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The majority of plants are able to form the arbuscular mycorrhizal (AM) symbiosis in association with AM fungi. During
symbiosis development, plant cells undergo a complex reprogramming resulting in profound morphological and physiological
changes. MicroRNAs (miRNAs) are important components of the regulatory network of plant cells. To unravel the impact of
miRNAs and miRNA-mediated mRNA cleavage on root cell reprogramming during AM symbiosis, we carried out high-
throughput (Illumina) sequencing of small RNAs and degradome tags of Medicago truncatula roots. This led to the annotation
of 243 novel miRNAs. An increased accumulation of several novel and conserved miRNAs in mycorrhizal roots suggest a role
of these miRNAs during AM symbiosis. The degradome analysis led to the identification of 185 root transcripts as mature
miRNA and also miRNA*-mediated mRNA cleavage targets. Several of the identified miRNA targets are known to be involved
in root symbioses. In summary, the increased accumulation of specific miRNAs and the miRNA-mediated cleavage of
symbiosis-relevant genes indicate that miRNAs are an important part of the regulatory network leading to symbiosis

development.

Small silencing RNAs are a complex group of short
RNAs with sizes in the range of approximately 20 to 25
nucleotides in length that can regulate gene expression
at the transcriptional and posttranscriptional levels
(Bartel, 2004; He and Hannon, 2004). In recent years, it
has become evident that two main classes of small
silencing RNAs, short interfering RNAs and micro-
RNAs (miRNAs), are of great importance in plants.
Small RNAs are involved in developmental processes,
hormonal signaling, organ polarity, RNA metabolism,
and abiotic and biotic stress responses (Rhoades et al.,
2002; Borsani et al., 2005; Kidner and Martienssen,
2005; Nogueira et al., 2006; Laporte et al., 2007; Liu
et al.,, 2007; Phillips et al., 2007; Sunkar et al., 2007;
Willmann and Poethig, 2007; Zhou et al., 2007; Chen,
2008; Chinnusamy et al., 2008; Lu et al., 2008; Lu and
Huang, 2008; Navarro et al., 2008; Zhao et al., 2009).
Short interfering RNAs and miRNAs in plants are both
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generated by double-stranded RNA and have a simi-
lar size. Both groups of small RNAs have different
origins, and they possess distinct biogenesis path-
ways (Carthew and Sontheimer, 2009; Ghildiyal and
Zamore, 2009; Voinnet, 2009).

miRNAs in plants are mostly transcribed from
intergenically located MIR genes through RNA poly-
merase II activity, resulting in a 5’ capped and 3’ poly
(A) tailed primary transcript (Cai et al., 2004; Lee et al.,
2004). A region within the primary transcript folds into
an imperfect stem-loop structure, which is cut by
Dicer-like (DCL) protein, resulting in a miRNA pre-
cursor. This precursor is subsequently processed by
the same DCL protein to yield the miRNA /miRNA*
duplex with a two-nucleotide overhang at the 3’ ends
(Papp et al., 2003; Vazquez et al., 2004; Xie et al., 2004).
In contrast to animal miRNAs, both duplex strands of
plant miRNAs are 2'-O-methylated at their 3" ends by
HENT1 to prevent degradation (Yu et al., 2005; Yang
et al., 2006). The duplex is then exported to the cytosol,
presumably by HASTY (Park et al., 2005). An AGO
protein then incorporates one of the duplex strands,
which is then referred to as mature miRNA (Liu et al.,
2004; Meister et al.,, 2004). Its counterpart from the
duplex is called miRNA* and will often be degraded
after release of the mature strand (Khvorova et al.,
2003; Schwarz et al., 2003). The miRNA within the
AGO protein then guides the RISC to the target mRNA
(Bartel, 2009). This is achieved by pairing of the
miRNA with a specific binding site within the target
transcript (Wang et al., 2008a, 2008b). The RISC then
suppresses expression of the transcript by inhibiting
translation or transcript cleavage of the miRNA /target
duplex, normally between the 10th and 11th nucleo-
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tide positions from the miRNA 5’ end (Elbashir et al.,
2001a, 2001b). In contrast to animals, where miRNAs
often posttranscriptionally regulate gene expression
via translational inhibition, it was estimated that plant
miRNAs often lead to target cleavage due to a high
degree of complementarity between target mRNA
and miRNA (Rhoades et al., 2002). But it was demon-
strated that both mechanisms are involved in plant
miRNA function (Brodersen et al., 2008). miRNAs
autoregulate their own biogenesis through targeting
of DCL1 and AGO1 by miR162 and miR168 (Xie et al.,
2003; Vaucheret et al., 2004).

The availability of deep sequencing technology had
delivered a sharp rise in the number of identified
miRNAs (Griffiths-Jones et al., 2008). However, with-
out reliable target information, miRNA data sets are
of limited biological value. Several computational
methods of miRNA target prediction based on the
perfect or near-perfect sequence complementary be-
tween a given miRNA and its target binding site are
available. However, these in silico predictions often
lead to a high false-positive rate (Jones-Rhoades and
Bartel, 2004). Target cleavage by miRNAs can be
identified via modified RNA ligase-mediated RACE,
which uses the 5'-phosphate at the cleavage site de-
rived from the AGO-mediated endonucleolytic cleav-
age (Elbashir et al., 2001b; Martinez et al., 2002). Deep
sequencing of uncapped mRNA populations of a tis-
sue combined with a bioinformatic analysis allows the
transcriptome wide identification of miRNA-cleaved
mRNAs (Addo-Quaye et al., 2008; German et al., 2008;
Gregory et al., 2008).

There are now several lines of evidence that miRNAs
play a significant role during the interaction of plants
with symbiotic organisms. Recently, we demonstrated
that mature miR399 is accumulating in roots of Medicago
truncatula and tobacco (Nicotiana tabacum) plants during
arbuscular mycorrhizal (AM) symbiosis (Branscheid
et al., 2010). miRNAs are also known to be key players
in the response to parasitic organisms. For instance,
flagellin, which is a major pathogen-associated mole-
cular pattern of Pseudomonas syringae, enhances the
transcription of miR393, which targets the transcript of
the F-box auxin receptor transporter response protein
and a number of related proteins (Navarro et al., 2006;
Fahlgren et al., 2007). General miRNA-defective Arabi-
dopsis (Arabidopsis thaliana) mutants indicate an even
more widespread role of miRNAs; these mutants are
able to sustain disease from normally nonvirulent bac-
teria strains (Navarro et al., 2008). A successful devel-
opment of tumors caused by Agrobacterium tumefaciens
also requires an intact miRNA pathway, as Arabidopsis
dcll mutants are immune to crown gall formation
(Dunoyer et al., 2006). Hence, there is increasing
evidence that miRNAs are integral components of
plant responses to adverse environmental conditions,
including biotic interactions (Voinnet, 2008), in addi-
tion to their established functions during normal
growth and development, such as hormone responses
and meristem regulation (Kidner and Martienssen,
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2005). Moreover, in M. truncatula, miR169 is impor-
tant for the spatial and temporal restriction of the
CCAAT-binding family transcription factor MtHAP2-1
during symbiotic nodule development (Combier
et al., 2006). miR166 is expressed in developing root
and nodule tips, and overexpression in M. truncatula
leads to a reduced number of lateral roots and sym-
biotic nodules (Boualem et al., 2008). A recent miRNA
profiling in soybean (Glycine max) and M. truncatula
led to the discovery of a number of new miRNAs reg-
ulated during nodule symbiosis (Subramanian et al.,
2008).

AM symbiosis is formed by most flowering plants in
association with glomeromycotian fungi. The estab-
lishment of an AM symbiosis requires an ongoing
molecular dialogue between AM fungus and host
plants, leading to the reprogramming of plant root
cells for endosymbiosis (Kosuta et al., 2003, 2008;
Akiyama et al., 2005). At later stages, the fungus forms
the so-called arbuscules in cortical cells. The arbus-
cules are supposed to be the place of nutrient transfer
from fungus to plant. Arbuscule-containing cells are
the result of a complex reprogramming of noncolon-
ized cortical cells. They show fundamental morpho-
logical and physiological changes. The fungal hyphae,
which form tree-like hyphal branches inside the
cortical cells, are surrounded by a novel membrane
type, the periarbuscular membrane. The periarbuscu-
lar membrane can be regarded as an extension of the
plasma membrane, but it shows striking changes in
the composition of proteins (Pumplin and Harrison,
2009), especially with regard to transporter proteins
(Javot et al., 2007; Benedito et al., 2010). In recent years,
several studies analyzed transcriptome changes in
plant roots after colonization by AM fungi (Liu et al.,
2003; Wulf et al., 2003; Frenzel et al., 2005; Hohnjec
et al., 2005; Fiorilli et al., 2009; Gomez and Harrison,
2009), demonstrating a massive reprogramming in re-
sponse to AM colonization in the host cells, yet there is
little information available about how these changes in
gene expression are mediated (Krajinski and Frenzel,
2007).

In this work, we used deep sequencing, prediction,
and read count-based expression profiling of miRNAs,
which revealed novel and already annotated miRNAs
with increased expression in mycorrhizal roots. In par-
allel, we carried out a degradome sequencing, which
led to the identification of miRNA targets. Of these
novel targets, several are already known to be in-
volved in root symbiosis.

RESULTS

Deep Sequencing of M. truncatula Small RNAs and
Degradome Tags

The goal of this study is to identify miRNAs and
miRNA targets that are related to transcriptional re-
programming of plant cells during AM symbiosis. For
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this purpose, we used high-throughput sequencing
with Illumina technology to detect and profile miRNAs
and miRNA targets of M. truncatula. We inoculated M.
truncatula seedlings with Glomus intraradices, harvested
the mycorrhizal plants and noninoculated nonmycor-
rhizal plants at 3 weeks after inoculation, and extracted
root RNA. Two small RNA (sr) and degradome (deg)
libraries were prepared from either mycorrhizal (myc)
or nonmycorrhizal (nm) roots of M. truncatula. In total,
we obtained more than 30 million reads (Table I), and
more than 97% of all reads were of the appropriate sizes
(i.e. 15-31 nucleotides for the small RNA libraries and
20-21 nucleotides for the degradome libraries). Within
the small RNA libraries, the 21- and 24-nucleotide
molecules were the most abundant forms, and the 24-
nucleotide small RNAs were more diverse than the 21-
nucleotide class (Fig. 1). Within the degradome libraries,
we obtained slightly more 20- than 21-nucleotide
sequences (Fig. 1).

