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Abstract
Background: Poplar (Populus) is a genus of globally important plantation trees used widely in industrial
and agricultural production. However, poplar is easily damaged by Micromelalopha troglodyta and
Hyphantria cunea, resulting in a decline in poplar quality. Due to their strong insect resistance, Bt toxinencoded Cry genes have been widely adopted in poplar breeding; however, potential adverse effects of

Cry1Ah1-modified poplars on the ecological environment have raised concerns.
Results: In this study, we comprehensively analyzed the structural and functional composition of the
rhizosphere microbiome in field-grown transgenic Bt poplar.
Conclusions: Our analysis of soil chemistry patterns revealed that soil alkaline nitrogen, soil available
phosphorus, and microbial biomass nitrogen and phosphorus levels were improved, whereas microbial
biomass carbon declined in Cry1Ah1-modified poplar rhizosphere samples. We applied metagenomic
sequencing of Non-Transgenic (NT) and Cry1Ah1-modified poplar rhizosphere samples collected from a
natural field; the predominant taxa included Proteobacteria, Acidobacteria, and Actinobacteria. We also
identified microbial functional traits involved in membrane transport, amino acid metabolism,
carbohydrate metabolism, and replication and repair in NT and Cry1Ah1-modified poplars. Together, these
results demonstrate that the NT and Cry1Ah1-modified poplar rhizosphere microbiomes had similar
diversity and structure. These differences in relative abundance were observed in a few genera but did not
affect the primary genera or soil.

Background
Poplar (Populus) is a genus of globally important plantation trees used widely in industrial and
agricultural production [1]. With the deterioration of the global environment, characterized by increasing
salt, drought, pest, and disease stress, the global production of poplar is becoming challenging. One
approach to address this challenge is genetic modification. The manipulation of key genes has been
applied to successfully alter poplar characteristics in transgenic lines, resulting in improved traits for
better growth in adverse environments [2–4].
Insecticide resistance based on Bacillus thuringiensis (Bt) has allowed the development of a variety of
insect resistance proteins for use in commercial genetically modified (GM) crops [5]. Bt toxin-encoded Cry
genes have been widely applied in commercial GM crops, improving plant resistance to insect pests [6, 7].
Despite the many benefits of Bt-modified plants, a major potential disadvantage is their effect on soil
chemical properties and the structure and diversity of rhizosphere microorganisms, including bacteria
and fungi [6]. Therefore, rhizosphere microorganisms associated with Bt-modified plants are of great
interest [8–10]. Due to the complexity of field conditions and the lack of a unified approach to
microorganism analysis, studies exploring the influence of Bt-modified plants on soil microorganisms
sometimes produce conflicting results [11–14]. For example, one study showed that soil microorganisms
are not adversely affected by the cultivation of Bt-modified cotton plants [15].
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In contrast, another study suggested that exogenous gene products expressed by Bt-modified transgenic
crops may interact with soil microorganisms and affect their activities and functions [16]. Bt-modified
plants have been found to alter bacterial diversity population diversity compared with Non-Transgenic
(NT) plants [17] and may enhance the population size of soil microbial communities [18, 19]. Compared
with NT rice, Bt-modified rice has been found to have a short-term effect on rhizosphere microbial
community function [20]. Thus, there are some differences among studies on the impact of Bt-modified
plant varieties on the soil microbial community. Further research is needed to evaluate the safety of Btmodified crop plants.
Since the commercialization of GM plants, the global planting area of GM crops has grown rapidly, and
new varieties of GM plants have been emerging continually [21]. GM plants have provided great
economic and environmental benefits worldwide, such as increased plant yield and reduced chemical
fertilizer and pesticide application. However, the potential impacts of GM plants on the ecological
environment have raised concerns [22]. Soil microorganisms are an essential part of the soil ecosystem
and are involved in various biochemical processes, including organic matter accumulation and
mineralization, as well as nutrient transformation and circulation [23, 24]. GM plants communicate with
soil microorganisms during the growth process; therefore, research on the potential effects of GM plants
on the soil microbial community is of great significance in evaluating their potential risks [25–27]. The
purpose of this study was to identify the effects of Bt-modified poplar plantation on soil chemical
properties, as well as the diversity and structure of the soil microorganism community after four years of
growth under field conditions. We applied high-throughput sequencing of 16S rRNA and internal
transcribed spacer 1 (ITS1) to evaluate differences in soil microorganism diversity and composition of
between NT and Cry1Ah1-modified poplars. The results of this study contribute to our knowledge of how

Cry1Ah1-modified poplars affect rhizosphere microbial community function and provide reference
information for evaluating the safety of Cry1Ah1-modified poplars.

