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Abstract

No ‘study has been performed on identifying microRNAs (miIRNAs) and: their targets in cotton although cotton is one of the most importan
fiber and economic crops around the world. In this study, we found:30 potential cotton MIRNAS using a compatative senonyic approach based on
genomic survey:sequence analysisand miRNA secondary structure. These cotton miRNAs belong to 22 miRNA families. Expressed sequence tag,
(EST) analysis. indicated that the predicted miRNAs were expressed dn ‘cotton plants. Based 6t the characteristic that miRNAs exhibit perfect or
nearly perfect-complementarity with-their targeted mRNA sequences, a total of 139 potential miRNA tarpets were-identified-in cotton. genome:A
majority -of these targets belong to transcriptional factors which regulate cotton growth and development, including-leaf, Toot, stem, fower, and
even. fiber development. Those miRNAs may also- be involved in other cellutar-and metabolic progesses; such as stress: response, “signal
transduction, and secondary wall synthesis and deposition.”Some of the newly identified miRNA targets may be umiqué 16 cottor species. In this
study, we found that at leagt 3’ miRNA families (niR396, 414, and 782) target callous synthase, fiber protein Fb23, and fiber quinone:

oxidoreductase, suggesting that miRNAs play ‘an important role.in cotton fiber differentiation and development.

€ 2007 Elsevier B.V. All rights-teserved.
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1. Introduction

Cotton is one of the most important economic and fiber
crops. There are more than 50 species in the Gossypium-genus
(Pryxell et al., 1992; Wendel and Cronn, 2003). Of them; four
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species (Gossypium hirsutum L., G- barbadense, G. wrboreum,
G. herbaceum) are widely planted in 70 developed and
developing countries, including the U'S, China, and India. It
is estimated that more than 180 million people.are associated.
with the cotton-fiber industey that annually produces 20 to 30
billion dollars worth of raw cotion (IAC, 1996; Zhang and Feng,
2000). Trade in- cotton-refated products represents. almost 50% -
of the total $115 billion trade in textiles and the $133 billion
trade“in clothing (Heijbrock and Husken; 1996). Numerous
scientists in many countries have worked on cotton quality and
yield (Zhang et al,, 2000), and scientists also employ cotton
fiber as a unique system to study secondary wall formation and
cellulose synthesis (Saxena and Brown, 2005; Jacob-Wilk et al,,
2006; Nakashima- et al., 2006). Although great progress has

been mads; several questions remain; including the mechanisms .

of fiber differentiation and development and cellulous synthesis
and deposition. Recently discovered microRNAs (miRNAs)
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may play important roles in cotton development, especially in
cotton fiber differentiation and development.

MicroRNAs are a-class of small regulatory RNAs, ‘which
negatively regulate gene expression at the posttranscriptional
levels by binding target mRNAs for mRNA cleavage orinhibition
of mRNA translation (Ambros, 2001; Cartinglon and Ambros,
2003; Bartel;-2004). Lots of experiments have demonstrated that
miRNAs play an important role in multiple biological and
metabolic-.processes in plants- and animals (Camrington- and
Ambraos, 2003; Zhang et al., 2007b): [n plants, identified miRNA
functions include control of tissue (leaf; root, stem, and flower)
differentiation and developrient, phase switch from vegetative
growth to reproductive growth, signal transduction, and response
to different biotic and. abiotic stress'(eg, salinity, drought, and
pathogens) (Chen, 2005; Zhang et al., 2006d).

In-1993, the firstmiRNA lin-4 was aecidentally found in C.
elegans (Lee et al., 1993). However, ‘its functions were not
recognized :until the early 2000s when an abundant number of
additional miRNAs was discovered in worm, fly, and. human
(Reinhart et al., 2000; Lagos-Quintana et al., 2001; Lau et al.,
2001; Lee and Ambros, 2001).. As more and more miRNAs
were- identified in various animals,” miRNAs were also
discovered in plants (Reinhart et al., 2002). Currently, several
hundred miRNAs have been identified in:-plants by computa-
tional and experimental approaches (Griffiths-Jones et al;, 2006;
Zhang et al., 2006¢).- Of them, 184 from: drabidopsis thaliana,
242 from rice, 215 from Populis trichocarpa {Griffiths-Jones et
al;; 2006), and 118 from:maize {Zhang et al., 2006a). However,
no.report of miRNAs in.cotton has been published.

