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limited in most crops [6,7]. However, the flowering time genetic network is extensively studied in the
model species Arabidopsis thaliana [6,8-11] (Figure 1a), which is an annual facultative long-day (LD)
plant belonging to the Brassicaceae family. Hence, if the function of the A. thaliana flowering time
genes would be conserved in the crops of interest, this would provide targets for genetic selection and
improvement to speed up breeding and agricultural biotechnology.

Figure 1. Plant species considered in this review. (a) Arabidopsis thaliana, (b) Brassica napus (rapeseed),
(c) Brassica rapa (turnip), (d) Raphanus sativus (radish), (e) Diplotaxis tenuifolia (wild rocket), (f) Cichorium
intybus (chicory), (g) Brassica oleracea (cauliflower) in winter, (h) Brassica oleracea (cauliflower) in summer
and (i) Lactuca sativa (lettuce).

Here, we review current knowledge regarding the conservation and divergence of the mechanisms
that regulate flowering time in A. thaliana related crop species from the Brassicaceae family and more
distantly related leafy crops within the Asteraceae family, that are of great interest for food market and
vegetable breeding. We will focus on Brassica napus (Figure 1b), Brassica rapa (Figure 1c), Brassica oleracea
(Figure 1g-h), Raphanus sativus (Figure 1d and Diplotaxis tenuifolia (Figure le) for the Brassicaceae and
on Lactuca sativa (Figure 1i) and Cichorium intybus (Figure 1f) as key leafy crops within the Asteraceae
family. The possible exploitation of this knowledge in vegetable crop breeding, and the potential of
translational biology and genomics to crops, will be discussed. The different flowering time pathways
and genes explored in these crops will be discussed, and gene function will be compared to the
knowledge acquired in A. thaliana.

2. Flowering Requirements of Brassicaceae and Asteraceae Species

Optimal conditions for flowering vary between and within species, as plants respond and adapt
to specific combination of light (quality and day length) and temperature (cold, warm, hot) to undergo
floral transition [11]. Plants can be either long-day or short-day if they flower when exposed to
light periods longer (as in summer) or shorter (as in winter) of a certain critical length. Many plant
species require prolonged exposure to low temperatures (vernalization) to flower, while others flower
independently of cold conditions [8]. Plants have annual, biennial or perennial life cycles depending
on the number of growing seasons required to complete their life cycle [11]. Further classification of
plant types can be made based on geographical origin and growing season.

The plant model species Arabidopsis thaliana (Figure 1a, Table 2) can be annual or biennial. Annual
plants flowers earlier in response to long days (facultative long-day), and natural accessions are
classified into summer annuals and winter annuals [11]. Summer annuals flower rapidly when grown
under long days, whereas in winter annuals flowering is not induced until they are exposed to low
temperature (4 °C) for several weeks (vernalization), followed by warmer temperatures in spring [11].
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B. napus, B. rapa and B. oleracea, closely related to A. thaliana, share similar life cycles (annuals
and biennials) and have spring, semi-winter and winter types: Spring types flower early without
vernalization and are grown in geographical regions with strong winters or in subtropical climates;
winter types have an obligate requirement for prolonged periods of cold temperatures and are grown in
moderate temperate climates; semi-winter types, which are sown before winter, flower after winter and
are grown in geographical regions with moderate winter temperatures (>0 °C) (Figure 2) [14]. B. napus
is a domesticated allotetraploid species with two genomes, AA and CC, derived from B. rapa and
B. oleracea, respectively. Two other Brassicaceae species, R. sativus and D. tenuifolia, and the Asteraceae
species Lactuca sativa, are annuals that do not require vernalization to flower. In contrast, the Asteraceae
species Cichorium intybus is biennial or perennial and does require a cold period for flowering induction.
All species considered in this review flower faster in response to longer photoperiods and warmer
temperatures (more details about species characteristics are in Table 2). Despite similarities amongst
these species, breeding goals with regard to plant growth and flowering time differ for each crop.
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Figure 2. Schematic representation of the life cycles of annual Brassica species. Green triangles
represent vegetative growth, pink boxes plant flowering. Periods of cold required for vernalization are
indicated by a blue box. Frost symbols indicate frost hardiness in winter types that does not occur in
semi-winter plants.

3. Breeding Goals

Breeders aim to improve varieties by adapting them to climate changes, new environments or
increasing yield in general, and flowering time affects all these traits [2].

B. napus L. (Figure 1b) is one of the most important oilseed crops worldwide and includes oilseed
rape and rapeseed (Figure 3). The yield potential of rapeseed largely depends on flowering time, thus
creating lines with optimal flowering time is a major breeding goal [14].

B. rapa (Figure 1c) is cultivated worldwide, particularly in Asia, and includes the vegetable
crops Chinese cabbage, pak choi, turnip and cime di rapa (Figure 3). Premature bolting is a severe
problem as it reduces yield of the harvested crops, e.g., for the spring cultivation of Chinese cabbage.
Extremely late bolting is a major breeding goal in this crop as unexpectedly low temperatures can
induce flowering and so yield loss [23].

B. oleracea (Figure 1g-h) encompasses multiple cultivar groups (Figure 3) that are classified based
on the morphology of their edible structures: Kohlrabi, kales and cabbages are harvested at vegetative
stage; broccoli and cauliflower are cultivated for their curd (the edible flower head of the plant)
that is harvested at the transition to reproductive phase. Cultivars and wild species accumulate
anti-carcinogenic and antioxidants, which are beneficial for human health [16]. Breeding strategies
for broccoli and cauliflower include uniformity in time to curd production for easy crop handling
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during production. In cauliflower, slight deviations from optimal growth temperature, either lower
or higher, lead to uneven curd formation and therefore less predictable harvest times. On one hand,
vernalization is required to produce a harvestable curd, while on the other hand, high temperatures in
spring result in prolonged vegetative growth before the curd is produced. Adjusting the vernalization
and temperature sensitivity of plants will help to create cauliflower varieties with a predictable curd
formation, for example by exploring genetic variation in temperature-dependent flowering time genes.
Early prediction of the thermal time to curd induction in untested genotypes and environments can be
achieved by using the genome-based model proposed by Rosen et al. [24], making this a good tool for
early selection of the desired genotypes to be incorporated into breeding material.
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for the main phylogenetic groups (http://science.kennesaw.edu/jmeneal?/plantsys/index.html).
Phylogenetic relationships within Brassicaceae and Asteraceae species of interest were obtained
using phyloT, a phylogenetic tree generator based on NCBI taxonomy (https://phylot.biobyte.de/).
Cultivated crops for the different plant species are shown.

R. sativus (Figure 1d), including radish and daikon (Figure 3), are important vegetable root crops
with large variation in root size and shapes [18,25]. Late flowering is a relevant breeding goal as some
varieties are sensitive to premature bolting. In radish, when plants are grown under LD conditions,
premature bolting reduces yield and quality of the harvested product. Enhancing the quality of radish
can be achieved by late flowering, combined with increased post-harvest shelf life through delayed leaf
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senescence, as the whole plant (bulb and leaves) is harvested and the leaves are used as an indication
for the post-harvest quality of the plant.

