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Folates, termed from tetrahydrofolate (THF) and its derivatives, function as coenzymes in one-carbon transfer reactions and play
a central role in synthesis of nucleotides and amino acids. Dysfunction of cellular folate metabolism leads to serious defects in
plant development; however, the molecular mechanisms of folate-mediated cellular modifications and physiological responses
in plants are still largely unclear. Here, we reported that THF controls flowering time by adjusting DNA methylation-regulated
gene expression in Arabidopsis (Arabidopsis thaliana). Wild-type seedlings supplied with THF as well as the high endogenous
THF content mutant dilydrofolate synthetase folypoly-Glu synthetase homolog B exhibited significant up-regulation of the flowering
repressor of Flowering Wageningen and thereby delaying floral transition in a dose-dependent manner. Genome-wide transcripts and
DNA methylation profiling revealed that THF reduces DNA methylation so as to manipulate gene expression activity. Moreover, in
accompaniment with elevated cellular ratios between monoglutamylated and polyglutamylated folates under increased THF levels,
the content of S-adenosylhomo-Cys, a competitive inhibitor of methyltransferases, was obviously higher, indicating that enhanced
THF accumulation may disturb cellular homeostasis of the concerted reactions between folate polyglutamylation and folate-
dependent DNA methylation. In addition, we found that the loss-of-function mutant of CG DNA methyltransferase MET1
displayed much less responsiveness to THF-associated flowering time alteration. Taken together, our studies revealed a novel
regulatory role of THF on epigenetic silencing, which will shed lights on the understanding of interrelations in folate
homeostasis, epigenetic variation, and flowering control in plants.

In living organisms, tetrahydrofolate (THF) and its
derivatives, collectively termed folates, are a group of
essential B-complex vitamins that have long been rec-
ognized as necessary nutrients to support the normal
cell differentiation and growth, critical coenzymes in
one-carbon transfers to aid the production of nucleotide
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synthesis and amino acid metabolism, and methyl do-
nors to be required for methylation reactions of impor-
tant biological substances such as DNA, proteins, and
lipids (Lucock, 2000; Hanson and Roje, 2001; Rébeillé
et al., 1997; Cossins and Chen, 1997; Crider et al., 2012;
Fitzpatrick et al., 2012). To accumulate sufficient amounts
of folates and maintain their cellular homeostasis are
extremely important for a broad range of metabolic
functions and physiological processes, whereas inad-
equate folate uptakes usually cause various develop-
mental defects and severe health problems in humans,
including birth defects, vascular diseases, subfertility,
and even increased risks of cancers (Lucock, 2000;
Molloy, 2012; De-Regil et al., 2010; Rose, 1966; Choi
and Friso, 2005). Unlike mammals, which depend en-
tirely on the dietary supply of folates, plants own a
complete folate biosynthetic machinery and are able to
produce these essential vitamins de novo from pterin,
para-aminobenzoic acid and Glu precursors (Hanson
and Roje, 2001; Hanson and Gregory, 2011; Scott et al.,
2000; Roje, 2007). Because of the significance of folates
in human nutritional health, a great deal of effort has
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been invested in recent years with regard to folate
synthesis and metabolism in plants (Fitzpatrick et al.,
2012; Hanson and Gregory, 2011; Roje, 2007; Blancquaert
et al., 2014), and there is growing concern about the
molecular regulation of these important vitamins in
normal genome function and related biological pro-
cesses (Zhang et al., 2012; Zhou et al., 2013; Mehrshahi
et al.,, 2010).

To enhance the stability, affinity, and specificity in
functions of folates in living cells, most of them are at-
tached with a polyglutamyl tail, whose reaction is cata-
lyzed by folylpoly-Glu synthetases (FPGSs; Hanson and
Gregory, 2011; Ravanel et al., 2001), and the increasing
evidence in plants has suggested that folate poly-
glutamylation plays a pivotal role in determining the
extent of cellular folate content and homeostasis (Zhou
et al., 2013; Mehrshahi et al., 2010; Akhtar et al., 2010).
Three FPGS isoforms with distinct subcellular localiza-
tions including plastid, mitochondria, and cytosol were
discovered in Arabidopsis (Arabidopsis thaliana), named
as AtDFB (dihydrofolate synthetase folypoly-Glu syn-
thetase homolog B), AtDFC, and AtDFD, respectively
(Mehrshahi et al., 2010; Ravanel et al., 2001). Previous
studies have suggested that these FPGS homologs
played key roles in regulation of folate abundance and
homeostasis and participated in various developmental
and metabolic processes in plants such as embryo and
seed development, seedling establishment, root growth
and morphogenesis, floral organ formation, and nitro-
gen utilization (Mehrshahi et al., 2010; Meng et al., 2014;
Srivastava et al., 2011; Blancquaert et al., 2014; Jiang
et al., 2013; Reyes-Hernandez et al., 2014). However,
little is known about the regulatory mechanisms of folate
homeostasis-mediated cellular and molecular modifica-
tions on plant development as well as the underlying
physiological relevance.

