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Introduction

The economic importance of vegetable oils (primarily triacylgly-
cerols, or TAGs) as an industrial and nutritional resource is well
known. Decades of research have investigated the various aspects
of how plant cells exert qualitative and quantitative control over
TAG metabolism. Families of genes with known or suspected
roles in lipid metabolism have been thoroughly cataloged
(Li-Beisson et al., 2013; Ischebeck, 2016; He et al., 2020); how-
ever, the presence, production, and physiological roles of neutral
lipids in non-seed tissues remains poorly understood. Consider-
ing the desire to control TAG accumulation and fatty acid com-
position for food and industrial uses, identification of the
mechanisms of TAG accumulation in non-storage tissues repre-
sents a hurdle in lipid metabolic engineering (Vanhercke
et al., 2019). To improve oil quality and quantity, we require a
robust understanding of the mechanisms that control the expres-
sion of genes involved in neutral lipid accumulation at essential

Summary

e Accumulation of triacylglycerols (TAGs) is crucial during various stages of plant develop-
ment. In Arabidopsis, two enzymes share overlapping functions to produce TAGs, namely
acyl-CoA:diacylglycerol acyltransferase 1 (DGAT1) and phospholipid:diacylglycerol acyltrans-
ferase 1 (PDAT1). Loss of function of both genes in a dgat7-1/pdat1-2 double mutant is
gametophyte lethal. However, the key regulatory elements controlling tissue-specific expres-
sion of either gene has not yet been identified.

e We transformed a dgat7-1/dgat1-1//PDAT1/pdat1-2 parent with transgenic constructs
containing the Arabidopsis DGAT1 promoter fused to the AtDGAT7 open reading frame
either with or without the first intron.

¢ Triple homozygous plants were obtained, however, in the absence of the DGATT first intron
anthers fail to fill with pollen, seed yield is c. 10% of wild-type, seed oil content remains
reduced (similar to dgat7-17/dgat1-7), and non-Mendelian segregation of the PDAT1/pdat1-2
locus occurs. Whereas plants expressing the AIDGAT1pro:AtDGATT transgene containing the
first intron mostly recover phenotypes to wild-type.

o This study establishes that a combination of the promoter and first intron of AtDGAT1 pro-
vides the proper context for temporal and tissue-specific expression of AtDGATT in pollen.
Furthermore, we discuss possible mechanisms of intron mediated regulation and how regula-
tory elements can be used as genetic tools to functionally replace TAG biosynthetic enzymes
in Arabidopsis.

stages of plant development. Two genes in Arabidopsis, acyl-CoA:
diacylglycerol acyltransferase 1 (AtDGAT1, At2g19450) and
phospholipid:diacylglycerol acyltransferase 1 (ACPDAT1, At5g13640),
are responsible for TAG biosynthesis. At least one of these
enzyme activities are necessary for pollen development and
embryo viability, as evidenced by the pollen abortion and embryo
lethality of a dgatl-1/dgati-1//pdatl-2/pdatl-2 double mutant
(Zhang et al., 2009). It is also known that intracellular storage
lipids are a necessary source of carbon skeletons and energy for
pollen grain formation and germination (Piffanelli ez al, 1997;
Ischebeck ez al., 2020; Wang ez al., 2020b). Neutral lipid accu-
mulation occurs in both the maternal diploid sporophyte (tape-
tum) and the haploid gametophyte (pollen grain), serving as
specific examples of cell-specific TAG accumulation (Boavida
et al., 2005; Hsiech & Huang, 2007; Yang & Benning, 2018).
During pollen maturation in Brassicaceae the tapetum acts as a
secretory cell type, providing lipid and protein precursors to the
nascent pollen grain for the formation of the pollen coat (Lé-
vesque-Lemay et al., 2016; Tidy et al., 2022). Other key players
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degradation during pollen tube growth have also been recently
identified, such as non-specific phospholipases C2/6 (NPC2/6)
(Bose et al., 2021), yet many others remain to be determined.
Recent discoveries such as these reveal that the process of sexual
reproduction in flowering plants, though complex and poorly
understood, depends on the fitness of the male gametophyte and
its ability to accumulate TAG during maturation (Ische-
beck, 2016; Wan ez al., 2020). Despite the evidence that coordi-
nated cell- and tissue-specific expression of both DGATI and
PDATI is critical little research has been done to determine the
transcriptional elements and regulators that control TAG biosyn-
thetic gene expression during pollen development.

Oil biosynthetic enzymes from different species can have high
selectivity for various diacylglycerol (DAG) and acyl-CoA mole-
cular species, enabling transgenic approaches to produce novel
seed oil fatty acid compositions (Chen e al, 2022). Most
research and bioengineering approaches to alter lipid metabolism
have utilized transgenic systems with constitutive or seed-specific
promoters (Kay et al, 1987; Bhunia et al, 2014; Shockey
et al., 2015; Correa et al., 2020). These promoters can be useful
in expressing lipid biosynthetic enzymes in a manner that supple-
ments endogenous lipid metabolism (Regmi ez /., 2020; Hata-
naka ez al., 2022), with or without suppression of endogenous
lipid metabolic genes to create new lipid compositions. For
example, RNAi suppression of DGATI or PDATI in multdiple
plant species (Zhang ez al., 2009; van Erp ez al., 2015; Alkotami
et al, 2021) has demonstrated that by reducing endogenous
enzyme competition the phenotypic characterization of an over-
expressed transgene is simplified and the final seed oil composi-
tions can be better controlled. However, complete replacement of
endogenous TAG biosynthesis in plants, such as Arabidopsis,
requires mutation of both DGATI and PDATI, which unfortu-
nately is gametophyte lethal (Zhang ez al., 2009). Additionally,
the proper function of TAG biosynthetic genes requires precise
developmental timing and tissue-specific expression in pollen and
embryos, which is not provided by all seed-specific or common
constitutive promoters. For example, the widely used Cauliflower
Mosaic Virus 355 (CaMV35S) promoter drives varying levels of
tissue-dependent transgene expression and is wholly absent in
pollen (Wilkinson ez al., 1997; Kiselev er al., 2021). Thus, to
functionally replace TAG biosynthesis and complement the leth-
ality of the Arabidopsis dgatrl-1/dgatl-1//pdat]-2/pdati-2 double
mutant, it is necessary to fully mimic endogenous gene expression
patterns in all relevant tissues and organs, using a transgene
expressed by its native promoter and other cognate regulatory ele-
ments.

The expression profile of AtDGAT1 has been partially resolved
in previous studies. AZDGAT1 promoter:f-glucuronidase (GUS)
localization studies identified putative binding sites for transcrip-
tion factors and other regulatory elements with known roles in
pollen and embryo development (Lu ez al, 2003). However,
these were reporter gene experiments performed in wild-type
plants, with normal levels of endogenous DGATI and PDATI
expression, and by their nature failed to properly contextualize
the required DGATI expression necessary for mutant comple-
mentation. Thus, any essential promoter elements required for
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proper DGAT1I expression in embryos, endosperm, pollen, mer-
istems or other tissues remain largely uncharacterized.

In this study we present the first known characterization of the
combinatorial roles that the Arabidopsis DGATI first intron and
promoter play in the proper temporal and tissue-specific expres-
sion of DGAT1. By complementation of the pollen-lethal dgazi-
1/dgar1-1//pdat]-2/pdarl-2 double mutant our results indicate
that together both promoter and intronic DNA elements mediate
expression of DGAT to induce TAG biosynthesis during pollen
and embryo development.

Materials and Methods

Plasmid construction

Binary expression plasmids containing the AtDGAT1 open read-
ing frame (ORF) fused to the strong, seed-specific A£25-3 promo-
ter (Guerche et al, 1990) was described previously (Regmi
et al., 2020). Modified ORFs containing specific introns were
designed as synthetic DNA blocks and purchased commercially
(Integrated DNA Technologies, Coralville, IA, USA).

AtDGAT1 promoter cloning

Brast searches with the AtDGATI coding sequence against
sequences in v.11 at The Arabidopsis Information Resource
(TAIR, https://www.arabidopsis.org/) identified Bacterial Artifi-
cial Chromosome (BAC) clone stock #F3]11 as containing the
entirety of the AtDGATI gene, including at least several kbp of
sequence both upstream of the start methionine ATG codon
and downstream of the terminator stop codon. Primers
AtD1prom-longAscl and AtD1term-Ascl (Supporting Informa-
tion Table S1) were used to PCR amplify a 6292 bp product
from DNA prepared from clone F3]J11. This product covered the
entire AtDGAT1 coding region, including 16 exons and 15
introns, 2066 bp of 5’ flanking sequence and 1206 bp of 3’
flanking sequence. The product was digested with Asc/ and
cloned into the Asc/ site of the DsRed-selectable plant binary vec-
tor pB110 (Shockey et al, 2015) and sequenced to confirm
sequence accuracy.

