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Abstract 

Cultivation of Genetically Modified (GM) plants has increased significantly over 

the last decades. GM traits may negatively affect beneficial soil fungi, such as 

Arbuscular Mycorrhizal (AM) fungi, potentially leading to alterations in soil 

functioning. Here, we test two Bt-Maize varieties for their effects on soil AM 

fungal communities, targeting both DNA and RNA as an inclusive way of 

detecting community trends, by 1) 454 pyrosequencing using general fungal 

rRNA gene-directed primers and 2) and AM fungi-specific molecular T-RFLP 

profiling, in a pot experiment. Potential GM-induced effects were then 

compared to the normal natural variation of AM fungal communities in the field.  

 

AM fungi were found to be abundant in soil, accounting for 30% and 8% of total 

recovered DNA- and RNA-derived fungal sequences, respectively, after 104 days 

of plant growth implying that AM fungi are an abundant and active functional 

group in soil. Pyrosequencing and T-RFLP generally agreed with respect to the 

main trends observed, and RNA- and DNA-based sequence analyses yielded most 

of the same AM fungal lineages. No significant differences were detected 

between AM fungal communities associated with GM versus non-GM plants. Our 

approach of comparison against “natural” field communities confirmed that GM-

related variation was lower than seasonal and between-field variation.  
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Introduction 

In recent decades, major advances have been made in developing more 

productive crop varieties. One of the most promising of these developments has 

been the generation of Genetically Modified (GM) crops, which has been 

advocated as a potential tool to alleviate some of the major constraints on crop 

production, such as pest infestations and weed growth (Jones, 2011). However, 

because genetic modification alters the functioning of crop plants, there is a risk 

that these changes may have adverse effects on the plant’s biotic environment 

(Hails, 2000; Bruinsma et al., 2003), and thus the effects of such modifications 

need to be carefully assessed (Andow & Zwahlen, 2006). This is particularly 

crucial given the forecasted increases in GM cultivation worldwide (Carpenter, 

2011). 

 

One important component of a plant’s environment is the soil ecosystem, which 

plays an essential role in nutrient cycling and plant productivity (van der Heijden 

et al., 2008). Within this system, Arbuscular mycorrhizal (AM) fungi intricately 

interact with plants; these fungi engage in a symbiosis with over 80% of land 

plants, including major crops such as maize, wheat, potato and soybean (Wang & 

Qiu, 2006), and provide mineral nutrients in exchange for plant carbohydrates 

(Smith & Read, 2008). Because of these ecological features, they have been 

identified as an important group of organisms to study for risk assessments of 

GM crops (Kowalchuk et al., 2003a; Liu, 2010).  

 

Some studies have shown altered AM fungal development, such as spore 

production and root colonization, in association with GM versus non-GM plants 

(Vierheilig et al., 1995; Turrini et al., 2004; Castaldini et al., 2005; Cheeke et al., 

2011), suggesting that there is a potential for adverse GM plant-induced effects 

on AM fungi. However, because these studies involved testing of only a single 

AM fungal species under otherwise nearly sterile conditions, we do not know 

whether these results hold for more natural conditions: in nature, soil and plant 

roots are inhabited by more diverse fungal communities that - as a whole - may 

respond differently to GM plants. In general, studies on GM plants using diverse 

consortia of AM fungi, either in microcosms or field, report no effects of GM 
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plants on AM fungal colonisation (de Vaufleury et al., 2007; Powell et al., 2007; 

Knox et al., 2008; Landi et al., 2009).  

 

In addition to root colonization levels, it is important to investigate whether the 

community composition of AM fungi is altered by GM cropping. Several studies, 

relying on DNA-based detection methods, have shown that plant productivity 

depends on the identity and diversity of AM fungal species colonizing a plant 

(Wagg et al., 2011a; Verbruggen et al., in press). Except for the study by Hannula 

et al. (2010) on GM potato, no studies have tested whether GM cropping 

influences AM fungal communities in natural soil. Moreover, so far no studies 

have targeted RNA to detect changes in AM fungal communities. Targeting RNA 

as well as DNA may, however, give a more comprehensive picture, as RNA has a 

faster turnover and might therefore better capture changes in active fungal 

communities (Anderson et al., 2008; Jumpponen, 2011), whereas DNA will also 

be obtained from dead or inactive AM fungal cells or spores (e.g. (Lanzen et al., 

2011). 

 

Here, we tested and compared the response of AM fungal communities to two 

GM and non-GM maize varieties at two different time-points, by examining 18S 

rRNA gene fragments recovered from DNA and RNA, separately. The GM-trait we 

studied was Bt, which involves expression of an anti-insecticidal protein that can 

be present in Bt-maize root exudates (Saxena et al., 2002). This protein does not 

appear to directly affect AM fungi (Ferreira et al., 2003), but Bt-plants have 

nevertheless been reported to exhibit an altered interaction with these fungal 

symbionts (e.g. Cheeke et al., 2011). The maize plants were grown in a 

greenhouse in intact soil cores, in triplicate, collected from the field to target 

natural AM fungal communities and to ensure that our results have high 

ecological relevance.  

