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Phosphatidic acid (PA) is a key phospholipid in glycerolipid metabolism and signaling. Diacylglycerol kinase (DGK) produces
PA by phosphorylating diacylglycerol, a crucial step in PA metabolism. Although DGK activity is known to be involved in plant
development and stress response, how specific DGK isoforms function in development and phospholipid metabolism
remains elusive. Here, we showed that Arabidopsis (Arabidopsis thaliana) DGK2 and DGK4 are crucial for gametogenesis and
biosynthesis of phosphatidylglycerol and phosphatidylinositol in the endoplasmic reticulum (ER). With comprehensive
transcriptomic data of seven DGKs and genetic crossing, we found that dgk2-1/- dgk4-1/- plants were gametophyte lethal,
although parental single homozygous plants were viable. The dgk2-1/+ dgk4-1/+ double heterozygote showed defective
pollen tube growth and seed development because of nonviable mutant gametes. DGK2 and DGK4 were localized to the ER
and were involved in PA production for pollen tube growth. Transgenic knockdown lines of DGK2 and DGK4 confirmed the
gametophyte defect and also revealed defective leaf and root growth. Glycerolipid analysis in the knockdown lines showed
that phosphatidylglycerol and phosphatidylinositol metabolism was affected differently in floral buds and leaves. These
results suggest that DGK2 and DGK4 are essential during gametogenesis and are required for ER-localized phospholipid

metabolism in vegetative and reproductive growth.

INTRODUCTION

Phospholipid signaling plays a crucial role in plant development
and stress response (Heilmann, 2016; Hong et al., 2016). In
Arabidopsis (Arabidopsis thaliana) and other seed plants, phos-
phatidic acid (PA) is a representative class of phospholipid signals
(Munnik, 2001). PA can be mainly produced from major membrane
phospholipid classes by phospholipase D (PLD) or from diac-
ylglycerol (DAG) by diacylglycerol kinase (DGK). In lipid signaling,
DAG can be produced from major membrane phospholipid
classes by nonspecific phospholipase C or from minor phos-
phoinositides by phosphoinositide-specific phospholipase C
(Figure 1A; Testerink and Munnik, 2005). Compared with the
extensively studied PLD enzyme family (Hong et al., 2016), the
physiological function of the DGK family has been less in-
vestigated in Arabidopsis and other seed plants.
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DGK s a highly conserved family of lipid kinases among most
unicellular and multicellular organisms. These lipid kinases
phosphorylate DAG to produce PA. Regulation of DAG and PA
homeostasis is critical in membrane lipid homeostasis, be-
cause both DAG and PA are central mediators in phospholipid
biosynthesis and signaling in animals and plants. In animals,
DAG has been identified as a lipid second messenger that
modulates the function of the protein kinase C family (Asaoka
et al., 1992; Martelli et al., 2002) and is involved in regulating
proteins that affect various biological processes such as
carcinogenesis, metastasis, cell growth, development, sur-
vival, and apoptosis (Asaoka et al., 1992; Ebinu et al., 1998;
Tognon et al., 1998; Ron and Kazanietz, 1999; Sakane et al.,
2002). By contrast, in plants, the signaling role of DAG has been
an open question because neither members of the protein
kinase C family nor putative effectors of DAG signaling have
been revealed yet. Instead, plants use PA as a lipid signal to
trigger downstream effector responses to overcome diverse
stress events including wounding, osmotic pressure, salinity,
cold, pathogen attack, and drought (Munnik, 2001; Testerink
and Munnik, 2005). Thus, DGK represents a primary enzyme
family in phospholipid signaling that may contribute criti-
cally to the response to biotic and abiotic stresses (Arisz et al.,
2009).

The activity of plant DGKs has been reported in different plant
species, including tomato (Lycopersicum esculentum), Arabidopsis,
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IN A NUTSHELL

Background: Phospholipids are indispensable constituents of biological membranes. In addition, some
phospholipids can also serve as signaling molecules to regulate plant development and stress responses.
Diacylglycerol kinase (DGK) is an important enzyme that converts diacylglycerol (DAG) into phosphatidic acid (PA).
PA is a phospholipid signal that itself acts as a precursor in the biosynthesis of several phospholipid classes.
Arabidopsis possesses 7 DGK genes, but whether each gene was associated with a specific role remained unclear

until now.

Question: We wished to determine which DGK(s) were crucial for plant function and how they affected PA
production for signaling and metabolism. We accomplished our goals by identifying a pair of critical DGKs whose
double loss of function caused strong phenotypes, both during vegetative and reproductive development.

Findings: We discovered that DGK2 and DGK4, which are highly expressed in pollen, encode a critical DGK pair.
We failed to identify a double mutant in a segregating population derived from a cross between two (presumed

null) T-DNA insertion alleles. Based on segregation behavior of parental alleles in targeted crosses, we hypothesize
that the absence of double mutant seed is caused by defective pollen tube growth due to the lack of PA. To our
surprise, the generation of plants that combined RNA silencing against one DGK in the insertion mutant background
of the other DGK in the pair circumvented gametophytic lethality during pollen germination, presumably because RNA
silencing did not completely remove all DGK2/4 mRNAs. These phenotypically weaker plants also displayed a lipid
profile defect in their leaves, despite having no clear requirement for a PA signal.

In fact, these DGKs generate PA to synthesize phosphatidylglycerol (PG), another class of phospholipid, via a
previously unknown metabolic pathway. Thus, the DGK pair plays tissue-specific roles in phospholipid signaling and

metabolism

Next steps: We are working to uncover how DGKs differentiate PA production for its own signaling function and
membrane phospholipid metabolism in different tissues. Such an effort will update our current model of lipid
metabolism and contribute to the understanding of the molecular mechanisms underlying reproductive viability for

agricultural improvement.
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maize (Zea mays), wheat (Triticum aestivum), rice (Oryza sativa),
and apple (Malus domestica). From a protein database search, at
least 47 DGK proteins are present in 22 plant species, including
crop plants such as grape (Vitis vinifera), sweet orange (Citrus X
sinensis), and cotton (Gossipium hirsutum; Escobar-Sepulveda
et al., 2017). However, a limited number of reports are available
for functional studies of DGK proteins. In tomato, two different
cDNAs, named CALMODULIN BINDING DGK (LeCBDGK) and
LeDGK1, have been isolated. LeCBDGK contains a calmodulin
binding domain that is located close to the C terminus of the
protein, but this domain is absent in LeDGK1. Both proteins were
demonstrated to be active in vitro. For LeCBDGK, Ca?* is an
important factor for its membrane association (Snedden and
Blumwald, 2000). Overexpression of a rice DGK, BTH-INDUCED
DGK (OsBIDK1), demonstrated improved disease resistance in
transgenic tobacco (Nicotiana tabacum) against Tobacco mosaic
virus and Phytophthora parasitica var nicotianae (Zhang et al.,
2008).

In Arabidopsis, DGKs are encoded by seven genes (DGK1 to
DGK?7; Katagiri et al., 1996; Gémez-Merino et al., 2004, 2005).
DGK?2 is ubiquitously expressed in the whole plant except for
stems, and its transcript level is induced by cold exposure (4°C)
and wounding (Gomez-Merino et al., 2004). DGK7 is expressed in
most tissues, and the protein is primarily found in flowers and
young tissues (Gomez-Merino et al., 2005). As reported recently,
single knockout mutants of DGK2, DGK3, or DGK5 attenuated PA
production and improved tolerance to freezing temperatures (Tan
et al., 2018). In addition, different single and double mutants of
DGKs showed altered sensitivity to 24-epibrassinolide treatment

under optimal and high salinity conditions (Derevyanchuk et al.,
2019). Thus, cumulative evidence highlights the role of DGKsin the
plant PA signaling response to biotic and abiotic stresses (Gémez-
Merino et al., 2004, 2005; Mérida et al., 2008; Arisz et al., 2009; Tan
et al., 2018).

In contrast to the relatively well-studied role of DGKs in stress
response, theirinvolvement in plant growth and developmentis an
emerging issue. Root elongation is greatly affected by inhibition
of DGK function (Gémez-Merino et al., 2005). Recently, dgk4
knockout mutants were found to be defective in pollen tube
growth (Vaz Dias et al., 2019). Both DAG and PA are precursors for
the biosynthesis of most glycerolipid classes, which are the major
components of cellular membranes and are thus associated with
plant growth and development. Although an increasing body of
evidence revealed the involvement of DGK in PA signaling under
stress conditions, a remaining question is whether specific DGK
isoforms are essential for plant growth and housekeeping glyc-
erolipid metabolism in Arabidopsis under normal growth
conditions.

In this work, we focused on the role of DGKs in reproductive
development. We selected DGK2, DGK4, and DGK6 for their
characteristic gene expression patterns in reproductive organs.
From unbiased genetic crossing between these three DGKs, we
discovered that plants doubly heterozygous for DGK2 and
DGK4 (dgk2-1/+ dgk4-1/+) showed impaired development in
both the male and female gametophytes. Suppressing DGK2
expression in DGK4 knockout plants (35S,,,:amiDGK2 dgk4-
1/-) or vice versa (35S,,,:amiDGK4 dgk2-1/-) conferred game-
tophyte defects similar to dgk2-1/+ dgk4-1/+ plants, as well as
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Figure 1. Characterization of Arabidopsis DGK2, DGK4, and DGK6. NPC, nonspecific phospholipase C; PC, nonspecific phospholipase; PIP,, phos-
phatidylinositol 4,5-bisphosphate; PIPLC, phosphoinositide-specific phospholipase C.

