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Supplemental Fig. S4), but not in the shoot apex (Fig. 2C; Supplemental Fig. S4B),
suggesting that the regulatory mechanism of NsCET] expression is conserved in
Arabidopsis and tobacco. In agreement with the non-cell-autonomous function of

NsCET1I, our bimolecular fluorescence complementation (BiFC) analysis revealed that
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NsCET]1 interacted with FD (Fig. 2D), which is a bZIP transcription factor specifically
expressed in the apex (Abe et al., 2005; Wigge et al., 2005). Thus, NsCET1 may

translocate from the leaf to the shoot apex to inhibit flowering.

Knockdown of NSCET expression promotes flowering in tobacco

To investigate the contribution of CET genes to floral initiation in tobacco,
we knocked down the expression of NsCET1, NsCET2, and NsCET10 using an artificial
microRNA (amiR-CETs). Because the sequences of NtCET1, NtCET2, and NtCETI10 in N.
tabacum were identical to those of respective CETs in N. sylvestris, the same amiR-CET’s
construct with expression driven by a CaM V35S promoter was introduced into either V.
tabacum or N. sylvestris. Similar to the Arabidopsis antiflorigen atc-2 mutant (Huang et
al., 2012), the N. tabacum transformants harboring amiR-CETs displayed an early
flowering phenotype under SD but not under LD conditions (Supplemental Fig. S5, A
and B), which indicates a conserved function of antiflorigen in day-neutral tobacco and
Arabidopsis. In LD-grown N. sylvestris, the amiR-CET transformants flowered slightly
earlier than wild-type N. sylvestris (Fig 3A). RT-qPCR analysis revealed a reduced level
of NsCET1, NsCET2, and NsCETI10 mRNA in N. sylvestris 35S-amiR-CET transformants
(Fig. 3, B-D). When these transformants were grown under SD conditions, floral
induction was not observed in N. sylvestris 355-amiR-CET transformants or wild-type V.
sylvestris (Fig. 3E), suggesting that knocking down the expression of CET genes in
obligate LD tobacco is not sufficient to induce flowering under non-floral induction
conditions. However, when N. sylvestris 355-amiR-CET transformants were grown under

SD conditions with dim light during the dark period to induce a low-level expression of
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Figure 3. Knockdown of NsCET expression promotes flowering in tobacco

A, Flowering time of wild-type N. sylvestris (Syl, white circle) and N. sylvestris P35S-amiR-CET
transformants (amiR, black circle) under LD conditions. Each spot represents the leaf number of
individual wild-type or transformants during flowering (**=p<0.01, unpaired Student’s t-test). B—
D, RT-qPCR analysis of NsCETI (B), NsCET2 (C), and NsCET10 (D) mRNA level in mature
leaves of wild-type N. sylvestris (Syl) and 3 representative N. sylvestris P355-amiR-CET T2
plants (T1-4. T1-5, and T1-9). The relative expression of CETs was normalized to f-tubulin
expression. E, Representative images of wild-type N. sylvestris (Syl, left) and P35S-amiR-CET
transformants (amiR, right) grown under SD conditions for 6 months. F, Representative images
of wild-type N. sylvestris (Syl, left) and P35S-amiR-CET transformant (amiR, right) grown under
SD conditions but with dim light (10 pmole m~s") during the dark period.

247  NsFT4 (Supplemental Fig. S5, C and D), the N. sylvestris 35S-amiR-CET transformants
248  flowered earlier than wild-type N. sylvestris plants (Fig. 3F), which is consistent with the
249  notion that the function of CETs is to modulate flowering by antagonizing the activity of

250  florigen.
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NSCET1 mRNA is mobile in Arabidopsis and tobacco heterografts

Given that the SUC2 promoter is a strong promoter expressed in most CCs,
including CCs near the shoot apex, to further verify that the late-flowering phenotype in
PSUC2-NsCET] transformants is caused by long-distance signals associated with
NsCET1, we grafted wild-type tobacco scions onto PSUC2-NsCET1 transformant stocks.
Because N. sylvestris is a rosette-type plant, we used N. tabacum plants for grafting
experiments. In control experiments, with wild-type N. fabacum scions grafted onto wild-
type stocks, floral initiation occurred after a mean of 28.4+3.8 leaves was produced on
scions (Fig. 4, A and B). However, when wild-type scions were grafted onto PSUC2-
NsCETI transformant stocks, floral initiation occurred after a mean of 45.6+3.7 leaves
was produced (Fig. 4, A and B). In addition, the internodes of wild-type scions were
shorter after grafting onto PSUC2-NsCET1 transformant stocks (Fig. 4, C and D).
Therefore, the late-flowering and short-internode phenotypes observed in PSUC2-

NsCET] transformants were graft-transmissible.

