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Abstract

The reproductive transition is an important event that is crucial for plant survival and reproduction. Relative to the thorough un-
derstanding of the vegetative phase transition in angiosperms, a little is known about this process in perennial conifers. To gain
insight into the molecular basis of the regulatory mechanism in conifers, we used temporal dynamic transcriptome analysis with
samples from seven different ages of Pinus tabuliformis to identify a gene module substantially associated with aging. The results
first demonstrated that the phase change in P. tabuliformis occurred as an unexpectedly rapid transition rather than a slow, grad-
ual progression. The age-related gene module contains 33 transcription factors and was enriched in genes that belong to the
MADS (MCMI, AGAMOUS, DEFICIENS, SRF)-box family, including six SOC1-like genes and DALT and DAL10. Expression analysis
in P. tabuliformis and a late-cone-setting P. bungeana mutant showed a tight association between PtMADS11 and reproductive
competence. We then confirmed that MADS11 and DAL1 coordinate the aging pathway through physical interaction.
Overexpression of PtMADS11 and PtDAL1 partially rescued the flowering of 355:miR156A and spl1,2,3456 mutants in
Avrabidopsis (Arabidopsis thaliana), but only PtMADS11 could rescue the flowering of the ft-10 mutant, suggesting PtMADS11 and
PtDALT play different roles in flowering regulatory networks in Arabidopsis. The PtMADS11 could not alter the flowering pheno-
type of soc1-1-2, indicating it may function differently from AtSOCT in Arabidopsis. In this study, we identified the MADS11 gene
in pine as a regulatory mediator of the juvenile-to-adult transition with functions differentiated from the angiosperm SOC1.
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Introduction

The irreversible transformation of plants from the vegetative
to reproductive phase is referred to as the vegetative phase
change (Poethig, 2013) and is a crucial stage in the lifecycle
of plants. Prior to beginning reproduction during their long-
life cycle, many perennial woody plants experience a pro-
longed juvenile phase. In the conifer Norway spruce (Picea
abies), about 20-25 years are required to reach reproductive
age (Chalupka and Cecich, 1997), while Pinus tabuliformis
needs 5-7 years to complete its juvenile phase. Despite con-
siderable progress in the understanding of flowering time
control in model plants, such as Arabidopsis thaliana (from
now on Arabidopsis) and economically important corps, the
mechanism underlying the aging pathway in perennial trees,
especially conifers, remains largely unclear. Therefore, to ex-
plore the effects of aging on the processes of reproductive
development in forest trees is of great theoretical and prac-
tical importance.

In angiosperms, studies have revealed that an aging path-
way mediated mainly by microRNAs (miRNAs) affects the
juvenile-to-adult phase transition (Khan et al,, 2014); among
them, miR156 and miR172 have been identified as key regu-
latory factors (Lauter, 2005 Wu, 2006Wu et al, 2009).
miR156 and miR172 show evolutionary and expression con-
servation in annual and perennial angiosperm plants includ-
ing Arabidopsis (Wu et al, 2009), Oryza sativa (Xie, 2006),
Zea mays (Chucka, 2011), and Populus x canadensis (Wang
et al, 2011). The miR156 accumulates to high levels in seed-
lings and its expression level gradually decreases during the
development of Arabidopsis (Wu, 2006), while miR172
shows the opposite expression pattern (Wu et al, 2009).
The expression level of miR156 gradually decreases, resulting
in a gradual increase in SQUAMOSA-PROMOTER-BINDING
PROTEIN-LIKE (SPL) proteins, after which SPL9 activates
miR172 expression (Wang, 2009; Wu et al, 2009). The
miR172 continuously inhibits the expression of a small
group of APETALA2-like (AP2-like) genes, including AP2,
TARGET OF EAT1,3 (TOET and TOE3), and SCHLAFMUTZE
(SMZ),  eliminating  AP2-like  protein inhibition
over FLOWERING LOCUS T (FT), SUPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOCT1), APETALA1
(AP1), and other MADS-box genes, allowing plants to shift
from vegetative development to reproductive growth
(Wang, 2009; Yant et al, 2010; Zhu and Helliwell, 2011). The
expression patterns of miR156 and miR172, which strongly
correlated with age, are similar in perennial broadleaf trees
(Wang et al, 2011), indicating the conservation of this sig-
naling pathway in angiosperms.

The same transcriptional regulation models between
miR156 with SQUAMOSA PROMOTER BINDING PROTEIN
(SBP)-box genes and miR172 with AP2 homologous genes
have been observed in gymnosperms, such as Ginkgo biloba
(Zhang et al, 2015), Norway spruce, and Picea glauca
(Shigyo et al, 2006; Nilsson et al, 2007; Guo et al, 2008;
Zhang et al, 2019). In P. tabuliformis, we confirmed that
miR156 and miR172 specifically cut mRNA target sites for
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SPL1,2,3 and AP2 homologous genes; however, the expres-
sion pattern of miR156 and its target genes showed no cor-
relation with age (Niu et al, 2015, 2016). In addition to
reproductive regulation, miR156 and miR172 are also in-
volved in the regulation of various developmental processes
and stress responses, and whether these functions are con-
served evolutionarily has not been elucidated. Thus, deter-
mining whether miR156 and miR172 play key roles in the
vegetative phase transition in gymnosperms is essential.

MADS-box family genes, such as APT and SOCT, play criti-
cal roles in the aging pathway (Wu et al, 2009; Yant et al,
2010; Zhu and Helliwell, 2011). The SOCT gene is a flowering
pathway integrator that is widespread among plants and in
Arabidopsis connects many flowering signals related to pho-
toperiod, temperature, hormone, and age (Hepworth et al,
2002, Moon et al, 2003; Jungeun, 2010; Jung 2012).
Although SOCT-like genes have been isolated from some
gymnosperms, including Gnetum gnemon (Winter et al,
1999), P. abies (Tandre et al, 1995; Uddenberg et al., 2013),
and Pinus radiata (Walden et al, 1998), and a SOCi-like
member in Cryptomeria japonica functions in accelerating
flowering (Katahata et al, 2014), the regulatory mechanism
of these genes in gymnosperms remains unclear.

Among MADS-box genes, AGAMOUS-LIKE 6 (AGL6)-like
genes belong to one of the most mysterious and elusive
subfamilies, with a variety of expression patterns and func-
tions in different plants (Rijpkema et al, 2009; Li et al, 2010;
DuAn et al, 2012; Dreni and Zhang 2016; Ma et al, 2019).
The AGL6 subfamily, present in both gymnosperms and
angiosperms, plays important roles in control of the floral
meristem and the production of floral organs and seeds in
angiosperms (Rijpkema et al, 2009; Li et al, 2010; Shen et
al, 2019). Ectopic expression of AGL6-like genes of orchid
(Oncidium Gower; Hsu et al., 2014) and rice (Li et al, 2010)
promoted flowering by activating the FT gene and negatively
regulating a subset of FLOWERING LOCUS C (FLC)/MADS
AFFECTING FLOWERING (FAM) clade genes in Arabidopsis
(Yoo et al, 2011; Hsu et al, 2014). Moreover, studies in
Petunia hybrida, rice, and maize indicated that AGL6 have
redundant functions with SEPALATTA (SEP) (Rijpkema et al,,
2009; Thompson et al, 2009 DuAn et al, 2012).
Nevertheless, the functions and regulatory mechanism of
the AGL6 subfamily have not yet been fully elucidated in ei-
ther angiosperms or gymnosperms.

