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Abstract

The DEFECTIVE EMBRYO AND MERISTEMS 1 (DEM1) gene encodes a protein of
unknown biochemical function required for meristem formation and seedling development in
tomato, but it was unclear whether DEM1’s primary role was in cell division or alternatively,
in defining the identity of meristematic cells. Genome sequence analysis indicates that flow-
ering plants possess at least two DEM genes. Arabidopsis has two DEM genes, DEM1 and
DEM2, which we show are expressed in developing embryos and meristems in a punctate
pattern that is typical of genes involved in cell division. Homozygous dem1 dem2 double
mutants were not recovered, and plants carrying a single functional DEM1 allele and no
functional copies of DEM2, i.e. DEM1/dem1 dem2/dem2 plants, exhibit normal development
through to the time of flowering but during male reproductive development, chromosomes
fail to align on the metaphase plate at meiosis Il and result in abnormal numbers of daughter
cells following meiosis. Additionally, these plants show defects in both pollen and embryo
sac development, and produce defective male and female gametes. In contrast, dem1/
dem1 DEMZ2/dem2 plants showed normal levels of fertility, indicating that DEMZ2 plays a
more important role than DEM1 in gamete viability. The increased importance of DEM2in
gamete viability correlated with higher mRNA levels of DEM2 compared to DEM1 in most
tissues examined and particularly in the vegetative shoot apex, developing siliques, pollen
and sperm. We also demonstrate that gamete viability depends not only on the number of
functional DEM alleles inherited following meiosis, but also on the number of functional
DEM alleles in the parent plant that undergoes meiosis. Furthermore, DEM1 interacts with
RAS-RELATED NUCLEAR PROTEIN 1 (RAN1) in yeast two-hybrid and pull-down binding
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assays, and we show that fluorescent proteins fused to DEM1 and RAN1 co-localize tran-
siently during male meiosis and pollen development. In eukaryotes, RAN is a highly con-
served GTPase that plays key roles in cell cycle progression, spindle assembly during cell
division, reformation of the nuclear envelope following cell division, and nucleocytoplasmic
transport. Our results demonstrate that DEM proteins play an essential role in cell division in
plants, most likely through an interaction with RAN1.

Author summary

Up to half of the genes predicted from genome projects lack a known biological and bio-
chemical function. Many of these genes are likely to play essential roles but it is difficult to
reveal their function because minor changes in the genetic sequence can result in lethality
and genetic redundancy can obscure analysis. Genome projects predict that flowering
plants have at least two DEM genes that encode a protein of unknown cellular and bio-
chemical function. In this paper, we use multiple combinations of dem mutants in
Arabidopsis to show that DEM genes are essential for cell division and gamete viability.
Interestingly, gamete viability depends not only on the number of functional copies of
DEM genes in the gametes, but also on the number of functional copies of DEM genes in
the parent plant that produces the gametes. We also show that DEM proteins interact with
RAN, a highly conserved protein that controls cell division in all eukaryotic organisms.

Introduction

The life cycle of plants involves the alternation between a diploid sporophytic phase and a hap-
loid gametophytic phase. In flowering plants, the sporophyte is the dominant form represent-
ing the adult stage of the life cycle [1]. Cell divisions that generate the sporophytic adult plant,
including the flowers and reproductive tissue, are restricted to regions termed meristems [2].
During the reproductive phase, specialized cells within floral organs undergo meiosis to gener-
ate haploid spores [3,4]. These haploid spores undergo two or three rounds of mitosis to gener-
ate multicellular gametophytes, namely pollen (microgametophytes) and embryo sacs
(megagametophytes), but only one cell within the female and male gametophytes contribute to
the formation of the zygote during sexual reproduction. While the sporophytes and gameto-
phytes differ vastly in size and patterns of gene expression, they share a requirement for cell
division and regulation of the cell cycle. However, mutations that disrupt cell division are
often more severe in meiosis and post-meiotic mitosis during gametophyte development in
flowering plants [5,6].

