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Abstract

Background: While some genetically modified organisms (GMOs) are created to produce new double-stranded RNA
molecules (dsRNA), in others, such molecules may occur as an unintended effect of the genetic engineering process.
Furthermore, GMOs might produce naturally occurring dsRNA molecules in higher or lower quantities than its non-
transgenic counterpart. This study is the first to use high-throughput technology to characterize the miRNome of
commercialized GM maize events and to investigate potential alterations in miRNA regulatory networks.

Results: Thirteen different conserved miRNAs were found to be dys-regulated in GM samples. The insecticide Bt GM
variety had the most distinct miRNome. These miRNAs target a range of endogenous transcripts, such as transcription
factors and nucleic acid binding domains, which play key molecular functions in basic genetic regulation. In addition,

we have identified 20 potential novel miRNAs with target transcripts involved in lipid metabolism in maize. isomiRs
were also found in 96 conserved miRNAs sequences, as well as potential transgenic miRNA sequences, which both
can be a source of potential off-target effects in the plant genome. We have also provided information on technical
limitations and when to carry on additional in vivo experimental testing.

Conclusions: These findings do not reveal hazards per se but show that robust and reproducible miRNA profiling
technique can strengthen the assessment of risk by detecting any new intended and unintended dsRNA molecules,
regardless of the outcome, at any stage of GMO development.
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Background

Genetically modified (GM) crops intended for market
release have been mostly created through in vitro DNA
modification to encode a novel protein. However, a new
generation of genetically modified organisms is being
designed to change their RNA content in order to regu-
late gene expression [1]. The regulation of gene expres-
sion by RNA molecules, specifically double-stranded
RNA (dsRNA), is now known to be possible through a
process called RNA interference (RNAi). The biochemical
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and indicate if changes were made.

pathway for this type of gene regulation can be generally
understood as the disruption of the production of pro-
teins when there are dsSRNA molecules interacting with
the DNA sequence of that gene. RNAIi is an important
biological pathway that is used by many different organ-
isms to down-regulate the expression of endogenous or
exogenous mRNA by the interaction of small interfering
RNAs (siRNAs) and microRNAs (miRNAs) with cata-
lytic RNA-induced silencing complex (RISC) to bind to
homologous mRNA sequences and to cleave them [2].
miRNAs are known to control a wide range of biologi-
cal processes in eukaryotic organisms, from embryogen-
esis [3], to developmental and cellular behaviour [4], and
response to biotic [5] and abiotic stress [6].

miRNAs function as gene regulators and they have
been shown to play important roles in multiple plant
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developmental and signalling pathways through small
RNA biogenesis or related pathways [7]. Due to the
environmental stability of dsRNAs, a property per-
haps overlooked based on the relative instability of
single-stranded species of RNA [8], GM crops can be
engineered to produce dsRNAs that are harmful to
insects and worms that feed on these plants [8—11].
On the other hand, studies have claimed that dsRNA
molecules may rapidly degrade and dissipate in aquatic
microcosms [12], and are biological inactive in agricul-
tural soils after 2 days of exposure [13]. Nonetheless,
the stability and transmissibility of dsSRNAs suggest the
potential for the existence of exposure routes that are
relevant to environmental and human risk assessments
of GM organisms [14]. In such cases, all new intended
and unintended dsRNA molecules should be identified
in the GM organism and products [15]. This should
be obtained through a semi-targeted qualitative pro-
filing of small RNA molecules, using next-generation
sequencing in a comparative assessment of the GM and
near-isogenic non-transgenic variety [14]. Since dsRNA
produced by plants can target important mRNAs from
pathogens feeding in the crop and cause lethality, there
is a growing interest in using RNAi for pest and disease
control, both as a traditionally applied insecticide/fun-
gicide and within GM plants [16]. However, while some
GMOs are intended to produce new regulatory-RNA
molecules, these may also arise in other GMOs not
intended to express them [14, 15, 17].

GM crops are regulated by international and national
legislation and many countries adopt pre-market risk
assessment to evaluate any risks that GM plants may
pose to animal and human health and the environment
[18, 19]. There are similarities and differences in the risks
associated with RNAi-based GM plants relative to those
posed by GM crops producing insecticide and herbicide-
tolerant proteins [14]. As part of the pre-market risk
assessment, many regulatory authorities evaluate all rel-
evant scientific data on the molecular characterisation of
the GM plant in question, such as the source and func-
tion of the donor DNA, the transformation method, the
organization of the inserted DNA at the insertion site(s),
and the expression and stability of the insert [18, 19].

Our previous paper documented risk assessment
advice offered to government regulators during official
risk evaluations of GM plants for use as human food or
for release into the environment, how the regulator con-
sidered those risks, and what that experience teaches
us about the GMO risk assessment framework [14]. We
concluded that the process should include inter alia
experimental procedures that would identify all new
intended and unintended dsRNA molecules in the GM
product and we have suggested improvements for such.
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The European Food and Safety Authority opinion is in
agreement with our recommendations [1].

Since the evidence that exogenous plant miRNAs are
present in the sera and tissues of various animals and that
these exogenous plant miRNAs are primarily acquired
orally through food intake [20], the safety of GMO-
derived miRNAs has been debated [21-25]. Nonetheless,
further studies have detected the presence of exogenous
miRNAs in human samples from uncommon dietary
sources (e.g. rodents), indicating that exogenous miRNAs
originate from technical artefacts rather than dietary
intake [26]. Hence, there are no conclusive evidences and
consensus about this topic.

Only few efforts designed to investigate unique risk
assessment issues related to GM crops or products con-
taining dsRNA have been reported. The present study
is the first that characterizes the miRNome of commer-
cialized GM maize events to further investigate poten-
tial alterations in miRNA regulatory network. We were
interested in testing miRNA content in two of the most
commonly used transgenes in agriculture which cur-
rently do not produce intentional dsRNA; the insecticide
Bt and the herbicide-tolerant Roundup Ready transgenes.
The seed set of stacked (combination of transgenes by
crossing or mating) and single GM maize events, as well
as the non-transgenic near-isogenic counterpart, devel-
oped in the near-isogenic genetic background, enables
the isolation of potential effects derived from transgenes
independently.

Here, we show that the expression profile of several
miRNAs is altered in GM varieties and that novel and
potential transgenic miRNA sequences were detected.
Although no unequivocal explanation was found for
these phenomena, the interactions between miRNA,
their targets and biochemical pathways are discussed.
These analyses were carried out in order to create a docu-
mented record of the emergence of such alterations. The
experimental approach of this study may also expand the
knowledge about the potential risks of RNAi-based GM
plants through the identification of potential changes
that require further characterisation of products from
cutting-edge technology.

Results

Deep sequencing of sSRNA species in transgenic maize
varieties

In order to identify conserved maize miRNAs in trans-
genic maize varieties, SRNA libraries were constructed
from leaf material and sequenced using Illumina high-
throughput technology. We have performed miRNA
profiling in a unique set of stacked and single transgenic
maize hybrid varieties, as well as the conventional coun-
terpart, which were all developed under the same genetic
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background. Each sample consisted of a pool of 10 plants
and three biological replicates were analysed, with a
total of 30 plants assessed per variety. A flowchart of the
miRNA analysis pipeline is available in Fig. 1. The full
sequencing dataset is available through Sequence Read
Archive (SRA) at NCBI under identification number
SRP160077.

After removing low-quality sequences, the total library
size ranged from 13,306,004 to 19,618,997 reads, with
44-54% belonging to the 18-26 nt range and thus used
for further analyses. Reads with sizes<18 and>26 nt
were excluded from the datasets. The read size distribu-
tion for all libraries is available in Additional file 1. The
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majority of the sSRNAs with 18—-26 nt belong to 24 nt size
category, accounting for 13.2-15.9% of the total number
of reads, followed by 21 nt (6.1-8.0%) and 22 nt (4.7—
6.0%) (Fig. 2a). Similar distribution patterns were also
observed in previous studies investigating plant miRNAs
[27-30].

On average, approximately 22% of the reads matched
to other types of non-coding sRNAs, such as rRNAs,
tRNAs, snRNAs or snoRNA, and approximately 18%
matched organellar RNA (chloroplastidial and mitochon-
drial) (Table 1). In addition, we have built a reference
sequence database with the transgenic insert sequences
of MONB89034 and NK603 events, which was also used

18-26 nt filtering
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Filtering of other sSRNAs: snoRNA, l
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Fig. 1 Schematic overview of the workflow implemented for the identification of differentially expressed regulatory miRNAs and their targets in
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Fig. 2 Alignment of sRNA reads with the Zea mays reference genome. a Size distribution (18-26 nt) of sRNA reads for each of the varieties analysed;
b venn diagram showing the number of conserved miRNAs identified in each variety; ¢ distribution of the identified conserved miRNAs along

maize miRNA families for each of the analysed varieties; d heatmap of the normalized read count (NRC) for each of the conserved miRNA families in
the analysed varieties. The NRC values were log10 transformed for better visualization
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Table 1 Number of reads aligned to each sequence type for each of the four varieties used in the study

Sequence type RR Bt RRxBt Control
Total reads % Total reads % Total reads % Total reads %

snoRNA 1365 0.02 797 0.01 1454 0.02 1247 0.02
SNRNA 7922 0.09 2989 0.04 3514 0.04 7937 0.10
tRNA 244114 2.75 83,806 1.01 152,588 1.79 178,399 222
rRNA 1,710,288 19.30 2,003,376 24.09 1,568,675 18.38 1,528,139 19.01
CpRNA 1,724,918 19.47 1,100,942 13.24 1,531,116 17.94 1,526,939 19.00
mtRNA 53,568 0.60 48,856 0.59 69,729 0.82 64,551 0.80
Transgenic RNA 476 0.01 4173 0.05 4908 0.06 - -
miRNA 4,10,396 463 4,62,865 557 445,291 522 384,181 4.78
Other sRNAs 4,708,056 53.13 4,606,799 5541 4,755,858 5573 4,346,399 54.07
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for mapping the reads. Transgenic sequences were
detected in all GM varieties. The stacked variety showed
a higher number of sequence reads (4908 reads) which
was close to the sum of the reads in both single event
varieties (476 read for the Bt variety and 4173 reads for
the RR variety). Further investigation of the potential for
those sequences to be an active miRNA was performed
using miRPrefer prediction tool. The analysis did not
yield significant results because the sequences did not
fulfil the criteria for either precursor sequence size and/
or maximum of 2 nt 3’ overhangs in mature-star duplex.
No reads matching the transgenic sequences were found
in control samples.