Transgenic plant production

Arabidopsis  thaliana  (Columbia  ecotype)  dgatl-1/dgatl-
1//PDAT1I/pdat1-2 seed was a generous gift from John Ohlrogge.
The procedure for how this background was generated can be
found in Zhang e al (2009). The dgatl-1/dgarl-
1//PDAT1/pdatr1-2 plants were transformed with foreign binary
plasmids carried by Agrobacterium tumefaciens strain GV3101,
using the floral dip method (Clough & Bent, 1998).

Plant growth conditions

Cold-stratified seeds were sown on soil in 3.5” square pots.
Plants were grown in a 20-23°C growth chamber with a 24-h
light regime (. 120—130 pmol photon m™?). For genotyping
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experiments, a surface sterilization protocol was used: 70% (v/v)
ethanol wash, followed by a 10% (v/v) sodium hypochlorite and
0.1% (w/v) SDS solution with successive sterile water rinses.
Seeds were pipetted on half-strength MS agar plates containing
0.8% (w/v) Phytoagar, 0.05% (w/v) MES (pH 5.7), and 1.5%
(wlv) sucrose. For pollen analysis, plants were sown on soil and
randomized until many plants had several flowers at stages
11-13, from which flowers were collected, dissected, and imaged.
Concurrently plants were grown for yield and lipid analyses until
reaching maturity from which seeds were harvested and dried on
silica. Soil grown plants were imaged after ¢. 6-wk of growth with
a Canon E05 Rebel T7 with a 35 mm macro lens.

Genotyping complemented lines and RT-qPCR

Genomic DNA was isolated with a simplified DNA extraction
method. Briefly, a 2 mm piece of leaf tissue was collected from
¢. 14-d old plants and crushed in buffer containing 100 mM
Tris—HCI pH 9.5, 500 mM KCl and 10 mM EDTA. Samples
were incubated at 96°C for 10 min. Following incubation,
0.8—1 pl of the extract was used as DNA template in a 20 ul PCR
reaction using the GoTaq®™ G2 DNA Polymerase Mastermix
(Promega Corp.) containing 400 pM dNTPs and 3 mM MgCl,.
An additional 1 mM MgCl, was supplied to each reaction. The
presence or absence of the intron region was determined by
amplifying the region corresponding to the transgene with speci-
fic primers. Following gel-purification each amplicon was
sequence confirmed. To effectively test the ability of our con-
structs to complement the lethal dgatl-1/dgatl-1//lpdat]-2/pdat]-
2 double mutant, allele-specific primers were used to determine
the presence of the pdarl-2 T-DNA in tDGAT1/tDGAT1//dgat1-
1/dgari-1//pdat1-2/pdat1-2 plants (where tDGAT1I represents the
transgene-specific DGATI). Primers used in this study are listed
in Table S1. Chi-squared (x?) tests were performed to determine
significance between observed and expected allelic ratios.

For quantitative reverse transcription polymerase chain reaction,
10 similarly staged inflorescences from three plants (30 flowers/re-
plicate) were collected in 1-N, and RNA was isolated with a
Quick-RNA™ Plant Miniprep Kit (Zymo Research, Irvine, CA,
USA). RNA quality was assured by a bioanalyzer and 2 pg of RNA
was converted to cDNA using iScript™ cDNA Synthesis Kit (Bio-
Rad). A 1:5 cDNA dilution was used as template. The 2744¢
method was used to determine relative gene expression to the
ASARI gene and normalized to wild-type expression.

Pollen staining, tube growth and light microscopy

Flowers (stages 11-13) were dissected under a Leica MZ10F
microscope (Leica Microsystems Inc., Wetzlar, Germany). To
expose anthers and stigma a few petals were removed, and images
were collected with an Axiocam 105 color camera (Zeiss Group,
Oberkochen, Germany). For testing presence of pollen and pol-
len viability, flowers were fixed in Carnoy’s solution and placed
in 70% ethanol (v/v) until dissection. Anthers were prepared with
detached anthers and placed into a 20 pl drop of phenol-free
modified Alexander’s stain (Peterson ez al, 2010). Slides were
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observed with a DM2000 (Leica) with micrograph collection
with a DFC295 (Leica) camera.

For pollen tube assays we used a modified media described
previously (Dickinson et al., 2018). At least 12 individual prehy-
drated flowers (3 flowers from 4 individual plants) were brushed
onto 1cm” of media. Slides were prepared after 5- and 24-h
incubation and imaged as above.

Lipid and fatty acid analysis

Dried seed from homozygous tDGATI1/tDGAT1//dgatl/dgatl//
pdarl-2/pdar]-2 lines was weighed (c. 2-3 mg). For transmethyla-
tion, seeds were incubated in 1ml of 5% (v/v)
methanolic-H,SO4 with 300 pl of toluene at 85°C for 1.5 h. Ten
microgram of pentadecanoic acid (15:0) TAG was included as an
internal standard. Fatty acid methyl esters (FAMEs) were col-
lected and extracted with 500 pl hexanes and 1 ml 0.88% (w/v)
KCI. FAME:s were analyzed by an Agilent 7890B Gas Chromato-
graph (GC) (Agilent Technologies Inc., Santa Clara, CA, USA)
on a DB-HeavyWAX column (30 m, 0.250 mm internal dia-
meter and 0.25 pm film thickness) equipped with a flame ioniza-
tion detector (FID). The GC-FID conditions were as follows:
split mode injection (1:10), 5pl injection volume, injector at
250°C and FID at 255°C, with oven temperature programmed
at 140°C for 1.5 min, with a ramping rate of 15°C min~! until
reaching 200°C, this was followed by a 6°C min ! increase until

reaching 260°C and holding for 4 min.

Silique fertility analysis

Siliques collected from the entire length of the primary shoot
were attached with double-sided tape to a slide for analysis.
Selected siliques at . 12 DAF were dissected to reveal ovule rem-
nants and aborted embryos. Greening siliques were collected and
cleared in 70% (v/v) ethanol for 24 h. Next, the liquid was dec-
anted and replaced with 95% (v/v) ethanol, 5% (v/v) acetic acid
for an additional 24 h. Siliques were placed on a slide and imaged
using a MZ10F (Leica) microscope.

Statistical analysis

Raw data for GC analysis was collected and analyzed with Micro-
soft EXCEL v.2311 (Microsoft, Redmond, WA, USA). Statistical
tests and graphs were generated with GraPHPAD PrisM v.10
(GraphPad Software, Boston, MA, USA).

In silico assessment

Orthologs of the A thaliana DGATI genomic sequence were
deduced by Brast  search using PHYrozomMe @ v.13
(https://phytozome-next.jgi.doe.gov/) (Goodstein et al, 2011).
Sequences with the highest identity, alignment length similarity and
a putative PANTHER (https://www.pantherdb.org/) definition of
diacylglycerol acyltransferase 1, were chosen for alignment. Acces-
sions unavailable in PHYTOZOME were found on National Centre for
Biotechnology Information (NCBI) via nucleotide BrasT search
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(hteps://blast.ncbi.nlm.nih.gov/Blast.cgi). Species ID or Acces-
sion: Ricinus communis, 29912.t000099 (Chan ez al, 2010);
Jatropha curcas, JQ319812.1; Glycine max, Glyma.13G106100
(Valliyodan ez al, 2019); Oryza sativa, LOC_Os06g36800
(Ouyang et al, 2006); Zea mays, ZmPHB47.06G136000
(Z. mays PHB47 v.1.0, DOE-JGI, http://phytozome.jgi.doe.
gov/); Helianthus annuus, HanXRQChr10g0319461 (Badouin
et al., 2017); Thlaspi arvense, Thlar.0020s0160 (Brassicales Map
Alignment Project, DOE-JGI, http://bmap.jgi.doe.gov/); Brassica
napus, JN224476.1 (Greer er al, 2015); A thaliana,
AT2G19450; Arabidopsis lyrata, AL3G48800; Arabidopsis hellers,
Ah3G41810; Brassica rapa, Braral01120; Physaria fendlers,
OVBV01015132.1; Camelina sativa Svalof v.1.1 (DOE-JGI,
https://phytozome.jgi.doe.gov/bap).