Pollen are derived from microspore mother cells that undergo meiosis to generate tetrads
of four haploid microspores in a process known as microsporogenesis. Then during microga-
metogenesis, each microspore undergoes two additional rounds of mitosis to generate mature
pollen. The first round of mitosis during microgametogenesis is asymmetric and gives rise to a
smaller generative cell enclosed within the larger vegetative cell of pollen. The vegetative cell
ceases to undergo further cell division, whereas the generative cell subsequently undergoes a
second round of mitosis, which results in the production of two sperm cells contained within
the vegetative cell cytoplasm [3,7].

Each embryo sac is derived from a megaspore mother cell, which undergoes meiosis to pro-
duce a functional megaspore. However, only one of the four meiotic products gives rise to a
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functional megaspore, and the other three products of meiosis undergo programmed cell
death and degenerate [4]. During megagametogenesis, the functional megaspore undergoes
three rounds of mitosis followed by cellularization and differentiation to give rise to a seven-
cell embryo sac consisting of an egg cell, two synergid cells, a di-haploid central cell and three
antipodal cells. The di-haploid central cell of the megagametophyte is formed by the fusion of
two haploid cells during cellularization [8]. Sporophytic tissue surrounds the megagameto-
phyte in a structure termed the ovule. In Arabidopsis, there are multiple ovules contained
within each carpel of the flower. After fertilization, each ovule develops into a seed [9].

In dicot plant species, such as tomato and Arabidopsis, there are two DEFECTIVE EMBRYO
AND MERISTEMS (DEM) genes, which encode 72 kDa proteins of unknown biochemical
function [10]. The DEM1 gene was first identified in tomato, where it is required for organized
cell division in the shoot and root meristems [10]. In tomato, DEM1 is highly expressed in a
punctate fashion in all meristematic and differentiating regions of the plant, and homozygous
dem] mutants exhibit a loss of the shoot apical meristem, disorganized arrangement of cell
patterning in the root meristem and a seedling lethal phenotype [10]. However, it remained to
be demonstrated whether DEM1’s primary role was in cell division or alternatively, in defining
the identity of meristematic cells in plants.

Here, we show that DEM genes have an essential role in cell division in Arabidopsis. Fur-
thermore, DEM interacts with RAS-RELATED NUCLEAR PROTEIN 1 (RAN1) in a yeast
two-hybrid system and in pull-down binding assays, and fluorescent proteins fused to DEM1
and RANI co-localize transiently during meiosis and pollen development.

Results

DEM gene family and distantly related homologues

DEM1 and DEM?2 are located on chromosome 4 and 2 of Arabidopsis, respectively, and encode
proteins that are 63% identical and 79% similar. A phylogenetic tree constructed from an align-
ment of predicted plant DEM proteins largely mirrors the accepted phylogeny of plants (Fig 1).
A gene duplication event in a common ancestor of extant eudicot species formed the DEM1
and DEM2 clades (Fig 1). An independent gene duplication event also occurred in the lineage
leading to extant grasses (Fig 1). Similarly, the multiple paralogs of DEM in Physcomitrella
(mosses) are more closely related to each other than to DEM proteins in flowering plants (Fig
1), indicating that the common ancestor of land plants possessed a single DEM homologue.

Database searches revealed the presence of protein sequences with significant similarity to
DEM in a wide range of divergent eukaryota, including Protista, Rhodophyta (red algae) and
fungi (S1 and S2 Figs). However, DEM-like sequences were not found in the metazoan species
analysed except for Rhagoletis zephyria and Papilio xuthus, which belong to the Diptera and
Lepidoptera orders, respectively, in the class Insecta (S1 and S2 Figs). Otherwise, most of the
DEM protein sequences cluster into their respective taxonomic groups (S1 Fig). These results
suggest that the last common ancestor of eukaryotes possessed a DEM gene that has been
retained in many lineages but lost in the majority of the metazoans.