Mature miRNAS are a class of small RNAs with 20~22
nucleotide lengths. However, the-genes encoding miRNAs are
much longer than their mature sequences, and ranged from
several teny to more than 1000 nt. miRNA genes are: first
transcribed to the capped and polyadenylated primary miRNAs
{pri-miRNAS) by Pol Tl enzyme or by Pol Il enzyme (Kurihara
and Watanabe, 2004; Lee et al., 2004; Borchert et al., 2006).
Then a pri-miRNA is cleaved to a.stem loop intermediate calfed
miRNA precursor (pre-miRNA)Y (Lee et ak, 2002; Tang et al,,
2003; Kurihara and Watanabe, 2004) with a high minimal
folding free energy index (MFET) (Zhang et al., 2006¢). Pre-
iRNAsare further cleaved into miRNA:miRNA* (miRNA* is
the complementary sequence to miRNA at the opposite arm site)
duplex with 2.nt 3’ averhangs (Papp ct al., 2003), and miRNA:
mRNA* duplex was methylated by HEN1 enzyme (Yu et al.,
2005). Finally a mature miRNA enters a ribonucleoprotein
- complex known as the RNA-induced silencing complex (RISC)

and negatively regulates gene expression by targeting mRNA
cleavage or inhibiting mRNA translation (Bartel;, 2004).
Although' the first miRNAs. (fin-4 and let-7) were directly
cloned by genetic or biochemical approaches (Lee et al;, 1993), a
majority. of identified miRNAs were first predicted by computa-
tional approaches and then validated by molecular techniques such
as‘notthem blotting (Zhang et al., 2006f). Thus, computational
approaches have played important roles in'miRNA identification.
Several web-based or stand-afone computational programs wete
developed to predict miRNAs in planis and animals (Zhang et al.,
-:20061). However, a majority of these programs were based ‘on

bed
~

decoded genome sequencesof a few model species. It is difficult to
predict miRNAs in'species with-unsequenced genomes. Evidence
indicates that many miRNAs are evolutionarily conserved - from
species to species:within the sante kingdom, some from worms 1o
humans in animals (Pasquinelli et al.; 2000; Pasquinelli et al.,
2003; Altuviaet al., 2005), and frommoss toflowering cudicots in
plants (Floyd-and Bowrman, 2004; Zhang et al., 2006¢). This
suggests a powerful strategy to predict potential miRNAs by using
comparative genomics. Weber (2005) found 35 new human and 45
new mouse. miRNA candidates by using’ a homology: search
(Weber, 2005). Recently, we developed a successful”strategy to
predict new miRNA candidates by mining out undiscovered
miRNAs from therepository of G8Ss and ESTs currently available
(Zhang et al;; 2003). Using this strategy, more than 700-miRNAs
were identified:in 71'plant species and vituses (Zhang et al., 2006¢;
Pan et al., 2007); including 118 in maize (Zhang et-al., 2006a),

Currently, about 50,000 cotton GSS sequences are deposited
inthe NCBI GenBank databases. Tn this study, we compared-all
of these sequences and the 131 previoushy.known 4. thaliana
miRNAs for identifying potential miRNAs in cotton. Based on
these new predicted ‘cotton miRNAs, we also predicted the
potential miRNA- targets in cotton, especially those related to
cotton fiber differentiation, initiation, and development.

2. - Methods and materials
Ten e
2.1 mIRNA reference set

To scarch potential cotton miRNAs, a total of 131 previously
known A thaliana miRNAs were defined as a reférence set of
miRNA sequences. The reason forusing.A. thaliana miRNAs as
referenice miRNAs is that 4. thaliana isthe most closely related
species to cotton in which a large number o' miRNAs have been
identified and deposited.in publicly available databases: The 131
A. thaliana mature miRNAs and their precursor sequences were
downloaded from the miRNA database (miRBase Sequence
Database. hitp:/microrna.sanger.ac.uk; release 9.0, October
2006) (Griffiths-Jones et al., 2006). Although some of these 4.
thatiana miRNAs were initially identified by computational
approaches, a majority of them have been validated by
experimental approaches including direet cloning, PCR, North-
ern blotting, and/or 5' rapid amplification of ¢cDNA ‘end (5’
RACE) (Griffiths-Jones et al., 2006).

2.2. Cotton genomic survey sequences (GS5Ss), mRNA, ¢/OINA,
and ESTy

Cotton genormic survey sequences, MRNA, cDNA, and EST
sequences were obtained from the GenBank nucleotide databases
from NCBI and ¢otton nucleotide databases from the Institute for
Genome Research (TIGR) at http://www.tigr.org.