Wild rocket (D. tenuifolia) (Figures le and 3) is a popular salad leaf that has a similar shape
and taste as rucola (Eruca sativa), but with a stronger peppery flavor. The crop can be harvested
multiple times. For cultivation, D. tenuifolia is selected against pre-harvest flowering as it leads to
unsaleable crops.

L. sativa (Figure 1i) encompasses multiple lettuce cultivars that are classified based on the
morphology of the leafy or head type: Iceberg types form a close head resembling that of a cabbage;
butterhead types form a head with large ruffled outer leafs; and romaine (Cos) types do not form
a head but have long, broad and upright leaves. Wild relatives used in breeding include L. virosa,
L. serriola and L. saligna (Figure 3). While cultivated lettuce is annual, the wild species L. virosa is
biennial and does require vernalization for flower initiation. High temperature during the cultivation
of lettuce results in heat-induced early bolting. Heat resistance is therefore a major breeding goal to
produce better tasting lettuce when grown at high temperature. Although early bolting is beneficial
for fast seed production in the creation of varieties, it does reduce the quality of harvestable crops.
The early stages of bolting are not visible when the crop is harvested, but the flavor changes towards an
undesirable bitter taste [26]. Exploring the genetic determinants of this response will help understand
the mechanism of heat-induced early flowering, and enable breeders to produce better tasting lettuce
when grown at high temperature.

C. intybus (Figure 1f) includes multiple cultivar groups that are classified based on purpose and
use of the harvested product: Root and forage chicory is used for inulin extraction and grown for live
stock, respectively; witloof and radicchio are leafy vegetables that can be cooked or eaten fresh [27].
Among the leaf chicory groups, several “Catalogna” landraces are cultivated in Italy for both leaves and
stems/buds, the latter appreciated for the bitter and crispy taste (puntarelle) (Figure 3) [28]. If sown
too early in spring, the plants could be vernalized and flower during the first growing period [22].
Breeding goals include uniformity in crop yield and maturity, and resistance to bolting [22,29]. For the
production of root chicory, a cold season during growth induces early bolting and therefore decreases
yield. Investigating the cold-response of root chicory in more detail is needed to delay bolting under
these conditions.

4. Conserved and Divergent Flowering Time Genes in Brassicaceae and Asteraceae

The switch from plant vegetative growth to reproductive development (transition to flowering),
is a critical stage in the life cycle of a plant. Plants need to coordinate their developmental programs
precisely in response to seasonal changes and in an ecological context in order to ensure their
reproductive success. As such, flowering is tightly controlled by diverse developmental, hormonal
and environmental cues, day length and temperature being the most important of these environmental
signals. [10]. Six major genetic pathways, converging to a small number of floral integrator genes, have
been described in Arabidopsis thaliana (Figure 4): The vernalization and photoperiod pathways, which
control flowering in response to seasonal changes; the ambient temperature pathway, which regulates
flowering time in response to changing ambient temperature; the age, autonomous, and gibberellin
pathways, acting more independently of environmental stimuli [9,10]. When the switch towards
flowering is made, the shoot apical meristem (SAM) transforms into an inflorescence meristem (IM)
as an intermediate step. From the IM, floral meristems (FM) are initiated that can produce floral
primordia [30]. The transition to reproduction is accompanied by shoot stem elongation (bolting).

4.1. Floral Integrator Genes: An Overview

In plants, the signaling pathways that are activated by various endogenous and environmental
cues ultimately converge to a few floral integrator genes to control flowering time, leading to
the activation of floral meristem identity genes, the first step in the formation of a flower [10].
In Arabidopsis, two floral integrators play a major role in the transition to flowering, FLOWERING
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LOCUS T (FT), which belongs to the PEBP (phosphatidylethanolamine-binding protein) family,
and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1/AGL20), a MADS-box
transcription factor [9] (Figure 4). Two homologs of FT, TWIN SISTER OF FT (TSF) and TERMINAL
FLOWER 1 (TFL1), act redundantly or antagonistically to FT, respectively [31,32]. If floral integrator
genes were conserved between Arabidopsis and crops, mutations reducing FT, TSF and SOC1 orthologs
activity would result in late flowering plants, whereas increased expression of the corresponding
genes should induce early flowering. The opposite would occur for mutations or increased expression
of TFL1.
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Figure 4. Main flowering time pathways acting in Arabidopsis thaliana: Photoperiod (orange and yellow),
ambient temperature (red), age (green), gibberellins (brown), autonomous (sky blue), vernalization
(light blue). Grey boxes represent the main floral integrators FT/TSF and SOC1. The two main genes
conferring inflorescence meristem identity, AP1 and LFY, are indicated in purple. Squared boxes
indicate genes having a pivotal role in the specific pathway. Boxes with rounded corners represent
several genes or complexes. Solid and dotted lines indicate either direct or indirect regulation, black
arrows and red T-ends indicate positive or negative regulation, respectively. The cartoon represents
only the main regulatory genes in the different pathways, whereas the complete flowering time network,
involving more than 300 genes, is available at the WikiPathways Web Site [33].

The FT/TFL family and SOCI have a major role in flowering time response that seems to
be conserved across different species [34]. However, due to Brassica genus evolutionary history,
with genome triplication within diploid species of Brassica and polyploidism, B. napus, B. oleracea and
B. napus contain several copies of floral integrator homologs. Among these, only some conserve a key
role in flowering time whereas others may have been either inactivated or undergone a process of
neofunctionalization [35]. Lettuce SOC1 shows a unique role in heat-promoted bolting [36], whereas
its role downstream of FT to induce flowering transition in natural conditions is yet to be determined.
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4.1.1. Floral Integrator Genes in Brassicaceae

In Arabidopsis, FT plays a key role in the floral transition process, since it is the mobile signal
moving from the leaves, through the phloem, to promote flowering at the SAM [37,38]. In the leaves,
the circadian clock-associated gene CONSTANS (CO) enhances FT expression under long-day (LD)
conditions, while temperature-dependent genes such as SHORT VEGETATIVE PHASE (SVP) and
FLOWERING LOCUS C (FLC) repress FT expression independently of day length [39-41]. FT protein
is produced in the leaves and transported through the phloem to the SAM, with FT-INTERACTING
PROTEIN 1 (FTIP1) assisting with FT protein transport [37]. At the SAM, FT interacts via a
14-3-3 protein with FLOWERING LOCUS D (FD) [42] to activate the floral promoter SOCI and the
downstream floral meristem identity genes APETALA 1 (AP1) and the AP1 paralog CAULIFLOWER
(CAL) [38]. SOC1 also activates floral meristem identity through LEAFY (LFY) and AGAMOUS-LIKE
24 (AGL24). LFY, AP1 and CAL direct certain groups of cells in the flanks of the SAM to differentiate
into floral meristems, leading to the transition from vegetative to reproductive phase [43]. A close
homolog of FT, TWIN SISTER OF FT (TSF) with 82% amino acid identity, seems to act redundantly
to FT. Overexpression of either FT or TSF results in early flowering, a mutation in FT results in late
flowering under LD conditions and a mutation in TSF shows a greater effect under short-day (SD)
conditions [31]. A more distantly related homolog of FT, TERMINAL FLOWER 1 (TFL1) with 59%
amino acid identity, acts antagonistically to FT. Plants overexpressing TFLI are late flowering with an
extended first inflorescence phase, during which they form cauline leaves and branches [44]. TFL1 is a
mobile signal like FT [45], but acts as a transcription repressor rather than a transcriptional activator as
FT [46]. The antagonistic activity of TFL1 and FT originates from an external loop in the protein [32]
and interchanging one specific residue in the loop (Y85 in FT and H88 in TFL1) is sufficient to convert
TFL1 into FT function and vice versa [44].