(A) Schematic representation of DGK function in plant PA signaling.

(B) Heatmap of tissue-specific expression pattern of DGK genes. Data were analyzed with GENEVESTIGATOR.
(C) Positions of T-DNA and primers used for PCR-based genotyping. Black bars, exons; gray bars, introns; white bars, untranslated regions.
(D) RT-PCR analysis to detect transcripts of DGK2, DGK4, and DGK6 in homozygous dgk2-1, dgk4-1, and dgk6-1 mutants. WT, wild type.

adverse effects to vegetative growth, including shorter roots
and smaller seedlings. The lipid profile of the flower buds and
rosette leaves of these transgenic 35S,,:amiDGK2 dgk4-1/-
plants indicated altered biosynthesis of phosphatidylglycerol
(PG) and phosphatidylinositol (Pl), two phospholipid classes
derived from PA in the endoplasmic reticulum (ER). We propose
that DGK2 and DGK4 are ER-localized DGKs required for
vegetative and gametophyte development as well as glycer-
olipid metabolism.

RESULTS

Gene Expression Profile of Seven Arabidopsis DGKs in
Different Tissues

To identify which DGK genes are involved in reproductive de-
velopment, we first analyzed the tissue-specific expression pro-
files of seven DGK genes by using the bioinformatics search tool
GENEVESTIGATOR (www.genevestigator.com). Each DGK gene
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showed a distinct tissue expression pattern (Figure 1B). DGKT,
DGK3, and DGK7 showed rather ubiquitous expression in various
tissues or cell types, whereas DGK2, DGK4, and DGK6 were
primarily expressed in floral organs. In particular, these genes
were preferentially expressed in male reproductive organs, which
suggests a potential role in reproductive processes. We therefore
focused on DGK2, DGK4, and DGK6 for further functional
characterization.

Isolation of dgk2, dgk4, and dgk6 Mutants in Arabidopsis

To investigate the role of DGK2, DGK4, and DGKG6 in reproductive
development in vivo, we isolated T-DNA insertion mutants for
DGK2, DGK4, and DGK6, named dgk2-1, dgk4-1, and dgk6-1,
respectively. Each single homozygous mutant dgk2-1, dgk4-1,
and dgk6-1 was isolated by PCR-based genotyping. DNA se-
quencing confirmed that the T-DNA insertions were located within
the exons (Figure 1C). No transcript for DGK2, DGK4, and DGK6
was detected in dgk2-1, dgk4-1, and dgk6-1, respectively, by RT-
PCR analysis (Figure 1D), and they are thus considered null
mutants for their respective target gene. Under normal growth
conditions, individual single homozygous mutants showed no
visible growth defects, which suggests that the function of these
genes may be redundant in vivo.

The dgk2 dgk4 Double Mutant Impairs the
Male Gametophyte

To further investigate a possible overlapping function between
DGK2,DGK4,and DGK6, we crossed dgk2-1, dgk4-1,and dgk6-1
to generate double mutants of three different combinations. We
isolated viable dgk2-1 dgk6-1 and dgk4-1 dgk6-1 double mutants
without any visible growth phenotypes, but we failed to identify
a single dgk2-1 dgk4-1 double homozygous plant after geno-
typing more than 116 offspring seedlings of a dgk2-1/+ dgk4-1/+
plant, implying that the dgk2-1/- dgk4-1/- may be gametophyte,
embryo, orseed lethal. Toinvestigate whetherthe dgk2-1/+ dgk4-
1/+ affects the male reproductive organs, we scored pollen vi-
ability by Alexander staining (Alexander, 1969). Overall, 54.1% of
pollen grains in dgk2-1/+ dgk4-1/+ stained green, which in-
dicates reduced viability (Figures 2A and 2D). In agreement with
this observation, scanning electron microscopy revealed that
~50% of pollen grains were shrunken in dgk2-1/+ dgk4-1/+
(Figure 2B). Furthermore, mature siliques of dgk2-1/+ dgk4-1/+
frequently produced aborted seeds, as indicated by a significant
number of empty slots (48.3%) in siliques (Figure 2C, black as-
terisks; Figure 2E, left). In addition, mature siliques were shorter on
dgk2-1/+ dgk4-1/+ double heterozygous plants than on the wild
type (Figure 2E, right). The percentage of empty slots in siliques
was much higher than the expected percentage of double ho-
mozygous mutant embryos (6.3%) generated from self-crossing,
which suggests that embryo lethality is not sufficient to explain
these numbers.

Next, to investigate whether these morphological phenotypes
are present in parental single mutants, we looked at dgk2-1 and
dgk4-1. A recent publication reported that dgk4 mutants exhibit
smaller vegetative tissue and reduced pollen tube growth (Vaz

DGKs in Gametogenesis and Phospholipid Metabolism 2605

Dias et al., 2019), and we included one of these previously pub-
lished mutants (GK-709G04, hereafter dgk4-2) as a control to
compare phenotypes. However, under our growth conditions, we
did not observe any effect on plant size (Supplemental Figure 1A)
or rosette leaf size (Supplemental Figure 1B) in dgk2-1, dgk4-1, or
dgk4-2. We further investigated the reproductive growth phe-
notype in mature flowers (Supplemental Figure 1C) and siliques
(Supplemental Figure 1D) as well as the male gametophyte by
Alexander staining (Supplemental Figure 1E) and pollen morphol-
ogy by scanning electron microscopy (Supplemental Figure 1F). We
observed no remarkable mutant phenotype in any of the single
mutants. Because of the lack of a second insertion allele for dgk2,
we were unable to test whether an independent dgk2 dgk4 double
mutant could reproduce the same morphological phenotypes as
dgk2-1/+ dgk4-1/+.

To examine whether the defects observed in pollen grains and
seeds were due to the combined loss of DGK2 and DGK4, we
performed genetic complementation by introducing the genomic
sequence of DGK2 (DGK2,,.:DGK2) or DGK4 (DGK4,,,,-DGK4) into

ro ro

dgk2-1/+ dgk4-1/+ plan,t)s. We isolated a numbell)' of DGK2,,,,:
DGK2 dgk2-1/- dgk4-1/- plants by PCR-based genotyping,
which showed no evidence of reduced pollen viability (Figures 2A,
2B, and 2D), aborted seed development, or shorter siliques
(Figures 2C and 2E). We also attempted to generate DGK4,,,,:
DGK4 dgk2-1/- dgk4-1/- but were unable to isolate this line after
genotyping hundreds of seedlings. These results indicate that
transduction of the DGK2 genomic sequence can fully comple-
ment the reproductive defect caused by disruption of DGK2 and
DGK4. Thus, the male gametophyte defects may be caused by the
combined loss of DGK2 and DGK4.

Tissue Localization of DGK2 and DGK4

To study the tissue-specific localization pattern of DGK2 and
DGK4, we generated transgenic plants harboring DGK2,,,,:DGK2-
GUS or DGK4,,:DGK4-GUS and performed histochemical
B-glucuronidase (GUS) staining assays. In 1-to 3-d-old seedlings,
DGK2-GUS and DGK4-GUS lines showed different staining
patterns; DGK2-GUS displayed a stronger signal in cotyledons
than in hypocotyls (Figures 3A to 3C), whereas DGK4-GUS ex-
hibited the opposite pattern (Figures 3H to 3J). This staining
pattern was confirmed with an additional independent transgenic
line (Supplemental Figures 2A and 2F). In 7- and 14-d-old seed-
lings, GUS staining was observed in hypocotyls and roots of
DGK2-GUS (Figures 3D and 3E) and DGK4-GUS (Figures 3K and
3L). In vegetative tissues, GUS staining was barely detectable,
except for a faint staining in the leaf veins of DGK2-GUS (Figures
3F and 3G) and DGK4-GUS (Figures 3M and 3N).

In reproductive tissues, DGK2-GUS inflorescence stems were
stained slightly, but this was not the case for DGK4-GUS (Figures
30 and 3R). During flower development, GUS staining was ob-
served specifically in developing anthers and stigmas (Figures 3P
and 38S). In developing siliques, GUS staining was limited to re-
ceptacles for both DGK2-GUS and DGK4-GUS (Figures 3Q and
3T). These staining patterns were also confirmed with an addi-
tional independent transgenic line (Supplemental Figures 2B to 2E
and 2G to 2J). Thus, DGK2-GUS and DGK4-GUS showed
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Figure 2. Defective Gametogenesis in the Double Heterozygous Mutant of dgk2-1 and dgk4-1 (dgk2-1/+ dgk4-1/+).

(A) and (B) Pollen viability in 5-week-old plants by Alexander staining (A) and morphology of pollen grains by scanning electron microscopy imaging (B). Bars
in (A) = 200 um and bars in (B) = 20 um. White asterisks indicate aborted pollen. The first flower was avoided for observation. WT, wild type.

