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HE horizontally transferred antibiotic resistance genes from transgenic feed to the

microbiome in animals may have deleterious health impacts on consumers. The present
work is a complementary step analysis conducted by coupling both experimental PCR detection
assay with the available bioinformatics tools to evaluate the possible functionality of the
horizontally transferred aminoglycoside 3” adenyltransferase (aadA4) gene from the transgenic
diet to the microbiome of rats after 90 days of feeding duration.

Transferred aadA partial segments into the bacterial genomes (284 bp-target) were
investigated and confirmed by analysis of the internal nucleotide sequences of the amplified
DNA segments based on nucleotide sequence determination, translation to protein, and
alignment with GenBank. The results indicated that the investigated partial sequence of the
aadA gene, and its predicted protein are completely similar to the corresponding sequences
from the aadA gene in several cloning vectors. Results also indicated that the predicted 3D
structure for the investigated aadA protein segment was modeled with 100% confidence and
48% identity by the highest-scoring template of aminoglycoside adenyltransferase in the
protein database. The processed PDB X-Ray structure validation report for the model quality of
the template aadA protein verified that there are no bond lengths outliers, bond angle outliers,
or chirality outliers. These results suggest the possible functionality of the aadA protein only
when the full-length gene is fully transferred horizontally to the bacterial genome. Results also
highlight the importance of studying the whole length of the protein sequence to evaluate its
general physical properties and possible functionality.

Keywords: Genetically modified crops, Gut microflora, The aadA gene, Bioinformatics
analysis tools, Protein prediction.

Introduction

The importance of supplying the world with
animal-sourced food has strived scientists to
produce genetically modified (GM) crops with
higher yields and better-quality traits to provide
livestock with optimum nutrition. The global
increase in cultivation and commercialization of
GM food and feed has drawn attention to the safety
of the antibiotic resistance (AR) genes inserted in

the genome of the transferred crop as markers
during its production to facilitate the selection of
the transformed plants. The aminoglycoside 3”
adenyltransferase (aadA) gene is usually used as a
marker gene to select the plasmid transformation
during the production of the transformed crops.

The antibiotic resistance genes help to protect
the bacteria by producing enzymes to degrade
antibiotics. Gut microbiota may gain resistance to
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antibiotics by the acquirement of resistance genes
via the horizontal gene transfer (HGT) phenomenon
[1, 2], which is naturally involved in the evolution,
and shaping of the genome of various organisms
[3- 5]. Many scientists reported the transfer of
GM-DNA from the GM diet into various tissues
of animals [6, 7], leucocytes of rainbow trout [8],
goats [9], pigs [10, 11], and human bloodstream
[12]. Transfer of antibiotic resistance genes
horizontally may consequently, cause deleterious
effects on animals and human health.

The ecological conditions in the animal gut are
considered one of the most appropriate niches for
the occurrence of horizontal gene transfer [13, 14].
HGT from a GM diet to bacterial cells inhabiting
the gastrointestinal tract (GIT) is one of the issues
that gained much interest from some community
sectors; scientists, GMO producers, animal
breeders, and GMO consumers. HGT has been
dealt with from different aspects. Scientists tried
to demonstrate the occurrence of HGT, especially
in microbiota in GIT of animals consuming a GM
diet. One study [15] revealed evidence of low-
frequency transfer of a small fragment (180bp) of
epsps introduced gene derived from GM soybean
to microorganisms within the small intestine of a
human ileostomist. Others supported the suggestion
that the occurrence of HGT is uncertain [14, 16,
17]. In most cases, the possible transcription of the
transferred GM-DNA was not properly addressed.

In a previous work conducted by our team, the
occurrence of DNA transfer of antibiotic resistance
marker genes neomycin phosphotransferase 11
(nptll) and aadA from GM plant material to the
enteric microflora has been demonstrated in rats
fed on an experimentally proved GM diet for 90
days [18]. These results drew our attention to the
importance of exploring and evaluating the safety
of the transferred antibiotic resistance genes
utilizing the Bioinformatics prediction tools to
assess the functionality of the transferred genes
and their predicted protein.

