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Abstract

Analysis of the environmental regulation of bacterial gene expression is impor-

tant for understanding the nature, pathogenicity, and infection route of many

pathogens. “Candidatus Phytoplasma asteris”, onion yellows strain M (OY-M),

is a phytopathogenic bacterium that is able to adapt to quite different host envi-

ronments, including plants and insects, with a relatively small ~850 kb genome.

The OY-M genome encodes two sigma (r) factors, RpoD and FliA, that are

homologous to Escherichia coli r70 and r28, respectively. Previous studies show

that gene expression of OY-M dramatically changes upon the response to insect

and plant hosts. However, very little is known about the relationship between

the two r factors and gene regulatory systems in OY-M, because phytoplasma

cannot currently be cultured in vitro. Here, we developed an Escherichia coli-

based ex vivo reporter assay (EcERA) system to evaluate the transcriptional

induction of phytoplasmal genes by the OY-M-derived r factors. EcERA

revealed that highly expressed genes in insect and plant hosts were regulated by

RpoD and FliA, respectively. We also demonstrated that rpoD expression was

significantly higher in insect than in plant hosts and fliA expression was similar

between the hosts. These data indicate that phytoplasma-derived RpoD and FliA

play key roles in the transcriptional switching mechanism during host switching

between insects and plants. Our study will be invaluable to understand phytopl-

asmal transmission, virulence expression in plants, and the effect of infection on

insect fitness. In addition, the novel EcERA system could be broadly applied to

reveal transcriptional regulation mechanisms in other unculturable bacteria.

Introduction

Bacteria survive in diverse environments, such as the mam-

malian gut, seawater, and soil, by harboring mechanisms

that sense changes in nutrient availability, osmolarity, tem-

perature, and other external factors. This allows them to

adapt to diverse environments by turning on and off

specific sets of stress-response genes (Gottesman 1984).

RNA polymerase (RNAP) plays a key role in regulating

global gene expression pattern changes by rapidly modulat-

ing its promoter selectivity. Bacterial RNAP consists of

five subunits, a2bb’x, that comprise the core enzyme

(Browning and Busby 2004). Although the core RNAP

alone can synthesize RNA, association with an accessory

sigma (r) subunit to form the RNAP holoenzyme is

required to recognize the specific promoters (Browning

and Busby 2004); this has been demonstrated by replacing

the r subunit on the core enzyme leading to changes in

RNAP promoter selectivity (Browning and Busby 2004). In

general, bacteria that can survive in varied environments

contain many r factors (Gruber and Gross 2003), which is

probably due to the requirement of a large repertoire of
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regulatory mechanisms to adjust their metabolism to

respond to varied environments (Gruber and Gross 2003).

For example, Mycoplasma genitalium, an obligate cellular

parasite, contains only one r factor (Fraser et al. 1995),

while Escherichia coli, a free-living organism, contains seven

r factors (Jishage et al. 1996).

Phytoplasmas are phytopathogenic bacteria that cause

disease in many plants and crops, which dramatically

decreases agricultural productivity (Weintraub and Bean-

land 2006). These bacteria are remarkable in their ability to

adapt to drastically different hosts: plants and insects

(Hogenhout et al. 2008). The bacteria inhabit phloem sieve

elements in infected plants, and are transmitted by sap-suck-

ing insect vectors that lead to disease dissemination (Lee

and Davis 1992). Interestingly, phytoplasma infection

induces vastly different effects in each host; although phy-

toplasma induces morphological abnormalities to plant host

such as virescence, yellowing, phyllody, stunting, prolifera-

tion, and witches’ broom symptoms, they significantly

increase the longevity and offspring number of insect hosts

(Beanland et al. 2000; Hogenhout et al. 2008). Phytoplas-

mas are able to perform the complex events required for this

host switching even with their small ~850-kb genome. Four

phytoplasma genomes have been completely sequenced

(Oshima et al. 2004; Bai et al. 2006; Kube et al. 2008; Tran-

Nguyen et al. 2008), and the number of genes involved in

metabolism and other basic processes were found to be

greatly reduced, which is similar to other bacteria having obli-

gate associations with their hosts (Moran and Plague 2004).

We have previously demonstrated that “Candidatus Phy-

toplasma asteris,” onion yellows strain (OY-M) dramati-

cally changes its own gene expression during the host

switching between plant and insect hosts (Oshima et al.

2011). Analysis of these gene regulation mechanisms will be

important to understand their host-adaptation mecha-

nisms, infection strategies, and pathogenicity. Two r fac-

tors, RpoD and FliA, were identified in all of the sequenced

phytoplasma genomes (Oshima et al. 2004; Bai et al. 2006;

Kube et al. 2008; Tran-Nguyen et al. 2008). RpoD has a

high sequence similarity with the housekeeping r70 factor

and is encoded as a single copy gene in the phytoplasma

genome. FliA is an alternative r factor similar to r28, and is

encoded as multicopy genes within the gene clusters called

potential mobile units (PMU) in the phytoplasma genome

(Bai et al. 2006; Arashida et al. 2008). FliA-mediated tran-

scription in most bacteria is associated with a stress

response and/or with flagellar biosynthesis (Kazmierczak

et al. 2005). Furthermore, PMU-encoded genes were

believed to contribute to phytoplasma host adaptation

(Toruño et al. 2010). Thus, these r factors likely play key

roles in the regulation of gene expression during host

switching between insects and plants. However, this mecha-

nism is not well understood because phytoplasmas currently

cannot be cultured, which makes it difficult to analyze the r
factors of phytoplasma at molecular biological level.