Methods

Plant material and experimental field design
Large areas of northern Jiangsu Province, China, are dedicated to poplar plantations (Fig. 1A); however,
large-scale centralized poplar plantations are highly vulnerable to attacks by pests, leading to growth
stagnation (Fig. 1B–D). To address this problem, the Cry1Ah1 gene was selected to improve poplar insect
resistance through breeding [2].
To study the effects of Cry1Ah1-modified poplars on a natural soil ecosystem, we designed a field test in
Sihong, Jiangsu Province (118°68′N, 33°72′E) (Fig. 1E). Five Cry1Ah1-modified poplar lines were selected,
and six plots were established with four replicates per clone (Fig. 1F). To isolate the influence of Cry1Ah1modified poplars, we planted wild-type (WT) poplars around the experimental field (Fig. 1F). An additional
3-m-wide isolation zone was established between communities, with an area of about 676 m2 (26 m ×
26 m). The poplars were cultivated by cutting in March 2017 with permission from the State Forestry
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Administration; the experimental field was managed conventionally without chemical fertilizers or
pesticides.
After weeds and leaves were removed from the soil surface, the centre point of each transgenic plot was
identified. Rhizosphere soil (10–30 cm soil depth) was excavated at 120° in a 30-cm radius around the
centre point (Fig. 1G). All rhizosphere soil samples were passed through a 10-mesh sieve, mixed
thoroughly, added to sterile centrifuge tubes, and then placed in a liquid nitrogen tank for transport to the
laboratory.

Determination of rhizosphere soil physical and chemical
indices
Chloroform fumigation was performed to obtain soil microbial biomass nitrogen (MBN), carbon (MBC),
and phosphorus (MBP) [13, 28–30]. Soil samples treated with chloroform fumigation and non-chloroform
fumigation were extracted with K2SO4 solution, and MBC, MBN, and MBP were measured using a Vario
TOC cube analyzer (Elementar, Langenselbold, Germany). Briefly, fresh soil samples were dissolved in
chloroform, and the mixtures were boiled for 5 min in a vacuum. Then, 0.5 mol/L K2SO4 was added to the
mixtures, which were subjected to fumigation in the dark at 25 °C for 24 h and then filtered with a
quantitative filter paper.
Soil alkaline nitrogen was determined using the Conway method (i.e., the alkali hydrolysis diffusion
method). Briefly, 10 mL of NaOH was used to dissolve air-dried soil samples set in the outer chamber of a
diffusion dish, and 2 mL of boric acid (an indicator solution) was placed in the inner chamber. After
incubation at 40 °C for 24 h, NH3 in the inner chamber absorption solution was titrated with 0.005 mol/L
H2SO4 as a standard solution. At the same time, a blank test was performed to correct reagent and
titration errors.
Soil available phosphorus was identified by molybdenum–antimony colourimetry. Briefly, air-dried soil
samples were mixed with 0.5 mol/L NaHCO3 and activated carbon, shaken for 30 min, and filtered
immediately with phosphate-free filter paper. Then, 1–5 mL of filtrate was extracted, and the absorbance
value was determined. Soil pH was also measured using the glass electrode method. The soil samples
were mixed with 2.5 × the volume of water, and the pH of the suspension was determined using a PP-25
Professional Meter electrode (Sartorius, Germany).

