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Enlargement and doming of the shoot apical meristem (SAM) is a hallmark of the transition from vegetative growth to flowering.
While this change is widespread, its role in the flowering process is unknown. The late termination (ltm) tomato (Solanum
lycopersicum) mutant shows severely delayed flowering and precocious doming of the vegetative SAM. LTM encodes a kelch
domain-containing protein, with no link to known meristem maintenance or flowering time pathways. LTM interacts with the
TOPLESS corepressor and with several transcription factors that can provide specificity for its functions. A subgroup of flowering-
associated genes is precociously upregulated in vegetative stages of ltm SAMs, among them, the antiflorigen gene SELF PRUNING
(SP). A mutation in SP restored the structure of vegetative SAMs in ltm sp double mutants, and late flowering was partially
suppressed, suggesting that LTM functions to suppress SP in the vegetative SAM. In agreement, SP-overexpressing wild-type
plants exhibited precocious doming of vegetative SAMs combined with late flowering, as found in ltm plants. Strong flowering
signals can result in termination of the SAM, usually by its differentiation into a flower. We propose that activation of a floral
antagonist that promotes SAM growth in concert with floral transition protects it from such terminating effects.

INTRODUCTION

The shoot apical meristem (SAM) maintains a fairly constant size
despite initiation of lateral organs continuously from its peripheral
cells. The balance between the proliferation of SAMcells and their
differentiation into organs ensures SAM maintenance and is
regulated primarily by the WUSCHEL-CLAVATA (WUS-CLV)
signaling pathway (Clark et al., 1997; Fletcher et al., 1999; Schoof
et al., 2000). In contrast with the stable vegetative SAM size, the
transition to flowering is usually associated with dramatic SAM
changes; overall enlargement and altered dimensions, shifting
from a flat top to a domed shape, are common to many plants
(Bernier, 1988). SAM doming during the floral transition has been
reported for bothmonocot and dicot species (Metcalf et al., 1975;
Lyndon and Battey, 1985) and for plants with diverse growth
habits. For most plants, the first visible change toward the tran-
sition to flowering is an increase in height relative to width (i.e.,
doming), followed by broadening of the meristem (Bernier et al.,
1981). Such physical changes are reminiscent of the enlarged
SAM found in mutants of the meristem maintenance pathway
(Clark et al., 1993; Taguchi-Shiobara et al., 2001; Xu et al., 2015);
however, there are no reports that changes in thesemutants affect
floral transition or flowering time.

Why the floral transition is coupled with SAM doming is not
understood, and the possibility that the domed meristem is an

intermediate stage of the transition from a meristem to a flower has
not been determined. This may be the case with particular growth
patterns, as in sunflower (Helianthus annuus) plants, where a capit-
ulum type of inflorescence is formed (Steeves et al., 1969). However,
SAMdomingduring floral transitionwasalso reported inmonopodial
plants suchas rice (Oryza sativa; Asai et al., 2002; Tamaki et al., 2015)
andArabidopsis thaliana (Hempel and Feldman, 1994; Hempel et al.,
1998), where the apical meristem is maintained after floral transition
and does not terminate with a flower. Thus, SAMdomingmay be an
integral part of meristem development, irrespective of the fate of the
meristem itself. Some evidence suggest that doming is not essential
forfloweringanddoesnottriggerfloral transition; insomeplants,such
as Impatiens balsamina, the meristem does not dome during floral
transition (Battey and Lyndon, 1984), and in Humulus lupus, the
meristem even becomes smaller (Bernier et al., 1981). Furthermore,
mutants of the CLV signaling pathway that show precocious SAM
domingarenot fast-floweringplants (Clarketal.,1993;Xuetal.,2015).
Moreover, doming isnot theonlySAMchange that isassociatedwith
floral transition. In both monopodial and sympodial plants, floral
transition is coupled with loss of apical dominance (Bernier et al.,
1981).Asclvmutants thathaveprecociousdomingwerenot reported
to have altered apical dominance, and meristem size mutants were
never reported following screens for altered branching, we assume
that doming per se is not the cause for this physiological change.
Hence, although they often occur simultaneously, SAM doming per
se and floral transition might not be mechanistically linked.
As doming in tomato (Solanum lycopersicum) is coupled with

floral transition, we chose here to focus on a novel late-flowering
tomato mutant we named late termination (ltm) that also displays
precocious doming.We show that LTM repressesSELF PRUNING
(SP), an inhibitor of floral transition and promoter of SAM doming.
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Previous studies showed that SP is a CETS (CENTRORADIALIS,
TFL1, SP) protein that functions as an “antiterminator” or a floral
inhibitor; tomato sp plants show accelerated floral termination of
sympodial meristems (Pnueli et al., 1998). A related SP family
member is SINGLE FLOWER TRUSS (SFT), an ortholog of Ara-
bidopsis FLOWERING LOCUS T, which encodes the flowering
signal florigen (Kardailsky et al., 1999; Kobayashi et al., 1999;
Lifschitz et al., 2006). Genetic and grafting experiments in tomato
showed that endogenous SFT/SP ratios regulate local growth-
termination equilibria in all meristems of the shoot system
(Lifschitz and Eshed, 2006). In addition, the ratio of these two
proteins (or of their respective homologs) is involved in various
developmental process such as leaf complexity and shape, stem
thickness, pedicel abscission zone formation, and overall shoot
architecture in a variety of plants, such as tomato, maize (Zea
mays), cotton (Gossypiumhirsutum), andArabidopsis (Shalit et al.,
2009; Danilevskaya et al., 2011; Pin andNilsson, 2012; Park et al.,
2014; McGarry et al., 2016). Florigenic CETS proteins have also
been shown to control the differentiation of potato (Solanum tu-
berosum) stolonmeristems into tubers (Navarroet al., 2011).Here,
we show that expression of SP in the tomato SAM plays a role in
meristem doming, acting in parallel to the WUS-CLV pathway.
The coordination of doming with floral transition by LTM and
the possible roles of CETS proteins in meristem functions are
discussed.