To examine whether tobacco NsCETI mRNA is a mobile mRNA, we first
used the Arabidopsis pin-fasten grafting method (Huang and Yu, 2015) to graft 10-day-
old Arabidopsis wild-type scions onto Arabidopsis P35S-NsCETI or PSUC2-NsCET1
transformant stocks. At 2 weeks after grafting, RT-qPCR analysis detected NsCET/
mRNA in wild-type scions grafted onto P35S-NsCET1 or PSUC2-NsCET1 transformant
stocks but not onto wild-type controls (Fig. 5, A and B), which indicates that

overexpressed NsCETI mRNA was mobile in Arabidopsis. To investigate the long-
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Figure 4. Phenotypes of tobacco PSUC2-NsCET]I transformants are graft-transmissible

A, Wild-type N. tabacum cv Turkish scions grafted onto wild-type Turkish stocks (WT/WT; left
two plants) or onto PSUC2-NsCET1 transformant stocks (WT/CET1ox; right two plants). The
mature leaves were regularly removed from scions to enhance sink strength. Note that the
flowering time of the scions grafted onto PSUC2-NsCET! transformant stocks (WT/CET1ox)
was significantly delayed. B, Box whisker plot of flowering time of wild-type scions grafted onto
wild-type stocks (WT*/WT; yellow, n=7) or PSUC2-NsCET! transformant stocks
(WT*/CETIox; green, n=10). Flowering time was presented as number of leaves of scions,
which was calculated from the grafted junction to the first floral bud. WT* indicates that samples
were calculated from wild-type scions (****=p<0.0001, unpaired Student’s #-test). C, Internodes
of wild-type scions grafted onto wild-type stock (WT*/WT) or PSUC2-NsCET] transformant
stock (WT*/CET1ox). The nodes are indicated by red asterisks. Scale bar=1 cm. D, Box-whisker
plots of internode length of 5 representative scions grafted onto wild-type stocks (WT*/WT;
yellow, 1-5) or PSUC2-NsCET] transformant stocks (WT*/CET/ox; green, 6-10). Horizontal
lines are median; box edges are Q1-Q3; whiskers are highest and lowest values (****=p<0.0001,
unpaired Student’s t-test).

274  distance movement of NsCETI mRNA in tobacco, we grafted tobacco wild-type scions
275  onto tobacco PSUC2-NsCET1 transformant stocks or control wild-type stocks. At 3
276  weeks after grafting, RT-PCR with NsCET1 transgene-specific primers resulted in PCR

277  products from wild-type scions grafted onto PSUC2-NsCET1 stocks but not from controls
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Figure 5. Long-distance movement of NsCETI mRNA in Arabidopsis

A and B, RT-qPCR analysis of NsCETI mRNA level in wild-type Arabidopsis scions grafted
onto Arabidopsis P35S-NsCET/ (A) or PSUC2-NsCET] (B) transformant stocks. RNA was
extracted from mature leaves of wild-type (Col), P35S-NsCET!, or PSUC2-NsCET] stocks or
wild-type scions grafted onto P35S-NsCET! or PSUC2-NsCET] transformant stocks (SC1 and
SC2). The relative mRNA level of NsCET! was normalized to ubiquitin-conjugating enzyme
(UBC) expression.

of wild-type scions grafted onto wild-type stocks. Further sequencing of amplified DNA
fragments confirmed the identity of PCR products (Supplemental Fig. S6), which

indicates that overexpressed NsCETI mRNA is also mobile in tobacco.
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To further determine whether endogenous NsCETI mRNA is a mobile
mRNA in tobacco, we performed hetero-species grafting experiments. The sequences of
the PEBP genes of tomato and tobacco exhibit significant variations, which allows for
differentiation of species-specific PEBP mRNA by RT-PCR and sequencing analysis. We
grafted wild-type tomato scions with N. sylvestris stocks (Fig. 6A). At 3 weeks after
grafting, RT-PCR with NsCET] gene-specific primers resulted in PCR products from 5
independent tomato scions grafted onto N. sylvestris stocks but not from wild-type
tomato plants (Fig. 6B). The PCR products from tomato scions verified by sequencing
analysis showed that these products were indeed derived from tobacco NsCETI mRNA
(Supplemental Fig. S7). In contrast, control RT-PCR experiments with primers for
tobacco PHLOEM PROTEIN 24 (PP24), a previously shown non-mobile mRNA (Huang
and Yu, 2009), revealed no tobacco PP24 mRNA in wild-type tomato plants and tomato
scions grafted onto N. sylvestris stocks (Fig. 6B). These results indicate that endogenous

NsCETI mRNA can move from tobacco stocks to tomato scions.

The mRNA of MFT-like genes is mobile in tomato-tobacco heterografts

In angiosperms, phylogenetic analysis shows that /'7- and TFL1-like genes
may arise from the ancestor in the MF7-like clade (Hedman et al., 2009; Karlgren et al.,
2011). To investigate whether the mRNA movement of F7- and TFLI-like genes evolved
from mobile MFT-like genes, we examined the mRNA movement of the leaf-expressed
MFT-like genes in tomato-tobacco heterografting experiments. The literature and
database search identified two tobacco MFT-like genes, namely NsMFTL1 and NsMFTL2,

and two tomato MFT-like genes, namely SELF-PRUNING 2G (SP2G) and SELF-
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Figure 6. Long-distance movement of tobacco NsCETI mRNA in tomato-tobacco
heterografts

A, Representative images of tomato-tobacco heterografting experiments, depicting a wild-type
tomato scion grafted with a wild-type N. sylvestris stock. The grafting union was secured by
grafting clips (white arrow). Mature leaves of tomato recipient were removed to enhance the sink
strength. B and C, RT-PCR analysis of various mRNA in mature leaves of wild-type N. sylvestris
(Tob), wild-type tomato (Tom), or tomato scions (indicated by stars) grafted onto tobacco stocks
(Tom*/Tob, 1-5). PCR (B) was performed with gene-specific primers for tobacco NsCET1
(upper panel), tobacco NsPP2A (middle panel) and loading controls of tobacco ACTIN2
(NsACT2, the first lane in lower panel), or tomato IMPORTIN o (SIKAP«, lanes 2—6 in lower
panel). Nested RT-PCR (C) was performed for tobacco NsMFTL2 (upper panel), tobacco NsFT2
(middle panel), and tobacco NsFT3 (lower panel). The position of the 0.25- and 1-kb DNA
marker (lower and upper black lines, respectively) is indicated in each panel.

