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“Candidatus Liberibacter asiaticus” is an uncultured alphaproteobacterium that systemically colonizes its insect host both inter-
and intracellularly and also causes a severe, crop-destroying disease of citrus called huanglongbing, or citrus “greening.” In
planta, “Ca. Liberibacter asiaticus” is also systemic but phloem limited. “Ca. Liberibacter asiaticus” strain UF506 carries two
predicted prophages, SC1 and SC2. Bacteriophage particles have been observed in experimentally “Ca. Liberibacter asiaticus”-
infected periwinkle but not in any other host. Comparative gene expression analysis of predicted SC1 late genes showed a much
higher level of late gene expression, including holin transcripts (SC1_gp110), in “Ca. Liberibacter asiaticus”-infected periwinkle
relative to “Ca. Liberibacter asiaticus”-infected citrus. To functionally characterize predicted holin and endolysin activity,
SC1_gp110 and two predicted endolysins, one within SC1 (SC1_gp035) and another well outside the predicted prophage region
(CLIBASIA_04790), were cloned and expressed in Escherichia coli. Both SC1 genes inhibited bacterial growth consistent with
holin and endolysin function. The holin (SC1_gp110) promoter region was fused with a uidA reporter on pUFR071, a wide bac-
terial host range (repW) replicon, and used to transform Liberibacter crescens strain BT-1 by electroporation. BT-1 is the only
liberibacter strain cultured to date and was used as a proxy for “Ca. Liberibacter asiaticus.” pUFR071 was >95% stable without
selection in BT-1 for over 20 generations. The reporter construct exhibited strong constitutive glucuronidase (GUS) activity in
culture-grown BT-1 cells. However, GUS reporter activity in BT-1 was suppressed in a dose-dependent manner by crude aqueous
extracts from psyllids. Taken together with plant expression data, these observations indicate that “Ca. Liberibacter asiaticus”
prophage activation may limit “Ca. Liberibacter asiaticus” host range and culturability.

Huanglongbing (HLB), commonly known as citrus “green-
ing,” is the most economically severe disease of citrus world-

wide. HLB is caused by several species of the fastidious alphapro-
teobacterium “Candidatus Liberibacter,” the most prevalent of
which is “Candidatus Liberibacter asiaticus” (1). In planta, “Ca.
Liberibacter asiaticus” bacteria are systemic, intracellular, and
phloem limited. “Ca. Liberibacter asiaticus” is persistently trans-
mitted among citrus species and relatives by the psyllid vector
Diaphorina citri Kuwayama (Sternorrhyncha: Psyllidae). In con-
trast to plant host infections, “Ca. Liberibacter asiaticus” colo-
nizes the psyllid host systemically in multiple organs, including
the alimentary canal and salivary glands, both inter- and intracel-
lularly, but with little apparent pathogenic effect (2, 3, 4, 5). De-
spite numerous attempts, “Ca. Liberibacter asiaticus” has not
been cultured in axenic medium, making functional genomics
difficult. Indeed, of six known species of liberibacter, only a single
strain from a single species of liberibacter, Liberibacter crescens,
has been cultured (6). Originally isolated from the sap of moun-
tain papaya (Carica stipulata � Carica pubescens), L. crescens has
no known insect host, and attempts to reinoculate it into many
plants have failed, warranting speculation that L. crescens may no
longer be parasitic or pathogenic.

Some prophage sequences were found in the “Ca. Liberibacter
asiaticus” strain Psy62 (for psyllid 62) chromosome (7). Subse-
quently, all pathogenic “Ca. Liberibacter asiaticus” strains exam-
ined were found to carry two nearly identical prophages; these
were named SC1 and SC2 in “Ca. Liberibacter asiaticus” strain
UF506 (8). SC1 and SC2 are largely syntenic, and large stretches
are nearly 100% identical at the DNA level. UF506 prophage SC2
was found to replicate as an excision plasmid with a copy in the
chromosome adjacent to prophage SC1. SC1 was not found in
replicative form in psyllid hosts but was found replicating in citrus

and replicating at higher copy in infected periwinkle (Catharan-
thus roseus) (8). The early genes of SC1 generally had homologs in
SC2, and genes unique to either phage were mostly late genes. Of
the two UF506 prophages, only SC1 was annotated as encoding
holin (SC1_gp110) and endolysin (SC1_gp035) genes (8). Al-
though phage particles with icosahedral heads and short tails
(Podoviridae) were consistently visualized in artificially inoculated
periwinkle, phage have never been documented in citrus, despite
numerous electron micrographs taken from multiple samples in
many countries over years (8).

The lysogenic cycle can be terminated by physiological changes
(particularly stress responses) in the host cell. Treatments that are
capable of inducing the lytic cycle in bacteriophages include UV
irradiation, the addition of agents that damage DNA, such as mi-
tomycin C, the addition of energy poisons, and heat treatment (9,
10, 11). The lytic cycle is characterized by activation of expression
of phage structural genes, phage structural self-assembly, and ex-
pression of genes allowing cell egress, including cell wall-degrad-
ing enzymes called endolysins and cell inner membrane-permea-
bilizing proteins called holins (12).

