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Twenty-one-nucleotide microRNAs (miRNAs) and 24-nucleotide Pol IV-dependent small interfering RNAs (p4-siRNAs) are

the most abundant types of small RNAs in angiosperms. Some miRNAs are well conserved among different plant lineages,

whereas others are less conserved, and it is not clear whether less-conserved miRNAs have the same functionality as the

well conserved ones. p4-siRNAs are broadly produced in the Arabidopsis genome, sometimes from active hot spot loci, but

it is unknown whether individual p4-siRNA hot spots are retained as hot spots between plant species. In this study, we

compare small RNAs in two closely related species (Arabidopsis thaliana and Arabidopsis lyrata) and find that less-

conserved miRNAs have high rates of divergence in MIRNA hairpin structures, mature miRNA sequences, and target-

complementary sites in the other species. The fidelity of miRNA biogenesis from many less-conserved MIRNA hairpins

frequently deteriorates in the sister species relative to the species of first discovery. We also observe that p4-siRNA

occupied loci have a slight tendency to be retained as p4-siRNA loci between species, but the most active A. lyrata p4-

siRNA hot spots are generally not syntenic to the most active p4-siRNA hot spots of A. thaliana. Altogether, our findings

indicate that many MIRNAs and most p4-siRNA hot spots are rapidly changing and evolutionarily transient within the

Arabidopsis genus.

INTRODUCTION

Plant transcriptomes include a multitude of small RNAs pro-

duced by the action of Dicer-Like (DCL) proteins. These endog-

enous small RNAs function as specificity determinants bound to

Argonaute (AGO) proteins within complexes that effect tran-

scriptional and/or posttranscriptional regulation of RNA targets.

MicroRNAs (miRNAs) are an abundant subset of the plant small

RNA population. They are defined by precise, DCL-catalyzed

excision from the helical stems of hairpin-forming single-

stranded precursor RNAs (Meyers et al., 2008; Voinnet, 2009).

Many plantmiRNAs negatively regulatemultiple targetmRNAs at

the posttranscriptional level, promote the formation of short

interfering RNAs (siRNAs) from their RNA targets, and/or interact

with naturally occurring target mimics (Mallory and Bouche,

2008). Through these regulatory mechanisms, plant miRNAs are

critical for multiple processes, including diverse developmental

events, meristem identity, abiotic stress responses, nutrient

homeostasis, and pathogen responses.

PlantMIRNA loci aremost often independent RNAPolymerase

II (Pol II)–transcribed units whose expression patterns are indi-

vidually regulated and consequently display tissue- or condition-

specific accumulation patterns (Xie et al., 2005; Valoczi et al.,

2006; Sieber et al., 2007). Identical or nearly identical mature

miRNAs can be encoded by large families of paralogousMIRNA

loci. The evolution of individual MIRNA loci (Warthmann et al.,

2008) and patterns of MIRNA family expansion and contraction

(Maher et al., 2006) can be tracked using comparative genomics.

SomeplantMIRNA families are quite conserved: Over 20 families

are expressed in bothmonocots and eudicots, and at least seven

of these families are also expressed in bryophytes (Axtell and

Bowman, 2008). Compared with less-conserved miRNAs, well-

conserved miRNAs tend to have higher expression levels, more

paralogous loci per family, and RNA targets that are easier to

computationally predict (using currently understood parameters

for miRNA/target interactions in plants) and experimentally verify

(chiefly by detecting remnants of AGO-catalyzed target cleav-

age) (Rajagopalan et al., 2006; Axtell et al., 2007; Fahlgren et al.,

2007). These observations have led to the hypothesis that many

less-conserved miRNA families may be nonfunctional and evo-

lutionarily transient (Rajagopalan et al., 2006; Fahlgren et al.,

2007; Axtell, 2008; Fenselau de Felippes et al., 2008). A second

hypothesis, which explains the difficulty of predicting and vali-

dating targets of less conserved miRNAs, suggests that less

conserved miRNAs are indeed often functional as target regu-

lators but tend to interact with targets in configurations generally
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not captured by current target prediction methods and with

molecular outcomes that do not often include readily detectable

cleavage remnants (Brodersen and Voinnet, 2009). The less

conservedmiR834 partially conforms to this hypothesis because

target regulation occurs without easily detected RNA cleavage

(Brodersen et al., 2008). However, in this case, the target site

itself was readily predicted by existing methods. A third hypoth-

esis, which explains the lack of conservation and generally low

expression levels, posits that less conserved miRNAs often

perform regulatory tasks in restricted numbers of cells within a

single family or genus. The regulation ofAGL16 transcripts by the

less conservedmiR824 specifically within the stomatal precursor

cells of the Brassicaceae provides an example conforming to this

idea (Kutter et al., 2007).

In most angiosperm tissues that have been analyzed, the

majority of small RNAs are not miRNAs, but instead are 24-

nucleotide Pol IV–dependent siRNAs (p4-siRNAs) that arise from

DCL processing of long, perfectly double-stranded RNA tem-

plated by genomic sequences. In Arabidopsis thaliana, most 24-

nucleotide siRNAs are p4-siRNAs produced and used by the Pol

IV/Pol V system, which uses them to direct RNA-directed DNA

methylation and repressive histone modifications to target chro-

matin (Matzke et al., 2009). Production of p4-siRNAs is broadly

distributed throughout the A. thaliana genome, with concentra-

tions in pericentromeric regions, avoidance of protein-coding

loci, and a tendency toward repetitive sequences (Lu et al., 2005;

Rajagopalan et al., 2006; Kasschau et al., 2007). Nonetheless,

there are clearly hot spots of p4-siRNA production from certain

loci (Rajagopalan et al., 2006; Kasschau et al., 2007; Zhang et al.,

2007; Mosher et al., 2008). Some A. thaliana p4-siRNA loci are

active in all developmental stages (type II loci), while many others

produce p4-siRNAs specifically in floral and reproductive tissues

(type I loci; Mosher et al., 2009). Loci marked by cytosine

methylation, some of which is likely directed by p4-siRNAs,

can vary among A. thaliana ecotypes (Vaughn et al., 2007) as do

the activities of some p4-siRNA loci (Vaughn et al., 2007; Zhai

et al., 2008). However, it is not known if individual p4-siRNA hot

spots are frequently retained as hot spots between species.

In this study, we exploit the recent production of a draft nuclear

genome sequence for Arabidopsis lyrata to examine evolution of

plant MIRNA and p4-siRNA loci between two congenic Brassica-

ceae species. We find that many less-conserved miRNA families

have high rates of sequencedivergence inMIRNA hairpin structures,

mature miRNA sequences, and in the complementary sites of

predicted targets between the two species. High-throughput iden-

tification of slicedmiRNA targets in bothA. lyrata andA. thalianawas

generally unsuccessful for targets of less conserved miRNAs. We

also observe that the most active p4-siRNA hot spots expressed

within A. lyrata leaves are not syntenic to the p4-siRNA hot spots in

multiple tissues of A. thaliana.

