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Evolution of microRNA genes by inverted duplication
of target gene sequences in Arabidopsis thaliana

Edwards Allen2, Zhixin Xiel’2, Adam M Gustafson'2, Gi-Ho Sungz, Joseph W Spatafora® &

James C Carrington!?

MicroRNAs (miRNAs) in plants and animals function as post-transcriptional regulators of target genes, many of which are
involved in multicellular development. miRNAs guide effector complexes to target mRNAs through base-pair complementarity,
facilitating site-specific cleavage or translational repression. Biogenesis of miRNAs involves nucleolytic processing of a precursor
transcript with extensive foldback structure. Here, we provide evidence that genes encoding miRNAs in plants originated by
inverted duplication of target gene sequences. Several recently evolved genes encoding miRNAs in Arabidopsis thaliana and other
small RNA—-generating loci possess the hallmarks of inverted duplication events that formed the arms on each side of their
respective foldback precursors. We propose a model for miRNA evolution that suggests a mechanism for de novo generation of

new miRNA genes with unique target specificities.

miRNAs (~20-22 nucleotides) function as guides that direct effector
complexes to specific mRNA targets, resulting in negative regulation
through degradative pathways or cotranslational repression'. miRNA
biogenesis involves multistep processing of self-complementary (fold-
back) precursor transcripts. In animals, pri- (foldback excision) and
pre-miRNA processing is catalyzed by the RNaselll-like enzymes
Drosha and Dicer>™; in plants, multiple steps may be catalyzed by
Dicer-likel (DCL1)°~. Although miRNAs have been found only in
land plants and animals, most eukaryotes possess the RNA interfer-

f many genes encoding miRNAs in plants predates the split of

la. ence (RNAi) machinery through which miRNAs operate®. Formation

=% monocots and dicots (~ 150 million years ago); many animal genes

encoding miRNAs predate the divergence of metazoans (~ 600
million years ago)>!°. There are no known orthologous miRNAs or
common miRNA targets between plants and animals'. Furthermore,
several miRNA-controlled regulatory networks, such as those invol-
ving miR165/166, are found only in plant lineages' 2. Plant miRNA
targets typically contain single sites that are complementary to one
miRNA family, whereas animal targets usually contain multiple,
weakly complementary sites within 3’ untranslated regions!.

A. thaliana contains at least 22 miRNA families, most of which are
conserved between monocots and dicots'>!4. Twelve of these families
target mRNAs encoding transcription factors involved in development.
Perturbation of miRNA biogenesis or targeting frequently leads to
developmental defects, including alterations in leaf morphology, mer-
istem identity, patterning and reproductive development!>-2!, Several
A. thaliana miRNAs affect hormone signaling pathways'>!°, and
others regulate genes involved in stress responses'>?2, Two miRNAs

(miR162 and miR168) regulate genes required for miRNA biogenesis
or activity?®?*, A. thaliana also contains several nonconserved miR-
NAs, such as miR161 and miR163. The nonconserved miRNAs are
represented by single genes rather than multigene families'?.

New gene regulatory networks can result from duplication of
protein-coding sequences and regulatory elements?>%, In this paper,
we explore the possibility that genes encoding miRNAs in plants
originated by duplication events from sequences in target gene families.

RESULTS

MIR161 and MIR163 have extended similarity to target genes
Loci capable of forming a transcript that adopts an extended foldback
structure can arise by inverted duplication events. If the originating
sequence is a protein-coding gene, then the originating gene and
closely related family members could be brought under negative
regulation by RNAi through short interfering RNAs (siRNAs)
spawned at the duplication locus®. If sequences at the duplication
locus diverge under constraints to maintain a foldback structure and
adapt to the miRNA biogenesis apparatus, then the new locus might
evolve into a miRNA gene with specificity for one or more targets
related to the founder gene. This is the inverted duplication hypothesis
for evolution of genes encoding miRNAs.