Material and Methods

Male Wistar Albino rats (30 rats) were provided
from the animal house of the National Research
Centre shortly after birth. The protocol applied
during this study was reviewed and approved by
the NRC Ethical Committee (reference 12,142).
This protocol fulfils all the requirements of the
ARRIVE guidelines, where all animals received
humane care.
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The experimental animals were divided into
three groups of ten animals each. The first group
(G1) was immediately euthanized and considered
a control group (G1). The other two groups (G2
and G3) of animals were kept in standard ambient
conditions where food and water were given ad-
libitum. Animals fed on a dried rodent diet for
30 or 90 days. This diet was previously proved
experimentally by our team [18] genetically
modified, using primers for the Cauliflower Mosaic
Virus-35S promoter (CaMVP-35S) and antibiotic
resistance genes nptll and aadA. At the end of the
two feeding durations, animals were euthanized.
Transfer of the antibiotic resistance aadA4 gene
to the microflora in Male Wistar Albino rats was
evaluated experimentally using conventional
PCR assay and further analyzed employing
bioinformatics-based protein analysis tools.

Experimental detection of horizontal gene transfer
applying PCR assay

Microflorae were collected from rectums and
caecal cavities of all animal groups and inoculated
onto the surface of nutrient agar plates for 24-48
hoursat37°C. The DNA was extracted from cultured
bacteria using GF-1 Bacterial DNA Extraction Kit
(Vivantis) as described by the manufacturer. The
quality and concentration of all DNA samples were
determined using the NanoDrop 1000/Thermo
Scientific spectrophotometer.

The conventional polymerase chain reaction
(PCR) assay was applied to investigate the
transfer of transgenic DNA from the GM diet
into the extracted bacterial DNA samples. A set of
primers for partial amplification of the cauliflower
mosaic virus (CaMV) 35S promoter was used as a
marker to confirm the occurrence of the horizontal
transfer of GM-DNA from the GM diet into the
bacterial genome. Another set of primers for
partial amplification of the antibiotic resistance
aminoglycoside 3” adenyltransferase (aadA) gene
(284 bp-target) was used to detect the occurrence of
horizontal transfer of the aadA gene from the GM-
diet into the bacterial genome. Primer sequences,
amplicon lengths, and annealing temperatures are
presented in Table 1. PCR was conducted at least
twice for each sample in TM Thermal Cycler (MJ
Research PTC-100 thermocycler). PCR conditions
and profiles were performed as described previously
[19]. PCR products were analyzed, using the
SYNGENE Bio-Imaging Gel Documentation
System, for the presence of a fluorescent band of
the expected level for the two investigated DNA
segments (P-35S and aadA partial gene).
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TABLE 1. List of primers used throughout the experimental duration, their sequences, amplicon

lengths, and annealing temperatures.

Positions on Amplicon Annealin
Primers Sequences (5°-3°) length € Reference
the genomes I (b Temp (°C)
7190-7209 5’- GCTCCTACAAATGCCATCA -3’
P-358 7364-7384 5'-GATAGTGGGATTGTGCGTCA-3" 195 37 [20]
1188-1208 5’- CGC TAT GTT CTC TTG CTT TTG-3’
aad 1471-1451  5-TGATTT GCT GGT TAC GGT GAC-3’ 284 63 [21]

i: Primers positions are relevant to the cauliflower mosaic virus genome (accession no. emb|V00141.1] ), and aadA4 gene

(accession no. MH973510.1)

The PCR amplicons obtained from the
amplification of primers for aadA partial gene in
some bacterial DNA samples (ten samples); four
samples (B5, B7, B8, B9) from the G2 group and
six samples (B12, B13, B14, B17, B18, B19)
from G3 group, were purified using total fragment
DNA purification kit (MEGA quick-spin,
iNtRON Biotechnology, Inc). Internal nucleotide
sequencing of the purified DNA was performed
by MWG-Biotech AG.

Bioinformatics-based protein analysis
Sequences alignment

Protein analysis in the present work is mainly
based on sequence alignment using nucleotide
and protein alignment software. The aad4 DNA
sequences were analyzed and aligned via Clustal
Omega software [22]. Amplified aadA DNA
sequences were further translated to protein
using the Expasy translation tool (https://web.
expasy.org/translate/).Multiple —alignments of
the translated protein sequences were done
using Clustal Omega. The aadA nucleotide and
translated protein sequences were compared
with sequence databases using the Basic Local
Alignment Search Tool (BLAST) (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Phyre2 engine program (Protein Homology/
analogy Recognition Engine V 2.0)

We also employed a set of related software
(Phyre2) available on the web to predict protein
modelling, structure, function, and possible
effects of mutations [23].

