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SUMMARY

Xanthomonas citri ssp. citri (Xcc) is an important plant-
pathogenic bacterium that causes citrus canker disease world-
wide. PthA, a transcriptional activator-like (TAL) effector, directs
the expression of the canker susceptibility gene CsLOBT. Here,
we report our recent progress in the functional characterization
of CsLOB1. Subcellular localization analysis of CsLOB1 protein in
citrus protoplast revealed that CsLOB1 is primarily localized in
the nucleus. We showed that CsLOB1 expression driven by dexa-
methasone (DEX) in CsLOB1-GR transgenic plants is associated
with pustule formation following treatment with DEX. Pustule
formation was not observed in DEX-treated wild-type plants and
in non-treated CsLOBT-GR transgenic plants. Water soaking is
typically associated with symptoms of citrus canker. Weaker
water soaking was observed with pustule formation in CsLOB1-
GR transgenic plants following DEX treatment. When CsLOB1-
GR-transgenic Duncan grapefruit leaves were inoculated with
Xcc306ApthA4 and treated with DEX, typical canker symptoms,
including hypertrophy, hyperplasia and water soaking symptoms,
were observed on DEX-treated transgenic plant leaves, but not
on mock-treated plants. Twelve citrus genes that are induced by
PthA4 are also stimulated by the DEX-induced expression of
CsLOBT. As CsLOB1 acts as a transcriptional factor, we identified
putative targets of CsLOB1 via bioinformatic and electrophoretic
mobility shift assays. Cs2g20600, which encodes a zinc finger
C3HC4-type RING finger protein, has been identified to be a
direct target of CsLOB1. This study advances our understanding
of the function of CsLOB1 and the molecular mechanism of how
Xcc causes canker symptoms via CsLOB1.
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INTRODUCTION

Citrus canker caused by Xanthomonas citri ssp. citri (Xcc) is an
important disease of citrus worldwide. Citrus canker is character-
ized by the formation of necrotic, raised lesions on leaves, stems
and fruit with raised, brown, water-soaked margins, usually with
a yellow halo around the lesion. On heavily infected trees, citrus
canker causes severe defoliation, twig dieback, general tree
decline, blemished fruit and premature fruit drop (Gottwald et al,
2001). The Asiatic form, or A type, of citrus canker affects a wide
range of hosts, including Citrus spp. and many closely related
rutaceous plants (Graham et al., 2004).

Although many genes of Xcc contribute to pathogenicity,
PthA, a type Ill secretion system (T3SS) effector, is a critical patho-
genicity determinant (Swarup et al, 1992; Yan and Wang, 2012).
Variants of the PthA effector are widely present in Xanthomonas
spp. that cause citrus canker disease (Al-Saadi et al, 2007;
Cubero and Graham, 2002; Jalan et al, 2013; Swarup et al,
1992). Representative strains of the five different pathotypes
responsible for citrus canker, XccA, XccA*, XccA", X. fuscans ssp.
aurantifolii (Xfa) B and C, contain at least one pthA-ike gene,
which are designated pthA, pthA*, pthAw, pthB and pthC, respec-
tively, and are essential for pustule formation on citrus. Loss of
PthA leads to loss of pustule symptoms and reduced bacterial
growth (Swarup et al, 1992; Yan and Wang, 2012). Amongst all
the citrus canker-related bacteria, members of the XccA clade are
the most virulent and widespread (Zhang et al,, 2015). Notably,
Xcc strain 306 (Xcc306), a member of the XccA group, contains
four pthA-elated genes, named pthA1, pthA2, pthA3 and pthA4,
of which only pthA4 is competent for pustule formation (da Silva
et al, 2002; Yan and Wang, 2012). Pth effectors are members of
the transcriptional activator-like (TAL) effector family, which direct
the expression of specific disease susceptibility genes during infec-
tion (Bogdanove et al, 2010). The effectors bind to effector-
binding elements (EBEs) within the promoter regions via a series
of amino acid repeats in the central coding portion (Boch et al,
2009; Hann et al., 2010; Moscou and Bogdanove, 2009). A target
of the TAL effector AvrBs3 from X. campestris pv. vesicatoria is
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upa20, which encodes a bHLH family transcriptional factor and
acts as a regulator of cell enlargement (Kay et al,, 2007). In rice,
three major susceptibility genes, Os8N3 (OsSWEET11), Os11N3
(OsSWEET14) and Os12N3 (OsSWEET13), are targets of the TAL
effectors from the bacterial blight pathogen X. oryzae pv. oryzae
(Antony et al., 2010; Chu et al,, 2006; Yang et al., 2006).

