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ABSTRACT. Oryza officinalis has proven to be a natural gene 
reservoir for the improvement of domesticated rice as it carries many 
desirable traits; however, the transfer of elite genes to cultivated rice by 
conventional hybridization has been a challenge for rice breeders. In this 
study, the conserved sequence of plant stress-related NAC transcription 
factors was selected as a probe to screen the O. officinalis genomic 
transformation-competent artificial chromosome library by Southern blot; 
11 positive transformation-competent artificial chromosome clones were 
subsequently detected. By Agrobacterium-mediated transformation, 
an indica rice variety, Huajingxian 74 (HJX74), was transformed with a 
TAC clone harboring a NAC gene-positive genomic fragment from O. 
officinalis. Molecular analysis revealed that the O. officinalis genomic 
fragment was integrated into the genome of HJX74. The transgenic 
lines exhibited high tolerance to drought stress. Our results demonstrate 
that the introduction of stress-related transformation-competent artificial 
chromosome clones, coupled with a transgenic validation approach, is an 
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effective method of transferring agronomically important genes from O. 
officinalis to cultivated rice.

Key words: Agrobacterium tumefaciens; Drought stress; Oryza officinalis; 
Gene transformation; Wild rice

INTRODUCTION

Rice (Oryza sativa L.) accounts for the majority of food consumed by the world’s human 
population. To meet the requirements of an increasing global human population and climate 
change, many high yield, high quality, and stress-tolerant rice varieties have been developed by 
different breeding strategies, by transferring the desirable traits of wild rice into cultivated rice. The 
genus Oryza contains 20 wild rice species, which are classified into 10 distinct genome types (AA, 
BB, CC, EE, FF, GG, BBCC, CCDD, HHJJ, and HHKK). Wild rice has many valuable features, 
including tolerance to different biotic and abiotic stressors; therefore, wild rice is considered a good 
genetic resource for rice improvement (Zhong et al., 1995; Wei et al., 2010; Liu et al., 2011; Tong 
et al., 2011). O. officinalis (2n = 24, CC) was originally distributed throughout South China, and is a 
perennial species with resistance to bacterial blight, rice blast, the brown planthopper (Nilaparvata 
lugens), and leaf rollers, is salt- and cold-tolerant, and has a high protein content, so is an important 
germplasm for rice breeding (Zhong et al., 1995).

Many studies have mined novel resistance genes from O. officinalis (Shin and Katayama, 
1979; Jena and Khush, 1990; Jena et al., 1992; Yan et al., 1996; Huang et al., 2001; Du et al., 
2009). Although progress on using desirable O. officinalis genes has been made, the efficiency 
of transferring elite O. officinalis genes into cultivated rice is still low, because of interspecific 
reproductive isolation and the simultaneous integration of undesirable traits by conventional 
hybridization. Interspecific and intergeneric reproduction barriers could be overcome by improving 
transgenic technology. Efficient gene-fragment transfer has been achieved in several studies (Hiei 
et al., 1994; Rashid et al., 1996). The genetic transformation of large chromosomal fragments of wild 
rice into cultivated rice has many advantages, including the avoidance of interspecific reproduction 
barrier bottlenecks, the construction of whole-genome mutant libraries for the discovery of lines 
for rice breeding, and the identification of favorable genes by sub-cloning and sequencing (Cao, 
2005). The first genomic library of O. officinalis was constructed with a plant transformation-
competent binary bacterial artificial chromosome (BIBAC), and the candidate clones of target 
genes isolated from the library were directly used to transform Japonica rice variety H1493 by 
an Agrobacterium-mediated transformation method (He, 2003). Another transformation-competent 
artificial chromosome (TAC) vector (Liu et al., 2002) was used to construct an O. officinalis genomic 
library (unpublished data), and we have transferred several clones of this TAC library into indica 
and japonica rice varieties (Wang et al., 2010; Liu et al., 2014). Both studies confirmed the feasibility 
of transferring agronomically important genes from wild rice species to cultivated rice by large-
fragment transformation.