RESULTS

ltm Displays Precocious SAM Doming but Late Flowering

Pronounceddomingof theapicalmeristemhasbeendocumented
in various plant species shortly before or in conjunction with the
floral transition (Nougarède, 1967; Kanchanapoom and Thomas,
1987; Thomas and Kanchanapoom, 1991). To determine whether
doming is an abrupt process, or represents an endpoint of
a gradual change in the SAMas the plant approaches flowering,
we used tomato with its easily accessible apical shoot mer-
istems. Flowering in tomato is largely insensitive to classical
environmental cues (daylength, vernalization, heat) and under
our greenhouse conditions, anthesis occurred 35 to 40 d after
germination, whereas maximal doming and first signs of flower
formation were evident 8 to 12 d after germination. Upon
germination, the seedling had two visible cotyledons and the
small flat primary shoot meristem (PSM) contained two to three
leaf primordia (Supplemental Figure 1). Analysis of the size of
the PSM every 2 d postgermination showed a slight and
continuous expansion of the vegetative SAM. This expansion
dramatically accelerated after the development of seven to
eight leaves. Shortly after enhancement of PSM growth, it
reachedapoint thatwewill refer to as a transitionmeristem (TM;
Figure 1A). In essence, a TM is the stage 2 d before the first
visible signs of initiation of a new flowering branch at the basal
PSM part. This branching is the earliest indication that the PSM
has turned into a flower, as it precedes initiation of sepals and it
is coupled to the release of the sympodial meristem from apical
dominance (Figure 1A). These observations suggest that while
classical SAMmaintenance programs act to restrict its growth

(Xu et al., 2015), the tomato SAM continues to gradually grow
with age.
To further understand the linkbetween floral transition andSAM

enlargement, we surveyed the apices of late-flowering mutants
identified in a large mutant screen (Menda et al., 2004). These
mutants were backcrossed three to four times to our standard
wild-type line, the isogenic indeterminate M82 (SP/SP), before
detailed characterization. Surprisingly, apices of one late-flowering
mutant, which we termed ltm, showed precocious doming. De-
tailed examination of two mutant alleles of ltm, ltm-1 and ltm-2,
showed a similar effect onSAMsize; comparedwith thewild type,
ltmplantshad largerdomedapicalmeristems throughout thePSM
vegetative stage. As ltm plants are late-flowering, after the de-
velopment of eight leaves, their PSM is as domed as wild-type
plants are at the TM stage, even though ltm meristems will still
produceat least threemore leavesbefore reachingTM (Figure1B).
To capture the ontogeny of the PSM, it was exposed and pho-
tographed at successive time points and its projected area was
calculated. Quantification over time revealed that a gradual
change in size is maintained in both the wild type and ltm (Figure
1C). In comparison, normal doming, which occurred just before
the delayed floral transition, was observed in the late-flowering
mutant sft (Lifschitz et al., 2006) (Figures 1D and 1E). Thus, pre-
cocious PSM doming in the ltm mutant is not caused merely by
a delay in floral transition but, rather, uncouples the timing of the
physical change in meristem dimensions from that of the floral
transition process.
In both ltmmutant alleles, the PSMand the first sympodial shoot

meristem flowered significantly later than the wild type. In addition,
their inflorescence was slightly branched and often contained one
or a few small leaves (Figure 1F). Wild-type tomato plants de-
veloped, on average, seven to eight leaves before flowering. In
comparison, ltm plants (of bothmutant alleles) flowered a few days
later and produced more leaves before undergoing floral transition
(Figures 1G and 1H). While most ltm plants flowered late, some
plants did not flower for an exceptionally long period of time (up to
3 to 5 months). This variation was not heritable, as progenies of
extremely latefloweringplants showed the same rangeof flowering
times as progenies of regular ltm plants. When ltm-2 and wild-type
plants were grown under the same conditions for more than
2 months, only 89% of ltm-2 plants flowered. The ltm-2 plants that
flowered produced on average (6SE) 16.376 2.9 leaves before the
first flower, while the remaining plants produced 29.46 1.1 leaves
65daftergerminationandstill didnotflower.Thispartiallypenetrant
“extreme late-flowering” phenotype was common to both ltm al-
leles; however, we could not pinpoint the specific environmental
conditions that enhanced or suppressed its penetrance.

LTM Is Not Part of the Classical SAM Maintenance Program

Precocious, floral-independent PSM doming was previously
described for several tomato mutants that are part of the WUS-
CLV signaling pathway; the fab (CLV1) and fin (arabinosyl-
transferase) mutants both show PSM enlargement and doming
comparedwith thewild type at all developmental stages (Xu et al.,
2015). Likewise, both locule number (disrupted in a WUS cis-
element) and fasciated (fas; disrupted inCLV3), found inmost large-
fruited varieties, have largePSMs (Muños et al., 2011; Xu et al., 2015).
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Figure 1. ltm Plants Show a Domed Vegetative PSM and Late Floral Termination.

(A)Adevelopmental series of wild-type (WT) PSM, from the vegetative shoot with four leaves (L) to floral transition and flowermeristem (FM) and sympodial
meristem (SYM) formation.
(B) A developmental series of ltm PSM, from the vegetative shoot to floral transition.
(C) Average 2D PSM size (6SE) of developing vegetative wild-type and ltm shoot apices (n = 4).
(D) Developmental series of vegetative sft PSM after producing 6, 8, and 12 (TM) leaves.
(E)Average 2DPSM size (6SE) of wild-type and sft shoot apices after production of six leaves (n = 4). Using Tukey HSD, the sizes of the two PSMswere not
significantly different.
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When examined in the same genetic background as the other
mutants (M82), both faband fas showedprecociousdomingof the
vegetative PSM compared with the wild type (Figure 2A). To un-
derstand the possible contribution of the WUS-CLV signaling
pathway to floral transition doming, the expression dynamics of
WUS was examined before and during floral transition. WUS ex-
pression in the vegetative PSM of wild-type plants was detected
two to three cells below the apex summit. Duringmeristem doming
and floral transition, the WUS expression domain shifted up and
expanded (Figure2B).RNAsequencingdataof threedevelopmental
time points of wild-type tomato apices (transcriptome analyses
described below) showed a clear trend of significantly increased
WUS expression in domed apices, nearly 2 times higher than its
expression inwild-type vegetativePSM (Figure 2C). The same trend
was documented in an independent analysis of gene expression
dynamics in meristems of gradually older tomato plants (Park
etal.,2012;Solyc02g083950;http://tomatolab.cshl.edu/efp/cgi-bin/
efpWeb.cgi). In summary,WUS expression was upregulated and its
domainshiftedupwardduringPSMfloral transitionandSAMdoming.

To determine whether precocious SAM doming in ltm plants is
a result of misregulation of WUS-CLV signaling, WUS in situ
hybridizationwasperformedonapicesof ltm-1seedlings, 2dafter
germination. Although ltmPSMswere larger andmore domed, no
change in WUS expression was detected (Figure 2D). For
a broader view of the WUS signaling pathway, gene expression
profiles of vegetative ltm apices were compared with those of
same-age wild-type plants. In agreement with the spatial ex-
pression pattern, expression levels of WUS and of CLV3 were
similar in ltm and wild-type vegetative apices (Figure 2E), in
contrast to the differential expression observed between wild-
type and fab and fin apices (Xu et al., 2015).

To determine whether LTM can impact downstream WUS-CLV
targets, a list of genes up- and downregulated in ltm mutants, as
determinedbya transcriptomecomparisonbetween ltmand thewild
type, was generated and compared with a list of genes differentially
expressed in wild-type versus fab plants (Xu et al., 2015). Seventy
geneswere foundtobedownregulatedand58wereupregulated (fold
change$2andP<0.05) in ltm-1apicescomparedwith thewild type.
Of the 50 genes that were upregulated in fab apices, only one
(Solyc05g005130) was also upregulated in ltm-1. Similarly, of the
100genesdownregulated in fab apices comparedwith thewild type,
only one (Solyc09g092750) was also downregulated in ltm-1 apices
(P < 0.242). Thus, distinct transcriptional signatures characterize the
two mutants (Figure 2F; Supplemental Data Set 1), suggesting that
their similar doming behavior is of different molecular origins.