 

We utilized general fungal primers in combination with deep-sequencing 

technology to minimize bias towards some AM fungal lineages (Gamper et al., 

2009; Krüger et al., 2009) and to get an estimate of AM fungal abundance 

compared to other fungi. This approach also afforded the necessary 

phylogenetic resolution and sufficient depth of sampling to potentially detect 
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significant community changes. We have also comparatively assessed 

communities by lower-resolution T-RFLP targeting the nuclear 25S rRNA gene 

with AM fungi-specific primers, which has enabled us to additionally compare 

differences in communities among treatments to field AM fungal community 

variation (field samples at five time points, over three years), and also a 

previously obtained data-set including AM fungal community data of 15 fields 

cropping maize (Verbruggen et al., 2010). This allowed us to assess whether GM 

crops induce changes that exceed normal temporal community variation in the 

field, and between fields, and thus whether they represent a potential risk for 

soil ecological functioning.  

 

Our aim was to answer the following questions: 1) What are the effects of two 

GM maize varieties on (active) AM fungal communities? 2) Do these effects 

exceed normal seasonal and spatial variation of AM fungal communities in the 

field? and 3) How well do different measures of communities (DNA-based, RNA-

based, pyrosequencing and T-RFLP) agree on community trends?  

 

Materials and Methods 

Pot experiment and sampling 

In order to compare AM fungal communities between GM and non-GM plants, 

seeds were sown into pots that contained soil from a field in which we 

previously characterized the AM fungal community for multiple years (organic 

field “Biezenmortel” in Verbruggen et al., 2010). Because AM fungal 

communities have previously been shown to be sensitive to experimental 

manipulation (Sykorova et al., 2007a; Verbruggen et al., in press), we collected 

intact pot-size soil cores from the field and transferred to pots in order to 

maintain natural stratification and mycelial integrity of AM fungi. Soil cores were 

collected randomly from within a homogeneous 10 x 10 m plot in September 

2009. The standing crop was a grass-clover mixture (Trifolium pratense L. and 

Lolium perenne L.), which had been sown after maize in fall 2007 and mown 

twice a year. Soil chemical properties were as follows: pH (CaCl2-extractable) = 

5.8, P (CaCl2-extractable) = 5.1 mg kg
-1

, N = 1.36 g kg
-1

, OM = 1%.  
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In each pot (containing approximately 6 kg of soil, diameter = 20 cm, height = 18 

cm), one of four different maize (Zea Mays L.) cultivars were grown. Cultivars 

included two GM cultivars; (1) event MON810, cultivar Monumental MON810 

and (2) event MON810, cultivar DKC 3421YG. These were matched with two near 

isogenic non-GM cultivars (Monumental and DKC3420, respectively). The GM 

cultivars had both been transformed to express the Cry1Ab gene (an insecticidal 

endotoxin produced by Bacillus thuringiensis that is active against, among 

others, the European corn borer Ostrinia nubilalis, (e.g. Obrist et al., 2006). 

Different cultivars are abbreviated by letters, Monumental = M, DKC = K, and GM 

cultivars are indicated with “GM” (i.e. M - GM, and K – GM). 

 

We used three replicates for each cultivar, resulting in 12 pots. Two seeds were 

sown into each pot on October 1
st

 2009, which were kept in a greenhouse with a 

16/8 hours light/dark cycle. Seedlings were thinned to one after two weeks. In 

pots where no seedlings had emerged after one week (2 pots) new seeds were 

sown and thinned in the same way after an additional two weeks. Hoagland 

solution (½ strength P; 250 ml per pot) was applied twice during the first month 

of plant growth.  

 

On November 24
th

, after 47 days of plant growth, soil samples were taken in the 

following way: one core (diameter 1 cm) per pot was taken and the part 

originating from 5-11 cm depth level was immediately stored on dry ice and 

transferred to -80°C. Cores were taken 5-6 cm from the edge, which was 

approximately halfway between the edge of the pot and the stem of the plant. 

