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Abstract

In Platanus acerifolia, the SEP3 homolog PlacSEP3 may possess multiple functions, including roles in floral organ identity,
development, and vegetative development. This work aimed to characterize the function of PlacSEP3 promoter and ana-
lyzed whether PlacSEP3 promoter could be used for genetic engineering flowerless London plane cultivars. The PlacSEP3
promoter was isolated by TAIL-PCR and cis-acting regulatory elements were predicted using the PLACE database and
PlantCARE database. Three 5'-deletions of PlacSEP3 promoter were fused to the GUS gene and transformed into tobacco
to analyze the functional by Histochemical staining and fluorometric determination. The pPlacSEP3-3::Barnase and pPlac-
SEP3-3::Barnase-mic35S-Barstar vectors were constructed and transformed into tobacco to test whether pPlacSEP3 could
be used for genetic engineering flowerless London plane cultivars. A 1491-bp sequence was isolated, this sequence contained
multiple putative cis-regulatory elements related to flower, pollen, and embryo/endosperm development, light responsive.
Histochemical staining and fluorometric determination showed that GUS was strongly expressed in reproductive organs and
apical buds, and was slightly expressed in vegetative tissues, except the roots of pPlacSEP3-1::GUS and pPlacSEP3-3::GUS
transgenic tobacco. However, GUS was not expressed in floral organs and was just slightly expressed in fruits of pPlacSEP3-
2::GUS transgenic tobacco. Interestingly, transgenic tobacco of all three constructs showed GUS staining at the bud side of
semi-lignified and old stems. The pPlacSEP3-3::Barnase-mic35S-Barstar transgenic tobacco showed various degrees of
sterility and vegetative developmental defects. The pPlacSEP3 involved in flower initiation, development and some aspects
of vegetative development, such as lateral bud initiation and development. The pPlacSEP3 had the potential application for
genetic engineering flowerless cultivars.
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Introduction
Communicated by Maria Margarida Oliveira. London plane (Platanus acerifolia Willd.) is a famous
landscape plant that is commonly planted along streets and
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of London plane (Grolli et al. 2005; Vlachov 1987), engi-
neering flowerless London plane could provide an effective
means by which to address the pollen- and seed hair-medi-
ated environmental pollution and allergy issues.

Driving the flower- or anther/pollen-specific expression
of a cytotoxic gene, such as barnase or DTA (Diphtheria
toxin A), is an effective way to create flowerless or male-
and female-sterile plants. This strategy has been successfully
used in many species, e.g., for the production of flowerless
transgenic birch (Lannenpéi et al. 2005; Lemmetyinen et al.
2004) and poplar (Skinner et al. 2003; Wei et al. 2007), the
creation of male-sterile cabbage (Lee et al. 2003), petunia
(Yue et al. 2016), rice (Luo et al. 2006), wheat (Block et al.
1997), Kalanchoe blossfeldiana (Garcia-Sogo et al. 2010),
Pelargonium (Garcia-Sogo et al. 2012), Cryptomeria japon-
ica (Manabu et al. 2011), pine and Eucalyptus (Zhang et al.
2012), and the generation of both male- and female-sterile
transgenic tobacco and Arabidopsis (Gardner et al. 2009;
Huang et al. 2016). A flower-specific expression promoter
is necessary to generate flowerless London plane. However,
flower-specific expression promoter has not been identi-
fied in London plane, other than the PlacLFY and B-class
MADS-box genes promoters (Li et al. 2017; Lu et al. 2012),
but PlacLFY promoter is not only active in reproductive tis-
sues, but also in vegetative tissues, and is not suitable for
engineering flowerless London plane (Lu et al. 2012). In
B-class MADS-box genes, pPaAP3::BARNASE had seri-
ous defects in transgenic tobacco, and pPaPl::BARNASE
showed the potential application in London plane because
of it depauperate flower buds formed in transgenic tobacco
(Lietal.2017).

The SEP3 gene belongs to the SEP subfamily of MADS-
box genes, whose members have nearly redundant functions
for the specification of floral meristem and organ identi-
ties. Accumulating evidence shows that SEP3 plays a more
critical role than other SEP genes, since the SEP3 protein
binds to the regulatory regions of thousands of potential
target genes (Kaufmann et al. 2009) and is sufficient to loop
DNA in ‘floral quartet’-like complexes in vitro (Melzer
et al. 2009). In Arabidopsis, SEP3 is expressed through-
out flower development and is restricted to the inner three
whorls (Mandel and Yanofsky 1998). Despite variation in its
expression pattern, SEP3 expression shows highly reproduc-
tive organs specific in many species, such as petunia (Fer-
rario et al. 2003), tobacco (Jang et al. 1999), tomato (Pnueli
et al. 1994), Alpinia hainanensis (Song et al. 2010; Li et al.
2014), Taihangia rupestris (Wang et al. 2007), Trilliaceae
(Kubota and Kanno 2015), and peach (Xu et al. 2008), in
which expression is restricted to the inner three whorls, simi-
lar to in Arabidopsis. It is expressed in four whorls in some
species, such as Antirrhinum (Davies et al. 1996), Gerbera
(Kotilainen et al. 2000), citrus (Endo et al. 2006), Prunus
mume (Zhou et al. 2017), Dendrobium orchids (Yu and
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Goh 2000), saffron crocus (Tsaftaris et al. 2011), and lilies
(Tzeng et al. 2003). These previous studies have shown that
the promoter of SEP3 is a good candidate for engineering
flowerless plants.