In this study, we determined the intracellular rpoD and

fliA mRNA levels by quantitative real-time reverse-tran-

scription polymerase chain reaction assay (qRT-PCR) after

OY-M infection between insect and plant hosts. We then

developed a novel approach called the “Escherichia coli-

based ex vivo reporter assay” (EcERA) system to evaluate

interaction between phytoplasmal promoters and r fac-

tors. We demonstrate that RpoD and FliA regulate genes

significantly expressed in insect and plant hosts, respec-

tively. These findings help to clarify the phytoplasma

transcriptional regulation during host switching. In addi-

tion, the new assay system established in this study could

be applied to further understand the transcriptional regu-

lation of other unculturable bacteria, such as important

environmental or commensal bacteria.

Experimental Procedures

Phytoplasma lines and growth conditions

The “Candidatus Phytoplasma asteris” OY strain (OY) was

isolated in Saga Prefecture, Japan (Shiomi et al. 1996). One

derivative line (OY-M) was maintained in garland chrysan-

themum (Chrysanthemum coronarium), using the leafhop-

per vector insect Macrosteles striifrons (Oshima et al. 2001).

Plants infected with OY-M produce many lateral shoots,

but exhibit only mild leaf yellowing and almost no stun-

ting. OY-M-infected host plants exhibiting typical symp-

toms were maintained at 25°C in a greenhouse with a 16-h

light/8-h dark photoperiod until they were used for analy-

sis. OY-M-carrying leafhoppers that fed on OY-M-infected

plants for 40 days were used. Healthy plants and non-OY-

M-carrying leafhoppers were used as negative controls.

RNA extraction

ISOGEN reagent (Nippon Gene, Tokyo, Japan) was used to

isolate total RNAs from OY-M-infected insects (M. strii-

frons) and plants (C. coronarium) following the manufac-

turer’s instructions. To eliminate DNA contamination,

total RNAs were treated with DNase I (Takara, Shiga,

Japan) following the manufacturer’s instructions. RNA was

quantified by UV spectrophotometry and analyzed using a

1% agarose gel to ensure RNA integrity before use.

Relative gene expression quantification by
qRT-PCR

Construction of cDNA standards

Total RNA from OY-M-infected insects was reverse-

transcribed using the High-Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems, Piscataway, NJ)

according to the manufacturer’s instructions. Serial

10-fold dilutions of the cDNA were prepared to compare

relative expression levels of the OY-M-derived rrnB, rpsJ,

gyrB, PAM289, mdlB, hflB, himA, and dam genes between

insect and plant hosts.

Quantitative real-time RT-PCR

Total RNA samples from OY-M-infected insects and

plants were reverse-transcribed using the High-Capacity

cDNA Reverse Transcription Kit (Applied Biosystems)

according to the manufacturer’s instructions. For

qRT-PCR, primer sets were designed from the OY-M

genome (Acc. No. AP006628) using the Primer Express

software (Applied Biosystems) (Table S2). qRT-PCR

assays with experimental samples, calibration standards,

or negative controls were performed using the Thermal

Cycler Dice Real Time System (Takara) with tufB (trans-

lation elongation factor EF-Tu gene) as an internal stan-

dard. Briefly, the 20-lL reaction mixture consisted of

5 lL of diluted cDNA, 10 lL of SYBR Premix Ex Taq II

(Takara), 1.2 lL each of the 5-lmol/L forward and

reverse primers, and 2.6 lL of nuclease-free water. The

cycling conditions consisted of a 10-min denaturation

step at 95°C to activate the hot-start polymerase, followed

by 50 cycles of 5-sec denaturation step at 95°C and

30-sec annealing and extension step at 60°C. Melting

curve was obtained following a denaturation period of

15 sec at 95°C, starting at 65°C and ending at 95°C, to
assess the specificity of qRT-PCR products. Using total

RNAs from OY-M-infected insects and plants, each

individual OY-M gene measurement was repeated at least

three times. Relative expression levels in each sample were

calculated with the Thermal Cycler Dice Real Time System

Software (version 4.00) (Takara) based on the respective

standard curves for each gene using a 10-fold dilution

series. Results are expressed as the mean � standard error

of the mean (SE). Significant differences between the

mean values were evaluated by Student’s t-test with

Statcel software (OMS Publishing, Saitama, Japan).

We previously performed several experiments to con-

firm tufB as internal control. Expression levels of several

OY-M genes were compared between plants and insects

with three housekeeping genes tufB, RpsP (ribosomal

protein, small subunit P), and Ung (uracil-DNA glycosy-

lase), as internal controls, and same results were obtained

between controls (data not shown). While expression

levels of these three genes were compared using one of

three genes as a control, expression levels of all three genes

were not different between plants and insects (data not

shown). TufB gene was also used as a internal control in

our previous paper (Oshima et al. 2011).

Absolute quantification of gene expression
by qRT-PCR

In vitro transcription

Fragments of rpoA, rpoD, fliA, and tufB were amplified

using PCR primers (Table S1) and were cloned into pBlue-

Script II SK (+) vectors (Fermentas, Vilnius, Lithuania).

The clones were used for in vitro transcription with the T7

RNAP (Ambion, Austin, TX) to generate in vitro tran-

scribed RNA. For this purpose, the recombinant plasmids

were first linearized by digestion with the SacI enzyme

(Takara, Shiga, Japan). In vitro transcription from linear-

ized plasmid DNAs was then carried out using MEGAscript

T7 Kit (Ambion), and the transcribed RNA was treated

with DNase I (Takara) following the manufacturer’s

instructions. RNA was purified using the RNeasy kit

(Qiagen, Hilden, Germany), and was eluted in nuclease-

free water. RNA concentration was determined by UV

spectrophotometry and analyzed using a native 1% agarose

gel to ensure RNA integrity before use.