The appropriate timing of the developmental switch
from the vegetative to reproductive phase is extremely
important for maximizing reproductive success and
propagation of plant species in natural ecological sys-
tem, which is under the strict control of integrated ge-
netic networks determined by various external and
intrinsic regulatory factors (Aidyn et al., 2002; Simpson
and Dean, 2002). With the discoveries of multiple genes
involved in flowering control, the molecular genetic
dissection to the functions of these genes have led to the
identification of several signaling transduction path-
ways in plants (Aidyn et al., 2002; Simpson and Dean,
2002). Of these elucidated regulatory mechanisms
from different genetic pathways, chromatin modeling-
associated gene expression activity through altered
DNA methylation patterns have been paid more attention
in recent years, and a number of genes involved in floral
transition have been defined that their functions are
largely correlative with epigenetic modifications
(Kakutani, 1997; Finnegan et al., 2000). One such
gene, Flowering Wageningen (FWA), which has been
extensively studied in detail since it was originally
characterized from epigenetic mutants, displayed a
heritable late-flowering phenotype (Kakutani, 1997;
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Soppe et al., 2000). To initiate normal flowering pro-
cess, FIWA expression is required to be silenced by
methyltransferasel (MET1)-mediated cytosine meth-
ylation to release its interfered effects on the function
of key flower-promoting gene FLOWERING LOCUS T
(FT; Ikeda et al., 2007), failure in FWA DNA methyla-
tion results of ectopically expressed FWA and changed
flowering behaviors. However, the environmental or
endogenous stimulating factors to trigger MET1-caused
DNA methylation, and the underlying regulatory
mechanism and physiological relevance have remained
largely unknown.

In this study, we reported that tetrahydrofolate, the
biologically active form of folates (Ravanel et al., 2001;
Beh, 2000), plays a pivotal role in determination of DNA
methylation patterning in Arabidopsis genome. Seed-
lings supplied with THF, as well as the high endogenous
THF content mutant Atdfb, showed dramatically induced
effects on the release of MET1-mediated chromatin
silencing and gene expression activity in a genome-
wide scale, including the flowering regulation gene FWA.
With elevated folate conditions, FWA constantly dis-
played transcription activity leading to retarded floral
transition in a dose-dependent manner. Moreover, the
loss of function of MET1 dramatically impaired THE-
modulated flowering responses. Our studies uncover
a fundamental role of folate homeostasis on epige-
netically controlling gene expression to initiate dif-
ferent plant developmental events, which will shed
light on how plants integrate epigenetic modifications,
cellular functions, and physiological changes into a
highly coordinated system to respond various envi-
ronmental and intrinsic stimuli.

RESULTS
THF Regulates Floral Transition

To investigate the role of folate in plant development,
we checked the effects of THF on seedling growth in
Arabidopsis. As shown in Figure 1A, wild-type Arabi-
dopsis plants grown on 0.5X Murashige and Skoog (MS)
media with elevated THF concentrations displayed
dramatically enhanced vegetative growth and post-
poned flowering time in a dose-dependent manner
(Fig. 1, A-C), suggesting a potential regulatory role of
THEF in floral transition. To further confirm our hypoth-
esis, we examined the flowering phenotype from the loss-
of-function mutants of folylpoly-Glu synthetase (FPGS),
the key enzyme to catalyze THF catabolism by poly-
glutamylation. It has been identified that there are three
FPGS homologs in the Arabidopsis genome with differ-
ent subcellular localizations, named as ATDFB/FPGSI,
ATDFC/FPGS2, and ATDFD/FPGS3, respectively.
Mutations in any AtDF genes led to disturbed folate
homeostasis in the relative compartments of the cell
(Mehrshahi et al., 2010; Srivastava et al., 2011). Inter-
estingly, in all three tested Atdf mutants, only Atdfb
(dihydrofolate synthetase folypoly-Glu synthetase homolog B),
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Figure 1. THF regulates floral transition in Arabidopsis. A, Phenotypes
of wild-type (WT) plants grown on 0.5X MS media supplemented with
0, 50, 100, and 150 um THF. B and C, The effect of THF on flowering
times. Days to bolting (B) and the rosette leaf number (C) were exam-
ined under the indicated THF concentrations from experiments as
performed in A. D, Atdfb mutants flower late. Three-week-old wild-type
and Atdfb mutant plants grown were shown. E, THF levels in wild type
and Atdfb-3 mutant. The endogenous THF content was measured from
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the one localized to plastids, was defective in normal
floral transition process but not the others (Supplemental
Figs. S1 and S2A). Our results showed that the flowering
time of Atdfb mutants was later than that of wild-type
plants, which is consistent with the higher endogenous
THEF level compared to those in wild-type control (Fig.
1, D and E; Supplemental Fig. S2, A-C); in addition,
these mutants exhibited more serious responses under
increased THF treatments (Fig. 1, F-H). These results
indicated that AtDFB may play potential roles in the
THF-associated developmental processes in Arabi-
dopsis. To gain the insight of which components in the
floral transition are affected by THF, we checked the ex-
pression of major flowering regulation genes in the
elucidated genetic pathways, including CONSTANS,
FT, FLOWERING LOUCUS C, and SUPPRESSOR OF
OVEREXPRESSION OF CO1. However, none of them
expressed differentially between wild type and Atdfb-3
seedlings (Supplemental Fig. S2D).