LTM Is a Unique Nuclear Kelch Repeat-Containing Protein

Genetic and expression profiling analyses suggest that LTM is
a novel regulator that affects SAMmaintenance independently of

the classical factors involved in this process. To identify the causal
mutation, the ltm-1 mutant was crossed with Solanum pimpi-
nellifolium and 125 F2 plants were analyzed. LTMwasmapped to
an area spanning 1.7 Mb of the tomato chromosome 1. Illumina
sequencing of ltm-1 genomic DNA identified three changes in
protein-coding regions, one of which caused an amino acid
change inageneencodingaprotein containingfivekelchdomains
(Solyc01g100600). ltm-2 sequencing revealed an 8-bp insertion,
resulting in a frame-shift mutation and a premature stop codon in
the samegene (Figure 3A). LTMbelongs to a family of kelch repeat
proteins, a motif forming b-propeller domains that mediate pro-
tein-protein interactions. Such proteins are found in multiprotein
complexes and participate in a wide range of cellular activities
(Adams et al., 2000). The first LTM kelch domain was unique, in
that it contained the five-amino acid motif LVLNL, which can
function as an EAR domain via the consensus sequence pattern
LxLxL (Ohta et al., 2001; Hiratsu et al., 2004). By aligning multiple
LTM homologs, we identified three additional motifs conserved in
all LTMproteins, termed here LTMboxes 1 to 3 (Figure 3B). These
motifs were only found in highly related LTM homologs, which are
only present once inmost tested genomes andwere not detected
in any Brassicaceae genome (analyzed by the Plaza dicots 3.0
database) (Figure 3C). Notably, box 1 usually contained another
LxLxL EARdomain; however, this was not the case for the tomato
LTM. Transient expression of a chimericRFP-LTMgene under the
35S promoter in Nicotiana benthamiana leaves revealed accu-
mulation of RFP signals in the nucleus (Figure 3D).
In young vegetative meristems, LTMwas weakly and uniformly

expressedat theSAMbutmoreprominently in aboundarydomain
between the apex and leaf primordia (Figure 3E). LTM expression
was also detected in axillary meristems, be it the sympodial
meristem or regular axillary buds. In a domed SAM undergoing
floral transition, LTM expression at the SAM proper was stronger
and, shortly after, in the flower meristem too. RNA sequencing
data of wild-type tomato apices at two developmental time points
(transcriptome analyses described below) showed that LTM is
expressed, at similar levels, in both vegetative and transitional
apices (Figure 3F). Furthermore, analysis of the tomato meristem
maturationdataset (Parketal., 2012)showedthatLTMexpression
is equally expressed in tomato meristems of different plant ages.
Overall, these results show that LTM is found primarily in mer-
istems andmeristem periphery and encodes for a nuclear protein.

The LTM EAR Domain Facilitates Its Interaction
with TOPLESS

While kelch motifs are usually associated with diverse protein-
protein interactions, the postulated EAR domain with the con-
sensus sequence motif LxLxL may facilitate physical interaction
with the plant corepressor TOPLESS (TPL) (Long et al., 2006;

Figure 1. (continued).

(F) Flowering wild-type and ltm-1plants grown together. Inset: wild-type zigzag and ltm branched inflorescence containing a leaf.
(G) Mean number of leaves (6SE) produced by the PSM before flowering; wild type (n = 8), ltm-1 (n = 8), and ltm-2 (n = 39). **P < 0.01 (Tukey HSD).
(H) Mean days (6SE) after germination until first visible macroscopic flower of the plants shown in (G). **P < 0.01 (Tukey HSD).
Bars = 100 mm in (A), (B), and (D).
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Szemenyei et al., 2008). To test this possibility, a yeast two-hybrid
assay using full-length LTM and the N terminus of TPL,
which mediates the interaction with EAR-containing proteins
(Szemenyei et al., 2008; Ke et al., 2015), was conducted. LTM and

TPL interactedwhen fusedwith either anactivationdomainorwith
aDNAbindingdomain (Figure 4A). No such interactionswith other
plant corepressors such as LEUNIG (LUG) and SAP18 (Conner
and Liu, 2000; Song and Galbraith, 2006) were detected (Figure

Figure 2. Precocious Doming in ltm Is Not Accompanied by Altered WUS-CLV Regulation.

(A) Domed vegetative fab and fas PSM shoots with six leaves.
(B) Distribution of WUS RNA in vegetative and transitional apices of wild-type detected by RNA in situ hybridization.
(C) Expression levels of WUS in two vegetative developmental stages and during floral transition, detected by RNA in situ hybridization. VM, vegetative
meristem.
(D) Distribution of WUS RNA in vegetative apex of ltm.
(E) Expression levels of WUS and CLV3, as determined by RNA sequencing of wild-type and ltm vegetative apices (n = 2).
(F) Overlap between genes differentially expressed in fab and ltm mutant apices.
Bars = 100 mm in (A) and 200 mm in (B).
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Figure 3. Protein Motifs, Cellular Localization, and RNA Distribution of LTM Gene Products.

(A) Genomic organization, motif distribution, and lesions in three different ltm alleles (black dots on DNA and white dots on protein). Kelch domains are
indicated by gray rectangles. EAR domains are marked in dark blue. Nuclear localization signal (NLS) is marked by light blue.
(B) Amino acid sequence of the three conserved LTM boxes identified by MEME (see Methods).
(C)Phylogenetic tree of themost related LTM-like genes from four plant species: tomato (Solyc), orange (Citrus x sinensis, CS), papaya (Carica papaya, CP),
and Arabidopsis (AT). BLAST analysis using Plaza 3.0 database.
(D) Colocalization (pink) of RFP-LTM (red) and 49,6-diamidino-2-phenylindole (DAPI) (blue) in tobacco leaf epidermal cells. Bar =20 mm.
(E)RNAinsitu localizationofLTMonwild-typeseedlings:young (2daftergermination),before (14daftergermination), atandshortlyafterfloral transition.Bar=200mm.
(F) Illustration of the meristems used for PSM transcriptome profiling. Dashed lines indicate the tissues removed. Expression of LTM (Solyc01g100600) at
these two stages is the normalized mean of two biological replicas.
VM, vegetative meristem; FM, flower meristem; SIM, sympodial inflorescence meristem; SYM, sympodial meristem; L, leaves produced by the PSM prior to collection.
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4A). Similarly, LTM did not interact with the adaptor repressor
protein SEUSS, which mediates many of the LUG interactions
(Franks et al., 2002). Recently, the crystal structure of the TPL
domain of rice TOPLESSRELATED2 in complexeswith EARmotif
proteins fromArabidopsis was described. The structure indicated
that all LxLxL-type EAR motifs share a common mode of in-
teraction with TPL, which is mediated by a key hydrophobic in-
teractionbetween the threeconserved leucine residuesof theEAR
and highly conserved hydrophobic and positively charged cleft
residuesofTPL (Keet al., 2015).When thepostulatedEARdomain
of LTM LVLNL was mutated to VVVNL, interaction with TPL was
abolished (Figure 4A). Thus, the LVLNL motif of LTM functions
as a bona fide EAR domain that facilitates the interaction with
TPL. Cotransfection of the LTM and TPL protein pair (adopted
for bimolecular fluorescence complementation [BiFC] assay)
into leaf epidermal cells of N. benthamiana resulted in nuclear
fluorescence. In contrast, cotransfection of LTM with WUS or
TPL with COMPOUND INFLORESCENCE (S) provided no
fluorescent signal (Figure 4B). Lastly, in an in vitro coimmu-
noprecipitation assay involving bacterially expressed His-
tagged TPL and FLAG-tagged LTM, although significant LTM
degradation occurred, the two proteins successfully pulled