B. napus contains six paralogs of FT, four of TFL1 [47,48] and four paralogs of SOCI (Table 3) [35].
FT paralogs map to six distinct regions of conserved blocks of the A and C genomes homologous
to a common ancestral block of Arabidopsis chromosome 1. BnFT gene coding sequences show 92%
to 99% identities to each other and 85% to 87% identity with those of Arabidopsis. Bna.FT.C02
and the corresponding ortholog in B. oleracea are not expressed, possibly due to the presence of a
transposable element (TE) causing high cytosine methylation at the promoter [47]. Differently, three
Bna.FT paralogs, Bna.FT.A02, BnaFT.C06a and Bna.FT.C06b, are expressed and were associated with two
major QTL clusters for flowering time, one of which encompasses two Bna.FT paralogs Bna.FT-C06a
and Bna.FT.C06b. Their function in flowering time variation was confirmed by association analysis
in vernalization-free conditions in both spring and winter type cultivars of rapeseed. Bna.FT.A02 is
expressed in leaves of both winter and spring type plants, with and without vernalization [47,49], and
was found to associate with flowering time in a panel of 188 Brassica spp. accessions collected from
different geographic locations worldwide [50]. Bna.FT.C06 and Bna.FT.A07 are expressed in winter type
plants after vernalization and spring type plants, but not in winter types without vernalization [47,49].
EMS (ethyl methanesulfonate) lines harboring different mutant alleles of Bna.FT.CO6b were late
flowering and displayed reduced fertility [51]. Plants harboring different mutant alleles of Bna. TFL1
paralogs were not affected in flowering time [51], whereas amongst the four paralogs of SOC1, only
Bna.SOC1.A03 was associated with flowering time and seed yield-related QTLs on chromosome A03,
and its expression was induced by vernalization [52]. These data point to a function of Bna.FT.A02 and
Bna.FT.C06 in controlling flowering time, the latter also in response to vernalization similarly to their
paralog in Arabidopsis, whereas B. napus paralogs of TFL1 seem to affect seed yield but not flowering
time [51]. Bna.SOC1.A03 might play a role in flowering time control, but this is yet to be explored in
B. napus species. These data are consistent with the association of Bna.FT-A02, but not B. napus TLF1
and SOC1 paralogs, with a spring-environment specific flowering QTL in double haploid populations
grown in different environmental conditions [53].
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Three paralogs of SOC1 (Br004928, Br000393 and Br009324) and two paralogs of FT (BrFT) are
found and expressed in B. rapa (Table 3) [47,54]. BrFT1 and BrFT2 show a similar expression as their
corresponding B. napus orthologs Bna.FT.A02 and Bna.FT.A07, respectively. BrFT1 is expressed in
all plant types and diurnally regulated [47,54]. BrFT2 is only expressed in winter type plants after
vernalization and spring-type plants [47]. A TE in exon 2 of BrFT2 causes plants to flower 4.9 days later
in spring and 14.7 days later in autumn. Due to the bigger effect under SD conditions, it was suggested
that BrFT2 might be an ortholog of AtTSF [49], but this still needs to be confirmed. Overexpression of
a B. rapa SOC1 ortholog (BrAGL20) in B. napus causes early flowering [55], suggesting that the function
of this gene may be conserved in Brassicaceae. Moreover, association between flowering time and
expression of the two SOC1 paralogs Br004928 and Br000393 was found in a natural population of
B. rapa [56].

Four paralogs of FT (BoFT) (two copies on C02 and one on C04 and C06), and three homologs
of SOC1 (BoSOC1) (C03 and two copies on C04) have been identified in the genomes of B. oleracea
(Table 3) [35], but no functional studies are available so far.

One FT, TFL1, TSF and two SOCI genes, sharing 82.58%, 89.47%, 83.3%, 85.49% and 88.82%
of nucleotide homology with their Arabidopsis homologs, can be found in the de novo assembled
transcriptome of D. tenuifolia [57] that was obtained from leaves of stressed young plants. However,
no characterization of floral integrator genes is available for this species.

4.1.2. Floral Integrator Genes in Asteraceae

In L. sativa, an FT homolog (LsFT) was characterized [58] and shown to express in the largest
lettuce leaves, stems and flower bud in controlled high temperature (35/25 °C) conditions which induce
lettuce flowering [58]. LsFT overexpression could induce early flowering in transgenic A. thaliana,
although the phenotype was less strong compared to AtFT overexpressing plants. However, other
studies showed that expression of LsFT under the viral 35S constitutive promoter control could
fully complement Arabidopsis ft null mutant [59]. Correlation between LsFT expression and lettuce
bolting (measured as the days to the first visible elongated stem) was further analyzed in nine lettuce
varieties, which were selected amongst 705 lettuce accessions, with either late, middle and early bolting
times [59]. Heat treatment (35 °C day/ 25 °C night) for 48 h also promoted expression of LsFT in all
lettuce varieties. RNAi-mediated knockdown of LsFT in L. sativa results in a late bolting phenotype,
lack of response to heat treatment and reduced levels of LsLFY and LsAP1 [59], which expression is
most abundant at the onset of bolting [58,60]. Induction of high LsFT expression during the transition
to reproductive growth and activation of LsLFY and LsAP1 was also observed in three heading and
non-heading lettuce varieties grown in the field in natural conditions [60].

Transcriptomic data from lines that are either bolting resistant or sensitive to high temperature,
identified floral integrator genes like LsSOC1, LsFT and LsAP1 as upregulated in the bolting sensitive
line. [61]. Gene expression analysis of shoot apical meristem cells undergoing flowering transition
in response to high temperature on the bolting-sensitive lettuce line S39, and further gene function
studies, confirmed a role of LsSOC1 in heat-promoted bolting in lettuce [36]. When expressed from
the 35S promoter, LsSOC1 acts as an activator of flowering in A. thaliana and can fully complement
the Arabidopsis soc1 null mutant [36]. RNAi-mediated knockdown of LsSOCT in L. sativa results in
late flowering plants with reduced LsLFY expression [36]. The important function of LsSOCI in heat
induced bolting in lettuce was further supported by the identification of two heat shock transcription
factors that bind to the promoter of LsSOC1 [36].

