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Abstract

The effect of transgenic Bt 176 maize on the rhizosphere bacterial community has been studied with a polyphasic
approach by comparing the rhizosphere of Bt maize cultivated in greenhouse with that of its non transgenic coun-
terpart grown in the same conditions. In the two plants the bacterial counts of the copiotrophic, oligotrophic and
sporeforming bacteria, and the community level catabolic profiling, showed no significant differences; differences
between the rhizosphere and bulk soil bacterial communities were evidenced. Automated ribosomal intergenic
spacer analysis (ARISA) showed differences also in the rhizosphere communities at different plant ages, as well as
between the two plant types. ARISA fingerprinting patterns of soil bacterial communities exposed to root growth
solutions, collected from transgenic and non transgenic plants grown in hydroponic conditions, were grouped
separately by principal component analysis suggesting that root exudates could determine the selection of different
bacterial communities.

Introduction

Transgenic plants resistant to insects like those
expressing Bacillus thuringiensis Cry proteins (Bt
plants), offer several advantages over their corres-
ponding non transgenic cultivars. For example, Bt
maize is self-protected against European corn borer
(Ostrinia nubilalis), so it reduces the specific insect-
icide treatments, decreasing the risk of pollution due
to chemical treatment. However transgenic plants may
have unintended modified properties, as is the case of
Bt maize where the lignin content is higher than in
the non transgenic counterpart (Saxena and Stotzky,
2001). Also transgene expression can vary, depending
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on the transgene insertion site (van Leeuwen et al.,
2001), and the genes at or around the insertion site can
be affected in expression rate. Furthermore transgene
rearrangement can occur (Windels et al., 2001), with
a potential to cause changes in gene expression and
plant phenotype.

Plant root microflora is very sensitive to environ-
mental factors, evident in the small differences found
between cultivars that often select for different mi-
crobial rhizosphere populations (Chiarini et al., 1998;
Gomes et al., 2001; Smalla et al., 2001; Smit et al.,
2001). The effects of transgenic plants on the rhizo-
sphere community have been the subject of many
recent studies. In several cases differences in the mi-
crobial community structure, with the non transgenic
plants, have been observed, as in the cases of trans-
genic canola (Brassica napus) (Dunfield and Germida,
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2001; Gyamfi et al., 2002; Siciliano and Germida,
1999), and alfalfa (Di Giovanni et al., 1999). Instead
other studies have revealed no significant differences,
some examples being transgenic potato expressing
GUS and Barnase (Lukow et al., 2000) and some
genetic lines expressing phage T4 lysozyme (Heuer
et al., 2002; Lotmann et al., 1999, 2000). For other
lines of transgenic potato expressing phage T4 lyso-
zyme there was a significant increase in the death rate
of Bacillus subtilis in contact with potato roots, and
it was deduced that phage T4 lysozyme is released in
plant root exudates (Ahrenholtz et al., 2000).

Root exudates play an important role in micro-
flora selection, and selectively influence microbial
growth. In fact qualitative and quantitative differences
in root exudation can strongly affect the structural
and functional diversity of the rhizosphere popula-
tion (Mansouri et al., 2002; Oger et al., 1997, 2000;
Savka and Farrand, 1997). It has been shown that
the maize Bt exudation pattern differs from that of
non Bt cultivars, due to the release of Cry protein
that maintains the insecticidal activity (Saxena et al.,
1999; Saxena and Stotzky, 2000). The phenomenon
has been demonstrated to be widespread in transgenic
maize, and several transgenic lines have been shown
to release Cry protein in root exudates (Saxena et al.,
2002). The release of Cry protein in the root exud-
ates could potentially affect the prevalence of insect
larvae in the rhizosphere by controlling potential root
pathogens (a beneficial effect) or by killing saprophitic
insects living in the rhizosphere (an unwanted dele-
terious effect) (Saxena et al., 1999). Similarly the
presence of an additional protein in the root exudate
could also influence the microbial community in the
rhizosphere.