To date, there is little evidence for lytic cycle activation in “Ca.
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Liberibacter asiaticus”-infected citrus (SC1 replicates in citrus)
and none in psyllids, and the mechanism behind the activation or
derepression of the lytic cycle in (artificially inoculated) periwin-
kles is unknown. The purpose of this research was to identify and
characterize late genes and late gene promoter regions from the
“Ca. Liberibacter asiaticus” prophages, to utilize L. crescens strain
BT-1 as a culturable proxy for “Ca. Liberibacter asiaticus,” and to
construct reporter vectors for screening potential late gene activa-
tors or repressors in Escherichia coli and L. crescens.

MATERIALS AND METHODS
E. coli strains and growth conditions. Bacterial strains and plasmids used
in this study are listed in Table 1, along with their relevant characteristics
and source or reference. E. coli strains were grown in Luria-Bertani (LB)
medium at 37°C and were used and stored according to standard proto-
cols (13). Antibiotics were used as needed at the following concentrations,
unless otherwise stated (in �g/ml): ampicillin (Amp), 100; kanamycin
(Kan), 50; gentamicin (Gm), 3.

L. crescens growth conditions and transformation. L. crescens strain
BT-1 was maintained in liquid BM7 medium containing 2 g of alpha-
ketoglutarate, 10 g of N-(2-acetamido)-2-aminoethanesulfonic acid
(ACES) buffer, and 3.75 g of KOH in 550 ml water, pH 6.9, followed by the
addition of 300 ml of filter-sterilized fetal bovine serum (HyClone Labo-
ratories, Logan, UT, USA) and 300 ml of modified Grace’s insect culture
medium (TNM-FH; HyClone Laboratories) and gentle shaking at 150
rpm at 28°C (14). Transformation of BT-1 cells was done by electropora-
tion. Five-day-old 90-ml L. crescens cultures (optical density at 600 nm
[OD600] of 0.65) were chilled on ice for 30 min and harvested by centrif-

ugation at 3,500 rpm for 15 min at 4°C. The bacterial pellet was rinsed
twice in 20 ml of ice-cold sterile distilled water and resuspended in 2 ml of
ice-cold 10% glycerol. Forty-microliter aliquots of competent cells were
flash-frozen in liquid nitrogen and stored at �80°C. For transformation,
an aliquot of competent cells was thawed on ice and added to a chilled
1-mm electroporation cuvette containing �500 ng of plasmid DNA. Fol-
lowing electroporation at 1,800 V (with the time constant usually in the
range of 4.8 to 6.2 ms), the cells were immediately recovered in 900 �l of
BM7 broth (without antibiotics) and transferred into 5-ml sterile tubes.
The transformed cells were allowed to recover for 16 h, with gentle shak-
ing at 29°C at 150 rpm, prior to selection on BM7 medium solidified with
1.5% agar (Difco Laboratories, Detroit, MI, USA) and supplemented with
Gm (2 �g/ml).

Reverse transcription-quantitative PCR (RT-qPCR) of “Ca. Li-
beribacter asiaticus”-infected citrus and periwinkle. The presence of
“Ca. Liberibacter asiaticus” in specific leaves was assayed in DNA ex-
tracted from leaf discs of citrus (Citrus paradisi and Citrus sinensis) and
periwinkle (Catharanthus roseus) plants using a DNeasy Plant minikit
(Qiagen, Valencia, CA, USA). Conventional PCR using the primer set
OI1/OI2c (15) was followed by nested PCR using the primer set CG03F/
CG05R (16) for confirmation. The remaining midribs of confirmed “Ca.
Liberibacter asiaticus”-infected periwinkle and citrus leaves were ground
with a mortar and pestle in lysis buffer RLT (provided with a Qiagen
RNeasy Plant minikit), and RNA was extracted according to the manu-
facturer’s protocol. RNA extract yield and purity were estimated with a
NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA). Extracts were diluted with nuclease-free water to 200
ng/�l and treated with a Turbo DNA-free (DNase) kit (Ambion, Austin,
TX, USA).

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)
Reference
or source

Strains
E. coli Mach1-T1R F� �80lacZ�M15 �lacX74 hsdR(rK

� mK
�) �recA1398 endA1 tonA Invitrogen

E. coli DH5	 
� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK
� mK

�) supE44 thi-1 gyrA relA1 Gibco
E. coli TOP10 F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(ara leu)7697 galU galK rpsL (Strr)

endA1 nupG
Invitrogen

E. coli BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Invitrogen
Liberibacter crescens BT-1 Originally isolated from mountain papaya 14