The inverted duplication hypothesis predicts that the foldback arms
of recently evolved miRNA genes might contain relatively long
segments with similarity to target gene sequences. To investigate this
possibility, we used the foldback sequences from 91 miRNA loci'* in
FASTA searches against the A. thaliana gene database (Fig. 1).
Complementarity or similarity to the ~2I1-nucleotide miRNA
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Figure 1 Flowchart for identification of miRNA foldbacks and endogenous
small RNA loci with properties that are consistent with derivation by inverted
duplication from protein coding genes. A. thaliana miRNA foldback
sequences and endogenous siRNAs were as defined by the miRNA
Registry!4 and the ASRP database.

sequence alone was insufficient to detect a significant signal under the
conditions used. Most miRNA foldbacks lacked extended similarity or
complementarity to any gene sequences, including those from their
respective target genes (Fig. 2a). But queries with foldback sequences
from MIR161 and MIR163 resulted in significant hits to several genes,
which corresponded to their respective target genes or closely related
family members (Fig. 2a). We detected significant scores to the same
genes even when the miRNA was computationally deleted from the
foldback sequence (Fig. 2b,c). miR161 targets several mRNAs coding
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for pentatricopeptide repeat proteins (PPRs), and miR163 was pre-
dicted to target several S-adenosylmethionine-dependent methyltrans-
ferases (SAMTs)>228, The MIRI61 locus is unusual in that it encodes
overlapping miRNAs (miR161.1 and miR161.2) from a single pre-
cursor sequence (Fig. 3), comprising a contiguous, 29-nucleotide
miR161.1-miR161.2 sequence containing complementarity to a con-
tiguous sequence in each PPR target mRNA. miR163 is also unusual in
that it is 24 nucleotides, rather than the more typical ~21 nucleotides,
in length®”? (Fig. 3).

We detected discrete segments of complementarity and similarity
to target gene sequences in miRNA-containing and miRNA-
complementing (miRNA*) arms, respectively, for MIRI61 and
MIRI163 (Fig. 4a,b). The foldback arms of MIRI163 share significant
similarity to sense and antisense polarities of a segment of three
SAMT-like genes (Fig. 4b). The miR163 precursor also contains
significant target sequence similarity in a region between the two
foldback arms (Fig. 4b). We also detected segmental similarity
between MIRI161 foldback arms and PPR target genes; the miR161*
arm had the greatest similarity (Fig. 4a). To analyze these matches
statistically, we used 1,000 randomized versions of each foldback arm
from MIRI61 and MIR163 in FASTA searches against the A. thaliana
gene database. We also did this using arms lacking miRNA or miRNA-
complementary sequences. We selected the top-scoring gene using
each randomized sequence and subjected it to global sequence align-
ment with the corresponding query sequence. Using each intact
MIRI161 and MIR163 foldback arm, the top hit (always a target
gene) scored 2.7-15.0 standard deviations (s.d.) (P < 7 x 1073)
higher than the mean of the top hits for the randomized sequences
(Fig. 2c). Using foldback arms lacking the miR163 or miR163-
complementary sequences, the top target gene hit scored at least 8.3
s.d. (P < 1.3 x 1071) higher than the mean top score with the
randomized arms. Among the arms lacking the miR161 or miR161-
complementary sequences, top target gene scores were significantly
higher (P < 0.01) than the randomized top score for only the
miR161* arm lacking the miR161.1-complementary sequence
(Fig. 2¢). Although sequence similarity was clearly evident outside
the miR161 and miR161-complementary regions of each MIRI6]
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Figure 2 Computational analysis of miRNA and endogenous small RNA-generating foldback sequences. (a) On the left, A. thaliana gene matches in FASTA
searches using foldback sequences from 91 miRNA genes (presented in numerical order from left to right in Supplementary Table 1 online). The top four
hits based on Expect value are presented. Genes corresponding to miRNA targets (or closely related target gene family members) or nontargets are indicated
by red or black dots, respectively. Scores corresponding to P = 0.05 and P = 0.001 values are indicated. On the right, FASTA scores for the top four hits of
predicted foldback sequences from seven small RNA-generating loci (Table 1). (b) Same analysis as in a, except that the miRNA sequence was
computationally removed from each foldback sequence. (c) Needleman-Wunche (NW) scores of alignments between MIR161, MIR163 and ASRP1729
foldback arms and top four gene hits (red) detected by FASTA searches, and mean + s.d. of top gene hits detected using 1,000 shuffled sequences from
each foldback arm. For MIR163, four foldback arm sequences were tested: (1) complete miRNA-containing foldback arm; (2) complete miRNA* arm;

(3) miRNA arm with miR163 deleted; and (4) miRNA* arm with the miR163-complementary sequence deleted. For both MIR161 and ASRP1729, two sets
of analyses were done in which the adjacent or overlapping miRNA (miR161.1 and miR161.2) or small RNA (ASRP1729 and ASRP1763) sequences were

individually deleted.
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foldback arm (Fig. 4a), the relative short length of the pre-
cursor segments after removal of miR161.1 or miR161.2 (or their
complementary sequences) limited the statistical power of the
methods used.