RESULTS

Identification and Annotation of A. lyratamiRNAs

A. lyrata MIRNAs were identified using two complementary

methods: Identification of A. lyrata genomic regions syntenic to

annotated A. thaliana MIRNAs and by analysis of sequenced A.

lyrata small RNA populations. For synteny-based identification,

A. thaliana MIRNAs annotated in miRBase 14.0 were filtered

according to updated criteria for annotation of plant MIRNAs

(Meyers et al., 2008) in combination with;1.63 107 sequenced

small RNAs from nine publically available small RNA seq (sRNA-

seq) data sets from various wild-type tissues (Table 1). Authentic

MIRNA loci are defined by precise excision of one or more

transient duplexes (consisting of the eventual miRNA and the

miRNA*) from a stem-loop RNA precursor. A. thaliana loci that

lacked clear evidence for precise excision of an authentic

miRNA/miRNA* duplex from a qualifying hairpin structure were

discarded, leaving a total of 157 loci. Syntenic A. lyrata loci were

identified for 143 out of the 157 queries using a microsynteny-

based method (see Supplemental Data Set 1 online). This pro-

cedure identified regions of similarity to the MIRNA queries that

were flanked by upstream and downstream protein-coding loci

that were highly similar to the upstream and downstream genes

in A. thaliana (see Methods). In parallel, three sRNAseq libraries

from A. lyrata were obtained and randomly sequenced: A library

prepared from rosette leaf tissue yielded;5.83 105 reads, while

two biological replicate sRNAseq samples from inflorescences

yielded;2.63 107 and;2.23 107 reads, respectively (Table 1).

A. lyrata MIRNA were identified de novo from these small RNA

data using a combination of MIRcheck (Jones-Rhoades and

Bartel, 2004) and expression-based filters to ensure conformity

to current criteria of plant MIRNA annotation (Meyers et al.,

2008). A total of 154A. lyrataMIRNA loci were identified based on

the sRNAseq data (see Supplemental Data Set 1 online). Many of

these loci (106) were identical to the A. lyrata loci found by the

synteny-based approach. Two of the A. lyrata loci were found to

be syntenic to annotated A. thaliana MIRNA loci that had been

missed in the initial homology search because the corresponding

A. thaliana loci had not met our expression-based criteria for

inclusion as queries. Five of the A. lyrataMIRNA loci found based

on expression were members of known A. thaliana miRNA

families but seemed to lack syntenic homologs in A. thaliana.

Interestingly, these five A. lyrata loci were found in two genomic

clusters: two clustered miR395 loci and three clustered miR399

loci. The remaining 41 A. lyrata MIRNA loci all produced mature

miRNAs lacking appreciable similarity to previously annotated

miRNAs in any species (based on miRBase 14). The micro-

synteny method found syntenic A. thaliana loci for about half (22)

of these 41 new A. lyrata MIRNA loci. Four of these 22 A. thaliana

syntenic regions passed the Meyers et al. (2008) expression

criteria for confident annotation as a MIRNA based on our

reference A. thaliana small RNA data set but had not been

previously noticed in A. thaliana. Details on all A. thaliana and

A. lyrata MIRNAs may be found in Supplemental Data Sets 1 to 3

online.

Our MIRNA annotation efforts led to a list of 205 MIRNA loci

that, using the sRNAseq data sets referenced above, met the

Meyers et al. (2008) criteria for annotation of plant MIRNAs in

either A. thaliana, A. lyrata, or both (see Supplemental Data Set

1 online). These loci were classified based on the apparent

conservation level of the mature miRNA families: The 26 families

(encoded by 99 loci) that were also annotated in one ormore non-

Brassicaceae species in miRBase 14 were termed MC (for more
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conserved). The 104 families (encoded by 106 loci) that were

not annotated as present in any non-Brassicaceae species in

miRBase 14 were termed LC (for less conserved).

Less ConservedMIRNAs Are Often Species Specific,

Weakly Expressed, EncodedbySingle Loci, andMore Likely

to Produce 22-Nucleotide RNAs

For most MIRNA loci corresponding to MC families, syntenic

homologs were identified in both species that, with reference to

our sRNAseq data, expressed microRNAs conforming to the

Meyers et al. (2008) expression criteria (Figure 1A). By contrast,

this situation was rare for LC families (Figure 1A). Instead, many

homologs of LC miRNAs expressed in one species were not

found to be expressed in the other species; only a minority of

these homologs retained a putative hairpin structure capable of

passing MIRcheck (which assesses secondary structures but

does not incorporate expression criteria; Figure 1A). Most MC

miRNA families were encoded by two or more loci, while nearly

all LCmiRNA families were encoded by just a single locus (Figure

1B). As inferred by sRNAseq read coverage, accumulation levels

of both MC and LC miRNAs spanned several orders of magni-

tude in both A. thaliana and A. lyrata (Figures 1C and 1D).

However, as a group, MC miRNA accumulation levels were

clearly higher than those for LC miRNA families (Figures 1C

and 1D).

We next analyzed properties of the observed MIRNA hairpin-

derived small RNAs themselves (which included annotated

Table 1. sRNAseq and Degradome Data Sets

Name Species/Tissue Type

Sequencing

Instrument

Number of

Reads

Unique

Reads Reference(s)

Accession(s)

(NCBI GEO)

AL-L1-sRNA A. lyrata/rosette

leaves

sRNAseq Illumina/SBS 583,895a 382,520a This study GSM451894

AL-F1-sRNA A. lyrata/

inflorescences

sRNAseq SOLiD 26,192,231a 61,287,122b This study GSM512644

AL-F2-sRNA A. lyrata/

inflorescences

sRNAseq SOLiD 21,620,398a 52,184,197b This study GSM512645

AT-deg1 A. thaliana/

inflorescences

Degradome SOLiD 9,031,213c 671,981d This study GSM512878

AT-deg2 A. thaliana/

inflorescences

Degradome SOLiD 9,612,258c 878,714d This study GSM512879

AL-deg1 A. lyrata/

inflorescences

Degradome SOLiD 7,087,227c 739,992d This study GSM512880

AL-deg2 A. lyrata/

inflorescences

Degradome SOLiD 15,665,420c 743,889d This study GSM512881

AT-F1-sRNA A. thaliana/

inflorescences

sRNAseq Roche/454 205,649e 100,658e Rajagopalan

et al. (2006)

GSM118372

AT-F2-sRNA A. thaliana/

inflorescences

sRNAseq Roche/454 78,596e 57,966e Kasschau

et al. (2007)

GSM154336

AT-F3-sRNA A. thaliana/

inflorescences

sRNAseq Illumina/SBS 7,686,781e 2,841,896e Lister et al.

