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Abstract
Short Tandem Target Mimic (STTM) is a commonly used technique for
functional studies of a number of genes in several plant model systems. However,
very little is known about application of STTM technique in tree species. In this
study, STTM was applied to knock down microRNA396 (miR396) in transgenic
poplar trees for the first time. STTM396 expression resulted in dramatic decrease
in miR396 expression levels leading to taller plants with larger leaves and larger
leaf cell size. Additionally, an expression analysis of growth regulating factor genes
(GRFs) that are members of miR396 target gene family showed up-regulation of
GRF07 gene suggesting that miR396 might be negatively regulating growth and
cell expansion in leaves via GRF07 suppression. On the contrary, down-regulation
of GRF06 and GRF18 was observed in the same transgenic trees suggesting the
complexity of gene regulatory relationship between expression of miR396 and
GRFs in poplar. Remarkably, GRF10 and GRF17 were barely expressed in leaves
tissues suggesting they might be expressed in other tissues in a tissue-specific
manner. Overall, these results suggest that the STTM is an effective approach for
functional analyses of miRNAs in poplars, a model tree species. In addition,
miR396 may be playing some important roles in growth and cell expansion of
leaves via regulating expression of GRF genes in poplars.
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Chapter 1 Introduction
1.1 Overview and Significance
MicroRNAs (miRNAs) are short, non-coding RNAs consisting of 20-24
nucleotides (nt) that can silence gene expression of target genes via messenger
RNA (mRNA) degradation and/or mRNA translational repression (Pareek et al.,
2015). In plants, miRNAs have been reported to play important roles in various
biological processes including in growth and development (Li and Zhang, 2016).
For example, miR396 is one of the most conserved miRNAs among plant
species (Sun, 2012). Computational prediction suggests that miR396 targets
expression of growth regulating factors (GRFs), which are plant-specific
transcriptional factors (https://plantgrn.noble.org/psRNATarget/analysis). Because
miR396 as well as GRFs are highly conserved among plants, miR396 are known
to regulate cell growth and proliferation via regulating expression of GRF genes in
various plants such as Arabidopsis, rice, tomato, maize, and Chinese cabbage but
little is known about miR396 and GRFs in tree species (Liang et al., 2014; Gao et
al., 2015; Cao et al., 2016; Zhang et al., 2018; Wang et al., 2014).
Poplar is an excellent tree model system for forest genetics and woody plant
research due to its rapid growth rate, well-studied small genome and capability to
be transformed using Agrobacterium-mediated gene expression vectors (Tuskan
et al., 2006). In order to study miRNAs functions, Short Tandem Target Mimic
(STTM) is a relatively new technique to block functions of miRNAs (Tang et al.,
2012). STTM has two mimic miRNA binding sites, which partially complement with
target miRNA. STTM has been used to block miRNAs effectively in animals and
several plant species (Tang et al., 2012) but has been applied to study miRNAs in
trees only a few times (Su et al., 2018; Kumar, 2019). Therefore, applying STTM
to study miR396 and GRFs in poplar will elucidate functions of miR396 and GRF
gene family and examine the efficiency of STTM in poplar trees.
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1.2 MicroRNAs
MicroRNAs (miRNAs) are 20-24 nt short endogenous non-coding small
RNAs that can inactivate target mRNA and silence gene expression (Reinhart et
al., 2002). Briefly, primary miRNA (Pri-miRNA) is encoded from a miRNA gene that
forms a hairpin loop structure in the nucleus. Then, Pri-miRNA is modified through
several steps by Drosha-DGCR8 and exported to cytoplasm by HASTY, a homolog
of an Exportin 5 (Exp5) in animals. Afterward, it is incorporated into Dicer and
Argonaute proteins to form RNA-induced silencing complex (RISC) and bind to
target mRNA. In plants, the RISC can either degrade target mRNA directly (mRNA
degradation) if it can match with the target mRNA perfectly or it can suppress
translation of the target mRNA (inhibition of translation) in case of a partial
complement (Bartel, 2004; Axtell et al, 2011) as shown in Figure 1.1.

