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lant microRNAs (miRNAs) have an

impact on the regulation of several
biological processes such as develop-
ment, growth and metabolism by nega-
tively controlling gene expression at
the post-transcriptional level. However,
the role of these small molecules in the
symbiotic interaction of plant roots and
arbuscular mycorrhizal (AM) fungi
remained elusive. To elucidate the role
of miRNAs during AM symbiosis we
used a deep sequencing approach to
analyze the small RNA and degradome
sequence tags of Medicago truncatula
non-mycorrhizal and mycorrhizal roots.
We identified 243 novel Medicago
microRNAs and 118 mRNA
age targets of miRNA mature and star

cleav-

sequences. Several AM symbiosis-rel-
evant genes were identified as miRNA
targets. The transcript of MtNsp2,
encoding a GRAS transcription factor
involved in the nodule and mycorrhizal
signaling pathway, is cleaved by a novel
member of the miR171 gene family,
namely miR171 h. Here, we carried out
a detailed analysis of the genomic struc-
ture of the MIR171 h gene comprising
our deep sequencing data. The results
suggest a feedback circuit between
mature miR171 h and its own primary
transcript showing the ability of this
miRNA to regulate itself.

Small regulatory RNAs such as the
microRNAs play a crucial role in the
post-transcriptional and  translational
gene regulation in both plants and ani-
mals. MiRNAs in plants are mostly tran-

scribed from intergenic located MIR genes
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through RNA polymerase IT activity. The
resulting 5" capped and 3' poly(A)-tailed
primary transcript™? is processed in the
nucleus by the ribonuclease III enzyme
DICER-LIKE1 (DCL1) yielding in a
miRNA/miRNA* duplex.’ The duplex
is subsequently methylated by HUA
ENHANCERI1 (HEN1),%” and exported
to the cytosol presumably by HASTY.®
The mature strand then binds to the
AGOILl protein and directs the miRNA
mediated cleavage or translational inhibi-
tion of target transcripts.’

Some miRNAs, like miR162 and
miR168, can auto-regulate their biogen-
esis through the targeting of DCL1 and
AGOL, respectively.'”!" Moreover, it has
been shown that, in Arabidopsis thaliana,
miR167 regulates the auxin response
factor (ARF) 6 transcription factor by a
negative feedback circuit.'? Several ARF-
binding motifs were found in the miR167
promoter region, indicating that miR167
itself is regulated by this transcrip-
tion factor.'” Also the recent analysis of
small RNA and degradome tag sequenc-
ing indicated miRNA self-regulation
phenomena, including the miR399*
mediated cleavage of miR399 primary
transcripts.'

Deep sequencing coupled miRNA pre-
diction and expression profiling resulted
in the identification of 181 known and
243 novel miRNAs in Medicago truncat-
ula non-mycorrhizal (nm) and mycorrhi-
zal (myc) roots. Several of these miRNAs
showed an increased expression in mycor-
rhizal roots compared to non-mycorrhi-
zal roots, like miR5229a/b, miR160f*,
miR160c,  miR5204,  miR169d/d*,
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Figure 1. Analysis of the mtr-miR171 h genomic locus. (A) Sequence alignment of all known Medicago truncatula miR171 family members. (B) Align-
ment of miR171 h to its cleavage target MtNsp2. (C) Distribution pattern of small RNA and degradome tags within 1 kb containing the genomic locus
of the miR171 h predicted precursor. The upper short arrow indicates the predicted 109 nt long precursor. Gradient shading of the small RNA and
degradome marks indicates the absolute abundance of reads at this position. (D) Secondary structure of the miR171 h primary transcript depicting
the miRNA/miRNA* duplexes (bold) and DCL1 as well as RISC cleavage sites (arrows labeled with 337 and 4, respectively). (E) Agarose gel analysis of RT
PCR products validating the presence of a long primary transcript in mycorrhizal (myc) and nodulated (nod) roots. -RT terms the reverse transcription