The B73 RefGen_v3 database was used as reference
genome to search for conserved miRNA sequences. The
overall distribution of miRNAs is represented by a Venn
diagram in Fig. 2b. A total of 128 miRNAs were found
to be shared among Bt, RR, RRxBt and control sample
libraries, accounting for ~90% of the annotated miRNA
detected in our bioinformatics analysis. Other miR-
NAs (10%) were assigned to be present in one variety
only, these are: zma-miR2118c in control, zma-miR395f
in RRxBt, zma-miR395g in Bt, and both zma-miR395d
and zma-miR395 h in RR samples. Nonetheless, these
exclusive miRNAs were only present in a few numbers
of reads. Our sequencing effort presented a good miR-
Nome coverage with a total of 404,728 to 428,487 num-
ber of reads per variety matching to 143 known miRNAs
sequences from 27 miRNA families in maize (out of
known 156 miRNA present on the reference genome)
(Fig. 2c). The largest family was zma-MIR169 with 17
members, followed by zma-MIR171 (13 members) and
zma-MIR156 and zma-MIR395 (11 members).

In relation to the abundance of each miRNA family,
zma-MIR166 was the most present in all varieties (50.5 to
55.2% of the total miRNA content), followed by miR168
(14.5-16.2%) and miR156 (7.8—8.8%). Out of the top ten
expressed miRNA families, our study shared 6 miRNA
families matching the miRNA maize reference paper
[30]. A heatmap with the normalized read count for all
the identified miRNA families for each variety is shown
in Fig. 2d. Although single event varieties group sepa-
rately from stacked and control samples in the heatmap,
there was no statistically distinct pattern of miRNA fami-
lies’ abundance between varieties. The list of all identified
maize miRNAs and the respective normalized read count
for each variety is available in Additional file 2.

Defining transgenic maize-specific microRNA signatures
through multiple microRNA profiling comparisons
Pairwise differential expression analysis was performed
based on the normalized read count using DESeq2
R package for each identified miRNA. To facilitate
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visualization, we have used the logarithm base 2 of the
fold-change (Log2FC) as a measure of accumulation lev-
els. Therefore, a gene up-regulated by a factor of 1.5 has a
Log2FC of 0.58, a gene down-regulated by a factor of 1.5
has a Log2FC of —0.58, and a gene expressed at a con-
stant level (with a FC of 1) has a Log2FC equal to zero
[31].

Thirteen known maize miRNAs were found to
have statistically significant differences in abundance
(p-adjusted <0.05 was used as the only analytical thresh-
old) (Table 2) between maize varieties. The results of the
differentially abundant miRNAs were validated using
SYBR reverse transcriptase quantitative PCR (RT-qPCR).
The amplification of miRNA sequences is based on for-
ward primers designed to match the full mature miRNA
sequences, whereas the reverse primer is universal and
targets poly-A tail added to miRNA sequences (Addi-
tional file 3).

Noteworthy, four miRNAs belonging to the same family
could not be distinguished due to their identical mature
miRNA sequence. We also observed that the amplifica-
tion of the zma-MIR399eij showed a considerable differ-
ence when compared to the RNA-Seq results. This might
be due to the homology of the designed primer to other
members of the family, such as zma-MIR399c and zma-
MIR399d, which might have hampered the results. In
addition, zma-miR162 and zma-miR529 showed multi-
ple melting curve peaks for the RT-qPCR analysis, thus
precluding a reliable quantification of their expression.
Overall, the comparative cycle threshold levels generated

Table 2 Log2Fold-Change, p- and p-adjusted values
of the differentially expressed miRNAs

miRNA Comparison Log2Fold- p-value p-adjvalue
Change
zma-miR162 Bt vs Control 0.5 0.0027  0.0275
zma-miR167c  Btvs Control 0.6 0.0007  0.0266
zma-miR167e Bt vs Control 0.5 0.0023  0.0275
zma-miR167j Bt vs Control 0.6 0.0009  0.0266
zma-miR169f Bt vs Control —-0.8 0.0008  0.0266
zma-miR169 m Bt vs Control 0.6 0.0025 0.0275
zma-miR399a Bt vs Control —-0.7 0.0014  0.0275
zma-miR399e  RRxBtvs RR —-09 0.0001  0.0044
zma-miR399h Bt vs Control —-07 0.0023  0.0275
zma-miR399i RRxBt vs Control —0.6 0.0010  0.0311
RRxBt vs RR —-10 0.0000  0.0007
zma-miR399j RRxBt vs Control —0.6 0.0005  0.0232
RRxBt vs RR —-0.7 0.0009  0.0310
zma-miR529 Bt vs Control 0.7 0.0024  0.0275
zma-miR827 RRxBt vs Control —0.5 0.0000  0.0006
RRxBt vs RR —05 0.0008 0.0310
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for most of the selected miRNAs were the same as those
determined by Illumina sequencing, indicating that the
sequencing data produced in this study were accurate.
The comparison of Illumina and RT-qPCR quantification
results is shown in Table 3.

One of the challenges in elucidating the biological
functions of miRNAs is to identify their regulatory tar-
gets. We have predicted targets for the 13 differentially
regulated miRNAs using psRNAtarget and found 116
potential endogenous transcript targets. These included
splicing variants and gene expression inhibition by either
mRNA cleavage or translational inhibition. The list of all
miRNA targets is available in Additional file 4. The miR-
NAs with the largest number of mRNA targets were zma-
miR529-5p (47) and zma-miR169f-5p (25).

As expected, many of the putative targets of maize
conserved miRNA identified were transcriptions fac-
tors (TFs) mRNAs, which is considered a general trend
for plant miRNAs [7]. Of the 116 predicted targets, 24
are members of transcription factor gene families (i.e.
member of the nuclear transcription factor Y subunit
A-3 family, squamosa promoter-binding protein-like
(SBP domain) transcription factor family, putative GATA
transcription factor family and the Ocs element-binding
factor 1-putative bZIP transcription factor superfam-
ily) involved in many central developmental and physi-
ological processes, including morphogenesis, abiotic and
biotic stress responses.

The miRNome profile of Bt-expressing transgenic
plants was the most distinct one showing nine out of 13
dys-regulated miRNAs from five miRNA families (zma-
MIR162, zma-MIR167, zma-MIR169, zma-MIR399 and
zma-MIRNA529). We have further focused our down-
stream analysis of the Bt miRNome to explore possible
factors influencing miRNA accumulation in this variety.
We were able to verify a statistically significant increase
of crylA.105 protein transcript accumulation in Bt ver-
sus stacked event through RT-qPCR (Fig. 3). Although
these results do not directly correlate to the most altered
miRNA profile in the Bt variety, the expression and accu-
mulation of CRY proteins suggest alterations in the miR-
Nome of both single and stacked varieties, which showed
the two most distinct miRNA profiles. However, because
CRY protein in a non-native maize protein, it is not pos-
sible to verify annotated pathway networks that integrate
CRY.

In order to gain insight into what metabolic pathways
would be affected by the altered miRNAs in the Bt vari-
ety, we submitted transcript targets of these differentially
regulated miRNAs to a singular pathways enrichment
analysis using agriGO toolkit. We observed that these
transcripts were mainly assigned to RNA biosynthetic
process (GO:0032774), regulation of DNA-dependent
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transcription (GO:0006355) and regulation of RNA
metabolic process (GO:0051252) (Fig. 4a). Examples
of mRNA targets associated with these pathways are
dicer-like 1 protein family, Pumilio-family RNA bind-
ing domain, Histone H4.3, Nucleic acid binding protein
NABP, Nuclear transcription factor Y subunit A-3 iso-
form 2, squamosa promoter-binding protein-like (SBP
domain) transcription factor family protein, putative
GATA transcription factor family protein, among oth-
ers. These proteins shared common molecular func-
tions of transcription regulator activity (GO:0030528,
GO0:0003700) and nucleic acid binding (GO:0003676,
GO:0003677) (Fig. 4b and Table 4).

Stacked transgenic event plants had the second most
distinct miRNome with four miRNAs (zma-miR399e,
zma-miR399i, zma-miR399j and zma-miR827) being
differentially accumulated when compared to control or
to single event expressing CP4-EPSPS. The three zma-
MIR399 species found to be less accumulated in stacked
event target the same mRNA assigned to contain an
HSF-type DNA-binding domain. On the other hand,
zma-miR827 targets 13 different gene transcripts, among
them transcripts containing domains of WD40-like Beta
Propeller Repeat, BTB/POZ domain, SPX-Major Facilita-
tor Superfamily domain and Myb/SANT-like DNA-bind-
ing domain (Additional file 4).

We have performed independent gene target profil-
ing using RNA-Seq analysis to evaluate the expression
of predicted target transcripts in all varieties and the
non-transgenic control (Additional file 5). The RNA-
Seq differential analyses showed 77, out of 116, putative
miRNA-predicted target relations. Although there is no
established threshold for the miRNA-target ratio, com-
putational prediction and experimental validation have
demonstrated negative correlations among miRNA-
target pairs due to mRNA degradation which were also
observed in this study [32].

Overall, the results showed that 13 miRNAs were dif-
ferentially modulated in different pairwise comparisons.
The results also suggest that CRY proteins can be con-
sidered a major factor influencing the miRNome of both
Bt and stacked events in an additive manner. The altered
miRNAs can target a range of endogenous transcripts,
mostly transcription factors and nucleic acid bind-
ing domains that are key molecular functions for basic
genetic regulation and some have been confirmed by
independent RNA-Seq analysis.