Plant DEM proteins are highly conserved throughout their entire length, but particularly in
the C-terminal half of the proteins (S2 Fig), and DEM proteins usually contain a predicted N-
terminal myristoylation site (S1 Table). Analysis of plant DEM proteins using InterPro [11]
showed sequence similarity to the yeast Vacuolar Import and Degradation 27 (VID27) protein
[12,13], which contains a predicted WD40/YVTN repeat-like domain. In addition, the area of
high conservation between DEM and VID27 protein includes a region that functions as a
nuclear rim localization domain in Schizosaccharomyces pombe (accession AB027933) (S3 Fig)
[14].
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Fig 1. Phylogenetic tree of plant DEM proteins, rooted with the Chlorophyta sequences. Software and parameters
used in the analysis are described in Materials and Methods. The name of the organism is indicated on the tree,
followed by the accession number or the Conifer Genome Integrative Explorer gene ID for Picea abies. Scale bar
indicates 0.05 substitutions per site.

https://doi.org/10.1371/journal.pgen.1009561.9001

DEM genes are expressed in tissues undergoing cell division

Previous studies using micro-arrays and RNA-seq have shown that both Arabidopsis DEM
genes are predominantly expressed in differentiating tissue, but with DEM1 showing highest
expression in the early-stage embryos, vegetative shoot apices, developing roots and floral
buds, and DEM?2 showing highest expression in developing seeds and pollen [15-17].
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Fig 2. DEM1 and DEM2 mRNA levels in various tissues and sperm cells during vegetative and reproductive
development. (A) Quantitative real-time reverse transcriptase PCR (QRT-PCR) was used to examine DEMI and
DEM?2 mRNA levels in total RNA extracted from a range of Arabidopsis tissues. Ratios of mRNA levels to that of S-
actin mRNA are shown (average + S.E. for three biological replicates). (B) Microarray-based expression analysis of
DEM1I and DEM2 in Arabidopsis reproductive tissues and FACS-purified sperm cells. The figure is based on raw data
published by Pina et al. [18], Borges et al. [19] and Boavida et al. [20], and shows mean signal intensities + S.E. from
ATH1 Genechips normalized by the invariant set method, as previously described [19]. Data were derived from two
biological replicates for siliques [18], microdissected ovules and unpollinated pistils (UPs) [20], and three biological
replicates for pollen and FACS-purified sperm cells [19]. (C) qRT-PCR analysis of DEM1 and DEM2 mRNA levels in
total RNA extracted from Arabidopsis wild-type (WT), dem1-2 (dem1l) and dem2-2 (dem?2) floral buds. Ratios of
mRNA levels to that of S-actin mRNA are shown (average + S.E. for three to six biological replicates). P-values were
calculated using one-way ANOVA to indicate significant differences between DEM1 and DEM2 expression in the
different tissues and sperm cells of wild-type plants (A, B), or between floral buds of wild-type and dem plants (C).

https://doi.org/10.1371/journal.pgen.1009561.9002

We used quantitative real-time reverse transcriptase PCR (qQRT-PCR) to compare DEM1
and DEM2 mRNA levels across a range of tissues in Arabidopsis, and DEM2 mRNA levels
were higher than DEM1 mRNA levels in all Arabidopsis tissues examined, although the differ-
ences weren’t significant in flowers (Fig 2A). DEM2 mRNA levels were highest in the vegeta-
tive shoot apex and floral buds but was detectable in all tissues tested, whereas DEMI mRNA
levels were highest in floral buds but also detectable in flowers, the vegetative shoot apex,
siliques and cauline leaves (Fig 2A). Using published microarray data [18-20], we also com-
pared the levels of DEM1 and DEM2 mRNA in reproductive tissues and FACS-purified sperm
cells. This analysis showed that DEM2 mRNA levels were much higher than DEM1 mRNA lev-
els in siliques, pollen and sperm cells (Fig 2B). DEM1 and DEM2 mRNA levels in microdis-
sected ovules and unpollinated pistils were more comparable, although significantly higher
DEM]I1 mRNA levels were detected in microdissected ovules (Fig 2B).