(2008)

GSM227608

AT-F4-sRNA A. thaliana/

inflorescences

sRNAseq Illumina/SBS 7,576,080e 1,482,150e Montgomery

et al. (2008)

GSM342999,

GSM343000,

GSM343001

AT-Sq1-sRNA A. thaliana/

siliques

sRNAseq Roche/454 305,764e 141,539e Rajagopalan

et al. (2006)

GSM118375

AT-Se1-sRNA A. thaliana/

seedlings

sRNAseq Roche/454 188,954e 77,937e Rajagopalan

et al. (2006)

GSM118374

AT-Se2-sRNA A. thaliana/

seedlings

sRNAseq Roche/454 22,467e 12,718e Kasschau

et al. (2007)

GSM154375

AT-L1-sRNA A. thaliana/

rosette leaves

sRNAseq Roche/454 186,899e 67,663e Rajagopalan

et al. (2006)

GSM118373

AT-L2-sRNA A. thaliana/

rosette leaves

sRNAseq Roche/454 15,833e 8,112e Kasschau

et al. (2007)

GSM154370

aNumber of reads mapped to the genome.
bNumber of distinct genomic positions matched by one or more reads. Because SOLiD data were mapped allowing for errors, it is not possible to tally

the number of unique reads that were mapped.
cNumber of reads mapped to the sense strand of the transcriptome.
dNumber of distinct 59 ends matched by one or more reads. Because SOLiD data were mapped allowing for errors, it is not possible to tally the

number of unique reads that were mapped.
eNumber of reads present within the GEO-deposited accession.
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mature miRNAs, miRNA*s, as well as any length and positional

variants). MostMC families were dominated by expression of 21-

nucleotide small RNAs in both A. thaliana and A. lyrata (Figure

2A). However, some MC families were dominated by expression

of either 20-nucleotide small RNAs or by 22-nucleotide small

RNAs. The proportion of LC families dominated by 22-nucleotide

small RNA expression was higher than in MC families in both A.

thaliana and A. lyrata, although 21-nucleotide dominant families

still accounted for the majority of LC families (Figure 2B). Small

RNAs with a 59-U accounted for most small RNAs produced by

both MC and LC families in both species (Figures 2C and 2D).

However, we noted that the number of families in which small

RNA expression was not dominated by 59-U RNAswas higher for

A. lyrata miRNAs than for A. thaliana miRNAs. We do not

understand the reason for this result, but we suspect it might

be due to differential biases caused the different library con-

struction and sequencing methods used for the different sRNA-

seq data sets (Table 1).

High Levels ofMIRNAHairpin andMaturemiRNA Sequence

Divergence between A. thaliana and A. lyrata

We next compared the sequences of syntenic A. thaliana and

A. lyrata MIRNA hairpins. Analysis of sequence divergence was

limited only to syntenic pairs for which bothmembers passed the

Meyers et al. (2008) expression criteria or pairs in which one

member failed the expression criteria but still had a putative

hairpin capable of passing MIRcheck in the expression-negative

species (i.e., the green and yellow regions of Figure 1A). Se-

quence divergence between these 128 syntenic A. thaliana and

A. lyrata loci (88 from MC families and 40 from LC families) was

calculated by scoring each position of all pairwise alignments.

Hairpins were divided into five regions (Figure 3A); regions were

scaled and divided into seven bins each to account for variations

in length among the loci. As expected for conserved, functional

MIRNA hairpins (Ehrenreich and Purugganan, 2008; Warthmann

et al., 2008), divergence was lowest within the mature miRNA

itself for both the MC and the LC groups (Figures 3B and 3C);

this likely reflects purifying selection on the mature miRNA

sequences to maintain complementarity with target mRNAs.

The miRNA*s also showed low levels of divergence, most likely

reflecting the requirement to maintain base pairs with the con-

strained miRNAs in the context of the stem-loop secondary

structure. By contrast, the 59, loop, and 39 regions were relatively

unconstrained (Figures 3B and 3C). Although the divergence

profiles of MC and LC MIRNAs were qualitatively similar, there

was clearly more divergence in mature miRNA sequences

Figure 1. Less Conserved MIRNAs Are Often Species Specific, Weakly

Expressed, and Encoded by Single Loci.

(A) Identification of homologousMIRNA loci (left panel) and families (right

panel) in A. thaliana and A. lyrata. Only loci/families that passed the

expression criteria in at least one species were considered. MC, more

conserved; LC, less conserved.

(B) Cumulative distributions of the number of paralogous loci per miRNA

family.

(C) Cumulative distributions of the number of sequencing reads per A.

thalianamiRNA family (based on nine sRNAseq data sets totaling;1.63

107 reads; Table 1).

(D) As in (C) for A. lyrata miRNA families (based on ;4.8 3 107 reads;

Table 1).
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among the LC families, even after discarding loci whose pre-

dicted secondary structures were highly aberrant in one of the

two species (Figures 3B and 3C). This indicates that the mature

miRNA sequences of LC families often have less constraint in

mature miRNA and miRNA* sequences over short evolutionary

distances. ThematureMCmiRNAs had a slight tendency toward

higher divergence at their 39 ends, although diversity was low

throughout the MC miRNAs (Figure 3D). By contrast, mature LC

miRNAs showed high levels of divergence at all sequence

positions (Figure 3E).

Imprecise and Inconsistent Processing of Less

ConservedMIRNAs

Plant MIRNAs are defined by precise processing of a single-

stranded stem-loop precursor RNA to release one or more

specific miRNA/miRNA* duplexes (Ambros et al., 2003; Meyers

et al., 2008). In practice, stem-loop derived small RNAs fall into a

continuous spectrum of processing precisions, from very impre-

cisely processed inverted repeats (whose products are often

classified as a form of endogenous siRNA; Lu et al., 2006; Zhang

et al., 2007) to canonicalMIRNAs producing almost exclusively a

singlemiRNA/miRNA* duplex. Some less conservedMIRNAs are

imprecisely processed in A. thaliana, and this inaccuracy is

sometimes correlated with their reliance upon DCL4 instead of

DCL1 for processing (Rajagopalan et al., 2006). To examine

MIRNA processing precision, the;4.83 107 A. lyrata sRNAseq

reads from our three libraries (Table 1) were mapped to the A.

lyrata MIRNA hairpins. In parallel, the ;1.6 3 107 publicly

availableA. thaliana sRNAseq reads (all nineA. thaliana sRNAseq

libraries in Table 1) from several wild-type tissues were mapped

to the A. thaliana MIRNA hairpins. We defined processing pre-

cision at each locus as the abundance of reads corresponding

exactly to the mature miRNA or miRNA* divided by the total

abundance of all reads mapping to the hairpin. Thus, values

close to one indicate very high precision, while values close to

Figure 2. Predominant Lengths and 59 Nucleotides Produced by A. thaliana and A. lyrata MIRNA Hairpins.