miR167 and miR171 h. This indicates
that miRNAs are an important part of the
regulatory network leading to AM symbi-
osis development. Interestingly, the degra-
dome analysis revealed that miR171 h
cleaves MtNsp2 transcripts, which encode
a GRAS transcription factor essential for
nodule symbiosis signaling.® It is worth
mentioning, that mmsp2 mutants also
showed a reduced AM colonization, sug-
gesting that MrNsp2 is involved in AM
symbiosis development.” Remarkably,
miR171 h seems to be the only member of
the M. truncatula miR171 family target-
ing MtNsp2, whereas miR171a-g mediate
the cleavage of other GRAS transcription
factors.” However, repression of MtNSP2
translation by other members of the M.
truncatula miR171 family cannot be ruled
out at the moment.
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The sequence alignment of all known
members of the M. truncatula miR171
family (Fig. 1A) revealed a 4 nucleotide
shift towards the 3" end of the mature
miR171 h sequence compared to the
mature sequences of miR171a/b/c/d/elg.
Based on the fact that the perfect comple-
mentary binding between the 10* and
11" nucleotide of the miRNA/target
duplex is essential for transcript cleavage,'®
this nucleotide shift leads to a cleavage
target switch (Fig. 1B). To analyze the
gene structure of MIR171 h, we mapped
the predicted miR171 h sequence to the
M. truncatula genome. The miR171 h
derives from an independent locus on
chromosome 3 and is processed by DCLI1
resulting in specific mature miRNA and
miRNA* sequences. Hence, the observed
shift in the mature miR171 h sequence
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is not the result of alternative DCLI-
cleavage of another miR171 primary
transcript and was therefore annotated as
a separate member of the miR171 fam-
ily. The phenomenon of a nucleotide shift
in the miR171 family is also observed in
other plant species (miRBase version 17;
reviewed in ref. 17). In rice, 9 members of
this family are known so far. Interestingly,
the 3 ntshifted osa-miR171 h is the only
member that targets the transcript of the
rice Nsp2 orthologue (pmiRKG database,
bis.zju.edu.cn/pmirkb), whereas the oth-
ers mediate the cleavage of other GRAS
TF transcripts.

The mtr-miR171 h is transcribed as
a long primary transcript of at least 800
bp (Fig. 1C). This transcript is com-
prised of two loci encoding identical
mature miR171 h sequences and two
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loci encoding slightly different miR171
h* sequences. Remarkably, the informa-
tion about MIRI71 gene structure were
obtained after integrated analysis of both
small RNA and degradome sequence tags
in the genomic region of the predicted
miR171 h precursor (Fig. 1C). This
long primary transcript was confirmed
by RT-PCR (Fig. 1E). Zhang et al.®®
also found evidence that several distinct
miRNA duplexes can be generated from
one long miRNA hairpin structures.

Our degradome analysis proved the
base-to-loop DCLI-processing of miR171
h (Fig. 1D). During miRNA biogen-
esis two sequential cleavages of the long
miRNA  hairpin structure by DCLI-
activity releases a miRNA/miRNA*
duplex.”?* The number of precise DCLI-
cleavage sites within a miRNA primary
transcript indicates whether the miRNA
is processed from stem to loop or vice
versa.”?? We found that 337 of 399 degra-
dome sequence tags are mapping precisely
to one position in the miR171 h primary
transcript indicating one DCL1-cleavage
at this position and a stem-to-loop pro-
cessing of this miRNA.

The observed cleavage of one of the
miR171 h* between the 10 and 11%
nucleotide, suggests a self-regulation of
the miR171 h. This self-regulation of
miRNA expression, where miRNAs are
able to bind and cleave their primary
transcripts, has been previously reported
for A. thaliana.® However, this mecha-
nism does not seem to occur very fre-
quently in rice.?»** The miR171 family is
one example of miRNA self-regulation in
M. truncatula. Interestingly, the accumu-
lation of both mature miR171 h and its
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target MtNsp2 is significantly increased
in mycorrhizal roots compared to non-
mycorrhizal roots.”” We showed that
MtNsp2 is negatively regulated by miR171
h implying that MtNSP2 expression is
tightly controlled in roots at least at two
regulatory levels. Moreover, the miR171 h
which MtNSP2

shows a negative self regulation. In con-

controls expression

clusion we demonstrated the power of a
combined degradome and small RNA
sequencing data analysis for the investi-
gation of MIR gene structure and regula-
tion using the example of miR171 h.
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