300 �l Salkowski-reagent (1 ml  05 M FeCl3 in 45 ml
35% perchloric acid) were added to the individual colonies, which
after another 30 to 40 min  of incubation in the dark were visu-
ally inspected for the development of pink color, indicating IAA
production activity (Lottmann et al., 1999).

2.5. Molecular analysis of bacterial endophyte communities

The surface sterilized plant material was  crushed into pieces by
using mortar and pestle and by adding liquid nitrogen, followed
by freezing at -20 ◦C. Isolation of microbial DNA from about 0.3 g
crushed plant material was  done by using the DNA Fast Prep Kit for
Soil (MP  Biomedicals, Solon, Ohio, USA) according to the manufac-
turer’s protocol, except that plant material was used instead of soil
in the initial step of the protocol.

Bacterial 16S rRNA genes were PCR-amplified using the primers
799F, AACMGGATTAGATACCCKG (Chelius and Triplett, 2001)
labeled with 6-carboxyfluorescein (FAM) at the 5′ end and rP1,
ACGGYTACCTTGTTACGACTT (Weisburg et al., 1991) (slightly mod-
ified, position 5 T →Y (T/C). Reaction mixtures (50 �l) contained
1-4 �l of genomic DNA preparation from plant material, 1x reac-
tion buffer BD (Solis Biodyne), 200 �M (each) dATP, dCTP, dGTP,
and dTTP, 3 mM MgCl2, a 0.2 �M concentration of the primers, and
2.5 U of FIREPol® DNA Polymerase (Solis Biodyne). Amplification of
the 16S rRNA gene was performed with an initial denaturing step of
5 min  at 95 ◦C followed by 30 cycles of 40 s at 95 ◦C, 1 min  of anneal-
ing at 52 ◦C, 40 s extension at 72 ◦C, and 10 min of final extension
at 72 ◦C. PCR products were separated by to electrophoresis in 2%
(w/v) agarose gels. The band of interest containing the PCR-product
of bacterial 16S rDNA (∼720 bp) was excised and purified using the
QIAquick Gel Extraction Kit (Qiagen).

PCR products were digested using a combination of HaeIII/AluI
(5 U each, Invitrogen) at 37 ◦C for four hours. Restriction fragments
were purified by passage through DNA grade Sephadex G50 (GE
Healthcare) columns. Ten microliters of the purified DNA fragments
were mixed with 10 �L HiDi-formamide (Applied Biosystems) and
0.3 �L 500 ROXTM Size Standard (Applied Biosystems) and dena-
tured at 95 ◦C for 2 min  Labeled terminal-restriction fragments
(T-RFs) were detected by capillary electrophoresis using an ABI
3100 automatic DNA sequencer.

2.6. Statistical analysis

Influence of maize line and soil type and transgenes were tested
with Spearman nonparametric correlation analysis based on IGS
types, 16S type and phylogenetic class.

T-RFLPs were transformed into numerical data using Peak
Scanner Software (Applied Biosystems) and subjected to T-Rex, a
software for the processing and analysis of T-RFLP data (Culman
et al., 2009). Although primers were specific for bacterial 16S rRNA
genes and omitted chloroplast-derived amplicons, length of frag-
ments potentially derived from plant mtDNA was determined by in
silico restriction analysis using TRiFLe software (Junier et al., 2008)
and excluded from the analysis. Background noise was reduced
using the approach outlined by Abdo et al. (2006).  True peaks
were identified as those whose height exceeded the standard devi-
ation (assuming zero mean) computed over all peaks. Alignment
of true peaks was  carried out by the software program T-Align

(Smith et al., 2005). Peaks within a clustering threshold of 1 bp were
identified and grouped into a T-RF Peak heights were normalized
within samples and T-RFs that occurred in less than 2 samples and
with a percentage ≤ 2% were omitted. Discriminant analysis was
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Table 2
Soil type and maize cultivar (including Bt- vs. non-Bt varieties) as factors influenc-
ing the distribution of phylogenetic classes, 16S types, IGS types, number of ACC
deaminase active and IAA producing isolates. Significant correlations at p < 0.05 (*)
and p < 0.01 (**), respectively, are indicated.