Construction of in vitro transcribed RNA
standards

The concentration of in vitro transcribed rpoA, rpoD, fliA,

and tufB RNAs was measured by UV spectrophotometry,

and the absolute number of molecules was calculated as

described by Fronhoffs et al. (2002). Briefly, serial 10-fold

dilutions of each RNA were reverse-transcribed using the

High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystems) according to the manufacturer’s instructions,

and the absolute quantities of rpoD, fliA, rpoA, and tufB

in the OY-M-infected insects and plants were calculated.

Quantitative real-time RT-PCR

qRT-PCR assays were performed as previously described.

Each individual OY-M gene measurement was repeated

at least 8 times. Absolute number of OY-M gene mole-

cules (rpoA, rpoD, fliA, and tufB) in total RNAs from

OY-M-infected insects and plants were calculated with

Thermal Cycler Dice Real Time System Software (version

4.00; Takara) based on the respective standard curves for

each gene using a 10-fold dilution series. Results are

expressed as the mean � SE. Significant differences

between the mean values were evaluated by Scheffe’s test

with Statcel software (OMS Publishing).

Molecular cloning and plasmid construction

The plasmids used in this study are listed in Table 1.

Oligonucleotide primers containing target sequences and
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cloning sites were synthesized by Operon Biotechnologies

(Tokyo, Japan). OY-M rrnB promoter activity was assessed

using the pET-PT7(RpoD) or pET-PT7(FliA) expression

vectors, which carried OY-M rpoD or fliA genes controlled

by the Isopropyl b-D-1-thiogalactopyranoside (IPTG)-induced
T7 promoter, as well as the promoter-probe pACYC-

PrrnB(GFP) or (Luc) vector, which carried a OY-M rrnB

promoter fused to Dkan::gfp or Dkan::luciferase operon

(Table 1 and Fig. 3). First, the full OY-M rpoD and fliA

sequences were amplified by PCR using the primer sets

described in Table S3 and the KOD DNA polymerase (TOY-

OBO, Shiga, Japan). Total DNA extracted from OY-

M-infected plants, pGFP Vector (Takara), and pGL4 Lucifer-

ase Reporter Vector (Promega, Madison, WI) was used as

PCR templates. The PCR product was digested with NdeI

and XhoI restriction enzymes for rpoD, or NdeI and HindIII

for fliA, and then cloned into the pET-30a vectors (Nov-

agen, Madison, WI) through the same sites. Next, the pro-

moter region of OY-M rrnB (300 bp upstream of the gene),

luciferase, and gfp were separately amplified by PCR using

the primer sets described in Table S3 and KOD DNA poly-

merase. The amplified fragments of the rrnB promoter,

luciferase, and gfp were used as templates for recombinant

PCR. The rrnB promoter fused to the luciferase or gfp frag-

ments was amplified by recombinant PCR by annealing two

complementary oligonucleotides, respectively, that were

designed to contain HindIII restriction sites near the 5′ end

and XhoI sites near the 3′ end (Table S3). The annealed

double-stranded DNA was inserted into the pACYC177

vector (Fermentas) at the HindIII and XhoI restriction sites.

Promoter activities of other OY-M genes in E. coli were

assessed using the pET-PT7(RpoD) or pET-PT7(FliA)

expression vectors with the pACYC-POY(Luc) promoter-

probe vector carrying the selected OY-M gene promoter

fused to the Dkan::luciferase operon (Table 1). The

promoter-containing regions located 300 bp upstream of

the OY-M rpsJ, gyrB, PAM289, mdlB, tengu, hflB, himA,

and dam genes (PrpsJ, PgyrB, P289, PmdlB, Ptengu, PhflB, PhimA,

and Pdam, respectively) were separately amplified by the

primer sets described in Table S3 that were designed to

incorporate HindIII restriction sites near the 5′ end and

NdeI sites near the 3′ end. The annealed double-stranded

DNAs were inserted into the pACYC-PrrnB(Luc) at the

HindIII and NdeI restriction sites (Fig. 3). The resulting

constructs contained the various specified promoters

upstream of the luciferase reporter genes (Table 1).

Determination of promoter activity by GFP
imaging

Promoter activity was determined by the presence of green

fluorescent protein (GFP) fluorescence. Escherichia coli BL21-

CodonPlus (DE3)-RIL cells (Stratagene, La Jolla, CA) were

transformed with pACYC-PrrnB(GFP) and either pET-

Table 1. Plasmids used in this study.

