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Abstract: YIN YANG 1 (YY1) encodes a dual-function transcription factor, evolutionary conserved
between the animal and plant kingdom. In Arabidopsis thaliana, AtYY1 is a negative regulator
of ABA responses and floral transition. Here, we report the cloning and functional characteriza-
tion of the two AtYY1 paralogs, YIN and YANG (also named PtYY1a and PtYY1b) from Populus
(Populus trichocarpa). Although the duplication of YY1 occurred early during the evolution of the
Salicaceae, YIN and YANG are highly conserved in the willow tree family. In the majority of Populus
tissues, YIN was more strongly expressed than YANG. Subcellular analysis showed that YIN-GFP and
YANG-GFP are mainly localized in the nuclei of Arabidopsis. Stable and constitutive expression of
YIN and YANG resulted in curled leaves and accelerated floral transition of Arabidopsis plants, which
was accompanied by high expression of the floral identity genes AGAMOUS (AG) and SEPELLATA3
(SEP3) known to promote leaf curling and early flowering. Furthermore, the expression of YIN
and YANG had similar effects as AtYY1 overexpression to seed germination and root growth in
Arabidopsis. Our results suggest that YIN and YANG are functional orthologues of the dual-function
transcription factor AtYY1 with similar roles in plant development conserved between Arabidopsis
and Populus.

Keywords: dual-function transcription factor; YIN YANG 1 (YY1); gene duplication; REPO domain;
flowering time; leaf curling; seed germination; root growth

1. Introduction

The genus Populus, which belongs to the Salicaceae or willow tree family, is of high
commercial value [1-3]. Populus (Populus trichocarpa) features rapid growth, modest
genome size, and established research methodology, and was the first tree genome com-
pletely sequenced, making Populus the most used model species for woody plants [4-6].
In plants, polyploidization is an important genetic phenomenon resulting in gene diver-
sification and is the evolutionary origins of novel genes. The “salicoid” whole genome
duplication (WGD) occurred 60-65 million years ago [6]. Within the 45,000 putative protein-
coding genes identified in Populus, about 8000 pairs of duplicated genes have survived
since the WGD event, which provide a greater genetic diversity [6,7].

In plants, flowering time is specified by the onset of flower production that is in
some species accompanied by stem bolting. This change from vegetative to reproductive
development plays an important role in the life cycle of plants. Flowering time has a deep
impact on harvest time, yield, and quality of seeds and fruits [8]. Hence, manipulation
of flowering time is a powerful tool to develop new plant varieties for crop production.
The tendency of vegetative crops, such as carrots (Daucus carota subsp. sativus), onion
(Allium cepa), and cabbage (Brassica oleracea), for early bolting and flowering upon exposure
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to low temperatures, thereby significantly reducing yield, have made resistance to bolting
an important trait for breeding [9]. In contrast, artificial selection of more determinate
growth habits and earlier flowering times provided more fruit in a shorter growing season
in domesticated soybean (Glycine max), barley (Hordeum vulgare), wheat (Triticum aestivum),
sunflower (Helianthus annus), and tomato (Solanum lycopersicum) [10]. In many trees and
other woody perennials, breeding progress is hampered by the late onset of flowering [11].

As its full name YIN YANG 1 implies, YY1 encodes a dual-function transcription factor
that can act either as activator or repressor [12,13]. First identified in the fly Drosophila
and mammalians [12,14,15], YY1 is evolutionarily conserved between the animal and the
plant kingdom [13]. YY1 belongs to the GLI-Kriippel family, containing four Cys2-His2
(C2H2) zinc fingers that form a DNA-binding domain [12]. Drosophila pleiohomeotic (PHO),
which is highly homologous to mammalian YY1, functions as a Polycomb protein that
epigenetically represses its target genes [15]. Mammalian YY1 participates in embryonic
development and tumor growth regulation and may serve as a pioneer factor leading
to the recruitment of other transcription factors and chromatin modifiers to activate its
target genes [16,17]. The first study on YY1 in plants was performed on the C4 plant
maize (Zea mays), in which YY1, here named transcription repressor maize 1 (TRM1),
represses in leaf mesophyll cells ribulose bisphosphate carboxylase S (rbcS) that encodes the
small subunit of a photosynthetic carbon dioxide fixation enzyme [18]. In Arabidopsis,
AtYY1 interacts with the mediator subunit MED18 to repress the disease susceptibility
genes glutaredoxins GRX480 and GRXS13 and thioredoxin TRX-h5 [19]. AtYY1 acts a
negative regulator of ABA responses by direct activation of ABA REPRESSOR 1 (ABR1) via
binding of a CCATnTT motif in the ABR1 promoter [13]. Furthermore, AtYY1 contains a
casein kinase II (CKII) phosphorylation site (5284), while 5284 phosphorylation enhances
the transcriptional activity and protein stability of AtYY1 and hence strengthen the effect
of AtYY1 as a negative regulator in the ABA response [20]. Recently, it has been shown
that AtYY1 associates, likely via its REPO-domain, with the chromatin-remodeling factor
INOB80 and the ATX4/5-containing COMPASS III complex that is involved in transcriptional
activation via histone H3K4 trimethylation [21-23].

Flowering time is regulated by several pathways involving dozens of genes control-
ling the molecular mechanisms of floral induction in Arabidopsis [24]. The convergence
of the individual flowering pathways occurs on the transcriptional regulation of floral
pathway integrators including LEAFY (LFY), FLOWERING LOCUS T (FT), and the MADS-
box transcription factor gene SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1) [25-29]. LFY and FT directly activate the MADS-box gene APETALA1 (AP1), while
AP1 and LFY promote the expression of other flower meristem identity genes, such as
AGAMOUS (AG) and SEPALLATAS3 (SEP3), which specifies the identity of floral meristems
and floral organs in Arabidopsis [30]. In Populus trees, two FT paralogs control the annual
growth cycle. FT2 is required for vegetative growth and regulates the entry into winter
dormancy, while FT1 is required for bud flush in spring by releasing the dormancy [31].
Similarly, overexpression of the SOCI-related Populus gene MADS12 results in an early bud
break in ecodormant Populus tremula x alba indicating that MADS12 expression promotes
bud growth reactivation [32]. RNAi-induced simultaneous suppression of all four Populus
members of the AG subfamily (two AG and two SEEDSTICK orthologues) in female Populus
alba results in ‘carpel-inside-carpel” phenotypes, and female sterility, but did not cause any
detectable changes in tree growth or leaf morphology [33]. Therefore, loss of function of the
AG subfamily in Populus and in Arabidopsis results in similar phenotypes including steril-
ity and floral meristem indeterminacy [34,35]. The overexpression of several transcription
factor genes including FT, and the MADS-box genes AG and SEP3 causes leaf curling and
earlier flowering in Arabidopsis [36-39]. The function of AG and SEP3 orthologues, such
as from lavender (Lavandula angustifolia) [40], lily (Lilium longiflorum, Lilium formosanum,
and Oriental Lilium Hybrid) [41-45], orchid (Oncidium Gower Ramsey) [43], Japanese
gentian (Gentiana scabra) [46], Polypogon fugax [47], pecan (Carya illinoinensis) [48], wheat
(Triticum aestivum) [49], London plane (Platanus acerifolia) [50], peach (Prunus persica) [51],
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and Populus (Populus tremuloides) [52], was intensively studied by stably and constitutively
expression in Arabidopsis.

Here we present the first functional study of YY1 orthologues from a tree species.
We cloned the two YY1 gene copies, YIN (PtYY1a) and YANG (PtYY1b), from Populus.
Our subcellular localization analysis revealed that the GFP-fusion proteins YIN-GFP and
YANG-GFP are mainly localized in the nuclei of Arabidopsis. This finding is in line with
the predicted function of YIN and YANG as transcription factors. The expression of YIN
and YANG in Arabidopsis resulted in high expression of AG and SEP3, which likely caused
up-curling of the leaves and earlier flowering. The ectopic expression of AG and SEP3 was
accompanied by increased FT expression in some transgenic lines, while the expression
of the other floral pathway integrators LFY and SOC1 was unchanged. Furthermore, the
expression of YIN and YANG caused similar effects as AtYY1 overexpression to the ABA
response in Arabidopsis [13]. Collectively, subcellular localization analysis and functional
characterization in the heterologous species Arabidopsis led to the conclusion that YIN
and YANG are functional orthologues of the dual-function transcription factor AtYY1
in Populus.

2. Results
2.1. Isolation and Phylogenetic Analysis of YIN and YANG

We searched the published genome data bank of Populus (Populus trichocarpa) (https:
/ /phytozome.jgi.doe.gov, accessed on 22 September 2021) and found two copies of YY1,
PtYY1a and PtYY1b, which we renamed YIN and YANG. The coding region of YIN and
YANG was amplified without stop-codon by PCR using Populus leaf cDNA as templates.
The full-length cDNAs were cloned into the pGGC000 vector [53] and their sequences were
validated by sequencing.