Multiple-sequence alignments of genomic DNA were gener-
ated by the CLustaLW (v.2.0) algorithm (Larkin ez af, 2007)
using default parameters. The Maximum-likelihood phylogenetic
tree was generated with Molecular Evolutionary Genetics Analy-
sis (MEGA11) (Tamura ez al, 2021) with default settings and a
partial deletion cut-off of 95% with 1500 bootstrap replications.
The first intron of each DGATT was identified by conserved 3’
GT and 5’ AG splice sites and transcription factor binding sites
were found using PLANTREGMAP (http://plantregmap.gao-lab.
org/index.php)  with  default protein
multiple-sequence alignment of DGATI1s and predicted or
known genomic architectures was mapped with GENEPAINTER
(https://genepainter.motorprotein.de/) using default constraints.

constraints. A

Results

Development of a dgat1-1/dgat1-1//PDAT1/pdat1-2
complementation-segregation strategy to define essential
regulatory elements

Actualization of the goal of engineering Arabidopsis and other oil-
seed crops to produce unique TAG molecules via transgenic over-
expression of alternative DGATI1s with various substrate
selectivities — while maintaining both oil yields and tissue-specific
expression patterns of endogenous DGATT activity — will require
a better understanding of the transcriptional regulation of AtD-
GAT1I. Therefore, we investigated a synthetic approach to rescue
the dgatl-1/dgatl-1//pdat]-2pdarl-2 double mutant through the
transgenic complementation of a heterozygous dgarl-1/dgatl-
1//PDAT1/pdatr1-2 parental line (Zhang ez al., 2009). Due to the
requirement of TAG biosynthesis in pollen, viable double mutant
pollen cannot be obtained from a heterozygous parent, leading to
non-Mendelian segregation of the PDAT1/pdarl-2 alleles, with
an anticipated 1 : 1 : 0 segregation ratio. We considered the possi-
bility that expression of a transgenic AtDGATI (¢:DGATI), if
paired with the necessary regulatory DNA elements, should com-
plement the dgatl-1/dgatl-I lesion and its accompanying pheno-
types, allowing for Mendelian segregation of the heterozygous
PDAT1/pdat]-2 locus. Since gametophytes are haploid and the
dgarl-1/pdarl-2 genotype is pollen lethal, there are three
hypothetical genotypes for the resulting male and female
gametes produced from primary T, transgenic plants, either
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tdgat1/dgat]-1/PDAT], tDGAT1/dgat1-1/PDATI ~ or
tDGAT1/dgatl-1/pdatl-2. Uldimately, after fertilization, if the
transgenic constructs complemented the lethal phenotype, it
would be possible to obtain T, plants homozygous for tDGAT1
and dgarl-1/dgati-1 with either PDAT1/PDATI, PDAT1/pdarl-
2, or pdatl-2/pdarl-2 genotypes.

The first attempt to identify the proper A2DGATI promoter
via the dgatl-1/dgat1-1//PDAT1/pdat]-2 complementation strat-
egy used a transgenic construct containing 1822 bp of the 5’
UTR and promoter, fused in-frame with the AtDGATI open
reading frame (ORF) and flanked on its 3" end with a 444 bp
soybean glycinin G1 subunit transcriptional terminator (Sims &
Goldberg, 1989) (plasmid E546) (Fig. S1). Transgenic T seeds
containing this complementation construct were selected by the
fluorescence of the DsRed-selectable marker driven by the cassava
vein mosaic virus (CVMV) promoter (Verdaguer er al, 1996;
Stuigje ez al., 2003). Here, we used a PCR-based genotyping assay
specific to both wild-type PDATI (723 bp) and mutant pdatl-2
(908 bp) alleles. For selection of the transgenic lines a rigorous
screening procedure was necessary because the lethality exhibited
by the double homozygous genotype (dgatl-1/dgarl-1//pdati-
2/pdarl-2) was partially indicated when screening for dgatl-
1/dgat1-1//PDAT1/pdat1-2 plants as well. Three separate sets of
progeny plants produced from parents with this genotype yielded
27%, 22% and 27% PDATI1/pdatl-2 alleles, respectively. This
transmission frequency was significantly less than the 50%
expected from a normal, unbiased 1:2:1 segregation pattern.
Additionally, it also varied significantly from the 66.6% transmis-
sion rate of heterozygous alleles expected from the 2:1
PDAT1/pdatl-2 : PDATI/PDATI ratio anticipated by a homozy-
gous lethal/heterozygous normal trait, and from the 47% hetero-
zygous allelic transmission frequency initially reported by Zhang
et al. (2009).

The tDGATI-transformed T-DNA insertion lines chosen con-
tained single transgenic loci, as determined by 3:1 red: brown
seed segregation ratios. These were propagated to homozygosity
as indicated by the presence of uniformly red seeds. As indicated
above, due to the abnormal segregation of the PDATI locus
< 24% of the individual transgenic lines would potentially be
PDAT1/pdat]-2 heterozygotes, indicating that the dgat!-1/pdatl-
2 eggs may be less amenable to transformation. Therefore, to
unambiguously determine the PDATI locus zygosity in each
plant line — even from a single transgenic event — a substantially
higher than normal number of individual plants needed to be
screened in each generation to identify both single transgenic loci
and PDATI1/pdatl-2 heterozygotes for further analysis. Once
identified, T’ transgenic lines homozygous for tDGAT1/tDGATI
and the dgarl-1/dgarl-1 mutation, but heterozygous for the
PDAT1/pdarl-2 mutation (:DGAT1/tDGATI1//dgat]-1/dgatl-
1//PDAT1/pdat1-2) were utilized for segregation analysis of the
PDAT1/pdat1-2locus. Of four independent transgenic lines eval-
uated, only two produced homozygous dgatl-1/dgat1-1//pdatl-2-
/pdat]-2 double mutants at ¢. 6% and ¢ 15% of the progeny.
However, the complemented dgatl-1/dgatl-1//pdatrl-2/pdarl-2
double mutants from both E546 tDGATI1/tDGAT1//dgatI-1/-
dgatl-1//pdat1-2/pdati-2 lines were sterile and failed to produce
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Fig. 1 Transgenic construct design. The AtDGATT gene in the absence (—intron) or presence (+intron), constructs E826 and E827, respectively. Both
constructs utilize the 2066 bp 5’ UTR/promoter region of AtDGATT and terminated by the soybean glycinin G7 subunit transcriptional terminator. For
transgenic screening and seed selection the selectable DsRed marker was driven by the Cassava vein mosaic virus (CVMV) promoter and terminated with

the Nos terminator.

siliques or fertile progeny, indicating that the E546 construct did
not fully complement the dgarl-1/dgatl-1//pdati-2/pdarl-2 leth-
ality (Fig. S2).

In the second iteration, two new complementation constructs
(plasmids E700 and E702) were produced and tested for their
ability to rescue the dgarl-1/dgati-1//pdatl-2/pdatl-2 lethality
and produce viable seeds. Both constructs contained 2066 bp of
AtDGATI1 5’ UTR/promoter region and the full genomic DNA
complement of 16 exons and 15 introns, and the terminator
regions of either AtDGATI or soybean glycinin G1 terminators,
respectively (Fig. S1). The different terminators were included to
compare the contributions of native vs heterologous downstream
elements to gene expression. Similar selection and genotyping
procedures confirmed the presence of tDGAT1/tDGAT1//dgarl-
1/dgati-1//pdat1-2/pdat1-2 triple homozygotes which were grown
to maturity to verify fertility. Unlike those transgenic lines
expressing the AxDGATI ORF (E546), each line containing the
full AzDGATI protein-coding region, the intervening introns
and the longer promoter produced siliques and normal seed
(Fig. S2). These data indicated that a complementation-
segregation strategy could be useful in revealing the essential reg-
ulatory elements controlling DGAT1 expression necessary for
viable pollen and embryo development in a DGAT1/PDAT1
dysfunctional mutant.

The successful rescue of triple homozygous progeny using the
full-length AtDGATI genomic DNA constructs (E700, E702)
clearly demonstrated the presence of a key regulatory element
that was absent in the E546 construct, but it was unclear whether
this element was present in the promoter or introns of the gene.
We investigated whether the extended promoter or the first
intron was responsible for this attenuation of AzDGATI expres-
sion. A previous AtDGATIpromoterGUS analysis (Lu
et al., 2003) did not identify any well-known transcription factor
binding sites in the region between —1822 and —2066. How-
ever, it is known that first introns can play important transcrip-
tional roles for many plant (Callis ez a/., 1987; Rose ez al., 2008;
Back & Walther, 2021; Cao er al, 2023) and nonplant genes
(Watanabe et al., 2002; Fu et al.,, 2006). Hence, we developed
two constructs to focus on the effects of the first intron on
the transgenic expression of a new tDGATI to complement the
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dgatl-1/dgatl-1//pdat]-2/pdat]-2 background. We transformed
the dgatl-1/dgat1-1/PDAT1/pdat]-2 parental line with tDGATI
constructs containing the 2066 bp promoter fused to the ArD-
GATI ORF, in the absence (—intron, E826) or presence
(+intron, E827) of the first intron of Arabidopsis DGATI
(Fig. 1) and utilized the extensive screening/propagation
approach outlined above to obtain multiple single insertion
tDGATI1/tDGAT1//dgatl1-1/dgatl-1//PDAT1/pdat1-2 lines for
segregation analysis.