(C) Developing seeds in a mature silique. Shrunken seeds were marked with a black asterisk. Bars = 500 pm.

(D) Percentage of viable (black bars) or nonviable (grey bars) pollen observed in (A). More than 800 pollen grains were counted for each line.

(E) Percentage of normal (black bars) or shrunken (grey bars) seeds (left) and silique length (right). More than 500 seeds were counted, and at least eight
siliques were measured for each line. Statistical significance was analyzed by Student’s ¢ test: ***, P < 0.001.
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Figure 3. Tissue-Specific Localization of DGK2 and DGKA4.
DGK2,,,,:DGK2-GUS line #23 (see [A] to [G] and [O] to [Q]) and DGK4,,,,

ro
:DGKI—GUS line #12 (see [H] to [N] and [R] to [T]) were subjected to
histochemical GUS staining.
(A) to (E) and (H) to (L) Time-course GUS staining profile of germinating
seedlings. Seeds were stratified in sterile water for 1 d and placed on MS
agar plates. Seedlings on day 1 (see [A] and [H]), day 2 (see [B] and [l]), day
3 (see[C]land [J]), day 7 (see [D] and [K]), and day 14 (see [E] and [L]) after
plating.
(F) and (M) Cauline leaves.
(G) and (N) Rosette leaves.
(O) and (R) Inflorescence stems.
(P) and (S) Flowers at different developmental stages.
(Q) and (T) Developing siliques.
Bars in (A) to (C), (H), (1), and (J) = 500 pm; bars in (P), (Q), (S), and (T) = 1
mm; and bars in (D) to (G), (K) to (0), and (R) = 2 mm.

stronger staining in developing anthers, with a distinct pattern in
germinating seedlings and inflorescence stems.

Subcellular Localization of DGK2 and DGK4

To investigate the subcellular localization of DGK2 and DGK4, we
expressed DGK2,,,,:DGK2-Ven or DGK4,,,,:DGK4-Ven (fusions
between DGK2/4 and the Venus [Ven] version of the green fluo-
rescent protein [GFP]) transiently in Nicotiana benthamiana leaves
and observed the subcellular location of the Ven fluorescent
signal. We used three copies of the Ven reporter because a single
copy did not give a clear fluorescent signal, possibly due to weak
promoter activity from DGK2,,, and DGK4,,,,. Both DGK2-Ven and
DGK4-Ven showed a clear reticulated signal pattern (Figures 4A
and 4B), which is typically observed with ER-localized proteins.
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We cobombarded leaves with a known ER marker (ER-rk; Nelson
et al., 2007), which clearly overlapped with the Ven signal from
DGK2-Ven and DGK4-Ven (Figures 4A and 4B). To test whether
transiently produced DGK2-Ven and DGK4-Ven fusion proteins
were intact in terms of protein size, we transfected DGK2,,,:
DGK2-Ven or DGK4,,,:DGK4-Ven into protoplasts produced
from Arabidopsis leaves for clearer protein immunoblot detection
than from N. benthamiana leaves. We first confirmed that DGK2-
Ven and DGK4-Ven still localized to the ER in protoplasts
(Supplemental Figure 3A), which agreed with our results in N.
benthamiana leaves (Figure 4). Next, immunoblot analysis of total
protein from protoplasts producing DGK2-Ven or DGK4-Ven with
an anti-GFP antibody indicated that both DGK2-Ven and DGK4-
Ven appeared to accumulate at their predicted respective mo-
lecular weights, indicating that the proteins are intact and the Ven
moiety was not cleaved off (Supplemental Figure 3B). Thus, DGK2
and DGK4 may be localized mainly at the ER.

Defective Pollen Germination and Tube Elongation in
dgk2-1/+ dgk4-1/+

To elucidate the role of DGK2 and DGK4 in pollen tube growth,
we investigated the germination (Figure 5A) and elongation
(Figure 5B) of pollen in wild-type (Columbia-0 [Col-0]) and dgk2-
1/+ dgk4-1/+ heterozygous plants. PA is involved in pollen
germination and elongation of the pollen tube in tobacco and
is produced in part by PLD (Potocky et al., 2003). PLD activity
prefers primary alcohols such as n-butanol over water in hydro-
lyzing phospholipids (Yang et al., 1967). Thus, PLD activity in the
presence of n-butanol produces phosphatidylbutanol and hence
reduces PA production. Consistent with the observations in to-
bacco (Potocky et al., 2003), germination and elongation of the
Arabidopsis wild-type pollen were affected by treatment with
n-butanol, but not tert-butanol, which is a tertiary alcohol and not
a preferred substrate for PLD (Figures 5A and 5B). Because
n-butanol treatment may also produce butylaldehyde by en-
dogenous alcohol dehydrogenase activity (Tadege and Kuhle-
meier, 1997), we treated the Arabidopsis wild-type pollen with
butylaldehyde and observed an effect on germination that was
similar to that with n-butanol (Supplemental Figure 4). Compared
with the wild type treated with n-butanol, dgk2-1/+ dgk4-1/+
pollen tubes had similar lengths (Figure 5B) but a more severely
reduced germination rate (Figure 5A), which suggests that DGK-
derived PA signal plays a more predominant role in germination
than elongation during pollen tube growth. Next, we tested
whether DGK2 and DGK4 were redundant in pollen germination by
investigating pollen germination in the single mutants dgk2-1 and
dgk4-1.1nagreement with arecent report for DGK4 (Vaz Dias et al.,
2019), pollen germination was reduced in dgk4-1 (Figure 5C).
However, we found that this phenotype was more pronounced
in dgk2-1 than in dgk4-1, suggesting that DGK2 may possess
a predominant function over DGK4 in pollen germination.

To test whether defective pollen tube growth was caused by the
mutation, we analyzed the germination rate of pollen in DGK2,,,,;:
DGK2 dgk2-1/- dgk4-1/-. The germination rate of DGK2,,,,:DGK2
dgk2-1/- dgk4-1/- pollen was indistinguishable from that of the
wild type, indicating that the decreased germination rate in dgk2-
1/+ dgk4-1/+ was complemented by the introduction of the
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DGK2-Ven

DGK4-Ven

Figure 4. ER Localization of DGK2-Ven and DGK4-Ven in N. benthamiana Leaf Epidermal Cells.

(A) and (B) N. benthamiana leaves were bombarded with particles carrying the constructs DGK2,,,,:DGK2-Ven (A) or DGK4,,.,:DGK4-Ven (B). Fluorescence
signals for Ven (green) and ER marker (ER-rk, magenta) are merged. Bars = 20 pm.

DGK2,,,:DGK2 construct (Figure 5C). These results suggest that
reduced pollen germination rates are due to the loss of DGK2 and
DGK4. To further examine whether the reduced germination rate
of dgk2-1/+ dgk4-1/+ pollen was due to defective PA production,
we performed a chemical complementation assay by supple-
menting ER-derived (eukaryotic) molecular species of PA (dioleoyl
PA and dilinoleoyl PA). The addition of both PA species largely
reversed the defective pollen germination in dgk2-1/+ dgk4-1/+,
which was indistinguishable from the germination rate in the wild-
type pollen (Figure 5D). These results suggest that DGK2 and
DGK4 are involved in PA production for pollen tube growth.

Reciprocal Genetic Crossing

Toinvestigate viability of the male and female gametophytesin the
dgk2-1 and dgk4-1 single mutants, we performed reciprocal
genetic crosses and examined the segregation of genotypesin the
resulting F1 progeny by PCR-based genotyping (Supplemental

Table 1). Crossing dgk2-1/DGK2 pollen with dgk2-1/dgk2-1
stigma produced F1 seeds with a segregation ratio of 23:25 for
dgk2-1/DGK2:dgk2-1/dgk2-1, very close to the theoretical ratio of
24:24. Conversely, crossing dgk2-1/dgk2-1 pollen with dgk2-1/
DGK?2 stigma resulted in a segregation ratio of 24:24 for dgk2-1/
DGK2:dgk2-1/dgk2-1, which agrees with the theoretical ratio of
24:24. Next, crossing dgk2-1/DGK2 pollen with DGK2/DGK2
stigma produced F1 seeds with a segregation ratio of 51:49 for
DGK2/DGK2:dgk2-1/DGK2, and crossing DGK2/DGK2 pollen
with dgk2-1/DGK2 stigma resulted in a segregation ratio of 50:50
for DGK2/DGK2:dgk2-1/DGK2. Likewise, crossing dgk4-1/DGK4
pollen on a dgk4-1/dgk4-1 stigma produced F1 seeds with
a segregation ratio of 24:24 for dgk4-1/DGK4:dgk4-1/dgk4-1,
which agrees with the theoretical ratio of 24:24. Conversely,
crossing dgk4-1/dgk4-1 pollen with dgk4-1/+ stigma resulted in
a segregation ratio of 45:49 for dgk4-1/DGK4:dgk4-1/dgk4-1,
close to the theoretical ratio of 47:47. Finally, crossing dgk4-1/
DGK4 pollen with DGK4/DGK4 stigma produced F1 seeds with
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0 T T T T
WT  dgk2-1/+ di18:1-PAdi18:2-PA
dgkd-1/4 —
GHETY dgk2-1/+ dgkd-1/+

(A) and (B) Percentage of germinated pollen (A) and length of pollen tube (B) of the wild type (WT; Col-0), dgk2-1/+ dgk4-1/+,and WT treated with n-butanol

(n-BuOH) or tert-butanol (t-BuOH).