In order to analyze the phylogenetic position of YIN and YANG within the Rosids
clade, and to estimate their gene duplication, we performed a phylogenetic analysis. The
phylogenetic tree was constructed with 25 YY1 orthologues from 17 different plant species
(Figure 1). Within the Salicaceae family, Populus (Populus trichocarpa), Populus deltoides, and
Salix purpurea each have two copies of YY1 clustered in two groups. Group A includes
YIN (PtYY1a), PdYY1a, and SpYY1a, while group B includes YANG (PtYY1b), PdYY1b, and
SpYY1b. In contrast, Ricinus communis of the Euphorbiaceae, which is a sister family of
the Salicaceae within the order of Malpighiales, has only one copy of YY1. This is in line
with the assumption that the duplication of YY1 in the Salicaceae family and clustering
in two groups is a result of the “salicoid” WGD that occurred 60-65 million years ago [6].
Although other species of the Rosids clade carry also two or even three YY1 copies, all
these duplications occur later and independently of the “salicoid” WGD (Figure 1).

To characterize the phylogeny of the YY1 proteins in more details, we generated a
multiple sequence alignment with the six YY1 of the Salicaceae family and AtYY1 (Figure 2).
In all YY1 orthologues, we found the nuclear location sequence (NLS), the casein kinase
II (CKII) phosphorylation site, the four Cys2-His2 (C2H2) zinc fingers that likely form a
DNA-binding domain, a fifth C2H2 zinc fingers with unknown function, and the acidic
C-terminal region that might act as a transcription activation domain [13,20]. The putative
C2H2-type DNA-binding domain, the NLS, and the acidic C-terminal region suggest that
all YY1 orthologues may function as transcriptional activators. The YY1 orthologues of
the Salicaceae family and AtYY1 share 69.2% overall identity, while in direct comparison
AtYY1 shares 66.2 and 65.6% identity with YIN and YANG, respectively (Table 1). Within
the Salicaceae family, the overall identity is 74.2%. These findings indicate that the YY1
orthologues within the Salicaceae family are highly conserved, while sharing with AtYY1 a
high overall identity and all known protein domains.
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Figure 1. Phylogenetic relationship of YY1 proteins from different plant species of the Rosids clade.
The phylogenetic tree constructed with 25 YY1 genes from 17 different species. The Salicaceae family
is marked by a red box, while the Malpighiales clade is marked by a green box. Bootstrap support
values are given at the nodes. The phylogenetic analyses were conducted with MEGA 7 using the
neighbor-joining (NJ) method and 1000 repetitions of bootstrap tests. All YY1 Sequence were obtained
from The Phytozome (https://phytozome-next.jgi.doe.gov, accessed on 27 May 2022 and 23 March
2023, see Section 4.2). Gene IDs with the used versions and the Phytozome Genome IDs are listed in
Supplementary Table S1.
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Figure 2. Sequence alignment and prediction of conserved domains in YY1 homologs of the Salicaceae
family and AtYY1. The amino acid sequences were aligned with DNAMAN, modified. The REPO
domain [23] is marked in dark-blue, the Zn-finger domains (ZF) are marked by green lines, the
CKII phosphorylation site (CKII) by a red line (the asterisk marks the phosphorylated amino acid),
the NLS by a black line, and the C-terminal acid-stretch by a line in ultramarine. Identical and
similar amino acid residues are shaded with dark-blue, pink, and light-blue, respectively. AtYY1,
Arabidopsis thaliana; YIN, YANG, Populus (Populus trichocarpa); PAYY1a,b, Populus deltoides; SpYY1a,b,
Salix purpurea.

Table 1. Similarity and identity of AtYY1, YIN, and YANG.

AFYY1 YIN YANG
AFYY1 66.2% 65.6% Ldentit
YIN 81.1% 92.0% y
YANG 79.9% 94.1%

Similarity

2.2. Expression Patterns of YIN and YANG in Wild-Type Populus Different Tissue

To explore the expression patterns of YIN and YANG in Populus, we investigated
published microarray expression data from the website (phytozome-next.jgi.doe.gov, ac-
cessed on 4 August 2022). YIN and YANG were expressed in all 25 tissues published
(Supplementary Figure S1). Furthermore, we found that in 84% (21 of 25) of the tissues
examined, YIN was higher expressed than YANG. To confirm that YIN is the predominately
expressed YY1 orthologue in Populus tissues, we tested YIN and YANG expression in leaf,
stem, and root tissue of Populus by RT-qPCR and found almost identical expression pattern
of YIN and YANG between the published expression data (Figure 3a) and our RT-qPCR
results (Figure 3b). In leaf tissue, YIN was six-fold higher expressed than YANG. Although
both YY1 genes were lower expressed in root, YIN was still three-fold higher expressed
than YANG (Figure 3b). The published expression data reveal that YANG was only in
late dormant buds two-fold higher expressed than YIN (Supplementary Figure S1). These
results indicated that YIN is the predominant YY1 paralogue in most Populus tissues, while
YANG might have a distinct function particularly in bud dormancy during winter.
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Figure 3. Expression of YIN and YANG in different tissues of Populus (Populus trichocarpa).
(a) Published expression data of YIN and YANG in leaf, stem, and root from the Website
(phytozome-next.jgi.doe.gov, accessed on 4 August 2022). (b) RT-qPCR data of YIN and YANG
expression in leaf, stem, and root of 30 days old Populus (wild-type) plants cultivated in bottles.
Data represent the mean =+ standard error (SE) from three biological replicates (N = 3), and PtActin 7
was used as internal control. Note that the plants for the tissue samples continually grew on media
with low IBA concentrations. The asterisks indicate significant differences between YIN and YANG
expression (Student’s t-test: * p < 0.05, ** p < 0.01, and **** p < 0.0001).

2.3. Sub-Cellular Localization of YIN and YANG in Arabidopsis and Populus

To localize the YIN and YANG proteins, we generated transgenic Arabidopsis lines
(355::YIN-GFP and 35S::YANG-GFP; hereafter named YIN_OE and YANG_OE) that ex-
pressed YIN and YANG as a fusion protein with GFP, under control of the cauliflower
mosaic virus 35S promoter that allows stable and constitutive expression in plants. Consis-
tent with a role for YIN and YANG in gene regulation, microscopy indicated that YIN-GFP
and YANG-GFP were predominantly localized to the nuclei in transgenic Arabidopsis
plants (Figure 4). This is in line with their predicted function as transcription factors.

Bright field Merge

Figure 4. Subcellular localization of YIN-GFP and YANG-GFP fusion proteins in Arabidopsis. Stable
transgenic expression of the YIN-GFP and YANG-GEFP fusion proteins in Arabidopsis root cells. Note

YIN-GFP

YANG-GFP

that both fusion proteins are mainly localized in the nuclei (see details in close-ups). Scale bars,
10 pm.

2.4. Expression of YIN and YANG Promote Early Flowering in Arabidopsis

To further investigate the functional of YIN and YANG in plants, we analyzed five
independent YIN_OE lines (#21, #26, #28, #32 and #34) and five independent YIN_OE
lines (#6, #7, #11, #12, and #16). All 10 independent T1 transgenic lines showed a 3:1
segregation ratio for kanamycin resistance in the T2 generation, which may indicate a
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single-copy insertion of the transgenes. Most T3 and T4 plants in all 10 transgenic lines
displayed up-curling of juvenile leaves, while most of the later-produced leaves were flat
or downward-curled like wild-type leaves (Figure 5). To assess the expression levels of
YIN and YANG, we performed RT-qPCR assays in all 10 transgenic lines and wild-type. As
expected, we found high expression levels of YIN and YANG in 14 days-old-seedlings of
all transgenic lines but not in the non-transgenic wild-type plants (Figure 6a). In YIN_OE
lines, YIN were expressed 184.3 to 1745.5 times higher than the wild-type background
levels, while in YANG_OE lines, expression of YANG ranged from 1003.1 to 1895.4 times
of wild-type expression (here after named TWE). Although the average expression levels
of YIN in YIN_OE lines variated more, YANG expression levels similarly variated within
YANG_OE lines (e.g., in YANG_OE #12 between 121.3 and 1885.0 TWE), indicating that the
differences in transgene expression levels were not linked to different T-DNA insertions
in the independent transgenic lines. Next, we investigated the flowering time for all
10 transgenic lines in comparison with the wild-type control under long-day conditions
(Figure 7). A total of 30 days after germination (30 DAG), all plants of the YIN_OE and
YANG_OE lines showed shooting and flower production, while wild-type plants remained
in the vegetative phase (Figure 7a—c). During flower development, some petals of the
transgenic lines were smaller than wild-type, but neither YIN_OE nor YANG_OE lines of
the T3 and T4 generation displayed homeotic transformation of floral organs as described
for 355::AG and 355::SEP3 Arabidopsis flowers (Supplementary Figure S2) [34,37]. This is in
line with our observation that only juvenile and transition leaves of YIN_OE and YANG_OE
showed strong leaf curling, whereas later-produced adult leaves appeared fairly normal
(Figure 5d—f). Therefore, the impact of YIN_OE and YANG_OE on organ morphology
decrease along the time axis of the stem [54] and later-produced leaves and flowers are
mostly unaffected. In order to analyze the flowering time of the YIN_OE and YANG_OE
lines with more accuracy, we determined their leaf number in comparison to wild-type
in four independent experiments with at least 15 plants for each genotype. All YIN_OE
and YANG_OE lines displayed significantly less rosette leaves (ranging between 7.2 £ 0.2
and 7.5 + 0.1) than the Col-0 control (9.6 + 0.2) and hence flowered earlier than the wild-
type. Notably, we did not find any significant differences of rosette leaf numbers between
YIN_OE and YANG_OE lines indicating that YIN and YANG expression in Arabidopsis
have similar effects on flowering time and hence both putative transcription factors are
likely functionally redundant at the protein level.