In our initial segregant screens we analyzed the bulk T, seed
and compared fatty acid composition between nontransgenic
(brown) and transgenic seed (red) to evaluate the ability of the
tDGATI to rescue the seed fatty acid phenotype incurred by the
dgatl-1/dgarl-1 mutation. Both constructs indicated the ability
to rescue the dgatl-1/dgati-1 seed fatty acid phenotype (Fig. S3).
We further screened multiple independent insertion lines for
complementation of the non-Mendelian segregation of the
PDATI1/pdarl-2 locus. At the T, generation the tDGATI inser-
tion locus may still be segregating, but of seedlings that contained
DsRed fluorescence we observed transmission differences of the
PDAT1/pdat1-2locus between the —intron and +intron comple-
ments with the +intron lines resembling Mendelian inheritance
(Table S2). During subsequent screening of true homozygotes
(T5 generation) for the £DGATI, we successfully obtained double
mutants of dgatl-1/dgatl-1//pdatl-2/pdatl-2 in both —intron
and +intron complemented lines (Fig. 2a). However, the dgatI-
1/dgat1-1//pdat1-2/pdarl-2 genotype of the —intron lines dis-
played severe developmental defects, whereby 90% of siliques
were shorter than 10 mm. From the siliques > 10 mm the average
total number of developing embryos was significantly lower than
control lines and ¢ 12% of the embryos therein were aborted.
Conversely, +intron transgene expression restored morphological
characteristics of silique length, seed number and reduced
embryo abortion count to or near wild-type (Figs 2b-h, S4).
Interestingly, mature embryos excised from seeds and whole
mature seed from both —intron or +intron lines appeared to
have normal morphologies and the mature seed could readily ger-
minate on sucrose-supplemented media (Fig. S5a-1). Here, we
demonstrate that dgatl-1/pdatl-2 seed can be obtained by com-
plementation with each construct, indicating that the extended
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promoter in E826 tDGATI lines (Fig. 1) provides sufficient
expression to at least partially rescue gametophytic lethality.
Nevertheless, due to the differences in fecundity between
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Fig.2 Absence of the first intron of AtDGATT results in silique abortion in a TAG biosynthetic deficient mutant of Arabidopsis. (a) Genotyping zygosity of
the PDAT1/pdat1-2 locus of seedlings from self-pollinated dgat7-1/dgat1-1//PDAT1/pdat1-2 plants in the absence (—intron, line #2) or presence
(+intron, line #2) of the Arabidopsis DGATT first intron. Representative gel image showing allele-specific PCR products (pdat7-2 = 908 bp;

PDAT1 =723 bp). PDAT1/PDAT1 (+/+), PDAT1/pdat1-2 (+/—), and pdat1-2/pdat1-2 (—/—). Asterisks indicate recovery of pdat7-2/pdat1-2
homozygous mutants. For clarity each genotype was resolved alongside wild-type and pdat1-2/pdat1-2 controls. (b) Main shoots of self-pollinated
tDGAT1/tDGAT1//dgat1-1/dgat1-1//PDAT1/pdat1-2 imaged after 6-wk of development. Each genotype for the PDAT1/pdat1-2 locus is indicated. Inset
is a close-up of siliques on the main shoot and white arrows highlight a few representative aborted siliques. Stars (orange) indicate the pdat7-2/pdat1-2
genotype that was used for analysis in panels c—h. (c—h) Silique fertility analysis. For simplicity only line #2 was assessed for the —/+ intron genotype. (c)
Siliques from the primary shoot of each indicated genotype; Bars, 10 mm. (d) Representative images of dissected siliques longer than 10 mm, to reveal
embryo abortion and empty slots in the —intron line (white arrowheads); Bars, 1 mm. (e) Silique length measurements from the primary shoots of Col-0,
dgat1-1/dgat1-1, —intron and +intron lines (n =393, 339, 452, 300 siliques per genotype, respectively), violin plot shows the mean (dashed line) and the
third and first quartiles (dotted lines). (f) Percentage of abnormal (< 10 mm) and normal (> 10 mm) siliques. (g) Number of seeds per silique from randomly
selected siliques > 10 mm (n = 6, 14, 14, 5 siliques per genotype, respectively). (h) Percentage of embryos aborted in dissected siliques. Data represent the
mean values + SEM. Different letters indicate significant differences (P < 0.05, one-way ANOVA, Dunnett's multiple comparison). Additional silique and

seed photographs are in Supporting Information Figs S4 and S5. Primer sequences used in this study are listed in Table S1.

tDGAT1/DGAT1//dgat1-1/dgat1-1//PDAT 1/pdat1-2

tDGAT1/dgat1-1/ tDGAT1/dgat1-1/ tDGAT1/dgat1-1/

PDAT1/PDAT1 PDAT1/pdat1-2  pdat1-2/pdat1-2
Observed:
—Intron
#1¢ 36 (23.75) 58 (47.5) 1(23.75)
#2° 28 (24.5) 56 (49) 14 (24.5)
+intron
#11 26 (24.5) 49 (49) 23 (24.5)
#ot 28 (24.5) 46 (49) 24 (24.5

Fig. 3 Genetic screening of complemented plants for PDAT1/pdat1-2
locus segregation in Arabidopsis. Analysis of progeny from multiple
independent transgenic events of self-pollinated dgat1-1/dgat1-1//
PDAT1/pdat1-2 homozygous for each transgenic DGAT1 construct
(tDGATT) without (—intron) or with the (+intron). Observed and expected
(in parenthesis) segregants are indicated (—intron line #1, forn =95
plants; all other lines, n = 98 plants). 5 tests were performed fora1:2 : 1
segregation. a indicates statistically significant differences compared to the
null hypothesis with a P <0.05. 1 indicates no statistical difference
compared with expected segregation ratios, therefore, following
Mendelian laws of inheritance.

A fully effective complementation strategy would yield
progeny from a tDGATI1/tDGATI//dgarl-1/dgatl-1//PDATI/
pdat]-2 plant with a 1:2: 1 ratio of the PDATT alleles, following
Mendelian laws of inheritance. However, incomplete complemen-
tation may not restore Mendelian principles and atypical segrega-
tion ratios would be antdcipated. As a proxy to determine the
effectiveness of each genetic construct in rescuing pollen lethality,
self-pollinated plants from multiple transgenic
tDGAT1/1tDGATI1/ldgat]-1/dgat]-1//PDAT1/pdat]-2
mants with —intron or +intron constructs were analyzed for segre-
gation ratios at the T3 and T, generations (Fig. 3; Table S2).
Triple homozygous genotypes could be obtained from the —intron

events of
transfor-

segregants, but at abnormal non-Mendelian ratios indicating only
partial rescue of the dgati-1/dgat]-1//pdatl-2/pdari-2 pollen lethal-
ity. These results indicate that the complementation construct used

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

in the —intron lines still lacks a key regulatory element. On the
other hand, the genotyped segregants from the +intron lines dis-
played a 1:2:1 PDAT1/pdat1-2locus segregation ratio and appar-
ent complete restoration of the pollen lethality phenotype.

Seed yield and oil amounts are impaired in tDGAT1/
dgat1-1/pdat1-2 lines lacking the first intron of
Arabidopsis DGAT1

To better understand the role of the first intron in AtDGATI
expression we assessed seed yield, oil composition and total oil
amounts from the top-performing transgenic event (Line #2) for
the —/+intron constructs in comparison to the dgatl-1/dgatl-1
mutant and wild-type controls. In the Arabidopsis dgatl-1/dgatI-1
mutant, only PDATI1 functionally produces TAG (Banas
et al., 2000; Zhang er al, 2009; Xu er al, 2012). The dgati-
1/dgar1-1 mutant has slightly reduced seed oil yield (c. 70-80% of
WT), and a unique fatty acid composition, with reduced monoun-
saturated fatty acid (18:1, 20:1) and increased polyunsaturated
fatty acid (PUFA, 18:2, 18:3) content (Katavic et al, 1995). We
omitted comparison to the pdatl-2/pdat]-2 single mutant since it
shows no major changes in seed yield, oil amounts or composition
when compared to wild-type plants (Zhang ez al, 2009; Xu
et al., 2012). During the growth of these plants, we could not
detect changes during vegetative growth until bolting, at which
point the —intron line began to produce many secondary branches
and more inflorescences (Fig. S5), likely in an attempt to increase
outcrossing capabilities or produce enough viable pollen. Seed
yield  analysis  from  tiple = homozygous  —intron
tDGATI1/tDGATI1//dgat1-1/dgat]-1/lpdat]-2/pdat]-2 plants indi-
cated reduced fertilization rates (Fig. 4a). These seeds were also not
a result of outcrossing, as the sterility and limited seed yield was
maintained in their progeny. Inversely, the +intron plants restored
seed yields to near wild-type levels. The reduced seed set in
—intron tDGATI plants is consistent with the segregation results
indicating an impairment in fertilization.