THF Enhances FWA Expression to Postpone
Flowering Time

To explore the possible mechanisms of high THF-
resulted late flowering time, a transcriptional array
analysis was performed by using wild-type seedlings
and atdfb-3 mutant (Supplemental Table S1). Our data
revealed that the transcription level of FWA, a previ-
ously reported flowering repression gene, was largely
enhanced in Atdfb mutants, and the highly expressed
FWA levels were also quantified by quantitative real-
time PCR (qRT-PCR) analysis (Fig. 2, A and B). To
further confirm the highly induced FWA transcription
is specially related to the loss of function from AtDFB,
we examined FWA transcripts in the other Atdf mutants,
including atdfc and atdfd mutant lines. No apparent dif-
ference was found in the expression level of FWA in these
mutants (Supplemental Fig. S3A), which is consistent
with the flowering phenotypes observed in different Atdf
mutants (Supplemental Fig. S2A).

Since the previous study reported FWA the ectopical
expression-caused flowering defect is accompanied by
the loss of DNA methylation in the direct repeats of
FWA gene 5’ region (Soppe et al., 2000), we then ex-
amined the DNA methylation status of FWA promoter
sequence using Hhal-based cytosine methylation assay
(Woo et al., 2008), and our result dramatically showed
that the 5’ region sequences of FWA gene amplified

wild-type and Atdfb-3 mutant plants grown in soil. F, Phenotypes of
Atdfb-3 mutant grown on 0.5X MS media supplemented with 0, 50,
100, and 150 um THF. G and H, Responses of Atdfb mutants to in-
creased THF treatments. Experiments similar to those in B and C were
performed from wild-type and Atdfb mutant plants under indicated THF
concentrations. In A, D, and F, representative images are shown. In B, C,
G, and H, data shown are mean = sp, n = 30 plants, P< 0.01. All plant
materials were cultured in long-day conditions (16 h light/8 h dark) for
3 weeks before being analyzed.

Plant Physiol. Vol. 174, 2017


http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01750/DC1

A B
s é 40 1 mwT
? 55 ]
5 20 S 30
o a
5 201 >
< < 20
S 4 s 4]
.g 2 E 2
& ©
o [T}
x U o -
WT  Atdfb-2 Atdfb-3
D E
i 40 |
| o

&

3

e

w

>

©

(m]

WT  Atdfb-3 Atdfb-3/fwa

. Atdfb-3

.

Control

WT  Atdfb-3 Atdfb-3

Folate-Mediated Epigenetic Regulation on Floral Transition

C
Control THF

> >
e & § S

+_

THF
F
[ =4
2
@ 251
o
(=%
X 204
<
=
T4
3]
= 2/
©
¢ o0

WT Atdfb-3 Atdfb-3
/fwa ffwa

Figure 2. Elevated THF levels lead to ectopical expression of FWA and delayed floral transition. A and B, qRT-PCR analysis of
FWA expression in the wild type (WT) and Atdfb mutants. Two-week-old seedlings grown on 0.5X MS media (A) or supplemented
with 75 um THF (B) were collected for the expression analysis. C, Examination of DNA methylation status in FWA promoter. FWA
promoter sequences were generated by PCR amplification from the wild type and Atdfb-3 mutant treated with 0 or 75 um THF,
then digested by methylation-sensitive enzyme Hha1. D, Flowering phenotypes of the wild type, Atdfb-3, and Atdfb-3/fwa double
mutant plants in long-day conditions for 35 d. Representative images are shown. E, Analysis of flowering time in the wild type,
Atdfb-3, and Atdfb-3/fwa double mutant. F, FWA transcription levels in the wild type, Atdfb-3, and Atdfb-3/fwa mutant,
respectively. For A, B, E, and F, data shown are means =+ sp, P < 0.01.

from wild-type seedlings exposed to THF and atdfb-3
mutant were more sensitive to the digestion of Hhal
enzyme (Fig. 2C), suggesting an association between
the DNA hypomethylation of FWA promoter sequence
and altered THF levels in these plant samples.

In addition, we generated Atdfb-3/fwa double mutant
to confirm the close relevance between altered flowing
times and THF-caused FWA up-regulation. Not surpris-
ingly, the late flowering defect showed in Atdfb-3 mutant
was largely recovered in Atdfb-3/fwa double mutant, as
that observed in wild-type plants (Fig. 2, D and E). Also,
gRT-PCR analysis showed FWA transcription levels were
comparable between wild-type and Atdfb-3/fwa double-
mutant plants (Fig. 2F). Together, the data shown above
clearly illustrate that THF-delayed floral transition is the
consequence of ectopically expressed FWA due to the loss
of DNA methylation.

