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Preface 

 

My PhD dissertation explores the function of miR165/166 and 

the regulatory network between miR165/166 and other 

individual miRNAs. The findings of my research are composed 

of three chapters: Chapter 3 to 5. 

 

Chapter 3. Blocking miRNA in Arabidopsis by short tandem 

target mimics (STTM). 

 

The partial of this chapter is published in the Journal of Plant 

Cell with me as the co-first author. 

(Yan, J., Y. Gu, X. Jia, W. Kang, S. Pan, X. Tang, X. Chen and 

G. Tang (2012). "Effective small RNA destruction by the 

expression of a short tandem target mimic in Arabidopsis." 

Plant Cell 24(2): 415-427). 

 

Chapter 4. MiRNAs can regulate plant anthocyanin 

accumulation in Arabidopsis 
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This chapter is planned to be included for research article 

(manuscript under preparation). Guiliang Tang and I are 

writing the manuscript, I designed, performed and collected the 

results of the experiments 

 

Chapter 5. Exploring potential miRNAs that have a regulatory 

network with miR165/166 

 

This chapter will be a part of the research article (manuscript 

under preparation) that we plan to submit in the future. 

Guiliang Tang and I are writing the manuscript. I designed, 

performed and collected the results of the experiments. 
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Abstract 

MicroRNA (miRNAs) and other endogenous small RNAs play 

important role in regulation gene expression in eukaryotes. Till 

now, several techniques have been developed for miRNA 

function analysis. Because of the characteristics of miRNA 

families normally with multiple members, the most applicable 

method for miRNA function research is to block the whole 

miRNA family specifically. Here, we report an artificial 

non-coding transcript termed Short Tandem Target Mimic 

(STTM) for blocking miRNA activity in Arabidopsis thaliana. 

The STTM composed of two miRNA target sites with a 

three-nucleotide bulge in the miRNA cleavage site, the 

two-miRNA target sites separated by spacer linker. We used 

this technique to block several important endogenous miRNA 

with high efficiency; we also demonstrated that the degradation 

of miRNA induced by small RNA degradation nucleases 

(SDNs). Furthermore, we applied STTM to study the 

regulatory network and functional interactions of a few 

miRNAs in Arabidopsis. In summary, we generated an 
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effective approach to block endogenous miRNA and used it to 

study a number of miRNAs in Arabidopsis, therefor providing 

a powerful tool for miRNA function research in plants. 

1. General Introduction 

 

1.1. The approach to miRNA function in Arabidopsis 

 

Small RNAs, including microRNAs (miRNAs) and small 

interfering RNAs (siRNAs), play very important roles in 

growth and development, epigenetics, genome integrity, 

defense against viral infection, and response to environmental 

changes in plants [1]. MiRNAs are especially important in 

controlling plant development, since most miRNA target genes 

in plants are transcription factors; these transcription factors 

regulate plant development and phase change in different 

growing stages. The major role of short interfering RNAs 

(siRNAs) is to regulate mRNA stability post-transcriptionally 

and genome-wide histone methylation [2]. To date, hundreds of 
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miRNAs and thousands of endogenous siRNAs have been 

identified from many plant species, and dissection of their 

functions will help us better understand their regulatory 

mechanism [3]. Such functional dissection of individual small 

RNAs in vivo requires an effective means to block their 

production or activity. 

 

Traditional approaches to the interrogation of gene function 

rely on the generation and characterization of genetic mutants. 

Such genetic approaches are not applicable to the investigation 

of small RNA functions due to their small size and the fact that 

many miRNA families are composed of multiple members 

with potentially overlapping functions. It is almost impossible 

to obtain mutations in all the miRNA family members in a 

single plant by a traditional approach. Another indirect 

approach to miRNA functions is to build miRNA-resistant 

target lines, which silently mutate in the miRNA binding site 

on the target mRNA without changing the translated protein 

sequence. Such an approach is effective to investigate miRNA 

families with just a single target [4]. However, given that a 
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miRNA usually regulates multiple target genes with either 

redundant or distinct functions, this approach could only 

partially reveal the functions of a particular miRNA in vivo.  

 

The latest approach is using one genetic transformation to 

block all the members of one miRNA family and thus 

de-repress the miRNA-repressed targets. The working 

mechanism underlying such an approach was first discovered 

in Arabidopsis as target mimicry (TM) from the interaction 

between miR399 and INDUCED BY PHOSPHATE 

STAVATION1 (IPS1) [5]. MiR399 is induced by phosphate 

starvation in Arabidopsis [6]. The target gene of miR399 is E2 

conjugating enzyme UBC24 (PHO2); the function of PHO2 is 

to enhance phosphorus acquisition in plants[7]. At the same 

time under phosphate starvation, the transcripts of the 

non-protein-coding gene, IPS1, are induced[8]. IPS1 

transcripts are partially complementary to miR399, forming a 

bulge in the central region of the miR399 binding site, when 

pairing with miR399. Unlike PHO2 that is cleaved by miR399, 
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IPS1 is functionally sequestering miR399 than being cleaved 

by miR399 [9].  

 

The TM approach was recently further developed into a 

powerful technology termed short tandem target mimic 

(STTM), which has been successfully applied to other model 

and crop plants, including rice, maize, tobacco, and 

tomato[10-12]. In the first chapter of this study, I will present 

how this STTM technology was developed during my early 

studies. We blocked several important miRNAs including 

miR165/166, miR156/156, and miR319 in Arabidopsis using 

STTM technique. The miR165/166 targets are 

homeodomain-leucine zipper III (HD-ZIP III) family genes, 

functional on formation of Shoot apical meristem (SAM)[13]. 

MiR156/157 target gene is SQUAMOSA PROMOTER 

BINDING PROTEINLIKE (SPLs) family genes, mainly 

working on the plant phase transition and plant flowering 

timing[14]. MiR319 target TCP controls many aspects of plant 

growth and especially leaf development[15]. 
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 1.2. MiRNA-mRNA target gene nodes 

 

Plant miRNAs are usually complementary with their mRNA 

targets sequence extensively, while most animal miRNAs 

interact with their targets through the limited “seed” regions 

forming extensive mismatches between the miRNAs and their 

targets. Thus, in animals, one miRNA may target hundreds of 

genes, but plant miRNA has a limited number of targets [16, 

17].  

The relationship between each specific miRNA or miRNA 

family and its target genes can be defined as a miRNA node. 

There are many reported miRNA-target nodes[18] revealed by 

previous research. The regulation of miRNA nodes is 

extremely dynamic, subject to temporal and spatial changes 

during different stages of plant development. The following 

miRNA nodes have been well defined.  

 

1.2.1 MiR156/157-SPLs node 
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MiR156/157 have been revealed to play a key role in the 

control of plant phase change and flower timing. SPLs can be 

divided into two main classes: the SPL3-SPL4-SPL5 class and 

the SPL9-SPL15 class[19]. miR156 expression level is high at 

the young stage and then decreases as the plant develops into 

adult and later reproduction stages. miR156 expression levels 

reach the lowest level at the flowering stage, resulting in an 

elevation in the expressions of the target genes of 

SPL3-SPL4-SPL5 class that activate flower-promoting MADS 

box genes[20-22].  In contrast, the SPL9-SPL15 class has a 

strong effect on leaf initiation rate and the trichome formation. 

SPL9 expression in shoot apices increases when plants grow 

from the vegetative phase to flowering phase[23]. 

 

1.2.2 MiR172-AP2 node 

 

In the miR172-AP2 node, miR172 regulates the plant-specific 

transcription factor gene Apetala 2 (AP2) and a small group of 

AP2-like genes, such as TARGET OF EAT1 (TOE1), TOE2, 
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and TOE3[20, 24]. In contrast to the miR156/157-SPL node, 

the miR172 expression level is up regulated when plants grow 

from the adult stage to the flowering stage. As a result, the 

expression of miR172 target genes decrease. AP2 expresses 

specifically in floral organs to regulate flowering and flower 

development [25, 26]. Moreover, at least five AP2-like genes 

function as flowering repressors in Arabidopsis. Actually, 

miR172-AP2 node interacts with the miR156/157-SPL node to 

regulate plant developmental stages during the juvenile to adult 

transition. 

 

1.2.3 MiR390- TAS3 tasiRNA-ARF3 & 4 node 

 

The MiR390-tasiRNA-TAS3 node is also involved in plant 

phase transition. In this node, miR390 initiates the production 

of trans-acting siRNA (tasiRNA), from the TAS3 locus through 

the so-called tasiRNA pathway, composed of RNA-dependent 

RNA polymerase 6 (RdR6), Dicer-like 4 DCL4, and 

AGO7[27]. The target genes of the tasiRNA are AUXIN 
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RESPONSE FACTOR 3 (ARF3) and ARF4, which promote 

plant development into adult phase [28]. In the plant with 

deficient TAS3 or with Argonaute 7 (ago7) mutation, a higher 

expression level of ARF3 and ARF4 gene were detected[29]. 

 

1.2.4 MiR165/166-HD-ZIPIII node 

 

The MiR165/166-HD-ZIPIII node is one of the most important 

and well-studied miRNA nodes so far studied. MiR165 and 

166 (miR165/166) are one of the most abundant miRNA 

families that are expressed in plants. MiR165 and miR166 

have almost identical sequence except for the 17th 

nucleotide[30]. There are seven copies of the miR166 gene and 

two copies of the miR165 gene in the Arabidopsis Genus[31]. 

Both miR165 and miR166 target the Class III 

HOMEODOMAIN-LEUCINE ZIPPER transcriptional factor 

(HD-ZIP III) family gene transcripts for cleavage through the 

base paring between miR165/166 and HD-ZIPIII mRNAs.  

The HD-ZIP III family contains five genes: PHABULOSA 
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(PHB), PHAVOLUTA (PHV), REVOLUTA (REV), ATHB8 

and ATHB15[30]. The HD-ZIP III genes encode plant-specific 

transcription factors that are involved in many aspects of plant 

development, including the specification of abaxial-adaxial 

identity in leaf and vascular development[32]. Abnormal 

expression of HD-zip III family genes leads to the loss of leaf 

and vascular asymmetry due to a disturbed change in 

abaxial-adaxial patterning.  

 

Both down- and up-regulation of miR165/166 affect the 

expressions of their target genes and further plant development. 

When the miR165/166 is repressed by a short tandem target 

mimic (STTM165/166) structure in Arabidopsis, the 

expression of miR165/166 target genes of the HD-zip III 

family is up regulated several fold compared with the 

wild-type plant.  STTM165/166 plants displayed dramatic 

phenotypic alterations in development, including twisted leaf 

and stem [33]. On the other hand, overexpression of miR166 

by activating tagging results in down-regulation of the PHV, 

PHB and ATHB-15 genes. Similarly, transgenic plants 
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over-expressing miR165/166 displayed a loss of shoot apical 

meristems (SAMs) and an enhancement in vascular 

development[34]. 