Additional seed lipid analysis of both types of complemented
tDGATI lines showed that the —intron seeds still contained
¢. 22% less total oil than wild-type, similar to the dgarl-1/dgari-1
mutant, while the +intron seeds had significantly higher oil levels
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when compared to the —intron line (. 9% more) (Fig. 4b).
Although the +intron line did not fully restore total oil amount
to wild-type levels, we can rule out the possibility that the pdatI-
2 mutation is the causative agent, since the pdatI-2 knockout
shows no change in TAG content or fatty acid composition
(Mhaske ez al., 2005). However, it is possible +intron transgene
expression, even when expressed behind the native promoter, still
does not fully replicate the wild-type As2DGATI expression pro-
file. Furthermore, seed lipids in both types of complemented
lines returned to wild-type fatty acid composition, with only
minor differences between the —intron or +intron lines demon-
strating functional DGATT1 in both lines (Figs 4c, S3). Taken
together, these results provide additional evidence that the first
intron of AtDGAT1 is critical for normal, properly nuanced gene
expression patterns in pollen and developing embryos, as evi-
denced by increased total seed set and seed oil levels between
+intron and —intron lines.

Proper pollen development is dependent on the presence
of the first AtDGATT intron

To further confirm and investigate the necessity of the first
intron on DGATI expression during pollen development, we
assessed flower and anther morphology alongside pollen viability.
Stage 11-13 flowers (Alvarez-Buylla ¢z al, 2010) from wild-type,
dgatl-1/dgarl-1, —intron (Line #2), and +intron (Line #2) plants
were dissected for morphological inspection to assess early anther/-
flower development. We found that the anthers in the —intron line
were either incapable of dehiscing or carried no observable pollen as

New Phytologist (2025) 245: 263281
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Fig. 4 Absence of the first intron hinders seed
yield while oil composition remains unaffected in
Arabidopsis. (a) Mean seed yield of individual
lines n > 10 plants. (b) Total seed fatty acid
content quantified as fatty acid methyl esters
(FAMEs). Different letters in (a, b) indicate
significant differences (P < 0.05, one-way
ANOVA, Dunnett's multiple comparison). (c)
Weight % fatty acid composition of total seed
c b FAMEs. Values are the mean + SD harvested
from n > 10 plants. Different letters indicate
statistical significance (P < 0.05, two-way
ANOVA analysis with Dunnett's multiple
a comparison). The genotypes of the plants
analyzed in all subfigures are wild-type (DGAT1/
DGAT1/PDAT1/PDAT1), dgat1-1/dgat1-1//
PDAT1/PDAT1 and —/+ intron dgat1-1//dgat1-
1//pdat1-2/pdat1-2 (both line #2).

early as stage 12 and the stigmas had long outreaching stigmata
papillae (Figs 5g, S6). Both phenotypes have been surveyed pre-
viously, including in lipid biosynthetic dysfunctional mutants, where
smooth anthers are often incapable of dehiscence and fail to produce
mature pollen grains (Sanders ez al, 1999; Fan ez al, 2013). Like-
wise, increased papillae surface area is a morphological effect due to
limited viable pollen or decreased availability and reception (Katano
et al., 2020). Contrastingly, the +intron line was similar to both
wild-type and the dgatl-1/dgatl-1 mutant clearly demonstrating
transfer of pollen from anther to stigma (Fig. 5a,d.)).

The presence of indehiscent anthers poised us to examine
anthers for mature pollen grains. Fixed and cleared anthers were
subjected to a modified Alexander’s staining (Peterson ez 4/, 2010).
Healthy viable pollen appears a deep purple while nonviable pollen
fails to retain stain and either appears clear purple or green. Anthers
from the —intron line appeared to have an undeveloped or pollen-
less phenotype as pollen grains failed to retain stain and crushed
anthers yielded no stainable pollen (Fig. 5h). Instead, debris and
other cell structures were found that may be attributed to deformed
or immature pollen grains (Fig. S7). Conversely, the +intron line
restored pollen viability to near wild-type levels (Fig. 5b,e,k). It
should be noted that during multiple independent sample prepara-
tions of anthers, only a few anthers in the —intron line had defini-
tive pollen staining with 67% of anthers containing no discernable
pollen (Fig. S8). Furthermore, we tested the capacity of pollen
grains to form pollen tubes. Based on the prior results it was unsur-
prising that any randomized imaging field contained only a few or
no pollen grains/tubes in the —intron line, whereas in the +intron
line pollen and pollen tubes were abundant (Figs 5¢,f,i,], S7, S9).

© 2024 The Author(s).
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Fig.5 Absence of the first intron in DGAT1
impairs pollen development and ceases pollen
production in Arabidopsis. The plant lines
identified in Fig. 3, —intron (#2) and +intron (#2)
from a dgat1-1/dgat1-1//pdat1-2/pdat1-2
genotype were grown for analysis. (a, d, g, j)
Flowers from Col-0, dgat1-1/dgat1-1, —intron,
and +intron plants, respectively. White arrows
indicate the presence of smooth anthers and
outreaching stigmata papillae (g). Bars, 1 mm. (b,
e, h, k) Light microscopy imaging of anthers from
Col-0, dgat1-1/dgat1-1, —intron, and +intron
flowers, respectively, pollen was stained with
Alexander's solution. Viable pollen stain purple;
Bars, 50 pm. (c, f, i, I) Pollen tube growth of Col-
0, dgat1-1/dgat1-1, —intron, and +intron
flowers, respectively, after 24-h incubation. Bars,
250 pm. Black arrows in (i) indicate the presence
of a few pollen grains capable of proper
germination and tube growth. Additional images
are in Supporting Information Figs S6 (flowers),
S7 (pollen), and S8 (pollen tubes).

These results support the hypothesis that the reduced fertility rates
in the —intron lines are due to a failure to produce many viable
pollen. This lack of pollen contributes to decreased pollen tube
growth and minimal seed set; as pollen density is a determinant for
pollen tube proliferation (Boavida & McCormick, 2007). Further-
more, this is consistent with the dgatl-1/dgatl-1/lpdatl-2/pdat]-2
pollen lethality previously described and correlates positively with
our observations of reduced seed yield, silique abortion, and anther
morphology phenotypes (Figs 4a, 2b-h, S2, S4-S6). Although
DGATI expression was detected in developing whole flowers in all
lines tested (Fig. S10b), the other phenotypic characteristics
observed reinforce our conclusion that without the A#DGATT first
intron, the proper expression of AZDGAT for pollen development
is greatly impaired.

In silico assessment of the promoter and first intron of
AtDGAT1 identified putative binding motifs for
transcription factors involved in pollen development and oil
biosynthesis

Unsurprisingly, AtDGAT1 expression is likely tightly regulated,

with the promoter containing interaction sequences for abscisic

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

acid-mediated regulation by ABI3/4/5 transcription factors (Yang
et al., 2011), several napin-like motifs and binding sites for ethy-
lene response factors (Lu ez al., 2003). However, comprehensive
dissection of the regulatory elements in the A2DGATI promoter

does not yet exist, and our segregation and microscopy results
strongly supported that the distal 5’ region of the promoter
(243 bp, from position —1822 to —2066) and the first intron
(84 bp) may contain uncharacterized regulatory elements neces-
sary for correct gene expression during pollen development.
Upon closer inspection of the first intron sequence, we found
multiple -NGATY- core sequences that are putative intron
mediated enhancer (IME) motifs (Gallegos & Rose, 2019;
Fig. S11). Next, to interrogate the DNA elements (promoter and
intron) for putative transcription factor (TF) binding sites, a
web-based plant TF database (http://plantregmap.gao-lab.
org/index.php) (Tian er al, 2020) was used. Several candidate
TFs with recognized roles in lipid biosynthesis, neutral lipid
accumulation and pollen development were identified based on
our sequence queries in both the DGATT first intron (Table 1)
and the DGATI Promoter from —1822 to —2066 bp (Table 2).
Of note, there were no WRII binding motifs present in either
the promoter or first intron, this coincides with the consensus
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Table 1 Predicted transcription factor binding sites in the first intron of Arabidopsis thaliana DGATT.