The possible functionality of the translated
aadA protein of each bacterial sample studied
(10 samples from both G2 and G3 groups),
was evaluated employing the Phyre2 engine
program (available at http://www.sbg. bio.ic.ac.
uk/phyre2). The phyre2 system incorporates a
protein sequence database and a protein structure
database for predicting the 3D structure of each
submitted protein sequence.

Results and Discussion

The present work is a complementary step
analysis conducted by coupling both experimental
PCR detection assay with the available
bioinformatics tools to evaluate the possible
functionality of the horizontally transferred
antibiotic resistance aadA gene (284 bp-target)
from the transgenic diet to the microbiome of rats
after 90 days of feeding duration.

Experimental identification of Horizontal transfer
of GM-DNA from the diet into enteric microflora
of the investigated rats

To confirm the possible occurrence of gene
transfer from the GM diet to gut microflora, we
employed a set of primers for the CaMV35S
promoter (P35S) since most of the gene constructs
used in genetic transformation are under the
control of the CaMV35S promoter [24].

Results as shown in Fig. 1 indicated that
there was no amplification of the P35S primers
occurred in the DNA of bacterial cells extracted
from the control rats euthanized shortly after birth
(G1). Fig. 1 also showed that primers for P35S
were amplified in most bacterial DNA extracted
from the microflora of the other two groups fed
on the GM diet for 30 or 90 days, confirming the
transfer of the genetic materials of the GM diet to
the gut microflora. The transfer of the amplified
P35S (195 bp-target) nucleotide sequences
from the GM diet to the liver and brain tissues
of experimental rats fed the GM diet for three
months was previously confirmed by Oraby and
colleagues [7]. Blast analysis of the nucleotide
sequences of the amplified P35S in liver and
brain cells [7] shared 100% homology with the
corresponding segment in the cauliflower mosaic
virus (emb|V0014 1.1|) as many binary vectors
that are usually used in genetic transformation.

Amplification of a partial segment of the
aadA gene in most bacterial DNA samples in the
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present work (Fig. 2) proved experimentally the
transfer of this segment horizontally from the
transgenic diet into DNA of microflora present in
the gastrointestinal tract (GIT) of rats fed on this
diet for 30 or 90 days.

Bioinformatics-based protein analysis

Transfer of the partial segments (284 bp-
target) from the aadA gene, as detected by PCR
assay was further confirmed by analysis of their
internal nucleotide sequences. This analysis is
based on nucleotide sequence determination,
translation to protein, and alignment with the
GenBank database.

Sequences alignment

Analysis of the nucleotide sequences revealed
that the size of the retrieved aadA4 sequences
was 284 bp in all DNA investigated samples.
The nucleotide sequence of the transferred DNA

P35S (195 bp)

segment (284 bp) represents approximately 36%
of the total aadA gene length (792 bp). Translated
protein using the ExPasy program gave a partial
protein stretch of 94 residues representing
approximately 36% of the total aadA protein
length (263 amino acids).

Multiple sequence alignments indicated
that the amplified aad4 DNA segments and
their translated proteins were similar in all
microbiota samples therefore one representative
DNA sequence was deposited to the GenBank
database (accession Number OP554293).
The aadA nucleotide and translated protein
sequences also shared 100% identity with
the aadA gene and protein in the numbers of
Cloning vectors (Table 2).

Prediction of aadA protein secondary and 3D
structures

Control group

Fig. 1. PCR amplification products of P35S (195 bp) fragments in bacterial DNA samples of rats fed on
GM-diet for 30, and 90 days. Control group; rats were euthanized shortly after birth. D is for

the GM-diet.
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Fig. 2. PCR amplification products of aad4 (284 bp) gene in bacterial DNA samples of rats fed on GM-diet for 30,

and 90 days. D is for the GM diet, bln is for blank

TABLE 2. List of accession numbers of representative vectors that shared 100% identity with the investigated

aadA nucleotides and predicted protein sequences.

aaA Nucleotide aadA protein

Vector accession accession

number number
Cloning vector pTJV1Sc2-tetA, complete sequence 0OK423785.1 UOX75826.1
Cloning vector pTJV1Sc-rpoB, complete sequence OK377063.1 UOX75819.1
Cloning vector pTJV1Sc3-rpoB plasmid pTJV1Sc3-rpoB, complete OKA483345.1 UOX75815.1

sequence

Vector CDF-MpCYP97C-MpLCYe DNA, complete sequence LC654938.1 BDB95794.1
Binary vector pK T-NM-erNEON, complete sequence. MH973510.1 AYR16910.1

The predicted secondary structure of the
modelled aadA protein consisted of 40% alpha
helices, 14% beta strands, and 17% disordered
as shown in Fig. 3. Secondary structure plays a
substantial role in protein structure folding [25].
It is used to identify protein features for fold
recognition [26] and can also be used to assess the
quality of a model built with (a tertiary structure
prediction method).