305 PRUNING 34 (SP34) (Supplemental Fig. S1A; Carmel-Goren et al., 2003). RT-PCR
306 analysis showed weak expression of NsSMFTLI and NsMFTL?2 in leaves of N. sylvestris,
307  whereas SP2G but not SP34 was highly expressed in leaves of tomato (Supplemental Fig.

308  S8). To examine the movement of NSMFTLI and NsMFTL2 mRNA, RT-PCR analysis
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was conducted to analyze tomato scions grafted onto N. sylvestris stocks and revealed
that NsMFTL?2 but not NsMFTLI mRNA was present in 1 of 5 independent tomato scions
grafted onto N. sylvestris stocks (Fig. 6C). In addition, RT-PCR with primers for different
tobacco PEBP genes detected NsF72 and NsFT3 mRNA, which are two tobacco floral
inhibitors belonging to the F7-like clade (Harig et al., 2012), in tomato scions grafted
onto N. sylvestris stocks (Fig. 6C). These results suggest that in tobacco, a number of

members in F7-, TFLI- and MFT-like clades are mobile mRNAs.

To further verify mRNA movement of tomato PEBP genes, we grafted wild-
type N. tabacum scions onto tomato stocks (Fig. 7A). At 3 weeks after heterografting,
RT-PCR analysis detected SP2G mRNA in tobacco scions grafted onto tomato stocks
(Fig. 7B), which suggests that the mRNA movement of MF7-like genes is conserved in
tomato and tobacco. In addition, RT-PCR with the primers for different tomato PEBP
genes detected SP3D, SP5G (FT-like clade), and SP9D (TFL1-like clade) mRNA in
tobacco scions (Fig. 7B). However, RT-PCR with primers for SP/1A4 (FT-like clade)
detected SP//4 mRNA in tomato stocks but not in tomato scions grafted onto tobacco
stocks (Fig. 7B), which suggests that the mRNA movement of PEBP genes is transcript-
specific. Taken together, our results indicate that in tobacco and tomato, multiple F7-,

TFLI-, and MFT-like genes are mobile mRNAs.
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Figure 7. Long-distance movement of tomato PEBP genes mRNA in tobacco-tomato
heterografting experiments

A, Representative images of tobacco-tomato heterografting experiments, depicting a wild-type
tobacco scion grafted with a wild-type tomato stock. The grafting union was secured by parafilm
(white arrow). Mature leaves of tobacco scions were removed to enhance the sink strength. B,
RT-PCR analysis of mRNA from wild-type tomato (Tom), wild-type tobacco (Tob), or tobacco
scions (indicated by stars) grafted onto tomato stocks (Tob*/Tom). PCR was performed with
gene-specific primers for tomato SP2G (MFT-like clade); SP3D, SP5G and SP114 (FT-like
clade); SP9D (TFL-like clade); and loading controls of tomato, IMPORTIN ¢ (SIKAPe, the first
lane), or tobacco ACTIN2 (NtACT2, lane 2 and 3).

Discussion
The PEBP gene family is an evolutionarily conserved gene family. In many
plant species, the long-distance or cell-to-cell movement of different PEBP proteins in

FT- and TFLI-like clades has been well established (Conti and Bradley, 2007; Zeevaart,
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2008; Turnbull, 2011). However, whether the mRNA of PEBP genes is mobile remained
controversial. Although previous Arabidopsis grafting experiments showed that the
mRNA of FT and ATC can move long distance from stocks to scions (Huang et al., 2012;
Lu et al.,, 2012), grafting experiments in tomato failed to detected the transport of
SINGLE FLOWER TRUSS (SFT) mRNA, which is a tomato FT ortholog (Lifschitz et al.,
2006). Thus, questions remaining are whether the mRNA movement of PEBP genes
occurs in other plant species and how florigen and antiflorigen evolved to acquire RNA
mobility. In Arabidopsis, MFT is not directly involved in flowering control but rather is
involved in seed development (Xi et al., 2010). A specific expression pattern of MFT in
germinating seeds is inappropriate for examining the RNA long-distance movement. In
this study, we identified a tobacco antiflorigen NsCET! and showed that NsSCET] mRNA
is mobile in Arabidopsis and tobacco (Fig. 5 and 6). Through the use of tobacco-tomato
heterografts, we showed that many PEBP genes, including the genes in F7-, TFL-, and
MFT-like clades, are mobile in tomato and tobacco (Fig. 6 and 7). The simplest
explanation for these findings is that RNA mobility in the PEBP gene family has the
same evolutionary lineage: the acquisition of mRNA mobility in F7- and TFLI-like
genes may have evolved before the split of F'7/TFLI-like clades from the more ancient
MFT-like clade. Alternatively, individual PEBP genes in different clades may have
independently evolved to access the RNA mobility. Our recent RNA live-imaging
analysis showed that Arabidopsis /7" and A7C mRNAs are selectively targeted to
plasmodesmata for cell-to-cell movement (Luo et al., 2018), suggesting that the same
mechanism may be used to direct the cell-to-cell movement of F7 and ATC mRNA. This

result is consistent with the hypothesis that the RNA mobility in the PEBP gene family

22
Downloaded from on December 11, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

may have evolved before the divergence of the F7/TFLI-like clade from the MFT-like
clade. However, more experiments are required to verify whether the RNA movement of

different PEBP genes is controlled by the same mechanism.