Locus ID Gene Hypothetical or known biological role P-value Reference

AT3G23250 MYB15 Lignin biosynthesis 1.13E-05 Kim et al. (2020)
AT1G79180 MYB63 Lignin biosynthesis, vascular development 1.49E-05 Zhou et al. (2009)
AT3G08500 MYB83 Lignin biosynthesis 2.00E-05 McCarthy et al. (2009)
AT4G38620 MYB4 Lignin biosynthesis, vascular development 2.16E-05 Panda et al. (2020)
AT5G62470 MYB96' Oil accumulation 3.86E-05 Lee etal. (2018)
AT1G16490 MYB58 Lignin biosynthesis 3.96E-05 Zhou et al. (2009)
AT3G12820 MYB10 Iron sensing and signaling 4.52E-05 Palmer et al. (2013)
AT1G18570 MYB51 Glucosinolate biosynthesis 4.75E-05 Gigolashvili et al. (2007)
AT3G61910 NAC66 Secondary cell wall synthesis in anthers 4.78E-05 Mitsuda et al. (2005)
AT1G06180 MYB13 Lignin biosynthesis 4.83E-05 Taylor-Teeples et al. (2015)
AT5G62320 MYB99* Stamen/pollen development 4.91E-05 Alves-Ferreira et al. (2007)
AT3G12720 MYB67 - 5.51E-05 -

AT5G12870 MYB46 Secondary cell wall synthesis 7.25E-05 Ko et al. (2009)
AT3G06490 MYB1087 Stamen/pollen development, jasmonate signaling 8.45E-05 Mandaokar & Browse (2009)
AT5G04410 NAC2/78 Flavonoid biosynthesis 9.05E-05 Morishita et al. (2009)

Biological roles are not exhaustive and are based on TAIR10 annotation data. — indicates no known attribution to the gene or its function. See Fig. 6

phylogenetic tree for further analysis.

Genes selected for further analysis with known roles during TAG accumulation and stamen or gametophyte development.

findings that, although WRI1 is a master regulator of fatty acid
synthesis (Lee et al., 2018; Kuczynski et al., 2022), it indirectly
modulates AtDGAT].

To expand our TF analysis, we selected related species as well
as other distant lineages that accumulate seed oil through unique
TAG biosynthetic mechanisms. These ER-localized mechanisms
define the flux of acyl units into TAG and control the final TAG
molecular species profile. There exist at least three defined path-
ways that contribute DAG for subsequent TAG biosynthesis via
DGAT activity (Bates, 2016): (1) de novo DAG (Kennedy path-
way); (2) phosphatidylcholine (PC)-derived DAG, (utilized by
the Arabidopsis DGAT1); and (3) TAG remodeling, here TAG is
first generated from either the de novo or PC-derived DAG path-
ways, and subsequent lipase activity generates an sn-1,2 or s7-2,3
TAG-derived DAG to be converted back to TAG by a DGAT
(Bhandari & Bates, 2021; Parchuri er al, 2024). As such our
query also included the DGATT first intron from several species
(Table S3), including, but not limited to R. communis (Kennedy
pathway) (Bafor ez al., 1991), C. sativa (PC-derived DAG path-
way) (Yang ez al., 2017), and P. fendleri (PC-derived DAG/TAG
remodeling) (Bhandari & Bates, 2021; Parchuri ez 4/, 2024). To
visualize the relationship between DGATIs a maximum-
likelihood phylogenetic tree was generated from an alignment of
14 full-length genomic DNA sequences (Fig. 6a). Using GENE-
PaINTER  (https://genepainter.motorprotein.de/, Hammesfahr
et al., 2013) we also evaluated a positional protein multiple-
sequence alignment mapped to the genomic architecture of each
gene (Fig. 6b) demonstrating that many DGATIs have a con-
served exon-intron structure with a highly variable N-terminal
domain. While somewhat promiscuous, DGAT1s are known to
have preferred substrates (Shockey er al, 2006; Winichayakul
et al., 2022) and this variability in the N-terminus likely assists in
determining acyl-CoA substrate specificities.

The first intron of DGATIs from each species analyzed con-
tain conserved binding sites for at least one TF (Fig. 6a;
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Table S3). Several of the identified TFs have confirmed roles in
regulating TAG accumulation and plant reproduction. For
example, MYB96 (At5g62470), is attributed to gatekeeping the
ABA response (Lee ez al., 2015, 2016, 2019) and directly regu-
lates TAG accumulation during seed maturation by influencing
expression of DGATI and PDATI (Lee et al., 2018). Intrigu-
ingly, the first introns contain many other putative binding
motifs for TFs involved in secondary cell wall development
(MYB99, At5g62320), (Alves-Ferreira et al., 2007) and jasmo-
nate signaling (MYB108, At3g06490), (Mandaokar &
Browse, 2009) which contributes to stamen and anther develop-
ment. Additionally, existing DNA Affinity Purification Sequen-
cing (DAP-seq) data provides in vitro evidence that at least a
few of the TF discussed have binding sites in the AtDGAT]I first
intron sequence (O’Malley ez al., 2016; Fig. S11). It is interest-
ing to note that in the Brassicaceae family, only Arabidopsis and
Camelina contain these binding sites (Fig. 6a). This may be due
to evolution of the specific sequences between varying tribes to
which each genus belongs, as only Arabidopsis and Camelina
reside in the Camelineae tribe (Koch, 2018). Additionally, the
distal promoter region (—1822 to —2066 bp, Table 2) has a
putative binding site for MYB80 (At5g56110), which is known
to regulate tapetal development; myb80 mutant plants are male
sterile (Phan er al, 2012). This region also has a site for
REM34 (At4g31610) which is known to control female and
male gametophyte development (Caselli ez 4/, 2019). Thus, the
distal promoter region of DGATI may be controlled, at least in
part, by MYB80 and REM34 and the lack of DGAT1 activity
may contribute to the defective developmental phenotypes of
their respective mutants. Together, the identification of poten-
tial binding sites for MYB96, MYB99, MYB108 and other TFs
in the first intron of many DGATIs, and various TFs in the dis-
tal promoter region of Arabidopsis DGATI provides exciting
avenues of research to explore when attempting to understand
the intricate transcriptional regulatory landscape controlling
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Table 2 Predicted transcription factor binding sites in the distal —1822 to —2066 bp region of the Arabidopsis thaliana DGAT1 promoter.

Locus ID Gene Hypothetical or known biological role P-value Reference

AT1G69570 CDF5 Circadian clock regulation 3.20E-05 Martin et al. (2020)
AT4G38620 MYB4 Lignin biosynthesis, vascular development 3.54E-05 Panda et al. (2020)
AT3G23690 BHLH77 Secondary cell wall synthesis 3.71E-05 Taylor-Teeples et al. (2015)
AT5G56110 MYB80" Anther development/tapetum regulation 3.74E-05 Verma & Burma (2017)
AT1G25340 MYB116 - 4.20E-05 -

AT3G55370 OBP3 Phytochrome regulation 4.24E-05 Ward et al. (2005)
AT3G46640 LUX Circadian rhythm 4.74E-05 Zhanget al. (2019a)
AT4G17785 MYB39 Suberin biosynthesis 5.03E-05 Wang et al. (2020a)
AT1G72050 C2H2 TFIIA for 5S rRNA production 5.34E-05 Layat et al. (2012)
AT5G16600 MYB43 Lignin biosynthesis 5.85E-05 Gengetal. (2019)
AT3G20310 ERF7 Represses GCC-box mediated transcription 6.19E-05 Nakano et al. (2006)
AT1G73360 HDG11 Trichome development 6.49E-05 Nakamura et al. (2006)
AT5G14340 MYB40 Arsenic resistance 6.64E-05 Chen et al. (2021)
AT3G50700 IDD2 - 6.67E-05 -

AT3G53200 MYB27 Anthocyanin repressor 6.97E-05 Albert et al. (2014)
AT2G43010 PIF4 Red light sensing by interacting with PhyB 7.76E-05 Sakuraba et al. (2014)
AT5G54230 MYB49 Interaction with ABI5/cuticle formation 8.14E-05 Zhang et al. (2019b)
AT4G31610 REM347 Control of male/female gametophyte development 8.44E-05 Caselliet al. (2019)
AT4G00730 ANL2 Accumulation of anthocyanin 9.17E-05 Mabuchi et al. (2016)
AT2G20570 G2-like Expression of the photosynthetic apparatus 9.20E-05 Susila et al. (2023)
AT5G08130 BIM1 Involved in brassinosteroid signaling 9.42E-05 Chandler et al. (2009)
AT1G09530 PIF3 Modulates photoreceptors phyA/B 9.47E-05 Leivar et al. (2020)
AT5G14960 E2F/DP Cell proliferation 9.51E-05 Sozzani et al. (2010)
AT3G60580 C2H2" Pollen germination and tube growth 9.57E-05 Wang et al. (2008)
AT5G17430 AP2 Expression in embryos 9.87E-05 Horstman et al. (2017)

— indicates no known attribution to the gene or its function.