(A) Proportions of sRNAseq reads of the indicated lengths from more conserved (MC) families. Families are grouped according to the most abundant

small RNA length, as indicated below the chart. Percentages indicate the percentage of families dominated by small RNAs of the indicated length for a

given species.

(B) As in (A) for less conserved (LC) families.

(C) As in (A) for 59 nucleotides of reads from MC families.

(D) As in (A) for 59 nucleotides of reads from LC families.
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zero indicate processing which produces only small amounts of

any given miRNA/miRNA* duplex. To compare how MIRNA

processing precision differed between A. thaliana and A. lyrata

homologs, we considered only those syntenic pairs for which

both members passed the Meyers et al. (2008) expression

criteria or pairs in which one member failed the expression

criteria but still had a putative hairpin that both passedMIRcheck

and expressed at least 10 sRNAseq reads. The processing

precisions of hairpins from MC miRNA families were typically

high in both species (Figure 4A). Some processing precisions

from LC hairpins also had similar precisions in both species

(Figure 4B). However, several of the LC hairpins were processed

quite imprecisely inA. lyrata; someof thesewere also imprecisely

processed in A. thaliana, where most of them were first de-

scribed, while others had higher precisions in A. thaliana (Figure

4B). We conclude that many LC MIRNAs are processed very

imprecisely, especially outside of the species in which they were

first observed.

High Levels of miRNA Target Divergence between

A. thaliana and A. lyrata

We next examined predicted targets of A. thaliana and A. lyrata

miRNAs. Targets were predicted only for miRNAs whose pre-

cursors passed the Meyers et al. (2008) expression criteria.

Potential miRNA target sites were scored according to the

criteria of Allen et al. (2005); higher scores indicated less confi-

dence in the predictions. In both species, lower-scoring (and

thus higher confidence) targets were more frequently predicted

for MC families and less frequently predicted for LC families

(Figure 5A). Based on previous results (Allen et al., 2005;

Rajagopalan et al., 2006), we used a score of three as the upper

limit for confident target prediction (Figure 5A). All target predic-

tions meeting this cutoff for A. lyrata miRNAs are given in

Supplemental Data Set 4 online. The overlap in confident target

predictions (score # 3) between A. thaliana and A. lyrata was

Figure 3. Less Conserved miRNAs Diverge More between A. thaliana and A. lyrata Than Do More Conserved miRNAs.

(A) A sketch showing the five regions of MIRNA hairpins that were analyzed. For convenience, the mature miRNA is shown on the 59 arm, although in

reality it can be either on the 59 arm or 39 arm.

(B) Average sequence divergence between more conserved A. thaliana and A. lyrata MIRNA hairpins. Both 59-arm and 39-arm mature miRNAs were

tallied and displayed together. To account for differences in lengths among the population of hairpins, the five regions were each scaled to seven bins.

Bars indicate the standard errors of the means.

(C) As in (B) for less conserved MIRNAs.

(D) As in (B) for each nucleotide position within mature miRNAs from more conserved families.

(E) As in (D) for less conserved families.

Figure 4. Less Conserved MIRNAs Tend to Be Processed Imprecisely.

(A) Scatterplot of A. lyrata versus A. thaliana MIRNA processing preci-

sions for more conservedMIRNAs. Green lines show the precision value

of 0.25, which we used as a cutoff for determining miRNA-like expression

patterns (Meyers et al., 2008).

(B) As in (A) for less conserved MIRNAs.

Arabidopsis lyrata Small RNAs 1095



examined. Importantly, this analysis was limited to the subset of

miRNA families that had at least one hairpin that passed the

Meyers et al. (2008) expression criteria in both species; in other

words, we examined miRNA target overlap only for miRNA

families that actually existed in both species. Syntenic homologs

were frequently predicted targets of MC miRNA families,

whereas this was rarely the case for the predicted targets of

LC miRNA families (Figure 5B). We conclude that target predic-

tions using standard criteria are more unreliable and more

inconsistent between species for LC miRNA families than for

MC families.

To determine experimentally miRNA targets, four degradome

libraries were prepared: two biological replicates fromA. thaliana

inflorescences and two biological replicates from A. lyrata inflo-

rescences. Each library consisted of ;1 3 107 reads that

mapped to the sense strand of one ormore annotated transcripts

Figure 5. Targets of Less Conserved miRNAs Are Difficult to Identify and Inconsistent between A. thaliana and A. lyrata.

(A) Cumulative distributions of the number of miRNA families with the indicated target prediction scores. The lowest scoring prediction (i.e., the most

confident prediction) for each family was used. MC, more conserved; LC, less conserved. The gradient of shading indicates increasingly less confident

predictions, beginning at a score of 3.

(B) miRNA target predictions by family. The number of predicted targets found only in A. thaliana (Ath), only in A. lyrata (Aly), or syntenic homologs

predicted in both species are shown. Families without any predicted targets in either species are omitted, as are families that were expressed only in a

single species.

(C) Sliced targets confidently found by degradome sequencing. Sliced targets were those that were found in both biological replicate degradome

libraries for the given species.

(D) As in (B) for degradome-confirmed targets.
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(Table 1). Degradome sequencing (synonymous with parallel

analysis of RNA ends and genome-wide mapping of uncapped

and cleaved transcripts) determines the 59 ends of RNAs with a

59-monophospate (Addo-Quaye et al., 2008; German et al.,

2008; Gregory et al., 2008). This RNA population includes the

sliced remnants of many miRNA-targeted transcripts. Sliced

miRNA targets were identified from these data using an updated

version of the CleaveLand software (Addo-Quaye et al., 2009a),

which calculates empirically estimated P values for each possi-

ble sliced miRNA target (see Methods). Targets with a P value#

0.05 in both biological replicates were considered verified; all

verified targets along with supporting information are found in

Supplemental Data Sets 5 to 8 online. Nearly all verified targets in

both species were those of MC miRNA families (Figure 5C), and

many of these were syntenic homologs that were validated in

both species (Figure 5D). Taken together, these observations

suggested thatmany of the putative targets of LCmiRNA families

were inconsistent between A. thaliana and A. lyrata and difficult

to verify by looking for evidence of slicing.

PoI IV siRNA Occupancy and Hot Spots Differ between

A. thaliana and A. lyrata

Wenext turned our attention to comparisons betweenA. thaliana

and A. lyrata 24-nucleotide siRNAs, most of which are likely due

to the action of the Pol IV/Pol V pathway. A whole-genome

alignment between A. thaliana and A. lyrata was performed. The

A. thaliana genome was divided into 1000-nucleotide bins

(119,184 in total), and A. lyrata genomic regions aligned to

each of the bins were identified. In total, 82.5% of the bins

(98,357) were confidently paired with anA. lyrata syntenic region;

the rest were ambiguous, largely due to small-scale inversions

(data not shown).