Plants are subjected to various biotic and abiotic stresses during the process of growth 
and development, and drought is one of the main environmental stressors that affect agricultural 
productivity (Khattab et al., 2014). Plants have evolved different self-defense mechanisms against 
different environmental stressors. Transcription factors play important roles in the regulation of 
stress response-related gene expression. Five plant-specific transcription factor families (MYB, 
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BZIP, WRKY, AP2/ERF, and NAC) related to biotic and abiotic stressors have been extensively 
studied (Lata et al., 2011). NAC transcription factors are plant-specific proteins that play an 
important role in plant development and abiotic and/or biotic stress responses (Olsen et al., 2005). 
An NAC transcription factor has been identified for dehydration stress (gene RD26) in Arabidopsis 
(Yamaguchi-Shinozaki et al., 1992). In rice, which is a monocot model plant, the expression of 
several members of the NAC family, including SNAC1, OsNAC6/SNAC2, OsNAC5, OsNAC10, and 
ONAC45, is induced by drought, salt, and abscisic acid (ABA) treatment. Functional analysis has 
indicated that these NAC genes play important roles in resistance to drought and salt stress (Hu et 
al., 2006; Jeong et al., 2010). Arabidopsis NAC genes have similar functions as rice NAC genes 
(Lu et al., 2007; Wu et al., 2009). Expression levels of rice OsNAC19 increase after infection with 
the blast pathogen Magnaporthe oryzae and exposure to the plant hormones methyl jasmonate 
and ABA (Lin et al., 2007). Arabidopsis ATAF1 and ATAF2 (NAC transcription factors) are negative 
regulators of defense responses against necrotrophic fungal and bacterial pathogens (Delessert et 
al., 2005; Wang et al., 2009).

In this study, we selected the conserved sequence of stress-related NAC genes as a 
probe to screen the O. officinalis genomic TAC library, and candidate transformation-competent 
artificial chromosome clones were directly transferred into indica rice by Agrobacterium-mediated 
transformation. The responses of transgenic lines to drought stress were tested by polyethylene 
glycol (PEG) treatment at the bud stage. The results indicate that genomic library screening and 
the functional analysis of transgenic validation is an effective method of mining desirable genes 
from O. officinalis.

MATERIAL AND METHODS

TAC library screening

The O. officinalis TAC library was kindly donated by Y. Liu of the South China Agricultural 
University, and consists of 20,631 clones with an average insert size of 30 kb (range 15-50 kb) 
and is stored in 54 culture-plates with 384-hole each plate. Two successive Southern blots were 
conducted to screen the TAC library. For the first hybridization screening, 14 pieces of high-density 
hybridization membrane were prepared by gridding each clone on a Hybond-N+ nylon membrane 
(Amersham) in a 3 x 3 array. To avoid false positives, each clone was gridded in double spots, 
which had DNA corresponding to four 384-well library plates (Liu et al., 2014).

Hybridization membrane preparation

The hybridization membranes with gridded clones were transferred onto lysogeny broth 
plates with 1.5% agar, 25 μg/μL kanamycin, and 0.5 mM isopropyl β-D-1-thiogalactopyranoside, 
and incubated at 37°C for 17-18 h. The colony membranes were placed on 3M™ filter paper that was 
soaked with a buffer containing 5% sodium dodecyl sulfate (SDS) and 0.2X saline sodium citrate 
(SSC), and then both the hybridization membranes and the filter paper were completely dried in a 
microwave oven for 3 min. The hybridization membranes were rinsed with a washing solution (0.5% 
SDS and 0.2X SSC) and dried again. Finally, the hybridization membranes were wrapped in plastic 
film and stored at 4°C. For the second hybridization screening, three hybridization membranes 
were prepared with the same procedure as described above, except that each of the first-detected 
clones was gridded in quadratic spots.
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Hybridization probe preparation

The conserved sequence of the NAC transcription family was amplified by polymerase 
chain reaction (PCR) and used as a probe to screen the TAC library for the isolation and 
identification of positive clones. The NAC gene primers 5'-ACCTGGTTTCCGCTTTCAC-3' and 
5'-TGGTGCCGTTTTCGTTG-3' were used to amplify the cDNA of a Japonica cultivar, Nipponbare. 
The PCR amplification procedure was as follows: pre-denaturation at 94°C for 5 min, then 94°C for 
30 s, 58°C for 30 s, 72°C for 30 s for 35 cycles, and a final extension at 72°C for 10 min. For the 
first hybridization screening, the probe was labeled with [α-P32] dCTP, according to the Random 
Primer DNA Labeling Kit protocol (TaKaRa, Dalian, China).

