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Summary

New Phytologist (2020) 226: 306-325 With the emergence of high-throughput methods in plant biology, the importance of long-term
doi: 10.1111/nph.16071 projects characterized by incremental advances involving multiple laboratories can sometimes

be overlooked. Here, I highlight my 40-year effort to isolate and characterize the most common

Key words: Arabidapsis, chloroplast class of mutants encountered in Arabidopsis (Arabidopsis thaliana): those defective in embryo

translation, embryo-defective mutants, development. | presentan updated dataset of 510 EMBRYO-DEFECTIVE (EMB) genesidentified
essential genes, insertional mutagenesis, throughout the Arabidopsis community; include important details on 2200 emb mutants and
plant auxotrophs, seed development. 241 pigment-defective embryo (pde) mutants analyzed in my laboratory; provide curated

datasets with key features and publication links for each EMB gene identified; revisit past
estimates of 500-1000 total EMB genes in Arabidopsis; document 83 double mutant
combinations reported to disrupt embryo development; emphasize the importance of following
established nomenclature guidelines and acknowledging allele history in research publications;
and consider how best to extend community-based curation and screening efforts to approach
saturation for this diverse class of mutants in the future. Continued advances in identifying EMB
genes and characterizing their loss-of-function mutant alleles are needed to understand
genotype-to-phenotype relationships in Arabidopsis on a broad scale, and to document the
contributions of large numbers of essential genes to plant growth and development.
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I. Introduction

Mutant analysis has long been a cornerstone of Arabidopsis
research (Meyerowitz & Somerville, 1994; Koornneef & Meinke,
2010). Initially, attention focused on small collections of mutants
with distinctive phenotypes (late flowering; transparent seed coat;
absence of leaf trichomes) identified through forward genetic screens
(Rédei, 1970). Selected examples of these mutants were then used to
construct the first genetic maps of Arabidopsis (Koornneef ez al,
1983). With one notable exception, the early work of Andreas
Miiller (1963), embryo-lethal mutants were typically overlooked in
these screens, most likely because they were viewed as biologically
uninformative, difficult to maintain, too numerous to manage, and
not amenable to detailed analysis. In retrospect, each of these
concerns was overstated. Here, I highlight dramatic advances made
over the past 40years in the isolation and characterization of
Arabidopsis mutants defective in embryo development. I present a
detailed, curated dataset of 510 EMBRYO-DEFECTIVE (EMB)
genes identified in my laboratory and elsewhere; illustrate the
diversity of protein functions, mutant phenotypes, and patterns of
inheritance encountered; highlight examples of important questions
that can be addressed with large datasets of EMB genes in hand; and
provide a foundation for approaching saturation for EMB genes in
the future. My objective is to facilitate the continued analysis of EMB
genes in Arabidopsis by establishing a high-profile, curated resource
of basic information, organized into updatable spreadsheets, on
the extensive collection of genes and mutant alleles identified
to date.

The defining feature of recessive embryo-defective mutants is
that siliques of selfed heterozygotes segregate mutant seeds with
abnormal embryos. Mutants with altered seed pigmentation but
normal embryo morphology are typically excluded. The frequency
of mutant seeds in heterozygous siliques is usually about 25% but
can range from 5% to 50%, depending on the locus and allele
involved. In some cases, both embryo and gametophyte develop-
ment are disrupted. In other cases, mutant embryos can germinate
to produce defective seedlings. By utilizing the term embryo
defective in place of embryo lethal, a strategy I adopted 25 years ago,
one avoids the pitfalls of defining embryo viability when continued
growth in culture is possible, thereby enabling a broader spectrum
of mutants to be included. Several thousand embryo-defective
mutants have been isolated and characterized in my laboratory
alone, with many additional mutants described elsewhere.

I devoted my research career to the analysis of embryo-defective
mutants of Arabidopsis (Meinke & Sussex, 1979a,b; Meinke,
2013a). Because existing datasets (Muralla ezal, 2011) and
databases (www.seedgenes.org) of EMB genes and their loss-of-
function mutant alleles have become outdated, with resources
unavailable for continued updates, I decided to undertake a final
review of information and seed stocks that my laboratory have long
maintained, and to make this information available to the
community in a format that is readily accessible. I also wanted to
underscore a number of concerns I have about recent publications
on EMBgenes. Most important is the widespread failure of authors
to acknowledge existing EMB gene symbols, describe past work on
mutant alleles, and cite relevant publications. This ongoing
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problem conflicts with longstanding standards for Arabidopsis
nomenclature (Meinke & Koornneef, 1997). In most cases, one can
check The Arabidopsis Information Resource (TAIR; www.arabid
opsis.org) foralist of publications and gene symbols associated with
a locus of interest, and determine whether a mutant defective in
embryo development has already been described. Authors and
reviewers need to be more vigilant in this regard. Other troubling
issues encountered while reviewing the literature include erroneous
classification of undeveloped ovules as aborted seeds; inconsistent
descriptions of mutants altered in both embryo and gametophyte
development; failure to evaluate seed phenotypes in siliques of
heterozygotes when homozygous mutant plants are not encoun-
tered; and a reluctance to place new EMB genes and mutant alleles
in the context of the entire collection.

Although my laboratory focused at times on specific mutants of
interest (Schneider ez 2l., 1989; Meinke, 1992; Vernon & Meinke,
1994; Liu & Meinke, 1998; Nickle & Meinke, 1998; Muralla
etal., 2007), I also advocated casting a wide net to analyze large
numbers of mutants defective in embryo development (Meinke,
1985; Castle ez al., 1993; McElver ez al, 2001; Tzafrir et al., 2004;
Meinke ez al, 2008; Muralla ezal, 2011). What is the value of
maintaining a comprehensive, curated dataset of known emb
mutants and cloned EMB genes? Because with such information
available, it becomes possible to better understand the full
spectrum of mutant phenotypes, altered protein functions, and
patterns of inheritance associated with loss-of-function mutant
alleles, and to identify common features of EMB gene products,
including shared protein complexes, cellular processes, and
targeted intracellular compartments. Such a dataset can also be
used to clarify differences between embryo and gametophyte
lethality, determine the nature and diversity of essential genes in a
model plant, highlight essential gene products with unknown
functions that merit further analysis, and resolve fundamental
questions in plant biology, including the importance of chloro-
plast translation for seed development, the scarcity of auxotrophic
mutants identified at the seedling stage, and the minimal gene set
required for plant growth and development.

Il. Historical perspective

The original screens for embryo-lethal mutants of Arabidopsis
involved examining immature siliques of chimeric M; plants,
derived from X-irradiation or chemical mutagenesis, for the
presence of segregating mutant seeds (Meinke & Sussex, 1979a).
The defining work of Miller (1963) in Gatersleben, Germany,
described 60 mutants isolated in the Estland accession that
exhibited a wide range of seed phenotypes, including embryo
abortion, albino or pale green embryos, and inappropriate
accumulation of anthocyanin in developing cotyledons, a distinc-
tive class that Miiller named the fusca phenotype. The Miiller
embryo test for detecting induced mutations was established and
utilized for decades to assess the efficacy of mutagenic agents in
plants (Rédei, 1982; Abramov ezal, 2006). Sadly, the only
remnants of this early collection are the fiscamutants, which helped
to define important modulators of plant development (Meinke

etal., 1994; Miséra et al., 1994).
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My original collection of embryo-lethal mutants was generated
following ethyl methanesulfonate (EMS) seed mutagenesis in the
Columbia accession (Meinke & Sussex, 1979b; Meinke, 1985).
Two independent populations were established: one at Yale (1976—
77) and the other at Oklahoma State University (1983—84). Thirty-
three mutants were initially described; 23 are still available through
ABRC (Supporting Information Dataset S1). Another 40 EMS and
X-ray mutants were identified soon thereafter from M, populations
generated by Joseph Ecker at the University of Pennsylvania
(Meinke et al., 1989). Most of these mutants also remain available
to the community. Early studies with this original mutant
collection included descriptions of interesting terminal phenotypes
(Marsden & Meinke, 1985), defects in male gametophyte function
(Meinke, 1982), storage product accumulation (Heath eral,
1986), ultrastructure (Patton & Meinke, 1990) and growth of
mutant embryos in culture (Baus ezal, 1986; Franzmann ezal.,
1989; Schneider et al., 1989).

When large-scale genetic screens of T-DNA insertion lines for
mutant phenotypes were first organized by Ken Feldmann at
DuPont (Wilmington, DE) and later at the University of Arizona
(Feldmann, 1991), my laboratory screened siliques from about half
of the lines and identified 180 e726 mutants that were subsequently
analyzed in detail (Errampalli ez al., 1991; Castle et al., 1993). The
remaining lines were screened and specific mutants of interest
characterized further by a collaborative group overseen by Robert
Goldberg at UCLA (Yadegari eral., 1994; Apuya ezal., 2001).
Elsewhere, Martine Devic and colleagues in France began to screen
the INRA collection of T-DNA lines (Devic ez al., 1996; Ortega
etal., 2002) and analyze emb mutants of interest (Albert ez al,
1999; Lahmy ezal, 2004). Other mutants identified through
forward genetic screens and later cloned were reported by multiple
laboratories, including Aydra (Souter ez al., 2002), edd (Uwer ez al.,
1998), pasticcino (Faure ez al., 1998), ssel (Lin ez al., 1999), ssr16
(Tsugeki ez al., 1996) and twn2 (Zhang & Somerville, 1997).