Repeat-normalized small RNA abundances from nine publicly

available A. thaliana sRNAseq data sets (Table 1) were tabulated

for all A. thaliana bins. Importantly, these data sets represented

diverse wild-type tissues (inflorescences, leaves, seedlings, and

siliques) and were produced with multiple technologies (Roche/

454 pyrosequencing and Illumina sequencing by synthesis) by

different investigators. Abundances derived from our three

A. lyrata sRNAseq samples were also calculated for all aligned

A. lyrata bins. Occupancies of small RNAs of a given size were

determined by applying a minimum threshold that corrects for

loci that produce multiple sizes of small RNAs (see Methods).

Only bins confidently aligned between A. thaliana and A. lyrata

were used for analysis. The number of bins occupied by 24-

nucleotide RNAs varied from 1378 to 11,431 (1.4 to 11.6% of

98,357 bins); variations in occupancy were directly correlated

with the sequencing depths of the samples. The number of bins

that were co-occupied in each pairwise combination of all data

sets was calculated (O: observed overlap). Additionally, the

number of co-occupied bins expected by random chance (E:

expected overlap) was also calculated for each pairwise com-

bination. In this scheme, positive values of O/E indicate more co-

occupancy than would be expected by chance. Importantly, this

metric can be compared across samples of differing sequencing

depths. The observed co-occupancies for 24-nucleotide RNAs

between different A. thaliana samples was always greater than

expected by chance alone, typically between four- and eightfold

higher (Figure 6A). These data indicate that 24-nucleotide RNA

producing loci are somewhat consistent across different tissues

of A. thaliana whose small RNAs were sampled at different

depths and using different sequencing methodologies. Compar-

isons to the 24-nucleotide RNA accumulation pattern of A. lyrata

also showed that co-occupancy of syntenic bins occurred more

often than expected by chance. However, the enrichments

relative to chance alone were very modest, with all O/E ratios

less than twofold for all interspecies comparisons (Figure 6A). As

a control, the same analysis was performed for 21-nucleotide

occupied bins from each sample, with the expectation that

because many of these bins contain conserved MIRNAs or TAS

loci, they would be consistently occupied both in the various

A. thaliana samples and in A. lyrata. Indeed, the number of 21-

nucleotide RNA co-occupied bins in A. thaliana intraspecies

comparisons and in the A. lyrata–A. thaliana interspecies com-

parisons greatly exceeded the values expected by chance

alone and exceeded the values seen for 24-nucleotide RNA co-

occupancy (Figures 6A and 6B). We conclude that only a small

percentage of the genomic regions producing 24-nucleotide

small RNAs in one species also produce 24-nucleotide RNAs

from the syntenic region in a closely related species. This

contrasts with 21-nucleotide RNA expressing loci, which are

more consistently found to be 21-nucleotide expressers in both

species.

Next, we examined whether the most active hot spots of small

RNA expression behaved similarly to the global patterns for all

occupied loci. The top 100 24-nucleotide expressing 1-kb bins,

ranked in order of the abundance of mapped 24mers, were

obtained for each A. thaliana and A. lyrata data set within the

98,357 confidently aligned 1-kb regions. The raw observed

overlap between all of the data sets was analyzed. The top 100

21-nucleotide expressing bins from each sample were analyzed

in the same way, as a control. Similar to the global patterns of

occupancy, the consistency of 24-nucleotide RNA hot spots

between different A. thaliana samples was generally lower than

that of 21-nucleotide hot spots (Figures 6C and 6D). In all A.

thaliana-only pairwise combinations, between one and 63 24-

nucleotide hot spots were in the top 100 in both samples, with a

mean of 19.0, while values for 21-nucleotide hot spot overlap

betweenA. thaliana samples ranged from 32 to 76with amean of

54.4. Some of the variation in A. thaliana 24-nucleotide RNA hot

spots was due to tissue-specific expression patterns. Particu-

larly striking were the highly consistent 24-nucleotide RNA hot

spots from the inflorescence and silique samples (Figure 6C).

These are likely to be type I p4-siRNA loci, defined by their

specific expression in reproductive tissues (Mosher et al., 2009).

By contrast, 24-nucleotide siRNA hot spots from A. thaliana

leaves were not as consistent, with 14 out of 100 overlapping

between the two A. thaliana leaf samples examined (Figure 6C).

The leaf hot spots are likely type II p4-siRNA loci, which are

defined by their broad expression patterns, particularly in non-

reproductive tissues (Mosher et al., 2009). Other probable

sources of the within-species variation in small RNA hot spots

include sampling error due to nonsaturating sequencing depths,

variations in small RNA library construction and particularly in

the level of contamination by degraded RNA fragments, and
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artifacts arising from differing sequencing technologies. Pairwise

comparisons of all nine A. thaliana hot spot lists to all three

A. lyrata hot spot lists revealed very low overlap in the top 100

24-nucleotide RNA hot spots, with between zero and two shared

syntenic bins (mean = 0.52; Figure 6C). This low to nonexistent

overlap in 24-nucleotide RNA hot spots wasmuch lower than the

14 out of 100 overlap seen when comparing two A. thaliana leaf

samples, but higher than the values expected from random

chance (;1 E26). By contrast, many more of the top 100 21-

nucleotide hot spots overlapped between A. thaliana and A.

lyrata; values ranged from 21 to 34 with a mean of 28.3 (Figure

6D). Most of these shared 21-nucleotide hot spots were likely to

have been abundant miRNAs or trans-acting siRNAs.

It is possible that the failure to identifymore 24-nucleotide RNA

hot spots shared between A. thaliana and A. lyrata was because

syntenic hot spots disproportionately fell into genomic regions

that were not confidently aligned. To test this, we examined both

co-occupancy and the top 100 small RNA hot spots from all

119,184 1kb bins, including the ambiguously aligned bins, for the

nine A. thaliana data sets. Both for global occupancy, and for hot

Figure 6. 24-Nucleotide RNA Expression and Hot Spots Frequently Differ between A. thaliana and A. lyrata.

(A) Log2 ratios of observed to expected overlaps between 24-nucleotide small RNA occupied 1-kb bins for all pairwise comparisons between various

A. thaliana and A. lyrata small RNA samples. F1-F4, floral; Sq1, silique; Se1-Se2, seedlings; L1-L2, rosette leaves.

(B) As in (A) for 21-nucleotide small RNA occupied bins.

(C) Overlaps between the top 100 24-nucleotide small RNA expressing 1-kb bins for all pairwise comparisons between various A. thaliana and A. lyrata

small RNA samples.

(D) As in (C) for the top 100 21-nucleotide small RNA expressing loci.

(E) Percentages of A. thaliana 21- and 24-nucleotide small RNA occupied bins that were ambiguously aligned in the A. thaliana–A. lyrata whole genome

alignment. Dashed line indicates the percentage of the entire A. thaliana genome that was ambiguously aligned.