On January 20
th

, after 104 days of growth, samples were taken as above, but the 

position of cores was shifted 45° in relationship to the first core to minimize 

potential disturbing effect of the first sampling event. At the end of the 

experiment (plant age 130 days; at full maturity of the ears), total above and 

below ground plant biomass was harvested, dried (7 days at 50°C), and total 

plant dry-weight and ear (grain plus cob) dry-weight was determined. Of a 

random subset of roots in each pot, percentage root colonization by AM fungi 

was determined according to the magnified intersection method (McGonigle et 

al., 1990), based on 50 root intersections per plant. 
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Nucleic acid extraction and cDNA preparation 

From each sample, 2 g of soil was used for simultaneous RNA and DNA isolation 

using the RNA PowerSoil kit and the DNA Elution accessory kit (MO BIO 

Laboratories inc., Carlsbad, CA, USA). The DNA from total RNA-enriched samples 

was removed by DNase I (RNase - free DNase set 79254; Qiagen, Hilden, 

Germany) according to manufacturer recommendations. The total RNA was 

measured with a ND-1000 spectrophotometer (Nanodrop Technology, 

Wilmington, DE, USA) and the quality of the total RNA was checked with 

Experion (Bio-Rad Laboratories inc., Hercules, CA, USA). The total RNA was cDNA 

synthesized using random hexamer primers and the superscript double stranded 

cDNA synthesis kit (Life Technologies Corp., Carlsbad, CA, USA).  Resulting DNAs 

and cDNAs were used as template in parallel analysis using 454 pyrosequencing 

and T-RFLP as described below. 

 

454 pyrosequencing methodology 

For 454 pyrosequencing, general fungal primers FR1 and FF390 (Vainio & 

Hantula, 2000) were used, which amplify a region of the SSU rRNA gene of 

approximately 350 basepairs in length. We made one small modification to 

primer FF390, where at the 5’ terminus the third position is now degenerate (see 

below) to accommodate detection of some Glomus species as inferred from 

bioinformatic analysis of Genbank sequences. Thermocycling conditions were as 

follows: denaturing at 94°C for 30s (after initial denaturation of 4 min. initial 

annealing temperature was 55°C (1 min.), and every two cycles the annealing 

temperature was lowered with 2°C until 47°C was reached, which was the 

annealing temperature used for an additional twenty cycles (thus 29 PCR cycles 

in total). Extension conditions were 68°C for 2 min. for all cycles. Reactions 

contained about 25 ng of DNA or RNA template added to a standard PCR mix. 

The 5’ terminus of primers contained an adaptor sequence and a multiplex 

identifier tag (MID; 12 different 10 bp-long tags), which resulted in the following 

primer constructs (adaptor in boldface):  

Forward (FR1) 5’ - CGTATCGCCTCCCTCGCGCCATCAG - (MID) - 

AICCATTCAATCGGTAIT - 3’ 

 Reverse (FF390) 5’- CTATGCGCCTTGCCAGCCCGCTCAG - (MID) - 

CGWTAACGAACGAGACCT - 3’ 

 



Chapter 5

 

92 

 

Pyrosequencing was performed by Macrogen inc. (Seoul, Korea) using a GS FLX 

titanium (Roche, Basel, Switzerland). Sequence analysis was done using Qiime 

1.2.1 scripts (Caporaso et al., 2010) incorporated into the Galaxy interface 

(Goecks et al., 2010). All reads were checked for containing the right forward 

and reverse MID-tags and assigned to samples accordingly. Four samples out of 

24 were excluded at this stage because they contained the wrong tag – 

combinations (due to an error in PCR mix preparation). As a result, “M - GM” and 

“K” treatments (where “M” and “K” indicate parental cultivars, and “GM” 

indicate the GM-trait) at first sampling and “M” and “K” treatments at second 

sampling are represented by two, instead of three replicates (see also Table 2 for 

an overview of replicate number per treatment).  Of all other samples, barcodes 

and tags were removed and sequences were denoised using Denoiser 0.91 

(Reeder & Knight, 2010) and clustered at 97% similarity  using the UCLUST 1.2.21 

algorithm (Edgar, 2010). The resulting “operational taxonomic units” (OTU) were 

assigned to eukaryote families  through BLAST searches against the QIIME-

compatible version of the Silva 104 release (Pruesse et al., 2007).  

 

Analysis of putative Glomeromycota sequences 

The most abundant representative of each OTU that was assigned to the phylum 

of Glomeromycota (after excluding singletons according to recommendations by 

Tedersoo et al., 2010) was additionally blasted against the NCBI database for 

confirmation and was aligned with all Glomeromycota sequences (excluding 

those classified as “environmental”) within the SILVA database and as outgroup 

the protist Corallochytrium limacisporum (acc. nr: ENAL42528; which has been 

proposed to be an appropriate outgroup for fungal phylogenetic analysis; 

Vandenkoornhuyse et al., 2002a). These analyses gave low confidence of 

membership of Glomeromycota for the majority of these sequences for the 

following reasons: inclusion within the Glomeromycota had low bootstrap 

support and distinct clades were formed containing only sequences from this 

study, and thus separated from all database sequences of “known”AM fungi. 