 

miR165/166 are not unique in regulating the HD-ZIP III family 

through direct targets cleavage, another kind of small ZPR 

proteins also affect the expression of HD-ZIPIII genes through 

physical interactions with HD-ZIPIII proteins[35]. For 

example, ZIP3 and its redundant homolog, ZIP4, negatively 

regulate the HD-ZIP III activity in SAM development [36]. 

The zpr3-1d mutant, which was isolated from the Arabidopsis 

activation-tagged mutant pool, was phenotypically similar to 

the miR165/166 overexpressed mutant plant [36]. ZPR, with a 

gain-of-function mutation, can repress the HD-ZIP III gene 

activity to a level similar to miR165/166 directed 

down-regulation of HD-ZIP mRNAs. 

 

1.2.5 MiR319-TCP node 
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miR319 was discovered by activating tagging screening and 

MiR319 target is TCP transcription factor [37]. In activating 

tagging screening, a T-DNA containing a 35 S enhancer is 

integrated randomly into Arabidopsis genome. There has been 

one mutant identified for its unusual morphology, and this 

mutant line was termed jaw-D, based on the observation that 

the plant leaves appeared jagged and crinkled[38]. Soon after, 

jaw-D was identified to be miR319. Microarray experiments 

demonstrated that TCP family genes were significantly down 

regulated in the jaw-D mutant. TCP family genes were finally 

identified to be the direct target genes of miR319, based on the 

fact that the TCP family genes shared a highly conserved 

complementary region to the miR319. The TCPs belong to a 

plant-specific transcription factor family that regulates 

downstream gene expression for cellular activities including 

leaf cell division, expansion and differentiation during the 

plant development[15, 39]. In Arabidopsis, the TCP family 

contains 24 members that can be divided into two main groups 

(class I and II) according to the variations of their sequences 

[40]. Among the 24 TCP family genes, 5 members, TCP2, 
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TCP3, TCP4, TCP10, and TCP24, contain a target site for 

miR319, and all these 5 TCPs belong to the class II group[41]. 
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2. Objectives 

 

This dissertation has the following three objectives. 

Objective 1: Generate a new short non-coding transcript to 

block miRNA function in Arabidopsis 

Objective 2: Understand the role of miRNAs in anthocyanin 

accumulation in Arabidopsis  

Objective 3: Determine the miRNA regulatory network related 

to miR165/166 in Arabidopsis 
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3. Blocking miRNAs in Arabidopsis by short 
tandem target mimics (STTM) 

Jun Yan, Yiyou Gu, Xiaoyun Jia, Wenjun Kang, Shangjin Pan, Xiaoqing 

Tang, Xuemei Chen, Guiliang Tang 

 

 
 
 
 
 
 
 

 

 

 

 

 

 
The partial data of this chapter is published in the Journal of Plant Cell. 
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3.1. Introduction 

 

MicroRNAs (miRNAs) are a class of endogenous small RNAs 

that regulate gene expressions post-transcriptionally. MiRNAs 

are 20-23 nt in length, and interact with the protein AGOs, 

forming RNA-induced silencing complexes (RISCs) to cleave 

their target gene transcripts or repress the translation of the 

target mRNAs [42]. The miRNAs are widely functioning in 

plant developmental processes due to that most miRNA targets 

belong to all kinds of transcription factors, which control plant 

phase change, DNA methylation, chromatin remodeling, plant 

immunity, and responses to biotic and abiotic stresses [43-45]. 

Hundreds of miRNAs have been identified in plants [46], but 

their functions have been only partially dissected using 

traditional approaches. An endogenous non-coding transcript 

IPS1 modulates miR399 activity, termed target mimicry (TM), 

was reported in Arabidopsis[6]. MiR399 is induced by 

phosphate starvation and regulates its target PHO2. The 

non-coding transcript IPS1 is also induced by phosphate 
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starvation. The IPS1 is partially complementary to miR399, 

leading to miR399 is functional sequestrated by IPS1, but 

miR399 can not cleavage the IPS1 transcripts due to the 3 

nucleotides exist in the central of miR399 target sequence in 

IPS1 transcript[6]. Through replacing miR399 target sequence 

with other miRNA sequence, a large-scale study based on TM 

for miRNA function research has been completed, but the 

results indicate that only partial miRNAs were effectively 

blocked by TM [5]. To generated a TM-like transcript which 

can block miRNA activity more efficiently, we designed a 

transcript with two partial complementary miRNA target sites, 

similar to IPS1 based TM, and a 48nt nucleotides spacer was 

added between the two miRNA target sites to stabilize the 

structure. In this chapter, I mainly introduce how I developed 

the technology termed short tandem target mimic (STTM) and 

used it to dissect the functions of miRNAs in Arabidopsis.  

 

3.2. Experimental Procedures 
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Construction of the STTM plasmid and 
transgenes 
 

The STTM module was assembled in the pOT2 vector between 

a 2X35S promoter and a 35S terminator by PCR amplification. 

The STTM structure was amplified, together with the pOT2 

vector, by back-to-back PCR using two long primers 

containing a SwaI site at the 5’ end of each primer. The 

back-to-back PCR product containing the pOT2 backbone with 

the chloramphenicol selection marker was purified using a 

PCR product purification kit (Promega) and then digested by 

SwaI restriction endonuclease. The digested PCR product was 

further purified by PCR purification as above and self-ligated 

overnight at room temperature. The ligated product was 

transformed into XL1-blue competent cells. We selected single 

colonies for plasmid purification. The recombinant constructs 

were verified by linearization of the plasmids after SwaI 

digestion [47], and the non-recombinant plasmids that could 

not be linearized by SwaI were abandoned. Next, a pair of 

primers that contain PacI site at the 5’ end of each primer were 



27 

used to amplify the recombinant plasmid to delete the origin of 

the plasmid. The PCR product containing the STTM structure 

and pOT2 backbone without the plasmid replication origin was 

purified and digested by SwaI, to be cloned into a modified 

binary vector PFGC5941 containing a Kanamycin selection 

marker through a unique SwaI. The SwaI digested products of 

the PCR fragment and PFGC5941 were purified and ligated to 

each other overnight with T4 DNA ligase (NEB Inc.). The 

ligated product was transformed into XL1-blue competent cells, 

and the recombinant plasmids, which contain both binary 

vector PFGC5941, and the PCR product were selected on LB 

plates containing Chloramphenicol and Kanamycin. The 

recombinant plasmids were isolated for further identification 

by linearization of the plasmids using SwaI and DNA 

sequencing. The verified plasmids were used for plant 

transformation.  

 

To investigate the efficiencies of STTMs containing either one 

or two miRNA binding sites, we designed two modified 

primers that contain the STTM structure with mutations on 
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either miRNA binding site to generate the STTM mutants, 

STTM165mut/166 and STTM165/166mut, for plant 

transformation. The primers used for STTM constructs are 

listed in Table 1. 

 

Transgenic plants were generated by Agrobacterium 

tumefaciens-mediated floral dip transformation[48]. The seeds 

were collected after floral dip; transgenic plants with resistance 

to the herbicide BASTA will be screened for further analysis. 
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Table 1: The primers for STTM constructs in this study. 

 
 

Small RNA gel blotting 
 

Total RNA was isolated from leaves of Arabidopsis transgenic 

and control plants of T1 or later generations using trizol 

(Invitrogen), and 10 ug of total RNA was resolved by 15% 

PAGE under denaturing conditions and transferred onto blots. 

P32 labeled probes complementary to the small RNA sequence 

were used for hybridization with blots [49]. To detect STTM 

transcripts in transgenic plants by Northern blotting, the STTM 
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reverse primers were labeled with P32 as probes. U6 expression 

was detected as an internal control. 

 

Detecting mRNA expression by qRT-PCR 
 

After the transgenic plants were screened and validated for the 

STTM-triggered degradation of miRNA by Northern blot 

confirmation, the expression of the miRNA target genes was 

detected by qRT-PCR. Total RNA was isolated from leaves 

using RNeasy mini kit (Qiagen). DNase was used to treat the 

purified total RNA to remove DNA contamination before the 

RNA reverse transcription. The random primer was used as the 

reverse transcription primer. qRT-PCR using the SYBR green 

PCR master mix kit was performed with an Applied 

Biosystems step one instrument (ABI). Actin mRNA was used 

as an internal control. The relative levels of gene expression 

were calculated using 2-^ cycle threshold method [50]. Three 

biological replicates were examined to ensure reproducibility. 
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Detecting the ability of STTM165/166-48nt 
transcripts in sequestering miR165/166 in vitro 
 

We generated STTM165/166-48nt RNAs in vitro using T7 

RNA polymerase. The DNA templates were made by the PCR 

amplification. The primers used for the PCR were: 

T7-STTM165/166-48-PF and T7-STTM165/166-48-PR. The 

STTM-Spacer-48nt-template was used for STTM165/166-48nt 

in vitro transcription. The transcription method was described 

previously[51]. The miR165/166 was synthesized (Thermo 

Fisher Scientific). Synthesized MiR165/166 and 

STTM165/166 transcripts were labeled at 5’ end [52]. The 

labeled miR165/166 and STTM165/166 were annealed in 2X 

SSC ( 0.3 M NaCl and 0.03 M sodium citrate) buffer by 

heating at 95℃ for 5 min and cooling down the mixture at 

room temperature for 2.5 hours. The hybridized 

STTM165/166-48nt-miR165/166 complexes were resolved on 

a 15% denatured PAGE gel for the sequestering assay. The gel 

was dried in a gel drier with the help of a blot and Saran, and 

then exposed to a phosphor-image plate, the results was 
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scanned with a Typhoon 9410 Scanner and quantified by 

ImageQuant TL1 Software. 

 

Small RNA sequencing 
 

Total RNA was isolated from the leaves of 3-week-old 

seedlings. The small RNA was fractionated using 15% PAGE 

gel electrophoresis. The small RNAs of 15-30 nt were purified 

from the gel and ligated to a 3’ Solexa DNA adaptor. The 3’ 

DNA adaptor ligated product was purified following the 

instructions. The purified 3’ Solexa ligated small RNA was 

then ligated to a 5’ Solexa RNA adaptor. The final small RNA 

libraries were obtained by reverse transcription. Small RNA 

sequencing results were conducted using Genome Analyzer II 

(Illumina) as previously described [53]. 

 

Statistical analysis 
 

All results were presented as mean ± Standard. Statistical 

significance was determined by unpaired Student’s t-test 
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(two-tailed) and ANOVA analysis. Gene expression was 

assayed at least for three independent experiments. 

 

3.3. Results 

 

3.3.1 Blocking miR165/166 activity by STTM 

transcript in vivo 

 

Based on the fact that Target Mimicry (TM) functionally 

blocks miRNA through sequestering the miRNA from its 

targets and some miRNAs such as miR165/166 were not 

effective in using TM technology, we tried to improve the TM 

technology by designing an artificial transcript that could block 

endogenous small RNA more efficiently. By modifying the 

single miRNA binding site of the TM to a tandem structure 

with a unique linker between the two miRNA binding sites, we 

produced a 108nt short non-coding RNA (sncRNA) and named 

it short tandem target mimic (STTM). We chose a well-defined 

miR165/166 family, which targets and regulates the 
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homeodomain/Leu zipper (HD-ZIP III) transcription factors 

including PHABULOSA (PHB), PHAVOLUTA (PHV), 

REVOLUTA (REV), ATHB8 and ATHB15 [16, 54, 55]. The 

transgenic plants showed dramatic phenotypic changes in leaf 

asymmetry, stem, flower, and vascular structure when the 

expression of miR165/166 was knocked down by the STTM. 