Plasmids
pCR2.1-TOPO 3.9 kb; PCR cloning vector, Apr, Knr Invitrogen
pUC19 2.7 kb; PCR cloning vector, Apr Invitrogen
pUFR071 9.4 kb; repW, ColE1, Mob�, LacZ�, Par�, Cmr, Gmr 22
pET27b 5.4 kb; expression vector, T7 promoter, Knr Novagen
pBI221 6.0 kb; transient expression vector, source of uidA, Apr Clontech
pLF040 SC1gp_110 358-bp amplicon (full-length gene) in pCR2.1-TOPO This work
pLF041 NdeI-NheI fragment of pLF040 in pET27b This work
pLF042 SC1gp_110 256-bp amplicon (N-terminal truncation) in pCR2.1-TOPO This work
pLF043 NdeI-NheI fragment of pLF042 in pET27b This work
pLF044 511-bp fragment of SC1_gp110 promoter region fused with promoterless lacZ of pUC19 This work
pLF045 359-bp fragment of SC1_gp110 promoter region fused with promoterless lacZ of pUC19 This work
pLF046 223-bp fragment of SC1_gp110 promoter region fused with promoterless lacZ of pUC19 This work
pLF047 124-bp fragment of SC1_gp110 promoter region fused with promoterless lacZ of pUC19 This work
pLF049 CLIBASIA_04790 576-bp amplicon (NdeI-NheI ends) in pCR2.1-TOPO This work
pLF051 SC1_gp035 1,452-bp amplicon (NdeI-NheI ends) in pCR2.1-TOPO This work
pLF053 NdeI-NheI fragment of pLF049 in pET27b This work
pLF055 NdeI-NheI fragment of pLF051 in pET27b This work
pLF056 PciI-HindIII fragment of pLF044 (405 bp of SC1_gp110 promoter region) in pUFR071 with lacZ promoter deleted This work
pLF057 405-bp fragment of SC1_gp110 promoter region fused with promoterless uidA from pBI221 (hol::uidA) in

pUFR071 with lacZ promoter deleted
This work

pLF058 Promoterless BamHI-HindIII fragment of uidA from pBI221 fused with lacZ promoter (lacZ::uidA) of pUFR071 This work
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Reverse transcription was carried out with 0.9 to 1 �g of template
using an iScript Advanced cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA). Quantitative PCR was carried out using a CFX96 Touch Real-Time
PCR detection system (Bio-Rad). The reaction mixture contained 10 �l of
2� SsoFast Probes Supermix (Bio-Rad), 300 nM gene-specific primers
(Table 2), 200 nM 6-carboxyfluorescein (FAM)-labeled ZEN double-
quenched probes (Integrated DNA Technologies, Coralville, IA) (Table
2), and 90 to 100 ng of cDNA template in a total volume of 20 �l. Reaction
mixtures were incubated at 95°C for 30 s and cycled 40 times at 95°C for 10
s and 56°C for 30 s. The reference gene gyrB was used for normalization.
Two technical replicates were performed for each of six and eight biolog-
ical replicates for citrus and periwinkle samples, respectively, along with
no-template controls and no-reverse transcriptase controls.

The specificity of each primer set was initially assessed by conventional
PCR, and the amplicons were then cloned into pCR2.1-TOPO (Invitro-
gen Corp., Carlsbad, CA, USA). To calculate the amplification efficiency
of each primer/probe set, qPCR was performed on a dilution series of each
plasmid construct across a linear dynamic range of six log10 concentra-
tions (6.25 � 10�4 ng/�l to 6.25 � 10�9 ng/�l). Amplification efficiencies
ranged from 92.7% to 101.8%, with r2 values ranging from 0.991 to 0.998
for the six primer/probe sets. Relative normalized expression levels, cor-
rected for the various amplification efficiencies and using citrus values as
calibrator controls, were calculated by the ��CT (where CT is threshold
cycle) method using the Bio-Rad CFX Manager, version 3.0, software
package (17).

Bioinformatic and functional analyses of putative holin and endo-

TABLE 2 Primers and probes used in this study

Primer or probe function and name DNA sequence (5=–3=)
Reference
or source

Identification of leaves positive for “Ca. Liberibacter asiaticus”
OI1 GCG CGT ATG CAA TAC GAG CGG CA 15
OI2c GCC TCG CGA CTT CGC AAC CCA T 15
CG03F RGG GAA AGA TTT TAT TGG AG 16
CG05R GAA AAT AYC ATC TCT GAT ATC GT 16

RT-qPCR
SC1_gp025F AGC TAG ATC ATT GAC TCT TCC This work
SC1_gp025R AAA GAT GTT GGT CGT AAA CTA G This work
SC2_gp095F GGT GAA TAG CTA GAA TCC CG This work
SC2_gp095R2 TGT TGC TGG AGC CTA TAA CG This work
SC2_gp100F GTT CCA ATT CTC TAT AAG CGG This work
SC2_gp100R2 CGA ATG ATC CGA TTG CTT TAG This work
SC1_gp110F2 TCG TAC ATG CAC CCC TGA TA This work
SC1_gp110R2 AAG TGA GAC GCC AGG AAA GT This work
LasprfAF TGT CTG AAT CGC CTT CTG TC This work
LasprfAR GAT CAC CGA TGA CAG TAT GC This work
LasgyrBF TTG AAC AAG CTG TAA TTT CTG G This work
LasgyrBR ATC TGT TTG CCA ATT TAG AAG C This work
SC1_gp025P 6-FAM-ATA TTC ATC-ZEN-TTT TGT GTT AAA ACG GC-IABkFQa This work
SC2_gp095P 6-FAM-TGT TAG AGA-ZEN-AAC TAT CAC GTT CAA C-IABkFQ This work
SC2_gp100P 6-FAM-TCA AAT CCG-ZEN-TAA TAT AAA GGG CTA TT-IABkFQ This work
SC1_gp110P 6-FAM-TAT TCT ATT-ZEN-CAT CTC GTA AGC ACG T-IABkFQ This work
LasprfAP 6-FAM-TCA GTC CTA-ZEN-TAA TAT CGA AGA TTA GT-IABkFQ This work
LasgyrBP 6-FAM-TTA CAT TAA-ZEN-TTT CTT GAT CAC TTT CAC-IABkFQ This work