The spruce DEFICIENS-AGAMOUS-LIKE 1 (DALT) gene is a
homolog of the AGL6 subfamily isolated from conifers
(Tandre et al, 1995). DALT has been proposed as a possible
mediator of phase change, as its expression is stimulated in
the mid-juvenile phase and increases with age in Norway
spruce (Carlsbecker et al, 2004). The expression of DALT
in conifers rises gradually with age, similar to that of miR172
in angiosperms (Carlsbecker et al, 2004 Xiang et al,, 2019).
In addition, heterologous expression of conifer DALT in
Arabidopsis has led to an obvious early flowering phenotypic
change, along with adult features such as the development
of leaves with predominantly abaxial trichomes (Carlsbecker
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et al, 2004; Katahata et al., 2014). The processes triggered by
age-related genes have been characterized in conifers mainly
based on studies of homologous genes of angiosperms, and
the molecular landscape of the aging pathway in conifers
has remained largely unexplored.

With long-growth cycles and highly heterozygous genetic
backgrounds, the juvenile-to-adult transition in gymno-
sperms shows much greater complexity than that in angio-
sperms. To gain further insights into aging pathways in
conifers, we screened for a gene module that was signifi-
cantly associated with aging in P. tabuliformis using samples
of seven different age classes for temporal dynamic tran-
scriptome analysis. Further analysis of the age-related gene
module revealed that the phase change in P. tabuliformis
did not occur gradually with age, but instead was more
rapid than the expected trend. Moreover, MADS-box family
genes, especially SOC1-like genes in the age-related gene
module play substantial roles in the juvenile-to-adult transi-
tion. Expression—pattern analysis in P. tabuliformis and a
super-late cone-setting P. bungeana mutant confirmed the
tight connection between PtMADS11 and reproductive com-
petence. Genetic assays conducted in wild-type and mutant
Arabidopsis verified the differing functions and active sites
of PtDALT and PtMADS11 in regulating floral initiation. In
this study, we further elucidated the regulatory mechanism
of the reproductive transformation in pine.

Results

A gene module significantly associated with aging in
P. tabuliformis

Conifers typically have a very long-life cycle in contrast to
other model plants, such as Arabidopsis with short lifespans.
In conifers, reproductive development occurs after several
years. To explore the mystery of the conifer phase transition
and reproductive development, we collected samples of P.
tabuliformis from plants at seven different age stages for
temporal dynamic transcriptome sequencing. Through
weighted gene coexpression network analysis (WGCNA), we
identified a module containing 493 differentially expressed
genes that were significantly correlated with age (R> = 0.74;
Figure 1A and Table S1). The expression patterns of these
genes could be divided into two age-related submodules
(Figure 1B), including one that was upregulated with age,
containing 332 genes (Figure 1C), and the other one consist-
ing of 161 genes that showed age-related decline (Figure
1D). The expression profiles of genes in these two submod-
ules were divided into seven distinct age groups from juve-
nile to adult. At 5-7 years, a growth phase change occurred,
which is consistent with the timing of the reproductive
phase in P. tabuliformis. The seventh year is when the trans-
formation from juvenile growth to maturity occurs in P. tab-
uliformis. The polynomial model and general linear model
were conducted to match the ages of P. tabuliformis and
gene expressions (Supplemental Figure S1). The result
showed that a simple linear model has poor fit over the
time in which reproductive competency is obtained, but is
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better fit by a polynomial model (Supplemental Figure S1).
This suggests an attainment of the reproductive phase
change that is more rapid than gradual, contrary to what
was previously expected (Nilsson and Brunner, 2004; Garcia-
Lopez et al, 2014; Khan et al, 2014). The submodule of
genes that are downregulated with age likely plays impor-
tant roles in maintenance of juvenility and vegetative
growth, whereas the upregulated submodule is likely a regu-
latory component of the juvenile-to-adult phase transition
in conifers.

The MADS-domain transcription factors PtDAL1
and SOC1-like are key players in the aging module
of P. tabuliformis

In the age-related module, 33 transcription factors (TFs)
were identified that tightly integrated a coexpression net-
work (Figure 2A). Of note, 11 of these 33 TFs belonged to
the MADS-box family, making it the most abundant family,
including PtDALT and PtDAL10 (Carlsbecker et al, 2004;
Carlsbecker et al, 2003), which have previously been found
to play important roles in the reproductive development of
conifers (Figure 2A). The DAL1, a potential mediator of the
juvenile-to-adult transition in Norway spruce, also showed
the highest correlation coefficient with age in P. tabuliformis
(R* = 0.86; Supplemental Figure S2). These results indicate
that the MADS-domain TFs are key players in the vegetative
phase transition of conifers.

Moreover, six out of the seven SOCT-like genes (except
PtDAL4) in P. tabuliformis were found in the age-related
coexpression module (Supplemental Figure S3), implying
that SOC1-like genes may play a dominant role in the vege-
tative to reproductive transformation, which is mediated by
an age-related pathway (Figure 2A; Supplemental Figure S3).
The expression levels of PtMADS11,12,13, PtDAL3, and
PtDAL4 were upregulated in older trees as compared to
seedlings, while PtDAL9 and PtDAL19 showed a decreasing
trend. PtDALT9 was undetectable in 23- and 33-year-old
trees. In addition, principal component analysis (PCA) based
on the expression of PtDALT and SOCT-like genes clearly di-
vided the samples into four age groups (Figure 2B), showing
that PtDAL1 and SOCi-like genes could serve as aging
marker genes in P. tabuliformis.

Among seven SOCI-like genes, PtMADS11 showed a
unique expression pattern and the correlation coefficient
with age was R> = 070 (Supplemental Figure S2).
PtMADS11 remained at undetectable levels in juvenile sam-
ples without reproductive development, but was suddenly
upregulated at 7 years of age and increased with time and
developmental status (Figure 2B). The ability to produce
cones in P. tabuliformis is normally acquired at the age of 7
years, implying that PPIMADS11 may be a primary TF that is
closely associated with the age-related initiation of reproduc-
tive growth.