(C) Percentage of germinated pollen in the wild type (WT), dgk2-1/-, dgk4-1/-, dgk2-1/+ dgk4-1/+, and DGK2,,,:DGK2 dgk2-1 dgk4-1.

pro*

(D) Chemical complementation of defective pollen germination in dgk2-1/+ dgk4-1/+ by dioleoyl PA (di18:1-PA) and dilinoleoyl PA (di18:2-PA)in vitro. More

than 50 pollen grains were counted in each assay.

Statistical significance was analyzed by Student’s t test: *, P < 0.05; ***, P < 0.0001.

a segregation ratio of 51:49 for wild type:dgk4-1/DGK4, and
crossing DGK4/DGK4 pollen with dgk4-1/DGK4 stigma resulted
in a segregation ratio of 52:48 for wild type:dgk4-1/DGK4. In all
cases, statistical analysis indicated no significant defect in the
penetrance of mutant allele between male and female game-
tophytes. These data suggest that both male and female game-
tophytes from dgk2-1 and dgk4-1 were viable, albeit with a reduced
germination rate during in vitro culture of dgk2-1 and dgk4-1 pollen
(Figure 5C).

DGK2 Knockdown in the dgk4 Mutant Confers
a Reproductive and Vegetative Growth Phenotype

Our genetic evidence suggests that the loss of both DGK2 and
DGK4 may affect gamete viability during gametogenesis. How-
ever, whether these DGKs are essential specifically during ga-
metogenesis or ubiquitously throughout the plant life cycle
remains uncertain. For this reason, we created weaker loss-of-
function lines for DGK2 and DGK4 by using artificial microRNA
(amiRNA)-mediated gene suppression (Schwab et al., 2006;
Ossowski et al., 2008). We produced two transgenic plant lines
that overexpress one of two specific miRNA sequences designed

to target DGK2 (@miDGK2-1 and amiDGK2-II; Figure 6A) in the
dgk4-1 mutant background (35S ,,:amiDGK2-1 dgk4-1and 35S,
:amiDGK2-Il dgk4-1). Among 24 transgenic plants each, we ob-
tained four ami-DGK2 transgenic lines (35S,,,,:amiDGK2-1 dgk4-1

pro

lines #1 and #7 and 35S,,,;amiDGK2-Il dgk4-1 lines #2 and #4),
with much lower DGK2 expression (Figure 6B). Compared with the
wild type, DGK2 expression in 7-d-old seedlings decreased by 79,
93, 85, and 85% in 355,,,,;amiDGK2-1 dgk4-1 lines #1 and #7 and
35S,,,:amiDGK2-1l dgk4-1 lines #2 and #4, respectively. To
confirm the gametophyte phenotypes observed in dgk2-1/+
dgk4-1/+ double heterozygotes, we first analyzed pollen viability
of transgenic plants (Figure 6C). Compared with dgk2-1/+ dgk4-
1/+ with 50.5% nonviable pollen, 35S ,,:amiDGK2-1 dgk4-1 lines
#1 and #7 produced 4.4 and 3.5% nonviable pollen, respectively.
However, in 35Sp,0:amiDGK2-ll dgk4-1 lines #2 and #4, 28.9 and
68.4% of pollen grains were nonviable. Next, observation of seeds
showed a similar trend; the proportion of aborted seeds in 35S,
:amiDGK2-1 dgk4-1lines #1 and #7 was 13.8 and 17.9% but that of
35S,,,:amiDGK2-Il dgk4-1 lines #2 and #4 was 45.9 and 68.1%,
respectively (Figure 6D, left). All transgenic lines had shorter sil-
iques than dgk2-1/+ dgk4-1/+ or the wild type (Figure 6D, right;

Supplemental Figure 5). These results confirmed the reproductive
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Figure 6. Construction and Screening of the 35S_,,:amiDGK2 dgk4-1 Plants.
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(A) Schematic representation of the 35S ,,,;:amiDGK2-I and 35S,,,,;amiDGK2-Il constructions. Two target sites of amiRNAs designed are indicated. LB, left
border; RB, right border; ter, transcriptional terminator.

(B) Relative transcript levels of DGK2 in 7-d-old seedlings of the wild type (WT) and fourindependent transgenic lines: 35S ,,,,:amiDGK2-I dgk4-1 (lines #1 and
#7) and 35S,,,;:amiDGK2-1l dgk4-1 (lines #2 and #4). Values are mean = sp of three biological replicates and with three technical replicates.

(C) Percentage of viable (black bars) or nonviable (grey bars) pollen by Alexander staining. More than 800 pollen grains were counted for each line.

(D) Percentage of normal (black bars) or aborted (grey bars) seeds (left) and length of silique (right). More than 500 seeds were counted, and at least eight
siliques were measured for each line.

Statistical significance was analyzed by Student’s t test: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.



phenotypes in dgk2-1/+ dgk4-1/+ and suggest that the 35S,,;:
amiDGK2-1l dgk4-1 line #4 is a stronger knockdown allele,
whereas the others are weaker alleles than dgk2-1/+ dgk4-1/+ in
terms of the strength of their gametophytic phenotypes.

Torule out the possibility that these morphological phenotypes
were due to a possible other mutation in dgk4-1 that is not related
to the DGK4 insertion but somehow produces these phenotypes
when DGK2 transcript levels are reduced, we produced two
transgenic plant lines that overexpress one of two specific miRNA
sequences designed to target DGK4 (amiDGK4-1 and amiDGK4-1l)
(Supplemental Figure 6) in the dgk2-1 mutant background (35S,,,,
:amiDGK4-1 dgk2-1 and 35S,,,,:amiDGK4-Il dgk2-1). Consistent
with our observations in 35S,,,:amiDGK2-I dgk4-1 and 35S,
:amiDGK2-Il dgk4-1 (Figure 6; Supplemental Figure 5), two rep-
resentative lines of 24 screened lines for each transgenic plant
(35S,,,,:amiDGK4-1 dgk2-1 #2 and #20 and 35S,,,:amiDGK4-II
dgk2-1 #9 and #22) showed similar aborted seeds and shorter
siliques (Supplemental Figures 6A and C) as well as reduced pollen
viability (Supplemental Figure 6B). These results suggest that the
reproductive growth phenotypes observed in these lines are due
to suppression of DGK2 and DGK4.

We then characterized the vegetative growth of these 35S,
amiDGK2 dgk4-1 transgenic plants in soil and in Murashige and
Skoog (MS) medium (Figure 7). In 24-d-old, soil-grown plants
under long-day conditions, the rosette leaves of transgenic lines
were round shaped (Figure 7A) and significantly smaller (Figure
7B), in particular for the stronger knockdown allele (35S,
amiDGK2-1l dgk4-1 line #4). Also, compared to the wild type, shoot
fresh weight was significantly reduced in 35S ,,:amiDGK2-Il dgk4-
1 lines #2 and #4 (Figure 7C). In 14-d-old seedlings grown on an
MS plate, primary root length was significantly reduced in all
transgenic lines (Figure 7D). Moreover, a slight but significant early
flowering phenotype was observed in the transgenic lines: al-
though the wild-type plants started bolting 9.7 leaves on average,
all transgenic lines showed significantly reduced average leaf
numbers (8.5, 9.0, and 7.3 for 355, ,:amiDGK2-/ dgk4-1 lines #1
and #7 and 35S,,amiDGK2-Il dgk4-1 line #4, respectively;
Figure 7E). These results suggest that function of DGK2 and DGK4
is required for both vegetative and reproductive growth.

Enzyme Activity of Recombinant DGK4

DGK activity of DGK4 was not examined previously, whereas that
of DGK2 has been reported (Gomez-Merino et al., 2004). To test
whether DGK4 encodes a functional DGK, we conducted in vitro
enzyme activity assays with recombinant DGK4 protein. We
cloned the DGK4 coding sequence into an Escherichia coli vector
(PMALS5X) to produce a protein fused with maltose binding protein
(MBP). We determined enzymatic activity from total protein ex-
tracts (after induction of protein expression) by quantifying the
amount of fluorescence-labeled PA produced after incubation of
recombinant DGK4 with fluorescence-labeled DAG (1-NBD-
decanoyl-2-decanoyl-sn-glycerol [NBD-DAG]) and nonlabeled
ATP as substrates. Significant DGK activity was detected for
extracts obtained from cells producing MBP-fused DGK4, com-
pared to that harboring the empty vector (o MALS5x; Supplemental
Figure 7). Thus, DGK4 is a functional DGK that phosphorylates
DAG to produce PA in vitro.
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Polar Glycerolipid Profiles in Rosette Leaves and Floral
Buds of 35S,,,,:amiDGK2-1I dgk4-1

To investigate whether the changes in polar glycerolipid contents
are associated with the phenotype expression of the knockdown
lines, we chose 35S,,,;amiDGK2-1l dgk4-1 lines #2 and #4 for lipid
analysis because of their stronger phenotype among four
knockdown lines. Because obvious phenotypes were observedin
gametophytes and rosette leaf size, we analyzed polar glycerolipid
composition in floral buds and 24-d-old rosette leaves.

