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S-Adenosylmethionine is widely used in a variety of biological reactions and participates in the methionine (Met) metabolic
pathway. In Arabidopsis (Arabidopsis thaliana), one of the four S-adenosylmethionine synthetase genes, METHIONINE
ADENOSYLTRANSFERASE3 (MAT3), is highly expressed in pollen. Here, we show that mat3 mutants have impaired pollen
tube growth and reduced seed set. Metabolomics analyses confirmed that mat3 pollen and pollen tubes overaccumulate Met and
that mat3 pollen has several metabolite profiles, such as those of polyamine biosynthesis, which are different from those of the
wild type. Additionally, we show that disruption of Met metabolism in mat3 pollen affected transfer RNA and histone
methylation levels. Thus, our results suggest a connection between metabolism and epigenetics.

S-Adenosylmethionine synthetase (SAMS), also known
as methionine adenosyltransferase (MAT), is the only
enzyme that synthesizes S-adenosylmethionine (SAM)
from ATP and L-Met (Binet et al., 2011). SAM is used in a
wide variety of biological reactions and is the major hub
of Met metabolism (Shen et al., 2002; Martínez-López
et al., 2008).Over 80%of theMet ismetabolized into SAM,
of which 90% is used for transmethylation reactions
(Giovanelli et al., 1985). SAM, as a universalmethyl group
donor, participates in numerous enzyme-catalyzed reac-
tions. For example, many iron-sulfur cluster-containing
enzymes (radical SAM enzymes) use SAM in two ways:
as a source of a methyl group transferred to a conserved
Cys and as a source of 59-deoxyadenosyl radicals
(Fujimori, 2013). In eukaryotes, many radical SAM en-
zymes function in rRNA modifications (Kaminska et al.,
2010; Yan et al., 2010), tRNA modifications (Pierrel et al.,
2004; Hernández et al., 2007), and lipid metabolism
(Hinson and Cresswell, 2009; Duschene and Broderick,
2010). SAM also serves as the precursor for ethylene and
polyamines (Roje, 2006). Polyamines were reported to be
important for pollen germination and pollen tube growth
(Wolukau et al., 2004; Aloisi et al., 2016).

SAMS in Arabidopsis (Arabidopsis thaliana) is encoded
by four genes. The nomenclature varies in different pub-
lications (Lindermayr et al., 2005; Mao et al., 2015); here,
we will use the MAT1 to MAT4 designations. MAT1,
MAT2, and MAT4 are expressed in nearly all tissues
(Gómez-Gómez and Carrasco, 1998; Mao et al., 2015),
whereas MAT3 is expressed predominantly in pollen
(Loraine et al., 2013).MAT1 andMAT2 aremost similar in
sequence and expression patterns, and the doublemutant
mat1;mat2 exhibits decreased ethylene (Mao et al., 2015).
The mat4 mutant accumulates less lignin due to the re-
duced supply of SAM (Shen et al., 2002).

Pollen tubes are the fastest growing plant cells (Selinski
and Scheibe, 2014). Pollen tubes grow by transferring
chemical energy from stored starch and newly assimi-
lated sugars intoATP (Rounds et al., 2011). Transcriptome
studies (Becker et al., 2003; Honys and Twell, 2003; Pina
et al., 2005, Loraine et al., 2013) identified a large number
of mRNAs in pollen that encode enzymes belonging to
various metabolic pathways, and proteome profiling of
pollen grains documented proteins present in pollen
(Holmes-Davis et al., 2005; Noir et al., 2005; Sheoran et al.,
2006). However, metabolomics studies during pollen
grain maturation and pollen tube growth, and the con-
nection between metabolism and cellular processes dur-
ing tube growth, are not well established.