Functional analysis of potential lysis genes
CLas endolysin NdeI F TTA CAT ATG GTG TGT ATT ATA AAC AGA ATA ATA T This work
CLas endolysin NheI R TTA GCT AGC ATC ATA TCT ACA ATC CTC TTC TC This work
SC1_gp035 NdeI F TAT CAT ATG TAT TTC AAC GCG GTA AGC This work
SC1_gp035 NheI R AAT GCT AGC TCA TAA AGA TCC TCC TGT TCG This work
Holin NdeI F TTA CAT ATG AGT TTC TTA GAT TCG AGT G This work
Holin NdeI F2 TTA CAT ATG GGC GGA GCA GCA GGT This work
Holin NheI R AAT GCT AGC GAT CTT TGA TTC ATC GTA CAT G This work

Promoter expression reporter constructs
HPromRIF CUA CUA CUA CUA CCT AGG CCG ATA AAC TCC AAA AAA CGA G This work
HPromFIR1 GAU GAU GAU GAU CGT ACG TGA CGC AAA TAA CAC TGG TGC This work
HPromFIR2 GAU GAU GAU GAU CGT ACG AGT TTG CGA GCC TTA TCA ACC This work
HPromFIR3 GAU GAU GAU GAU CGT ACG CGG GCT TAT GTA TAC CTT TGC This work
HPromFIR4 GAU GAU GAU GAU CGT ACG GCG GAG GTT TGA ATA TGA CTC This work
pUC19VF2 UAG UAG UAG UAG GAG ACA GCT ATG ACC ATG ATT AC This work
pUC19VR AUC AUC AUC AUC CGG TTT GCG TAT TGG GCG C This work
pGUSIR GAU GAU GAU GAU CGT ACG ATA CCT AGG AGT CCC TTA TGT TAC

GTC CTG
This work

pGUS IR2 TTA GGA TCC AGG AGT CCC TTA TGT TAC GTC CTG This work
pGUS IF2 TTA AAG CTT CAG GAG AGT TGT TGA TTC ATT G This work

a IABkFQ, Iowa Black FQ quencher.
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lysins. TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) (18) and
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) (19)
were used to predict transmembrane 	-helices from protein sequences
with default settings. SignalP, version 4.0, was used to identify potential
secretion signals from protein sequences (http://www.cbs.dtu.dk/services
/SignalP/) (20) using both default (discrimination [D] score cutoff of
0.57) and sensitive (D score cutoff of 0.42) values. Functional analyses of
SC1_gp110 (holin), SC1_gp035 (endolysin), and CLIBASIA_04790
(phage-related lysozyme) were carried out by cloning and heterologous
expression in E. coli. The entire coding sequences of each of the three
genes, along with a second construct comprising a truncated fragment of
SC1_gp110 beginning at the second in-frame methionine codon, were
PCR amplified using Accuprime Taq DNA Polymerase High Fidelity (In-
vitrogen) with primers designed to fuse an NdeI site to the start codon and
to add an NheI site after the stop codon (Table 2) and cloned into pCR2.1-
TOPO for sequence confirmation. The constructs were digested with en-
zymes NdeI and NheI, gel purified, and ligated into expression vector
pET27b (Novagen Inc., Madison, WI, USA). These constructs were trans-
formed into E. coli TOP10, which lacks the T7 polymerase needed to drive
expression of the desired gene. Plasmids were isolated from overnight
cultures and diluted to 10 ng/�l, and 1 �l was used for the transformation
of E. coli BL21(DE3). Cells were plated on LB medium supplemented with
Kan (30 �g/ml) under noninducing conditions. Individual colonies of
BL21(DE3) containing the plasmid construct or empty vector pET27b
were transferred to LB medium supplemented with Kan (30 �g/ml) and
shaken at 37°C at 225 rpm overnight. For growth curves, approximately
375 �l of overnight cultures was transferred to 25 ml of prewarmed fresh
LB medium supplemented with Kan (30 �g/ml) and incubated at 37°C
and 225 rpm for 60 to 90 min. Isopropyl-�-D-thiogalactopyranoside
(IPTG) was then added to a final concentration of 0.5 mM, and cultures
were returned to incubate at 37°C and 225 rpm. The OD600 was measured
at 30- to 60-min intervals.

Construction of promoter expression reporter vectors. A uracil
DNA glycosylase (UDG)-mediated cloning strategy was used to create a
series of SC1_gp110 holin (21) promoters, each fused with lacZ, as re-
porter constructs in pUC19. Four fragments of the promoter region of
SC1_gp110 were amplified using forward primers HPromF-IR1,
HPromF-IR2, HPromF-IR3, and HPromF-IR4 and reverse primer
HPromR-IF to create pLF044, pLF045, pLF046, and pLF047, respectively
(Table 2). The reverse primer HPromR-IF (3= end of the promoter region)
contained added AvrII and HindIII sites, and the forward primers and
reverse primer had 12-bp overhangs of four dUMP-containing nucleotide
repeats at their 5= ends. The amplicons were gel purified using a Qiagen
QIAquick gel extraction kit following the manufacturer’s instructions.
Similarly, pUC19 was amplified using pUC19-VF2 and pUC19-VR (Table
2), which sit outside the lacZ promoter region but capture the lacZ coding
sequence, also containing 12-bp overhangs of four dUMP-containing nu-
cleotide repeats at their 5= ends. The uracil repeat overhangs of the
HPromF-IR series and pUC19VR, as well as HPromR-IF and pUC19VF2,
were complementary, allowing directional annealing of the promoter
fragments into the amplified vector. Approximately 120 to 160 ng of the
amplified promoter fragments was each mixed with 5 �l of the pUC19
amplicon, 2 �l of UDG, and 5 �l of 10� reaction buffer (New England
BioLabs) and brought to a 50-�l reaction volume with sterile distilled
deionized H2O. Reaction mixtures were incubated at 37°C for 30 min, and
E. coli Mach1 (Invitrogen) was transformed with 3 �l of the reaction
mixture. Transformed cells were plated on LB medium with appropriate
antibiotics.

