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LETTER TO THE EDITOR
Identification and Profiling of Known and Novel Fiber MicroRNAs
during the Secondary Wall Thickening Stage in Cotton (Gossypium

hirsutum) via High-Throughput Sequencing
Upland cotton (Gossypium hirsutum L.) is an allotetraploid
species originated from interspecific hybridization between
AA-genome diploid (G. arboretum) and DD-genome diploid
(G. raimondii) (Wendel et al., 1992). Cotton fibers are single-
celled trichomes that emerge from the ovule epidermal cells.
Indexed by the number of days post-anthesis (dpa), fiber
morphogenesis includes four distinct but overlapping steps:
initiation (0e3 dpa), elongation (3e20 dpa), secondary cell
wall thickening (15e45 dpa) and maturation (40e60 dpa)
(Yang et al., 2008, Du et al., 2013). The efficiency and dura-
tion of each morphogenesis stage is important to the quality
attributes of the mature fiber. Cell elongation is critical for
fiber length, whereas secondary cell wall thickening is
important for fiber fineness and strength (Meinert and Delmer,
1977).

Cotton microRNAs (miRNAs) are endogenous, non-coding
small RNAs that play crucial roles in posttranscriptional gene
regulation via the degradation of target mRNAs (Guan et al.,
2014). Many studies have investigated cotton miRNAs and
their regulatory functions in developing fiber cells
(Abdurakhmonov et al., 2008; Pang et al., 2009). Notably, Li
et al. (2012) employed ncRNA-seq technology to identify 562
candidate miRNAs from 7-dpa fibers of allotetraploid cotton,
and Wang et al. (2012a) annotated 348 miRNA candidate se-
quences in cotton DD-genome shotgun sequences. In our
previous studies, seven fiber initiation-related miRNAs were
characterized by comparative miRNAome analysis in devel-
oping cotton ovules (Wang et al., 2012b). Subsequently, from
4 small RNA libraries constructed from upland cotton fibers
ranging from 5 to 20 dpa, eight miRNAs and one trans-acting
small interfering RNA (tasiRNA) were found to be related to
cotton fiber elongation in G. hirsutum (Xue et al., 2013).
These studies demonstrate potential regulatory functions for
these small RNAs during cotton fiber initiation and elongation.
However, no study to date has validated the distribution of
cotton miRNAs and their expression patterns in secondary
wall thickening (SWT) fiber cells.
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In this study, we employed high-throughput sequencing to
examine known and novel cotton miRNAs expressed in SWT
fibers. A small RNA library was constructed using total RNA
extracted from 25-dpa fibers of an allotetraploid cotton
cultivar CRI 35 and sequenced with an Illumina HiSeq 2000
analyzer. A total of 15,748,452 high-quality reads were ob-
tained from the library, generating 14,886,698 clean reads
(2,686,236 unique sequences) for further analysis. The
redundant and unique reads >18 nucleotides long are shown in
Fig. 1A. The majority (62.26%) of the clean reads were
21e24 nt long; of these, a length of 24-nt (17.91%) was the
most abundant class of total clean reads, followed by lengths
of 21-nt (17.27%), 22-nt (13.63%) and 23-nt (13.45%). As
small RNAs in the 21-nt class typically represent miRNAs, the
majority of small RNAs in SWT fiber cells are putative
miRNAs. Regarding unique reads, the 24- and 23-nt classes
ranked first (41.24%) and second (17.76%), respectively,
indicating that the 24-nt unique reads were the most abundant
of all unique reads. In Arabidopsis, small 24-nt RNAs are
mainly small interfering RNAs (siRNAs) (Lu et al., 2005);
thus, the high percentage of unique small 24-nt RNA se-
quences in fiber cells suggests that a large number of siRNA
molecules may be enriched during the SWT stage.

Clean reads were mapped to the diploid cotton G. raimondii
genome (Wang et al., 2012a), generating 9,069,837 genome-
matched reads (60.92% of clean reads). The genome-
matched small RNA sequences were clustered into several
RNA classes including known miRNAs, rRNA, tRNA, small
nuclear RNA/small nucleolar RNA (snRNA/snoRNA), mRNA
and repeats (Table S1). However, only 25.88% of the unique
reads were mapped to the diploid DD-genome, suggesting that
the remaining 74.12% of unique reads might be from another
allotetraploid cotton AA-genome or from evolved AADD-
genomes. Furthermore, the majority (93.23%) of the unique
sequences comprised unclassified small RNA reads (Table S1),
potentially containing new regulatory small RNAs and novel
miRNA sequences, and should be further studied in detail.
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Fig. 1. Characteristic analyses of small RNAs from a 25-dpa cotton fiber library.