Mapping of Small RNAs and Degradome Tags to the M.
truncatula Genome

The small RNA reads from both libraries were 3’
trimmed, and reads containing low-complexity re-
gions [e.g. poly(A) stretches] and low-quality reads
(containing N’s) were removed. Reads were filtered
for length between 15 and 31 nucleotides. The reads of
both libraries (sr-myc and sr-nm) were mapped to the
M. truncatula genome (versions 2.0 and 3.0), annotated
c¢DNA sequences, annotated noncoding RNA, and
available G. intraradices sequences (The Glomus Con-
sortium, unpublished data) using 100% (no mismatch)
as an identity threshold. Sixty-nine percent of redun-
dant sr-myc and 72% of sr-nm could be mapped with
100% identity to the M. truncatula genome. Of the sr-
myc reads, 1.6% could be mapped with 100% identity
to G. intraradices sequences. Of the 0.05% reads of the
nm libraries that match G. intraradices sequences, 95%
are rRNA sequences. Thirty-nine percent and 38% of
nonredundant nm and myc reads, respectively, were
assigned to uncharacterized regions of the mt3.0 ge-
nome, supporting the assumption that most small
RNAs originate from intergenic regions. A summary
of the read annotation of redundant (total) and non-
redundant (unique) sr reads is shown in Figure 2.

Mapping the degradome tags with 100% identity to
M. truncatula and G. intraradices sequences revealed
matches of 86% and 76% of total nm-deg and myc-deg
sequences to the mt3.0 genome, respectively. Of the
myc-deg sequences, 7.7% mapped to G. intraradices
sequences. The higher proportion of degradome tags
mapping to G. intraradices as compared with the
small RNAs is due to the fact that most degradome
tags are of mRNA origin and available G. intraradices
sequences contain a high proportion of mRNA se-
quencing data (The Glomus Consortium, unpublished
data). A summary of the read annotation of redun-
dant and nonredundant degradome reads is shown in
Figure 3.

The Degradome Sequences Are Correlated to
Transcriptome Data of Mycorrhizal and
Nonmycorrhizal Roots

Recent degradome analyses in rice (Oryza sativa)
and Arabidopsis showed that only a small fraction of
these sequence tags represent miRNA-mediated tran-
script cleavage (Li et al., 2010; Zhou et al., 2010b);
the vast majority of these sequence tags represent
non-miRNA-mediated, unspecific RNA degradation.
This means that degradome sequence tag data of
two tissues can be used to compare expression levels
when neglecting the proportion of miRNA-mediated
mRNA cleavage in the data set. Hence, a correlation of
transcript abundance represented by read counts for
each transcript between both tissues in the degradome
libraries and previous transcriptome studies is ex-
pected. We analyzed transcript regulation by calculat-
ing read counts in both degradome libraries and
compared the log, fold changes with transcriptome
data obtained by microarray hybridization of mycor-
rhizal versus nonmycorrhizal M. truncatula roots
(Gomez et al., 2009). To compensate ratio compression
by saturation effects on microarrays, strongly specif-
ically expressed genes (no sequence tags in one con-
dition and at least 10 tags in the second condition), we
used the half minimum normalized abundance for
those transcripts. The comparison between log, fold
change values of both data sets revealed a signifi-
cant correlation (Pearson correlation coefficient =
0.51, P < 0.00001; Supplemental Fig. S1). Hence, the
degradome sequencing data can be used to detect

Table 1. Statistics of the Illumina sequencing of two small RNA (sr) and two degradome (deg) libraries

There were 15 to 31 nucleotides for small RNA sequence tags and 20 to 21 nucleotides for degradome
sequence tags. myc, Mycorrhizal roots; nm, nonmycorrhizal roots.

Read Data sr-myc deg-nm deg-myc
Raw reads 8,620,161 8,359,230 5,737,931 7,907,566
Reads of appropriate size 8,350,029 8,187,981 5,620,484 7,777,769
Unique reads of appropriate size 3,798,457 3,878,418 2,897,498 4,594,450
Percentage of total reads mapping to 69.14 85.86 75.77
M. truncatula mt3.0 (100% identity)
Percentage of total reads mapping to 1.57 0.05 7.65

G. intraradices (100% identity)
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Figure 1. Read length distribution of the small
RNA and degradome libraries.
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miRNA-mediated mRNA cleavage; in parallel, they
can also be used to investigate transcriptional changes
between the two tissues.

Analysis of Annotated miRNAs

In order to investigate the expression of known
(miRBase 16 annotated) miRNAs in mycorrhizal and
nonmycorrhizal roots, we searched for known
miRNAs in our small RNA libraries. A total of 375 M.
truncatula miRNAs are currently annotated at the
miRBase (release 16) database (Griffiths-Jones et al.,
2008). A total of 162 mature miRNAs could be identi-
fied through 100% matches of reads to the mature
sequence in one or both of our libraries (Supplemental
Table S1), representing 43.2% of the currently known
M. truncatula miRNAs. Next, we analyzed any reads
matching the annotated miRNA* or precursor se-
quences. Surprisingly, in some cases, we found reads
matching the miRBase-annotated precursor sequence,
but reads matching the annotated mature miRNA
sequences with 100% identity were absent. This indi-
cates that some miRNAs can occur as different isoforms
or siblings (Vazquez et al., 2008; Zhang et al., 2010; i.e.
miRNAs originating from the same primary transcript
with distinct mature forms). miRNA isoforms (isomiRs)
often contain a small sequence shift or additional
nucleotides (Ebhardt et al., 2010), whereas miRNA
siblings are nonoverlapping in comparison with the
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originally annotated mature or star miRNAs (Zhang
et al., 2010). We detected 17 isoforms of miRNAs
whose mature sequence was missing (miR169e/h/i/
n/o, miR393b, miR2594a/b, miR2611, miR2674,
miR2678, miR2679¢c, and miR2680a-¢). In addition, for
two miRNAs, we found reads of the annotated star
sequence but no reads matching the mature sequence
(miR171f and miR398a). Taking this into account, we
found a total of 181 known miRNAs in mycorrhizal and
nonmycorrhizal M. truncatula roots.

To investigate the specific abundance of annotated
mature miRNAs and the corresponding miRNA* and
found isomiRs, we calculated the read counts of
the corresponding sequences in our small RNA librar-
ies. Interestingly, for 11 miRNAs, the isoforms of the
mature strand were found to have a higher abundance
than the sequence annotated as mature miRNA se-
quence at miRBase (miR156, miR166b/c/f, miR1509a,
miR1519b, miR2597, miR2610a/b, miR2620, and
miR2645). In addition, we found a high abundance for
miRNA* sequences of several legume-specific miRNAs
like miR1507*, miR2086*, miR2089%, and miR2118*
(Szittya et al., 2008; Jagadeeswaran et al., 2009). Addi-
tionally, the star strand for eight miRNAs (miR160b/e,
miR169d/1/m, miR369a, miR2089, and miR2118) and a
different isoform of 19 miRNA star strands (miR171c,
miR2088a, miR2592a—g/i-j/0-s, miR2595, and miR2612a/b)
showed a higher abundance than the corresponding
mature strand. Four miRNAs showed a similar expres-
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Figure 2. Summary of annotation results of the small RNA libraries.
Small RNA sequences were mapped to relevant functional classes,
which are distinct from bottom to top. addSeqgs, Additional mt3.0
(Ilumina) sequences.

sion of the mature and star strands (miR172 and
miR399¢/j/k). Hence, we could identify 48% of all
annotated M. truncatula miRNAs in our two small RNA
libraries. Notably, a high proportion of these miRNAs
seemed to occur in different isoforms than the anno-
tated mature miRNA sequence.

Prediction of Novel M. truncatula miRNAs

In order to find novel M. truncatula miRNAs, we
subjected the 15- to 31-nucleotide reads of the small
RNA libraries to a miRNA prediction pipeline. In order
to calculate the discovery rate of the adapted miRDeep
algorithm, we analyzed the ability of the algorithm
to recover previously annotated miRNAs from a given
data set. To simulate the prediction pipeline as de-
scribed in “Materials and Methods,” where we ex-
cluded reads that matched known miRNAs, we used
for evaluation only reads that were sequenced at least
20 times, that were not matching more than 25 times on
the M. truncatula genome mt3.0, and that matched with
100% in the sense direction onto annotated miRNA
precursor sequences.

Only 139 of the 340 nonredundant miRBase precur-
sors had at least one read with an abundance greater
than 20, which is the minimum threshold we used for
prediction before. Only 96 of these 139 known miRNA
precursors had a mature miRNA read abundance of at
least 20 reads. Since the excising of the correct precur-
sor sequence depends on the position and hybridiza-
tion of the (most likely) mature miRNA, we assume
here that using the described parameters, the new
method should be able to predict those 96 known
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miRNAs from the given data set. Using exactly the
same prediction pipeline as for the new miRNAs (see
“Materials and Methods”), we could predict 87
(90.26%) of the known miRNAs (data not shown).
Applying the plant miRDeep program to our small
RNA data sets revealed the prediction of 515 novel
miRNA candidates of 20- to 25-nucleotide length.