Since the narrow-host-range colE1 replicon of pUC19 did not func-
tion in L. crescens, the SC1_gp110 (holin) promoter was recloned into the
wide-host-range (repW) vector pUFR071 (22) and fused with uidA as a
reporter. First, the holin promoter region in pLF044 was directionally
cloned into pUFR071 using PciI (present in the native holin promoter
sequence) and HindIII, which effectively swapped the lacZ promoter con-
sensus sequence with a putative holin promoter region. After sequences

were verified in this intermediate construct (pLF056), the reporter gene
uidA was amplified from pBI221 with forward primer pGUSIR, which
added an AvrII site followed by a Shine-Dalgarno sequence to the 5= end of
the gene, and pGUSIF2, which added a HindIII site to the 3= end of the
gene (Table 2). The amplicon was purified and directionally cloned into
the AvrII/HindIII sites of pLF056 to create pLF057. This plasmid was
sequenced to confirm the insert and used to transform L. crescens.

To create a control expression vector using the lacZ promoter fused
with uidA as a reporter, uidA was amplified from pBI221 with forward
primer pGUSIR2 (Table 2), which added a BamHI site and Shine-Dal-
garno sequence to the 5= end of uidA, and reverse primer pGUSIF2, which
added an HindIII site to the 3= end. The amplicon was PCR purified using
a Qiagen PCR Purification kit according to the manufacturer’s protocol,
digested with BamHI and HindIII, and directionally cloned into BamHI/
HindIII-digested pUFR071 to yield pLF058.

Preparation of plant and psyllid extracts. Crude aqueous cell-free
leaf extracts of sweet orange (Citrus sinensis), periwinkle (Catharanthus
roseus), eggplant (Solanum melongena), and tobacco (Nicotiana tabacum)
were prepared from fully expanded young leaf tissue from greenhouse-
grown plants. One gram of leaf tissue was pulverized to a fine powder and
resuspended in 10 ml of deionized water. The resulting suspension was
cleared by centrifugation twice at 3,220 � g for 20 min at 4°C. The cleared
supernatant was filter sterilized and stored at �20°C. Likewise, sterile
aqueous extracts were prepared from psyllids reared on orange jasmine
(Murraya paniculata; approximately 50 insects per ml of water).

Cell viability and GUS activity assays. Five-day-old BT-1 cultures
(OD600 of 0.65) were used for cell viability and GUS activity assays follow-
ing overnight incubation of 1 ml of BT-1 culture in the presence of 25 to
100 �l of sterile leaf or psyllid extract. For the cell viability assays, a 10-fold
serial dilution was prepared in BM7 medium, and a 10-�l cell suspension
from each dilution was spotted on triplicate BM7 agar plates. The plates
were incubated at 28°C for 12 days, and colony counts were recorded.

The effect of crude aqueous leaf extracts of citrus, periwinkle, tobacco,
eggplant, and psyllids on GUS activity in L. crescens cells (carrying pLF057
or pLF058) was examined using the semiquantitative histochemical GUS
substrate 5-bromo-4-chloro-3-indolyl �-D-glucuronide (X-Gluc). One
milliliter of 5-day-old BT-1 cell cultures was treated and incubated over-
night in the presence of 50 �l of X-Gluc (40 mg ml�1 dimethyl sulfoxide
[DMSO]) and checked for the development of blue colonies after incuba-
tion for 16 h. Alternatively, for the fluorimetric GUS assay, 1 ml of bacte-
rial cultures was harvested at 2,013 � g for 15 min at 4°C. The bacterial
pellets were resuspended in 30 �l of GUS extraction buffer (50 mM
Na2HPO4, pH 7.0, 10 mM �-mercaptoethanol, 10 mM Na2EDTA, pH 8.0,
and 0.1% Triton X-100) and incubated for 10 min at 37°C. Fluorogenic
GUS substrate (4-methylumbelliferyl �-D-glucuronide [MUG]) (1 mM in
GUS extraction buffer) was added to the bacterial lysate (90 �l of substrate
solution per 10 �l of GUS extract) and incubated at 37°C. Reaction mix-
ture aliquots (100 �l) were withdrawn at 10, 40, and 70 min, stopped with
50 �l of 0.2 M Na2CO3, and measured for fluorescence. The fluorescence
data were normalized against a standard curve prepared using the purified
GUS enzyme (type IX-A from E. coli; Sigma-Aldrich, Inc., St. Louis, MO).
The data presented are mean values derived from two biological assays
run in triplicate.

