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Abstract

The metabolic networks underlying skotomorphogenesis in seedlings remain rela-
tively unknown. On the basis of our previous study on the folate metabolism in seed-
lings grown in darkness, the plastidial folylpolyglutamate synthetase gene (AtDFB) T-
DNA insertion Arabidopsis thaliana mutant (atdfb-3) was examined. Under the
nitrate-sufficient condition, the mutant exhibited deficient folate metabolism and
hypocotyl elongation, which affected skotomorphogenesis. Further analyses revealed
changes to multiple intermediate metabolites related to carbon and nitrogen metabo-
lism in the etiolated atdfb-3 seedlings. Specifically, the sugar, polyol, and fatty acid
contents decreased in the atdfb-3 mutant under the nitrate-sufficient condition,
whereas the abundance of various organic acids and amino acids increased. In
response to nitrate-limited stress, multiple metabolites, including sugars, polyols,
fatty acids, organic acids, and amino acids, accumulated more in the mutant than in
the wild-type control. The differences in the contents of multiple metabolites
between the atdfb-3 and wild-type seedlings decreased following the addition of
exogenous 5-F-THF under both nitrogen conditions. Additionally, the mutant accu-
mulated high levels of one-carbon metabolites, such as Cys, S-adenosylmethionine,
and S-adenosylhomocysteine, under both nitrogen conditions. Thus, our data demon-
strated that the perturbed folate metabolism in the atdfb-3 seedlings, which was
caused by the loss-of-function mutation to AtDFB, probably altered carbon and nitro-
gen metabolism, thereby modulating skotomorphogenesis. Furthermore, the study
findings provide new evidence of the links among folate metabolism, metabolic net-

works, and skotomorphogenesis.
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1 | INTRODUCTION

Seedlings grown in darkness exhibit skotomorphogenesis, which is
characterized by the formation of apical hooks, closed cotyledon,
and hypocotyl elongation (Jin et al., 2021; Josse & Halliday, 2008).
Metabolism plays an important role in seedling development during
skotomorphogenesis. In Arabidopsis thaliana, carbon metabolism is
important for skotomorphogenesis. Triacylglycerol, which is the
main form of lipid stored in seeds, is catabolized to yield free fatty
acids and glycerol, both of which are ultimately converted to
sugars that are required for post-germination seedling growth in
darkness (Chen & Thelen, 2010; Liu et al, 2017; O'Neill
et al, 2003). A deficiency in galactose synthesis in the Arabidopsis
mur3-3 mutant results in the production of dysfunctional xyloglu-
can. The mutant plants exhibit decreased hypocotyl cell elongation
(Xu et al., 2017). Sucrose stimulates seedling hypocotyl elongation
in darkness in a gibberellin-dependent manner and restores the
wild-type hypocotyl phenotype in the short-hypocotyl mutants icl
and pckl (Eastmond et al, 2000; Li et al., 2019; Penfield
et al., 2004; Zhang et al., 2010). Additionally, the effects of glucose
and cytokinin signaling are reportedly integrated to control hypo-
cotyl length in skotomorphogenesis (Kushwah & Laxmi, 2014). The
accumulation of carbohydrates, especially starch, is related to nitro-
gen metabolism during plant growth and development (Zhong
et al,, 2021). Moreover, nitrogen metabolism is essential for hypo-
cotyl growth. In dark-grown conifer plants, some of the nitrogen
mobilized from the megagametophyte is directed toward the hypo-
cotyl soon after germination for the production of a large amount
of Asn that serves as a reservoir of nitrogen to satisfy the subse-
quent specific demands of developmental activities (Canas
et al, 2006). Furthermore, y-aminobutyric acid (y-Aba) inhibits
hypocotyl elongation
(Renault et al., 2011).

Folates comprise tetrahydrofolate and its derivatives. Folylpoly-

during Arabidopsis skotomorphogenesis

glutamate derivatives are central cofactors for folate-dependent
enzymes (Hanson & Gregory, 2002; Hanson & Gregory, 2011;
Hanson & Roje, 2001; Ravanel et al.,, 2001; Sahr et al., 2005; Van
Wilder et al., 2009). There is a substantial accumulation of folate after
seed germination, reaching peak levels on the fifth day (Sallam
et al., 2021). Mutations in genes involved in folate synthesis result in
altered photorespiration and the depletion of amino acids, nucleo-
tides, and seed fatty acid methyl esters (Collakova et al., 2008; Goyer
et al, 2005; Jiang et al., 2013; Srivastava et al., 2011). Folates are
important for nitrogen utilization and plant resistance to low-nitrogen
stress (Jiang et al., 2013). A mutation to AtDFC, which encodes a mito-
chondrial folylpolyglutamate synthetase (FPGS), leads to altered nitro-
gen metabolism and pronounced phenotypes in response to low-
nitrogen stress (Jiang et al, 2013). A mutation to AtDFB, which
encodes a plastidial FPGS isoform, modulates the glutamylation status
of some folates and broadly alters metabolism under both dark and
light conditions (Hayashi et al., 2017; Meng et al., 2014; Meng
et al.,, 2017; Srivastava et al., 2011). Folate polyglutamylation is also
required for global DNA methylation and histone H3 lysine