2.3, Identifying potential cotton miRNAs using GSS analysis
In.our previous work, we developed an efficient strategy for

identifying plant and virus miRNAs using GSS analysis as well
as BEST analysis{Zhang et al., 2008). Using this approach, more
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than 700 miRNAs-have been identified in plants-and viruses
(Zhang et al.; 2006¢; Pan ct al., 2007). The same procedure was
employed to-identify cotton miRNAs. Fig. 1 summarizes the
procedure for:searching conserved cotton miRNA homologues
of previously known A thaliana miRNAs: Briefly, the mature
sequences of 131 previously known: 4. thaliana miRNAs were
subjected t6.a BLAST search in the subgroup of Viridiplantae of
the publicly:available: GSS databases using BLASTn:2.2.9 (1
May 2004): (Altschul et al;, 1997). Adjusted blast parameter
settings were-as follows: expect values were set at 1000; the
default word-match size between query and database sequences
was set-at 7; the numbers of deseriptions and-alighments were
raised to 1000. If only a:partigl previously known . thalicina
muture miRNA sequence was aligned to 4 subjected sequence,
the non-aligned parts were manually inspected and compared to
determine the:- number of matching mucleotides.. All BLAST
results were saved. However, -only GSS :sequences, which
closely matehed (no morethan 4 mismatches, whichalsoinclude
insertion andior deletion nucleotides) the previously known 4,
thaliana roature miRNAs, were manually chosen for further
consideration. After the conserved sequences were chosen, the
wholeGSS- sequences: (containing the: conserved miRNA
sequences) were selected to predict the secondary structures
and identify the miRNA precursor sequences: Although each A
thaliana miRNA. precursor sequence was:also-subjected to -a
BLAST search against the GSS databases of NBCI GenBank,
mature miRNA sequences were the focusof the BLAST search
due to the fact that only mature miRNAs, rather than miRNA
precursors, are conserved in plants (Zhang ot al.; 2006¢).

All selected GSS sequences with no more 4-mismatched and’
or deletion/inscrtion. nucleotides with the previously known 4.
thaliana miRNAs were further compared with each other and the
mRNA- sequences in the-NBCI. databases to remove. protein-
coding sequences and repeated sequences. Then, the secondary

structures of the remaining ‘sequences were . generated uging
the Zuker folding: algorithm with web-based computational
software MFOLD 3.1 (Mathews et al., 1999; Zuker, 2003),
which was publicly available. at- http://www.bloinfo.rpi.edw
applications/mfold/fmafforml.cgi. The software default para-
meters were used in predicting secondary structure ofthe selected
sequences. All MFOLD outputs including free energy (AG keal
moly, the number of nucleatides (A, G; Cand U, location of the
matched. region, and:the number of arms per structure were
recorded. The minimal folding free energy index (MFEI) for each.
sequence: was calculated as: previously reported (Zhang et al.,.
2006e). In previous ‘studies, we: found that miRNA precursor
sequences have significantly higher MFEI than other non-coding -
or:coding RNAg, and the RNA seqgtiences are more likely to by
miRNAg. when the MFE} is greater thean 0.85 (Zhang ot ak
2006¢). To avoid designating other RNAs as miRNA candidates;
MFEI was also considered when predicting secondary structures,
In this study, a RNA: segquence was considered a miRNA
candidate onlyif it fit all of the following criteria: (1) predicted
mature miRNAs had no more than four nucleotide substitutions
compared with 4. thaliena mature miRNAs; (2) a RNA sequence
can fold into an appropriate stem-loop hairpin sccondary:
structure; (3) the mature miRNA sat in one arm of the hairpin
structure; (4).no more than 6 mismatches between the predicted
mature miRNA sequence and:its opposite miRNA* sequence in
the secondary $triiture; (5) no loop or break in the miRNA or ,
miRNA* sequences; (6) predicted secondary structure had higher: |
MFEI and negative MFE. After considering these six erileria, the
total number of predicted miRNAs was significantly reduced.

2.4. Potential miRNA expression data

Expressed sequence tag -(EST) databases have been
employed to check the potential expression of miRNA

| Known Arabidopsis miRNA sequences

| l Curnome survey sequence dutabases in NCB l

BLAST J

Sequences with 0-4 mismatch
in known miRNA sequences

Protein
databases

BLAST !

v Remove protein-coding sequences

l GSS databases ] i Sequences. with J-4anismiatch and non-encoding proteing

l BLAST

|

Remove repeaied sequences obtained from the same genss

I Sequences with 0-4 mismiatch and non-encoding proteing l

! Predict seconditry RNA structure by imFold 3.1 ]

Hairpin candidates

| Novel potential miRNA gencs I

Fig:.1. Schematic representation of the miRNA gene search procedure used to: identify: cotton homology to known Arabidopsis thalians miRNAs,
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candidates predicted by comparative genomics. Tn this study;
we checked the expression of the identified cotton miRNAs
against the NCBI EST database and the TIGR cotton EST
database using all identified cotton miRNA homologues.

miRNA 156a

¢ g

3972007y 26-37

2.5, Potential miRNA targets
Previous studies demonstrated that miRNA-targeted mR

have perfeet or near-perfect complementary sites with miR

miRNA 156¢
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Fig. 2
accurate mIRNA precursors may be slightly Jonger than what is presented here.