In floral buds, we first quantified the absolute amount of glyc-
erolipid classes normalized by tissue dry weight, including PA,
a reaction product of DGK. Consistent with our previous report
(Nakamura et al., 2014), PA content was high in floral buds
(Figure 8A). The amount of PA was reduced by 28% in 35S,
:amiDGK2-1l dgk4-1 lines #2 and #4 compared to the wild type,
demonstrating that DGK2 and DGK4 are involved in PA production
in vivo (Figure 8A). No other glycerolipid class showed significant
changes consistently between the two knockdown lines. Next, we
analyzed the composition (mol %) of major polar glycerolipid
classes. Most lipid classes showed no consistent change be-
tween the two lines, but we observed a significant and consistent
reduction in Pl content in the two knockdown lines relative to the
wild type (Figure 8B). We further analyzed the fatty acid compo-
sition of these lipid classes (Figure 8C). The 16:0 content of
phosphatidylethanolamine (PE) was significantly and consistently
reduced in the two knockdown lines compared with the wild type.
Thus, in flower buds, DGK2 and DGK4 may affect PA and PI
significantly, but not other glycerolipid classes.

In rosette leaves, we first analyzed the absolute amount of lipid
content normalized by tissue dry weight. Levels of most lipid class
analyzed decreased in the knockdown lines; monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG),
phosphatidylcholine (PC), and Pl levels decreased by 47, 61, 55,
and 56%, respectively, compared to the wild type (Figure 9),
presumably because leaf size and fresh weight were significantly
reduced in the knockdown lines (Figures 7A to 7C). However, we
saw no significant differences for PE or PG, which may alter rel-
ative membrane lipid composition. Thus, we next analyzed polar
glycerolipid composition in mol % (Figure 9B). In the knockdown
lines, only the PG fraction, and not the PE fraction, consistently
increased at the expense of DGDG. Analysis of fatty acid com-
position in these glycerolipid classes showed an increase of 16:0
content at the expense of polyunsaturated fatty acids in DGDG,
PC, PE, and PI (Figure 9C). MGDG showed no significant changes
in fatty acid composition, but PG increased significantly in t16:1
content but decreased in 18:3 content. Because t16:1 is a sig-
nature fatty acid in plastidic PG, this change suggests a specific
decrease in extraplastidic PG biosynthesis.

To further investigate whether extraplastidic PG biosynthesis
was compromised in the knockdown lines, we performed a pulse-
chase radiolabeling experiment using ['“CJacetate or [y-32P]ATP.
With ['“Clacetate, neo-synthesized glycerolipids are labeled, and
thus de novo synthesis of these lipid classes can be monitored
(Figure 10A, green dashed square; Bates et al., 2017). With [y-32P]
ATP, PA produced from DAG by DGK activity is labeled, which
allows the monitoring of the metabolic fate of DGK-derived PA
(Figure 10A, red dashed square). With ['“C]acetate pulse-chase
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Figure 7. Vegetative Growth of the Wild Type, 35S

pro

:amiDGK2-1 dgk4-1, and 35S,

pro

:amiDGK2-Il dgk4-1.

(A) Detached rosette leaves of 24-d-old plants. Bars = 2 cm. WT, wild type.

(B) and (C) Seedling size (B) and fresh weight (FW) of the shoot part (C) of 24-d-old, soil-grown wild-type (WT) and 35S,,,:amiDGK2 plants. Values are
mean = sp of 14 plants for each.

(D) Primary root length of 14-d-old wild-type (WT) and 35S,,,,:amiDGK2 seedlings grown on MS medium. Values in (A) to (D) are mean = sp of eight plants.
(E) Flowering time under long-day (16-h-light/8-h-dark cycle) conditions. The number of rosette leaves was counted when plants were bolting (n = 14). WT,
wild type.

Statistical significance was analyzed by Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ***, P < 0.0001.

labeling, the amount of #C-labeled PG, but not the other major
glycerolipid classes, significantly decreased in both knockdown
lines compared to the wild type (Figure 10B), which suggests that
DGK2 and DGK4 may be involved in de novo biosynthesis of PG.
Next, [y-32P]JATP pulse-chase radiolabeling revealed that pro-
duction of labeled PG considerably decreased in the knockdown
lines, which caused arelative increase of labeled Pl because these
two phospholipid classes are produced from PA in the ER-
localized glycerolipid metabolic pathway (Figure 10C). These
results suggest that ER-localized PG biosynthesis is compro-
mised in the knockdown mutant lines and that PA produced by

DGK2 and DGK4 is mainly used as a precursor for the biosynthesis
of PG.

DISCUSSION

Role of DGK2 and DGK4 in Growth and Development

In this work, we focused on DGK2 and DGK4 because of the
gametophyte-lethality phenotype seen in the double mutant
(Figure 2). We showed that DGK2 and DGK4 had redundant but
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(A) Amount of major polar glycerolipid classes normalized by tissue dry
weight (DW). WT, wild type.

(B) Contents of major polar glycerolipid classes shown in mol % fractions.
WT, wild type.

(C) Fatty acid composition (mol%) of the polar glycerolipid classes. WT,
wild type.

Data are mean = sp from at least three biological replicates. The asterisks
indicate significance by Student’s t test: *, P < 0.05; **, P < 0.01; **, P <
0.001.

essential functions: the single mutant of either gene was fully
viable, but a double homozygous mutant was not obtained unless
we introduced the genomic sequence of DGK2 (DGK2,,,,:DGK2;
Figure 2). Although the genetic complementation by DGK4,,:
DGK4 was unsuccessful, possibly because of a requirement of
distantly located cis-element not included in the cloned DGK4,,,,,
DGK4 fragment, similar phenotypes were observed in 358‘,,o

amiDGK2 dgk4-1 (Figure 6) and 35S,,amiDGK4 dgk2-1
(Supplemental Figure 6) transgenic knockdown plants. dgk2-1/

DGKs in Gametogenesis and Phospholipid Metabolism 2613

+ dgk4-1/+ double heterozygous plants produced shrunken and
nonviable pollen in anthers (Figures 2A, 2B, and 2D), siliques with
empty seed slots (Figures 2C and 2E, left) and of reduced length
(Figure 2E, right), and reduced pollen tube growth (Figure 5).
Functional reporter assays revealed that DGK2 and DGK4 have
similar distribution at the tissue and subcellular levels. GUS
reporter assays revealed that the staining of DGK2-GUS and
DGK4-GUS was predominant in developing anthers (Figure 3;
Supplemental Figure 2). In addition, fluorescent reporter assays of
DGK2-Ven and DGK4-Ven in tobacco leaves and Arabidopsis leaf
protoplasts revealed an ER localization (Figure 4; Supplemental
Figure 3). The similarity in tissue and subcellular distribution
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weight (DW). WT, wild type.

(B) Contents of major polar glycerolipid classes shown in mol % fractions.
WT, wild type.

(C) Fatty acid composition (mol %) of the polar glycerolipid classes. WT,
wild type.

Data are mean = sp from at least three biological replicates. The asterisks
indicate significance by Student’s t test: *, P < 0.05; **, P < 0.01; **, P <
0.001.
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Figure 10. Pulse-Chase Radiolabeling Experiments in Rosette Leaves of the 24-d-Old Wild Type and 35S,,,:amiDGK2-Il dgk4-1.

(A) Schematic illustration of two distinct radiolabeling methods used in this experiment. ['“C]Acetate is incorporated into the fatty acid synthesis pathway
(F.A.S), which produces '*C-labeled 18:1-CoA to be incorporated into glycerol backbone and thus radiolabel lipid metabolites indicated in the territory of the
green dashed square. [y-32P]ATP is a substrate of DGK; hence, immediately radiolabeled compound is a product PA. Since PG and Pl are derived from PAin
ER-localized phospholipid metabolism, metabolites within the territory of the red dashed square will be radiolabeled. G3P, glycerol 3-phosphate; LPA,
lysophosphatidic acid.

(B) and (C) Pulse-chase radiolabeling analysis of polar glycerolipid metabolism using ['“Clacetate (B) or [y-32PJATP (C). Rosette leaves of the wild type
(khaki) and lines 35S,,,:amiDGK2-1l dgk4-1 #2 (blue) and #4 (dark brown) were labeled for 1 h with [“Clacetate or 30 min with [y-32P]ATP, and radiolabeled
polar glycerolipids were analyzed at different times after chasing. Data are mean = sp from three biological replicates. The asterisks indicate significance by
Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

between DGK2 and DGK4 may account for their functional re-

et al. (2019) reported that transmission of their dgk4 mutant allele
dundancy. However, we noted that the single mutants showed

was significantly impaired through the male, but not female, ga-

defective pollen germination (Figure 5C), which agrees with
a previous report for DGK4 (Vaz Dias et al., 2019) but is newly
observed for DGK2. The pollen germination phenotype was
strongerindgk2-1than dgk4-1 (Figure 5C). The result of reciprocal
genetic crossing between dgk2-1 and dgk4-1 indicated no de-
fective penetrance of mutant phenotypes between the male and
female gametophytes (Supplemental Table 1), although Vaz Dias

metophyte. Since Alexander staining of dgk2-1, dgk4-1, and
dgk4-2 single mutants did not reveal evidence of nonviable pollen
(Supplemental Figure 1E), our results suggest that DGK2 and
DGK4 have nonoverlapping function in pollen tube growth but are
redundant in gametophytic viability.