9 dimethylation through its function related to one-carbon metabo-
lism (Zhou et al., 2013). Sulfamethazine, a chemical suppressor of epi-
genetic silencing, decreases the plant folate content and causes
methyl  deficiency, as demonstrated by decreased S-
adenosylmethionine (SAM) levels and global DNA methylation
2012). indicated that

complex folate-regulated metabolic networks are present in plants;

(Zhang et al., These earlier studies
however, the interactions between folate metabolism and other
metabolic pathways, and how the interactions are affected by limited
nitrogen availability during skotomorphogenesis, remain relatively
unknown.

In our previous study (Meng et al., 2014; Meng et al., 2017),
defects in hypocotyl elongation, folate metabolism, and nitrogen
metabolism were observed in etiolated atdfb-3 seedlings, in which T-
DNA was inserted into the plastidial FPGS gene (AtDFB), under
nitrate-sufficient conditions; the defects were enhanced under
nitrate-limited conditions. The complementary lines were phenotypi-
cally the same as the wild-type control under both nitrogen levels.
The application of 5-F-THF effectively restored the hypocotyl length
of the dark-grown atdfb-3 seedlings to the wild-type level and
completely restored the nitrogen, soluble protein, nitrate, and endoge-
nous 5-F-THF contents in atdfb-3 seedlings to the wild-type levels
under nitrate-limited conditions in darkness.

In this study, etiolated atdfb-3 seedlings were defective in terms
of multiple metabolites, including sugars, polyols, fatty acids, organic
acids, amino acids, and one-carbon metabolites. Our data indicate
that changes to metabolic networks were probably induced by
the perturbed folate metabolism due to a loss-of-function mutation
to AtDFB. The data presented herein provide new evidence of
the relationships among folate metabolism, metabolic networks,

and skotomorphogenesis.

2 | MATERIALS AND METHODS

2.1 | Plant materials and growth conditions

In this study, nitrate was used as the sole nitrogen source. The
nitrate-sufficient and nitrate-limited conditions were set as 9.4-mM
NO;™ (9.4 N) and .3-mM NO;~ (.3 N), respectively. The 5-mM 5-F-
THF stock solution was added to 9.4- and .3-N media for a working
concentration of 50-pM 5-F-THF. The resulting media were
designated as 9.4 N + 5-F-THF and .3 N + 5-F-THF. Seeds of the
Arabidopsis wild-type control (A. thaliana, ecotype Columbia), the
T-DNA mutant (i.e., atdfb-3) with an insertion in the sixth intron
of the At5g05980 gene (SALK_015472), which encodes the
plastidial FPGS isoform designated as AtDFB, and the AtDFB
complementary (COM) line (ProAtDFB:AtDFB complementary vector
inserted into the atdfb-3 mutant) were sterilized, added to plates
containing the above-mentioned media, and incubated at 4°C in
darkness for 2 days. The plates were then moved to a growth cham-
ber and incubated at 22°C in darkness for 6 days (Meng et al., 2014).
of the 6-day-old etiolated

The hypocotyls seedlings were
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photographed using the Nikon 700 camera. Hypocotyl lengths were

measured using ImageJ.

2.2 | Seedling metabolite profile analysis

Six-day-old etiolated wild-type, atdfb-3, and COM seedlings from the
94N, 3N, 94N + 5-F-THF, and .3 N + 5-F-THF medium plates
were collected and immediately frozen in liquid nitrogen for the sub-
sequent profiling of metabolites, including sugars, polyols, fatty acids,
and organic acids, using a gas chromatography time-of-flight mass
spectrometry (GC-TOF-MS) system. Samples were prepared, metabo-
lites were measured, and data were analyzed as previously described
(Meng et al., 2014).

2.3 | Real-time RT-PCR expression analysis

Six-day-old etiolated wild-type, and atdfb-3 seedlings from the three
9.4 N, and .3-N medium plates were respectively collected and imme-
diately frozen in liquid nitrogen for total RNA extraction. Total RNA
was isolated from whole seedlings using HiPure Plant RNA Mini Kit
(Magen). Reverse transcription was performed using PrimeScript RT
reagent Kit (TaKaRa). The transcripts were amplified using Hieff®
gPCR SYBR Green Master Mix (Yeasen) with Roche Applied Science
Light Cycler 96. Real-time quantitative PCR experiments were
repeated independently for three times. For relative quantification

2785CT method.

values for each target gene were calculated by the
ACTIN2 was used as an internal control, and control treatment
(WT seedlings on 9.4-N medium) was normalized to a value of 1.00.

The primers used in this study are listed in Table S1.