2. Predicted hairpin secondary. structures of the selected cotton miRNAs identified 1 this study. Mature miRNA sequences are in ‘shadow. The length of the
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Number of miRNAs

156 162 167 168 169 171 172 390 391 393 395 306 400 403 407 413 414 415 147 776 7

miRNA family

Fig: 3. miRNA family size in cotons.

and miRNAs negatively regulate gene expression by binding to
these: targeted. mRNAg at these complementary sites for direct
cleavage-of mRNAs or repression of protein transkation (Bartel,
2004: Chen, 2004). This suggests a powerful-approach to predict
miRNA targets in plants by simply using homology search. To
date, a majority of miRNA targets in plants have been predicted
gsing. this strategy and then confirmed by .experimental
approaches. In-this study, we used the same-approach to predict
miRNA. targets in-eotton. The procedure was similar to- that
described above for predicting cotton miRNA. homologues. The
onlymodification was that we used the identified cotton miRNAs
to.do a BLASTn search in" the protein-coding gene databases
instead of the GSS database. We tested the identified cotton
'miRNAs against the GenBank protein-coding nucleotide data-
bases using BLASTn search and the cotton nucleotide databases
from TIGR using miRU (Zhang, 2005). The parameters; which

used in BLAST search formiRNA targets, include total numbers
of mismatched nucleotides betweeh miRNAs and the potential
targets- and the alignment structures. The conservation of a target
site in other plant species was also considered for idennitying
miRNA targets and removing the false positives. The total
number of allowed mismatches at complementary sites between
miRNA sequences and potential mRNA targets was no more than
four, and no gaps were allowed at the complementary sites.

3. Results
R

3.1. Potential cotton miRNAs identified

After searching the NCBI genomic survey seguence
database, removing the protein-coding; repeated sequences
and potential false positives, a total of 30 miRNA were identified

s

()
) Species Common name miRNA 158
Gaossypiunt hirsutum Cotton Eudicols  UGACAGAAGAGAGUGAGUAC
Arabidopsis thaliana Hudicols UGACAGRAGACSAGUGAGCAC
Glveine max Soybean Budicots  UGACAGAAGAGAGUGAGCAC
Populus wrichocarpn Biack cotton wood . Eudicots UGACAGAAGAGAGUGAGCAC
Oryza sativa Rice Monocots  UGACAGAAGAGAGUGAGCAL
Sorghuni Bicolor Sorghum Monocots UGACAGAAGAGAGUGAGCAC
Saccharum officinarum Sugarcane Monocots  UGACAGRAAGARGAGUGAGCAC
Zed mays Corn Monocots UGACAGARGAGAGUGAGCAC
Phyvscomirrella patens Mosses UGACAGAAGAGAGUGAGCAC
(b) 1 1 20 36 w0 50 &0 7 116123
1 ‘ ;
€ollon ORI e mm im0 LG
Saeghum 5L Gl B RGHEREACHECT
Brahidopsis GAGGGEAEGARGAT: i R-GAAGE =1 s
Rice GRAGGARGHGRGUGGGAGHNGERAE HECGRAGGHL i samemmnd
Sugarcane GOGOAGARGILGO-GA CHGRGARCHICGNERGITRICLINNE.
Soybican CHEATCAGIGRTAGH D GLAG G o mmemmemme GRENG-BUEINCARGT
Carn BUALALGAR " LR BRHEGG e wmmmmme e ICCHGRGET BULAUEOE.
fose GELECLHLRGGG R mmm e e G HERLGRACRT
Lottonmood o ERR— T e
Tonzenzus sebnroseBBTeesi Gl Bl AR B s o o O W EECRE DY

miRNA®

Tig 4. Comparison of the newly identified cotwon MiRNA [56 and.the miRNA 1565 in other plant species deposited in miRBase databsse. Multiple sequence
alignment of (2) mature sequence and (b) precursor sequences of miIRNA 156, and (¢) secondary structare of each pre-miRNA 136 in differeny plant species. Mature
sequences and secondary striietures of miRNA 136 arc highly evolutionarily conserved from specics to species. However, the other parts of pre-niRNA 1536 axcept e

mENA and mIRNAT are less conservid,
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Fig. 4 (continued ).

in the cotion genomic survey sequence database (Table 1, Fig. 2,
and Supplemeniary material; Fig. S1): These miRNAs belong to
22 miRNA families, suggesting that cotton miRNAs are also as
diverse as A, thaliana and rice miRNAs. However, the
distribution of miRNAs was not even among the mIRNA
families (Fig. 3). Some miRNA families had more members than
others. For example, 3 members wereddentified inthe miRNA
36 and miRNA 172 familics while only a single:member was
found in the majority: of miRNA families. One possible reason is
that little work has.been done on the ¢otton-genome; there are
only about 50,000 GSSs in the NCBFdatabase and a majority of
the-cotton genome sequences have not encoded.