Figure 1.1: Diagram of plant miRNAs biogenesis and function
(Adapted from Ma et al., 2009; Axtell et al., 2011).
Plant miRNAs play important roles in growth and development (Li and
Zhang, 2016). For example, in Arabidopsis, miR160 controls root growth and
gravitropism by negatively regulating auxin response factor (ARF) 10, ARF16 and
ARF17 (Khan et al., 2011). The miR390 controls growth and senescence through
ARF2 and ARF3 expression regulation (Mecchia et al., 2013). In addition, miRNAs
2

are involved with hormone signaling pathways. For example, miR165/166 regulate
auxin (IAA) content and sensitivity by enhanced expression of auxin biosynthesis
genes in Arabidopsis (Jia et al., 2015). Several miRNAs are important in biotic and
abiotic stress responses (Khraiwesh et al., 2012). MiR397 positively regulates cold
tolerance via C-repeat binding factor (CBF) dependent pathway (Dong and Pei,
2014). Also, miR402 regulates seed germination timing and cold tolerance (Kim et
al., 2010).
MicroRNA396 (miR396) is an evolutionarily conserved miRNA among
monocot and dicot plants. So far miR396 has 60 members of miR396 from 21 plant
species

are

known

(Sun,

2012).

According

to

microRNA

database

(http://www.mirbase.org), miR396 has two mature types in Arabidopsis and
tomato, while seven members in poplar, nine members in rice, and eight members
in maize (Griffiths-Jones et al., 2006). Alignment of miR396s in Arabidopsis, maize,
rice, tomato, and poplar show two miR396 groups that have identical mature
sequence (Figure 1.2). Remarkably, both mature types of miR396 have only one
nucleotide difference at their 3’ end (G vs U) (Figure 1.3).
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Group B

Group A

Figure 1.2: Alignment of miR396s in Arabidopsis, poplar, rice, maize, and
tomato.

Figure 1.3: MiR396 group A and B show one nucleotide difference
at the end of 3’ (G vs U).
4

Tomato (Solanum lycopersicum) has two mature miR396 types including
miR396a and miR396b, which have only one nucleotide difference at the end of 3’
(G vs U) but miR396a show dramatically higher expression than miR396b in
cotyledon, flower, sepal, and fruit suggesting that miR396a might play more
important roles in tomato growth and development than miR396b. Furthermore,
STTM396a/396a-88 construct could knock down both miR396a and miR396b in
tomato (Cao et al., 2016). In Arabidopsis, there are two miR396 genes in miR396
family including miR396a and miR396b encoding two mature miRNAs, which are
different in the last nucleotide (G in miR396a and U in miR396b). In Populus
trichocarpa, miR396 family has seven genes (miR396a-g). Mature sequence of
ptc-mir396a and ptc-miR396b are identical to ath-miR396a whereas mature
sequence of ptc-miR396c is identical to ath-miR396b. In addition, mature
sequence of ptc-miR396f and ptc-miR396g have one and two nucleotides variation
compared to ath-miR396a respectively (Figure 1.2).
MiR396 has been studied extensively in Arabidopsis, rice and some other
crop plants such as tomato and maize. For example, miR396 targets Arabidopsis
thaliana-growth regulating factors (ath-GRFs) gene family, which are transcription
factors for cell proliferation in leaves (Rodriguez et al., 2010). Also, miR396
negatively regulates size of flower, sepal, fruit and cotyledon through suppressed
GRFs expression in tomato (Cao et al., 2016). In addition, Peng et al. observed
larger tomato with bigger flowers, leaves, and fruit when miR396 was knocked
down (Peng et al., 2018). Besides, over-expression of ptc-miR396c in tobacco
resulted in cotyledon fusion, lack of shoot apical meristem, delayed and altered
floral organ specification. The results from this heterologous study suggested a
role of miR396 in floral organs specification (Baucher et al., 2013). Nevertheless,
functions of poplar-miR396a-b remain unexplored.

5

1.3 Growth Regulating Factors
Growth regulating factors (GRFs) are a small plant-specific transcription
factor family. The main common character of GRFs is containing two conserved
regions including QLQ and WRC domain, which are in N-terminal part of GRFs.
(Omidbakhshfard et al., 2015). The QLQ domain can be found in all eukaryotes,
while WRC is a plant-specific domain (Van der Knaap et al., 2000).
According to PlantTFDB database (http://planttfdb.cbi.pku.edu.cn), GRFs
family includes 9 proteins in Arabidopsis, 12 proteins in rice and tomato, 14
proteins in maize, and 19 proteins in poplar (Table 1.1). Computational prediction,
based on complementarity between miRNA and sequence of the target genes,
suggested that 7 out of 9 ath-GRFs, 8 out of 12 osa-GRFs, 8 out of 12 sly-GRFs,
12 out of 14 zma-GRFs, and 18 out of 19 ptc-GRFs are targeted by miR396
(psRNATarget) (https://plantgrn.noble.org/psRNATarget/analysis).
GRFs have been studied experimentally in several plant species. For
example, knocking down miR396 resulted in up-regulated osa-GRF6 and
increased yield in rice through inflorescence development, altered auxin
biosynthesis and auxin-response factors, and branch and spikelet development
(Gao et al., 2015). In addition, over-expression of osa-GRF1 in Arabidopsis
resulted in impaired stem growth suggesting that it plays regulatory roles in GAinduce stem elongation (Van der Knaap et al., 2000). In Arabidopsis, overexpression of miR396 caused abnormal flowers and down-regulation of all athGRFs (ath-GRF1-9) (Liang et al., 2014). In Chinese cabbage (B. rapa L ssp.
pekinensis), 15 bra-GRFs out of 17 were expressed mostly in young leaves but
fewer bra-GRF genes were expressed in old leaves. Bra-GRF8 showed the largest
expression difference between young and old leaves while bra-GRF16 was
strongly expressed in roots (Wang et al., 2014). However, the functions of GRFs
in poplar remain unclear.
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Table 1.1: Number of Ptc-GRFs genes and transcription factors in poplar.