Prediction of novel miRNA candidates and their potential
targets

In order to identify novel miRNAs sequences in our
samples, we have used the miR-PREFeR pipeline,
together with MiPred online tool, to predict their
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Table 3 Comparative data of RT-qPCR and RNA-Seq for 7 differentially expressed conserved miRNAs
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miRNA Comp. Samples CtRep. 1 Ct Rep. 2 CtRep. 3 Read count Log2FC RT-qPCR Log2FC RNA-Seq
zma-MIR167¢ Bt Bt S1 26.59 26.56 26.68 103 0.58 0.56
Vs BtS2 26.67 2649 26.62 304
Control
BtS3 26.66 2637 2638 230
Conv S1 2733 2731 27.58 199
Conv S2 27.53 27.85 27.69 132
Conv S3 2739 26.97 26.79 170
zma-MIR167¢j Bt Bt S1 26.22 26.17 26.11 325 0.11 0.55
Vs Bt S2 2599 2595 2593 515
Control
BtS3 26.11 26.17 26.10 428
Conv S1 26.46 2653 2654 336
Conv S2 26.55 26.65 2649 293
Conv S3 26.24 2631 26.11 380
zma-MIR169f Bt Bt S1 26.81 2634 2627 108 —1.05 —078
Vs BtS2 26.35 26.87 27.07 118
Control
Bt S3 2643 26.13 2673 170
Conv S1 2511 2488 25.09 77
Conv S2 2661 25.63 25.76 176
Conv S3 26.80 26.84 26.62 115
zma-MIR169 m Bt Bt S1 28.12 27.99 28.14 561 042 062
Vs BtS2 27.36 27.42 27.53 852
Control
BtS3 2756 27.81 27.14 642
Conv S1 28.95 2827 2851 447
Conv S2 2833 2841 27.90 617
Conv S3 2840 2827 27.89 433
zma-MIR399ah Bt Bt S1 2968 29.44 2975 26 —0.29 —0.70
Vs BtS2 2943 29.36 29.14 48
Control
BtS3 29.22 29.34 29.12 34
Conv S1 29.41 29.09 28.90 55
Conv S2 29.69 29.19 29.62 40
Conv S3 28.98 29.99 28.99 44
zma-MIR399eij RRxBt RRx Bt S1 2215 22.09 2212 63 —151 —064
Vs RRxBt S2 2227 2235 2231 91
Control
RRxBt 53 2247 2236 2229 107
Conv S1 2061 20.66 20.72 116
Conv S2 21.09 2108 2107 107
Conv S3 20.71 20.71 20.82 165
zma-MIR399¢ij RRx Bt RRxBt S1 2215 22.09 22.12 63 0.00 —086
é; RRxBt S2 2227 2235 2231 91
RRxBt S3 2247 2236 22.29 107
RRS1 2311 23.09 23.14 146
RR S2 22.10 22.07 22.16 203
RR S3 2339 2346 2341 150
zma-MIR827 RRxBt RRxBt ST 27.27 26.97 26.99 479 —058 —054
Vs RRxBt S2 2733 2735 2752 552
Control
RRx Bt S3 27.37 27.35 27.25 554
Conv S1 26.92 26.84 26.63 683
Conv S2 2653 26.87 27.18 602
Conv S3 26.98 26.53 26.67 675
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Table 3 (continued)
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miRNA Comp. Samples CtRep. 1 CtRep.2 CtRep.3 Read count Log2FC RT-qPCR Log2FC RNA-Seq
zma-MIR827 RRx Bt RRxBt S1 27.27 2697 26.99 479 —1.00 —0.50
E; RRxBtS2 2733 27.35 27.52 552
RRxBt S3 27.37 27.35 27.25 554
RR ST 26.69 2664 26.70 656
RR S2 26.80 26.81 27.00 718
RRS3 26.74 26.59 26.54 751

zma-miR162 and zma-miR529 are not included in the table due to multiple melting curve peaks on the RT-gPCR. Comp. comparison, Ct cycle threshold, Rep. replicate,
FC fold change, Control conventional non-transgenic sample, Bt MON89034 transgenic event sample, RR NK603 transgenic event sample, RRx Bt stacked transgenic

event

1.4

1.2

0.8
@ Stacked
0.6 OSingle

0.4

Normalized Relative Quantity

0.2

0
crylA.105* cry2Ab2
Fig. 3 Transgene transcripts normalized relative expression levels
measured by delta-delta Cq method and Pffafl correction equation.
The cry1A.105 and cry2Ab2 transgenes were quantified in single
versus stacked transgenic maize events grown under controlled
conditions at V3 stage. Samples are means of three pools, each
derived from ten different plants.'Bt’samples are from MON-89@34-3
event, and ‘RRx Bt'samples are transgenic maize seedlings from
MON-89@34-3 x MON-@@J6@3-6 event. Bars indicate standard
deviation and statistically significant values (p < 0.05) are represented
by *

pre-miRNA structure. A total of 20 putative novel
miRNAs have been identified in one or more varieties
(Table 5).

Detailed information of novel miRNAs is available in
Additional file 6. The novel miRNAs sequences were
temporarily named as ‘zma-MIR-number’ followed by
an ‘X’ to differentiate them from the conserved maize
miRNAs (e.g. zma-MIRXO01). The predicted structure
of all 20 novel miRNAs is available in the Additional
file 7, and three of these novel miRNAs are shown in
Fig. 5. Out of the 20 novel miRNAs, two were exclu-
sively detected in control samples (zma-MIRX03 and
zma-MIRX14), one in the RR samples (zma-MIRX11)
and one in the Bt samples (zma-MIRX13).

Confirmatory analysis of novel miRNA was per-
formed by RT-qPCR for those which was possible
to design primers (Additional file 3). We were able to
obtain single amplicons by melting curve analysis for
only 7 miRNA primers. All these 7 miRNAs (zma-
miRX03, zma-miRX05, zma-miRX06, zma-miRX10,
zma-miRX11, zma-miRX13 and zma-miRX20) have
provided positive amplifications via RT-qPCR (Table 5).
Surprisingly, amplifications were also obtained in
samples that showed no miRNA reads by miRNome
sequencing. Spurious amplifications might be explained
by the amplification of similar or identical miRNA
mature sequences originated from different pri-miRNA
loci. Poor sequencing of the sample and/or limitations
of the bioinformatics analysis is also a possibility. In
fact, in spite of the availability of a few amplification-
based platforms for miRNA detection, the common
technical challenges still exist, namely sensitivity,
specificity especially for one base variation, selectivity
between precursor and mature miRNAs [33].

The prediction of the novel miRNA targets showed
420 potential endogenous transcript targets, includ-
ing splicing variants and gene expression inhibition by
either mRNA cleavage or translational inhibition. The
list of all novel miRNA targets is available in Additional
file 8. Transcripts targets of miRNAs shared by all sam-
ples were submitted to singular pathways enrichment
analysis using agriGO toolkit. Only two GO terms (p
value <0.05) were significantly enriched for biological
processes in the miRNA targets of the predicted novel
miRNAs, cellular lipid metabolic process (GO:0044255)
and lipid biosynthetic process (G0O:0008610). Four
major molecular functions had significant GO term
hits and most transcripts were assigned to catalytic
activity (GO:0003824) (Fig. 6 and Additional file 9).
The two novel miRNAs identified in control samples
only (zma-MIRX03 and zma-MIRX14) had identical
targets and those were mainly identified as Detl com-
plexing ubiquitin ligase (DDA1), putative calcium-
dependent lipid-binding (CaLB domain) family protein
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and phosphate:H+ symporter. Exclusive targets for
novel miRNAs in RR samples were found related to
cytochrome b5 and leucine-rich repeat (LRR) protein
families. Exclusive target transcripts in Bt samples were
assigned to several gene families, such as caleosin-
related protein, RHO protein GDP dissociation inhibi-
tor, putative DUF231 domain containing family protein,
lipid-binding START domain of mammalian STARD2,
-7, thylakoid soluble phosphoprotein (TSP9) superfam-
ily, among others (Additional file 8).

Identification of miRNA variants or “isomiRs”

The miR-PREFeR pipeline was used to analyse possible
variant sequences arising from the miRNA precursor.
We considered as variants, or isomiRs, any sequence that
mapped to the miRNA precursor and was neither identi-
fied as being a mature nor a star sequence by the pipe-
line. Out of 156 annotated miRNAs in maize genome
(B73, RefGen_v3, release 25), the algorithm was able to
predict 96 miRNA sequences, with all of them showing
at least one variant sequence. In Fig. 7, we present two

cases of such miRNA variants. In the first example, the
corresponding miRNA* is more abundant than the anno-
tated miRNA (Fig. 7a). In the second example, the most
abundant sRNA is neither the annotated miRNA nor the
miRNA*, but one of its variants (Fig. 7b).

Discussion

In this report, we aimed at identifying which correlation
of the differentially expressed miRNAs is more likely to
play roles in transgenic maize through miRNA-gene
interaction networks compared to non-transgenic near-
isogenic control. Unless the GM plant is intended to
produce new dsRNA molecules, the RNA itself is rarely
formally considered in a risk assessment [14]. This is sur-
prising since many GMO risk assessment guidance draw
special attention to the characterization of novel RNAs,
frequently mentioning the need to provide information
on any expressed substances in the recombinant-DNA
plant, such as: “any gene product(s) (e.g. a protein or
an untranslated RNA)” (paragraph 32 of [34]); “demon-
strate whether the inserted/modified sequence results
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Table 4 Significant biological processes and molecular function categories targeted by differentially expressed
microRNAs (miRNAs) in insecticide expressing Bt GM maize plants

GOID Term description Number of transcripts FDR

Biological processes
GO:0032774 RNA biosynthetic process 22 1.80E—11
GO:0006351 Transcription, DNA-dependent 22 1.80E—11
GO:0051252 Regulation of RNA metabolic process 21 240E—-11
GO:0006355 Regulation of transcription, DNA-dependent 21 240E—11
GO:0016070 RNA metabolic process 23 2.10E—10
GO:0031326 Regulation of cellular biosynthetic process 21 2.00E—08
GO:0045449 Regulation of transcription 21 2.00E—08
G0:0019219 Regulation of nucleobase metabolic process 21 2.00E—08
G0:0009889 Regulation of biosynthetic process 21 2.00E—08
GO:0051171 Regulation of nitrogen compound metabolic process 21 2.00E—08
GO:0010556 Regulation of macromolecule biosynthetic process 21 2.00E—08
GO:0006350 Transcription 22 2.00E—08
GO:0010468 Regulation of gene expression 21 2.10E—08
G0:0031323 Regulation of cellular metabolic process 21 2.20E-08
GO:0080090 Regulation of primary metabolic process 21 4.40E—08
GO:0060255 Regulation of macromolecule metabolic process 21 4.90E—08
G0:0019222 Regulation of metabolic process 21 540E—08
GO:0050794 Regulation of cellular process 22 1.40E—07
GO:0050789 Regulation of biological process 22 3.40E-07
GO:0010467 Gene expression 25 7.80E—07
GO:0034645 Cellular macromolecule biosynthetic process 24 3.10E—06
GO:0009059 Macromolecule biosynthetic process 24 3.10E—06
GO:0006807 Nitrogen compound metabolic process 25 8.80E—06
GO:0006139 Nucleobase 23 8.80E—06
GO:0065007 Biological regulation 23 1.90E—05
GO:0009058 Biosynthetic process 26 3.20E—05
GO:0044249 Cellular biosynthetic process 24 0.00013
G0O:0043170 Macromolecule metabolic process 30 0.0022
GO:0044260 Cellular macromolecule metabolic process 27 0.0037
GO:0044238 Primary metabolic process 34 0.0046
GO:0044237 Cellular metabolic process 31 0.0084

Molecular functions
GO:0003677 DNA binding 35 3.00E-16
GO:0003700 Transcription factor activity 21 240E—15
GO:0003676 Nucleic acid binding 41 4.00E—15
G0:0030528 Transcription regulator activity 22 1.10E—12
GO:0005488 Binding 49 0.00041

FDR values indicate the relevance of the function, with lower values suggesting higher relevance

in intended changes at the protein, RNA and/or metab-
olite levels” (page 10 of [35]); “detailed description of
the expression of the gene product inserted in the host
organism” (item 10, Annex II [36]). Although the GM
varieties studied here were not tested for their dsRNA
content during approval process because of assumptions
made either explicitly or implicitly in the context of risk
assessments, our detailed analysis of MON89034, NK603

and stacked MON89034xNK603 suggests that their
miRNA profiles are not equivalent to the near-isogenic
non-transgenic control samples.