It is well established that pollen germination and elongation of
the pollen tube require PA signaling, which is produced by PLD
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activity. In tobacco pollen, n-butanol treatment competes with
PLD-derived PA production and affects pollen tube growth, and
exogenous supplementation of PA recovers the pollen tube
growth defect (Potocky et al., 2003). Because PA content de-
creased consistently in floral buds of two transgenic knockdown
lines (Figure 8A) and supplementation of eukaryotic PA species to
pollen rescued the tube growth defect (Figure 5D), DGK2 and
DGK4 may be involved in PA production during pollen tube
growth. In pollen tube elongation, the defect in dgk2-1/+ dgk4-1/
+ was as severe as that in the wild type treated with n-butanol
(Figure 5B), which suggests that PA production from the DGK and
PLD pathways is equally important in pollen tube elongation. For
pollen germination, dgk2-1/+ dgk4-1/+ showed more severe
defects than the n-butanol-treated wild type (Figure 5A) that was
however rescued by exogenous supplementation of eukaryotic
PA species (Figure 5D). Thus, DGK-derived PA may play a more
prominent role than PLD-derived PA in pollen germination, but
both pathways contribute equally to pollen tube elongation. Thus,
our results suggest that DGK activity may represent an alternative
pathway for PA signaling during pollen tube growth, in which both
DGK2 and DGK4 play a major role.

In addition to the reproductive organs, clear GUS staining was
observed for both DGK2-GUS and DGK4-GUS in roots, hypo-
cotyls, and leaf veins of seedlings (Figure 3; Supplemental Fig-
ure 2). Although this finding suggests a possible role of DGK2 and
DGK4 in these vegetative tissues, the gametophyte lethality of the
double mutant hampered further investigation to address whether
DGK2 and DGK4 are essential only for gametogenesis or ubig-
uitously in any subsequent developmental stage after gameto-
genesis. To investigate a possible role of DGK2 and DGK4 in
vegetative growth, we took an alternative approach that produces
amiRNA-based knockdown lines for DGK2 in a dgk4-1 back-
ground and DGK4 in a dgk2-1 background. As expected, the
knockdown lines not only confirmed the gametophyte pheno-
types (Figure 6; Supplemental Figure 6) but also revealed signif-
icant defects in vegetative growth (Figure 7). In agreement with the
results of our GUS staining in roots, root length was significantly
reduced in the knockdown lines (Figure 7D). These knockdown
lines also showed round-shaped rosette leaves (Figure 7A) and
reduced seedling size (Figure 7B) and fresh weight (Figure 7C),
which may be associated with a possible role of DGK2 and DGK4
in the vasculature, where intense GUS staining was observed for
both DGK2 and DGK4 (Figure 3; Supplemental Figure 2). Although
a viable vegetative phenotype in the knockdown lines indicates
a somewhat minor contribution of DGK2 and DGK4, or that re-
sidual activity in the lines may be sufficient to meet most needs of
total DGK activity in vegetative growth, these growth phenotypes
may be associated with altered phospholipid metabolism in these
tissues.

Role of DGK2 and DGK4 in Phospholipid Metabolism

Results of in vitro pollen tube growth assays provided animportant
implication regarding an alternative pathway for PA signaling. The
effect of DGK2 and DGK4 suppression on pollen germination and
pollen tube elongation suggests that these DGKs are involved in
pollen tube growth, which is supported by a previous report on
tobacco pollen tubes indicating that both PLD and DGK activities
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play distinct roles in PA production for pollen tube growth (Pleskot
etal.,2012). Tip growth in the elongating pollen tube is depolarized
when phosphoinositide-specific phospholipase C hydrolyzes
phosphatidylinositol 4,5-bisphosphate to produce DAG (Helling
et al., 2006), which may be the substrate for DGK to produce PA.
Unlike Arabidopsis PLD activity, which mainly localizes at the
plasma membrane (Fan et al., 1999), our data demonstrate that
both DGK2 and DGK4 localized to the ER (Figure 4; Supplemental
Figure 3A). Two concurrent pathways for PA production by PLD
and DGK may have distinct subcellular localization, which might
be associated with the differential function between PLD and DGK
in PA signaling and modulating the downstream effectors.

The ER localization of DGK2 and DGK4 and vegetative growth
phenotypes in the knockdown lines prompted us to explore
whether DGK2 and DGK4 may have a role in basal phospholipid
metabolism (not in the context of metabolism for signaling). This
has been an open question because the reaction catalyzed by
DGK follows the direction opposite to the major flux of de novo
phospholipid biosynthesis (Kornberg and Pricer, 1953). Thus,
DGK has drawn less attention in the context of phospholipid
biosynthesis (anabolism) than PA signaling, which involves cat-
abolic reactions. Here, an analysis of polar glycerolipids in our
knockdown lines revealed intriguing changes in lipid contents. In
floral buds, which contain developing male and female game-
tophytes, the absolute amount of PA per tissue dry weight was
reduced significantly, which indicates that DGK2 and DGK4 may
play amajorrolein PA production (Figure 8A). The analysis of major
polar glycerolipid composition (in mol %) showed reduced PI
content (Figure 8B), which suggests relatively reduced Pl bio-
synthesis. Because PAis converted to CDP-DAG, which serves as
a common precursor for the biosynthesis of Pl and PG in the ER
phospholipid metabolism (Zhou et al., 2013), this result suggests
that PA, synthesized by DGK2 and DGK4, may serve as a pre-
cursor for the biosynthesis of Pl and PG in the ER. Regarding PG
content in the knockdown lines, the molecular profiles were
distinct between floral buds and rosette leaves. PG content in mol
% fraction remained unchanged in floral buds (Figure 8B) but
significantly increased in rosette leaves (Figure 9B). Although this
result appears to be inconsistent with the proposal that PG bio-
synthesis may be impaired due to knockdown of DGK2 and DGK4,
we noted a significantincrease in t16:1-containing PG, a signature
fatty acid speciesin chloroplastic PG (Browse et al., 1985). Indeed,
pulse-chase radiolabeling of rosette leaves with ['“Clacetate
showed that PG biosynthesis was specifically affected in the
knockdown lines (Figure 10B). Moreover, radiolabeling of DGK
activity-derived PA with [y-32P]ATP and chasing its metabolism to
PG and Plindicated a reduced flux toward PG biosynthesis versus
PI (Figure 10C). Hence, increased t16:1 fatty acid composition in
the PG fraction of knockdown lines may be due to reduced PG
synthesis in the ER that does not contain t16:1, which was ob-
served more in rosette leaves than floral buds perhaps because of
the abundance of chloroplasts in rosette leaves as a photosyn-
thetic tissue. Floral organs contain higher amount of Pl than leaves
(Nakamura and Ohta, 2007), so the effect of DGK2 and DGK4
suppression on Pl content may be more pronounced in floral buds
than in rosette leaves. In addition to the changes in phospholipid
contents, we also noted a significant reduction of DGDG contentin
rosette leaves (Figure 9), but not floral buds (Figure 8). Since
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galactolipid biosynthesis occurs exclusively in the plastids, this
change implies a possible effect of ER-located DGK2 and DGK4
on plastid galactolipid biosynthesis. Galactolipid biosynthesis
pathways are present both at the outer and inner envelopes of
chloroplasts (Benning and Ohta, 2005). Whereas the inner
envelope-located pathway determines MGDG content and is
essential for photosynthetic function (Kobayashi et al., 2007), the
outer envelope-located pathway plays a minor role and may affect
only DGDG content under normal growth conditions (Kelly et al.,
2003). Considering that rosette leaves of 35S ,,,:amiDGK2-1l dgk4-
1 had reduced a DGDG content, but not MGDG (Figure 9), and
showed no obvious photosynthetic defect judging from the leaf
color (Figure 7A), DGK2 and DGK4 might also be involved in the
outer envelope-located galactolipid biosynthesis, possibly at
the ER-chloroplast contact site. How ER-located enzymes
affect chloroplastic glycerolipid biosynthesis remains open for
investigation.

In conclusion, we propose that DGK2 and DGK4 play a tissue-
specific role to produce PA: in pollen, they generate PA for sig-
naling in pollen tube growth, whereas in leaves they provide
a precursor for the biosynthesis of PG. Our results offer a new
pathway for PA signaling in pollen tube growth and for PG bio-
synthesis in ER phospholipid metabolism.

METHODS

Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana; Col-0 accession) was germinated and
grown on half-strength MS medium containing 1% (w/v) Suc and 0.8%
(w/v) agarose (Murashige and Skoog, 1962) under 16-h-light/8-h-dark
photoperiod conditions with white-lightillumination (75 wumolm—2s~', GC-
560H; Firstek) at 22°C. For plant growth past 2 weeks after germination,
seedlings were transplanted to soil and grown under the same light and
temperature conditions.