To further validate these 515 miRNA candidates,
we included criteria for plant miRNA annotation
(Meyers et al., 2008). All 515 predicted miRNA candi-
dates are produced from a single-stranded stem-loop
precursor, which is required for miRNA prediction
within the miRDeep pipeline. For 69 candidate miRNAs,
the corresponding miRNA* sequence was present in
the deep sequencing data; hence, these candidates
fulfill the primary criterion for miRNA annotation. An
additional 369 out of 515 miRNA candidates satisfy at
least one of the ancillary criteria, including conserva-
tion among one or more plant species, clustering into
miRNA families, and confirmed target by degradome
analysis. However, criteria for miRNA annotation
from deep sequencing data have been updated re-
cently and now include the requirement that high-
confidence miRNAs have multiple cloned nucleotide
reads with relatively fixed 5’ ends at both arms of the
precursor sequence and the possibility to identify the
miRNA/miRNA* duplex pair (Berezikov et al., 2010).
Taking these criteria into account, we annotated 243
of our miRNA candidates as miRNAs at miRBase
(Griffiths-Jones et al., 2008). A list of these miRNAs is
shown in Supplemental Table S2; the remaining 272
miRNA candidates from the miRDeep prediction are
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Figure 3. Summary of annotation results of the degradome libraries.
Degradome sequence tag sequences were mapped to relevant func-
tional classes, which are distinct from bottom to top. addSeqs, Addi-
tional mt3.0 (lllumina) sequences.
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listed in Supplemental Table S3. Of the novel 243
miRNAs deposited at miRBase, 74 are novel conserved
miRNAs and 169 miRNAs belong to 95 novel plant
miRNA families. Of the 169 novel miRNAs, 74 showed
homologous sequences (less than three mismatches) in
one the following organisms: Arabidopsis, maize (Zea
mays), Lotus japonicus, soybean, or Populus trichocarpa,
indicating that 44% of novel miRNAs are also con-
served within other plants. Data of novel miRNAs and
miRDeep-predicted candidate miRNAs are deposited
at http://mirmyc.mpimp-golm.mpg.de and will be
updated to novel M. truncatula genome versions if
available.

Expression Profiling of miRNAs by Read Count Analysis

In order to investigate a putative role of novel and
conserved miRNAs in the mycorrhizal symbiosis, we
searched for miRNAs with induced or decreased ex-
pression in mycorrhizal roots when compared with
nonmycorrhizal roots. To identify these differentially
expressed miRNAs, the abundances of miRNAs were
calculated by comparing the normalized numbers of
reads in both libraries. Using a log, fold cutoff of 0.7, 20
distinct miRNA sequences showed a differential abun-
dance between mycorrhizal and nonmycorrhizal roots
(Table II). miR5229a/b showed the strongest elevated
abundance levels (log, fold change of 9.7) in mycorrhi-
zal roots as compared with nonmycorrhizal roots. In-
terestingly, we also found miRNA* sequences to be
regulated in mycorrhizal roots. miR169d*/1*/m*/e.2*
was more abundant as the annotated mature miRNA
sequence and, in addition, 4-fold more abundant in
mycorrhizal roots. This is of particular interest because
the miR169d*/1*/m*/e.2* target identified by degra-
dome analyses (see below) is MtBcpl, which itself is
specifically transcribed in arbuscule-containing cells. In
addition, miR160f* was not detected in nonmycorrhizal
roots but was clearly abundant in mycorrhizal roots. In
summary, we could identify 20 miRNAs with signifi-
cantly (xy * test, P < 0.05) changed expression in mycor-
rhizal roots, indicating a role for these miRNAs in
mycorrhizal symbiosis.

Identification of miRNA Cleavage Targets by
Degradome Analysis

The small RNA sequences presented here revealed
the identification of 243 novel miRNAs and additional
miRNA candidates. However, these data offer limited
biological information without reliable target identifi-
cations in order to get information about the cellular
processes where these miRNAs might be involved. For
this purpose, we carried out a degradome analysis,
which is a large-scale experimental method for
miRNA target identification. Sequencing degradome
libraries of Medicago nonmycorrhizal and mycorrhizal
roots revealed a total of 5.6 million and 7.8 million
reads, respectively. In order to find miRNA cleavage
sites in the M. truncatula root transcriptome, we sub-
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jected the 20- and 21-nucleotide distinct reads to the
CleavelLand pipeline (Addo-Quaye et al., 2009) ver-
sion 2.0. We were able to identify 371 and 404 cleavage
sites for miRBase-annotated miRNAs within the M.
truncatula genome sequence and the Medicago trunca-
tula Gene Index (MtGI) cDNA sequences, respectively
(Supplemental Table S4). After searching for targets for
the 243 novel miRBase-annotated miRNAs of this
study, we found 56 cleavage sites in mt3.0 sequences
and 62 cleavage sites in MtGI sequences (Supplemen-
tal Table S). Surprisingly, the degradome analysis
showed 44 targets of both databases that are cleaved
by miRNA* (Table III). In total, we identified 185
mRNAs (mt3.0) to be miRNA, miRNA*, or miRNA
candidate cleavage targets, of which 157 are targets
of the novel miRBase-annotated miRNAs. We next
wanted to estimate the frequency of miRNA-mediated
mRNA cleavage in the M. truncatula root transcriptome.
The degradome sequence tags could be mapped to 27,729
mt3.0 genes. Hence, we detected miRNA-mediated
transcript cleavage for 0.67% of the represented root
transcriptome. For a functional characterization of all
miRNA targets identified, we carried out a MapMan
analysis (Usadel et al.,, 2005). Interestingly, disease
resistance proteins (27 genes) and transcription factors
(33 genes) were clearly overrepresented within the
identified target genes (Fig. 4). This indicates that
particularly the transcript regulation and the defense
responses are controlled by miRNA-mediated mRNA
cleavage in roots.

miRNA- and miRNA*-Mediated mRNA Cleavage Events
Were Found for Genes Involved in Root Endosymbioses

We wanted to investigate if transcripts that are
highly regulated in mycorrhizal roots also represent
miRNA targets. For this purpose, we used a read count
analysis of our degradome sequence tags to identify
transcripts that are strongly overrepresented or un-
derrepresented in mycorrhizal roots as compared with
nonmycorrhizal roots. The log, fold values were cal-
culated for each of the 27,729 genes detected in the
degradome sequences. Using a log, fold cutoff of *1,
we could identify 111 miRNA targets with differential
transcription in mycorrhizal versus nonmycorrhizal
roots. Table IV shows all detected miRNA targets with
a log, fold cutoff of =1.5. The most strongly regulated
miRNA target (Medtr8g109760.1) encodes a putative
GRAS transcription factor, which is specifically tran-
scribed in arbuscule-containing cells (N. Gaude, S.
Bortfeld, N. Duensing, M. Lohse, and F. Krajinski,
unpublished data). Interestingly, transcripts encoding
a putative phosphate transporter (Medtr5g076920.1)
strongly accumulate in mycorrhizal roots and are
a target of the miR399 family. In addition, we iden-
tified previously described mycorrhizal symbiosis-
induced genes to be miRNA targets, such as MtBcpl
(Medtr7g102930.1; Pumplin and Harrison, 2009; Paradi
et al., 2010), which is cleaved by miR169d*/1*/m*/e.2*
(Fig. 5E). Additionally, this miRNA itself is induced in
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Table II. Differentially expressed miRNAs and their confirmed and predicted targets

A complete list of miRNAs and their corresponding targets including target accession numbers can be found in Supplemental Table S7.

miRNA Identifier

Sequence

Length

rpm?
myc

rpm?
nm

LFCh

Target Gene Family

miR5229a,b

miR5206
miR160f*

miR5204

miR169d, |

miR169d*,e.2* I* m*

miR160c

miR171h

miR167

miR5244

miR5232

miR5281b-f

miR5250

miR2086

miR166b.2,c.2,f.2

miR396b*

miR5213
miR162

miR4414a

TTAGCAGGAAGAGTGACTATG

ATGGGATCCTGTTGGTGGGTTAC
GCGTGAAGGGAGTCAAGCAGG

GCTGGAAGGTTTTGTAGGAAC

AAGCCAAGGATGACTTGCCGG

GGCAGGTCATCCTTCGGCTATA

TGCCTGGCTCCCTGAATGCCA

CGAGCCGAATCAATATCACTC

TGAAGCTGCCAGCATGATCTA

TATCTCATGAAGATTGTTGGT

TACATGTCGCTCTCACCTGAA

TCTTATAAATAGGACCGGAGGCGAG

TGAGAATGTTAGATACGGAAC

GACATGAATGCAGAACTGGAA

TCTCGGACCAGGCTTCATTCC

GTTCAATAAAGCTGTGGGAAG

TACGTGTGTCTTCACCTCTGAA
TCGATAAACCTCTGCATCCAG

AGCTGCTGACTCGTTGGTTCA

21

23
21

21

21

22

21

21

21

21

21

24

21

21

21

21

22
21

21

98.9

3.7
3.4

36.3

6.4

20.9

14.4

345.6

869.5

22.8
110.2

28.58

223

2,167.9

0

0.1
0

0.4

2.8

153.9

401

11.1
54.7

14.73

123.1

1,204

5,653.9 3,158.8

124.08

1,038.96
59.72

124.69

73.64

625.99
36.05

9.7

4.9
4.8

4.4

4.1

2.4

0.9

0.8

0.8

0.8

0.8

0.7
0.7001

206.23 -0.8

Heme peroxidase®

HSP20-like chaperone®
Hypothetical protein
Hypothetical protein©

Putative periplasmic lipoprotein®
Heavy metal transport protein®
Zinc finger transcription factor®
Nucleotide-binding protein®
RNA-binding protein®

Protein kinase-like protein®
CCAAT transcription factor®
Hypothetical protein™®

MMS sensitivity-related protein®?
Blue copper-binding protein?
Glycoside hydrolase®

Ser/Thr protein kinase®

Auxin response factor“
Hypothetical protein
Pentatricopeptide repeat protein®
GRAS transcription factor®
Nodulation-signaling pathway 2 protein®
E2 ubiquitin-conjugating enzyme®

Plant lipid transfer protein®

Protein kinase®

Auxin response factor?