In citrus, PthA4 targets CsLOBI, a plant-specific transcriptional
factor in the lateral organ boundaries (LOB) domain family (Hu
et al, 2014). PthA4 and its functionally equivalent Pth effectors
recognize EBEs in the promoter of CsLOBT (Hu et al,, 2014). All
PthA variants are associated with an increase in CsLOBT
expression on infection. Designed TAL effectors (dTALEs) targeting
specific binding sites within the CsLOB7 promoter, but not
CsSWEETT, were able to restore pustule formation and enhance
bacterial growth when expressed in the pthA4 mutant of Xcc
(XccApthAd). CsSWEETT is a homologue of the SWEET sugar
transporter and rice disease susceptibility genes OsSWEET11 and
OsSWEET14 in citrus (Antony et al, 2010; Yang et al, 2006).
Despite the significant progress in the characterization of CsLOB1,
the detailed molecular mechanism of how CsLOB1 is involved in
canker symptom development remains unknown. In this study, we
conducted the functional characterization of CsLOB1, including its
subcellular localization, involvement in canker symptom develop-
ment and the identification of downstream targets of CsLOB1.

RESULTS

Tissue expression pattern and subcellular localization
analyses of the CsLOB1 gene

To explore the expression pattern of CsLOBT in citrus, we tested
its expression level in flowers, roots, stems and leaves of Duncan
grapefruit using quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) analysis. The expression level of CsLOB1
was higher in leaves and stems than in flowers and roots
(Fig. 1A).

As a putative transcription factor in citrus, it is predicted that
CsLOB1 modulates downstream target genes inside the nucleus.
To test the subcellular localization of CsLOB1 in citrus cells, we
transiently expressed 35S:EYFP-CsLOB1 (Fig. STA, see Supporting
Information) in citrus protoplast (Yoo et al, 2007). Fluorescence
microscopy analyses showed that EYFP-CsLOB1 co-localized with
the nuclear stain Hoechst 33342, indicating that CsLOB1 was pri-
marily localized in the nucleus (Fig. 1B). To further confirm the
localization of CsLOB1, we co-transformed citrus protoplast with
35S:EYFP-CsLOB1 and mCherry-NLS (Fig. S1B) via polyethylene gly-
col (PEG)-calcium-mediated transfection (Yoo et al., 2007). Nuclear
localization was indicated by the red fluorescence signal of the
mCherry-NLS protein, in which the mCherry gene is fused with the
nuclear localization signal (NLS) sequence at the carboxyl terminus.
Transient expression of mCherry-NLS, which localizes to the

Functional characterization of CsLOB1 1909

40
A mm Planttissues
g 30+ ‘ 1 Roots
c
]
ﬁ 20—
3 64
o
w
34
04 l[_] ilf_ | ill_l i i |
ML YL ST FL

B EYFP  Hoechst Merge Bright field

35S: EYFP-CSLOB1 -.
- \"4'

Fig. 1 Tissue expression pattern and subcellular localization analyses of the
CsLOBT gene. (A) Expression pattern of the CsLOB1 gene in different tissues
of Duncan grapefruit. The endogenous housekeeping gene used was GAPDH
(Cs2914940, glyceraldehyde 3-phosphate dehydrogenase). Each value
represents the mean = standard deviation (SD) of three replicates. YL, young
leaves, 15 days after flushing; ML, mature leaves, over 30 days after flushing;
FL, folded flowers; ST, stems. Roots, fresh lateral root. All tissues in each
replicate are from the same plant. (B) Subcellular localization of CsLOB1.
35S:EYFP-CsLOBT was transformed into citrus protoplast via polyethylene
glycol (PEG)-calcium-mediated transfection. CsLOB1 localization to the
nucleus was confirmed by co-localization with Hoechst 33342, The
fluorescence figures were taken 10 min after Hoechst dye addition to the
protoplast at the rate of 1: 600. The green colour indicates the fluorescence
of enhanced yellow fluorescent protein (EYFP). The blue colour indicates the
nuclear localization stained by Hoechst. Scale bar represents 10 um.