Whether the movement of mobile mRNAs is governed by specific or non-
specific mechanisms is uncertain (Kehr and Kragler, 2018; Morris, 2018). The detection
of a significant number of mobile mRNAs in grafted plants (Thieme et al., 2015; Yang et
al., 2015) and phloem exudates (Guo et al., 2013) indicates weak selection in regulating
mRNA transport (Morris, 2018). A computational simulation indicated that the
movement of mobile mRNAs is nonspecific and correlated with transcript abundance
(Calderwood et al., 2016). In contrast, in Arabidopsis, grafting experiments with ectopic
expression of non-mobile mRNA such as GFP, Arabidopsis dual-affinity nitrate
transporter (CHLI), or Arabidopsis ammonium transporter (AMT1;2) showed that high
mRNA abundance in companion cells is not sufficient to trigger long-distance movement
of these mRNAs (Huang and Yu, 2009; Xia et al., 2018). In addition, the RNA sequences
involved in long-distance movement of Arabidopsis GA-INSENITIVE and FT have been
located (Huang and Yu, 2009; Lu et al., 2012). Recently, tRNA-like structures (TLSs) in
some phloem-mobile mRNAs were found necessary and sufficient to trigger RNA
movement (Zhang et al., 2016), which is consistent with the notion that the movement of
mobile mRNAs operates by specific mobile RNA motifs. In our grafting experiments,
tobacco NsCETI mRNA could move long-distance in both tobacco and Arabidopsis (Fig.
5 and 6). In addition, endogenous NsCETI mRNA could move across the graft union

from tobacco stocks to tomato scions (Fig. 6). These results suggest that the mechanism

23
Downloaded from on December 11, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

by which NsCETI mRNA moves long distance is likely conserved in these plants. Our
heterografting experiments failed to detect the translocated tomato SP//4 mRNA in
tobacco scions grafted onto tomato stocks (Fig. 7), which suggests that the movement of
mobile mRNA is transcript-specific. Thus, the transport of mobile mRNA may be
controlled by a regulatory mechanism rather than non-specific diffusion. The cis-acting
elements required for Arabidopsis 7 RNA movement were localized to nucleotides 1—
102 on the FT coding sequence (Li et al., 2009; Lu et al., 2012). Given that the sequences
of NsCETI and FT or other PEBP genes exhibit significant similarity, sequence
comparison and deletion analysis may provide information to understand whether

NsCETI and FT or other PEBP genes share similar mobile RNA motifs.

Systemic spreading of many plant RNA viruses is mediated by movement
proteins (MPs). These virus-encoded RNA-binding proteins (RBPs) have been shown to
bind viral RNA for cell-to-cell movement through PD (Heinlein, 2015). To elucidate the
mechanisms underlying the long-distance transport of mobile mRNAs, the movement of
plant mobile mRNAs was proposed to be mediated by the interaction of systemic RBPs
and mobile RNA motifs (Lucas et al., 2001). The involvement of systemic RBPs in
delivery of plant phloem-mobile mRNAs was revealed by the identification of RBPs
from phloem exudates. The analysis of pumpkin phloem proteins that cross-react with
antiserum against the MP of red clover necrotic mosaic virus identified Cucurbita
maxima PHLOEM PROTEIN 16 (CmPP16), which acts as a paralog of viral MP in long-
distance movement of phloem-mobile mRNA (Xoconostle-Cazares et al., 1999). In

pumpkin phloem sap, CmPP16 interacts with Cucurbita maxima PHLOEM RNA
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BINDING PROTEIN 50 (CmRBP50), encoding a polypyrimidine track-binding (PTB)
protein, and other phloem proteins to form a protein complex that selectively binds with
PTB motifs containing phloem-mobile mRNAs (Ham et al., 2009; Li et al., 2011). In
agreement with these results, potato StPTB1 and StPTB6, two potato homologs of
CmRBP50, mediate tuber development by regulating long-distance movement of mobile
StBEL5S mRNA (Cho et al., 2015). Thus, the delivery of various mobile mRNAs may be
regulated by the interaction of systemic RBPs with distinct mobile RNA motifs, such as
PTB or TLS motifs (Zhang et al., 2016). The identification of the RBPs that involved in
long-distance trafficking of NsCETs or other mobile PEBP mRNAs may provide insights

into the mechanism of mRNA movement.