(F) As in (E) for the top 100 A. thaliana 21- and 24-nucleotide small RNA hot spots.

(G) Fractions of 24-nucleotide small RNAs that mapped to annotated genes, compared with the overall fraction of genomic nucleotides overlapping with

gene annotations in A. thaliana and A. lyrata. A. thaliana sRNAseq data were the combination of all nine sRNAseq libraries, and A. lyrata sRNAseq data

were the combination of all three sRNAseq libraries (Table 1).
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spots, 24-nucleotide expressing regions were indeedmore likely

to fall into nonaligned bins than were the control 21-nucleotide

hot spots (Figures 6E and 6F). In all cases, the percentages of 24-

nucleotide occupied bins or hot spots exceeded the genome-

wide percentage of all nonalignable bins. By contrast, the

21-nucleotide occupied bins or hot spots fell into ambiguously

aligned bins with consistently lower frequencies that were

roughly centered upon the genome-wide value (Figures 6E and

6F). Thus, A. thaliana 24-nucleotide RNA hot spots are indeed

more likely to arise from genomic regions difficult to align with A.

lyrata. However, it should be noted that this effect is modest;

most A. thaliana 24-nucleotide RNA hot spots and occupied loci

were in confidently aligned bins but almost none of these were

also 24-nucleotide RNA hot spots in A. lyrata. Like their A.

thaliana counterparts,A. lyrata 24-nucleotide small RNAs tended

to emanate from regions of the genome devoid of annotated

protein-coding capacity (Figure 6G). Altogether, we observe a

slight tendency of 24-nucleotide RNA expressing loci to be

retained as 24-nucleotide expressers between species, but

our data provide little evidence for retention of individual 24-

nucleotide RNA hot spots between A. thaliana and A. lyrata. This

contrasts strongly with themost active 21-nucleotide expressing

loci, which are often highly expressed in both species.

DISCUSSION

Emergence or Degeneration ofMIRNAs at the

Species Level

The notion thatmany plantMIRNAs are lineage specific has been

clearly supported by comparisons of MIRNA inventories be-

tween different plant families (Rajagopalan et al., 2006; Fahlgren

et al., 2007).MIRNA emergence must be fairly rapid, as there are

several examples of MIRNAs that probably arose specifically in

the species A. thaliana, as judged by their absence in the closest

relativeA. lyrata (Fenselau de Felippes et al., 2008). Our sampling

of A. lyrata small RNA expression also indicated that there are

many A. lyrata–specific MIRNAs that arose after the divergence

of theA. thaliana lineage. We found that, as a group, homologs of

young A. thaliana or A. lyrata MIRNA loci frequently do not

conform to classical ideas of MIRNA biogenesis and function.

Specifically, syntenic homologs of young MIRNAs in the closest

related species (1) frequently lack the capacity to form aMIRNA-

like stem-loop, (2) have high divergence rates in mature miRNA

sequences, (3) tend to lose complementarity with homologs of

the known/predicted targets, and (4) are processed with dimin-

ished accuracy in the sister species. Misannotations of MIRNA

loci were unlikely to have confounded these results, as we

restricted our analyses to a subset of annotated MIRNAs for

which there is unambiguous experimental evidence for miRNA

biogenesis in at least one of the two species being analyzed.

Thus, we conclude that many of the less conserved MIRNAs

either degenerated in one species from a functional common

ancestor or were specifically refined from a nonfunctional an-

cestor in a given lineage. Either option entails relatively rapid

changes in MIRNA sequences, processing accuracies, and

target repertoires.

At least two hypotheses are consistent with the differences in

properties between young MIRNA loci and their syntenic homo-

logs in closely related species. The first is that these homologs

are performing biologically meaningful regulatory roles in both

species. Because of the noncanonical sequence conservation,

diminished target site conservation, and reduced processing

accuracies, this hypothesis necessitates that the youngMIRNAs

exert biological effects in a manner that is quite different than for

canonical MIRNAs. For instance, it could be that these young

miRNAs interact with targets with pairing geometries not cap-

tured by commonly used prediction methods (Brodersen and

Voinnet, 2009). Such pairing configurations could potentially be

more tolerant of positional and sequence heterogeneity (al-

though this is not the case for the seed targeting that has been

extensively documented in animals). Another possibility is that

some of these young MIRNAs could exert regulatory roles on

host transcripts in cis simply by being processed by DCL

proteins, similar to the suspected functions of A. thaliana

MIR838 and Physcomitrella patens MIR1047 (Rajagopalan

et al., 2006; Axtell et al., 2007). A second hypothesis that cannot

be excluded with currently available data is that many homologs

of young MIRNAs are simply degenerate and do not function in

any biologically relevant role in the sister species. This would in

turn imply that these youngMIRNAs are truly species specific, in

that they exist and function only in a single species but not in its

closest relative.

Our analysis highlighted broad trends that differentiated more

conserved and less conservedMIRNAs between A. thaliana and

A. lyrata. However, it is important to point out that not all less

conservedMIRNAs followed the overall trends. Some homologs

of less conserved MIRNAs had conserved mature miRNA se-

quences within MIRNA-like hairpins, maintained high levels of

complementarity to their targets, andwere processed accurately

in both species. Thus, there are certainly some MIRNAs that are

restricted to the Brassicaceae but also have the properties of

more conserved, canonical MIRNA loci.

Pol IV siRNA Hot Spots Can Be Evolutionarily Transient

P4-siRNAs, which are 24 nucleotides in length, are hypothesized

to counteract productive Pol II transcription of intergenic regions

by directing chromatin modifications to Pol V transcribed areas

(Wierzbicki et al., 2009). Much of the genome is involved in p4-

siRNA production at low levels, and there are clear hot spots of

production that account for a disproportionate amount of p4-

siRNA production (Zhang et al., 2007). We find that global

expression patterns of 24-nucleotide RNAs, which we presume

to be p4-siRNA loci, are relatively consistent across different

tissue samples derived from A. thaliana, with pairwise overlaps

between different samples consistently four- to eightfold higher

than expected by chance alone. By contrast, 24-nucleotide RNA

hot spots are consistent between different inflorescence and

silique samples ofA. thaliana, but often differ between vegetative

(leaves and seedlings) and reproductive (inflorescences and

siliques) tissues of A. thaliana. These data imply that type I p4-

siRNAs (defined by their absence from vegetative tissues) have

more reproducible hot spots than do type II p4-siRNAs (defined

by their presence in vegetative tissues). Despite the higher
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intraspecies variability in the vegetative p4-siRNA hot spots,

there are many that are reproducibly active in different samples:

For instance, 14 out of the top 100 p4-siRNAhot spots are shared

between two independently derived A. thaliana leaf samples

(Figure 5C). However, there is essentially no significant overlap

between the top 100 p4-siRNA loci expressed in A. lyrata leaves

or inflorescences and the top 100 p4-siRNA loci from any A.

thaliana tissue. Similarly, there is only a slight trend toward

overlap in the global patterns of p4-siRNA accumulation be-

tween A. lyrata and A. thaliana regardless of expression level.