Soil type Maize cultivar Bt versus non-Bt

Phylogenetic class - - -
16S type ** - -
IGS  type - * -
2 M. Prischl et al. / Applie

erformed on T-RFLP data matrix using the statistical program SPSS
110 for Windows). Richness, Shannon diversity, Shannon equi-
ability and Smith and Wilson eveness Evar (Smith and Wilson,
996) were calculated on T-RFLP matrix considering T-RFs to be
species”. Values of calculated indices were subjected to ANOVA
nd tested for correlations (Spearman’s rank correlation coeffi-
ient) with maize lines, soil types and plant genotype.

.7. Nucleotide sequence accession numbers

The nucleotide sequences determined in this study have been
eposited in the National Center for Biotechnology Information
NCBI) database under the accession numbers JN680151-JN680265.

. Results

.1. Identification of cultivable bacterial isolates

Seven hundred bacterial isolates were obtained from the root
issue of seven different maize lines grown on two  different soil
ypes. Based on RFLP analyses of the intergenic spacer region
etween 16S and 23S rRNA genes isolates could be grouped
ccording to their banding pattern into 143 IGS types. Isolates
rom plants grown on Fischamend soil showed 102 distinct IGS
ypes, whereas isolates obtained from plants grown on Tulln soil
rouped in 81 distinct IGS types. Based on partial 16S rRNA
ene sequencing the 143 IGS types could be assigned to 93
istinct taxa (16S types), 73 and 54 16S types were identified
or the Fischamend and Tulln soil, respectively. The majority of
solates was affiliated with the Alphaproteobacteria, followed by
ctinobacteria and Gammaproteobacteria (Fig. 1). Generally, rep-
esentatives of all classes were found across all cultivars and
oils, only Bacilli,  Betaproteobacteria,  Flavobacteria and Sphingob-
cteria were not as equally distributed. Bacilli did not occur in
reatments with DKC5143 and MON89034xMON88017 grown on
ischamend soil. Betaproteobacteria were not found in associa-
ion with DKC3420 or DK315 grown on Fischamend soil or with

ON89034xMON88017 grown on Tulln soil. Flavobacteria were
resent in all treatments except for treatments with MON88017,
KC3420 and MON34089xMON88017 grown on Tulln soil and
ntares grown on Fischamend soil. Sphingobacteria could not be

dentified in treatments with MON89034xMON88017, DKC3420
rown on Tulln soil and maize line Antares grown on Fischamend
oil.

The distribution of taxa and genera among treatments is listed in
I Table 1. The average numbers of isolates belonging to Actinobac-
eria, Bacilli and Gammaproteobacteria was higher in treatments
f Tulln soil, while average numbers of isolates belonging to
lphaproteobacteria, Flavobacteria and Sphingobacteria were higher

n Fischamend soil. Abundances of Betaproteobacteria were in the
ame range in both soil types. Alphaproteobacteria were dominated
y Agrobacterium spp, representing 27% and 22%, respectively,
f isolates retrieved from plants of Fischamend and Tulln soils.
even % and 3% of Fischamend isolates were affiliated with Sph-
ngomonas spp and Sphingobium spp, respectively, which were also
ound at a low abundance among Tulln isolates (with 1% inci-
ence each). Other species belonging to the Alphaproteobacteria
lass were Caulobacter, Phyllobacterium and Sinorhizobium isolated
rom plants grown on both soil types Deviosa, Ensifer, Methylobac-
erium were represented only in isolates of maize plants grown
n Fischamend soil, whereas Brevundimonas spp was only isolated

rom plants grown in Tulln soil.

Microbacterium spp were the main representatives within the
ctinobacteria class (14% and 23% for Fischamend and Tulln soil,
espectively). Arthobacter (2% for both soil types), Agromyces,
ACC deaminase activity - - -
IAA production ** - -

Actinobacterium and Nocardioides were identified among both
endophyte collections, whereas Curtobacterium (3%), Kocuria and
Micrococcinae isolates were derived just from plants grown on Fis-
chamend soil. Plantibacter spp (3%) and Methylobacterium spp were
isolated only from plants grown on Tulln soil.