From the abundance of data available it is clear that
the effect of transgenic plant on the microbial rhizo-
spheric community, and consequently the evolution of
its potential adverse effects, strongly depends on the
particular plant, transgene and condition considered. It
is therefore important to have reliable tests to evaluate
these effects. These should include both cultivation
and molecular methodologies, including PCR-based
population fingerprinting methods which allows to de-
scribe the complexity of a microbial community. To
better represent the complexity of a microbial com-
munity, a suitable PCR-fingerprinting method must be
as much informative as possible giving a high number
of amplified products.

In this study we aimed to evaluate whether the
bacterial community structure in the rhizosphere of

Bt maize 176 is different respect to the non trans-
genic control plants. We used a polyphasic approach,
including cultivation based methods and molecular
techniques based on DNA analysis, to evaluate po-
tential effects towards cultivable as well as total eu-
bacteria in two growth phases of maize grown in pots
in the greenhouse. Moreover, in order to evaluate
the effects of transgenic and nontransgenic plant ex-
udates on bacterial community, the same soil used
for plant growth was exposed in axenic condition to
a sterile maize root growth solution. After incuba-
tion the exudates-enriched bacterial community was
analysed by ARISA.

Materials and methods

Plant growth conditions and rhizosphere sampling

Transgenic Maize Bt 176, Novartis (maize Bt) and the
conventional non transgenic parental cultivar Tundra,
Novartis (maize Tun) were used in all the experiments.
The maize plants were grown in a greenhouse (with a
14 h photo-period and day-night temperatures of 26—
20 °C) in circular-section pots (40 cm in diameter and
35 cm high) containing an organic soil compost Tech-
nic n° 7 (selected sphagnum, 25% dry matter, 12%
organic C, total organic N 0.22%, N (NOz+ NHy)
125 ppm, P>Os 175 ppm, K>0O 175 ppm, pH in H,O
5.5-6) from Potgrondbedrijf Vrienzenveen B.V., The
Netherlands. The control treatment consisted of pots
containing the same soil, but without plants, kept un-
der the same conditions. All the pots were arranged at
random and were moved daily to ensure uniform con-
ditions. Water adjustment to 70% soil water holding
capacity were performed daily.

The sampling of the bulk soil and rhizosphere was
performed before planting (O day only for bulk soil),
and after 30 and 100 days of plant growth. At each
sampling there was the withdrawal and analysis, of
three pots for each condition (bulk soil without plants,
maize Bt and maize Tun rhizospheres), totalling 21
samples. Rhizosphere soil samples were taken from
three individual plants (one per pot) of each genotype.
Rhizosphere soil was defined as the soil still attached
to the roots after shaking the roots by hand, thus
separating off soil not adhering tightly to the roots;
the rhizosphere soil samples were prepared from the
soil fraction tightly attached to the roots as described
(Baudoin et al., 2002; Gomes et al., 2001). Bulk soil
samples were taken from the plant-free pots by coring
the first 15 cm of top soil at the center of the pot.



Plate counts and analysis

Plate counts were determined for culturable aerobic
copiotrophic bacteria, aerobic oligotrophic bacteria
and aerobic sporeforming bacteria. Aerobic copio-
trophic bacteria plate counts were determined on Plate
Count Agar medium (Difco, Milan, Italy) supplemen-
ted with 100 g mL~! of actydione, after two days
of incubation at 30 °C. Aerobic oligotrophic bacteria
plate counts were determined on 1/10 diluted Tryptic
Soy broth (Difco) agarised with 15 g¢ L™! of Bacto
Agar (Difco), after four days of incubation at 30 °C.
Aerobic sporeforming bacteria plate counts were de-
termined, pasteurising the soil sample at 80 oC for
15 min, on Tryptic Soy Agar (Difco) after two days
of incubation at 30 °C. Means, standard deviation and
analysis of variance of bacterial counts were made,
and individual means in the ANOVA were compared
using Tukey’s test.

