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ABSTRACT 

 

Molecular Physiological Analyses of the T1-T2 Lines of OsmiR399– 

Overexpressing Transgenic Rice 

 

Eun Ji Kwon 

Major in Applied Biology and Chemistry 

Department of Agricultural Biotechnology 

The Graduate School 

Seoul National University 

 

Abscisic acid (ABA) plays a pivotal role in plant response to abiotic stresses such as 

drought, cold and salinity. Among abiotic stresses, drought stress causes many 

problems during plant growth and development. As a result, it considerably reduced 

the productivity of rice (Oryza sativa L.) cultivation. The Arabidopsis miR399 has 

been demonstrated to be induced by ABA under drought conditions and enhance 

drought tolerance by down-regulating PHO2 that encodes UBIQUITIN-

CONJUGATING E2 ENZYME 24 (UBC24) (MS thesis by Jae Young Jang). The 

miR399s in rice (OsmiR399s) are highly homologous to Arabidopsis miR399s, and 

the T0 transgenic rice plants that overexpress OsmiR399, such as PGD1::OsmiR399f 

and Rab21::OsmiR399c lines, were previously produced by using either the 

constitutive PGD1 or the stress-inducible Rab21 promoter (MS thesis by Min Kyung 

Lee). In this study, the subsequent T1 and T2 generations of the OsmiR399-

overexpressing transgenic rice were obtained, and the transgenic plants homozygotic 

for the single copy transgene were selected by TaqMan PCR and Southern 

hybridization analyses. Intact insertions of the transgenes without DNA 

rearrangements and sequence changes were confirmed based on DNA sequencing as 
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well as PCR analyses of the entire transgenes that included T-DNA border sequences. 

In addition, it was also confirmed that the levels of the OsmiR399 transcripts were 

increased with the decreases in the accumulation of OsPHO2 transcripts in the 

transgenic plants compared with wild type (WT). Furthermore, OsmiR399-

overexpressing transgenic plants were demonstrated to have higher survival rates and 

photosynthetic capabilities compared with WT under drought conditions. Taken all 

together, these results suggested that the OsmiR399 down-regulate OsPHO2 in order 

to obtain the drought tolerance in rice. 

 

 

Keywords: Abscisic acid (ABA), drought stress, micro RNA, miR399, transgenic 

rice. 
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INTRODUCTION 

 

Abscisic acid (ABA) has been known as the pivotal plant hormone and a 

stress-responsive growth inhibitor for decades (Tuteja 2007). ABA mediates 

key processes in seed dormancy, seedling growth and controls stomatal 

aperture. Plant stress responses are significantly regulated by ABA-dependent 

signaling pathways (Raghavendra et al. 2010, Weiner et al. 2010). Plants are 

often exposed to adverse environments during their life time, which eventually 

leads to the drops in plant productivity. Therefore, plants have developed 

various adjustment mechanisms to the environmental stresses. These 

adjustment mechanisms involve microRNA (miRNA) that is generated from 

the precursor miRNA that is a processed product of the primary miRNA 

transcripts. Mature miRNA base-pairs with the complementary mRNA strand, 

thus leading to degradation of the complementary mRNA ((Reinhart et al. 

2002, Carrington and Ambros 2003, Bartel 2004).  

Plant miRNAs have been studied to be involved in abiotic stress responses. 

In response to high salt stress in rice, miR169g is induced directly by the 

transcriptional factors CBF/DREBs and NF-YA, and the transcripts encoding 

NF-YA are cleaved rapidly via complementation by miR169 members (Zhao 

et al. 2009). In addition, rice osa-miR393 also has been studied to be regulated 

by salinity and alkalinity. The osa-miR393 is likely to play as a negative 

regulator of salt or alkaline stress responses in rice plants (Gao et al. 2011). 

The expression of potato stu-miR172c,d,e is increased upon drought stress 

(Hwang et al. 2011).  

The Arabidopsis miR399 is well known to be up-regulated by phosphate 
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deficiency. Up-regulation of six miR399s down-regulates its target transcript 

PHO2 that encodes the ubiquitin-conjugating E2 enzyme 24 (UBC24), the one 

presumably involved in protein ubiquitination and subsequent degradation. 

For instance, PHO2 is involved in modulating the degradation of a phosphate 

transporter in the endomembrane to maintain phosphate homeostasis in 

Arabidopsis (Lin et al. 2008). miR399 cleaves 5′UTR region of PHO2 

transcript in Arabidopsis thaliana (Allen et al. 2005).  

Rice has eleven miR399s, showing almost sequence identities with 

Arabidopsis miR399s (Bari et al. 2006). LEAF TIP NECROSIS1 (LTN1), the 

putative rice ortholog of Arabidopsis PHO2, was identified as a crucial Pi 

starvation signaling component acting downstream of miR399. The 

OsmiR399-LTN1 modulation in rice was suggested to be regulated by eleven 

OsmiR399s similar to Arabidopsis miR399-PHO2 regulatory relationship (Hu 

et al., 2011).  

The previous studies (MS thesis by Jae Young Jang) suggested that 

miR399 is involved in ABA-mediated signaling pathway that involves the 

AP2/ERF type transcription factor AIA. The miR399-overexpressing 

transgenic Arabidopsis showed lower seed germination upon ABA treatments, 

decreased stomatal aperture, and lower rates of transpiration. These plants also 

showed increased survival compared to wild-type in response to drought stress.  

Rice (Oryza sativa) is the staple cereal crop in the world, and the needs for 

increased production of rice are being increased. However, the agro-ecological 

conditions are getting worse with the global climate changes (Tilman et al. 

2002, Tester and Langridge 2010, Parry et al. 1999). Drought, the major 

abiotic stress plants are confronting more severely due to the global warming, 

is one of the important constraints to rice production worldwide. It was 
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demonstrated that exposure to drought during the panicle developing stages 

results in delayed flowering time, reduced number of spikelets, and poor grain 

filling (O'toole and Namuco 1983, Ekanayake, De Datta and Steponkus 1989). 

Therefore, improved drought tolerance in rice via genetic manipulation has the 

significant meaning of economic importance. 

T0 transgenic rice plants that overexpress OsmiR399, such as 

PGD1::OsmiR399f and Rab21::OsmiR399c lines, were previously produced 

by using either the constitutive PGD1 or the stress-inducible Rab21 promoter 

(MS thesis by Min Kyung Lee). Transgenic plants that contain only single 

copy transgene were selected using TaqMan PCR analyses. Among these 

single copy transgenic plants of T0 generation, only the ones with the 

transgene insertion at the intergenic regions of rice genome were further 

selected by flanking sequence taq (FST) analyses. In this study, the subsequent 

T1 and T2 generations of the aforementioned OsmiR399-overexpressing 

transgenic lines with single copy transgene inserted at the intergenic region 

were obtained. In addition, the transgenic plants homozygotic for the single 

copy transgene were selected. These single copy intergenic lines of 

OsmiR399-overexpressing transgenic plants were demonstrated to have higher 

survival and photosynthetic capabilities compared with wild type under 

drought conditions.  
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MATERIALS and METHODS 

1. Plant materials  

Seeds of rice (Oryza sativa L. spp. Japonica cv. Ilmi) were used in this study 

OsmiR399-overexpressing transgenic rice plants were produced through 

Agrobacterium-mediated transformation (MS thesis by Min Kyuong Lee). For 

plant germination, seeds were sterilized with 50% bleach solution and 70% 

ethanol and then plated on half-strength MS medium (Murashige and Skoog, 

1962) containing 1% sucrose, 0.05% MES-KOH (pH 5.7) and phytoagar 

(0.7%). Sterilized seeds were stratified for 4 days in the dark at 4°C to break 

seed dormancy and transferred to growth chambers at 28°C under long-day 

condition (16 hr light / 8 hr dark regime at 100 μE/m
2
/s of light intensity). 

 

2. Enzymes, chemicals, kits and oligonucleotides 

Restriction enzymes, BamHI and HindIII, ScaI, T4 DNA ligase, Taq DNA 

polymerase, dNTP and random primers were used for FST analyses, PCR and 

sequencing, two-step RT-PCR, and other experiments performed in this study. 

Restriction enzymes and T4 DNA ligase were purchased from Promega 

(Madison, USA). Taq DNA polymerase was purchased from RBC (Taipei, 

Taiwan). Hybond-N
+
 nylon membrane was purchased from Amersham 

Bioscience (Buckinghamshire, UK). All of the oligonucleotides used for PCR 

were synthesized by Macrogen (Seoul, South Korea). 
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3. Quantitative PCR (TaqMan copy number assay) 

For analyses of transgene copy number in transgenic rice, quantitative PCR 

was performed using TaqMan fluorescent probe. Genomic DNA was 

extracted with Exgene
TM

 plant SV kit (Geneall, Seoul). The genomic DNA 

that contains one copy T-DNA insertion to rice genome (provided by 

Professor Ju-Kon Kim) was used for the standard control. The alpha-1 tubulin 

gene (GeneBank accession no. AK102560) was used as an endogenous control. 

To analyze the copy number of transgenic rice, specific primers and probes to 

3'nos terminator region were designed (Table 1, GeneBank accession no 

NC_003065). Probes were labeled at their 5′ends with a reporter fluorophore 

[VIC for alpha-1 tubulin and fluorescein (FAM) for 3'nos] and at the 3'ends 

with the non-fluorescent quencher MGB (minor groove binder) was used. 

Reactions were multiplexed to simultaneously amplify to alpha-1 tubulin and 

3'nos. Quantitative PCR was performed using 50 ng/ l (final concentration) of 

genomic DNA, 10 l 2X TaqMan universal PCR Master Mix (Applied 

Biosystems, USA) with primers to final concentration of 900 nM each, probes 

to the final concentration of 250 nM each and the water up to the final volume 

of 20 l. Thermal cycling conditions for amplification reactions were 2 min at 

50℃ and 10 min at 95℃, followed by 40 cycles of 15 sec at 95℃ and 1 min 

at 60℃. Data were analyzed by CopyCaller Software v2.0 (Applied 

Biosystems, USA).  

4. Southern bolt analyses 

Total genomic DNA was extracted from transgenic rice plants and wild-type. 