Rhizosphere soil DNA extraction and high-throughput
sequencing
A total of 36 independent soil samples obtained from the root rhizosphere of the WT and five poplar
varieties (A5-0, A4-6, Z1-3, A5-23, and A3-4) were selected for DNA extraction. The quality and integrity of
the DNA were determined by electrophoresis on 0.8% agarose gel, and the extracted DNA samples were
diluted 10-fold and stored at − 80 °C for further molecular analyses.
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Using the extracted genomic DNA as a template, the V4–V5 region (515f/907r) of the 16S rRNA gene was
amplified to identify the composition and diversity of the microbiological community [31, 32]. We then
performed high-throughput sequencing using the Illumina Hiseq 2500 platform. The raw data were
filtered using the Trimmatic software to obtain high-quality clean paired-end reads, which were then
spliced using the FLASH software. The minimum overlap length was set to 10 bp, and the maximum
mismatch ratio of the splicing sequence was 0.1. After filtering, influential splicing segment clean tags
were obtained. All clean tags were clustered using the USEARCH software
(http://www.drive5.com/usearch/). By default, the sequences were clustered into operational taxonomic
units (OTUs) with 97% consistency. Relative abundances of less than 1% were merged at the phylum
level, and unclassifiable bacterial groups were designated as other. Alpha and beta diversity analyses
were performed using the Chao1 index to determine community richness and the Shannon index to
determine community richness and evenness [33].

Data analyses
All data analyses were performed using the SPSS 19.0 software (IBM, USA). Differences in the physical
and chemical properties, microbial community composition, and structure of rhizosphere soil between
WT and Cry1Ah1-modified poplar varieties were evaluated using independent sample t-tests. The Bray–
Curtis distance analysis and multivariate statistical methods, including principal coordinates analysis
(PCoA), were applied to compare differences in bacterial community structure between WT and Cry1Ah1modified poplars [34].

Results

Effects of Cry1Ah1-modified poplars on soil chemistry
patterns
During the first three years of poplar establishment, the mean soil pH ranged from 7.73 to 8.23 in the
upper soil (10–30 cm) (Fig. 2A). There was no significant change in soil pH between NT and Cry1Ah1modified poplars by sampling date. For the five GM poplar varieties (A5-0, A4-6, Z1-3, A5-23, and A3-4),
rhizosphere soil alkaline nitrogen ranged from 64.54 to 83.15 mg/kg, with similar values observed for NT
poplars, and no significant difference between NT and Cry1Ah1-modified poplars (Fig. 2B). However,
Cry1Ah1-modified poplar varieties had significantly lower soil available phosphorus in the field-grown
stage compared with NT poplars (Fig. 2C). The rhizosphere MBC content of NT poplars ranged from 160
to 172 mg/kg and was significantly different from those of the Cry1Ah1-modified varieties (Fig. 2D).
Cry1Ah1-modified poplars had significantly lower MBN and MBP content than NT poplars (Fig. 2E and F).

Total genome features of the NT and Cry1Ah1-modified
poplar rhizosphere microbiomes
NT and Cry1Ah1-modified poplar rhizosphere samples were collected from representative locations where
poplars had grown for at least three years to identify the constituents of the rhizosphere microbiome
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community. Bacterial and fungal community sequencing was performed by amplifying the V5–V8 and
ITS1 regions, respectively. Using the Illumina Hiseq/Miseq sequencer, an average of 53,567 and 68,783
16S rDNA tags and 33,750 and 87,922 ITS1 tags were generated from the rhizosphere microbiome
(Supplementary Table 1). Chimaeras and short tag sequences were removed to obtain high-quality clean
reads consisting of an average of 33,390 and 86,787 16S rDNA tags and 21,523 and 22,555 ITS2 tags
(Supplementary Table 1). We also analyzed high-quality reads using the Qiime ver. 1.8.0
(http://qiime.org/) and Vsearch 2.7.1 (https://github.com/torognes/vsearch) software, removing chimeric
and organelle sequences to produce 10,413 bacterial community sequencing OTUs and 7,732 fungal
community sequencing OTUs (Supplementary Table 2).