These phenotypes were much like the Arabidopsis phb-1d 

mutant line, a gain of function mutant in PHB, on which the 

miR165/166 binding site was in frame mutated by a short 

insertion, making it uncleaveable by the miR165/166[56]. 

 

The STTM165/166 transcripts contain two miRNA binding 

sites, up-stream for miR165 and down-steam for miR166, 

linked by a 48-nt spacer. A 3-nucleotide CTA bulge in the 

central region of the miRNA binding site was adapted from 

TM technology to prevent cleavage of STTM by the 

miR165/166 (Fig. 1.1A). The 2X35S constitutive promoter 

from Cauliflower mosaic virus was used to over-express the 

STTM165/166 transcripts for more effective blockage of the 

expression of miR165/166. 
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Compared with control plant, the STTM165/166-48 transgenic 

plant exhibited pleiotropic developmental defects comparable 

to the phb-1d mutant plant (Fig. 1.1B). About 90 percent of the 

transgenic plants exhibited strong phenotype in transgenic 

plants of the T1 generation: loss of apical dominance and leaf 

asymmetry, defection of flower organ, while the control line, 

expressing the empty vector without STTM structure, showed 

no obvious phenotype. These observations indicate that the 

phenotypes associated with transgenic plant were caused by 

STTM165/166-48. These plant phenotypes were also 

inheritable from generation to generation. Taken together, our 

results suggest the STTM can effectively block miR165/166 

activity in Arabidopsis. 

 

To determine whether these phenotypes were induced by the 

blockage of miR165/166, we checked the expression of 

miR165/166 and its five target genes (PHB, PHV, REV, 

ATHB8, ATHB15) at the post-transcriptional level using 

qRT-PCR. While miR165/166 was drastically down regulated, 
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the miR165/166 target genes were up regulated in the STTM 

transgenic plants, but not the empty vector control transgenic 

plants (Fig. 1.1D), the primers used for the qPCR is listed in 

Table 2.  Compared with the TM technology generated 

transgenic plants of target mimic of miR165 (MIM165), the 

STTM165/166 showed a much stronger phenotypic change. 

(Fig.1.1B).  

 

 
Figure 1.1. STTM165/166-48 Induced Dramatic Alterations in Arabidopsis 

Development. (A) Diagram of STTM165/166-48 structure showing the design 

strategy. Orange indicates the spacer region and the spacer sequence. Blue indicates 

the bulge sequences in the miRNA binding sites. Red indicates the nucleotides that 

are different between miR165 and miR166. nt, nucleotides. (B) Phenotypes of 
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3-week-old STTM165/166-48 transformants compared with vector control 

(Columbia-0), MIM165, and phb-1d plants. phb-1d is a dominant genetic mutant of 

the PHB (AT2G34710) gene in the Landsberg erecta background, and this mutation 

abolishes the binding of miR165/166 to PHB mRNA. Bars = 1.0 cm. (C) qRT-PCR 

analysis of the target gene PHB in STTM165/166-48 transformants compared with 

vector control, MIM165, and phb-1d plants. Bars show SE. (D) qRT-PCR analysis 

of selected targets of miR165/166 in STTM165/166-48 transformants. Bars show 

SE. 

 

Table 2. Real-time PCR primers for mRNA and miRNA used in this study 
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3.3.2 The spacer length between two miRNA binding 

sites is important 

 

To test if the length of the spacer in STTM transcript can affect 

the efficiency of the STTM, we generated more STTM165/166 

with variations in the spacer length from 8 to 48 nt (8, 31, 48 

nucleotides) (Fig. 1.2A). The transgenic STTM plants with 

different spacers were screened and phenotypically scored for 

the effect of the spacer length in inducing the phenotypic 

alternation. 

 

We examined the morphology of the transgenic plants in three 

stages. The phenotypes of STTM165/166-48nt were compared 

with those of the vector control, STTM165/166-8nt, and 

STTM165/166-31nt (Fig. 1.2B). After germination, the 

STTM165/166-48nt exhibited stronger phenotypic alterations 

such as spoon-shaped cotyledons and alteration in the polarity 

of the true leaves as compared with those of the 
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STTM165/166-31nt. . Interestingly, the STTM165/166-8nt 

with the shortest spacer had no phenotypic changes at all, 

resembling the control plant transformed with the empty vector 

(Fig. 1.2B). 

 

Our results suggest that STTM with longer spacer exhibited 

better efficacy than the shorter one. We further designed longer 

spacer STTM with 88 and 96 nucleotides (Fig. 1.3A). 

Compared with STTM165/166-48nt, the STTM165/166-88nt 

transgenic plants exhibited severe phenotype, the transgenic 

plants displayed a typical loss of leaf asymmetry and 

pleiotropic developmental defects, but extending the spacer 

length to 96 nucleotides did not improve the efficiency by 

phenotypic scoring (Fig. 1.3B).  

 

To investigate whether the spacer can affect STTM transcript 

stability that may further influence the STTM efficiency, we 

performed thermodynamic analysis of the structures for STTM 

transcripts with 8nt, 31nt, 48nt, 88nt and 96nt spacer length 

(Fig. 1.4). STTM165/166-8nt RNA was apparently 
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thermodynamically unstable with a dG of -11.7 kcal/mol, while 

STTM transcripts with longer spacers show higher stability  

(dG < -20 kcal/mol). Nevertheless, thermodynamic stability 

may partially explain the phenotypic alteration under certain 

thresholds, as STTM with 31nt spacer was a little bit more 

stable than STTM with 48nt spacer after thermodynamic 

stability analysis (Fig. 1.4). 

 

We further made more mutations on the STTM165/166-48nt in 

the spacer secondary structures without changing the spacer 

length of 48 nt (Fig. 1.5). Compared with STTM165/166-48nt 

that contains a weak “stem-loop” on the spacer, the 

STTM165/166-48nt-muts with changes in the weak “stem-loop” 

showed lower efficiency in inducing the production of the 

abnormal phenotypes.  Taking into consideration the above 

results, we believe that both the thermodynamic stability and 

the spacer structure of STTM transcripts contribute to STTM 

efficacy. 
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Figure 1.2. The Length of the RNA Spacer between the miR165 and miR166 

Complementary Regions Is Crucial for STTM165/166 Function. (A) Diagrams of 

the STTM structures with varying lengths of the spacer region. Orange indicates the 

spacer region and the spacer sequence. Blue indicates the bulge sequences in the 

miRNA binding sites. Red indicates the nucleotides that are different between 

miR165 and miR166. (B) The phenotypes of representative STTM165/166 
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transgenic plants with different lengths of the RNA spacers at different 

developmental stages. Rows 1 to 4 represent plants at days 4, 8, 15, and 30, 

respectively. nt, nucleotides. 

 

 

Figure 1.3. The optimal length of the spacer between the two small RNA binding 

sites in STTM. (A) Diagrams of the STTMs with different spacer lengths. Orange 

indicates the spacer region and the spacer sequence. Blue indicates the “bulge” 

sequences in the miRNA binding sites. Red indicates the nucleotides that are 

different between miR165 and miR166. (B) Comparison of the efficacy of the 

STTMs with different spacer lengths. 
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Figure 1.4. The secondary structures and thermodynamic stabilities of various 

STTM165/166s with different spacer lengths (8nt, 31nt, 48nt, 88nt, and 96nt). 

Green indicates miR165/166 binding sites or the shared portion (AUUUAAAU) of 

the spacer region. Black indicates the spacers or the six nucleotides of the 5’ and 3’ 

ends adjacent to the miRNA binding sites. dG indicates the thermodynamic stability 

of the STTM165/166 and the unit is kcal/mol. The lower the dG, the more stable the 

STTM165/166. STTM165/166-31 and STTM165/166-48 are more stable than 

STTM165/166-8. STTM165/166-88 and STTM165/166-96 are more stable than 

STTM165/166-31 and STTM165/166-48. The spacers of STTM165/166-48 (C),-88 

(D), and -96 (E) form a stable “stem” region, while those of STTM165/166-31 (B) 

and STTM165/166-8 (C) do not. 
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Figure 1.5. Mutation in the spacer region changed the “Stem” structure and reduced the efficacy in 

the functional blockage of miR165/166. The spacer of STTM165/166-48 was randomly mutated 

except the AUUUAAAU region, resulting in STTM165/166-48mut. Green indicates miR165/166 

binding sites or the shared portion (AUUUAAAU) of the spacer region. Black indicates the spacer or 

the six nucleotides of the 5’ and 3’ ends adjacent to the miRNA binding sites. Compared with 

STTM165/166-48, the “stem” structure was disrupted in STTM165/166-48mut and the proportion of 

STTM165/166-48mut transgenic plants with strong abnormal phenotype was reduced approximately 

from 30% to around 20%. 

 

 

3.3.3 STTM165/166-48nt transcripts induced 

miR165/166 degradation  
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Recent studies indicate that target mimicry also triggered 

reduction of miRNA in addition to sequestration [57]. To 

investigate the mechanism that how STTM block miRNA 

function. We not only conducted Northern blot to detect 

miR165/166 level in STTM165/166 plants, but also assayed 

the expression level of miR165/166 in MIM165 as control. We 

noticed that miR165/166 reduction in MIM165 transgenic 

plants was only modest. In contrast, dramatic reduction in 

miR165/166 level was observed in STTM165/166-31nt and 

STTM165/166-48nt transgenic plants. There was no difference 

of the miR165/166 level in STTM165/166-8nt transgenic 

plants compared with the vector control plants (Fig. 1.6), the 

sequence of the probes are listed in Table 3. The expression 

levels of miR165/166 correlated with the severity of the 

phenotypic alterations in transgenic plants.  

 

To rule out the possibility that reduction of miR165/166 in 

STTM transgenic plants was due to potential sequestering of 

miRNAs by the STTM in our Northern blotting system (Fig. 

1.7B), we conducted in vitro miR165/166 sequestering 
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experiment by synthetic STTM transcript and the miR165/166. 

In this sequestering assay, the STTM165/166 and miR165/166 

were labeled by P32 to check the physical binding interaction 

between the synthetic miRNA and STTM. The results clearly 

indicated that STTM165/166-48nt was unable to sequester 

miR165/166 under conditions similar to our Northern blotting 

process. 

 

To further confirm miR165/166 reduction in tissues of 

STTM165/166-48nt plants, we generated small RNA libraries 

from the total RNA of the STTM165/166-48nt transgenic plant 

as well as vector control plant. The miRNA reads were first 

collected by filtering away other types of small RNAs, and 

then normalized to 9 million of the total small RNA reads. 

