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Abstract Agrobacterium tumefaciens transfers DNA

from its Ti plasmid to plant host cells. The genes located

within the transferred DNA of Ti plasmid including the

octopine synthase gene (OCS) are expressed in plant host

cells. The 30-flanking region of OCS gene, known as OCS

terminator, is widely used as a transcriptional terminator of

the transgenes in plant expression vectors. In this study, we

found the reversed OCS terminator (30-OCS-r) could drive

expression of hygromycin phosphotransferase II gene (hpt

II) and beta-glucuronidase gene in Escherichia coli, and

expression of hpt II in A. tumefaciens. Furthermore, reverse

transcription-polymerase chain reaction analysis revealed

that an open reading frame (ORF12) that is located

downstream to the 30-OCS-r was transcribed in A. tum-

efaciens, which overlaps in reverse with the coding region

of the OCS gene in octopine Ti plasmid.
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Introduction

The soil phytopathogen Agrobacterium tumefaciens can

cause crown gall disease in dicotyledonous plants by

infecting wound tissues and transferring a piece of tumor-

inducing (Ti) plasmid [1], the transferred DNA (T-DNA),

to the plant cells where the T-DNA becomes integrated into

the plant nuclear genome [2–4]. The T-DNA carries genes

that are expressed within plant host cells and encode pro-

teins responsible for crown gall tumorigenesis [5–8] and

production of the bacterial nutrients (opines), which define

crown galls and Ti plasmids as octopine, nopaline or

agropine type [9]. Among the T-DNA genes, the octopine

synthase gene (OCS) encodes octopine synthase, which

reductively condenses pyruvate with either arginine, lysine,

histidine, or ornithine to produce octopine, lysopine, his-

topine, or octopinic acid, respectively, all of which can be

detected in crown gall tumors [10, 11].

The 30-flanking region of OCS gene, known as OCS

terminator, has the typical character of eukaryotic genes,

e.g., a hexanucleotide 50-AATAAT-30 occurred 17 bp in

front of the poly(A) addition site [11], and is widely used as

a transcriptional terminator of the transgenes in plant

expression vectors [12–14]. Here, we found that the

reversed OCS terminator (i.e., when placed in reverse with

respect to its native orientation, designated 30-OCS-r) could

drive expression of hygromycin phosphotransferase II gene

(hpt II) and beta-glucuronidase (GUS) gene in Escherichia

coli, and expression of hpt II in A. tumefaciens. We also
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demonstrated that an open reading frame (ORF12), which

is located downstream to the 30-OCS-r and overlaps in

reverse with the OCS gene coding sequence in the octopine

Ti plasmid, was transcribed in octopine A. tumefaciens

A348 and R10 strains.

Materials and methods

Bacterial strains and growth conditions

E. coli DH5a and TOP10, two endA- strains in common use

for cloning, were grown in LB medium (1% tryptone,

0.5% yeast extract, and 1% NaCl). Three strains of

A. tumefaciens, EHA105 harbouring L, L-succinamopine Ti

plasmid pTiBo542DT [15], A348 harbouring octopine Ti

plasmid pTiA6Nc [16], and R10 harbouring octopine

Ti plasmid pTiR10 [17] were grown in YEB medium

(0.5% peptone, 0.1% yeast extract, 0.5% beef extract, 0.5%

sucrose, 0.05% MgSO4�7H2O).

Vector construction

A cassette containing the cauliflower mosaic virus (CaMV)

35S promoter and the OCS terminator from pHANNIBAL

(GenBank accession no. AJ311872) [14] was inserted into

the binary vector pART27 [12] at SacI and SpeI sites,

resulting an intermediate plasmid pYSLXU4. The

pYSLXU4 was digested with EcoRI to remove the pdk

intron from pHANNIBAL, and was self-ligated to form the

pYS1, in which the 30-OCS-r corresponds to the sequence

from 10,930 to 11,636 in Ti plasmid (GenBank accession

no. AF242881). The hpt II coding region excised from

pCAMBIA1300 (Canberra, Australia) was then cloned into

pYS1 at the XhoI site, which resulted in two constructs,

pYSLXU6 in which hpt II is in antisense orientation with

respect to the CaMV 35S promoter, and pYSLXU7 in

which hpt II is in sense orientation with respect to the

CaMV 35S promoter. pYS7 was obtained by replacing

the CaMV 35S promoter of pBI221 (Clontech) with the

30-OCS-r excised from pYS1 with PstI and XbaI. pYS8

was obtained by removing the CaMV 35S promoter from

pBI221. Schematic diagrams of the constructs used in this

study are shown in Fig. 1.