Given that SAM is the universal methyl donor, en-
zymes that control SAM levels play a critical role in
determining the extent of methylation. For example, a
knockdown mutant of SAMS globally reduced histone
methylation in rice (Oryza sativa; Li et al., 2011; Chen
et al., 2013) and in Caenorhabditis elegans (Towbin et al.,
2012). Met metabolism generates the major methyl
donor SAM for histone methylation. Reduced levels of
some enzymes involved in Met metabolism in Dro-
sophila melanogaster affected histone methylation and
resulted in loss of viability (Liu et al., 2015).Moreover, it
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was reported that radical SAM enzymes function in
tRNA modification (Pierrel et al., 2004; Hernández
et al., 2007). The methylation of tRNA is important for
correct and efficient protein synthesis (Hori, 2014). It
was suggested that tRNA is the only RNA methylated
in pollen tubes (Steffensen, 1971)
Here, we present evidence that MAT3, a SAMS

expressed in pollen, plays an important role during pollen
germination and pollen tube growth. Homozygousmat3/
mat3 pollen overaccumulates Met. Metabolic profiling
showed that several metabolic pathways are altered in
mat3/mat3 pollen grains and pollen tubes. We used im-
munofluorescence assays and ultra-performance liquid
chromatography-mass spectrometry to show that both
histone methylation and tRNA methylation were altered
in mat3/mat3 pollen These results support the idea that
MAT3 is required for pollen germination and pollen tube
growth by affecting metabolic pathways and for main-
taining histone and tRNA methylation.

RESULTS

A mat3 Knockdown Mutant Exhibits Defects in the
Male Gametophyte

Arabidopsis has four SAMSs that are 94% identical at
the amino acid level. According to RNA sequencing data
(Loraine et al., 2013), MAT3 (525 reads per kilobase per
million mapped reads [RPKM]) is more highly expressed
inpollen than are the other threeMAT familymembers (2,
12.5, and 47 RPKM for MAT1, MAT2, and MAT4, re-
spectively). Therefore, it was reasonable to speculate that
MAT3 is important for pollen function. We obtained a
T-DNA insertion line, SALK_019375, which has a T-DNA
inserted in the 39 untranslated region. Two pairs of
primers were designed to assess the levels of MAT3
transcripts in the mat3 mutant. Full-length MAT3 cDNA
was very weakly detected in mat3 plants (Fig. 1A), indi-
cating that this insertion line is a knockdown mutant
(Supplemental Fig. S1). The mutant had shorter siliques
and reduced seed set (Fig. 1, B and C).
Self-pollinated heterozygous plants (+/mat3) exhibited

a distorted segregation ratio that differed significantly
from the expectedMendelian ratio of 1:2:1 (Table I). To test
for potential defects in male or female gametophyte
transmission, we performed reciprocal crosses using
+/mat3 heterozygotes as either the male or female parent.
Male transmission was more affected than female trans-
mission (Table I). However, it is curious that homozygous
mutants were rarely recovered from self-pollinations,
suggesting some unknown difference between manual
and self-pollinations.We also performed reciprocal crosses
between mat3/mat3 homozygotes and the wild type.
Whenwild-type ormat3/mat3plantswere pollinatedwith
mat3 pollen, approximately 40% to 60% seed set was ob-
served. In contrast, when thewild typewas used as pollen
donor on mat3 plants, there was 100% seed set.
To check whether mat3 pollen had defects in pollen

germination, we examined both in vitro and in vivo
germination. For in vitro pollen germination, we

measured germination percentage and pollen tube
lengths.mat3pollen showed reduced pollen germination
and had shorter pollen tubes than wild-type pollen (Fig.
2A–C). For in vivo pollination,we usedwild-type pollen
onwild-type stigmas ormat3 pollen onmat3 stigmas and
then observed pollen tubes 12 h after pollination. Pollen
tubes of the wild type had penetrated through the style
and reached close to the end of the transmitting tract,
while in mat3, pollen tubes had just begun to penetrate
into the style. After 24 h, pollen tubes of the wild type
had reached the end of the transmitting tract, but only a
few mat3 pollen tubes had reached the middle of the
transmitting tract (Fig. 2D). These findings are consistent
with the seed set analyses, as most seeds on mat3 plants
were located at the top of the siliques (Fig. 2E).