Cry1Ah1 expression has marginal effects on rhizosphere
bacteria of field-grown poplars
To determine whether Cry1Ah1 expression can affect the soil bacteria community, we investigated the
taxonomic distinctiveness of poplar soil bacteria. The alpha diversity results showed no significant
difference between NT and Cry1Ah1-modified poplars (Supplemental Fig. 1). According to the unweighted
UniFrac distance (beta diversity) of NT and Cry1Ah1-modified poplars, we performed PCoA; the results
revealed no difference in soil bacterial community composition between NT and Cry1Ah1-modified
poplars (Fig. 3A and B). A comparison of the relative abundances of soil bacteria in NT and Cry1Ah1modified poplars at the phylum, class, order, family, and genus levels was performed. At higher taxonomic
levels, the root-associated microbiota of NT and Cry1Ah1-modified poplars had similar overall relative
abundances, with Proteobacteria, Acidobacteria, and Actinobacteria as the dominant phyla. By contrast,
multiple Archaea phyla, including Candidatus, Berkelbacteria, Peregrinibacteria, and Microgenomates,
were found at lower relative abundances in the soil (Fig. 3C, Supplemental Table 5). At the class level, the
root microbiota of NT and Cry1Ah1-modified poplars were similar (Supplemental Fig. 2A). In native fields,
Alphaproteobacteria, Deltaproteobacteria, Betaproteobacteria, Subgroup6, and Thermoleophilia were
present at similar relative abundances in NT and Cry1Ah1-modified poplar (Supplemental Table 6). Thus,
the differences in root bacteria between NT and Cry1Ah1-modified poplars were significant at lower
taxonomic ranks (order, family, and genus) (Supplemental Fig. 2B, C, and D)
We next screened extremely rare OTUs from the amplicon-based and metagenomic sequences to
determine the relative abundances of families; these are shown as a heatmap of community composition
in Fig. 4A. Some communities contained a few dominant taxa (e.g., Rhodospirillaceae,
Nitrosomonadaceae, Blastocatellaceae Subgroup4), whereas others contained many taxa of low
abundance (e.g., Hyaloperonospora arabidopsidis and Pasteurellaceae).Weinhold et al. [35] performed a
similarity percentage analysis to identify major differences in abundance within samples and found that
highly abundant families contributed significantly to dissimilarities within samples. We examined familylevel differences between NT and Cry1Ah1-modified poplars and found that Xanthobacteraceae and
Rhodospirillaceae were substantially more abundant in Cry1Ah1-modified varieties than in NT (Z1-3, A523, and A4-6) (Fig. 4B). However, the relative abundances of Desulfurellaceae, Gemmatimonadaceae,
Nitrosomonadaceae, and Blastocatellaceae Subgroup4 were higher in most Cry1Ah1-modified varieties
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than in NT poplars (Fig. 4B). The quantities of Corynebacteriaceae, Rhodothermaceae, Streptococcaceae,
planctomycete A-2, Christensenellaceae, and Oscillochloridaceae were low and not significantly different
between NT and Cry1Ah1-modified poplars (Fig. 4B). Thus, the root microbiota of NT and Cry1Ah1modified poplars differed among highly abundant families, but not among families of low abundance.

Cry1Ah1 expression has a negligible impact on the native
root-associated fungus community
We investigated the taxonomic distinctiveness of poplar soil fungi to determine whether Cry1Ah1
expression affected soil fungus communities. Beta diversity analysis showed no significant difference in
soil fungus diversity between NT and Cry1Ah1-modified varieties among samples from the same location
(Fig. 5A). PCoA of the Bray–Curtis distance revealed no distinct or dependent clusters among the root
fungi of NT and Cry1Ah1-modified poplars (Fig. 5B). The dominant fungal phyla in poplar soils included
Ascomycota, Basidiomycota, and Mortierellomycota (Fig. 5C); the sequence load of the six dominant
phyla, represented by high sequence numbers, represented more than approximately 80% of the total
sequence, whereas that of low-abundance phyla comprised less than 20% of the entire sequence
(Supplemental Table 3). At the phylum level, there was no significant difference among groups of fungi
with the highest or lowest abundance between NT poplars and Cry1Ah1-modified poplars (Supplemental
Fig. 3).
Next, we examined the microbial species that were most and least abundant in poplar soils in greater
depth, due to their essential roles in soil bacterial communities [36, 37]. We filtered extremely rare OTUs
from the dataset to determine relative abundances at the genus level. Similar levels of relative abundance
among Tuber, Geopora, Fusarium, Archaeorhizomyces, and Acremonium were observed between NT and
Cry1Ah1-modified varieties. The relative lots of Laetiporus, Penicillium, Stachybotrys, and Cladosporium
were low and not significantly different between NT and Cry1Ah1-modified types (Supplemental Fig. 4).