24 |
analyses

Amino acid and one-carbon metabolite

Six-day-old etiolated wild-type, atdfb-3, and COM seedlings from the
94N, .3N, 94N + 5-F-THF, and .3 N + 5-F-THF medium plates
were used for analyzing the free amino acids and one-carbon metabo-
lites, including Hcy, Cys, SAM, and S-adenosylhomocysteine (SAH).
Samples were prepared and metabolite contents were measured as
previously described (Meng et al., 2014; Nikiforova et al., 2005; Zhou
et al,, 2013).

2.5 | Accession numbers

The sequence data in this article can be found in the Arabidopsis
Genome Initiative or GenBank/EMBL databases under the following
accession numbers: AT5G05980 (AtDFB), AT3G18780 (ACTIN2),
AT2G34590 (PDH-E1p), AT1G74690 (KASI), AT3G25110 (FatA),
AT4G34520 (FAE1), AT4G29010 (AIM1), AT3G15290 (HCDH),
AT2G33150 (KAT2), and AT5G48880 (KATS5).

. . 3o0of 12
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3.1 | Carbon metabolites are affected by the
AtDFB mutation

We investigated the post-germination growth of the wild-type, atdfb-
3, and COM seedlings incubated in darkness for 6 days under nitrate-
sufficient and nitrate-limited conditions. In an earlier study, the wild-
type and mutant seedlings on the 9.4-N medium were phenotypically
similar to the corresponding seedlings on half-strength MS medium
(30-N nitrogen supply containing 10.3-mM [NH4NO3] and 9.4-mM
KNO3) (Meng et al., 2014). Thus, the 9.4-N (9.4-mM NO3~) medium
was used as the nitrate-sufficient condition in this study. On the
9.4-N medium, the atdfb-3 seedlings had shorter hypocotyls and pri-
mary roots as well as more expanded cotyledon and a greater apical
hook curvature than the wild-type control. The hypocotyl and primary
root phenotypes of the COM seedlings were similar to the wild-type
control (Figure S1). Under the nitrate-limited condition, the hypocotyl
and primary root phenotypes differed significantly between the atdfb-
3 and wild-type seedlings. The mutant had a substantially shortened
hypocotyl that was only 30% of the wild-type hypocotyl length. In
contrast, the hypocotyl and primary root phenotypes of the wild-type
and COM seedlings were similar to those of the seedlings grown on
the 9.4-N medium. The atdfb-3 and COM cotyledons were folded
similarly to those of the wild-type; however, the apical hook curvature
was greater for atdfb-3 than for the wild-type control. Because the
elongation of the atdfb-3 hypocotyl was significantly inhibited by .3 N
(.3-mM NO37), .3 N was used as the nitrate-limited condition. The
above-mentioned results indicated that compared with the wild-type
and COM seedlings, the atdfb-3 seedlings had a shorter hypocotyl;
this difference was greater under the nitrate-limited condition than
under the nitrate-sufficient condition in darkness. The addition of
exogenous 5-F-THF effectively restored the hypocotyl length of the
dark-grown atdfb-3 seedlings to the wild-type level (Meng
et al., 2014; Meng et al., 2017). To explore whether altered folate
metabolism affects metabolic networks, we used a GC-TOF-MS sys-
tem to analyze the etiolated seedling metabolite profiles of the three
genotypes (wild-type, atdfb-3, and COM) in response to different
external nitrate levels and without or with 5-F-THF.

The analyzed carbon metabolites (i.e., nine sugars, five polyols,
nine organic acids, 18 fatty acids, and 22 other organic compounds)
are listed in Tables S2-S6 and S9-5S13.

3.11 |
mutation

Analysis of the sugars affected by the AtDFB

When the external nitrogen level was sufficient, the loss-of-function
mutation to AtDFB significantly decreased the abundance of various
sugars (Figure 1a and Table S2). Specifically, the galactopyranoside,
glucopyranoside, mannose, and xylopyranose contents in the atdfb-3
seedlings were only 58%, 7%, 20%, and 65% of the corresponding
wild-type levels, respectively. The content of some sugars in the COM
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FIGURE 1 Relative levels of sugars in 6-day-old etiolated wild-type, atdfb-3, and AtDFB complemented (COM) seedlings on 9.4- or .3-N
medium (a), and 9.4- or .3-N medium with 5-F-THF (b). n = 5, and each replicate consisted of 100-mg pooled plant material. White bars with *
indicate significant differences at P < .05, and those with ** indicate highly significant differences at P < .01 (Student’s t-test).

line, such as galactopyranoside, lyxose, mannose, and xylopyranose,
had partially recovered to 75% of that in the wild-type control. We
speculated that a lack of normal folate metabolism during skotomor-
phogenesis affected carbohydrate metabolism (Table S2). For all three
genotypes, the fructose, glucopyranoside, lyxose, mannose, and xylose
contents were higher under the nitrate-limited condition than under
the nitrate-sufficient condition (Figure 1a and Table S2). Among the
three genotypes, these sugars accumulated the most in atdfb-3. The
glucopyranoside and mannose contents in the atdfb-3 seedlings were
respectively 35.71-fold and 6.95-fold higher under the .3-N condition
than under the 9.4-N condition. Compared with the wild-type seed-
lings grown on the same condition, the fructose, galactose, galacto-
pyranoside, mannose, and xylopyranose contents were higher in the
atdfb-3 seedlings under nitrate-limited condition, whereas the lyxose
and xylose contents were lower. The galactose content in the atdfb-3
mutant was 1.07-fold higher than in the wild-type control (Figure 1a
and Table S2).