Community level catabolic profiling (CLCP) in
Biolog GN microplates

For each experiment the rhizosphere soil (soil attached
with the roots, gently removable) and rhizoplane frac-
tion (it was that which was obtained when the roots,
washed with sterile H>O, was transferred in a sterile
saline solution and shacked with sharp pebbles vigor-
ously) were prepared from three individual plants of
each genotype, as described by Zafar et al. (1986).
Bulk soil from pots without plants was used as the
control. Each fraction was transferred to a centrifuge
tube and centrifuged at 1500 x g for 2 min. Super-
natants were transferred to new tubes and diluted with
sterile 0.85% NaCl to a final transmittance of 85% us-
ing a Biolog turbidimeter (Biolog Inc., Hyward, CA)
(Di Giovanni et al., 1999). One hundred and fifty ul
of each suspension were used to inoculate Biolog-
GN microplates (two replicates for each extract). The
microplates were incubated in the dark at 23 °C. Col-
our development was measured approximately every
12 h until metabolic profiles were stabilised, us-
ing a DV990BV4 computer-assisted microplate reader
(GDV, Rome, Italy) at 590 nm.

The optical density values in each microplate were
corrected for the background value of the control
wells. In order to normalise for minor differences
in inoculum density, the microplates were compared
at a standardised references point in colour devel-
opment (average well colour development, AWCD)
(Garland and Mills, 1991). The statistical analysis
was made on microplates having AWCD values of
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1.0 & 5% (Insam et al., 2001). The 95 variables were
transformed to principal components (PCs) using the
covariance of the variables. The first two PCs, that ex-
plained more than 75% of the total variance, were used
to test the significant differences between genotypes
and between plant genotypes and bulk soil (multivari-
ate analysis of variance, MANOVA, P < 0.05).
Statistical analysis was performed with the program
Statistica 5.0 (StatSoft Inc., USA).

Molecular analysis of the rhizosphere bacterial
community by ARISA fingerprinting

For the ARISA experiments, DNA was extracted from
2.5 g of rhizosphere and bulk soil at each sampling
time, and eluted in 400 L of TE pH 8 as described by
Zhou et al. (1996).

DNA was purified from humic acids by fractioning
the crude extract onto Sepharose 4B (Sigma, Milan,
Italy) as described by Jackson et al., (1997). The purity
of the DNA obtained after treatment with Sepharose
4B was tested by PCR amplification of 16S rRNA
gene as previously described (Zucchi et al., 2003).
After the PCR amplification tests, fractions 2, 3, 4
and 5 obtained from Sepharose 4B purification were
pooled for each soil sample. DNA was precipitated
with ethanol, resuspended in TE pH 8 and used for
further PCR experiments.

For the ARISA experiments (Fisher and Triplett,
1999), the intergenic transcribed spacers (ITS)
between 16S and 23S rDNA were amplified using
primers S-D-Bact-1494-a-S-20 and L-D-Bact-0035-
a-A-15 as previously described (Daffonchio et al.,
1998), except that primer S-D-Bact-1494-a-S-20 was
5" end labelled with the phosphoramidite dye 5-FAM.
Aliquots of the PCR products (1 to 5 nL) were mixed
with 1 uL of the GeneScan-1000 [ROX] internal size
standard (Applied Biosystems), 20 uL of deionized
formamide was added, the mixture was denatured at
95 °C for 5 min and cooled in an ice bath. The PCR
products were then analysed in an ABI Prism 310 ge-
netic analyser (Applied Biosystems), using a 47 cm x
50 pm capillary filled with POP-4 polymer (Applied
Biosystems). The samples were run under standard
ABI 310 denaturing electrophoresis conditions for
40 min. The data were analysed using the GeneScan
3.1 software program (Applied Biosystems).

The peak matrices corresponding to the ARISA
profiles were subjected to principal component ana-
lysis (PCA [Ranjard et al., 2001]) by using Jaccard
coefficient in the NTSYS pc 2.01 software (Applied
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Biostatistics Inc., USA). Cluster significance in the
PCA plot was checked by a Least Significance Dif-
ference test, P < 0.05.