In a previous study, the London plane SEP3-like gene
(PlacSEP3) and its allele (PlacSEP3.1) were characterized,
and an expression analysis showed that PlacSEP3 and its
allele are expressed obviously in the male and female inflo-
rescence during initiation stages and throughout the flower
and fruit development process, and are slightly expressed in
vegetative tissues, such as shoot apical buds and vegetative
subpetiolar buds of adult trees (Li et al. 2012; Zhang et al.
2017). Here, the PlacSEP3 promoter was isolated and its
function was investigated by examining the stable expression
of the p-glucuronidase (GUS) reporter gene in transgenic
tobacco, and its possible use for sterility breeding in Pla-
tanus acerifolia was examined by controlling the Barnase-
Barstar and its modified system Barnase-mic35S-Barstar in
transgenic tobacco. Our results provide a candidate promoter
and a useful Barnase-mic35S-Barstar system for plant steril-
ity genetic engineering.

Materials and methods
Plant materials

Young leaves were collected for DNA extraction from adult
field-grown London plane trees at Huazhong Agricultural
University, Wuhan, China. The tobacco (Nicotiana tabacum)
cultivar ‘Xanthi’ used for transformation was cultured in
Murashige and Skoog solid medium (Murashige and Skoog
1962) at 25 °C under a 14-h photoperiod.

Isolation and sequence analysis of the PlacSEP3
promoter

London plane genomic DNA was extracted from young
leaves, following the cetyltrimethyl ammonium bromide
(CTAB) isolation procedure (Li et al. 2007). The PlacSEP3
promoter was isolated by thermal asymmetric interlaced
PCR (TAIL PCR) (Liu and Huang 1998; Liu et al. 1995).
According to the cDNA sequence of PlacSEP3, three spe-
cific primers, SP1, SP2 and SP3, and eight arbitrary degener-
ate (AD) primers, AD1-8 (Liu et al. 1995; Lu et al. 2012),
were designed (Table 1). An initial DNA segment from the
5'-terminus of PlacSEP3 was isolated by TAIL PCR with
the specific primers SP1, SP2, and SP3 and eight AD prim-
ers. To obtain a longer promoter sequence of PlacSEP3,
another TAIL PCR was performed using the specific primers
SP4, SP5, and SP6 (Table 1), which were designed accord-
ing to the sequence of the first TAIL PCR product. Two
TAIL PCR products were assembled and termed pPlacSEP3,
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Table 1 Sequences of oligonucleotide primers used in this study

Primers Sequences Usage

SP1 GGTGACTTGCCGGTTGATCTTGTTCT TAIL PCR

Sp2 GATCCTCTTCAACTCAACCCTACCTC TAIL PCR

SP3 ACGGAAGAAGAGGAAATAAGTGAGCC TAIL PCR

SP4 CCCATAGTTTCACACCCCAGCATCGG TAIL PCR

SP5 TTCAATCCAATTCCCCGCTTATGTGC TAIL PCR

SP6 GCTGCTGGCACGGAGTTAACCGGGGC TAIL PCR

AD1 NGTCGASWGANAWGAA TAIL PCR

AD2 WGTGNAGWANCANAGA TAIL PCR

AD3 AGWGNAGWANCAWAGG TAIL PCR

AD4 GTNCGASWCANAWGTT TAIL PCR

ADS5 TCSTNCGNACNTWGGA TAIL PCR

AD6 CAWCGNCNGANASGAA TAIL PCR

AD7 NTCGASTWTSGWGTT TAIL PCR

AD8 TGWGNAGWANCASAGA TAIL PCR

pPlacSEP3F CCCACCATGCGGAAATAGTGTAGGAG Full-length promoter cloning
pPlacSEP3R ACCATGGAAGAGGAAATAAGTGAGCC Full-length promoter cloning/GUS fusion vector construction
pPlacSEP3-1 GCTGCAGAGGCACGCATATCCCAACA GUS fusion vectors construction
pPlacSEP3-2 ACTGCAGTGATTCGATTTATGACCGTT

pPlacSEP3-3 CCTGCAGTGCGGAAATAGTGTAGGAG

BarnaseVF CGCCATGGCACAGGTTATCAACACGTT pPlacSEP3::Barnase and pPlacSEP3::Barnase-mic35S-
BarstarVR CGGTGACCATATTGTTCATCTCCCATT Barstar construction

35SVF CTCTAGACGTAAGGGATGACGCACAAT Barnase-mi35S-Barstar construction
35SVR TCACCAGTCCCCCGTGTTCTCTCC

1303R CTGAATGCCCACAGGCCGTCGAGTT Plasmid verification

PlacSEP3VF GAGGTAGGGTTGAGTTGAAGAGGAT Transgenic plants verification
GUSVR TGTAGAGCATTACGCTGCGATGGATT

and confirmed and sequencing by primers pPlacSEP3F and
pPlacSEP3R which designed according to the assembled
sequence (Table 1).