The glucopyranoside and mannose contents were respectively
10.00-fold and 3.60-fold higher in the atdfb-3 seedlings on the 9.4 N
+ 5-F-THF medium than in the atdfb-3 seedlings on the 9.4-N
medium (Figure 1 and Table S2). The ratios of the glucopyranoside
and mannose contents between the atdfb-3 and wild-type seedlings
were respectively .07 and .20 on the 9.4-N medium but were restored
to .71 and .84 after the application of 5-F-THF. The lyxose and xylose

contents were relatively similar among the three genotypes following
the addition of 5-F-THF. Seedings grown on the .3-N condition with
and without 5-F-THF supplementation, the differences of sugar con-
tent between the atdfb-3 mutant and wild-type seedlings decreased
(Figure 1 and Tables S2 & S9). For example, after the 5-F-THF supple-
mentation, the galactose content decreased in the atdfb-3 seedlings,
but it increased in the wild-type seedlings. Accordingly, the ratio of
the galactose content between the atdfb-3 and wild-type seedlings
was 2.07 under the .3-N condition, but was restored to .84 under the
.3 N + 5-F-THF condition. The changes in the glucose, lyxose, man-
nose, and xylose contents between the atdfb-3 and wild-type seed-
lings were similar. Regardless of the medium (i.e., 9.4 or .3 N), the
addition of 5-F-THF decreased the differences in the sugar contents
between the atdfb-3 and wild-type seedlings (Figure 1 and Table S2).

These results may reflect a direct link between folate metabolism and

carbohydrate metabolism.

3.1.2 | Analysis of the polyols affected by the
AtDFB mutation

The ribitol and stigmasterol contents in the atdfb-3 mutant were only
75% and 47% of the wild-type levels, respectively, under the 9.4-N
condition (Figure 2 and Table S3). For the seedlings grown on the
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FIGURE 2 Relative levels of polyols in 6-day-old etiolated wild-type, atdfb-3, and AtDFB complemented (COM) seedlings on 9.4- or .3-N
medium, and 9.4- or .3-N medium with 5-F-THF. n = 5, and each replicate consisted of 100-mg pooled plant material. White bars with * indicate
significant differences at P < .05, and those with ** indicate highly significant differences at P < .01 (Student’s t-test).

.3-N medium, the abundance of two polyols (campesterol and stig-
masterol) decreased in the wild-type control, but substantially
increased in the atdfb-3 mutant. The campesterol and stigmasterol
contents were respectively 22.52-fold and 7.45-fold higher in the
atdfb-3 seedlings than in the wild-type seedlings on the .3-N medium.
In contrast, the ribitol content in the atdfb-3 seedlings was only 21%
of that in the wild-type seedlings under the .3-N condition (Figure 2
and Table S3). The addition of 5-F-THF to the 9.4-N medium altered
the contents of two polyols (campesterol and stigmasterol), with a
sharp decrease in the wild-type seedlings, but a considerable increase
in the atdfb-3 and COM seedlings (Figure 2). Consequently, the cam-
pesterol and stigmasterol contents were 13.89-fold and 6.87-fold
higher in the mutant seedlings than in the wild-type seedlings. After
adding 5-F-THF to the .3-N medium, there was no change in the cam-
pesterol and stigmasterol contents in the wild-type seedlings (com-
pared with the seedlings grown on the .3-N medium), but there was a
sharp decrease in the contents of the two polyols in the mutant seed-
lings. Hence, the ratios of the campesterol and stigmasterol contents
between the mutant and wild-type seedlings were respectively 23.52
and 8.45 under the .3-N condition but were 6.09 and 3.64 after the
addition of 5-F-THF. Supplementing the medium with 5-F-THF
decreased the difference in the polyol contents between the atdfb-3
and wild-type seedlings (Figure 2 and Tables S3 & S10).

3.1.3 | Analysis of the fatty acids affected by the
AtDFB mutation

Among the 18 analyzed fatty acids, seven fatty acids (2:0, 3:0, 12:0,
13:0, 16:0, 20:0, and 24:0) in the atdfb-3 mutant were significantly
lower than those in the wild-type control under the 9.4-N condition,
whereas there was no difference in the amount of two fatty acids
(4:0, and 18:2) (Figure 3 and Table S4). The abundance of 15 fatty
acids in the COM seedlings was restored to more than 75% of the
corresponding amount in the wild-type seedlings. For the wild-type
seedlings grown on the .3-N medium, the contents of 17 fatty acids

decreased to varying degrees, whereas there was a slight increase in
the 18:2 content. In response to the nitrate-limited stress treatment,
the contents of two fatty acids (3:0 and 20:2) decreased in the atdfb-3
mutant, but the abundance of 14 fatty acids increased significantly
(Figure 3a and Table S4). Under the nitrate-limited condition, because
of the loss-of-function mutation to AtDFB, fatty acids that were not
converted into other substances or sugars to resist the effects of low-
nitrogen stress like in the wild-type control accumulated in the atdfb-
3 seedlings. Therefore, we speculated that folate is involved in or reg-
ulates fatty acid conversion.