Effect of root growth solution on rhizosphere
bacterial community

Maize seeds were imbibed for 1 h in distilled H20
and then surface sterilised for 20 min in 6% Na hy-
pochloride. The seeds were then germinated in the
dark at 26 °C in Petri dishes on filter paper in sterile
conditions. The coleoptile of the seedlings, with a
main root length of about 4 cm, was sealed into a
sterile 100 mL growth container (rhizotron) containing
75 mL of Hoagland solution and incubated in the dark
under continuous sterile air flow through a 0.22 um
filter. The plants were grown in the phytotron under
the following conditions: 14 h day-length with a PAR
of 250 wmol m~2 s~!, 26-20 °C day-night cycles,
70% relative humidity, 250 #E s~! m~2 photon flux
density. The volume of growth solution was checked
periodically and maintained constant by adding sterile
distilled H>O in order to avoid an over-concentration
of mineral nutrients. After each addition the solu-
tion was analysed for sterility using Plate Count Agar
(Difco) medium, and any non sterile rhizotrons were
discharged. After 14 days growth the sterile solutions
were collected, frozen rapidly and stored at —80 °C.
The root and shoot weight was recorded. Total organic
carbon content was measured by wet oxidation with
0.25 keq m—3 K,Cr,07 and subsequent titration with
0.1 kmol m—3 (NHy4)2Fe(SO4), 6H>0, as described in
Sacchi et al. (2000).

Fifty grams of the same soil used for plant cul-
tivation was mixed carefully and homogenised. One
gram aliquots of this soil were placed aseptically in 12
sterile glass tubes that had two drainage layers (each
about 2 cm thick), sterile glass wool lying on sterile
glass beads (average diameter 3 mm) at the bottom of
the glass tube. A set of four of these microcosms was
watered with 1 mL per microcosm of Bt maize root
growth solution. A second microcosm set was watered
with Tun maize root growth solutions. A third set, act-
ing as the control, was watered with sterile Hoagland
solution. The twelve microcosms were incubated for
48 h at 28 °C. After incubation the entire soil content
of the microcosm underwent DNA extraction and puri-
fication, as previously described. ARISA was done as
already described.

Table 1. Bacterial plate counts of rhizosphere samples
from Bt maize and non transgenic maizes (Bt and Tun)
and control root free soil (N)

Bacterial group Plant growth 3 Plate counts

(Days) N B®  TunP
Copiotrophic 0 727 na® na.
30 6.83A 6.62B 6.57B
100 6.31B 7.12A 6.50B
Oligotrophic 0 7.30 na. n.a.
30 6.97A 6.85B 6.73C
100 6.37B 6.96A 7.15A
Sporeforming 0 3.87 na. n.a.
30 4.20A 4.00B 3.85B
100 422A 4.14A 431A

@ Average (determination on 3 samples) of logy CFU g_l

(fresh weight) of soil.

bAverage (determination on 3 plants) of log;g CFU g~
(fresh weight) of root. Significant differences at Tukey’s
test (ANOVA; P < 0.05) within a sampling time are in-
dicated by different letters.

“not applicable.

1

Results

Bacterial plate counts and community level catabolic
profiling

A count was made of the number of aerobic copio-
trophic, oligotrophic and sporeforming bacteria re-
covered from the bulk soil and rhizosphere at three
different sampling times. The bacterial count in rhizo-
sphere soil was determined after 30 and 100 days
of plant growth, while in the bulk soil the bacteria
were counted at 0, 30 and 100 days of plant growth
(Table 1). The counts of copiotrophic and oligotrophic
bacteria were always similar, between 3 X 10° to
3 x 107 per g of fresh weight, and the same range
was found in the bulk soil and rhizosphere of both
Bt and Tun maize. A lower number of sporeform-
ing bacteria, ranging between 8 x 10° to 3 x 10*
per g, was found in both the bulk soil and the two
rhizospheres. ANOVA analysis of the bacterial counts
revealed significant differences (P < 0.05) between
Bt and Tun maize rhizospheres only for copiotrophic
bacteria at 100 days and for oligotrophic bacteria at 30
days. Significant differences were found between the
communities of the two rhizospheres and the bulk soil,
these differences being evident for all three bacterial
groups analysed at day 30, and for the oligotrophic
bacteria also at day 100.
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Figure 1. Principal components analysis (PCA) of community-level catabolic profile (CLCP) of rhizoplane and rhizosphere soil samples from
transgenic Bt maize and non transgenic Tun maize at 30 (white filled symbols) and 100 (black filled symbols) days; dots = rhizoplane Bt maize,
squares = rhizosphere soil Bt maize, triangles = rhizoplane Tun maize, stars = rhizosphere soil non transgenic maize).

