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Motivation

The functions of miRNAs in the context of gene networks are important, but remain mostly
undetermined. In this paper, we studied the cooperation of miRNAs and transcription
factors for gene regulation in Arabidopsis.

Significant motifs characteristic of development and stress response

We selected differentially expressed genes induced by cold, drought and salinity in the root
and shoot of Arabidopsis seedlings, and up-regulated genes at different developmental stages
with a method called Rank Products [2] (Figure 1). The microarray data were from AtGen-
Express [4]. Using our genome-wide WordSpy motif algorithm [7, 8], we discovered many
significant motifs. The expression relevance of a motif was measured by a p-value from a
cumulative hypergeometric test [1], and by the average pairwise cosine similarity (gscore) of
genes containing the motif. Figure 1E shows the distribution of the motifs from the cold-
induced genes in shoot, and 258 motifs obtained with the p-value cutoff of 0.01 and gscore
cutoff of 0.1. Similarly, significant motifs were obtained for the drought and salt stresses,
and different development stages.

miRNA target prediction

We developed a plant miRNA target prediction algorithm, which improves upon three ex-
isting methods [3, 6, 9]. The algorithm considered all possible arrangements of mismatches
and bulges, and limited the maximal number of mismatches, G-U wobbles and bulges along
the alignments of miRNAs and their target sites. Signal-noise ratios were tested by random
permutations of miRNAs with zero-order HMMs. With this method, we predicted targets for
miRNAs, including miR777, miR779, miR829 and miR830, which had no targets identified
before.

Coordinated gene regulation by miRNAs and TFs and their regulatory circuits

One way to identifying cooperation between a miRNA and a TF is to find statistically sig-
nificant co-occurrences of TF binding sites and miRNA target sites. To test the significance
of a co-occurrence, we computed two statistical scores for each motif-miRNA pair. One is a
hypergeometric p-value [1] based on the number of genes containing the motif, the number of
target genes of the miRNA, and the number of miRNA’s target genes containing the motif.
Another is probability of random observing the co-occurrence based on the local nucleotide
compositions of the promoter and the cDNA.
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Figure 1: A,B: Number of cold, drought and salt up-regulated genes in Arabidopsis root and
shoot, respectively. C,D: Number of significant motifs relevant to expression of genes in A and B,
respectively. A total of 2,106 genes are up-regulated, and 1244 significant motifs are discovered. E:
Distribution of statistical scores of all motifs from cold up-regulated genes in shoot. Pink and green
bars show the cutoff (0.01) of hypergeomatic p-value and the cutoff (0.1) of gscore for expression
coherence, respectively. The Y-axis is the p-value from a hypergeomatric test, which quantifies the
enrichment of up-regulated genes in all genes containing the corresponding motif. The X-axis is
gscore, measuring expression coherence of the genes containing the corresponding motif.
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Figure 2: Four regulatory circuits mediated by miRNAs and TFs in plant. A: Cooperated TF-
miRNA pair; B: Indirectly cooperated miRNA-miRNA pair; C: Feedforward loop; D: Composite
feedforward loop.



We analyzed the co-occurrence of miRNA target sites and 325 known regulatory motifs.
Among 4541 motif-miRNA pairs, 1239 (27.3%) were significant. Similarly, we analyzed the
co-occurrences of miRNA target sites and the motifs extracted from stress-induced genes.
We identified 1120 motif-miRNA pairs for the new motifs in stress-induced genes. Among
them, 197 (17.3%) were significant. For new motifs from up-regulated genes at different de-
velopment stages, 5272 motif-miRNA pairs were obtained and 1510 (28.6%) were significant.

We further tested whether these regulatory circuits, such as feedback and feedforward loops [5],
existed in the motif-miRNA pairs discussed above. As shown in Figure 2, three more cir-
cuits were discovered. Furthermore, we found that many of the motif-miRNA pairs and
other three regulatory circuits were conserved in rice. Genes containing these motif-miRNA
pairs were expressed more coherently than others.
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