nucleus, overlapped with 35S:EYFP-CsLOB1 when co-transformed
into citrus protoplast (Fig. S1B), further confirming that CsLOB1
localizes to the nucleus.

Ectopic CsLOBT expression in citrus induces pustule
formation

To test a direct causal relationship between canker symptoms and
the expression of CsLOB1, we took advantage of the dexametha-
sone (DEX, a synthetic glucocorticoid)-induced nuclear targeting
of reporter construct containing the glucocorticoid receptor (GR).
In the absence of DEX, the fusion protein is present in the cyto-
plasm in a complex with heat shock protein 90 (HSP90), which
inhibits the function of the fusion protein by preventing its nuclear
localization (Galigniana et al, 1998; Picard et al, 1988).
Transgenic Duncan grapefruit (Citrus paradisi Macf.) plants
expressing 355:CsLOB1-GR were generated. CsLOBT was fused to
the hormone-binding domain of GR and under the control of the
ubiquitously expressed 35S promoter (Figs 2A and S2, see
Supporting  Information). The355:CsLOBT-GR construct  also
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Fig. 2 Ectopic CsLOB1 expression in citrus induces pustule formation. (A) Diagram of the 355:CsLOB1-GR plasmid used to construct CsLOB1 transgenic plants. The
35S:CsLOB1-GR construct contains green fluoresent protein (GFP) and neomycin phosphotransferase I (Nptll) to facilitate the screening of transgenic plants.

(B) Validation of CsLOB1 gene expression in different CsLOB1 transgenic lines (T1, T2 and T3) without dexamethasone (DEX) treatment by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR). Each value represents the mean = standard deviation (SD) of three replicates. The housekeeping gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was used as the endogenous control. Each value represents the fold change (transgenic plants vs. wild-type

plants) = SD. T1, T2, T3, three different transgenic lines. (C) CsLOBT transgenic plant leaves show canker-like symptoms at about 1 month post-treatment with DEX.
The leaves were injected with DEX (100 pm) or mock solution (equivalent volume of solvent without DEX). The photograph was taken at 1 month post-inoculation.
T1, T2, T3, different transgenic plant lines; WT, wild-type plant. (D) Pustules on CsLOBT transgenic plant leaves at about 1 month post-treatment with DEX. Left:
pustules on CsLOB1 transgenic plant leaves show green fluorescence under a fluorescence microscope. Right: non-transgenic plants observed under a fluorescence

microscope; Scale bar represents 200 pm.

contains green fluorescent protein (GFP) and neomycin phospho-
transferase Il (Nptll) to facilitate the screening of transgenic plants
(Fig. 2A). The expression of CsLOBT in transgenic plants was fur-
ther confirmed using qRT-PCR (Fig. 2B). Interestingly, DEX
(100 pw)-treated leaves of CsLOBT transgenic plants exhibited
pustule formation (Fig. 2C). Green fluorescence was observed in
CsLOB1 transgenic plants as a result of the presence of GFP in the
CsLOB1 expression construct, but not in wild-type plants (Fig. 2D).
Pustule symptoms were not observed in DEX-treated wild-type

plants and in mock-treated CsLOBT transgenic plants (Fig. 2C).
Only weak water soaking was observed with pustule symptoms in
DEX-treated CsLOBT transgenic plants (Fig. 2C).