Gerd Jurgens and colleagues at the University of Tubingen
pursued a differentapproach by undertaking a comprehensive screen
of EMS mutagenized populations at the seedling stage for develop-
mental abnormalities indicative of a defect in embryonic pattern
formation (Mayer ez al., 1991). Among the handful of mutants with
intriguing phenotypes and multiple alleles chosen for detailed
analysis, several turned out to be allelic to mutants recovered during
earlier screens in my laboratory, including emb30/gnom, emb22/
gurke, and emb40/fass. Ultimately, the Jiirgens collection provided
valuable insights into a variety of biological processes in plants
(Lukowitz et al., 1996; Schrick et al., 2000; De Smet etal., 2010).
One intriguing result of these studies was the realization that pattern
mutants in Arabidopsis often have primary defects in basic cellular
functions, not specialized regulatory proteins.

Large-scale screens for mutants altered in gametophyte develop-
ment also uncovered mutants with overlapping defects in embryo-
genesis. Typically, these screens focused on identifying mutants with
reduced transmission of a linked selectable marker (Procissi et 4/,
2001; Lalanne ez al, 2004). One extensive collection included 130
candidate genes required for female gametophyte development,
most represented by a single mutant allele and lacking confirmed
gene identities (Pagnussat eral, 2005). Other screens identified
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male gametophyte mutants (Boavida ez 4/, 2009), including some in
the quarterbackground (Johnson ez al., 2004), which enables pollen
tetrad analysis (Copenhaver e¢zal, 2000). An unusual group of
mutants that produced heterozygous siliques with 50% defective
seeds regardless of pollen genotype was also identified and studied in
detail (Chaudhury ez al., 1997; Grossniklaus ez al., 1998; Choi ez al.,
2002). One example of this class (emb173/mea) was originally found
among the Feldmann lines and briefly characterized in my
laboratory (Castle eral, 1993). Overall, laboratories interested
primarily in gametophyte development tended to focus less on
embryo defects in these large collections, whereas laboratories
interested in embryo development, including my own, often
avoided mutants with high levels of gametophyte lethality, partic-
ularly on the female side. One major challenge in establishing
datasets of EMB genes has therefore been to disentangle these
overlapping phenotypes, attempt to define what constitutes an £MB
gene, and determine why the loss of essential genes alters
gametophyte development in some cases and embryo development
in others (Meinke et al, 2008; Muralla ez al, 2011).

lll. Syngenta/SeedGenes project

The most extensive screen for embryo-defective mutants among T-
DNA insertion lines was initiated in the mid-1990s and involved a
long-term collaboration between my laboratory and David Patton
and colleagues at Syngenta (originally named Ciba-Geigy, then
Novartis) in North Carolina. From a corporate perspective, the
rationale for this project was that some of the essential genes
identified might uncover promising targets for novel herbicides.
Butitalso represented a unique opportunity to increase the number
of known EMB genes in Arabidopsis. More than 120 000 insertion
lines were generated and screened for seed phenotypes at Syngenta,
with putative mutants sent to my laboratory for further analysis
(McElver ez al., 2001). The same population was also evaluated, to
a lesser extent, for seedling lethal phenotypes (Budziszewski ez al.,
2001). The vast majority of these lines were produced in the
Columbia accession using a T-DNA vector that conferred Basta
resistance. The guarter mutant background was used for some lines
to facilitate parallel genetic screens. All of these lines were separate
from the SAIL population, also produced by Syngenta, which was
designed for reverse genetics and distributed throughout the
community (Sessions ez al., 2002).

A total of 1740 emb mutants from the forward genetic screen
were confirmed to be segregating for defective seeds (Table 1).
Attention focused initially on classifying terminal embryo pheno-
types, determining segregation ratios, and resolving tagging status.
Tagged mutants exhibited tight genetic linkage between the T-
DNA insert and EMBlocus. Because the resistance marker in these
lines was rarely silenced, unlike the kanamycin marker in lines
produced at the Salk Institute (Alonso et al., 2003), tagged mutants
with a low ratio of resistant to sensitive progeny seedlings indicative
of a single functional insert could be readily identified by the
absence of wild-type (WT) plants among resistant transplants. By
contrast, resistant transplants from untagged mutants with a single
insert, and other mutants (both tagged and untagged) with
additional inserts, contained a mixture of segregating and WT
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Table 1 Collections of embryo-defective mutants analyzed in the Meinke laboratory.?

Mutants Supporting
EMB gene analyzed; Mapped Cloned Nature of Initial Information
symbols® maintained® mutants® genes® mutant collection characterization Dataset
1-71 73 50 15 Original EMS; X-ray$ 1977-1990 $1-S3
72-181 92 63 16 Feldmann (DuPont) T-DNA$ 1990-1998 $1-S3
201-295 88 31 9 Feldmann (Tucson) T-DNAS 1990-1998 $1-S3
1000-2759 17401 (10) 164 Syngenta T-DNASH 1998-2004 S3-S6
2937-2999
3201-3235
2761-2820 132 (@) 48 Reverse genetic screens' 2004-2010 S3, 54
3002-3013 23 (@) 16 French (INRA) T-DNA&/ 2002-2004 S3, 54
3101-3147 52 (@) 28 Reverse genetic screens® 2008-2014 S3, 54
Totals 2200 144/123 296/264 EMS; X-ray; T-DNA; Transposon 1977-2014 S1-S6

?Refer to Supporting Information Table S1 for additional details on the total numbers of mutants and genes analyzed.

PMutants were often assigned a gene symbol before allelism with other mutants was tested. The number of symbols assigned (mutants analyzed) is therefore
greater than the number of EMB genes represented.

Excludes 241 pigment-defective embryo (pde) mutants with albino or pale green embryos analyzed in the Meinke lab (Dataset S7), six mapped fusca mutants
from the DuPont collection, and eight mapped emb mutants identified elsewhere.

9The number of mapped EMB genes is 123 after adjusting for 21 allelic mutants. Numbers in parentheses represent cloned (but not mapped) mutants allelic to

mapped (but not cloned) mutants.

®The number of distinct EMB genes is 264 after adjusting for overlaps between collections.

fincludes 232 putatively tagged emb mutants with unknown gene identities (Dataset $5) and 1272 untagged and unresolved emb mutants not subjected to
DNA isolation (Dataset S6). Refer to Table S3 for Syngenta T-DNA vector information.

8Mutants were recovered through forward genetic screens for defective seeds segregating in siliques of heterozygotes.

"These Syngenta lines differ from the well-known SAIL (Garlic) lines also produced by Syngenta.

‘Emphasis was placed on evaluating candidate essentials and identifying additional mutant alleles throughout the collection.

IThese mutants were contributed by INRA/Genoplante, analyzed in more detail, and incorporated into the overall collection.

KEmphasis was placed on predicted chloroplast-localized proteins and insertion mutants that segregated aborted seeds.

plants. When more than one insert appeared to be present based on
the initial ratio of resistant to sensitive seedlings, progeny
subfamilies were examined to determine whether any had lost
extraneous inserts through random assortment. Low-ratio sub-
families identified were then evaluated further. Other mutants
remained unresolved with respect to tagging status because a low-
ratio subfamily was not readily identified. Among the mutants with
resolved tagging status, 35% appeared to contain an insert
responsible for the mutant phenotype (McElver ezal., 2001).
Tissue from these tagged mutants was returned to Syngenta, where
genomic sequences flanking the T-DNA insert were recovered and
analyzed. Overall, 440 tagged mutants were subjected to molecular
characterization. Confidence that the altered gene had been
identified improved when flanking sequence was obtained from
both sides of the insert, and was confirmed when heterozygous
plants from two independent mutants thought to be disrupted in
the same gene were crossed and found to be allelic.

The SeedGenes database and website (www.seedgenes.org) arose
from a desire to document the expanding list of genes with essential
functions during seed development. Project objectives included
facilitating the public release of internal Syngenta data on the
identities of EMBgenes uncovered, providing a centralized location
for data on known EMB genes and their mutant alleles, and
establishing a foundation for identifying every Arabidopsis gene
with an essential function during growth and development. With
support from the NSF 2010 Program and database expertise
provided by Allan Dickerman and colleagues at the Virginia
Bioinformatics Institute, the SeedGenes database was first released
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in March, 2002 (Tzafrir ez al., 2003), regularly updated for several
years (Tzafrir et al., 2004; Meinke et al., 2008), and finalized in
December, 2010 (Meinke, 2013a). No data have been added or
removed since. The final release contained information on 481
genes and 888 mutants, 60% of which were studied in my
laboratory. Cloned emb mutants analyzed throughout the com-
munity and pigment-defective embryo (pde) mutants from the
Syngenta collection were also described. Key features of the original
website included a query page to search for genes and mutants of
interest, a profile page for each gene that summarized relevant gene
and mutant information, flanking sequence files and supporting
genetic and phenotypic data for the Syngenta collection, and a
tutorial segment that outlined procedures for mutant analysis.