Plasmid Description Source

pET-30a A expression vector with lac-inducible T7 promoter; ColE1; Kanr Novagen

pET-RpoD pET-30a carrying a OY phytoplasmal rpoD (PAM628); Kanr This study

pET-FliA pET-30a carrying a OY phytoplasmal fliA (PAM320); Kanr This study

pACYC177 A low-copy-number plasmid; p15A; Ampr; Kanr Fermentas

pACYC-PrrnB (GFP) A promoter-probe vector containing Dkan::gfp with promoter

region of OY phytoplasmal rrnB (PAM_r006) promoter; Ampr
This study

pACYC-PrrnB (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal rrnB (PAM_r006) promoter; Ampr
This study

pACYC-PrpsJ (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal rpsJ (PAM199) promoter; Ampr
This study

pACYC-PgyrB (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal gyrB (PAM498) promoter; Ampr
This study

pACYC-P289 (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal PAM289 promoter; Ampr
This study

pACYC-PmdlB (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal mdlB (PAM059) promoter; Ampr
This study

pACYC-Ptengu (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal tengu (PAM765) promoter; Ampr
This study

pACYC-PhflB (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal hflB (PAM064) promoter; Ampr
This study

pACYC-PhimA (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal himA (PAM317) promoter; Ampr
This study

pACYC-Pdam (Luc) A promoter-probe vector containing Dkan::luciferase with

promoter region of OY phytoplasmal dam (PAM565) promoter; Ampr
This study
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PT7(RpoD) or pET-PT7(FliA). Escherichia coli cells trans-

formed with pACYC-PT7(GFP) (encoding T7 promoter

upstream of gfp) or pACYC-PrrnB(GFP) alone were used as

positive and negative controls, respectively. Escherichia coli

cells harboring the appropriate plasmids as well as Ampr

and Kanr antibiotic resistance genes were grown overnight

in LB medium supplemented with ampicillin (50 lg/mL)

and kanamycin (20 lg/mL) at 37°C. Cultures were diluted
1:100 in fresh LB medium to an optical density at 600 nm

(OD600) of 0.4–0.8. Note that E. coli cells in OD = 0.4–0.8
are usually in the exponential growth phase. RpoD or FliA

expression was induced by adding IPTG to the cultures at a

final concentration of 0.1 mmol/L. After the induction by

adding IPTG, cells were grown for 1.5 h. To observe the

GFP fluorescence intensity expressed in E. coli, 10-lL
aliquots of cultured cells were placed in glass slides and

analyzed using an Axio Imager Z1 microscope (Carl Zeiss

MicroImaging GmbH, Jena, Germany). An AxioCam HRc

camera (Carl Zeiss MicroImaging GmbH) used to collect

images was controlled by AxioVision Release 4.6 software

(Carl Zeiss MicroImaging GmbH).

Determination of promoter activity by
luciferase assay

Promoter activity was quantified by measuring luciferase

activity. Escherichia coli BL21-CodonPlus (DE3)-RIL cell

(Stratagene) was transformed with pACYC-PrrnB(Luc) and

either pET-PT7(RpoD) or pET-PT7(FliA). The cells harbor-

ing the two types of appropriate plasmids were grown and

RpoD and FliA was induced as described above. To deter-

mine the promoter activity of the OY-M rrnB, rpsJ, gyrB,

PAM289, mdlB, tengu, hflB, himA, and dam genes induced

by RpoD or FliA, cultured cells were collected at different

time points (0, 0.5, 1, and 1.5 h) and cell densities were

determined by OD600 measurement. A commercial lucifer-

ase assay system (Promega) was used in this study, as fol-

lows. Ten microliters of buffer consisting of 1 mol/L

K2HPO4 (pH 7.8) and 20 mmol/L EDTA was added to

90-lL aliquots of cultured cells. The mixtures were snap

frozen on dry ice and brought to room temperature.

Lysates were prepared by resuspending the thawed E. coli

cell suspension in 300 lL of cell culture lysis buffer con-

taining 25 mmol/L Tris-phosphate (pH 7.8), 2 mmol/L

dithiothreitol, 2 mmol/L 1,2-diaminocyclohexane-N,N,N’,

N’-tetraacetic acid, 10% glycerol, 1% Triton X-100, 0.125%

lysozyme, and 0.25% bovine serum albumin. The cell

lysates were thoroughly mixed by vortexing for 1 min.

Twenty microliters of the lysates was mixed with 100 lL of

luciferase assay reagent. Luciferase activity was measured

for 10 sec using a BLR-201 Luminescence reader (Aloka,

Tokyo, Japan). The luciferase activity measurements by

individual OY-M promoters were repeated a total of three

times. Measurements are reported as relative luciferase units

(RLU)/OD600. Results are expressed as the mean � SE.

Significant differences between the mean values of the

groups were evaluated by Student’s t-test and with Statcel

software (OMS Publishing).

SDS-page

To confirm RpoD or FliA expression in E. coli cells, the

expression of RpoD or FliA protein in E. coli was induced

by IPTG treatment, and cultured cells were collected at dif-

ferent time points. The cell extracts were electrophoresed

in a sodium dodecyl sulfate (SDS)-polyacrylamide gel. The

polyacrylamide concentration for SDS-PAGE was 12.5%

for the detection of RpoD expression and 15% for the

detection of FliA expression. Signal intensity was quantified

using Adobe Photoshop version 7.0 software (Adobe Sys-

tems Inc., Mountain View, CA) and ImageJ software

(National Institutes of Health, Bethesda, MD).

Results

OY-M r factors and RNAP expression levels
during insect and plant host switching

To determine whether the r factors of OY-M phytoplasmas

were differentially expressed in infected insect or plant

hosts, the relative mRNA transcriptional levels of the rpoD

and fliA OY-M r factors were measured by qRT-PCR using

tufB as an internal control. As a result, the mRNA of rpoD

was approximately four times more abundant in

OY-M-infected insects than in OY-M-infected plants

(P < 0.01), while fliA mRNA expression did not differ sig-

nificantly between the hosts (Fig. 1A).