Also, similarity of many of the obtained sequences to known AM fungal 

sequences was low, which averaged 93.9%, and often did not strongly exceed 

similarity to the highest non-AM fungal BLAST hit (92.4%; see table S1 for all 

putative AM fungal OTU’s and BLAST scores). Therefore, OTU’s were considered 
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to be members of the phylum of Glomeromycota only if similarity to known 

members exceeded 97%.  Alignment, Neighbour Joining (NJ) tree construction 

and subsequent bootstrapping analysis (1000 replicates) were performed using 

the program MEGA 4.1 (Tamura et al., 2007). 

 

AM fungal community analysis by T-RFLP 

DNA and RNA derived from each of the pot soil samples at each of time points 

were analyzed by T-RFLP after a nested PCR with primers LR1-FLR2 and FLR3-

FLR4 (van Tuinen et al., 1998; Trouvelot et al., 1999), respectively, and 

subsequent restriction digestion with TaqI (for full methodology, see: 

Verbruggen et al., 2010). As a reference for “normal” community variation we 

analyzed samples from the same field from which soil was taken for the pot 

experiment (a maize field on sandy soil). These samples were taken in July ’07, 

September ’07, July ’08, September ’08 and at time of the collection of 

experimental soil in September ’09. Freeze-dried roots (±100 mg) of six plants 

from each sampling date were homogenized and subjected to DNA isolation 

using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). T-RFLP was 

performed using the same methods as the pot experiment to assess the AM 

fungal community present in roots at each sampling time. Moreover, in order to 

compare variation among the four investigated maize cultivars with natural 

variation across a range of fields, results were compared with AM fungal 

communities from 15 maize fields on sandy soil from earlier published work (see: 

Verbruggen et al., 2010).  

 

Data analysis and statistics 

T-RFLP and pyrosequencing derived community data were analyzed in a 

complementary manner. T-RFLP was specifically used to compare AM fungal 

communities among pot treatments and to field communities. Pyrosequencing 

was used to compare communities between pot treatments, increase taxonomic 

information, and to get an estimate of AM fungal abundances as related to other 

fungi. DNA and RNA derived communities were compared between GM and non-

GM plants at the two plant development stages applying ANOSIM (permutation 

with 10,000 replicates) to Bray-Curtis similarity indices. The Bray-Curtis similarity 

index is a commonly used similarity estimate in ecology (Clarke et al., 2006) and 
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previously used for comparing AM fungal communities (Schechter & Bruns, 

2008). We also estimated AM fungal richness as the average of forward and 

reverse T-RF’s for T-RFLP (as each unique sequence produces both a forward and 

a reverse peak), and by individual rarefaction analysis for pyrosequencing based 

on 100 reads (as for the majority of samples more than 100 reads were 

obtained), to account for variation in read numbers among samples. To assess 

whether the communities derived by analysis of DNA and RNA were correlated, 

we performed a Mantel test (permutation with 10,000 replicates). Non-metric 

multidimensional scaling; NMDS, Kruskal, 1964) was performed to assess 

similarity of communities of pots at different plant stages for pyrosequencing 

and T-RFLP derived community data. These analyses were performed in the 

program PAST (Hammer et al., 2001). 

 

Usage of general fungal primers for pyrosequencing also enabled us to compare 

number of sequencing reads of AM fungi relative to those of all fungi, and thus 

give an indication of AM fungal relative abundance, and its development through 

time. Relative abundance of each OTU at each time-point, for DNA as well as 

RNA, was tested for significant differences between GM and non-GM plant – 

associated communities using a non-parametric Kruskal-Wallis test. Relative 

abundance of AM fungal reads to total fungi (pyrosequencing), AM fungal 

richness (T-RFLP and pyrosequencing), percentage root colonization, total plant 

dry weight, and ear dry weight were assessed using a one-way ANOVA 

comparing GM versus non-GM plants. These analyses were performed using 

SPSS version 17.0. 

 

Results 

Plant colonization and growth 

Roots of all maize plants were colonized by AM fungi, with percentage root 

length colonization varying from 12% to 64%. This variation was, however, not 

attributable to the GM trait, as colonization percentage did not differ 

significantly between GM and non-GM plants (F1,11 = 3.37; P = 0.10). Total plant 

dry-weight and ear dry weight were on average 74.9 g (± SE 2.3) and 25.5 g (± SE 

3.9), respectively, and also did not differ between GM and non-GM plants (total  
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Figure 1: Neighbour Joining (NJ) tree showing topology of OTU’s having at least 97% similarity to 

known AM fungal taxa (sequences obtained in this study are in bold and are preceded with a number; 

an identifier for storage purpose, as in Appendix S1). OTU’s are named according to placement within 

the phylogenetic tree. Bootstrap values are given at the branch points. 