Functional traits of the rhizosphere soil microbiome in NT
and Cry1Ah1-modified poplars
Gene function prediction in rhizosphere soil bacteria showed no significant difference in the number of
gene-coding proteins between NT and Cry1Ah1-modified poplars, according to the Kyoto Encyclopedia of
Genes and Genomes (KEGG). KEGG functional annotation analysis showed that the annotation
sequences were distributed among 24 available categories, with high relative abundance among
membrane transport, amino acid metabolism, carbohydrate metabolism, and replication and repair
(Fig. 6). The gene abundance of the rhizosphere soil bacteria community in NT poplars was similar to
that of Cry1Ah1-modified varieties. KEGG functional annotation of the rhizosphere soil fungi community
also revealed that Cry1Ah1 expression affected gene abundance among the rhizosphere soil fungi
community (Supplemental Fig. 5).

Discussion
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Biological diversity comprises community composition, structure, and function [38]. Interactions between
soil microorganisms and other organisms influence nutrient cycling, which plays an essential role in soil
condition, quality, and health [13, 39, 40]. The rhizosphere is a functional interface for materials exchange
between plants and soil ecosystems. Plants assimilate CO2 during photosynthesis and transport some
photosynthetic products to their underground parts, promoting the growth and metabolism of soil
microorganisms, which in turn transform organic nutrients in the soil into inorganic forms for absorption
and utilization by plants [41]. With the recent emergence of transgenic plants, the impact of their
cultivation on the structure and function of the rhizosphere microbial community has become a concern
[16, 42, 43]. The structural diversity of the soil microbial community is an important index for evaluating
the effects of GM on the soil ecological environment.

Changes in soil MBC, MBN, and MBP content in WT and
Cry1Ah1-modified poplars
Soil microbial biomass is an essential parameter for the assessment of active soil nutrients and a
sensitive indicator of environmental change in terrestrial ecosystems [44–46]. MBC, MBN, and MBP
participate in the ecosystem cycling of carbon, nitrogen, and phosphorus [47, 48]. To date, the effects of
GM plants on MBC, MBN, and MBP have not been reported. Therefore, in the present study, we examined
the impact of field-cultivated GM plants on MBC, MBN, and MBP content to study the relationship
between GM plant growth and the transformation of carbon, nitrogen, and phosphorus in natural soil.
As a part of active soil carbon, MBC is the driving force of soil organic matter decomposition, which is
closely related to the cycling of soil elements. We found that MBC content was significantly higher in
Cry1Ah1-modified varieties than in WT poplars. MBC content decreased in Cry1Ah1-modified poplars
grown in the field, which may have affected the growth, metabolism, and structure of soil
microorganisms. As an essential source of active soil nitrogen, MBN plays a vital role in regulating the
supply of soil nitrogen [49]. MBP is the most active component of soil organic phosphorus, which
governs the mineralization and fixation of soil phosphorus. MBP is an important source of available soil
phosphorus, which reflects the capacity and turnover intensity of active soil phosphorus [50, 51]. Our
results showed that Cry1Ah1-modified poplars altered soil MBN and MBP content, at least during the
study period, affecting the capacity of soil microorganisms to metabolize carbon, nitrogen, and
phosphorus. Plants can alter the available or bioaccessible concentrations of soil elements directly
through absorption and removal or indirectly through plant residue decomposition. Total concentrations
of soil elements are generally not affected by plants [52, 53]. However, we found that available soil
phosphorus, MBN, and MBP content were decreased, whereas MBC content was significantly increased in
Cry1Ah1-modified poplars. This result can be used to guide future poplar breeding. Although Cry1Ah1
transformation can improve poplar insect resistance, transgenic poplars grown in fields may be affected
by MBC, MBN, and MBP, which will eventually affect the growth of plants.
The soil MBC/MBN ratio can reflect soil microbial community structure. Generally, the MBC/MBN ratio is
about 5:1 for bacteria, 6:1 for actinomycetes, and 10:1 for fungi [54–58]. Based on our results, the
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MBC/MBN ratio for WT poplars in our study site was about 4.6 ± 0.3, indicating that bacteria may play a
dominant role in determining MBC and MBN contents. However, the MBC/MBN ratio for Cry1Ah1modified poplars was about 9.2 ± 1.7, suggesting that microbial fungi in Cry1Ah1-modified poplars
participate widely in soil microenvironment regulation.Xu et al. [32] performed a systematic analysis of
MBC, MBN, and MBP in the global terrestrial ecosystem. They reported mean values of MBC/MBN,
MBC/MBP, and MBN/MBP ratios of 7.6, 42.4, and 5.6, respectively. In the present study, the MBC/MBP
and MBN/MBP ratios for WT poplars were 63.2 ± 3.1 and 13.6 ± 0.9, respectively, higher than those
reported for the global terrestrial ecosystem. This discrepancy may be due to the low nitrogen and
phosphorus content in the northern Jiangsu plain, resulting in lower MBN and MBP contents, and
consequently lower MBC/MBP and MBN/MBP ratios. Compared with WT poplars, Cry1Ah1-modified
poplars showed higher soil MBC/MBN, MBC/MBP, and MBN/MBP ratios; thus, Cry1Ah1 transformation
may directly affect the growth of soil microorganisms or inhibit soil microbial activity, thereby affecting
the metabolism of MBC, MBN, and MBP.
Soil microbial biomass is an essential biological fertility index used to evaluate soil quality [59, 60].
Nitrogen and phosphorus deficiency generally have adverse effects on soil microbial reproduction and
metabolic activity, as well as on crop growth and nutrient uptake [27, 61, 62]. The lower MBN and MBP
contents in Cry1Ah1-modified poplars suggested that soil microorganisms were under nutrient deficiency
stress due to low metabolic efficiency and more significant release of heat and CO2 during metabolism,
significantly reducing soil quality. Long-term nitrogen and phosphorus deficiency can exhaust stores of
soil phosphorus, forcing the release of nitrogen and phosphorus from soil microorganisms and forming
soil available nitrogen and phosphorus for absorption and use by plants. Fertilization is one approach for
overcoming these adverse effects. Long-term application of inorganic fertilizers containing nitrogen and
phosphorus will result in the assimilation of more nitrogen and phosphorus into microorganisms, thereby
improving soil MBN and MBP. Long-term application of organic fertilizer can also speed up the
decomposition of organic carbon sources by microorganisms, and more substantial assimilation rates
can increase soil nutrient contents and ensure higher microbial biomass [63–66].