In the absence of continued support for the SeedGenes database,
my attention soon turned to preparing reviews on genes required
for embryo and/or gametophyte development (Muralla ezal.,
2011) and genes with either a dominant (Meinke, 2013b) or
recessive, loss-of-function (Lloyd & Meinke, 2012) phenotype of
any kind. As the SeedGenes dataset became further outdated, I
faced a dilemma familiar to other investigators: how to keep a
specialized database current. Because producing each SeedGenes
update was labor-intensive, with no successor identified to perform
this task in the future, a decision was made to discontinue the host
server and focus instead on preserving key features of SeedGenes in
the detailed spreadsheets included with this review. Although the
original query functions have been lost, most of the data from the
final release are still available through the archival version
maintained as static web pages at www.seedgenes.org.
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IV. Meinke laboratory collection

My primary objective in this review was to assemble critical
information on EMB genes and their mutant alleles and to
establish a foundation, consistent with the original vision of
Arabidopsis as a model genetic organism, to approach saturation
for this class in the future. A logical first step was to organize
information and seed stocks for the 2200 b mutants isolated
and characterized in my own laboratory. An overview of these
collections is presented in Table 1. Additional information is
provided in Supporting Information Tables S1-S3, with curated
details in Datasets S1 through S6. The vast majority of these
mutants are available through the Arabidopsis stock centers, with
ABRC stock numbers noted in the datasets.

The initial collection of 253 EMS, X-ray, and T-DNA insertion
mutants (Meinke, 1994; Datasets S1, S2) was the subject of a large-
scale mapping project designed 30 years ago to enhance the classical
genetic map of Arabidopsis and facilitate the identification of
multiple alleles (Patton efal, 1991; Franzmann ezal, 1995).
Recombination data with linked visible markers were obtained for
169 emb mutants from this collection. Overall, 144 mutants were
assigned a position on the classical genetic map. This total excludes
six mapped fusca mutants from the Feldmann collection, six
mapped embRGmutants (R. Goldberg T-DNA lines), and one eméb
mutant (ss7/6) from a transposon collection that was mapped but
analyzed elsewhere (Tsugeki ez al., 1996). To search for evidence of
allelism within this collection, crosses were performed between
mutants that mapped within a 5 cM window (Franzmann ezal.,
1995). Closely linked EMB loci that remain on the map are
therefore likely to represent distinct genes. Another 17 mutants
were assigned to a chromosome but not placed on the map. In
addition, eight mutants appeared from linkage data to contain a
chromosomal translocation, consistent with results obtained
elsewhere for frequent chromosomal aberrations in T-DNA
insertion lines (Tax & Vernon, 2001; Clark & Krysan, 2010).
Over a period of 8 years, 123 EMB genes were positioned on the
genetic map, with 11 genes represented by multiple alleles
(Table S2). The frequency of multiple alleles identified within this
limited collection (Franzmann ezal, 1995) appeared to be
consistent with a preliminary estimate of 500 total EMB genes in
Arabidopsis based on the relative frequencies of embryo defectives

(a) Tag status (b) Mutagen

6%

13%
O Gene identified
. 13% O Putatively tagged
46% O Unresolved
O Not tagged
28% 84%

3%

7%
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and other types of visible mutations in T-DNA populations
(Feldmann, 1991; Castle ez al., 1993).

Subsequent forward genetic screens of Syngenta insertion lines
resulted in the identification of 1740 additional emé mutants,
including 224 disrupted in known genes (Table S1; Dataset S4),
232 labeled as putatively tagged based on genetic data (Dataset S5)
but lacking information on the disrupted gene, and 12 tagged
mutants with problematic EMB gene identities (Table S1; Dataset
S4). Another 1272 emb mutants from the Syngenta collection
(Dataset S6) were isolated and characterized but not evaluated
further because they appeared to be either not tagged (802
mutants), possibly tagged (23 mutants), or unresolved with respect
to tagging status (447 mutants). In addition, my laboratory
analyzed 18 mutants from the French collection of insertion lines
with established gene identities (Dataset S4) and 178 insertion
mutants identified through reverse genetic screens (Dataset S4)
focused on additional alleles and candidate essentials (128 mutants;
Tzafrir etal., 2004) and genes encoding chloroplast-localized
proteins (50 mutants; Bryant ezal, 2011). The remaining 23
mutants (12 from the Syngenta screen, five French lines, and six
from reverse screens) were excluded from the EMB dataset because
of questionable gene identities (Dataset S4). When combined with
the initial collection of 253 mutants described earlier, the final
collection contains a total of 2200 emb mutants: 2016 isolated
through forward genetic screens and 184 through reverse. This
excludes 29 mutants from the initial EMS, X-ray, and T-DNA
populations that were analyzed and assigned emb numbers
(Meinke, 1994) but were not maintained (Dataset S1). Another
241 pde mutants from the Syngenta collection (68 tagged and
included in SeedGenes; 33 putatively tagged, and 140 not tagged or
unresolved) were analyzed briefly in my laboratory (Dataset S7) and
remain available for further studies.

In order to address questions about the number of distinct EMB
genes represented in this mutant collection, I recognized a core set of
354 EMB genes defined by 566 mutant alleles analyzed in detail
(Fig. 1; Table 2; Dataset S3). This dataset includes 264 cloned EMB
genes (192 with a mutant allele first identified through forward
genetics and 72 reverse) and 90 mapped but not cloned EMB genes
from the initial collection. As noted before, the mapped genes likely
represent distinct loci when viewed in isolation but may overlap with
existing collections of cloned (but not mapped) EMB genes,

(c) Phenotype

O EMS 28% M Preglobular

E X-ray O Early globular

O Transposon 9% @ Globular

O T-DNA O Transition
12% O Cotyledon

31%

Fig. 1 Meinke laboratory collection of embryo-defective mutants of Arabidopsis. (a) Tagging status of 1740 mutants from the Syngenta forward genetic
screen. (b) Mutagen used to generate the core collection of 566 mutants disrupted in 354 mapped and/or cloned EMB genes. (c) Terminal embryo phenotypes

of the 566 mutants in the core collection.
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Table 2 Origin of 566 mutant alleles of 354 EMB genes represented in the
Meinke laboratory core collection.?

Genetic Mutants Percent
Mutant collection screen analyzed total
EMS; X-ray; Feldmann Forward 147° 26.0
Syngenta Forward 223°¢ 394
French Forward 18¢ 3.2
Additional alleles Reverse 44 7.8
Candidate essentials Reverse 844 14.8
Chloroplast proteins Reverse 50¢ 8.8

?Refer to Supporting Information Table S1 and Dataset S3 for additional
details.

®Includes 46 cloned, mapped mutants; 98 mapped, not cloned mutants; lec2
(cloned, not mapped); and two embRG alleles not found in Table 1. Excludes
79 mutants (not cloned or mapped) from the initial collection.

Excludes fus6-1S, emb2220 (gain-of-function allele), and 11 mutants with
questionable gene identities.

dExcludes a total of 11 mutants with questionable gene identities (Dataset S4).

including those examined elsewhere. The extent of this overlap is
relevant to ongoing questions about what percent saturation has
already been reached. This issue was addressed through a pilot study
focused on chromosomes 1 and 5 that involved integrating the
physical and classical genetic maps of Arabidopsis and performing
crosses between mutants from the two different subsets (mapped vs
cloned) thatlocalized to similar regions of the genome (Meinke ez 4/,
2009). The identities of 16 EMB genes from the mapped collection,
including two of the original EMS mutants (Meinke & Sussex,
1979b), were revealed in this manner.

With respect to multiple alleles within the core set of 354 genes,
208 genes are represented by a single known allele, 104 by two
alleles, 27 by threealleles, 11 by fouralleles, and three (BIO1, SUS2,
EMB2016) by five or six alleles (Table S2; Dataset S3). The
remaining gene (SUS1/DCLI) has a total of nine mutant alleles, all
isolated through forward genetic screens. Six of the 208 genes with a
single allele within this collection have a weak (pde) allele that was
also identified in the Syngenta screen. Forty-eight other genes have
adifferent emballele described in the literature, and eight more have
a weak allele analyzed elsewhere. Thus, multiple alleles have been
identified for a majority (59%) of the 354 genes in the core set.
Many (55%) of the remaining genes represented by a single mutant
allele are from the initial collection of mapped genes.

Characterizing the terminal phenotypes of defective embryos has
been a challenge because of the sheer size of the collection, the
number of years during which the analyses took place, and the
inherentvariability of mutantseeds produced by a single plant. One
strategy involved assigning each mutant to a terminal phenotype
class that illustrated the stage of development most often reached
before seed desiccation. A second approach developed for the
SeedGenes project involved examining 100 mutant seeds under a
dissecting microscope, placing each embryo into a standardized
phenotypic subclass (Meinke, 2013a), and saving images of
representative embryos viewed with Nomarski optics. This infor-
mation can still be accessed through the SeedGenes website,
although it should be viewed with caution because of the different
perspectives and levels of expertise of the dozens of investigators
who performed the work.
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V. SeedGenes review and literature curation

Several approaches were used here to generate an updated dataset of
cloned EMB genes in Arabidopsis. The first involved determining
what SeedGenes information was most important to maintain.
Each published locus in SeedGenes (Tzafrir ez al., 2004; Meinke
etal., 2008; Bryant eral., 2011; Muralla ezal, 2011; Lloyd &
Meinke, 2012), including those removed from early database
releases, was then used to identify relevantarticles from TAIR locus
pages. Attention focused on papers describing additional mutant
alleles. Occasionally, publications appeared to conflict with
existing EMBassignments. When the decision was made to exclude
a questionable locus, selected information was maintained in a
separate spreadsheet devoted to problematic genes.