Col-0 YIN-OE YANG-OE

9 DAG

Figure 5. Vegetative phenotype of Arabidopsis YIN_OE and YANG_OE lines (T4 generation). The
plants grew on soil for nine days (a—c; scale bars = 100 mm) or twenty days (d—f; scale bars = 1 cm),
respectively. The overexpression of YIN and YANG caused up-curling of the primary leaves (arrow-
heads). Note that the leaf curling phenotype affected mainly juvenile leaves and was homogeneous
mild in the T3 and T4 generation of all 10 transgenic lines (5 YIN_OE and 5 YANG_OE lines) which
were used for all analyses in this study. However, some plants of the T1 generation showed stronger
curling in almost all leaves (Supplementary Figure S3).
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Figure 6. Relative gene expression of YIN and YANG (a) and endogenous flowering-related genes
(b—f) in 14-day-old seedlings of Arabidopsis wild-type (WT, Col-0) and transgenic lines (YIN_OE and
YANG_OE). Dark-gray bars represent independent YIN_OE lines (#21, #26, #28, #32, and #34); light-
gray bars represent independent YIN_OE lines (#6, #7, #11, #12, and #16). The RT-qPCR data represent
the mean =+ standard error (SE) from at least two biological replicates per transgenic line (N > 2), and
ten biological replicates for Col-0 (N = 10). elF4A1 was used as internal control, and the expression
levels in the Col-0 control were set to 1. The asterisks indicate significant differences compared with
the Col-0 plants (Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001). Note the
different expression scale ranges of the tested genes. Furthermore, note that there were no significant
changes between the expression of SOCI and LFY in the transgenic lines and their expression in
wild-type (Col-0).
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Figure 7. Expression of YIN and YANG accelerates flowering in Arabidopsis. (a—c) Arabidopsis plants,
30 DAG under the long-day conditions. YIN_OE (b) and YANG_OE lines (c) bolt earlier (arrowheads)
than the wild-type control (a, Col-0). (d) Rosette leaf number in the wild-type and transgenic YIN_OE
and YANG_OE lines. The rosette leaf number was measured in four independent experiments
(biological replicates; N = 4; YANG_OE #7, N = 3). Red dots indicate the average in each biological
replicate with at least 15 plants (N > 15). Error bars represent the standard deviations. Statistical
significance was determined by one-way ANOVA followed by a Tukey’s multiple comparisons test.

2.5. Expression of YIN and YANG in Arabidopsis Causes High Expression of AGAMOUS
and SEPALLATA3

Constitutive expression of several flowering and flower development-related genes, in-
cluding FT, SEP3, and AG, causes leaf curling and earlier flowering in Arabidopsis [34-37].
To assess the expression of these endogenous flowering and flower development regulating
genes, we performed RT-qPCR assays (Figure 7). First, we tested the expression of the
florigen and floral pathway integrator FT and found the expression levels of FT signifi-
cantly upregulated in three YIN_OE (up to 6.7 TWE) and in three YANG_OE lines (up to
6.1 TWE), while four transgenic lines showed no significant differences of FT expression in
comparison to wild-type (Figure 7b). Next, we tested the expression levels of SEP3 and AG
and found both MADS-box genes highly misexpressed (Figure 7c,d). The expression levels
of SEP3 ranged from 22.0 to 68.9 TWE in YIN_OE lines and 45.8 to 139.7 TWE in YANG_OE
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lines, while AG expression ranged from 158.0 to 453.6 TWE in YIN_OE lines and 157.6 to
271.8 TWE in YANG_OE lines. We found some a weak correlation between the expression
levels of FT, SEP3, and AG in the transgenic lines. The three YIN_OE lines with significantly
increased FT expression (#21, #26, #28), were also the three YIN_OE lines with the highest
AG and SEP3 expression. Since FT was not significantly upregulated in all transgenic lines,
we tested also the floral pathway integrators SOCI and LFY (Figure 7e,f). Surprisingly,
neither SOCI nor LFY expression were significantly changed in any transgenic line tested
compared with wild-type. To summarize our expression analysis, only AG and SEP3 were
strongly misexpressed in all transgenic lines, while the slight upregulation of FT expression
in some transgenic lines might be linked to high expression of AG and SEP3.

2.6. Expression of YIN and YANG in Arabidopsis Promotes Root Growth and Seed Germination

Exogenous application of ABA and NaCl can strongly reduce root growth in Ara-
bidopsis plants [55]. Overexpression of AtYY1 results in enhanced root growth, which is
mainly caused by negative regulation of ABA signaling [13]. Our transgenic YIN_OE and
YANG_OE lines also exhibited decreased root growth inhibition sensitivity in response to
ABA and NaCl (Figure 8a—d). After one day at 1 uM ABA, the root length of YIN_OE and
YANG_OE plants were unaffected by ABA, while the wild-type root lengths were 83% of
its mock control. Importantly, the root length of untreated Col-0, yy1 mutants, YIN_OE
and YANG_OE plants did not significantly vary at day 1 of treatment. In contrast, NaCl
treatment strongly reduced the root length of all genotypes, but YIN_OE and YANG_OE
roots were more resistant than the wild-type. Over the time course (1, 2, and 5 days of
treatment), the decreased root growth inhibition sensitivity of YIN_OE and YANG_OE
plants to ABA and NaCl became more evident (Figure 8d). Therefore, expression of YIN_OE
and YANG_OE made Arabidopsis plants less sensitive to ABA and osmotic stress. Similarly,
seed germination and cotyledon greening ratio assays can indicate hypo- and hypersensi-
tivity to ABA. YIN_OE and YANG_OE plants germinated earlier than the wild-type, while
the yy1 mutant control germinated later (Figure 8e,f). To summarize, expression of YIN
and YANG phenocopied the effects of AtYY1 overexpression on seed germination and root
growth, suggesting an overlap of target genes between the transgenic YIN and YANG
and the endogenous transcription factor AtYY1 in Arabidopsis. Since AtYY1 is a negative
regulators of ABA responses, YIN and YANG might have a similar function in Populus.

Mock * 1UMABA
Col-0 YIN.OE YANG_-OE vyl Col-0 YIN.OF YANG.OE

150 mM NaCl
yy1 Col-0 YIN_OE YANG_OE

n
N

Figure 8. Cont.



Int. ]. Mol. Sci. 2023, 24, 7639

110f18

d 60 myyl Col-0 mYIN_OE#34 mYANG_OE #7

day 1 day 2 day 5 day 1 day 2 day 5 day 1 day 2 day 5
MOCK 1uMABA 150 mM NaCl

f m greening m= germinated

b a
Col-0  YIN_OE YANG_OE

a
100%
#34 #1

81 00%

c
40%
i 0%
20%
10%

0% yy1-2

Figure 8. Expression of YIN and YANG promotes root growth and accelerates seed germination in
Arabidopsis. (a—d) Root growth among yy1, Col-0, and transgenic YIN_OE (#34) and YANG (#7)
plants. Three-day-old seedlings grown on MS medium were transferred to MS medium containing
0 (a, Mock), 1 uM ABA (b), or 150 mM NaCl (c), and grown vertically for 5 days. Scale bars = 10 mm.
(d) Root length in mm; N > 6 plates with approximately 5-10 plants of each genotype. (ef) Seed

germination and cotyledon greening ratios of Col-0, yy1, and YIN_OE (#34) and YANG (#7) transgenic
plants (N = 50). Seeds geminated on MS medium for 4 days. (d,f) Error bars represent the standard
error of the mean,; statistical significance (p < 0.05) was determined by Student ¢-test and a-n mark
groups of significant differences.