Effects of Cry1Ah1 expression on native rhizosphere
communities
Bt protein confers strong herbicide resistance as a dominant trait of GM crops; it has been widely used in
transgenic breeding to achieve herbicide-resistant plants. Xu et al. [2] showed that field-planted Cry1Ah1modified poplars had strong herbicide resistance. With increasing numbers of GM crops worldwide, the
environmental and ecological impact of GM crop cultivation has raised concerns globally. Some studies
have shown that GM crops have serious negative effects on biodiversity and may pose a threat to the
environment [67]. Whether GM crops affect soil microbial composition, structure, and function have
become a widely studied question in the fields of ecology and food safety [68]. The plant rhizosphere is a
dynamic microenvironment in which many factors, such as plant species [69], soil type [70], and root
location [71], affect the composition and structure of microbial communities around plant roots [72].
Therefore, to avoid the interference of these factors on the examination of soil microbial communities in
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the present study, we selected poplar trees planted in a single location and collected samples
simultaneously. Such a design can effectively avoid the influence of other factors on the results, focusing
only on the effects of poplar type (NT or Cry1Ah1-modified) on the soil microbial community.
Many studies have explored the relationship between soil biodiversity and the ecological safety of
transgenic plants. The high insect resistance of Bt-maize makes it an important transgenic crop, and it
has been found not to affect soil microbial communities [73] or rhizosphere communities [6]. Fieldcultivated Bt transgenic cotton has also been found to have no significant effect on rhizosphere
communities compared with WT cotton [74]. Similarly, Cry1Ac-sugarcane was found to have no impact
on rhizosphere microbial diversity or enzyme activity compared with NT sugarcane within a single crop
season [75]. In addition, no persistent or adverse effects on the rhizosphere bacterial community
population were detected between WT and Bt-modified rice [76]. However, Li et al. [15] reported that Bt
transgenic rice had the potential to change bacterial community composition, but not fungal abundance
or community structure. Thus, we conclude that most Bt-modified crops have negligible effects on soil
microbial communities. In the present study, cluster heatmaps were generated from rare OTUs to show
the microbial diversity and abundance of each group based on combined samples and dominant
microbial genera. The results of this analysis revealed no significant difference in the structure or
population of the root-associated microbial community between transgenic and NT poplars. However, the
relative abundance of highly abundant bacteria, including Proteobacteria, Acidobacteria, and
Actinobacteria, was affected in Cry1Ah1-modified poplars. Both the taxonomic diversity and structure of
rhizosphere fungal communities were similar among high- and low-abundance fungi between Cry1Ah1modified and NT poplars. Based on these findings, we conclude that rhizosphere microbial populations
were not affected by Cry1Ah1-modified poplar cultivations, although some highly abundant bacteria in
root-associated soil differed between NT and Cry1Ah1-modified poplars.