Hybridization (Southern blot) and selection of positive clones

The colony membranes with transformation-competent artificial chromosome clones were 
pre-hybridized with the hybridization solution and then hybridized overnight with the α-P32-labeled 
probe. The membranes were washed with the washing solution and then wrapped in plastic film. 
The radioactive signal was detected with a phosphor screen and analyzed using the analytical 
software Quantity One® (Bio-Rad). Clones that exhibited signals on the symmetrical spots were 
considered candidate positive clones. For the second hybridization screening, the probe was 
labeled with digoxigenin, and Southern blot was conducted according to the DIG High Prime DNA 
Labeling and Detection Starter Kit I protocol (Roche).

Each positive clone was further identified by PCR using NAC primers. Amplifications were 
conducted using the following program: initial denaturation at 94°C for 5 min, followed by 35 cycles 
of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s, 
followed by a final extension for 10 min at 72°C.

Genetic transformation and molecular identification of transgenic plants

A transformation-competent artificial chromosome clone (49N-A10) was selected from 
the library and introduced into Agrobacterium tumefaciens EHA105 by electroporation. The 
Agrobacterium cells harboring the TAC plasmid were used to transform scutellar calli derived from 
mature embryos of an indica rice variety, Huajingxian 74 (HJX74), according to Wang et al. (2010) 
with a minor modification. Potential transformed rice calli were transferred onto a regeneration 
Murashige and Skoog medium supplemented with 50 mg/L hygromycin. The putative transgenic 
plants were identified by PCR. The DNA was extracted according to the sodium dodecyl sulfate simple 
extraction method (Yang et al 2012). A pair of primers was designed according to the HPT element 
sequence of a TAC vector, and consisted of Hpt-forward 5'-TCCGGAGCCTCCGCTCGAAGTAG-3' 
and Hpt-reverse 5'-CTGAACTCACCGCGACGTCGTC-3'. The PCR amplification procedure 
contained 35 cycles, including denaturation at 94°C for 30 s, annealing at 56°C for 90 s, and 
extension at 72°C for 90 s.

Evaluation of agronomic and drought-tolerant traits of transgenic plants

Eleven agronomic traits were investigated: plant height, flag leaf length, flag leaf width, spike 
neck length, spike neck thickness, seed-setting rate, grain length, grain width, and 1000-seed weight.
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To evaluate the drought tolerance of the transgenic plants, rice seeds were surface-
sterilized in 5% sodium hypochloride for 20 min and washed in distilled water, and then germinated 
in 0, 10, 15, or 20% PEG-6000 solutions. The observation and evaluation of drought tolerance 
was conducted with two repetitions. Seed germination rate was investigated at the 2nd, 4th, 6th, 
and 8th day after treatment. Bud, root, and coleoptile lengths were measured at the 8th day after 
treatment, and the radicle length to plumule length ratio was calculated. The germination index, 
germination stress index, relative bud length, relative coleoptile length, relative root length, the 
relative radicle length and plumule length ratio at different concentrations were also calculated. 
The drought response index is the ratio of the value measured under stress to that of the control.

RESULTS

Isolation and identification of candidate transformation-competent artificial 
chromosome clones

In order to identify desirable genes from the O. officinalis TAC library, we selected the 
conserved sequence of the NAC transcription family as a probe by PCR amplification. A pair 
of primers was designed, rice cDNA was used as a template, and the targeted fragment was 
amplified that had exactly the same sequence as predicted. For the primary library screening, the 
PCR product was labeled with α-P32 and used as a probe in the Southern blot, which produced 
679 positive clones from the TAC library (Figure 1a). Southern blotting was conducted for false 
positives and was followed by hybridization screening with a probe labeled with digoxigenin, 
and the screened clones were gridded in quadratic spots; 24 positive clones were subsequently 
detected (Figure 1b). In order to transform indica rice with targeted transformation-competent 
artificial chromosome clones, PCR with NAC-specific primers was conducted, and 11 out of 24 
positive clones exhibited a distinct band (Figure 1c). Therefore, these 11 positive transformation-
competent artificial chromosome clones could be used for genetic transformation in indica rice.