THF-Modulated Gene Expression Activity Is Related to
Reduced DNA Methylation Levels

To further investigate whether THF acts as a general
role in epigenetically controlling gene expression, we
performed a global transcriptional analysis to com-
pare genes that are differentially expressed between
wild-type and Atdfb mutant seedlings. Remarkably, a
large number of THF up-regulated genes showed ob-
viously changed expression patterns closely relating to
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the DNA methylation process (Fig. 3A; Supplemental
Table S1; changes > 1.5 folds, P < 0.05); for example,
Atlg67105 which was identified from the HDA6-involved
MET1 DNA methylation pathway (To et al., 2011),
exhibited around 16-fold overexpression in Atdfb-3 mu-
tant. The consistency of the microarray data for these
highly differentially expressed genes was verified by
qRT-PCR analysis (Supplemental Fig. S3B). These re-
sults shown above indicated that THF may play a
general function in correlating with epigenetic mod-
ulation. To test this hypothesis, we detected the THF-
modulated epigenetically controlling gene expression
in further detail by scanning the DNA methylation
status of the highly up-regulated genes. As shown in
Figure 3B, the generated SD5 fragment in Atlg67105
from Atdfb-3 mutants was completely insensitive to
the digestion of McrBC, a specific enzyme to recognize
methylated cytosines in DNA sequences (Fig. 3B),
implying the dramatically reduced DNA methylation
levels in these regions. Next, we further verified the
THEF effect on epigenetic silencing in vitro by culturing
wild type with 75 um THF. Our results clearly showed
that the sensitivity of SD5 fragment from relative genomic
loci to MrcBC was largely decreased in THF-treated wild-
type seedlings, which bears a strong resemblance to that of
the Atdfb-3 mutant (Fig. 3C). Moreover, as expected, the
relative gene transcriptional activity was highly enhanced
in THF-treated wild type and Atdfb-3 mutant (Fig. 3D).
These data suggested that altered gene expression
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Figure 3. Global analysis of THF-modulated gene expression profiles and DNA methylation patterns in selected genes. A,
Analysis of transcriptional array for differentially expressed genes between wild type and Atdfb-3 mutant. B and C, Analysis of
DNA methylation patterns. The THF up-regulated gene At71g67105 was used for McrBC sensitivity-based DNA methylation
analysis between wild-type and Atdfb-3 seedlings grown on 0.5X MS media (B) or treated with 75 um THF (C). Subregion of SD5
fragment from At1g67105 was amplified by PCR reactions. D, qRT-PCR confirmation of THF-affected gene expression. Fourteen-
day-old wild-type and atdfb-3 seedlings treated O um or 75 um THF were collected for detecting At1g67105 expression levels.

Data shown are means = sp, P < 0.01.

induced by THF closely correlates with the modula-
tion of DNA methylation.

THF Exhibits a Genome-Wide Regulation on DNA
Methylation Patterning

To further explore the global effect of THF on DNA
methylation, we conducted whole-genome bisulfite se-
quencing under in vivo and in vitro elevated THF con-
ditions (Fig. 4, A-C; Supplemental Tables S2 and S3).
Based on the generated high-coverage genome-wide
methylome maps, we obtained in total 51,702,398,
52,273,244, and 49,911,116 uniquely mapped ~90-
nucleotide reads for Atdfv-3 mutant, wild-type, and
THF-treated wild-type plants, respectively (Supplemental
Table S2). The differentially methylated regions of ge-
nome map coverage were 30.04, 29.14, and 28.44 Mb in
different samples (Fig. 4B). Compared to those in the
control plants, we discovered that 4179 regions for CpG,
1637 regions for CpHpG, and 52 regions for CpHpH
were shown altered DNA methylation levels in Atdfb-3
mutant with a significant change of more than 1.5-fold
(Supplemental Tables S4-S6; P < 0.05), suggesting that
the mainly THF-influenced DNA methylation regions
were related to CG and CHG methylation contexts, which
took up to 72.2% and 27.9%, respectively (Fig. 4A).

Next, we monitored the genome-wide methylation
status among wild type, atdfb-3, and wild type incubated
with THF, and we found that the total CG methylation
was largely reduced both in THF-treated wild type and
Atdfb-3 mutant in contrast to that in wild-type control
plants. Analyses to various gene regions including 3'UTR,
5'UTR, CDS, and introns, as well as different nongene
regions, including noncoding RNA, pseudogenes, and
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transposon elements displayed that the methylation
level in these areas were strikingly impaired in THF-
treated wild type and Atdfb-3 mutant (Fig. 4, D and E),
indicating that a general controlling mechanism of THF
on DNA methylation repression was existed in plants.