To gain further insights into the functions of the seven
SOCi-like and PtDALT genes, their detailed expression pro-
files were analyzed in 347 samples from various tissues and
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Figure 1 WGCNA and expression patterns of differentially expressed genes from seven different ages. A, WGCNA was conducted on a total of
13,607 genes that were differentially expressed between any two sample groups of the seven different age stages (P < 0.01). Six biological repli-
cates (trees) were sequenced for each age group. Based on topological overlap, a cluster dendrogram was produced using gene average linkage hi-
erarchical clustering. Modules of coexpressed genes are shown with different color bars beneath the dendrograms. B, Heatmap of 493 differentially
expressed genes that were significantly correlated with age. C, Expression profiles of genes that were upregulated with age. D, Expression patterns
of genes that were downregulated with age. The pointes with same shape and color indicate samples in same age group. Each age group represent
by six biological replicates (six different trees). The red and blue shading in (C) and (D) represents the maximum and minimum values of all genes

in each sample.

age groups of P. tabuliformis. As shown in Figure 3 and
Supplemental Figure S4, the expression patterns of the seven
SOC1-like and PtDALT genes were not specific to reproduc-
tive development, but also generally accumulated in vegeta-
tive organs. High expression of PtDALT was primarily
detected in adult shoots as well as female and male cones,
whereas low expression was observed in seedling needles,
adult roots, and callus (Figure 3). PtMADS12 showed a simi-
lar expression pattern, with high expression levels in adult
shoots and female cones, but low levels in juvenile shoots,
adult needles and stems, and negligible expression in seed-
ling needles and callus (Supplemental Figure S4). Similarly,
PtMADS13 was expressed at higher levels in adult needles,
stems, and shoots. PtDAL3 was detected primarily in adult
stems, with low levels in juvenile shoots, adult needles, adult
stems and shoots, male and female cones, and almost unde-
tectable levels in seedling needles, adult roots and callus, in
accordance with the general expression profile of SOC1-like
genes (Supplemental Figure S4). The expression of PtDAL4
was apparently low in needles but high in shoots of both ju-
venile and adult trees, but this gene was weakly detected in
other tissues (Supplemental Figure S4). Of note, PtDAL9 was
preferentially expressed in seedling needles, but was
detected at low levels (barely above background levels) in
other samples, and PtDALT9 was upregulated specifically in
juvenile shoots and adult roots (Supplemental Figure S4).
PtDAL9 and PtDAL19 have been identified in tender and
undifferentiated tissues, and the expression profiles of these
two genes were distinct from those of the other five SOC1-
like genes (Supplemental Figure S5). The functions of SOC1-

like gene family members have been reported to be broad
and diversified. The expression of PtMADS11 followed a
strict maturity-related pattern; it was preferentially induced
in mature tissues other than roots, and undetectable in any
immature organs. Notably, roots are generally considered to
maintain a state of continuous division and have a young
physiological age (George et al,, 2008).

MADS11 is a potential mediator of reproductive
ability in conifers

Transformation of conifer species is not possible due to the
limited genetic tools available for this group, and functional
verification of promising candidate aging pathway genes is
extremely difficult. In lieu of such tests, we identified a
dwarfed and super-late cone-setting mutant of Pinus bun-
geana from a common garden. The mutant displayed a
bushy appearance and shorter needles, a reduced apical
dominance and lack of reproductive ability compared to
normal P. bungeana (Figure 4A; Supplemental Figure S6).
Pinus bungeana generally transitions to reproductive growth
after 10-15 years of vegetative growth, but the mutant had
never produced male or female cones at the age of 40 years.
We analyzed the expression levels of PbDALT and SOCT-like
homologs in normal trees and this mutant using RNA se-
quencing (RNA-seq) and reverse transcription-PCR (RT-PCR)
techniques (Table S2). The results showed that PbMADS11
and PbDAL3 were not detectable in the mutant, and that
the expression of PbDALT and PbDAL9 was downregulated
compared with younger normal trees (Figure 4B). The lack
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(ANOVA multiple range test), n = 6.

of PbMADS11 in the P. bungeana mutant indicates that
MADS11 may be a mediator of reproductive ability.

In general, coniferous maturation and reproductive ability
are assumed to occur in an apical-basal gradient along the
tree stem (Hartmann et al, 1997; Carlsbecker et al., 2004). In
contrast to basal branches, upper-layer branches generally

have greater reproductive ability and typically hold more
cones. To further investigate the relationship among
PtDAL1, SOC1-like genes, and reproductive ability, we
detected the activities of those genes in six branch whorls
from the top toward the base of 15-year-old P. tabuliformis
through RNA-seq. The apical shoots showed substantially
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higher expression levels of PtMADS11, and expression levels
decreased toward the basal part of the tree. The PtDAL3
also showed spatial patterns along the axis of the tree, but
the decreasing trend was not as obvious as that of
PtMADS11 (Supplemental Figure S7). Based on these results,
the PtMADS11 showed a striking relationship with reproduc-
tive capacity.

MADS11 and DAL1 coordinate the aging pathway
through physical interaction

To investigate the molecular basis of the vegetative to re-
productive stage transition regulatory process, a TF collabo-
rative network (TFCN) using an algorithm based on a
shared coexpression connectivity matrix (SCCM; Niu et al,

2019) was constructed to screen for hub-coordinated TFs as-
sociated with the phase change in conifers. PtMADS11 and
PtDAL1 showed the highest coordination of TFs among
MADS-box genes, implying functional coordination (Figure
5A). PtMADS11 and PtDAL1 were both observed in the nu-
cleus and cytoplasm of Arabidopsis protoplasts (Figure 5B).
To identify the interaction between PtDAL1 and PtMADS11,
yeast two-hybrid (Y2H) assays were performed. Both AD-
PtDAL1/BD-PtMADS11  and  AD-PtMADS11/BD-PtDALT
cotransformed yeast strains grew in all dilutions, supporting
the role of PtLMADS11 as a strong PtDAL1-interacting pro-
tein in yeast cells (Figures 5C). Bimolecular fluorescence
complementation (BiFC) assays were conducted in Nicotiana
benthamiana leaves. PtDAL1 was fused with the split N
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Figure 5 PtMADS11 physically interacts with PtDAL1. A, TFCN based on the SCCM among age-related MADS-box TFs. The red octagons indicate
the PtDALT and PtMADS11. B, Subcellular localization analysis of PtDAL1T and PtMADS11 performed in Arabidopsis protoplasts. Scale bars: 10 pm
(upper two rows) and 5 pm (bottom row). C, Y2H assay of interactions between PtDAL1 and PtMADS11. AD-T and BD-p53 were used as positive
control; AD-T and BD-Lam were used as negative control. D, BiFC assay of interactions between PtDAL1 and PtMADS11 in N. benthamiana leaf
epidermis. YFP, YFP fluorescence; Bright, bright field image; Merge, merged image of YFP and Bright; pYN-PtMADS11, expression of pYN-
PtMADS11 alone; pYC-PtDALT, expression of pYC-PtDAL1 alone; pYN-PtMADS11 + pYC-PtDAL1, coexpression of pYN-PtMADS11 and pYC-
PtDAL1. Scale bars: 20 um. E, GST pull-down analysis of the protein interaction between PtDAL1 and PtMADS11.

terminus of a yellow fluorescent protein (YFP, namely PYN),
and PtMADS11 was fused with the split C-terminus of YFP
(PYC). When we transiently expressed PYC-PtDAL1 and
PYN-PtMADS11, strong YFP signals were observed not only
in the nucleus but also in the cytoplasm of leaf epidermal
cells (Figure 5D). Moreover, glutathione S-transferase (GST)
pull-down assays demonstrated that PtDAL1-GST bound to
PtMADS11-His (Figure 5E). Together, these results clearly
demonstrate that PtDAL1 and PtMADS11 can form hetero-
dimers through direct protein—protein interaction.