Ectopic CsLOBT expression in citrus restores
Xcc306ApthA4 canker symptoms

Water soaking is a known characteristic of canker symptoms
(Brunings and Gabriel, 2003). CsLOB1 expression alone induced
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weak water soaking symptoms (Fig. 2C), indicating that other
virulence factors in addition to PthA4 of Xcc are required to induce
water soaking. When CsLOB1 transgenic Duncan grapefruit leaves
were inoculated with Xcc306ApthA4, and then treated with DEX
solution or mock, water soaking and pustule symptoms were
observed on DEX-treated transgenic plant leaves, but not on
mock-treated plants, at 7 days post-inoculation (Fig. 3A).

The bacterial population was higher in DEX-treated CsLOB1
transgenic plant leaves than in mock-treated transgenic plant
leaves inoculated with Xcc306ApthA4 at 9 days post-inoculation,
and also higher than in DEX- and mock-treated wild-type plant
leaves inoculated with Xcc306ApthA4 (Fig. 3B).

Gene expression induced by CsLOB1

Our previous study has suggested that Xcc secretes PthA4,
which translocates into the plant nucleus to induce the expression
of the susceptibility gene CsLOB1, which, in turn, regulates
downstream genes to cause pustule symptoms (Hu et al,, 2014).
We reasoned that the ectopic expression of CsLOB1 would induce
many genes induced by PthA4. To test this hypothesis, we
selected 12 genes which were induced by both PthA4 and dTALE
targeting CsLOB1 (Hu et al,, 2014; Zhang et al., 2016) to test their
induction by CsLOB1 with qRT-PCR. The selected genes include

Days post inoculation

expansin genes (orange1.1t00187, Cs7g32410, Cs9g15100.1),
pectate lyase genes (Cs29g23970 and orange1.1t00910), an
endoglucanase gene (Cs2g20750), a polygalacturonase gene
(Cs7901690) and a gibberellin-regulated gene (Cs6g17190).
CsLOBT transgenic plant leaves were treated with DEX solution
and then used for RNA extraction at 36 h post-inoculation. Most
of the 12 selected genes which were induced by PthA4 were also
induced by CsLOB1 (Fig. 4).

Targets of CsLOB1

CsLOB1 is a transcriptional factor and probably exerts its effect by
binding to the promoter region of target genes. It has been shown
that LOB domain proteins bind to a 6-bp LBD motif (GCGGCG)
(Bell et al, 2012; Hushands et al., 2007). To identify the targets of
CsLOB1, we searched the LBD motif in the promoter regions of
218 PthA4-activated genes identified in our previous study (Hu
et al, 2014, 2016). In total, the LBD motif has been identified in
the promoter region of 26 PthA-activated genes (Table S1, see
Supporting Information).

We then tested the interactions between purified CsLOB1 and
the LBD motif-containing probes. Of the 26 LBD motif-containing
probes, only the Cs2g20600 probe interacted with CsLOB1
(Fig. 5A). The addition of 30 X unlabelled Cs2g20600 probe
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Fig. 4 Citrus genes induced by CsLOBT. mRNA samples were extracted from
CsLOBT transgenic plant leaves treated with dexamethasone (DEX) solution and
mock solution at 36 h post-inoculation. The housekeeping gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was used as an endogenous control.
Each value represents the mean = standard deviation (SD) of three replicates.

reduced the binding of CsLOB1 with the biotin-labelled probe (Fig.
5B). Mutation of the LBD motif to ATAATA abolished the interac-
tion between the probe and CsLOB1 (Fig. 5C). The qRT-PCR result
indicates that the gene expression of (52920600 is up-regulated
on DEX-treated CsLOB1-GR transgenic plant leaves compared
with the control at 8 h post-inoculation (Fig. S3, see Supporting
Information).
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DISCUSSION