To uncover THF-modulated DNA methylation in
detail, we selected some of these highly induced genes
and further investigated their methylation status. As
shown in Figure 5, DNA methylation was significantly
suppressed in both THF-treated wild type and Atdfb-3
mutant relative to that of wild type in their genomic loci
(Fig. 5, A and B), which was consistent with the changed
sensitivity of these genes to DNA methylation-detecting
enzyme McrBC (Fig. 3, B and C). Since it has been well-
documented that MET1, the plant homolog of mammalian
DNA (cytosine-5)-methyltransferasel, undertakes impor-
tant roles not only in maintaining CG methylation but also
cooperating with HDAG6 to regulate CHG methylation
(To et al.,, 2011), we hypothesized THF-modulated
epigenetic silencing might be mainly implicated in
MET1-mediated DNA methylation pathway. To test
this hypothesis, we examined the transcriptional levels
of THF up-regulated genes such as At1g67105 in various
loss-of-function mutants covering different regulatory
pathways of DNA methylation. As expected, the tran-
script of Atlg67105 was more abundant in those mu-
tants of MET1-centered methylation process such as
metl, viml, shhl, and axel-5 (Fig. 5C). In contrast, the
transcription level of these genes shows almost no change
in DNA demethylation-related mutants ros1, ros3, and
siRNA-mediated CHH DNA methylation-related
mutants kifl, nprd4, rdr2, sdc, nrpd1b, drm3, and kyp
(Supplemental Fig. S4), suggesting that THF effects
mainly function in MET1-mediated DNA methylation
processes in these genes.
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Figure 4. Genome-wide analyses of THF-modulated DNA methylation patterning. A, Differentially methylated genes between
wild-type and Atdfb-3 seedlings based on whole-genome bisulfite sequencing. B, Analysis for differentially methylated region
genome coverage. C, Analysis of total DNA methylation levels. D, Analysis of CG, CHG, and CHH methylation (where H=A, T,
or C) from different elements in whole-genome genes. DNA methylation analysis was performed from 3"UTR, 5'UTR, CDS, and
intron regions. E, Analysis of CG, CHG, and CHH methylation to elements of whole-genome nongenes including noncoding RNA
(ncRNA), pseudogene, and transposon elements. For B to E analyses, sequences derived from the wild type treated with or without
75 pum THF and Atdfb-3 mutant were used.

To further verify THF-reduced DNA methylation largely insensitive responses to THF-modulated floral
through the MET1-regulated epigenetic modification path- transition (Fig. 6, A-C); moreover, consistent with the
way, we subsequently checked flowering phenotypes late flowering behaviors of metl-3 mutant, the tran-
of the MET1 loss-of-function mutant under increased scriptional activity of FWA was constantly higher in
THF conditions. As shown in Figure 6, met1-3 exhibited met1-3 mutant compared to that in wild-type plants
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Figure 5. Analysis of DNA methyla-
tion status in different regions of THF
up-regulated genes. A, Genome
browser views of DNA methylation in
different regions of THF up-regulated
genes. B, Analysis of CG methylation
from THF up-regulated genes. C,
Expression of THF up-regulated
genes in mutants related to CG and
CHG methylation. Data shown are
means * sp, P < 0.01. In A and B,
plants from the wild type treated with
0 or 75 um THF, and Atdfb-3 mutants
were used for the analysis of differ-

>

CHH methylation CHG methylation CG methylation

A ] MR b

f F [TTTW—LJFMWM INJLH'}{
i i:.
b

WT  Atdfb-3  WT + THF

o ,“,,. it

,.P ,ulw | N —t il

entially methylated modification. i o R LT PRI i M%
= ; I Y ‘_l_lhq..q_k..,ur_,,
P T — . - 1| 4],..;‘,;._ i G

i9669500 19670000 6786000 6786500 725000 725500 25057500 25058500 13038000 13039000 9206500 9207500

At1g52820 At2g15555 At5g03090 At1g67105 FWA promoter At5g926270
B EEWT EEWT+THF W Atdfb-3 c 3 20,
s 1 L
~ =
€ 401 801 2
B @
z, ;.:_ 10
@
2 20 40 3
2 3
Q [}
£ 04 HEE NN BEE . EES | | | e i
® & > O 5 O B O
e I S oD b
¥ oF & < & & & & o g\o 4\6‘@
SRS o8 B & S o w
Lol o v v oy ¥ ¥ At1g67105

(Fig. 6, D and E). These results have confirmed the close
correlation between THF-modulated flowering control
and MET1-mediated DNA methylation process.