Inverted duplications at other small RNA—producing loci
The inverted duplication hypothesis predicts that a locus undergoes
transitional evolutionary stages before acquiring miRNA-forming
capacity. Initially, inverted duplication loci may contain segments
with perfect or near-perfect repeats corresponding to sequences of
protein-coding genes. If expressed, these transitional loci may yield
heterogeneous siRNA populations just like transgenes engineered to
express hairpin-forming transcripts’®3!. Biogenesis of these siRNAs
may or may not require an RNA-dependent RNA polymerase, and
they may form through the activity of DCL1 (as do most or all
miRNAs) or another DCL protein associated with other classes of
endogenous siRNAs*2, We postulated that, if these transitional forms
led to miRNA genes in the past, transitional forms with the potential
to lead to miRNA genes in the future would be evident in the current
A. thaliana genome. We devised a computational strategy to search for
such loci (Fig. 1). We identified all known small RNA-generating loci
from nonrepetitive intergenic sequences in the Arabidopsis thaliana
Small RNA Project (ASRP) database and combined them with
the miRNA loci (1,816 total loci). We used a genomic segment
comprised of 500 nucleotides flanking both sides of each small RNA
sequence, or up to the beginning of an adjacent gene, as a query
sequence against the Arabidopsis gene database in BLASTn searches.
Loci that hit one or more genes with a score that met or exceeded that
of the MIRI61 locus (PPR target gene hit) were subjected to
EINVERTED analysis to identify inverted duplications with the
potential to form a foldback structure. We screened these loci
manually to eliminate those in which the protein-coding gene(s)
identified in the BLASTn search contained the same inverted duplica-
tion as the small RNA—generating locus.

We identified nine loci in the final set, two of which were MIR161
and MIRI163 (Table 1). Each of the other seven contained inverted
duplications with the potential to form foldback structures of ~ 195—

o 2,684 nucleotides (Supplementary Fig. 1 online) and were represented

@by 1-20 small RNAs in the cloned sequence database (Table 1). The

=" predicted foldback sequences and individual arms from each locus

were used in FASTA searches against the A. thaliana gene database,
revealing similarity or complementarity in each arm with at least one
gene (Fig. 2a and Table 1). The ASRP2039 locus is part of a larger
inverted duplication consisting of two annotated genes (At3g44570
and At3g44580). Part of the ASRP172 locus comprises a pseudogene
(At4g04408) with similarity to histone H2A. The remaining five non-
miRNA loci reside at nonannotated intergenic positions and contain
similarity to genes encoding RANI, flavin monooxygenase-like and
F-box proteins, and proteins of unknown function (Table 1).

We subjected the predicted foldback structure containing
ASRP1729 to more detailed analysis. The foldback region is repre-
sented by two tandem small RNAs in the database, ASRP1729 and
ASRP1763 (Fig. 3). The entire length of each arm, approximately one-
half of which is shown in Figure 4c, aligned with several genes coding
for Divergent C1 (DC1) domain proteins. The DCI family is repre-
sented by ~ 170 expressed or predicted A. thaliana genes of unknown
function. Using the randomization technique described above, the
statistical significance of similarity between each foldback arm and the
most closely related DC1 domain gene sequences was very high (P <
1.3 x 107!% with small RNAs either included or computationally
deleted; Fig. 2c). Although relatively long (474 nucleotides) compared
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Figure 3 Genomic regions corresponding to A. thaliana MIR161, MIR163
and the small RNA-generating locus ASRP1729. Target genes (orange
arrows), nontarget genes (green arrows), retroelements (red triangles) and
cloned miRNAs or small RNAs (blue lines) are shown. DC1 domain—
containing genes (light blue arrows) related to ASRP1729 are shown. The
number of times each miRNA or small RNA was sequenced in the ASRP
database is given in parentheses.

with A. thaliana miRNA foldback structures (139 4+ 50 nucleotides),
the ASRP1729 foldback contained mismatches and bulges similar to
miRNA precursors (Fig. 4c).