WD40-like protein®

Zinc finger transcription factor
Sodium/hydrogen exchanger®

Protein kinase®

Leu-rich repeat protein®

Glycoside hydrolase®

Type IIB calcium ATPase“

Protein kinase®

Alcohol dehydrogenase superfamily®

TIR; disease resistance protein®

COG complex component®
H*-transporting two-sector ATPase®

Zinc finger transcription factor®

Putative Fru-1,6-bisphosphatase®
Cyclin-like F-box protein®
Nodule-specific Cys-rich peptide®
ATP-binding protein

Glycosyl transferase®
Biotin-binding site protein?
Argonaute and Dicer proteins®
Antihemostatic protein®

HD-Zip transcription factor
Sugar transporter superfamily®
FAD/NAD(P)-binding protein®
Pentatricopeptide repeat protein
Leu-rich repeat protein®

DNA methylase®

TIR; disease resistance protein®
Argonaute and Dicer proteinsC'd
FAD/NAD(P)-binding protein®
Pentatricopeptide repeat protein
RNase®

Nuclear protein SET®

d

C

d

c

(Table continues on following page.)
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Table Il. (Continued from previous page.)

miRNA Identifier Sequence Length

rpm? rpm?
myc nm

LFCP Target Gene Family

miR5285a-c TGGGACTTTGGGTAGAATTAGGCG 24

12.09 25.03 —1.1

Zinc finger transcription factor
Sulfotransferase®

Histone-like protein®

XYPPX repeat protein®

TIR; disease resistance protein®
Proteinase inhibitor®
B-Lactamase-like®

Reverse transcriptase-like protein®
Methyltransferase®
Bacteriophytochrome®
Proteasome subunit®
GTP-binding protein®

rpm, Reads per million.

analysis.

PLFC, log, fold change (P = 0.05; x* test together with Benjamini-Hochberg P value correction).
predicted target (http://bioinfo3.noble.org/psRNATarget/), expectation range = 3.

‘psRNATarget-
Target cleavage confirmed experimentally by degradome

mycorrhizal roots (Table II). Interestingly, we found
that one mycorrhizal symbiosis-specific transcript,
MtGstl (Wulf et al.,, 2003), seems to be a target of
miR5282 and in addition of the predicted miRNA
candidate new_miRc_275 (Fig. 5B). It is further worth
mentioning that MtNsp2 transcripts, which are a target
miR171h (Fig. 5A), show elevated levels (log, fold of
1.6) in mycorrhizal roots. Figure 5 shows additional
target plots indicating the mRNA cleavage mediated
by miRNAs induced in mycorrhizal roots, namely
miR160c and miR167, both cleaving mRNAs encoding
auxin response factors (Fig. 5, C and D), and miR169,
targeting a CCAAT-binding transcription factor in my-
corrhizal roots (Fig. 5F). Notably, within the popula-
tion of transcripts with decreased levels in mycorrhizal
roots, disease resistance genes are highly overrepre-
sented. We found 16 miRNA cleavage sites within
disease resistance genes encoding transcripts with de-
creased levels in mycorrhizal roots.

Quantitative PCR Expression Analysis

To confirm the regulation of selected miRNAs, we
carried out quantitative real-time (qRT)-PCR analysis.
In addition to mycorrhizal roots, we measured mature
miRNA abundance in nodulated roots fertilized with
either 20 um or 1 mm phosphate and in roots grown
under full nutrition (1 mm phosphate and 5 mwm
nitrate). This allows, to our knowledge, a first insight
into the specificity of miRNA regulation with regard to
nodule symbiosis and nutrient availability. The mature
miRNA abundance was measured by stem-loop qRT-
PCR (Chen et al., 2005; Fig. 6).

For expression analysis, we selected miR5229a/b
and miR5204 because of their strongly elevated levels
in mycorrhizal roots. In addition, miR160f* was chosen
for expression analysis because this miRNA was un-
detectable in nonmycorrhizal roots. Also, miR160c
was selected due to the elevated levels of mature
miRNAs in mycorrhizal roots and additionally be-
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cause it belongs to the same family as the mycorrhizal
root-specific new miR160f*. As expected, qRT-PCR
confirmed the induction in mycorrhizal roots as com-
pared with nonmycorrhizal roots. Two of the mea-
sured miRNA candidates (miR160f* and miR5229a/b)
were only detectable in mycorrhizal roots. miR160c
showed an increased abundance in mycorrhizal roots
as compared with all other treatments measured.
miR167 was induced in mycorrhizal roots as com-
pared with nonmycorrhizal roots under low phos-
phate but showed increased expression in nodulated
roots and under full nutrition. miR169 and miR169d*/
e.2*/1*/m* showed clear positive responses to increased
phosphate nutrition. miR171h exhibited strongest ex-
pression in nodulated roots. This is of particular interest
since we identified MtNsp2, a transcription factor nec-
essary for nodulation symbiosis signaling (Kal6 et al.,
2005), to be a target of this miRNA (Table III; Supple-
mental Table S4). miR5204 was increased in mycorrhizal
roots according to the read count analysis, which
could be confirmed by qRT-PCR. However, we found
further increased expression under full nutrition, indi-
cating phosphate to be a positive regulator of miR5204.
Comparable low expression levels of this miRNA in
nodulated roots grown at high phosphate might be
due to the root nodules as strong phosphate sinks. In
summary, the expression profiling showed miRNAs
specifically accumulating in mycorrhizal roots as well
as miRNAs induced in mycorrhizal roots but also
regulated by other stimuli.

Localization of Mature and Star miRNAs by in
Situ Hybridization

Mature miRNAs and star sequences that were
proven to show elevated levels in mycorrhizal roots
were analyzed by in situ hybridization in order to
get information about their spatial accumulation in
mycorrhizal roots. As a negative control, we used a
digoxigenin-labeled scramble probe, which is a ran-
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Table IIl. miRNA*-mediated mRNA cleavage detected by degradome analysis identified by CleavelLand 2.0 (Addo-Quaye et al., 2009)

Listed accession numbers of the mt3.0 and MtGl databases are nonredundant.

miRBase Identifier

Cleavage Site Alignment Score Category nm  Category myc

Accession No.

Target Gene Family

MIR5204* 765 1.5 No tag
MIR5204* 72 2.5 No tag
MIR5211* 290 3 No tag
miR172b* 511 6.5 2
miR172b* 1,008 1.5 No tag
MIR156b* 3,663 5.5 1
MIR156i* 102 4.5 No tag
MIR160* 1,648 3.5 4
MIR166e* 834 5.5 No tag
MIRT66h* 1,883 3.5 4
MIR166h* 571 3.5 2
MIR169d*e.2% I*, m* 496 5.5 No tag
MIR172* 3,369 6 2
MIR172* 532 6 0
MIR398a* 1,222 6 2
MIR398a* 840 6 1
MIR398a* 458 6 1
MIR399c*, k* 356 2 4
MIR399c*, k* 134 2 4
MIR399d* 572 6.5 1
MIR399k* 122 6 No tag
MIR399h* 808 6 1
MIR399h* 196 5.5 0
MIR399¢g* 972 6.5 1
MIR399q* 665 6 1
miR1510a* 678 4 3
miR1510a* 727 4 3
miR1510a* 8,901 4 3
miR1510a* 741 4 3
miR1510a* 8,902 4 3
miR1510a* 699 4 3
miR1510a* 685 4 3
miR1510b* 284 7 0
miR1510b* 392 7 0
miR1510b* 2,942 7 2
miR1510b* 452 7 2
miR1510b* 519 7 2
miR1510b* 491 7 2
miR1510b* 491 7 0
miR1510b* 567 7 2
miR1510b* 237 7 2
miR1510b* 418 7 2
miR1510b* 244 7 0
miR1510b* 633 7 2

2 Medtr8g109760.1 GRAS transcription factor
4 TC139113 TC139113
4 CB892526 Hypothetical protein
2 Medtr7g040960.1 Albumin |
3 Medtr4g132640.1 S-Adenosyl-L.-homocysteine hydrolase
2 Medtr4g156260.2 Armadillo-like helical protein
1 Medtr2g038500.1 Hypothetical protein
No tag Medtr4g130250.1 Poly(A)-binding protein
3 Medtr8g133160.3 Suc synthase
2 Medtr8g016500.1 Tyr protein kinase
No tag Medtr8g140110.1 Protein phosphatase 2C
3 Medtr7g102930.1 Blue (type 1) copper domain
1 Medtr5g093930.1 Peptidase C19
2 Medtr3g020380.2 Annexin
0 Medtr3g102850.1 Short-chain dehydrogenase
2 TC114776 Deaminase
Notag  TC137315 Hypothetical protein
No tag Medtr4g135140.1 Hypothetical protein
No tag Medtr4g135420.1 Hypothetical protein
0 AC225519_18.2  a-Helical ferredoxin
1 AW693165 TIR; disease resistance
4 Medtr1g121460.2 CD9/CD37/CD63 antigen
No tag Medtr7g026570.1 Protein kinase
2 Medtr3g080760.1 Nucleotide-binding protein
4 TC138105 Protein kinase family
No tag Medtr4g114680.1 TIR; disease resistance
No tag Medtr6g098900.1 TIR; disease resistance
No tag Medtr6g099020.1 TIR; disease resistance
No tag Medtr6g099070.1 TIR; disease resistance
No tag Medtr6g099090.1 TIR; disease resistance
No tag Medtr6g099150.1 TIR; disease resistance
No tag Medtr6g099160.1 TIR; disease resistance
2 BE240495 PR10-1 protein
2 BF649495 PR10-1 protein
2 DY615507 PR10-1 protein
2 TC118500 PR10-1 protein
2 TC118796 PR10-1 protein
2 TC118868 PR10-1 protein
2 TC121811 PR10-1 protein
2 TC125034 PR10-1 protein
2 TC128485 PR10-1 protein
2 TC131880 PR10-1 protein
2 TC132039 PR10-1 protein
2 TC141258 Pro-rich cell wall protein

dom 2l-nucleotide locked nucleic acid-enhanced
DNA oligonucleotide (5'-GTGTAACACGTCTATAC-
GCCCA-3’) not similar to any known plant transcript.
Specific signals were observed for each of the six
locked nucleic acid probes (Fig. 7), whereas no signals
were observed after hybridization to a scramble
probe.