Elevated THF Levels Disturbed Concerted Reactions
between Folate Polyglutamylation and Folate-Dependent
DNA Methylation

Since FPGS1/ AtDFB-mediated folate polyglutamylation
was involved in both plant development and chro-
matin silencing control (Zhou et al., 2013; Meng et al.,
2014; Srivastava et al., 2011), we questioned whether
increased THF levels affect cellular homeostasis of
folate polyglutamylation. Thus, we quantified cellular
levels of monoglutamtlated and polyglutamylated
folates in THF-treated wild type and Atdfb-3 mutant.
As shown in Figure 6, the contents of folate mono-Glus
as well as the ratio between monoglutamylated and
polyglutamylated folate types were drastically higher
in THF-treated wild-type seedlings and Atdfb-3 mu-
tant in contrast to untreated control plants (Fig. 6, F
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and 6G), suggesting that an out-of-balance situation
between different folate types leads to the disturbed
homeostasis of cellular folate polyglutamylation. Be-
cause folate mono-Glus are generally poor substrates
for folate-dependent enzymes such as Met synthases
(Cherest et al., 2000; Ravanel et al., 2004), we therefore
investigated the influence of abnormal accumulation
of folate mono-Glus on epigenetic silencing control
by measuring contents of DNA methylation-related
metabolites including Met, S-adenosyl-Met (SAM),
S-adenosylhomo-Cys (SAH), and homo-Cys. Our results
revealed that the level of SAH, a competitive inhibitor
of methyltransferases, was abnormally higher in THF-
treated wild-type seedlings and Atdfb mutant (Fig. 6H).
The high SAH content shown in Atdfb-3 mutant was also
in consistent with the previous finding (Zhou et al., 2013).
In agreement with the increased SAH content, we also
found the gene expression of SAHH1, the critical regula-
tors required for removing SAH to avoid its inhibitory
effect on SAM regeneration and SAM-dependent methyl
transfer (Loenen, 2006), was enhanced in elevated THF con-
ditions (Fig. 6I). Meanwhile, previous metabolite profiling
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Figure 6. THF-regulated floral transition was caused by impaired folate-dependent epigenetic regulation due to disturbed folate
polyglutamylation homeostasis. A, Flowering phenotypes of wild-type and met7-3 plants under THF treatment. Wild-type and
met1-3 plants were grown on 0.5X MS media supplemented with indicated THF concentrations for 40 d prior to be pictured.
Representative images are shown. B and C, Effects of THF on flowering times. Days to bolting (B) and the rosette leaf number (C)
were examined under the indicated THF concentrations from experiments as performed in A. D, qRT-PCR analysis of FWA ex-
pression in the wild type and met1-3 mutants. E, FWA expression ratio (met1-3/WT) under THF treatment (75 um). Two-week-old
seedlings grown on 0.5X MS media or supplemented with 75 um THF were collected for the expression analysis. F and G,
Monoglutamated or polyglutamated THF levels (F) and the ratio between polyglutamylated and monoglutamylated folates (G)
were analyzed in the wild type and Atdfb-3 mutant. H, Relative SAH levels in wild-type and Atdfb-3 plants. |, SAHHT tran-
scription level in the wild type and Atdfb-3 mutant. Fourteen-day-old seedlings supplied with 0 or 75 um THF were collected for
liquid chromatography-mass spectrometry measurement of folate glutamylation profiles and methyl-donor metabolites or qRT-
PCR analysis. Data shown are means * sp, P < 0.05.

data showed that the endogenous adenosine accumu- folate-dependent epigenetic regulation is largely im-
lated dramatically in Atdfb mutant (Srivastava et al., paired accompanying high THF-caused abnormality in
2011). Together, our results shown above suggest that plant folate mono-Glu homeostasis.
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DISCUSSION

Tetrahydrofolate and its derivatives have long been
recognized as one of the essential B vitamins in main-
taining normal life because of their nutritional signifi-
cance as well as crucial roles in one-carbon metabolism
and epigenetic modification in living organisms (Hanson
and Roje, 2001; Crider et al., 2012; Fitzpatrick et al., 2012;
Lucock, 2000; Groth et al., 2016; Dinh et al., 2013). Thus,
exploring folate homeostasis-associated biochemical re-
actions, cellular modifications, and underlying regu-
latory mechanisms are critical for people to improve
the understanding of the important physiological func-
tions of folates in plant development control and stress-
evoked plant adaptive responses. In this study, we have
demonstrated an important role of THF-regulated DNA
methylation reduction and its effects on FWA-associated
alteration in flowering behaviors through modulating
folate poly-Glu homeostasis, which interferes in the
concerted reactions of folate polyglutamylation and the
folate-dependent methylation process. Since epigenetic
regulation-associated developmental and physiological
changes responding to endogenous and environmental
signals play a significant role in plant fitness and stress
adaptations (Chinnusamy and Zhu, 2009; Gutzat and
Mittelsten Scheid, 2012; Becker and Weigel, 2012), our
present study may uncover an essential role of folates in
stress-stimulated plant quick responses against unfa-
vorable environmental conditions, and the folate-
centered epigenetic modifications may represent a
flexible short-term strategy of stress adaptations in
plants. In addition, as important regulators of cellular
metabolism and enzymatic reactions, it is not surprising
that folates may undertake dual functions in controlling
normal developmental processes and mediating adap-
tive responses to stresses in plant cells through simul-
taneously cooperating cellular metabolisms. However,
the detailed integration and complexity of involved
regulatory mechanisms underlying signaling path-
ways and components are extraordinarily challenging
and need to be further investigated.