PubMed queries were then performed to identify publications
on EMBgenes not included in SeedGenes. Emphasis was placed on
articles published from 2010 to 2018, which followed the final
SeedGenes update. No single method enabled detection of every
locus or publication of interest. Querying for ‘Arabidopsis embryo
lethal’ or simply ‘Arabidopsis embryo’ was quick but incomplete. A
thorough query of PubMed abstracts was therefore performed
using Arabidopsis and either embryo, embryos, embryogenesis,
aborted, lethal, or lethality as key words. Relevant details on mutant
alleles and protein function were then extracted from the full
publication. Overall, several thousand abstracts were scanned and
hundreds of publications evaluated. The final dataset includes more
than 600 publications referenced with PubMed ID numbers.

Two recurrent questions needed to be addressed during
literature curation: (1) how should an EMB gene and mutant
phenotype be defined; and (2) what types of geneticand phenotypic
data are required to support an EMB assignment? Both of these
questions have been raised before but merit further consideration.
Loss-of-function mutations in EMB genes disrupt embryo mor-
phology and result in a recessive phenotype that can be detected
visually, with or without a compound light microscope. Abnormal
embryos segregate in selfed heterozygous siliques. Phenotypes
revealed only through gene silencing are not included. Mutations
that disrupt embryo pigmentation but not morphology, resulting
in albino, pale green, or fusca phenotypes are also excluded.
Likewise, mutations that alter embryo biochemistry or physiology
(e.g. high chlorophyll fluorescence or modified levels of metabolites
or storage products) without impacting morphology are excluded.
Because a role for these excluded genes during embryo development
has been documented, future datasets may need to include a wider
spectrum of mutant phenotypes. By contrast, heritable changes in
gene expression profiles; protein activity, accumulation or complex
formation; and RNA modification without an associated morpho-
logical or biochemical defectare not considered mutant phenotypes
(Lloyd & Meinke, 2012).

Problems often arose when dealing with mutations that resulted
in subtle or transient phenotypes, especially those with reduced
penetrance. Some of these genes were excluded from the current
dataset, particularly when double mutants produced a more
striking phenotype. Mutations that altered endosperm formation
more than embryo developmentwere included, although only a few
examples were uncovered. Numerous mutations interfered with
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both embryo and gametophyte development (Muralla ez 2/, 2011).
These were included in the dataset and noted in a column
highlighting mutants with notable features, thereby facilitating
future analyses. Mutations that primarily disrupted ovule or female
gametophyte development rather than embryo development were
generally excluded, even when the undeveloped ovules were
incorrectly labeled as aborted seeds. Multiple examples were
encountered of conflicting publications that reached different
conclusions about whether a specific gene was required for embryo
development. These were evaluated on a case-by-case basis. The
most notable example involved two mutants thought to be deficient
in a well-characterized auxin binding protein. Both the original
allele (abpI), whose identity appeared to be confirmed through
molecular complementation (Chen ez 4l, 2001), and a Syngenta
mutant (abpl-15) that my lab demonstrated was allelic to the
original mutant, were later shown to be disrupted in an adjacent
gene (BSM; Babiychuk etal, 2011) that was responsible for
embryo lethality (Dai ez al., 2015; Michalko ez al., 2015).

The SeedGenes database recognized two different levels of
confidence that the gene responsible for the mutant phenotype
had been identified. For genes labeled ‘not confirmed’, extensive
co-segregation data were obtained, but neither molecular com-
plementation nor additional mutant alleles were described. With
confirmed genes, further support of gene identity was provided
through molecular complementation, multiple alleles that failed
to complement when heterozygotes were crossed, sector analysis
following transposon excision, or additional genetic and bio-
chemical studies. A similar approach was used when community
mutants described in the literature were evaluated. Ultimately,
the distinction between excluded mutants and those labeled as
‘not confirmed’ was subjective and should be revisited in the
future. Large collections of mutants defective in female game-
tophyte development (Pagnussat ezal, 2005) and chloroplast-
localized proteins (Savage ez al., 2013), along with other isolated
cases of potential ez26 mutants encountered in the literature, were
excluded from the dataset because of limited genetic evidence
that the correct gene had been identified. Many Syngenta
mutants with unresolved tagging status also remain to be
evaluated.

(b) Gene identity
2%

(a) Contributions

21% 4%, 13%
@ Meinke lab only
O Meinke and
o community
48% 0 Community only 51%
31% 0%
'0
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VI. Comprehensive dataset of 510 EMB genes

Manual curation efforts described in the preceding section resulted
in the establishment of a comprehensive dataset of 510 cloned EMB
genes of Arabidopsis (Dataset S8), a significant advance beyond the
earlier list of 396 genes (Muralla ez al., 2011). General features of
the dataset are illustrated in Fig. 2. Mutants altered in 52% of these
EMB genes were isolated and characterized in my laboratory.
Overall, 51% of the gene identities were confirmed through
molecular complementation. Another 30% were confirmed
through the analysis of multiple alleles without complementation.
Initially, all mutants were identified through forward genetic
screens. Later, reverse genetics became more common, and was the
only method used to identify embryo-defective mutants for 40% of
the genes in the dataset. Weak alleles or transgenic plants with
reduced expression have been described for 38% of the genes,
thereby facilitating analysis of post-embryonic gene functions.
Several classical loci with weak phenotypes identified through
forward genetics, including SERRATE (Rédei & Hirono, 1964)
and FY(Koornneef et al., 1991), are included in the dataset because
null alleles were found to be embryo-defective (Grigg ez al., 2005;
Henderson et al., 2005).

With 510 rows and 30 columns of data, the Excel spreadsheet
presented in Dataset S8 represents a valuable resource of informa-
tion on EMB genes and mutant alleles that is designed to be
analyzed and further curated in the future. Information presented
includes AGI locus numbers, gene symbols, confirmation status,
terminal phenotype class, Meinke lab contributions, PubMed
numbers for representative publications, and protein functions.
Each publication is associated with further details on whether the
mutants analyzed were new or known alleles, identified using
forward or reverse genetics, and generated with chemical or
insertional mutagenesis or ionizing radiation. The existence of
weak alleles and plants with reduced expression is also noted.

One important feature of the dataset is the ‘Notes™ column,
which highlights the varied ways that embryo-defective mutants
can deviate from standard expectations. One third of the 510 EMB
genes have at least one entry in this column. Overall, 23 different
types of variations are noted. Common examples include subtle

(c) Phenotype

5%

O Confirmed (MC)
O Confirmed (MA) 329 12%

@ Preglobular
O Early globular

[ Confirmed (Other) @ Globular

O Not confirmed (MLM) O Transition

M Not confirmed (CM) O Cotyledon
O Other

9% 27%

Fig.2 Comprehensive dataset of 510 EMB genes of Arabidopsis. (a) Contributions of research groups to the analysis of embryo-defective mutantsincluded in
the dataset. (b) Confirmation of EMB gene identities. Genes were confirmed through molecular complementation (MC), the analysis of multiple alleles (MA) in
the absence of molecular complementation, or some other experimental approach. Most of the genes lacking confirmation are represented by Meinke
laboratory mutants (MLM) rather than community mutants (CM). Excludes 52 genes (Supporting Information Dataset S8E,F) originally designated as EMB but
later removed from the main dataset because of uncertain gene identities or mutant phenotypes. (c) Terminal embryo phenotypes of strong mutant alleles.

New Phytologist (2020) 226: 306-325
www.newphytologist.com

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust

85U9017 SUOWILUOD SARER1D 3! (dde 3y} Aq pauenob a8 oo 1L O SN JO S3|NJ 104 Ak dUljUO 8|1/ UO (SUOIPUOD-PUR-SWUBH WO A 1M Afelq 1B {UO//SAIL) SUOIPUOD PUe SLR L 83U} 38S *[9202/50/7T] U0 Aeiqiauliuo A8|IM “TZ09T Udu/TTTT OT/10p/W0d A8 1M Ae.q jputjuo yduy/:sdiy wouy papeoumod ‘g ‘0202 ‘LET869YT



New
Phytologist

embryo phenotypes that require a compound light microscope for
detection (20 genes); deleterious effects on male or female
gametophyte functions (49 and 31 genes, respectively), phenotypes
initially described for seeds produced by homozygous mutant
plants but also found or expected to segregate in heterozygous
siliques (18 genes), and complex phenotypes or patterns of
inheritance (14 genes). In eight cases, publications inconsistent
with an EMB classification were identified but not viewed as
sufficiently definitive to exclude the locus. Multiple examples are
included of embryo rescue with a WT transgene driven by an
embryo-specific promoter, an approach developed by Despres ez al.
(2001) to study post-embryonic functions of EMB genes.