The addition of exogenous 5-F-THF to the 9.4-N medium
resulted in the accumulation of 16 fatty acids in the atdfb-3 seedlings
to levels that were higher than the corresponding levels in the wild-
type control (Figure 3b and Table S4). Compared with the mutant
seedlings grown on the .3-N medium, the contents of most fatty acids
decreased substantially in the atdfb-3 mutant after 5-F-THF was
added to the .3-N medium, but they changed only slightly in the wild-
type, after 5-F-THF was added to the medium (Figure 3 and Tables S4
and S11). The ratios of the 18:3, 20:0, 20:1, 22:0, and 24:0 contents
between the atdfb-3 and wild-type seedlings were respectively 6.15,
4.89, 7.44, 4.21, and 10.90 under the .3-N condition but were
restored to 1.20, 1.28, 3.77, 1.40, and 3.22 under the .3 N + 5-F-THF
condition. Additionally, the ratio of the 20:2 content was .14 under
the .3-N condition but was 1.25 under the .3 N + 5-F-THF condition.
These findings suggest that the application of 5-F-THF decreased the
differences in the contents of these fatty acids between the atdfb-3
and wild-type seedlings (Figure 3 and Table S4). There may have been
sufficient amounts of folate in the atdfb-3 seedlings after the applica-
tion of 5-F-THF. The sufficient amounts of folate in the atdfb-3
mutant could convert other substances into fatty acids or convert
fatty acids into other substances, including sugars, that serve as an
energy source during skotomorphogenesis to restore hypocotyl elon-
gation to normally the wild-type levels.

On the basis of the fatty acids with large changes in abundance,
we selected genes involved in fatty acid biosynthesis, such as PYRU-
VATE DEHYDROGENASE (PDH-E1p; i.e., encoding the B-subunit of the
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11,14-eicosadienoic acid (20:2), docosanoic acid (22:0), and tetracosanoic acid (24:0). n = 5, and each replicate consisted of 100-mg pooled plant
material. White bars with * indicate significant differences at P < .05, and those with ** indicate highly significant differences at P < .01 (Student's

t-test).

enzyme), KETOACYL-ACP SYNTHASE Il (KASII), ACYL-ACP THIOESTER-
ASE (FatA), and FATTY ACID ELONGATION 1 (FAE1), as well as genes
involved in B-oxidation, including ABNORMAL INFLORESCENCE MERI-
STEM 1 (AIM1), 3-HYDROXYACYL-COA DEHYDROGENASE (HCDH),
3-KETOACYL-COA THIOLASE 2 (KAT2), and 3-KETOACYL-COA THIO-
LASE 5 (KAT5), for an expression analysis. When the nitrogen availabil-
ity was sufficient, the expression of KAT5, FAE1, and FatA was
respectively 6.11-fold, 1.95-fold, and 1.15-fold higher in the mutant
than in the wild-type seedlings. Under the low-nitrogen stress, the
expression of HCDH, FAE1, and FatA was respectively 1.18-fold,
1.02-fold, and 1.18-fold higher in the mutant than in the wild-type
seedlings (Figure S2). The low-nitrogen stress stimulated the expres-
sion of most genes in both genotypes, only that of HCDH in wild type
under .3 N was lower compared to that in wild type under 9.4 N. For
example, N limitation made the expression of KAT5 in wild-type seed-
lings increased 15.13-fold higher than in the wild-type control grown
on the 9.4-N condition, and it was 2.40-fold higher in atdfb-3 seedings
due to a loss-of-function mutation to AtDFB as compared with the
mutant under 9.4-N condition (Figure S2). These results indicate that

fatty acid biosynthesis and p-oxidation have been affected at the

transcriptional level in the atdfb-3 plants. In this study, the contents of
multiple sugars, polyols, and fatty acids decreased in the atdfb-3
mutant under the 9.4-N condition, but they increased substantially
under the .3-N condition, probably because the loss-of-function muta-
tion to AtDFB adversely influenced folate metabolism. When 5-F-THF
was added to either medium (i.e, 9.4 or .3 N), the differences
between the wild-type and mutant seedlings decreased significantly.
More specifically, the contents of multiple sugars, polyols, and fatty
acids in the atdfb-3 seedlings were essentially restored to wild-type
levels. These results reflect the importance of folate metabolism for

carbon metabolism during skotomorphogenesis.