The cis-acting regulatory elements in pPlacSEP3 were
predicted using the PLACE database (Higo et al. 1999) and
PlantCARE database (Lescot et al. 2002).

Vector construction

Based on the motif location, different 5'-deletion fragments
were selected and amplified for expression vector construc-
tion. Regulatory regions 683, 1160, and 1441 bp upstream
of the translation initiation site of PlacSEP3 sequences were
amplified by PCR using the forward primers pPlacSEP3-1,
pPlacSEP3-2, and pPlacSEP3-3 (Table 1), combined with
common reverse primer pPlacSEP3R (Table 1), respectively.
The 5’ end of the primers was extended 8 bp to generate a
Pstl in the forward primers and Ncol in the reverse primer
(shown in bold and italic), respectively. The amplified prod-
ucts were digested with PsfI and Ncol, and then ligated to the
likewise digested plasmid pCAMBIA1303. The constructed
vectors were verified by digestion with PstI and Ncol, and

by PCR amplification using the primers PlacSEP3-1, Plac-
SEP3-2, PlacSEP3-3, and 1303R (Table 1).

To test whether pPlacSEP3 could be used for genetic
engineering flowerless London plane cultivars with the
cytotoxic gene Barnase, the pPlacSEP3::Barnase and
pPlacSEP3::Barnase-mic35S-Barstar vectors were
constructed. Barnase/Barstar was amplified from the
BpFUL::Barnase plasmid (Lannenpii et al. 2005) using
the primers BarnaseVF and BarstarVR (Table 1), which
contained Ncol and BstPI digestion sites. Additionally, the
Barnase-mic35S-Barstar construct was built based on the
pMD18-Barnase-Barstar as follows. The 110-bp mic35S
and Barstar were amplified using 35SVF and 35SVR
(Table 1) and BarstarVF and BarstarVR (Table 1), and were
then built into pMD18-T, respectively. The mic35S fragment
was digested with Kpnl and Xbal and then cloned into the
pMD18-Barstar plasmid in front of the Barstar gene. Based
on the constructed pMD18-Barnse-Barstar, the Barstar was
removed (Pstl/Sphl) and replaced by mic35S-Barstar to
obtain the Barnase-mic35S-Barstar construct. Based on the
constructed pPlacSEP3-3::GUS plasmid, the GUS gene was
removed (Ncol/BstPl) and replaced with Barnase-Barstar
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and Barnase-mic35S-Barstar, respectively, yielding the
pPlacSEP3-3::Barnase and pPlacSEP3-3::Barnase-
mic35S-Barstar constructs. Subsequently, the constructed
vectors were introduced into the Agrobacterium tumefaciens
strain EHA105 by the electroporation method (Mahmood
et al. 2008).

Plant transformation

Agrobacterium tumefaciens strain EHA105 containing the
constructed plasmids were grown at 28 °C in LB liquid
medium supplemented with 100 mg/L kanamycin. Tobacco
leaf disc transformation was performed according to the
methods of Horsch et al. (1985). The transformants were
selected in 25 mg/L hygromycin and were then transplanted
into soil and grown in greenhouse in normal conditions. The
transgenic plants were confirmed by PCR using the primers
pPlacSEP3ZF and GUSVR, BarnaseVR (Table 1).

Histochemical GUS assays

Histochemical localization of GUS activity in pPlacSEP3-
1::GUS, pPlacSEP3-2::GUS, and pPlacSEP3-3::GUS
transgenic plants was performed essentially as described
previously (Jefferson et al. 1987). Various tissues of the
transgenic and control plants, including apical buds, young
leaves, old leaves, young stem, semi-lignified stem, old
stem, root, young flower, fully expanded flower (divided
into sepal, petal, stamen, and stigma), young fruit, and
semi-mature fruit, were incubated in X-gluc buffer (50 mM
sodium phosphate, pH 7.0, 0.5 mM potassium ferricyanide,
0.5 mM potassium ferrocyanide, 10 mM Na2-EDTA, 0.1%
w/v Triton X-100 and 1 mg/mL X-Gluc) at 37 °C for 4-7 h.
After staining, the samples were immersed in 70% ethanol,
incubated at room temperature to remove the chlorophyll,
and photographed.

Quantification of GUS activity

For the quantitative measurement of GUS activity in
transgenic tobacco, plant tissues were homogenized in
GUS extraction buffer (50 mM NaH,PO,, pH 7.0, 10 mM
EDTA, 0.1% Triton X-100, 0.1% sodium lauryl sarcosine,
and 10 mM p-mercaptoethanol). The homogenate was cen-
trifuged for 10 min at 12,000 rpm at 4 °C, and the GUS
activity of the supernatant was assessed according to the
methods described by Jefferson et al. (1987). Protein con-
tent was assessed by the Bradford method (Bradford 1976)
using bovine serum albumin as a standard. GUS activity
was normalized to the protein concentration in each of the
crude extracts and was calculated as the 4-methylumbellif-
erone (4-MU) (pmol) produced per minute, per microgram
of soluble protein.