Figure 1. Hybridization screening of TAC library of O. officinalis. a. The scanning images of the primary hybridization 
screening. The arrow indicated hybridization spot. b. The scanning images of the secondary hybridization screening. 
The arrow indicated hybridization spot. c. Confirmation of candidate positive clones by PCR with NAC-specific primers.



13672R. Liu et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (4): 13667-13678 (2015)

Genetic transformation and molecular identification of transgenic plants 

A transformation-competent artificial chromosome clone (49N-A10) that carried a 10-
kb genomic sequence checked by Hind Ш digestion (data not shown) was selected for genetic 
transformation. By electroporation, the plasmid of 49N-A10 was introduced into A. tumefaciens 
EHA105, which was used to transform scutellar calli derived from mature embryos of the indica 
rice variety HJX74. Consequently, 17 independent transgenic lines were regenerated (Figure 2a-
f). A PCR with primers specific to the HPT gene was conducted, which confirmed that the total 
transgenic lines had integrated the exogenous O. officinalis genomic segment (Figure 2g).

Figure 2. The process of the genetic transformation of HJX74. a. and b. The scutellarcalli derived from mature embryos 
of indica rice variety HJX74. c. The scutellarcalli transformed by Agrobacterium tumefaciens. d. The scutellarcalli were 
regenerated. e. The transgenic lines. f. Drought tolerant transgenic rice was planted in field. g. 17 different transgenic 
lines (T0) were identified by PCR.

Evaluation of agronomic and drought-tolerant traits of transgenic plants

Four of the 17 independent putative transgenic plants (T0) were sterile. Three hundred 
and sixty-three transgenic plants (T1) were derived from the 13 fertile transgenic plants and planted 
in the field. PCR amplification with HPT gene-specific primers generated distinct bands from the 
genomic DNA of 184 transgenic plants, further confirming that the O. officinalis genomic fragment 
had integrated into the HJX74 genome. These 184 transformed plants exhibited differences to the 
recipient variety, particularly in plant height and seed-setting rate. However, no statistical difference 
between the varieties was detected in the other agronomic traits (Table 1). 
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The drought resistance of the 10 transgenic plants was tested. The seed germination 
rate and seed germination index of the transgenic and wild-type plants tended to decrease with 
increasing concentrations of PEG-6000 (Table 2 and Figure 3). All of the transgenic plants tested 
exhibited a higher seed germination index value than HJX74 at 10% osmotic stress. However, 
only five transgenic plants exhibited a higher seed germination index value than HJX74 at 
15% osmotic stress, and the seed germination index values of all of the materials tested were 
lower than that of the recipient parent at 20% osmotic stress (Table 2 and Figure 3). We further 
investigated the drought stress index for bud length, coleoptile length, root length, and root-to-
shoot ratio at three concentrations of osmotic stress eight days after germination (Table 3 and 
Figure 4). Four transgenic lines, N16-132, N14-3, N2-49, and N2-7, had higher drought stress 
index values for bud length, coleoptile length, root length, and root-to-shoot ratio than HJX74 at 
three concentrations. The coleoptile length of all of the materials tested was lower than that of 
the recipient parent at three concentrations of drought stress. Five lines, N16-132, N2-34, N2-
43, N2-49, and N16-153, had higher root drought stress index values than HJX74. Two lines, 
N16-132 and N2-43, had higher drought stress index values for root-to-shoot ratio than HJX74. 
These results demonstrate that the line N16-132 exhibited greater drought tolerance than the 
recipient parent.