3.1.4 | Analysis of the organic acids affected by the
AtDFB mutation

Unlike sugars, polyols, and fatty acids, the analyzed organic acids
(e.g., butanedioic acid, ethanedioic acid, malic acid, pentanedioic acid,
and propanedioic acid) accumulated in the atdfb-3 seedlings under
both nitrate conditions (Figure 4a and Table S5). The addition of 5-F-
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FIGURE 4 Relative levels of organic acids in 6-day-old etiolated wild-type, atdfb-3, and AtDFB complemented (COM) seedlings on 9.4- or
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* indicate significant differences at P < .05, and those with ** indicate highly significant differences at P < .01 (Student's t-test).

THF to the medium decreased the differences between the atdfb-3
and wild-type seedlings. The ratio of the butanedioic acid content
between the atdfb-3 and wild-type seedlings was 1.85 under the
9.4-N condition but was .86 under the 9.4 N + 5-F-THF condition.
The addition of 5-F-THF to the .3-N medium caused the propanedioic
acid and yohimban-16-carboxylic acid contents in the atdfb-3 seed-
lings to respectively decrease to 15% and 19% of the corresponding
levels in the atdfb-3 seedlings grown on the .3 N medium. Thus, the
ratios of the propanedioic acid and yohimban-16-carboxylic acid con-
tents between the atdfb-3 and wild-type seedlings were respectively
5.00 and 17.36 under the .3-N condition but were restored to .62 and
3.79 under the .3 N + 5-F-THF condition (Figure 4 and Tables S5

& S12).

3.2 | Nitrogen metabolites are affected by the
AtDFB mutation

The AtDFB mutation resulted in a decrease in the carbon-to-nitrogen
ratio (Figure S3), suggestive of a change in amino acid metabolism
(Munoz-Bertomeu et al., 2009). Therefore, we examined the contents
of individual amino acids atdfb-3 seedlings grown under both nitrogen
conditions with and without 5-F-THF supplementation. The total free
amino acid contents were .82-fold and 1.05-fold higher in the atdfb-3

mutant than in the wild-type control under the 9.4- and .3-N condi-

tions, respectively (Figure 5a and Table S7). The addition of 5-F-THF
to the 9.4-N medium caused the total free amino acid content in the
atdfb-3 seedlings to decrease to only 49% of that in the atdfb-3 seed-
lings grown on the 9.4-N medium. Moreover, the ratio of the total
free amino acid content between the atdfb-3 and wild-type seedlings
was 1.82 under the 9.4-N condition but was .90 under the 9.4 N

+ 5-F-THF condition. After 5-F-THF was added to the .3-N medium,
the total free amino acid content decreased substantially in the atdfb-
3 and wild-type seedlings. The ratio of the total free amino acid con-
tent between the atdfb-3 and wild-type seedlings was 2.05 under the
.3-N condition but was 1.62 under the .3 N + 5-F-THF condition
(Tables S7 and S14).

When nitrogen was sufficiently available, many amino acids,
including Ser, GIn, Gly, Asp, Leu, Val, Pro, Thr, lle, Lys, Asn, Arg, Orn,
His, Phe, and a-Aba, accumulated to higher levels in the atdfb-3
mutant than in the wild-type control (Figre 5b,c and Table S7). Specifi-
cally, the Ser and Asn contents were respectively 9.12-fold and
11.04-fold higher in the atdfb-3 seedlings than in the wild-type seed-
lings. In contrast, Glu and Met were 55% less abundant in the mutant
than in the wild-type control. The amounts of most free amino acids
were similarly lower in the mutant and wild-type seedlings under the
nitrate-limited condition than under the nitrate-sufficient condition

(Table S7). As a result, many individual amino acids remained more
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indicate significant differences at P < .05,

and those with ** indicate highly significant differences at P < .01 (Student’s t-test).

abundant in the atdfb-3 seedlings than in the wild-type seedlings. The
exceptions included the Asp content in the mutant, which was only
59% of the amount in the wild-type control. The amounts of Met and
Tyr increased in the atdfb-3 seedlings to levels 2.75-fold and 2.67-fold
higher than the corresponding levels in the wild-type seedlings. Addi-
tionally, the Ser content increased significantly in the atdfb-3 mutant,
and became the predominant free amino acid (Figure 5b,c and
Table S7). These results indicate that the mutation to AtDFB enhanced
the synthesis of amino acids during skotomorphogenesis in seedlings
grown under both nitrogen conditions. The wild-type and atdfb-3

seedlings responded differently to the addition of 5-F-THF to the
9.4-N medium (Figure 5c¢,d and Table S7). The contents of 16 amino
acids decreased in the atdfb-3 seedlings, but increased in the wild-
type seedlings, whereas three amino acids (Glu, y-Aba, and Met) accu-
mulated in the atdfb-3 mutant, but decreased in abundance in the
wild-type control. An analysis of the Asn content revealed it
decreased in the atdfb-3 seedlings grown on the 9.4 N + 5-F-THF
medium to only 4% of that of the atdfb-3 seedlings grown on the
9.4-N medium. However, the Asn content was 2.88-fold higher in the