RESULTS
Select putative SC1 and SC2 late genes were upregulated in per-
iwinkle relative to citrus. To identify actively expressed late genes
of SC1 and SC2, reverse transcription-quantitative PCR (RT-
qPCR) was carried out in both “Ca. Liberibacter asiaticus”-in-
fected citrus (in which phage particles have not been seen) and
“Ca. Liberibacter asiaticus”-infected periwinkle plants (in which
phage particles are consistently visualized in the phloem of in-
fected plants). Comparative expression analyses of the putative
phage lytic cycle genes SC1_gp025, SC2_gp095, SC2_gp100, and
SC1_gp110 (holin) revealed significantly higher levels of phage
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transcripts in periwinkle than citrus (P values of 0.002850,
0.002338, 0.000001, and 0.000034, respectively). In contrast, “Ca.
Liberibacter asiaticus” chromosomal gene prfA transcript levels
were similar in both plant hosts, demonstrating plant-specific up-
regulation of bacteriophage late genes in periwinkle (Fig. 1).

SC1_gp035 (endolysin) and SC1_gp110 (holin) had func-
tional activity consistent with their annotations. As expected,
within the two predicted loci annotated as endolysins (SC1_gp035
and CLIBASIA_04790), neither transmembrane helices nor secre-
tion signals were detected. Although CLIBASIA_04790 is located
well outside the prophage region of Psy62, the locus was anno-
tated as a phage-related lysozyme, and blastp confirmed that this
protein belongs to the lysozyme-like superfamily, which includes
phage endolysins. Expression of CLIBASIA_04790 using pET27b
in E. coli reduced growth after induction with IPTG by 12.8%
(from an OD600 of 0.73 to an OD600 of 0.64) over the next 5 h of
cultivation (data not shown). In contrast, expression of prophage
gene SC1_gp035 in E. coli led to cessation of growth beginning 30
min after induction with IPTG and a substantial reduction in cul-
ture turbidity, with final OD600 values 33% lower than those of the
controls (Fig. 2).

TMHMM and TMpred analyses of the full-length protein se-
quence of the predicted holin, SC1_gp110, revealed a single trans-
membrane 	-helix, consistent with class III holins, with the N
terminus predicted in the periplasm and the C terminus in the
cytoplasm (N-out, C-in topology). SC1_gp110 was cloned from
the predicted start codon M1 to the predicted stop codon. In E. coli
TOP10 cells, full-length SC1_gp110 in pCR2.1-TOPO reduced
colony diameter when inserted in the same orientation as the lacZ
promoter on the vector (data not shown). Controlled heterolo-
gous overexpression of SC1_gp110 in pET27b abruptly stopped
growth of E. coli BL21(DE3) upon addition of IPTG to liquid
cultures but did not cause a significant drop in OD600 values,
consistent with holin activity (Fig. 3).

A second potential, but truncated, holin construct was created
that began at M35, downstream from the first ATG translational
start codon and in frame with the predicted full-length holin; this
potential start codon also had a potential Shine-Dalgarno se-

quence (5=-AGGCG-3=) located from 6 to 10 bp upstream of the
potential M35 start site. This truncated version was cloned in
pET27b, but induction of expression did not affect the growth of
E. coli (data not shown).

Transformation of L. crescens strain BT-1. L. crescens strain
BT-1 was consistently transformed by electroporation of the
repW vector pUFR071 at high efficiencies (typically, 6 � 104

CFU/�g of DNA). Stability of pUFR071 was evaluated; this plas-
mid was �95% stable, without selection, when grown in BM7
medium for over 20 generations. pUFR071 was reextracted from
transformed BT-1, transformed into E. coli, and appeared from
restriction analysis to be unchanged (not shown).

The promoter region of SC1_gp110 (holin) was constitu-
tively active in BT-1 but suppressible. Four differently sized po-
tential promoter-active regions upstream of SC1_gp110 were
cloned in front of a promoterless lacZ gene to form reporter con-
structs pLF044, pLF045, pLF046, and pLF047. E. coli colonies car-
rying these plasmids were white on X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside) medium, indicating a lack of
holin promoter activity to drive lacZ expression. However,
pLF057, carrying a PciI/HindIII fragment of the holin promoter
cloned directly from pLF044 and fused to a promoterless GUS
reporter gene, showed constitutive and strong GUS activity in L.
crescens strain BT-1 (Fig. 4A). Histochemical GUS activity was

FIG 1 Relative expression of chromosomal gene prfA and bacteriophage genes
SC1_gp025 (tail fiber), SC1_gp110 (holin), SC2_gp095 (peroxidase), and
SC2_gp100 (glutathione peroxidase). Transcript expression levels were calcu-
lated by the ��CT method with citrus as the calibrator sample, and the data
were normalized to the chromosomal reference gene gyrB. Error bars represent
the standard errors of the means.

FIG 2 Growth kinetics of E. coli BL21(DE3)/pET27b (empty vector) or
BL21(DE3)/pLF055 (expressing SC1_gp035; endolysin) in LB medium with
IPTG added at the time point indicated.