Overall, LsFT and LsSOC1, and their putative floral meristem identity targets LsAP1 and LsLFY
seem to play a key role in flowering transition in L. sativa, similar to other plant species. However,
the key role of LsSOC1 in promoting heat-induced flowering was not observed in other species so far,
and may constitute a unique feature whose conservation amongst other Asteraceae species should
be investigated.
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4.2. Overview of the Vernalization and Autonomous Pathways

Vernalization refers to a process by which prolonged period of cold (winter) renders plants
competent to flower, often many weeks later when other conditions, like day length or ambient
temperature, are favorable [62]. Duration of cold exposure and the optimal temperature for
vernalization vary among species, and among ecotypes of a given species, as plants adapt to periods
of cold that are typical of a winter season in their natural habitat [8]. Plants can be either annual,
biennial or perennial depending on the time required to complete their life cycles, from germination to
seed setting, and the length of vegetative phase. Perennial plants can reproduce several times with
recurrent vegetative to flowering cycles, and often do not respond to vernalization in the first year(s)
of life. In annuals and biennials, vegetative to reproductive transition occurs once and flowering is
associated with senescence and death of the whole plant [63].

In Arabidopsis, two genes are responsible for much of the variation in flowering time among
natural population, FLOWERING LOCUS C (FLC), which acts as a repressor of flowering, and FRIGIDA
(FRI), which promotes expression of FLC. In response to prolonged exposure to low temperatures, FLC
is progressively repressed through epigenetic and silencing mechanisms, leading to flowering response.
VERNALIZATION INSENSITIVE3 (VIN3), a factor needed for epigenetic silencing of FLC, was recently
found to have a key and complex role in vernalization and response to different temperatures [64].
These studies indicate that the absence of warmth rather than the presence of cold might be necessary
for vernalization. Pivotal roles of FLC and VIN3 in flowering time adaptation to natural environments
were also confirmed by genome-wide association studies with nearly complete genotype information
from 1135 Arabidopsis accessions [65].

The vernalization response is largely conserved within the Brassicaceae species due to conserved
function of the main regulators FLC and FRI. However, the complex rearrangements occurred in the
Brassica genomes [66-68] likely led to neofunctionalization processes of some FLC and FRI paralogs,
which have lost their role in flowering control in response to vernalization.

In perennial Brassicaceae (e.g., Arabis alpine), orthologs of FLC are repressed by winter cold and
reactivated in spring conferring seasonal flowering patterns, differently from annuals where they are
stably repressed by cold as in Arabidopsis. Sequence comparisons of FLC orthologs from annuals and
perennials identified two regulatory regions in the first intron whose sequence variation correlates with
divergence of the annual and perennial expression patterns [69]. Unstable repression of a C. intybus FLC
homolog during the cold season was also confirmed in root chicory that is perennial [22]. This points
to key role of FLC regulation in evolutionary transitions between perenniality and annuality that seems
to have occurred often among higher plants.

Questions regarding flowering response to vernalization in Lactuca species remain open as
cultivated plants seem to have lost the need for the vernalization that is present in wild relatives.
More generally, several species in the Asteraceae family require vernalization to flower, however
molecular mechanisms underlying this trait have been poorly investigated.

Overall, null mutations or decreased expression of either FLC or FRI, as well increased expression
of FLC negative regulators, would result in early and vernalization-independent flowering induction.

4.2.1. Vernalization and Autonomous Pathway in Brassicaceae

In A. thaliana, winter annuals contain active alleles at two loci, FLOWERING LOCUS C (FLC)
and FRIGIDA (FRI), whereas summer annuals harbor inactivating mutations in one or both of these
genes [70-73]. FLC is a MADS box transcription factor that acts as a repressor of flowering by
directly binding to the floral promoting genes FT, SOCI and SQUAMOSA PROMOTER-BINDNG
PROTEIN-LIKE 15 (SPL15) to block their transcription [40,70] (Figure 4). FRIGIDA encodes a coiled-coil
protein that promotes FLC transcription, probably by affecting its chromatin structure [72]. During
cold treatment, FLC is repressed through chromatin remodeling [74], and epigenetic mechanisms
maintain the repressed state of FLC upon return to higher temperatures. [75]. During vernalization,
transcription of several long noncoding RNAs (IncRNAs) starts from sites within the intron
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(COLDAIR) and promoter of FLC (COLDWRAP) and a set of antisense transcripts of FLC, collectively
named COOLAIR, are induced and physically associate with the FLC locus. This accelerates the
transcriptional shutdown of FLC by recruitment of chromatin remodelers and switching of chromatin
states [76-79]. Histone modifications mediated by genes like VERNALIZATION 1 (VRN1), VRN?2,
VERNALIZATION INSENSITIVE 3 (VIN3), cooperate to repress FLC at chromatin level [80-84].
FLOWERING LOCUS CA (FCA), FLOWERING LOCUS D (FLD), FLOWERING LOCUS KH DOMAIN
(FLK), FLOWERING LOCUS PA (FPA), FLOWERING LOCUS VE (FVE), FLOWERING LOCUS Y
(FY), and LUMINIDEPENDENS (LD) also repress FLC to accelerate flowering independently of
vernalization. The corresponding genes are part of the so-called autonomous flowering pathway and
act through repressive chromatin remodeling complexes and small RNAs to negatively regulate FLC [8].
FLC-like proteins form a specific phylogenetic clade, some members of which (MADS AFFECTING
FLOWERING, MAF) can form protein complexes with FLC and redundantly affect flowering in
response to vernalization [85].

Many Brassica species are biennial and require vernalization at seedling or mature plant stage.
The temperature and duration of vernalization varies between spring, semi-winter and winter type
plants: Flowering occurs without vernalization in spring types, with low vernalization (exposure
to cold for shorter periods) in semi-winter types and with longer exposure to cold temperature
in winter types. Rapid cycling populations, with extremely short reproductive cycles and which
flower early independent of vernalization, have been developed in different Brassica species [86].
Comparative phylogenetic analysis of B. napus, B. rapa and B. oleracea identified three FLC clades
which reflects the whole-genome triplication events that occurred during the evolution of the Brassica
genome [66,87]. Four FLC paralogs in B. rapa (BrFLC) [67], five in B. olearacea (BoFLC) [68] and nine in
B. napus (BnaFLC) [66] were identified (Table 3). FLC homologs in the chromosome A10 and C02 of
B. napus, and an additional one in A03 (Bna.FLC.A03b), were initially associated with flowering time in
B. napus. However, genome-wide association studies of flowering time and vernalization response
in 188 different accessions demonstrated that Bna.FLC.A02 and Bna.FLC.C02 account for a significant
proportion (22%) of natural variation in diverse accessions [50]. Expression of eight out of nine BnaFLC
genes were downregulated during vernalization. This suggests that vernalization modulates FLC
expression levels in a similar manner as in Arabidopsis. A cold-responsive FLC-FRI-CBF1 cluster
including Bna.FLC.A03b and Bna.FRI.A3/Bna.FRI.Xa was identified. It has been shown in other species
that gene clusters with functionally related genes might be maintained by selection pressure to
enable adaptation to extremely diverse environments in a similar manner as the cold-responsive
cluster FLC-FRI-CBF1 [88,89]. Bna.FLC.A03b shows enhanced expression levels in winter compared to
semi-winter type plants [66]. Four FRI possible orthologs were identified in B. napus. [14]. Association
analysis in a double-haploid population revealed that six SNPs (Single Nucleotide Polymorphism) in
Bna.FRI.A03 are associated with flowering time variation in 248 accessions, and that specific haplotypes
are over-represented in semi-winter or winter types, while spring type plants did not show this
correlation [3,14,90]. These data suggest that Bna.FLC.A03b and Bna.FRI.A03 are functionally related,
similar to FLC and FRI in A. thaliana, and have a key role in B. napus flowering response to vernalization.