We have developed a study design helping to fill the
vacuum for the risk assessment of dsRNAs unique to,
or present at specific concentrations in, GMOs. We
have also identified areas of research that need techni-
cal improvements as well as areas of current uncertainty



Page 11 of 21

Agapito-Tenfen et al. Environ Sci Eur (2018) 30:37

9AIND Bundw dyadsun Jo adusnbas
VNY!W eyl oy jswiid s|gejieAe ou Jayis suesw ,—, 's9dUanbas Juaiayip ey syNYIw-aid J1sy3 Ing ‘sedusnbass ainjew [ed13USPI MOYS ‘GOXYHIW-BWZ PUR HXHIW-BWZ SB ||9M Se ‘{7 | XHIW-2WZ pue £0XYIW-BWZ YNYIW

1'GE LYE 9¢ 1'GE 85 6§ 8/ €S NNYOYONOONYNONYVYONYDDDV [91ST61£1:7805T61£1|80142 OCYIN-ewz
- - - - YA 6 6 8 NDDOHYVIVYOIVYVIVIVONINY 7590111972501 L19]801yd 6 LYIN-ewz

- - - - Ll S6 6L Ll JYNNNNDSYNODONNVYOVYONNN €1TSI6ETLTELSLEET L]0P BLYIN-ewz

- - - - 8¢ 3l Ll 8l DDDVIVOVYOIVVVIVYODIINNY 95¥0¥9¥0 1:SZE0¥ITOL| 201U L LYIN-ewz

/8S8E6V/ 1'66V8E6Y/L|SOIUD L LETL6VL 1:ECTTL6VL LSO

- - - - 9l €C 9C e DVVNDVOIVIVVYVVYVVYVYIDYODND Y69T8YL1:909ZF8Y L L|SOIUD L LY L18Y/ L'ESE L¥8Y/L|S0IYD 9LYIN-ewz

- - - - LT LT 6¢ Ll VOIVYOHDDOHYINDIYOOYOYOYDOIY YLLLELYYL6E9LEL P L]SOIYD G LXYlW-ewz

- - - - [4! 0 0 0 DD255009IVOHNNDVIVOHONOYOY 0¥0¥6900 1:ST6E69001 [#0142 FLXYlW-ewz

- - (A} - 0 0 LE6C 0 DHIDHVYIDIIOHVYOVNONIVNVYY £985808/ 1:€7/ 5808/ L|€0IY> € LXylw-ewz

- - - - 95 3 VA Ly 205NONVVYNYNNYODONNNDN ¥65109791:1Z5109291]€01y2 LXylw-ewz
L'6¢ S6C L'0€ L'6c 0 0 0 €685 YVOVNOONYOHYDINNDOYNDNYDDDD 95/66/677:56966/6|c01U> | LXylw-ewz
6'8C S6C '8¢ 98¢ €LE €ee 193 [499 JONYYNYNIOVDOVNYONNYNDDDY 957608€07: L £1608£0T|70IYP 0l Xylw-ewz
- - - - 89 0l 60l 8/ NDDOOHVVYOVYOIVYVIOIVOIDINY 76656V 1:798560 L [201yD 60Xy!W-ewz

- - - - Sy 1974 /S [4% YNVYYDNDOYONNYOONDNYIVNVY 9160/20€ :0780£20€[z01Yd 80XY!W-ewz

- - - - 59 99 SS 0S NDDOVVIVYDIIVVOVNDDOVNNY ¥969005¥ 1:8£89005 1 1011Y2 LOXylW-ewz
6'¢ce (A3 6'€e I'LE S¢S 559 /9 oS NYOVNOYNDNYDODDIVYOYOINNYN 79765807 1:££16580Z L0 L1y 90XY!W-ewz
414 LY 474 8¢ £09 0 0 Gl9 NDODOOHYVIVYOIVVYVOVIVOIINY 085191/ 0S¥ 191£[011yd SOXYylw-ewz
- - - - St 1974 A 474 VYNVYDNDOYONNYOONDNVIVNVY G5165€TL :8zosseeLloLiya FOXY!W-ewz
6'1¢ 91C 1 0ce Sl 0 0 0 DDDHHDDOIVYOHNNOVIVOHONODYOY L9v/Z1S STELTLS|0LIYD £oXylw-ewz
- - - - ogl 91 6/l 891 N2DOHVYVYOVYDOIVYVIVNODIOINY 91101/¥7T98660L¥TT|101YD COXyglw-ewz

- - - - 0s 194 LS 9¢ N29HHHOVONNYDODONDYOONY 76899856 70899856 L01YD LOXY!W-ewz

|ol3uo) 1gaxyy g Hy |osuod 1gXyy g Hy

H4ddb-1Y4 woiy 1D H2434d-Y!W Wolj JUNod peay 2>uanbas yNYIw awouab uo uone’0] al YNYIw

S911914BA dZIRW Ul PayUaPI SYNYIW [3Aou dAneInd 0 Y3 10} speas paddew jo Jaquinu pue auanbas yNYyIw ‘@wousab ayj ui uonedoq g ajqeL



Agapito-Tenfen et al. Environ Sci Eur (2018) 30:37 Page 12 of 21

zma-MIRX01

zma-MIRX02

zma-MIRX09

Fig. 5 Prediction of novel maize miRNAs. Examples of the structures of three predicted novel maize miRNAs. The prediction was performed using
the PREFeR pipeline, which uses RNAfold (from the ViennaRNA package) algorithm to calculate and draw the pre-miRNA hairpin structures
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Fig. 6 Pathways enrichment analysis of the miRNA targets from the 15 novel miRNAs predicted in this study. a List of the differentially regulated

(FDR<0.05) GO terms; b differentially regulated pathways for biological processes; and ¢ differentially regulated pathways for molecular function
(FDR<0.05) analysed by agriGO online tool

related to specific aspects of miRNA biology that require  adverse effects arising from dsRNA-initiated modifica-
further investigation. Our study may be useful in the first  tions to organisms before bioinformatics and exposure
step of a sequential approach to assess the potential for  analysis are performed. We have sampled GM plants
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Fig. 7 Distribution of sRNAs along conserved miRNA precursors. a Example where the corresponding miRNA* is more abundant than the
annotated MiRNA; b example where the most abundant sRNA is not the annotated miRNA or the miRNA*, but one of its variants

grown under strictly controlled conditions and we have
compared their miRNA profile to unmodified near-
isogenic control lines that have the same genetic back-
ground as the GM varieties so to isolate the differences
in miRNA content only. Profiling approaches have been
long recommended by EFSA for the allergenicity assess-
ment of the whole GM plant [37]. In addition, a recent
report from EFSA’s workshop on ‘Risk assessment con-
siderations for RNAi-based GM plants’ also highlighted
the need for more research on metabolic profiling of such
plants to support risk assessment through the use of vari-
ous ‘omics’ techniques [1]. Although comparative miRNA
profiling has not yet been performed in commercialized
GM crops, other layers of genetic information, such as
the proteome and metabolome, have been widely applied
and shown to be a useful source of information for the
risk assessment. Many studies have investigated the pro-
teomes, transcriptomes and metabolomes in grains and
leaves of insect-resistant and herbicide-resistant maize
and suggested metabolic alterations due to the genetic

transformation process [38—42]. Due to a more recent
wave of omics datasets that have started to be used in
some risk assessment areas and have been accepted as a
powerful tool to substitute or complement current stud-
ies, EFSA has also hosted a dedicated colloquium early
this year to move towards the implementation of omics
techniques to GMO risk assessment in Europe [43].
Remarkable findings of ingested plant miRNA in ani-
mal liver and blood have been demonstrated by a Chi-
nese study and this directed the attention of GMO
regulators to potential cross-kingdom regulation
between GM plants and higher organisms. Plant microR-
NAs have been detected in human blood, demonstrating
that dsRNAs can survive digestion and be taken up from
the gastrointestinal tract [20]. The plant-derived dsRNA
molecules silenced an endogenous gene in human tis-
sue culture cells, and in mouse liver, small intestine and
lung [20]. Other studies have also shown that regulatory
RNAs from plants can be detected in animals, including
humans [24, 44—46], and it was found that some dsRNAs
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from plants were more frequently present in animal tis-
sues and blood than predicted from their level of expres-
sion in plants. Other plant-derived dsRNAs (i.e. rice,
corn, barley, tomato, soybean, wheat, cabbage, grapes
and carrot) have later on been detected in humans [47].
Although the functionality of such exogenous RNAs in
terms of mediating gene expression in animals has been
controversial [48, 49], there is enough evidence that such
RNAs are capable of translocating from the host to its
interacting organism, and vice versa [50]. Overall, there
is an enormous lack of knowledge about the biological
significance of the uptake of plant-derived miRNAs and,
therefore, further investigations are required [49].

In the current study, we performed miRNA expres-
sion profiles, as well as miRNA target prediction analysis
to identify a subset of miRNAs that could be correlated
with transgenic maize varieties that expressed insec-
ticidal CRY protein and the EPSPS protein that confers
herbicide tolerance. The transgenic plants encoding two
CRY toxins, event MON89034, revealed the most distinct
miRNome profile followed by the profile of the stacked
transgenic event. Yet, the distinct miRNome is not cor-
related to a higher expression of CRY transcripts in Bt
single event variety. Our independent RT-qPCR analy-
sis revealed similar expression of Cry2Ab2 and a sig-
nificantly decreased expression of CrylA.105 in single
compared to the stacked variety. In fact, quantification of
transgenic transcripts and its correlation to protein accu-
mulation has frequently yielded inconsistent results [51].

We have then examined the relationship of altered
miRNAs to pathways that are perturbed by the corre-
sponding miRNA gene targets in Bt samples. Nine miR-
NAs from five miRNA gene families were exclusively
up-regulated in Bt plants (except for zma-MIR399 which
was down-regulated in Bt samples). Metabolic pathway
enrichment analysis revealed that relevant gene targets
were related to RNA metabolic processes and regula-
tion of DNA-dependent transcription. These observa-
tions suggest built-in redundancy of overlapping gene
targets regulated by different miRNAs targeting the same
set of pathways. The potential for functional redundancy
among plant miRNAs has been previously studied by
inactivation of the entire MIR164 family in Arabidopsis
[52]. It was found that mirl64abc triple-mutant plants
showed severe defects in flower development and phyl-
lotaxis, and these defects were not observed in plants
in which only individual MIR164 genes are disrupted.
Thus, there were indications that miR164 miRNAs are
controlling shoot development in a redundant manner,
while the degree to which individual miR164 miRNAs
contribute to the regulation of different developmen-
tal processes varies [52]. Therefore, differences in the
expression patterns of the individual miRNA genes imply
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that redundancy among them is not complete and that
these miRNAs show functional specialization, which may
pose extra challenges for any single miRNA to be used
as a target for further studies on its potential biosafety
implications.