Name	 Plant height	 Flag leaf	 Flag leaf	 Spike neck	 Spike neck	 Seed setting 	 Grain length	 Grain width	 1000- seed
	 (cm)	 length (cm)	 width (cm)	 length (cm)	 thickness (mm)	 rate (%)	 (mm)	 (mm)	 weight (g)

HJX74	 102.1 	 33.7 	 2.02 	 0.97 	 2.69 	 95 	 8.39 	 2.70 	 21.79 
T1	     96.2**	 32.1 	 1.87 	 1.96 	 2.39 	    85**	 8.41 	 2.66 	 19.45

**Significantly different at 0.01 probability level.

Table 1. Comparison of agronomic characters of the transgenic plants and the recipient parent HJX74.

Name		  0 (CK)				    10%				    15%				    20%			  Seed germination 
																		                 index

	 2d1	 4d	 6d	 8d	 2d	 4d	 6d	 8d	 2d	 4d	 6d	 8d	 2d	 4d	 6d	 8d	 10%	 15%	 20%

HJX74	 96.7	 100.0	 100.0	 100.0	 10.6	 77.2	 96.7	 98.3	 26.7	 81.7	 98.3	 98.3	 26.7	 83.3	 98.3	 98.3	 40.3	 48.5	 48.9
N16-132	 96.7	 100.0	 100.0	 100.0	 76.7	 100.0	 100.0	 100.0	 20.0	 93.3	 93.3	 98.3	 15.0	 61.7	 81.7	 88.3	 68.0	 49.1	 37.3
N2-49	 69.0	 100.0	 100.0	 100.0	 33.3	 80.0	 96.7	 96.7	 6.7	 85.0	 96.7	 96.7	 20.0	 61.7	 86.7	 88.3	 49.8	 42.9	 39.5
N2-7	 96.7	 100.0	 100.0	 100.0	 78.3	 98.3	 98.3	 98.3	 40.0	 90.0	 95.0	 95.0	 21.7	 78.3	 91.7	 91.7	 67.8	 53.7	 44.8
N2-34	 93.3	 100.0	 100.0	 100.0	 66.7	 98.3	 100.0	 100.0	 18.3	 76.7	 96.7	 100.0	 18.3	 50.0	 86.7	 95.0	 64.6	 44.8	 36.9
N2-43	 93.3	 100.0	 100.0	 100.0	 21.7	 95.0	 96.7	 90.0	 10.0	 73.3	 90.0	 90.0	 16.7	 50.0	 65.0	 75.0	 49.8	 39.8	 31.6
N14-12	 93.3	 100.0	 100.0	 100.0	 45.0	 95.0	 96.7	 96.7	 65.0	 86.7	 95.0	 95.0	 18.3	 46.7	 80.0	 86.7	 56.6	 60.4	 34.5
N14-46	 96.7	 100.0	 100.0	 100.0	 48.3	 100.0	 100.0	 100.0	 36.7	 96.7	 98.3	 98.3	 18.3	 50.0	 80.0	 86.7	 59.5	 54.9	 35.3
N14-34	 86.7	 86.7	 93.3	 93.3	 65.0	 96.7	 96.7	 96.7	 16.7	 61.7	 86.7	 91.7	 18.3	 51.7	 86.7	 91.7	 63.0	 38.8	 37.0
N14-3	 100.0	 100.0	 100.0	 100.0	 66.7	 96.7	 95.0	 95.0	 31.7	 80.0	 95.0	 95.0	 26.7	 70.0	 86.7	 90.0	 63.1	 48.9	 43.5
N16-153	 96.7	 96.7	 96.7	 96.7	 46.7	 96.7	 98.3	 98.3	 23.3	 93.3	 100.0	 100.0	 20.0	 56.7	 76.7	 85.0	 57.9	 50.5	 36.6 

1Denotes day.

Table 2. Seed germination rate of the transformed materials of T2 under three different concentrations of PEG stress.

DISCUSSION

The utilization of desirable genes from O. officinalis consists of breeding an aneuploidy 
monosomic alien addition line (MAAL), constructing an introgression line, and obtaining individual 
elite traits (genes). Shin and Katayama (1979) first reported an entire set of aneuploidy MAAL 
plants, and each of the MAALs had a single chromosome from the C genome by conventional 
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Figure 3. DRI (drought response index) of germination rate during different time periods under different concentrations 
of osmotic stress solution (10, 15 and 20% Polyethylene glycol).