In B. rapa, both Bra.FLC.A10 (BrFLC1) and Bra.FLC.A02 (BrFLC2), were found to underlie QTLs
for flowering time in different studies [49,91-94], possibly due to alternative splicing and a 57 InDel
(INsertion/DELetion) leading to a non-functional allele [91], respectively. However, the most similar
B. rapa homolog of Bna.FLC.A03b, BrFLC5, is truncated and is expected to be not functional [95]. A recent
study showed that the reference genome sequence indeed contains a truncated BrFLC5 sequence, while
other accessions contain functional genes with different splicing patterns resulting from a single
nucleotide mutation. Genetic variation within the BrFLC5 locus indicates that BrFLC5 is not a major
regulator of flowering time [96]. BrFLC2 acts as a repressor of flowering when overexpressed in
A. thaliana and shows early flowering when silenced in B. rapa ssp. chinensis (Pak-choi) [95,97]. BrFLC2
seems to negatively regulate flowering by enhancing MADS AFFECTING FLOWERING2 (BrMAF?2)
expression, while inhibiting expression of BrSOC1 and BrSPL15 [97]. In B. rapa seedlings, BrFLC2
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expression levels decrease upon vernalization treatment and remained low after return to higher
temperatures. Contrarily to BrFLC2, expression of BrVIN3, a negative regulator of FLC, is very low in
14-day-old seedlings without vernalization, activates after four-week vernalization treatment on seeds
and decreases again after transfer to higher temperature [95].

At chromatin level, BrFLC genes contained active chromatin marks H3K4me3 and H3K37me3
under normal growth conditions. During vernalization, alternative splicing of five BrCOOLAIR
transcripts (BrFLC2as406, -477,-599, -755 and -816) reduced H3K37me3 levels of BrFLC1, BrFLC2 and
BrFLC3. Differently from the Arabidopsis COOLAIR, BrCOOLAIR is located further downstream
of BrFLC2 and, during vernalization, class II transcripts, which are polyadenylated in the region
complementary to the BrFLC promoter, are more abundant than class I, which are polyadenylated
in the region complementary to the last intron of BrFLC [98]. Together with reduced H3K37me3
levels, an increase of H3K27me3 was detected in BrFLC1, BrFLC2 and BrFLC3 upon vernalization,
which was maintained when plants were transferred to higher temperatures [95]. Besides affecting
FLC, vernalization also resulted in enhanced H3K27 methylation in BrMAF1 and DNA demethylation
of two subunits of casein kinase II (CK2), BrCKA2 and BrCKB4, altering daily expression period of
clock-related gene CIRCADIAN CLOCK-ASSOCIATED1 (BrCCA1) [95,99]. These findings indicate
that the mechanisms underlying vernalization in B. rapa are very similar to those of Arabidopsis and
involve chromatin modifications and COOLAIR antisense transcription.

In B. oleracea, expression levels of BoOFLC2 and BoVRN are enhanced in early compared to late
flowering B. oleracea genotypes when grown at ambient temperature (22.5 °C and 12/12 h light/dark
period) [100]. Two alleles for BoFLC4 are described, which both confer a requirement for vernalization
but respond with different kinetics to temperature shifts. Plants containing allele E9 require longer
cold periods and flower late compared to those harboring allele E5. Introduction of genomic fragments
containing the BoFLC4F°> or BoFLCE? allele complemented an Arabidopsis flc null mutant, with a
stronger effect for BoFLCE? [101]. The closest B. oleracea ortholog of BnaXFRId, BoFRIa, also acts
as a repressor of flowering when transformed into an Arabidopsis fri null mutant [90,101,102].
This indicates that FLC and FRI function in vernalization is also conserved in B. olearacea.

R. sativus is not a vernalization-requiring plant, but cold treatment does accelerate flowering.
Radish transcriptome analysis during vernalization resulted in the identification of several
vernalization-related differentially expressed genes [18]. Three copies of RsFLC were detected and
all three act as flowering repressors when overexpressed in A. thaliana [103]. RsFLC expression
before vernalization was enhanced in a late- compared to an early-bolting R. sativus inbred line,
and reduced during vernalization or after GA treatment [18,104,105]. Overall, negative regulators of
the vernalization pathway, such as RsFLC, RsMAF2, RsSPA1, and RsAGL1S8, were highly expressed
in the late-bolting line, whereas positive regulators of vernalization, such as RsVRN1, RsVIN3,
and RsAGL19 were relatively highly expressed in the early-bolting line [104]. These results suggest
that the vernalization pathway is conserved between radish and Arabidopsis.

D. tenuifolia is not a vernalization-requiring plant, and cold treatment of either seeds or plantlets
does not accelerate flowering. Hence, even though DtFLC acts as repressor of flowering when
overexpressed in A. thaliana and can complement the Arabidopsis flc null mutant, its role as a regulator
of flowering time in wild rocket has to be further investigated [19,106].

4.2.2. Vernalization and Autonomous Pathway in Asteraceae

Wild lettuce-related species like L. virosa require vernalization to induce flowering. The cultivated
L. sativa does not require a cold treatment for flowering, but a few days of cold does result in a better
germination. Expression of the lettuce homolog of FVE, FLD and LD of the autonomous pathways
were found to correlate with LsFT expression and flowering induction in two early or late L. sativa
varieties grown in the field [60]. This finding suggests the existence and function of the autonomous
pathway in lettuce flowering induction. However, the expression of lettuce FLC homologous genes
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was not analyzed either in this or in other studies, which impedes any further consideration about a
possible role of FLC-like genes in cultivated lettuce.

A FLC-like gene, CiFL1, was identified and studied in C. intybus, which is biennial and requires
vernalization at seedling or mature plant stage. Overexpression of CiFL1 in Arabidopsis causes late
flowering and prevents upregulation of the AtFLC target FLOWERING LOCUS T by photoperiod,
suggesting functional conservation between root chicory and Arabidopsis [107]. CiFL1 was repressed
during vernalization of seeds or plantlets of chicory, like AtFLC in Arabidopsis. However, CiFL1
repression was not maintained when plants were returned to warmer temperatures. This may be
linked to the perenniality of root chicory compared with the annual life cycle of Arabidopsis. [22].
Indeed, recent studies on the divergence of seasonal flowering behavior among annual and perennial
species in Brassicaceae showed that in perennial Brassicaceae orthologs of FLC are repressed by winter
cold and reactivated in spring conferring seasonal flowering patterns, whereas in annuals, they are
stably repressed by cold [69].