Another altered metabolism in Bt samples was
related to primary metabolic process (GO:0080090
and GO:0044238) and nitrogen compound metabolism
(GO:0051171 and GO:0006807). Primary metabolism in
plants is directly involved in growth, development, and
reproduction, involving basic processes such as carbohy-
drate, lipid and protein metabolism. Our previous pro-
teomic investigation using the same GM varieties also
showed differential modulation of enzymes that catalyse
chemical reactions involved in carbohydrate metabolism
[40]. Overall, other comparative proteomic studies of
transgenic versus non-transgenic crops corroborate these
results. In fact, the energetic metabolism, including the
carbohydrate metabolism, has been the most frequently
observed metabolism category within comparative prot-
eomic analysis of transgenic versus non-transgenic crops
(see compilation at Table 3 from [41, 53]).

Two miRNAs families had several miRNAs being
altered, zma-miRNA167 in Bt plants and zma-miRNA399
mostly in stacked plants. zma-miR167 is known to target
auxin response factor (ARF) genes [54]. The phytohor-
mone auxin influences many aspects of plant develop-
ment and the identity of several miRNA targets suggests
roles for miRNAs in auxin signalling [55]. ARFs are a
plant-specific family of DNA binding proteins that bind
to auxin-responsive promoter elements (AuxREs), which
are found in early auxin response genes, including Auxin/
Indole-3-Acetic Acid (Aux/IAA), small auxin-up RNA
(SAUR), and auxin-inducible GH3 genes, and can either
enhance or repress transcription [56]. The role of auxin
dys-regulation in Bt plants is yet unknown but might be
related to the CRY protein pathway as part of the plant
defence system against pathogens [57]. zma-MIR399 was
less abundant in stacked plants and showed a target tran-
script that contains a plant calmodulin-binding domain.
Calmodulin-binding proteins are thought to be involved
in diverse pathways that are dependent on Ca*" signal-
ling, such as plant development and adaptation to envi-
ronmental stimuli [58]. In addition, also less abundant,
zma-MIR827 targets another class of transcription fac-
tors, such as the bZIP transcription factor superfamily,
the Ocs element-binding factor 1 and the Rossmann-fold
superfamily protein. In plants, basic region/leucine zip-
per motif (bZIP) transcription factors regulate several
processes including pathogen defence and stress signal-
ling [59].

Off-target effects of ncRNAs producing plants have
been observed. Tomato plants expressing short-hairpin
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RNAs targeting a replicase protein of Tomato leaf curl
New Delhi virus (ToOLCNDYV) showed phenotypic abnor-
malities, such as needle-shaped leaves, reduced stature,
and decreased lateral rooting, among others [60]. Simi-
larly, soybean plants containing RNAi construct aimed to
silence soybean myo-inositol-1-phosphate (GmMIPS1)
gene have also shown off-target effects, such as impaired
development of seeds [61]. A study conducted by the
product owner assessed the NK603 event as ‘substan-
tially equivalent’ to its isogenic counterpart by a nutrient
composition analysis (e.g. amino acids, fatty acids, vita-
mins and minerals) [62]. On the other hand, when ‘omics’
techniques were used to profile the proteome and metab-
olome of the same event, alterations in energy metabo-
lism and oxidative stress pathways were found [53].

miRNA profiling methodologies are still evolving and
responding to new information and hence, no consensus
framework or pipelines have been established. We have
chosen to use a more comprehensive analysis apply-
ing RNA-Seq as high-throughput unbiased method of
miRNA target identification to uncover networks that
require large-scale analysis instead of demonstrating
individual miRNA:mRNA interactions (i.e. by RT-qPCR)
because it misses the capacity for miRNAs to regulate
complex gene networks [63]. We were able to confirm
77 out of 116 putative miRNA-predicted targets by this
approach. Inconsistent correlation might be related to
data observed amongst a pool of indirect changes in tran-
script abundance and, although it may assist in describ-
ing the predominant genes and pathways affected by a
miRNA, it does not distinguish between direct targets
[63]. It could also be related to the different target pre-
diction algorithms, which are based around a model of
interaction between the 5’-end of the miRNA called the
‘seed region’ and the 3’ untranslated region (3/-UTR) of
the mRNA and this might not be the only interaction rul-
ing between a miRNA sequence and its target. Indeed,
increasing evidence demonstrates that targeting can also
be mediated through sites other than the 3’-UTR and
that seed region base pairing is not always required [63].
Nonetheless, identifying direct targets remains problem-
atic given the potential modest effect on levels of some
target transcripts and the fact that some miRNA target-
ing might occur predominantly at the level of transla-
tional repression [64].

Twenty novel miRNA sequences were found in the
different maize samples. Two of them were observed
in control samples only, one in RR sample only and
another one in Bt samples alone. The other 15 novel
miRNAs were found in all samples in similar abun-
dance. The identification of novel miRNAs is a common
approach in many plant miRNome profiling studies due
to the yet relatively small-annotated miRNA database
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for plants [65]. Novel miRNA confirmatory analyses
revealed amplifications for 7 miRNA primers but no
differential profiles were observed. Target prediction of
novel miRNA is possible through the use of bioinfor-
matics database search according to sequence homol-
ogy with known genes. Our target prediction revealed
approximately 420 gene transcripts that could be reg-
ulated by these miRNAs. Metabolic pathway enrich-
ment analysis of the 15 novel miRNAs shared among all
samples showed GO terms that were assigned to lipid
metabolism. Although several bioinformatics tools and
algorithms have been developed to identify novel miR-
NAs in silico, there is still a need for detailed in vivo
analyses to confirm their existence and expression. This
is also the case for transgene-derived 22-24nt RNA
sequences. We have found several potential transgenic
miRNA which could not be verified using in silico pre-
diction tools. Sequence variation in cis-regulatory ele-
ments which regulate genome transcription by binding
to transcription factors might lead to higher expres-
sion of the associated miRNA locus only in the GM
varieties. Whether such variation exists and is caused
by transgene itself or the transgene-insertion pro-
cess or other unrelated mutation, it needs additional
experiment.

In addition to the novel miRNA sequences and the
potential transgenic miRNA sequences, we found
isomiRs for 96 miRNAs in our dataset. Frequently over-
looked, isomiRs are several length and/or sequence
variants of the same annotated miRNA. These variants
were originally dismissed as experimental artefacts [66].
Because they vary in RNA length and/or sequence, many
isomiRs are capable of showing major effects on miRNA
targeting efficiency, AGO incorporation, loading into the
RISC complex and stability [66].

We have previously alerted that unanticipated off-
target adverse effects can be difficult to detect and it is
not yet possible to reliably predict them using bioinfor-
matics techniques [14]. Therefore, we aimed at identify-
ing all unintended dsRNA molecules in the GM product
through a semi-targeted qualitative profiling of small
RNA molecules using next-generation sequencing in
a comparative assessment between the GM and con-
ventional parent. This approach would fit perfectly into
the first phase of the molecular characterization step of
current GMO RA. Nonetheless, identified unintended
changes in miRNA content should be further verified
and tested according to the guidelines we have previously
suggested for improvements in risk assessment of GM
crops or products containing dsRNA [14].

In this study, we have used a profiling approach which
was able to identify several unintended miRNA sequences
in single and stacked GM maize. These unintended
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miRNA sequences arose from differential expression of
conserved miRNA families with a significant impact on
metabolic pathways, novel miRNA sequences not yet
annotated in the maize database, miRNA variants of
unknown function (isomiRs) and potential transgenic
miRNA sequences. Due to technical limitations, some
of these sequences could not be verified or tested in sil-
ico and/or in vitro and therefore, require further in vivo
analysis. All of these newly identified sequences can be
a source of potential off-target effects and should be fur-
ther considered in risk assessment frameworks [14]. In
addition, safety studies cannot only rely on bioinformat-
ics to predict potential miRNA gene targets. Our study
showed that many of the predicted targets had no anno-
tation in the maize GenBank and thus testing would be
needed to specifically assess potential adverse effects on
animal and human health and the environment.

Conclusions

In summary, our data revealed 13 miRNAs that may play
important roles in transgenic maize plants through the
dys-regulation of gene targets. These 13 miRNAs gener-
ally modulate unique gene targets but co-ordinately tar-
get a few common pathways, with partially overlapping
key nodal molecules, highlighting the redundancy of
miRNAs and gene targets that focuses on reprogram-
ming critical pathways to facilitate transgene expression
in maize cells. Thus, the complex gene networks regu-
lated by these miRNAs highlighted the challenges in vali-
dating these results and also to guiding hypothesis-driven
downstream analysis. Twenty novel miRNAs, miRNA
variants (isomiRs), and potential transgenic miRNA
sequences were also detected in our experiment.

We have generated data from a level of information
that has never been considered before in risk assess-
ment of genetically modified plants reaching the market.
Production of intended dsRNA molecules in GM crops
is a legitimate concern due to their potential off-target
effects on silencing genes other than those intended. We
have provided an approach to properly assess the safety
of dsRNA-producing GM organisms through the identi-
fication of all new intended and unintended dsRNA mol-
ecules in the GM product by profiling omics technique.
Nonetheless, we have pointed to technical limitations
and to areas in which further experimental validation is
required. Experimental procedures will no doubt evolve
as new information becomes available, but this should
not be a reason not to apply our current scientific and
technological knowledge to assessing the safe use of
dsRNA in a commercial scale.
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Methods

Plant material and growth chamber conditions

We have chosen commercial transgenic maize varieties
tolerant to the herbicide glyphosate (“Roundup Ready’,
RR) and Bt-expressing plants that have been extensively
cultivated in Brazil and other southern hemisphere coun-
tries like Argentina and South Africa over the last years.
Four maize varieties were used in this study. All are
commonly found in the Brazilian market: AG8025RR2
(unique identifier MON-Q@6@3-6 from Monsanto Com-
pany, glyphosate herbicide tolerance, Sementes Agro-
ceres), AG8025PRO (unique identifier MON-89()34-3
from Monsanto Company, resistance to lepidopteran
species, Sementes Agroceres) and AG8025PRO2
(unique identifier MON-89(34-3 x MON-QQ6(3-6
from Monsanto Company, stacked event resistant to
lepidopteran species and glyphosate-based herbicides,
Sementes Agroceres). As a control, we have used the
non-GM near-isogenic variety AG8025 (Sementes Agro-
ceres). AG8025 seeds are hybrid progeny of the single
cross between maternal endogamous lines “A” with the
paternal endogamous line “B” In this case, all hybrid
progeny is 100% AB genotype. The stacked variety MON-
89034-3 x MON-OQD60D3-6 expresses two insecticidal
proteins (CRY1A.105 and CRY2AB2 proteins derived
from Bacillus thuringiensis (Bt), which are active against
certain lepidopteran insect species) and two identical
EPSPS proteins, under the control of distinct regula-
tory sequences, providing tolerance to glyphosate-based
herbicides. More information on the generation of these
commercial transgenic varieties and their expression cas-
settes can be freely obtained at Biosafety Clearing House
hosted by the UN Convention on Biological Diversity
(http://bch.cbd.int/), searching by the variety unique
identifiers provided above.