To further investigate differences in expression, abso-

lute copy number was quantified by qRT-PCR using pure

RNA standards of tufB, rpoA, rpoD, and fliA, where rpoA,

rpoD, and fliA mRNA molecules were compared to one

molecule of tufB mRNA of phytoplasmas in both insect

and plant hosts. Similar to the results obtained from the

relative mRNA expression experiment, rpoD mRNA mole-

cules were more abundant in insect than in plant hosts,

and the numbers of fliA mRNA molecules were almost

equal between these hosts (Fig. 1B). The rpoA mRNA

encoding the a subunit of the core RNAP enzyme was

also constant between insect and plant hosts (Fig. 1B). In

insect hosts, fliA mRNA expression was significantly lower

(P < 0.05) than both rpoA and rpoD mRNA expressions,

which were approximately equal to each other (Fig. 1B).

In plant hosts, rpoA mRNA expression was significantly

higher than both rpoD and fliA mRNA expressions, and

there was no significant difference between rpoD and fliA

mRNA expressions (P < 0.05) (Fig. 1B).
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OY-M gene expression levels during insect
and plant host switching

Eight OY-M genes, including rrnB, rpsJ, gyrB, PAM289,

mdlB, hflB, himA, and dam, were selected as representative

r-factor-regulated genes based on the microarray data of

OY-M in the host switching between insect and plant hosts

(Oshima et al. 2011). We measured the relative expression

levels of these genes in insect and plant hosts by qRT-PCR

using tufB as an internal control. The expression of four

genes, rrnB (16S ribosomal RNA), rpsJ (30S ribosomal sub-

unit protein S10 gene), gyrB (b subunit of DNA gyrase),

and PAM289 (unknown membrane protein), was signifi-

cantly upregulated in infected insects compared to plants

(Fig. 2), where rrnB, rpsJ, and gyrB were thought to be

OY-M housekeeping genes. The expression of the other

four genes, mdlB (ATP-binding component of the ABC-

type multidrug transporter), hflB (ATP-dependent zinc

protease), himA (one of two subunits of histone-like

protein), and dam (DNA methyltransferase), was signifi-

cantly upregulated in infected plants compared to insects

(Fig. 2).

Establishment of the E. coli-based ex vivo
reporter assay system to evaluate the
interaction between OY-M r factors and
phytoplasmal gene promoters

To study the mechanism regulating the observed differen-

tial r factor expression, we needed to overcome the experi-

mental obstacle that phytoplasmas cannot be cultured in

vitro. Therefore, we developed an EcERA system that mon-

itored the binding activity between phytoplasmal promot-

ers and the RpoD or FliA r factors. To analyze RpoD and

FliA functions and to identify the genes regulated by these

r factors in the OY-M genome, we first constructed four

plasmids: pET-PT7(RpoD) and pET-PT7(FliA), which carry

the T7 promoter upstream of rpoD and fliA, respectively, as

well as pACYC-PrrnB(GFP) and pACYC-PT7(GFP), which

carry the OY-M rrnB promoter (used as a representative

promoter downstream of r factor expression) and the

IPTG-activated T7 promoter upstream of gfp, respectively

(Table 1 and Fig. 3). Four E. coli transformants were pre-

pared for the reporter assay as shown in Figure 4. Follow-

ing the induction of T7 polymerase by IPTG treatment,

significant GFP fluorescence was observed in the positive-

control pACYC-PT7(GFP)-transformants, but not in the

negative-control pACYC-PrrnB(GFP)-transformants (Fig. 4;

left and right images). These results suggest that neither the

T7 polymerase nor the inherent E. coli r factors recognized

the promoter region of the OY-M rrnB gene. In contrast,

GFP fluorescence was observed in both E. coli transfor-

mants cotransfected with pACYC-PrrnB(GFP) and either

pET-PT7(RpoD) or pET-PT7(FliA) after IPTG treatment

(Fig. 4; middle images). These results indicate that the RpoD

and FliA r factors can bind to E. coli RNA polymerase

(RNAPEC) and be functional as RNAPEC-RpoD and

RNAPEC-FliA holoenzymes to initiate OY-M rrnB promoter

transcription. Taken together, these results suggest that the
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Figure 1. Transcriptional expression levels of OY-M-derived rpoD, fliA,

and rpoA in insect and plant hosts. (A) Relative quantification of rpoD

and fliA mRNAs in insect and plant hosts. Transcription of rpoD and fliA

mRNAs was examined by qRT-PCR and the results were normalized

against tufB expression. The expression level of the r factors in insect

host were adjusted to 100%. Error bars indicate SE. **A significant

difference of P < 0.01 (Student’s t-test). Note that differences in the

expression level between RpoD and FliA could not be compared

because the quantitative values are relative. (B) Absolute quantification

of rpoA, rpoD, and fliA mRNAs. The numbers of rpoA, rpoD, and fliA

mRNA molecules were examined by absolute qRT-PCR and the results

were normalized against the number of tufB mRNA molecules. Error

bars indicate SE. “a” and “b” are significantly different at the 5% level

by Scheffe’s test. Note that all six expression levels are compared.
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EcERA system is an effective tool to analyze RpoD and FliA

regulation of phytoplasmal promoters.