Mature miR5229a /b strongly accumulated in arbus-
cule-containing cells in the root cortex. However, the
signal strength varied between distinct arbuscule-
containing cells, indicating that miR5229a/b is involved
in specific stages of arbuscule development. The second
mycorrhizal root-specific miRNA, miR160f*, strongly
accumulated in the phloem and also in arbuscule-

1998

containing cells in the cortex. A similar accumulation
pattern was observed for miR160c, supporting the fact
that both molecules belong to the same miRNA family.
miR5204, which was also regulated by phosphate,
accumulated in arbuscule-containing cells and also
strongly around fungal hyphae. Interestingly, not all
arbuscule-containing cells showed accumulation of
miR5204. The miR169d*/1*/m*/e.2* probes revealed
no signals in arbuscule-containing cells but seemed to
accumulate around intercellular fungal hyphae. The
miR169 probe revealed a similar accumulation pattern.
Strong hybridization signals were detected in the
phloem and in addition around fungal hyphae in the
intercellular space.

Plant Physiol. Vol. 156, 2011
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DISCUSSION

The aim of this work was to identify miRNAs and
miRNA targets related to AM symbiosis in M. trunca-
tula roots. The genome-wide profiling carried out in this
study revealed the identification of more than 500 novel
miRNA candidates. Of these candidates, 243 are now
annotated at miRBase as novel M. truncatula miRNAs.
The high number of miRNA candidates and annotated
miRNAs expressed in M. truncatula roots indicates that
miRNAs mediate a substantial part of the cellular
regulation in plant roots. The biological value of such
small RNA deep sequencing data sets is limiting, unless
reliable data on miRNA targets are available. Current
in silico miRNA target prediction tools in plants gen-
erally depend on complementary searches, based on
perfect or nearly perfect base pairing between a ma-
ture miRNA and its target mRNA (Dai et al., 2011). The
high-throughput sequencing of the degradome is
one possibility for the experimental identification
of miRNA-mediated transcript cleavage (Addo-Quaye
et al.,, 2008; German et al., 2008). Here, we found
185 mRNAs or miRNA candidates to be cleaved by
miRNAs in M. truncatula roots.

Identification of Novel miRNAs in M. truncatula Roots

By small RNA sequencing, we could detect 162
miRNAs expressed in M. truncatula roots, which are
currently annotated at the miRBase database version 16.
In addition to these known miRNAs, deep sequencing
coupled with miRDeep predictions revealed 515 novel
miRNA candidates of M. truncatula of 20 to 25 nucle-
otides. Although the majority of plant miRNAs reported
so far are of 20 to 23 nucleotides in length, there are
reports of 24-nucleotide miRNAs, like ath-miR163 (Park
et al., 2002). In addition, ath-miR156, ath-miR395, ath-
miR399, and other miRNAs can occur also as 23- to 25-
nucleotide variants (Vazquez et al., 2008) and are then
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called long miRNAs. Such long miRNAs are pro-
cessed by DCL3 (Vazquez et al., 2008). Unfortunately,
DCL M. truncatula mutants are so far not available to
test the DCL3 dependence of our 24- to 25-nucleotide
miRNA candidates. The 24- to 25-nucleotide-long
miRNAs and miRNA candidates have a considerably
lower conservation (22%) in contrast to the 20- to
23-nucleotide-long miRNAs (59%), supporting the
assumption that these long miRNAs might be of
younger evolutionary origin. This is in line with the
assumption that such young miRNAs derive from
small inverted repeat loci in the genome (Vazquez
et al., 2008).

The criteria for the annotation of novel miRNAs
from high-throughput sequencing data have been
reevaluated recently, since reanalysis of miRNA data
sets of invertebrates and plants demonstrated a consid-
erably high fraction of erroneously annotated miRNAs
(Rajagopalan et al., 2006, Ruby et al., 2006, 2007). With
the availability of deep sequencing, data are now
possible and essential to confidently determine the
precise 5’ end of a mature miRNA (Chiang et al., 2010;
Berezikov et al., 2011). In addition, reads matching the
miRNA* should be present and have the potential to
pair to the mature miRNA candidate with approxi-
mately two-nucleotide 3’ overhangs (Chiang et al.,
2010). Taking these two latter criteria into account, we
identified 243 novel miRNAs of M. truncatula, which
are now deposited at miRBase.

Distinct miRNAs Are Up-Regulated in
Mycorrhizal Roots

The read count analysis of our miRNA candidates
showed that members of 20 miRNAs are regulated in
mycorrhizal roots as compared with nonmycorrhizal
roots. For eight miRNAs of the most strongly regulated
candidates (log, fold > 1), a significant differential
expression was proven by RT-PCR analysis. The highest
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Table IV. miRNA targets with differential transcript accumulation in mycorrhizal roots as compared with nonmycorrhizal roots

Listed accession numbers of the mt3.0 and MtGl databases are nonredundant.

Target Identifier Target Gene Family LFCTa(rr;;SNA CI(—:‘Sai;/eage miRNA Identifier Alggcnor?:nt Cat:r:gqory Ca::gé)ry (mLiFR(lilA)
Medtr8g109760.1 GRAS transcription factor 19.0 765  miR5204* 1.5 No tag 2 2.6
Medtr5g076920.1 Major facilitator superfamily 18.7 256  miR399a—q 5 No tag 0 —-0.2 to +0.3
Medtr5g076920.1 Major facilitator superfamily 18.7 256 miR399r 4 No tag 0 0.2
Medtr7g102930.1 Blue copper binding 8.6 496  miR169d*/e.2*/I*/m* 5.5 No tag 3 4
Medtr5g084780.1 Glutathione S-transferase 8.6 892  miR5282 5.5 No tag 3 0
TC139113 EGF domain containing 5.6 72 miR5204* 2.5 No tag 4 2.6
Medtr3g150590.1 Heat shock DnaJ 3.2 1,684 miR166a-h 5.5 No tag 1 —0.1 to +0.3
TC138105 Kinase family 2.6 665 miR399q* 6 1 4 -0.6
AW687825 Glycogenin-like 2.3 463  miR5253 2.5 No tag 4 0.5
Medtr7g014850.1 MADS box transcription 2.1 977  miR164a—d 6 1 No tag —1.5t0 —0.7

factor
AW697209 Hypothetical 1.9 161  miR5206 7 No tag 0 4.9
TC134204 TIR; resistance 1.8 187 miR5213 5 1 0 0.7
TC132098 Glycogenin-like 1.8 283  miR5253 2.5 No tag 4 0.5
TC125161 Hypothetical 1.8 47 miR164a/b/c 5.5 No tag 1 -0.7
Medtr6g015300.1 Biotin-binding site 1.7 531  miR2086 3 No tag 4 0.8
TC120550 Albumin | 1.7 349  miR2643 7 2 2 0.3
TC120550 Albumin | 1.7 511 miR172b 2.5 No tag 4 0.7
AW693165 TIR; disease resistance 1.7 122 miR399k* 6 No tag 1 -0.6
BQ138232 Hypothetical 1.7 170 miR1509b 5.5 4 0 2
Medtr3g097800.1 Nsp2, GRAS transcription 1.6 427  miR171h 3 0 0 1.1
factor
Medtr4g018250.1 Hypothetical 1.5 172 miR399a/c/e/f/g/h/ill/p 1.5 No tag 4 —0.2 to +0.2
Medtr4g018250.1 Hypothetical 1.5 172 miR399r 3.5 No tag 4 0.2
Medtr4g018250.1 Hypothetical 1.5 467  miR399b/d/j/k/m/n/o/q 4 No tag 0 —0.2 to +0.3
Medtr6g028360.1 TIR; disease resistance —-1.5 429  miR5213 4 2 0 0.7
Medtr3g103970.1 Squamosa promoter binding -1.5 1,083  miR399b/d/j/k/m/n/o/q 1 No tag 0 0 to +0.7
Medtr3g103970.1 Squamosa promoter binding =15 1,083 miR156j 2 No tag 0 -0.2
Medtr6g099150.1 TIR; elongation factor Ts -1.5 699 miR1510a* 4 3 No tag -0.6
Medtr2g046350.1 TIR; disease resistance -1.6 140  miR1510a* 0.5 4 No tag 0
Medtr2g046350.1 TIR; disease resistance -1.6 131 miR5213 5.5 3 2 0.7
Medtr7g121710.1 Auxin response factor -1.6 1,406 miR160a—e 1.5 1 1 —-03to+2.4
Medtr7g121710.1 Auxin response factor -1.6 1,406 miR160f 1 1 1 4.8
Medtr7g026570.1 Kinase -1.7 196  miR399h* 5.5 0 No tag 0.4
TC123814 GREF transcription factor -1.8 573 miR399h* 4 0 0 0to+0.3
Medtr7g121610.1 Auxin response factor -1.8 1,406 miR160a—e 1.5 1 1 —-03to+2.4
Medtr7g121610.1 Auxin response factor -1.8 1,406 miR160f 1 1 1 4.1
TC127408 Auxin response factor -1.8 1,407 miR160f 35 No tag 5 4.1
Medtr6g098880.1 TIR; disease resistance -1.8 203  miR2678 0 4 No tag 0
Medtr6g098880.1 TIR; disease resistance -1.8 194  miR5213 4 No tag 2 0.7
TC116942 TIR; disease resistance -1.9 84  miR5213 4 0 No tag 0.7
TC129665 TIR; disease resistance -1.9 927  miR1507 5.5 1 No tag 0.4
Medtr6g098900.1 TIR; disease resistance -1.9 727  miR1510a* 4 3 No tag —0.6
Medtr6g098900.1 TIR; disease resistance -1.9 139  miR2678 2 4 No tag 0
Medtr4g114680.1 TIR; disease resistance -2.0 678  miR1510a* 4 3 No tag -0.6
Medtr4g114680.1 TIR; disease resistance -2.0 153 miR2678 0.5 2 No tag 0
Medtr6g099020.1 TIR; disease resistance -2.0 8,901 miR1510a* 4 3 No tag —0.6
Medtr6g099090.1 TIR; disease resistance -2.0 8,902 miR1510a* 4 3 No tag -0.6
Medtr6g099090.1 TIR; disease resistance -2.0 8,305 miR5213 4 0 No tag 0.7
TC138295 TIR; disease resistance -2.0 132  miR5213 5 3 3 0.7
Medtr3g125280.3 Alcohol dehydrogenase -2.1 424 miR172b,c 5 3 4 —-0.1
superfamily
Medtr6g099070.1 TIR; disease resistance -2.1 741 miR1510a* 4 3 No tag —0.6
Medtr6g099070.1 TIR; disease resistance -2.1 153 miR2678 0.5 2 No tag 0
Medtr3g125230.2 Alcohol dehydrogenase -2.2 222 miR2119 3.5 2 2 0.9
superfamily
Medtr3g166270.1 Hypothetical -23 55  miR2118 4.5 1 1 -0.4
Medtr4g069410.1 Male sterility -2.3 347  miR5269b 2 4 No tag 0.4
Medtr4g133300.1 Hypothetical -25 216 miR399a/c/e/f/g/h/i 1 4 No tag —0.2 to +0.2