3. Discussion

We isolated from Populus (Populus trichocarpa) the full-length cDNAs of two homol-
ogous of the Arabidopsis transcription factor gene AtYY1, YIN and YANG, and stably
expressed them in Arabidopsis to test their potential protein function as transcription
factors. The predicted proteins of YIN and YANG comprise a nuclear location sequence
(NLS), a DNA-binding domain containing four C2H2 zinc fingers, and the acidic C-terminal
region that might act as a transcription activation domain (Figure 2). These three features
are shared with the Arabidopsis dual-function transcription factor AtYY1 [13] indicating
that YIN and YANG encode also transcription factors. In line with this assumption, we
found YIN and YANG predominantly localized in the nuclei of Arabidopsis (Figure 4).
YIN and YANG also contain a fifth C2H2 zinc finger with unknown function and a casein
kinase II (CKII) phosphorylation site that is conserved within the plant kingdom [13,20].
Furthermore, YIN and YANG comprise the REPO domain (Figure 2) that is evolutionary
preserved and serves as protein—protein interaction domain with the chromatin remodel-
ing complex INOS80 that has ATP-dependent nucleosome sliding activity, but also main-
tains histone H3 levels within the chromatin of target genes [21-23,56]. The high amino
acid identity between AtYY1 and YIN and YANG as well as their identical arrangement
of protein domains suggest that YIN and YANG have also a high functional similarity
to AtYY1.

Plant orthologues of YY1 function as repressors and activators in diverse processes
including mesophyll cell-specific gene repression [18], pathogen responses [19], negative
regulation of ABA signaling [13,20], and flowering time control [22]. We found that
expression of YIN and YANG in Arabidopsis accelerates flowering (Figure 7), while the
endogenous floral identity genes AG and SEP3 were ectopically high expressed (Figure 6¢,d).
The MADS-domain transcription factors AG and SEP3 can form a heterotetrameric complex
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that is essential for the determination of the floral stem cell pool in Arabidopsis, but plays a
lesser role in the organogenesis of stamens and carpels [57]. The overexpression of AG and
SEP3 causes leaf curling and earlier flowering in Arabidopsis [36,38,39]. Hence, the high
expression of AG and SEP3 in YIN_OE and YAN_OE lines is fully sufficient to explain the
leaf curling and early flowering.

Loss of the Polycomb protein CURLY LEAF (CLF) results also in misexpression of
AG and SEP3 causing earlier flowering and leaf curling [58,59]. Although YIN_OE and
YAN_OE lines seems to resemble the phenotype of clf-28 mutants, the dynamics of the leaf
curling along the time axis [54] are clearly different (Supplementary Figure S3b—d). In clf-28
mutants, the juvenile rosette leaves are only mild curled, whereas the later-produced cauline
leaves at the shoot are more strongly curled than the rosette leaves. This is in line with the
idea that gradual increasing SEP3 expression levels (that also occur in wild-type) in later-
made leaves enhance the basic misexpression of SEP3 by loss of CLF function. In YIN_OE
and YAN_OE lines, it is rather the other way around with a continuous weakening of the
leaf curling along the time axis (Supplementary Figure S3b,c). This might indicate a gradual
vanishing of an essential cofactor for activation of AG and SEP3. Notably, overexpression
of the epigenetic regulator ULT1 [60] can result in AG misexpression causing a clf-like
phenotype [61] that is considered to indicate Trithorax (TrxG) activity, which antagonizes
PcG gene silencing [62]. From there, the phenotype of YIN_OE and YAN_OE plants could
be a kind that YIN and YANG work as TrxG proteins.

During the vegetative rosette stage, the AG chromatin is silenced by H3K27 trimethy-
lation, which results in compact and non-accessible chromatin [58,63]. Nevertheless, YIN
and YANG can activate AG in Arabidopsis, likely by gaining access to the AG promoter by
either inherent pioneer factor-like activity or by recruiting chromatin remodeler-complexes.
In mammalians, binding of YY1 to its DNA binding sites in target genes requires the
ATP-dependent chromatin-remodeling complex INOS80 that is involved in the shifting
and repositioning of nucleosomes, suggesting that YY1 uses the INO80 complex not only
to activate transcription but also to gain access to target promoters [23,64]. Recently, it
has been shown that AtYY1 interacts with INO80 and an INO80-associated COMPASS
histone H3K4 methyltransferase complex, thereby facilitating the activation mark H3K4
trimethylation and transcriptional activation [22]. Although YIN_OE and YAN_OE Ara-
bidopsis lines are heterologous systems, it would be interesting to address in future studies
whether the reactivation of AG by YIN and YANG is based on chromatin remodeling or
H3K4 methylation by the INO80 and/or the associated COMPASS complex, respectively.
This research could give new insights to how the evolutionary conserved YY1 proteins
reactivate target genes in plant and animal systems.

In Populus (Populus trichocarpa), the expression pattern of both AG orthologues PtAG1
and PtAG2 is nearly identical in female and male trees, and consistent with AG expression
in Arabidopsis, PtAG1 and PtAG2 are expressed in stamens and carpels, but not in perianth
structures [65]. In contrast to AG in Arabidopsis, PtAGI and PtAG2 were also detected in
vegetative tissue including stem, leaves, vegetative buds, and vegetative apical meristem
tissues [34,65]. Hence, there is a large expression overlap of YIN and YANG with PtAG1
and PtAG2. However, whether YIN and YANG are direct activators of PtAG1 and PtAG2 in
Populus need to be investigated in future studies.

Although the gene duplication of YY1 occurred likely about 60-65 million years ago
during the early evolution of the Salicaceae, YIN and YANG remain conserved in Populus,
suggesting that both gene copies have been under positive selection during evolution and
both seem functionally important. In our analyses, we neither found significant differences
in the investigated phenotypes nor in expression levels of YIN/YANG, AG, SEP3 and FT
between all 10 transgenic lines (Figures 5-8). This is in line with the hypothesis that the
protein function is conserved between YIN and YANG by positive selection. However, the
limitations of using a heterologous system in this study might miss slight differences in
function of YIN and YANG, which could be detectable in Populus.
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The positive selection during evolution, and the maintenance of both Populus YY1
genes, could be based on their differential expression pattern (Figure 3 and Figure S1). This
different spatiotemporal expression pattern is likely caused by differences in the binding
motifs of the promoters of YIN and YANG. Although YIN is more strongly expressed
than YANG in the majority of Populus tissues, they are both expressed and therefore
likely contribute to the “YY1-function” accordantly to the ratio of their expression levels.
There is one extreme exception from the general dominance of YIN over YANG. In late
dormant buds, YANG is more than two times stronger expressed than YIN in any other
tissue, indicating an important function of YANG in the late stage of dormant buds, either
to maintain the dormancy or more likely to break it. Interestingly, the two Populus FT
paralogs control the annual growth cycle differently by having opposite roles in the bud
development. FT2 is required for vegetative growth and regulates the entry into winter
dormancy, while FT1 is required for bud flush in spring by releasing the dormancy [31].
It is possible that the high peak of YANG expression in the late stage of dormant buds
is related to the function of FT1 breaking bud dormancy in Populus. However, to prove
or disprove such a relationship, and which other functions YIN and YANG might have,
requires further studies on the Populus tree, and deeper investigation on a molecular level.

Our work confirmed that YIN and YANG are nuclear-localized proteins that share
typical features with the Arabidopsis dual-function transcription factor AtYY1, which are
conserved within the Salicaceae family including a high amino acid identity particularly in
the conserved domains that include the REPO domain, a C2H2-type DNA-binding domain,
a NLS, and an acidic C-terminal region. These domains are associated with transcriptional
regulation, while the acidic region is a typical feature of transcriptional activators. We
found that ectopic expression of YIN and YANG causes high expression of AG and SEP3
leading to early flowering Arabidopsis plants with curled leaves. Since AG is silenced
during vegetative development of Arabidopsis, the ectopic activation of AG in YIN_OE
and YANG_OE Arabidopsis lines indicates that YIN and YANG might function as pioneer
factors and/or are recruiters of chromatin-remodeling complexes such as INO80 via their
REPO domains. Furthermore, the expression of YIN and YANG had similar effects as AtYY1
overexpression to the ABA response in Arabidopsis including earlier seed germination.
Together, our results suggest that YIN and YANG are functional transcription factors that
regulate gene expression, which likely controls ABA signaling, and possibly flowering
time or breaking bud dormancy in Populus. These findings provide new insights into the
function of YIN and YANG in Populus and references toward further investigations on the
role of YY1 genes in woody plants.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

In this study, Populus (Populus trichocarpa) was cultured on Woody Plant Basal Medium
w/Vitamins (WPM [66]; PhytoTech Lab, Lenexa, USA) adjusted to pH 5.8 with 25 g/L
sucrose, 5.8 g/L agar and 20 ug/L IBA (Indole-3-Butyric Acid; PhytoTech Lab, Lenexa,
USA) under long-day (LD) conditions (16-h-light/8-h-dark cycle; 25 °C) in phytocabinets.
The Populus leaf, stem, and root tissues were harvested from four weeks old plants.

The Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col-0) was used as wild-type
(WT), clf-28, and yy1 mutants (yy1-2, SALK_040806C) were described before [13,19,59,67]. Ara-
bidopsis seedlings were cultivated on 1/2 MS culture medium plates: seeds were stratified
for three days at 4 °C in dark and then moved to LD (22 °C). A total of
11 days after germination (DAG), the Arabidopsis plants were transferred and continu-
ously grown on soil containing vermiculite and perlite with the ratio of 1:1:1 under LD
conditions. For expression analysis (see Section 2.4), 14-day-old seedlings were harvested in
two independent experiments.
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4.2. Multiple Sequence Alignment and Phylogenetic Analysis

We downloaded 25 sequences of YY1 homologs from 17 different plant species
(Supplementary Table S1). The plant YY1 protein sequences were obtained from
Phytozome (https:/ /phytozome.jgi.doe.gov, accessed on 22 September 2021 for YIN and
YANG, and with the exception for Sapur.003G005600.2 (23 March 2023), all other Rosid YY1
genes on 27 May 2022) [68]. To analyze the phylogenetic relationship of YIN and YANG with
the other plant YY1 homologs, MEGA7.0.26 software (https://www.megasoftware.net)
was employed to create a Neighbor-Joining (NJ) tree [69], and the number of replications
in the Bootstrap analysis was set to 1000. The multiple sequence alignment of the salicoid
YY1 homologs and AtYY1 was performed using the DNAMAN software (Lynnon Corp.,
Quebec City, QC, Canada).

4.3. Cloning, Plasmid Constraction and Stable Plant Transformation

The coding region without stop-codon of YIN and YANG were amplified by PCR using
Populus leaf cDNA as templates and gene specific primers. The PCR products were cloned
into the pGGCO000 entry vector of the GreenGate cloning system that bases on the Golden
Gate technique [53]. After the GreenGate reaction with pGGZ001 (destination vector),
pGGA004 (35S promoter), pGGB003 (B-dummy), pGGC000 (CDS of YIN or YANG), pGGD001
(linker-GFP), pGGE001 (RBCS terminator), and pGGF008 (pNOS::BastaR:tNOS) [53], the re-
combined 35S5:YIN-GFP and 355::'YANG-GFP constructs were introduced into the
Agrobacterium tumefaciens strain GV3101 (pSoup) to transform Arabidopsis (Col-0) plants
by floral dip method [70]. The transgenic lines were selected by BASTA resistance. The
primers used for the cloning of YIN and YANG are listed in Supplementary Table S2.

4.4. RT-gPCR Expression Analysis

The detection of gene expression by RT-qPCR were performed as described before [71].
In short, total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA),
cDNA was synthesized by reverse transcription by the first-strand cDNA synthesis kit
(Thermo scientific; Vilnius, Lithuania), and RT-qPCRs were performed using the SYBR
Green I Master Mix (Roche Diagnostics, Rotkreuz, Switzerland) and the Roche Lightcy-
cler480 II machine. The expression values were calculated as Mean Normalized Expression
(MNE) [72]. For Populus tissue, the PtActin 7 gene was used as an internal control to nor-
malize the data [73], while for Arabidopsis seedling tissue the eIF4A1 gene was used [74].
A Student’s t-test was used to examine the significance of expression differences between
transgenic lines and the Col-0 control. The threshold for statistically significant differences
was set to * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001.

4.5. Subcellular Localization

To analyze the subcellular localization of YIN and YANG, YIN-GFP and YANG-GFP
were observed in transgenic 355::YIN-GFP or 355::YANG-GFP Arabidopsis seeding roots
using a confocal laser scanning microscope (LSM 700, Zeiss, Jena, Germany) with a 488 nm
excitation laser.

4.6. Flowering Time

In four independent experiments (biological repeats), the rosette leaf number of
10 homozygous transgenic Arabidopsis lines (5 YIN_OE lines and 5 YANG_OE lines,
all in T4 generation) and Col-0 was determined with 15 or more plants per line in each
experiment. Statistical significance was determined by one-way ANOVA followed by a
Tukey’s multiple comparisons test. The diagrams and graphs were generated using Graph-
Pad Prism 7 Software (https://www.graphpad.com/scientific-software/prism/, accessed
on 29 June 2022) and modified by Adobe Photoshop 8.0.
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4.7. Seed Germination, Root Length, and Root Growth Assays

For root growth assays, seeds were sowed on MS agar medium, kept at 4 °C for
2.5 days, and then incubated in a growth chamber at 22 °C for 3 days. The resulting
seedlings were then transferred to new MS plates (N > 6 plates with approximately
10 plants of each genotype) containing 0 uM (mock), 1 uM ABA, or 150 mM NaCl for
5 days, and the plates were placed vertically on a rack. Root length was measured at
1 day, 2 days, and 5 days of treatment. Relative root growth was calculated as described
previously [75].

For seed germination assays, approximately 50 seeds each from Col-0, yy1 mutant, and
trans-genic 35S::YIN-GFP and 355::YANG-GFP plants were planted on MS agar medium
with 0.5 uM ABA, 150 mM NaCl, or mock, incubated at 4 °C for 2.5 days and then in a
22 °C growth chamber under long day conditions. Germination (radicle emergence) and
cotyledon greening was scored 2 days after incubation.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/1jms24087639/s1.

Author Contributions: X.L. (Xinying Liu) conceived and performed the research with the help of
R.M.-X,, X.L. (Xinying Liu) and R.M.-X. wrote the manuscript with the help of Q.X. and X.L. (Xuemei
Liu). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (project
Nos. 31640054 and 31771602), two Starting Grants of the Lushan Botanical Garden, Chinese Academy
of Sciences, Jiujiang (Grant Nos. 2021ZWZX24 and 2021ZWZX25) to Q.X and R.M.-X., and the High-
Level Foreign Experts Project (G2021022004) from the Chinese Ministry of Science and Technology
to RM.-X.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are included within this article. More detailed
information on the phylogenetic analysis is available on request to ralf. mueller@hhu.de.

Acknowledgments: We thank all members of our research groups for their support and Zhoujie An
for advice regarding our phylogenetic analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gordon, J.C. Poplars: Trees of the people, trees of the future. For. Chron. 2001, 77, 217-219. [CrossRef]

2. Taylor, G. Populus: Arabidopsis for Forestry. Do We Need a Model Tree? Ann. Bot. 2002, 90, 681-689. [CrossRef] [PubMed]

3.  Sannigrahi, P,; Ragauskas, A.J.; Tuskan, G.A. Poplar as a feedstock for biofuels: A review of compositional characteristics. Biofuels
Bioprod. Biorefining 2010, 4, 209-226. [CrossRef]

4.  Stettler, R.F. Biology of Populus and its Implications for Management and Conservation; NRC Research Press: Ottawa, ON, Canada,
1996; ISBN 0660165066.

5. Tuskan, G.A,; DiFazio, S.P.; Teichmann, T. Poplar Genomics is Getting Popular: The Impact of the Poplar Genome Project on Tree
Research. Plant Biol. 2004, 6, 2—4. [CrossRef] [PubMed]

6. Tuskan, G.A,; DiFazio, S.; Jansson, S.; Bohlmann, J.; Grigoriev, I.; Hellsten, U.; Putnam, N.; Ralph, S.; Rombauts, S.;
Salamov, A.; et al. The Genome of Black Cottonwood, Populus trichocarpa (Torr. & Gray). Science 2006, 313, 1596-1604. [CrossRef]
[PubMed]

7. Dai, X;; Hu, Q.; Cai, Q.; Feng, K.; Ye, N.; Tuskan, G.A.; Milne, R.; Chen, Y,; Wan, Z.; Wang, Z.; et al. The willow genome and
divergent evolution from poplar after the common genome duplication. Cell Res. 2014, 24, 1274-1277. [CrossRef]

8.  Leijten, W,; Koes, R.; Roobeek, I.; Frugis, G. Translating Flowering Time from Arabidopsis thaliana to Brassicaceae and Asteraceae
Crop Species. Plants 2018, 7, 111. [CrossRef]

9.  Blimel, M,; Dally, N.; Jung, C. Flowering time regulation in crops—What did we learn from Arabidopsis? Curr. Opin. Biotechnol.
2015, 32, 121-129. [CrossRef]