The distribution of terminal embryo phenotypes observed for
strong alleles of the 510 EMB genes (Fig. 2¢) is similar to that
noted for the core collection of 354 genes analyzed in my
laboratory (Fig. 1¢) and for previous collections of published
EMB genes (Devic, 2008; Muralla ezal, 2011). Nevertheless,
these phenotype ratios should be interpreted with caution because
they are influenced by allele strength, functional redundancy, and
in some instances, genetic background. Fortunately, terminal
phenotypes are not usually influenced by growth conditions,
silique location along the stem, or seed position within the silique.
For mutants defective in gene products required throughout the
life cycle, late terminal phenotypes may also reflect the ability of
maternal tissues to partially rescue mutant embryos, and for
heterozygous sporocytes to rescue mutant gametophytes (Muralla
etal., 2011). Because mutant embryos arrested before the
cotyledon stage of development do not often survive seed
desiccation, the 317 genes with terminal phenotypes at these
early stages represent a logical focal point for studies on essential
genes in the traditional sense.

VII. Diversity of EMB protein functions

Consistent with past reviews, the 510 EMB genes presented here
perform a variety of essential cellular functions. Thirteen categories
employed with earlier datasets (Bryant ez al., 2011; Muralla ez al.,
2011; Lloyd & Meinke, 2012) were used to facilitate the sorting of
EMB loci into functional groups. Several classes of proteins are
particularly well represented (Table 3), including pentatricopep-
tide repeat (PPR) proteins, plastid-localized ribosomal proteins,
proteins involved in RNA binding and modification, and chloro-
plast-localized proteins (Hsu ezal., 2010; Bryant ezal., 2011). In
several cases, EMB genes encoding multiple components of
essential protein complexes or cellular pathways have been
identified. These include chloroplast protein import complexes,
iron—sulfur clusters, chromosomal protein complexes (cohesin and
condensin), and nuclear pore complexes. Proteins involved with
microtubule and peroxisome assembly and histidine biosynthesis
are also well-represented. The robustness of these collections is
sufficient to begin addressing questions about what remaining
members represent promising candidates for undiscovered EMB
genes, and what factors enable knockouts of other members to
complete embryo development. In the case of histidine biosynthe-
sis, different members of a recent gene duplication (HISNGA;
HISNGB) are either silenced or inactivated in different accessions,
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Table 3 Examples of EMB gene products with common, shared functions.

EMB genes Protein structure;
identified®  function; complex Representative publications
34 PPR protein Lurin et al. (2004); Cushing
etal. (2005); Barkan & Small
(2014); Sun etal. (2018)
15 Chloroplast ribosomal Romani et al. (2012); Parker
protein etal. (2014)
14 Microtubule assembly and Tzafrir et al. (2002); Steinborn
function etal. (2002); Gillmor et al.
(2016)
8 Iron—sulfur complex Bernard etal. (2013); Przy-
assembly byla-Toscano et al. (2018);
Lu (2018)
7 Peroxisome assembly and Rinaldi et al. (2017)
function
9 Cohesin; condensin Liu etal. (2002); Minina et al.
complexes (2017)
6 Nuclear pore complex Parry (2014)
6 Minichromosome Holding & Springer (2002);
maintenance complex Herridge et al. (2014)
6 Chloroplast protein import  Kikuchi et al. (2018)
motor (Heteromeric AAA-
ATPase complex)
4 mCA methyltransferase Ruzicka etal. (2017)
complex
5 Histidine biosynthesis Muralla et al. (2007); Petersen

etal. (2010)

“Refer to Supporting Information Dataset S8 for specific EMB genes and
locus numbers.

resulting in hybrid incompatibility when those accessions are
crossed (Bikard et al., 2009; Blevins ez l., 2017).

Forty-six percent of the 510 EMBgenes identified to date encode
proteins assigned to one of three functional classes: metabolism,
RNA binding or modification, and unknown. The relative
frequencies of these and other classes varies with terminal embryo
phenotype (Fig. 3) and protein localization within the cell. With
increased emphasis on reverse genetic screens, the abundance of
specific protein classes also reflects the number of investigators
studying those functions. Among mutants with an early stage of
arrest, proteins that function in metabolism, DNA synthesis and
repair, or chromosome dynamics are relatively common. By
contrast, transcription factors and proteins involved in signaling,
cell structure, membrane function, and vesicle trafficking are more
common among mutants that reach a cotyledon stage of develop-
ment. About half of the mutants with a globular stage of arrest are
defective in proteins that function in protein synthesis or RNA
binding and modification, whereas only 8% of the EMB proteins
associated with globular mutants function in chromosome
dynamics, transcriptional regulation, signaling, cell structure,
membrane function, or vesicle trafficking. The high frequency of
proteins involved in translation or RNA binding among mutants
arrested at the globular stage is a direct consequence of the
requirement of chloroplast translation for embryo development in
Arabidopsis (Parker ez al., 2014). By contrast, mutants defective in
genes required for mitochondrial translation are often defective in
gametophyte development, and null alleles of mutants defective in
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Fig.3 Distribution of protein functionsin the EMB dataset of Arabidopsis relative to terminal embryo phenotype. Protein classes: 1, DNA synthesis and repair; 2,
RNA synthesis and modification; 3, Protein synthesis; 4, Protein modification and transport; 5, Protein degradation; 6, Chromosome dynamics; 7,
Transcriptional regulation; 8, Signaling and regulatory proteins; 9, Energy and electron transport; 10, Metabolism; 11, Cell structure, membrane function, and

vesicle trafficking; 12, Other; 13, Uncertain and unknown.

non-redundant proteins required for cytosolic translation are rarely
encountered, most likely because they are lethal to both male and
female gametophytes (Berg eral, 2005). Understanding the
relationship between protein function, genetic redundancy, allele
strength, and mutant phenotype therefore remains a challenge for
the future.

VIIl. Atypical mutant alleles and patterns of
inheritance

A number of fascinating variations were encountered while
reviewing the literature on mutants defective in seed development.
Some of these underscored the question of how EMB genes should
be defined. On the paternal side, several cases are known where
pollen genotype alone determines embryo phenotype. In other
words, 50% defective seeds are produced when WT plants are
crossed with pollen from heterozygotes. With knockouts of
CDC2A (Iwakawa et al., 2006; Nowack et al., 2006), FBLI7 (Kim
et al., 2008; Gusti et al., 2009), DUO3 (Brownfield ez al., 2009),
and XR/I (Dean ez al., 2009), the underlying cause is the formation
of pollen with a single sperm cell. Aborted seeds are produced
regardless of maternal genotype because double fertilization is
compromised. These genes are included in the EMB dataset,
despite the gametophytic nature of the initial defect, because
limited fertilization is still possible. Knockouts of KPL exhibit
preferential single fertilization (embryo or endosperm), even with
two sperm cells present, highlighting a different underlying
mechanism and a novel example of natural cis-antisense siRNA
regulation involving an adjacent gene (Ron ez al., 2010).

With knockouts of GEX2 (Mori et al., 2014) and GCS1/HAP2
(Mori et al., 2006; Von Besser ezal., 2006), the primary defect
involves sperm proteins required for cell recognition during
fertilization. These genes are excluded from the EMB dataset
because the protein functions are specific to fertilization, not
embryo development. A third example (DMP9) is excluded
because insertion mutants were not available and the phenotype

was observed with RNAi alone (Takahashi ez /., 2018). A different
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mechanism of paternal inheritance is observed in knockouts of S57,
which encodes a receptor-associated protein kinase. In this case,
transcripts produced in pollen are not translated until delivery to
the zygote, where they function to activate the YODA protein
kinase that regulates the first cell division (Bayer ez /., 2009). The
NIMNA gene exhibits a weaker paternal effect in which heterozy-
gous embryos with a paternal mutant allele are defective in embryo
development, though to a lesser degree than homozygotes (Babu
etal, 2013).

The spectrum of mutants with gametophytic maternal effects is
even more diverse (Ngo ez al., 2012; Armenta-Medina & Gillmor,
2019). The most striking examples are knockouts of five well-
studied genes (MEA, FIE1, FIS2, MSII and DME) required for
Polycomb Repressive Complex 2 (PRC2) function during repro-
ductive development. Heterozygous plants, regardless of pollen
genotype, produce 50% defective seeds with a distinctive pheno-
type: endosperm over-proliferation and embryo arrest at the heart
stage. A Syngenta/SeedGenes mutant (emb2220; nf-yal-D) that
was initially assigned to this class was later removed because it
contains a novel gain-of-function mutation (Mu ezal, 2013).
Paternal alleles of MEA, FIS2, and FIE were reported to be inactive
early in seed development, consistent with the observed maternal
effect (Kinoshita ezal, 1999; Luo etal, 2000; Yadegari eral.,
2000). By contrast, the paternal allele of AMS/1 is expressed, but at
levels insufficient to rescue mutant embryos lacking functional
protein in female gametophytes (Leroy eral, 2007). DME
function is required for DNA hypomethylation in the central cell
of the female gametophyte and maternal MEA function in the
endosperm (Choi ez al., 2002).