each other down (Figure 4C). Taken together, the interaction
between LTM and TPL through an EAR domain may facilitate
repression of target genes.
A yeast two-hybrid screen of a library of tomatomeristemRNA

wasperformedusing LTMasbait, in search of aDNAcomponent
that may bind such repressor complex. The screen resulted in
identification of 51 independent proteins, which were catego-
rized into four classes (A–D) according to the number of in-
dependent clones found for each interactor (Supplemental
Data Set 2). An AMP deaminase (Solyc09g014770), an AP2
domain transcription factor (Solyc03g123430), and theTPLgene
product (Solyc03g117360) described above (Figure 4D) were
categorized as having the strongest interaction with LTM. To
determine whether expression of these factors overlaps with
LTM, the cDNA clones of TPL and the LTM-INTERACTING-AP2-
CONTAINING were cloned from cDNA made exclusively from
tomato apical meristems. A similar interaction, in which an
adaptor protein can link TPL with a DNA binding protein, was
shown in jasmonic acid signaling in Arabidopsis. In this case, the
JAZ repressor function relies on interaction with NINJA, which
mediates the recruitment of TPL via its EAR domain (Pauwels
et al., 2010).

Figure 4. LTM Interacts with the Plant Corepressor TPL.

(A)Ayeast two-hybrid assaydetectingpositive interaction of LTMandTPL, but not of LTMmEARandTPL. L, leucine; T, tryptophan;H, histidine; A, adenine;
X, X-a-gal; Aur, aurebasidine. Dropout medium is indicated by a minus symbol.
(B) A split YFP complementation assay in tobacco leaf epidermal cells. BiFC complementation was achieved when LTM and TPL were cotransfected. No
complementation was obtained when LTM was cotransfected with WUS, and TPL with S (bar = 20 mm).
(C) Coimmunoprecipitation of TPL-His and LTM-flag in Escherichia coli cells.
(D) A yeast two-hybrid interaction screen using full-length LTM as bait. Amino acids of selected interaction domain, shared by all prey fragments matching
the same protein, are shown for strongest LTM-interacting proteins.
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A Unique Set of Floral Transition Genes Are Precociously
Activated in ltm Apices

To characterize processes and genes regulated by LTM-containing
complexes and which orchestrate doming with the floral
transition, global expression profiles of vegetative ltm apices
were compared with those of same-age wild-type apices. As
ltm apices display delayed flowering, we speculated that floral
suppressors or genes associated with precocious doming
would be identified among the genes upregulated in its domed
PSM. Likewise, promoters of the floral transition were ex-
pected tobeamong thegenesdownregulated in the domed ltm
apices. To test this hypothesis, transcriptomes of PSM from
vegetative wild-type plants that produced six leaves and from
plants at floral transition were assayed. A comparison of the
two time points identified 568 upregulated (floral-activated
genes) and 131 downregulated genes at the TM stage of the
wild type (Figure 5A).

Even though ltm plants are late flowering, several genes with
increased expression in the wild type at the floral transition were
highly expressed in young ltm vegetative apices; out of the
58 genes upregulated in young ltm, eight were floral-activated
genes (P<4.3731025;Figures5Aand5B;SupplementalDataSet
1). Additional genes that were not floral induced were strongly
upregulated in ltm compared with same-age wild type, most
significantly, the ltm transcript itself, which was upregulated by
9-fold in the mutant apices (Figure 5B), indicating at an auto-
negative feedback regulation.

To reexamine the unexpected precocious elevation of floral-
activatedgenes, the tomatomeristemmaturation atlas (Park et al.,
2012), with documentation of meristems approaching TM at four
successive ages, was used to query the LTM-modified genes.
Cluster analysis revealed that out of 2924 genes differentially
expressed in wild-type apices, 1213 genes showed a trend of
upregulation toward floral transition. Out of the 58 genes
upregulated in ltm, 10 were among these 1213 genes (P < 3.9373

1024; Supplemental Data Set 1). Thus, in two independent sets of
gradually more mature apices, precocious upregulation of floral-
activated genes was detected in young vegetative ltm apices.
These floral-activated genes might contribute to the precocious
doming of ltm PSM and may account for the tight association
between doming and wild-type floral transition.

Precocious Activation of SP Contributes to Early Doming of
ltm Plants

One of the floral-activated genes upregulated in vegetative ltm-1
apiceswasSP. TheprecociousSP expressionwas independently
examinedbyRT-qPCRofRNAsamples collected fromyoung ltm-
2 and wild-type apices. A 5-fold increase in SP expression was
found in young ltm-2 apices compared with the wild type (Figure
5C).SP encodes aCETS protein that is upregulated in the primary
apical meristem toward floral transition and in axillary meristems,
from their inception, where it functions antagonistically to the
flowering process (Pnueli et al., 1998; Lifschitz and Eshed, 2006;
Lifschitz et al., 2014). RNA in situ hybridization demonstrated
diffuse SP expression at the apex of vegetative young ltm-1
meristemsbut not in those of thewild type. In axillarymeristemsof

both ltm-1 and the wild type, SP expression was strong to similar
degrees (Figure 5D; Supplemental Figure 2).
To test the contribution of SP to ltm mutant phenotypes, we

characterized the PSM size of ltm-2, sp, and ltm-2 sp plants. Strik-
ingly, ltm sp double mutant plants lacked doming of the vegetative
PSMandtheirapicalmeristemwasthesamesizeandshapeasthatof
thewild type (Figure6A). Inagreement, apicesof35S:SP-MYCplants
were domed longbefore floral transition comparedwith thewild type
(Figure 6B). As with ltm apices, the vegetative PSM of 35S:SP-MYC
plants was also larger with age and its PSM size after the production
of six leaves was similar to those of ltm-1 and ltm-2 and significantly
larger than those of the wild type and sp at the same developmental
stage (Figure 6C). Ectopic expression of SP in the PSM, under the
pTCS promoter (Steiner et al., 2016), which is strongly expressed in
the SAM, also resulted in doming during the vegetative phase
(Supplemental Figure 3A).
In contrast with its effects in the ltm background, SP did not

contribute to the precocious doming of fab plants (Figure 2A); fab
apices are as domed as fab sp (Figure 6D). We thus argue that ltm
and fabarenotpartof thesameregulatory circuit and thatSP isnot
the sole driver of SAM doming. Indeed, when undergoing floral
transition, the fab PSM is larger and more domed than during the
vegetative stage (Figure 6E).