The class of Gammaproteobacteria was dominated by Pseu-
domonas spp (6% and 7%, respectively), Xanthomonas (2% and 7%)
and Pantoea (3% for both soils) from Fischamend and Tulln plants.
Stenotrophomonas was  isolated from all plants Acinetobacter and
Pseudoxanthomonas were found in plants grown on Fischamend
soil, whereas Luteibactor and Lysobacter were only obtained from
Tulln soil.

Bacilli were mostly represented by Bacillus and Paenibacillus
spp, which were found in both soil types. In addition, Brevibac-
terium (Tulln) and Staphylococcus (Fischamend) were identified.
Variovorax was the main representative of Betaproteobacteria class
with 4% from Fischamend and 6% from Tulln isolates. Furthermore,
Pelomonas and Acidovorax were obtained. The phylogenetic class
of Flavobacteria was dominated by Flavobacterium sp (4% and 6%,
respectively) followed by 1% of the isolates affiliated with Chry-
seobacterium sp in both soil types. Endophytic isolates of the class
Sphingobacteria could be assigned to Dyadobacter (3% and 1%) and
Pedobacter (1% and 2%) of Fischamend and Tulln soil. The genus
Chitinophaga was found only in 1% of Fischamend isolates.

The number of IGS types found in the various treatments ranged
from 18–27 for Fischamend soil and from 15 - 26 for endophytes
retrieved from Tulln soil. Interestingly, about 25% of the IGS-types
were found in plants grown on both soils (SI Table 2), whereas oth-
ers were specifically linked to one of the two soils (SI Table 2).
The diversity index H’ varied between 2.43–3.06 for Fischamend
isolates and between 2.26–2.86 for Tulln isolates. Equitabiliy J’
ranged between 0.88–0.94 for Fischamend and 0.86–0.93 for Tulln
endophytes. Neither the soil type nor the genetic modification
influenced the richness, diversity or equitability of culturable bac-
terial endophytes.

We  assessed by nonparametric correlation, whether the soil
type, genetic modification or plant genotype significantly influ-
enced the phylogeny of culturable endophytes at the class, species
and strain level (Table 2). No correlation between any of the param-
eters and phylogenetic class could be determined suggesting an
equal distribution of phylogenetic classes over all treatments. Soil
type significantly correlated with the species diversity (16S type)
and the plant genotype with the strain diversity (IGS type). The
genetic modification did not affect on the phylogenetic diversity of
endophytic isolates.

3.2. Plant growth promoting (PGP) abilities of maize-associated
bacteria

Bacterial isolates showing distinct IGS banding patterns were

screened for their potential to produce the ACC deaminase and
IAA, which are supposed to be important mechanisms to enhance
plant growth. ACC deaminase - active isolates were found in all
treatments. High ACC deaminase activity could be detected among
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Fig. 1. Phylogenetic affililiations of endophyte isolates derived from different maize cultivars grown on Fischamend and Tulln soils.
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ammaproteobacteria (Pseudomonas, Pantoea), Betaproteobacteria
Variovorax, Acidobacter) and Actinobacteria (Arthrobacter, Nocar-
oides).  In addition, an Agrobacterium relative showed high ACC
eaminase activity. The number of isolates showing ACC deaminase
ctivity varied strongly between all treatments ranging from two
o twelve isolates showing high activity and from three to nineteen
solates showing moderate activity (Fig. 2, SI Table 1). No correla-
ion with plant cultivar, soil type or the genetic modification could
e observed.

High IAA activity was detected for Sphingomonas
p/Sphingobium sp strains belonging to the Alphaproteobacte-
ia.  Most of the moderate IAA producers could be assigned to
lphaproteobacteria, Actinobacteria and Gammaproteobacteria.  A
inor number was related to Bacilli,  Sphingobacteria and Betapro-

eobacteria. Plants grown on Fischamend soil hosted a consistently
igher number of high IAA-producing endopytes than those grown
n Tulln soil (Fig. 2, SI Table 1).