Gene name
Ptc-GRF01
Ptc-GRF02
Ptc-GRF03
Ptc-GRF04
Ptc-GRF05
Ptc-GRF06
Ptc-GRF07
Ptc-GRF08*
Ptc-GRF09
Ptc-GRF10
Ptc-GRF11
Ptc-GRF12
Ptc-GRF13
Ptc-GRF14
Ptc-GRF15
Ptc-GRF16
Ptc-GRF17
Ptc-GRF18
Ptc-GRF19

Transcription
factor ID
Potri.001G082700.1
Potri.001G114000.1
Potri.001G114000.2
Potri.001G132600.1
Potri.001G169100.1
Potri.002G115100.1
Potri.003G065000.1
Potri.003G100800.1
Potri.003G100800.2
Potri.003G100800.3
Potri.003G100800.4
Potri.003G118100.1
Potri.006G115200.1
Potri.006G143200.1
Potri.007G007100.1
Potri.012G022600.1
Potri.012G022600.2
Potri.013G077500.1
Potri.014G007200.1
Potri.014G012800.1
Potri.014G071800.1
Potri.015G006200.1
Potri.015G006200.3
Potri.015G006200.4
Potri.018G065400.1
Potri.019G042300.1

Descriptiona

Chromosome

Lengthb (aa)

GRF 8
GRF 10
GRF 10
GRF 4
GRF 5
GRF 5
GRF 3
GRF 3
GRF 3
GRF 3
GRF 10
GRF 4
GRF 1
GRF 1
GRF 4
GRF 4
GRF 4
GRF 1
GRF 9
GRF 4
GRF 4
GRF 4
GRF 1
-

Chr01
Chr01
Chr01
Chr01
Chr01
Chr02
Chr03
Chr03
Chr03
Chr03
Chr03
Chr03
Chr06
Chr06
Chr07
Chr12
Chr12
Chr13
Chr14
Chr14
Chr14
Chr15
Chr15
Chr15
Chr18
Chr19

514
203
178
343
347
468
343
348
337
340
343
202
378
386
615
581
536
341
608
610
459
448
412
436
383
329

* Potri.003G118100.1 is non-miR396 target.
a

Description was obtained from NCBI.

b

Length was referred to the translated Pt-GRF proteins.

Data were obtained from http://planttfdb.cbi.pku.edu.cn
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Figure 1.4: Ptc-GRFs genes distribution in poplar genome.
The chromosome number is indicated at the bottom of each chromosome
representation.
Ptc-GRFs genes are distributed unevenly in poplar genome as shown in
Figure 1.4, which is similar to the previous results in Arabidopsis (Kim et al., 2003),
tomato (Choi et al., 2004), and rice (Zhang et al., 2008). In poplar, the chromosome
01 has four ptc-GRFs (01-04) genes, whereas chromosome 14 has three genes
(GRF14-16). In addition, two genes each are located on chromosome 03 and 06.
Furthermore, one gene each is positioned on chromosome 02, 07, 12, 13, 17, 18
and 19.