Hygromycin resistance analysis of transformed

E. coli and A. tumefaciens

For E. coli resistance analysis, a single clone of E. coli

DH5a or Top10, each harbouring the indicated plasmid,

was inoculated in liquid LB medium with or without

spectinomycin (Spec, 100 lg ml-1) or hygromycin (Hyg,

50 lg ml-1) and was cultured at 37�C, 200 rpm. The

overnight cultures were adjusted to OD600 = 0.2. One

milliliter of each culture (OD600 = 0.2) was added to

20 ml of liquid LB with Hyg at the indicated concentration

(50–500 lg ml-1) and grown at 37�C, 200 rpm. The

OD600 of all cultures were determined with a spectropho-

tometer after 8 h culture.

For A. tumefaciens resistance analysis, a single clone of

A. tumefaciens A348, R10 or EHA105, each harbouring the

indicated plasmid, was inoculated in liquid YEB medium

with Spec (100 lg ml-1) and with or without Hyg

(20 lg ml-1) and was cultured at 28�C, 200 rpm. The 36 h

cultures of A. tumefaciens A348, R10 and EHA105 were

adjusted to OD600 = 0.2. One milliliter of each culture

(OD600 = 0.2) was added to 20 ml of liquid YEB with

Spec (100 lg ml-1) and Hyg (20 lg ml-1) and grown at

28�C, 200 rpm. The OD600 of all strains were determined

at 5, 7, 9, 11, and 13 h after culture. For plate culture,

suspensions (OD600 = 0.2) were inoculated and grown on

YEB agar with Spec (100 lg ml-1) and with or without

Hyg (20 lg ml-1) at 28�C for 36 h.

GUS activity assay

The method for quantifying GUS activity was modified

from Jefferson et al. [18]. Briefly, 1 mg of bacteria (wet

weight) was suspended in 100 ll of PBS and incubated

with 100 ll MUG reaction solution (2 mM MUG, 100 mM

NaHPO4 (pH 7.0), 2 mM Na2EDTA, 0.2% Sarcosyl, 0.2%

Triton X-100, 10 mM b-mercaptoethanol) at 37�C. Ten

microliters of reaction mixture were taken out every 5 min

for fluorescence determination with excitation at 365 nm,

emission at 455 nm on a DyNA Quant� 200 (Amersham,

Piscataway, NJ, USA).

Fig. 1 Schematic diagrams of constructs used in this study. P35S,

CaMV 35S promoter; hpt II, hygromycin phosphotransferase II gene;

T-OCS, octopine synthase terminator; uidA, beta-glucuronidase

(GUS) gene; T-NOS, nopaline synthase terminator; Spec, spectino-

mycin; Hyg, hygromycin; Amp, ampicillin. The Spec, Hyg and Amp

resistance are from the backbone of the constructs
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Total RNA extraction and reverse transcription-

polymerase chain reaction (RT-PCR)

Total RNA of A. tumefaciens A348 and R10 was extracted

using Trizol reagent (Invitrogen) according to the instruc-

tions of the manufacturer. Primers for RT-PCR were

designed according to the sequence of T-DNA region of

the octopine-type Ti plasmid (GenBank Accession number:

AF241881). Two micrograms of total RNA treated with

DNase I were used to synthesize cDNA by using reverse

transcriptase M-MLV with primer P1 or primer P2 at 42�C

for 1 h, followed by the inactivation of reverse transcrip-

tase at 70�C for 10 min. Then PCR was performed using

the different primer pairs P1/P2, P3/P2, P4/P2, or P5/P2

with the indicated template. The positions and sequences of

the primers are shown in Fig. 4a, b. The PCR program

consisted of 5 min at 94�C, 30 cycles of 30 s at 94�C, 30 s

at 58�C, and 45–100 s (P1/P2: 45 s, P3/P2: 60 s, P4/P2:

75 s, P5/P2: 100 s) at 72�C, and one final extension step of

10 min at 72�C. The RT-PCR products were cloned into

pGEM-T easy vector (Promega) and were analyzed by

sequencing.

Results

Promoter activity of the reversed OCS terminator

(30-OCS-r) in recombinant E. coli

During construction of a plant expression vector pYSLXU7

containing Hyg resistant gene hpt II under control of the

CaMV 35S promoter and OCS terminator (Fig. 1), we

found, unexpectedly, that the E. coli DH5a containing

another vector pYSLXU6 (Fig. 1), in which hpt II was in

antisense orientation with respect to the CaMV 35S pro-

moter, also grew well in LB liquid containing 50 lg ml-1

Hyg (Fig. 2a). The bacteria without plasmid or containing

pYS1 lacking hpt II, however, could not grow in the same

medium (Fig. 2a). This observation was further confirmed

by growing another E. coli strain Top10 harbouring these

constructs (Fig. 2a). These results suggested that the

reversed OCS terminator (30-OCS-r) had promoter activity

in E. coli.