To determine if these phenotypes were due to the dis-
ruption in MAT3, a pMAT3::MAT3-GFP construct was
transformed into the mat3 mutant. The complemented
lines rescued silique length and seed set (Fig. 3A). The
same construct alsowas transformed intomat3/mat3; qrt1/
qrt1. qrt1/qrt1 is a sporophytic recessivemutation inwhich
the four products of microsporogenesis remain fused so
that pollen grains are released as tetrads (Preuss et al.,
1994). Inmat3/mat3; qrt1/qrt1 plants carrying the pMAT3::
MAT3-GFP transgene, mutant and complemented pollen
can be distinguished (green pollen contains the pMAT3::
MAT3-GFP transgene). After germination, the green pol-
len had pollen tube lengths similar to those of wild-type
pollen tubes, indicating that the pollen defects are indeed
caused by the loss of MAT3 expression (Fig. 3C). Fur-
thermore, with this construct, we could determine the
subcellular location of MAT3-GFP. MAT3-GFP was lo-
calized in both the cytoplasm and the vegetative nucleus
(Fig. 3B), with several bright spots in the vegetative nu-
cleus (Supplemental Fig. S2).

Figure 1. mat3 is a knockdownmutant and exhibits shorter siliques and
reduced seed set. A, Structure of MAT3 (At2g36880). The exon is in-
dicated by a black box, and untranslated regions are indicated by gray
lines. The T-DNA in the 39 untranslated region is indicated by the black
triangle.UBIQUITIN5 (UBQ5) was used as an internal loading control.
The numbers 1, 2, and 3 indicate primers used for RT-PCR. B, Repre-
sentative 10-week-old plants of the wild type (WT) and mat3. Bars =
1 cm. C, Intact and opened siliques of the wild type and mat3. Bars =
0.5 cm (left) and 500 mm (right).
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Overaccumulation of Met Inhibits Pollen Tube Growth

SAMS synthesizes SAM from ATP and L-Met. If the
levels of SAMS were reduced, the product also might be
reduced. If so, adding SAM might rescue the silique
length and the seed set problem. We used an in vitro in-
florescence culture system (Lardon et al., 1993; Magnard
et al., 2001) to attempt to deliver SAM, and also added
SAM to pollen germinationmedium to test if germination
or tube growth was improved. However, in neither case
was there an improvement (Supplemental Fig. S3).
Therefore, we hypothesized that the pollen phenotype
might be caused by increased amounts of Met. Ethionine
is a toxic analog of Met (Inaba et al., 1994), and cells that
overaccumulate free Met exhibit increased resistance to
ethionine (Shen et al., 2002). Therefore, we added ethio-
nine to pollen germinationmedium andmeasured pollen
tube lengths in the wild type and mat3. Inhibition was
dose dependent and was more obvious in the wild type
than in mat3 (Fig. 4A): wild-type 50% inhibition (I50) =
0.3 mM, while mat3 I50 = 0.8 mM, suggesting that free Met
accumulates in mat3 pollen. To verify if Met over-
accumulation indeed affected pollen tube growth, exog-
enous Met was added to in vitro pollen germination
medium. The pollen tube lengths were shorter in the wild
type than in mat3, and the effect was again dose depen-
dent (Fig. 4B): wild-type I50 = 26 mM, while mat3 I50 .
50 mM. These data support the idea that Met can inhibit
pollen tube growth and that the short mat3 pollen tubes
might be caused by Met overaccumulation. It is also
possible that the reduction in SAM indirectly caused the
phenotype (i.e. that some or all of the SAMmethyl donor
needs in the cell were impaired). To address these possi-
bilities,we carried outmetabolomics and assessed histone
methylation and tRNA modifications.

mat3 Pollen and Pollen Tubes Exhibit Alterations in the
Tricarboxylic Acid Cycle and Polyamine
Biosynthetic Pathways

Met biosynthesis is part of a complex pathway with
multiple regulatory controls (Hesse and Hoefgen,
2003). A previous study of threeMet overaccumulation
(mto) mutants found changes in several metabolic
pathways (Kusano et al., 2010). Most relevant for our
study, mto3-1 (i.e. a mutant in MAT4, which encodes a
homolog expressed in seedlings) showed changes in
asparate biosynthesis, in isocitrate and citrate levels
in the tricarboxylic acid cycle, in g-aminobutyrate, and
in levels of the polyamine putrescine. To determine
whether there was any overlap of these changes inmat3

pollen and pollen tubes, we performed metabolomics
analysis on wild-type and mat3/mat3 mature pollen
and pollen tubes after 3 h of germination using gas
chromatography-time of flight-mass spectrometry. We
obtained mass spectra for 185 metabolites, including
sugars, amino acids, polyamines, and fatty and organic
acids. As expected, Met inmat3/mat3 pollen was 33-fold
higher than in wild-type pollen, and in pollen tubes,
Met was 9-fold higher than in the wild type.