MiR165, miR166, miR159 and miR168 reads were calculated 

and compared between the STTM165/166-48nt and the vector 

control plants. Our informatics data indicated that the reads of 

miR168 and miR159 were about at the same level between 

STTM165/166-48nt and vector control. Significantly, the reads 

of miR165 and miR166 of STTM165/166-48nt were 
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dramatically reduced relative to the vector control (Fig. 1.7C). 

This result further confirmed the reduction of miR165/166 

induced by STTM165/166 in vivo. 

 

 
Figure 1.6. Comparison of the expression levels of miR165/166 in STTM165/166 

and MIM165 transformants and vector control plants. miR165/166 and U6 was 

assayed by RNA gel blotting analysis. 
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Figure 1.7. STTM165/166 Triggered Drastic Reduction of miR165/166 Levels. (A) 

Representative RNA gel blotting to detect STTM165/166, miR165/166, and 

miR168. U6 served as an internal control. nt, nucleotides. (B) STTM165/166-48 

was unable to affect the migration of miR165/166 on a denaturing polyacrylamide 

gel. (C) Copy numbers of small RNA reads in vector control and STTM165/166-48 

by deep sequencing. 
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Table 3: Synthetic miRNA and probes used in this study 

 
 

3.3.4 Blocking other miRNAs in Arabidopsis by 

STTM 

  

To investigate whether STTMs can serve a general tool to be 

applied to block miRNA in plants, we designed additional 

primers to construct STTMs to block miR156/157, and 

miR319 in Arabidopsis (Fig. 1.8). The sequence of miR156 

and miR157 are different by 3 nucleotides (Fig. 1.8A), and 

they share the same targets-SQUAMOSA PROMOTER 

BINDING PROTEIN-LIKE (SPL) transcription factors, 
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including SPL3, SPL4, SPL5. Based on previous studies, SPL 

family genes can promote vegetative phase transitions[58], 

which can serve as a good indicator to assay STTM efficiency 

in functional blocking of miR156/157.  

 

STTM156/157-48nt transgenic plants exhibited delayed leaf 

initiation in early stage and advanced flower timing (Fig. 1.8B). 

STTM156/157 plants bolted with only about six leaves, while 

the control plants need longer time to flower at about the 

10-leave stage (Fig. 1.8B). The small RNA gel blotting result 

indicated that miR156/157 was decreased significantly in 

STTM156/157-48nt transgenic plants, as compared with vector 

control plants (Fig. 1.8C).  

 

We similarly designed STTM319-48nt to block miR319 

expression in Arabidopsis (Fig. 1.9). MiR319 is involved in 

plant leaf development, affecting leaf morphogenesis and leaf 

senescence [59]. MiR319 regulates the transcription factors of 

TCP family as its targets. High levels of miR319 or low TCP 

activity causes accelerated cell proliferation[60]. In contrast, 
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the STTM319-48nt transgenic plants appeared shorter petiole 

and dark green leaf compared with control transgenic plants 

(Fig. 1.9A). To further determine the miR319 expression in 

STTM319-48nt plants, we conducted RNA gel blotting 

analysis of the miR319 expression, and the result showed that 

the miR319 was reduced by about 95%. The miR319 targets of 

the TCP family were determined by qRT-PCR and the data 

showed that targets TCP2, TCP3, TCP4, TCP10, TCP24 were 

significantly up regulated in the STTM transgenic plants as 

compared to the control plant (Fig. 1.9B, Fig. 1.9C).  

 

Taking all the above results together, we concluded that STTM 

can serve a general tool for functional analysis of miRNAs in 

Arabidopsis and that blocking miRNAs by STTM induces the 

up regulation of the miRNA target genes.  
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Figure 1.8. STTM is effective in triggering the reduction of miR156/157. (A) 

Diagram of STTM156/157 and the miR156/157 binding sites. (B) Phenotypes of 

STTM156/157 transgenic plants. (C) Northern blot detection of the miR156/157 

expression level in vector control and STTM156/157-48nt transgenic plants; U6 was 

used as a loading control. 
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Figure 1.9. STTM is effective in triggering the reduction of miR319. (A) 

Phenotypes of STTM319 transgenic plants (right) and the vector control (left). (B) 

Small RNA gel blotting result of the vector control and STTM319-48nt transgenic 

plants. Row 1 is for miR319 signal and row2 as the U6 loading control. 

 

3.3.5 SDNs play an important role in STTM induced 

miRNA degradation 

 

Previous research indicated that the SDNs exonucleases were 

turnovering small RNAs in vivo [61]. To test if SDNs 

contribute to the miRNA degradation triggered by STTM 
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transcripts, we transformed STTM165/166-48nt into sdn1/sdn2 

plant (Fig. 1.10A). The sdn1/sdn2 plants appeared no obvious 

phenotypes compared with the wild-type control plants [61]. 

After transforming with STTM165/166-48nt, most transgenic 

plants in the background of the sdn1/sdn2 double mutant 

showed no phenotype compared to the vector control plants. 

Only a small fraction of the T1 transgenic plants with 

STTM165/166 in sdn1/sdn2 background showed modest 

phenotype. In contrast, about 90 percent of 

STTM165/166-48nt in wild-type background exhibited severe 

phenotypes. We further determined the STTM165/166-48nt 

transcripts and miR165/166 expression pattern of 

STTM165/166-48nt transgenic plants both in wild type and 

sdn1/sdn2 backgrounds (Fig. 1.10B). The RNA gel blotting 

results indicated that the STTM165/166-48nt transcripts were 

similar in the sdn1/sdn2 and wild type backgrounds, but the 

miR165/166 expression level in sdn1/sdn2 background was 

significantly higher compared with the transgenic plants in 

wild type background (Fig. 1.10B). We further identified two 

individual STTM165/166-48nt transgenic plants in the 
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sdn1/sdn2 background. We detected the STTM165/166-48nt 

transcripts and miR165/166 levels in two independent lines 

containing the STTM165/166-48nt in sdn1/sdn2 background, 

and the results showed that the STTM transcripts levels were 

comparable in the two independent STTM165/166-48nt 

transgenic lines with sdn1/sdn2 background, as compared with 

the wild type background (Fig. 1.10C, Fig. 1.10D). Although 

the STTM transcripts were comparable, the miR165/166 

expression level was significantly high in the transgenic plant 

of the sdn1/sdn2 background, as compared to the transgenic 

plants of wild type background plants. In summary, the SDN 

gene family contributes to the miRNA degradation induced by 

STTM. 
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Figure 1.10. Degradation of miR165/166 by the SDNs contributes to the reduction 

of miR165/166 triggered by STTM in Arabidopsis. (A) Phenotypes of vector and 

STTM165/166-48 transgenic plants in the sdn1-1 sdn2-1 background (at right) 

compared with those in the wild type (WT) background (at left). (B) RNA gel 

blotting to determine the levels of STTM165/166-48 RNA, miR165/166, and the U6 

control RNA in the wild type (SDN1; SDN2 +) or sdn1-1 sdn2-1 (SDN1; SDN2 _) 

background. The numbers indicate the relative levels of the RNAs. (C) Comparison 

of STTM expression in STTM165/166-48 transgenic plants in sdn1-1 sdn2-1 

background and in wild-type background. Bars show SE. (D) Comparison of 

miR166 levels in STTM165/166-48 transgenic plants in sdn1-1 sdn2-1 background 

and in wild-type background. Bars show SE. (C) and (D) Different shades of gray 

are used to indicate different independent lines to allow for the easy comparison 

between STTMandmiR165/166 levels in the same lines. 
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3.4. Discussion 

 

In this study, we developed a new technology termed STTM to 

functionally block endogenous miRNAs in Arabidopsis. The 

results showed that STTM can knockdown the expression of 

miRNAs effectively. The dramatic reduction of miRNA by 

STTM, in turn, induces the up regulation of the miRNA targets. 

Due to characteristics of miRNA target genes largely encode 

transcription factors as master regulators, regulation of 

miRNAs by STTM directly leads to the alteration of these 

master regulators, resulting in growth and developmental 

alteration in plants. Compared with previous technologies, 

such as miRNA overexpression, production of 

miRNA-resistant targets, or even the recent TM technology, in 

study of miRNAs, STTM has obvious advantages in many 

applications. First, STTM is simple in its construction by PCR, 

making application of large-scale STTM in different plants 

possible. Second, STTM contains two miRNA binding sites 

that are more effective than TM since TM just has one miRNA 
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binding site. The linker between the two STTM modules 

potentially has a synergistic role in promoting miRNA 

degradation the STTM binds, which make it possible to target 

two different miRNAs for degradation simultaneously.  

 

Recent studies have extended STTM technology to block the 

miRNA in other plant species, such as tomato and rice[12]. 

Moreover, the STTM technology was also applied in animal 

cells such as the MIN6 cell line to block animal endogenous 

miRNA successfully [62], which indicates that the STTM 

technology can be widely used in both plant and animal 

systems.  

 

Due to its small size, just about 100 nucleotides, STTM has the 

potential to be arranged in multiple modules to silence multiple 

endogenous miRNAs in plants, and further more, STTM can 

be combined with other genomic tools such as gene editing, 

artificial miRNA (amiRNA) technologies to modulate the 

miRNA network in plants and animals.  
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Large-scale production of transgenic STTMs in various plant 

species is valuable in functional study of miRNAs in plants. 

Such kind of resource is valuable for community sharing. 

Many STTM constructs are now available at Addgene.com 

through this and related studies, supported by National Science 

Foundation. Thus, the development of STTM technology 

contributes significantly to functional genomics of miRNAs in 

plants. The fact that STTM can be stably expressed in plants 

from generation to generation makes STTM transgenic plants 

more valuable in fundamental as well as applied studies. 

Various STTM lines in crops may serve as breeding material 

for crop improvement. The rather stable STTM transcripts in 

plants may bypass the non-sense mediated RNA decay (NMD) 

pathway due to its small size stabilized by a Cap at the 5’ end 

and poly(A) tails at the 3’ end[63]. Indeed, various endogenous 

non-coding RNAs have been discovered in plants in large 

quantities. The existence of these genetically stable non-coding 

RNAs suggests their importance and can possibly be 

manipulated as STTM to regulate gene expressions. In addition, 

the stability of STTMs may partially depend on their 
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thermodynamic stability, enhanced by the linker structures. 

Such secondary structures with high stability may shed lights 

on the secondary structure of many non-coding RNAs in 

various organisms. 

 

Most likely, STTM can trigger both the degradation of 

miRNAs and the sequestering of miRNAs in vivo. Such 

speculation is based on the observations that not all the STTMs 

are effective in triggering the miRNA degradation. 

Nevertheless, in some cases, STTM transgenic plants have 

phenotypes without detections of apparent miRNA degradation.  