Generally the number of bacterial isolates showing putative
rowth promoting functions was very variable and was  not related
o specific maize cultivars or the expression of Bt toxins. Correlation
nalyses of PGP functions was carried out with spearmans nonlin-
ar correlation coefficient. No connection between PGP functions
nd maize cultivar could be observed. ACC deaminase production
as independent from the soil type, whereas the number IAA pro-
ucing strains correlated with the soil type.

.3. Community structure of bacterial endophytes

T-RFLP community profiles of 16S rRNA from seven different

aize cultivars grown on Fischamend and Tulln soils were ana-

ysed. In total 108 distinct T-RFs were detected, 66 were present in
amples of Fischamend plants and 46 were found in Tulln sam-
les. The number of distinct T-RFs ranged from 18–46 with an
average richness of 32 T-RFs per sample (Fischamend 33 and Tulln
30) (Fig. 3).

T-RFLP profiles were compared based on discriminant anal-
ysis. In the score plots of the discriminant analysis, the first
two discriminant functions accounted for 96.8% and 87.1%
of the between-group variance in Fischamend and Tulln soil,
respectively. For both soils, a high correlation between the dis-
criminant functions and the groups is reflected by the canonical
correlation values for function 1 (0.999 and 0.992) and func-
tion 2 (0.984 and 0.978). Wilks’ lambda test of significance
resulted in significant lambda values for Fischamend (p < 0.01) and
Tulln (p < 0.05), indicating that the groups have different mean
discriminant function scores and that the model is discriminat-
ing.

Discriminant analysis revealed that maize cultivars grown
on Fischamend soil hosted distinct endophyte communities
(Fig. 4). Differences between Bt varieties and their parental iso-
line were lower than the difference between the isoline and
the non-transgenic conventional maize line Antares. The score
plot of endophytic community structure of plants grown on
Tulln soil showed lower discrimination between maize culti-
vars except for the non-transgenic line DKC3420, which was
clearly separated from all other plant lines. All the transgenic
lines and the non-transgenic line DKC clustered with the isogenic
line, whereas the endophytic community of the non-transgenic
Antares could be again clearly discriminated from this cluster
(Fig. 4).

Richness, H’, J’ and Smith and Wilson eveness (Evar) were calcu-
lated from T-RFLP profiles considering each T-RF as an operational

taxonomic unit (OTU). Data were analyzed separately for each soil
type (Table 3). Overall, no significant differences were found, except
that Fischamend isolates obtained from DK315 showed a signif-
icantly lower evenness value than those obtained from DKC514
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ig. 2. Numbers of endophyte isolates from maize plants grown on Fischamend and T

Table 2). However, neither the soil type nor the genetic modifica-
ion influenced the richness, diversity or equitability of endophyte
ommunities.

. Discussion

Genetically modified plants are of high agricultural and eco-
omic importance in many countries. Despite their agricultural
enefits their environmental safety needs to be considered. Hence,
isk assessment has to warrant on a case-by-case basis that
he genetic modification does not pose any unintended negative
ffects on the environment, including any alteration of impor-
ant biogeochemical cycles (EFSA, 2010). Plant growth and health
reatly depend on the surrounding soil environment, and the soil
icrobiota play a crucial role for plant growth. Plant-associated
icroorganisms such as those living in the rhizosphere or those

howing an endophytic lifestyle are of utmost importance for nutri-
nt acquisition, plant growth and resistance to biotic and abiotic

tresses (Compant et al., 2010b).  Bt-maize expressing cry1Ab was
eported to cause altered mycorrhizal growth and differences in
he colonization of heterotrophic bacteria in soils as compared to
he conventional counterpart (Castaldini et al., 2005; Turrini et al.,
oils that tested positive for ACC deaminase activity and IAA production, respectively.