Name		  DRI1 of bud length			    DRI of coleoptile length			        DRI of root length			  DRI of root to shoot ratio

	 10%	 15%	 20%	 Average	 10%	 15%	 20%	 Average	 10%	 15%	 20%	 Average	 10%	 15%	 20%	 Average

HJX74 	 52.22	 56.16	 45.32	 51.23	 156.43	 150.5	 102.97	 136.63	 144.0	 49.65	 111.97	 101.88	 275.8	 88.41	 247.07	 203.76
N14-46	 58.02	 55.61	 35.03	 49.55	 96.93	 85.89	 49.69	 77.5	 64.47	 116.24	 140.61	 107.11	 111.11	 209.02	 401.43	 240.52
N16-132	 71.33	 59.5	 45.52	 58.78	 81.25	 91.67	 69.44	 80.79	 199.3	 212.16	 111.49	 174.32	 279.45	 356.59	 244.92	 293.65
N14-3	 111.48	 68.58	 45.32	 75.13	 77.24	 108.13	 100.0	 95.12	 110.4	 87.7	 89.97	 96.01	 98.99	 127.88	 198.53	 141.8
N2-34	 61.26	 50.12	 27.12	 46.17	 77.68	 126.79	 84.82	 96.43	 151.2	 108.45	 129.58	 129.73	 246.78	 216.38	 477.82	 313.66
N2-49	 101.66	 87.97	 57.26	 82.3	 92.81	 73.2	 59.48	 75.16	 148.3	 212.59	 165.73	 175.52	 145.83	 241.67	 289.43	 225.64
N2-43	 117.16	 75.25	 40.26	 77.56	 51.56	 70.31	 51.04	 57.64	 432.5	 186.88	 166.25	 261.88	 369.15	 248.35	 412.9	 343.47
N14-34	 107.43	 70.29	 32.29	 70.0	 119.46	 105.31	 61.74	 95.5	 138.7	 82.38	 80.08	 100.39	 129.11	 117.2	 248.02	 164.78
N2-7	 78.74	 75.0	 52.3	 68.68	 113.14	 113.14	 77.37	 101.22	 133.5	 169.94	 236.42	 179.96	 169.59	 226.59	 452.05	 282.74
N16-153	 101.72	 61.6	 38.68	 67.33	 65.06	 77.11	 71.08	 71.08	 256.9	 132.68	 143.14	 177.56	 252.52	 215.37	 370.04	 279.31
N14-12	 103.85	 107.31	 25.38	 78.85	 106.57	 94.89	 65.69	 89.05	 285.0	 235.34	 66.17	 195.49	 274.41	 219.31	 260.65	 251.46

1DRI is “drought response index”.

Table 3. Drought response index for bud length, coleoptile length, root length, ratio of root length to bud length 
under different concentration osmotic stress solution.

Figure 4. DRI (drought response index) of bud length, coleoptile length, root length and root to shoot ratio under 
different concentrations of Polyethylene glycol (osmotic stress solution).
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hybridization. However, they were unable to detect the additional single chromosome that the O. 
officinalis MAAL plant carries, because of the unavailability of trisomics in cultivated rice. Twelve 
MAAL plants were obtained by the conventional method from three cultivated rice varieties that 
carried the additional chromosomes of O. officinalis, and 11 single gene-controlled traits were 
transferred into cultivated rice. This indicated that genes that confer resistance to the brown 
planthopper and white-backed planthopper (Sogatella furcifera) are located on chromosome 6 
of O. sativa (Jena and Khush, 1990). Tan et al. (2005) also produced rice MAALs containing an 
individual chromosome of O. officinalis, and studied syntonic associations between the A genomes 
and C genomes using restriction fragment length polymorphism markers. Jena et al. (1992) derived 
52 introgression lines from the hybrids (BC2F8) of two cultivated rice and five O. officinalis lines. The 
integrated fragments of the 4th, 10th, and 12th chromosomes of O. officinalis are associated with 
resistance to the brown planthopper. The O. officinalis brown planthopper resistance gene(s) has 
also been transferred into two rice varieties by artificial hybridization (Yan et al., 1996). Qbp1 and 
Qbp2, which confer resistance to the brown planthopper, were introduced into rice chromosomes 
by crossing cultivated rice with O. officinalis (Huang et al., 2001). Bph14 was the first map-cloned 
gene from O. officinalis, and encodes the CC-NB-LRR protein (Du et al., 2009).