We also used in situ hybridization to gain a more precise understanding of the expression
patterns of DEM1 and DEM2 in differentiating tissues of Arabidopsis. Both genes showed a
punctate expression pattern that was most obvious for DEM1 in developing embryos, meri-
stems and differentiating tissues (Fig 3). During early stages of embryogenesis, a strong punc-
tate expression pattern of DEM1 is distributed throughout the embryo, but particularly in
cotyledon primordia (Fig 3A-3F). At later stages of embryogenesis, DEM1I expression is lim-
ited to regions of the shoot and root meristems and developing vasculature (Fig 3G and 3H).
DEM1 mRNA was also observed in vegetative shoot meristems, developing anthers and ovules
(Fig 31, 3K and 3L), but was less detectable in inflorescence meristems (Fig 3]). DEM2 mRNA
was also detected in inflorescence meristems, developing anthers and ovules, but was more dif-
fuse throughout these tissues than DEM1 mRNA (Fig 3M and 3N).
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Fig 3. DEM1 and DEM2 mRNA expression detected by in situ hybridization in developing embryos and post-
embryonic shoot tissues of Arabidopsis ecotype Ws-0. (A-H) Punctate expression of DEM1 in developing embryos.
(A-D) Globular stage. (E-F) Heart stage. (G) Torpedo stage. (H) Maturing embryo. (I-J) DEMI expression in shoot
apices is not as clearly punctate as in developing embryos but is clearly expressed in vegetative shoot apical meristem
and in some dividing cells. (I) Vegetative meristem. (J) Inflorescence meristem. (K-L) DEM1 expression can clearly be
seen in sporophytic tissues of developing anthers and developing ovules. (K) Flower. (L) Ovules. (M-N) DEM2 is
expressed in dividing cells of the inflorescence. (M) Inflorescence meristem. (N) Flower. cp, cotyledon primordia; ram,
root apical meristem; sam, shoot apical meristem; *, central zone of meristem; st, stamen primordia; ca, carpel
primordia; ov, developing ovules.

https://doi.org/10.1371/journal.pgen.1009561.9003

DEM genes are required for normal male meiosis and pollen viability

To characterize the biological function of the DEM genes in Arabidopsis, we analyzed the phe-
notype of independent dem1I and dem2 T-DNA insertion mutants in ecotypes Col-0 and Ws-
0. Southern blot analysis confirmed the T-DNA insertions in DEM1 and DEM?2 (S4A and S4B
Fig), and northern blot analysis on floral bud tissue confirmed that demI and dem2 mutants in
each ecotype lacked the respective mRNA transcript (S4C and S4D Fig). We used qRT-PCR
on RNA extracted from floral buds to confirm that dem1 and dem2 mutants in the ecotype
Col-0 genetic background lacked the corresponding mRNA transcript (Fig 2C). We also mea-
sured DEM1 and DEM2 expression in floral buds of the dem2 and dem1 mutants, respectively,
to determine if mutation in one DEM gene could be compensated for by increased expression
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of the other DEM gene. There was a slight increase in the expression of the other DEM gene in
both mutants, however, the increase was only statistically significant for DEM?2 expression in
the dem1 mutant (Fig 2C).

Plants homozygous for single dem1 or dem2 T-DNA insertion alleles in both Col-0 and
Ws-0 ecotypes had no obvious phenotypic defects compared to the wild-type plants (S5A and
S5B Fig). Subsequently, for both ecotypes, homozygous dem1 and dem2 plants were crossed to
generate F1 plants heterozygous for both genes (DEM1/dem1 DEM?2/dem?2), and the F, prog-
eny and subsequent generations were characterized for phenotypic defects that correlated with
the number of mutant dem alleles. Strikingly, no homozygous dem1 dem2 double mutants
were observed in the F, or subsequent generations. Furthermore, dem1/dem1 DEM2/dem2
plants were recovered in Col-0 but not in the Ws-0 genetic background. In total, we screened
153 F2 plants in the Ws-0 genetic background and failed to recover either homozygous dem1
dem?2 double mutant plants or dem1/deml DEM2/dem2 plants.