In other plant species, miRNA diversity was not only
dbserved in the numbers within cach miRNA family, but also in
other aspects, such as the length of miRNA precursors and the
location .of mature miRNAs. A similar phenomenon was

observed in the identified cotton miRNAs. First, the lengih o
miRNA precursors varies in cotton, ranging from 41 to 573 with
an average of 177 nucleotides. However, a majority of cotton
miRNA precursors have 60-110 nucleotides. Second, the
nucleotide content was not even for A, G, C, and U, G and €
content ranged from 11.0 to 64.0% with an average of 38.7%
10:4%. Third, mature miRNAS can be located at each armofihe
stem-loop haigpin structure; some at the 37 end of the miRNA
precursor sequences, others af the 37 end. In the 30 identified
cotton: miRNAs; 17 were located at the 3° end while 13 were
located at the 5° end.,

It is a universal phenomenon for animal miRNAs to be
clustered together (Seitz et al., 2004; Tanzer and Stadler, 2004;
Altavia et al., 2005; Tanzer et ali, 2005; Yu et al., 2006). For
example, conserved miR~17 cluster contains 6 miRNA mem-
bers in’ human and other mammal genomes (Lagos-Quintana>
et ak, 2001 Lagos-Quimiana et.al.; 2003; Tanzer and Stadler, |
2004). Clustered miRNAs were not frequently observed in |
plants. To date, only four miRNA clusters have been reportedin
plants. Jones-Rhoades and Bartel (2004) observed a miRNAS
353 cluster in A thaliana which conmtains three miRNA 39355
{miRNA 395a, b, and ¢) (Jones-Rhoades and Bartel, 2{}04)
Regently, two additional plant miRNA clusters (miRNA .’93 .
and miRNA 393, each contains two miRNAs on the opposite
arms of the prcdlcu,d sceondary structure).and thesame clusters
were - identified Sk thaliana, rice, and maize (Jones-Rhoades %
et al.; 2004; Zhang et al., 2006¢). Another study found that the
precursors of miR1219a and miR1219b are located within
approximately 200 bp of cach other (Talmor-Neiman et al,
2006). For the identified cotton miRNAs, a majority were %
loedted in a separate (788 sequence. However, we observed that o
miRNA 169a and miRNA 169b were clustered together. Unlike
the miRNA 395 and miRNA 393 clusters, these two miRNA
169s were located at separate miRNA precursors in the same
direction, and they were separated by 155 nt. To our best
knowledge, this is the first observation of a cluster for miRNA
169. This miRNA cluster was not observed in model plant
species, such as A. thaliune and vice, suggesting plant miRNAs
evolved quickly. The miRNA 169 cluster may evolve by
duplication of miRNAs as observed. in animal miRNAs.
Accumulating evidence in animals suggests that clustered
miRNAs have similar gene expression patterns and are
transcribed together as a polycistron. However, the different
clustered miRNA pattern between animals and plants may
sugpest different miRNA evolution mechanisms in these two
kingdoms.

In the 30 miRNAs identified in cotton, onlythree miRNAs
(miRNA 156z, 169a, and 393) have the same nucleotide
sequences as A. thaliana miRNAs; other identified miRNAs
have at least a one nucleofide difference compared to 4.
thatiana miRNAs, This suggests that some miRNAs are more
conserved than others. However, the same miRNA family is
highly evolutionarily conserved and has similar secondary
structures i different plant species regardless of eudicots,
monocots, or mosses {(Fig. 4).

Although 863 plant miRNAs have been identified and
deposited in the miRNA database (miRBase, release 9.0,
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October 2006), a majority of them were identified from mode]
plant_species: such. as A thaliena, rice, and P. mrichocarpa
(Griffiths-Yones et al,, 2006). No single’ miRNA“has been
reported in cotton although it is-one of the most important fiber
and economic crops in the world. Carefully analyzing the
species in which-a majority of the miRNAs has been identified,
one common characteristic is that their genomes have been
completely (or neatly) sequenced. In contrast, cultivated cotton
is an allotetraploid (AD genome, n=26) species (Brubaker et
al, 1999); the. components and size 'of the cotton genome are
much -bigger than other. plant specics, especially the model
species. Thus, it is niore difficult to study cotton miRNAs than
other plant species. Tn this study, we identified 30 miRNAs,
belonging to 22 miRNA families, in cotfon using comparative
genomics which ‘we developed for identifying conserved
miRNAs in other ‘plant species.. This will facilitate the
investigation ori-the functions of miRNAs in cotton, especially
on cotton fiber differentiation and development, the best system
for studying cellulose synthesis.