The secondary structure consists of different
regions: two of these secondary structural elements
are alpha helices (with the highest percentage;
40%) and beta strands. These elements are
spontaneously formed as an intermediate process
before the protein folds into its three-dimensional
tertiary structure [27] to carry out its function.
The third region consists of polypeptide segments
(disordered segments). Disordered segments are
not likely to form a defined three-dimensional
structure, but they may be functional [28] when

they reached a certain length (>30 residues).
Functional disordered segments including certain
disease-related proteins [29] may occur in 33.0%
of eukaryotic proteins [30].

Since the translated aadA protein partial
sequences in the ten investigated samples were all
similar, the 3D structures of all submitted protein
sequences were also similar. The predicted 3D
structure (Fig. 4) has been modeled with 48%
identity and 100% confidence by the single
highest-scoring template of aminoglycoside
adenyltransferase ~ (c4cs6A) in the protein
database  (PDB  DOI:http://doi.org/10.2210/
pdb4CS6/pdb). The present investigated aadA
protein has a reasonable sequence identity equal
to 48%, given that sequences with less than 20%
sequence identity can only generate completely
different 3D structures [31].

The reliability of the 3-dimensional atomic
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Fig. 3. The predicted secondary structure of the partial sequence of the aadA protein using Phyre2 software.

Fig. 4. The predicted 3D structure (modeled according to the template c4cs6A ) for the investigated partial aadA

protein sequence submitted to Phyre2 program.

models of the aadA protein and the overall quality
of the predicted protein can be deduced, to some
extent, from the structure quality of the template
protein processed by the PDB X-Ray structure
validation report. According to the structure
validation report, the structure quality of the
template protein covered several key quality
indicators (Fig. 5) of the protein structure. The
percentile ranks below (Fig. 5) revealed that the
template protein model is a moderate structure.
The figure shows that the model fitted to a small
subset of the experimental data (Rfree): Clashes,
Rotamers, and Ramachandran. The Clashscore
calculated by MolProbity [32] represents the
number of pairs of atoms (8 clashes) in the
present model that are close to each other. The
figure also demonstrates that the chosen model
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(C4cs6A) has no Ramachandran outliers.
Ramachandran outliers are those amino acids with
non-favorable dihedral angles which sometimes
might play a significant role in protein function
[33]. The Sidechain outliers score (5.5%) is the
percentage of residues with unusual sidechain
conformation concerning the total number of
residues available. The last described indicator
is the real-space R-value (RSRZ outliers) which
measures the fitting quality between a part of the
atomic model and the data in real space [34]. The
RSRZ value in the present model is equal to 0
values indicating that this model has no RNA
or DNA. A residue with an RSRZ value greater
than two is considered an RSRZ outlier.
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Fig. 5. Percentile ranks as quality indicators of the structure of aadA protein compared to others previously

deposited to Protein Data Base.

The resulting structure validation report also
indicated that the template protein model contains
two unique types of molecules. Molecule 1 is the
aminoglycoside adenyltransferase protein and
molecule 2 is water.

The size of the investigated partial protein
segment is 94 residues which covers 36% of
the whole template molecule (260 residues) of
the aminoglycoside adenyltransferase protein.
The investigated aadA segment occupies the
area between residue 46 and residue 140, as
demonstrated in Fig. 6 (the amino acids stretch
between the two black arrows).

Quality assessment of the aadA template
protein model proceeded through standard
geometry, which describes the covalent geometry
parameters for protein molecules. These
parameters provide information on bond lengths,
angles, chirality, and planarity. The validation
report for the model quality of the template aadA
protein demonstrated that there are no bond
lengths outliers, bond angle outliers, or chirality
outliers. The only planarity outlier reported type
PRO was at residue number 156. The investigated
partial aadA protein, as demonstrated in Fig. 6,
stretched out only between residues 46 to residue
140. All data and refinement statistics reported
for the template aadA sequence revealed no
significant pseudo-translation detected in the
template molecule structure.