10. McGarry, R.C; Ayre, B.G. Cotton architecture: Examining the roles of SINGLE FLOWER TRUSS and SELF-PRUNING in
regulating growth habits of a woody perennial crop. Curr. Opin. Plant Biol. 2021, 59, 101968. [CrossRef]

11.  Jung, C.; Miiller, A.E. Flowering time control and applications in plant breeding. Trends Plant Sci. 2009, 14, 563-573. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms24087639/s1
https://www.mdpi.com/article/10.3390/ijms24087639/s1
https://doi.org/10.5558/tfc77217-2
https://doi.org/10.1093/aob/mcf255
https://www.ncbi.nlm.nih.gov/pubmed/12451023
https://doi.org/10.1002/bbb.206
https://doi.org/10.1055/s-2003-44715
https://www.ncbi.nlm.nih.gov/pubmed/15095128
https://doi.org/10.1126/science.1128691
https://www.ncbi.nlm.nih.gov/pubmed/16973872
https://doi.org/10.1038/cr.2014.83
https://doi.org/10.3390/plants7040111
https://doi.org/10.1016/j.copbio.2014.11.023
https://doi.org/10.1016/j.pbi.2020.10.001
https://doi.org/10.1016/j.tplants.2009.07.005

Int. ]. Mol. Sci. 2023, 24, 7639 16 of 18

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shi, Y; Seto, E.; Chang, L.-S.; Shenk, T. Transcriptional repression by YY1, a human GLI-Kriiippel-related protein, and relief of
repression by adenovirus E1A protein. Cell 1991, 67, 377-388. [CrossRef] [PubMed]

Li, T.; Wu, X.-Y,; Li, H.; Song, J.-H.; Liu, J.-Y. A Dual-Function Transcription Factor, AtYY1, Is a Novel Negative Regulator of the
Arabidopsis ABA Response Network. Mol. Plant 2016, 9, 650-661. [CrossRef] [PubMed]

Simon, J.; Chiang, A.; Bender, W. Ten different Polycomb group genes are required for spatial control of the abdA and AbdB
homeotic products. Development 1992, 114, 493-505. [CrossRef] [PubMed]

Brown, J.L.; Mucci, D.; Whiteley, M.; Dirksen, M.-L.; Kassis, ].A. The Drosophila Polycomb Group Gene pleiohomeotic Encodes a
DNA Binding Protein with Homology to the Transcription Factor YY1. Mol. Cell 1998, 1, 1057-1064. [CrossRef] [PubMed]
Atchison, M.L. Function of YY1 in Long-Distance DNA Interactions. Front. Immunol. 2014, 5, 45. [CrossRef]

Gregoire, S.; Li, G.; Sturzu, A.C.; Schwartz, R.J.; Wu, S.M. YY1 Expression Is Sufficient for the Maintenance of Cardiac Progenitor
Cell State. Stem Cells 2017, 35, 1913-1923. [CrossRef] [PubMed]

Xu, T,; Purcell, M.; Zucchi, P.; Helentjaris, T.; Bogorad, L. TRM1, a YY1-like suppressor of rbcS-m3 expression in maize mesophyll
cells. Proc. Natl. Acad. Sci. USA 2001, 98, 2295-2300. [CrossRef]

Lai, Z.; Schluttenhofer, C.M.; Bhide, K.; Shreve, J.; Thimmapuram, ]J.; Lee, S.Y,; Yun, D.-].; Mengiste, T. MED18 interaction with
distinct transcription factors regulates multiple plant functions. Nat. Commun. 2014, 5, 240. [CrossRef]

Wu, X.-Y.; Li, T. A Casein Kinase II Phosphorylation Site in AtYY1 Affects Its Activity, Stability, and Function in the ABA Response.
Front. Plant Sci. 2017, 8, 226. [CrossRef]

Wilkinson, FEH.; Park, K.; Atchison, M.L. Polycomb recruitment to DNA in vivo by the YY1 REPO domain. Proc. Natl. Acad. Sci.
USA 2006, 103, 19296-19301. [CrossRef]

Shang, J.-Y,; Lu, Y.-J; Cai, X.-W.; Su, Y.-N,; Feng, C.; Li, L.; Chen, S.; He, X.-J. COMPASS functions as a module of the INO80
chromatin remodeling complex to mediate histone H3K4 methylation in Arabidopsis. Plant Cell 2021, 33, 3250-3271. [CrossRef]
[PubMed]

Kunert, F; Metzner, EJ.; Jung, J.; Hopfler, M.; Woike, S.; Schall, K.; Kostrewa, D.; Moldt, M.; Chen, J.-X.; Bantele, S.; et al. Structural
mechanism of extranucleosomal DNA readout by the INO80 complex. Sci. Adv. 2022, 8. [CrossRef] [PubMed]

Kinoshita, A.; Richter, R.; Wellmer, F. Genetic and molecular basis of floral induction in Arabidopsis thaliana. ]. Exp. Bot. 2020, 71,
2490-2504. [CrossRef] [PubMed]

Kardailsky, I.; Shukla, V.K.; Ahn, ].H.; Dagenais, N.; Christensen, S.K.; Nguyen, ].T.; Chory, J.; Harrison, M.].; Weigel, D. Activation
Tagging of the Floral Inducer FT. Science 1999, 286, 1962-1965. [CrossRef] [PubMed]

Kobayashi, Y.; Kaya, H.; Goto, K.; Iwabuchi, M.; Araki, T. A Pair of Related Genes with Antagonistic Roles in Mediating Flowering
Signals. Science 1999, 286, 1960-1962. [CrossRef]

Blazquez, M.A.; Weigel, D. Integration of floral inductive signals in Arabidopsis. Nature 2000, 404, 889-892. [CrossRef]

Lee, H.; Suh, S.-S.; Park, E.; Cho, E.; Ahn, ].H.; Kim, S.-G.; Lee, ].S.; Kwon, Y.M.; Lee, I. The AGAMOUS-LIKE 20 MADS domain
protein integrates floral inductive pathways in Arabidopsis. Genes Dev. 2000, 14, 2366—2376. [CrossRef]

Samach, A.; Onouchi, H.; Gold, S.E; Ditta, G.S.; Schwarz-Sommer, Z.; Yanofsky, M.E.; Coupland, G. Distinct Roles of CONSTANS
Target Genes in Reproductive Development of Arabidopsis. Science 2000, 288, 1613-1616. [CrossRef]

O’Maoiléidigh, D.S.; Graciet, E.; Wellmer, F. Gene networks controlling Arabidopsis thaliana flower development. New Phytol. 2014,
201, 16-30. [CrossRef]

André, D.; Marcon, A.; Lee, K.C.; Goretti, D.; Zhang, B.; Delhomme, N.; Schmid, M.; Nilsson, O. FLOWERING LOCUS T paralogs
control the annual growth cycle in Populus trees. Curr. Biol. 2022, 32, 2988-2996.e4. [CrossRef]

Goémez-Soto, D.; Ramos-Sanchez, ].M.; Alique, D.; Conde, D.; Triozzi, PM.; Perales, M.; Allona, I. Overexpression of a SOC1-
Related Gene Promotes Bud Break in Ecodormant Poplars. Front. Plant Sci. 2021, 12, 1001. [CrossRef] [PubMed]

Lu, H; Klocko, A.L.; Brunner, A.M.; Ma, C.; Magnuson, A.C.; Howe, G.T.; An, X; Strauss, S.H. RNA interference suppression
of AGAMOUS and SEEDSTICK alters floral organ identity and impairs floral organ determinacy, ovule differentiation, and
seed-hair development in Populus. New Phytol. 2019, 222, 923-937. [CrossRef]

Yanofsky, M.E; Ma, H.; Bowman, J.L.; Drews, G.N.; Feldmann, K.A.; Meyerowitz, E.M. The protein encoded by the Arabidopsis
homeotic gene agamous resembles transcription factors. Nature 1990, 346, 35-39. [CrossRef]

Favaro, R.; Pinyopich, A.; Battaglia, R.; Kooiker, M.; Borghi, L.; Ditta, G.; Yanofsky, M.E,; Kater, M.M.; Colombo, L. MADS-Box
Protein Complexes Control Carpel and Ovule Development in Arabidopsis. Plant Cell 2003, 15, 2603-2611. [CrossRef] [PubMed]
Mizukami, Y.; Ma, H. Ectopic expression of the floral homeotic gene AGAMOUS in transgenic Arabidopsis plants alters floral
organ identity. Cell 1992, 71, 119-131. [CrossRef] [PubMed]

Honma, T.; Goto, K. Complexes of MADS-box proteins are sufficient to convert leaves into floral organs. Nature 2001, 409, 525-529.
[CrossRef] [PubMed]