2005). These changes in soil microbiota were not supposed to be a
result of cry1Ab gene expression, but could be related to the specific
transformation event in Bt176, which may  influence plant physi-
ology and root exudates. The reported decrease in decomposition
rates (Fang et al., 2005; Flores et al., 2005; Saxena and Stotzky, 2001)
was not the result of an inhibition of microorganisms by Cry1Ab
proteins, but reportedly was  due to a higher lignin content of spe-
cific maize lines (Griffiths et al., 2007). However, numerous studies
on the decomposition of Bt- maize compared to non-Bt isogenic
plants could not reveal an effect due to the expression of cry1Ab
(Griffiths et al., 2007; Hönemann et al., 2008; Icoz and Stotzky,
2008; Lehman et al., 2008; Tarkalson et al., 2008; Zwahlen et al.,
2007). So far, cry3Bb1 expression has not been shown to induce
consistent changes in microbial community structure or microbial
activity (Devare et al., 2004; Icoz and Stotzky, 2008) and microbial
biomass (Devare et al., 2007). Limited information is so far avail-
able on the effects of stacked cry genes and recent Bt variants like
cry1Ab.105 and cry2Ab.
In this study we specifically addressed recently developed
events, namely MON89034 containing cry1Ab.105 and cry2Ab for an
increased protection to lepidopteran insects, MON88017 contain-
ing the cry3Bb1 gene for protection against coleopteran insects, and
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Fig. 3. 16S rDNA T-RFLP profiles of endophytic microbial communities present in maize cultivars grown on Fischamend and Tulln soil. Each peak represents the mean
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uorescence intensity of four replicate treatments.

he stacked event MON89034xMON88017 containing cry1Ab.105,
ry2Ab and cry3Bb1. In addition to the non-transgenic, nearly
sogenic DK315 line we included other non-transgenic maize culti-
ars to have more profound information on the baseline variation
etween maize genotypes. Similarly, as plant-microbe interactions

ay  greatly depend on the soil (type) (Hallmann et al., 1997;

asche et al., 2006a; Rasche et al., 2006b; Ryan et al., 2008) all
lants were cultivated on two distinct soils, both of them having
een used already for maize cultivation. By using cultivation and

ig. 4. Score plots of discriminant analyses performed on bacterial 16S rDNA T-RFLP data
aize  lines grown on Fischamend and Tulln soils, respectively.
cultivation-independent analysis tools we did not detect a more
pronounced effect due to the genetic modification as compared
to the variation we found between different varieties. To a cer-
tain extent, endophyte communities associated with the Bt-lines
seemed to be more closely related with the nearly isogenic line than

with those found in other non Bt-varieties. This is in line with the
study of Johnston-Monje and Razida (2011), which proposed that
the host phylogenetic relationship determines the relatedness of
seed-associated bacterial communities, which may  influence plant

, showing distinct bacterial endophytic communities in plants comprising distinct
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Table 3
Richness, Shannon diversity (H’), Shannon equitability (J’) and “Smith and Wilson
evenness” (Evar) calculated from bacterial 16S rRNA T-RFLP data. Values are means
of  four replicate treatments. Different letters indicate significant differences among
maize lines at p < 0.05.

Fischamend Tulln

Maize cultivar richness H’ J’ Evar richness H’ J’ Evar

DKC5143 32.50a 2.37a 0.68a 0.28a 31.25a 2.27a 0.66a 0.24a

DKC3420 37.00a 2.34a 0.65a 0.25a,b 30.50a 2.36a 0.69a 0.26a

DK315 27.75a 2.23a 0.68a 0.21b 27.00a 2.28a 0.69a 0.23a

MON89034 33.25a 2.32a 0.66a 0.26a,b 35.75a 2.30a 0.64a 0.26a

MON88017 32.50a 2.22a 0.64a 0.25a,b 29.75a 2.24a 0.66a 0.24a
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van Elsas, 2008).
MON88017 35.33a 2.40a 0.68a 0.25a,b 30.50a 2.18a 0.64a 0.24a

Antares 32.75a 2.46a 0.71a 0.28a,b 27.75a 2.05a 0.62a 0.29a

olonization of other endophytes. Nevertheless, seed endophytes
ere found to be more linked to the plant genotype than root endo-
hytes (Johnston-Monje and Raizada, 2011). Many other studies
ould show that the plant genotype or cultivar is a major deter-
inant of endophyte community formation (Andreote et al., 2009;
ardoim et al., 2011; Hartmann et al., 2009).