Precocious Activation of SP Contributes to Late Flowering
of ltm Plants

SP is a known antagonist of the flowering hormone florigen (Lifschitz
and Eshed, 2006; Shalit et al., 2009) and 35S:SP-MYC plants, which
are,asexpected, latefloweringandproduce11.660.2 leaves (n=18)
before thefloral transition. To testwhetherprecociousSPexpression
in ltm apices contributes to its late flowering, double mutant plants
were examined (Figure 7A). Wild-type plants flowered after of 7.66

0.2 leaves and sp plants flowered after producing 7.86 0.3 leaves,
demonstrating that SP has no detectable role in the PSM floral
transition in the wild-type background. In contrast, ltm-2 plants
flowered after the production of 15 6 2.1 leaves, whereas ltm-2 sp
plants flowered after producing only 10.36 0.6 leaves (P < 0.01). In
addition to its effect on flowering time in ltm plants, the spmutation
also had a marked effect on the “extreme late-flowering” syndrome;
all 50 ltm-2spdoublemutantplantsflowered in<30d (27.0660.61d
after germination). In fact, in all the four years that plantswere grown,
no extreme late-flowering ltm sp plant was ever found. Taken to-
gether, both late-flowering and precocious PSM doming of ltm are
caused primarily, but not solely, by precocious SP expression in the
vegetative apices.

LTM Regulates Flowering Time Independently of the
Florigen and FALSIFLORA Pathways

The ltm plants are significantly late-flowering, much like sft,
a tomato plant bearing a mutant in the florigen gene (Kerr, 1982;
Lifschitz et al., 2006) and falsiflora (fa), a mutant in the tomato
ortholog of LEAFY (Molinero-Rosales et al., 1999). The vegetative
sft PSM shows normal doming, which occurs just before the
delayed floral transition (Figure 1D), suggesting that ltm is not part
of theSFTsignalingpathway. Indeed, ltmsftplants floweredafter the
production of 14.26 0.4 leaves, significantly later than either of the
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singlemutants (11.860.4and11.460.2, respectively; Figure7B). In
tomato, FA also promotes flowering in an SFT-independent manner
as fa sft doublemutants never flower (Molinero-Rosales et al., 2004).
However, the double mutant ltm fa showed an additive effect on

flowering time (Figure 7C), suggesting that LTM is distinct from the
known floral regulation pathways. In agreement, expression of
pSUC2:SFT in wild-type and ltm plants resulted in early floral ter-
mination after production of a similar number of leaves (Figure 7D).

Figure 5. Precocious Expression of Flowering-Associated Genes in Vegetative ltm Apices.

(A) Schematic demonstration of the overlap (calculated using the hypergeometric distribution) between genes upregulated in young and vegetative ltm-1
apices (marked in yellow) and genes differentially expressed in wild-type PSM undergoing floral transition. Downregulated genes are marked in blue, and
upregulated genes are marked in red.
(B)Aheatmapofgenesupregulated invegetative ltm-1apices. The log2-normalizedcountswerestandardized tohaveazeromeanandunit SD for eachgene
(replicateswereaveraged). Theexpressionprofile is accompaniedbyacolorbar indicating thestandardized log2counts.Upperpanel shows theeightgenes
that arealsofloral activated. Lowerpanel showsgenesupregulated$5-fold in ltmoverwild typebut arenotfloral induced.Separateexperiments aredivided
by a dashed line (n = 2 in both). L, leaves produced by the PSM prior to collection.
(C) Relative expression of SP as determined by RT-qPCR on cDNA from young and vegetative wild-type and ltm-2 apices. Values (SP-to-TUBULIN ratios)
are means of three biological replicates. Error bars show SE, **P < 0.01, compared with the wild type (Tukey HSD).
(D)RNA insitu hybridizationofSP in 2-d-old seedlingsof thewild typeand ltm-1. Longitudinal sectionsare shown. Expression in thePSMwasonlydetected
in ltm-1 apices. Inset: Axillary meristem from the same shoot apex captured at a different section. AM, axillary meristem. Bar = 200 mm.
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DISCUSSION

Traditionally,floral transition studiesareperformedwithplantmodels
that strongly respond to environmental cues.Here, we characterized
the floral transition process in the day-neutral tomato,which enabled
specific focus on the growth and development of the SAM upon
exposuretogradually increasedlevelsoffloralstimulantsproducedin
mature leaves (Lifschitz et al., 2006). Changes in SAM size were
shown to be gradual and age-dependent. Then, the role of the
adaptor protein LTM in preventing precocious doming of the veg-
etative PSM, via restriction of a subset of floral-induced genes, was
demonstrated. The precocious activation of SP in ltm PSM proved
essential to precocious doming and late flowering of the mutant
apices. Thus, by regulating SP, and other proteins, LTM acts to
coordinate doming with floral transition.

The Tomato SAM Grows Slowly with Shoot Age and Swells
Rapidly toward Floral Transition

The easily accessible PSM of tomato enabled monitoring of SAM
size changes starting from 2 d after germination (after the pro-
duction of four leaves) and onward (Figure 1; Supplemental Figure
1). Although the meristem maintenance pathways act to restrict

SAM size and constantly balance cell proliferation with organ
differentiation (Schoof et al., 2000), we showed here that there is
a gradual increase in SAM size during vegetative shoot de-
velopment. Similarly, the SAM dimensions of Arabidopsis shoots
grown in short days show a slight increase with age (Hempel and
Feldman, 1994; Hempel et al., 1998), as do the SAM of rice plants
grown in 28°C under long days (Asai et al., 2002). Do SAMs of
shootsof long-lived treeskeepongrowing?Also,whathappens to
plants that lack seasonal and/or internal changes in florigen
levels? A careful characterization is required before general-
izations can be made.

LTM Coordinates Floral Transition with the Meristem
Doming Process

Previous studies of floral transition regulation in late-flowering
tomato mutants defined two main genetic pathways that act in
parallel. The florigen pathway involves the systemic and graft
transmittableSFT (Lifschitz andEshed, 2006) and itsmeristematic
partnerSPGB1/SUPRESSOROFSP (SSP;Parket al., 2014),while
the tomato LFYortholog FAcontrols flowering time, inflorescence
architecture, and the fate of flower meristems (Molinero-Rosales
et al., 1999). The sft fa double mutant plants do not flower,

Figure 6. SP Is a Floral Repressor That Also Regulates SAM Size.