Several lines of evidence demonstrate that plant mobile mRNAs play
important roles in many developmental programs. This phloem-mediated RNA regulatory
network is involved in leaf development, tuber formation, flowering, and many other
developmental processes (Lucas et al., 1995; Kim et al., 2001; Haywood et al., 2005;
Banerjee et al., 2006; Lu et al., 2012; Huang et al., 2012). Grafting experiments of
tobacco (Lang et al., 1977), cucumber, squash (Satoh, 1996), and soybean (Cober and
Curtis, 2003) support the production of antiflorigen when plants are grown under non-
floral induction conditions. Although previous grafting experiments with early- or late-
flowering mutants also suggested the presence of graft-transmissible floral inhibitors in
pea (Paton and Barber, 1955), the effect is now more likely attributed to the lack of
florigen in these mutants (Weller et al., 2009). Recently, an analysis of Arabidopsis and

Chrysanthemum revealed that 7/ /-like genes act non-cell-autonomously to inhibit
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flowering (Huang et al., 2012; Higuchi et al., 2013), which agrees with our finding that
NsCET] is an antiflorigen in tobacco. In tobacco, the PEBP genes in both #7- and TFL-
like clades may act as floral inhibitors. At least three F'7-like floral inhibitors, specifically
NtFTI, NtFT2, and NtFT3, are expressed in CCs (Harig et al., 2012). In addition, our
heterografting experiments indicated that NsF72 and NsF73 are mobile mRNA (Fig. 6C),
which suggests that NtF'T1, NtFT2, and NtFT3 are probably also mobile in tobacco. Thus,
multiple members in both F7- and TFL-like clades of the tobacco PEBP gene family may

act redundantly to contribute to antiflorigen activity.

Floral inhibition of antiflorigen is mediated by antagonizing florigen activity
(Huang et al., 2012). In rice, florigen Hd3a may recruit 14-3-3 proteins and FD to form
florigen activation complexes and induce the expression of downstream floral identity
genes (Taoka et al., 2011). Analysis of Arabidopsis antiflorigen demonstrated that ATC
can physically interact with FD to downregulate similar floral identity genes (Huang et al.,
2012). Similar to ATC, tobacco CET1 also interacted with FD in our BiFC assays (Fig.
2D). Therefore, antiflorigen may function to interfere in the binding of FD with florigen
to form a florigen activation complex. However, in addition to displaying a late-flowering
phenotype, CETI-overexpressed transformants also displayed other developmental
alterations, including abnormal floral organs with leafy-like bracts (Supplemental Fig. S1)
and shortened internodes (Supplemental Fig. S2). These phenotypes may not be simply
attributed to the defective functions of FT or FD. Thus, in addition to antagonizing the
activity of florigen, antiflorigen may also act independently of florigen to participate in

other developmental regulation. In agreement with this notion, the interaction between
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Arabidopsis FT and BRANCHEDI is independent of FD (Niwa et al., 2013). Whether

antiflorigen can interact with other factors remains to be investigated.

Material and Methods

Plant growth condition

A. thaliana seeds were obtained from the Arabidopsis Biological Resource Center
(ABRC, Ohio, USA) and grown in growth chambers under LD (16 h light/8 h dark) or
SD (8 h light/16 h dark) conditions, with a 22°C/20°C day/night cycle and white
fluorescent light (light intensity 100 pmol m™ s™). Tomato, Nicotiana tabacum cv
Turkish, and N. sylvestris were grown in a growth chamber with a 25°C/22°C day/night
cycle and light intensity 200 pmol m?s”. To induce low-level expression of the tobacco
florigen NsFT4, tobacco plants were grown under SD conditions but with dim light (10

umole m™ s™) during the dark period.

Plasmid construction

Full-length cDNA of tobacco NsCET1, NsCET2, or NsCET10 was amplified by RACE
RT-PCR with gene-specific primers (Sequences are in Supplemental Table S1). The
cDNA was driven by a CaMV35S or Arabidopsis SUC2 promoter and transferred into
Agrobacterium tumefaciens strain AGL1. The amiR-CETs were designed by using
WMD3 Web MicroRNA Designer (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi;
Schwab et al., 2006) and confirmed by sequencing. The resulting amiR-CETs constructs
were driven by a CaM V35S promoter and transferred into A. tumefaciens strain AGL1 for

plant transformation.
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Tobacco NsCET1 5.5K promoter was amplified by PCR with forward (5'-
AAGTGAAGTCGACTAATTCTTTTATATG-3') and reverse primers (5'-
CTTCACCCTTTTGTTTCTTCTTCTTTTTGG-3"). The 5.5K promoter was fused with a

[-glucuronidase (GUS) reporter gene in pCAMBIA1390 for plant transformation.

Arabidopsis and tobacco transformation

Arabidopsis transformation was performed by the floral dip method. The T
transformants were selected on MS medium containing 40 ug ml™" hygromycin. At 10
days after selection, resulting transformants were selected and transferred to soil for
further analysis. For transformation of tobacco (N. tabacum cv. Turkish), tobacco seeds
were surface-sterilized and germinated on MS30 medium (MS medium containing 30 g/L
sucrose) in growth chambers with 25°C LD conditions for 1 month until plants produced
5-6 fully expanded leaves. The midrib of developed leaves was removed, and the
remaining blades were cut into 1.0-cm” pieces and placed on plates with shooting
medium I (SM I; MS30 medium containing 1 mg/L BAP and 0.1 mg/L NAA) at 25°C for
2 days. Explants were then co-cultured with overnight agrobacterium cultures (diluted to
ODgpo= 0.8—1.0 in SM I solution) for 20 min and blotted dry on sterilized 3M filter paper,
then transferred to SM I agar plates at 25°C under dark conditions for 2 days. The
explants were transferred to shooting medium II (SM II; MS30 medium containing 1
mg/L BAP, 0.1 mg/L NAA, 200 mg/L cefotaxime, and 30 mg/L hygromycin) and
incubated in growth chambers under LD conditions to produce callus. Every 2 weeks,
calli were subcultured on a new SM II agar plate until new shoots developed. The well-

developed shoots were transferred to rooting medium (MS30 medium containing 200
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mg/L cefotaxime and 30 mg/L hygromycin) until roots were well developed. The
successful transformants were transferred to soil. N. sylvestris transformation followed
the N. tabacum transformation procedures, except the hormone concentration in SM 11

medium was reduced to 0.5 mg/L BAP and 0.05 mg/L NAA.