Cultivation-independent analysis of endophyte communities
as performed to get insights into the overall community struc-

ures without the bias of cultivation. Only a minor percentage
f natural bacterial communities is accessible by cultivation, and
he type of medium greatly determines the structure of a micro-
ial community (Tabacchioni et al., 2000). Our results based on
ultivation-independent analysis revealed an influence of both soil
ype and plant cultivar on endophytic community structures. Sev-
ral studies already proposed that the plant genotype (cultivar)
rives the selection of rhizosphere and endophytic communities
rom the soil (Andreote et al., 2009; Hardoim et al., 2011; Hartmann
t al., 2009; Long et al., 2010). Furthermore, transmission of endo-
hytes via seeds may  contribute to cultivar-specific populations
Johnston-Monje and Raizada, 2011). Generally, the relatedness
etween maize genotypes correlated with that between endo-
hytic communities. For example, Antares, which shows the lowest
egree of relatedness to the other cultivars, could be clearly sep-
rated in score plots of both soil types. Endophyte communities
re likely to be strongly influenced by the plant physiology (Rasche
t al., 2009). Consequently, related maize lines will probably have
imilar physiological characteristics and thus host more similar
ndophyte communities. Plant genotype effects were more pro-
ounced when grown in Fischamend soil than when grown in Tulln
oil. This may  be explained by the fact that different communi-
ies were selected from both soils, which responded differently to
lant physiology (Rasche et al., 2009). Alternatively, the plant may
ave responded differently to both soils leading to different condi-
ions for endophyte growth and thus to a different response. The
oil environment, which has been described as the main source
or endophytes (Ryan et al., 2008), affected bacterial communi-
ies to a lower extent than we expected. This can be explained
y a similar agricultural history of both soil types in our experi-
ent, in terms of maize cultivation. Hardoim et al. (2011) recently

uggested an accumulation of plant species-specific soil bacteria,
esulting from the cultivation of a certain crop over time. Identical
limatic conditions and fertilization practice for all our treatments
ay  have also reduced the effect of soil. However, in our study we

ould observe a clear discrimination of bacterial communities by
lant cultivar, which was higher in Fischamend soil than in Tulln
oil.

We could show an effect of soil type and plant cultivar on

he community structure of maize endophytes, while the expres-
ion of cry genes did not alter bacterial endophyte communities.
his goes along with studies that could find no effect on bacterial
Ecology 54 (2012) 39– 48

communities in the rhizosphere due to the expression of cry1Ab
(Brusetti et al., 2005; Icoz and Stotzky, 2008) or cry3Bb1 (Devare
et al., 2004; Icoz and Stotzky, 2008). Minor changes in soil micro-
bial community structure of Bt-maize compared to non-Bt maize
were reported (Blackwood and Buyer, 2004; Griffiths et al., 2006),
however, effects of soil type, plant genotype, seasonality on soil
microbes were by far higher than differences between Bt and non-
Bt plants. Our study revealed that bacterial communities associated
with the maize line MON89034xMON88017, containing stacked
transformation events, were closely related to communities of the
parental maize lines MON89034 and MON88017 containing single
transformation events or the non-Bt isogenic line. The expression
of one or more cry genes did not significantly influence bacterial
communities. These results support the claim that the expression
of Bt has no or minor influence on endophytic bacterial communi-
ties, in comparison to effects of plant cultivar or soil type. Diversity
and evenness of communities were not affected by plant cultivar
and no effect of soil type. Evenness Evar was the only index, which
in some cases revealed a significant variation in our experiment
and was  previously proposed to be most suitable to explain real
diversity from T-RFLP data (Blackwood et al., 2007).