Previous studies showed AtDFB mutation led to
root growth defects (Mehrshahi et al., 2010; Srivastava
et al., 2011), which were recovered by exogenously
supplied 5-formyltetrahydrofolate (5-CHO-THEF), a
stable folate form, for complementing folate deficiency
in atdfb mutants (Zhou et al., 2013; Srivastava et al.,
2011). To examine whether 5-CHO-THF application
rescues THF-resulted deregulation in FWA methyla-
tion status, we treated atdfb-3 and wild-type plants
with 5-CHO-THF and some methyl-donor metabolites
as well. Unfortunately, neither FWA epigenetic status
nor flowering behaviors of atdfb-3 mutant could be
changed with tested treatments (Supplemental Fig. S5,
A-C), implying that complemented folate abundance
by providing 5-CHO-THF may not be sufficient to al-
leviate the out-of-balance situation between different
folate types and the disturbed homeostasis of cellular
folate polyglutamylation. Moreover, the DNA meth-
ylation level and expression of THF accumulation
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up-regulated genes such as Atlg67105 was not affected
apparently with applied methyl-donor metabolites
(Supplemental Fig. S5D). Interestingly, Zhou et al. (2013)
recently reported that 5-CHO-THF application rescued
ATDEFB loss-of-function-derived defects in root develop-
ment as well as DNA methylation and H3K9 dimethyla-
tion in ros1 mutant background. To combine the findings
shown in our present study, it suggests that folate-
associated epigenetic regulations might be varied from
different mutant backgrounds, plant tissues, and targeted
cellular compartments; thus, further intensive research to
clarify the detailed DNA methylation control of folates in
root development will enrich the molecular mechanisms
of folate-centered epigenetic modification in plants. In
addition, as roles of 5-CHO-THF in plants have still not
been well understood, we could not completely exclude
the possibility that 5-CHO-THF rescued root growth in
atdfb mutant was generated from its nutritional effect due
to the excess of folates (Srivastava et al., 2011).

Taking into account the key role of DNA methylation in
nutritional control of reproductive status and the FWA
contribution as a possible epigenetic flowering-time mod-
ifier in plant reproductive strategy (Kucharski et al., 2008;
Fujimoto et al., 2008), our finding that THF-caused ectopic
expression of FWA and altered floral transition due to
impaired DNA methylation may imply a potential role of
folate in natural variation, which might be ecologically
important for genetic diversity in plant genome evolution
(Becker and Weigel, 2012; Bossdorf et al., 2008). Interest-
ingly, studies also showed that the epigenetic regulation of
flowering from prolonged low-temperature treatments
(Finnegan et al., 1998; Dennis and Peacock, 2007), indicat-
ing that epigenetic controls of reproductive status in plants
may be involved in multiple signaling regulations, and the
concerted integration between distinct signaling pathways
and various target components eventually trigger the
phenotypic changes in flowering behaviors.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) genotypes used in the study are in the Co-
lumbia (Col-0) background. The Atdfb mutant lines (SALK_015472, SAIL_556_G08)
and DNA methylation-related T-DNA insertion lines (met1-3: cs16394,shh1:
SALK_073390, axel-5:CS66153, viml: SALK_050903C, rdr2: SALK_020850, kifI:
SALK_001254C, nrpd1b: CS66152, drm3: SALK_024820C, sdc: SALK_017605,
kyp: SALK_105816C, nprd4: SALK_020157C, ros1: SALK_006944, ros3: SALK_022363C,
fwa: SALK_064256C) were obtained from the Arabidopsis Biological Resource
Center. Arabidopsis plants were grown in soil (Scotts Metro-Mix 200) or in
petri dishes containing 0.5X strength of MS media (Sigma-Aldrich), 1.5% (w/v)
Suc (Sigma-Aldrich), and 0.8% (w/v) agar (Sigma-Aldrich) in a controlled
growth chamber at 22°C under white fluorescent light (100 wmol m 2s ) witha
16-h light/8-h dark photoperiod. For different chemical treatments, plants were
grown in 0.5X MS supplied with THF (Schircks Laboratories), 5-CHO-THF
(Schircks Laboratories), Met (Sigma-Aldrich), or SAM (Sigma-Aldrich), respec-
tively, under indicated concentrations and conditions.

Analysis of Flowering Time
For soil-grown wild-type and mutant plants, the rosette leaf number and
bolting days were scored as performed previously (Liu et al., 2013). For seedlings

grown on 0.5X MS media in petri dishes, we scored the number of rosette leaves
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and the days at the stage of bolting when stems were about 3 mm as described
previously (Yuan et al., 2016).