A: Length distribution and abundance of small RNA sequences in the 25-dpa cotton fiber library. B: Differentially expressed miRNA profiles during the cotton

fiber secondary wall thickening stage. A complete linkage hierarchical cluster analysis of differentially expressed miRNAs in the cotton fibers (15e25 dpa) was

performed by comparing the RPTM of the miRNAs in every library to the average of the three cotton fiber sRNA libraries. The color indicates the log2-fold change

from high (red) to low (green), as indicated in the color scale. The names of the miRNAs and the clusters to which they belong are shown on the right side of the

panel, and the dendrogram of the 15-, 20- and 25-dpa small RNA libraries generated by the cluster analysis is shown above. C: Expression analysis of seven

differentially expressed miRNAs and their targets based on microarray data. The data represent the mean values of three replicates. The dots represent the

corresponding abundance on the right axis in the three small RNA libraries. TC233169: UDP-glucuronic acid decarboxylase; EV486340: beta-ketoacyl-CoA

synthase; TC246961: a hypothetical protein; TC255909: a transaldolase family protein; TC239557: squamosa promoter-binding-like protein; TC252347:

proline-rich receptor-like protein kinase; TC242435: choline kinase 3-like.
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Currently, miRBase (version 20.0, released on June 24,
2013) lists 84 mature miRNAs belonging to 55 miRNA fam-
ilies expressed in cotton (Gossypium spp.). To identify these
known miRNAs in our data, clean reads were blasted against
known miRNAs in miRBase 20.0. Following a BlastN search
and further sequence analysis, nearly 1800 unique sequences
belonging to 98 families were found to be homologs of known
miRNAs from other plant species. Expression among different
families was found to be largely divergent, with abundance
ranging from 1 to 183,036 reads (Table S2). Based on a
normalized read count per ten million (RPTM), the five known
miRNA families with greatest abundance in our data are 156/
157, 894, 2911, 165/166 and 167, accounting for 46.5%,
28.6%, 9.2%, 7.4% and 3.1% of all known miRNA reads,
respectively. However, the expression of some miRNA fam-
ilies (such as 398, 528 and 858) showed low abundance, with
only several reads each (Table S2). Such variable expression
levels in different families suggest that these miRNA genes are
differentially transcribed during the fiber cell SWT stage.

Because there are no available genome sequences for
allotetraploid cotton (G. hirsutum), we also examined known
miRNA precursors by mapping known miRNA sequences to
G. raimondii genome sequences. Among the known miRNAs,
a total of 116 sequences from 26 miRNA families were
mapped to the genome (Table S3), all of which are able to
adopt hairpin structures resembling the fold-back structures of
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miRNA precursors. Stem-loop structures for pre-GhmiR172-
1.2, pre-GhmiR396-1.1, pre-GhmiR5225-1, pre-GhmiR1520-
1.2 and pre-GhmiR1520-2.1 were identified for the first time
(Fig. S1). In addition, the number of members per miRNA
family ranged from 1 to 7 members. The miR156, miR482 and
miR477 families were the largest, with 7, 6 and 5 members,
respectively, whereas 13 miRNA families had only a single
member (Table S3). Interestingly, different members of the
same miRNA family were found to be derived from different
precursors. For example, in the seven-member miR156 family,
miR156-1 and miR156-2 are derived from six and four
different gene loci, respectively, though each of the other
family members are derived from only one precursor gene
(Table S3).

The unannotated small RNAs of 2,504,484 unique reads
were mapped to the G. raimondii genome and subjected to a
rigorous secondary structure analysis of their precursors.
Using the Mireap software developed by BGI (Shenzhen,
China) and the three criteria suggested by Meyers et al.
(2008), 21 potentially novel miRNAs from 28 miRNA gene
loci were identified (Tables S4 and S5; Fig. S2). Moreover, 3
(GhmiRn002, GhmiRn007, and GhmiRn010) of the 21 novel
miRNAs were linked to more than one miRNA gene locus,
whereas the remaining 18 novel miRNAs were associated with
a single locus (Tables S4 and S5); 21- and 24-nt long miRNAs
were the dominant species (8 and 8, respectively) of the 21
novel miRNAs. Notably, more than 40% of these novel
miRNAs have a 50 terminal uridine nucleotide (Table S6).
Understandably, the abundance of these novel miRNAs was
lower than that of the known miRNAs in SWT fiber cells and
was detected at very low levels, ranging from 1 to 16 reads
(Table S4). In addition, the minimum free energy for the
hairpin structures of these novel miRNA precursors was lower
than �29.5 kcal/mol, and the lengths of the new miRNA
precursors ranged from 86 to 457 nt (Fig. S2 and Table S5),
consistent with previous studies (Bonnet et al., 2004).
Furthermore, we can predict that there will be more novel
miRNA loci identified in the larger A sub-genome (w1.7 Gb
of haploid G. arboretum) and that the allotetraploid G. hir-
sutum genome might contain many more miRNA loci.