We compared pollen tubes ofmat3 and the wild type.
As found for mto3-1 in seedlings, in mat3 pollen tubes,

Table I. Segregation analysis of the T-DNA in mat3/+ mutants and in reciprocal crosses with mat3/+ and
wild-type plants

Female 3 Male Genotype Expected Observed Transmission Efficiency

mat3/+ 3 mat3/+ +/+; mat3/+; mat3/mat3 1:2:1 78:79:4
mat3/+ 3 wild type +/+; mat3/+ 1:1 93:79 84%
Wild type 3 mat3/+ +/+; mat3/+ 1:1 158:0 0%

Figure 2. mat3 exhibits defects in the male gametophyte. A, Represen-
tative images of pollen from wild-type (WT) andmat3 plants after in vitro
germination for 6 h. Bars = 100 mm. B, Pollen germination percentage at
6 h. Data are means 6 SE of three experiments. For each independent
replicate, 400 to 500 pollen grains were analyzed. C, Pollen tube lengths
of thewild type andmat3 after germination for 6 h.Data aremeans6 SE of
three experiments. D, Semi in vivo pollen tube growth. Shown are wild-
type and mat3 homozygous pistils 12 h (left) and 24 h (right) after polli-
nation stained with decolorized Aniline Blue. E, Whole-mount images of
mature siliques after clearing in a 0.2 N NaOH and 1% SDS solution.
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the most obvious differences involved the Met-related
pathways, such as Met sulfoxide (2.3-fold higher in
mat3), and polyamines, such as putrescine (2-fold
higher) and spermidine (2.1-fold higher). Additionally,
four intermediates in the tricarboxylic acid cycle were
altered inmat3: malate (2-fold lower), fumaric acid (1.6-

fold lower), and citrate (2.6-fold lower) were decreased,
while isocitrate (7.1-fold higher) was increased (Fig. 5).
Amino acids derived from oxoglutarate, such as Gln
(1.8-fold) and Pro (1.6-fold), also were higher (Fig. 5;
Supplemental Table S3). In starch and Suc metabolism,
maltose was lower (3.7-fold) in mat3 pollen tubes
(Supplemental Table S3), coupled with more Glc (5.8-
fold) and Fru (3.4-fold), consistent with the expected
need for starch breakdown to provide an immediate
source of soluble sugars during pollen tube growth.

Next, we compared pollen ofmat3 and the wild type.
Spermidine levels were lower (4.3-fold) in mat3 pollen,
consistent with the report that spermidine stimulated
Arabidopsis in vitro pollen germination (Rodriguez-
Enriquez et al., 2013). In contrast to the differences
seen when mat3 and wild-type pollen tubes were
compared, intermediates in the tricarboxylic acid cycle

Figure 3. Complementation of the mat3 mutant and subcellular lo-
calization of MAT3. A, Representative wild-type (WT), mat3, and
complemented immature siliques and mature siliques after clearing.
Bars = 1 mm. B, Subcellular localization of MAT3 in a quartet, in which
two of the four pollen grains are transgenic. Images (from left to right)
show the 49,6-diamino-2-phenylindole (DAPI) channel, GFP channel,
bright field, and merged. C, Pollen tube lengths of qrt1/qrt1;mat3/mat3,
qrt1/qrt1, and mat3/mat3 carrying pMAT3::MAT3-GFP measured after
6 h of germination. Data are means6 SE of three experiments. For each
independent replicate, 100 to 150 pollen tubes were analyzed.