Plant Materials

Seeds for the following mutants were obtained from the Nottingham
Arabidopsis Stock Centre: dgk2-1 (SAIL_289E03), dgk4-1 (SALK_069158C),
dgk4-2 (GK-709G04), and dgk6-1 (SALK_011187C). Homozygous plants
were isolated by PCR-based genotyping using gene-specific primers and
T-DNA-specific primers as illustrated (Figure 1C). The primers were for dgk2-
1 (PP045/ISY145 and PP045/YN144), dgk4-1 (ISY011/ISY124 and ISYO11/
YN749),and dgk6-1(ISY009/ISY010 andISY009/YN749). See Supplemental
Table 2 for oligonucleotide sequences. For biological replicates in transcript
and lipid analyses, planting, harvesting, preparation, and analysis of samples
were conducted separately on separate days to ensure the most rigorous
reproducibility. Statistical analysis data are shown in the Supplemental
Data Set.

Plasmid Vector Construction and Transgenic Plants Production

DGK2,,,;DGK2

We amplified 5800 bp of the genomic sequence for DGK2 by PCR from
the Arabidopsis wild-type (Col-0) genomic DNA using primers PP010
and PP011. The PCR product was cloned into plasmid pENTR/D-TOPO
(Invitrogen, Thermo Fisher Scientific) to obtain pAA001 (pENTR_
ProDGK2:DGK2).

DGK2,,/DGK2-GUS

To create the GUS reporter construct translationally fused to the C terminus
of the open reading frame (ORF) of DGK2, a Sfol site was introduced 5’ to
the stop codon of pAA001 by PCR-based site-directed mutagenesis
(Sawano and Miyawaki, 2000) with primer ISY193 to obtain pAA005. The
GUS cassette was inserted into the Sfol site of pAAQ05 to obtain pAA017.

DGK2,,/DGK2-Ven

The triple (3x) repeat of a Ven fluorescent reporter construct was obtained
from pCC102 (Lin et al., 2015) and inserted into the Sfol site of pAA005 to
obtain pAAO18.

DGK4,,,,,DGK4-GUS

To create the GUS reporter construct translationally fused to the C terminus
of the ORF of DGK4, we amplified 3057 bp of the genomic sequence for
DGK4 by PCR from the Arabidopsis wild-type (Col-0) genomic DNA using
primers ISY172 and ISY124. The PCR product was cloned into the plasmid
pENTR/D-TOPO (Invitrogen, Thermo Fisher Scientific) to obtain pAA047.
The Sfol site was added 5’ to the stop codon of pAA047 by PCR-based site-
directed mutagenesis (Sawano and Miyawaki, 2000) with primer ISY194 to
obtain pAA049. The GUS cassette was inserted into the Sfol site of pAA049
to obtain pAA052.

DGK4,,,,;,DGK4-Ven

The 3x repeat of a Ven fluorescent reporter construct was obtained from
pCC102 (Lin et al., 2015) and inserted into the Sfol site of pAA049 to obtain
pAAO53. The obtained entry vector plasmids pAA001, pAA017, and
pPAA052 were recombined into the pKGW destination vector with the use of
LR Clonase (Thermo Fisher Scientific; Karimi et al., 2002) to obtain pAA008,
pPAA033, and pAAD54, respectively. These plant binary vectors were in-
troduced into dgk2-1/+ dgk4-1/+ double heterozygotes via Agro-
bacterium (Agrobacterium tumefaciens)-mediated transformation. In total,
24 T1 plants were genotyped, and T2 seeds from those carrying transgene
were harvested individually. To distinguish the transgene from endoge-
nous DGK2 or DGK4, the following primers were designed and used for
PCR: DGK2,.,:DGK2 (PP025/KK097), DGK2,,,:DGK2-GUS (PP023/

pro pro

KKO098), and DGK4,,,:DGK4-GUS (ISY011/KK098). Lines used for the

pro*

observations were DGK2,_ . :DGK2 line #5; DGK2, :DGK2-GUS lines #11

pro pro

and #23, and DGK4,,,;DGK4-GUS lines #4 and #12.
35S,,,;amiDGK2 dgk4-1

Two specific miIRNA sequences targeting DGK2 (@miDGK2-I and
amiDGK2-1l) were designed (miR-sense, 5-TTGTTAAGTACTATTAGC
CCC-3' and 5'-TACCATTTAAAGATTGGCCCT-3’, respectively) accord-
ingto WMD3 software (http://wmd3.weigelworld.org/; Schwab et al., 2006;
Ossowski et al., 2008). The assembled artificial miRNA precursor fragment
was cloned into the Xhol and Xbal sites of pYN2047 (Lin et al., 2015) to
obtain pAA056 and pAA057, respectively (Figure 6A) and then recombined
into the pKGW destination vector by using LR Clonase (Karimi et al., 2002)
to obtain pAA060 and pAA061, respectively. These plasmids were in-
troduced into dgk4-1 via Agrobacterium-mediated transformation. In total,
24T1 plants were genotyped for the transgene (35S,,,,:amiDGK2-1, PP074/
CHO072; 358p,0:amiDGK2-II, PP078/CH072), and the T2 seeds from those
carrying transgene were harvested individually. 35S, :amiDGK2-1 dgk4-1

pro
lines #1and #7 and 35S, ,,,:amiDGK2-1l dgk4-1lines #2 and #4 were used for
further observation.

35S,,,;amiDGK4 dgk2-1

Two specific miRNA sequences targeting DGK4 (amiDGK4-l and
amiDGK4-Il) were designed (miR-sense, 5'-TG ATCGCAGATTTC
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CGC-3’ and 5'-TGTTTTATCGCAGACTTCCAC-3’, respectively) accord-
ing to WMD3 software (Schwab et al., 2006; Ossowski et al., 2008). The
assembled artificial miRNA precursor fragment was cloned into the Xhol
and Xbal sites of pYN2047 (Lin et al., 2015) to obtain pAA058 and pAA059,
respectively, and then recombined into the pBGW destination vector by
using LR Clonase (Karimi et al., 2002) to obtain pAA062 and pAA063,
respectively. These plasmids were introduced into dgk2-1 via Agrobacterium-
mediated transformation. In total, 24 T1 plants were genotyped for
the transgene (35S,,,:amiDGK4-I, PP082/CHO72; 35S ,,:amiDGK4-Il,
PP086/CHO072), and the T2 seeds from those carrying transgene were
harvested individually. 35S,,,;amiDGK4-I dgk2-1 lines #2 and #20 and
35S,,,:amiDGK4-1l dgk2-1 lines #9 and #22 were used for further
observation.

Observation of Growth Phenotypes

Flowering time was scored as the number of rosette leaves when bolting
inflorescences were ~1 cmin height when grown in long-day (16-h-light/8-
h-dark) conditions. To determine the extent of vegetative growth, we
measured the fresh weight and diameter of the aerial part of 24-d-old
seedlings (defined as seedling size).

GUS Staining

GUS staining was observed at various growth stages and in different
organs with histochemical GUS staining. Freshly harvested tissues were
immersed in 90% (v/v) acetone on ice for 15 min and transferred to GUS
staining solution for overnight incubation at 37°C (Lin et al., 2015). Samples
were transferred to 70% (v/v) ethanol to stop staining and then to distaining
solvent (ethanol:acetic acid, 6:1 in volume) to remove pigments.

Alexander Staining of Pollen

Alexander staining was performed by staining anthers in a drop of Alex-
ander staining buffer (Alexander, 1969; Lin et al., 2015), and images were
taken by using an upright fluorescent microscope (Axio Imager Z1; Zeiss)
equipped with a camera (AxioCam ERc5s; Zeiss).

In Vitro Germination and Tube Elongation of Pollen

For in vitro germination and tube elongation of pollen, pollen grains from 20
mature flowers were collected in liquid medium and germinated in vitro in
solid medium as described by He et al. (2018) in the absence of 10 pM
myoinositol.

Cryo-Scanning Electron Microscopy

Fresh flower samples were frozen in a liquid nitrogen slush and transferred
to a preparation chamber at —160°C for 5 min. Sublimation was performed
at-85°C for 15 min. Subsequently, the samples were coated with platinum
(Pt)at—130°C, transferred to a scanning electron microscopy chamber, and
observed at—160°C using cryo-scanning electron microscopy (FEI Quanta
200 scanning electron microscope; Thermo Fisher Scientific) with cryo-
scanning electron microscopy preparation system (PP2000TR; Quorum
Technologies) at 20 kV.

Transient Gene Expression Assay by Particle Bombardment

To perform transient gene expression assays in tobacco leaves, 5 j.g of
plasmid DNA suspended with 1.25 mg of tungsten particles in water was
mixed with 50 pL of 2.5 M CaCl, and 20 uL of 0.1 M spermidine, pre-
cipitated, and suspended in ethanol. Leaves (3 to 5 cm in length) excised
from plants were placed with the abaxial side upward on MS agarose
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medium in a Petri dish. Bombardment was performed with a PDS-1000/He
Biolistic Particle Delivery System (Bio-Rad) with helium gas pressure of 450
psi. The ER marker plasmid (ER-rk) was as reported by Nelson et al. (2007).
More than 40 cells randomly selected from more than five different leaves
were observed for DGK2-Ven and DGK4-Ven each, all of which showed
results to the images in Figure 4 and supported ER location of DGK2-Ven
and DGK4-Ven.