Evaluation of RpoD or FliA promoter-
specific transcription by EcERA

Establishment of the EcERA system allowed us to deter-

mine how specific r factors regulated the expression of

other OY-M genes. To quantify the ability of RpoD or

FliA to bind to phytoplasmal promoters, we used luciferase

as the reporter gene instead of gfp because luciferase

fluorescence quantification is more accurate than GFP

fluorescence quantification (Vesuna et al. 2005). To ensure

that the luciferase works similar to GFP in this system,

two E. coli transformants, namely, E. coli cotransfected

with pACYC-PrrnB(Luc) and either pET-PT7(RpoD) or

pET-PT7(FliA), were prepared for the reporter assay as

well as to monitor RpoD and FliA binding to the rrnB

promoter, respectively. Indeed, gradually increasing RpoD

and FliA protein expression was observed in IPTG-treated

cells by SDS-PAGE analysis, but not in untreated control

cells (Fig. 5A). Luciferase activity measured by fluores-

cence in both the RpoD and FliA transformants was grad-

ually increased after IPTG treatment, but not in untreated
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control cells (Fig. 5B, PrrnB(Luc) panels). Significant differ-

ences were also observed between IPTG-treated and

untreated cells, suggesting that the EcERA luciferase

system is highly reproducible and reliably quantitative;

thus, it is useful to analyze the binding function between

exogenous r factors and promoters.

Next, we exchanged the rrnB promoter sequence in the

pACYC-PrrnB(Luc) plasmid with the promoter sequences

from eight other OY-M genes to test whether they are also

regulated by RpoD and/or FliA using the luciferase assay.

These eight genes were as follows: three genes (rpsJ, gyrB,

and PAM289) and four genes (mdlB, hflB, himA, and

dam) were identified above to be highly expressed in

insect and plant hosts, respectively (Fig. 2), and the tengu

gene encoded a virulence factor that was previously

reported to be highly expressed in plant hosts (Hoshi et al.

2009). While the luciferase activity was increased by RpoD

expression in the E. coli transformants containing the

rrnB, rpsJ, gyrB, and PAM289 promoters (Fig. 5B), the

luciferase activity was increased by FliA expression in

the E. coli transformants containing the rrnB, PAM289,

mdlB, tengu, hflB, himA, and dam promoters (Fig. 5B).

These results suggest that the highly expressed genes in

insect hosts were mainly regulated by RpoD, or both

RpoD and FliA, and that the highly expressed genes in

plant hosts were mainly regulated by FliA.

Discussion

In this study, we established the novel “EcERA system”

using the model bacterium E. coli to analyze the interaction

between r factors and promoters from unculturable

bacteria, phytoplasma. This system was successfully estab-

lished by “fine-matching” between E. coli RNA polymerase

(RNAPEC) and two r factors from phytoplasma, RpoD and

FliA. While very little is known about gene regulatory sys-

tems in phytoplasmas because culturing phytoplasmas in

vitro has not yet been achieved (Weintraub and Beanland

2006), our study revealed that RpoD and FliA are key

transcriptional factors of phytoplasma during the host

switching between insects and plants.

Here, we observed that rpoD mRNAs were more highly

expressed in insect than in plant hosts (Fig. 1A), and that

RNAPEC-RpoD-mediated RpoD expression initiated tran-

scription from the rrnB, rpsJ, gyrB, and PAM289 promot-

ers that were also highly expressed in insect hosts

(Fig. 5B). These results suggest that the RpoD r factor

regulates genes required for the OY-M response to insect

hosts. In many bacteria, RpoD (r70 factor) is responsible

for recognizing the promoter regions of housekeeping

genes in exponentially growing cells and is essential for

cell survival (Ishihama 2000). Similarly, OY-M RpoD-

regulated genes essential for cell survival, such as those

related to translation (rrnB, rpsJ) and DNA replication

(gyrB) (Hutchison et al. 1999; Kobayashi et al. 2003).

Because the rpsJ gene is located at the most 5′ end of the

S10-spc ribosomal protein gene operon (Miyata et al.

2002), and most genes encoded on this operon were

significantly upregulated in insect hosts as compared to

plant hosts (Oshima et al. 2011), OY-M RpoD likely

regulates most ribosomal proteins. This result further sug-

gests that the biological activity of OY-M, including pro-
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Figure 4. The Escherichia coli-based ex vivo reporter assay system using green fluorescent protein (GFP). Plasmids introduced into E. coli cells are

shown above the relevant images. After PT7 promoter induction by Isopropyl b-D-1-thiogalactopyranoside (IPTG) treatment, GFP fluorescence was

examined in each E. coli cell by fluorescence microscopy. E. coli cells containing pACYC-PT7(GFP) or pACYC-PrrnB(GFP) alone were used as positive

or negative controls, respectively (left and right panels). FL, fluorescence; BF, bright field. Scale bar = 25 lm. GFP fluorescence was observed in

E. coli containing pET-PT7(RpoD) plus pACYC-PrrnB(GFP) and pET-PT7(FliA) plus pACYC-PrrnB(GFP) (middle panels), suggesting that this system was

successful in assaying for r factor expression.
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tein synthesis, cell division, and cell growth, might be

enhanced in insect hosts compared to plant hosts. In

contrast to RpoD, fliA mRNA expression was similar in

both hosts (Fig. 1A), even though the FliA-induced gene

expressions of mdlB, tengu, hflB, himA, and dam were

higher in plant hosts (Fig. 5B). Because phytoplasma is

thought to differentially express transporter genes (such

as mdlB) and secreted proteins (such as tengu) for the

response to each host (Oshima et al. 2011), these results

suggest that FliA primarily regulates genes required for

OY-M response to plant hosts. Taken together, the results

suggest that RpoD and FliA play central roles in the abil-

ity of OY-M to dramatically change its gene expression in

the host switching between the insect and plant hosts.