Seedlings were grown side by side in growth chambers
(EletrolabTM model 202/3) set to 16-h light period and
25 °C (£2 °C), using Plantmax HT substrate (Buschle &
Lepper S.A.) and watered daily. No pesticide or fertilizer
was applied. Around 50 plants were grown in climate
chambers out of which 30 plants were randomly sampled
per maize variety. The collected samples were separated
into three groups of ten plants. The ten plants of each
group were pooled and were considered one biological
replicate. Maize leaves were collected at V4 stage (20 days
after seedling). Leaf pieces were cut out, weighed and
placed in 3.8-ml cryogenic tubes before immersion in liq-
uid nitrogen. The samples were kept at — 80 °C until RNA
isolation.

miRNA isolation and deep sequencing
Total RNA was extracted from approximately 100 mg of
frozen leaf tissue using the miRNeasy Mini Kit (Qiagen,
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Hilden, Germany) according to the manufacturer’s
instructions. The isolated RNA was quantified using Nan-
oDrop 1000 (Thermo Fisher Scientific, Wilmington, USA)
and resolved in 1% MOPS denaturing gel. RNA samples
(1 pg) were sent to FASTERIS SA (Geneva, Switzerland)
for library construction and sequencing. Twelve small
RNA (sRNA) libraries were constructed. Before library
construction, samples were quantified with Qubit® Fluo-
rometric Quantitation (Life Technologies, California,
USA) and quality control was accessed with Agilent 2100
Bioanalyzer (Agilent Technologies, California, USA).
Briefly, the construction of sRNA libraries consisted of
the following successive steps: (i) acrylamide gel purifi-
cation of RNA fragments corresponding to sRNAs sizes
(18-30 nt); (ii) ligation of the 3p and 5p adapters and
indexes to the RNA in two separate subsequent steps,
each followed by acrylamide gel purification; (iii) synthe-
sis of cDNA followed by another acrylamide gel purifica-
tion; and (vi) final step of PCR amplification to generate
a cDNA colony template library for Illumina sequencing.
The libraries sequencing was conducted using the TruSeq
SBS Kit v3-HS (Illumina®) in an Illumina HiSeq 2500,
with number of cycles of 1 x50+ 7 (single-end) in one
lane of the HiSeq Flow Cell v3 (Illumina®). Base-calling
was performed using the pipelines HiSeq Control Soft-
ware 2.2.38, RTA 1.18.61.0, CASAVA-1.8.2.

Library analysis of small RNAs

All low-quality reads with FASTq values below 13
were removed, and 5 and 3’ adapters, as well as index
sequences, were trimmed using the Genome Analyzer
Pipeline (Illumina) at Fasteris SA. In addition, quality
control was performed with FastQC tool (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and no
bases with Phred quality score below 30 were found; thus
no additional trimming was necessary. Reads outside the
18-26 nt range were excluded from the analysis. SRNAs
belonging to rRNAs, tRNAs, snRNAs and snoRNAs, as
well as chloroplastidial and mitochondrial sequences,
derived from Zea mays and deposited in the Ensembl
Plants and NCBI GenBank databases, were identified
through mapping using the Bowtie2 v.2.2.4 software [67]
and removed from the dataset.

Identification of conserved and novel miRNAs

In order to determine conserved maize miRNA, the fil-
tered sRNA sequences were mapped to the Zea mays
genome (B73, RefGen_v3, release 25) deposited in
the Ensembl Plants database using the Bowtie2 v.2.2.4
software [67], in which the complete alignment of
the sequences was required, and no mismatches were
allowed. In addition, reads with multiple alignments on
the genome were further excluded from the analysis. The
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prediction of novel miRNA was performed using the
miR-PREFeR pipeline [68] with the following parameters:
(1) Maximum length of 250 nt for a miRNA precursor; (2)
Reads depth cut-off of 200; (3) Maximum gap length of
50 nt between two contigs to form a candidate region; (4)
Minimum and maximum length of the mature sequence
of 21 and 24 nt, respectively; (5) No requirement of the
star sequence to be expressed; and (6) Allow the mature
star duplex to have only 2 nt 3’ overhangs. All annotated
mRNA and miRNA in the B73, RefGen_v3, release 25
were excluded from the analysis. In addition, each puta-
tive novel miRNA was searched against the maize miR-
NAs deposited at miRbase (http://www.mirbase.org/).
Moreover, the web-based tool MiPred [69] was used to
classify the predicted novel miRNA as real, pseudo or
not a miRNA precursor. To be considered a real precur-
sor, the miRNA sequence has to have a Minimum Fold
Energy (MFE) < — 20 kcal/mol and a p-value <0.05. As for
the pseudo precursor, at least one of the conditions has
to be true.

The miR-PREFeR pipeline was also used to analyse pos-
sible miRNA variant sequences for the conserved miR-
NAs. The following parameters were used: (1) Maximum
length of 300 nt for a miRNA precursor; (2) Reads depth
cut-off of 2; (3) Maximum gap length of 100 nt between
two contigs to form a candidate region; (4) Minimum and
maximum length of the mature sequence of 18 and 24
nt, respectively; (5) No requirement of the star sequence
to be expressed; and (6) Allow the mature star duplex to
have only 2 nt 3’ overhangs. An annotation file contain-
ing 156 conserved maize miRNAs was provided in order
to analyse only previously annotated miRNAs.

Differential expression of miRNA

Read counts were retrieved using SeqMonk v0.29.0
(http://www.bioinformatics.babraham.ac.uk), in which
probes were designed around known miRNA sequences
in the reference genome. Only the reads that exactly over-
lapped the probes were considered for the read counting.
The statistical analyses were performed through R lan-
guage and environment [70] using the DESeq2 R package
v1.8.1 [71] to normalize the read counts and perform the
differential expression analysis. DESeq2 uses the Wald
test for pairwise comparisons, as well as Benjamini—
Hochberg method [72] for the p-value adjustment for
multiplicity of testing.

Validation of miRNAs by RT-qPCR

Validation of miRNA sequencing was performed by RT-
qPCR amplification using designed primers targeting
all differentially expressed miRNAs and novel miRNAs
found in this study (Additional file 3). Poly(A) Tailing
and cDNA synthesis was performed using the NCode™
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VILO™ miRNA cDNA Synthesis Kit (Invitrogen, Califor-
nia, USA) according to the manufacturer’s recommenda-
tions. Forward primers consisted of the entire sequence
for each of the mature miRNAs, while only one univer-
sal reverse primer, provided with the commercial kit,
was used. The universal reverse primer annealed in the
Poly(A) tail of the cDNA, ensuring that only Poly(A)-
cDNA was quantified. Endogenous reference genes were
based on previous work on validation [73]. The primers
used for the endogenous genes are the same ones used
in our previous work, but only the forward primer. The
amplification efficiency was obtained from relative
standard curves provided for each primer and calcu-
lated according to Pfaffl equations [74]. For each of the
biological replicates, three independent cDNA syntheses
were performed. The RT-qPCRs were performed using
the EXPRESS SYBR® GreenER™ miRNA qRT-PCR kit
(Invitrogen) according to the manufacturer’s recom-
mendations. The normalized relative quantity (NRQ)
was calculated according to the Pfaffl equations [74].
Information on real-time data for this study has followed
guidelines from the Minimum Information for Publica-
tion of Quantitative Real-Time PCR Experiments [75].

Relative quantification of transgene transcripts
Quantification of crylA.105, cry2Ab2 and espsps tran-
scripts were performed on the same samples used for
miRNA and mRNA sequencing. Reverse-transcription
quantitative PCR (RT-qPCR) assay was adapted from
previously developed assays for the specific detection
of MON-89034-3 x MON-QQ6(3-6 transgenes [76]
to hydrolysis ZEN-Iowa Black® Fluorescent Quencher
(ZEN/IBFQ) probe chemistry (Integrated DNA Tech-
nologies, INC Iowa, USA). cDNA was synthesized and
amplification of each target gene was performed using
the QuantiTect Probe RT-PCR Kit (Qiagen) according to
the manufacturer’s instructions. The methodology (e.g.
PCR conditions, primer and probe sequences, statisti-
cal analysis) was the same as described for our previous
work [40].

Prediction of miRNA targets and pathway enrichment
analysis

The prediction of gene targets for the differentially
expressed miRNAs was performed using the psRNA-
target online tool [77]. The following parameters were
applied: (1) Maximum expectation: 3.0; (2) Length
for complementarity scoring (hspsize): 20; (3) Target
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accessibility—allowed maximum energy to unpair the
target site (UPE): 25; (4) Flanking length around target
site for target accessibility analysis: 17 bp upstream and
13 bp downstream; and (5) Range of central mismatch
leading to translational inhibition: 9-11 nt.

The miRNA target genes previously predicted were
submitted to Single Enrichment Analysis (SEA) using the
online tool agriGO v1.2 [78], with the following parame-
ters: (1) Selected species: Zea mays ssp V5a; (2) Statistical
test method: Hypergeometric; (3) Multi-test adjustment
method: Hochberg (FDR); (4) Significance level of 0.05;
(5) Minimum number of 5 mapping entries; and (6) Gene
ontology type: Plant GO Slim. Following, the online tool
REVIGO [79] was used to remove the redundant Gene
Ontology (GO) terms. Only significant GO terms (False
Discovery Rate (FDR) values<0.05) were used, with the
following parameters: (1) Allowed similarity: medium
(0.7); (2) Database with GO term sizes: Zea mays; e (3)
Semantic similarity measure: SimRel.