Whole transgenic or wild type plants were frozen in liquid nitrogen, and 
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ground to a fine powder using mortar and pestle. 600 l CTAB buffer (3% 

CTAB, 2M NaCl, 25 mM EDTA, 100 mM Tris-HCl; pH 8.0 and 0.2% β-

mercaptoethanol after autoclave) was added and then incubated at 60℃ for 1 

hour. Samples were mixed 2~3 times during incubation by inverting or 

vortexing. Same volume of chloroform was added to the lysate and mixed 

immediately by vortexing, then centrifuged for 20 min at 5000 rpm. Aqueous 

solution was transferred to a new tube, mixed with 2/3 volume of cold 

isopropanol, and stored at -20℃ for overnight. The precipitated nucleic acids 

were collected by centrifugation for 15 min at 13,000 rpm. The resulting pellet 

was washed by 70% ethanol, air-dried after recentrifugation, and resuspended 

with 300 l TE buffer. The resuspended nucleic acids were added with final 

concentration of 10 g/ml RNase and incubated at 55℃ for 30 min. 1/10 

volume of 3M NaOAc (pH 5.3) and 2 volume of 100% ethanol were added 

and stored at -20℃ for overnight. The precipitated DNA was centrifuged for 

15 min at 13,000 rpm and added with 70% ethanol to wash the pellet. The 

pellet was then resuspended with Nuclease-free water and the DNA 

concentration was measured. 

Fifteen microgram of plant genomic DNA was digested with HindⅢ 

(Promega, USA) and then separated on 0.8% agarose gel. The separated DNA 

was transferred to Hybond N
+
 nylon membrane (Amersham Biosciences, UK) 

by upward-capillary reaction. The blotted membrane was hybridized with nos 

DNA probe (Table 2) radiolabeled with -32P dCTP by PCR in hybridization 

solution (1% SDS, 1M NaCl, and 10% dextran sulfate). After hybridization, 

membrane was washed in washing solution (2X SSC and 0.1% SDS) at 65℃. 

The washed membrane was exposed to X-ray film (Agfa, Belgium). 
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5. PCR and sequencing analyses 

Based on the previous FST analyses (MS thesis by Min Kyoung Lee), PCR 

analyses was performed to verify T-DNA insertion site on rice chromosome 

and to test potential DNA rearrangements during the transgene integration into 

rice genome. PCR amplification was done as follows: genomic DNA 

preparation was done with Exgene
TM

 plant SV kit (Geneall, Seoul). 50 ng/ l 

of genomic DNA, primer sets (Table 3 and Table 4), dNTP of final 

concentration to 100 nM and Taq polymerase were used for PCR 

amplification. The whole steps for PCR reactions included initial denaturation 

(at 95℃ for 5 min) followed by, 35 cycles of the PCR reaction (denaturation 

at 95℃ for 30 sec, annealing at 55–60℃ for 30 sec, and amplification at 

72℃ for 1 min), and final amplification at 70℃ for 7 min. PCR band was 

extracted using Gel EXTRATION kit (Axygen, USA) and then DNA 

sequence was analyzed (Macrogen, Seoul, South Korea). 

6. Semi-quantitative RT-PCR Analyses 

Total plant RNA was extracted from two week-old rice seedlings using RNA-

Trizol (Thermo Fisher scientific, USA). To carry out RT-PCR, the ImProm-

II™ Reverse Transcription kit (Promega, Madison, USA) was used. 0.8 g of 

total RNA was used as a template for reverse transcription, and then 1 l of 

cDNA was used for PCR with specific primer sets (Table 5). Two-step RT-

PCR was done as follows: for cDNA synthesis, total RNA was denatured at 

70℃ for 5 min and chilled on ice for 5 min. Reverse transcription was done at 

25℃ for 5 min, 42℃ for 60 min and terminated at 70℃ for 15 min. For 

PCR amplification of cDNA, the synthesized cDNA was denatured at 95℃ 
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for 5 min, and amplified by 35 cycles of PCR reactions (95℃, 30 sec, for 

denaturation; 58℃, 30 sec, for annealing; 72℃, 30 sec, for extension). The 

final termination reaction was done at 72℃ for 7 min. OsActin gene was used 

for the quantitative control reaction. 

 

7. Drought tolerance test 

For drought tolerance test, wild type (WT) and T2 transgenic rice seeds were 

sterilized and germinated in half-strength MS solid medium in a growth 

chamber in the dark at 28℃ for 4 days. The germinated seeds were 

transferred to soil pots and grown for 4 weeks in a greenhouse (16 hour light/ 

8 hour dark) at 28℃. The watering of the 4-week-old WT and transgenic 

seedlings was stopped for 6 days until the wilting and chlorosis of wild type 

seedlings were observed. After the re-watering of the plants for 7 days, the 

survival of the plants was measured. In addition, WT and transgenic plants at 

heading stage were imposed to 5 days of drought stress. After the re-watering 

of the plants for 10days, the survival of the plants was measured. 

 

8. Measurement of chlorophyll fluorescence efficiency under 

drought conditions 

WT and T2 transgenic rice seeds were sterilized with 50% bleach solution and 

70% ethanol and germinated in half-strength MS solid medium in a growth 

chamber in the dark at 28℃ for 7 days. The germinated seeds were 

transplanted into soil pot (4 x 4 x 4 cm; two plants per pot) and grown in a 
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greenhouse at 28℃ for 3 weeks. The green portions of approximately 10 

seedlings were cut using specimen scissors for drought stress treatments. To 

cause drought stress, the plants were air-dried for 1 hour at 28℃ under 

continuous light at 100 mol m
-2

s
-1

. Fv/Fm values were measured using a 

Fluorpen FP-100 chlorophyll fluorometer (Photon Systems Instrument, Czech 

Republic). 
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Table 1. Primer sets and probes used for TaqMan PCR analyses 
 

Primer or Probe Sequence Dye 

3'nos-FP 5'-CGCATGACGTTATTTATGAGATGGGTTTT-3'   

3'nos-RP  5'-TGCGCGCTATATTTTGTTTTCTATCG-3'   

3'nos-probe 5'-FAM-TAGAGTCCCGCAATTAT-MGB-3' FAM 

 

Table 2. Primer sets for DNA probes used for Southern blot analyses 
 

Primer name Sequence 

3'nosF2 5'-GACAAGCACGGTCAACTTCC-3' 

3'nosR2 5'-TCCTAGTTTGCGCGCTATATTTTG-3' 

 

Table 3. Primer sets used for PCR analyses to verify transgene insertion sites. 
 

 
Forward primer Reverse primer 

Insertion 

sites  

for right 

border 

(RB) of 

T-DNA 

Rice genome-specific sequences  

near the integrated RB of T-DNA 
Promoter-specific sequences 

PGD1::OsmiR399f 

PGD1-specific : 

5'-CTGAAAGAGA 

CTTCCATGTG-3' 

#1 
Chr3, 

10190238 

5'-AGTGAACAGG 

CTCCAAAAGAG-3' 

#18 
Chr11, 

12166992 

5'-TTGGCCGATT 

CATTAATGCA-3' 

#46 
Chr2, 

30498449 

5'-GAGAATGGCT 

CACCAAGAA-3' 

#47 
Chr7,  

582458 

5'-AATTGCTTCC 

ATGTAGAGTTG-3' 

#49 
Chr9, 

19744305 

This line is being 

analyzed 

Rab21::OsmiR399c 

Rab21-specific : 

5'-TGACCGTTCG 

ACGTTTCTTCT-3' 

#17 
Chr6, 

18815033 

5'-AGCAAAGCCG 

AACACAGTTG-3' 

#24 
Chr11, 

17490888 

5'-ACACCAAGAG 

ATCAATGGATTC-3' 

#25 
Chr11, 

17171622 

5'-CAACCCTTAC 

CAAGATTGTTTC-3' 

#37 
Chr4, 

28969369 

5'-AGATTGATCC 

ACGTTCTAACACG-3' 

#40 
Chr3, 

8275130 

This line is being 

analyzed 

Insertion 

sites  

for left 

border 

(LB) of 

T-DNA 

Terminator-specific sequences 

Rice genome-specific sequences 

near the integrated RB of T-

DNA 

3' nos-specific : 

5'-GACTCCCGCA 

ATTATACATTTAA-3' 

PGD1::OsmiR399f 

#1 
5'-AACTCCGACC 

ACAACTAGGTT-3' 

#18 
5'-TGCAATAATT 

CTGAAAGCAT-3' 
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#46 
5'-AACGAGCTCA 

GACGAATCGA-3' 

#47 
5'-TCAGGCGTTA 

GGGTTTGCTTT-3' 

#49 
This line is being 

analyzed 

Rab21::OsmiR399c 

#17 
5'-TCTTGATTGT 

CAGGACAAGCTG-3' 

#24 
5'-ACACCAAGAG 

ATCAATGGATTC-3' 

#25 
5'-ACCTAAGAAT 

CCTTACCACC-3' 

#37 
5'-GCATATGACC 

AACTCGCTCA-3' 

#40 
This line is being 

analyzed 

 

Table 4. Primer sets for PCR analyses to test potential DNA rearrangements 
 

 Forward primer Reverse primer 

PGD1:: 

OsmiR399f 

fragment ⓐ 
5'-ATTGCCATAGG- 

CCATACAAAAG-3' 

5'-GGATCCTGTGG- 

ATTGCTGGG-3' 

fragment ⓑ 
5'-GGTCTAGATGG 

TGGATTACCCG-3' 

5'-TGTGTTCTTG 

ATGCAGTTAGTC-3' 

fragment ⓒ 
5'-TGTGGGCATCA 

AAGTTGTGTG-3' 

5'-CTACTTAGCA 

GGTTGTGTTGC-3' 

fragment ⓓ 
5'-ATGGATGAGGC 

TATCAAAGC-3' 

5'-ACCGCGCGCG 

ATAATTTATCC-3 

Rab21:: 

OsmiR399c 

fragment ⓐ 
5'-TACTGGTCGTT 

TGTTTCCC-3' 

5'-GGATCCGATT 

GCATTATGGGA-3' 

fragment ⓑ 
5'-GCTCTAGATTT 

CAGATTCAGCCA-3' 

5'-TGTGTTCTTG 

ATGCAGTTAGTC-3' 

fragment ⓒ 
5'-TGTGGGCATCA 

AAGTTGTGTG-3' 

5'-CTACTTAGCA 

GGTTGTGTTGC-3' 

fragment ⓓ 
5'-ATGGATGAGGC 

TATCAAAGC-3' 

5'-ACCGCGCGCG 

ATAATTTATCC-3' 

 

Table 5. Primer sets used for semi qRT-PCR 
 

Primer name Sequence 

OsmiR399c-FP 5'-GCTCTAGATTTCAGATTCAGCCACA-3' 

OsmiR399c-RP 5'-GGATCCGATTGCATTATGGGA-3' 

OsmiR399f-FP 5'-GGTCTAGATGGTGGATTACCCGGG-3' 

OsmiR399f-RP 5'-GGATCCTGTGGATTGCTGGG-3' 

OsPHO2-FP 5'-TTTTACACAAGCCACCAAAGC-3' 

OsPHO2-RP   5'-TCACGAGCATGTCCAACAA-3' 
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OsActin-FP 5'-TCCATCTTGGCATCTCTCAG-3' 

OsActin-RP  5'-GTACCCTCATCAGGCATCTG-3' 
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RESULTS 

 

1. Selection of homozygotes for transgenes among OsmiR399-

overexpressing T1 rice transformants 

T1 seeds of transgenic rice were collected from the previously obtained 

OsmiR399-overexpressing T0 transgenic plants that contain single copy 

transgene (OsmiR399f or OsmiR399c) at the intergenic DNA regions.  