We generated large-scale study that using STTM tool to trigger 

the degradation of other endogenous miRNAs, which is 

possibly mediated by SDNs. It is extremely interesting to 

investigate how STTM recruits SDNs to the miRNA-protein 

complexes and further to degrade the miRNAs.   
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4. MiRNAs can regulate plant anthocyanin 
accumulation in Arabidopsis 

Yiyou Gu, Mengmeng Qiao, Jun Yan, Guiliang Tang 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The following chapter is part of the manuscript under preparation. 
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4.1. Introduction 

 

Anthocyanins belong to a parent class of molecules called 

flavonoids, which are synthesized via the phenylpropanoid 

pathway. They are water-soluble that may appear red, purple, 

or blue depending on the pH [64]. The anthocyanin is odorless, 

flavorful, contributing to taste as a moderately astringent 

sensation [64, 65]. Raspberry, black rice, soybean and 

blueberry are anthocyanin enriched food plants, and flowers, 

seeds and fruits are common diet sources of anthocyanin [66, 

67]. The anthocyanins not just supply the food flavor, they also 

have functions in attracting pollinators, and most importantly, 

they are involved in process of plant growth and development 

[68, 69]. In addition, many simple flavonoids have antioxidant 

properties, which makes the anthocyanin rich plants highly 

valuable for the human health [68, 70]. Therefore, improving 

the anthocyanin accumulation in food plants is very important 

in research. The most common flavonoids in Arabidopsis are 

kaempferol glycosides, the level of which increases upon 
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exposure to UV radiation[71]. The glycosylated and acylated 

cyanidin derivatives are the major anthocyanins in the 

Arabidopsis leaf and stem region[72]. 

 

The biochemistry and genetics of anthocyanin have been well 

studied since 1800s by Mendel [73] and the enzymes that 

involved in anthocyanin biosynthetic pathway are well 

characterized [74]. Also, the anthocyanin pathway genes from 

different species share high similarity sequence [75]. 

 

Seven enzymes are involved in anthocyanin biosynthesis, 

including phenylalanine ammonialyase (PAL), chalcone 

synthase (CHS), chalcone isomerase (CHI), flavanone 

3-hydroxylase (F3H), dihydroflavonol reductase (DFR), 

anthocyanidin synthase (ANS), and flavonol 

3-glucosyltransferase (3GT) [76, 77]. CHS involved in the first 

step of the biosynthetic pathway. Till now, twelve CHS genes 

(ChsA, B, C, D, E, F, G, H, I, J, K and L) have been identified 

in P. xhybrida [78]. Then the chalcone is isomerized to 

naringenin by CHI. Naringenin is converted to 
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dihydrokaempferol by F3H. The dihydrokoempferol will be 

further catalyzed into dihydroquercetin by F3H. Part of the 

dihydrokoepferol and dihydroquercetin will be catalyzed by 

FLS to pigment flavonols and glycosidic derivatives, the 

remaining dihydrokeepferol and dihydroquercetin are 

catalyzed to by DFR as a major step of anthocyanin 

biosynthesis[79, 80].  

 

The genes encoding the above-mentioned enzymes are 

regulated by R2R3 MYB, basic helix-loop-helix (bHLH) and 

WD repeat (WDR) transcription factors [81]. These three 

transcription factors working together, forming a trimeric 

MYB-bHLH-WDR (MBW) complex to directly activate DFR, 

ANS and 3-GT [82, 83]. These transcription factors belong to 

R3 MYB and NAC families[84]. Interestingly, these 

transcription factors can be repressed or regulated by 

microRNAs (miRNAs) at the posttranscriptional level [85]. 

 

Small RNAs, including miRNAs and small interfering RNAs 

(siRNAs), play very important roles in growth and 
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development, epigenetics, genome integrity, defense against 

viral infection, and response to environmental changes in 

plants [86, 87]. Most miRNA target genes in plants are 

transcriptional factors. These transcriptional factors regulate 

plant development and phase change at different growth and 

developmental stages. Several miRNAs have been reported to 

regulate anthocyanin biosynthesis. MiR156 target SPL9 has 

been indicated involved in anthocyanin biosynthesis[88]. The 

miR828 negatively regulates the anthocyanin accumulation 

through repressing the target gene expression of MYB75, 

MYB90, and MYB13 in Arabidopsis[85]. The miR858 can 

negatively regulate anthocyanin accumulation[89]. 

 

We generated several miRNA blockage lines in transgenic 

plants using the STTM method. As previous report, 

anthocyanin was repressed in STTM156/157 transgenic plants 

due to the up-regulated SPLs. Also, in the STTM165/166-48nt 

transgenic plants, the anthocyanin accumulated dramatically in 

the leaves compared with the vector control transgenic plants. 

Several miRNAs-anthocyanin regulation pathways have been 
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well studied, related miRNAs including miR156/157, miR828, 

and miR858. How are these different miRNA-targets pairs 

working together to regulate the plant anthocyanin biosynthesis 

is an interesting topic for research. Taking advantage of the 

short-size STTM structure, it would be very interesting to 

block two or more anthocyanin related miRNAs by STTM and 

investigate their interactions. In this chapter, we blocked 

miR165/166 and miR156/157 using such strategy for better 

understand the roles of miRNAs in anthocyanin biosynthesis. 

Because of strong phenotype associated with the 

STTM165/166-48nt transgenic plants, we used 1X35S 

promoter to replace the 2X35S promoter and obtained 

STTM165/166 transgenic plants with milder phenotype for 

better analysis of the miRNAs-mediated anthocyanin 

biosynthesis. This newly generated STTM165/166 transgenic 

plants had a selection marker gene to catalyze hygromycin 

antibiotics. On the other hand, we blocked miR156/157 by 

STTM with 2X35S stronger promoter and used the herbicide 

BASTA for screening transgenic plants. Transgenic 

STTM165/166 and STTM 156/157 were crossed and screened 
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by double antibiotic selection markers to generate the hybrid 

with both miR165/166 and miR156/157 knocked down by 

STTM technology. Detailed analyses and comparisons of the 

parent STTMs and their hybrid are presented in this chapter. 

 

4.2. Experiment procedures 

 

Construction of STTM plasmids and 
transgenes 
 

STTM165/166-48nt module was assembled between 1X35S 

promoter and 35S terminator in pOT2 vector by PCR method 

amplification, STTM156/157-48nt module was assembled 

between 2X35S promoter and 35S terminator in pOT2 vector 

by PCR amplification, as described in Chapter 3 (3.2). The 

STTM structures were included in the two long PCR primers 

(~104 nucleotides (Table 1), SwaI restriction endonuclease site 

were designed on each primers. The back to back PCR product 

including the pOT2 backbone was purified by PCR product 
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purification kit (Promega) and then digested by SwaI 

restriction endonuclease. After the endonuclease digestion, the 

products were purified by the PCR purification kit (Promega) 

and ligated overnight at room temperature. The ligated 

products were transformed using XL1-blue competent cell. 

Select single colonies for plasmid purification, the recombinant 

plasmids containing the STTM were screened and identified by 

SwaI endonuclease digestion. Pair of primers that contain PacI 

sites were further used to amplify the recombinant plasmid, 

and the PCR product containing the STTM structure and pOT2 

backbone having the antibiotic selection marker but without 

the plasmid replication origin was used for cloning into the 

final binary vector. The modified binary vector 

pCAMBIA1300 containing a unique PacI site was mixed with 

the above PCR production containing the recombinant plasmid 

pOT2 backbone, 1X35S-STTM165/166-48nt, and the selection 

marker and then digested by PacI. The digested products were 

purified and ligated together with T4 DNA ligase (NEB Inc.) 

overnight. The ligation product was transformed into XL1-blue 

competent cells, and the recombinant constructs were 
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identified by Chloramphenicol and Kanamycin double 

antibiotics selection. The well-identified recombinant plasmids 

through PacI cleavage were sent for DNA sequencing before 

applying for plant transformation.  

 

Transgenic plants were generated by Agrobacterium 

tumefaciens-mediated floral dip transformation [90]. The seeds 

were collected after floral dip. Resistance to hygromycin on 

0.5M Murashige Skoog (MS) plates was used to screen for the 

1X35S-STTM165/166-48nt transgenic plants, and resistance to 

herbicide BASTA to screen the 2X35S-STTM156/157-48nt 

transgenic plants.  

 

Crossing Arabidopsis plants between the 
STTM165/166 and STTM156/157  
 

We generated the hybrid between STTM165/166-48nt and 

STTM156/157-48nt transgenic plants through genetic crossing. 

First, we generated STTM165/166-48nt and 

STTM156/157-48nt transgenic plants individually and 
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obtained the stable line for genetic crossing between them. Due 

to the strong phenotype with less fertility in 

STTM165/166-48nt plants, we used the STTM156/157-48nt 

transgenic plant as the “female” parent. We chose several 

young flower buds that are not open, yet not closed (right 

before the white petals become visible) on the 

STTM156/157-48nt transgenic plant for crossing with pollens 

from STTM165/166-48nt plants. Specifically, too old or too 

young flowers were removed from the inflorescence on the 

STTM156/157-48nt transgenic plant, leaving 2-6 flowers for 

pollination. We sterilize the forceps and wipe the fingers with 

70% ethanol before dissecting the flower buds, then removed 

the sepals, petals, and stamens parts of flowers from the flower 

bud, without injuring the pistil and flower stalk. After done 

with the “female” parent, a suitable pollen-donor flower was 

selected from the “male” parent -STTM165/166-48nt 

transgenic plant. The flower that has opened and has petals 

perpendicular to the main flower pollen was selected for 

pollens to be used for crossing. The pollens from 

STTM165/166-48nt transgenic plant were collected and placed 
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twiceonto the tip of the exposed ovary of the 

STTM156/157-48nt transgenic plant. The pollinated ovary was 

covered with saran wrap to allow its further development to 

maturity. The saran wrap was removed after 5 days and seeds 

will be harvested once the labeled crossing siliques are dried. 

The hybrid seeds were then grown and screening on 0.5 X 

Murashige Skoog plates containing 50mg/mL hygromycin. We 

growed the hybrid plants to 4 leaves stage after germination, 

then transferred the plants to soil, to confirm the hybrid plants 

with herbicide BASTA. The identified hybrid plants were used 

for the further analysis. 

 

Small RNA gel blotting 
 

Total RNAs were isolated from Arabidopsis leaves from T2 

generation of transgenic and vector control plants using trizol 

(Invitrogen), and 10ug total RNAs were resolved in 15% 

denatured PAGE gel. The P32 isotope labeled probes 

complementary to sequence of the miRNAs were used for 

Northern blotting analysis [49]. The sequences of the probes 
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and miRNAs are listed in Table 3. To detect the STTM 

transcripts in the transgenic plants by the northern blot, the 

STTM constructs reverse primers were labeled by P32 isotope 

as probes. U6 expression was detected as internal control. 

 

Detecting mRNA expression by qRT-PCR 
 

After the transgenic plants were screened and confirmed by 

Northern blot for the degradation of miRNA, we detected the 

expression of the miRNA target genes by qRT-PCR. Total 

RNA from hybridized plants, parent transgenic plants, and 

vector control plants were isolated using RNeasy mini kit 

(Qiagen). We removed the potential genome DNA 

contamination by DNase before the RNA reverse transcription. 

Random primer was used as the reverse transcription primer. 

RT-PCR using the SYBR green PCR master mix kit was 

performed with an Applied Biosystems step one instrument 

(ABI). Actin gene expression was used for the internal control. 