Although the culturable community is greatly influenced by the
culturability of the bacteria and the type of medium, bacterial iso-
lates can be more deeply characterized, both at the phylogenetic
and functional level. The production of ACC deaminase and IAA
are important plant growth-promoting mechanisms (Berg et al.,
2005; Lottmann et al., 1999; Sessitsch et al., 2004). ACC deami-
nase modulates the ethylene synthesis of plants by cleaving the
precursor of ethylene synthesis, ACC. By reducing ethylene lev-
els ACC deaminase-producing bacteria reduce the plant stress
response (Glick et al., 1998; Hardoim et al., 2008). Endophytes
showing ACC deaminase activity obtained in this study were mainly
related to Gammaproteobacteria,  Betaproteobacteria,  Actinobacte-
ria and Alphaproteobacteria, however, no effect of the soil type or
plant cultivar on the number of ACC deaminase- producing bacteria
could be determined. Isolates producing high levels of IAA generally
belonged to the Alphaproteobacteria. The abundance of IAA produc-
ers varied strongly between the different treatments and no effect
of maize cultivar or the genetic modification could be observed.
More endophytes with high IAA production were selected from Fis-
chamend soil suggesting that this soil hosted a higher number of
strains showing high IAA production.

Few studies on cultivable bacteria from maize are available.
Chelius and Triplett (2001) found Actinobacteria as the most
abundant class in their culture collections, whereas other stud-
ies found Gammaproteobacteria to be the most important class
among isolated maize endophytes (Johnston-Monje and Raizada,
2011; Prischmann et al., 2008). In particular, Enterobacteriaceae
such as Enterobacter spp and Pantoea spp have been frequently iso-
lated (Johnston-Monje and Raizada, 2011; Prischmann et al., 2008;
Rijavec et al., 2007; Seghers et al., 2004) as well as Pseudomonas
spp (Johnston-Monje and Raizada, 2011; Rai et al., 2007). In our
study, isolates were dominated by the class of Alphaproteobac-
teria. However, cultivation of bacteria is selective and strongly
dependent on experimental conditions and therefore hardly com-
parable between different studies. Furthermore, as the majority
of endophytes derive from the soil environment, the type of soil
microflora will greatly determine the endophyte community com-
position. Nevertheless, generally the type of genera and species
found have been previously reported to colonize plants endophyt-
ically (Andreote et al., 2009; Chelius and Triplett, 2001; Long et al.,
2010; Rasche et al., 2006a; Rijavec et al., 2007; van Overbeek and
The distribution of phylogenetic classes identified within the
cultivable endopyhtes was similar across our treatments includ-
ing different plant genotypes. Some isolates or 16S types were
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oil-specific due to the fact that most endophytes derive from the
oil environment, whereas several other 16S or even IGS types
ere found in plants grown on both soils indicating a selection
riven by the plant. Generally, IGS-types identified in maize plants
rown on both soils belonged to a broad range of taxa, however,
everal strains belonging to Agrobacterium spp. were highly abun-
ant in all treatments. Non-pathogenic Agrobacterium spp. strains
ave been isolated from legume nodules (Wang et al., 2006) and
ay  have accumulated in soil due to legume intercrops. Maize

lants may  have selected them for positive interactions; in our
tudy we could identify several Agrobacterium strains showing
lant growth-promoting activities. The fact that we  could identify

 cultivar-specific IGS type related to Pelomonas sp. from Antares
aize, grown on Fischamend soil and Tulln soil, either indicates

hat the same strain was selected from both soils or that this
train was already carried in Antares seeds. Transmission of endo-
hytes through seeds has been recently proposed (Compant et al.,
010b; Johnston-Monje and Raizada, 2011; López-López et al.,
010; Rasche et al., 2006a; Rijavec et al., 2007; Seghers et al., 2004).

. Conclusions

In conclusion, we could identify highly diverse bacterial com-
unities in the maize endosphere with various isolates showing

igh potential to promote plant growth by the production of ACC
eaminase and IAA. These results emphasize the suitability and

mportance of endophytes as a part of risk assessment of transgenic
rops. While an influence of maize cultivar and soil environment
as detected, we could not find an evidence for the influence of the
t constructs used in the transgenic maize lines investigated in this
tudy on endophytic communities. However, further investigations
re needed to understand the complexity of plant-microbe inter-
ctions, thus allowing a better evaluation of studies concerning the
nvironmental compatibility of transgenic crops.
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