Quantitative PCR analyses of 3′nos, a part of the transgene inserted in the rice 

transformants, were conducted to select the potential homozygotes for the 

single copy transgene. The data obtained from the quantitative PCR were then 

analyzed using CopyCaller Software v2.0. The sample was considered as a 

single copy transgene-containing homozygote when the copy number (CN) 

value of the sample was close to the one for single copy standard. Based on 

these copy number analyses, 1-4 potential homozygotes for each transgenic 

line were obtained. 
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Figure 1. Transgene copy number analyses to select the potential homozygotic 

transgenic lines of OsmiR399-overexpressing rice plants with single copy 

transgene via TaqMan PCR. Blue bar indicates the DNA sample as a standard 

control (PC) that contains the homozygotic single copy transgene including 3′

nos. Red bar indicates T1 progeny samples that are thought to be homozygotic 

for the single copy transgene. Gray bar indicates the samples that are thought 

to have the uncertain copies of the transgene. Analyses of (A) 

PGD1::OsmiR399f transgenic lines and (B) Rab21::OsmiR399c transgenic 

lines. The alpha-1 tubulin gene was used as an endogenous control. NT: non-

transformants. 
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Southern blot assay was performed to confirm the integration of the single 

copy transgene using radiolabeled 3′nos DNA probe. As shown in Figure 2A 

and Figure 2B, only one band of over 3kb in size was detected for all of the 

PGD1::OsmiR399f lines (except for #18-3-1 line) and Rab21::OsmiR399c 

lines when the total genomic DNA of the transgenic plants digested with 

HINDⅢ were hybridized with the nos probe, confirming the presence of 

single copy transgene in the transgenic plants. The #18-3-1 line showed two 

hybridized bands due to the unknown reason and the transgene copy number 

analyses has been restarted for this line. The #40-3-1 line of 

Rab21::OsmiR399c did not show any hybridized band and therefore the 

Southern blot assays are being repeated. 
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Figure 2. Southern hybridization analyses of the OsmiR399-overexpressing T2 

transgenic plants. Wild type (WT) plants were used as a negative control. (A) 

Analyses of the PGD1::OsmiR399f transgenic lines. (B) Analyses of the 

Rab21::OsmiR399c transgenic lines. The numbers above the hybridized bands 

indicate transgenic lines. 
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2. Analyses of transgene insertion regions in T1 and T2 transgenic 

rice plants 

To verify intact insertion of the transgene into the rice chromosome without 

DNA rearrangements and sequence changes in T1 and T2 generations of the 

transgenic rice plants, DNA regions flanking the transgene insertion sites were 

PCR-amplified and DNA sequences were analyzed. As shown in Figure 3A 

and 3B, each segmented overlapping DNA fragment of the inserted transgene 

region in PGD1::OsmiR399f and Rab21::OsmiR399c transgenic plants 

showed the expected size, indicating that transgenes were integrated into rice 

chromosomes without DNA rearrangements. Sequencing analyses of the 

amplified DNA fragments verified that there were no DNA sequence changes 

during the transgene integration. In addition, further PCR analyses of the left 

and right T-DNA border regions of the inserted transgenes confirmed that all 

of the T1 and T2 transgenic lines analyzed in this study, except for the line #49 

of PGD1::OsmiR399f and the line #40 of Rab21::OsmiR399c, were verified to 

contain the transgenes at the same intergenic locations identified by the 

previous studies using T0 transgenic plants (MS thesis by Min Kyoung Lee). 

The transgene insertion sites for the lines of PGD1::OsmiR399f #49 and 

Rab21::OsmiR399c #40 are being analyzed. 
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Figure 3. PCR and sequencing analyses of OsmiR399-overexpressing T1 and 

T2 transgenic plants. Analyses were conducted for inside DNA regions of the 

left and right borders of the inserted T-DNA in (A) PGD1::OsmiR399f and (B) 

Rab21::OsmiR399c transgenic lines. In addition, analyses were conducted for 

the left and right borders of the inserted T-DNA in (C) PGD1::OsmiR399f and 

(D) Rab21::OsmiR399c transgenic lines. 
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3. Analyses of OsmiR399 transcript levels in OsmiR399-overexpressing T2 

transgenic rice 

To compare the expression levels of OsmiR399 between wild type (WT) and 

OsmiR399-overexpressing T2 transgenic plants, semi-quantitative PCR was 

conducted using total RNA extracted from the 2 week-old plants and 

OsmiR399s-specific primers. As shown in Figure 2, OsmiR399 transcript 

levels in OsmiR399-overexpressing transgenic plants were higher than wild 

type. These results indicate that OsmiR399 gene was highly expressed by the 

action of either PGD1 or Rab21 promoter in the OsmiR399 transgenic plants. 
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Figure 4. Semi-quantitative RT-PCR analyses to compare the levels of 

OsmiR399 transcript between WT and (A) OsmiR399f or (B) OsmiR399c T2 

transgenic plants. OsActin was used as a control to verify the equal amounts of 

RNA loading in each lane. 
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4. Analyses of OsPHO2 transcript levels in OsmiR399-overexpressing T2 

transgenic rice 

To test the suppression of OsPHO2 expression by OsmiR399 in OsmiR399-

overexpressing transgenic rice, the levels of OsPHO2 transcripts were 

measured in 2 week-old WT and OsmiR399-overexpressing T2 transgenic 

plants based on semi-quantitative PCR analyses. As shown in Figure 5, 

OsPHO2 transcript levels in OsmiR399-overexpressing transgenic plants were 

lower than wild type, indicating that OsPHO2 was down-regulated by 

OsmiR399.  
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Figure 5. Semi-quantitative RT-PCR analyses to compare the levels of 

OsPHO2 transcripts between WT and (A) OsmiR399f or (B) OsmiR399c T2 

transgenic plants. OsActin was used as a control to verify the equal amounts of 

RNA loading in each lane. 
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5. Drought tolerance of OsmiR399-overexpressing transgenic rice 

To test whether the overexpression of OsmiR399 confers drought tolerance to 

rice plants, OsmiR399-overexpressing T2 transgenic and WT plants grown 

until two different developmental stages were subjected to drought stress. As 

shown in Figure 6A and 6B, the drought stress was first imposed to 4-weeks 

old plants by withholding water for 9 days until complete leaf-rolling occurred. 

Following drought stress, plants were re-watered for 8 days, and WT plants 

showed severe wilting and drying. However, all of the OsmiR399f and 

OsmiR399c transgenic lines tested in this study showed strong tolerance 

against drought stress. In addition, OsmiR399f and OsmiR399c transgenic 

plants grown until the heading stage showed healthy growth without wilting 

and normal grain development when imposed to 5 days of drought stress 

(Figure 6C and 6D). However, WT plants showed severe drying and reduced 

grain filling upon the drought stress. All of these results indicate that 

OsmiR399-overexpressing transgenic rice is more tolerant to drought stress 

compare with WT. 
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Figure 6. The appearance of WT and OsmiR399-overexpressing transgenic 

plants at two different developmental stages under -/+ drought stress 

conditions. Plants grown for 4 weeks were subjected to 9 days of drought 

stress followed by 8 days of re-watering in greenhouse. (A) Photos were taken 

for (A) PGD1::OsmiR399f and (B) Rab21::OsmiR399c T2 transgenic lines 

grown for 4 weeks and subjected to 9 days of drought stress followed by 8 

days of re-watering in greenhouse. Photos were also taken (C) 

PGD1::OsmiR399f and (D) Rab21::OsmiR399c T2 transgenic lines of heading 

stage that were subjected to 5 days of drought stress followed by 10 days of 

re-watering in greenhouse. 
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6. Measurement of photosynthetic efficiency of OsmiR399 

overexpressing transgenic rice under drought conditions 

To evaluate the photosynthetic efficiency of OsmiR399-overexpressing 

transgenic rice upon drought stress, the leaves of 2 week-old, T2 transgenic 

and WT rice plants were subjected to 1 hr air-drying and their chlorophyll 

fluorescence efficiencies were measured based on Fv/Fm values (Fv: variable 

fluorescence, Fm: maximum fluorescence). Fv/Fm value represents the 

photosynthetic efficiency of photosystem II, which is equivalent to the 

maximum potential of photosynthesis that plants can perform. The average 

Fv/Fm values of the non-stressed transgenic and WT plants both were similar 

(approximately 0.7 to 0.8). However, OsmiR399f and OsmiR399c transgenic 

lines showed lower drops in Fv/Fm values compared with WT upon the 

drought stress. In other words, OsmiR399f and OsmiR399c transgenic plants 

showed 17-40% and 38-100% higher values than WT, respectively, after the 

stress treatments (Figure 7). These results indicate again that OsmiR399-

overexpressing transgenic plants are more tolerant to drought stress compare 

to WT. 
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Figure 7. Measurement of chlorophyll fluorescence of OsmiR399-

overexpressing T2 transgenic and WT plants under -/+ drought stress 

conditions. The Fv/Fm values were measured using a Fluorpen FP-100 

chlorophyll fluorometer. Data indicate the mean ± SE of triplicate 

experiments (n = 10). * and ** represent significant differences at P < 0.05 

and P < 0.01, respectively. 
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DISCUSSION 

 

The results obtained in this study clearly showed that OsmiR399s are involved 

in drought stress responses in rice by suppressing their targeting PHO2 

transcripts. In fact, three genes were predicted to be targeted by miR399 in 

Arabidopsis through the computational analyses: i.e., Dead box helicase, 

PHO2 (UBC24) and Pi transporter (PHT 1;7) genes (Kuo and Chiou 2011). 

However, only the 5′UTR region of PHO2 was validated as the target site of 

miR399 by 5′RACE assays in Arabidopsis (Allen et al. 2005), which is 

consistent with the results in this study showing the reduced level of PHO2 

transcripts in OsmiR399-overexpressing transgenic rice plants (Figure 5). 

In the previous studies in our laboratory, the Arabidopsis miR399 has been 

demonstrated to be induced by ABA-induced AP2/ERF transcription factor 

AIA under drought conditions and enhance drought tolerance by down-

regulating PHO2 (MS thesis by Jae Young Jang). There exist eleven 

OsmiR399s in rice, and they are highly homologous to Arabidopsis miR399s. 