The differences in the bacterial counts were con-
firmed by the CLCP analysis of the rhizosphere of the
two plants and the bulk soil for the three sampling
times. The multivariate data set obtained from the res-
piration rates of the 95 sole carbon source obtained
from the Biolog GN microplates were reduced to two
PCs that explained more than 76% of the total vari-
ance, and were compared by MANOVA (Figure 1).
Significant differences (P < 0.05) in CLCP were de-
tected between the rhizosphere as well as the bulk soil
communities at both sampling times, while no signi-
ficant differences were found between the Bt and Tun
maizes, neither in the rhizosphere nor in the rhizoplane
(Table 2).

ARISA of rhizosphere and bulk soil bacterial
community

The total eubacterial communities in the rhizosphere
of Bt and Tun maize plants and in bulk soil were ana-
lysed by ARISA fingerprinting. Of 21 samples only
18 could be analysed, the three not-analysed bulk soil
samples, (two at time O and one at 30 day sampling)
not giving any detectable PCR product, despite sev-
eral attempts to improve the DNA purification (data
not shown). The number of detectable peaks in the
electropherograms ranged between 42 to 80 and the
fragment length was between 215 and 970 bp.
Experiments were performed to evaluate the repro-
ducibility of the ARISA by comparing independent
amplifications of the same DNA sample. The ex-
periment showed good reproducibility with a 95.6%

overlap of the peaks (data not shown). ARISA profiles
of three independent rhizosphere samples obtained
from three Tun maize plants at the same sampling time
showed very similar, profiles with an 87% overlap of
the peaks, confirming the suitability of the method and
the reproducibility of the microcosms used.

Figure 2 shows example of the ARISA profiles
of Bt and Tun maize rhizosphere and bulk soil at
sampling times 0 (only bulk soil), 30 and 100 days. In
total, at each sampling time (from 0, 30 and 100 days
of plant growth), three replicate samples (from three
different pots) were analyzed by ARISA of the eu-
bacterial community in the bulk soil (taken from pots
without plants), and in the rhizosphere of Bt and Tun
maize (only at times 30 and 100 days). Note that the
soil and rhizosphere samples at 30 days are character-
ised by major peaks grouped around 650 bp, indicating
that bacterial population is dominated by certain bac-
terial groups; instead, in samples taken after 100 days,
the major peaks are scattered in a wider range of frag-
ment sizes. The peak data were used for PC analysis as
described in Methods. The scatter plot resulting from
the analysis of the first two PCs explaining 39.4% of
the total variance is shown in Figure 3. The variabil-
ity among some replicates of the same type of plant
is greater than the variability observed among replic-
ates of different plant types, especially at 100 days.
However, the 18 samples are clustered into two main
groups, separated along the second principal com-
ponent (PC2). The first group (positive coordinates
on PC2) includes all the samples taken at 0 and 30
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Table 2. Pairwise statistical comparisons of community-level catabolic profile (CLCP) of
rhizosphere samples from Bt maize and Tun maize and control root free soil (N)

Plant growth

Significant differences (P < 0.05) in CLCP of rhizospheres and bulk soil®

(Days) RTun®/RBt¢ PTund/PBt® RTun/N RBYN PTun/N PBUN

30 No No
100 No No

Yes Yes Yes
Yes Yes Yes

4CLCP determinations made on 6 replicates. MANOVA on the first two PCs.