Bimolecular Fluorescence Complementation (BiFC) Analyses

The cDNA of NsCET1 or NsCET2 was cloned into Venusy binary vector HyglI-
VYNE(R), and FD was cloned into the SCFP3A¢ vector KanlI-SCYCE(R), under control
of a CaMV'35S promoter (Waadt et al., 2008). The successful constructs were introduced
into A. tumefaciens strain AGL1. For BiFC analysis, Agrobacterium strains carrying
individual BiFC constructs were cultured in LB media containing 50 g ml"' kanamycin,
10 mM MES, pH 5.7, and 20 uM acetosyringone at 28°C overnight. The bacteria were
pelleted and diluted in infiltration solution (10 mM MgCl,, 10 mM MES, pH 5.7, 200 uM
acetosyringone) to ODgoo= 1.0. The bacteria solution was incubated at room temperature
for 1 h. Co-infiltration was conducted with a 1:1 mix of HygII-VYNE(R)-CET and
KanlI-SCYCE(R)-FD strains. The mixed solution was infiltrated into the leaves of 3-
week-old Nicotiana benthamiana using syringes. Three days after infiltration, tissue was

visualized under a confocal laser-scanning microscope (Zeiss LSM 510 Meta).

Histochemical analysis
The 40-day-old Nicotiana sylvestris transformants carrying NsCETpro-GUS were
incubated with GUS staining solution (50 mM sodium phosphate pH 7.0, 10 mM EDTA,

0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 1 mM X-Gluc, 0.01%

29
Downloaded from on December 11, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Triton X-100) at 37°C for 16 hrs. Plants were treated with 95% ethanol to remove

chlorophyll and photographed under a Leica Z16 Apo microscope.

Grafting experiments

Arabidopsis grafting was performed by pin-fasten grafting as previously described
(Huang and Yu, 2015). At 2 weeks after grafting, the mature leaves of the stocks and the
tissues from 0.2 cm above the graft union of the scions were collected for RNA extraction.

For tobacco grafting experiments, we used a simple cleft grafting approach. The
wild-type or PSUC2-NsCET] transformant of N. tabacum cv. Turkish were grown in a
growth chamber for 2 months. At this stage, plants usually produced 10—15 leaves. The
wild-type scions were cut from 10—12 cm below the apex. Mature leaves on the scions
were removed and the base of scions was cut into a wedge shape to insert into the slit
made by a vertical cut on apex-removed stocks. The graft junctions were secured with
parafilm and sealed in a Ziploc bag to retain humidity for 1 week. The mature leaves of
the scions on successfully grafted plants were regularly removed to ensure sink strength.

For tomato and N. sylvestris heterografting, 1-month-old wild-type tomato were
used as scions to graft with wild-type N. sylvestris tobacco plants stocks. The V.
sylvestris plants with 4-5 expanding leaves were cut from the base of hypocotyls and
shaped into a wedge cut, then inserted into slits made on the stem of tomato plants. The
mature leaves of tomato were removed to ensure phloem transport from N. sylvestris to
tomato. The graft junctions were secured with parafilm and sealed in a Ziploc bag.
Successfully grafted plants were grown in growth chambers with regular removal of

mature leaves of tomato scions to ensure sink strength. At 3 weeks after grafting, the
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mature leaves of N. sylvestris stocks and the apex of tomato scions, which contains shoot
meristem and young primordia, were collected for RNA extraction.

N. tabacum and tomato heterografting was made by the simple cleft grafting
method conducted with 1-month-old wild-type N. tabacum cv. Turkish scions and tomato
stocks. The N. tabacum scions were cut from 6 cm below the apex and shaped into a
wedge to insert into the vertical cut of the apex-removed tomato stocks. The graft
junctions were secured with parafilm and sealed in a Ziploc bag to retain humidity for 1
week. The mature leaves of the scions on successfully grafted plants were regularly

removed to ensure sink strength.

RNA extraction and RT-PCR or RT-qPCR analysis

Total RNA was extracted by using Trizol reagent according to user’s manual with
modifications (Invitrogen, CA). In brief, 0.4 g of ground tissues were mixed with 1 ml
Trizol reagent and centrifuged at 4°C for 10 min at full speed to remove cell debrides.
The solution was extracted with chloroform and phenol/chloroform and subjected to
ethanol precipitation. RNA was vacuum dried and dissolved in DEPC-treated dH,O.