Formation and function of miR161 and miR163

Because of the unusual properties and extended target gene similarity
of MIR161 and MIR163, we analyzed the biogenesis requirements and
activity of miRNAs from each locus. Canonical miRNAs, such as
miR169, generally require DCL1 (but not DCL2 or DCL3) and HEN1
but not RNA-dependent RNA polymerases RDR1, RDR2 and RDR6
(Fig. 5a)%2. trans-acting siRNAs (such as ASRP255), a recently
identified class of small RNAs that functions to suppress or degrade
target mRNAs, require DCL1, HEN1 and RDRé6 (Fig. 5a)33:34,
Chromatin-associated and perhaps other classes of endogenous
siRNAs require DCL3 and RDR2 (ref. 32). A. thaliana mutants with
defects in DCL and RDR genes are, therefore, useful to distinguish
among different classes of small RNAs. Accumulation of miR163 was
completely DCL1- and HENI-dependent but was independent of
DCL2, DCL3, RDR1, RDR2 and RDR6 (Fig. 5a). miR161.1 and
miR161.2 had genetic requirements similar to those of miR163 and
other miRNAs, but each was insensitive to the dclI-7 mutation
(Fig. 5a). miR161.1 accumulation was lost in the dclI-9 mutant
(Fig. 5b), however, indicative of a DCL1 requirement but allele-
specific sensitivity to the two mutations®>. ASRP1729 was HENI1-
dependent but was insensitive to individual mutations in each dcl
mutant plant (Fig. 5a,b). This could reflect a biogenesis pathway that
requires DCL4, which was not tested, or that involves redundant DCL
activities. There was no evidence that accumulation of ASRP1729
small RNA required a specific RDR gene (Fig. 5a).

We obtained further evidence for miRNA function of miR161 and
miR163 by analyzing several target mRNAs for each miRNA. Using a
5" RACE assay developed to map miRNA cleavage sites, which
generally occur at a position 10 nucleotides from the 3" end of the
miRNA-complementary sequence, we validated three PPR gene targets
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Figure 4 Similarity between foldback arms and protein-coding genes. Alignment of MIR161 (a) and MIR163 (b) foldback arm sequences and corresponding
target genes, and ASRP1729 foldback arms and most—closely related DC1 domain—containing genes (c). To visualize similarity, the sense orientation of each
gene sequence was aligned with the actual miRNA* foldback arm and the reverse complement of the miRNA foldback arm. The color code for alignments
represents the overall match quality at each position, as determined by T-Coffee. Color codes using T-Coffee indicate alighment quality in a regional context.
Conserved positions across all sequences, and across target gene sequences and only one foldback arm, are indicated by asterisks and dots, respectively,

in the consensus (Cons) bar. Positions corresponding to miRNA or miRNA-complementary sites are indicated. In b, a diagrammatic representation of
MIR163 sequences corresponding to duplication events is presented using the SAMT-like target gene At1g66700. The FASTA E value for each color-coded
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(Fig. 5¢). One of these (At1g06580) was validated previously?®. Based

=Ye» 011 the predominant position of cleavage, two PPR mRNAs were
@targeted by miR161.1 and one by miR161.2, indicating that both
MIR161-derived species were functional. Each of four SAMT-like
mRNAs were targeted by miR163 (Fig. 5c). Notably, we detected

cleavage at the canonical position relative to the 3’ end of the
complementary target site, despite the long length (24 nucleotides) of
miR163. Several attempts to validate many DC1 domain—containing
mRNAs (At1g61840, Atlg53340, Atlga4050, At2g13900, At2g13910),
At2g02610, At2g02620, At2g02630, At5g02330, At5g02350, At3g26550,

Table 1 Small RNA-generating loci containing inverted gene duplications with similarity to protein-coding genes