Confirmatory analysis for miRNA-predicted target relation
Total RNA was also isolated from the same samples using
the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions and sub-
mitted to transcriptome sequencing at FASTERIS SA
(Geneva, Switzerland). Sequencing of the cDNA librar-
ies was conducted using the HiSeq SBS Kit v4 (Illumina®)
in an Illumina HiSeq 2500, with number of cycles of
2 x 12547 (paired-end) in one lane of the HiSeq Flow
Cell v4 (Illumina®). Base-calling was performed using the
pipelines HiSeq Control Software 2.2.38, RTA 1.18.61.0,
CASAVA-1.8.2.

All low-quality reads with FASTq values below 13
were removed, and 5’ and 3’ adapter, as well as index
sequences, were trimmed using the Genome Analyzer
Pipeline (Illumina) at Fasteris SA. Moreover, quality con-
trol with FastQC tool (http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/) was performed and no bases
with Phred quality score below 30 were found; thus no
additional trimming was necessary.

The filtered reads were mapped against the Zea mays
genome (B73, RefGen_v3, release 25), deposited in the
Ensembl plants database [80], using the TopHat2 v2.1.0
tool [81], with a maximum of two mismatches, in which
gaps count as mismatches. Pairwise differential analyses
were conducted using the Tuxedo package [82], which
uses Cufflinks v.2.2.0, Cuffmerge and Cuftdiff tools, and
is able to assemble transcripts, estimate their abundance,
and test the expression and differential regulation of
RNA-Seq libraries.
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Additional file 2. Normalized read count of the sRNA libraries mapped to
conserved Zea mays miRNAs.

Additional file 3. List of the primers used to amplify the differentially
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Additional file 5. Expression values of the conserved miRNA targets
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Abbreviations

Bt: Bacillus thuringiensis; cDNA: complementary DNA; DNA: deoxyribonucleic
acid; dsRNA: double-stranded RNA; EFSA: European Food Safety Authority; FC:
fold change; GM: genetically modified; GMO: genetically modified organism;
GO: gene ontology; mMiRNA: micro RNA; PCR: polymerase chain reaction; RISC:
RNA-induced silencing complex; RNA: ribonucleic acid; RNAi: RNA interfer-
ence; RR: roundup ready; rRNA: ribosomal RNA; RT-gPCR: quantitative reverse
transcription PCR; siRNA: small interfering RNA; snoRNA: small nucleolar RNAs;
sNRNA: small nuclear RNAs; tRNA: transfer RNA.

Authors’ contributions

SZA, VV, TIT and RON designed the experiments. SZA and VV implemented
and maintained the growth chamber experiment and collected samples. SZA
and VWV performed the RNA extractions. VV performed the RT-gPCRs. VV and
SZA conducted the bioinformatic analyses. SZA and VWV wrote the manu-
script. TIT and RON revised the draft of the manuscript. All authors read and
approved the final manuscript.

Author details

! Gen@k-Centre for Biosafety, Forskningsparken i Breivika, Sykehusveien 23,
9294 Tromse, Norway. 2 Departamento de Fitotecnia, Universidade Federal
de Santa Catarina, Floriandpolis 88034000, Brazil. 3 Present Address: Institute
for Plant Genetics, Faculty of Natural Sciences, Leibniz University of Hannover,
30419 Hannover, Germany.

Acknowledgements

The authors would like to thank CAPES for scholarships provided to V.V. and
R.O.N. Financial support was provided by The Norwegian Agency for Develop-
ment Cooperation (Ministry of Foreign Affairs, Norway) under the Gen@k
South- America Research Hub grant FAPEU 077/2012. We would also like to
thank JH and OGW for discussions during the manuscript preparations. We
would also like to thank EFSA staff for selecting this study to be presented at
EFSA's Conference, which enabled many discussions around this topic. This
was a joint project between UFSC and Gen@k—Centre for Biosafety.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials

All data generated or analysed during this study are included in this article
and its supplementary information files. Raw data from RNA-Seq study are
available at SRA/NCBI.

Consent for publication
Not applicable.

Page 19 of 21

Ethics approval and consent to participate
Not applicable.

Funding

The authors would like to thank CAPES for scholarships provided to V.V. and
R.ON. Financial support was provided by The Norwegian Agency for Develop-
ment Cooperation (Ministry of Foreign Affairs, Norway) under the Gen@k
South- America Research Hub grant FAPEU 077/2012.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 29 June 2018 Accepted: 11 September 2018
Published online: 19 September 2018

References

1. European Food Safety Authority (EFSA) (2014) International scientific
workshop 'Risk assessment considerations for RNAi-based GM plants’ (4-5
June 2014, Brussels, Belgium). EFSA supporting publication EN-705, p 38

2. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998)
Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 39:1806-1811

3. Nodine MD, Bartel DP (2010) MicroRNAs prevent precocious gene expres-
sion and enable pattern formation during plant embryogenesis. Genes
Dev 24:2678-2692

4. Krol J, Loedige |, Filipowicz W (2010) The widespread regulation
of microRNA biogenesis, function and decay. Nature Rev Genet
11:597-610

5. Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N, Estelle M et al
(2006) A plant miRNA contributes to antibacterial resistance by
repressing auxin signaling. Science 312:436-439

6. Sunkar R, Zhu J (2004) Novel and stress-regulated microRNAs and
other small RNAs from Arabidopsis. Plant Cell 16:2001-2019

7. Jones-Rhoades MW, Bartel DP, Bartel B (2006) microRNAs and their
regulatory roles in plants. Annu Rev Plant Biol 57:19-53

8. Parrott W, Chassy B, Lignon J, Meyer L, Petrick J, Zhou J et al (2010)
Application of food and feed safety assessment principles to evaluate
transgenic approaches to gene modulation in crops. Food Chem
Toxicol 48:1773-1790

9. Baum JA, Bogaert T, Clinton W, Heck GR, Feldmann P, llagan O et al
(2007) Control of coleopteran insect pests through RNA interference.
Nat Biotechnol 25:1322-1326

10. Gordon KHJ, Waterhouse PM (2007) RNAI for insect-proof plants. Nat
Biotechnol 25:1231-1232

11. Mao Y-B, Cai W-J, Wang J-W, Hong G-J, Tao X-Y, Wang L-J et al (2007)
Silencing a cotton bollworm P450 monooxygenase gene by plant-
mediated RNAi impairs larval tolerance of gossypol. Nat Biotechnol
25:1307-1313

12. Albright VC, Wong CR, Hellmich RL, Coats JR (2017) Dissipation of
double-stranded RNA in aquatic microcosms. Environ Toxicol Chem
36(5):1249-1253

13. Dubelman S, Fischer J, Zapata F, Huizinga K, Jiang C, Uffman J et al
(2014) Environmental fate of double-stranded RNA in agricultural soils.
PLoS ONE 9(3):€93155

14. Heinemann JA, Agapito-Tenfen SZ, Carman JA (2013) A compara-
tive evaluation of the regulation of GM crops or products containing
dsRNA and suggested improvements to risk assessments. Environ Int
55:43-55

15. Heinemann JA, Kurenbach B, Quist D (2011) Molecular profiling—a tool
for addressing emerging gaps in the comparative risk assessment of
GMOs. Environ Int 37:1285-1293

16. Lundgren JG, Duan JJ (2013) RNAi-based insecticidal crops: potential
effects on nontarget species. Bioscience 63(8):657-665

17. Wang, Lan Q Zhao X, Xu W, Li F, Wang Q, Chen R (2016) Compara-
tive profiling of microRNA expression in soybean seeds from geneti-
cally modified plants and their near-isogenic parental lines. PLoS ONE
11(5):e0155896


https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7
https://doi.org/10.1186/s12302-018-0168-7

Agapito-Tenfen et al. Environ Sci Eur (2018) 30:37

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

European Food Safety Authority (EFSA) (2006) Guidance document for
the risk assessment of genetically modified microorganisms and their
derived products intended for food and feed use by the Scientific Panel
on Genetically Modified Organisms (GMO)

Ad Hoc Technical Expert Group (AHTEG) (2010) United Nations Environ-
ment Programme, CBD: guidance document on risk assessment of living
modified organisms

Zhang L, Hou D, Chen X, Li D, Zhu L, Zhang Y et al (2012) Exogenous
plant MIR168a specifically targets mammalian LDLRAP1: evidence of
cross-kingdom regulation by microRNA. Cell Res 22:107-126

Masood M, Everett CP, Chan SY, Snow JW (2016) Negligible uptake and
transfer of diet-derived pollen microRNAs in adult honey bees. RNA Biol
13(1):109-118

Petrick JS, Brower-Toland B, Jackson AL, Kier LD (2013) Safety assessment
of food and feed from biotechnology-derived crops employing RNA-
mediated gene regulation to achieve desired traits: a scientific review.
Regul Toxicol Pharmacol 66(2):167-176

Zhang H, Li H-C, Miao X-X (2013) Feasibility, limitation and possible
solutions of RNAi-based technology for insect pest control. Insect Sci
20:15-30

Zhang Y, Wiggins BE, Lawrence C, Petrick J, Ivashuta S, Heck G (2012)
Analysis of plant-derived miRNAs in animal small RNA datasets. BMC
Genomics 13:381

Ivashuta SI, Petrick JS, Heisel SE, Zhang Y, Guo L, Reynolds TL et al (2009)
Endogenous small RNAs in grain: semi-quantification and sequence
homology to human and animal genes. Food Chem Toxicol 47:353-360
Kang W, Bang-Berthelsen CH, Holm A, Houben AJ, Miller AH, Thymann T
et al (2017) Survey of 800+ data sets from human tissue and body fluid
reveals xenomiRs are likely artifacts. RNA 23(4):433-445

Guo G, Li L, Wang X, Liang C (2015) Alterations in SiRNA and MiRNA
expression profiles detected by deep sequencing of transgenic rice with
SiRNA-mediated viral resistance. PLoS ONE 10(1):e0116175

LiuH, Qin C, Chen Z, ZuoT, Yang X, Zhou H et al (2014) Identification of
miRNAs and their target genes in developing maize ears by combined
small RNA and degradome sequencing. BMC Genomics 15:25

Ding H, Gao J, Luo M, Peng H, Lin H, Yuan H et al (2013) Identification
and functional analysis of miRNAs in developing kernels of a viviparous
mutant in maize. Crop J 1(2):115-126

Zhang L, Chia JM, Kumari S, Stein JC, Liu Z, Narechania A et al (2009) A
genome-wide characterization of microRNA genes in maize. PLoS Genet
5(11):¢1000716

Quackenbush J (2002) Microarray data normalization and transformation.
Nat Genet 32:496-501

Wang Y-P (2009) Li K-B correlation of expression profiles between microR-
NAs and mRNA targets using NCI-60 data. BMC Genomics 10:218

Shen Y, Tian F, Chen Z, Li R, Ge Q, Lu Z (2015) Amplification-based method
for microRNA detection. Biosens Bioelectron 71:322-331