For RT-PCR analysis, 5 ug of total RNA was used in reverse transcription reactions
performed with oligo(dT),¢ and SuperScript I1I reverse transcriptase (Invitrogen). One
microliter of cDNA was used for the PCR reaction with the following conditions: 1 min
at 94°C for 1 cycle; 30 sec at 94°C, 30 sec at 60°C, 1min at 68°C for 35 cycles, and 10
min at 68°C for 1 cycle. An aliquot (5 pl) of PCR products was separated on agarose gels.
For nested PCR, the PCR products were diluted 1:50 and subjected to a second round of

PCR with nested primers.
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For RT-qPCR analysis, RNA was treated with DNase I to remove potential DNA
contamination. An amount of 5 ug total RNA was used to synthesize first-strand cDNA
using Superscript I1I reverse transcriptase (Invitrogen, CA) in a reaction volume of 20 pl.
cDNA was diluted to 10 ng/ul with RNase-free water. An aliquot of 5 pl diluted cDNA
and 200-nM gene-specific primers were used for real-time PCR with the Applied
Biosystems StepOnePlus Real-Time PCR System (Applied Biosystems). PCR was run at
95°C for 10 min, then 40 cycles of 95°C for 15 sec, and 60°C for 1 min, with triplicates
technical replicates included for each sample. The expression of B-tubulin (TUB) was a

normalization control. The sequences of primers are in Supplemental Tables S1 and S2.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries under
accession numbers: NsCETI (LOC104248269), NsCET2 (LOC104226905), NsCETS
(LOC104217580), NsCET9 (LOC104239376), NsCET10 (LOC104229471), NsFTL5
(LOC104234573), NsFTL6 (LOC104235396), NsFTL7 (LOC104225910), NsSMFTL1
(LOC104210644), NsMFTLI (LOC104210681), NsFT2 (XM_009770669), NsFT3
(XM_009773706), SP2G (AY186734), SP3D (AY186735), SP5G (XM _004239797),

SP9D (AY186738), SP114 (XM_004250027).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Tobacco NsCET1, NsCET2, and NsCET10 act as floral

inhibitors in Arabidopsis.
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Supplemental Figure S2. N. tabacum cv. Turkish PSUC2-NsCET1 transformants
displayed phenotypes of short internodes and wild-type floral organs.

Supplemental Figure S3. Gene expression of N. sylvestris NsCET2 and NsCET10 under
LD or SD conditions.

Supplemental Figure S4. GUS activity of NsCETI promoters in tobacco and
Arabidopsis.

Supplemental Figure S5. Suppression of CETs expression in day-neutral tobacco
promotes flowering under SD conditions.

Supplemental Figure S6. Long-distance movement of tobacco NsCET! RNA in tobacco
PSUC2-NsCET1 transformants.

Supplemental Figure S7. Sequencing analysis of mobile tobacco NsCETI mRNA in
tobacco-tomato heterografts.

Supplemental Figure S8. Expression pattern of MF7-like genes in tomato and tobacco.
Supplemental Table S1. Primers used in identification of tobacco CET genes and RT-
qPCR analysis.

Supplemental Table S2. Primers used in RT-PCR analysis.
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Table I. Flowering time of Arabidopsis transformants expressing tobacco

CENTRORADIALIS-like (CET) transgenes

Plant line Flowering time (no. of rosette leaves)
Col 8.6+0.7

358-NsCETI 16.8+1.7
SUC2-NsCETI 22.442.9
355-NsCET2 11.9+1.0
SUC2-NsCET2 14.0+1.7
358-NsCET10 11.3+0.9
SUC2-NsCET10 11.1+0.7

Data are means+SD.

Figure Legends

Figure 1. Tobacco NsCET]1 acts act non-cell-autonomously to inhibit flowering

A, Flowering time of wild-type Nicotiana sylvestris plant and Nicotiana sylvestris
transformants harboring P35S-NsCET1 or PSUC2-NsCET] transgenes under LD
conditions. The black circles represent the leaf number of 3 transformants that did not
flower at 5 months after transfer from rooting medium. Flowering time is represented by
the number of leaves during flowering (*=p<0.05; **=p<0.01, unpaired Student’s z-test).
B, Flowering time of wild-type N. tabacum cv. Turkish and N. tabacum transformants
harboring P35S-NsCET1 or PSUC2-NsCET1 transgenes under LD conditions. The black
circles represent the leaf number of 2 transformants that did not flower at 5 months after

transfer from rooting medium. (*=p<0.05, unpaired Student’s #-test). C, Wild-type N.
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sylvestris (left) and N. sylvestris P35S-NsCET1 transformants (right) under LD conditions.
D, Wild-type N. tabacum cv. Turkish (left) and N. tabacum PSUC2-NsCET1

transformants (right) under LD conditions.

Figure 2. Expression pattern of NSCET1 in N. sylvestris

A, RT-gPCR analysis of NsCETI mRNA level in N. sylvestris under long-day (LD) or
short-day (SD) conditions. The relative expression of NsCET was normalized to -
tubulin expression. B and C, Histochemical staining of leaf (B) and apex (C, indicated by
an arrow) tissue of N. sylvestris transformants carrying a 5.5-kb fragment of NsCET1
promoter fused with a GUS reporter gene. Scale bars=0.5 mm. D, Bimolecular
fluorescence complementation (BiFC) assay of interaction between NsCET1 and FD.
VYNE(R)-CETI and SCYCE(R)-FD were co-infiltrated in leaves of Nicotiana
benthamiana by agro-infiltration. Scale bars=50 um. E and F, Histochemical staining of
roots of root (E) and root tip (F) tissue of N. sylvestris CET1pro-GUS transformants.

Scale bars=0.2 mm.