(A) Shape of wild-type, sp, ltm-2, and ltm-2 sp vegetative PSM. L5, primordia of the 5th leaf. Bar = 100 mm.
(B) Ontogeny of 35S:SP-MYC vegetative PSM showing precocious doming.
(C) PSM size (average6 SE) of wild-type, ltm-1, ltm-2, sp, ltm-2 sp, and 35S:SP vegetative PSM after production of six leaves (n = 4). Different letters mark
statistically significant differences (Tukey HSD).
(D) Vegetative fab sp PSM.
(E) Transitional meristem of fab.
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suggesting that the two are part of distinct regulatory pathways
(Molinero-Rosales et al., 2004). However, both sft ltm and fa ltm
double mutants showed an additive late-flowering effect (Figure
7), indicating that LTM represents an independent floral transition

pathway. While misregulation of the floral antagonist SP is a main
cause for late flowering and precocious doming in ltm plants, ltm
spplants are still weak late-flowering, suggesting that one ormore
additional floral inhibitors are precociously activated in ltm apices.
Indeed, several other floral-activated genes showed the same
expression trend as SP and were precociously upregulated in
vegetative ltm apices (Figure 5; Supplemental Data Set 1).

Why Do Apical Meristems Dome toward the
Floral Transition?

Doming of apical meristems during floral transition is a highly
conserved developmental process, which raises questions with
regards to its developmental role. After studying the apical dome
of the short-day plant Chrysanthemum morifolium, Horridge and
Cockshull (1979) suggested that flower initiation is an irreversible
consequence of exceeding a critical size of the apical meristem.
However, this suggestion was refuted by observations in other
species,where the transition tofloweringoccursover awide range
of apical dome sizes and, rarely, a decrease in size can even
be found (Battey and Lyndon, 1984). In addition, meristems of
nutrient-starved plants commonly flower at a reduced size (Dale
and Wilson, 1979; Bernier et al., 1981; Battey and Lyndon, 1984).
Thus, the reason why most plant meristems dome during the
transition to flowering remains unknown.
A prime and universal booster of floral transition is florigen.

Florigen is a general growth hormone, and promotion ofmeristem
termination and flowering is only one of its functions (Shalit et al.,
2009; Pin and Nilsson, 2012). Negative feedback, whereby an-
tagonists are rapidly induced, is a common response to plant
hormones (Santner and Estelle, 2009). Such regulatory circuits
provide both transient and quantitatively balanced signal outputs.
The florigen antagonist and floral repressor SP (Pnueli et al., 1998;
Lifschitz et al., 2014) is upregulated at the PSM toward the floral
transition (Figure 5; Park et al., 2012). Examination of global ex-
pression data sets showed that this is true for the Arabidopsis SP

Figure 7. LTM Promotes Flowering Independently of Florigen and FA.

(A)Numberof leavesproducedby thePSMbeforeflowering (average6 SE).
Wild type (n = 18), ltm-2 (n = 39), sp (n = 21), and ltm-2 sp (n = 50). Different
letters mark statistically significant differences based on Tukey HSD.
(B)Numberof leaves (average6 SE) producedby thePSMbeforeflowering;
n = 5. Sampleswith different letter are significantly different by TukeyHSD.
(C)Numberof leaves (average6 SE)producedby thePSMbeforeflowering;
n = 4. Sampleswith different letter are significantly different by TukeyHSD.
(D) ltm-1,pSUC2:SFT, and ltm-1 pSUC2:SFT grown together. ltm-1 plants
had eight visible leaves and no flowers, while plants ectopically expressing
SFT flowered after producing three to four leaves.

Figure 8. Synchronization of PSM Doming with Floral Transition.

Amodel for meristem doming during floral transition. Once florigen signals
reach the PSM, they drive both the transition to flowering and SAM ter-
mination. Expression of SP andWUS are elevated in the transitional PSM,
leading to a physical change in its dimensions. The change is restricted to
the TM stage by maintaining vegetative SP suppression via an LTM-
containing complex. Gene expression level is illustrated by font size.
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homolog TERMINAL FLOWER1 (TFL1) as well (Schmid et al.,
2005; Klepikova et al., 2015). Here, we showed that in addition to
its floral inhibiting functions, SP plays a promoting role in regu-
lation of PSM size. Whenmeristems of sp plants were exposed to
strong flowering signals, as in a strong 35S:SFT sp line, the PSM
terminated early after producing 0 to 2 flowers; sympodial
branching was suppressed as well. After their release, lateral
meristems grew and terminated with a single flower or a blind apex
(Shalit et al., 2009).Suchstrong terminationofsp35S:SFTmeristems
wasnotobserved inSP35S:SFTsibs.Taken togetherwith the results
of this study, a plausible reason for the required PSM size increase
toward floral transition would be to maintain a functioning meristem
under the strong terminating signals of florigen. Several factors can
participate in such a SAM size-increasing process: SP and its sig-
naling targets, other LTM-repressedgenes that are activated at floral
transition,aswellasthemeristemmaintenanceregulatorWUSandits
targets (Figure 8). The division of labor among these factors awaits
a more detailed dissection.

What Is the Significance of Regulatory Programs That Are
Dispensable in Particular Lineages?

LTM is a kelch protein that contains an EAR repression motif in
addition to three conserved boxeswith an unidentified function. A
BLAST survey of LTM in the Plaza database revealed LTM
homologs in many plant species, but not in plants of the Bras-
sicaceae family (Figure 3C). In a further search for Arabidopsis
kelchproteins,we failed to identify a kelchprotein that contains an
EAR motif. These findings suggest that LTM is absent in the
Arabidopsis genome. Using BLAST analysis, we found several
other elements of the LTM regulation system, either genes up-
regulated in ltmorLTM-interactingpartners,whichseemto lackan
Arabidopsis ortholog (Supplemental Data Set 3). We thus suggest
that Arabidopsis lost this particular regulatory pathway. In contrast,
the function of SP and of its orthologous floral inhibitors was studied
in many plant species and is highly conserved (Pnueli et al., 1998;
Jensenetal.,2001;Elitzuretal.,2009;Mohamedetal.,2010;McGarry
et al., 2016). However, AT-CENTRORADIALIS, the Arabidopsis or-
tholog of SP, has the potential to inhibit flowering in the SAM, but its
expression is detected in roots, the hypocotyl, and mature leaves
(Mimida et al., 2001; Huang et al., 2012). In this plant, TFL1 fulfills the
floral inhibition functionsneeded in theSAM,and in its absence,SAM
cells terminate by a flower (Alvarez et al., 1992).