1.4 Short tandem target mimic (STTM)
Since plant miRNAs were found in 2002 by several research groups (Llave
et al., 2002; Mette et al., 2002; Park et al., 2002; Reinhart et al. 2002;), some
approaches have been used to identify and characterize miRNAs. Functional study
of genes traditionally relied on reverse genetics to knock down genes of interest
and observe loss of functions or altered phenotypes. However, it was difficult to
8

knockdown miRNAs due to their small size and each miRNA has many target
genes. After the discovery of target mimic (TM), short tandem target mimic (STTM)
was developed to target small RNAs (Tang et al., 2012).
STTM is a synthetic, short, non-coding RNA (~100 nt). The STTM construct
is made as described earlier (Tang et al., 2012) and is expressed by CaMV 35S
promoter. The STTM transcript consists of a stem-loop linker at the middle and two
small RNA binding sites on both sides. The stem-linker may play a role in STTM
stability meanwhile the binding sites partially complement with small RNAs, except
CUA region, which enhance STTM to trap small RNAs without being cleaved by
them (Figure 1.5). Additionally, the 48-88 nt spacer with a weak hair-pin loop
structure is required for STTM. STTM can target miRNA functions by degrading
miRNAs directly and suppressing mRNA translation (Tang et al., 2012).
STTM has been used to block miRNAs successfully in fungi, animals and
several plants. STTM can knockdown several fungal miRNAs in Metarhizium
robertsii and Aspergillus flavus and leads to up-regulation of target genes involving
development and conidial production (Wang et al., 2019). In addition, miR30-d
expression was drastically reduced in STTM30-d mouse cells, demonstrating that
STTM also functions efficiently in animal cells (Tang et al., 2012). In Arabidopsis,
STTM165/166 reduced miR165/166 expression level and increased HD-ZIP III
transcription factors genes expression, their target genes, leading to a series of
developmental changes (Yan et al., 2012). In addition, knocking down miR160 in
tomato using STTM160 showed decrease in miR160 expression levels and upregulation of SlARF10A, SlARF10B and SlARF17, its target genes. Also,
STTM160 tomato plants displayed changes in ovary patterning, floral organ
abscission and lateral organ outgrowth (Damodharan et al., 2016). Nonetheless,
STTM approach has recently been applied to study miRNAs in trees only a few
times before (Su et al., 2018; Kumar, 2019).

9

Figure 1.5: STTM-small RNA complex.
The STTM transcript binds with small RNA to form the STTM-small RNA complex
through small RNA binding sites (Adapted from Tang et al., 2012.).

1.5 Poplars (Populus sp.)
Several characteristics of trees, especially having a large size and long life
span, differentiate them from other model plants and make molecular and cellular
levels study challenging. Populus is a good model tree genus suitable for forest
genetics due to its modest genome, rapid growth, and compatibility with DNA
transformation by Agrobacterium tumefaciens. Populus includes ~30 species
including aspens, cottonwoods, and poplars. Populus trichocarpa or black cotton
wood was selected as the tree model species for genome sequencing in 2006.
Genome sequencing uncovered that it has 19 chromosomes with compact 500
Mbp-big genomes. There is a total of 169 identified miRNA genes representing 21
families (Tuskan et al., 2006).

10

1.6 Aims of the study and hypothesis
Overall, miR396 has been reported to play roles in growth and development
of plant species via regulation of GRFs target gene expression. Since ptc-miR396a
has never been studied in any tree species and STTM has been applied to study
miRNAs in tree species only a few times, in this study, we applied STTM to study
functions of miR396a in poplar. Aims of this study include to investigate efficiency
of STTM in poplars and to study functions of ptc-miR396a especially in growth and
development through expression of GRF genes. We hypothesized that STTM396a
will knock down miR396a expression in transgenic poplar trees and will show
decreased miR396a expression level. Also, expression level changes of GRFs,
miR396a target genes, are expected. In addition, we expected to see phenotypes
changes of poplar in growth and development.

11

Chapter 2 Materials and Methods
2.1 Plasmid construction, plant transformation and growth
condition
The PCAMBIA1300STTM396a construct was made and introduced into
Agrobacterium tumefaciens EHA105 by Dr. Liu (Liu, 2017). The STTM396a was
made based on mature sequence of miR396a as shown in Figure 1.3, group A.
and can be expressed as the transcript shown in Figure 2.1. The Agrobacterium
strain containing STTM396a was cultured with Rifampicin and Kanamycin as
selection markers. Positive colonies were verified for an inserted DNA by PCR
using B4 and B5 primers before using Agrobacterium for plant transformation. In
this study, Populus tremula x Populus alba clone 717-1B4 was used as wild type
(WT) control and to generate transgenic plants. The Agrobacterium carrying
STTM396a construct was used to transform wild type poplar plants by leaf disk
transformation method previously described by (Tsai et al. 1994; Liu et al., 2012).
Briefly, wild type leaves were cut to allow Agrobacterium infection through
several steps. Then, callus formation was induced after growing the infected
leaves on callus induction media (CIM) for three to four weeks under light and dark
cycle for 16 and 8 hours at 25 oC in a growth chamber. Next, calluses were moved
to shoot induction medium (SIM) and shoot elongation medium (SEM) respectively
for three to four weeks each to allow shoots to grow and elongate. Each shoot that
grown out from separate callus was considered as an independent line and was
moved to root induction medium (RIM) for another three to four weeks. Each line
that started rooting was propagated on Murashige and Skoog (MS) media for
another four weeks. Hygromycin (10 µg/ml) was used as a selection marker for
STTM plants.
Then, DNA of both wild type and transgenic plants were isolated and
transgene insertion was verified by PCR using the B4 and B5 primers before
moving plants from artificial media to soil. Plants were acclimatized in soil and
12