The sequences of primers used for qRT-PCR are listed in 

Table 2. The relative expression levels of miRNA targets were 
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calculated using 2-^ cycle threshold method[91]. Three 

biological replicates were examined for all the target detection 

to ensure reproducibility. 

 

In-situ hybridization and immunehisto- 
chemistry staining 
 

Leaves and stems from transgenic “male” parent, “female” 

parent, and the hybrid plants were dissected and fixed in 4% 

formaldehyde (pH 7.4) overnight at 4°C and then processed 

routinely for paraffin embedding. Tissues were cut into 10 µm 

sections and adhere to glass slides (Superflost, Fisher 

Scientific). For in-situ hybridization, sections were first 

deparaffinized and rehydrated, then treated with Proteinase K 

(Roch, 40 µg/ml) as described [92]. Briefly, a total of 3 pmol 

of DIG-labeled Locked Nucleic Acid (LNA) probes (Exiqon) 

were mixed with 200 µl of hybridization buffer and applied 

onto the slides in order to hybridize at 37°C for overnight. 

Slides were then washed using 2X SSC (saline-sodium citrate) 

solution and incubated with alkaline phosphatase-conjugated 
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sheep anti-DIG antibody (Roche) at 4°C for overnight. 

Alkaline phosphatase reaction was carried out with 50mg/ml of 

NBT/BCIP staining solution at room temperature for 1-3 days. 

The images were captured on Olympus FluoView FV1000 

confocal microscopy. 

 

Statistical analysis 
 

All results are expressed as mean ± SD. Statistical significance 

is determined by unpaired Student’s t-test (two-tailed) and 

ANOVA analysis. Each gene expression was checked at least 

for three independent experiments. 

 

4.3. Results 

 

4.3.1 Functional blockage of both miR165/166 and 

miR156/157 by crossing between STTM165/166-48nt 

and STTM156/157  
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Due to strong phenotype with less seed productivity from 

STTM165/166-48nt transgenic plants with 2X35S promoter, 

we generated transgenic plants of the STTM165/166-48nt with 

1X35 constitutive promoter, which had a mild phenotype with 

higher productivity (Fig. 2.1A). Transgenic plants exhibited 

anthocyanin repression in both the leaf and the stem region 

(Fig. 2.1B). The flowering was accelerated in the 

STTM156/157-48nt plants just with only six leaves, while the 

vector control transgenic plants and wild-type plants normally 

bolted after ten leaves. Because the STTM165/166-48nt 

transgenic plants had defective flower, we chose 

STTM156/157 as the “male” parent for crossing since 

repression of miR156/157 did not show obvious phenotype in 

flower structure. Their resistance to hygromycin antibiotics and 

herbicide BASTA screened the hybrid seeds. The hybrid plants 

showed the similar phenotype of STTM156/157 with 

turbine-blade shaped cotyledons at early juvenile 

developmental stage (Fig. 2.2A). Interestingly, when the 

hybrid plants grew into the adult stage, the plants exhibited the 

phenotype of the STTM165/166-48nt plants, with twisted stem, 
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true leaves losing the asymmetry, and strong anthocyanin 

accumulation in both leaves and stems (Fig. 2.2B). These 

observations not only indicated the success of production of 

the hybrid plants between STTM165/166 and STTM1566/157, 

but also suggested that overexpression of HD-ZIPIII by 

STTM165/166 can surpass the repressing role of SPLs, 

induced by STTM156/157, in anthocyanin production.  
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Figure 2.1 STTM165/166and STTM156/157 exhibit obvious phenotypes. (A) 

Phenotypes of 3-week-old seedlings of vector control, 1X35S-STTM165/166-48nt, 

and 2X35S-STTM156/157-48 transgenic plants. (B) Loss of the anthocyanin in 

STTM156/157 leaf and stem part compared with vector control at 5-week stage. 
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Figure 2.2. The phenotype of hybrid plant between STTM156/157 and 

STTM165/166. (A) 2-week stage hybrid plant; (B) 5-week stage hybrid plant. 

 

4.3.2 MiR165/166 and miR156/157 were 

simultaneously and functionally suppressed by 

STTMs  

 

Previous researches on miRNAs using STTM are primarily 

focused on individual miRNAs. To expand the application of 
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STTMs to study the functional interaction between two or 

more miRNAs, we produced hybrid transgenic Arabidopsis by 

crossing STTM156/157 and STTM165/166. We conducted 

Northern blot analysis to detect the expressions of miR165/165 

and miR156/157 in the hybrid plants.  Both the miR165/166 

and miR156/57 were dramatically reduced in the hybrid plant 

compared with empty vector control plant (Fig. 2.3A). We also 

checked the miR156/157 and miR165/166 expression level in 

the parent lines as controls. We further determined the 

expressions of the target genes of miR165/166 and 

miR156/157 in the hybrid plant, and the results showed 

HD-ZIP III family and SPL family genes were up-regulated 

significantly (Fig. 2.3B), especially for the miR156/157 target 

genes, as is correlated with the stronger promoter (2X35S) 

used for STTM156/157-48nt, as compared with the promoter 

(1X35S) for STTM165/166-48nt.  To exclude the possibility 

that reduction of miR156/157 in the hybrid line might be due 

to the off-target effect of STTM165/166-48nt, we assayed the 

parent line of STTM165/166-48nt for the expression of 

miR156/157 and the result showed that expression of 
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miR156/157 was not affected in the parent line of 

STTM165/166-48nt (Fig. 2.3A). Taken together, all these 

results demonstrated that we successfully blocked two miRNA 

families by STTMs using a crossing approach.  

 
Figure 2.3. Detecting the expressions of miR165/166, miR156/157 and their 

target genes in the hybrid plant. (A) Northern blot result of miR165/166 and 

miR156/157 in the hybridplant. (B) The expressions of miR165/166 target gene 

HD-ZIP III family and miR156/157 target SPL family were detected by qRT-PCR. 
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The total RNA was isolated from the hybrid plant leaves at 2-weeks-old seedling 

stage. Empty vector transgenic plant was used as a control. Actin2 was used for 

internal control. Bars show SE. ** with p-value <0.01 are statistically very 

significant and * with p-value<0.05 are statistically significant. 

 

4.3.3 MiR165/166 regulates anthocyanin 

predominantly in leaves, while miR156/157 regulates 

anthocyanin in both leaves and stems 

 

In the STTM165/166-48nt transgenic plants, the anthocyanin 

was up regulated in both the leaf and the stem (Fig. 2.4A; Fig. 

2.4B). In contrast, anthocyanin is STTM156/157-48nt 

transgenic plants was down regulated in both positions (Fig. 

2.4A; Fig. 2.4B). Yet, the anthocyanin was observed in the leaf 

but not the stem of the hybrid plant, suggesting a dominant 

effect of STTM165/166 on the anthocyanin accumulation over 

the STTM156/157 mainly in leaves of the hybrid line. The leaf 

size of the hybrid plant was similar to STTM165/166-48nt 

transgenic plant, and the anthocyanin was up regulated in the 

leaves of both the hybrid line and the parent STTM165/166 

line, but not the STTM156/157 line. The observation that the 
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anthocyanin was repressed in the stem of the hybrid line as 

compared with the vector control transgenic plants and 

STTM165/166-48nt line, together with the above observations, 

suggests that the effect of STTM165/166 suppressed the effect 

of STTM156/157 in anthocyanin production in leaves but not 

in stems. In summary, miR165/166 regulates the anthocyanin 

synthesis predominantly in the leaf organ over miR156/157, 

and miR156/157 regulates anthocyanin synthesis 

predominantly in the stem over miR165/166.  

 

We further did in situ hybridization and immune-histo- 

chemistry staining to check the miR165/166 and miR156/157 

localization in leaf (Figure 2.5). The miR165/166 and 

miR156/157 signals were presented with Green, and the cell 

nucleus was localized with DAPI as presented with Blue. 

Based on in-situ immune-histo staining, the expressions of 

miR165/166 and miR156/157 were repressed significantly in 

the hybrid line as compared with empty vector transgenic 

plants.  
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Figure 2.4. The anthocyanin accumulation in vector control, STTM156/157, 

STTM165/166, and the hybrid plant at 5-weeks stage. (A) The anthocyanin in 

leaves. (B) The anthocyanin in stems. 
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Figure 2.5. In situ hybridization and immunostaining of Arabidopsis leaf 

Sections. In situ hybridization was performed on leaf sections with miR165 probe 

or miR156 probe. The two-color overlay images showed that miR165 (green) and 

miR156 (green) was expressed low in the hybrid plant. The nuclei were labeled by 

DAPA (Blue). Empty vector used for control plant. 

 

4.4. Discussion 

 

The previous studies indicate that miR156/157-targeting gene 

SPL9 can negatively regulate the expression of 
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dihydroflavonol 4- reductase (DFR), which is an important 

gene that induces the anthocyanin biosynthesis [88]. Since 

STTM repressed miR156/157 expression, in turn, the 

miR156/167 target gene SPL9 was up regulated, and high 

activity of SPL9, as a transcription repressor, then repressed 

DFR gene expression. This well explained the repression of 

anthocyanin in the STTM156/157-48nt transgenic plants.  

 

Previous study also showed that anthocyanin pathway genes 

were up regulated in the STTM165/166-48nt transgenic plants, 

like F3H, DFR, ANS, and CHS [93], the underlying 

mechanism was unknown. Interestingly, the hybrid plants 

exhibited distinguished phenotype that is partially similar to 

either STTM156/157-48nt or STTM165/166 transgenic plants 

with turbine-blade shaped cotyledons like STTM56/157 

phenotype and spoon-shaped cotyledons shown in 

STTM165/166-48nt transgenic plants at the early development 

stage. More interestingly, anthocyanin accumulation was 

observed in the stem of the hybrid plants before the juvenile 

stage, but not at the adult stage as compared with its parent 
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lines, STTM165/166-48nt and STTM156/157-48nt, showing a 

sequential and dynamic change of anthocyanin accumulation in 

the leaves and stems of the hybrid line. Specifically in detail 

for this observation, I found that the hybrid plants had a high 

level of anthocyaninin stems before juvenile stage, and this 

high anthocyanin level was decreased dramatically when the 

hybrid plant was entering to the adult stage. In contrast，the 

anthocyanin level, low in the leaves of the hybrid before 

juvenile stage, increased significantly in the leaves at the adult 

stage. Also found at the adult stage, the stem starts to turn into 

twisted like STTM165/166. Taken together, all these data 

demonstrated that the miR165/166 and miR156/157 

functionally interact with each other and both can be blocked 

by STTMs at the same time, but the blocking effect on 

anthocyanin accumulation in the hybrid plants are really in 

dynamic changes in both the stem and the leaf organs. Previous 

study indicate that miR156/157 can negatively regulate 

anthocyanin biosynthesis through TCP repressing DRF 

anthocyanin biosynthesis pathway gene, also, in the 

STTM165/166-48nt transgenic plants, anthocyanin 
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biosynthesis pathway gene were up regulated, we did not find 

that the evidence for the mechanism how miR165/166 

regulates anthocyanin biosynthesis directly or indirectly. All 

the data showed that anthocyanin regulation by miRNAs was 

complicated in plant different developmental stages, and the 

regulation is rather dynamic. These phenomena may suggest a 

complex interactive regulation between the target genes of 

miR165/166 and miR156/157, and miR156/157 and 

miR165/166 regulatory networks are complicated, which 

requires further investigation. In conclusion, miRNAs are 

important regulatory elements in plants; aberrant expression of 

miRNAs may induce disorders in plant metabolism, in which 

miRNAs may play a synergistic or antagonistic role in the 

secondary metabolic pathways or even in the primary 

metabolic pathways.  
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5. Investigating miR165/166 regulatory 
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5.1 Introduction 

 

In plant system, most miRNAs target transcription factors for 

down regulation [94]. Transcription factor is a protein that 

control specific gene transcription based on the specific 

binding motif of the transcription factor recognizing the 

regulated gene sequence on the gene promoter region [95, 96]. 