"Genes with known or implicated functions in gametophytic development or processes.

TAG accumulation, particularly during tapetal and pollen
development.

Discussion

The combined roles of the promoter and first intron in
tissue-specific expression patterns of AtDGATT

Our analyses support the hypothesis that the first intron is critical
for proper timing of expression and modulation of DGAT1
enzyme abundance, specifically during pollen and embryo devel-
opment. Though clearly important for normal fertility, the AzD-
GATI intron does not act alone. Had the absence of the intron
in our —intron tDGAT1/tDGAT1/ldgat1/dgatl-1/lpdatl-2/pdatl-
2 line resulted in cessation of seed development or massively
impaired mature seed TAG levels, we would have anticipated a
similar phenomenon to Zhang et al (2009), where a dgatl-1/
dgatl-1 PDATI RNAI line had strongly reduced oil content,
variable fatty acid composition and altered seed morphology.
Additionally, the dgari-1/dgarl-1 PDATI RNAI plants could not
produce cotyledons or readily germinate in the presence of
sucrose. However, the opposite was true for our —intron triple
homozygotes, that had near wild-type fatty acid compositions
and similar embryo/seed morphologies, albeit with less total oil
in the limited seeds that were produced (Figs 4, S5a—h). Of the
few seeds produced in the —intron complemented lines they
readily germinated on sucrose-containing media (Fig. S5i-I).
Combined with the observation that a phenotype did not

© 2024 The Author(s).
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manifest until late in the plant life cycle in —intron plants
(Figs 2b-h, 5, S4-S6) this may indicate that the first intron is
most important for pollen development, but less so for embryo
development, as it appears the main regulatory elements neces-
sary for DGATI expression during embryo maturation is found
within the promoter and not the first intron.

The pollen-specific importance of the first intronic region of
AtDGATI was clarified by analyzing the contrasting phenotypes
of the —intron and the +intron lines that were restored to wild-
type, these results are consistent with prior expression data
(Fig. S10a) and observations made by Zhang ez al. (2009). Stu-
dies across a multitude of species demonstrate that complex regu-
latory functions are modulated by TFs binding to various
important cis-regulatory motifs distributed throughout key meta-
bolic genes (Peng & Weselake, 2011; Blayney er al, 2023).
Mutation and selection of cis-regulatory region alleles have been
critical to species development, during both naturally occurring
evolutionary timeframes (Hendelman ez 4/, 2021), and in tar-
geted breeding for crop domestication and improvement (Wang
et al., 2021). Though often masked due to gene family complex-
ity or functional redundancy, such alleles paradoxically may be
valuable because of their generally weaker phenotypic effects rela-
tive to mutations in protein-coding regions, which often result in
drastic pleiotropic consequences (Rodriguez-Leal ez al., 2017).
While promoters have been more widely studied, the roles that
introns play have gained additional importance in recent years.
In particular, the first intron is implicated in containing many
regulatory motifs that contain binding sites for TFs that can
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Fig. 6 In silico analysis reveals conservation of putative transcription factor binding motifs and genomic DNA architectures in plant DGATT. (a) Maximum-
likelihood phylogenetic relationship of DGATT genomic sequences and the presence of MYB96, MYB99, MYB108 or other transcription factor binding
motifs in the first intron of each (different colored circles). Numbers at branch points are bootstrap values from 1500 replicates. For a full list of transcription
factor binding sites identified in the first intron of DGAT7 from each species see Supporting Information Table S3. (b) GenePaINTER analysis mapping gene
structures onto protein multiple-sequence alignments amongst selected DGATT genes. Scales for exon and intron lengths are provided.
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Fig. 7 Schematic hypothesizing two roles for the first intron of DGATT during pollen development in Brassicaceae. (a) Inset view of a wild-type anther
locule where the tapetum has accumulated elaioplasts (grey circles) and tapetosomes (blue circles). Tapetum disintegration releases materials that are
deposited onto a maturing pollen grain. (b) Hypothesis 1: the absence of the first intron (—intron) of DGAT7 impairs transcript abundance, in turn altering
TAG accumulation (yellow-dashed circle) in the tapetosome and subsequent release of material during tapetal disintegration to the pollen coat (red cross)
causing the pollen grain to collapse. (c) Hypothesis 2: the tapetum preserves TAG production but the pollen grain fails to accumulate TAG (yellow-dashed
circle) and collapses. Thus, the deposition of lipids and proteins to the pollen coat does not occur (red crosses). These hypotheses are not mutually exclusive

and may occur synchronously.

positively or negatively modulate gene expression (Back &
Walther, 2021; Kuczynski ez al, 2022). Our results indicating
the role of the AzDGATI first intron in proper pollen develop-
ment, the identification of various likely TF binding sites in the
first intron of A#DGAT1 and many other plant DGAT s (Fig. 6a;
Tables 1, S3), and the existing Arabidopsis DAP-seq data indicat-
ing TF binding to the DGAT1 first intron (Fig. S11), together
support that tissue-specific plant lipid metabolism is controlled
in part by modulation of DGATI gene expression through its
first intron.

The evidence laid out above indicates that the first intron may
recruit TFs for regulation of DGAT; however, it is possible that
other features of the first intron are responsible for fine-tuning
gene expression. For example, putative enhancer motifs were
identified in the first intron (Fig. S11). Although we performed
in-depth 7% silico analysis of the first intron sequence itself, it is
possible that a more cryptic regulatory sequence may be partially
comprised of the intron sequence and its flanking regions, for
example the 5 exon 1 or 3/ exon 2. Further, it may be consid-
ered that structural alterations of the DGATI pre-mRNA cause
the observed differences between the —intron and +intron lines.
Transcriptional efficiency is linked to proper folding of the RNA
molecule with respect to processing by the polymerase, spliceo-
some and a cohort of other RNA-binding proteins (Zemora &
Waldsich, 2010). Thus, it is conceivable that the pre-mRNA is
differentially folded and the first intron is critical in the confor-
mation for proper RNA processing. From the data presented here
describing the role of the DGATT first intron on pollen develop-
ment, and the % silico analysis, it is clear that carefully controlled
gene expression required for life is not limited to the promoter
region. It should be noted that the same TF can regulate tran-
scription of different genes by binding to distinct locations, as an
example, MYB96 is known to bind to the promoter of PDATI

© 2024 The Author(s).
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and it was suggested to indirectly regulate DGAT1. Additionally,
a myb96-2 knockout is known to simultaneously suppress
DGATI and PDATI causing a fatty acid composition change
and a 20% reduction in seed oil content (Lee et 4., 2018). When
combined with our data this indicates that for MYB96-based reg-
ulation of DGAT the binding motif is not found within the pro-
moter region but in the first intron of DGAT1 (Figs 6, S11). It is
highly likely that other genes involved in essential central carbon
metabolism (like lipid biosynthesis) are tightly regulated by not
only their promoters but also the regulatory elements that exist
within or proximal to the gene. In plants, this stringency of gene
regulation likely evolved to either restrict or promote the use of
particular metabolites for cell or tissue needs during develop-
ment. As such researchers should carefully consider how introns
may participate either co- or posttranscriptionally to modify gene
abundance through any of the aforementioned mechanisms.