Similarity to A. thaliana genes

E value

Small RNA locus Small RNAs? Foldback size (nt) Gene Domain family® 5" arm Strand® 3" arm Strand®
MIR161 7 173 At4ga1170 PPR 8.1 x 1074 - 1.3 x 1075 +
MIR163 3 374 At1g66700 SAMT 5.2 x 10-15 + 3.2 x 10711
ASRP1729 2 474 At1g61840 DC1 3.2 x 10712 - 2.0 x 10712 +
ASRP2020 1 195 At5g20010 RAN 9.2 x 108 - 7.9 x 10710 +
ASRP1868 1 486 At1g66290 F-box 3.9 x 10736 - 1.2 x 1074° +
ASRP1268 1 470 At3g11000 Unclassified 1.0 x 10-8 - 8.0 x 1074 +
ASRP1171 2 416 At1g48910 FMO 2.0 x 1032 + 1.0 x 10773
ASRP172 1 810 At3g54560 H2A 3.6 x 1026 - 9.5 x 10746 +
ASRP2039 20 2684 At3g44570 Unclassified 0.0d + 0.0d -

aUnique small RNA sequences in the ASRP database from each small RNA locus foldback. °Family name abbreviations are as follows: PPR, pentatricopeptide repeat; SAMT, S-adenosyl-L-
Met:salicylic acid carboxyl methyltransferase; DC1, Divergent C1; RAN, Ras-associated nuclear small GTP-binding protein; FMO, flavin monooxygenase; H2A, Histone 2A. ¢Orientation of the gene
alignment relative to the small RNA locus. 9Foldback contains FASTA match to annotated genes (At3g44570 and At3g44580).
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Figure 5 Biogenesis and function of A. thaliana miR161, miR163 and ASRP1729.
(a) Small RNA-blot analysis of total RNA from inflorescence (lanes 1-9) or 3-d post-
germination seedlings (lanes 10, 11) from control (La-er and Col-0) and mutant plants.

miR169a and ASRP255 are shown as canonical miRNA and frans-acting siRNA controls,
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respectively. (b) RNA-blot analysis of miR161.1 and ASRP1729 from dc/1-7 and

dcl/1-9 mutant plants. (c) Validation of miRNA-guided target mRNA cleavage by 5" RACE.
The miR161.1 and miR161.2 sequences are highlighted by black letters. The frequency of
cloned sequences corresponding to each inferred cleavage site is shown above the arrows.

At1g62030, Atl1g47890, At1g53290 and At1g65680) as ASRP1729 or
ASRP1763 targets were unsuccessful, although at least one of these
mRNAs (At1g61840) was cleaved at a single position upstream from
the putative target sites (data not shown). This could reflect the
activity of another, as yet undetected, small RNA derived from the
ASRP1729 foldback. Thus, despite some unusual properties, both

Yo, MiR161 and miR163 possess biogenesis and activity profiles that are

ypical of miRNAs. ASRP1729, however, has distinct biogenesis

=" requirements and uncertain trans-active targeting functions.

Phylogenetics of MIR161, MIR163 and ASRP1729
Most miRNA genes in A. thaliana are not genetically linked to their
respective target genes. In contrast, MIR163 is located immediately
adjacent to a cluster of three SAMT-like target genes (Fig. 3b).
MIRI61 is not tightly linked to target genes but is ~5.7 Mbp away
from a region containing a high density of predicted and validated
PPR target genes (Fig. 3). The ASRP1729 locus resides ~0.4 Mbp
away from a cluster of closely related DC1 domain—containing genes
with high similarity (Fig. 3). The PPR, SAMT-like and DC1 domain—
containing gene clusters resulted from relatively recent duplication
events and were inferred to be members of rapidly evolving families.
The proximity of miRNA genes and other foldback-encoding loci to
expanding target families is suggestive of an evolutionary relationship.
To test the relationships between MIRI61 and MIRI63 and their
respective target gene families, we carried out phylogenetic reconstruc-
tions (Bayesian and maximum parsimony methods*®) using each
foldback arm as an independent taxon in a gene set that included
validated targets, predicted targets and the 23 (MIRI6I) or 18
(MIR163) most closely related target family members. The topology
of both trees supported monophyly of each miRNA foldback arm and

target genes (Fig. 6ab). MIRI61 arms each clustered in a well-
supported clade containing the 3 validated and 16 predicted miR161
targets (Fig. 6a). The MIR163 foldback arms clustered tightly with the
three validated SAMT-like target genes located adjacent to the MIR163
locus and formed a larger clade consisting exclusively of all six
validated or predicted miR163 targets (Fig. 6b).