Figure 4. Wild type (WT) pollen tubes are more sensitive to ethionine
and Met. A, In vitro pollen tube lengths after 6 h, with various con-
centrations of ethionine added to pollen germinationmedium. Data are
means6 SE of triplicate experiments. B, In vitro pollen tube lengths after
6 h, with various concentrations of Met added to pollen germination
medium. Data are means 6 SE of triplicate experiments. Dashed lines
mark I50 of pollen tube length, black for the wild type and gray format3.
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Figure 5. Metabolite profiles of mat3 and wild-type (WT) mutant pollen and pollen tubes. Changes are represented as fold change
between the level of a metabolite inmat3 and in the wild type and are listed in Supplemental Data S1. Solid arrows represent a single-
step reaction between twometabolites, and dashed arrows indicate multiple steps. Metabolites in gray were not detected. FatAC14:0,
Myristic acid; FatA C16:0, palmitic acid; FatA C18:0, stearic acid; FatA C16:1, palmitoleic acid; FatA C18:1, oleic acid; FatA C18:2,
linoleic acid; F6P, fructose6-phosphate; Fru-1,6-bisP, fructose 2,6-bisphosphate; G6P, glucose 6-phosphate; GABA, g-aminobutyric
acid; Glu-cys, glutamyl-L-cysteine; Homo-cys, homocysteine; PEP, phosphoenolpyruvate; SAM, S-adenosyl-methionine.
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were not different in mat3 and wild-type pollen, but
many metabolites in lipid metabolism were higher in
mat3 pollen: five unsaturated fatty acids: arachidic acid
(3.4-fold), linolenic acid (1.8-fold), linoleic acid
(1.6-fold), palmitoleic acid (4.7-fold) and oleic acid (1.7-
fold); three saturated fatty acids: myristic acid (1.9-
fold), palmitic acid (1.7-fold), and stearic acid (1.8-fold);
and glycerol (2.2-fold; Supplemental Table S3).
Rapid pollen tube growth requires high rates of en-

ergy flow from sugars, the citric acid cycle, and lipid
biosynthesis. We thus also compared pollen with pollen
tubes (i.e. wild-type pollen with wild-type pollen tubes
and mat3 pollen with mat3 pollen tubes), as such com-
parisons might be useful for understanding the impor-
tance of particular metabolic pathways during pollen
tube growth. Most noticeably, in the wild type, three
metabolites decreased, putrescine (2.3-fold), spermidine
(5.3-fold), and nicotiamine (33-fold), in pollen tubes, but
they did not decrease inmat3 pollen tubes. Glc decreased
(3.4-fold) in wild-type pollen tubes, relative to its level in
pollen, but did not decrease inmat3 pollen tubes relative
to its level in mat3 pollen. Lastly, maltose (2.9-fold
higher) and Fuc (2.5-fold higher) levels increased in
pollen tubes in wild-type but not in mat3 pollen tubes.
These differences are consistent with the idea that mat3
pollen tubes are impaired in sugar metabolism.

Histone Methylation Is Decreased in the Vegetative
Nucleus of mat3 Pollen

Met metabolism generates the major methyl donor
SAM for histone methylation (Liu et al., 2015). In some
weak MAT3-GFP expression lines, we observed some
bright spots in the nucleus (Supplemental Fig. S2). Such
nuclear subcompartmentalization is reminiscent of struc-
tures called chromatin hubs (Bantignies and Cavalli,
2011), which are thought to regulate the 3D chromatin
state (Gómez-Díaz andCorces, 2014). Asmethyl groups
and methyltransferase proteins are important for
chromatin modifications, it was reasonable to hypoth-
esize that histone methylation might be affected in
mat3. Therefore, we assessed histone methylation levels
in mat3 pollen grains using immunofluorescence with

antibodies that recognize trimethyl H3K4 and trimethyl
H3K27. These methylation marks were detectable in
vegetative nuclei of wild-type pollen (Fig. 6) but were
weaker in mat3 pollen, and especially for H3K27m3,
they were not above background. The control antibody,
against unmodified histone H3, showed similar inten-
sities in both wild-type and mat3 pollen.