In this study, we have demonstrated that CsLOB1 expression in
citrus results in pustule formation. We used CsLOB1 fused with
GR, which resides in the cytoplasm as part of a heteromeric com-
plex with HSP90 before DEX treatment. Unliganded GR binds to
the HSP complex primarily via the hormone-binding domain that
associates with HSP90 (Aoyama and Chua, 1997). After treat-
ment, DEX binds to the hormone-binding domain of GR, thus
releasing CsLOB1-GR to localize to the nucleus to exert its
functions. This is indicated by pustule development and the induc-
tion of downstream genes in CsLOB1 transgenic grapefruit after
DEX treatment. DEX treatment of wild-type plants does not induce
pustule development and the expression of the selected genes.
The data presented here, previous data on canker symptom induc-
tion by dTALEs targeting EBEcs ogy (Hu et al, 2014) and the
requirement of CsLOBT for canker symptoms (lia et al, 2016,
2017) provide strong support that CsLOB1 is the canker suscepti-
bility gene (Hu et al, 2014). Xcc infects citrus and causes pustule
symptoms via the dominant pathogenicity factor PthA4, which
activates the susceptibility gene CsLOB1, which, in turn, regulates
downstream genes required for pustule symptom development.
Importantly, citrus genes induced by PthA4 (Hu et al,, 2014) were
also induced by CsLOB1, confirming that PthA4 exerts its effect
through CsLOB1. In addition, CsLOBT shows higher expression in
leaves and stems compared with roots, probably indicating that
CsLOB1 expression is tissue specific and partially explaining why

12 13 14 15

Fig. 5 Electrophoretic mobility
shift assay (EMSA) of CsLOB1
interaction with putative targets.
(A) EMSA results revealed the
interaction between biotin-
labelled LBD motif-containing
probes and CsLOB1 protein.

(B) Competition for Cs2g20600
binding with the unlabelled probe
was performed at 5X and 30X
of the labelled probe. (C) Binding
of the Cs2920600 probe and
mutant Cs2g20600 probe with

6\ ,a_f
Q&“

) o

o+ @
"o+ 4+
+* + + &
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probe. Cs2g20600-m, mutant
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Xcc usually causes typical pustule lesions on certain tissues,
including leaves and stems.

Our results suggest that CsLOB1 is the direct cause of pustule
development, and the induction of CsLOB1 is sufficient to cause
pustule development; however, water soaking requires other fac-
tors in addition to the induction of CsLOB1. Weak water soaking
was observed in CsLOBT transgenic grapefruit leaves after DEX
treatment, but was obvious in CsLOBT transgenic grapefruit
leaves after XccApthA4 infection and DEX treatment. Water soak-
ing is an important step in bacterial infection of the phyllosphere
(Xin et al, 2016). PthA and related genes have been reported to
be required for water soaking symptoms of citrus canker (Swarup
et al, 1991). Interestingly, both PthA4 and CsLOB1 induce the
expression of a pectate lyase gene (Hu et al, 2014). A pectate
lyase gene has been suggested to be an indirect S gene target of
the TAL effector AvrHah1 in Xanthomonas gardneri and contrib-
utes to water soaking in bacterial spot of tomato. dTALEs for
pectate lyase complement water soaking when delivered by the
avrHah1 mutant of X. gardneri (Schwartz et al., 2017). Induction
of the pectate lyase gene might be responsible for the weak water
soaking observed in DEX-treated CsLOB1-GR transgenic citrus.
Previously, water soaking caused by Xcc has been hypothesized to
result from increased water uptake from the xylem through capil-
lary action as a result of the loss of free intercellular space
because of cell swelling and cell division, which hydrates and
swells xanthan gum (Brunings and Gabriel, 2003). Our data
support this model. In this process, the activation of pectate lyase
may also contribute to water soaking.

With CsLOBT as the major canker susceptibility gene, it has
been suggested that canker-resistant citrus varieties could be
generated via recessive resistance strategies by modification of EBE
in the promoter region or coding region of CsLOBT (Hu et al,
2014; Jia et al, 2016, 2017). This is similar to the generation of
disease-resistant rice by modification of EBEs of rice S gene
promoters or coding regions (Antony et al, 2010; Li et al, 2012;
Zhou et al., 2015). To understand the potential side effect of such
a strategy, it is critical to understand the function of CsLOBT.
CsLOB1 belongs to the plant-specific LOB domain family, which
consists of a conserved DNA-binding Cys repeat motif
(CX2CX6CX30), an invariant glycine residue and a coiled-coil Leu-
zipper-like motif (LX6LX3LX6L) involved in protein—protein interac-
tions (Shuai et al, 2002). LBD proteins are transcriptional factors
involved in the regulation of lateral organ development, anthocya-
nin and nitrogen metabolism, and respond to hormones and envi-
ronmental stimuli (Gendron et al,, 2012; Majer and Hochholdinger,
2011). As expected, CsLOB1 contains multiple NLSs and localizes
to the cell nucleus. Interestingly, citrus contains 36 LBD proteins
with CsLOB2 and CsLOB3, which share 67.9% and 71.0% identity,
respectively, to CsLOB1, and have similar functions to CsLOB1.
Canker pustule symptoms are restored by dTALEs targeting CsLOB2