(Table continues on following page.)
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Table IV. (Continued from previous page.)

o ) LFC* (miRNA Cleavage . e Alignment Category Category LFC?
Target Identifier Target Gene Family Target) Site miRNA Identifier Score nm i (MIRNA)
Medtr4g135410.1 Hypothetical -2.5 89/216 miR399a/c/e/f/g/h/ik/lp  2/1 4 No tag —0.2 to +0.2
Medtr4g135140.1 Hypothetical -2.5 356 miR399c*/k* 2 4 Notag —0.61t0-0.3
Medtr4g135420.1 Hypothetical -2.8 134 miR399c*/k* 2 4 No tag —0.6t0-0.3
BE999763 Senescence associated -3.3 351/474 miR5211 5 4 4 0.5

°LFC, log, fold change (P < 0.05; x* test together with Benjamini-Hochberg P value correction).

up-regulation was observed for miR5229a/b (log, fold
of 9.7), which is remarkably high taking into account
that cellular differences in miRNA expression are
hardly detectable, since whole root samples were
used for library construction. We found miR5229a/b
exclusively expressed in mycorrhizal roots and highly
abundant in arbuscule-containing cells, suggesting a
specific role during arbuscule development. So far, no
target for this novel miRNA could be detected, but in
silico predictions suggest a transcript encoding a heme
peroxidase to be a target of this miRNA. Heme perox-
idases have multiple tissue-specific functions, such as
removal of hydrogen peroxide, oxidation of toxic com-
pounds, cell wall biosynthesis, defense responses, and
auxin and ethylene metabolism (Welinder et al., 1992).
Hydrogen peroxide accumulates in mycorrhizal roots
preferentially in degenerating arbuscules (Salzer et al.,
1999). Thus, it might be anticipated that the induction of
miR5229a/b suppresses the heme peroxidase, leading
tolocally increased hydrogen peroxide accumulation in
cells with degenerating arbuscules. Interestingly, a clear
induction in mycorrhizal roots was also found for
miR169d/1. miR169 targets the transcription factor
MtHAP2-1 and has been demonstrated to play an
important role during nodule differentiation by restric-
tion of MtHAP2-1 expression to the nodule meriste-
matic zone (Combier et al, 2006). The increased
expression of this miRNA in mycorrhizal roots together
with the accumulation in the phloem and around
fungal hyphae give evidence that the miR169 family
is also involved in the AM symbiosis. Moreover,
miRNA* sequences of the miR169 family were also
strongly induced in mycorrhizal roots and were shown
to have a similar tissue-specific accumulation as mature
miR169. Remarkably, we were able to identify MtBcpl
to be a target of this miRNA*. MtBcpl encodes a protein
specifically accumulating in the periarbuscular mem-
brane (Pumplin and Harrison, 2009), and it might be
speculated that the miR169* sequences accumulating in
mycorrhizal roots are involved in restricting MtBcpl
expression to arbuscule-containing cells. A further
miRNA that was exclusively detectable in mycorrhizal
roots was miR160f*, which was primarily detected in
the phloem. However, the function of this miRNA* is
yet elusive, because no targets were found by degra-
dome sequencing. The same situation is true for
miR5204. Nevertheless, several targets could be in silico
predicted, including a heavy metal transport protein
and a zinc finger transcription factor. Notably, miR5204
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appears to be a phosphate-responsive miRNA and is
located around individual arbuscules. We hypothe-
size that the presence of this miRNA correlates with
the concentration of phosphate in distinct arbuscule-
containing cells. Similar to miR160f*, the mycorrhiza-
induced miR160c was predominantly localized in the
phloem and targeted several transcripts of the auxin
response factor gene family. Moreover, different tran-
scripts of auxin response factors are additionally tar-
geted by miRNA167. Targets for both miRNAs were
confirmed independently by our degradome analysis
and by Jagadeeswaran et al. (2009). Auxin has been
demonstrated to play a crucial role in AM symbiosis,
probably in the presymbiotic phase of AM fungal
development (Hanlon and Coenen, 2011), and the
auxin content is elevated in mycorrhizal roots (Fitze
et al., 2005; Jentschel et al., 2007). The fact that both
miRNAs were significantly up-regulated in mycor-
rhizal roots and target transcripts of the same gene
family implies that miR160c and miR167 might be
involved in the fine regulation of auxin responses in
AM symbiosis. Future investigation will unravel the
physiological relevance of the discussed miRNAs
during AM symbiosis.

Regulation of Symbiosis-Relevant Transcripts
by miRNAs

The transcriptome-wide degradome analysis applied
here gives the unique opportunity to identify mRNAs
that undergo miRNA-mediated cleavage. Besides
MtBcpl, we identified further transcripts strongly in-
duced in mycorrhizal roots to be miRNA targets (Table
IV). MtGst1, encoding a mycorrhizal symbiosis-specific
glutathione S-transferase (Wulf et al., 2003), is one
example of a transcript being regulated by a pair of
miRNAs (cleaved at different positions by miR5282
and the candidate miRNA new_miRc_275). This regu-
lation by two miRNAs indicates that MtGst1 levels
need to be tightly controlled by the host plant to ensure
a functional symbiosis. A similar phenomenon of a two-
miRNA-mediated combinatorial regulation was previ-
ously described in Vitis vinifera (Pantaleo et al., 2010);
here, both miR156 and miR535 each regulate three
squamosa promoter-binding transcription factor genes.
The analysis of the degradome data revealed at least
eight additional differentially expressed transcripts be-
ing cleaved in a combinatorial mode of regulation
(Table IV). A further symbiosis-relevant gene regulated
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Figure 5. Target plots demonstrating A
miRNA-mediated transcript cleavage.
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by a miRNA is MtNsp2, a GRAS transcription factor
essential for root nodule development (Oldroyd and
Long, 2003). In addition, nsp2-2 mutants show de-
creased mycorrhizal colonization, which implies a role
also during mycorrhizal signaling (Maillet et al., 2011).
MINSP2 forms a dimer with MtNSP1 to bind to the
early-nodulin MtEnod11 promoter (Hirsch et al., 2009).
Surprisingly, we found significantly increased MtNsp2
transcript levels in mycorrhizal roots, and MtNsp2 tran-
scripts are cleaved by miR171h. This implies that MtNsp2
is both transcriptionally regulated and controlled by a
miRNA. However, the role of these regulation steps in
symbiosis signaling remains to be elucidated. Another
GRAS transcription factor strongly induced in arbuscule-
containing cells (N. Gaude, S. Bortfeld, N. Duensing,
M. Lohse, and E. Krajinski, unpublished data) was
found to be the most strongly up-regulated transcript
comparing the read count within the degradome data
of nonmycorrhizal versus mycorrhizal roots. Interest-
ingly, this transcription factor is cleaved by miR5204%,
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whose corresponding mature strand itself is highly up-
regulated in mycorrhizal roots (see above). This implies
that the target is subjected to a strong spatial regulation
by miR5204* in mycorrhizal roots. The second most
up-regulated transcript encodes a major facilitator pro-
tein and is a new target for miR399, which is currently,
besides PHO2 (Bari et al., 2006; Chiou et al., 2006),
the second miR399 target identified. The strong tran-
scriptional induction of this major facilitator gene and
its regulation by miR399 further supports the role
of miR399 during the cellular phosphate homeostasis
regulation in mycorrhizal roots (Branscheid et al., 2010).

miRNA*-Mediated Target Cleavage

This study provides evidence for miRNA*-mediated
mRNA cleavage in M. truncatula roots. Moreover, we
often found a notably high accumulation of miRNA*
and for several miRNA* molecules even a higher
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Figure 6. Relative abundance of AM symbiosis-induced mature miRNAs. The following conditions were applied, and roots were
harvested 3 weeks after inoculation: —P, 20 um phosphate fertilization; +P, T mm phosphate fertilization; —N, O um nitrate; +N, 5
mM nitrate; myc, mycorrhizal roots; nod, nodulated by S. meliloti. If not indicated, roots were not inoculated with either of the
two symbionts. Values shown are + sp of four biological replicates. Normalization was carried out against a reference gene index
(MtPdf2 or MtEfT). Primers were designed to measure specific miRNAs, if possible. If primers bind to more than one mature or
star miRNA sequence, it is indicated here.

abundance as compared with their mature miRNAs. It called miRNA*. Previous models suggested that the
is currently anticipated that one arm of the RNA choice of the dominant miRNA arm encoding the
duplex preferentially accumulates and is then referred mature miRNA depends on thermodynamic and
to as mature miRNA, whereas the opposite strand is structural properties of the duplex RNA molecule
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Figure 7. Tissue-specific expression of miRNAs in
mycorrhizal roots. Cross-sections of mycorrhizal
M. truncatula roots were hybridized to labeled
locked nucleic acid probes complementary to
selected miRNA or miRNA*. For each locked
nucleic acid probe hybridization, adjacent sec-
tions were used for scramble probe hybridization.
The following miRNA or miRNA* were analyzed:
miR160c (A), with detail in B and scramble probe
in C; miR160f (D), with detail in E and scramble
probe in F; miR169 (G), with detail in H and
scramble probe in I; miR169d*/I*/m*/e.2* ()),
with detail in K and scramble probe in L;
miR5204 (M), with detail in N and scramble
probe in O; and miR5229a/b (P), with detail in Q
and scramble probe in R. Red arrows represent
examples of distinct signals indicating miRNA
accumulation. White bars = 50 um, black bars =
100 wm, and cyan bars = 200 um.