Teper-Bamnolker, P.; Samach, A. The Flowering Integrator FT Regulates SEPALLATA3 and FRUITFULL Accumulation in
Arabidopsis Leaves. Plant Cell 2005, 17, 2661-2675. [CrossRef]

Castillejo, C.; Romera-Branchat, M.; Pelaz, S. A new role of the Arabidopsis SEPALLATA3 gene revealed by its constitutive
expression. Plant J. 2005, 43, 586-596. [CrossRef]

Adal, A.M.; Binson, E.; Remedios, L.; Mahmoud, S.S. Expression of lavender AGAMOUS-like and SEPALLATA3-like genes
promote early flowering and alter leaf morphology in Arabidopsis thaliana. Planta 2021, 254, 517. [CrossRef]


https://doi.org/10.1016/0092-8674(91)90189-6
https://www.ncbi.nlm.nih.gov/pubmed/1655281
https://doi.org/10.1016/j.molp.2016.02.010
https://www.ncbi.nlm.nih.gov/pubmed/26961720
https://doi.org/10.1242/dev.114.2.493
https://www.ncbi.nlm.nih.gov/pubmed/1350533
https://doi.org/10.1016/S1097-2765(00)80106-9
https://www.ncbi.nlm.nih.gov/pubmed/9651589
https://doi.org/10.3389/fimmu.2014.00045
https://doi.org/10.1002/stem.2646
https://www.ncbi.nlm.nih.gov/pubmed/28580685
https://doi.org/10.1073/pnas.041610098
https://doi.org/10.1038/ncomms4064
https://doi.org/10.3389/fpls.2017.00323
https://doi.org/10.1073/pnas.0603564103
https://doi.org/10.1093/plcell/koab187
https://www.ncbi.nlm.nih.gov/pubmed/34270751
https://doi.org/10.1126/sciadv.add3189
https://www.ncbi.nlm.nih.gov/pubmed/36490333
https://doi.org/10.1093/jxb/eraa057
https://www.ncbi.nlm.nih.gov/pubmed/32067033
https://doi.org/10.1126/science.286.5446.1962
https://www.ncbi.nlm.nih.gov/pubmed/10583961
https://doi.org/10.1126/science.286.5446.1960
https://doi.org/10.1038/35009125
https://doi.org/10.1101/gad.813600
https://doi.org/10.1126/science.288.5471.1613
https://doi.org/10.1111/nph.12444
https://doi.org/10.1016/j.cub.2022.05.023
https://doi.org/10.3389/fpls.2021.670497
https://www.ncbi.nlm.nih.gov/pubmed/34113369
https://doi.org/10.1111/nph.15648
https://doi.org/10.1038/346035a0
https://doi.org/10.1105/tpc.015123
https://www.ncbi.nlm.nih.gov/pubmed/14555696
https://doi.org/10.1016/0092-8674(92)90271-D
https://www.ncbi.nlm.nih.gov/pubmed/1356630
https://doi.org/10.1038/35054083
https://www.ncbi.nlm.nih.gov/pubmed/11206550
https://doi.org/10.1105/tpc.105.035766
https://doi.org/10.1111/j.1365-313X.2005.02476.x
https://doi.org/10.1007/s00425-021-03703-3

Int. ]. Mol. Sci. 2023, 24, 7639 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Tzeng, T.-Y.; Hsiao, C.-C.; Chi, P--].; Yang, C.-H. Two Lily SEPALLATA -Like Genes Cause Different Effects on Floral Formation
and Floral Transition in Arabidopsis. Plant Physiol. 2003, 133, 1091-1101. [CrossRef]

Benedito, V.A.; Visser, P.B.; van Tuyl, ].M.; Angenent, G.C.; de Vries, S.C.; Krens, F.A. Ectopic expression of LLAG1, an AGAMOUS
homologue from lily (Lilium longiflorum Thunb.) causes floral homeotic modifications in Arabidopsis. ]. Exp. Bot. 2004, 55,
1391-1399. [CrossRef] [PubMed]

Hsu, H.-F,; Hsieh, W.-P,; Chen, M.-K,; Chang, Y.-Y.; Yang, C.-H. C/D Class MADS Box Genes from Two Monocots, Orchid
(Oncidium Gower Ramsey) and Lily (Lilium longiflorum), Exhibit Different Effects on Floral Transition and Formation in Arabidopsis
thaliana. Plant Cell Physiol. 2010, 51, 1029-1045. [CrossRef]

Liao, W.-Y;; Lin, L.-F; Lin, M.-D.; Hsieh, S.-C.; Li, A,; Tsay, Y.-S.; Chou, M.-L. Overexpression of Lilium formosanum MADS-box
(LEFMADS) Causing Floral Defects While Promoting Flowering in Arabidopsis thaliana, Whereas Only Affecting Floral Transition
Time in Nicotiana tabacum. Int. ]. Mol. Sci. 2018, 19, 2217. [CrossRef] [PubMed]

Cao, L.; Liu, D; Jiang, F.; Wang, B.; Wu, Y.; Che, D.; Fan, ]. Heterologous Expression of LiSEP3 from Oriental Lilium Hybrid
‘Sorbonne’” Promotes the Flowering of Arabidopsis thaliana L. Mol. Biotechnol. 2022, 64, 1120-1129. [CrossRef] [PubMed]
Nakatsuka, T.; Saito, M.; Yamada, E.; Fujita, K.; Yamagishi, N.; Yoshikawa, N.; Nishihara, M. Isolation and characterization of the
C-class MADS-box gene involved in the formation of double flowers in Japanese gentian. BMC Plant Biol. 2015, 15, 31. [CrossRef]
[PubMed]

Zhou, F-Y; Yu, Q.; Zhang, Y.; Han, Y.-J.; Yao, C.-C. Overexpression of AGAMOUS-like gene PfAG5 promotes early flowering in
Polypogon fugax. Funct. Plant Biol. 2021, 48, 793. [CrossRef]

Zhang, J.; Wang, M.; Mo, Z.; Wang, G.; Guo, Z. Molecular Characterization and Functional Analysis of an AGAMOUS-like Gene
CiAG from Pecan. HortScience 2016, 51, 664—668. [CrossRef]

Zhao, X.Y.; Cheng, Z.].; Zhang, X.S. Overexpression of TaMADS1, a SEPALLATA-like gene in wheat, causes early flowering and
the abnormal development of floral organs in Arabidopsis. Planta 2006, 223, 698-707. [CrossRef]

Zhang, S.;Lu,S.;Yi, S.; Han, H.; Liu, L.; Zhang, ].; Bao, M; Liu, G. Functional conservation and divergence of five SEPALLATA-like
genes from a basal eudicot tree, Platanus acerifolia. Planta 2017, 245, 439-457. [CrossRef]

Martin, T.; Hu, M.; Labbé, H.; McHugh, S.; Svircev, A.; Miki, B. PpAG1, a homolog of AGAMOUS, expressed in developing peach
flowers and fruit. Can. J. Bot. 2006, 84, 767-776. [CrossRef]

Cseke, L.J.; Cseke, S.B.; Ravinder, N.; Taylor, L.C.; Shankar, A.; Sen, B.; Thakur, R.; Karnosky, D.E; Podila, G.K. SEP-class genes in
Populus tremuloides and their likely role in reproductive survival of poplar trees. Gene 2005, 358, 1-16. [CrossRef] [PubMed]
Lampropoulos, A.; Sutikovic, Z.; Wenzl, C.; Maegele, I.; Lohmann, J.U.; Forner, J.; Janssen, P.J. GreenGate—A Novel, Versatile,
and Efficient Cloning System for Plant Transgenesis. PLoS ONE 2013, 8, e83043. [CrossRef] [PubMed]

Miiller-Xing, R.; Schubert, D.; Goodrich, J. Non-inductive conditions expose the cryptic bract of flower phytomeres in Arabidopsis
thaliana. Plant Signal. Behav. 2015, 10, €1010868. [CrossRef]

Harris, J. Abscisic Acid: Hidden Architect of Root System Structure. Plants 2015, 4, 548-572. [CrossRef]

Miiller-Xing, R.; Xing, Q. The plant stem-cell niche and pluripotency: 15 years of an epigenetic perspective. Front. Plant Sci. 2022,
13,1047. [CrossRef]

Hugouvieux, V,; Silva, C.S,; Jourdain, A.; Stigliani, A.; Charras, Q.; Conn, V.; Conn, S.J.; Carles, C.C.; Parcy, F; Zubieta, C.
Tetramerization of MADS family transcription factors SEPALLATA3 and AGAMOUS is required for floral meristem determinacy
in Arabidopsis. Nucl. Acids Res. 2018, 46, 4966-4977. [CrossRef] [PubMed]