4.3. Overview of the Ambient Temperature Pathways

Responsiveness to ambient temperature is an adaptive trait and varies widely between and
within species and accessions [108]. Besides extreme changes in temperature (e.g., vernalization),
small changes in ambient temperature can also have an effect on flowering time. In A. thaliana
plants grown under controlled laboratory conditions, a shift to lower (23 °C to 16 °C) and higher
(23 °C to 27 °C) temperature delays and enhances flowering time, respectively [109]. The MADS box
transcription factor SHORT VEGETATIVE PHASE (SVP) and most genes from the FLC clade, such as
FLOWERING LOCUS M (FLM/MAF1) and MADS AFFECTING FLOWERING-2-4 (MAF2-MAF4), have
been implicated in the thermosensory pathway [85,107,110], with SVP and FLM having key roles in
this process in Arabidopsis (Figure 4). SVP represses FT transcription at lower temperatures, but the
levels of FT mRNA increase at higher temperatures. The control of floral transition in response to
ambient temperature seems to differ among plant species, and many important questions concerning
the regulation of flowering time by ambient temperature in Arabidopsis remain unsolved. However,
FT-like genes seem to integrate the response to changes in ambient temperature in many species [111].

Although flowering induction in response to temperature changes may greatly affect yield and
product quality in both Brassicaceae and Asteraceae crop species, insufficient work has been done
to identify the genes responsible for this trait, especially in Brassica species. The floral integrator
SOC1 was suggested to mediate heat-promoted bolting in lettuce, but further studies are needed to
establish the exact mechanisms of flowering induction under these conditions, and whether this role is
conserved in other Asteraceae [36].

Mutations that increase or decrease the expression of MAFs and SVP genes, known to be negative
regulators of flowering time in Arabidopsis, may delay or speed up flowering time, respectively,
if molecular mechanisms were conserved in crop species. On the other hand, reduction of SOCT in
Asteraceae would potentially result in delayed timing of bolting and insensitivity to high temperature.

4.3.1. Ambient Temperature Pathways in Brassicaceae

Ambient temperature affects the deposition of the histone variant H2A.Z by the chromatin
remodeling factor ACTIN RELATED PROTEIN 6 (ARP6). H2A.Z has been proposed to compact DNA
in a temperature-dependent manner, thereby functioning as a temperature sensor in A. thaliana [112].
Accordingly, arp6 mutants display a constitutive warm temperature response, but are still temperature
responsive, indicating that H2A.Z is not the only thermosensor that mediates flowering. Recently,
the basic helix-loop-helix (bHLH) transcription factor PHYTOCHROME INTERACTING PROTEIN
4 (PIF4) was shown to mediate flowering in response to temperature downstream of H2A.Z [113].
Mutations in PIF4 suppress the induction of flowering by high ambient temperature only in SD,
whereas the pif4 mutant flowers normally in inductive LD [114]. The response to 27 °C-SD in the leaves
was found to depend on the coordinate functions of CO, PIF4 and PIF5, as well as SVP, providing a
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genetic and molecular framework for the interaction between the photoperiod and thermosensory
pathways [115].

SVP is directly activated by the chromatin remodeler BRAHMA (BRM) during the vegetative
phase, whereas FLM is also regulated by the vernalization and photoperiodic pathways (reviewed
in [116]). SVP can interact with FLC or FLM to form a repressor complex to prevent the expression of
FT and SOC1 [117,118]. Loss-of-function of SVP or FLM results in early and temperature-insensitive
flowering, although flm loss-of-function plants retain some temperature sensitivity below 10 °C [118].
FLM is subject to temperature-dependent alternative splicing [110]. Two most abundant splice forms
of FLM, FLMp and FLMJ, which differ in the incorporation of either the second or third cassette
exon, are both translated into proteins and their splicing pattern changes in response to changes in
ambient temperature [110,118-121]. Different studies have shown that the abundance of FLM-f and
FLM-¢ splicing variants is regulated by temperature in an opposite fashion, with FLM-p enhanced at
low temperature (16 °C) and FLM-¢ increased at high temperature (27 °C) [118,120]. Overexpression
of either FLM-$ or FLM-6 results in opposite phenotypes, with FLM- overexpression delaying
flowering, as expected for a floral repressor, and overexpression of FLM-J accelerating the transition to
flowering [116,120]. A model was proposed in which only the incorporation of the FLM-{ protein in
the SVP-FLM complex would result in active repression of flowering targets, whereas incorporation
of FLM-6 would form an inactive complex, indirectly promoting the transition to flowering [120].
More recent studies have shown that splice variant FLM-p has a stronger effect on flowering time
compared to FLM-6 and therefore the function of FLM-é under natural conditions is a matter of
debate [108,122]. SVP and FLM contribute to the variation of flowering time among natural accessions
of A. thaliana [73,123]. Alternative splicing is an important mechanism in sensing and adapting to
changes in ambient temperature, and several genes in the thermosensory pathway undergo alternative
splicing in response to temperature changes [121]. MAF2, MAF3, and circadian clock associated genes
PRR7 and CCA1, showed alternative splicing variants after a temperature shift.

Genes homologous to SVP and FLM/MAF1 have been identified in B. napus, B. rapa, B. oleracea
and R. sativus. In B. rapa, BrSVP and BcMAF1, a MAF-related Pak-choi (B. rapa ssp chinensis) gene,
cause late flowering when transformed individually into A. thaliana [3,107]. Silencing of BcMAF1 in
Pak-choi resulted in enhanced expression of BcFT1, BcFT2 and BcSOC1, reduced expression of BEcMAF2
and early flowering compared to control plants [3]. These findings point to a function of SVP and
FLM/MAFT1 in the regulation of flowering time, but their role in ambient temperature response was
not explored.

R. sativus plants flower early in spring, with LD conditions and higher temperature, compared to
autumn. Vernalization and LD conditions reduces RsSVP expression, while expression is enhanced
in SD conditions [105], indicating that RsSVP may act as a repressors of flowering in radish,
as in Arabidopsis.

In B. oleracea, shifting plants to higher (23 °C to 27 °C) temperature results in differential splicing
of about 156 genes. However, only 1% to 2.2% of those overlap with transcripts that are differentially
expressed in the two investigated A. thaliana accessions (Gy-0 and Col-0). In contrast to A. thaliana,
no differential splicing in flowering time genes was described in B. oleracea in response to high
temperature [121], indicating that alternative splicing may not be a general regulatory mechanism by
which ambient temperature regulates flowering response in Brassica species other than Arabidopsis.

4.3.2. Ambient Temperature Pathways in Asteraceae

L. sativa plants grown at high temperatures (35/25 °C) flower early compared to plants grown
at lower temperatures (25/15 °C) [58]. RNA-seq analysis revealed 1443 and 1216 genes that were
upregulated respectively in leaves and stems of plants that had been shifted to 37 °C for one week
compared to control plants that were maintained at 25 °C [124]. Among these genes were homologs
of AP2, AP2-like, SOC1 and FLM in the leaves and homologs of AP2-like, FLC and FLM in the stem.
The shift to 37 °C resulted in the downregulation of 1038 genes in leaves and of 933 genes in stems,
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as compared to the controls at 25 °C. These included photoperiod-related genes in both leaf and stem,
and two LsFLC-like homologs in leaf. Unexpectedly, SVP-like genes were not present in the sets of
differentially regulated transcripts [124].