@ Springer

Results
Sequence analysis of the PlacSEP3 promoter

By two TAIL-PCRs and validation of successful amplifica-
tion, a 1491-bp PlacSEP3 putative promoter was cloned,
termed pPlacSEP3. The sequence was searched against
PlantCARE and PLACE to detect putative cis-elements
involved in the regulation of gene expression. Several
types of motifs were detected in the promoter (Table 2),
including three putative TATA boxes (— 13, — 1222,
—1407), nine CAAT-boxes (CCAAT and CAAT, —397,
— 882, —1155, — 1167, — 1208, — 1213, — 1235, — 1306,
—1348), one MADS-box protein-binding motif CArG-
box (CAAAAATAAG, — 343), several endosperm- and
embryo-specific elements (Skn-1_motif, GTCAT, — 334,
—1401; DOFCOREZM, AAAG, —35, —247, — 286,
—-500, —677, — 804, — 839, —863, —917, — 923, —952;
SEF3MOTIFGM, AACCCA, —1191; CACGTG motif,
CACGTG, —457; —300CORE, TGTAAAG, —839;
ACGTCBOX, GACGTC, —228), transcriptional con-
trol and tissue-specific expression elements (GATA-box,
GATA, —400, — 734, — 824, — 865), cis-acting regulatory
elements related to meristem-specific activation (CCG
TCC-box, CCGTCC, —591), several pollen develop-
ment regulatory elements (GTGANTG10, GTGA, —327,
—455, -762, — 869, —919, —935, — 1391; POLLENI1LE-
LAT52, AGAAA, —87, —340; QELEMENTZMZM13,
AGGTCA, —1402), several light response elements
(Table 2), and hormone response elements (Table 2).
Moreover, some negative regulatory elements were
also detected in pPlacSEP3 (WBOXATNPR1, TTGAC,
—1162, —1296; WBOXNTERF3, TGACY, — 963, — 1140,
—1295; WRKY710S, TGAC, —327, — 585, —651, — 963,
— 1140, — 1162, — 1296), an axillary bud outgrowth ele-
ment (UP1ATMSD, CCCAAT/GCCCATT/CCCATT/GGC
CCA/GCCCAA, —249, —262, —362, —553, —1306), as
well as a MYB binding site involved in drought-inducibil-
ity (MBS, TAACTG, —357), and a cis-acting regulatory
element involved in circadian control (Circadian clock,
CAANNNNATC, — 1114, — 1443).

Histological expression analysis

After selection on hygromycin and confirmation by PCR
analysis, 21, 17, and 24 independent tobacco transformants
of pPlacSEP3-1::GUS, pPlacSEP3-2::GUS, and pPlac-
SEP3-3::GUS were obtained, respectively. All of the posi-
tive transgenic plants were assayed by histochemical stain-
ing. In pPlacSEP3-1::GUS transgenic tobacco (Fig. 1A),
GUS was strongly expressed in four whorls of the young
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Table 2 Putative cis-elements identified in the PlacSEP3 promoter sequence

Motif Sequence Distance from ATG Function
CAAT-box CCAAT/CAAT —397, —882, — 1155, — 1167, — 1208, Common cis-acting element in promoter
—1213, — 1235, — 1306, — 1348 and enhancer regions
TATA-box TATA —13, —1222, — 1407 Core promoter element for transcription
start
SV40COREENHAN  GTGGWWHG -951 Core enhancer
GATABOX GATA —400, — 734, — 824, — 865 Required for tissue specific expression
CCGTCC-box CCGTCC —591 Cis-acting regulatory element related to
meristem-specific activation
CARGCWS8GAT CWWwWw —343 Cis-acting element in promoter of MADS-
WWWWG box genes
GTGANTGI10 GTGA —327, —455, =762, — 869, —919, —935, Motif found in pollen specific expression
—1391 gene promoter of tobacco and tomato
POLLENILELATS52  AGAAA —87, —340 Motif required for pollen specific expres-
sion in tomato
QELEMENTZMZM13 AGGTCA —1402 Involved in expression enhancing activity
in pollen-specific maize gene ZM13
promoter
Skn-1_motif GTCAT —334, — 1401 Cis-acting regulatory element related to
endosperm-specific activation in rice
DOFCOREZM AAAG —35, —247, - 286, —500, —677, —804,  Core site required for binding of
—839, —863, =917, —923, — 952 endosperm specific proteins in maize
SEF3MOTIFGM AACCCA —-1191 Soybean embryo factor
— 300CORE TGTAAAG —839 Core motif required for binding of
endosperm specific proteins
ACGTCBOX GACGTC —228 Seed development relate element
CACGTGMOTIF CACGTG —457 Involved in embryogenesis in bean,
tobacco, Arabidopsis, and tomato
GT1-motif GGTTAA —1020, — 1288 Light responsive element
ACE ACGTGGA —683 Cis-acting element involved in light
responsiveness
G-Box CACGTA/CACGTG/TACGTG —203, —457, —685 Cis-acting regulatory element involved in
light responsiveness
GA-motif AAAGATGA —835 Part of a light responsive element
chs-CMA2a TCACTTGA -217
L1BOXATPDF1 TAAATGYA -173 Conserved sequence upstream of light-
regulated genes
IBOXCORE GATAA —865 Conserved sequence upstream of light-
regulated genes
TATC-box TATCCCA - 663 Cis-acting element involved in gibberellin-
responsiveness
TGACG-motif TGACG —326 Cis-acting regulatory element involved in
the MeJA-responsiveness
ABRE ACGTG —457, — 685 Cis-acting element involved in the abscisic
acid (ABA) responsiveness
Circadian clock CAANNNNATC — 1114, —1443 Cis-acting regulatory element involved in
circadian control
WBOXATNPR1 TTGAC —1162, —1296 Negative regulatory elements
WBOXNTERF3 TGACY —963, — 1140, — 1295
WRKY710S TGAC —327, -585, —651, —963, — 1140,
—1162, —1296
UP1ATMSD CCCAAT/GCCCATT/CCC —249, —262, —362, —553, — 1306 Regulate gene expression during initiation
ATT/GGCCCA/GCCCAA of axillary bud outgrowth in Arabidopsis
MBS TAACTG —357 MYB binding site involved in drought-