PtMADS11 and PtDAL1 induce early flowering
through different mechanisms in Arabidopsis

To elucidate how the PtDALT and PtMADS11 function
in the vegetative phase-change process, PtDALT- and
PtMADS11-overexpressing transgenic Arabidopsis lines were

generated. The transgenic plants displayed visible alterations
in morphology from the wild-type, and these improved phe-
notypic properties were inherited over successive genera-
tions. Ectopic expression of the PtDALT gene in wild-type
Arabidopsis significantly advanced the phase transition, and
the inflorescences reached a height of only 7-9 c¢m, com-
pared with 30 cm or more for the wild-type (Figure 6A(a);
Roberts and Shirsat, 2006). The reproduction of most trans-
genic plants was initiated considerably after the formation
of four rosette leaves bearing abaxial trichomes
(Supplemental Figure S8, Aa—d). The geminiflorous organ
formed from the fusing of two small carpels and multiple
stamens, and the petals were loosely enveloped by four
sepals at the top of the inflorescence in transgenic lines
(Supplemental Figure S8, Ae-I). The structure formed by the
fusion of carpels further developed into two siliques within


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab250#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab250#supplementary-data

254 | PLANT PHYSIOLOGY 2021: 187; 247-262 Ma et al.

m £
Lar
1 \ ’ \’ -
§ "-“"L — -l- : -lr"_.___
: P ¢ = = -4 p-—
oy WT 358::PtDALI 358::PIMADS1 J*
- ¥ ¥
miR156 o o
xaw ca
Vs i+
1 LY w
' - s s
1 - 2
: w » »
ssamiser  SERSER S,
-SPLS s
- \d'u_’
2P
1 | ¥
1 " ¥
. e -+
’ ® ;n‘}
spll 234,56 sp”_,.?,.i,-f,i(:
FT 358::PtDALT
.ﬂ_
1 ™M
1 \a o N ) i
a @B BV N
: F > F A & >
ft-10 ft-10 fi-10
358:PiDALI 358:PIMADSITT
SocCi
1
1 Wl AN M whe's,
: eaV% =2V V%
1 F AN AN AN
! socl-1-2 socl-1-2 socl-1-2
358::PiDALI 358 PtMADST I
flowering
DALI »® MADSII e
L L]

I I
low high - low high

ageing

i o nile Aduli
S ALt g N ViADS 1

Figure 6 The function of the PtDALT and PtMADS11 in the flowering regulatory network in Arabidopsis and pine. Transgenic phenotypes
of 355:DALT in wild-type and loss-of-function mutant Arabidopsis. a, Ectopic expression of the PtDALT gene significantly advanced the flowering
of wild-type Arabidopsis; b, overexpression of PtDAL1 rescued the late flowering of 355:miR156A Arabidopsis lines; ¢, the late-flowering phenotype
of the spl1,2,3,4,5,6 mutant was restored by overexpression of PtDALT; d, the early flowering phenotype of the PtDALT overexpression lines was
suppressed by ft-10 mutation; e, the overexpression of 35S5:PtDALT in soc1-1-2 mutant. f, 35S:PtMADS11 transgenic Arabidopsis exhibited early
flowering under SD conditions; g, heterotopic expression of PtMADS11 restored the severe late-flowering phenotype of 355:miR156A Arabidopsis;
h, overexpression of PtMADS11 accelerated flowering with ft-10 mutation; i, transgenic PtMADS11 in the soc1-1-2 mutant caused no apparent al-
teration in morphology; and j, no obvious phenotypes of overexpression of 355:MADS11 in wild-type Arabidopsis under LD conditions. The parts
of the figure were assembled from more than one photo, and the outlines of each original photo are indicated by dotted lines. B, The model of
the PtDALT and PtMADS11 in the flowering regulatory network of Arabidopsis. *, under SD conditions. C, The expression patterns of PtDAL1 and
PtMADS11 in P. tabuliformis growth process. The red and blue indicate high- and low-expression level, respectively. PtDALT was expressed at low
levels in seedlings, and gradually accumulated with age (black triangle). And PtMADS11 was suddenly activated in tree at 7 years, and then the ex-
pression increased with age (green quadrilateral). In adult trees, PtMADS11 had a downward trend of top-down expression, while PtDAL1 is rela-
tively consistently expressed between different layer branches. The cones in the trees indicate the reproductive ability of these trees.
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one carpopodium (Supplemental Figure S8, C(c)—(e)). In ad-
dition to severe phenotypic aberrations in the flowers, oval-
shaped cotyledons and curled rosette leaves were produced
in the transformants (Supplemental Figure S8Ca). The trans-
genic plants produced shorter siliques that were often curled
and contained fewer seeds compared with those of wild-
type plants (Supplemental Figure S8, C(b) and C(f)). These
findings confirm the pivotal role of PtDAL1 in reproductive
initiation and control of floral organ identity.

The 35S:PtMADS11 transgenic plants showed early
flowering and prematurely terminated inflorescence struc-
tures under short-day (SD) conditions, but this flowering
promotion effect was greatly attenuated under long-day
(LD) conditions (Figure 6, A(f) and A(j)). The loss of inflo-
rescence indeterminacy resulted in production of terminal
flowers at the end of the main inflorescence, which then
shifted from continuous growth to finite growth
(Supplemental Figure S8, B(a)-(h)). Taken together, these
results indicate that PtMADS11 functions as a positive
regulator of flowering and a determinant of meristem fate
within an inflorescence.

Phenotypic rescue tests were conducted using Arabidopsis
mutants defective in key genes of flowering regulatory net-
works to determine the regulatory mechanism of PtDAL1T
and PtMADS11 in the phase-transition regulation pathway,
as well as their functions in the promotion of flowering in
Arabidopsis. Plants overexpressing miR156 and hexamutants
of its targets spl1,2,3,4,5,6 show an extremely severe pheno-
type of delayed flowering, but the late-flowering phenotype
can be restored with overexpression of PtDAL1, which allows
the transgenic plants to transform normally into the repro-
ductive growth phase (Figure 6, A(b) and A(c)). However, in
this study, we found that the early flowering phenotype of
PtDAL1 overexpression lines was suppressed by ft loss-of-
function mutation (Figure 6A(d)). Similarly, PtDAL1 did not
normalize the phenotype of soc1-1-2 mutants (Figure 6A(e)).
These findings show that the regulatory roles of PtDALT in
the reproductive transition are compromised in the absence
of either FT or SOCT1. Of note, fd-3 mutations introduced
into the PtDAL1 gene triggered premature floral develop-
ment and produced several curly rosettes and cauline leaves
(Supplemental Figure S8, D(a)-(c)). Thus, the function of
PtDALT in promoting the vegetative phase change in
Arabidopsis may be independent of the FLOWERING LOCUS
D (FD) gene. However, heterotopic expression of PtMADS11
restored the severely late-flowering phenotype of both
355:miR156A and ft-10, indicating that PtMADS11 acts inde-
pendently of miR156 and FT in the regulation of flowering
(Figure 6, A(g) and A(h)). Similar to PtDAL1, PtMADS11 ac-
cumulation had no obvious effect when SOCT was absent
(Figure 6A(i)). The rosette statistical analysis of transgenic
lines was showed in Supplemental Figure S9. Although
PtMADS11 is a SOC1-like gene, its function does not overlap
with that of AtSOCT in Arabidopsis. These results imply that
PtMADS11 and PtDAL1 play different roles in flowering regu-
latory networks.
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Discussion

There has been considerable progress in understanding flow-
ering time control in model plants such as Arabidopsis
(Blumel et al,, 2015) and economically important crops such
as rice (Yano et al, 2001). However, there are major differen-
ces in the regulatory mechanisms of the phase change be-
tween conifers and angiosperms (Tandre et al, 1995), and
the mechanism underlying the aging pathway in perennial
trees, especially conifers, has remained elusive.