watered as needed for two to three weeks before moving to greenhouse for further
experiments. In greenhouse, plants were grown under light and dark cycle for 16
and 8 hours, respectively at 23-28 oC, watered every day and applied regular
fertilizer supply every two weeks.

Figure 2.1: Transcript of STTM396a.
The STTM396 transcript binds with miR396a through STTM396a binding sites.

2.2 Phylogenetic analysis
The protein sequence of 9 ath-GRFs and 19 ptc-GRFs were obtained from
plant transcription factor database or PlantTFDB (http://planttfdb.cbi.pku.edu.cn).
Then all 28 protein sequences were aligned using ClustalX 2.1 (Larkin et al., 2007)
before performing phylogenetic tree analyses. A phylogenetic tree was generated
with OMEGA 7.0 (Hall, 2013) program using neighbor-joining (NJ) method and
1,000 replicates of bootstrapping test.

2.3 Total RNA isolation and stem-loop RT-qPCR
PsRNATarget (https://plantgrn.noble.org/psRNATarget/analysis) was used
to select predicted miR396 target genes for RT-qPCR. All 19 ptc-GRFs were
13

ranked by setting at 25 for maximum energy to unpair the target site (UPE) and at
3 for maximum expectation for complementarity. The first five GRFs including
GRF07

(Potri.003G100800.1),

(Potri.015G006200.1),

GRF18

GRF10

(Potri.006G143200.1),

(Potri.018G065400.1)

and

GRF17
GRF06

(Potri.003G065000.1) were chosen to represent predicted ptc-miR396 target
genes.
Leaves were collected and stored in liquid nitrogen. Total RNA was isolated
using TRIzol (Invitrogen, USA) method. The stem- loop RT primers and qPCR
primers for miR396 were designed according to the method developed by Kramer
(Kramer, 2011). The 1 µg total RNA was reverse transcribed using a high-capacity
cDNA Archive kit (Applied Biosystems, USA). Applied Biosystems step one
machine was applied to perform stem-loop qPCR for miRNA (Varkonyi-Gasic et
al., 2007) and qPCR for mRNA using SYBR green PCR master mix (Applied
Biosystems, USA). Actin was used as an internal control for qPCR. All primers are
listed in Table 2.1. All gene expression analysis was performed using three
biological replicates or more.
Table 2.1: Primers for real-time PCR and stem-loop real-time PCR.

Primer name
miR396 Forward
miR396 Reverse

Potri.003G100800.1GRF07 Forward
Potri.003G100800.1GRF07 Reverse
Potri.006G143200.1 GRF10 Forward
Potri.006G143200.1 GRF10 Reverse
Potri.015G006200.1 GRF17 Forward
Potri.015G006200.1 GRF17 Reverse
Potri.018G065400.1GRF18 Forward
Potri.018G065400.1GRF18 Reverse
Potri.003G065000.1GRF06 Forward
Potri.003G065000.1 GRF06 Reverse
Stem-loop universal Reverse
B4
B5
Actin Forward
Actin Reverse

Sequence
ACACTCCAGCTGGGTTCCACAGCTTTCTT
CTCAACTGGTGTCGTGGAGTCGGCAATTC
AGTTGAGCAGTTCAA
GCAGAGGGTATCCAACTAATC
ATGGAGAGACCTGTAGTCTTTA
ATCCCTCCCGATCTTCTTT
TCCTTCCCAAACCCATCT
GTGCCTCCTCATCTTCTAATC
CCTCCATTTCTTCCCATCTG
CGGAATTGGTCTGTTACCTC
GTTCGTCAACCTCCTCTTTC
GACTCTTTCCTCATCAACCTAC
AGCACCTCCATTTCTTTCC
CTGGTGATTTCAGCGTACCGAA
AACCTCCTCGGATTCCATTGCCCAGC
CCTTGTCTTCCTCCTTCCTTCCGTCC
ATGGCCGATTCTGAGGATATTCAG
TCTGCCCCATTCCAACCATGACA

14

2.4 Microscopy
Wild type and transgenic leaves were cross-cut at the middle into 0.4 cm
pieces and immersed in cold fixative solution containing formaldehyde, acetic acid,
and ethanol overnight at 4

oC.