wild-type seedlings grown on the 9.4 N + 5-F-THF medium than in
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the wild-type seedlings grown on the 9.4-N medium. The variations in
the Ser contents in the atdfb-3 and wild-type seedlings were similar to
the changes in the Asn levels. The ratios of the Asn and Ser contents
between the atdfb-3 and wild-type seedlings were respectively 12.00
and 10.17 under the 9.4-N condition, but were restored to .13 and
1.83 under the 9.4 N + 5-F-THF condition (Table S7). The inclusion
of 5-F-THF in the .3-N medium greatly decreased the difference in
the Asn and Ser contents between the atdfb-3 and wild-type seed-
lings. The ratios of the Asn and Ser contents between the atdfb-3 and
wild-type seedlings were respectively 4.79 and 21.45 under the .3-N
condition but were 1.06 and 4.30 under the .3 N + 5-F-THF condi-
tion. The differences in the abundance of five amino acids (i.e., Asp,
Pro, B-Aiba, Met, and Orn) between the atdfb-3 mutant and the wild-
type control were eliminated in response to the addition of 5-F-THF
(Figure 5c¢,d and Table S7). These results provide direct proof that
folate contributes to seedling amino acid metabolism during
skotomorphogenesis.

One-carbon metabolites, such as Hcy, SAM, and SAH, were highly
accumulated in the mutant under both nitrogen conditions, whereas
their contents in the COM line were restored to wild-type levels
(Figure 5e and Table S8). This suggests that altered folate metabolism
leads to the abnormal metabolism of one-carbon compounds that

accumulate in the mutant.

4 | DISCUSSION

Folates, as one-carbon unit donors and acceptors, are involved in
many enzymatic reactions, including the synthesis of methionine,
purine, thymidine, pantothenate, and formyl-methionyl-tRNA, the
transformation of glycine and serine, the catabolism of histidine, and
the activation of formate (Hanson & Roje, 2001; Ravanel et al., 2004).
Additionally, 5-methyl tetrahydrofolate (5-M-THF) is involved in the
synthesis of the methyl donor SAM (Ravanel et al., 2004). The inhibi-
tion of folate synthesis by sulfadiazine leads to decreased genomic
DNA methylation and folate contents in Arabidopsis (Zhang
et al, 2012). A mutation in 5-formyltetrahydrofolate cycloligase
(5-FCL, which participates in the conversion of folate derivatives to
other compounds) decreases the growth rate of Arabidopsis plants by
20% and delays flowering by 1 week, but it increases the 5-F-THF,
total folate, and Gly contents (Goyer et al., 2005). The deletion of the
mitochondrial gene AtDFC (FPGS2) results in abnormal nitrogen
metabolism in Arabidopsis seedlings as well as increased sensitivity to
low-nitrogen stress. Compared with the wild-type control, the Gly and
starch contents of the mutant reportedly increase under the low-
nitrogen condition (Jiang et al., 2013). Earlier research confirmed that
propanedioic acid is involved in fatty acid synthesis (Chen et al., 2011;
Mu et al., 2008; Wu & Xue, 2010). Additionally, malic acid and
2-butenedioic acid participate in the tricarboxylic acid cycle, whereas
campesterol is the precursor for brassinolide biosynthesis (He
et al., 2003; Noguchi et al., 2000). These three processes share the
same precursor (i.e., acyl-CoA). The accumulation of propanedioic

acid, malic acid, and campesterol in the atdfb-3 seedlings observed in
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this study likely reflects changes in fatty acid synthesis, tricarboxylic
acid cycle, and brassinolide biosynthesis. Glucopyranoside, butanal,
and 1,2-ethandimine are involved in secondary metabolism during
plant development (Kai et al., 2006; Musthafa et al., 2013).

In this study, the altered folate metabolism in the atdfb-3 mutant
affected many metabolites, such as sugars, polyols, fatty acids, and
amino acids, indicating that folate directly or indirectly participates in
many pathways related to these metabolites. Folate may be in the
form of a coenzyme or it may provide a carbon unit to certain reac-
tions (e.g., Met synthesis).

Under the nitrogen-sufficient condition, the total folate, 5-M-
THF, and 5-F-THF contents were lower in the atdfb-3 seedlings than
in the wild-type (Meng et al., 2014). Similarly, sugars (e.g., mannose),
polyols (e.g., stigmasterol), and fatty acids (e.g., 9:0, 12:0, and 13:0)
were less abundant in the atdfb-3 mutant than in the wild-type con-
trol (Figures 1-3). The disrupted folate metabolism in the atdfb-3
seedlings interfered with the synthesis or metabolism of sugars, poly-
ols, and fatty acids. Under the nitrate-limited condition, the total
folate and 5-M-THF contents were lower in the mutant than in the
wild-type control, which is in contrast to the 5-F-THF content (Meng
et al, 2014; Meng et al., 2017). Moreover, the mutant accumulated
various metabolites, including fructose, galactose, glucopyranoside,
mannose, campesterol, stigmasterol, and fatty acids (e.g., 18:3, 20:1,
and 24:0). The elevated abundance of these metabolites may be
related to the accumulation of 5-F-THF in the atdfb-3 seedlings. It is
also possible that insufficient nitrogen sources and altered folate
metabolism affect these metabolic pathways and lead to the accumu-
lation of specific metabolites.