In the present study, we identified a gene module that
was significantly correlated with aging (Figure 1A). Previous
studies suggested that the phase transition in trees occurs
gradually (Nilsson and Brunner, 2004; Garcia-Lopez et al,
2014; Khan et al, 2014), but we observed an unexpectedly
rapid transition in gene expression from vegetative growth
to reproductive development in P. tabuliformis. The expres-
sion patterns of differentially expressed genes within the
age-related module were divided into two age-related sub-
modules (Figure 1B; Supplemental Table S1). The polynomial
model and general linear model were further conducted to
match the ages with gene expressions (Supplemental Figure
S1), which supported our opinion that the phase change in
P. tabuliformis was a more drastic change than the expected
trend. The gene module that was highly correlated with age
included two subsets of genes, one of which was upregu-
lated and the other was downregulated as age increased
(Figure 1, C and D). In the processes of attaining reproduc-
tive competence and reproductive bud differentiation in
conifers, up and downregulated gene sets may regulate the
balance between vegetative and reproductive growth. A
clear understanding of the transcriptional regulation of these
up- and downregulated gene sets in the aging pathway will
require further research.

In the age-related module, 11 TFs in the MADS-box family
accounted for the largest group of the 33 total TFs that
tightly integrate a coexpression network (Figure 2A), imply-
ing an important role in the reproductive development of
conifers. In addition to the MADS-box family, TFs such as
MYB, CO-like, and bHLH, which could play roles in the coni-
fer reproductive transformation, were also identified (Figure
2A). In angiosperms, the CONSTANS (CO) gene functions
upstream of the photoperiod pathway and directly regulates
the expression of the downstream FT gene in leaves to in-
duce flowering (Priyanka and Kishore, 2015 Shim et al,
2017). Several studies on the expression patterns and func-
tions of CO-like genes in gymnosperms have suggested that
it functions as an inducer that responds to light signals to
initiate reproductive growth in gymnosperms (Holefors et
al, 2009; Nilsson, 2009; Yan et al, 2017). miR156-targeted
SPLs negatively regulate the R2R3-MYB-bHLH-WD40 com-
plex to inhibit the expression of anthocyanin biosynthesis
genes (An et al, 2012). MYB TFs regulate floral organ differ-
entiation and development in Arabidopsis (Baumann et al,
2007; Zhang et al, 2009). Thus, MYB and bHLH TFs may be
involved in the vegetative growth transition in conifers un-
der the control of the aging pathway.
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Phylogenetic analyses imply that SOC1-like genes in coni-
fers are not orthologs of angiosperm SOCi-like genes
(Supplemental Figure S3), which derived from the same an-
cestor and diverged through evolution. After independent
functional differentiation of gymnosperm and angiosperm
SOCi-like genes, a modified cluster consisting of SOC1-like
genes may act as an integral dominant module that regulates
reproduction in gymnosperms, as expression of six SOCT-like
members of P. tabuliformis was tightly correlated with age
(Figure 2A). In angiosperms, the CO gene positively regulates
SOCT expression via the FT gene in the upstream flowering
pathway (Bohlenius, 2006), while FLC inhibits SOC1 expres-
sion in the upstream vernalization pathway (Hepworth et al,,
2002; Helliwell et al., 2006). The function and mode of action
of the CO gene in gymnosperms are conserved (Holefors et
al, 2009; Nilsson, 2009), but no FLC homologs have been
found in gymnosperms (Nystedt et al, 2013; Chen et al,
2017). The functions of SOCI-like genes in P. tabuliformis
appeared differentiated within the subcluster due to the
presence of two different expression patterns (Supplemental
Figure S5). DAL19 in Norway spruce was specifically upregu-
lated in cone-setting shoots and maintained a high-
expression level in adult buds (Uddenberg et al, 2013;
Akhter et al, 2018). However, in the present study, PtDAL19
was undetectable in adult needles, shoots, female cones, and
male cones. The opposite expression profiles of DAL19 be-
tween Norway spruce and P. tabuliformis reveal the func-
tional differentiation of DAL19 between Norway spruce and
P. tabuliformis. Based on large-scale expression data, we pro-
pose that PtMADS11, PtDAL3, PtDAL4, PtMADS13, and
PtMADS12 predominately promote reproductive growth in
the aging pathway, while PtDAL19 and PtDAL9 likely act as
negative regulators of the juvenile-to-adult phase transition
process in P. tabuliformis. SOC1-like members with opposite
functions might share comparable regulatory mechanisms re-
lated to age, thereby balancing vegetative growth and repro-
ductive development in P. tabuliformis.

Although the expression patterns of PtDALT and SOCi-like
homologs were strongly correlated with age, expression of
these genes was not limited to reproductive organs, and
high-expression levels were also detected in vegetative organs
(Figure 3; Supplemental Figure S4). Genes such as FT, AP1,
and LEAFY (LFY), which activate reproductive growth, tend
to be activated in vegetative organs, and this feature is con-
served among angiosperms (Mandel and Yanofsky, 1995;
Moyroud et al, 2010). Moreover, emerging studies have
shown that SOC1-like genes are involved in a broader range
of functions related to enhancing plant tolerance to high
temperature and inducing chloroplast biogenesis in petals
than previously expected (Wang et al, 2019 Ning et al,
2020). PtDALT and SOCT-like homologs may directly sense or
transmit signals upstream of age-regulated pathways, with
crucial effects on broader network function and reproductive
development. The age-mediated response to environmental
factors in conifers is worthy of further in-depth investigation.

Ma et al.

Expression of PtMADS11 was almost undetectable in
young plants during vegetative growth (1-5 years), and the
expression increases after 7 years of growth (Figures 2, B and
6, C). These results imply that PtMADS11 plays a role in the
transformation from vegetative to reproductive growth, and
that the seventh year is the end of juvenility in P. tabulifor-
mis. The lack of PbMADS11 in the super-late cone-setting P.
bungeana mutant supports the close relationship between
MADS11 and reproductive capacity (Figure 4B).