3.2, Characteristics of cotton miRNA expression

ESTs are partially transcribed gene sequences, which have
been used to confirm the existence and expression of potential
miRNAs predicted by computational approaches in Arabidop-
sis, rice.and maize (Bonnet ct al., 2004; Zhang et al., 2006a). In
this ‘study, we. also tested. the -predicted cofton miRNAs
individually -against the EST databases”of GenBank and the
coiton EST databases produced by TIGR. Our BLASTn search
results indicated that several predicted cotton miRNAs exist in
cotton EST databases, suggesting that these miRNAS were
expressed in the cotton genome:

SRP {AYT793401 (5 -3}

156 {37-5)

Heat -shock protein (AYB1S767, $'-3") €5¢

391 (37«87}

TC39€05 (Katanin)

396 (3'-3")

Ar085717 (callose synthase)

396 {3'-5")

TC34607 (fiber protein Fb23)

414 (3°-5")

[
LS

3.3. Cotton miRNA targets

miRNAs regulate gene expression at the posttranscriptional
levels by directly cléaving mRNAs (Schwab et al., 2005;
Sunkar et al., 2005) or inhibiting protein translation (Aukerman
and Sakai, 2003; Chen, 2004). The miRNA-regulated genes
control a variety of biological and metabolic. processes. For
example, in-animals, miRNAs regulate developmental timing,
stem ccll maintenance ‘and differentiation;, organ development:
signal transduction, disease, and cancer-pathogenesis (Carring-
ton and Ambros, 2003; Zhang et al, 2006b; Zhang et al.,
2007a); in plants, miIRNAS regulate leaf, stem, root, and flower
development, phase switch from vegetative growth to repro-
ductive growth, and responses to abiotic and biotic stress
(Zhang et al, 2006d). Several studies have indicated that
miRNAs directly target transciiption factors, which regulate
plant development as well as specific genes: which conwol
various metabolic processes.

In this study, we identified a total of 139 potential targets for
the 22 identified miRNA families in cotton based on the fact that
miRNAs show perfeet or near-perfect complementarity to their
target MRNA sequences (Fig. § and Table 2). These 139
poténtial miRNA targets belong to several gene families and
they have different biologicat functions, including the control of
cotton development, signal transduction, phase change, fiber
developroent, and responses to environmental stress. From very
beginning, scientists believe that almost all miRNA targets have
no more than four mismatches with their corresponded miRNAs
in plants (Rhoades et al., 2002), and this criterion has been
widely. adopted to identify. miRNA - targets i different plant
species by different laboratories. In 2005, Schwab and
collaborator suggested an empirical paramcter for recognizing
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Fig 5. Predicted miRNA ‘targets and their complementary sites withh mRNAs. Each bottom strand depicts the mRNA, and-each -top. strand-depicls a miRNA
complementary-site. Watson—Crick pairing {vertical dashes) and G:U wobble pairing (¢ircles) are indicated,
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Table 2
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Potential targets: of the identified miRNAs in cotton

miRNA - Targeted protein

Target-function

Targeted genes or EST bomologs of Arabidopsis gewes®

156
162
167

168
169

171

172

390

391

393

395

" 396

400

403

407
413

414

417

Squamosaspromoter  binding protein-like

protein (SBP}

Unknown

Serine/threonine protein kinase
Unknown

Unknown

Unknown

CCAAT-binding transcription factor

Nuglear transcription factor Y subunit A-8

Unknown protein

mRNA cap methylteansferase
Lnknown

AP2 domain containing protein

265 proweasome subunit-like protein:
Small nuclear ribonucleoprotein-like
protein :

“Unknowa profein

Proteta phosphatase 2C-like protein
ATP:dependent peptidase/ATPases
metallopeptidasedzine jon binding (VAR2)
Unknown: protein

Aquaporin PIP2.7

Calmodulin binding heat shock protein.
Unknown protein '
NADPH oxidase

263 proteasomie regulatory Subunit S5A
Unknown

ATP sulfurylase like protein

Unknown protein

Callose synthase catalytic subunit
Katanin (microtubwle-severing proteiny
NBS. esistance protein-like protein
Dirigent-like protein