Transcription factors work alone or work with other protein as 

a complex, to promoting or repressing the target gene 

transcription rate[97, 98]. A clearly defined transcription factor 

has at least one DNA-binding-domain (DBD) and a 

transcription-activating domain[99, 100]. Different 

transcription factors that have the same DBD can be defined as 

one class of transcription factor [101]. In plant system, one 

miRNA usually have several target genes, such as miR165/166, 

having five target genes. These five genes are defined as 

HD-zip III family transcription factors because they have the 

same DBD [102]. The regulatory mechanisms of plant 

processes by miRNAs are complicated. For example, flower 
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timing can be regulated by two miRNAs, miR156 and 

miR172[103]. The plant develops from juvenile stage to adult 

flowering stage, along with an up-regulation of miR172 

expression level and a down regulation of miR156/157 over 

the process. While miR156/157 family target SPL3 and SPL4 

for down-regulation [103], miR172 negatively regulates AP2 

that further represses ARF3 and ARF4 expression [20]. In tas3 

or ago7 mutant, high expression levels of SPL3 and SPL4 

genes are detected together with a high level of ARF3 and 

ARF4 [104, 105]. In this case, up-regulation of SPL3 and 

SPL4 may be due to the direct or indirect repression of miR156 

by ARF3 and ARF4. These complex miRNA regulatory 

networks may explain the complicated plant developmental 

processes such as plant flowering. When the plants turn to 

flowering stage, the miR172 expression level is up regulated, 

and high level of miR172 represses the target gene AP2 gene 

activity. While low activity of AP2 improves the activity of 

ARF3 and ARF4 that further activate SPL genes in plants. The 

flower timing sets a good example for exploring the miRNA 

regulatory network in plants. In viewing the complicated 
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phenotypes were induced in STTM165/166, we hypothesized 

there must exist a complicated miRNA regulatory network in 

such transgenic plant. The functions of miR165/166 targets, 

HD-ZIP III family genes, have been well studied using 

loss-of-function alleles[13]. Loss function of REV causes 

defects in leaf, stem, and vascular development[106, 107]. 

Defect of ATHB8 showed no phenotype[108]. PHB and PHV 

have overlapping function with REV in embryogenesis[109]. 

Also, there has no report for the loss function of ATHB15. 

Loss-function alleles of single mutant, double mutant, and 

triple mutant of HD-ZIP III family members have been 

generated [110]. The phenotype of each allele has been well 

described. In this study, we analyzed phb-phv-cna triple mutant 

(ABRC), together with STTM165/166-48nt transgenic plants, 

and found that except the stem, leaf and root organ having 

pleiotropic phenotypes, the flower organ also established 

abnormal morphology. In plant reproductive development, 

three miRNA-TF pairs, miR167, miR319, and miR159 and 

their target TFs, were found interacting with each other to 

regulate the biogenesis process of these miRNAs [111]. The 
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defection of these miRNAs induces phenotypic alterations in 

the flower organ [111]. We hypothesized that similar miRNA 

networks were disturbed when endogenous miR165/166 

targeting HD-ZIP III transcription factors was altered by 

STTM. To prove our hypothesis, we generated small RNA 

libraries from STTM165/166 transgenic plant and the empty 

vector control and sent them for sequencing. Specifically, I 

generated the transgenic plants, Dr. Jun Yan did the small RNA 

sequence work, and Dr. Guiliang Tang did the experiment 

design and data analysis. We found that miR319 was 

significantly up regulated in the STTM165/166-48nt transgenic 

plants. This observation suggests that miR319 may have direct 

or indirect regulatory relationship with miR165/166, which has 

not been reported by previous research. 

 

5.2 Experiment procedures 

 

Plant lines and growth conditions 
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All plant materials used in the experiments were performed in 

Arabidopsis thaliana or their mutant lines. 

2X35S-STTM165/166-48nt has a herbicide BASTA selection 

marker. The T-DNA insertion mutant lines, CS6961 (rev-6), 

CS6964 (phb-12), CS6965 (phb-13), CS6966 (phv-11), 

CS6968 (cna-2), and CS6970 (athb8-12) were obtained from 

the Nottingham Arabidopsis Stock Centre, the triple mutant 

phb-phv-cna was obtained from hybridization using phb-13, 

phv-11, and cna-2 as a gift from Dr. Steven E. Clark’s lab [112]. 

The phenotype of each mutant line has been described 

previously [112]. Transgenic seeds of homozygous 

STTM165/166-48nt plants were used for the experiments, and 

the empty vector transgenic plants used as the control. The 

seeds were first treated with 10% bleach for 10 min, and 

followed with 1 min 70% ethanol sterilization. The surface 

sterilized seeds were washed with sterilized dd-water for three 

times. The seeds were first planted with 0.5X Murashige and 

Skong (MS) media on Petri dishes. After planting the seeds on 

Petri dishes, the plates were sealed with Parafilm to prevent 

contamination and desiccation. The dishes were cold treated at 
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4℃ for 3 days and  then exposed with 16h light/8h dark and 

25 ℃ conditions for seeds germination. The plants were 

transferred to the soil from Petro dishes to grow when the 

plants had four leaves. The transgenic plants 

2x35S-STTM165/166-48nt were selected with BASTA twice 

after the plants were transferred from the Petro dishes to soil.  

 

Small RNA gel blotting 
 

Total RNAs were extracted from leaves of the wild-type, 

empty vector transgenic control, STTM165/166-48nt, and 

T-DNA insertion mutants using trizol (Invitrogen). 

Concentration of isolated total RNAs was measured with 

NANO-drop 2000 (Thermo Scientific). 10 µg total RNA from 

each sample was fractionated on a 15% PAGE under 

denaturing conditions. The P32 labeled probes complementary 

to sequence of the small RNAs were used for hybridization 

with Blots[113]. After PAGE gel electrophoresis, the gels were 

pre-soaked in 0.5X TBE buffer, and then the total RNAs were 

transferred from the gel to membrane using semi-dry gel 
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transferring aparatus. The RNAs on the membrane were 

cross-linked by a UV Stratalinker 1800. The membrane was 

pre-hybridized with pre-hybridization buffer at 37℃ before 

adding the probe to continue hybridization overnight at 37℃. 

The hybridized membrane was washed three times with 

washing buffer for 20 minutes each. The washed membrane 

was wrapped with saran and exposed to a phosphor-image 

plate overnight. The phosphor-image plate was then scanned 

with Scanner Typhoon 9410 and quantified by ImageQuant 

TL1 Software. U6 expression was detected as internal control.  

The probes sequences are listed in Table 3.  

 

qRT-PCR 
 

The total RNA was isolated from 2-weeks-old seedling leaves 

using Trizol. The expression levels of pri-miRNA and miRNA 

targets were detected by qRT-PCR. We performed DNase 

treatment to the purified total RNAs to remove potential 

genomic DNA contaminations before used for reverse 

transcription. The random primer was used as the reverse 
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transcription primer. qRT-PCR using the SYBR green PCR 

master mix kit was performed with an Applied Biosystems step 

one instrument (ABI). Actin mRNA was used as internal 

control. The sequences of primers used for qRT-PCR are listed 

in Table 2. The relative levels of gene expression were 

calculated using 2-^ cycle threshold method[114]. Three 

biological replicates experiments were applied to ensure the 

reliable results. 

 

Small RNA deep sequencing 
 

This experiment was done by Jun Yan. Briefly, the total RNA 

was isolated from the leaves of 3-week-old seedlings. The 

small RNA was size fractionated using a polyacrylamide/urea 

gel electrophoresis. The small RNAs were purified from the 

gel, followed by ligating to a 3’ Solexa DNA adaptor. The 3’ 

DNA adaptor ligation product was purified before ligated to a 

5’ Solexa RNA adaptor[115]. The final small RNA libraries 

were obtained by a reverse transcription. Small RNA 

sequencing was conducted using Genome Analyzer II 
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(Illumina) as previous described [115]. 

 

In-situ hybridization and 
immunohistochemistry staining 
 

Dissected leaves from STTM165/166-48nt transgenic plant 

and the empty vector control were fixed in 4% formaldehyde 

(pH 7.4) overnight at 4°C and then processed routinely for 

paraffin embedding. Tissues were cut into 10 µm sections and 

placed to glass slides (Superflost, Fisher Scientific). For in-situ 

hybridization, sections were first deparaffinized and rehydrated, 

then treated with Proteinase K (Roch, 40 µg/ml) as described 

[92]. Briefly, a total of 3 pmol of DIG-labeled Locked Nucleic 

Acid (LNA) probes (Exiqon) were mixed with 200 µl of 

hybridization buffer and applied onto the slides in order to 

hybridize at 37°C for overnight. Slides were then washed using 

2X SSC (saline-sodium citrate) solution and incubated with 

alkaline phosphatase-conjugated sheep anti-DIG antibody 

(Roche) at 4°C for overnight. Alkaline phosphatase reaction 

was carried out with 50mg/ml of NBT/BCIP staining solution 
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at room temperature for 1-3 days. The images were captured 

on Olympus FluoView FV1000 confocal microscopy. 

 

RNA deep sequencing 
 

Sachin Teotia did this experiment. Total RNAs were isolated 

from leaves of the STTM165/166-48nt transgenic plants and 

empty vector at 3 weeks old. The RNA quality was assayed for 

its RNA integrity number (RIN) using a Bio-analyzer. cDNA 

libraries were constructed  by University of Michigan DNA 

sequencing core facility. The resultant libraries were sequenced 

using Illumina HiSeq platform. The expression levels of 

miRNAs and mRNAs were then analyzed after RNA-seq and 

small RNA-seq. 

 

Analysis for HD-ZIP III transcription factor 
binding motifs through BLASTN using the 
conserved nucleotide motif  
 
The promoter sequence of miRNA was obtained from National 
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Center for Biotechnology Information (NCBI). We defined the 

5000 nucleotides before the miRNA stem-loop as the miRNA 

promoter region. The promoter sequence was saved in 

SnapGene Viewer. The published HD-ZIP III transcription 

factor binding motifs, TAAATG[C/T]A and 

GTAAT[G/C]ATTAC, were used for BLASTN analysis with 

an allowance of one mismatch[116, 117]. 