We identified the DAL1 gene as a primary age biomarker,
and it showed the highest correlation coefficient with age
(R* = 0.86) among the genes investigated in P. tabuliformis
(Supplemental Figure S2). A transcriptome-wide analysis in
Larix kaempferi supports the conservation of DAL expres-
sion patterns in conifers (Xiang et al, 2019). In contrast to
the undetectable expression of DALT in Norway spruce be-
fore 5 years (Tandre et al, 1995; Carlsbecker et al., 2004), ex-
pression of PtDALT in P. tabuliformis was detectable at the
seedling stage (Figure 6C). This difference could arise due to
the different lengths of the vegetative growth stages of
Norway spruce and P. tabuliformis. Norway spruce requires
20-25 years before reproducing, while the juvenile phase for
P. tabuliformis is 5-7 years. PtDALT may function as an acti-
vator for shoots to initiate reproduction, but this process
may require other coregulators.

In the age-related TFCN module (Figure 5A), beyond
DAL and MADS11, the DAL10 gene, which is specifically ac-
tive in seed cones and pollen cones in Norway spruce, was
closely related to reproductive development (Carlsbecker et
al, 2003), and AGL12 was reported to regulate flowering
transition in Arabidopsis (Tapia-Lopez et al, 2008). The
GRAS members functioned on the regulation of phase tran-
sition process in barley and rice (Curaba et al, 2013; Fan et
al, 2015), and showed an age-related expression pattern in
L. kaempferi (Xiang et al, 2019). It was also reported that
the putative GA-NAC-LFY regulator module might play roles
in accelerating reproductive development (Fang et al., 2021).
These results confirmed the accuracy of the predicted gene
module. The expression of PtDALT increased gradually dur-
ing the stage of undetectable PtMADS11 expression (1-5
years) and maintained a higher level than that of PtMADS11
during the reproductive growth phase (Supplemental Figure
S5). In addition, PtDALT had a wider expression range than
that of PtMADS11 among different tissues (Figure 3). The
subcellular localization of PtMADS11 protein in cytoplasm
and nucleus reasonably explains the interaction between
PtDAL1 and PtMADS11 in cytoplasm and nucleus (Figure 5,
B and D), which was consistent with MADS-domain pro-
tein—protein interactions in Arabidopsis (Immink et al,
2002). These results imply a tight functional coordination
between PtDALT and PMADS11 in an age-mediated module
that links the previously expressed regulator PtDAL1 to the
direct interaction factor PtMADS11 in P. tabuliformis.
Nevertheless, further evidence is needed to verify the direct
regulatory relationship between PtDALT and PtMADS11.
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PtDAL1 is a homolog of the AGL6 subfamily in conifers.
The AGL6 subfamily is widespread in plants and has a vari-
ety of functions that have been poorly characterized, along
with diverse and divergent expression patterns (Reinheimer
and Kellogg, 2009 ; Dreni and Zhang, 2016; Ma et al, 2019).
The AtAGL6 is expressed in floral organs and stems in
Arabidopsis (Yoo et al, 2011), and two Gnetum gnemon
AGL6 subfamily genes (GGM9 and GGM11) are expressed in
both male and female cones, but absent in leaves (Winter et
al, 1999; Shen et al, 2019), while PtDALT was detected in
the stems, needles, and reproductive cones of P. tabuliformis
(Figure 3). Despite the divergent expression patterns of the
AGL6 subfamily in plants with distant evolutionary relation-
ships, AGL6 is generally associated with reproduction (Koo
et al, 2010; Callens et al,, 2018) and cone formation (Winter
et al, 1999). The orchid AGL6 homolog OMDS1, when over-
expressed in Arabidopsis, causes an early flowering pheno-
type by inducing expression of SOCT, FT, LFY, and AP1 genes
(Hsu et al, 2003). This phenotypic similarity in transgenic
plants indicates that DALT may have conserved regulatory
mechanisms. As a member of the MADS-domain family,
AGL6 appears to form multimers with other TFs, which
have various interactions with SQUA/AP1-like and AGL pro-
teins (Ma et al, 2019), and to integrate signals at the core of
the regulatory network. In conifers, DAL1 is a key node of
the aging pathway that can form heterodimers with
MADS11 and integrates signals to initiate the juvenile-to-
adult transition process.

Ectopic expression of PtDALT led to an extremely early
flowering in Arabidopsis (Figure 6A(a)), indicating that this
gene plays a dominant role in the initiation of reproductive
growth. These results are consistent with those reported in
Norway spruce (Carlsbecker et al, 2004). However, the phe-
notypic changes caused by transformation of genes from
conifers into Arabidopsis did not elucidate the underlying
mechanism. High expression levels of a number of other
MADS-box family genes caused early flowering, including
DAL2 and DAL10 from spruce (Tandre et al, 1998;
Carlsbecker et al, 2003), but the effects of DALT on flower-
ing time were more severe than those of other MADS-box
genes (Carlsbecker et al,, 2004), and its effect on the growth
of Arabidopsis was particularly strong. The formation of the
geminiflorous organ from two short carpels in the
35S:PtDAL1 transgenic lines implied its broader functional
roles in floral organ identity and flower development.

During the transition from vegetative growth to flowering
in Arabidopsis, SOCT had upregulated expression in the api-
cal meristem, which effectively promoted early flowering
(Lee et al, 2000; Samach, 2000). The expression level of CO
increased under LD conditions, which promoted expression
of the FT gene and then the SOCT gene (Yoo et al, 2005).
Transgenic PtMADS11 plants showed no apparent alteration
under LD conditions, but exhibited early flowering along
with premature termination of inflorescence under SD con-
ditions (Figure 6, A(f) and A(j)). PtMADS11 may require a
positive factor to promote its function in Arabidopsis under
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SD conditions. Under SD conditions, the Arabidopsis growth
cycle was prolonged and the wild-type Arabidopsis con-
tained about 26 rosette leaves compared with 14 rosette
leaves under LD conditions (Supplemental Figure S9). The
SD conditions extended the period in which PtMADS11
could play its role and thereby intensified its flowering
promotion.

Genetic assays were conducted to verify the functional dif-
ference between PtDALT and PtMADS11 (Figure 6B), as the
flowering regulatory network in Arabidopsis has been exten-
sively studied (Blumel et al, 2015). The extremely severe
delayed flowering phenotype of 355:miR156A lines could be
rescued with constitutive expression of PtDALT or
PtMADS11, implying that the target loci of both transgenic
PtDAL1 and PtMADS11 were downstream of miR156. The
early flowering phenotype of PtDALT-overexpression lines
was suppressed by the ft loss-of-function mutation, while ft-
10 mutant lines that expressed 35S:PtMADS11 had acceler-
ated flowering (Figure 6, A(d) and A(h)). Theoretically, as an
upstream regulator of FT, PtDAL1, and PtMADS11 func-
tioned on different positions of the regulatory network in
Arabidopsis. Of note, fd-3 mutations introduced into the
PtDALT gene triggered premature floral development, which
revealed that the function of PtDALT in promoting flowering
in Arabidopsis may be independent of the FD gene. In
Arabidopsis, 35S:FT partially rescued the late-flowering phe-
notype of fd-1 mutants (Abe et al, 2005), indicating that an
FD-independent flowering time regulation pathway exists.
Notably, all of the gymnosperm SOC1-like proteins queried
nested in a clade outside of the Arabidopsis SOC1 and FLC
clade proteins (Supplemental Figure S3), indicating their
functions may have differentiated during the evolution
(Uddenberg et al, 2013). In the present study, we revealed
that PtMADS11 cannot restore the late-flowering phenotype
of soc1-1-2 mutants; this result suggests that the gymno-
sperm SOCT-like genes probably cannot replace the SOCT in
Arabidopsis. The differentiated functions of PtMADS11 sup-
port a specific regulatory role in the conifer aging pathway.