Functional characterization of CsLOB1 1913

and CsLOB3 expressed in XccApthA4 (Zhang et al, 2016). RNA
sequencing (RNA-seq) analysis has shown that CsLOB1, CsLOB2
and CsLOB3 all regulate a set of cell wall metabolic genes, which
might be involved in canker symptom development. However,
neither CsLOB2 nor CsLOB3 contains the same EBE sequence in its
promoter as CsLOB1, thus avoiding elicitation by PthA4. The redun-
dancy of CsLOB1, CsLOB2 and CsLOB3 potentially explains the lack
of side effect of the mutation of CsLOBT alone (Jia et al, 2016).

Electrophoretic mobility shift assay (EMSA) results revealed
that CsLOB1 shows strong and specific interaction with the pro-
moter of Cs29g20600. Cs2g20600 encodes a zinc finger C3HC4-
type RING finger protein. C3HC4-type RING finger proteins are
known to be involved in numerous cellular processes, such as
transcription, signal transduction through protein—protein interac-
tions and ubiquitination, as most C3HC4-type RING finger proteins
are E3 ubiquitin ligases (Wu et al, 2014). However, how
(52920600 contributes to canker symptom development remains
unknown. Future work will investigate the function of Cs2g20600
and its role in canker symptom development.

EXPERIMENTAL PROCEDURES

Plant materials

All citrus plants used for inoculation were grown in a glasshouse at tem-
peratures ranging from 25 to 30 °C at the Citrus Research and Education
Center, University of Florida, Lake Alfred, FL, USA. Bacterial inoculation of
plants was conducted in a quarantine glasshouse at 28 °C, 80% humidity,
16 h of daylight and 8 h of darkness.

Bacterial inoculations and population growth
calculation

Xcc strains, including Xcc306 and Xcc306ApthA4, were kept in 25% glycerol
and preserved in a freezer at —80 °C. The Xcc strains were recovered and
cultured on nutrient agar (NA) plates at 28 °C. The Xcc strain used for inocu-
lation was a bacterial suspension solution, which was diluted to the required
concentration with double-distilled water. An optical density at 600 nm
(ODggo) of 0.5 is equivalent to about 5 X 10® colony-forming units (cfu)/mL.
Bacterial suspensions of 5 X 10° cfu/mL were injected into the abaxial sur-
face of citrus leaves with a 5-mL needleless syringe. To calculate the bacte-
rial population, inoculated leaves were rinsed with sterile water to remove
dust from the leaf surface. Three discs (1 cm?) of the inoculated region were
taken by a clean hole puncher and ground in 1 mL of sterile tap water. After
a series of dilutions, 50 uL of bacterial suspensions were dropped onto NA
medium by pipettes and incubated at 28 °C for 2 days. The colony counts
were recorded to calculate the bacterial populations. Each experiment was
repeated three times. The symptoms on the inoculation region were
observed and captured at different time points with a digital camera.