Methylation of tRNA Is Reduced in mat3 Pollen

It was reported that tRNA is the only methylated
RNA in pollen tubes and that, therefore, tRNA meth-
ylation might be a primary mechanism affecting pro-
tein synthesis in pollen tubes (Steffensen, 1971). More
than 90 tRNA methyltransferase genes are predicted in
the Arabidopsis genome, based on the homology of
conserved domains with tRNA methyltransferase
genes in Sacccharomyces cerevisiae and Escherichia coli
(Chen et al., 2010). From these 90 tRNA methyltrans-
ferase genes, we generated a list of 27 candidate tRNA
methyltransferases expressed in pollen by sorting the
RNA sequencing data (Loraine et al., 2013) using
greater than 1 RPKM as the threshold (Supplemental
Table S2). Of these 27, 18 were annotated as responsible
for ncm5U modification, four for pseudouridine modi-
fication, and five single genes for specific nucleoside
modifications: dihydrouridine (At5g66180), m1A
(At2g45730), m5C (At5g66180), m7G (At1g03110), and
m5U (At2g28450). In order to determine if any tRNA
methylated moieties were reduced in mat3, liquid
chromatography-mass spectrometry was used to ana-
lyze purified tRNAs from the wild type and mat3. The
retention time of each peak was compared with com-
mercial standards, and each peak was further analyzed
by mass spectrophotometry. Only two peaks matched
commercial standards, those for m5C and m7G, and
their identities were confirmed by mass spectropho-
tometry. Both m5C and m7G were reduced in mat3
pollen, more so for m5C (Fig. 7). Even though there
were reductions for some of the other peaks, they did
not match the retention times or mass spectral data for
other modified nucleosides (Su et al., 2014) and remain
unidentified.

Figure 6. Immunofluorescence using specific anti-
bodies against methylated histone H3 in wild-type
(WT) and mat3 pollen. Mature pollen from wild-type
andmat3 plants was incubatedwith anti-H3 (control),
anti-H3K4m3, and anti-H3K27m3 antibodies. Rep-
resentative examples show histone methylation in the
vegetative nucleus. Quantitation of signal intensity is
shown next to each image. Each x axis represents a
5-mm distance centered on the fluorescent focus, and
each y axis represents relative fluorescence intensity.
All images were acquired using the same exposure
time. Forty to 50 pollen grains for each genotype were
examined. DAPI, 49,6-Diamino-2-phenylindole.
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DISCUSSION

Single mutants of SAMS in Arabidopsis did not show
any seedling phenotypes, presumably because of gene
redundancy, as all four SAMS are expressed in seed-
lings (Shen et al., 2002; Mao et al., 2015). Here, we
provide evidence thatmat3 plants have impaired pollen
tube growth and reduced seed set (Figs. 1–3). This
finding raised the question of whether there is a specific
requirement for MAT3 during pollen germination and
pollen tube growth, because MAT1, MAT2, and MAT4
also are expressed in pollen (Loraine et al., 2013), but at
much lower levels thanMAT3. Microarray experiments
show thatMAT4 andMAT3 are equivalently expressed

in pollen tubes that have first grown through pistil
tissue for 1 h and then collected 3 h later (Qin et al.,
2009), suggesting that MAT3 and MAT4 could be par-
tially redundant. However,MAT4was not expressed at
0.5- or 4-h time points of in vitro-grown pollen tubes
(Qin et al., 2009). Thus, these results are consistent with
the idea that MAT3 plays a more important role at the
beginning stages of pollen germination.

SAM synthesis is reduced or absent in SAMSmutants,
so the flux from Met into SAM is impaired. It was not
possible to correct the pollen tube growth defect of mat3
by adding SAM (Supplemental Fig. S3), probably be-
cause it is rapidly degraded or poorly, if at all, taken up

Figure 7. Liquid chromatography-mass spectrometry
analysis of total 5-methylcytidine (m5C) and
7-methylguanosine (m7G) levels in tRNA purified
from wild-type (WT) and mat3 pollen. AU represents
absorbance units.
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by cells (García-Trevijano et al., 2000). Figure 4 shows
that endogenous Met is toxic to wild-type pollen and
suggests that the higher levels of Met in mat3 pollen
somehow obviate the effect of exogenous Met. Indeed,
metabolite analysis showed that Met accumulated in
mat3 pollen and pollen tubes (Fig. 5), as also seen formto3
(SAMS3; At3g17390) rosette leaves (Kusano et al., 2010).
Why would altered Met levels contribute to pollen tube
growth inhibition? Inmat3pollen tubes, themost obvious
metabolic changes were in the Met-related pathway, but
there also were increases in sugar metabolism metabo-
lites, particularly Glc, Fru, andmannitol. Fatty acidswere
increased in mat3 pollen, suggesting that there are
enough sources of carbon storage in mat3 pollen (Fig. 5).
Interestingly, citrate and malate, components of the tri-
carboxylic acid cycle, decreased in mat3 pollen tubes,
consistent with the idea that storage mobilization is im-
paired in mat3 during pollen tube growth. Decreased
spermidine inmat3 pollenwas correlatedwith a decrease
of pollen germination, consistent with the report that
spermidine stimulated in vitro pollen germination
(Rodriguez-Enriquez et al., 2013). We also detected
polyamine biosynthesis metabolism differences inmat3
pollen, consistent with the previously described link
between the Met cycle and polyamine metabolism
(Bürstenbinder et al., 2010). It was suggested that
changes in polyamine levels could affect DNA
methylation and, consequently, gene expression (Fraga
et al., 2004).
SAMS was localized in the cytosol in Arabidopsis