A detailed consideration of the full spectrum of female
gametophytic mutants with overlapping defects in embryo devel-
opment is beyond the scope of this review. In some of these
mutants, the underlying causes of abnormal development have
been analyzed in detail (see Ngo eral, 2012). In many cases,
however, information is limited to the frequencies of aborted seeds
and undeveloped ovules produced with different types of crosses.
Frequently, this mixture appears to reflect incomplete penetrance
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in the loss of a gene product required for both embryo and female
gametophyte development. However, the situation is complicated
by differences in genetic redundancy, paternal allele contributions,
spatial-temporal patterns of gene expression, and requirements for
gene function in male gametophytes. Inconsistent descriptions of
mutant phenotypes also are encountered. Despite these limitations,
an initial collection of EMB genes assigned to this class can be
obtained by referring to Note 11 in Dataset S8.

Several examples of EMB genes that exhibit haploinsufficiency,
with a weak phenotype detected in heterozygotes, have been
described in the literature (Du ez 2/, 2010; Mansilla ez 2/, 2015). In
addition to providing insights into gene function at later stages of
development, these examples raise the broader question of whether
plants heterozygous for null alleles of other EMB genes exhibit a
subtle phenotype that has escaped detection. Although haploin-
sufficiency is a frequent cause of disease phenotypes in humans
(Bartha ez al., 2018), relatively few examples have been described in
Arabidopsis (Meinke, 2013b). Several other strategies have been
employed to study EMB gene functions at later stages of
development (Candela ez 4/, 2011). The most common involve
the analysis of weak mutant alleles, transgenic plants with reduced
gene function, and embryo rescue with limited expression of a WT
transgene. Multiple examples of these approaches can be found in
the dataset. Embryo rescue in culture has also proven to be effective,
particularly with embryos that reach a cotyledon stage. One
important outcome of this approach was the identification of the
leafy cotyledon phenotype in Arabidopsis (Meinke ez al., 1994).
Mosaic analysis using marked genetic sectors has also been
explored, although not fully utilized (Latvala-Kilby & Kilby,
2006; Munoz-Nortes eral., 2017). One of the most intriguing
examples of post-embryonic development involves a mutant
defective in a cell wall glycoprotein (EXTENSIN3) in which
‘self-rescue’ generates viable homozygotes (phenotypic revertants)
that activate alternative gene expression programs (Saha ezal.,
2013).

In some cases, novel mutant alleles have enabled the analysis of
defects in embryo development that might otherwise have escaped
detection. One class involves weak alleles of genes required for male
gametophyte development, where null alleles are not transmitted
through the pollen (see Note 6). Additional examples of such genes
await the discovery of mutant alleles with suitable levels of residual
gene function. Male gametophyte mutants have been described
where defects in embryo development are observed when pollen
lethality is circumvented by pollen-specific expression of a WT
transgene (Note 7), or when RNAj or antisense methods are used to
reduce gene function in embryos (Note 19). Limited pollination
strategies, which reduce pollen competition, have also been used to
obtain mutant embryos when pollen tube guidance is disrupted
(H.J. Li eral, 2011). One atypical allele involves an insertion
mutant that produces a truncated protein (GEX1) of sufficient
length to rescue the gametophytic lethality observed in true null
alleles (Alandete-Saez et al., 2011). In another case, a truncated
protein encoded by a mutant allele exhibits a dominant negative
effect on embryo development not found with other null alleles (Yu
etal., 2016). A different mechanism of allelic variation has been
described for a single locus that produces two transcripts (short and

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust

Tansley review

long) encoding different isoforms of a geranylgeranyl diphosphate
synthase required for isoprenoid biosynthesis (Ruiz-Sola ezal.,
2016). Null mutations that disrupt only the product of the long
transcript, which is targeted to plastids, exhibit defects in seedling
pigmentation, whereas those that disrupt the product of the short
transcript, which performs a different function in the cytosol,
exhibit embryo lethality. Mutant phenotypes can also vary
depending on genetic background (Parker eral, 2014; Blevins
etal., 2017), a phenomenon frequently encountered in maize
genetics.

When null alleles are not available, alternative methods can be
used to determine whether gene function is required for embryo
development. One promising approach involves TALEN and/or
CRISPR-Cas9-targeted gene inactivation (Moussu ez al., 2017;
Shin eral, 2018). This strategy should become even more
widespread in the future. Antagonistic peptide technology is more
limited in scope but has been used to study a peptide signaling
pathway that functions during embryo development (Song ez al.,
2013). Another strategy involves combining an artificial miRNA
construct with a weak insertion allele to generate ‘two allele’
embryos with an enhanced mutant phenotype (Park ez 4/, 2018).
With further advances in these and other technologies, it should be
possible to generate the types of mutant alleles required for detailed
analysis.

IX. Double mutants defective in embryo development

Some protein functions required for embryo development will be
missed in genetic screens for mutant phenotypes because they are
encoded by multiple genes with related functions. Such examples of
synthetic lethality have been widely studied in yeast and humans
(Ooi etal., 2006; Zhan & Boutros, 2016). Related efforts in
Arabidopsis have been more limited in scope (Bolle ez al., 2013).
Because earlier attempts to catalog double mutants with defects in
embryo development were incomplete (Tzafrir ez al., 2004; Lloyd
& Meinke, 2012), an expanded dataset was established here
through literature curation (Dataset §9). Additional complexities
were encountered, including differing genotypes of parental plants
(double heterozygotes vs homozygous for one locus and heterozy-
gous for the other); the presence or absence of single mutant
phenotypes, which reflected differences in the degree of functional
overlap; inclusion of genes in the single mutant £MB dataset; and
whether sesquimutant embryos homozygous for one mutation and
heterozygous for the other were also defective. Occasionally,
embryo defects were identified in one direction (22Bb parent) and
gametophyte defects in the other (Aabb parent). Close genetic
linkage also complicated the production of some double mutants
and altered segregation ratios.

Because some descriptions of double mutants were more
definitive than others, each pair was assigned a status rank: (A)
straightforward example with consistent seed phenotype, expected
segregation ratios, and minimal defects in gametophyte develop-
ment; (B) more complex or less definitive example; and (C)
questionable example with limited analysis, ambiguous phenotype
descriptions, confusing segregation ratios, or problematic defects in
both embryo and gametophyte development. Once again, a notes
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column with additional details was included to facilitate subse-
quent analyses. Reciprocal BLASTP scores were also noted to
differentiate between duplicated genes with a high degree of
sequence similarity and pairs of dissimilar genes with overlapping
cellular functions.

Eighty-three well-supported (Ranks A and B) double mutant
combinations that produce defective embryos were identified.
Among the protein functions involved, transcription factors and
components of signaling pathways are well represented, in part
because of widespread interest in studying their role in plant
development. With 68 of the 83 pairs, neither gene is included in
the single mutant dataset. These 131 distinct genes can thus be
added to the 510 genes in Dataset S8 when tracking protein
functions for which a loss-of-function phenotype indicates an
essential role during embryo development. In most (66%) of these
cases, the two genes are reciprocal BLASTP top matches, indicating a
high degree of sequence similarity that likely reflects a recent gene
duplication. In 22 of those pairs, neither single mutant was reported
to have an obvious phenotype, consistent with significant
functional overlap.

With the remaining 15 gene pairs at the bottom of Dataset S9,
which includes eight genes not listed elsewhere, at least one member
of the pair is also found in the single mutant EMB dataset. The
double mutant phenotype is either more severe or exhibits a higher
level of penetrance. Genetic screens for enhancers of embryo defects
in pinoid single mutants were particularly successful at identifying
double mutants with more striking phenotypes (Ito ez al, 2011). In
some cases, the phenotypes of single mutant embryos are too subtle
or infrequent to merit inclusion in the single mutant dataset.
Examples include the slightly enlarged lipid droplets found in seipin !
and seipin2 mutants (Taurino ez al, 2018) and the low frequency of
cup-shaped cotyledons described for cucl and cuc2 mutants (Aida
etal., 1997).In each of these cases, mutant phenotypes are consistent
with the inability of one gene to compensate fully for disruption of
the other during embryo development.

Fourteen questionable (Rank C) double mutant combinations
requiring further analysis are listed in a separate tab of the dataset.
Some of these have primary defects in gametophyte developmentor
additional complexities that remain unresolved. Other double
mutants are excluded because the embryonic defects are maternal in
origin (Kunieda eral, 2008) or less severe than single mutant
phenotypes (Collinge e# al., 2004), or because lethality was noted
without evidence of what developmental stage was disrupted.
Promising examples of embryo lethals among the DUPLO
collection of double knockouts of paralogous genes (Bolle ezal.,
2013) are also excluded because of the limited analyses described.

X. Higher-order mutants defective in embryo
development

When three or more genes with related functions are required for
embryo development, higher-order mutants may be needed to
observe a phenotype. The challenges of dealing with such multiple
mutants on a broad scale have been noted previously (Lloyd &
Meinke, 2012). Well-documented examples with alterations in
embryo development include triple mutants defective in auxin
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influx carriers (Robert ez al., 2015) and a bypass-mediated signaling
pathway (Lee etal, 2012), and a quintuple mutant deficient in
serine acetyltransferases (Watanabe ez al, 2008). An intriguing
octuple mutant deficient in ethylene production and constructed
using a combination of T-DNA insertions and artificial micro
RNAs (Tsuchisaka eral., 2009) was reported to exhibit embryo
lethalicy but appears to be defective in female gametophyte
development instead. Other multiple mutants are maternal in
nature (Chen ez al., 2015) or exhibit defects that are simply more
pronounced than those of lower-order mutants (Prigge ez al., 2005;
Taurino ez al., 2018). The strength of individual mutantalleles can
also determine the number of gene disruptions required to detect a
phenotype. In one case involving a family of cytokinin response
factors, the quadruple mutant (erfl crf2 crf5 crf6) is defective in
embryo development when a weak crf5 allele is used, whereas the
crf5 crfb double mutant is embryo-defective when a strong crf>
allele is chosen (Rashotte ez 4l., 2006; Raines ez al., 2016). Thus,
including weak alleles in multiple mutant combinations can
sometimes enable additional genes with overlapping functions to
be identified. Overall, these examples revealed 15 additional genes
with redundant functions required for embryo development.