 G. irregulare

 G. intraradices MUCL 43194 18S ribosomal

 2222 ERGO.cDNA.5 102

 G. clarum BR147 18S rRNA

 1962 ERGO.cDNA.20b 100014

 G. geosporum

 1147 ERGO.cDNA.20 100090

 G. mosseae INVAM UT101 18S ribosomal RNA

 G. coronatum Att143-5/W3153 18S rRNA

 1087 ERGO.DNA.15 17864

 668 ERGO.DNA.1 5094

 859 ERGO.cDNA.8 1224

 G. claroideum Att79-3/W1843 18S rRNA

 1184 ERGO.cDNA.14 100389

 G. etunicatum UFPE06 18S rRNA

 177 ERGO.cDNA.21 100005

 P. brasilianum 18S rRNA

 P. occultum IA702-3 18S rRNA

 G. pyriformis 18S rRNA

 2132 ERGO.cDNA.24 9605

 A. trappei Att186-1 18S rRNA
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 S. calospora BEG32 18S rRNA

 72 ERGO.cDNA.24 113662

 G. albida BR601 18S rRNA

 P. scintillans 18S rRNA

 A. sp. W3424 18S rRNA

 G. fulvum 18S rRNA
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dry weight: F1,11 = 0.00, P = 0.96, N =12; ear dry weight: F1,11 = 0.19, P = 0.68, N 

=12). Ear dry weight was significantly positively correlated with AM fungal root 

colonization (R
2
 = 0.46, P = 0.016, N = 12), but total dry weight was not (R

2 
= 0.07; 

P = 0.40, N = 12). 

 

AM fungal taxa assessed by pyrosequencing 

The pyrosequencing approach yielded 222,401 reads after denoising with a 

mean length of 351 bp (SD = 7.7), and a minimum length of 284 bp. Initial 

assignment yielded 20,465 (~ 9.2%) putative AM fungal sequences represented 

by 185 OTUs at 97% similarity level after excluding nine singletons. However, we 

here define an OTU to belong to AM fungi on the basis of having at least 97% 

similarity to sequences classified as AM fungi in the NCBI database (see Materials 

and Methods section). This conservative approach yielded 11 OTUs that could be 

unequivocally assigned to the phylum of Glomeromycota, and showed good 

phylogenetic support of topology of the containing clades (Figure 1). Even 

though this conservative similarity criterion strongly reduced the number of AM 

fungal OTU’s, they nevertheless represent a considerable portion of the putative 

AM fungal sequences: 15,518 (75.8%) out of 20,465 reads. These 11 AM fungal 

OTU’s represent most of the major AM fungal lineages, including Glomus group 

A (six OTU’s, comprising 58% of reads), Glomus group B (1 OTU/15%), 

Paraglomus (1 OTU/15%), Diversispora (1 OTU/11%), Scutellospora (1 OTU/0.2%) 

and Archaeospora (1 OTU/0.05%). Moreover, these OTU’s include all of the 

highest abundant putative AM fungal taxa, as the most abundant putative AM 

fungi not included here is only responsible for 3% of all putative AM fungal 

reads. 

 

AM fungal communities associated with GM and non-GM plants are not different 

Comparing the number of AM fungal reads to total fungal reads revealed a high 

contribution of AM fungi, which increased from an average of 13% to 28% for 

RNA over the course of the experiment (Figure 2a). AM fungi were represented 

at higher levels in RNA compared to DNA (although representation by DNA also 

increased with time; Figure 2a), potentially indicating a strong increase in activity 

during plant development. There were no differences in AM fungal communities 

between GM and non-GM plants at either growth stage, as assessed by 
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pyrosequencing (Table 1). Also, when analyzed separately, none of the AM 

fungal taxa occurred at significantly different relative abundances in GM or non-

GM plant – associated soils (Figure 2b). However, communities did differ 

between the two plant growth stages (Table 1, see also Figure 2b). Non-metric 

multidimensional scaling on pyrosequencing data (Figure 3a) indicated that AM 

fungal communities changed in the course of plant growth in a similar direction 

for all treatments.  In Table 2, estimated AM fungal taxa richness is presented for 

each cultivar. We found no significant effect of the GM trait on AM fungal 

richness, based upon RNA-derived sequences at the late plant stage (F1,9 = 0.29; 

P = 0.61). For RNA at early growth stage and for DNA-derived sequences, these 

statistics were not performed because less than 100 AM fungal reads were 

obtained for some samples.  