To compare the strength of the promoter activity between

the CaMV 35S promoter and 30-OCS-r, E. coli strains har-

bouring different plasmids were inoculated into liquid LB

with different concentrations of Hyg, and the OD600 was

determined after 8 h culture. As shown in Fig. 2b, Top10/

pYSLXU6, DH5a/pYSLXU6 grew slower than Top10/

pYSLXU7 and DH5a/pYSLXU7 at 100 lg ml-1 Hyg,

although they had the similar growth rate at 50 lg ml-1

Hyg. The promoter activity of 30-OCS-r was weaker than of

CaMV 35S in E. coli.

In order to further confirm the promoter activity of the

30-OCS-r in E. coli, the construct pYS7 containing the report

gene uidA encoding beta-glucuronidase (GUS) under the

control of the 30-OCS-r and nopaline synthase (NOS) ter-

minator, and the promoterless pYS8 construct (as a negative

control) were generated (Fig. 1). As shown in Fig. 2c, the

GUS activity of the bacteria containing pYS7 and pBI221

(positive control plasmid from Clontech, in which the P35S

drives GUS expression) was significantly higher than the

endogenous GUS activity of the host bacteria Top10 and

the bacteria containing the promoterless plasmid pYS8. This

result suggested that the 30-OCS-r could also drive the

reporter gene uidA expression in E. coli.

Promoter activity of the 30-OCS-r in recombinant

A. tumefaciens

To determine the promoter activity of the 30-OCS-r in

A. tumefaciens, the constructs pYS1, pYSLXU6 and

Fig. 2 The 30-OCS-r drives hpt II and uidA expression in E. coli. (a),

Growth of the E. coli strains harbouring the indicated constructs

grown in liquid LB with 50 lg ml-1 Hyg at 37�C for 8 h. n = 6. (b),

Growth of the E. coli strains harbouring pYSLXU6 and pYSLXU7

grown in liquid LB with Hyg of different concentrations at 37�C for

8 h. n = 6. (c), Quantitative assay of GUS activity in the E. coli
strains harbouring the indicated constructs. The means of three

experiments ±SE are shown. *, P \ 0.05 (compared to Top10/pYS8)

in t-test
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pYSLXU7 described above were transformed into

A. tumefaciens octopine strains A348, R10 and L, L-succi-

namopine strain EHA105, and then the transformed

A. tumefaciens were tested for the Hyg resistance. As

shown in Fig. 3a, the strains containing pYSLXU6

(Fig. 3a, right panel, sectors 2, 5 and 8) could grow on

YEB agar containing Spec and Hyg, as the case for the

strains containing pYSLXU7 (Fig. 3a, right panel, sectors

3, 6 and 9). However, the strains with pYS1 lacking hpt II

gene (Fig. 3a, right panel, sectors 1, 4 and 7) could not

grow on the same plate. As positive controls, all the strains

could grow on YEB agar containing Spec only (Fig. 3a,

left panel) because of the presence of the spectinomycin

resistance gene carried on the backbone of the plasmids.

Additionally, the growth curves of these strains in liquid

YEB with Spec and Hyg also showed the similar results, as

depicted in Fig. 3b. These data suggested that the 30-OCS-r

also had promoter activity in A. tumefaciens, although

its activity was weaker than that of the CaMV 35S

promoter.

Transcription of an open reading frame (ORF12)

located downstream to the 30-OCS-r in native

A. tumefaciens

Since the 30-OCS-r showed promoter activity to drive the

expression of the reporter genes in recombinant plasmids in

E. coli and A. tumefaciens, we speculated that it was pos-

sible that the 30-OCS-r may drive the transcription of some

genes downstream of it in octopine Ti plasmid of native

A. tumefaciens. Open reading frame (ORF) analysis of the

DNA sequence downstream of the 30-OCS-r in octopine Ti

plasmid (GenBank accession no. AF242881) revealed the

presence of several ORFs, including an ORF12 that was the

twelfth ORF in the T-DNA region of the Ti plasmid

pTi15955 (GenBank accession no. X00493) [19]. To detect

the transcription of ORF12 in A. tumefaciens, we initially

examined ORF12 expression by northern blot analysis, but

found that ORF12 transcript was not detectable (data not

shown). We therefore performed a more sensitive RT-PCR

analysis. RNA extracted from A. tumefaciens strain A348

(harbouring the octopine Ti plasmid pTiA6Nc) and strain

R10 (harbouring the octopine Ti plasmid pTiR10) were

treated with DNase I to eliminate the contaminated plasmid

DNA and were used to synthesize cDNAs using the primer

P2 (Fig. 4a, b). The cDNA products, which were incubated

at 70�C for 10 min to inactivate the reverse transcriptase,

were used for PCR with the primer pair P1/P2 designed

according to the ORF12 DNA sequence (Fig. 4a, b). PCR

products of the predicted size (480 bp) were obtained and

conformed to be the ORF12 fragment by DNA sequencing

analysis. This result indicated that ORF12 was transcribed

in A. tumefaciens.