inducibility
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Table 2 (continued)

Motif Sequence

Distance from ATG

Function

WUN-motif TCATTACGCA —468

Wound-responsive element

flower (Fig. 1Aa) and mature flower (Fig. 1Ab—d), young
fruit (Fig. 1Ae), semi-mature fruit (Fig. 1 Af), and apical
bud (Fig. 1Ag) and was slightly expressed in the young
stem (Fig. 1Ah), semi-lignified stem (Fig. 1Ai), old stem
(Fig. 1Aj), young leaf (Fig. 1Ak), and old leaf (Fig. 1Al).
No GUS staining was found in root (Fig. 1Am). Moreo-
ver, in pPlacSEP3-1::GUS transgenic tobacco, GUS was
detected in the young stem (Fig. 1Ah), but was just slightly
expressed on the side of lateral bud initiation in the semi-
lignified stem (Fig. 1Ai) and old stem (Fig. 1 Aj).

The pPlacSEP3-2::GUS transgenic tobacco showed a
different GUS staining pattern from that of pPlacSEP3-
1::GUS (Fig. 1B). In reproductive tissues, GUS was slightly
expressed in the young fruit and semi-mature fruit (Fig. 1Be,
f), and absent in the young flower (Fig. 1Ba) and the sepal,
petal, stamen, and sigma of mature flowers (Fig. 1Bb—d). In
vegetative tissues, GUS staining was observed in the apical
bud (Fig. 1Bg), the lateral bud side of the young stem and
semi-lignified stem (Fig. 1Bh, i), and young leaf (Fig. 1Bk),
and was absent in the old stem (Fig. 1Bj), old leaf (Fig. 1Bl),
and root (Fig. IBm). Interestingly, the GUS expression pat-
tern in the stem was similar to that of pPlacSEP3-1::GUS.

In pPlacSEP3-3::GUS transgenic tobacco, the GUS
expression pattern was similar to that of pPlacSEP3-1::GUS
transgenic tobacco. In reproductive tissues, the GUS expres-
sion pattern was similar to that of pPlacSEP3-1::GUS, i.e.,
it was highly expressed in young flowers and the sepal,
petal, stamen, and stigma of mature flowers, young fruits,
and semi-mature fruits (Fig. 1Ca—f). In vegetative tissues,
GUS was strongly expressed in the apical bud (Fig. 1Cg)
and young stem (Fig. 1Ch) and was slightly expressed on
the lateral bud side of the semi-lignified stem (Fig. 1 Ci),
old stem (Fig. 1Cj), young leaf, and old leaf (Fig. 1Ck, I).
The GUS expression pattern in the stem was similar to that
of pPlacSEP3-1::GUS and pPlacSEP3-2::GUS. No GUS
staining was found in the root (Fig. 1Cm).

Quantification of GUS activity

Quantitative GUS assays were performed to determine the
expression level of different pPlacSEP3 fragments in dif-
ferent tissues of transgenic tobacco by measuring the spe-
cific GUS activity in tobacco. Five lines for each construct
of transgenic tobacco were used for the quantitative GUS
activity.

In pPlacSEP3-1::GUS transgenic tobacco (Fig. 2), GUS
exhibited high activity in reproductive organs, and had
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the highest activity in the petal, followed by the stamen,
young flower, sepal, fruit, and carpel, with GUS activity
levels of 3.09+0.17,2.81+0.15,2.72+0.09, 2.29 +0.12,
2.01+0.11, and 1.75+0.10 pmol 4-MU/min/ug protein,
respectively. In vegetative organs, the young stem showed
the highest GUS activity, followed by the apical bud,
young leaf, semi-lignified stem, and old leaf, with GUS
activity levels of 1.51+0.08, 1.26 +0.07, 1.22 +0.07,
1.06 +£0.08, and 1.01 +0.06 pmol 4-MU/min/ug protein,
respectively. The root and old stem showed similar GUS
activity levels to those of wild-type control plants.