Transcriptional Analysis of Genes Involved in Flowering
Time Control

The abundance of mRNAs including CONSTANS, FT, FLOWERING LOUCUS
C, and SUPPRESSOR OF OVEREXPRESSION OF CO1 were analyzed from
seedlings grown in soil under 16-h-light/8-h-dark cycles. Total mRNA was
extracted by using Trizol reagent (Sigma-Aldrich), and first-strand cDNA was
synthesized using a cDNA synthesis kit (Invitrogen). Primers used for the
RT-PCR reactions were as described previously (He et al., 2004).

RT-qPCR Analysis

Two-week-old seedlings were collected and total RNA was extracted using
Trizol reagent (Sigma-Aldrich). ReverTra Ace qPCR RT Master Mix with gDNA
remover (FSQ301; Toyobo) was used for reverse transcription. RT-qPCR reac-
tions were performed with SYBR Premix Ex Taq II (Tli RNaseH Plus; RR420A;
Takara) on the Applied Biosystems 7500 Fast real-time PCR system using gene-
specific primers (Supplemental Table S8; Woo et al., 2008; Yu et al., 2010). Three
technical repeats were performed for each sample, and relative gene expression
levels were calculated by normalization to the reference gene ACTIN2.

DNA Methylation Analysis

DNA methylation was analyzed by bisulfite sequencing, DNA gel blotting,
and chop-PCR. For bisulfite sequencing, 2 mg of genomic DNA was treated and
purified according to the protocol for the EpiTect bisulfite kit (Qiagen). The
purified DNA was amplified, and the amplification product was cloned into the
pMDI18-T vector (Takara) for sequencing. The DNA methylation levels at CG,
CHG, and CHH sites were separately calculated. For DNA gel blotting, genomic
DNA was cleaved with the DNA methylation-sensitive endonucleases Hpall,
Mspl, and Haelll at 37°C for 12 h and run on 1% agarose gels. The endonuclease
McrBC cleaves DNA containing methylated cytosine but has no action on
unmethylated DNA. For chop-PCR, genomic DNA was cleaved with McrBC,
and the products were subjected to PCR and quantitative PCR.

Whole-Genome Bisulfite Sequencing

Raw sequencing data were mapped to TAIR10 reference genome modified
by the single-nucleotide polymorphisms between Col-0. Only the sequences
mapped to unique positions on the Arabidopsis genome were retained for DNA
methylation analysis. Gene annotations were downloaded from The Arabi-
dopsis Information Resource. One-kilobase upstream and downstream sur-
rounding regions were included to calculate the DNA methylation levels of
genes. The methylation levels of genes were estimated by pooling the read counts
that show at least 5-fold coverage. CG, CHG, and CHH methylation was cal-
culated. Annotated genes or transposons including 1-kb upstream and down-
stream flanking sequences were aligned to the modified TAIR10 reference
genome. The average methylation level for each 100-bp interval was plotted. The
lengths of genes or transposons were adjusted to a common sum. DNA
methylation levels in 200-kb windows were plotted across each chromosome to
indicate the genome-wide DNA methylation status. Samples from wild type,
Atdfb-3, and wild type treated with THF were analyzed. The fold change of
DNA methylation between wild type and Atdfb-3 in the 200-kb window was
calculated and shown across each chromosome. To evaluate the correlation
between differentially expressed gene DNA methylation, we determined the
DNA methylation levels of different classes of differentially expressed genes
using the method described previously (Zhou et al., 2013). The whole-genome
bisulfite sequencing data have been deposited in NCBI database (http:/ /www.
ncbinlm.nih.gov/), and the related SRA accession number for the bisulfite
sequencing clean data reported in this paper is SRP101407.

Microarray Analysis

Total RNA was extracted from 2-week-old Arabidopsis seedlings, and gene
expression analysis was performed by the Beijing BioChain Institute Incorpo-
ration. Arabidopsis genome sequences and annotated gene models were
downloaded from TAIR10 (http://www.Arabidopsis.org). The experiments
were biologically repeated three times.
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Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Characterization of Afdfb homozygous mutants.

Supplemental Figure S2. Analysis of flowering phenotype and transcrip-
tion of key flowering regulation genes in Atdfb loss-of-function mutants.

Supplemental Figure S3. qRT-PCR analysis of gene expression in Atdf
mutants.

Supplemental Figure S4. Genome-wide analysis of differentially up-regulated
genes in Atdfb-3 and various DNA methylation mutants.

Supplemental Figure S5. Application of methyl-donor metabolites cannot
recover the MET1-mediated DNA methylation defect in Atdfb-3 mutant.

Supplemental Table S1. List of differentially expressed genes between
Atdfb-3 and wild type (P < 0.05).

Supplemental Table S2. Whole-genome bisulfite sequencing analysis.

Supplemental Table S3. Average cytosine levels of CG, CHG, and CHH
methylation.

Supplemental Table S4. Differentially CpG methylated regions in wild-
type and Atdfb-3 genome.

Supplemental Table S5. Differentially CpHpG methylated regions in
wild-type and Atdfb-3 genome.

Supplemental Table S6. Differentially CpHpH methylated regions in
wild-type and Atdfb-3 genome.

Supplemental Table S7. Primers used in this study.
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