Figure 3. Knockdown of NSCET expression promotes flowering in tobacco

A, Flowering time of wild-type N. sylvestris (Syl, white circle) and N. sylvestris P35S-
amiR-CET transformants (amiR, black circle) under LD conditions. Each spot represents
the leaf number of individual wild-type or transformants during flowering (**=p<0.01,
unpaired Student’s ¢-test). B-D, RT-qPCR analysis of NsCET! (B), NsCET2 (C), and
NsCETI0 (D) mRNA level in mature leaves of wild-type N. sylvestris (Syl) and 3

representative N. sylvestris P35S-amiR-CET T2 plants (T1-4. T1-5, and T1-9). The
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relative expression of CETs was normalized to S-tubulin expression. E, Representative
images of wild-type N. sylvestris (Syl, left) and P35S-amiR-CET transformants (amiR,
right) grown under SD conditions for 6 months. F, Representative images of wild-type M.
sylvestris (Syl, left) and P35S-amiR-CET transformant (amiR, right) grown under SD

conditions but with dim light (10 wmole m? s") during the dark period.

Figure 4. Phenotypes of tobacco PSUC2-NSCET1 transformants are graft-
transmissible

A, Wild-type N. tabacum cv Turkish scions grafted onto wild-type Turkish stocks
(WT/WT; left two plants) or onto PSUC2-NsCET1 transformant stocks (WT/CETox;
right two plants). The mature leaves were regularly removed from scions to enhance sink
strength. Note that the flowering time of the scions grafted onto PSUC2-NsCET ]
transformant stocks (WT/CET10x) was significantly delayed. B, Box whisker plot of
flowering time of wild-type scions grafted onto wild-type stocks (WT*/WT; yellow, n=7)
or PSUC2-NsCET] transformant stocks (WT*/CET1ox; green, n=10). Flowering time
was presented as number of leaves of scions, which was calculated from the grafted
junction to the first floral bud. WT* indicates that samples were calculated from wild-
type scions (****=p<0.0001, unpaired Student’s ¢-test). C, Internodes of wild-type scions
grafted onto wild-type stock (WT*/WT) or PSUC2-NsCET1] transformant stock
(WT*/CET10x). The nodes are indicated by red asterisks. Scale bar=1 cm. D, Box-
whisker plots of internode length of 5 representative scions grafted onto wild-type stocks

(WT*/WT; yellow, 1-5) or PSUC2-NsCET1 transformant stocks (WT*/CET1o0x; green,
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6-10). Horizontal lines are median; box edges are Q1-Q3; whiskers are highest and

lowest values (****=p<0.0001, unpaired Student’s ¢-test).

Figure 5. Long-distance movement of NSCET1 mRNA in Arabidopsis

A and B, RT-qPCR analysis of NsCETI mRNA level in wild-type Arabidopsis scions
grafted onto Arabidopsis P35S-NsCET! (A) or PSUC2-NsCETI (B) transformant stocks.
RNA was extracted from mature leaves of wild-type (Col), P35S-NsCET1, or PSUC2-
NsCETI stocks or wild-type scions grafted onto P35S-NsCET1 or PSUC2-NsCET1
transformant stocks (SC1 and SC2). The relative mRNA level of NsCETI was

normalized to ubiquitin-conjugating enzyme (UBC) expression.

Figure 6. Long-distance movement of tobacco NSCET1 mRNA in tomato-tobacco
heterografts

A, Representative images of tomato-tobacco heterografting experiments, depicting a
wild-type tomato scion grafted with a wild-type N. sylvestris stock. The grafting union
was secured by grafting clips (white arrow). Mature leaves of tomato recipient were
removed to enhance the sink strength. B and C, RT-PCR analysis of various mRNA in
mature leaves of wild-type N. sylvestris (Tob), wild-type tomato (Tom), or tomato scions
(indicated by stars) grafted onto tobacco stocks (Tom*/Tob, 1-5). PCR (B) was
performed with gene-specific primers for tobacco NsCET! (upper panel), tobacco
NsPP24 (middle panel) and loading controls of tobacco ACTIN2 (NsACT2, the first lane
in lower panel), or tomato IMPORTIN & (SIKAP ¢, lanes 2—6 in lower panel). Nested RT-

PCR (C) was performed for tobacco NsMFTL?2 (upper panel), tobacco NsFT2 (middle
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panel), and tobacco NsF73 (lower panel). The position of the 0.25- and 1-kb DNA

marker (lower and upper black lines, respectively) is indicated in each panel.

Figure 7. Long-distance movement of tomato PEBP genes mRNA in tobacco-tomato
heterografting experiments

A, Representative images of tobacco-tomato heterografting experiments, depicting a
wild-type tobacco scion grafted with a wild-type tomato stock. The grafting union was
secured by parafilm (white arrow). Mature leaves of tobacco scions were removed to
enhance the sink strength. B, RT-PCR analysis of mRNA from wild-type tomato (Tom),
wild-type tobacco (Tob), or tobacco scions (indicated by stars) grafted onto tomato stocks
(Tob*/Tom). PCR was performed with gene-specific primers for tomato SP2G (MFT-like
clade); SP3D, SP5G and SP114 (FT-like clade); SP9D (TFL-like clade); and loading
controls of tomato, IMPORTIN & (SIKAP ¢, the first lane), or tobacco ACTIN2 (NtACT?2,

lane 2 and 3).
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