The levels of the eleven OsmiR399 precursor transcripts were previously 

measured in rice in the absence or presence of ABA treatments by semi qRT-

PCR. Based on these expression analyses, T0 transgenic rice plants that 

overexpress OsmiR399, such as PGD1::OsmiR399f and Rab21::OsmiR399c 

lines, were produced by using either the constitutive PGD1 or the stress-

inducible Rab21 promoter (MS thesis by Min Kyung Lee). In this study, the 

subsequent T1 and T2 generations of the OsmiR399-overexpressing transgenic 

rice were obtained, and the transgenic plants homozygotic for the single copy 

transgene were selected by TaqMan PCR and Southern hybridization analyses 
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(Figures 1 and 2). Based on the previous FST analyses (MS thesis by Min 

Kyoung Lee), PCR analyses was performed to verify T-DNA insertion site on 

rice chromosome and to test potential DNA rearrangements during the 

transgene integration into rice genome. As a result, all of the T1 and T2 

homozygotic transgenic lines were found to have their transgenes inserted into 

rice chromosome without DNA rearrangements (Figure 3). In addition, all of 

the homozygotic lines obtained in this study, except for the line 

PGD1::OsmiR399f #49, Rab21::OsmiR399c #40, were verified to contain 

their transgenes at the same intergenic locations identified by the previous 

studies (MS thesis by Min Kyoung Lee). The transgenes insertion sites for the 

line PGD1::OsmiR399f #49 and the line Rab21::OsmiR399c #40 have been 

being analyzed. In addition, it was also confirmed that the levels of the 

OsmiR399 transcripts were increased with the decreases in the accumulation 

of OsPHO2 transcripts in the transgenic plants compared with WT (Figure 5). 

Furthermore, OsmiR399-overexpressing transgenic plants were demonstrated 

to have higher survival capabilities compared with WT under drought 

conditions (Figure 6). The drought stress tolerance of OsmiR399 transgenic 

rice was further demonstrated by measuring the photosynthetic capabilities 

under drought conditions. The photosynthetic efficiencies in the transgenic 

plants were significantly higher (17-100%) than WT upon the exposure to 

drought stress for 1 hr (Figure 7). These results suggested the working model 

that the overexpression of osmiR399 confers the drought tolerance to rice by 

down-regulating OsPHO2 (Figure 8). Further investigation will be required to 

characterize the target rice proteins of PHO2, which is known as an 

ubiquitination enzyme (Liu et al., 2012), in the context with drought stress 

response of plants. Taken all together, the OsmiR399-overexpressing 
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transgenic lines selected and tested in this study are thought to be useful for 

the development of drought-tolerant rice crops via field and safety studies. 

The miR399 has been well known to be induced by phosphate starvation 

and involved in controlling phosphate homeostasis by down-regulating the 

expression of PHO2 in Arabidopsis (Aung et al. 2006, Bari et al. 2006). 

Consistently, it was also demonstrated that LEAVE TIP NECROSIS 1 (LTN1), 

a putative rice ortholog of Arabidopsis PHO2, is the crucial Pi starvation 

signaling component that down-regulates OsmiR399 in rice (Hu et al. 2011). 

The phosphate transporter PHOSPATE 1 (PHO1) was revealed as the 

downstream target of PHO2, and it is primarily expressed in the root vascular 

tissues involved in the transfer of phosphate into the xylem (Liu et al. 2012).     

However, PHO1 is also expressed in guard cells mediating the stomatal 

closure in response to ABA (Outlaw, Tarczynski and Miller 1984, Zimmerli et 

al. 2012). These results imply the possible regulatory crosstalk between 

phosphate starvation and ABA-mediated drought response in plants, and the 

elucidation of these crosstalk pathways between the two different signals will 

be an intriguing study in the future. 
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Figure 8. Working hypothesis of ABA-mediated signaling pathway involving 

AIA, miR399 and PHO2 (UBC24). PHO2 is involved in degradation of their 

target proteins responsible for ABA-induced responses via the protein 

ubiquitination. When miR399 is highly expressed under drought stress, the 

PHO2 was down-regulated, thus executing ABA-induced responses such as 

seed germination inhibition, stomatal closure, and drought tolerance. 
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SUMMARY IN KOREAN 

 

OsmiR399 과발현 형질전환벼 T1-T2 계통의 분자생리학적 연구 

 

한발 스트레스는 식물의 생장과 발달에 영향을 주어 작물의 수량성을 감소시키는 

환경 인자이다. 한발에 대응하기 위해서 식물체내 생성되는 식물생장조절물질 앱

시스산에 의해 발현이 유도되는 애기장대 miR399는 UBIQUITIN-CONJUGATING E2 

ENZYME 24 (UBC24)를 인코딩하는 PHO2를 억제함으로써 식물의 한발 내성에 관

여함을 본 연구실에서 밝힌 바 있다. 이를 바탕으로, 선행연구에서는 한발과 같은 

불량 생육환경조건에서도 수량 증진이 가능한 형질전환 벼를 창출할 목적으로 벼 

유전자 OsmiR399f와 OsmiR399c가 항시 발현 PGD1 프로모터 혹은 스트레스 유도 

발현 Rab21 프로모터에 의해 과발현된 형질전환 벼를 제작했고, transgene이 1 

copy 삽입된 이형접합성 (heterozygotic) T0 형질전환체를 선발했다. 본 연구에서는 

앞서 선발한 형질전환체의 세대진전을 통해 T1 세대를 확보하였고, 1 copy 도입 유

전자의 동형접합체 (homozygote)를 선발하기 위해 TaqMan PCR을 이용한 

transgene copy number 분석을 수행하였다. 그 결과 선발된 OsmiR399f와 

OsmiR399c 동형접합 형질전환체에서 각 다섯 계통이 T2 세대로 진전되었다. 획득

된 T2 세대에서 1 copy transgene이 삽입되었는지 재확인하고자 Southern blot 실험

을 수행하였고, 그 결과 각 다섯 계통들 중 한 계통씩을 제외하고는 모두 1 copy 

transgene이 삽입된 것을 확인하였다. 이후, 삽입된 transgene의 유전체 삽입 위치

를 알아보기 위한 flanking sequence tag 분석을 하여 intergenic 부위에 transgene

이 삽입된 형질전환체를 다수 선발하였고, 위에서 언급한 OsmiR399f나 OsmiR399c

가 과발현된 각 다섯 계통 모두 intergenic 부위에 transgene이 삽입된 것으로 판명

되었다. 더불어 이들 계통들은 모두 도입 유전자의 재배열이나 염기 서열의 변화
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가 없는 것을 확인하였다. 이상에서 확보한 OsmiR399 과발현 계통들을 대상으로 

OsmiR399와 OsPHO2의 발현 수준을 알아보았다. 그 결과, 형질전환 벼는 비형질전

환 벼에 비해 OsmiR399의 발현이 증가한 반면, 그 표적인 OsPHO2 transcripts의 

양은 감소한 것을 확인하였다. 또한 4주 생육기 혹은 출수기의 OsmiR399 과발현 

형질전환 벼는 한발 스트레스에 대한 생존력이 보다 강화 된 것을 알 수 있었다. 

이는 한발 조건에서 OsmiR399 과발현 형질전환 벼가 비형질전환 벼에 비해 광합

성 효율이 더 높은 결과와도 일치했다. 종합컨대, OsmiR399가 OsPHO2의 발현을 

억제함으로써 벼의 한발내성에 관여함을 알 수 있고, 본 연구에서 확보한 

OsmiR399 과발현 계통들은 향후 포장 생산성 실험 및 안전성 실험과 같은 실용화 

연구 재료로 활용이 가능할 것으로 사료된다.  

 

 

주요어 : micro RNA, miR399, 앱시스산 (ABA), 한발스트레스, 형질전환 벼 

학  번 : 2014-21902 
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APPENDICES 

 

 

 

 

 

 

Appendix 1. TaqMan PCR analyses to select additional transgenic lines with 

single copy transgene (T0 heterozygotic lines) from PGD1::OsmiR399f-

overexpressing transgenic rice plants (transformed by Eun Ji Kwon). Blue bar 

indicates the standard control (PC) that contains the homozygotic single copy 

transgene including 3′nos. Red bar indicates samples that are thought to 

contain the single copy transgene. Gray bar indicates the samples that are 

thought to contain more than two or uncertain copies of the transgene. The 

alpha-1 tubulin gene was used as an endogenous control. NT: non-

transformants. 
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ABSTRACT 

 

Molecular Physiological Analyses of the T1-T2 Lines of OsmiR399– 

Overexpressing Transgenic Rice 

 

Eun Ji Kwon 

Major in Applied Biology and Chemistry 

Department of Agricultural Biotechnology 

The Graduate School 

Seoul National University 

 

Abscisic acid (ABA) plays a pivotal role in plant response to abiotic stresses such as 

drought, cold and salinity. Among abiotic stresses, drought stress causes many 

problems during plant growth and development. As a result, it considerably reduced 

the productivity of rice (Oryza sativa L.) cultivation. The Arabidopsis miR399 has 

been demonstrated to be induced by ABA under drought conditions and enhance 

drought tolerance by down-regulating PHO2 that encodes UBIQUITIN-

CONJUGATING E2 ENZYME 24 (UBC24) (MS thesis by Jae Young Jang). The 

miR399s in rice (OsmiR399s) are highly homologous to Arabidopsis miR399s, and 

the T0 transgenic rice plants that overexpress OsmiR399, such as PGD1::OsmiR399f 

and Rab21::OsmiR399c lines, were previously produced by using either the 

constitutive PGD1 or the stress-inducible Rab21 promoter (MS thesis by Min Kyung 

Lee). In this study, the subsequent T1 and T2 generations of the OsmiR399-

overexpressing transgenic rice were obtained, and the transgenic plants homozygotic 

for the single copy transgene were selected by TaqMan PCR and Southern 

hybridization analyses. Intact insertions of the transgenes without DNA 

rearrangements and sequence changes were confirmed based on DNA sequencing as 



ii 

 

well as PCR analyses of the entire transgenes that included T-DNA border sequences. 

In addition, it was also confirmed that the levels of the OsmiR399 transcripts were 

increased with the decreases in the accumulation of OsPHO2 transcripts in the 

transgenic plants compared with wild type (WT). Furthermore, OsmiR399-

overexpressing transgenic plants were demonstrated to have higher survival rates and 

photosynthetic capabilities compared with WT under drought conditions. Taken all 

together, these results suggested that the OsmiR399 down-regulate OsPHO2 in order 

to obtain the drought tolerance in rice. 

 

 

Keywords: Abscisic acid (ABA), drought stress, micro RNA, miR399, transgenic 

rice. 