The Lyme disease agent, Borrelia burgdorferi, colonizes

both a mammalian host and an arthropod vector host

during its infectious cycle (Stanek and Strle 2003). One of

the two alternative r factors in B. burgdorferi, r54, has

been shown to be required for achieving mammalian

infection and vector transmission (Fisher et al. 2005).

Therefore, our data presented here support the idea that

bacterial r factors, such as those in phytoplasma and

B. burgdorferi, play crucial roles in regulating gene expres-

sion for host switching.

While FliA expression, which regulated the host switching

genes in plants, was constant between the insect and
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plant hosts (Figs. 1A, 5B), rpoD mRNA expression was

significantly downregulated in plant hosts (Fig. 1B). Mean-

while, the expression of the nonsigma factor rpoA, encoding

the a subunit within the RNAP core enzyme complex (a2bb′
c), was constant between insect and plant hosts (Fig. 1B).

The simplest way to explain these results is that r factors

compete for the limited binding capacity of the RNAP core

enzyme, and RpoD downregulation allows FliA to bind to

RNAP in plant hosts (Fig. S3). Indeed, it has been previously

shown that if the available RNAP core protein is limited in a

cell, decreasing the number of r factors by one can actually

induce genes that require another r factor by allowing that

factor to bind to the RNAP core protein (Farewell et al.

1998). This r factor competition is extensively studied in

E. coli, where gene expression is dramatically altered through-

out the transition from the exponential growth phase to the

stationary phase (Jishage and Ishihama 1995; Jishage et al.

1996). Escherichia coli gene expression in the exponential

growth and stationary phases is mainly regulated by RpoD

and RpoS (one of the alternative r subunits), respectively

(Jishage and Ishihama 1995; Jishage et al. 1996), both of

which compete for limited amount of RNAP (Farewell et al.

1998; Jishage et al. 2002). While RpoD and RNAP core

enzyme are constitutively expressed in both the exponential

growth and the stationary phase (Farewell et al. 1998; Jishage

et al. 2002), RpoS has a dynamic expression pattern where its

expressional level is extremely low in the exponential growth

phase but is markedly increased upon the entry into the sta-

tionary phase (Jishage et al. 2002). As a result of the increase

of RpoS, the genes required for the stationary phase are up-

regulated by RpoS while RpoD-regulated genes are downreg-

ulated because of the limited amount of RNAP core enzyme

(Farewell et al. 1998; Jishage et al. 2002). Several other factors

in E. coli, such as the anti-sigma factor Rsd or 6S RNA, could

also facilitate the transcription switchover during starvation by

inhibiting RpoD-driven transcription (Jishage and Ishihama

1998; Wassarman and Storz 2000; Trotochaud and Wassar-

man 2005). However, no genes encoding proteins homolo-

gous to these anti-sigma factors are found in the OY-M

phytoplasma genome (Oshima et al. 2004); thus, other

mechanisms may control OY-M FliA expression.

The genes rrnB and PAM289 were highly expressed in

insect hosts, and our EcERA assay results indicate that they

were regulated by both RpoD and FliA (Fig. 5B). The

higher expression levels of both of rrnB and PAM289 in

insect hosts might be explained by the abundant RpoD in

insect hosts, where RpoD-induced gene expression in insect

hosts might be higher than the gene expression induced by

both RpoD and FliA in plant hosts (Fig. 1B and S3).

Bacteria frequently use two-component signal transduc-

tion regulatory systems to sense the environmental changes

(Robinson et al. 2000). These two-component systems

usually are composed of a membrane-associated histidine

kinase, the sensor, and a response regulator, which acts in

the cytoplasm. The sensor detects the environmental signal

or stress, and the regulatory protein triggers the cellular

response via gene transcription modulation by transcrip-

tion factors, including sigma factors. The gene expression

of OY-M RpoD was sufficiently changed upon the host

switching between insect or plant hosts. However, the

two-component systems are not encoded within the

OY-M genome (Oshima et al. 2004). Phytoplasma might

govern the response to insect and plant hosts by an

unknown environmental response system.

Phytoplasma genomes contain many multicopy gene

clusters called PMUs that are thought to be prophage

sequences originating from phage attacks (Wei et al. 2008)

and encode multiple redundant genes related to DNA rep-

lication (ssb, dnaB, and dnaG), nucleotide synthesis (tmk),

recombination (himA); membrane-bound and secreted

proteins; and unknown proteins (Bai et al. 2006; Arashida

et al. 2008; Kube et al. 2008; Tran-Nguyen et al. 2008). As

noted earlier, fliA genes are also encoded within a PMU

region (Arashida et al. 2008). Here, we showed that FliA

regulated several PMU genes, including hflB, himA, and

dam (Fig. 5B). Previous studies showed that acquired

DNA sequences benefit a recipient bacterium only if they

are expressed at the right time, in the correct location, and

in a coordinated manner (Perez and Groisman 2009).

Therefore, a foreign DNA segment usually includes a regu-

latory gene element that accomplishes these expression

patterns. For example, the SPI-2 pathogenicity island of

Salmonella enterica harbors a large number of structural

genes that are coordinately regulated by the SsrB/SpiR

two-component system, which is encoded within the SPI-

2 locus (Fass and Groisman 2009). The enterohemorrhagic

E. coli genome contains the LEE pathogenicity island

essential for full virulence that is regulated by many regu-

latory factors, including Ler, GrlA, and GrlR, which are

also encoded within the LEE locus (Mellies et al. 2007). In

phytoplasma, PMUs were reported to contribute to host

adaptation (Toruño et al. 2010); therefore, FliA can be

considered a regulatory factor that regulates itself as well

as functions to govern transcriptional switching during

adaptation to insect and plant hosts.