 
Statistical analysis 
 

All results are expressed as mean ± SD. Statistical significance 

is determined by unpaired Student’s t-test (two-tailed) and 

ANOVA analysis. Each gene expression was checked at least 

for three independent experiments. 

 

5.3. Results 
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5.3.1 Repression of miR165/166 by STTM altered 

the expressions of other miRNAs 

 

The repression of miR165/166 by STTM induced dramatic 

phenotypic changescompared with the empty vector control 

plants (Fig. 3.1A). The strong phenotype of STTM165/166 

transgenic plants may be due to abnormal expressions of a 

wide genes. To fully understand miR165/166 functions and the 

potential the miRNA regulatory network related to 

miR165/166, we preformed small RNA deep sequencing to 

analyze the small RNA expression pattern in the 

STTM165/166 transgenic plants. Total RNAs were isolated 

from the 3-weeks-old seedlings.  We applied the RNA sample 

for small RNA gel blotting to confirm the repression of 

miR165/166 in transgenic plant before sending the materials 

for small RNA deep sequencing. The Northern blot result 

showed that the miR165/166 were decreased dramatically in 

the transgenic plant (Fig. 3.1B). The small RNA sequencing 

result indicated that several miRNAs exhibited abnormal 

expressions compared with the vector control plant. 
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Particularly, miR319 was up regulated to about 8 times in 

STTM165/166 transgenic plant compared to the control (Fig 

3.1C). 

 

MiR165/166 target gene HD-zip III family was up regulated in 

the STTM165/166 transgenic line. Because HD-zip III family 

members are important transcription factors in control of plant 

development, the up-regulated miR319 may be controlled by 

HD-ZIP III directly or indirectly. What is more, previous study 

indicated that highly expressed miR319 induced a strong 

crinkle and twisted leaf phenotype in tomato leaf morphology 

[118]. Indeed, we also observed a similar phenotype in 

STTM165/166 transgenic plants. This indicates that the partial 

phenotype that exhibited in STTM165/166 may be due to the 

up-regulation of miR319. 

 

We further validated miR319 expression of the small RNA 

deep sequence result using q-RT PCR. Total RNAs were 

isolated from 3-week-stage seedlings for q-PCR analysis. 

MiR319 was increased significantly in the STTM165/166 
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transgenic plant compared with the vector control (Fig. 3.2A). 

We also assayed for miR319 expression and localization in the 

leaf by in-situ immunohistochemistry staining, and the results 

also confirmed the high expression of miR319 in 

STTM165/166 compared with the control (Fig. 3.2B). 

 

 
Figure 3.1 Small RNA deep sequencing of STTM165/166-48nt. (A) The 

STTM165/16648nt transgenic plant exhibits strong phenotype compared with the 

empty vector control. (B) The total RNA were isolated in the 3-weeks-old leaves. 

qRT-PCR was assayed to detect miR165/166 in the STTM165/166-48nt transgenic 

plant and the control. Data are shown as mean ± SD. ** with p-value <0.01 are 

statistically very significant and * with p-value<0.05 are statistically significant. (C) 

The miR319b and 319a were up-regulated revealed by small RNA sequencing result. 
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The small RNA reads number in STTM165/166 was normalized to the reads in 

vector control. The red line indicates the small RNA expression in 

STTM165/166-48nt, and the blue indicates the small RNA expression in the vector 

control.  

 
Figure 3.2 Detection of miR319 expression level in STTM165/166-48nt transgenic 

and the control plants. (A) Detection of miR319 expression by qRT-PCR. (B) The 

expression and localization of miR319 in Arabidopsis leaves using in-situ 

immunohistochemistry staining. The nucleus was labeled by DAPA (Blue), and 

miR319 was labeled by miR319 probe (green). Data are shown as mean ± SD. ** 

with p-value <0.01 are statistically very significant and * with p-value<0.05 are 

statistically significant. 
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5.3.2 The phb-phv-cna triple mutant expressed more 

miR319 but repressed the REV expression 
 

Previous results showed that miR319 was up regulated in 

STTM165/166-48nt transgenic plants. MiR165/166 target 

HD-ZIP III family genes may play an important role in 

regulating miR319 expression. To better understand the 

regulatory network between miR165/166 and miR319, we 

obtained the PHB, PHV and CNA triple genetic mutant seeds 

(phb-phv-cna) from Dr. Steven E. Clark’s lab for analysis. The 

triple genetic mutant plant exhibited strong phenotype 

compared with the wild-type control plant (Fig. 3.3A). Since 

the highly activated HD-ZIP III promoted miR319 expression 

in STTM165/166 transgenic plant, we thought that 

phb-phv-cna might repress miR319 expression. But the result 

was not as what we expected; miR319 was also up regulated 

significantly in phb-phv-cna plant (Fig. 3.3B). This result 

suggests that HD-ZIP III might not just simply promote 

miR319 expression, but some HD-ZIP III family members may 
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also repress miR319 expression. Previous study also indicated 

that the HD-ZIP III family genes have overlapping, 

antagonistic roles in Arabidopsis development [110]. We also 

detected the other two family members ATHB8 and REV for 

their expression in phb-phv-cna mutant line.  There was 

observed no big difference in ATHB8 expression between the 

triple mutant and the control (Fig. 3.3C), but REV was 

repressed in the triple mutant significantly by roughly 3 times 

(Fig. 3.3C). We found that miR319 was up regulated 

significantly in phb-phv-cna line by about 3 times. These 

results indicated that HD-ZIP III could regulate miR319 

expression in a complicated manner. While some members 

may repress miR319 expression other members can promote 

miR319 expression. 
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Figure 3.3 The expressions of miR319, ATHB8 and REV in phb-phv-cna triple 

mutant. (A) The plant phenotype of phb-phv-cna genetic mutant plant. (B) The 

miR319 expression in phb-phv-cna genetic mutant plant. (C) ATHB8 and REV 

expressions in phb-phv-cna genetic mutant plant. Data are shown as mean ± SD. ** 

with p-value <0.01 are statistically very significant and * with p-value<0.05 are 

statistically significant. 

5.3.3 MiR319 expression in HD-ZIP III single 

genetic mutant plants 

The HD-ZIP III transcription factors include five members, 

ATHB8, ATHB15, PHB, PHV, and can [119]. To further 
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understand the regulation mechanism between miR319 and 

miR165/166, we ordered the HD-ZIP III family T-DNA 

insertion mutant seeds of CS6961 (rev), CS6964 (phb), 

CS6966 (phv), CS6968 (athb15), and CS6970 (athb8) from 

ABRC.  The phenotype of each line were well described 

[112]. We detected miR319 expression level in each genetic 

mutant plant using qRT-PCR. The results showed that miR319 

was up regulated in rev, athb8, and athb15 mutant plant 

significantly (Fig. 3.4A, Fig. 3.4B, Fig. 3.4C), while there 

have no difference of miR319 in phb and phv mutant plants 

compared to the control (Fig. 3.4D, Fig.3.4E). These results 

suggest that ATHB8, ATHB15, and REV negatively regulate 

miR319 expression either directly or indirectly. All five 

HD-ZIP III family members were up regulated due to the 

repression of miR165/166. Since REV, ATHB8, and ATHB15 

negatively regulate miR319 expression, the upregulated 

miR319 may be promoted by PHB and PHV. We didn’t detect 

any difference of miR319 in PHB or PHV single mutant, 

which means that PHB and PHV should have overlapping 

regulatory functions on miR319.  
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Figure 3.4 The miR319 expressions in HD-ZIP III single genetic mutant and the 

control plants. (A) MiR319 expression in REV genetic mutant plant. (B) MiR319 

expression in ATHB8 genetic mutant plant. (C) MiR319 expression in ATHB15 

genetic mutant plant. (D) MiR319 expression in PHB genetic mutant plant. (E) 

MiR319 expression in PHV genetic mutant plant. Data are shown as mean ± SD. ** 

with p-value <0.01 are statistically very significant and * with p-value<0.05 are 

statistically significant.

5.4. Discussion 
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In the STTM165/166-48nt transgenic plants, STTM transcripts 

repressed miR165/166 dramatically. The STTM165/166 

transgenic plants exhibited strong phenotypes. The previous 

research indicated that HD-ZIP III family genes play a role in 

the shoot and root apical meristem, also functions on vascular 

meristems[120]. HD-ZIP III family genes have functions in 

meristem initiation, leaf development in a complex manner 

with overlapping and antagonistic roles[121]. Like that REV, 

PHB, and PHV are close related, with overlapping functions in 

the post-embryonic shoot, ATHB8 and ATHB15 may have 

antagonizing functions in the bioprocessing of miR319n [122]. 

We detected ATHB8 and REV in phb-phv-cna triple mutant 

line with no expressional differences as compared to the 

control, but REV was repressed significantly in this triple 

mutant, which means that HD-ZIP III might have 

self-regulatory function in control the expression of its family 

members. The binding motif of HD-ZIP III transcription 

factors are: TAAATG[C/T]A, GTAAT[G/C]ATTAC[123]. We 

found that this binding motif existed in REV but not the 

ATHB8 promoter region, which might suggest why REV, but 
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not ATHB8, was repressed in phb-phv-cna mutant plant. The 

dynamic regulatory mechanism of HD-ZIP III family may play 

an important role in fulfilling the function of HD-ZIP III 

transcription factor.   

 

MiR319 was up regulated in STTM165/166-48nt transgenic 

plants as well as in phb-phv-cna triple mutant line. Taking all 

that results together, we concluded that the five HD-ZIP III 

family members can differentially regulate the expression of 

miR319, as we observed that either high-expression of HD-ZIP 

III or low-expression HD-ZIP III can promote the transcription 

of miR319 genes. HD-ZIP III transcription factor binding 

motif also exists in miR319 gene promoter. This indicated that 

HD-ZIP III could regulate miR319 expression directly with a 

bidirectional characteristic. MiR319 further regulated TCPs, 

playing a important role in plant senescence, as demonstrated 

by the fact that low level of TCPs caused a delay in senescence 

and high level of TCP4 caused premature of plant [38]. In 

STTM165/166-48nt, four HD-ZIP family members were 

significantly up regulated, but ATHB8 expression level 
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remains normal compared with other four members. In 

phb-phv-cna mutant line, REV was repressed significantly, but 

ATHB8 remains normal, just like its expression in 

STTM165/166-48nt transgenic line. The expression of ATHB8 

was not affected by the mutation of other four HD-ZIP III 

members. We hypothesized that there has a network between 

PHB, ATHB15, PHV, and REV, and these proteins could 

promote or repress miR319 gene transcription. The altered 

expressions of HD-ZIP III gene can promote or repress 

miR319 expression.  

Taken all the results together, we hypothesized that PHB, PHV 

are possibly the transcriptional activators, while HB8, CNA, 

and REV are likely the transcriptional repressors. Finally, we 

defined the regulatory networks between miR165/166 and 

miR319 as the following pattern in Figure 3.5.  
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Figure 3.5. The regulatory networks between miR165/166 and miR319.  
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