Pathogen-rélateéd protein’ mRNA
Ribonucleaseslike protein
Unknown proteins

Hypemsensitive-induced response. protein
UVB-resistance protein-like
Unknown

40S-ribosomal protein S16
Unknown protein

Unknown

Phosphoenolpyruvate carboxykinase
Cyclin D

MAP kinase Kindse 3
Methyithioribose kinase

Unknown

Fiber protein Fb23

Splicing factor-like protein
Unknown

Glycosyliransferase

Translation initiation factor SA
Unknown

Unknown

Transcription
factor

Metabolism

Transcription
factor
Transcription
factor

RNA processing

Transcaption
factor

Protein degradation
RNA processing

Metabolism.
Metabolism

Stress response
Stress response

Metabolism
Protein degradation

Metabolism

Fiber development
Fiber development
Stress resistance
Disease resistance~
responsive protein
Disease resislance
response

Disease resistance
response

Stress response
Stress response

Metabglism
Cell cyele

Metabolisin
Metabolism

Fiber development

Metabolisin

TC34708 (1), TCI4910 (13, CO092899 (1), AYTT934G (3), BGA4T09T(3), TCB63S6 (L)

TCA412.(3)

TC31417 (3).. TC39777 (3)

COL12217:(3), TC40045 (3), COULI6S (3)
BF274298(3)

TCA8204 (2.5, TC30572:3)

TC32844 (1.5) TCI1014-(2.5), TCADOIS ()

TC29763 (2)

COL07474:(2), TC36082 (3, BGAA2852 (3)
TCA0160 (3)
TC36655.(3)
TC37805 (3)

TC29130 (3)
TC40379 (3)

CO103466 (2), BGA40541 (3), COO8B049 (3). CONT4153 (3), CO06219 (3), TCIVGM
3y

TC38203 (3)

TC29295 (3)

TC34838 (2.5); CO129000 (3)

TC38801 (3): TEES%1 (3),

AY819767-(3), TCA0030(2.5)

TC35812 (2.5)

TC29375 (3)

TC37709 (3)

CO108800 (2), COO96633 (35, BGA42553 (3), CAYIBTS (3)
CO128820 (2); TC30934 (2) -

BG443152 (33, TC38540 {2.5), TC38341 (3); TCI0287 (3), TCI4810 (3),
TC41629 (3)

TC37877 (), AROSSTIT(3)

TC3605 (25, AAPR36IS (2), AY3I24646, AV289200, TC39591 (2)
NPSO8211-(3), AF469073, AY 705376

C1486128 (35, DOOLBTN9, AY 560544

AY560353, AF305065, AYS60532, AF303066, AY388276, AY241395
AYS60S5T, AF416652,

TCALL68 (1.5); TCI98S5: (2.5), Al729912 (2.5). BFZI4071 (3), BEVS3S71 (25),
TC38464 (2), TC3I397.(2.5)

TC28849 (3),

TCI861 (3)

TC35971 (3)

TC28146 (3), XT5954

CO119475.(3)

TC28193-(2.5), COUTI3T4 (2.5), TCIE818 (3)
TC32496 (3)

TC40773 (3)

CO129972 (3)

TCIIT65 (3)

00124877 (3), TC34191 (3), CDASS672 (3)
TC34607 (3), AY273899

TC39657 (1.5)

COT15005 (1.5, TC33658 (2),

TC32986 (3)

TC27480 (3)

AWISTIES (2,5), BF275332 (2.5

TC37761 (3), TC32039.03), TC31934.(3), TC3846) (3), TC39323/(3), CA993924.(2.5),
TC35737 {3)
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Table 2 (continved)

tad
O

mRNA  Targeted protein Target function Targeted-gencs or EST homologs of Avabidopsis genies”™
776 Unknown TC39223 (2.5), CO128782 (2.5), BGE45459(3), TC27932 (3)
79 BELI-like' homeodomain transcription Transcription TE35957:(2:5)
factor factor :
E6 (Protein kinase) Fiber development . TC32367 (33, TC32368 (3)
Unknown AWT28937 (3), TC29921:(3), AWT30194 (3), CO109694 (3)
782 Fiber guinone-oxidoreduiciiase Fiber development  TC37120 (2) AY420443 (23, TCI?1IR (3)..1C371 19 (3); TCI26284(3)
Ferrochelatase Metabolism TC29346 (3)
Unknown

BF271623 (2:5), TC30343 (3), TC34774 (3%, BR2T2717 (3 TCI3758.43). TCI5815 (3).

CO110623 (3)

* The number in brackets stanids for the score of miRU.

miRNA targets based on a limited data for 4 miRNAs (miRNA
156, miRNA 159, miRNA 164, and miRNA 319). In their study,
they found that no mismateh existed at the positions 10 and 11 of
miRNAs between miRNA and their potential targets (Schwab
et al., 2005). However, this conclusion has not been widely
accepted by the scientific community although it may become a
betier critérion to identify miRNA targets. Thus, more studies
need to be done confirmed this conclusion, particularly for
other miRNAs which have not been tested in Schwab’s study.
Inour study, we identify several potential miRNA targets have
a mismatch at the position 10 or 11 with their corresponded
miRNAs. Some of them are cotton-specific genes. However,
more studies (such as‘detecting mRNA fiagments diggnostic of
miRNA-directed cleavage) need to be done for testing this
conclusion.