(Khvorova et al., 2003, Schwarz et al., 2003). Neverthe-
less, it was recognized that many miRNA* species also
accumulate to substantial levels and are able to down-
regulate target mRNAs (Okamura et al., 2008; Yang
etal., 2011). Moreover, large-scale sequencing data have
shown that the arm from which the dominant form
is processed can switch in different tissues (Chiang
et al., 2010) and in different organisms (Griffiths-Jones
et al., 2011). Interestingly, the in situ hybridizations
confirmed the accumulation of miR169d*/e.2*/1*/m*
and miR160f* in the intracellular space and phloem of
the roots. Identical signal patterns were obtained for
their corresponding mature strand or a mature strand
of the same miRNA family, respectively. This is in line
with previous findings from rapeseed (Brassica napus),
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where besides other miRNA?*, considerable levels of
miR169* and miR160* were detected in the phloem sap
(Buhtz et al., 2008; Pant et al., 2009). Remarkably, we
found for the star strands of miR160f, miR5204,
miR169d*/e.2*/1*/m*, and miR396b* elevated levels
in mycorrhizal roots (Table II). In tomato (Solanum
lycopersicum), miR169g* was found to be up-regulated
in leaves of mycorrhizal or high-phosphate-treated
plants (Gu et al., 2010). The fact that both the mature
miRNA and the corresponding miRNA* were present
in the phloem might indicate that phloem-transported
miRNAs, which act as long-distance signals (Pant
et al., 2008), are transported as a miRNA/miRNA*
duplex, probably due to a higher stability of such a
duplex molecule. However, double-strand- or single-
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strand-specific RNA nuclease assays did not prove the
presence of RNA duplexes in the rapeseed phloem
(Buhtz et al., 2008). However, it has been suggested
that such duplex molecules are denatured during
RNA extraction and therefore difficult to detect (Buhtz
et al., 2008).

In addition to the previously discussed miRNAs,
also the highly conserved mature miR399 was proven
to be phloem transported from shoot to root (Pant
etal., 2008), which is also true for miR399* (Hsieh et al.,
2009). Our analysis revealed several targets for the star
strands of miR399¢,d,hk,q (Table III). The detailed
analysis of the miR399c¢* k* targets (Medtr4g135140
and Medtrdg135420) revealed these genes to be dupli-
cated genomic loci for primary transcripts of miR399j
and miR399k. Both primary transcripts are inversely
oriented and have a short overlap at the end of the
putative transcript. Interestingly, this overlap appears
to be the cleavage site for miR399c* k*, which might be
a mechanism of self-regulation of the miR399 genes.
Cleavage of primary miRNA transcripts has been al-
ready observed in Arabidopsis and rice (German et al.,
2008; Zhou et al.,, 2010b); therefore, self-regulation
through a feedback circuit between primary miRNA
transcripts and corresponding miRNA/miRNA* has
been postulated (Meng et al., 2010). It was proposed
that the overproduction of miRNA precursors results
in an accumulation of miRNAs or miRNA*, which in
turn could recognize their host precursors as the
downstream targets. In contrast to this assumption,
we found self-regulation for miRNAs with an even
low abundance of overall reads. Expression of both
strands showed the same level, indicating that the
ratio between the mature and star strands might be
involved in the self-regulation. The regulatory role
of miRNA* sequences has also been observed in
animals (Jagadeeswaran et al, 2010) and human,
where miR-155* and miR-155 adjust their type I inter-
feron production in an opposite manner through dif-
ferent targets (Zhou et al., 2010a). The degradome
analysis applied here unraveled miRNA*-mediated
mRNA cleavage of transcripts, which were distinct
from transcripts targeted by the corresponding ma-
ture strand. One example is miR169, which targets
a CCAAT transcription factor important for root nod-
ule development (Combier et al., 2006), whereas the
star strand, which is more abundant than the mature
miR169 in mycorrhizal roots, mediates the cleavage of
the arbuscule-specific protein MtBcpl. Hence, it might
be anticipated that the dominant form of this miRNA
switches during the two endosymbioses and restricts
the expression of different targets to distinct cell types.
In addition, we also found miRNAs for which targets
were identified so far only for the miRNA*, particu-
larly for miR5204*, which targets a GRAS transcription
factor specifically expressed in mycorrhizal roots. In
summary, our findings propose that the establishment
of a mycorrhizal symbiosis leads to a reprogramming
of the miRNA target network in roots, including
miRNA strand preferences.
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miRNAs Modulate the Defense Response upon
Mycorrhizal Infection

Within the group of miRNA-mediated cleaved tran-
scripts, transcription factors and disease resistance
genes were clearly overrepresented. Most of the tran-
scription factors are targeted by conserved miRNAs,
which is in line with previous findings (Kidner and
Martienssen, 2005). Our study indicates that four
primarily moderately conserved miRNAs, namely
miR1510a*, miR1507, miR2678 (Szittya et al., 2008;
Lelandais-Briere et al., 2009), and miR5213, regulate
disease resistance genes. Plants have evolved a general
defense response to biotic interactions involving toll
and interleukin-1 receptor (TIR)/nucleotide-binding
site-Leu-rich repeat disease resistance genes and PR
proteins (Jones and Dangl, 2006; Glowacki et al., 2011).
Although basal defense mechanisms, which include
the accumulation of phenolic compounds and PR
proteins, are activated upon the interaction with AM
fungi (Campos-Soriano et al., 2010; Abdel-Fattah et al.,
2011), we observed that mRNA levels of many of the
miRNA-targeted disease resistance genes are de-
creased in mycorrhizal roots. This might support the
fungal growth within mycorrhizal roots. A similar
phenomenon was described for a parasitic fungus-
plant interaction; it is assumed that miRNA biogenesis
and function is compromised in specific tissues in
order to promote the activation of disease resistance
genes to restrict the growth of biotrophic fungi (Lu
et al., 2007). The degradome data demonstrate that a
subset of defense response genes (Medtr6g098880.1,
Medtr2g046350.1, and TC138295) is suppressed by
miR5213 in mycorrhizal roots, and no specific miRNA
cleavage was observed for these genes in nonmycor-
rhizal roots. Moreover, in nonmycorrhizal roots, the
same subset of defense genes is regulated by miR2678,
indicating a complex regulatory network of defense
responses genes involving a combinatorial regulation
by different miRNAs. Notably, miR5213, which medi-
ated the cleavage of defense response transcripts, was
conserved only in AM symbiosis-capable plants such
as soybean, L. japonicus, and P. trichocarpa but not in
Arabidopsis, which is not able to undergo this mutu-
alistic association.

CONCLUSION

In summary, we were able to identify a high number
of novel miRNAs in the roots of M. truncatula. Read
count analysis together with qRT-PCR measurements
and in situ hybridizations clearly indicated a regula-
tion of miR5229a/b, miR5204, miR160f*, miR160c,
miR169, and miR169d*/1*/m*/e.2* during AM sym-
biosis. Additionally, degradome sequencing provided
evidence for the miRNA- and miRNA*-mediated reg-
ulation of several symbiosis-relevant genes and the
repression of cellular defense responses in mycorrhi-
zal roots. These findings provide a new basis for
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investigating the regulatory network leading to cellu-
lar reprogramming during the interaction between
plants and microsymbionts.

MATERIALS AND METHODS
Plant Material

Seeds of Medicago truncatula Jemalong A17 were germinated as described
previously (Branscheid et al., 2010). Seedlings were grown in a sand:expanded
clay substrate (1:1) under 16 h of light at 25°C and fertilized, unless otherwise
noted, twice a week with half-strength Hoagland solution containing 20 um
phosphate. For inoculation with Glomus intraradices, an inoculum was added
to the substrate at 10% (v/v). G. intraradices (strain BB-E; provided by
Agrauxine) was propagated on Allium porrum plants, which were fertilized
twice a week with half-strength Hoagland solution containing 20 um phos-
phate. After 4 months, the A. porrum plants were harvested and the growth
substrate was used as inoculum for M. truncatula seedlings. Plants were
harvested 3 weeks after inoculation, representative parts of the roots were
stained with WGA-Alexa Fluor 588 (Invitrogen) to estimate mycorrhizal
colonization, and remaining roots were immediately frozen in liquid nitrogen
or embedded in Paraplast. Mycorrhizal colonization was estimated as de-
scribed (Trouvelot et al., 1986). Under the conditions described, M. truncatula
roots were completely (frequency of mycorrhizal colonization in the root
system = 100%) colonized by G. intraradices.

Inoculation with Sinorhizobium meliloti

For the inoculation of M. truncatula roots with S. meliloti, the bacteria were
grown in 25 mL of tryptone yeast medium containing 4.5 mm CaCl, at 28°C to an
optical density at 600 nm of about 0.5. Prior to inoculation, the culture was
diluted 1:10 with water and seedlings were inoculated by watering. Control
plants were mock inoculated with 1:10 diluted tryptone yeast medium. Plants
were harvested 3 weeks after inoculation, and mature root nodules were
visible.

Construction, Cloning, and Deep Sequencing of Small
RNA Libraries

Total RNA was isolated using the mirVana miRNA isolation kit (Ambion)
in combination with the Plant RNA Isolation Aid (Ambion). RNA at 10 ug was
used for small RNA library construction using the Digital Gene Expression
Small RNA Sample Prep Kit (Illumina). A quality control was carried out by
TOPO TA cloning (Invitrogen) and Sanger sequencing of 100 clones. Illumina-
Solexa sequencing was performed at FASTERIS.