DEM1/dem1 DEM2/dem2 and DEM1/dem1 dem2/dem?2 plants in both genetic back-
grounds, and dem1/dem] DEM2/dem2 plants in the Col-0 background showed no obvious
phenotypic defects prior to reproductive development. However, segregation analysis of prog-
eny produced by self-fertilization of these plants showed distortion in favour of the wild-type
DEM alleles (52 and S3 Tables), suggesting that the dem1 dem2 genotype was transmitted
through the male and/or female germline at a lower rate than other genotypes.

Among genotypes harboring multiple dem alleles, only DEM1/dem1 dem2/dem?2 plants
exhibited major defects in fertility and had smaller siliques compared to the wild-type plants
(Fig 4A). Dissection of mature siliques from the DEM1/dem1 dem2/dem?2 plants revealed
ovule abortion rates of 60% and 80% in ecotypes Ws-0 and Col-0, respectively (Fig 4B and
4C), suggesting defects in pollen viability and/or ovule development. Indeed, the DEM1/dem1
dem2/dem2 plants showed a high pollen abortion rate of 70-80% (Fig 5A-5C). While self-fer-
tilization of DEM1/dem1 dem2/dem?2 plants produced a small amount of viable seed, these
plants were completely ineffective in producing progeny when used as males in crosses to
wild-type plants (Table 1), which was most likely due to a combination of the high pollen abor-
tion rate, low viability of surviving pollen and ultimately, less viable pollen being attached to
the stigma after manual crossing compared to self-pollination.

It has been reported that up to 20% of T-DNA insertion mutants of Arabidopsis carry chro-
mosomal translocations, and nearly all translocation lines when crossed to non-transgenic
wild type show a pollen abortion rate of ~50% in heterozygous F1 plants [21]. To address the
possibility that high pollen abortion rates in DEM1/dem1 dem2/dem?2 plants may due to chro-
mosomal translocations in the T-DNA insertion mutants, we assessed pollen abortion rates in
double heterozygous DEM1/dem] DEM2/dem?2 F1 plants produced by crossing the single
deml and dem2 mutants of Col-0. If chromosomal translocations were associated with either
of the Col-0 T-DNA mutants, the pollen abortion rate would be expected to be at least 50% in
the double heterozygous plants [21]. We assessed 717 pollen grains in total from three different
DEM1/dem1 DEM2/dem?2 Col-0 plants and found a pollen abortion rate of ~6% compared to
the pollen abortion rate of ~70% for DEM1/dem1 dem2/dem2 Col-0 plants (Fig 5B). These
data strongly indicate that the high pollen abortion rate observed in DEM1/dem1 dem2/dem2
plants was due to the dem mutations rather than the possibility of chromosomal translocations
in the T-DNA mutant lines.

The pollen abortion rate of ~70% in DEM1/dem1 dem2/dem?2 plants exceeded the expected
number of dem1 dem?2 pollen (i.e. 50%; Fig 5A-5C) and indicated that a significant portion of
DEM1 dem? pollen was also aborted. Furthermore, the low fertility of DEM1/dem1 dem2/
dem?2 plants suggested that the surviving mature pollen also had substantially reduced viability,
and that the absence of a wild-type DEM2 allele in the DEM1/dem1 dem2/dem2 sporophyte
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Fig 4. DEM1 and DEM?2 are required for normal seed production in Arabidopsis. (A-C) Plants harboring only one
wild-type DEM1 allele (DEM1/dem1 dem2/dem?2) in both the Col-0 and Ws-0 genetic backgrounds exhibited
significant ovule abortion. (A) Comparison of wild-type (WT) and DEM1/dem1 dem2/dem?2 siliques of Col-0 genetic
background. Note the occurrence of degenerated ovules in DEM1/dem1 dem2/dem?2 siliques compared to the
appearance of normal seeds in WT siliques. (B-C) Percentage of aborted ovules in self-fertilized WT and dem
genotypes for Col-0 (B) and Ws-0 (C) genetic backgrounds. At least 200 ovules were assayed, involving at least three
separate plants for each genotype. X-axis of (B) and (C) represent the copy number of DEM1 and DEM2 wild-type
alleles in each genotype. No dem1/dem] DEM2/dem?2 plants were recovered in the Ws-0 genetic background; n.d., not
determined.