and Catharanthus roseus (Schröder et al., 1997; Ravanel
et al., 1998), but more recent studies in Arabidopsis and
rice localized SAMS to both the nucleus and cytoplasm
(Li et al., 2011; Mao et al., 2015), as we also showed for
MAT3 (Fig. 3B). This finding raised the question of
whether there might be a specific need for SAM syn-
thesis in the vegetative nucleus. SAM is essential for the
methylation of DNA and RNA (Kobayashi et al., 1990;
Ying et al., 1999; Block et al., 2002; Cheng et al., 2003).
GFP localization of MAT3 in nuclear subcompartments
(Supplemental Fig. S2), reminiscent of chromatin hubs
(Bantignies and Cavalli, 2011), suggests that MAT3
might function in DNA and/or RNAmethylation in the
vegetative nucleus. In D. melanogaster, SAMS is im-
portant for histone methylation (Liu et al., 2015). We
showed that mat3 pollen had less trimethylated H3K4
and H3K27 (Fig. 6), modifications that are associated
with transcriptional regulation. Additionally, SAMS
affects the amounts of metabolites in the polyamine
pathway (Larsson et al., 1996). Polyamines can bind
DNA and affect chromatin (Matthews, 1993). So an-
other possibility is that SAMS affects histone methyla-
tion by affecting polyamine content. This hypothesis is
supported by our metabolomics data (Fig. 5).
Defects of tRNA modifications might cause tRNA

degradation, resulting in decreased translation efficiency,
increased translational errors, and altered cellular me-
tabolism and signaling pathways (Chen et al., 2010;
Tuorto et al., 2012). Thus, tRNA methylation changes
could provide a possible mechanistic explanation for the

defects observed inmat3. Although 27 tRNAmodification
genes annotated as responsible for tRNAmodification are
expressed in pollen, the poor sensitivity of the HPLC,
and/or the overall low abundance of modified nucleo-
sides, only allowed us to detect m5C and m7G, but mat3
pollen did have lower levels of those (Fig. 7). Thus, any or
a combination of these differences might contribute to the
pollen germination and pollen tube growth phenotypes.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in the greenhouse
under an 18-h-light/6-h-dark cycle at 22°C. The SALK_019375 line was
obtained from the Arabidopsis Biological Resource Center (Ohio State Uni-
versity) by Kang Chong’s laboratory (Institute of Botany, Chinese Academy of
Sciences). Columbia-0 was used as the wild type.

SAMS Nomenclature

The nomenclature for SAMS genes was as follows: MAT1 (also named
SAM1, SAMS1, MTO1, and NP_849577), MAT2 (also named SAM2, SAMS2,
and AAA32869), MAT3 (also named AAD31573), and MAT4 (also named
SAMS3, MTO3, and AAO11581).

Constructs and Plant Transformation

All primers are listed in Supplemental Table S1. For complementation
constructs, a 2-kb fragment upstream of the ATG and the full-length At2g36880
open reading frame was amplified from the wild type using primers mat3-
prof/mat3-CDS-r, subcloned into the pCR8/GW-TOPO vector (Invitrogen),
and then transferred into pGWB4 (Nakagawa et al., 2007). The complementa-
tion construct was transformed using the floral dip method (Clough and Bent,
1998). All PCR amplifications used Phusion hot start high-fidelity DNA poly-
merase with the annealing temperature and extension times recommended by
the manufacturer (Thermo Scientific). The vector was sequenced using an ABI
3300 sequencer, and sequences were analyzed using Vector NTI (Invitrogen).
Bioneer PCR purification and Spin miniprep kits were used for PCR product
recovery and plasmid DNA extraction, respectively.