Effects of Cry1Ah1 expression on soil nitrogen and
phosphorus in the microbial community
Metagenome sequencing data allowed us to identify close relationships between bacteria and nitrogen
cycling based on changes in MBN content. At the genus level, four groups of nine genera of bacteria
related to nitrogen cycling were isolated from rhizosphere samples. Among these, Bradyrhizobium,
Rhizobium, and Frankiafour were identified as nitrogen-fixing bacteria; Nitrosospira as involved in
nitrification; Pseudomonas, Ralstonia, Burkholderiales, Bacillus, and Streptomyces as denitrifying
bacteria; and Bacillus and Pseudomonas as contributing to ammoniation. The relative abundances of
bacteria related to nitrogen cycling decreased in the order denitrifying bacteria > nitrogen-fixing bacteria >
ammonifying bacteria > nitrifying bacteria. Among these, Bacillus was the dominant genus, accounting
for more than 30% of the total nitrogen-metabolizing bacteria, whereas Burkholderiales and Ralstonia
accounted for smaller proportions. Our metagenome sequencing results showed that Cry1Ah1 expression
resulted in no significant changes in nitrogen cycling bacterial community structure and composition,
except for the relative abundance of Bradyrhizobium in line Z1-3, Nitrosospira in line A4-6, and
Pseudomonas in line A3-4 (Supplementary Fig. 6). Bacillus can transform substances into nutrients
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needed by plants by dissolving phosphorus, fixing nitrogen, and resolving potassium, promoting plant
growth. Bacillus can also affect the reproduction of some available flora, strengthening soil fertility and
improving plant growth. In this study, Bacillus was the dominant genus of bacteria in NT and Cry1Ah1modified poplars. Although the difference was not significant between NT and Cry1Ah1-modified poplars,

Bacillus abundance in Cry1Ah1-modified poplars showed a downward trend, perhaps due to minor
changes in bacteria related to nitrogen cycling, which can affect soil nitrogen metabolism and eventually
lead to a decrease in rhizosphere MBN content.
Phosphorus is a nutrient element that forms an important component of nucleotides, phospholipids, and
ATP; it participates in the physiological and biochemical processes of energy metabolism, carbohydrate
metabolism, material transformation, and transportation in plants, thereby playing an essential role in
growth and development [77, 78]. The phosphorus cycle is a typical depositional cycle in which
phosphorus accumulates among soil, plants, and microorganisms [79]. Phosphorus exists in the soil in
both insoluble or insoluble forms, and plants can utilize only 20% of them. Due to its low availability and
utilization rate, phosphorus is a key element limiting plant growth [80]. Inorganic phosphorus forms can
be absorbed and utilized by plants following transformation from organic phosphorus by
microorganisms. This process depends on the population structure and quantity of phosphatesolubilizing microorganisms [81, 82]. In the present study, four groups of eight genera of bacteria
connected with phosphorus cycling were isolated from the rhizosphere: Bacillus, Pseudomonas,
Pseudarthrobacter, Flavobacterium, Paenibacillus, Bradyrhizobium, Serratia, and Streptomyces. All were
found to be involved in organophosphorus metabolism. Bacillus, Pseudarthrobacter, and Streptomyces
were dominant, with Bacillus having exceptionally high abundance. These results showed that Cry1Ah1
expression had no significant impact on the quantity of phosphate-solubilizing microorganisms, except
for the relative lot of Pseudarthrobacter in lines A5-25, A4-6, and A5-0 (Supplementary Fig. 6). However,
soil available phosphorus and MBP content were significantly lower in Cry1Ah1-modified poplars than in
NT poplars, possibly because they affected the activity of phosphate-solubilizing microorganisms,
reducing the activity of phosphate solubilization and affecting the transformation of soil phosphorus.