Then, fixed samples were dehydrated and

embedded in wax. Next, five micrometers thick section were crosscut
consecutively with 100 micrometers between level by microtome and mounted on
slides (performed by Sharon Juntilla at Histotech lab, Portage Hospital, Hancock).
Slides were dewaxed with xylene and ethanol series before stained with safranin
and observed under light microscope (Adapted from Johansen, 1940). To
investigate cell proliferation and cell expansion change in cellular level, cell size
and cell number were measured within the same four areas of leaves cross section
for three pictures each using ImageJ program (https://imagej.nih.gov/ij/).

2.5 Growth measurements
After plants were moved to the greenhouse for one week, growth data
including estimated height (cm), estimated stem girth (mm), leaf count (n), and leaf
length (cm) were measured every week.

2.6 Statistical analysis
In this study, SPSS 25.0 software (https://www.ibm.com/analytics/spssstatistics-software) was used to conduct statistical significance analysis of the
data. Student T-test was used to analyze two data sets. One asterisk (p≤0.05), two
asterisks (p≤0.01), and three asterisks (p≤0.001) were displayed.
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Chapter 3 Results
3.1 Phylogenetic tree of GRFs

Figure 3.1: Phylogenetic tree of AthGRFs and PtcGRFs.
Predicted GRF protein sequences from Arabidopsis (Ath-GRF) and poplar
(Ptc-GRF) indicated PtcGRF19 and AthGRF9 are outgroup. GRFs can be divided
into 6 groups. The phylogenetic tree also suggested that some of GRFs are
identical including PtcGRF10 and PtcGRF18, PtcGRF04 and PtcGRF06,
PtcGRF03 and PtcGRF07, PtcGRF13 and PtcGRF19, PtcGRF11 and PtcGRF14,
PtcGRF05 and PtcGRF15, PtcGRF12 and PtcGRF17, PtcGRF02 and PtcGRF08
in poplar. In Arabidopsis, there are a few GRFs that are identical including
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AthGRF1 and AthGRF2 and AthGRf3 and AthGRF4. These could be a result from
genome duplication in poplar. Also, those identical GRFs might play redundancy
roles in plants. According to the phylogenetic tree, AthGRFs and PtcGRFs can be
classified into six group including group I (AthGRF6, AthGRF5, PtcGRF10,
PtcGRF18,

PtcGRF04,

PtcGRF06,

PtcGRF03,

PtcGRF07,

PtcGRF13,

PtcGRF19), group II (AthGRF1, AthGRF2, PtcGRF11, PtcGRF14, PtcGRF05,
PtcGRF15), group III (AthGRF3, AthGRF4, PtcGRF09), group IV (PtcGRF01,
AthGRF8, AthGRF7, PtcGRF12, PtcGRF17), group V (PtcGRF02, PtcGRF08),
group VI (PtcGRF16, AthGRF9). According to those six group, group VI including
PtcGRF16 and AthGRF9 is the out group suggesting they might play similar role
in poplar and Arabidopsis. Group V includes only PtcGRF02 and PtcGRF08
implying that they might play some specific role only in poplar but not in
Arabidopsis.

3.2 MiR396 was effectively knocked down in poplar by STTM
MiR396 was knocked down effectively in poplar by STTM. STTM396 resulted
in dramatically decreased relative expression level of miR396 in four lines of
STTM396 plants, #3 #5 #6 #9, compared to one line in wild type (Figure 3.2 A).
The predicted miR396 target genes showed GRF07 up-regulation (Figure 3.2 C),
down-regulation of GRF06 and GRF18 (Figure 3.2 B and 3.2 F). Besides, another
two targets genes, GRF10 and GRF17, were barely expressed in both wild type
and STTM plants (Figure 3.2 D and 3.2 E).
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Figure 3.2: MiR396 was effectively knocked down in poplar by STTM.
(A-F) RT-qPCR analysis of miR396 and five predicted target genes in WT and
four independent lines of STTM plants. Binding sites between miR396 and its
target genes, which are in coding region of QLQ domain, are shown. Asterisk
displayed statistically significant difference applying student paired t-test (*p≤0.05,
**P≤0.01, ***p≤0.001). The error bars indicated mean ± SD.