In this study, we determined that the phase change in
pine was a more rapid change than the expected trend. In
total, 33 tightly coordinated TFs were identified from the
age-related gene module, among which SOCT-like genes
were enriched. Among SOCT-like homologs, two distinct ex-
pression patterns represented two internal submodules with
opposite functions, which together could balance vegetative
growth and reproductive growth. In this study, we con-
firmed the function of PtDALT as a regulator in phase transi-
tion and identified an interacting gene, PtMADS11, which
may function as a positive regulator of reproductive capacity
in P. tabuliformis. The differing active sites of PtDAL1 and
PtMADS11 were validated through genetic analysis. The
results confirm that the functions of PtDALT and PtMADS11
differ, and that PtMADS11 may play a unique role in the ag-
ing pathway in conifers. Our findings provide a basis for fur-
ther in-depth studies into the specific regulatory
relationships between DALT and MADS11 in conifers using
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more advanced plant genetic engineering tools, such as car-
bon nanotube carriers.

Materials and methods

Plant materials

For the different ages of P. tabuliformis Carr., plants were se-
lected from a primary clonal seed orchard located in
Pingquan City, Hebei Province, China (118°44.6758 E,
40°98.8784' N, 560-580 m above sea level). Vegetative shoot
apexes were collected from the top branches of the trees af-
ter bud-break on 10 May 2016. Six different trees were used
as biological replicates for RNA-seq analysis. For tissue spe-
cific expression analysis, we collected the needles and hypo-
cotyl from P. tabuliformis seedlings that were cultured in
control conditions (24°C, 16 h for light and 8 h for dark),
and the sapling needles and shoots were sampled from 3-
year-old trees. The callus was induced from seedling hypoco-
tyls following the published method, and propagated for
several generations (Liu et al, 2020). Adult tissue samples,
including needles, shoots, stems, cones, and roots, were col-
lected from the same primary clonal seed orchard on 10
May 2016. The mutant of P. bungeana was found in a com-
mon garden of Beijing Ming Tombs Forest Farm, Beijing
China. Three normal P. bungeana trees were selected as con-
trols for gene expression analysis. From six apical to base
whorls of branches of three 15-year-old trees in the same
primary seed orchard, vegetative shoots of each whorl have
been collected on 11 May 2019 and stored at —80 °C for to-
tal RNA extraction. All the samples were collected between
12:00 and 13:00 to control the influence of photoperiod dur-
ing sampling.

All the mutants and transgenic lines of Arabidopsis used
in this study were obtained from The Arabidopsis
Information ~ Resource  (http://arabidopsis.org).  The
35:miR156A transgenic lines prolonged the expression of ju-
venile vegetative traits and delayed flowering (Wu and
Poethig, 2006). The spl1,2,3,4,56 mutant that functioned in
delaying vegetative phase change and increasing rate of leaf
initiation delayed flowering time equal to 355:miR156A (Xu
et al, 2016). The ft-10 mutant displayed a late flowering phe-
notype under LD conditions (Yoo et al, 2005). The fd-3 mu-
tant displayed a late flowering phenotype that was
unaffected by vernalization, and an increased number of ro-
sette leaves (Koornneef et al, 1991). And the soc1-1-2 mu-
tant delayed flowering both in LD and SD growth
conditions (Lee et al, 2000).

RNA-seq analysis

Total RNA from different samples of P. tabuliformis were
extracted by the Trizol method (Invitrogen, CA, USA). The
cleaved RNA fragments were then reverse-transcribed to
create the final complementary DNA (cDNA) libraries using
the mRNA-Seq sample preparation kit (lllumina, Inc, San
Diego, CA, USA). The cDNA libraries were sequenced on the
lllumina NovaSeq platform by using the paired-end module
(2 x 150 bp). Clean reads for each sample were aligned to
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the P. tabuliformis reference transcriptome (Niu et al,, 2013).
Sleuth software was used to analyze differential expression
of the genes (Pimentel et al, 2017). The heatmap of the ex-
pression cluster of differential genes was analyzed and dis-
played by Multiple array viewer software. The gene
expression patterns of the samples from different conditions
were calculated and normalized by the Z-score transforma-
tion (Cheadle et al, 2003). The coding sequences of SOC1-
like homologs and PtDAL1 were available in Supplemental
Data Set S1.

Phylogenetic analysis

Multiple alignments of protein sequences were obtained by
MAFFT tool (Katoh and Standley, 2013) and the maximum
likelihood tree based on the JTT model was obtained using
MEGA software (Sohpal et al, 2010). Bootstrap values were
obtained by 1,000 bootstrap replicates.

Network construction

The WGCNA was performed on all the samples using the
standard method (Zhang and Horvath, 2005; Horvath,
2008). On the basis of topological overlap, a cluster dendro-
gram was produced by evaluating the average linkage hierar-
chical clustering of genes. The correlation between module
eigengenes and the aging was analyzed. We then chose the
module that was most significantly correlated with age for
further analysis in the coexpression network.

The TFCN was further constructed using an algorithm
based on the SCCM (Nie et al, 2011; Niu et al, 2019). We
considered two TFs to be collaborative and connected in
the TFCN only if they shared at least 40 coexpressed genes
in common from the top 200 most tightly coexpressed
genes for each TF.

Subcellular localization analysis

For subcellular localization analysis, 35S:PtDAL1-GFP and
35S:PtMADS11-GFP fusions were constructed under the
control of the constitutive 35S promoter with the green
fluorescent protein (GFP) coding region. The rosette leaves
of Arabidopsis growing for 3—4 weeks under LD conditions
(16-h light/8-h dark, 23°C) were cutoff for enzymatic hydro-
lysate at 22°C for 2 h in dark (Wu et al, 2009). An equal
volume W5 solution was added, shaken gently, and the pro-
toplasts were filtered into the new tube by 100 mesh cell
sieves. The protoplasts were collected after centrifugation at
150 rpm at room temperature for 2 min. The supernatant
was carefully removed and the protoplast was resuspended
by adding an appropriate amount of precooled MMG solu-
tion. The 35S:PtDAL1-GFP and 35S:PtMADS11-GFP plas-
mids were each added into 100 pL protoplasts and lightly
mixed. Then 110 pL PEG4000 solution was added and incu-
bated at room temperature for 15 min. A 440-uL W5 solu-
tion was added to gently terminate the transfection process.
The protoplasts were collected after centrifugation at 150
rpm for 2 min and 400-pL WI solution was added. The solu-
tion was incubated at 22°C in dark for 16-24 h. After re-
moving the WI solution, DAPI staining solution (5 pg/mL)
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was added to cover the protoplasts for 10 min and
phosphate-buffered saline (PBS) solution was used to wash
the protoplasts three times. The GFP signal was observed by
confocal microscope (Leica SP8), the excitation wavelengths
and emission filters sets were as 488 nm (Ex)/BP505 to 530
nm (Em). Image analysis was conducted with the Leica LAS
AF software.