 

 

Student number: 2014-21902 

 

 

 

 

 

 

 

 

 



iii 

 

CONTENTS 

 

ABSTRACT………………………………………………..……………i 

CONTENTS………….………………………………………………...iii 

LIST OF FIGURES………………………………………….………….....v 

LIST OF TABLES………………………………………...………….……vi 

ABBREVIATIONS…………………..……….…………………………..vii 

INTRODUCTION………………………….……....…………………….1 

MATERIALS AND METHODS 

1. Plant materials ...............................................................................................4 

2. Enzymes, chemicals, kits and oligonucleotides ...........................................4 

3. Quantitative PCR (TaqMan copy number assay) ......................................5 

4. Southern blot analyses ..................................................................................5 

5. PCR and sequencing analyses of transgene insertion region.....................7 

6. Semi-quantitative RT-PCR ...........................................................................7 

7. Drought tolerance test .…………………………………………………......8 

8. Measurement of chlorophyll fluorescence efficiency under drought 

conditions…….…………………………….……….…………………….…...8 
 

 

 



iv 

 

RESULTS 

1. Selection of homozygotes for transgenes among OsmiR399-overexpressing 

T1 rice transformants………………………………………………...……13 

2. Analyses of transgene insertion regions in T1 and T2 transgenic rice 

plants………………………………………………………………………....20 

3. Analyses of OsmiR399 transcript levels in OsmiR399-overexpressing T2 

transgenic rice…………………………………………………………….…24 

4. Analyses of OsPHO2 transcript levels in OsmiR399-overexpressing T2 

transgenic rice…………………………………………………………….…26 

5.  Drought tolerance of OsmiR399-overexpressing T2 transgenic rice……..28 

6.  Measurement of photosynthetic efficiency of OsmiR399-overexpressing T2 

transgenic rice under drought conditions…………..………….………….34 

 

DISCUSSION……………………..………………………………………37 

REFERENCES………………...…………………………………….……41 

SUMMARY IN KOREAN…......................................................................44 

APPENDICES…......................................................................46 

ACKNOWLEDGMENTS…......................................................................47 



v 

 

LIST OF FIGURES 

 

Figure 1. Transgene copy number analyses to select the potential homozygotic 

transgenic  l ines  of  OsmiR399-overexpress ing  transgenic 

         rice plants using TaqMan PCR…................................................................14 

 

Figure 2. Southern hybridization analyses of the OsmiR399-overexpressing T2 

transgenic plants............................................................................................17 

 

Figure 3. PCR and sequencing analyses of OsmiR399-overexpressing transgenic 

plants...............................................................................................................21 

 

Figure 4. Semi-quantitative RT-PCR analyses to compare the levels of OmiR399 

         transcripts between WT and OsmiR399-overexpressing T2 transgenic 

plants...............................................................................................................25 

 

Figure 5. Semi-quantitative RT-PCR analyses to compare the levels of OsPHO2 

transcripts between WT and OsmiR399-overexpressing T2 transgenic 

plants..............................................................................................................27 

 

Figure 6. The appearance of WT and OsmiR399-overexpressing transgenic 

         plants at two different developmental stages under -/+ drought stress 

conditions........................................................................................................29 

 

Figure 7. Measurement of chlorophyll fluorescence of WT and OsmiR399-

overexpress ing  transgenic plant  under - /+  drought s tress 

conditions........................................................................................................35 

 

Figure 8. Working hypothesis of ABA-mediated signaling pathway involving AIA,  

         miR399, PHO2 (UBC24)...............................................................................40 

 

 



vi 

 

LIST OF TABLES 

 

Table 1. Primer sets and probes used for TaqMan PCR analyses.......................10 

 

Table 2. Primer sets for DNA probes used for Southern blot analyses...............10 

 

Table 3. Primer sets used for PCR analyses to verify transgene insertion sites..10 

 

Table 4. Primer sets for PCR analyses to test potential DNA rearrangements..11 

 

Table 5. Primer sets used for semi qRT-PCR…....................................................11 

 



vii 

 

LIST OF ABBREVIATIONS 

 

ABA                                                 abscisic acid 

dCTP                                          deoxycytidine triphosphate 

DNA                                              deoxyribonucleic acid 

dNTP                                        deoxynucleotide triphosphate 

FV/Fm                  variable fluorescence/maximum fluorescence 

EDTA                                      ethylenediaminetetraaectic acid 

miRNA                                                     microRNA 

MS medium                                 Murashige and Skoog medium 

PCR                                           polymerase chain reaction 

PPT                                                phosphinotricin 

qRT-PCR                                           quantitative RT-PCR 

RNA                                                   ribonucleic acid 

RNase                                                     ribonuclease 

RPM                                              revolution per minute 

rRNA                                          ribosomal ribonucleic acid 

RT                                                 reverse transcription 

RT-PCR                       reverse transcription-polymerase chain reaction 



viii 

 

SDS                                              sodium dodecyl sulfate 

SSC                                               standard saline citrate 

TE                                                         Tris-EDTA 

Tris                                     tris(hydroxymethyl)aminomethane 

UV                                                        ultra violet



１ 

 

INTRODUCTION 

 

Abscisic acid (ABA) has been known as the pivotal plant hormone and a 

stress-responsive growth inhibitor for decades (Tuteja 2007). ABA mediates 

key processes in seed dormancy, seedling growth and controls stomatal 

aperture. Plant stress responses are significantly regulated by ABA-dependent 

signaling pathways (Raghavendra et al. 2010, Weiner et al. 2010). Plants are 

often exposed to adverse environments during their life time, which eventually 

leads to the drops in plant productivity. Therefore, plants have developed 

various adjustment mechanisms to the environmental stresses. These 

adjustment mechanisms involve microRNA (miRNA) that is generated from 

the precursor miRNA that is a processed product of the primary miRNA 

transcripts. Mature miRNA base-pairs with the complementary mRNA strand, 

thus leading to degradation of the complementary mRNA ((Reinhart et al. 

2002, Carrington and Ambros 2003, Bartel 2004).  

Plant miRNAs have been studied to be involved in abiotic stress responses. 

In response to high salt stress in rice, miR169g is induced directly by the 

transcriptional factors CBF/DREBs and NF-YA, and the transcripts encoding 

NF-YA are cleaved rapidly via complementation by miR169 members (Zhao 

et al. 2009). In addition, rice osa-miR393 also has been studied to be regulated 

by salinity and alkalinity. The osa-miR393 is likely to play as a negative 

regulator of salt or alkaline stress responses in rice plants (Gao et al. 2011). 

The expression of potato stu-miR172c,d,e is increased upon drought stress 

(Hwang et al. 2011).  

The Arabidopsis miR399 is well known to be up-regulated by phosphate 
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deficiency. Up-regulation of six miR399s down-regulates its target transcript 

PHO2 that encodes the ubiquitin-conjugating E2 enzyme 24 (UBC24), the one 

presumably involved in protein ubiquitination and subsequent degradation. 

For instance, PHO2 is involved in modulating the degradation of a phosphate 

transporter in the endomembrane to maintain phosphate homeostasis in 

Arabidopsis (Lin et al. 2008). miR399 cleaves 5′UTR region of PHO2 

transcript in Arabidopsis thaliana (Allen et al. 2005).  

Rice has eleven miR399s, showing almost sequence identities with 

Arabidopsis miR399s (Bari et al. 2006). LEAF TIP NECROSIS1 (LTN1), the 

putative rice ortholog of Arabidopsis PHO2, was identified as a crucial Pi 

starvation signaling component acting downstream of miR399. The 

OsmiR399-LTN1 modulation in rice was suggested to be regulated by eleven 

OsmiR399s similar to Arabidopsis miR399-PHO2 regulatory relationship (Hu 

et al., 2011).  

The previous studies (MS thesis by Jae Young Jang) suggested that 

miR399 is involved in ABA-mediated signaling pathway that involves the 

AP2/ERF type transcription factor AIA. The miR399-overexpressing 

transgenic Arabidopsis showed lower seed germination upon ABA treatments, 

decreased stomatal aperture, and lower rates of transpiration. These plants also 

showed increased survival compared to wild-type in response to drought stress.  

Rice (Oryza sativa) is the staple cereal crop in the world, and the needs for 

increased production of rice are being increased. However, the agro-ecological 

conditions are getting worse with the global climate changes (Tilman et al. 

2002, Tester and Langridge 2010, Parry et al. 1999). Drought, the major 

abiotic stress plants are confronting more severely due to the global warming, 

is one of the important constraints to rice production worldwide. It was 
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demonstrated that exposure to drought during the panicle developing stages 

results in delayed flowering time, reduced number of spikelets, and poor grain 

filling (O'toole and Namuco 1983, Ekanayake, De Datta and Steponkus 1989). 

Therefore, improved drought tolerance in rice via genetic manipulation has the 

significant meaning of economic importance. 

T0 transgenic rice plants that overexpress OsmiR399, such as 

PGD1::OsmiR399f and Rab21::OsmiR399c lines, were previously produced 

by using either the constitutive PGD1 or the stress-inducible Rab21 promoter 

(MS thesis by Min Kyung Lee). Transgenic plants that contain only single 

copy transgene were selected using TaqMan PCR analyses. Among these 

single copy transgenic plants of T0 generation, only the ones with the 

transgene insertion at the intergenic regions of rice genome were further 

selected by flanking sequence taq (FST) analyses. In this study, the subsequent 

T1 and T2 generations of the aforementioned OsmiR399-overexpressing 

transgenic lines with single copy transgene inserted at the intergenic region 

were obtained. In addition, the transgenic plants homozygotic for the single 

copy transgene were selected. These single copy intergenic lines of 

OsmiR399-overexpressing transgenic plants were demonstrated to have higher 

survival and photosynthetic capabilities compared with wild type under 

drought conditions.  
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MATERIALS and METHODS 

1. Plant materials  

Seeds of rice (Oryza sativa L. spp. Japonica cv. Ilmi) were used in this study 

OsmiR399-overexpressing transgenic rice plants were produced through 

Agrobacterium-mediated transformation (MS thesis by Min Kyuong Lee). For 

plant germination, seeds were sterilized with 50% bleach solution and 70% 

ethanol and then plated on half-strength MS medium (Murashige and Skoog, 

1962) containing 1% sucrose, 0.05% MES-KOH (pH 5.7) and phytoagar 

(0.7%). Sterilized seeds were stratified for 4 days in the dark at 4°C to break 

seed dormancy and transferred to growth chambers at 28°C under long-day 

condition (16 hr light / 8 hr dark regime at 100 μE/m
2
/s of light intensity). 

 

2. Enzymes, chemicals, kits and oligonucleotides 

Restriction enzymes, BamHI and HindIII, ScaI, T4 DNA ligase, Taq DNA 

polymerase, dNTP and random primers were used for FST analyses, PCR and 

sequencing, two-step RT-PCR, and other experiments performed in this study. 