FIG 3 Growth kinetics of E. coli BL21(DE3)/pET27b (empty vector) or
BL21(DE3)/pLF041 (expressing full-length SC1_gp110; holin) in LB medium
with IPTG added at the time point indicated.
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apparent beginning 6 to 7 h after incubation with X-Gluc and
continued to intensify for approximately 24 h until BT-1 cells
died, presumably from the relatively high incubation temperature
(37°C) used for the GUS assay.

Significant inhibition of holin promoter-driven GUS activity
in BT-1 cells was observed when the cells were treated with 100 �l
of crude aqueous extracts from psyllids as well as from periwinkle,
citrus, eggplant, and tobacco leaves (Fig. 4A, upper wells). Dose-
dependent inhibition of visible GUS activity was observed in BT-
1/pLF057 (hol::uidA) cells treated with 25-, 50-, 75-, and 100-�l
volumes of crude psyllid extracts (Fig. 4B) as well as from plant
sources (Fig. 5A). These results appeared to indicate that crude
aqueous extracts from all host sources served to suppress holin
promoter activity in a dose-dependent manner. However, a strong
reduction in GUS activity after treatment with 75- and 100-�l
volumes of crude aqueous extracts from all five sources was also
seen in GUS assays using the constitutive lacZ promoter in pLF058
(lacZ::uidA) Fig. 4A, lower wells, and 5B), indicating that nonspe-
cific inhibition of GUS activity occurred at the higher concentra-
tions of aqueous extracts used. Notably, the observed decline in
enzymatic activity, even at the highest concentrations, could not
be attributed to any significant loss of cell viability due to over-

night treatment of BT-1 cultures with 100 �l of psyllid or plant leaf
extracts (Fig. 6).

Quantitative MUG-based assays revealed that at the lower
treatment levels (25 �l and 50 �l per 1 ml of culture), psyllid
extracts inhibited GUS activity expressed by the holin promoter
by 43% and 47%, respectively, compared to the untreated control
BT-1/pLF057 cultures (Fig. 5A). In the same activity assays, psyllid
extracts at these lower treatment levels failed to inhibit lacZ pro-
moter-driven GUS activity to any significant level (Fig. 5B). The
holin promoter displayed significantly stronger transcriptional
activity in BT-1 cells [nearly 2.1-fold higher GUS activity in BT-
1/pLF057 (hol::uidA) cells than the lacZ promoter driving the
same GUS gene in BT-1/pLF058 (lacZ::uidA) cells] (Fig. 5).

DISCUSSION

“Ca. Liberibacter” species are an emerging group of phytopatho-
gens that cause significant crop losses worldwide. The increased
phage copy number and presence of phage particles in “Ca. Li-
beribacter asiaticus”-infected periwinkle, an artificial host of the
bacterium, suggests that SC1 and/or SC2 is inducible and poten-
tially useful for controlling HLB in citrus (8). This work shows
that transcriptional levels of SC1 and SC2 late genes are signifi-

FIG 4 Qualitative GUS activity assays. (A) Histochemical GUS activity in
BT-1 cells after treatment with 100-�l extracts, as indicated. (B) Histochemical
GUS activity in BT-1/pLF057 (hol::uidA) cells after treatment with 25, 50, 75,
and 100 �l of psyllid extract. Photos were taken after 16 h.

FIG 5 Quantitative (fluorimetric) GUS activity assays. (A) Quantification of GUS activity in BT-1/pLF057 (hol::uidA) cells treated with the aqueous crude
extracts prepared from the indicated “Ca. Liberibacter asiaticus” hosts. (B) Quantification of GUS activity in BT-1/pLF058 (lacZ::uidA) cells following treatment
with the “Ca. Liberibacter asiaticus” host extracts as described for panel A.

FIG 6 Viability of BT-1 cells following treatment with 100 �l of crude aqueous
extracts prepared from the indicated “Ca. Liberibacter asiaticus” hosts after 16
h of incubation, relative to a water-treated control.
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cantly higher in “Ca. Liberibacter asiaticus”-infected periwinkle
than in “Ca. Liberibacter asiaticus”-infected citrus, indicating
lytic cycle induction. This is consistent with previous findings that
phage particles were formed only in periwinkle but not in citrus.
Phage SC1, which carries both the holin and endolysin genes,
generally is found at a higher copy number than SC2 in both citrus
and periwinkle (8).

The genomes of the three sequenced pathogenic liberibacters
(“Ca. Liberibacter asiaticus,” “Candidatus Liberibacter america-
nus,” and “Candidatus Liberibacter solanacearum”) each contain
two prophages that appear to have the full suite of genes necessary
for functionality (8, 23, 24). Not all prophages are entirely latent
during lysogeny; some prophage genes can increase the fitness
and/or the virulence of the bacterial host cell but have no general
role in the phage life cycle (25). Examples of prophage lysogenic
conversion gene products include extracellular toxins, proteins
that alter antigenicity, host effector proteins, enzymes that aid in
intracellular survival, and proteins that facilitate bacterial attach-
ment to host cells (26). Both SC1 and SC2 carry genes annotated as
peroxidases; these gene products could potentially aid in defense
against reactive oxygen species produced by the infected plant
and/or insect host. The expression levels of the SC2 peroxidases
SC2_gp095 and SC2_gp100 were higher in periwinkle than in cit-
rus, and their potential role in plant infection is currently being
investigated.