 

Table 1: ANOSIM analysis of Bray-Curtis similarities between GM and non-GM associated AM fungal 

communities, represented by DNA or RNA, sampled at either a plant age of 47 days or 104 days. The 

effect of the factor “time” is also presented, where the same tests were performed contrasting all 

communities at “104 days” versus “47 days”. R = ANOSIM statistic, P = chance to obtain result if null-

hypothesis is true, N = number of observations. 

  pyrosequencing   T-RFLP

R P N R P N

DNA GM vs non-GM 47 days 0.20 0.17 20 0.10 0.14 24

104 days -0.03 0.56 20 -0.05 0.66 24

time 0.63 <  0.001 40 0.09 0.09 48

RNA GM vs non-GM 47 days -0.19 0.96 20 0.10 0.14 24

104 days -0.02 0.47 20 0.01 0.34 24

time 0.24 0.004 40 0.20 0.007 48  

 

T-RFLP also does not detect differences between GM and non-GM plants  

A total of 35 unique T-RF signals were found in the experimental pots, of which 

17 contributed to more than 1% of total signal. This translates into an estimated 

total of 17-18 different taxa present across treatments (see Materials and 

Methods section). There were no significant differences in AM fungal richness 

(Table 2) between GM and non-GM plants at sampling one (DNA-based: F1,11 = 

0.47; P = 0.51, RNA-based: F1,11 = 0.12; P = 0.92) or at sampling two ( DNA-based: 

F1,11 = 1.67; P = 0.23, RNA-based: F1,11 = 0.07, P = 0.80). Overall, richness 

estimates derived from DNA- and RNA-based community fingerprints were 
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similar, and tended to increase slightly with plant age. The same was found for 

community composition, where no significant differences were found between 

GM and non-GM plant associated AM fungal communities (Table 1). As with the 

pyrosequencing analysis, there was a significant effect of time on AM fungal 

communities assessed by RNA-based analysis, but DNA-based T-RFLP analysis did 

not reveal an effect of time (Table 1). At the first sampling, there was however a 

significant effect of “cultivar” (but not GM vs. non-GM; see above) on AM fungal 

communities assessed by DNA-based analysis (R = 0.29; P = 0.02). Figure 3b 

reveals that especially two replicates of the “K” variety were very different at the 

first sampling. Because these were the two pots where initially no seedling 

emerged, and communities converged afterward, this result may not be a true 

plant variety effect.  

 

Table 2: Average AM fungal richness for each cultivar at first (47 days) and second sampling (104 

days). Assessment by pyrosequencing and by T-RFLP (average of forward and reverse T-RF) are 

presented separately, assessed by DNA and RNA analysis. Different cultivars are abbreviated by 

letters, Monumental = M, DKC = K, and GM cultivars are indicated with an additional identifier “GM” 

(i.e. M - GM, and K – GM). For pyrosequencing, to account for differences in total AM fungal read 

numbers, when more than 100 reads were present AM fungal richness of samples was estimated by 

rarefaction analysis estimate of 100 individual sequences (e.g. Adrain et al., 2000). SE = standard 

error in the mean. N = number of observations. Test statistics between GM and non-GM treatments 

were as follows: Pyrosequencing RNA, 104 days: F = 0.29; P =0.61. T-RFLP DNA, 47 days: F = 0.47; 

P = 0.51, 104 day: F = 1.67; P = 0.23. T-RFLP RNA, 47 days: F = 0.01; P = 0.92, 104 days: F = 0.07; 

P = 0.80. 

Pyrosequencing T-RFLP

47 days 104 days 47 days 104 days

Cultivar Mean SE N Mean SE N Mean SE N Mean SE N

DNA M   2.7† 0.9 3 6.0 0.0 2 6.2 0.2 3 6.5 0.5 3

M-GM 3.5 0.5 2 5.3 0.4 3 4.2 1.0 3 5.5 0.6 3

K 2.0 2.0 2 6.5 0.5 2 4.3 1.3 3 6.3 1.5 3

K-GM 2.3 0.9 3 5.3 0.3 3 5.0 1.0 3 5.2 0.8 3

RNA M 5.0 1.0 3 5.8 0.0 2 4.0 1.0 3 6.0 1.2 3

M-GM 3.8 0.4 2 5.9 0.0 3 4.5 0.8 3 6.3 0.4 3

K 4.6 1.4 2 5.2 0.4 2 5.3 0.7 3 5.3 1.4 3

K-GM 4.7 0.7 3 5.7 1.0 3 5.0 0.5 3 5.5 0.8 3

† for values in italics (Pyrosequencing of DNA at both times and RNA at 47 days) not all replicates 

were represented by at least 100 AM fungal reads and thus no statistics are performed on richness 

estimates comparing GM with non-GM. 
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Figure 2: The total number of sequences derived from AM fungi is shown as a percentage of total 

fungal reads (a; mean ± SE). At both samplings AM fungi were highly overrepresented in RNA 

compared to DNA, and both increased from the first to the second sampling date. The relative 

abundance of AM fungi to total fungi was similar between GM and non-GM. The mean relative 

abundance of each OTU (b; left and right column of each panel representing non-GM and GM plants, 

respectively) also did not differ between GM and non-GM plants at any of the two time points or 

nucleic acid type (RNA or DNA; P   0.05 for each OTU). For both figures N = 5, except for GM at 104 

days (both DNA and RNA): N = 6, and non-GM at 104 days (both DNA and RNA): N = 4. 