thizosphere soil of maize Tun.
“Rhizosphere soil of maize Bt.
dRhizoplanc of maize Tun.
®Rhizoplane of maize Bt.

days, the second group those taken at 100 days. In the
first group the sample at time O was separated from
the samples taken at 30 days along PC1. MANOVA
analysis made over PCA indicated that the bacterial
communities of the rhizosphere and bulk soils were
significantly discriminated as a function of sampling
time (i.e., plant age for the rhizosphere samples) (P <
0.05). In the 30 days samples MANOVA analysis
showed significant difference along the first principal
component axis between the Bt maize and both the
Tun maize and control soil eubacterial microbial pop-
ulations (P < 0.05). In the samples taken after 100
days the microbial population of the bulk soil is well
separated from the rhizosphere populations both of Bt
and Tun maize (P < 0.05). PCA showed at 100 days a
more scattered distribution of the data points than at 30
days, indicating a higher variability of the eubacterial
population between plants than at 30 days.

Effect of Bt 176 maize exudates on the soil bacterial
community

An experiment was performed to compare the ef-
fects of root growth solution, of Bt and Tun maize
grown in hydroponic condition, on the soil bacterial
community. The amount of total carbon in the root
growth solutions from Bt and Tun maize plants was
comparable being 260 + 30 and 310 £ 40 ug ml~!,
respectively. Figure 4A shows examples of the AR-
ISA pattern obtained. The number of detectable peaks
in the electropherograms ranged between 70 and 120
and the fragment length was between 210 and 926 bp.
The samples had similar major peaks but showed
differences in the minor peak populations. By ana-
lysing ARISA patterns with PCA it was possible to
place the bacterial communities according to treat-
ment type, three dimensional plotting along the three
principal components (Figure 4b). The first (PC1),

second (PC2) and third (PC3) principal components
explained, respectively, 42.0%, 9.3% and 5.5% of the
variance in the data. The PCA showed that the root
growth solutions of the two maize cultivars selected
different bacterial communities. Three main groupings
could be identified on the plot: one included the soil
community of the four control soil samples, a second
the soil bacterial communities from the four samples
exposed to the Tun maize exudates while the third
grouping in the plot, separated from the other samples
on the PC2, included the ARISA profiles of bacterial
communities enriched by the root growth solution
of Bt maize. MANOVA analysis showed significant
differences (P < 0.05) along the second principal
component axis only between the Bt maize and both
the Tun maize and control soil eubacterial populations.

Discussion

There has been strong debate on the safety of genet-
ically modified plants ever since the introduction onto
the market of plant products deriving from transgenic
crops. This debate is still very much alive, and several
issues have been raised, including the safety of trans-
genic food and the environmental impact of transgenic
plants. The fires of the debate are mainly fed by the in-
sufficient knowledge available on biological systems,
and by the potential danger that specific genetic ma-
nipulations could give unexpected effects (Schubert,
2002). In fact, Bt maize has been found to have un-
expected modifications that could exert some effect on
the soil environment; it is known that Bt maize has a
higher lignin content than its non transgenic counter-
part (Saxena and Stotzki, 2001), potentially affecting
the rate of maize tissue degradation in soil, and trans-
genic Cry protein has been found to be released in
the root exudates (Saxena et al., 1999, 2002; Saxena
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and Stotzky, 2000). Indeed the rhizosphere environ-
ment hosts a complex microorganism network which
interacts very closely with plant roots, the outcome
of such interaction being seen in the strong influence
plant type has on the microbial ecosystem of the soil.
In fact, it is known that soil bacterial communities are
more strongly influenced by plant species and different
cultivars than by other environmental factors like soil
type and agricultural practices (Gomes et al., 2001;
Heuer et al., 2002).