In pPlacSEP3-2::GUS transgenic tobacco (Fig. 2), the
reproductive organs showed similar GUS activity lev-
els to those of the wild-type control, except in the fruit
(1.44 +0.08 pmol 4-MU/min/pg protein). In vegetative
tissues, the young stem showed the highest GUS activ-
ity, followed by the semi-lignified stem, young leaf, apical
bud, and old leaf, with GUS activity levels of 1.59+0.09,
1.46+0.05, 1.24+0.07, 1.16 +0.06, and 1.10+0.06 pmol
4-MU/min/pg protein, respectively. Similar to pPlacSEP3-
1::GUS transgenic tobacco, the root and old stem showed
similar GUS activity levels to those of wild-type control
plants.

Similar to pPlacSEP3-1::GUS transgenic tobacco
(Fig. 2), GUS exhibited high activity in the reproduc-
tive organs in pPlacSEP3-3::GUS transgenic tobacco.
Maximum GUS activity was observed in the sepal, fol-
lowed by the stamen, petal, fruit, young flower, and car-
pel, with GUS activity levels of 3.89 +£0.09, 3.65 +0.20,
3.24+0.18,3.03+0.17,3.01 +0.19, and 2.51 +0.14 pmol
4-MU/min/pg protein, respectively. In vegetative tissues,
the young stem showed the highest activity, followed by
the apical bud, young leaf, semi-lignified stem, old leaf,
and old stem, with GUS activity levels of 2.27 +0.13,
1.62 +£0.09, 1.57+0.09, 1.40+0.10, 1.31+£0.07, and
1.06 +0.06 pmol 4-MU/min/ug protein, respectively. The
root showed a similar GUS activity level to that of the
wild-type control roots.

In general, pPlacSEP3-3::GUS showed higher GUS
activity than that of other pPlacSEP3 deletion lines. GUS
activity in reproductive tissues was higher than that in
vegetative tissues in pPlacSEP3-1::GUS and pPlacSEP3-
3::GUS, and pPlacSEP3-1::GUS and pPlacSEP3-2::GUS
showed high GUS activity in vegetative tissues, except in
the semi-lignified stem.
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Fig. 1 Histochemical GUS staining of pPlacSEP3-1::GUS (A), stigma, young fruit, semi-mature fruit, apical stem, young stem, semi-
pPlacSEP3-2::GUS (B) and pPlacSEP3-3::GUS (C) transgenic lignification stem, old stem, young leaf, old leaf and root, respectively
tobacco plants. a-m represent young flower, sepal, petal and stamen,
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GUS activity (pmol 4-MU/pg protein/min)

11

YF S P ST C F
O Wild-type control

Fig.2 Fluorometric analysis of GUS activity in different tissues of
wild-type tobacco and transgenic tobacco harboring pPlacSEP3-
1::GUS, pPlacSEP3-2::GUS and pPlacSEP3-3::GUS constructs. YF,
S, P, ST, C, F, AB, YS, SLS, OS, YL, OL and R represent Young

Prevention of flower formation in tobacco via pPlacS
EP3::Barnase-mic35S-Barstar

To further analyze the function of pPlacSEP3 and to test
whether pPlacSEP3 could be used for genetic engineer-
ing flowerless London plane cultivars, plants were trans-
formed with the cytotoxic gene Barnase and Barnase-
mic35S-Barstar driven by pPlacSEP3-3. After selection
on hygromycin and confirmation by PCR, ten pPlacSEP3-
3::Barnase-mic35S-Barstar transgenic tobacco lines were
obtained, but no pPlacSEP3-3::Barnase transgenic tobacco
was obtained.

Of these ten pPlacSEP3-3::Barnase-mic35S-Barstar
transgenic tobacco lines, three lines showed serious defects
with respect to vegetative development in vitro, including
degenerated, wrinkled, narrow, and browned leaves and
shortened stem internodes (Fig. 3a). These three lines died
within a couple of weeks after they were transplanted.

The other seven lines were developmentally normal
within 3 weeks after transplantation. However, one line
showed dramatic defects in vegetative growth after 3 weeks;
it showed a dwarfish phenotype with very narrow, pale, and
wrinkled leaves, and it died within 5 weeks after it was trans-
planted (Fig. 3b). Two lines showed a non-flowering pheno-
type, but also exhibited defects in leaf and apical bud growth,
continuously produced lateral buds, and had a dwarfish clus-
ter phenotype (Fig. 3c—e). Four lines showed non-flowering
and no serious phenotypic defects in vegetative growth, only
minor defects, i.e., the leaves were deflexed and wrinkled
(Fig. 3g). At the time when the wild-type control plants
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B pPlacSEP3-1::GUS

AB YS SLS oS YL OL R
O pPlacSEP3-2::GUS 0O pPlacSEP3-3::GUS

flower, Sepal, Petal, Stamen, Carpel, Fruit, Apical bud, Young stem,
Semi-lignification stem, Old stem, Young leaf, Old leaf and Root,
respectively

formed flowers, the transgenic tobacco showed defects, with
browning young leaves and apical buds (Fig. 3h); the apical
bud and young leaves then withered (Fig. 3i), while the other
tissues remained normal.