We also generated phylogenetic trees using ASRPI1729 foldback
arms and 39 DC1 domain—containing genes. Both ASRP1729 foldback
arms clustered with 25 annotated members of the DC1 domain family
in a strongly supported clade (Fig. 6¢). Given the consensus properties
of known small RNA-target interactions that trigger mRNA
cleavage!>?73738 'most of the genes in this clade are potential targets
for RNAI triggered by the ASRP1729-derived small RNAs.

DISCUSSION

We conclude that A. thaliana MIR161 and MIRI63 genes evolved
relatively recently by inverted duplication events associated with active
expansion of target gene families and then adapted to the miRNA
biogenesis apparatus. The proposed evolutionary pathway includes
transitional gene forms that probably spawned siRNAs and that
resemble several inverted duplication loci derived from protein-coding
genes (such as ASRP1729) evident in the A. thaliana genome today.
We propose a general mechanism to spawn and evolve miRNA genes
with unique target specificities (Fig. 7). Inverted duplication events
from a founder gene (step 1) result in head-to-head or tail-to-tail
orientations of complete or partial gene sequences. Duplication may
include the founder gene promoter or may result in capture of a new
promoter. The inverted duplication can occur directly from a genomic
sequence or, potentially, during integration of a psuedogene-like
sequence after reverse transcription. The new locus can even form
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through juxtaposition of two closely related sequences from different
members of a gene family. Transcription of the nascent locus yields
foldback transcripts that potentially serve as DCL substrates for siRNA
biogenesis, bringing the founder gene and closely related family
members under control of RNAi at the post-transcriptional or chro-
matin levels®. Given that miRNA target sites generally occur outside of
family-defining domains!>!®1%27 we suggest that duplication events
yielding foldbacks from highly conserved domains are under strong
negative selection. Limited sequence divergence at the inverted dupli-
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cation locus (step 2), under constraints to maintain both the foldback
character and recognition by a DCL activity, generates one or more
specific siRNA populations, such as those from the ASRP1729 locus.
Adaptation of the foldback transcript to the miRNA biogenesis path-
way involving DCLI (step 3) results in formation of a uniform miRNA
population. Additional sequence divergence (step 4), under foldback
and DCLI1-recognition constraints, occurs to the point that only the
miRNA or miRNA-complementary sequences resemble the originating
gene sequence. Duplication of the miRNA locus (step 5) results in a
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At5g55770 Consensus phylogenetic trees for MIR161 foldback arms and
At1g44050 related PPR target gene family members (a); MIR163 arms
At5¢55800 ., 100 ABg40320 and SAMT-like target family genes (b); and ASRP1729 arms
At49Altg322550 83 and DC1-domain family genes (c). Color codes show miRNA-
g containing and miRNA-complementary (miRNA*) foldback
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target genes (dark blue). Bayesian posterior probability (top)
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nodes that were supported by both methods. Unlabeled
nodes were supported by values of 100; asterisks indicate
nodes with scores <50 (poor or nonsupported nodes). The
posterior probability for each clade containing the foldback
arms with the miRNA excluded is shown in parentheses.
Tightly clustered PPR genes labeled 1-17: At1g62670,
At1g63070, At1g63080, At1g62910 (two targets),
At1g63130, At1g62930, At1g63400, At1g63150,
At1g62590, Atlg63330, At1g62680, Atbgd1170,
At1g64580, At1g06580, Atbgl6640 and Atlg62720.
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Figure 7 Inverted duplication model for miRNA
gene evolution in plants. Red arrows and step

miRNA gene evolution

o Target family evolution
Inverted duplication

labels indicate miRNA gene evolution events.
Black arrows and clear step labels indicate target

N\

family evolution events. Sequences in proposed --:r__>

transitional genes and miRNA genes with
sequence similarity or complementarity to target
gene sequences are indicated by black shading.
Sequences that are unique or divergent relative
to target gene sequences are indicated in red.
Putative or known foldback structures from each
transitional locus or miRNA gene are shown.
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°

multigene miRNA family, perhaps leading to
miRNA target specificity after further
sequence divergence. Most modern miRNA
genes of A. thaliana are members of multi-
gene families®® and lack extended target gene
similarity outside of the miRNA or miRNA-
complementary sequences. We propose that
MIRI61 and MIRI63 are young genes that
have progressed only to step three.
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duplication (step 6) provides the pool from which regulatory diversi-
fication emerges. After formation of an siRNA- or young miRNA-
generating locus (steps 2 or 3), retention (step 7) or loss (step 8a) of
small RNA—complementary target sites among family members leads
to differential post-transcriptional regulation. This may be accompa-
nied by changes in transcriptional control elements (step 8b), leading
to further regulatory diversification. Further duplication and subse-
quent diversification of miRNA target genes (step 9) leads to specia-
lized regulation by distinct miRNA family members. Thus, new
regulatory networks might emerge through a series of duplication