3.3 Blockage of miR396 induced taller plants with larger leaves
After plants were moved to the greenhouse, growth measurement was
recorded every week. Estimated leaf length from base to tip of the first two leaves
from the bottom of wild type and five lines of transgenic plants were tracked.
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STTM396 plants showed significantly larger leaf length in both positions compared
to one in wild type (Figure 3.3-3.4 and 3.6 B).

The first leaf from the bottom

Leaves length (cm)

6
5

WT717
STTM396#1

4

STTM396#2
STTM396#3

3

STTM396#5
STTM396#7

2
1
Week1 Week 2 Week3 Week4 Week5 Week6 Week7

Figure 3.3: Length of the first leaf from the bottom in centimeters (cm).
Comparison between wild type and STTM396 plant leaves over seven weeks.

The second leaf from the bottom
6

Leaf length (cm)

5
WT717

4

STTM396#1
STTM396#2

3

STTM396#3
2

STTM396#5
STTM396#7

1
0
Week1

Week2

Week3

Week4

Week5

Week6

Week7

Figure 3.4: Length of the second leaf from the bottom in centimeter (cm).
Comparison between wild type and STTM396 plants over seven weeks shown.
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Height (cm)

35
WT 717
STTM396#3

30

STTM396#7
STTM396#10

25
20
15
Week 1 Week 2 Week 3 Week 4 Week 5 Week6 Week 7

Figure 3.5: Estimated height in centimeter (cm) of wild type and STTM396 plants
over seven weeks.

A

WT

STTM396

Figure 3.6: Comparison plant stature (A) and leaf length (B) between
wild type and STTM396 plant.
Remarkably, transgenic plants were notably taller but had smaller stem girth
than in wild type plants (Figure 3.5, 3.6 A and 3.7). To explain this phenomenon,
more lines of transgenic plants should be examined. Besides, leaf count data
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showed inconsistent trends in STTM plants (Figure3.8). More lines of transgenic
plants are also required to conclude this result.

Estimated stem girth (mm)

5
4.5
WT 717

4

STTM396#3

3.5

STTM396#7

3

STTM396#10
STTM396#2

2.5

STTM396#5

2
1.5
Week 1

Week 2

Week 3

Week4

Week5

Figure 3.7: Estimated stem girth in millimeter (mm) of wild type and STTM396
plants over seven weeks.
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Leaf count (n)

20
WT 717

18

STTM396#10
STTM396#2

16

STTM396#3
14

STTM396#5
STTM396#7

12
10

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7

Figure 3.8: Leaf count (n) of wild type and STTM396 plants over seven weeks.

21

3.4 STTM396 plants have altered leaf cell size and cell number
To investigate cell proliferation and cell expansion change in cellular level,
cross-section of wild type and STTM396 leaves were observed under bright field
microscope. STTM396 resulted in larger cell size and smaller cell number in all
four areas (Figure 3.9, 3.10 and 3.11) suggesting that altered leaves size was a
result from cell expansion rather than cell proliferation.
WT

STTM396

Figure 3.9: Transverse section of wild type and STTM396 leaves, particularly at
mid vein region.

Figure 3.10: STTM396 resulted in smaller cell number in STTM leaves.
Cell number measurement in WT and STTM leaves. Asterisk displayed
statistically significant difference applying student paired t-test (*p≤0.05,
**P≤0.01, ***p≤0.001). The error bars indicated mean ± SD.
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Figure 3.11: STTM396 resulted in larger cell size in STTM leaves.
Cell size measurement in WT and STTM leaves. Asterisk displayed statistically
significant difference applying student paired t-test (*p≤0.05, **P≤0.01,
***p≤0.001). The error bars indicated mean ± SD.
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Chapter 4 Discussion
4.1 MiR396 was effectively knocked down in poplar by STTM
MiR396 is one of the highly conserved miRNAs among plant species.
Mature sequence of miR396a in Arabidopsis, rice, and maize and miR396a and
miR396b in poplar are identical (http://www.mirbase.org). Their targets are
members of GRFs gene family, which are plant-specific transcription factors.
Poplar has 19 GRFs, whereas Arabidopsis, rice, and maize has 9, 12, and 14
GRFs respectively. In addition, GRFs genes are distributed unevenly in poplar
genome, mostly on chromosome 01 and 14 (Kim et al., 2003; Choi et al., 2004;
Zhang et al., 2008).
STTM has been used to knockdown small RNAs successfully in fungi,
animals, and several plants species (Wang et al., 2019; Tang et al., 2012; Yan et
al., 2012). Here, we show that STTM can also disrupt miRNA functions effectively
in poplar, which represents a tree species. Remarkably, STTM396 resulted in 7898% suppression of miR396 expression levels (Figure 3.2 A).