 

High similarity between present and active AM fungal communities 

T-RFLP community profiles derived from DNA and RNA showed they were 

significantly correlated (Mantel test on Bray-Curtis similarity; R = 0.71; P < 

0.001), indicating that the AM fungal communities obtained through DNA-

targeted analysis were significantly more similar to those assessed by rRNA 

copies than expected by chance. For the pyrosequencing data, however, no 

significant correlation was observed (R = 0.09; P = 0.17). When only communities 

at the late plant stage were analyzed, thus excluding the effect of low number of 

DNA reads at sampling one (Figure 2a), there was however a highly significant 
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correlation between communities represented by DNA and RNA as recovered by 

pyrosequencing (R = 0.50; P < 0.001). Also, community similarities as derived 

from T-RFLP and pyrosequencing were significantly correlated (R = 0.211; P = 

0.009), indicating that they detect similar AM fungal community compositional 

variation. For a more detailed account of community trends using T-RFLP and 

pyrosequencing see Appendix S2. 

 

 

Figure 3: NMDS biplots of Bray-Curtis similarities among communities (here assessed for DNA) found 

in the experimental treatments using pyrosequencing (top-panel, a, stress = 0.19; N = 20) and T-RFLP 

(bottom-panel, b, stress = 0.12; N = 24). 

 

Discussion 

In this study, we have compared AM fungal communities associated with two 

GM and two non-GM maize varieties using complementary approaches. Our 

analysis of RNA and DNA should provide a sensitive assessment of community 

composition and activity: because DNA is much more stable than RNA, it has 

been argued to have a strong “historical component” (Anderson & Parkin, 2007). 
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In contrast, owing to its fast degradation, RNA is potentially more suitable for 

analysis of active communities at a given time-point (Prosser, 2002). Using this 

combined and sensitive approach, we did not find significant differences 

between AM fungal communities associated with GM and non-GM maize plants.  

 

Our pyrosequencing-based assessment of total soil fungal communities provided 

us with information on AM fungal abundance and activity compared to other 

fungi (Figure 2a). In general, relative abundance of AM fungal reads compared to 

other fungi was high: at plant maturity, AM fungal reads contributed on average 

about 30% of all fungal RNA reads, and about 10% of all fungal DNA reads. A 

similarly high contribution was observed recently by Jumpponen (2011); in a 

North-American tallgrass prairie system, where AM fungi were abundant in the 

rRNA pool, with a relative contribution ranging from about 15% to 35% of total 

fungal reads. In another study in North-American prairie, Miller & Kling (2000) 

have estimated AM fungi to contribute up to 23% of total microbial biomass. In 

contrast to Jumpponen (2011), we did not specifically sample root and 

rhizosphere (root-attached) soil, which may be enriched in AM fungi, but rather 

sampled bulk soil in the vicinity of roots. This may indicate that relative 

abundance of AM fungi - derived RNA is at least similar to that grassland system. 

The high relative abundance of AM fungi observed here has important 

implications for studies on environmental risk of transgenic crops: in some other 

studies on fungal community responses to GM plants, (e.g. Weinert et al., 2009; 

Lee et al., 2011), the primers used are known to have a bias towards other fungal 

groups over Glomeromycota, or may not detect them at all. This means that 

these studies may underestimate a numerically significant, potentially sensitive 

group of soil fungi. 

 

AM fungal community assessment by pyrosequencing and T-RFLP were 

significantly correlated, confirming that both methods are able to detect the 

same community trends, for instance the effect of “time” (early or late sampling; 

Table 1). However, these methods did not always agree on relative abundances 

of individual taxa. These discrepancies are partially explained by the fact that our 

T-RFLP method highly underestimated the abundance of Paraglomus and 

Diversispora, and thus relative abundance of other taxa is automatically 
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overestimated. Another factor that is likely to have contributed is the usage of 

two different rRNA regions, SSU (for pyrosequencing) versus LSU (for T-RFLP), 

which differ in phylogenetic resolution (Gamper et al., 2009). Moreover, the 

difference in accuracy related to obtaining either sequence “snapshots” by 

analyzing restriction enzyme cutting sites with T-RFLP, in contrast to the higher 

information content available through obtaining sequences by pyrosequencing, 

is likely to have influenced community assessment. For economic and practical 

reasons the number of replicates per treatment was low in this study (2 or 3 

replicates per treatment). Despite this, effects of time (see Table 1) on AM fungal 

communities were stronger compared to cultivar or GM- induced differences, 

indicating that the GM cultivars investigated here pose no risk for the 

investigated beneficial soil fungi. 