We suggest that LTM-driven transcriptional regulation of SP and
other targets isdedicated to theprotectionofmeristemsunderstrong
floral-inducing signals. In tomato, we have shown that ectopic ex-
pression of SP leads to SAM doming. However, SP upregulation in
thetransitionalmeristemisnotthesolecauseof theobserveddoming
phenotype; apices of sp plants also dome while undergoing floral
transition (SupplementalFigure3B).Shootsofplantswithprecocious
doming, such as ltm and 35S:SP, show larger, more domed mer-
istems at floral transition. Furthermore, genetic evidence clearly
shows that theWUS-CLVSAMmaintenancepathwayalso regulates
doming of vegetative meristems (Xu et al., 2015). Indeed, the fab sp
TM is domed and, much like 35S:SP plants, the fab TM becomes
larger and more domed. The upregulation of both WUS and SP
transcripts at the TM indicates that both genes have the potential to
take part in this developmental change of the meristem during floral

transition. In Arabidopsis, TFL1 is the floral antagonist upregulated in
the SAMduring floral transition, and future work will be necessary to
determinewhetherTFL1 is involved inSAMdomingor if other factors
provide for meristem protection during floral transition in this “de-
rived” plant system.

METHODS

Plant Material

All tomato (Solanum lycopersicum) lines were in the CV. M82 background.
Mutants (generated by either ethylmethane sulfonate or fast neutron) were
isolated as previously described (Menda et al., 2004). Plantswere grown in
the Weizmann Institute greenhouses. For transgenic lines, constructs
were subcloned into the pART27 binary vector and were introduced
into the Agrobacterium tumefaciens strain GV3101 by electroporation.
Transgenic linesweregeneratedbycotyledon transformation according to
McCormick (1997).

Microscopy

Live images were taken using either a Nikon D3200 SLR camera or a Nikon
SMZ18 stereomicroscope. In some cases, plants were dissected in order to
expose the SAM and put on a damp black cloth. Images were analyzed using
ImageJ or NIS-elements software. For some images, the NIS-elements EDF
(extended depth of focus) module was used. Fluorescencewas imaged using
an Olympus IX71S8F-3 inverted fluorescence microscope (light source of
Lumen 200 Pro and ProScan III Controller) equipped with an UPLSAPO40X2/
0.95 objective. Chroma filters used were as follows: 49,6-diamidino-
2-phenylindole (excitation, D350/503; emission, ET460/50m), RFP (ex-
citation, ET560/403; emission, ET630/75m), and YFP (excitation, ET500/
203; emission, ET535/30m). Images were captured using an ExiBlue (Q
Imaging) camera and processed using Olympus cellSens Dimension (v1.11)
software. RNA in situ hybridization images were captured using a Nikon
eclipse E800microscope, equipped with a Nikon color digital sight DS-5Mc
camera. Images were processed using NIS-elements BR 3.2 software.

RNA in Situ Hybridization

The antisense cRNA probes were produced by in vitro transcription with
digoxigenin-11-UTP (Roche) using an RNA in vitro reverse transcription kit
(CellScript; cat. no. C-AS2607), according to the manufacturer’s protocol,
from PCR fragment templates containing a T7 promoter sequence
(TTTGCGGTAATACGACTCACTATAGGGCGAATTGGGTACC) flanking
the full-length sense/antisense LTM, WUS, and SP cDNAs. Shoot apices
from 2- and 10-d-old tomato (M82) plants were fixed in PFA (3.8% PFA in
13 PBS, pH 7.0, by H2SO4), gradually transferred to ethanol and then to
K-clear plus (Kaltek), and embedded in Paraplast Plus (Leica Biosystems).
Eight-micrometer-thick tissue sections were produced and mounted on
Superfroset Plus slides (Thermo Scientific). Slides were successively
treated with K-clear plus, an ethanol series, diethylpyrocarbonate-treated
doubledistilledwater, 23SSC,proteinaseK (1mg/mL) in100mMTris-HCl,
pH 8.0, and 50 mM EDTA at 37°C, glycine (2 mg/mL) in PBS, twice with
PBS, 4% paraformaldehyde in PBS, twice with PBS, triethanolamine
(0.1 M, with stirring), twice with PBS, and increasing ethanol concen-
trations, up to 100%ethanol. For hybridization, slides were incubated with
senseor antisense cRNAprobes in hybridizationbuffer (0.3MNaCl, 10mM
Tris-HCl, pH8, 10mMsodiumphosphate buffer, pH6.8, 5mMEDTA, 50%
[v/v] deionized formamide, 10% [w/v] dextran sulfate, 13 Denhardt’s
solution, and 200 mg tRNA) overnight at 55°C. Following hybridization,
slidesweresuccessivelywashed twicewith0.23SSCat55°C.Then, slides
were blockedwith 1% fresh Boehringer block (Roche) in 100mMTris-HCl,
pH 7.5, and 150 mM NaCl and then with 1% BSA solution (1% BSA,
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100 mM Tris-HCl, pH 7.5, 150 mMNaCl, and 0.3% Triton X-100). Blocked
slides were incubated with antidigoxigenin antibodies (Roche) for 2 h at
room temperature and thenwashed three timeswith 1%BSA solution and
three times with detection buffer (100 mM Tris-HCl, pH 9.5, and 100 mM
NaCl). The slides were then incubated with NBT/BCIP color development
substrate (Promega) for 24 h, washed with double distilled water followed
by increasing ethanol concentrations, and then mounted and analyzed.

Yeast Two-Hybrid Analysis

Protein interaction assays in yeast were performed according to the
protocol for theMatchmakerGoldYeastTwo-HybridSystem(GAL4based;
Clontech). The coding sequences for bait proteins were cloned into the
pGBKT7 vector, and the resulting vectors were transformed into the
Y2HGold yeast strain. The coding sequences for prey proteins (SSP, ssp-
2129, ssp-610, and 14-3-3 proteins) were cloned into the pGADT7 acti-
vation domain vector, which was then transformed into the Y187 yeast
strain. Aftermating the two yeast strains expressing bait and prey proteins,
diploid yeast cells were selected and grown on dropout medium free of
leucine and tryptophan. Clones were then selected on both double-
dropout medium containing X-a-gal and Aureobasidin toxin and on
a quadruple-dropout medium free of leucine, tryptophan, adenine, and
histidine and X-a-gal and Aureobasidin toxin for 3 d at 30°C to assay
protein-protein interactions. The screen was performed by Hybrigenics
Services.

The coding sequence for tomato LTM (XM_004231246.2) was PCR
amplified and cloned into pB27 as aC-terminal fusion to LexA (LexA-LTM).
The construct was checked by sequencing the entire insert and used as
a bait to screen a random-primed tomato meristem cDNA library con-
structed into pP6. pB27 and pP6 derive from the original pBTM116
(Vojtek and Hollenberg, 1995) and pGADGH (Bartel et al., 1993) plasmids,
respectively.