DGAT1-mediated TAG production may be equally
important in gametophytic and sporophytic tissues

During pollen development in Brassicaceae the sporophytic tape-
tal cells accumulate lipids, proteins and sterol esters (Ting
et al., 1998; Hsieh & Huang, 2007). Specifically, two organelles,
the tapetosome and the elaioplast house these metabolites. The
tapetosome is wholly unique and can only be found within
the tapetum. In wild-type cells the tapetosome accumulates flavo-
noids, alkanes and TAG-based oil bodies lined with tapetal-
specific oleosin proteins (T-ole) (Fig. 7a; Hsieh & Huang, 2004,
2007; Lévesque-Lemay ez al., 2016). During tapetal disintegra-
tion, TAGs degrade, raising questions as to the fate of this lipid
class. Several possibilities have been proposed, including their
active breakdown for use as an energy source for tapetal cells dur-
ing programmed cell death. Some of the linolenic acid (18:3)
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present could be converted into jasmonic acid. Fatty acids could
also be decarboxylated to form alkanes for deposition onto pri-
mordial pollen surfaces (Hsieh & Huang, 2004, 2007).
Although the precise role of TAG in tapetosomes remains elu-
sive, a knockout mutant of phosphoserine phosphatase (PSP) is
male sterile, a phenotype attributed to the absence of TAG oil
bodies in the tapetosome (Flores-Tornero et al., 2015). Further-
more, our data from the original complementation of dgatl-
1/dgat1-1//PDAT1/pdar]-2 with construct E546 (containing
1822 bp of the 5’ UTR and promoter) indicated that gameto-
phytes with tDGAT1/dgatl-1/pdati-2 genotypes could be recov-
ered and were functional; however, the failure of the resultant
tDGATI1/tDGAT1//dgat]-1/dgatl-1//pdat1-2/pdat]-2 parent to
ever set seed (Fig. S2) indicates a maternal (perhaps tapetal)
inability to accumulate TAG — likely due to insufficient DGAT1
expression as driven by the 1822 bp promoter alone. In compari-
son, the —intron triple homozygous lines contained only an extra
243 bp (from position —1822 to —2066) of the promoter but
could set a limited number of seed. These differences could be
due to presence of a MYB80 TF binding motif in the distal pro-
moter region in the —intron line (Table 2); coinciding with the
sterility phenotype of plants expressing construct E546, a myb80
knockout is male sterile due to tapetal and pollen deficiencies
(Phan ez al., 2012). Perhaps revealing that DGAT1T is in fact tran-
scriptionally controlled by MYB80 for TAG production in the
tapetum and pollen. Our —intron/+intron triple homozygous
lines revealed an additional layer of regulation as both constructs
likely contain varying levels of DGAT1 activity or DGAT tran-
script abundance, thus providing further insights into how per-
turbations of TAG production may influence tapetal and pollen
development. Whereby insufficient levels of DGATT activity —
such as in the —intron line — cause a concomitant decrease in oil
body size and shape, ultimately leading to an absence of resident
oil bodies in the tapetosome or pollen grain. Thus, we propose
two hypotheses as to the role of the DGAT first intron of Arabi-
dopsis in pollen development. Hypothesis 1: impaired TAG accu-
mulation in the tapetosome alters the distribution of pollen coat
precursors, including proteins such as T-ole and other lipidic
material within the tapetum that are required to be donated to a
maturing pollen grain (Fig. 7b). This hypothesis is not
unfounded as in the dgatl-1/dgati-1 mutant, both tapetal and
seed lipid body abundance and morphologies were altered
(Zhang et al., 2009; Bai et al., 2023). Due to the dependency of
pollen maturation on tapetal development (Tidy er al, 2022;
Wei & Ma, 2023), impairment of the latter often leads to preco-
cious pollen abortion along with subsequent silique and embryo
malformation, which was observed in our —intron lines (Figs 2b—
h, 5h,i, S3-S8). Hypothesis 2: immature pollen grains in the
—intron lines fail to accumulate sufficient TAG and collapse
before receiving material from the sporophyte, contributing to
the pollen abortion phenotype (Fig. 7¢). Furthermore, the
absence of TAG in the pollen grain may have adverse effects on
pollen germination and polarization, as pollen oil bodies
play roles in directing growth into a receptive stigma and the
TAGs therein are also broken down, likely providing reductant
for cytoskeletal remodeling during pollen tube growth
New Phytologist (2025) 245: 263281
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(Rodriguez-Garcia er al., 2003; Ischebeck, 2016; Miiller & Ische-
beck, 2018; Bose ez al., 2021). It is foreseeable that many tissues
have a minimal necessary threshold of DGAT1 expression and
rely on a certain rate of TAG synthesis that must occur within a
specific timeframe for proper biological function.

Implications for plant bioengineering

As the primary gatekeeper enzymes of TAG accumulation,
DGAT1 and PDATT are ideal candidates for genetic engineering
studies focused on enhancing overall seed oil content, or accumu-
lation of unique TAG molecular species containing novel fatty
acids (Busta et al, 2022; Chen et al, 2022). To date, much
research has been done on characterizing oil biosynthesis across
the plant kingdom, with a largely singular focus on the overex-
pression of DGAT1s or PDAT1s. Typically, this expression has
been ‘laid on top’ of the endogenous TAG biosynthetic pathways
or used to complement a dgarl-1/dgarl-1 knockout (Jako
et al., 2001; van Erp et al, 2011; Regmi et al., 2020; Hatanaka
et al., 2022; Klifiska-Bachor et al., 2023). This past research has
allowed us to ascertain some substrate preferences, metabolic
pathways, and partial enzymatic functions of select DGAT1 iso-
zymes, with the caveat that some endogenous TAG biosynthesis
remains, complicating selectivity interpretations. Thus far, how-
ever, the ability to complement a dgatl-1/dgat1-1//pdatl-2/pdat]-
2 mutant has been unobtainable, namely due to limited TAG
accumulation in specific nonseed tissues (Zhang ez al., 2009; Sha-
kya & Bhatla, 2010) and the experimental focus on non-native
expression systems. Given the desire to logically control lipid
metabolism to produce TAGs of known fatty acid composition
and other valuable lipophilic molecules, while minimizing dele-
terious effects such as impaired germination and reduced
seed yield which can occur in overexpression studies (Jarvis
et al., 2021; Lunn et al., 2021) our research demonstrates that
identifying the functional regulatory elements within the promo-
ter and introns requires more scrutiny. Paired with our assess-
ment of the highly conserved genomic structure of DGATI the
most variable region appears to be the N-terminal domain
(Fig. 6b). Therefore, both noncoding/flanking sequences (pro-
moters, introns, terminators) and coding regions should be ade-
quately considered in future engineering designs.

The finding that the first intron and promoter of AtDGATI,
when paired together, provides proper temporal expression of an
exogenous DGATI in multiple essential plant cell and tissue
types, is a step forward in plant bioengineering. While the current
study focuses on DGATT, it is likely that DGAT2 may have also
evolved to fill a similar role during gametophyte development in
other species, this is supported by the finding that DGAT2, not
DGAT]I, is the active DGAT in olive (Olea europaea) anthers
and ovules (Banilas er a4/, 2011; Table S3). In this vein, our
research describes a minimal unit (promoter + first intron) that
can be used to replace endogenous TAG biosynthetic enzymes
with various DGAT1 or DGAT?2s from across the plant kingdom
to produce the designer plant oils of the future. Similarly, one
recent study concluded that inclusion of a first intron enhanced
DGATI expression in transgenic TAG-producing sugarcane

© 2024 The Author(s).
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(Cao er al., 2023). Additionally, regulatory introns in Chlamydo-
monas reinbardtii are crucial, with reports of > 5-fold increases in
transgene expression when first intron sequences are included
(Jaeger et al., 2019). When combined with our study the impor-
tance of introns in regulating transcription is gaining interest for
not only fundamental biology studies but also biotechnology
applications. Moreover, identifying regulatory elements for
tissue-specific expression is the next natural step in the plant
science research community to accurately elucidate a genes’ true
function across both time and space.
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Fig. S1 Graphical representation of full-length genomic ArD-
GAT1I binary plasmids.

Fig. S2 Initial identification of transgenic construct elements to
rescue the lethality of the dgarl-1/dgarl-1//pdatl-2/pdati-2
mutant.

Fig. 83 T, screening of brown vs red independent transformants

of tDGATI (constructs E826, —intron; and E827 +intron) in
dgarl-1/dgarl-1//PDAT1/pdar]-2.

Fig. S4 Silique and embryo abortion phenotypes in developing
siliques of tDGAT1/tDGAT1//dgat1-1/dgatl-1//pdat]-2/pdatl-2.

Fig. S5 Representative images of plant development of dgazl-
1/dgar1//pdarl-2/pdat]-2 complements.

Fig. S6 Floral development is unaffected in the absence of the
first intron of AtDGAT1.

Fig. S7 Alexander’s staining of mature pollen grains.

Fig. S8 The absence of the first intron (—intron, line #2) ceases
pollen development.

Fig. S9 Pollen tube growth after 5-h of incubation.
Fig. $10 TAIR10 data of relative expression patterns of DGAT1,
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Fig. S11 In silico analysis of the AtDGAT first intron.
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