In this study, a majority of miRNA targets were found to be
transcription factors in Arabidopsis, rice, corn and other plant
species (Rhoades et al., 2002; Bonnet et al., 2004, Zhang et al,,
2006a). In this study, we found that 5 identified cotton miRNA
families target 4 variety of transcription factors, which control
cotton: development at the tissuc level. miRNA 172 targets
cotton apetal-like protein (ap2), which -controls cotton floral
formation and phase change from vegetative growth to
reproductive growth. miRNA 156 targets the SQUAMOSA-
promoter binding protein-like protein (SBP) transcription
factor. mIRNA 169 targets CCAAT-binding (CBF) transcription
factor and nuclear transcription factor Y subunit A-8. These
transcription factors have also been reported as miRNA targets
i Arabidopsis, rice, and maize except for the nuclear
transéription. factor 'Y subunit . A-8. In this. study, we also
found that miRNA 415 and miRNA 779 target transcription
tactors. Their targets are translation initiation factor SA and
BELI-like homeodomain transcription factor, respectively.

Three miRNA families (miRNA 391, 396, and 400) may
mvolve cotton response to envirommental stress. One of the two
miRNA 391 targets is aquaporin PIP2.7, which plays an
inportant role in drought -and salt stress. miRNA 391 alse
targets calmodulin binding ‘heat shock protein. miRNA 396
targets four classes of stress resistance protein: pathogen-related
(PR) protein, NBS resistance protein-like protein, dirigent-like
protein, and tibonuclease-like protein; all of these four proteing
are related to cotton response to-pathogen -invasion. Two
potential targets for miRNA 400 are hypersensitive-induced
response protein and UVB-resistance protein. Compared with

previous reports in other plant speeies, miRNAs likely ‘target
more abiotic and biotic stress-related proteins in- cotton:

Cotton miRNAs also target genes ‘involved in different
cellular processes, including metabolic pathways, protein
degradation, mature mRNA formation, and signal transduction.
miRNA 162 targets serine/threonine protein kinase, miRNA
390 targets protein phosphatase. 2C-like protein, miRNA 395
targets ATP sulfurylase like protein. miRNA 413 -targets
carboxykinase, methythioribese kinase, and MAP kinase.
miRNA 415 targets glycosyltransferase, miRNA 779 and 782
target E6 protein. kinase and ferrochelatase, respectively.
NADPH oxidase may be one target of miRNA 393.

Colton miRNAs also target- mature MRNA formation and
protein degradation. mRNA cap methytransferase, small
nuclear ribonucleoprotein-like protein, and splicing factor-ike
protein are potential targets for miRNA. 171, 172, and 414,
respectively. 268 ‘proteasome regulatory subunit S5A Is one
potential target for-amiRNA 393.

Interestingly, “at-Jeast 3 miRNA families may have cotton-
specific unique targets, which are involved in cotton fiber
differentiation and development. Callose synthase is considered
animportant enzyme in cellulous synthesis and fiber develop-
ment, first cloned by Dr. Brown's lab at the early 2000s (Cut
et al., 2001). In this study, we found that the callose synthase
catalytic subunit is one target of miRNA 396. Additionally,
miRNA 414 and miRNA 782 target fiber protein Fb23 and fiber
quinone-oxidoreductase, respectively. Further- studying the
functions of miRNA in. cotton fiber will allow better
understanding the molecular mechanisms of cotton fiber
differentiation and development,

4. Conclusions

In this study, we identified 30 potential miRNAs and-their
targets in cotton, one of the most important crops around the
world. One miRNA cluster (miRNA 169 cluster) was also
observed forthe firsttime in the plant kingdom, suggesting that
miRNAs evolved quickly in plants and they may have specific
functions in ¢otton, In addition to the transcription factors which
regulate plant development, miRNA targets in cotton also
include several penes involved. in cotton response to- different
biotic and abiotic stress, such as pathogen invasion and drought
stress. Interestingly, at least three miRNAs (miRNA 396,414,
and 782) target genes involved in cotton fiber formation and
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development, suggeéting that miRNAs may regulate fiber
differentiation and development;-one of the most important
biological processes in plant development,

Appendix A, Supplementary data

Supplementary data associated with thisarticle can befound,
in the online version, at doi:10.1016/1.gene.2007.03:020.
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