XI. Significance of a comprehensive dataset of EMB
genes

The comprehensive dataset of EMB genes presented here provides
a framework for determining which gene functions and mutant
phenotypes are frequently encountered in existing collections, and
by contrast, which atypical examples merit further analysis. It also
documents the broad spectrum of essential genes and loss-of-
function mutant alleles discovered to date. This perspective needs
to be considered in future publications on embryo-defective
mutants. The high frequency of mutant embryos arrested at the
globular stage reflects both the abundance of EMB proteins
targeted to plastids and the requirement of chloroplast gene
expression for embryo development (Bryant ezal., 2011; Parker
etal., 2014). Unusual mutant phenotypes often reflect novel
functions of a small number of genes or unique alleles that perturb
common functions in novel ways. The failure of mutant embryos to
complete a developmental pathway of interest does not necessarily
indicate that the gene in question regulates that pathway, but rather
that its cellular function is required for normal growth and
development.

Beyond these general considerations, large datasets of Arabidop-
sis EMB genes are a valuable resource for addressing important
questions in plant biology. For example, several recent studies on
the maternal to zygotic transition in gene expression during
reproductive development made use of existing datasets of EMB
genes, either to evaluate transcriptional profiles of developing
embryos for the presence of transcripts thought to be required at
carly stages of development (Nodine & Bartel, 2012), or to
examine young seeds from segregating siliques to determine
whether some heterozygous embryos are delayed in development,
consistent with delayed expression of the paternal allele (Del Toro-
De Ledn etal., 2014). Datasets of essential genes in Arabidopsis
have also been used to identify candidate genes of interest in other
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plant species (Lloyd et a/., 2015) and to focus attention on essential
genes with unknown cellular functions. They also offer promise in
evaluating the embryonic transcriptome of Arabidopsis (Gao ez al.,
2019; Hofmann et al., 2019).

Xll. Embryo defectives and the search for plant
auxotrophs

One informative example of the value of large collections of
embryo-defective mutants involves the longstanding search for
plant auxotrophs. Nutritional mutants disrupted in seedling
development were among the first Arabidopsis mutants to receive
widespread attention (Langridge, 1955). The initial expectation
was that a robust collection of auxotrophs could be established in
Arabidopsis and used in a manner similar to that pursued with
microorganisms. But despite extensive screens for rescuable
mutants at the seedling stage, the vast majority of auxotrophs
recovered in Arabidopsis were defective in a single pathway:
thiamine biosynthesis (Li & Rédei, 1969). This outcome was
unexpected and not readily explained. As a result, attention
gradually shifted from seedling screens for auxotrophic mutants in
Arabidopsis (Rédei, 1975) to the establishment of auxotrophic cell
cultures in species more amenable to regeneration in culture
(Blonstein, 1986).

After expanding the search for plant auxotrophs to a broader
spectrum of forward and reverse genetic screens, the question of
missing plant auxotrophs in Arabidopsis has finally been resolved.
Elimination of biosynthetic pathways for an essential amino acid or
vitamin in Arabidopsis frequently results in embryo lethality
(Muralla eral, 2007, 2008). Information on 19 EMB gene
products required for the biosynthesis of an essential nutrient is
found in Table 4. Embryo rescue with nutritional supplementation
has been demonstrated for knockouts of 12 genes required for the
biosynthesis of two amino acids (histidine and proline) and four
vitamins (biotin, folate, pyridoxine and pantothenate). In two
other cases (lysine and arginine), embryo rescue failed for unknown
reasons. In five additional cases involving folate, serine, purine,
phenylalanine, and aromatic amino acids, embryo rescue experi-
ments have not been reported. Embryo lethality in the ¢yz7 mutant
defective in vitamin C biosynthesis is not rescuable because more
than one cellular process is disrupted (Lukowitz ezal, 2001).
Strong mutant alleles of some of the EMB genes exhibit defects in
gametophyte development in addition to embryo lethality
(Muralla eral, 2007; Huang eral, 2017). Double mutants
defective in redundant genes required for two additional steps in
folate and histidine biosynthesis also exhibit both embryo and
gametophyte defects (Muralla ez al., 2007; Mehrshahi ez al., 2010).
Conversely, seedling defects have been noted for weak alleles of
several EMB genes listed in Table 4 (Conklin eral., 2000; Song
etal., 2004; Noutoshi ezal, 2005; Mo etal., 2006). Seedling
mutant phenotypes have also been documented for Arabidopsis
auxotrophs altered in eight additional genes required for the
biosynthesis of thiamine (Komeda ez 4/, 1988; Papini-Terzi ez al.,
2003; Raschke ez al., 2007; Mimura ez al., 2016), tryptophan (Last
& Fink, 1988), riboflavin (Ouyang eral, 2010; Hedtke eral,
2012), and isoleucine (Yu ez al., 2013). Seedling defects in the #rp 1
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auxotroph are not rescuable by tryptophan (Last & Fink, 1988)
because other intermediates in tryptophan biosynthesis are
required for auxin-mediated plant growth and development.

Taken together, these reports and related studies indicate that the
mutant phenotype expected from disruption of a gene involved in
amino acid, vitamin, or purine biosynthesis in Arabidopsis depends
on: (1) strength of the mutant allele being studied; (2) normal
cellular function of the nutrient in question; (3) requirement for the
nutrient at different stages of reproductive development; (4)
redundancy of the biosynthetic pathway at both the genomic and
biochemical levels; (5) expression patterns of duplicated genes with
overlapping functions; and (6) ability of surrounding heterozygous
tissue to rescue mutant embryos and gametophytes deficient in the
essential nutrient. The defects observed in aminoacyl-tRNA
synthetase mutants unable to incorporate specific amino acids into
elongating polypeptide chains (Berg ez al., 2005) is consistent with
the conclusion that without partial rescue from surrounding
maternal or paternal tissues, the default state for amino acid
auxotrophs (null alleles) is gametophyte lethality. But in practice,
the most common phenotype observed for both amino acid and
vitamin auxotrophs of Arabidopsis is embryo lethality.

XIll. Chloroplast translation and embryo development

A second example of the value of large mutant collections involves
the question of why a loss of chloroplast translation in Arabidopsis
consistently results in embryo lethality and seed abortion, whereas
in maize, dependent upon genetic background, it leads to embryo
lethalicy with normal endosperm development, or to albino
seedlings or variegated leaf sectors (Parker eral, 2014). The
importance of chloroplast translation for embryo development in
Arabidopsis is evident from the multiple EMB genes that encode
chloroplast ribosomal proteins. The question is therefore which
chloroplast genes, beyond those needed for protein synthesis, are
required to support embryo development. Two candidates (ycf!
and y¢f2) known to be essential for plant growth (Drescher ez al.,
2000) have recently been shown to encode components of
chloroplast protein import complexes (Kikuchi ez al., 2013, 2018).
The importance of these proteins for embryo development is
confirmed by the knockout phenotypes of EMB genes encoding
other components of the same complexes (Dataset S8). However,
these complexes are also needed to import other proteins required
for chloroplast translation, which leaves open the original question.

Three observations in my laboratory helped to establish that a
single chloroplast gene (accD) encoding one subunit of the
heteromeric acetyl-CoA carboxylase (ACCase) required for fatty
acid biosynthesis in plastids is central to the importance of
chloroplast gene function for embryo development in Arabidopsis.
First, mutations in a nuclear gene that encodes another subunit of
heteromeric ACCase also result in embryo lethality (X. Li et al,
2011). Second, the null phenotype of embryos disrupted in
chloroplast-localized ribosomal proteins differs by accession;
mutant embryos in the ‘Nossen’ background (Riken insertion
mutants) arrest at the preglobular stage, whereas those in the
Columbia accession (Syngenta and Salk mutants) arrest at the
globular stage. Finally, the ‘Nossen’ accession is unusually sensitive
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to a loss of chloroplast translation, as measured by seedling growth
on spectinomycin.