In order to determine the transcriptional initiation region

of the ORF12, The primers P3, P4 and P5 upstream to

primer P1 were designed (Fig. 4a, b) and used for RT-PCR

analysis of the RNA extracted from A. tumefaciens A348.

As shown in Fig. 4c, when the template was the tran-

scriptional product of primer P2, prime pairs P1/P2, P3/P2,

P4/P2 could amplify out the products of the predicted size

(Fig. 4c, lane 3, 5 and 7), while primer pair P5/P2 did not

yield any PCR product (Fig. 4c, lane 9). As positive con-

trols, all the primer pairs P1/P2, P3/P2, P4/P2, P5/P2 could

amplify out the products of the predicted size when the

templates were total DNA from A. tumefaciens A348

(Fig. 4c, lane 4, 6, 8 and 10). As a negative control, no

product was amplified when the template was the DNase

I-treated RNA (Fig. 4, lane 1), which indicated that the

RNA samples were not contaminated with plasmid DNA.

In addition, there was also no RT-PCR product when the

template was the reverse transcriptional product of primer

P1 (Fig. 4, lane 2), which showed that OCS gene didn’t

express in A. tumefaciens and therefore didn’t account for

the amplification of fragments in the region. These results

Fig. 3 The 30-OCS-r drives hpt II expression in A. tumefaciens. (a),

A. tumefaciens harbouring different vectors grown on YEB agar with

the indicated antibiotics at 28�C for 36 h. (b), Growth curves of the A.
tumefaciens grown in liquid YEB with Spec and Hyg. The OD600 of

all strains were determined at 5, 7, 9, 11 and 13 h after culture. The

means of three experiments ±SE are shown. A. tumefaciens strains in

(a) and (b) are: 1, A348/pYS1; 4, R10/pYS1; 7, EHA105/pYS1; 2,

A348/pYSLXU6; 5, R10/pYSLXU6; 8, EHA105/pYSLXU6; 3,

A348/pYSLXU7; 6, R10/pYSLXU7; 9, EHA105/pYSLXU7
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suggest that the transcriptional initiation region of the

ORF12 is between the primer P5 and the primer P4.

Discussion

The OCS terminator is a widely used transcriptional termi-

nator of transgenes in plant expression constructs [13, 20]. In

this study, we found, unexpectedly, the reversed OCS ter-

minator (30-OCS-r) has a weak promoter activity in pro-

karyotes, by showing its ability to drive the expression of

reporter genes in recombinant E. coli and A. tumefaciens.

And we also demonstrated that downstream to the

30-OCS-r there is an open reading frame ORF12, which

overlaps in reverse with the coding region of the OCS gene

and is weakly expressed in native A. tumefaciens. Consis-

tently, a putative prokaryotic promoter (with minimal core

promoter score = 0.91, Fig. 4a) was found between the

primer P4 and P5 by the Neural Network Promoter Predic-

tion software (http://www.fruitfly.org/seq_tools/promoter.

html). This putative prokaryotic core promoter is untypical,

because only one putative ‘‘-35 sequence’’, but no ‘‘-10

sequence’’, was found (Fig. 4a). This could result in the low

transcription of ORF12 in A. tumefaciens. Further studies

should be performed by primer extension or by S1 mapping

to determine the transcription start site.

Antisense overlapping ORFs occur frequently in various

prokaryotic and eukaryotic genomes [21–25]. All these

antisense overlapping ORFs have been found to be tran-

scribed in the same cells, which represents an important

mechanism for regulating gene expression [24, 25]. In this

paper, however, we report the first case of a pair of anti-

sense overlapping transcripts, OCS and ORF12, which are

expressed in different host cells. The OCS gene is abun-

dantly expressed in plant cells [26, 27], whereas the ORF12

is expressed at very low levels in Agrobacterium, as shown

in this study. This novel pattern of antisense overlapping

ORFs can provide a means to increase the coding capacity

of the DNA sequence. The putative product of ORF12 is an

unnamed protein (GenBank accession no. CAA25175).

Further studies are required to determine whether the

ORF12 transcript is translated into a protein in A. tum-

efaciens and what’s the function of the ORF12 transcript

and/or the corresponding protein.
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