Goodrich, J.; Puangsomlee, P.; Martin, M.; Long, D.; Meyerowitz, E.M.; Coupland, G. A Polycomb-group gene regulates homeotic
gene expression in Arabidopsis. Nature 1997, 386, 44-51. [CrossRef]

Lopez-Vernaza, M.; Yang, S.; Miiller, R.; Thorpe, E; de Leau, E.; Goodrich, J.; Blazquez, M.A. Antagonistic Roles of SEPALLATA3,
FT and FLC Genes as Targets of the Polycomb Group Gene CURLY LEAF. PLoS ONE 2012, 7, e30715. [CrossRef]

Tian, J.; Xing, Q.; Jing, T.; Fan, X.; Zhang, Q.; Miiller-Xing, R. The epigenetic regulator ULTRAPETALAT1 suppresses de novo root
regeneration from Arabidopsis leaf explants. Plant Signal. Behav. 2022, 17, 118. [CrossRef]

Carles, C.C.; Fletcher, J.C. The SAND domain protein ULTRAPETALALI acts as a trithorax group factor to regulate cell fate in
plants. Genes Dev. 2009, 23, 2723-2728. [CrossRef]

Miiller, R.; Goodrich, J. Sweet memories: Epigenetic control in flowering. F1000 Biol. Rep. 2011, 3, 13. [CrossRef] [PubMed]
Saleh, A.; Al-Abdallat, A.; Ndamukong, I.; Alvarez-Venegas, R.; Avramova, Z. The Arabidopsis homologs of trithorax (ATX1) and
enhancer of zeste (CLF) establish ‘bivalent chromatin marks’ at the silent AGAMOUS locus. Nucl. Acids Res. 2007, 35, 6290-6296.
[CrossRef] [PubMed]

Cai, Y,; Jin, J.; Yao, T.; Gottschalk, A.J.; Swanson, S.K.; Wu, S.; Shi, Y.; Washburn, M.P,; Florens, L.; Conaway, R.C.; et al. YY1
functions with INOS8O to activate transcription. Nat. Struct. Mol. Biol. 2007, 14, 872-874. [CrossRef]

Brunner, A.M.; Rottmann, W.H.; La Sheppard; Krutovskii, K.; DiFazio, S.P.; Leonardi, S.; Strauss, S.H. Structure and expression of
duplicate AGAMOUS orthologues in popular. Plant Mol. Biol. 2000, 44, 619-634. [CrossRef] [PubMed]

Lloyd, G.; McCown, B.H. Commercially-Feasible Micropropagation of Mountain Laurel, Kalmia latifolia, by Use of Shoot-Tip
Culture. Comb. Proc.-Int. Plant Propag. Soc. 1980, 30, 421-427.

Miiller-Xing, R.; Clarenz, O.; Pokorny, L.; Goodrich, J.; Schubert, D. Polycomb-Group Proteins and FLOWERING LOCUS T
Maintain Commitment to Flowering in Arabidopsis thaliana. Plant Cell 2014, 26, 2457-2471. [CrossRef] [PubMed]


https://doi.org/10.1104/pp.103.026997
https://doi.org/10.1093/jxb/erh156
https://www.ncbi.nlm.nih.gov/pubmed/15155783
https://doi.org/10.1093/pcp/pcq052
https://doi.org/10.3390/ijms19082217
https://www.ncbi.nlm.nih.gov/pubmed/30060634
https://doi.org/10.1007/s12033-022-00492-2
https://www.ncbi.nlm.nih.gov/pubmed/35435590
https://doi.org/10.1186/s12870-015-0569-3
https://www.ncbi.nlm.nih.gov/pubmed/26183329
https://doi.org/10.1071/FP21047
https://doi.org/10.21273/HORTSCI.51.6.664
https://doi.org/10.1007/s00425-005-0123-x
https://doi.org/10.1007/s00425-016-2617-0
https://doi.org/10.1139/b06-031
https://doi.org/10.1016/j.gene.2005.05.035
https://www.ncbi.nlm.nih.gov/pubmed/16040208
https://doi.org/10.1371/journal.pone.0083043
https://www.ncbi.nlm.nih.gov/pubmed/24376629
https://doi.org/10.1080/15592324.2015.1010868
https://doi.org/10.3390/plants4030548
https://doi.org/10.3389/fpls.2022.1018559
https://doi.org/10.1093/nar/gky205
https://www.ncbi.nlm.nih.gov/pubmed/29562355
https://doi.org/10.1038/386044a0
https://doi.org/10.1371/journal.pone.0030715
https://doi.org/10.1080/15592324.2022.2031784
https://doi.org/10.1101/gad.1812609
https://doi.org/10.3410/B3-13
https://www.ncbi.nlm.nih.gov/pubmed/21876724
https://doi.org/10.1093/nar/gkm464
https://www.ncbi.nlm.nih.gov/pubmed/17881378
https://doi.org/10.1038/nsmb1276
https://doi.org/10.1023/A:1026550205851
https://www.ncbi.nlm.nih.gov/pubmed/11198423
https://doi.org/10.1105/tpc.114.123323
https://www.ncbi.nlm.nih.gov/pubmed/24920331

Int. ]. Mol. Sci. 2023, 24, 7639 18 of 18

68.

69.

70.

71.

72.
73.

74.

75.

Goodstein, D.M.; Shu, S.; Howson, R.; Neupane, R.; Hayes, R.D.; Fazo, J.; Mitros, T.; Dirks, W.; Hellsten, U.; Putnam, N.; et al.
Phytozome: A comparative platform for green plant genomics. Nucl. Acids Res. 2012, 40, D1178-D1186. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]

Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant ]. 1998, 16, 735-743. [CrossRef]

Miiller-Xing, R.; Ardiansyah, R.; Xing, Q.; Faivre, L.; Tian, J.; Wang, G.; Zheng, Y.; Wang, X; Jing, T.; de Leau, E.; et al. Polycomb
proteins control floral determinacy by H3K27me3-mediated repression of pluripotency genes in Arabidopsis thaliana. |. Exp. Bot.
2022, 73, 2385-2402. [CrossRef]

Simon, P. Q-Gene: Processing quantitative real-time RT-PCR data. Bioinformatics 2003, 19, 1439-1440. [CrossRef] [PubMed]

Li, S.; Lin, Y.-C.J.; Wang, P; Zhang, B.; Li, M.; Chen, S.; Shi, R.; Tunlaya-Anukit, S.; Liu, X.; Wang, Z.; et al. The AREB1 Transcription
Factor Influences Histone Acetylation to Regulate Drought Responses and Tolerance in Populus trichocarpa. Plant Cell 2019, 31,
663-686. [CrossRef] [PubMed]

Li, X.; Zheng, Y.; Xing, Q.; Ardiansyah, R.; Zhou, H.; Ali, S.; Jing, T,; Tian, J.; Song, X.S.; Li, Y.; et al. Ectopic expression of the
transcription factor CUC2 restricts growth by cell cycle inhibition in Arabidopsis leaves. Plant Signal. Behav. 2020, 15, 1706024.
[CrossRef] [PubMed]

Wang, L.; Hua, D.; He, J.; Duan, Y.; Chen, Z.; Hong, X.; Gong, Z.; Qu, L.-J. Auxin Response Factor2 (ARF2) and Its Regulated
Homeodomain Gene HB33 Mediate Abscisic Acid Response in Arabidopsis. PLoS Genet 2011, 7, €1002172. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1093/jxb/erac013
https://doi.org/10.1093/bioinformatics/btg157
https://www.ncbi.nlm.nih.gov/pubmed/12874059
https://doi.org/10.1105/tpc.18.00437
https://www.ncbi.nlm.nih.gov/pubmed/30538157
https://doi.org/10.1080/15592324.2019.1706024
https://www.ncbi.nlm.nih.gov/pubmed/31900029
https://doi.org/10.1371/journal.pgen.1002172
https://www.ncbi.nlm.nih.gov/pubmed/21779177

	Introduction 
	Results 
	Isolation and Phylogenetic Analysis of YIN and YANG 
	Expression Patterns of YIN and YANG in Wild-Type Populus Different Tissue 
	Sub-Cellular Localization of YIN and YANG in Arabidopsis and Populus 
	Expression of YIN and YANG Promote Early Flowering in Arabidopsis 
	Expression of YIN and YANG in Arabidopsis Causes High Expression of AGAMOUS and SEPALLATA3 
	Expression of YIN and YANG in Arabidopsis Promotes Root Growth and Seed Germination 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Multiple Sequence Alignment and Phylogenetic Analysis 
	Cloning, Plasmid Constraction and Stable Plant Transformation 
	RT-qPCR Expression Analysis 
	Subcellular Localization 
	Flowering Time 
	Seed Germination, Root Length, and Root Growth Assays 

	References