Conclusion
In this study, we evaluated the ecological risk and potential impacts of herbicide-resistant poplar
cultivation by comparing the effects of transgenic and NT poplar varieties on rhizosphere microbial
communities. We detected no significant effect of Cry1Ah1-modified poplar cultivation on microbial
diversity and community structure compared with that of NT poplars; however, the relative abundance of
some rhizosphere microorganism genera differed among specific Cry1Ah1-modified poplar varieties to
those of NT poplars. Our results suggest that Cry1Ah1 expression affects MBC, MBN, and MBP contents,
which are related to plant growth and development in the rhizosphere. In conclusion, we found no
significant adverse impacts of Cry1Ah1-modified poplars on soil processes or soil organic matter
stability.
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Figure 1
Poplar growth and experimental design for poplar field trials. (A) Poplar is planted as a border tree in
northern Jiangsu Province, China. (B) Poplar is attacked yearly by pests including Micromelalopha
troglodyta and Hyphantria cunea in June and July. (C) Poplar is seriously damaged annually by pests in
August and September. (D) Micromelalopha troglodyte. (D) Large numbers of Micromelalopha troglodyta
grow and reproduce on poplars. (E) Diagram of original collection sites of Cry1Ah1-modified and nontransgenic (NT) poplars. (E) Diagram of the experimental design for poplar field trials. NT and Cry1Ah1modified varieties were arranged randomly. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2
Evaluation of rhizosphere soil physical and chemical properties in NT and Cry1Ah1-modified poplar
varieties. Analysis of rhizosphere soil pH (A), soil alkaline nitrogen (B), soil available phosphorus (C),
microbial biomass carbon (D), microbial biomass nitrogen (E), and microbial biomass phosphorus (F) in
NT and Cry1Ah1-modified poplar varieties. Data were analyzed using one-way analysis of variance
(ANOVA) and Tukey’s post hoc comparison. *P < 0.05.

Figure 3
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Overall composition of rhizosphere bacterial communities in field-grown NT and Cry1Ah1-modified poplar
varieties. (A) Beta diversity analysis of rhizosphere soil bacteria community in terms of the unweighted
UniFrac distance. (B) Principal coordinates analysis (PCoA) based on the unweighted UniFrac distance
between rhizosphere soil of NT and Cry1Ah1-modified varieties in each location using 16S data. (C)
Phylum-level taxonomic analysis of microbial distribution in rhizosphere samples of the NT and Cry1Ah1modified types based on 16S amplicon and metagenomic data.

Figure 4
Relative abundances of bacteria at the family level between NT and Cry1Ah1-modified varieties. (A) Rare
operational taxonomic unit (OTU) data were used to visualize the distribution of all 19 families in a
heatmap of relative abundances. (B) Significance tests of high and low relative abundance of bacteria
between NT and Cry1Ah1-modified varieties. Data were analyzed using one-way ANOVA and Tukey’s post
hoc comparison. *P < 0.05.

Figure 5
Overall composition of rhizosphere fungal communities in field-grown NT and Cry1Ah1-modified
varieties. (A) Alpha diversity comparison of rhizosphere soil from the NT and Cry1Ah1-modified varieties
based on the Shannon index using internal transcribed spacer 1 (ITS1) data. (B) PCoA based on the
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unweighted UniFrac distance between rhizosphere soil from the NT and Cry1Ah1-modified varieties for
each location using ITS1 data. (C) Relative sequence abundance of fungal phyla in rhizosphere soil from
the NT and Cry1Ah1-modified varieties.

Figure 6
Characterization of poplar rhizosphere microbiome function. Kyoto Encyclopedia of Genes and Genomes
level 2 pathway functional comparison of rhizosphere soil bacteria from the NT and Cry1Ah1-modified
varieties.
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