On considering the different exudate pattern of
Bt maize with respect to non transgenic maize, we
were prompted to evaluate whether this unexpected
characteristic could affect the diversity of the rhizo-
sphere microflora. For this study we used a polyphasic
approach that allowed us to examine both the cultiv-
able microflora, in terms of abundance and functional
diversity, and the total bacterial population of rhizo-
sphere and bulk soil using cultivation-independent
molecular methods.

Analysis of the abundance of cultivable co-
piotrophic, oligotrophic and sporeforming bacteria
showed major differences between the bulk soil and
rhizosphere bacterial communities, as expected, but
only sporadic differences could be detected between
the different plant growth phases or between the trans-
genic and the non transgenic cultivars. These results
were also confirmed by an analysis of the func-
tional diversity of the community performed through
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CLCP using the Biolog GN microplates, that did
not detect differences between the two cultivars. The
only significant differences were between the rhizo-
sphere/rhizoplane system and the bulk soil. These data
are in agreement with a previous study of Saxena
and Stotzky (2001) who did not find any significant
differences in the colony-forming units of culturable
bacteria, actinomycetes, fungi, protozoa and nemat-
odes in the rhizospheres of transgenic Bt and non
transgenic maize. Koskella and Stotzky (2002) con-
firmed that several Cry toxins from B. thuringiensis
have no microbicidal or microbiostatic activity against
selected bacteria.

Molecular techniques are highly sensitive to even
small changes in the structure of microbial com-
munities, and can detect minor variation in bacterial
composition. We further investigated the bacterial
community structure of the Bt maize rhizosphere us-
ing ARISA (Fisher and Triplett, 1999), a population
fingerprinting approach. Among the molecular tech-
niques for the soil bacterial community analysis AR-
ISA proved to be very effective. The ARISA (Fisher
and Triplett, 1999) is a PCR-based fingerprinting ap-
proach targeting the 16S-23S intergenic transcribed
spacers a region considered hypervariable respect to
the adjacent genes and hence useful to discriminate
bacteria at the subspecies level (Daffonchio et al.,
1998, 2000). The advantage of ARISA respect to
the traditional analysis of fingerprinting patterns in



agarose/polyacrylamide gels is the separation of la-
belled fragments in an automated sequencer which
guarantees high sensitivity also for poorly amplified
fragments and high resolution even of hundreds of
peaks per profile (Ranjard et al., 2001). The high num-
ber of peaks which this system allows to detect is
very informative and makes ARISA more suitable for
comparison of whole community diversity than other
methods such as DGGE and TGGE analysis.

A relatively low level of variability (39.4%) was
explained by the first two principal components of
PCA of rhizosphere ARISA patterns (Figure 3), con-
firming that soil is a complex and heterogeneous
environment.

Despite the relatively low level of variability ex-
plained by PCA, the ARISA patterns allowed to ar-
gue some indication: (i) rhizosphere-induced bacterial
population shift, with respect to bulk soil populations,
which reflecting differences already observed with
cultivation methods. (ii) plant age-dependent popu-
lation patterns. (iii) bacterial community differences
between Bt maize and its non transgenic counterpart.

With regarding to time-dependent community
shifting, the PCA of the ARISA fingerprinting pat-
terns indicated a separation between the community
colonising the maize after 30 days of growth and the
population in the senescent plants (after 100 days of
growth). The relative low variability observed by AR-
ISA in the rhizosphere samples of each plant type at 30
days, showing few major peaks around 650 bp, could
be due to the active root exudation of young plants
that could have selected a bacterial community with
few dominant strains, possibly r-strategists, typical of
uncrowded, nutrient-rich environments. On the con-
trary reduced exudation by senescent roots (sampling
time 100 days) would lead to other environmental
factors, such as localised root cell lysis, or hetero-
geneous microniche soil composition, exerting a more
marked influence on the bacterial community, result-
ing in greater sample variability. In this environmental
conditions at low nutrient level, K-strategists, colon-
ising niches that have reached their carrying capacity,
would became prevalent, resulting in an increase of
the observable diversity. An r/K-strategist succession
has already been observed by Chiarini et al. (1998)
in maize roots, the r-strategists dominating the early
stages of maize development and the K-strategists in
mature roots. Gomes et al. (2001) found, in trop-
ical soils, a more pronounced rhizosphere effect in
young roots of maize (20 days after sowing) than in
the mature plant (106 days after sowing). They found
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by TGGE, as we did with ARISA, that the bacterial
community in the rhizosphere of young plants is dom-
inated by very few genotypes, represented by intense
TGGE bands.