In this study, we investigated the large-insert genomic library of the non-AA genome wild 
rice species O. officinalis, in order to discover desirable genes and produce transgenic plants with 
high-quality traits by transgenic validation. Large-insert genomic libraries are usually used in the 
generation of chromosome contigs in physical mapping, and the isolation of genes by map-based 
cloning (Ariyadasa and Stein, 2012). To achieve the goal of this study, an O. officinalis genomic 
TAC library was screened to identify clones that contained stress-related NAC transcription factor 
genes. Agrobacterium-mediated transformation was used to generate transgenic indica plants, 
and evaluation of the transgenic lines was conducted by subjecting them to drought stress; the 
results confirmed that the transgenic plants exhibited an appreciable level of tolerance against 
drought stress. Our results demonstrate that this approach is an effective and alternative way of 
exploiting the desirable genes of O. officinalis. These results are consistent with those of Liu et 
al. (2014), who also found Agrobacterium-mediated transformation a useful technique to transfer 
genes from wild to cultivated rice genotypes. In rice, the NAC transcription factor family consists of 
75, 140, or 151 members, depending on the bioinformatics method employed (Ooka et al., 2003; 
Nuruzzaman et al., 2010). The CC genome of O. officinalis is much larger than the AA genome 
of O. sativa (Uozu et al., 1997); therefore, O. officinalis might contain more NAC transcription 
factors than O. sativa. In this study, three different screening methods were successively used 
to detect positive NAC-related transformation-competent artificial chromosome clones. Firstly, 
Southern blot with the isotope P32 produced 679 positive transformation-competent artificial 
chromosome clones, which is more than the number of NAC transcription factors in O. sativa 
(163 in indica rice and 186 in Japonica rice, http://planttfdb.cbi.edu.cn/). Therefore, many positive 
transformation-competent artificial chromosome clones could be false positives when conducting 
Southern blot with P32. The 679 transformation-competent artificial chromosome clones detected 
were rescreened and 24 clones were found. This is fewer than the number of NAC transcription 
factors in rice, possibly because of using the Southern blot method with a DIG-labeled probe. 
Eleven transformation-competent artificial chromosome clones were identified as candidate clones 
by the primers, and screening three times confirmed that the candidate clones were NAC-specific 
factors for transformation.

Regarding wild rice, many studies have constructed large-insert genomic libraries, 
including 12 BAC libraries representing 10 genomes of Oryza species (Wing et al., 2005; Ammiraju 
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et al., 2006), a BIBAC library of O. officinalis (He, 2003), TAC libraries of cultivated rice (Liu et al., 
2002) and O. officinalis (unpublished data), and a BAC library of O. rufipogon (Li et al., 2008). 
These genomic libraries facilitate research into the comparative genetic mapping of Oryza species, 
gene cloning, and genome sequencing. The direct transformation of BAC clones that carry a large 
insert of wild rice DNA to mine valuable genes is not possible, because a BAC vector has not 
been genetically modified for replication in A. tumefaciens. Both BIBAC and TAC vectors are 
capable of replicating in both Escherichia coli and A. tumefaciens, and can be used to transform 
a large insert of DNA directly into the plant genome by transgenic technology (Hamilton, 1997; 
Liu et al., 1999, 2002). He (2003) reported that a BIBAC clone with a 120-kb O. officinalis DNA 
insert was successfully transferred into the Japonica rice genome, but the stress responses of the 
transgenic plants were not tested. In this study, an NAC-specific transformation-competent artificial 
chromosome clone of O. officinalis was transformed into the indica rice genome and the drought-
stress tolerance of the transgenic lines was tested; they exhibited a good tolerance to drought 
stress. Therefore, the direct transformation of a transformable genomic library, coupled with stress-
related clone screening, is an effective method of identifying and using desirable genes in wild rice.
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