=te, cvents followed by retention or loss of sequence complementarity

etween regulator (miRNA) and target genes. The evolutionary force
driving these events is probably selective advantage gained by differ-
ential regulation of target family members®®. Application of RNA-
based control may be particularly well-suited for genes conferring cell-
fate properties or responses to stress'>?2,

Seven A. thaliana small RNA-generating loci, including ASRP1729,
possess the properties predicted for transitional forms resulting after
step 2 in the model (Fig. 7). We do not consider these to be miRNA
genes because the small RNA biogenesis requirements are not clear.
Also, the functionality of these loci as negative regulators of related
protein-coding genes has not been established. Further, the ultimate
evolution of these loci toward miRNA gene status cannot be deter-
mined at this point. We propose, however, that these and similar loci
comprise an evolutionary reservoir from which to sample RNA-based
elements that confer advantageous regulatory properties to target
family members*!. This model does not explain how loci that generate
trans-acting siRNA evolved®»*. Evidence is lacking for transcripts
with miRNA-like foldback structure arising from loci that generate
trans-acting siRNA. It is possible that these loci yield transcripts that
are adapted as RDR6 templates rather than direct DCL substrates®>34,

The miRNA evolution model offers a mechanism for de novo
generation of new, RNA-based regulatory genes from protein-coding
genes. If all plant miRNA genes arose through this mechanism, it may

explain why there are no common miRNAs or miRNA-regulated
targets between plants and animals. Lack of orthologous miRNA genes
between kingdoms is expected if plant miRNA genes arose de novo
after the split of animal-fungi and plant lineages. But we cannot rule
out the possibility that other evolutionary pathways, though currently
unknown or unexplored, contributed to the miRNA gene class in
plants. This model does not necessarily apply to animal miRNA genes,
which encode foldback structures that are too short to search for
evidence of derivation from target genes. Bartel and Chen*? proposed
that animal miRNAs function primarily as redundant modulators to
fine-tune expression of thousands of genes through combinatorial
interactions within 3" untranslated regions. Thus, new animal target
genes are more likely to come under the control of miRNAs using
existing miRNAs through gain-of-interaction events, such as target
gene recombination or duplication of the 3’ untranslated region
sequence, rather than by de novo miRNA formation events.

Finally, given that most plant miRNAs regulate genes belonging to
families with roles in development, miRNA-directed regulation may
have provided selective advantages for evolution of a multicellular
body plan. Recent evidence suggests that organism complexity arises
primarily from application of new regulatory control over duplicated
genes rather than by invention of new activities*>. The coincident
expansion of gene families controlling development and miRNA-
based control mechanisms may have had a profound influence on
the independent evolution of multicellularity in plants and animals'’.

METHODS

Identification of small RNA loci from inverted duplications of protein-
coding genes. We identified matches between small RNA loci in the ASRP
database and protein-coding genes (The Institute for Genome Research AGI
gene database, version 3.0) by BLAST searches using segments containing 500
nucleotides flanking both sides of the small RNA. We included only small RNAs
from nonrepetitive, intergenic regions in the search. We treated each small
RNA sequence as an independent locus, regardless of overlap among related
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sequences. We omitted segments of annotated genes within 500 nucleotides of ~ probability. The topology of both Bayesian and maximum parsimony trees had
small RNA loci from the analysis. We analyzed small RNA loci with gene  similar topology for all gene families.

matches with an expect value E < 6 x 107 for potential to form a foldback
structure using EINVERTED*:. We manually inspected loci with an EIN-
VERTED score >50 for the presence of an inverted repeat that included the
small RNA sequence. We eliminated small RNA—-generating loci that had
BLAST hits to protein-coding genes containing the same or similar inverted  , CKNOWLEDGMENTS
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