Discussion

In theory, the pattern and level of gene expression are pri-
marily regulated by cis-acting elements in gene promoters.
In this study, we isolated the promoter of PlacSEP3, and a
putative cis-element analysis showed that it contains a core
promoter element (TATA-box and CAAT-box) and several
elements related to flower-, pollen-, and embryo/endosperm-
specific development. For example, the CArG-box is the
binding site of MADS-box transcription factors (Riechmann
et al. 1996; Riechmann and Meyerowitz 1997) and could
be the site for SOC1-like protein binding, as observed in
Arabidopsis (Lee et al. 2008), the pollen-specific expres-
sion motifs GTGANTG10, POLLEN1LELAT52 and QEL-
EMENTZMZM13 are involved in pollen-specific develop-
ment in tobacco, tomato, and maize (Bate and Twell 1998;
Hamilton et al. 1998; Rogers et al. 2001), and the motifs
Skn-1-motif, DOFCOREZM, -300CORE, SEF3MOTIFGM,
and CACGTGMOTIF are related to endosperm/embryo
development in rice, maize, wheat, soybean, and Arabidop-
sis (Allen et al. 1989; Chandrasekharan et al. 2003; Forde
1994; Washida et al. 1999). Some light responsive elements,
hormone regulation motifs, and negative regulatory motifs
were also observed.
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Fig.3 The prevention of flower development in pPlacSEP3-
3::Barnase-mic35S-Barstar transgenic tobacco. In some non-flower-
ing lines there were serious vegetative defects in vitro culture stage:
degenerated, wrinkled, narrow and browned leaves, shorten stem
internodes (a). Non-flowering line showed dramatic defects in vegeta-
tive growth after three weeks of transplant: narrow, pale and wrinkled
leaves (b). Two non-flowering lines showed defects in leaf and api-
cal bud growth, continuously produced lateral buds, and resulted in

Although London plane is transformable (Li et al. 2007),
the time to flowering is long; accordingly, it is necessary to
use tobacco as a model system. A histological expression
analysis and quantification of GUS activity of pPlacSEP3-
3::GUS in transgenic tobacco showed that GUS had high
expression in the sepal, stamen, petal, and carpel of fully
expanded flowers, unlike SEP3 homologs of most plants,

dwarfish cluster phenotype (c—e). Wild-type tobacco showed normal
phenotype in young stage (f). Some transgenic tobacco lines showed
flowering prevention and just minor defects in vegetative develop-
ment stage: deflexed and slightly wrinkled leaves (g), these trans-
genic tobacco lines showed dramatic disorders at the flower formation
stage: browning young leaves and apical bud (h) and then the apical
bud and young leaves turning withered (i)

for which expression is restricted to the inner three floral
whorls. These findings indicated that PlacSEP3 may not
only be involved in the regulation of the development of
the inner three floral whorls, but also in the outer floral
whorl in London plane. This expression pattern may be
regulated by the CArG motif within the promoter, and is
similar to that of citrus CiMADS3 (Endo et al. 2006), peach
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PPERSEP3 (Tani et al. 2009), lily LMADS3 (Tzeng et al.
2003), and Dendrobium DOMADS1 (Yu and Goh 2000), all
of which are expressed in the sepal, in addition to the inner
three whorls. Moreover, the young and semi-mature fruits
showed strong GUS expression, which may be regulated by
the embryo/endosperm-specific motifs in the PlacSEP3 pro-
moter. The expression of GUS in young fruits of transgenic
tobacco was consistent with the high expression of Plac-
SEP3 in mature embryos and in the female inflorescence
in April in London plane, at which time the female flowers
have completed pollination and embryo development has
begun (Li et al. 2012; Zhang et al. 2017). In addition to its
expression in reproductive organs, GUS was also detected
vegetative tissues, except the root, in pPlacSEP3-3::GUS
transgenic tobacco, similar to the PlacSEP3 and PlacSEP3.1
expression pattern in London plane, which are also slightly
expressed in vegetative organs (Li et al. 2012; Zhang et al.
2017). SEP3-like homologs from many other plants are
indeed expressed at a considerably low level in vegetative
tissues. For example, PPERSEP3 transcripts were detected
in the leaf in addition to the sepal, inner three whorls, and
fruit (Tani et al. 2009), LbSEP3 transcripts accumulated in
vegetative tissues in addition to the sepal and inner three
whorls (Zeng et al. 2011). Furthermore, transgenic tobacco
showed an interesting GUS expression pattern in the stem;
staining was detected wholly and deeply in the young stem,
and on the side of the lateral bud of the semi-lignified stem,
and slight staining was detected at the location of the initia-
tion of the lateral bud and the lateral bud in the old stem.
This pattern was coincident with PlacSEP3 expression in
London plane, which is expressed in the subpetiolar bud of
juvenile and adult plant (Li et al. 2012; Zhang et al. 2017).
A putative element analysis of pPlacSEP3 indicated that it
includes the UP1ATMSD motif, which up-regulates gene
expression during the initiation of axillary bud outgrowth in
Arabidopsis (Tatematsu et al. 2005). Therefore, it was rea-
sonable to speculate that pPlacSEP3 may regulate the roles
of PlacSEP3 in subpetiolar bud initiation and development
in London plane.