Based on these observations, a genetic screen was performed to
search for factors in a spectinomycin-tolerant accession that
enabled further growth of arrested embryos from mutants defective
in chloroplast translation in a sensitive accession (Parker eral.,
2014). The initial locus identified in this screen was ACC2, a
tandemly-duplicated nuclear gene that encodes a plastid-localized
version of homomeric ACCase (Babiychuk ez 4/, 2011). The other
homomeric ACCase gene (ACCI/EMB22/GURKE) is highly
expressed and functions in cytosolic long-chain fatty acid biosyn-
thesis. Hypersensitive accessions harbor a variety of deleterious
mutations in ACC2 that prevent further development in the
absence of chloroplast translation (Parker ez a/., 2016). By contrast,
functional ACC2 in tolerant accessions results in partial rescue of
embryos and seedlings defective in chloroplast translation because
it supports a low level of fatty acid biosynthesis in plastids. The
globular stage of embryo arrest characteristic of mutants disrupted
in a wide range of chloroplast functions in the Columbia accession
therefore reflects a shared defect in fatty acid biosynthesis. The
availability of large collections of ribosomal protein mutants in
multiple accessions enabled this relationship to be established. This
work also contributed to recent advances in chloroplast transfor-
mation in Arabidopsis (Yu ez al., 2017; Ruf ez al., 2019). A different
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situation is encountered in maize, where chloroplasts lack accD,
yefl, and ycf2, and instead utilize a plastid-targeted, homomeric
ACCase for fatty acid biosynthesis. Embryo-specific lethality in
maize kernels defective in plastid-localized ribosomal proteins in
selected genetic backgrounds remains to be explained, but may
reflect alterations in a retrograde signal (Woodson & Chory, 2012)
that activates expression of nuclear genes required for embryoge-
nesis but not endosperm formation or leaf development.

XIV. Approaching saturation for EMB genes in
Arabidopsis

Despite past concerns about feasibility and effort required, research
on embryo-defective mutants has progressed to where questions
about saturation merit consideration. The total number of EMB
genes in Arabidopsis remains unknown. Initial projections of 4000
loci based on a forward genetic screen of EMS mutagenized lines for
abnormal seedling phenotypes (Jurgens ez al., 1991) were likely to
be an overestimate. Spontaneously aborted seeds are frequently
encountered in such screens, particularly when large numbers of
plants are grown under suboptimal conditions, and putative eméb
mutants in this case were not analyzed in detail or confirmed in
subsequent generations. Estimates from my laboratory based on the
frequency of confirmed emb mutations relative to other types of

Table 4 Examples of auxotrophic emb mutants identified through forward and reverse genetic screens.

Rescue experiments

Biosynthetic Genetic
Nutrient class pathway screen Mutants analyzed® Embryos® Plants® References
Vitamin Biotin Forward bio1 CS V, F Schneider et al. (1989)
Biotin Both bio2 C,S i Patton et al. (1998)
S V,F Arnal etal. (2006)
Biotin Reverse bio3 (bio1)? C,S V., F Muralla et al. (2008)
Folate Forward glaT (emb9) C ND Ishikawa et al. (2003)
Pyridoxine Both pdx2 (emb2407) C \ Tambasco-Studart et al. (2007)
Pantothenate Reverse pts S V, F Jonczyk et al. (2008)
Amino acid Histidine Both hisnéa S \Y Muralla et al. (2007)
Histidine Reverse hisn2; hisn3; hisn4, hisn8° S \% Muralla et al. (2007)
Histidine Reverse hisn7/impl2 S ND Petersen et al. (2010)
S ND Sato etal. (2011)
Proline Reverse p5cs2 C V) Székely et al. (2008)
S ND Mattioli et al. (2009)
Lysine Both agd2 Failed ND Song et al. (2004)
ND ND Hudson et al. (2006)
Arginine Forward nagk Failed ND Huang etal. (2017)
Vitamin Folate Reverse emb3127 ND ND Bryant etal. (2011)
Amino acid Serine Reverse pgdh1 ND ND Toujani etal. (2013)
ND ND Benstein etal. (2013)
Phenylalanine Reverse adt2 ND ND El-Azaz etal. (2018)
Aromatic Forward emb1144 ND ND Tzafrir et al. (2004)
Other Purine Reverse emb2818 ND ND Muralla etal. (2011)

#Allelic emb mutants are listed in parentheses. Alias symbols are separated by a slash.

PC, cultured: mutant embryos are rescued (reach a later stage of development or produce callus) when cultured on media containing the required nutrient; S,
supplemented: mutant embryos are rescued when heterozygous plants are watered or sprayed with the required nutrient; ND, not documented.

“V, viable: homozygous mutant plants are viable when supplemented with the required nutrient; F, fertile: homozyogus mutant plants are fertile and produce
mature seeds when supplemented with the required nutrient; ND, not documented; (V), incomplete rescue of rosettes.

4The BIO3-BIO17 locus encodes a bifunctional enzyme that catalyzes two sequential steps in biotin biosynthesis.

®The hisn8 mutant exhibits an ovule abortion/zygotic embryo phenotype that is rescued by supplemental histidine.

The original bio2 mutant allele (emb49) contains a deletion that removes a linked gene (FPA) required for flowering.
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mutations in the Feldmann T-DNA collection, and the frequency
of allelic emb mutants obtained from several forward genetic
screens, ranged from 500 to 1000 genes (Franzmann ez al., 1995;
Meinke et al.,2008; Muralla ez 2/, 2011). These estimates also have
limitations given that some genes mutate more readily than others.
After reviewing past work and taking into account the number of
known EMB genes already identified, I postulate that 50-70% of
the estimated 750-1000 EMB genes with a single mutant
phenotype in Arabidopsis have likely been found.

Strategies for approaching saturation have been discussed before
(Meinke ezal, 2008), with emphasis placed on reverse genetic
approaches involving homologs of essential genes in other organ-
isms, shared processes, pathways and protein interactors with known
EMB proteins, and genes expressed in embryos or excluded from
collections of knockout homozygotes. Recently, machine-learning
methods were utilized to identify additional candidates for essential
genes in Arabidopsis (Lloyd ez /., 2015). Future datasets might need
to include chloroplast genes required for the synthesis of essential
proteins (c. 30 genes) and nuclear genes encoding miRNAs required
for embryo development (Armenta-Medina ez al,, 2017). Broaden-
ing the definition of EMBs to include redundant genes with
multiple mutant phenotypes would further increase the number of
genes involved and the challenges of reaching saturation.

Reverse genetic studies not initially focused on embryogenesis
should continue to reveal additional EMB genes in the future. But
progress with this approach will be slow, with some classes of
proteins excluded, particularly those with unknown functions.
Gene editing methods could simplify the production of null alleles
for candidate genes not represented in existing collections. But
whether this approach can be scaled to the analysis of hundreds of
candidate genes remains to be seen. Large-scale forward genetic
screens for embryo-defective mutants are labor-intensive and will
become less efficient as saturation is approached, with a higher
percentage of mutants representing new alleles of known genes.
Forward screens focused on mutant phenotypes of special interest
will continue to be explored (Gillmor ez al., 2016). But another
broad screen of insertion lines similar in scale to that undertaken
with Syngenta seems unlikely.

With these limitations in mind, the best strategy forward may be
to combine targeted reverse genetic screens of candidate essentials
with further analysis of existing collections of mutants not found in
the updated dataset. These collections include mutants with
overlapping defects in female gametophyte development (Pagnussat
etal., 2005), mutants disrupted in predicted chloroplast-localized
proteins (Savage etal, 2013), and community mutants with
ambiguous phenotypes or unresolved gene identities. Extensive
collections from my laboratory also merit further analysis, including
mutants that were initially mapped but not cloned (Dataset S2) and
Syngenta mutants that are putatively tagged, unresolved, or not
tagged (Datasets S5, S6). These mutants are well-curated, with seed
stocks available to the community without restrictions. With
mapped mutants, the original focus on chromosomes 1 and 5
(Meinke ez al., 2009) could be updated with additional cloned £MB
genes and expanded genome-wide. This approach would not reveal
new EMB genes, but it could uncover additional alleles of known
genes, thereby focusing attention on loci that remain to be identified.
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These loci have the advantage of an established map location, which
could facilitate gene identification using whole-genome sequencing
methods similar to those pursued with essential genes in
Chlamydomonas reinhardtii (Breker et al., 2018).

XV. Conclusions

Advances in genome sequencing over the past 20 years have yielded
invaluable information on the molecular landscape of a broad
spectrum of plant species. Mutant analysis in model genetic
organisms such as Arabidopsis, however, remains a powerful tool
for identifying genes with essential functions in plant growth and
development. One obstacle to further advances in mutant analysis of
seed development continues to be the sheer number of mutants and
genes involved. This comprehensive review was designed to
maximize the utilization of existing collections of embryo-defective
mutants of Arabidopsis, and to focus attention not on what has
already been learned about plant development from the analysis of
selected mutants of interest, but rather on the value of analyzing and
expanding the mutant collection as a whole. Looking ahead, further
community-based curation efforts will clearly be required to update
the datasets of EMB genes and mutant alleles presented here, and to
track continued progress towards saturation. Ideally, someone might
volunteer to oversee this work early in their career to assure long-term
progress. Multple groups could also coordinate different types of
genetic screens to expand the collection. With appropriate training,
teams of undergraduate students could make significant contribu-
tions, particularly with literature curation. Further insights could be
obtained from longstanding efforts to uncover Mendelian inheri-
tance genes in humans (Amberger ez 4/, 2019) and essential genes in
other model organisms (Zhan & Boutros, 2016). The challenges
ahead remain daunting. But the potential benefits of a coordinated
effort to approach saturation for embryo-defective mutants of
Arabidopsis are substantial, and a prerequisite to determining the
function of every gene in a model angiosperm.
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