Restriction enzymes and T4 DNA ligase were purchased from Promega 

(Madison, USA). Taq DNA polymerase was purchased from RBC (Taipei, 

Taiwan). Hybond-N
+
 nylon membrane was purchased from Amersham 

Bioscience (Buckinghamshire, UK). All of the oligonucleotides used for PCR 

were synthesized by Macrogen (Seoul, South Korea). 
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3. Quantitative PCR (TaqMan copy number assay) 

For analyses of transgene copy number in transgenic rice, quantitative PCR 

was performed using TaqMan fluorescent probe. Genomic DNA was 

extracted with Exgene
TM

 plant SV kit (Geneall, Seoul). The genomic DNA 

that contains one copy T-DNA insertion to rice genome (provided by 

Professor Ju-Kon Kim) was used for the standard control. The alpha-1 tubulin 

gene (GeneBank accession no. AK102560) was used as an endogenous control. 

To analyze the copy number of transgenic rice, specific primers and probes to 

3'nos terminator region were designed (Table 1, GeneBank accession no 

NC_003065). Probes were labeled at their 5′ends with a reporter fluorophore 

[VIC for alpha-1 tubulin and fluorescein (FAM) for 3'nos] and at the 3'ends 

with the non-fluorescent quencher MGB (minor groove binder) was used. 

Reactions were multiplexed to simultaneously amplify to alpha-1 tubulin and 

3'nos. Quantitative PCR was performed using 50 ng/ l (final concentration) of 

genomic DNA, 10 l 2X TaqMan universal PCR Master Mix (Applied 

Biosystems, USA) with primers to final concentration of 900 nM each, probes 

to the final concentration of 250 nM each and the water up to the final volume 

of 20 l. Thermal cycling conditions for amplification reactions were 2 min at 

50℃ and 10 min at 95℃, followed by 40 cycles of 15 sec at 95℃ and 1 min 

at 60℃. Data were analyzed by CopyCaller Software v2.0 (Applied 

Biosystems, USA).  

4. Southern bolt analyses 

Total genomic DNA was extracted from transgenic rice plants and wild-type. 

Whole transgenic or wild type plants were frozen in liquid nitrogen, and 
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ground to a fine powder using mortar and pestle. 600 l CTAB buffer (3% 

CTAB, 2M NaCl, 25 mM EDTA, 100 mM Tris-HCl; pH 8.0 and 0.2% β-

mercaptoethanol after autoclave) was added and then incubated at 60℃ for 1 

hour. Samples were mixed 2~3 times during incubation by inverting or 

vortexing. Same volume of chloroform was added to the lysate and mixed 

immediately by vortexing, then centrifuged for 20 min at 5000 rpm. Aqueous 

solution was transferred to a new tube, mixed with 2/3 volume of cold 

isopropanol, and stored at -20℃ for overnight. The precipitated nucleic acids 

were collected by centrifugation for 15 min at 13,000 rpm. The resulting pellet 

was washed by 70% ethanol, air-dried after recentrifugation, and resuspended 

with 300 l TE buffer. The resuspended nucleic acids were added with final 

concentration of 10 g/ml RNase and incubated at 55℃ for 30 min. 1/10 

volume of 3M NaOAc (pH 5.3) and 2 volume of 100% ethanol were added 

and stored at -20℃ for overnight. The precipitated DNA was centrifuged for 

15 min at 13,000 rpm and added with 70% ethanol to wash the pellet. The 

pellet was then resuspended with Nuclease-free water and the DNA 

concentration was measured. 

Fifteen microgram of plant genomic DNA was digested with HindⅢ 

(Promega, USA) and then separated on 0.8% agarose gel. The separated DNA 

was transferred to Hybond N
+
 nylon membrane (Amersham Biosciences, UK) 

by upward-capillary reaction. The blotted membrane was hybridized with nos 

DNA probe (Table 2) radiolabeled with -32P dCTP by PCR in hybridization 

solution (1% SDS, 1M NaCl, and 10% dextran sulfate). After hybridization, 

membrane was washed in washing solution (2X SSC and 0.1% SDS) at 65℃. 

The washed membrane was exposed to X-ray film (Agfa, Belgium). 
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5. PCR and sequencing analyses 

Based on the previous FST analyses (MS thesis by Min Kyoung Lee), PCR 

analyses was performed to verify T-DNA insertion site on rice chromosome 

and to test potential DNA rearrangements during the transgene integration into 

rice genome. PCR amplification was done as follows: genomic DNA 

preparation was done with Exgene
TM

 plant SV kit (Geneall, Seoul). 50 ng/ l 

of genomic DNA, primer sets (Table 3 and Table 4), dNTP of final 

concentration to 100 nM and Taq polymerase were used for PCR 

amplification. The whole steps for PCR reactions included initial denaturation 

(at 95℃ for 5 min) followed by, 35 cycles of the PCR reaction (denaturation 

at 95℃ for 30 sec, annealing at 55–60℃ for 30 sec, and amplification at 

72℃ for 1 min), and final amplification at 70℃ for 7 min. PCR band was 

extracted using Gel EXTRATION kit (Axygen, USA) and then DNA 

sequence was analyzed (Macrogen, Seoul, South Korea). 

6. Semi-quantitative RT-PCR Analyses 

Total plant RNA was extracted from two week-old rice seedlings using RNA-

Trizol (Thermo Fisher scientific, USA). To carry out RT-PCR, the ImProm-

II™ Reverse Transcription kit (Promega, Madison, USA) was used. 0.8 g of 

total RNA was used as a template for reverse transcription, and then 1 l of 

cDNA was used for PCR with specific primer sets (Table 5). Two-step RT-

PCR was done as follows: for cDNA synthesis, total RNA was denatured at 

70℃ for 5 min and chilled on ice for 5 min. Reverse transcription was done at 

25℃ for 5 min, 42℃ for 60 min and terminated at 70℃ for 15 min. For 

PCR amplification of cDNA, the synthesized cDNA was denatured at 95℃ 
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for 5 min, and amplified by 35 cycles of PCR reactions (95℃, 30 sec, for 

denaturation; 58℃, 30 sec, for annealing; 72℃, 30 sec, for extension). The 

final termination reaction was done at 72℃ for 7 min. OsActin gene was used 

for the quantitative control reaction. 

 

7. Drought tolerance test 

For drought tolerance test, wild type (WT) and T2 transgenic rice seeds were 

sterilized and germinated in half-strength MS solid medium in a growth 

chamber in the dark at 28℃ for 4 days. The germinated seeds were 

transferred to soil pots and grown for 4 weeks in a greenhouse (16 hour light/ 

8 hour dark) at 28℃. The watering of the 4-week-old WT and transgenic 

seedlings was stopped for 6 days until the wilting and chlorosis of wild type 

seedlings were observed. After the re-watering of the plants for 7 days, the 

survival of the plants was measured. In addition, WT and transgenic plants at 

heading stage were imposed to 5 days of drought stress. After the re-watering 

of the plants for 10days, the survival of the plants was measured. 

 

8. Measurement of chlorophyll fluorescence efficiency under 

drought conditions 

WT and T2 transgenic rice seeds were sterilized with 50% bleach solution and 

70% ethanol and germinated in half-strength MS solid medium in a growth 

chamber in the dark at 28℃ for 7 days. The germinated seeds were 

transplanted into soil pot (4 x 4 x 4 cm; two plants per pot) and grown in a 
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greenhouse at 28℃ for 3 weeks. The green portions of approximately 10 

seedlings were cut using specimen scissors for drought stress treatments. To 

cause drought stress, the plants were air-dried for 1 hour at 28℃ under 

continuous light at 100 mol m
-2

s
-1

. Fv/Fm values were measured using a 

Fluorpen FP-100 chlorophyll fluorometer (Photon Systems Instrument, Czech 

Republic). 
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Table 1. Primer sets and probes used for TaqMan PCR analyses 
 

Primer or Probe Sequence Dye 

3'nos-FP 5'-CGCATGACGTTATTTATGAGATGGGTTTT-3'   

3'nos-RP  5'-TGCGCGCTATATTTTGTTTTCTATCG-3'   

3'nos-probe 5'-FAM-TAGAGTCCCGCAATTAT-MGB-3' FAM 

 

Table 2. Primer sets for DNA probes used for Southern blot analyses 
 

Primer name Sequence 

3'nosF2 5'-GACAAGCACGGTCAACTTCC-3' 

3'nosR2 5'-TCCTAGTTTGCGCGCTATATTTTG-3' 

 

Table 3. Primer sets used for PCR analyses to verify transgene insertion sites. 
 

 
Forward primer Reverse primer 

Insertion 

sites  

for right 

border 

(RB) of 

T-DNA 

Rice genome-specific sequences  

near the integrated RB of T-DNA 
Promoter-specific sequences 

PGD1::OsmiR399f 

PGD1-specific : 

5'-CTGAAAGAGA 

CTTCCATGTG-3' 

#1 
Chr3, 

10190238 

5'-AGTGAACAGG 

CTCCAAAAGAG-3' 

#18 
Chr11, 

12166992 

5'-TTGGCCGATT 

CATTAATGCA-3' 

#46 
Chr2, 

30498449 

5'-GAGAATGGCT 

CACCAAGAA-3' 

#47 
Chr7,  

582458 

5'-AATTGCTTCC 

ATGTAGAGTTG-3' 

#49 
Chr9, 

19744305 

This line is being 

analyzed 

Rab21::OsmiR399c 

Rab21-specific : 

5'-TGACCGTTCG 

ACGTTTCTTCT-3' 

#17 
Chr6, 

18815033 

5'-AGCAAAGCCG 

AACACAGTTG-3' 

#24 
Chr11, 

17490888 

5'-ACACCAAGAG 

ATCAATGGATTC-3' 

#25 
Chr11, 

17171622 

5'-CAACCCTTAC 

CAAGATTGTTTC-3' 

#37 
Chr4, 

28969369 

5'-AGATTGATCC 

ACGTTCTAACACG-3' 

#40 
Chr3, 

8275130 

This line is being 

analyzed 

Insertion 

sites  

for left 

border 

(LB) of 

T-DNA 

Terminator-specific sequences 

Rice genome-specific sequences 

near the integrated RB of T-

DNA 

3' nos-specific : 

5'-GACTCCCGCA 

ATTATACATTTAA-3' 

PGD1::OsmiR399f 

#1 
5'-AACTCCGACC 

ACAACTAGGTT-3' 

#18 
5'-TGCAATAATT 

CTGAAAGCAT-3' 
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#46 
5'-AACGAGCTCA 

GACGAATCGA-3' 

#47 
5'-TCAGGCGTTA 

GGGTTTGCTTT-3' 

#49 
This line is being 

analyzed 

Rab21::OsmiR399c 

#17 
5'-TCTTGATTGT 

CAGGACAAGCTG-3' 

#24 
5'-ACACCAAGAG 

ATCAATGGATTC-3' 

#25 
5'-ACCTAAGAAT 

CCTTACCACC-3' 