In C. intybus, treatment of non-vernalized plants with elevated temperatures (increase of 6 °C)
in the field resulted in a variety of phenotypic differences like more leaves, reduced mean leaf area,
decreased root weight and early flowering [125]. The severity of these heat stress-induced phenotypic
changes was cultivar dependent. Early flowering in response to elevated temperature seems to be
conserved in L. sativa and C. intybus. However, no genetic or molecular data are available in Cichorium
spp. for heat-induced bolting response.

4.4. Overview of the Photoperiodic Pathway

Day length is an important factor for a plant to track seasonal changes, where short days (SD, 8/16
h light and dark) indicate winter and long days (LD, 16/8 h light and dark) indicate spring or summer.
Plants can be divided into three major groups on the basis of their responses to photoperiod: Long-day
plants flower when the day exceeds a critical length, short-day plants flower when the day is shorter
than a critical length and day-neutral plants flower independently of day length [126]. As plants aim
to flower in the optimal season, most plants show a delay in bolting when grown under SD conditions
and early bolting under LD conditions. The mechanism behind light perception and integration has
been intensively studied in A. thaliana over the past 15 years (reviewed in [11] and [127]). The circadian
clock and photoreceptors influences transcription and protein stability of the transcriptional activator
CONSTANS (CO) which, in a signaling cascade involving GIGANTEA (GI), in turn activates the floral
integrator FT in a long-day afternoon [39,128].

Photoperiod and circadian rhythm are involved in many processes of adaptive response to
environmental conditions, including flowering time. Their molecular mechanisms are widely
conserved amongst plant species to such an extent that mechanisms of photoperiod measurement
are more diverse between long-day and short-day plants than between eudicots and monocots [129].
Based on gene expression, it is suggested that the photoperiod pathway is conserved between the
Brassicaceae and Asteraceae family, which include mainly plants requiring long days to flower. Despite
our knowledge on the genetic control of flowering time in response to different light conditions is
quite limited in the species we are reviewing, preliminary studies suggest a key role of CO, GI and
photoreceptors in adaptation to different environments [54,106,130].

4.4.1. The Photoperiodic Pathway in Brassicaceae

CONSTANS promotes flowering by initiating transcription of the FT and TSF genes (Figure 4).
The blue light receptor FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1) and the clock-associated
protein GI form a complex to degrade transcriptional repressors of CO, CYCLING DOF FACTORs
(CDFs), and to stabilize the CO protein [131-135]. Post-translational regulation of CO is essential
for a flowering response to long days. The CO protein is ubiquitylated by a ubiquitin ligase
complex that includes CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF
PHYTOCHROME A (SPA1), facilitating CO degradation by the 26S proteasome [136-138]. Activity of
this complex is repressed by light so that it mainly promotes the degradation of CO protein in the dark.
Thus, only the peak of CO mRNA that occurs in the light at the end of a long day after degradation of
the CDFs by GI-FKF1 leads to CO protein accumulation (Figure 4).

The circadian clock is a time-keeping mechanism with a periodicity of 24 h. In Arabidopsis, the
circadian clock confers diurnal patterns of gene expression on roughly one-third of the genes, and
comprises interlocked feed-back loops [139,140]. Core clock components include the morning phased
genes CCA1, LATE ELONGATED HYPOCOTYL (LHY), REVEILLES (RVE8) and PSEUDO-RESPONSE
REGULATOR 9 (PRRY) [141-147]; the afternoon phased genes PRR5, PRR7, GI [145,147]; and the
evening phased genes EARLY FLOWERING 3 (ELF3), ELF4, LUX ARRHYTHMO (LUX) and TIMING
OF CAB EXPRESSIONT1 (TOC1) [142,147-150].
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Homologs of all genes involved in photoperiodic response were identified in B. napus and shown
to be highly variable in studies of targeted deep-sequencing of essential flowering time regulators [35]
in a panel of 280 inbred lines. Four CO and four CO-like genes are present in the genome of B. napus,
including those initially characterized by Robert et al. [151], one of which shown to complement co
mutants in A. thaliana [151]. One BnPHYA gene has undergone two coupled duplication-deletion events
(HNRTs), where one region of the genome replaces a respective homeologous genome region. It was
suggested that such rearrangements may represent a necessary co-adaptation of the photoperiodic
pathway to the strong vernalization requirement in winter inbred lines [4].

Compared to A. thaliana, several duplicated or triplicated photoperiod genes, such as BrCO,
BrFKF1, BrCDF1, BrLHY and BrTOC1, were detected in B. rapa [35,54]. Expression of these genes
throughout the day differed when plants were grown under LD or SD conditions, only BrCDF1
showed a similar trend under both growth conditions [54]. So far, no complementation or other
functional studies for the core clock components are available in Brassica species. BrGI was identified
as an important component for circadian rhythm and multiple abiotic stress responses and acts as an
activator of flowering when transformed into an Arabidopsis gi null mutant [152]. Two putative null
alleles of BrGlI resulted in late flowering when homozygous in B. rapa [152,153]. Furthermore, BrGI
protein physically interacts with Gl-interacting partners, like BrFKF1, suggesting a conserved function
with Arabidopsis [152].

In both B. oleracea and R. sativus, silencing of GI resulted in delayed bolting and flowering, with a
correlation between GI expression levels and days to flowering [154,155].

D. tenuifolia plants flower later under SD compared to LD conditions, with 50 and 20 days to
flowering, respectively [106]. DtCO and DtGI are both diurnally regulated. Under LD conditions,
DtCO acts as activator of flowering when transformed into A. thaliana and could complement the co
null mutant [106].

4.4.2. The Photoperiodic Pathway in Asteraceae

Lou et al. [156] hypothesized that CCAI, RVE2, RVE4 and RVES5 function might be restricted to the
Brassicaceae family. However, Higashi et al. [130] later described 215 common oscillating transcripts
in L. sativa, including LsCCA1, LsGI, LsLHY, LsFKF1, LsTOC1, LsPRR7 and LsCO-like. The expression
pattern of these genes show a large degree of overlap with those of A. thaliana [130], indicating a
possible functional conservation in Asteraceae. Despite the great importance of photoperiodic control
of flowering time for vegetable crop production and adaptation to different cultivation environments,
no further molecular and genetic data are available for either lettuce or chicory species.

4.5. Overview of the Age Pathway

Plants go through developmental phases such as juvenile-to-adult transition and floral induction
during their life cycle. As the plant ages, concentrations of the SQUAMOSA PROMOTER BINDING
LIKE (SPL) transcription factors (also known as SQUAMOSA promoter binding protein, box family,
SBP) increase. SPLs promote flowering by initiating the expression of several other transcription
factors, such as LEAFY (LFY), FRUITFULL (FUL), and SOC1 [157,158]. SPL proteins are negatively
regulated by the microRNAs [158]. MicroRNAs (miRNA) are key regulators of the age pathway,
preventing precocious flowering when the plant is too young. Two major miRNAs, miR156 and
miR172, have an antagonistic effect on flowering time by downregulating their own set of target
genes. miR156 expression is high in young plant stage, decreases over time and is low at the onset of
flowering [159,160].