Confocal Laser Scanning Microscopy

Fluorescence of 3xVen and monomeric red fluorescent protein was ob-
served under a microscope (LSM 510 Meta; Zeiss) equipped with objec-
tives (Plan-Apochromat 20x/0.8-NA and Plan-Apochromat 10Xx/0.45-
NA). Images were captured under a microscope (LSM 510 v3.2; Zeiss) with
filters for Ven (514 nm laser, 520 to 555 nm band-pass) and monomeric red
fluorescent protein (561 nm laser, 590 to 630 nm band-pass).

Protoplast Transformation and Immunoblot Analysis

Protoplasts were isolated from mesophyll cells of well-expanded leaves of
3- to 5-week old Arabidopsis according to Wu et al. (2009). Protoplast
transfection was performed as reported previously (Yoo et al., 2007) with
20 g of plasmid DNA stored at 4°C and ~4 X 10 protoplasts in 200 p.L of
MMg solution (0.4 M mannitol, 15 mM MgCl,, and 4 mM MES, pH 5.7) at
room temperature. Plasmid was transformed into protoplasts by adding
220 pL of 40% (w/v) polyethylene glycol solution, followed by incubation at
room temperature for 6 min. The transformed protoplasts were washed
with W5 buffer (154 mM NaCl, 125 mM CaCl,, 5 mM KCI, 5 mM Gic, and
2 mM MES, pH 5.7) and then incubated in W5 buffer containing 1% (w/v)
BSA at room temperature for 16 h under white light (75 pmolm—2s~1, GC-
560H) at 22°C. The transfected protoplasts were collected and suspended
with 2X SDS-PAGE loading buffer, and 20 pg was run on SDS-PAGE and
electroblotted onto polyvinylidene difluoride membranes. The blotted
membrane was rinsed twice in TBS buffer with 0.1% (w/v) Tween 20 (TBST)
and blocked in 5% (w/v) nonfat milk powder in TBST for 1 h. The membrane
was washed in TBST and probed with a primary rabbit anti-GFP antibody
(A-11122; Invitrogen) at a dilution of 1:2500 overnight at 4°C, washed three
times in TBST, and then incubated with secondary antibody (goat anti-
rabbit |gG-horseradish peroxidase, ab6720; Invitrogen) at a dilution of
1:10,000 at room temperature for 1 h. Signals were visualized using
chemiluminescent substrate (Lumigen ECL; GE Healthcare) and image
analyzer (Image Quant LAS 4000; GE Healthcare). More than 30 cells were
observed for DGK2-Ven and DGK4-Ven each, all of which showed a clear
overlap with ER marker signal.

In Vitro DGK4 Enzyme Activity

To produce recombinant DGK4 N-terminally fused with maltose-binding
protein (MBP) in Escherichia coli, 1464 bp of the ORF for DGK4 was
amplified with primers PP069 and PP058. The fragment was cloned into the
Sall and Xbal sites of the plasmid pMAL-c5x (New England Biolabs) to
obtain pMAL5x-DGK4 (pAA048), which was introduced into E. coli C41
(DE3) strain (Lucigen). A50-mL culture in M9 medium at an Ay, 0f 0.5t0 0.6
was treated with isopropyl-p-thiogalactopyranoside (2 mM at final con-
centration) to induce production of MBP-DGK4 fusion protein at 23°C for
20 h. The cells were collected by centrifugation, resuspended in lysis buffer
(20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, and 15%
[w/v] glycerol), and lysed by a few repeats of freeze-thaw cycles followed by
sonication. The crude enzyme suspension was obtained by centrifugation
at 3000g for 20 min at 4°C. Protein concentration in the supernatant was
determined by the Bradford method (Bradford, 1976) with BSA as
a standard.
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For the enzyme assay, reaction conditions and total lipid recovery
procedures were as described previously (Gémez-Merino et al., 2004), with
minor modification. Briefly, the standard assay mixture was in a total
volume of 250 p.L that contained 40 mM Tricine, 1 mM CHAPS, 0.02% (v/v)
Triton X-100, 5 mM MgCl,, 1 mM ATP, 50 uM NBD-DAG (Cayman
Chemical), 450 uM 1-2-dioleoyl-sn-glycerol (Avanti Polar Lipids), and ~10
ug of crude enzyme. DAG substrate mixture was prepared by mixing 50 uM
NBD-DAG and 450 uM 1-2-dioleoyl-sn-glycerol, dried under nitrogen
stream, and resuspended and sonicated in the assay buffer. After the
reaction, total lipid was separated by one-dimensional silica gel thin layer
chromatography (TLC) with a solvent system of ethyl acetate:iso-octa-
ne:formic acid/water (52:8:12:40, by volume) for separation of PA
(Nakamura et al., 2005). Fluorescent bands of the products on TLC plates
were determined, and the intensities were quantified by using an image
analyzer (ImageQuant LAS 4000).

RNA Extraction and Transcript Analysis

RNA extraction and RT-qPCR were performed as described previously (Lin
etal.2015). Briefly, total RNA was isolated from 7-d-old seedlings using TRI
reagent (Ambion) including DNase treatment, and cDNA was synthesized
using the SuperScript Ill first-strand synthesis kit (Invitrogen, Thermo
Fisher Scientific).

RT-gPCR was performed with the 7500 Real-Time PCR System (Ap-
plied Biosystems). Reactions (10 pL of total volume) were performed in
a 96-well plate containing 5 pL of 2X SYBR Green (Ambion), 2 ng of cDNA,
and 200 nM of each gene-specific primer under the following standard PCR
program: 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. The
comparative threshold cycle method was used to determine relative gene
expression, with the expression of ACTIN2 (At3g18780; KK129/KK130) as
an internal control. Data are mean *+ sp from three biological replicates,
each with three technical replicates. The primer sets for quantitative RT-
qPCR were as reported by Nakamura et al. (2014).

For detection of transcripts, the full-length protein coding sequence of
DGK2 (2139 bp), DGK4 (1464 bp), and DGK6 (1401 bp) was amplified with
the cDNA synthesized from the total RNA of 7-d old seedlings (wild type,
dgk2-1, dgk4-1, and dgk6-1) under the standard PCR program (94°C for
5 min; 38 cycles of 94°C for 30 s, 58°C for 30 s and 72°C for 3 min; 72°C for
10 min) with the following primer sets: DGK2 (PP007/PP008), DGK4
(PP069/PP058), and DGK6 (PP150/PP151).

Glycerolipid Analysis

Polar glycerolipids were analyzed as described by Nakamura et al. (2003,
2014). Briefly, total lipid was extracted from samples with chloroform-
methanol solvent system as described by Bligh and Dyer (1959). Each lipid
class was separated by two-dimensional silica-gel TLC with the solvent
system as described by Nakamura et al. (2003), scraped off, and immersed
for 3 hat 80°C in HCI-methanol, including pentadecanoic acid (1 mM) as an
internal standard. The reaction products were extracted with hexane,
concentrated, and analyzed with gas chromatography equipped with
a flame ionization detector (GC-2010, Shimadzu) and ULBON HR-SS-10
column (Shinwa Chemical Industries).

Radioisotope Pulse-Chase Labeling Assay

Radiolabeling analysis of polar glycerolipids in different suppression lines
of 35S,,,,:amiDGK2-1l dgk4-1 of Arabidopsis was as follows: the rosette leaf
samples were labeled with 0.15 mM sodium ['“Clacetate (52 mCi/mmol
PerkinElmer) in half-strength MS liquid medium. After 1 h of incubation with
the radioisotope-containing solution, the tissue samples were rinsed twice
with water and harvested at the indicated times: 0, 1, 3, and 24 h. Total lipids

were extracted from tissue samples as described by Lin et al. (2019). Each

polar glycerolipid class was separated on an HPTLC plate (Silica gel 60G,
Merck) with the first development solvent system of methyl acetate/iso-
propanol/chloroform/methanol/0.45% KCI (25:25:25:12:4, by volume) and
second development solvent system of hexane/diethylether/acetic acid
(70:30:2, by volume). Lipid standards used were as described by Lin et al.
(2018).

To perform radioisotope labeling assay with Arabidopsis rosette leaves,
tissue samples were labeled with 1 mM [y-32P]ATP (1 Ci mmol~", Perki-
nElmer) in half-strength MS liquid medium. After 30 min of incubation with
radioisotope-containing solution, tissue samples were rinsed twice with
water, and the labeled compounds were extracted at the indicated times: 0,
5,30, 60, and 180 min. Tissue was ground to a fine powder under liquid N,,
and lipids were extracted as described by Lin et al. (2019). Each lipid class
was separated on a TLC plate (Silica gel 60G) with the solvent system of
chloroform:methanol:acetic acid (65:25:15, by volume). Lipid standards
used were described in Lin et al. (2018). Radioactive spots were visualized
by using an imaging plate (BAS-MS 2040; Fuiji Film) in the hypercassette
(10239344; GE Healthcare), and the intensities were quantified with an
image analyzer (Typhoon FLA 7000; GE Healthcare).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers: DGK2 (At5g63770), DGK4
(At5g57690), DGK6 (At4g28130), ACTIN2 (At3g18780).
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