Codex (2003a) Guideline for the conduct of food safety assessment of
foods derived from recombinant-DNA plants. Codex Alimentarius Com-
mission. http://www.who.int/foodsafety/biotech/codex_taskforce/en/.
Accessed 20 Apr 2018

European Food Safety Authority (EFSA) (2011) Guidance for risk assess-
ment of food and feed from genetically modified plants. EFSA J 9(5):2150
CTNBio (2008) Normative Resolution no 05/2008—provides on rules

for the commercial release of Genetically Modified Organisms and their
by- products—The National Biosafety Technical Commission—CTNBio.
CTNBIo, Brasilia

European Food Safety Authority (EFSA) (2010) Scientific Opinion on

the assessment of allergenicity of GM plants and microorganisms and
derived food and feed. EFSA J 8(7):1700

Zolla L, Rinalducci S, Antonioli P, Righetti P (2008) Proteomics as a
complementary tool for identifying unintended side effects occurring in
transgenic maize seeds as a result of genetic modifications. J Proteome
Res 7:1850-1861

Barros E, Lezar S, Anttonen MJ, van Dijk JP, Rohlig RM, Kok EJ et al (2010)
Comparison of two GM maize varieties with a near-isogenic non-GM
variety using transcriptomics, proteomics and metabolomics. Plant
Biotechnol J 8:436-451

Agapito-Tenfen SZ, Vilperte V, Benevenuto RF, Rover CM, Traavik Tl, Nodari
RO (2014) Effect of stacking insecticidal cry and herbicide tolerance
epsps transgenes on transgenic maize proteome. BMC Plant Biol 14:346

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

Page 20 of 21

Agapito-Tenfen SZ, Guerra MP, Wikmark OG, Nodari RO (2013) Compara-
tive proteomic analysis of genetically modified maize grown under
different agroecosystems conditions in Brazil. Proteome Sci 11(1):46
Vidal N, Barbosa H, Jacob S, Arruda M (2015) Comparative study of
transgenic and non-transgenic maize (Zea mays) flours commercialized in
Brazil, focussing on proteomic analyses. Food Chem 180:288-294

EFSA scientific colloquium “Omics in risk assessment: state-of-the-art
and next steps”. https://www.efsa.europa.eu/en/events/event/180424-0.
Accessed 24 Apr 2018

Zhang H, LiY, LiuY, Liu H, Wang H, Jin W et al (2016) Role of plant Micro-
RNA in cross-species regulatory networks of humans. BMC Syst Biol 10:60
Liang H, Zen K, Zhang J, Zhang C-Y, Chen X (2013) New roles for microR-
NAs in cross-species communication RNA Biol 10(3):367-370

Vaucheret H, Chupeau Y (2012) Ingested plant miRNAs regulate gene
expression in animals. Cell Res 22(1):3-5

Wang K, Li H, Yuan Y, Etheridge A, Zhou Y, Huang D et al (2012) The com-
plex exogenous RNA spectra in human plasma: an interface with human
gut biota? PLOS ONE 7(12):51009

Dickinson B, Zhang Y, Petrick JS, Heck G, Ivashuta S, Marshall WS (2013)
Lack of detectable oral bioavailability of plant microRNAs after feeding in
mice. Nat Biotechnol 31(11):965-967

Chen X, Zen K, Zhang CY (2013) Reply to lack of detectable oral bio-
availability of plant microRNAs after feeding in mice. Nat Biotechnol
31(11):967-969

Weiberg A, Bellinger M, Jin H (2015) Conversations between kingdoms:
small RNAs. Curr Opin Biotechnol 32:207-215

Trtikova M, Wikmark OG, Zemp N, Widmer A, Hilbeck A (2015) Transgene
expression and Bt protein content in transgenic Bt maize (MON810)
under optimal and stressful environmental conditions. PLoS ONE
10(4):e0123011

Sieber B, Wellmer F, Gheyselinck J, Riechmann JL, Meyerowitz EM

(2007) Redundancy and specialization among plant microRNAs: role

of the MIR164 family in developmental robustness. Development
134(6):1051-1060

Mesnage R, Agapito-Tenfen SZ, Vilperte V, Renney G, Ward M, Séralini GE,
Nodari RO, Antoniou MN (2016) An integrated multi-omics analysis of
the NK603 Roundup-tolerant GM maize reveals metabolism disturbances
caused by the transformation process. Sci Rep 6:37855

Khraiwesh B, Zhu JK, Zhu J (2012) Role of miRNAs and siRNAs in

biotic and abiotic stress responses of plants. Biochim Biophys Acta
1819(2):137-148

Mallory AC, Bartel DP, Bartel B (2005) MicroRNA-directed regulation of
Arabidopsis AUXIN RESPONSE FACTOR17 is essential for proper develop-
ment and modulates expression of early auxin response genes. Plant Cell
17:1360-1375

. Hagen G, Guilfoyle T (2002) Auxin-responsive gene expression: genes,

promoters and regulatory factors. Plant Mol Biol 49(3-4):373-385
Domingo C, Andrés F, Tharreau D, Iglesias DJ, Talon M (2009) Constitutive
expression of OsGH3.1 reduces auxin content and enhances defense
response and resistance to a fungal pathogen in rice. Mol Plant Microbe
Interact 22(2):201-210

Ranty B, Aldon D, Galaud J-P (2006) Plant calmodulins and calmodulin-
related proteins multifaceted relays to decode calcium signals. Plant
Signal Behav 1(3):96-104

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J,
Kroj T et al (2002) bZIP transcription factors in Arabidopsis. Trends Plant
Sci 7(3):106-111

Praveen S, Ramesh SV, Mishra AK, Kounda V, Palukaitis P (2010) Silencing
potential of viral derived RNAi constructs in Tomato leaf curl virus-AC4
gene suppression in tomato. Transgenic Res 19(1):45-55

Nunes AC, Vianna GR, Cuneo F, Amaya-Farfén J, de Capdeville G, Rech EL
et al (2006) RNAi-mediated silencing of the myo-inositol-1-phosphate
synthase gene (GmMIPST) in transgenic soybean inhibited seed develop-
ment and reduced phytate content. Planta 224(1):125-132

Ridley WP, Sidhu RS, Pyla PD, Nemeth MA, Breeze ML, Astwood JD (2002)
Comparison of the nutritional profile of glyphosate-tolerant corn event
NK603 with that of conventional corn (Zea mays L.). J Agric Food Chem
50(25):7235-7243

Thomson DW, Bracken CP, Goodall GJ (2011) Experimental strategies for
microRNA target identification. Nucl Acids Res 39(16):6845-6853


http://www.who.int/foodsafety/biotech/codex_taskforce/en/
https://www.efsa.europa.eu/en/events/event/180424-0

Agapito-Tenfen et al. Environ Sci Eur (2018) 30:37

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J et al
(2005) Microarray analysis shows that some microRNAs downregulate
large numbers of target mMRNAs. Nature 433:769-773

Evers M, Huttner M, Dueck A, Meister G, Engelmann JC (2015) miRA:
adaptable novel miRNA identification in plants using small RNA sequenc-
ing data. BMC Bioinformatics 16:370

Neilsen CT, Goodall GJ, Bracken CP (2012) IsomiRs—the overlooked reper-
toire in the dynamic microRNAome. Trends Genet 28(11):544-549
Langmead B, Salzberg S (2012) Fast gapped-read alignment with Bowtie
2. Nat Methods 9:357-359

Lei J, Sun'Y (2014) miR-PREFeR: an accurate, fast and easy-to-use plant
miRNA prediction tool using small RNA-Seq data. Bioinformatics
30(19):2837-2839

Jiang P, Wu H, Wang W, Ma W, Sun X, Lu Z (2007) MiPred: classification of
real and pseudo microRNA precursors using random forest prediction
model with combined features. Nucleic Acids Res 35:W339-W344

R Core Team (2013) R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change
and dispersion for RNA-Seq data with DESeq2. Genome Biol 15(12):550
Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:

a practical and powerful approach to multiple testing. J R Stat Soc B
57:289-300

Manoli A, Sturaro A, Trevisan S, Quaggiotti S, Nonis A (2012) Evaluation of
candidate reference genes for gPCR in maize. J Plant Physiol 169:807-815

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 21 of 21

Pfaffl MW (2001) A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res 29(9):e45

Bustin SA, BenesV, Garson JA, Hellemans J, Huggett J, Kubista M et al
(2009) The MIQE guidelines: minimum information for publication of
quantitative real-time PCR experiments. Clin Chem 55:611-622
Community reference laboratory for GM food and feed: event-specific
method for the quantification of maize line MON 89034 Using Real-time
PCR, Protocol CRLVLO6/06VP. http://gmo-crljrc.eceuropa.eu/summaries/
MON89034_validated_Method.pdf. Accessed 20 Apr 2018

Dai X, Zhao PX (2011) psRNATarget: a plant small rna target analysis
server. Nucleic Acids Res 39:W155-W159

Du Z, Zhou X, Ling Y, Zhang Z, Su Z (2010) agriGO: a GO analysis toolkit
for the agricultural community. Nucleic Acids Res 38:64-70

Supek F, Bo$njak M, Skunca N, Smuc T (2011) REVIGO summarizes and
visualizes long lists of Gene Ontology terms. PLoS ONE 6(7):21800
Kersey PJ, Allen JE, Christensen M, Davis P, Falin LJ, Grabmueller C et al
(2014) Ensembl Genomes 2013: scaling up access to genome-wide data.
Nucleic Acid Res 42:546-552

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL (2013)
TopHat2: accurate alignment of transcriptomes in the presence of inser-
tions, deletions and gene fusions. Genome Biol 14:36

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR et al (2012) Dif-
ferential gene and transcript expression analysis of RNA-seq experiments
with TopHat and Cufflinks. Nat Protoc 7(3):562-578

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://gmo-crl.jrc.ec.europa.eu/summaries/MON89034_validated_Method.pdf
http://gmo-crl.jrc.ec.europa.eu/summaries/MON89034_validated_Method.pdf

	Systematic miRNome profiling reveals differential microRNAs in transgenic maize metabolism
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Deep sequencing of sRNA species in transgenic maize varieties
	Defining transgenic maize-specific microRNA signatures through multiple microRNA profiling comparisons
	Prediction of novel miRNA candidates and their potential targets
	Identification of miRNA variants or “isomiRs”

	Discussion
	Conclusions
	Methods
	Plant material and growth chamber conditions
	miRNA isolation and deep sequencing
	Library analysis of small RNAs
	Identification of conserved and novel miRNAs
	Differential expression of miRNA
	Validation of miRNAs by RT-qPCR
	Relative quantification of transgene transcripts
	Prediction of miRNA targets and pathway enrichment analysis
	Confirmatory analysis for miRNA-predicted target relation

	Authors’ contributions
	References