To elucidate the expression patterns of miRNAs during the
SWT stage, we compared our current data from 25-dpa fiber
cells with previously reported data from 15- and 20-dpa fibers
(Xue et al., 2013) because they successively represent the
elongation stage and transition stage from elongation to SWT.
To minimize noise and improve accuracy, only those miRNA
reads with more than 100 RPTM in at least one library were
used for the comparison. After Student’s t-test (P < 0.01) and
cluster analysis, the remaining 38 known miRNAs exhibited
differential expression with more than 2-fold changes of up- or
down-regulation during the fiber developmental process and
clustered into two groups with similar profiles (Fig. 1B and
Table S7). Of these, 16 miRNAs, including GhmiR156/157,
GhmiR395 and GhmiR2911 of Group I, showed a gradual
increase in read number and peaked at 25-dpa, a point at
which SWT occurs. Thus, Group I miRNAs most likely play
negative regulatory roles in fiber SWT. In contrast, 22
miRNAs in Group II, including GhmiR92, GhmiRnD and
GhmiR159/319, exhibited a gradual decrease and maintained a
relatively low level at 25-dpa (Fig. 1B and Table S7), implying
that these miRNAs might serve as positive regulators of fiber
SWT. Taken together, all the differentially regulated miRNAs,
including Groups I and II, demonstrated dynamic changes in
read number in response to different developmental stages and
may be considered as SWT-related miRNAs in cotton fibers.

To understand the functions of SWT-related miRNAs, we
predicted their targets using the psRNATarget Web server
(http://plantgrn.noble.org/psRNATarget/). As a result, 299
EST sequences were obtained as candidate target genes of 38
differentially expressed miRNAs. These targets include many
important proteins of regulatory factors and metabolic en-
zymes, e.g., myeloblastosis (MYB) transcription factor, LIM
(Lin11, Isl-1 and Mec-3) domain protein, NAC (NAM,
ATAF1, 2 and CUC2) domain protein, sucrose synthase, 3-
ketoacyl-CoA synthase and sugar transport protein, suggest-
ing that these miRNAs mediate fiber SWT by regulating their
targets (Table S8).

In general, the expression of miRNAs is negatively corre-
lated with the expression of their targets. To further examine
the relationships between these miRNAs and their targets, we
downloaded microarray data from the NCBI Gene Expression
Omnibus (GEO) database with the accession number
GSE36228. Only data from three stages (12-, 19-, and 25-dpa)
were selected for further analysis to determine whether a
negative correlation exists between the accumulation of
miRNAs and their targets during fiber development. As shown
in Fig. 1C, the expression levels of seven target genes were
inversely correlated with the read abundances of their corre-
sponding miRNAs, which is in accordance with the gene-
silencing function of miRNAs. For the targets of GhmiR164,
159/319, 7495 and GhmiRnB, with RPTMs decreased from
15- to 25-dpa, the expression levels increased from 12- to 25-
dpa. Conversely, during fiber developmental stages,
GhmiR156/157, 7513 and 986 were expressed at relatively
lower levels in 25-dpa vs 15-dpa fibers, whereas, as expected,
their target genes TC239557 (squamosa promoter-binding-like
protein), TC252347 (proline-rich receptor-like protein kinase)
and TC242435 (choline kinase 3-like) were expressed at
relatively higher levels in 25-dpa vs 15-dpa fibers (Fig. 1C).
These results indicate that miRNAs might regulate the
expression of their target genes during the SWT stage of
cotton fiber development.

SWT is the process of cellulose biosynthesis in cotton fiber
cells. It has been reported that a series of enzymes, including
sucrose synthase (Brill et al., 2011), cellulose synthase (Jacob-
Wilk et al., 2006) and glycosyltransferases (Scheible and
Pauly 2004), play key roles in the pathways of cellulose and
sugar metabolism and are significantly correlated with SWT.
In this study, several miRNAs were found to have differential
expression that may impact their target genes during cellulose
and sucrose metabolism. For example, GhmiR164,
GhmiR2911, GhmiR395 and GhmiR986 were predicted to
target UDP-glucuronic acid decarboxylase, sucrose synthase,
cellulose synthase-like G2 and sugar transport protein,

http://plantgrn.noble.org/psRNATarget/
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respectively, and GhmiR159/319 was predicted to target 3-
ketoacyl-CoA synthase (Fig. 1C). Therefore, these differen-
tially expressed miRNAs and their sugar metabolism-related
targets might play a role in cotton fiber SWT, and further
analysis of their relationships and regulatory interactions is
needed. Together, these miRNAs and their targets might play
important roles in various biochemical processes to regulate
fiber SWT.
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