4.2 Blockage of miR396 induced taller plants with larger leaves
STTM396 produced taller transgenic plants (Figure 3.6A and 3.7) with
larger leaves (Figure 3.6 B, 3.7 and 3.8). These results suggest that ptc-miR396
might be negatively playing a role in leaf growth and development of poplar. This
conclusion is consistent with other studies in Arabidopsis and tomato. (LiuKanpp
et al., 2009; Cao et al., 2016) suggesting that miR396 as a negative regulator of
plant growth.

4.3 STTM396 plants have altered leaf cell size and cell number
Furthermore, organ size is basically determined by cell expansion and/or
cell proliferation (Rodriguez et al., 2016). To understand causes of organs
enlargement, leaf histology was examined. Leaf transverse sections at the midrib
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region showed larger cell sizes but smaller cell number in STTM396 leaves as
compared to wild type control (Figure 3.9-3.11). These results indicate that the
leaf enlargement may be a result of cell expansion rather than cell proliferation. In
stem, STTM396 plants showed increased in height but reduced girth than control
plants. These could be resulted from cell expansion or cell elongation as in rice
and Arabidopsis. Previous studies provided some clues about miR396 regulatory
functions through its target genes, GRFs. For example, Van der Knaap et al.
(2000) suggested that osa-GRF1 may be involved with stem elongation in rice.
Also, suppression of osa-GRFs resulted in dwarf plants. (Kuijt et al., 2014).
However, processes of stem growth and development in tree species are
likely to be more complicated than monocot plants and other herbaceous dicot
plants. Furthermore, a careful histological study of transgenic poplar stems
expressing STTM396 is required to explain these phenotypes. Therefore, the
regulation of cell proliferation and expansion by miR396 is complicated and might
be different among plant species and even in different tissues.

4.4 Expression level of GRFs changed in STTM396 plants
Mir396 target genes expression analysis in transgenic poplars expressing
STTM396 showed that GRF07 was up-regulated but GRF06 and GRF18 were
down-regulated in STTM plants. These results suggested that miR396 normally
plays a role as negative regulator of growth and cell expansion through GRF07
suppression. Additionally, GRF06 and GRF18 may be not only regulated by
miR396 but also controlled by another gene or another miRNA as shown in Figure
4.1 in a much stronger manner. Also, qRT-PCR analysis suggests that GRF10 and
GRF17 are barely expressed in leaves tissues suggesting that these two genes
may be expressed in other tissues for example stem instead of leaves. Similarly,
bra-GRFs were expressed in a tissue-specific manner in Chinese cabbage. BraGRF1, 4, 6, 8, 10, 15, and 17 were expressed in young leaf higher than in other
tissues (Wang, 2014). However, another 14 ptc-GRFs are required to be studied
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for a better understanding of role of various GRFs in poplar growth. Also, overexpression of GRF07 might help to confirm the roles of GRF07 in poplars.

Figure 4.1: Proposed schematic relations between miR396 and GRFs affecting
growth and development in poplar.
indicated inhibition,
indicated activation

4.5 Conclusion
In this study, STTM was applied to knock down miR396 in poplar. STTM396
resulted in dramatic suppression of miR396 expression levels and taller plants with
larger leaves with larger cell size. Up-regulation of GRF07 and down-regulation of
GRF06 and GRF18 were observed in STTM396 poplars suggesting that ptcmiR396 might be negatively regulating growth and development through GRF07
gene suppression. Besides, GRF06 and GRF18 may not be only controlled by
miR396 but probably be regulated by another miRNA or gene in a much stronger
manner. Remarkably, GRF10 and 17 were barely expressed in leaves tissue
suggesting that they might be expressed in other specific tissues.
In conclusion, these results indicate that STTM is an effective approach to
knock down miRNAs in poplars, a tree species. Additionally, ptc-miR396a may
play role in growth and development of poplar especially organ size regulation
supporting the observation that miR396 acts as a negative regulator in plant growth
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and development. Furthermore, ptc-miR396 mediate ptc-GRFs expression is a
complex network. They might be expressed and function in tissue-specific manner.

4.6 Future studies
In the future, stem GRFs should be studied for a better understanding of
interrelationship between miR396 and GRFs in poplars. To complete the whole
picture of miR396 and ptc-GRFs functions, the rest of the 14 GRFs should be also
studied in both leaves and stems of transgenic STTM396 poplar plants.
Furthermore, importance of miR396 and ptc-GRFs in reproductive organs should
also be explored in the future. This could be done via their ectopic expression in
other plant model species such as Arabidopsis or tobacco because flowering in
poplars takes many years.
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