Thus, the loci which produce p4-siRNAs often differ between

A. thaliana and A. lyrata.

The significance of most individual p4-siRNA hot spots within

plant genomes is unknown. In Drosophila melanogaster, Piwi-

interacting RNAs (piRNAs) have some functional analogies to

plant p4-siRNAs. Like plant p4-siRNAs, fly piRNAs also function

to silence transposable element expression by the use of

Watson-Crick interactions between the small RNA and target

(Aravin et al., 2007). In germline cells and surrounding somatic

support cells, piRNA expression disproportionately emanates

from just a fewmaster regulator loci, themost prominent of which

is flamenco (Brennecke et al., 2007; Lau et al., 2009; Malone

et al., 2009). The flamenco locus is an ;180-kb region domi-

nated by transposon fragments that are arranged almost exclu-

sively in a single orientation (Brennecke et al., 2007). The

abundant piRNAs produced from the flamenco locus function

to initiate posttranscriptional silencing of active transposon

copies elsewhere in the genome. The flamenco piRNA hot spot

is critical for suppression of gypsy retroelements in the female

germline (Prud’homme et al., 1995). Importantly, flamenco is

conserved with respect to high production of piRNAs and single-

stranded transposon orientation in both Drosophila yakuba and

Drosophila erecta (Malone et al., 2009). By analogy with fla-

menco, one potential function for plant p4-siRNA hot spots could

be as master loci that produce siRNAs with the capacity to

silence expression of many unlinked transposons with sequence

similarity in trans. However, unlike in the flamenco analogy, we

did not find evidence for maintenance of high expression for any

p4-siRNA hot spots between two closely related plant species.

This implies that highly active individual p4-siRNA loci can, like

less-conserved MIRNAs, be evolutionarily transient in plants.

METHODS

Small RNA Sequencing and Data Analysis

Total RNA was extracted using Tri-Reagent (Sigma-Aldrich). Illumina

sequencing of the Arabidopsis lyrata leaf sample was as follows: Small

RNA-enriched fractions were purified from 20% PAGE gels by recover-

ing the 20- to 30-nucleotide area from the total RNA sample. A pre-

adenylated 39 adapter (IDT) linker 1 (59-AppCTGTAGGCACCATC-

AATddC-39) was added using T4 RNA ligase without exogenous ATP.

The 39-ligated products were gel eluted and then ligated to a 59 adapter

composed of RNA (59-GUUCAGAGUUCUACAGUCCGACGAUC-39) us-

ing T4 RNA ligase with ATP. Gel purification of the ligated product was

followed by reverse transcription using an oligo (59-ATTGATGGTGCC-

TACAG-39) specific to the 39 linker. The cDNA library was then amplified

using a 59 adapter oligo (59-AATGATACGGCGACCACCGACAGGTTCA-

GAGTTCTACAGTCCGA-39) and a 39 adapter oligo (59-CAAGCAGAA-

GACGGCATACGAATTGATGGTGCCTACAG-39). The amplified library

was then gel purified and sequenced using an Illumina genome analyzer

by Fasteris. The A. lyrata data (described here) and another library

embedded within the raw data were computationally separated by pars-

ing the 39 adapter sequences. Reads between 19 and 26 nucleotides in

length were retained for analysis. Construction of A. lyrata inflorescence-

derived small RNAs was performed using the SOLiD Small RNA Expres-

sion Kit per the manufacturer’s instructions, followed by sequencing

on the SOLiD 2 instrument at the Penn State/Huck Institutes Genomics

Core Facility.

Identification ofMIRNAs in Arabidopsis thaliana and A. lyrata

A. thaliana small RNA reads combined from nine publicly available

sRNAseq data sets (Table 1) were mapped to the TAIR9 genome, and

readsmapped to the genome fewer than 15 times were used then aligned

to 190 annotated A. thaliana MIRNA loci retrieved from miRBase 14.0

(Griffiths-Jones et al., 2008). Loci were then filtered based on a conser-

vative interpretation of the updated criteria for plant MIRNA annotation

(Meyers et al., 2008), which required at least 10 raw small RNA sequenc-

ing readsmatching the hairpin, and anmiRNA/miRNA* duplex processing

precision >0.25 (calculated as the proportion of the raw read abundance

mapping exactly to the mature miRNA and miRNA* out of the total

abundance of reads mapping anywhere on the hairpin). A. lyrata MIRNA

homologs of those A. thaliana MIRNA loci that passed the filtering were

computationally identified using amicrosynteny-basedmethod. For each

A. thaliana MIRNA considered, the two flanking protein coding loci were

retrieved from the TAIR9 annotation set. The top five hits in the A. lyrata

filtered genemodels generated by the Joint Genome Initiative (JGI; http://

genome.jgi-psf.org/Araly1/Araly1.home.html) of the A. thaliana MIRNA

and the flanking loci were identified using BLASTn. Flanking loci and

MIRNA hits were compared to identify microsyntenic regions. TheMIRNA

hit with maximally preserved synteny (i.e., between two hits to the

respective A. thaliana flanking loci) was identified as the predicted A.

lyrata MIRNA hairpin homolog. If none of the top five hits of the MIRNA

maintained the same synteny of MIRNA and two flanking genes in A.

lyrata, a MIRNA hit that maintained the synteny with only one of the

flanking genes was identified as the predicted A. lyrata MIRNA homolog.

Meanwhile, A. lyrata MIRNA loci were identified de novo from the three

sRNAseq data sets produced in this study (Table 1). Reads from each

data set weremapped to theA. lyrata genome assembly generated by the

JGI (http://genome.jgi-psf.org/Araly1/Araly1.home.html), and each 300-

nucleotide flanking genomic region was prefiltered based on polarity of

small RNA accumulation ($75% from the dominant strand), 21-22mer

abundance relative to other size classes (amount of 21-22mersmore than

double the amount of non-21-22mers), and number of hits for individual

small RNAs in the genome (no greater than 15 genome matches) and

examined by MIRcheck (Jones-Rhoades and Bartel, 2004). Candidates

that survived this prescreening were then subject to the following addi-

tional filters: The most abundant small RNA on the hairpin had to have

more than 15 reads in at least one of the three libraries; the processing

precision had to be greater than 0.25; the hairpin had to pass MIRcheck

(Jones-Rhoades and Bartel, 2004) with the parameters “-mir_bulge”,3,

“-ass”, 2,”-unpair”; the miRNA* had to be expressed, or the mature

miRNA had to be themost abundant small RNA in two ormore libraries.A.

thaliana genomic loci syntenic to previously unknown A. lyrata MIRNAs

were identified as described above.