The holin-endolysin lysis system was the first mechanism de-
scribed for the egress of fully formed double-strand DNA bacte-
riophages from Gram-negative bacteria. Holins are highly diverse
transmembrane proteins that are produced throughout the period
of late gene expression (27). Holins can have one, two, or three
	-helical transmembrane domains and are categorized as class III,
II, or I holins, respectively. Upon reaching a critical concentration,
the holin proteins aggregate, triggering the formation of a few
large “micron-scale” holes in the cytoplasmic membrane (28).
The endolysin, a muralytic enzyme, is also expressed throughout
the period of late gene expression and accumulates in the cytosol.
After holins trigger disruption of the inner membrane, the endo-
lysins obtain access to the bacterial murein layer, and cell wall
degradation occurs.

This work shows that SC1_gp110, annotated as a holin, and
SC1_gp035, annotated as an endolysin, exhibited toxic effects on
E. coli that were consistent with the annotations. The predicted
presence of a single 	-helical transmembrane domain of
SC1_gp110 is consistent with class III holins such as t of bacterio-
phage T4 (29). Unlike t, the prototypical class III holin,
SC1_gp110 has an N-out, C-in membrane topology similar to
Gp5, a potential class III holin of mycobacteriophage Ms6 (30).
Because holins often have open reading frames embedded into the
primary coding sequence (31), the effect of a second, N-terminally
truncated fragment of SC1_gp110 was evaluated in E. coli. This
region appeared to have a Shine-Dalgarno ribosomal binding se-
quence but was not predicted to have 	-helical secondary struc-
ture and had no detectable effect on the growth of E. coli. Con-
trolled overexpression of the predicted endolysin (SC1_gp035)
led to lysis and a significant decrease in the OD600 of E. coli cul-
tures.

The lack of holin promoter activity in driving the LacZ reporter
in E. coli may indicate the absence of a transcriptional activator
necessary to drive the expression of typically repressed down-
stream genes. An alternative explanation is that E. coli carries a

repressor that recognizes the holin promoter and silences the ex-
pression of the reporter gene. The latter explanation seems less
likely due to the large phylogenetic distance between E. coli and
“Ca. Liberibacter asiaticus.” Similarly, the constitutive holin pro-
moter activity in L. crescens may be due to the presence of a tran-
scription factor in L. crescens that recognizes the “Ca. Liberibacter
asiaticus” holin promoter or to the absence of a late gene or holin-
specific repressor.

The general inhibition of GUS activity by the various plant
extracts and the two highest concentrations of psyllid extract used
masked any potential detection of transcriptional-level activity
since the presumably constitutive lacZ-driven reporter and the
holin-driven reporter were both similarly affected by these ex-
tracts (Fig. 5). The GUS enzyme is quite robust; thus, the decrease
in GUS activity is not likely due to direct enzyme inhibition. Based
on cell viability assays (Fig. 6), the plant extracts did not have
cytotoxic effects. The four plants used in this study (citrus, peri-
winkle, tobacco, and eggplant) are all rich in polyphenols and
other secondary metabolites, and these compounds may have a
negative effect on cellular metabolism and growth. (Growth
rates of treated and control L. crescens cultures were not as-
sessed largely because treatment durations of 14 to 15 h were
too short to significantly impact L. crescens growth.) Although
the plant extracts interfered with the GUS reporter used in
these assays, the holin promoter was clearly more active in
periwinkle than in citrus (Fig. 1).

At lower concentrations, crude aqueous psyllid extracts ap-
peared to have a strong and specific inhibitory effect on expression
of the GUS reporter driven by the holin promoter (43% and 47%
reductions were observed using 25 and 50 �l of crude psyllid ex-
tracts, while the same treatments had no significant effect on the
same reporter driven by lacZ) (Fig. 5) We hypothesize the exis-
tence of one or more ligands in the psyllid extract that is able to
penetrate L. crescens cells and bind to, and interfere with, a holin
promoter transcriptional activator, leading to decreased tran-
scription. A potential model system is the MarR family of tran-
scription factors, which can function as either an activator or re-
pressor following ligand binding (32). Based on the increased
transcriptional activity of the holin promoter in periwinkle (Fig.
1), a similarly acting ligand is also likely to occur in citrus. Further
research will focus on the identification of potential transcription
activators present in L. crescens as well as potential inhibitory
ligands in psyllids and citrus. The elucidation of the mechanism
behind lytic cycle activation of SC1 and/or SC2 may lead to a new
method for HLB disease control.

The strong activity of the holin promoter in the absence of
psyllid or plant extracts may help explain why liberibacters other
than BT-1 have not been cultured to date. Regardless of whether
phage particles form, expression of a holin alone is sufficient to
stop bacterial growth. Once “Ca. Liberibacter asiaticus” bacteria
are separated from a host, any host-provided ligand that may sup-
press transcriptional activity will become increasingly dilute, and
prophage late gene expression will be derepressed. In addition, the
comparative size advantage of L. crescens (1.5-Mb genome) rela-
tive to the pathogenic liberibacters, including “Ca. Liberibacter
asiaticus” (1.26-Mb genome), may provide genes needed for free-
living culture that are not found in other liberibacters. We specu-
late that factors present in hosts may suppress phage activation
and may be necessary, but not alone sufficient, for free-living cul-
ture of “Ca. Liberibacter asiaticus” bacteria.
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