The major component of livestock feed is
transgenic plant products. The possible horizontal
transfer of antibiotic resistance (AR) genes to the
microflora present in the gastrointestinal tract
(GIT) of farm animals is one of the essential
topics to address during the safety assessment of
GM products. The transfer of genes from diets to
microbiota in the gut has been confirmed by many
authors [1, 2]. Even the transfer of a full-length
gene was previously reported [12]. Nevertheless,
the possible functionality of the transferred GM-
DNA did not receive enough attention.

The present study confirmed experimentally
the possible occurrence of gene transfer from the
transgenic diet to gut microflora in GIT of rats fed
on the GM diet for 90 days (Fig. 1). PCR analysis
detected the presence of partial segments from the
CaMV35S promoter in most DNA of the cultured
bacterial samples. Oraby and colleagues [ 7] reported
the transfer of an 80% segment of the CaMV35S
promoter from the GM diet to experimental
animals where part of the P35s (195bp) shared
100% homology with the corresponding segment
in the cauliflower mosaic virus (emb[V0014 1.1|).

The partial DNA segment of the aadA gene,
representing 36% of its total length of the gene,
as reported in the present work (Fig. 2) also
transferred to the bacterial genome of the gut
microflora of experimental animals fed the GM
diet for 30 or 90 days.
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Grey residues are not represented in the model.

Bioinformatics analysis is one of the tools
used to support the occurrence of horizontal gene
transfer. It is considered the most efficient way
to evaluate the extent of similarity between GM
event sequences and microbial genomes [35]. The
present analysis of the results began by describing
the internal nucleotide sequences of the PCR
amplicons obtained from the amplification of the
partial aadA gene segment in cultured bacterial
samples isolated from the gut of experimental
animals. The identities of the investigated
sequences are determined depending on sequence
databases. As presented above, multiple sequence
alignments indicated that the amplified DNA
segments and their translated proteins were
similar in all bacterial samples and shared 100%
identity with the aadA4 gene and protein in many
binary vectors (Table 2).

Bioinformatics analysis using the Phyre2
program [23] proceeded to distinguish any hazard
associated with the GM sequences by informing
on similarity with microbial sequences encoding
known functions. The principal concept in the
genomic section of bioinformatics is homology.
Homology between genes is involved in the
prediction of gene function. It can be employed
to infer that a gene with an unknown function
may share the other homologous gene’s known
function [36]. Sequences falling below a 20%
sequence identity will have a completely different
structure [31]. The present investigated aadA
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protein partial sequence has a reasonable sequence
identity (48%) to the template protein.

To predict protein structure reliably, homology
isalso animportant concept in the structural section
of bioinformatics. Homology is an essential tool to
determine which parts of a protein are important
in structure formation and interaction with other
proteins. Once the structure of a protein is known,
the structure of the homologous protein can be
predicted. Detectable levels of sequence similarity
usually imply significant structure similarity [37].

Results of the current study indicated that
homology between the investigated aadA partial
protein sequences and the corresponding segment
of aminoglycoside adenyltransferase protein is
48% identity. However, the investigated segment
represents only 36% of the total length of the
protein, a full-length protein sequence is required
to estimate reliably its general physical properties
[31, 37]. Therefore, the present investigation
also highlights the importance of full aadA4 gene
detection and studying the whole length of the
predicted aadA protein sequence to evaluate its
properties and possible functionality. Adding to
the risks associated with the random insertion
of the horizontally transferred genes, which may
induce genetic instability, there are other threats
related to the possible functionality of the full-
length gene transferred and its transcribed protein
in the recipient organism. Therefore, the present
study also recommends utilizing genetic markers
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other than antibiotic resistance genes during the
production of genetically modified crops to avoid
any health hazards to the consumer.

Conclusions

The horizontal transfer of a partial sequence
of the antibiotic resistance aadA gene from the
GM diet to microbiota in rats was confirmed by
PCR assay. Transferred aadA segment and its
predicted protein sequence are 100% similar to
the corresponding sequences of the aadA gene
in cloning vectors. Results indicated the possible
functionality of the aadA protein only when the
full-length gene is transferred to the recipient
organism.
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