BiFC assay

For BIiFC assays, full-length PtDALT and PtMADS11 were
cloned into pYCE and pYNE vectors containing the C- or N-
terminal end of YFP. The constructs (pYC-PtDAL1 and pYN-
PtMADS11) and corresponding empty vectors were each
transformed into Agrobacterium strain GV3101-psoup, then
the culture was shaken in a constant temperature shaker for
12-18 h until ODgyy = 0.6. The bacterial liquid was col-
lected after centrifugation at a room temperature and resus-
pended with infection solution (10 mM MES, 150 M AS,
10 mM MgCl,) keeping ODggo = 1.0 and pH = 5.6. Then we
added 20 pL AS to the bacteria solution and let it stay in
the dark for 2-3 h at a room temperature. The two strains
of bacteria liquid were mixed and injected into N. benthami-
ana leaves by sterile syringes with the needle removed.
During the injection, the blade face of leaves was held with
fingers to help the bacteria liquid insinuate the leaves slowly.
A small wound could be made by the needle hub to ensure
the injection would go smoothly. The inoculated N. ben-
thamiana was treated under dark conditions for 24 h, and
the fluorescence signal was observed after growth under
normal conditions for 48 h (16-h light/8-h dark, 23°C).
Fluorescence was then observed by confocal microscope
(Leica-SP8), the excitation wavelengths and emission filters
sets were 514 nm (Ex)/BP525 to 550 nm (Em). Image analy-
sis was conducted with the Leica LAS AF software.

Y2H assay

Y2H assay was performed to investigate the protein—protein
interactions following the Yeast Protocols Handbook
(Clontech). The full coding regions of PtDAL1 and
PtMADS11 were fused with pGADT7 and pGBKT7 vectors.
These constructs and empty vectors as control were then
transformed into the Y2H gold yeast strain by the lithium
acetate method. The yeast cells cotransformed with plas-
mids encoding two tested proteins were plated onto selec-
tive medium (lacking leucine, tryptophan, histidine, and
adenine), and supplemented with aureobasidin A for screen-
ing of possible interactions.

GST pull down

Bacteria with overexpressed PtDAL1-GST and PtMADS11-
His proteins were resuspended in 20 mM Tris—HCl buffer
(pH = 7.5) that contained 0.2 mM EDTA, 0.5 mM dithio-
threitol, 0.15 M NaCl, 4 mM benzamidine, and 0.02% NaNj,
and ruptured using a French press. The GST and PtDAL1-
GST proteins were adsorbed onto the completely resus-
pended immobilized glutathione during incubation for 4 h
with rotation. After adding PtMADS11-His protein to the
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glutathione-Sepharose beads, the GST—fusion protein com-
plex was rotated during an overnight incubation under 4°C
conditions. The protein complex was centrifuged, the super-
natant discarded, and the proteins resuspended in 500 pL
PBS (1,250 rpm, 5 min). Then, 100 pL of eluent buffer (20
mM Tris—HCl, pH = 7.5) was used to separate the superna-
tant from the protein precipitates (30 min, 4°C). The precip-
itates were analyzed through western blotting. Western blot
detection was performed as described previously with minor
modifications (Gibbons, 2014).

Plasmid construction and transformation of A.
thaliana

The PtDALT and PtMADS11 genes were amplified from the
cDNA of P. tabuliformis new shoot by PCR using primers
that introduced Xbal and Xhol restriction sites
(Supplemental Table S2). The CDS of PtDALT and
PtMADS11 each recombined into the plant expression vec-
tor pBI121, which contained the nptll gene as a selectable
marker, with the 35S promoter. Constructs were trans-
formed into Agrobacterium strain GV3101, and 35S:PtDAL1
and 35S:PtMADST1 overexpression transgenic Arabidopsis
lines were generated by the floral-dip process (Clough and
Bent, 1998). All the experiments on Arabidopsis mutants,
transgenic lines, and wild-type were conducted with trans-
genic 35S:PtDALT and 35S:PtMADS11 to determine their
functions in the flowering regulatory network. The harvested
seeds were screened on MS mediums containing Kanamycin
antibiotic (50 mg-mL™") until homozygous lines were
obtained. All of the Arabidopsis plants were grown in an ar-
tificial climate box under LD conditions (16-h light/8-h dark,
23°C) or SD conditions (8-h light/16-h dark, 23°C). The
transgenic Arabidopsis lines used in this study were shown
in Supplemental Table S3. Nine transgenic lines for each ex-
periment were randomly selected, and at least 30 events
were counted for rosette leaf number statistics. The signifi-
cance of differences between transgenic lines and mutants
or wild-type Arabidopsis was analyzed by t test.

Data availability

The authors declare that all data supporting the findings of
this study are available within the article and Supplementary
Material online or are available upon request from the cor-
responding author. The RNA-seq data that support the find-
ings of this study have been deposited in the CNSA (https://
db.cngb.org/cnsa/) of China National GeneBank Database
with accession number CNP0001648.

Accession numbers

The accession numbers of Arabidopsis mutants mentioned
in this article are as follows: CS69799 (spl10-3; spl11-1; spl13-
1, spl15-1;  spl2-1;  spl9-4); CS67849  (35S:miR156A);
SALK_054421C (fd-3); SALK_006054C (soc1-1-2); and CS9869
(ft-10).
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. The polynomial model (R> =
0.86) and general linear model (R* = 0.74) of the expression
level of 493 differential genes matching age stages in P.
tabuliformis.

Supplemental Figure S2. The correlation coefficient of
age with the expression level of PtDALT and PtMADS11.

Supplemental Figure S3. The phylogenetic tree of SOC1-
like proteins in Arabidopsis and P. tabuliformis.

Supplemental Figure S4. The expression patterns of
SOC1-like genes except PtMADS11 expression during aging
in P. tabuliformis.

Supplemental Figure S5. The PtDAL1 and SOCi-like
genes expression pattern during aging in P. tabuliformis.

Supplemental Figure S6. The silhouettes of dwarf mutant
and normal P. bungeana at the same scale.

Supplemental Figure S7. Expression profiles of PtDAL1
and seven SOCT-like homologs in six branch whorls from
top to base of 15-year-old P. tabuliformis.

Supplemental Figure S8. The phenotype of 35S:PtDAL1
transgenic Arabidopsis lines.

Supplemental Figure S9. Analysis of rosette leaf number
at flowering of Arabidopsis transgenic and mutant lines.

Supplemental Table S1. A list of all 493 differentially
expressed genes of P. tabuliformis among different ages.

Supplemental Table S2. Primers used for plasmid con-
struction RT-PCR analysis.

Supplemental Table S3. The transgenic Arabidopsis lines
used in this study.

Supplemental Dataset S1. The coding sequences of
SOC1-like homologs and PtDALT in P. tabuliformis.
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