 

In figure 4 we show how AM fungal communities measured by T-RFLP at the 

different plant ages compare to 1) communities observed in the field where soil 

was collected at different times, as well as 2) communities observed in 15 

different maize fields. Even though at the early plant growth stage communities 

are outside the range of seasonal variation observed in the field, as plants 

develop the AM fungal communities converge to a “normal” composition (Figure 

4). It can be seen that the 15 different agricultural communities show a much 

larger range than the experiment-derived or field-seasonal derived community 

estimates. We thus confirm that the GM-trait studied does not cause AM fungal 

communities to change to an extent that is larger than within- or between-field 

community variation. However, for some GM-traits, agricultural systems, or non-

target organism classes this may well be the case. We therefore suggest that 

future studies on effects of GM plants on soil (microbial) communities address 

how effects, if any, scale against natural variation. This will provide important 

insight in the extent of GM-imposed disturbance and potential effects on soil 

ecological quality (Kowalchuk et al., 2003a; Snow et al., 2005). 

 

In our study, the majority of putative AM fungal OTU’s (but not reads) had a low 

similarity to known AM fungal species. In other studies where AM fungal 

communities were targeted through pyrosequencing of rRNA genes, sequences 
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Figure 4: Conceptual approach of scaling the effect of GM crops against natural community variability. 

The figure represents Detrended Correspondence Analysis (DCA; eigenvalue of first axis = 0.53, 

second axis = 0.21) of the soil AM fungal communities obtained in this study, together with “season”; 

seasonal variation in AM fungal communities at one field site (site where soil was derived for this 

study) obtained during five field sampling events over three years, and “15 fields” ; variation of maize 

root AM fungal communities across 15 different agricultural fields sampled in September 2007 (data 

from Verbruggen et al., 2010). Note that the different Maize cultivars of the greenhouse study 

represent average communities of of soil samples of three replicate plants (to accommodate 

comparison to pooled samples); “season” and “15 fields” are pooled root samples of six plants. Three 

to four months- old maize roots were collected for “15 fields” while maize roots for season had variable 

age (from 2 to 4 months). 

 

having the highest BLAST hits with known AM fungal sequences (and thus 

putative AM fungal sequences) have generally had a similarity exceeding 97% 

(Öpik et al., 2009; Lumini et al., 2010; Dumbrell et al., 2011). One potential 

explanation for this discrepancy may be that our primers target a different 

section of the SSU rDNA, and that these sections differ in variability. Another 

potential explanation is that we have not used AM fungi-specific primers for this 

part of the study, which has allowed us to detect previously undetected taxa. For 

instance, our analysis recovered a high proportion of reads belongs to members 

of Paraglomus, Diversispora, and Glomus group B, which are groups to which the 

NS31-AM1 primer pair (which is the most commonly used primer set in AM 

fungal community assessments, e.g. Öpik et al., 2009; Dumbrell et al., 2011) is 

known to have mismatches (Lee et al., 2008). Similarly, primers FLR3 and FLR4 

used here for T-RFLP are known to have mismatches with some AM fungal 

lineages (Gamper et al., 2009), which is likely to have caused us to 
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underestimate or miss some taxa as outlined above. However, if higher AM fungi 

coverage were responsible for low similarity with known AM fungi (because of 

recovery of previously undetected clades), phylogenetic analysis of these 

putative AM fungal sequences would be expected to yield better indications for 

inclusion within the Glomeromycota, as this is a well supported phylum covering 

all known AM fungi (Schüßler et al., 2001). One potential route to confirm 

whether the pyrosequencing - derived sequences having low similarity to known 

AM fungal taxa are indeed of Glomeromycotan origin, further study would be 

required where full rRNA operon sequence are obtained (Krüger et al., 2009). 

 

Conclusions  

In this study, we thoroughly analysed community composition of important 

beneficial soil fungi in association with transgenic compared to non-transgenic 

crops, targeting DNA as well as RNA at two plant growth stages. To our 

knowledge, assessing both DNA and RNA simultaneously has not previously been 

done for these fungi. This assessment revealed that AM fungi represent a major 

portion of soil fungal communities, especially at the RNA (activity) level. 

However, we have not detected changes in AM fungal community composition 

in response to two GM maize cultivars compared to non-GM maize cultivars. 

Given their large contribution to estimated total fungal activity we observed, and 

the key ecological functions they perform, AM fungi should not be overlooked in 

risk-assessment of GM crops. Our approach of comparing GM-related changes to 

within and among field community variation can provide a suitable framework 

for scaling GM imposed effects to natural community variation.   

 

Supporting information 

See the appendix section for the following Supporting Information: 

 

Table S1 List of OTU’s assigned to Glomeromycota 

Appendix S2 detailed comparison of taxa detected by T-RFLP and 

pyrosequencing