https://doi.org/10.1371/journal.pgen.1009561.9004

adversely affected the viability of DEM1 dem2 pollen. Phenotypic analysis of additional dem
genotypes revealed that pollen viability was not solely dependent on the pollen’s genotype but
also the number of DEM2 alleles in the parent plant that undergoes meiosis. Specifically, segre-
gation distortion against dem1 DEM?2 pollen compared to DEM1 DEM?2 pollen was observed
for DEM1/dem1 DEM2/dem2 plants (P < 0.01) but not for DEM1/dem1 DEM2/DEM?2 plants
(P =0.41; Table 1). Thus, in addition to the pollen genotype, pollen viability is dependent on
the number of functional DEM?2 alleles in the parent plant.

Confocal microscopy on DAPI-stained male tetrads from DEMI1/dem1 dem2/dem?2 plants
of ecotype Col-0 revealed that 38% of tetrads were irregular and had an excess of meiotic prod-
ucts (Fig 5D and 5E). In DEM1/dem1 dem2/dem2 plants of ecotype Ws-0, tetrads with exces-
sive meiotic products were observed, as well as degenerated tetrads with one or more dead
microspores (Fig 5F and 5G).

To further investigate the role of DEM in male meiosis, we produced meiotic chromosome
spreads of DAPI-stained DEM1/dem]I demZ2/dem2 male meiocytes for ecotype Col-0. Interest-
ingly, 72% of the daughter cells produced by meiosis I in DEM1/dem1 dem2/dem?2 plants con-
tained at least one chromosome that failed to align on the metaphase plate at metaphase II (Fig
5H and 5I). Furthermore, we confirmed that about a third of male meioses in DEM1/dem1
dem2/dem2 plants of ecotype Col-0 produced five rather than four daughter cells at late telo-
phase II (Fig 5H and 5I). All other phases of meiosis I and II in these DEM1/dem1 dem2/dem?2
plants were indistinguishable from wild type (S6 Fig).

As mentioned earlier, dem1/dem] DEM?2/dem?2 plants were recovered in Col-0 but not in
Ws-0 background, and these Col-0 plants were indistinguishable from the wild-type plants in
terms of pollen (Fig 5B) and ovule abortion rates (Fig 4B). Thus, in the Col-0 background at
least, a single functional DEM2 allele in dem1/dem1 DEM2/dem2 plants was sufficient for nor-
mal vegetative development, fertility and seed production.

In summary, our phenotypic analysis of male reproductive development showed that DEM
genes are required for male meiosis, pollen development and male gamete viability, but DEM2
is more important than DEM1. This increased importance of DEM2 correlated with signifi-
cantly higher levels of DEM2 mRNA compared to DEMI mRNA in pollen and sperm cells,
and in other tissues of the plant (Fig 2).

DEM genes are required for megaspore competitiveness and
megagametophyte development

Crosses of DEM1/dem2 DEM?2/dem?2 females to wild-type males revealed that the demI dem2
genotype was transmitted through the female germline to the next generation two to five times
less efficiently than DEM1 DEM2, depending on the Col-0 versus Ws-0 genetic background
(Table 1). Furthermore, the DEM1 dem2 and dem1 DEM2 gametes were also transmitted
through the female germline at a lower frequency than expected for equal segregation of wild-
type and mutant alleles (Table 1). Combining the data for Col-0 and Ws-0 together, the results
demonstrated that the segregation distortion against dem mutations through the female
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