Unlike the effects of the loss-of-function mutation to AtDFB on
sugars, polyols, organic acids, and fatty acids, the total amino acid and
various free amino acid contents were higher in the atdfb-3 seedlings
than in the wild-type seedlings; however, they were lower in the
atdfb-3 mutant than in the wild-type control when seedlings were
grown on .9- and .3-N medium supplemented with 5-F-THF. Large
amounts of amino groups may be converted to other compounds in
the presence of folate to mediate skotomorphogenesis. The accumu-
lation of SAH probably inhibits methyltransferase activity. The accu-
mulation of the methyl donor SAM in the mutant in darkness is
consistent with the results of an earlier study regarding the materials
in plants cultivated under light (Zhou et al., 2013). The accumulation
of SAM and SAH in the atdfb-3 mutant was indicative of a decrease in
the efficiency of the use of SAM by DNA methyltransferase, or SAM
synthesis was perhaps more active in the atdfb-3 mutant than in the
wild type. The above-mentioned results imply that folate regulates
multiple metabolic pathways related to carbon metabolism, nitrogen
metabolism, and one-carbon metabolism during skotomorphogenesis,
which provides novel insights into folate functions. The specific regu-
latory mechanism will need to be investigated in future studies.

The atdfb-3 hypocotyl and root were significantly shorter than
the wild-type and COM hypocotyls and roots, especially under the
low-nitrogen condition (Meng et al., 2014; Meng et al., 2017). The
short-root phenotype may make the mutant less able to absorb the

nutrients in the medium than the wild-type control, further affecting
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metabolism caused by the loss-of-function mutation to AtDFB in the
atdfb-3 mutant may directly or indirectly disturb other metabolic path-
ways, thereby exacerbating the short-hypocotyl and short-root phe-
notypes. Additionally, the accumulated seed reserves (e.g., galactose,
mannose, and campesterol contents) in the atdfb-3 mutant differed
from those of the wild-type and COM samples, which may have
affected the metabolite contents to some extent.

Previous studies indicated that AtDFB is normally expressed in
COM plants (Meng et al., 2014) and the physiological characteristics
(e.g., hypocotyl length) of COM plants are similar to those of the wild-
type plants. However, we observed that the carbon metabolites of
the COM seedlings were not restored to wild-type levels. There are
several possible explanations for these results. First, the total folate
contents in the COM seedlings were only 71% and 88% of the wild-
type levels under the 9.4- and .3-N conditions, respectively (Meng
et al., 2014). Second, under the N-sufficient condition, the 5-F-THF
and 5-M-THF contents in the COM plants were respectively only
60% and 79% of the corresponding levels in the wild-type control.
Third, the folate derivative profiles of the wild-type and COM plants
respond differentially to the limited availability of N. For example, in a
previous study, N limitation led to a 50% decrease in the 5-F-THF
content of the wild-type seedlings, but had no effect on the 5-F-THF
content in the COM seedlings, resulting in a 1.2-fold abundance of
5-F-THF in COM seedlings than in the wild-type control (Meng
et al., 2014).

Due to the AtDFB catalyzes the extension of the Glu tail of the
folate molecule (Ravanel et al., 2001), a mutated AtDFB alters the glu-
tamylation status of some folate classes (Srivastava et al., 2011). 5-M-
THF, one of folate derivatives, can only partially rescue abnormal
hypocotyl elongation under N-limited conditions (Meng et al., 2014).
Earlier investigations confirmed that 5-F-THF, which is an enzyme
regulator (Roje et al., 2002) that mainly interacts with proteins associ-
ated with metabolic pathways, C1 metabolism, nitrogen fixation,
sucrose biosynthesis, and translation (Li et al., 2021), can rescue the
defective primary root development of the atdfb mutant under light
(Jabrin et al., 2003; Srivastava et al, 2011) and dark (Meng
et al., 2014) conditions. Additionally, 5-F-THF mediates the feedback
regulation of folate biosynthesis (Li et al., 2021). Moreover, the dihy-
drofolate content reportedly increases by 1.00-fold in COM plants
but decreases by 29% in wild-type plants, under the N-limited condi-
tion (Meng et al., 2014). Furthermore, AtDFB is the predominant iso-
form of FPGS downstream of dihydrofolate synthetase (Ravanel
et al., 2001; Srivastava et al., 2011). We speculate that folate metabo-
lism, which influences carbon metabolism, was not completely

restored in the COM seedlings examined in this study.

5 | CONCLUSIONS
Our results indicate that altered folate metabolism affects the accu-
mulation of sugars, polyols, organic acids, fatty acids, and amino acids

in atdfb-3 seedlings during skotomorphogenesis. A treatment with

exogenous 5-F-THF decreases the differences in the contents of mul-
tiple metabolites between the atdfb-3 mutant and the wild-type con-
trol. Overall, the data presented herein suggest that folate probably

regulates or contributes to carbon and nitrogen metabolism.
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