#37 
5'-GCATATGACC 

AACTCGCTCA-3' 

#40 
This line is being 

analyzed 

 

Table 4. Primer sets for PCR analyses to test potential DNA rearrangements 
 

 Forward primer Reverse primer 

PGD1:: 

OsmiR399f 

fragment ⓐ 
5'-ATTGCCATAGG- 

CCATACAAAAG-3' 

5'-GGATCCTGTGG- 

ATTGCTGGG-3' 

fragment ⓑ 
5'-GGTCTAGATGG 

TGGATTACCCG-3' 

5'-TGTGTTCTTG 

ATGCAGTTAGTC-3' 

fragment ⓒ 
5'-TGTGGGCATCA 

AAGTTGTGTG-3' 

5'-CTACTTAGCA 

GGTTGTGTTGC-3' 

fragment ⓓ 
5'-ATGGATGAGGC 

TATCAAAGC-3' 

5'-ACCGCGCGCG 

ATAATTTATCC-3 

Rab21:: 

OsmiR399c 

fragment ⓐ 
5'-TACTGGTCGTT 

TGTTTCCC-3' 

5'-GGATCCGATT 

GCATTATGGGA-3' 

fragment ⓑ 
5'-GCTCTAGATTT 

CAGATTCAGCCA-3' 

5'-TGTGTTCTTG 

ATGCAGTTAGTC-3' 

fragment ⓒ 
5'-TGTGGGCATCA 

AAGTTGTGTG-3' 

5'-CTACTTAGCA 

GGTTGTGTTGC-3' 

fragment ⓓ 
5'-ATGGATGAGGC 

TATCAAAGC-3' 

5'-ACCGCGCGCG 

ATAATTTATCC-3' 

 

Table 5. Primer sets used for semi qRT-PCR 
 

Primer name Sequence 

OsmiR399c-FP 5'-GCTCTAGATTTCAGATTCAGCCACA-3' 

OsmiR399c-RP 5'-GGATCCGATTGCATTATGGGA-3' 

OsmiR399f-FP 5'-GGTCTAGATGGTGGATTACCCGGG-3' 

OsmiR399f-RP 5'-GGATCCTGTGGATTGCTGGG-3' 

OsPHO2-FP 5'-TTTTACACAAGCCACCAAAGC-3' 

OsPHO2-RP   5'-TCACGAGCATGTCCAACAA-3' 
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OsActin-FP 5'-TCCATCTTGGCATCTCTCAG-3' 

OsActin-RP  5'-GTACCCTCATCAGGCATCTG-3' 
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RESULTS 

 

1. Selection of homozygotes for transgenes among OsmiR399-

overexpressing T1 rice transformants 

T1 seeds of transgenic rice were collected from the previously obtained 

OsmiR399-overexpressing T0 transgenic plants that contain single copy 

transgene (OsmiR399f or OsmiR399c) at the intergenic DNA regions.  

Quantitative PCR analyses of 3′nos, a part of the transgene inserted in the rice 

transformants, were conducted to select the potential homozygotes for the 

single copy transgene. The data obtained from the quantitative PCR were then 

analyzed using CopyCaller Software v2.0. The sample was considered as a 

single copy transgene-containing homozygote when the copy number (CN) 

value of the sample was close to the one for single copy standard. Based on 

these copy number analyses, 1-4 potential homozygotes for each transgenic 

line were obtained. 
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Figure 1. Transgene copy number analyses to select the potential homozygotic 

transgenic lines of OsmiR399-overexpressing rice plants with single copy 

transgene via TaqMan PCR. Blue bar indicates the DNA sample as a standard 

control (PC) that contains the homozygotic single copy transgene including 3′

nos. Red bar indicates T1 progeny samples that are thought to be homozygotic 

for the single copy transgene. Gray bar indicates the samples that are thought 

to have the uncertain copies of the transgene. Analyses of (A) 

PGD1::OsmiR399f transgenic lines and (B) Rab21::OsmiR399c transgenic 

lines. The alpha-1 tubulin gene was used as an endogenous control. NT: non-

transformants. 

 

 

 

 

 

 



16 

 

Southern blot assay was performed to confirm the integration of the single 

copy transgene using radiolabeled 3′nos DNA probe. As shown in Figure 2A 

and Figure 2B, only one band of over 3kb in size was detected for all of the 

PGD1::OsmiR399f lines (except for #18-3-1 line) and Rab21::OsmiR399c 

lines when the total genomic DNA of the transgenic plants digested with 

HINDⅢ were hybridized with the nos probe, confirming the presence of 

single copy transgene in the transgenic plants. The #18-3-1 line showed two 

hybridized bands due to the unknown reason and the transgene copy number 

analyses has been restarted for this line. The #40-3-1 line of 

Rab21::OsmiR399c did not show any hybridized band and therefore the 

Southern blot assays are being repeated. 
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Figure 2. Southern hybridization analyses of the OsmiR399-overexpressing T2 

transgenic plants. Wild type (WT) plants were used as a negative control. (A) 

Analyses of the PGD1::OsmiR399f transgenic lines. (B) Analyses of the 

Rab21::OsmiR399c transgenic lines. The numbers above the hybridized bands 

indicate transgenic lines. 
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2. Analyses of transgene insertion regions in T1 and T2 transgenic 

rice plants 

To verify intact insertion of the transgene into the rice chromosome without 

DNA rearrangements and sequence changes in T1 and T2 generations of the 

transgenic rice plants, DNA regions flanking the transgene insertion sites were 

PCR-amplified and DNA sequences were analyzed. As shown in Figure 3A 

and 3B, each segmented overlapping DNA fragment of the inserted transgene 

region in PGD1::OsmiR399f and Rab21::OsmiR399c transgenic plants 

showed the expected size, indicating that transgenes were integrated into rice 

chromosomes without DNA rearrangements. Sequencing analyses of the 

amplified DNA fragments verified that there were no DNA sequence changes 

during the transgene integration. In addition, further PCR analyses of the left 

and right T-DNA border regions of the inserted transgenes confirmed that all 

of the T1 and T2 transgenic lines analyzed in this study, except for the line #49 

of PGD1::OsmiR399f and the line #40 of Rab21::OsmiR399c, were verified to 

contain the transgenes at the same intergenic locations identified by the 

previous studies using T0 transgenic plants (MS thesis by Min Kyoung Lee). 

The transgene insertion sites for the lines of PGD1::OsmiR399f #49 and 

Rab21::OsmiR399c #40 are being analyzed. 
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Figure 3. PCR and sequencing analyses of OsmiR399-overexpressing T1 and 

T2 transgenic plants. Analyses were conducted for inside DNA regions of the 

left and right borders of the inserted T-DNA in (A) PGD1::OsmiR399f and (B) 

Rab21::OsmiR399c transgenic lines. In addition, analyses were conducted for 

the left and right borders of the inserted T-DNA in (C) PGD1::OsmiR399f and 

(D) Rab21::OsmiR399c transgenic lines. 
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3. Analyses of OsmiR399 transcript levels in OsmiR399-overexpressing T2 

transgenic rice 

To compare the expression levels of OsmiR399 between wild type (WT) and 

OsmiR399-overexpressing T2 transgenic plants, semi-quantitative PCR was 

conducted using total RNA extracted from the 2 week-old plants and 

OsmiR399s-specific primers. As shown in Figure 2, OsmiR399 transcript 

levels in OsmiR399-overexpressing transgenic plants were higher than wild 

type. These results indicate that OsmiR399 gene was highly expressed by the 

action of either PGD1 or Rab21 promoter in the OsmiR399 transgenic plants. 
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Figure 4. Semi-quantitative RT-PCR analyses to compare the levels of 

OsmiR399 transcript between WT and (A) OsmiR399f or (B) OsmiR399c T2 

transgenic plants. OsActin was used as a control to verify the equal amounts of 

RNA loading in each lane. 
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4. Analyses of OsPHO2 transcript levels in OsmiR399-overexpressing T2 

transgenic rice 

To test the suppression of OsPHO2 expression by OsmiR399 in OsmiR399-

overexpressing transgenic rice, the levels of OsPHO2 transcripts were 

measured in 2 week-old WT and OsmiR399-overexpressing T2 transgenic 

plants based on semi-quantitative PCR analyses. As shown in Figure 5, 

OsPHO2 transcript levels in OsmiR399-overexpressing transgenic plants were 

lower than wild type, indicating that OsPHO2 was down-regulated by 

OsmiR399.  
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Figure 5. Semi-quantitative RT-PCR analyses to compare the levels of 

OsPHO2 transcripts between WT and (A) OsmiR399f or (B) OsmiR399c T2 

transgenic plants. OsActin was used as a control to verify the equal amounts of 

RNA loading in each lane. 
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5. Drought tolerance of OsmiR399-overexpressing transgenic rice 

To test whether the overexpression of OsmiR399 confers drought tolerance to 

rice plants, OsmiR399-overexpressing T2 transgenic and WT plants grown 

until two different developmental stages were subjected to drought stress. As 

shown in Figure 6A and 6B, the drought stress was first imposed to 4-weeks 

old plants by withholding water for 9 days until complete leaf-rolling occurred. 

Following drought stress, plants were re-watered for 8 days, and WT plants 

showed severe wilting and drying. However, all of the OsmiR399f and 

OsmiR399c transgenic lines tested in this study showed strong tolerance 

against drought stress. In addition, OsmiR399f and OsmiR399c transgenic 

plants grown until the heading stage showed healthy growth without wilting 

and normal grain development when imposed to 5 days of drought stress 

(Figure 6C and 6D). However, WT plants showed severe drying and reduced 

grain filling upon the drought stress. All of these results indicate that 

OsmiR399-overexpressing transgenic rice is more tolerant to drought stress 

compare with WT. 
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Figure 6. The appearance of WT and OsmiR399-overexpressing transgenic 

plants at two different developmental stages under -/+ drought stress 

conditions. Plants grown for 4 weeks were subjected to 9 days of drought 

stress followed by 8 days of re-watering in greenhouse. (A) Photos were taken 

for (A) PGD1::OsmiR399f and (B) Rab21::OsmiR399c T2 transgenic lines 

grown for 4 weeks and subjected to 9 days of drought stress followed by 8 

days of re-watering in greenhouse. Photos were also taken (C) 