A promoter deletion analysis showed that pPlacSEP3-
1::GUS and pPlacSEP3-3::GUS had similar GUS expres-
sion patterns, but pPlacSEP3-2::GUS showed repressed
GUS expression in floral organs and reduced GUS expres-
sion levels in fruits. These results indicate that some pro-
ductive organ-specific expression repressors are located
between — 683 and — 1160 bp of pPlacSEP3 (— 744 to
— 1224 bp from ATG). A putative elements analysis showed
that there were some negative regulatory elements between
— 744 and — 1224 bp (WBOXNTERF3, — 1025, —1202;
WRKY710S, — 1026, — 1203). A previous study showed
that the WBOXNTERF3 motif and WRKY710S motif are
transcriptional repressors of the gibberellin and ABA signal-
ing pathway (Xie et al. 2005; Zhang et al. 2004). However, it
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is not clear whether these motifs function as repressors in the
regulation of gene-specific expression in flowers, and further
studies are needed to confirm this speculation.

One of the original aims of this research was to determine
whether pPlacSEP3 could be used to synthesize a cytotoxic
transgene for the genetic engineering of sterility. Lemme-
tyinen et al. (2001, 2004) showed that BpMADS1::BARNASE
(BpMADS]1 is an SEP3 homolog in silver birch) could pre-
vent flowering in transgenic Arabidopsis, tobacco, and sil-
ver birch. However, for BbMADS1::GUS, which exhibited
virtually inflorescence-specific expression in transgenic
Arabidopsis and tobacco (Lemmetyinen et al. 2001), a GUS
histological expression analysis showed that pPlacSEP3 was
not regulated specifically in reproductive organs, but also in
vegetative tissues. As a result, no pPlacSEP3-3::Barnase
transgenic tobacco was obtained. Therefore, based on the
observed pattern of GUS expression in pPlacSEP3-3::GUS
transgenic tobacco, the Barnase-mic35S-Barstar construct
was adopted in this research to minimize cytotoxicity in veg-
etative tissues. The phenotype of pPlacSEP3-3::Barnase-
mic35S-Barstar transgenic tobacco showed that the cyto-
toxicity in vegetative tissues could be eliminated, and
flower formation could be prevented, despite some vegeta-
tive side effects in most of the non-flowering lines. Four
lines of pPlacSEP3-3::Barnase-mic35S-Barstar transgenic
tobacco showed serious defects and died within 5 weeks
after transplant, similar to most BpFULLI::BARNASE
transgenic Arabidopsis (Lannenpdi et al. 2005). This may
be explained by the high Barnase expression and Barstar,
which when promoted by mic35S, could not completely
eliminate the cytotoxicity in vegetative tissues. The pheno-
type was characterized by continuous production of lateral
buds and a dwarfish cluster, which may result from the high
activation of pPlacSEP3 in the apical bud, and the death of
the apex leading to lateral bud initiation and development;
when the lateral branches also start to development in the
same way and produce lateral branches, the total number of
lateral branches increased dramatically. The same phenom-
enon was also observed in BpFULLI::BARNASE transgenic
birch (Ldnnenpéad et al. 2005). The increase in the number
of lateral branches and the dwarf cluster phenotype might
be useful for some practical applications, e.g., when more
lateral branches is the breeding goal.

The prevention of flower formation and maintenance
of vegetative growth was the aim of this research. Four
transgenic tobacco lines were non-flowering and showed
no serious phenotypic defects in vegetative growth at the
vegetative development stage. However, in the flowering
transition stage, the transgenic tobacco showed defects in
vegetative tissues. These defects might be caused by the
low activation of pPlacSEP3 at the vegetative development
stage, while at the flowering transition stage, pPlacSEP3
activation increased and Barstar was unable to completely
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eliminate the cytotoxicity in vegetative tissues. However,
whether pPlacSEP3-3::Barnase-mic35S-Barstar transgenic
woody plants generate this phenotype is still unknown, and
additional studies are needed to clarify this.

Taken together, pPlacSEP3 exhibited high activation in
reproductive organs and moderate activation in vegetative
tissues. It may be involved in vegetative tissue development,
in addition to reproductive organ initiation and develop-
ment. Moreover, it may be related to lateral bud initiation
and development. The pPlacSEP3-3::Barnase-mic35S-
Barstar transgenic tobacco analysis showed that pPlacSEP3-
3::Barnase-mic35S-Barstar could prevent tobacco flower
formation, but more studies are needed to confirm whether
it could be used in genetic engineering sterility breeding
programs for woody plants.
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