RNA extraction and reverse transcription

Leaf samples were collected, frozen in liquid nitrogen and stored
at —80 °C until RNA extraction. RNA extraction was performed for all
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plant tissues using an RNeasy Plant Mini Kit (QIAGEN, Valencia, CA,
USA). RNA quality and concentration were determined with an ND-8000
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) based on the absorbance ratio. RNA samples with OD3g0/280
between 1.8 and 2.0 and ODgq/230 > 2.0 were used for further analysis.
The RNA was then processed via DNase | treatment and first-strand cDNA
synthesis using an RNA reverse transcription kit (QIAGEN, Valencia, CA,
USA) according to the manufacturer’s instructions.

gRT-PCR analyses

All primers used for qRT-PCR in various experiments were designed on
the website (https://www.idtdna.com/Primerquest/Home/Index). Primers
were designed with melting temperatures between 60 and 64 °C, oligo
lengths of 18-30 bp, GC contents of 40%—60% and amplicon sizes
between 70 and 150 bp. qRT-PCR was performed using KiCqStart® SYBR
Green gPCR ReadyMix™ (Applied Biosystems, Foster City, CA, USA). The
gene-specific primer sequences are listed in Table S2 (see Supporting
Information). qRT-PCR was performed using an Applied Biosystems 7500
Fast Real-time PCR system (Applied Biosystems, Foster City, CA, USA).
The endogenous housekeeping gene used was Cs2g14940 (GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase). The experiments were repeated
twice, and each experiment contained three replicates. Each reaction was
run in a 20-pL volume reaction system containing 5 plL of template cDNA,
10 pl of KiCqStart SYBR Green qPCR Readymix and a final primer concen-
tration of 300 nwm. All reactions were performed under the following condi-
tions: 30 s at 95 °C, and 40 cycles of 5 s at 95 °C and 30 s at 60 °C, in 96-
well optical reaction plates (Applied Biosystems, Foster City, CA, USA). A
melting curve was generated from 60 °C to 95 °C at the end of the reac-
tion to verify the specificity of the amplicon for each primer pair. The gene
expression levels in all samples were determined by the number of cycles
(Ct) required for the amplification-related fluorescence to reach a specific
threshold level of detection. The raw Ct value was analysed using Quant-
Studio™ design and analysis software v1.4.1. The 2724 method was
used for relative quantification.

PEG-mediated transient expression in citrus protoplasts

Grapefruit seedlings germinated from seeds were cultured in a dark glass-
house for 15 days. Small stem segments from the seedlings were obtained
using a fresh sharp blade and digested in an enzyme solution [20 mwm MES
(pH 5.7) containing 1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10,
0.4 m mannitol and 20 mwm KCl; the solution was kept at 55 °C for 10 min,
and then cooled to room temperature (25 °C), and 10 mm CaCly, 1-5 mm
[B-mercaptoethanol and 0.1% bovine serum albumin (BSA) were added] to
obtain protoplasts. The concentration and quality of the collected proto-
plasts were checked under a microscope. Approximately 10 pL of DNA
(20 pg of plasmid DNA) were mixed with 100 L of protoplasts (approxi-
mately 2 X 10% protoplasts). Then, 110 uL of PEG solution [20%-40%
(w/v) PEG4000 in double-distilled H,O containing 0.2 m mannitol and
100 mm CaCl,) were added and mixed. The transfection mixture was incu-
bated at room temperature for 15 min. The transfection mixture was diluted
with 400 pulL of W5 solution. The supernatant was removed after centrifuga-
tion at 100 g for 2 min at room temperature. The protoplasts were resus-
pended gently and then cultured in a six-well tissue culture plate overnight.
All solutions and detailed protocols processed in this research were

followed by PEG-calcium mediated transfection was conducted as described
previously (Yoo et al., 2007).

Generation of transgenic Duncan grapefruit plants
expressing 355:CsLOB1-GR

The coding region of CsLOBT of 711 bp without start and stop codons
was amplified with primers containing Xhol/EcoRI restriction sites, and
subcloned into the pCAMBIA-1380 plasmid to generate the 355:CsLOB1-
GR construct with GR fused in-frame to the C-terminus of CsLOBT. The
GR1 domain was amplified from BIAGR, which was kindly provided by Dr
R. W. Davis (Lloyd et al, 1994). To facilitate screening, GFP and Nptll
sequences were also included in the final construct (Fig. 2). The
355:CsLOB1-GR plasmid was transferred into Agrobacterium strain
EHA105 and used for plant transformation. Duncan grapefruit epicotyl
segments were used as explants for transformation, and the Agrobacte-
rium-mediated citrus transformation was performed as described
previously (Orbovi¢ and Grosser, 2015). GFP fluorescence in putative
transgenic lines was evaluated using an epifluorescence stereomicro-
scope. The transgenic plants were confirmed by PCR analysis (Table S3,
see Supporting Information). Transgenic grapefruit shoots were micro-
grafted in vitro onto 1-month-old Carrizo citrange [C. sinensis (L.)
Osheck X Poncirus trifoliata (L.) Raf.] rootstock seedlings. The grafted
shoots were potted on to grow in the glasshouse after 1 month.