PGD1::OsmiR399f and (D) Rab21::OsmiR399c T2 transgenic lines of heading 

stage that were subjected to 5 days of drought stress followed by 10 days of 

re-watering in greenhouse. 
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6. Measurement of photosynthetic efficiency of OsmiR399 

overexpressing transgenic rice under drought conditions 

To evaluate the photosynthetic efficiency of OsmiR399-overexpressing 

transgenic rice upon drought stress, the leaves of 2 week-old, T2 transgenic 

and WT rice plants were subjected to 1 hr air-drying and their chlorophyll 

fluorescence efficiencies were measured based on Fv/Fm values (Fv: variable 

fluorescence, Fm: maximum fluorescence). Fv/Fm value represents the 

photosynthetic efficiency of photosystem II, which is equivalent to the 

maximum potential of photosynthesis that plants can perform. The average 

Fv/Fm values of the non-stressed transgenic and WT plants both were similar 

(approximately 0.7 to 0.8). However, OsmiR399f and OsmiR399c transgenic 

lines showed lower drops in Fv/Fm values compared with WT upon the 

drought stress. In other words, OsmiR399f and OsmiR399c transgenic plants 

showed 17-40% and 38-100% higher values than WT, respectively, after the 

stress treatments (Figure 7). These results indicate again that OsmiR399-

overexpressing transgenic plants are more tolerant to drought stress compare 

to WT. 
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Figure 7. Measurement of chlorophyll fluorescence of OsmiR399-

overexpressing T2 transgenic and WT plants under -/+ drought stress 

conditions. The Fv/Fm values were measured using a Fluorpen FP-100 

chlorophyll fluorometer. Data indicate the mean ± SE of triplicate 

experiments (n = 10). * and ** represent significant differences at P < 0.05 

and P < 0.01, respectively. 
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DISCUSSION 

 

The results obtained in this study clearly showed that OsmiR399s are involved 

in drought stress responses in rice by suppressing their targeting PHO2 

transcripts. In fact, three genes were predicted to be targeted by miR399 in 

Arabidopsis through the computational analyses: i.e., Dead box helicase, 

PHO2 (UBC24) and Pi transporter (PHT 1;7) genes (Kuo and Chiou 2011). 

However, only the 5′UTR region of PHO2 was validated as the target site of 

miR399 by 5′RACE assays in Arabidopsis (Allen et al. 2005), which is 

consistent with the results in this study showing the reduced level of PHO2 

transcripts in OsmiR399-overexpressing transgenic rice plants (Figure 5). 

In the previous studies in our laboratory, the Arabidopsis miR399 has been 

demonstrated to be induced by ABA-induced AP2/ERF transcription factor 

AIA under drought conditions and enhance drought tolerance by down-

regulating PHO2 (MS thesis by Jae Young Jang). There exist eleven 

OsmiR399s in rice, and they are highly homologous to Arabidopsis miR399s. 

The levels of the eleven OsmiR399 precursor transcripts were previously 

measured in rice in the absence or presence of ABA treatments by semi qRT-

PCR. Based on these expression analyses, T0 transgenic rice plants that 

overexpress OsmiR399, such as PGD1::OsmiR399f and Rab21::OsmiR399c 

lines, were produced by using either the constitutive PGD1 or the stress-

inducible Rab21 promoter (MS thesis by Min Kyung Lee). In this study, the 

subsequent T1 and T2 generations of the OsmiR399-overexpressing transgenic 

rice were obtained, and the transgenic plants homozygotic for the single copy 

transgene were selected by TaqMan PCR and Southern hybridization analyses 
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(Figures 1 and 2). Based on the previous FST analyses (MS thesis by Min 

Kyoung Lee), PCR analyses was performed to verify T-DNA insertion site on 

rice chromosome and to test potential DNA rearrangements during the 

transgene integration into rice genome. As a result, all of the T1 and T2 

homozygotic transgenic lines were found to have their transgenes inserted into 

rice chromosome without DNA rearrangements (Figure 3). In addition, all of 

the homozygotic lines obtained in this study, except for the line 

PGD1::OsmiR399f #49, Rab21::OsmiR399c #40, were verified to contain 

their transgenes at the same intergenic locations identified by the previous 

studies (MS thesis by Min Kyoung Lee). The transgenes insertion sites for the 

line PGD1::OsmiR399f #49 and the line Rab21::OsmiR399c #40 have been 

being analyzed. In addition, it was also confirmed that the levels of the 

OsmiR399 transcripts were increased with the decreases in the accumulation 

of OsPHO2 transcripts in the transgenic plants compared with WT (Figure 5). 

Furthermore, OsmiR399-overexpressing transgenic plants were demonstrated 

to have higher survival capabilities compared with WT under drought 

conditions (Figure 6). The drought stress tolerance of OsmiR399 transgenic 

rice was further demonstrated by measuring the photosynthetic capabilities 

under drought conditions. The photosynthetic efficiencies in the transgenic 

plants were significantly higher (17-100%) than WT upon the exposure to 

drought stress for 1 hr (Figure 7). These results suggested the working model 

that the overexpression of osmiR399 confers the drought tolerance to rice by 

down-regulating OsPHO2 (Figure 8). Further investigation will be required to 

characterize the target rice proteins of PHO2, which is known as an 

ubiquitination enzyme (Liu et al., 2012), in the context with drought stress 

response of plants. Taken all together, the OsmiR399-overexpressing 
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transgenic lines selected and tested in this study are thought to be useful for 

the development of drought-tolerant rice crops via field and safety studies. 

The miR399 has been well known to be induced by phosphate starvation 

and involved in controlling phosphate homeostasis by down-regulating the 

expression of PHO2 in Arabidopsis (Aung et al. 2006, Bari et al. 2006). 

Consistently, it was also demonstrated that LEAVE TIP NECROSIS 1 (LTN1), 

a putative rice ortholog of Arabidopsis PHO2, is the crucial Pi starvation 

signaling component that down-regulates OsmiR399 in rice (Hu et al. 2011). 

The phosphate transporter PHOSPATE 1 (PHO1) was revealed as the 

downstream target of PHO2, and it is primarily expressed in the root vascular 

tissues involved in the transfer of phosphate into the xylem (Liu et al. 2012).     

However, PHO1 is also expressed in guard cells mediating the stomatal 

closure in response to ABA (Outlaw, Tarczynski and Miller 1984, Zimmerli et 

al. 2012). These results imply the possible regulatory crosstalk between 

phosphate starvation and ABA-mediated drought response in plants, and the 

elucidation of these crosstalk pathways between the two different signals will 

be an intriguing study in the future. 
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Figure 8. Working hypothesis of ABA-mediated signaling pathway involving 

AIA, miR399 and PHO2 (UBC24). PHO2 is involved in degradation of their 

target proteins responsible for ABA-induced responses via the protein 

ubiquitination. When miR399 is highly expressed under drought stress, the 

PHO2 was down-regulated, thus executing ABA-induced responses such as 

seed germination inhibition, stomatal closure, and drought tolerance. 
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SUMMARY IN KOREAN 

 

OsmiR399 과발현 형질전환벼 T1-T2 계통의 분자생리학적 연구 

 

한발 스트레스는 식물의 생장과 발달에 영향을 주어 작물의 수량성을 감소시키는 

환경 인자이다. 한발에 대응하기 위해서 식물체내 생성되는 식물생장조절물질 앱

시스산에 의해 발현이 유도되는 애기장대 miR399는 UBIQUITIN-CONJUGATING E2 

ENZYME 24 (UBC24)를 인코딩하는 PHO2를 억제함으로써 식물의 한발 내성에 관

여함을 본 연구실에서 밝힌 바 있다. 이를 바탕으로, 선행연구에서는 한발과 같은 

불량 생육환경조건에서도 수량 증진이 가능한 형질전환 벼를 창출할 목적으로 벼 

유전자 OsmiR399f와 OsmiR399c가 항시 발현 PGD1 프로모터 혹은 스트레스 유도 

발현 Rab21 프로모터에 의해 과발현된 형질전환 벼를 제작했고, transgene이 1 

copy 삽입된 이형접합성 (heterozygotic) T0 형질전환체를 선발했다. 본 연구에서는 

앞서 선발한 형질전환체의 세대진전을 통해 T1 세대를 확보하였고, 1 copy 도입 유

전자의 동형접합체 (homozygote)를 선발하기 위해 TaqMan PCR을 이용한 

transgene copy number 분석을 수행하였다. 그 결과 선발된 OsmiR399f와 

OsmiR399c 동형접합 형질전환체에서 각 다섯 계통이 T2 세대로 진전되었다. 획득

된 T2 세대에서 1 copy transgene이 삽입되었는지 재확인하고자 Southern blot 실험

을 수행하였고, 그 결과 각 다섯 계통들 중 한 계통씩을 제외하고는 모두 1 copy 

transgene이 삽입된 것을 확인하였다. 이후, 삽입된 transgene의 유전체 삽입 위치

를 알아보기 위한 flanking sequence tag 분석을 하여 intergenic 부위에 transgene

이 삽입된 형질전환체를 다수 선발하였고, 위에서 언급한 OsmiR399f나 OsmiR399c

가 과발현된 각 다섯 계통 모두 intergenic 부위에 transgene이 삽입된 것으로 판명

되었다. 더불어 이들 계통들은 모두 도입 유전자의 재배열이나 염기 서열의 변화



45 

 

가 없는 것을 확인하였다. 이상에서 확보한 OsmiR399 과발현 계통들을 대상으로 

OsmiR399와 OsPHO2의 발현 수준을 알아보았다. 그 결과, 형질전환 벼는 비형질전

환 벼에 비해 OsmiR399의 발현이 증가한 반면, 그 표적인 OsPHO2 transcripts의 

양은 감소한 것을 확인하였다. 또한 4주 생육기 혹은 출수기의 OsmiR399 과발현 

형질전환 벼는 한발 스트레스에 대한 생존력이 보다 강화 된 것을 알 수 있었다. 

이는 한발 조건에서 OsmiR399 과발현 형질전환 벼가 비형질전환 벼에 비해 광합

성 효율이 더 높은 결과와도 일치했다. 종합컨대, OsmiR399가 OsPHO2의 발현을 

억제함으로써 벼의 한발내성에 관여함을 알 수 있고, 본 연구에서 확보한 

OsmiR399 과발현 계통들은 향후 포장 생산성 실험 및 안전성 실험과 같은 실용화 

연구 재료로 활용이 가능할 것으로 사료된다.  

 

 

주요어 : micro RNA, miR399, 앱시스산 (ABA), 한발스트레스, 형질전환 벼 

학  번 : 2014-21902 
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APPENDICES 

 

 

 

 

 

 

Appendix 1. TaqMan PCR analyses to select additional transgenic lines with 

single copy transgene (T0 heterozygotic lines) from PGD1::OsmiR399f-

overexpressing transgenic rice plants (transformed by Eun Ji Kwon). Blue bar 

indicates the standard control (PC) that contains the homozygotic single copy 

transgene including 3′nos. Red bar indicates samples that are thought to 

contain the single copy transgene. Gray bar indicates the samples that are 

thought to contain more than two or uncertain copies of the transgene. The 

alpha-1 tubulin gene was used as an endogenous control. NT: non-

transformants. 
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