Annotation Data

M. truncatula genomic, cDNA, bacterial artificial chromosome sequence,
and annotation data for the releases mtl.0 to mt3.0 were downloaded from
the M. truncatula project Web page (http://mips.helmholtz-muenchen.de/
plant/medi3/indexjsp). rRNA and tRNA sequences were collected from the
National Center for Biotechnology Information (http:/ /www.ncbi.nlm.nih.gov),
PlantGDB (http://www.plantgdb.org), and Rfam (Griffiths-Jones, 2009) data-
bases. miRNA sequences (mature, star, and precursor) were downloaded from
miRBase (versionl16; Griffiths-Jones et al., 2008). For miRNA genes, where no
star sequence was annotated, we defined the star sequence according to known
Dicer-cleavage rules as implemented in the miRDeep software tool (Friedlander
et al., 2008). Transposable element sequence information was extracted from the
GFF file provided by the M. truncatula genome project.

isomiRs and miRNA Sibling Data Processing for
Known miRNAs

For annotating isomiRs (Vazquez et al., 2008) and miR siblings (Zhang
et al., 2010), we used all reads from the small RNA libraries that could be
mapped in the sense direction without any mismatch onto the in miRBase16
annotated miRNA precursor sequences having a minimum abundance of 20
reads, but not representing annotated miRNA mature and star sequences. We
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defined isomiRs as reads that are not shifted more than five positions from
their original mature or star 5’ position. miRNA siblings were then all other
reads that could be mapped to the miRNA precursor.

Small RNA Deep Sequencing and Sequence Processing

The small RNA reads were 3’ trimmed using the NOVOALIGN software
(http:/ /www.novocraft.com). The reads of both libraries were mapped to the
M. truncatula genome, annotated cDNA sequences, and annotated noncoding
RNA sequences using RazerS (Weese et al., 2009). Matching was done using
100% (no mismatch) as the identity threshold.

The small RNA data were normalized to “reads per million” per library by
dividing the read number of each individual small RNA sequence by the
number of redundant reads (15-31 nucleotides) in each library multiplied by
1 million. To investigate the read counts for known miRNAs (miRBase release
16; Griffiths-Jones et al., 2008) and to find statistically significant changes in
read distributions, we used the x* test together with Benjamini-Hochberg P
value correction (false discovery rate of 0.05) as described previously by Pant
et al. (2009).

miRNA Prediction

For the prediction of potential miRNAs, all reads matching with no
mismatch to M. truncatula cDNA, annotated miRNA, tRNA, rRNA, or other
noncoding RNA sequences were removed. For every condition, only reads
with a minimum abundance of 20 reads having at most 25 distinct matches on
the M. truncatula genome were used for further processing.

The original miRDeep software (Friedldnder et al., 2008) was adjusted to
take account of plant-specific miRNA features like longer precursor se-
quences, precursors having noncanonical hairpin structures, and more di-
verse read distributions of sequenced small RNAs. Therefore, a new tool was
developed to excise candidate precursor regions using the mapped small
RNA reads as input, RNAhybrid (Rehmsmeier et al., 2004) for searching up to
five best hybridizations for a mapped small RNA within a maximal window
size of 1,000 nucleotides upstream and downstream of the genomic mapping
having a minimum hybridization energy (the threshold was derived for
mature Arabidopsis [Arabidopsis thaliana] miRNAs from miRBase 14), and
RNAfold (Gruber et al., 2008) from the Vienna package (version 1.8.2) to fold
the candidate regions. The excised sequences were then filtered according to
plant-specific precursor features for canonical and noncanonical hairpin
structures derived from miRBase 14 for plant precursor, like minimum free
energy, number of base pairs, number of nonpaired bases, and duplex length.
The potential precursor sequences from both conditions were then clustered
using the software cd-hit (Li and Godzik, 2006) demanding 100% sequence
identity and a maximal sequence length difference per cluster of 30 nucleo-
tides. From every cluster, the longest precursor sequence was chosen. In the
next step, for each condition separately, all reads of length 15 to 31 nucleotides
were mapped to the candidate precursor sequences using RazerS in the
forward direction allowing no mismatch. The output was then transformed
into the BLAST-parsed format used as input for the miRDeep core algorithm.
The miRDeep core algorithm was adjusted based on the mapping of small
RNA data from Pant et al. (2009) to miRBase 14 Arabidopsis precursor
sequences allowing for noncanonical hairpin structures and more inconsis-
tencies with the assumed Dicer processing. Predicted miRNAs were checked
for overlaps with annotated miRNAs, noncoding RNAs, and protein-coding
genes. As an additional filter for the miRDeep predicted miRNAs, we used
two measures introduced for the miRTrap algorithm (Hendrix et al., 2010): the
Hmax (for 5’ heterogeneity) and the AAPD (average antisense product
displacement) parameters. Both parameters were adjusted for Arabidopsis
using the miRBase version 14 annotations and the deep sequencing data from
Pant et al. (2009). The miRDeep predictions are further classified into canon-
ical and noncanonical hairpin structures and strict (original miRDeep core
algorithm parameter) and nonstrict (allowing for more inconsistencies for the
read distribution on the precursor).

Construction and Cloning of Degradome Libraries

An aliquot of the RNA sample used for small RNA sequencing was used
for generating a degradome library. Poly(A) RNA was isolated from total RNA
using the Oligotex mRNA Kit (Qiagen). The degradome libraries from 1 ug of
poly(A)-enriched RNA were generated according to German et al. (2009). To
perform a quality check prior to sequencing, an aliquot of the blunt-ended
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cDNA was adenylated using dATP and GoTaq (Promega) for 10 min at 72°C
and was cloned using the TOPO TA Cloning Kit (Invitrogen) for subsequent
sequencing of 24 colonies per library. Illumina-Solexa sequencing of both
degradome libraries was performed at FASTERIS.

Degradome Analysis

After sequencing the degradome library, sequence tags of 20 and 21
nucleotides long were used after trimming sequence adapters and low-com-
plexity regions (see small RNA data processing). The 20- and 21-nucleotide
reads of both degradome (myc and nm) libraries were subjected to the
CleaveLand 2.0 pipeline for small RNA target identification as described
previously (Addo-Quaye et al., 2009). Briefly, the distinct reads were normal-
ized to give reads per million and subsequently mapped to annotated cDNA,
untranslated region, intron, transposon, and 1-kb upstream and downstream
sequences of the M. truncatula genome version 3.0 or to M. truncatula
annotated cDNA sequences from the Gene Index database at the Dana-Farber
Cancer Institute (MtGI release 9.0).

As small read input for the CleaveLand pipeline, we used either registered
(miRBase release 16) or miRDeep-predicted miRNAs. We ran CleaveLand
with default parameters using 100 randomized sequence shuffles. To clearly
identify targets in the degradome libraries, CleaveLand categorizes all hits
based on the abundance of the mRNA target tag relative to the overall
abundance of degradome tags matching the target mRNA (Addo-Quaye et al.,
2009).

qRT-PCR Analysis

Quantification of mature miRNAs by qRT-PCR was carried out as described
(Pant et al, 2008) with a minor change. To the stem-loop RT reaction, we
additionally added 1 uL (0.5 ug) of oligo(dT),s primer. The relative mature
miRNA abundance was calculated relative to the expression of the reference genes
MtEflee and MtPdf2. All primer sequences are listed in Supplemental Table S8.

In Situ Hybridization with Digoxigenin-Labeled Locked
Nucleic Acid Probes

Sections were deparaffinized (100% xylene, 50% xylene in ethanol, 100%
ethanol, 50% ethanol in diethyl pyrocarbonate-water, diethyl pyrocarbonate-
water; 5 min at each step), deproteinated (1 ug mL™' proteinase K in Tris
(hydroxymethyl)aminomethane-ethylenediaminetetraacetic acid buffer; 5
min at 37°C), and fixed in 4% paraformaldehyde (10 min at room tempera-
ture). To avoid the loss of miRNA molecules, an additional step for the
irreversible immobilization of miRNAs was included. Fixation using 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide was done as described (Pena et al.,
2009). Afterward, the sections were acetylated (triethanol amine, concentrated
HCl, acetic anhydride) and dehydrated by an ethanol series (25%, 50%, 70%,
85%, 90%, and 100%; 30 s at each step). The sections were dried at room
temperature and subsequently hybridized in ENZO hybridization buffer
(ENZO Life Sciences) containing 0.4 pmol uL™! appropriate digoxigenin-
labeled locked nucleic acid detection probe. The whole procedure of hybrid-
ization, stringency washes, and immunological detection using nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate was carried out according
to Nuovo (2010).

Sequence data can be found under National Center for Biotechnology
Information Gene Expression Omnibus series number GSE26218.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Correlation of log, fold changes myc versus nm
obtained by degradome library sequencing and Medicago genome array
hybridization (Gomez et al., 2009).

Supplemental Table S1. Known miRNAs from M. truncatula identified by
homology and their most abundant isoforms.

Supplemental Table S2. New miRBase-deposited miRNAs from M.
truncatula.
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Supplemental Table S3. New miRDeep-predicted miRNA candidates
from M. truncatula.

Supplemental Table S4. mt3.0 targets of known (miRBase 16) M. truncatula
miRNAs identified by CleaveLand 2.0 (Addo-Quaye et al., 2009) and
MtGI9 targets of known M. truncatula miRNAs (miRBase 15) using
CleaveLand 2.0 (Addo-Quaye et al., 2009).

Supplemental Table S5. mt3.0 targets of novel miRBase-deposited M.
truncatula miRNAs identified by CleaveLand 2.0 (Addo-Quaye et al.,
2009) and MtGI9 targets of novel miRBase-deposited miRNAs identified
by CleaveLand 2.0 (Addo-Quaye et al., 2009).

Supplemental Table S6. mt3.0 targets of miRDeep-predicted miRNA
candidates of M. truncatula miRNAs identified by CleaveLand 2.0
(Addo-Quaye et al., 2009) and MtGI9 targets of miRDeep-predicted
miRNA candidates identified by CleaveLand 2.0 (Addo-Quaye et al.,
2009).

Supplemental Table S7. Accession numbers of targets listed in Table II.

Supplemental Table S8. Oligonucleotide sequences.
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