Pollen Tube Growth

Arabidopsis in vitro pollen tube germination was as described by Boavida
and McCormick (2007). Decolorized Aniline Blue staining was as described by
Johnson-Brousseau and McCormick (2004).

RT-PCR and Quantitative PCR

Total RNA was extracted using the RNeasy plant mini kit (Qiagen) and
reverse transcribed using the SuperScript III first-strand synthesis system
(Invitrogen) according to the manufacturer’s instructions. RT-PCR was per-
formed with gene-specific primers, and runs were 18 to 25 cycles depending on
the linear range of products for each gene. Quantitative PCR was performed
using a MyIQ Real-Time PCR detection system (Bio-Rad) with SYBR Green
PCR Master Mix (Bio-Rad). Fold change for gene expression was calculated by
normalizing Ct values using the 22DDCt method. The primers used are listed in
Supplemental Table S1.

Preparation and Collection of Pollen and Pollen Tubes for
Metabolite Analyses

Mature pollen grains were collected from fresh flowers using a vacuum as
described (Johnson-Brousseau and McCormick, 2004). To collect pollen tubes,
pollen was germinated for 3 h. The pollen/pollen tube mixture was collected
and washed six times using double distilled water and then filtered using a
60-mm nylon mesh to remove ungerminated pollen grains. Pollen tube samples
were collected from the mesh, checked with a microscope to confirm that
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ungerminated pollen grains were almost absent from the mesh, and then
lyophilized in a vacuum evaporator before metabolite analyses.

Metabolite Analysis

For each analysis (three biological replicates), 50mg of pollen or pollen tubes
was used. Metabolite analysis was carried out by the West Coast Metabolomics
Center (University of California Davis) using a Leco Pegasus II gas
chromatograph-time of flight-mass spectrometer.

Immunofluorescence

Pollen grains were collected by vacuum (Johnson-Brousseau and
McCormick, 2004), fixed in 4% paraformaldehyde in PBS for 2 h, treated with
0.5% Triton X-100 in PBS for 10min, and incubated in blocking buffer (PBS with
5% BSA for 1 h at 37°C, then with H3 antibody (1:100 dilution) or H3K27m3 or
H3K4m3 antibody (1:200 dilution) overnight at 4°C. After washing with
blocking buffer, the pollen was transferred to blocking buffer containing Alexa
Fluor 488 goat anti-rabbit antibody (1:200 dilution) for 6 h at room temperature.
The samples were washed in PBS five times, then transferred to a microscope
slide, and counterstained with 49,6-diamino-2-phenylindole (1 mg mL21). Im-
ages were acquired using the GFP channel with an Axiovert microscope (Zeiss)
and an AxioCamRM camera and AxioVision 4.3 software. Images were pro-
cessed using Adobe Photoshop 7.0.

tRNA Isolation and UPLC Analysis

tRNAwas prepared from total RNA as described (Björk et al., 2001) using
150 mg of pollen for each sample. tRNA was eluted with buffer (10 mM Tris-
H3PO4, pH 6.3, 15% ethanol, and 600 mM KCl), and 40 mg of tRNA was re-
covered. 5S RNA was not eluted from the column, as it requires at least
650 mM for elution (Björk et al., 2001). Forty micrograms of purified tRNA
was digested with Nuclease P1 for 16 h at 37°C and then treated with bac-
terial alkaline phosphatase for 2 h at 37°C. The hydrolysate was analyzed
by ultra-performance liquid chromatography with a C-18 reverse-phase
column as described (Su et al., 2014). A UV light detector was used for
chromatography. Peaks were collected separately and analyzed using a
Perkin-Elmer AxION 2 time of flight-mass spectrometer. There were two
replicates for each sample.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: MAT1 (NP_849577), MAT2
(AAA32869), MAT3 (AAD31573), and MAT4 (AAO11581).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. qPCR of MAT3 in mature pollen in the wild type
and mat3.

Supplemental Figure S2. Subcellular localization of MAT3.

Supplemental Figure S3. Exogenous SAM did not correct the mat3 pollen
tube growth defect.

Supplemental Table S1. Primers used for this study.

Supplemental Table S2. tRNA modification genes expressed Arabidopsis
pollen.

Supplemental Table S3. Metabolites identified in this study.
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