Protein purification

The coding sequence of CsLOB1 of 714 bp was amplified with primers
containing EcoRI/Sall restriction sites, and subcloned into the protein
expression vector pGEX-4T-1, named pGEX-4T-1-CsLOB1, using Q5®
High-Fidelity 2 Master Mix (New England Biolabs, Ipswich, MA, USA).
The expression vector pGEX-4T-1-CsLOB1 was confirmed by sequencing,
and transformed into BL21 competent Escherichia coli (New England Biol-
abs, Ipswich, MA, USA). Escherichia coli BL21 was cultured in 10 mL of
Luria—Bertani (LB) medium at 37 °C overnight; 0.1 mL of the overnight cul-
ture was transferred into 50 mL of LB medium containing 50 um kanamy-
cin and incubated at 37 °C until Aggy nm reached OD = 0.6. A final
concentration of 0.25 mm of isopropylthiogalactopyranoside (IPTG) was
added to the LB medium. The incubation was continued for 10 h at 16 °C.
Bacterial cells were harvested by centrifuging the culture at 4000 g for
30 min. The pellet was resuspended in phosphate-buffered saline (PBS)
and sonicated on ice. The supernatant was then purified using Pierce™
glutathione agarose according to the instructions of the manufacturer
(Thermo Scientific, Waltham, MA, USA). The fractions and purified GST-
CsLOB1 protein were analysed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on a 12% polyacrylamide gel, and deter-
mined using a protein molecular standard (New England Biolabs, Ipswich,
MA, USA).

EMSA

CsLOB1 protein (1 ug/ul) was used for EMSAs. Twenty-six LBD motif-
containing probes were synthesized and biotin labelled for EMSA (50-bp
promoter sequences containing the LBD motif in the centre) using the
Biotin 3’ End DNA Labelling Kit (Thermo Scientific, Waltham, MA, USA).
EMSA was then performed using a LightShift™ Chemiluminescent EMSA
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Kit according to the manufacturer's instructions (Thermo Scientific, Wal-
tham, MA, USA).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 (A) Diagram of the vector 35S:EYFP-CsLOB1. This vec-
tor is based on the vector pSAT6-EYFP-C1 and was used for
subcellular localization. (B) Confirmation of CsLOB1 subcellular
localization. The vectors 35S:CsLOB1-EYFP and mCherry-NLS
were co-transformed into citrus protoplast. The fluorescence
signal was detected with fluorescence microscopy. The green

colour indicates the fluorescence of enhanced yellow fluores-
cent protein (EYFP), whereas the red colour indicates the
nuclear localization due to red fluorescent protein. The scale
bar represents 10 pm.

Fig. S2 (A) CsLOBT transgenic plant shoots show green fluo-
rescence under a fluorescence microscope: 1, transgenic plant
shoot [green fluorescent protein (GFP) signall; 2, non-
transgenic shoot without GFP signal. (B) CsLOBT transgenic
plants show normal growth when compared with a wild-type
plant.

Fig. S3 Validation of Cs2g20600 gene expression in CsLOB1
transgenic plant leaves treated with DEX (100 uM) or mock solu-
tion at 8 hours post inoculation by gRT-PCR. The housekeeping
gene GAPDH was used as the endogenous control. Each value
represents the fold change (DEX-treatment vs mock-treatment) *+
SD of three replicates. Transgenic: DEX-treated transgenic plant
leaves; Wild type: DEX-treated wild type plant leaves.

Table S1 Probes used in electrophoretic mobility shift assay
(EMSA).

Table S2 Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) primer sequences used in this study.

Table S3 Primer sequences used in this study.
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