In this study, we demonstrated that the E. coli-derived

RNAP holoenzymes containing the phytoplasma r factors,

RpoD and FliA, were able to initiate transcription from

phytoplasma-derived promoters. Escherichia coli was cho-

sen in part because it encodes seven r factors, including

RpoD and FliA (Ishihama 2000). The overall amino acid

similarity and identity between OY-M- and E. coli-derived

RpoD is 41% and 26%, respectively, and 33% and 14%

between OY-M- and E. coli-derived FliA, respectively (Figs.

S1, S2, and Table S4). Sigma (r) factors usually have four

sequence motifs (subregions) related to RNAP binding and
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promoter sequence recognition (Borukhov and Severinov

2002). Because subregions 2.1 and 2.2 are implicated in

core binding (Murakami et al. 2002a,b), the ability of the

OY-M r factors to bind to and function with RNAPEC
could be explained by the highly conserved amino acid

sequences in these two regions (Figs. S1, S2, and Table S4).

Chlamydia trachomatis FliA also possesses highly conserved

subregions 2.1 and 2.2 that mediate binding to RNAPEC
and induce transcriptional expression from a C. trachoma-

tis FliA-dependent promoter (Shen et al. 2004). Subregions

2.4 and 4.2 are involved in promoter sequence recogni-

tion, and are also highly conserved between OY-M and

E. coli (Figs. S1, S2). Escherichia coli cells expressing

OY-M-derived RpoD or FliA exhibited abnormally long

cell shapes and low cell densities (Fig. 4), which could be a

consequence of this high conservation between the OY-M

and E. coli r factors, because OY-M RpoD and FliA could

affect the E. coli gene expression system that alters cell

shape and cell growth. In addition, the background signals

in Figure 5B (lux activity in zero time point) were quite

different between each promoter construct, suggesting that

the endogenous E. coli sigma factors could recognize the

phytoplasma promoters. However, the effect of the endoge-

nous E. coli sigma factors on this EcERA system would be

smaller than that of OY-M sigma factors because OY-M

sigma factors were overexpressed by adding IPTG and

could be visualized even by normal SDS-PAGE (Fig. 5A).

Taken together, our data demonstrate that a series of tran-

scriptional regulatory elements and mechanisms are highly

conserved among phylogenetically distant bacteria.

We established here a novel analysis method using

E. coli as a model system that allowed us to study the reg-

ulatory mechanisms of gene expression present in uncul-

turable phytoplasma bacteria. This study reveals that

phytoplasmal r factors participate in the transcriptional

regulation of a group of genes that are involved in the

adaptation response to the different environments, that is,

the insect and plant hosts. Previous studies showed that

the proportion of unculturable bacteria within the vast

natural bacterial species variety is extremely high (Amann

et al. 1995); this was confirmed by more recent metage-

nomics analysis (Venter et al. 2004; Eisen 2007; Yooseph

et al. 2007). The novel strategy to analyze promoter regu-

lation and activity using hetero-RNAP-r complexes devel-

oped here could be more broadly applied to discover

unknown transcriptional expression regulation mecha-

nisms in other unculturable bacteria in the future.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. In vitro transcription primers used in this study.

Table S2. Quantitative Real-time RT-PCR primers used in

this study.

Table S3. Molecular cloning primers used in this study.

Table S4. Amino acid sequence identity and similarity scores

of RpoD and FliA between OY-M and other bacteria.

Figure S1. Amino acid alignment of RpoD. OY-M RpoD

(OY-M), Bacillus subtilis rA (Bacillus), Chlamydia trachomatis

r70 (Chlamydia), and Escherichia coli r70 (Escherichia) were

aligned using the CLUSTAL W program. Amino acid

similarity is indicated by highlighting (black shadow, >80%
identity; gray shadow, 60–80% identity); gaps are indicated

by hyphens. Several motifs (subregions) conserved among

the many RpoD genes were defined based on previous studies

(Lonetto et al. 1992) and are indicated by lines above the

alignment. Subregions 2.1 and 2.2 were reported to be

involved in core binding, and subregions 2.4 and 4.2 were

reported to be involved in promoter recognition.

Figure S2. Amino acid alignment of FliA. OY-M FliA

(OY-M), Bacillus subtilis rF (Bacillus), Chlamydia tracho-

matis r28 (Chlamydia), and Escherichia coli FliA (Escheri-

chia) were aligned using the CLUSTAL W program.

Amino acid similarity is indicated by highlighting (black

shadow, >80% identity; gray shadow, 60–80% identity);

gaps are indicated by hyphens. Several motifs (subregions)

conserved among the many RpoD genes were defined

based on previous studies (Lonetto et al. 1992) and are

indicated by lines above the alignment. Subregions 2.1 and

2.2 were reported to be involved in core binding, and sub-

regions 2.4 and 4.2 were reported to be involved in pro-

moter recognition.

Figure S3. A model illustrating the RpoD and FliA regula-

tory network in the OY-M bacterial cell during host adap-

tation. RpoD is significantly more abundant than FliA in

insect hosts. RpoD binding to RNAP regulates the rrnB,

rpsJ, gyrB, and PAM289 genes (filled arrows) that were

highly expressed in insect hosts. RpoD and FliA exist in

approximately equal amounts in plant hosts. FliA binding

to RNAP regulates the mdlB, tengu, hflB, himA, and dam

genes (open arrows) that were highly expressed in plant

hosts.
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