MIRNA Divergence Analysis

Syntenic A. thaliana and A. lyrata MIRNA hairpins were divided into five

regions: the loop/upper stem, mature miRNA, miRNA*, and 59 and 39

regions. Each region was further divided into seven equal-length bins
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(rounded to the closest integer). Divergence was calculated as the

pairwise difference per nucleotide of each bin for each MIRNA based

on the pairwise alignment using MUSCLE (Edgar, 2004) between the

MIRNA hairpins in both species. Mature miRNAs in both species were

identified as the small RNA in the most precisely processed miRNA/

miRNA* duplexes in a family calculated from the aforementioned sRNA-

seq data sets. Thus, the mature miRNA sequences were not necessarily

the same as annotated miRNAs in miRBase 14.0.

miRNA Target Prediction and Validation

All mature miRNAs derived from hairpins that passed our expression

criteria were used to predict targets from the TAIR9 transcriptome (for A.

thaliana) or from the JGI FM3 transcriptome (A. lyrata). Predictions were

accomplished with the PERL script axtell_targetfinder.pl. This program

first uses rmapper-ls (from the SHRiMP package; Rumble et al., 2009) to

find a large set of alignments with very low stringency. These initial

alignments are then parsed into RNA-RNA alignments and scored

using the scheme of Allen et al. (2005), retaining only those alignments

scoring seven or better. Target prediction with this method also includes

annotation of the predicted cleavage site as well as randomizations.

This program is available as part of the CleaveLand 2.0 package on our

lab’s website (http://homes.bio.psu.edu/people/faculty/Axtell/AxtellLab/

Software.html).

Construction of degradome libraries differed considerably from our

past efforts (Addo-Quaye et al., 2008, 2009b). Approximately 150 ng of

poly(A)+ RNA was used as input to the SOLiD whole transcriptome

analysis kit, following the manufacturer’s instructions except that (1) the

initial RNaseIII-catalyzed RNA fragmentation was omitted and (2) a large

size range was gel isolated after the RT-PCR. Omitting the RNaseIII

fragmentation step restricts the initial adapter ligation to only those RNAs

containing 59-monophosphates. Libraries were sequenced using the P1

(59) adapter only, resulting in the sequencing of the first 35 nucleotides of

the inserts that represented the 59 ends of the original RNAs.

Raw degradome data, in colorspace format, were mapped to the

appropriate transcriptomes using rmapper-cs (part of the SHRiMP pack-

age, version 1.3.1; Rumble et al., 2009) using the nondefault settings: M

35bp,fast -o 10,000 -F. Initial mappings were then filtered to retain only

the best scoring alignment(s) for each read with less than six mismatches

total and those that had perfect alignments to nucleotides one through six

(to allow confident detection of 59 ends) and whose alignments extended

at least to position 29 (to exclude any potential miRNAs or siRNAs that

might have contaminated the libraries). The filtered map data were com-

pacted into a standard degradome format that gives the number of 59

ends observed at each position in the transcriptome, along with a peak

categorization score between zero and four. For each miRNA query,

axtell_targetfinder.pl was used to predict all targetswith alignment scores

of seven or less, along with 1000 identical target predictions for randomly

permuted versions of the query miRNA. The significance of any degra-

dome signatures that matched the cleavage sites of a predicted miRNA

target was assessed by examining the frequencies with which the

randomized queries also matched degradome information. Specifically,

for each peak category, a cumulative distribution representing the fre-

quency with which the random queries had one or matches at a given

miRNA alignment score was calculated. The likelihood that a given

cleavage fragment was observed by chance was estimated by retrieving

the frequency with which the random queries gave hits of the given peak

category at the given alignment score or better; we interpreted this

frequency as a P value. The cutoff for confident target identification was

P # 0.05 in both biological replicates. A series of PERL scripts that

accomplish these calculations is available from our lab website as

the CleaveLand 2.0 package (http://homes.bio.psu.edu/people/faculty/

Axtell/AxtellLab/Software.html).

Small RNA Occupancy Calculation and Hot Spot Identification

A whole genome alignment between A. thaliana and A. lyrata was

performed using lastz (http://www.bx.psu.edu/miller_lab/dist/README.

lastz-1.01.50/README.lastz-1.01.50.html; B. Harris and C. Riemer, un-

published data) and further processed to retain a one-to-one best

alignment using chainnet (Kent et al., 2003). The A. thaliana genome

(TAIR9 release) was divided into 119,184 1-kb bins and the A. lyrata

syntenic regions to 98,357 of the bins were confidently obtained via the

whole-genome alignment. Small RNAs from 12 data sets (AT-F1, AT-F2,

AT-F3, AT-F4, AT-Sq1, AT-Se1, AT-Se2, AT-L1, AT-L2, AL-L1, AL-F1,

and AL-F2; Table 1) were mapped to their respective genomes, and

repeat-normalized small RNA abundances were tabulated for each

confidently aligned bin (98,357 bins). All bins with abundance greater

than 10 reads per million, calculated by the small RNA abundance of a

certain length (21 or 24 nucleotides) minus the abundance of small RNAs

of all other lengths, were considered “occupied.” The overlap of the

occupied bins between each pair of the data sets was analyzed, and the

normalized overlap (calculated by log2 transformation of the observed

overlap divided by the expected overlap) was reported. Expected overlap

was the product of the fractions occupied in the two data sets being

compared. For example, given a data set with 2000/98,357 (2.03%) bins

occupied and a second data set with 10,000/98,357 (10.17%) bins

occupied, the percentage of bins occupied in both data sets expected by

random chance is 0.0203 3 0.1017 = 0.00206 (0.206%;;203 bins). For

hot spot identification, the bins in each data set were ranked by the

abundance of small RNAs of a certain length (21 or 24 nucleotides) minus

the abundance of small RNAs of all other lengths. The top 100 ranking

bins were considered hot spots. The number of overlapping bins out of

the 100 top-ranking bins from every pair of the data sets was calculated.

Overlap of 24-nucleotide small RNAs with annotated genes was calcu-

lated by comparing the mapping positions of 24-nucleotide small RNAs

with genomic annotations (TAIR9 transcripts for A. thaliana and FM3

transcripts for A. lyrata). Reads falling within introns were also counted as

mapping to genes. Genomic fractions annotated as genes simply scored

every genomic nucleotide as either genic (exonic or intronic annotated) or

intergenic.

Accession Numbers

Newly generated A. lyrata small RNA data have been deposited at the

National Center for Biotechnology InformationGene ExpressionOmnibus

(NCBI GEO) (GSE18077 and GSE20442). A. lyrata and A. thaliana

degradome data have also been deposited at NCBI GEO (GSE20451).

Accession numbers for all data sets used in this study are listed in Table 1.
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