Sixty-six million clones (7-fold the complexity of the library) were
screened using a mating approach with YHGX13 (Y187 ade2-101::
loxP-kanMX-loxP,mata) and L40DGal4 (mata) yeast strains, as previously
described (Fromont-Racine et al., 1997). A total of 251 His+ colonies were
selected on medium lacking tryptophan, leucine, and histidine. The prey
fragments of the positive clones were amplified by PCR and sequenced at
their 59 and 39 junctions. The resulting sequences were used to identify the
corresponding interacting proteins in the GenBank database (NCBI) using
a fully automated procedure. A confidence score (predicted biologi-
cal score) was assigned to each interaction as previously described
(Formstecher et al., 2005). The predicted biological score relies on two
different levels of analysis. First, a local score considers the redundancy
and independency of prey fragments, as well as the distribution of reading
frames and stop codons in overlapping fragments. Second, a global score
takes into account the interactions found in all the screens performed at
Hybrigenics using the same library. This global score represents the
probability of an interactionbeingnonspecific. Forpractical use, the scores
were divided into four categories, from A (highest confidence) to D (lowest
confidence). A fifth category (E) specifically flags interactions involving
highly connected prey domains previously found several times in screens
performed on libraries derived from the same organism. The predicted
biological scores have been shown to positively correlate with the bi-
ological significance of interactions (Rain et al., 2001; Wojcik et al., 2002).

BiFC Assays and Subcellular Localization

Protein interaction assays in planta were performed by transient expres-
sion inN. benthamiana leaf epidermal cells (Sparkes et al., 2006) using the
BiFC system previously described (Citovsky et al., 2006). Cloning was
performed using the pSAT-nEYFP and pSAT-cEYFP vectors and the
pRSC2 binary vector (Chung et al., 2005).

Pull-Down Assay

BL21(DE3) cells were cotransformed with His-TPLpET28 and Flag-
LTMpETDuet plasmids. In parallel, BL21(DE3) cells were transformed with
the individual plasmids His-TPLpET28 or with Flag-LTMpETDuet plas-
mids, as controls. Bacterial culture cells of the individual plasmids or the
coexpression plasmids were grown at 37°C in Luria-Bertani medium with
the appropriate antibiotics, and protein expressionwas induced atOD600 =
0.7 to0.8,with200mMisopropyl-1-thio-b-D-galactopyranosideat 15°C for
20 h. Two identical cultures were prepared for the His-TPL and Flag-LTM
coexpression plasmids. Bacteria were lysed by sonication and the soluble
fraction was isolated by centrifugation. The soluble proteins were in-
cubated with Ni-beads or on anti-Flag M2 beads to capture coex-
pressed His-TPL and Flag-LTM or expression of each alone,
respectively. The beadswerewashed extensively and bound proteins
were eluted with 500mM imidazole from the Ni-beads or with 150mg/mL of
Flag peptide from the anti-Flag M2 beads. Eluted proteins were sub-
jected to immunoblot analysiswith anti-His or anti-FlagM2monoclonal
antibodies.

Phylogenetic Tree Analysis

BLAST analysis and protein sequences of LTM orthologs were performed
using the Plaza 3.0 project (Proost et al., 2015). Analysis of phylogenetic
relationships between protein sequences and construction of a phyloge-
netic tree were performed using the Phylogeny.fr web service tool, which
uses MUSCLE for sequence alignment, Gblocks for curation of the
alignment, andPhyML for analysis of phylogenetic relationships (Dereeper
et al., 2008, 2010). Text files corresponding to the alignments are provided
as supplemental files.

Protein Domains

Analysis of conserved protein domains between LTM orthologs was
performed using the MEME suite 4.11.1 bioinformatics online tool (Bailey
et al., 2009).

RT-qPCR Analysis

RT-qPCR analysis was performed using the Absolute Blue qPCR SYBR
Green ROXMix (AB-4162/B) kit (Thermo Fisher Scientific). Reactions were
performed using aRotor-Gene 6000 cycler (Corbett Research). A standard
curve was obtained for each gene, using dilutions of a cDNA sample. Each
genewasquantifiedusingCorbettResearchRotor-Gene software. At least
three independent technical repeats were performed for each cDNA
sample. Relative expression of each sample was calculated by dividing
the expression level of the analyzed gene by that of TUBULIN. Gene-
to-TUBULIN ratios were then averaged. Primers were as follows: for SP
(forward, ATGGCTTCCAAAATGTGTGA; reverse, CAGACATCTTAACACTT-
GGACAGAA) and for TUBLIN (forward, CACATTGGTCAGGCCGGTAT;
reverse, CGCGAGATGAGATAAACCA).

DNA Library Construction and Sequencing

PCR-free DNA-seq was performed as previously described (Blecher-
Gonen et al., 2013) with the following modifications: 1 mg of tomato DNA
was sheared using the Covaris S220 sonicator. End repair was performed
in 80-mL reaction at 20°C for 30 min followed by Agencourt AmPURE XP
beads cleanup (BeckmanCoulter) in a ratio of 0.753beads/DNAvolume.A
base in the 39 end of both strands was added and two adapters (NexTflex
PCR free barcodes; BioScientific) were ligated, followed by SPRI beads
cleanup in a ratio of 0.753 beads/DNA volume. The sample preparation
was done without the PCR step. Libraries were evaluated by qPCR. Se-
quencing libraries were constructedwith barcodes to allowmultiplexing of
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two samples in one lane of IlluminaHiSeq2500 instrument rapidmode. Per
sample, 21 to 25 million 100-bp paired end reads were sequenced.

cDNA Library Construction and Sequencing

Total RNA (0.5 mg) was processed using the TruSeq RNA Sample Prep-
aration Kit v2 protocol (Illumina). Libraries were evaluated by Qubit and
TapeStation. Sequencing libraries were constructed with barcodes to
allow multiplexing of eight samples on one lane. Twenty to twenty-five
million single-end 60-bp reads were sequenced per sample on an Illumina
HiSeq 2500 V4 instrument.

Sequence Data Analysis

TopHat (v2.0.10) (Kim et al., 2013) was used to align the reads to the
tomato genome sequence SL2.50 (downloaded from the Sol genomics
network; http://solgenomics.net/organism/Solanum_lycopersicum/genome).
Counting reads on ITAG2.4 genes (downloaded from Sol genomics net-
work) was done with HTSeq-count (version 0.6.1p1) (Anders et al., 2013,
2015).Differential expressionanalysiswasperformedusingDESeq2 (1.6.3)
(Anders et al., 2013; Love et al., 2014). To find differentially expressed
genes in the ltmmutant, a two-factormodel including thestrain (wild typeor
ltm) and the time (early or mid) was built using DESeq2, and the difference
between ltm versus the wild type was tested. Genes that had an absolute
fold change >2, a P value < 0.05, and a count of at least 25 reads were
considered differentially expressed. The RNA-seq data were deposited in
NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible
throughGEOSeries accession number GSE95117 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE95117).

Raw fastq files of the time-course [EVM1-2, MVM1-2, LVM1-2 and
TM1-2, (Park et al., 2012)] and for fab [fabvm1, fabvm2, M82vm1 and
M82vm2 (Xuetal., 2015)]weredownloadedandanalyzed.All sampleswere
subjected to the same workflow described above. For the time-course
data, genes that were differentially expressed at least in one of the six
possible pair-wise comparisons, by a fold-change of at least 1.5 and
p-value below 0.05, were clustered. 3451 genes that passed these criteria
were clustered to eight clusters using Pearson dissimilarity distance
measure. The significance of the overlap between 2 sets of genes was
calculated using the hypergeometric distribution.
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