ARISA allowed the differentiation of the bacterial
communities of transgenic maize and its non trans-
genic counterpart, indicating that the two plants tend
to select different rhizosphere communities, an effect
revealed by PCA analysis of ARISA profiles to be
more pronounced in the samples obtained after 30
days of plant growth. The differences seen in the AR-
ISA patterns for the transgenic and non transgenic
cultivars could to be due to the root exudation pool
which in maize Bt is known to be different respect
to its non-transgenic counterpart at least for the re-
lease of the Cry protein (Saxena et al., 1999, 2002;
Saxena and Stotzky, 2000). To investigate this aspect,
we performed an experiment using a more simplified
experimental model, exposing root- free soil to root
growth solutions recovered from transgenic and non
transgenic plants.

The bacterial community ARISA profiles obtained
from the total DNA extracted after exposing soil to
root growth solutions, clearly confirmed that the exud-
ate of the transgenic plant led to a different bacterial
community selection than that of the non transgenic
plant. The major peaks of the ARISA profiles, presum-
ably representing the dominant bacterial communit-
ies, remained stable, however the minor peaks varied
greatly, reflecting the shifting of the less dominant
communities. This observation led us to suppose that
the Bt maize exudate differs in several ways from
the non transgenic plant, not just in the Cry pro-
tein. However these differences need confirmation by
a careful chemical characterisation of the exudate of
transgenic Bt maize and its non transgenic counter-
part. It is interesting to note that other genetic maize
modifications, such as the glufosinate herbicide (syn.
L-phosphinothricin) resistance conferred by the pat
gene, did not affect the bacterial community struc-
ture significantly, as evidenced by 16S rRNA gene
PCR-SSCP community profiling (Schmalenberger and
Tebbe 2002). In fact it would be interesting to evaluate
whether this lack of effect on the rhizosphere bacterial
community is correlated to an unaltered exudation
pattern in pat gene-tagged maize. The physiological
reason of the different exudation patterns between
transgenic and non transgenic Bt maize are not clear.
However this characteristic is common to Bt maize
other than Bt 176. Infact modification of the plant
genotype with the CrylAb gene affects the exuda-
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tion pattern, releasing the transgenic Cry protein also
in other transgenic Bt cultivars such as Btll and
MONZ810, a modification already tested in 12 different
transgenic hybrids (Saxena et al., 2002). Other authors
reported no significant changes in the rhizosphere of
Cry expressing cotton (Donegan et al., 1995) and
potato (Donegan et al., 1996). However these invest-
igations have been based on the cultivable microflora
analysis, that was, at least in our work, less sensit-
ive to small shifts of a community than the molecular
fingerprinting methods based on total soil DNA.

The environmental significance of the differences
remains to be determined. Extensive studies made
on another plant model, the phage T4 lysozyme-
expressing transgenic potato, have shown that general
environmental parameters such as cultivar and soil
type, seasonal climate changes and plant age have
a more marked effect on the rhizosphere microflora
than the presence of the transgenic character (Heuer
et al., 2002; Lottmann et al., 1999, 2000, 2001).
Note however that the T4 lysozyme expressing potato
seems to alter its exudation pattern by secreting, into
the exudate, the lysozyme that could have some ef-
fect on non-target bacterial strains such as B. subtilis
(Ahrenholtz et al., 2000). To address the question
of the general environmental effects of transgenic Bt
maize on rhizosphere bacteria it would be interesting
to evaluate whether other components of the exudate
are affected in the transgenic plant, and which bacteria
respond specifically to these changes.
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