The involvement of miRNAs in flowering time and the important role of miR156 and miR172 and
their corresponding targets, is widely conserved across plant species [161]. As expected, both miR156
and miR172 seem to be conserved between the Brassicaceae and Asteraceae families, although very few
reports are available in Asteraceae. The miR156/SPL module plays a central function in age-dependent
competence to flowering, but seems to be even more fundamental in perennial Brassica species that
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undergo reiterative flowering induction cycles and do not respond to vernalization in the first year
of life. Therefore, miR156/SPL may play a key role in flowering control in biennial crops [162].
Other miRNA like miR824 and miR5227, the latter only detected in R. sativus [163], are less conserved
and seem to be newly evolved Brassica-specific miRNAs as they were not found in families other
than Brassicaceae so far. In L. sativa, a homolog of the Arabidopsis DELAY OF GERMINATION1
(DOG1) seems to have acquired a novel function in the miRNA-mediated response to flowering
time, but further studies are needed to investigate DOGI role in other Asteraceae and in other plant
families [164].

4.5.1. Age Pathway in Brassicaceae

A. thaliana contains eight miR156 members (miR156a to miR156h) which target different SPL
genes (Figure 4) [159,165]. Besides enhancing expression of floral meristem identify genes, SPL genes
also promote miR172 expression [166]. miR172 shows an inverse expression pattern with increasing
expression over time [159,160]. A. thaliana contains five miR172 members (miR172a to miR172e) which
target AP2 and the AP2-like genes TARGET OF EAT1 (TOE1), TOE2, TOE3, SCHLAFMUTZE (SMZ)
and SCHNARCHZAPFEN (SNZ) [167-169]. AP2 and AP2-like genes inhibit the onset of flowering
by repressing expression of SOC1, FUL and AGAMOUS (AG) (Figure 4, [170]). Another miRNA,
miR824, targets AGL16, which encodes a MADS-box repressor of flowering time that interacts with
SVP and FLC to regulate FT expression levels [171]. SPL15 cooperates with SOC1 to coordinate the
basal floral promotion pathways required for flowering in non-inductive environments by directly
activating transcription of FUL and miR172 in the SAM [162]. The capacity of SPL15 to promote
flowering is regulated by age through miR156 that targets SPL15 mRNA. Strong evidence is emerging
that miR156/SPL control competence to flower as well as vegetative phase change [162]. Several
studies point to a major role of SPL9 and SPL15, with SPL15 playing the larger role in floral induction,
particularly under noninductive short days, and SPL9 acting in floral primordia after the floral
induction. The miR156/SPL module is of special interest for the acquisition of competence to flowering
in biennial and perennial Brassicaceae relatives of Arabidopsis, where miR156 levels act as the timer in
controlling competence to flower, and often make plants insensitive to vernalization when too young
(Figure 4, [172,173]). It was suggested that the miR156/SPL module, which is evolutionarily conserved
in all flowering plants, might have acquired increased dependency for flowering in perennials, whereas
annuals would have evolved genetic mechanisms to bypass this module by alternative inductive
pathways such as light/photoperiod [162].

B. napus contains 36 copies of miR156, of which 17 located on the A genome and 19 on the C
genome, and 14 copies of miR172, with eight located on the A genome and six on the C genome [174].
A total of 58 genes encoding putative SPL/SBP proteins are present in the B. napus genome, 44 of which
harboring miR156 binding sites [175]. This suggests that relationship between miR156 and SBP genes is
conserved across species, although distinct regulation pattern of the homologous genes exist between
B. napus and Arabidopsis that may reveal some divergence of the SBP-box genes in oilseed rape.

B. rapa contains 17 copies of miR156 and 11 of miR172 [174]. BrmiR156 is highly expressed
in early plant stages and expression decreases during plant development. BrSPL9-2 and SPL15-1
show an opposite expression pattern compared to BrmiR156, with increasing expression over time.
Cabbage plants expressing a mutated BrSPL9 (mBrSPL9) allele, resistant to BrmiR156, showed enhanced
BrSPLY9 and BrmiR172 expression. In the field, mBrSPL9 plants had dark green leaves with enhanced
chlorophyll content and a prolonged heading stage with delayed flowering, but no significant change
in head weight, size or shape. Overexpression of BrmiR156 in cabbage resulted in decreased BrSPL9-2
transcript levels and a prolonged seedling and rosette stage [176], pointing to conservation of the
miR156/SPL module in B. rapa.

B. oleracea contains 15 copies of miR156, where BomiR156¢ is known to target BoSPL9 while
BomiR156g targets BoSPL3. The miR172 family contains nine copies and targets BoAP2 and
BoTOE2 [174,177,178]. A newly evolved miR824, which seems specific for Brassicaceae, was also
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identified and targets BoAGL16 [178]. This function is conserved with Arabidopsis where the
miR824/AGL16 quantitatively modulate the extent of flowering time repression in a long-day
photoperiod through FT [171].

In R. sativus, 11 members of miR156 /miR157, five members of miR172, two members of miR824
and one member of miR5227 are detected. Different RsmiR156 copies target RsSPLs and RsmiR156a
also RsTOC1, RsmiR172a targets RsAP2, RsmiR824 targets RSAGL16 and RsmiR5227 targets RsVRNI.
Expression of RsmiR156a, RsmiR824 and RsmiR5227 decreased when plants shifted from vegetative to
reproductive phase [163], strongly indicating that these miRNAs and their corresponding target genes
might play important roles during bolting and flowering processes of radish.

4.5.2. Age Pathway in Asteraceae

LsmiR156 and LsmiR172 act as repressor and activator of flowering, respectively, when expressed
in A. thaliana [164], and targets LsSPLs and LsAP2 in L. sativa [179]. In Arabidopsis, expression of the
DELAY OF GERMINATION1 (DOGT1) gene responds to seed maturation temperature and determines
the depth of seed dormancy [180]. Huo et al. showed that DOG1 could regulate seed dormancy
and flowering times in lettuce through the modulation of miR156 and miR172 levels [164]. LsDOG1
silencing lines flowered early compared to control L. sativa plants, with an enhanced effect in autumn,
and showed reduced expression of LsmiR156, enhanced expression of LsmiR172, LsFT, LsSPL3 and
LsSPL4 and no difference in transcript levels of LsSPL9. This would suggest that LsDOGI has an
additive role in LsmiR156- and LsmiR172-mediated flowering time, besides the thermo-inhibition of
seed germination described in A. thaliana [164].

Srivastava et al. [181] has predicted two copies for miR156 and one copy for miR157 in C.
intybus. For the miRNA targets, only CiSPL3 and CiSPL12 were detected and confirmed as targets of
CimiR156 [181].

4.6. Overview of the Hormonal Pathway

Gibberellins (GAs) are growth regulators involved in plant developmental processes that promote
transition to flowering in several plant species [61,124,182-185]. In Arabidopsis, GA contributes to
flowering under inductive long days (LDs) through the activation of SOC1 and LFY in the inflorescence
and floral meristems, and of FT in leaves. Under non-inductive short days (SDs) conditions, the GA
pathway assumes a major role as under SDs flowering is delayed and correlates with a gradual increase
in bioactive GA at the shoot apex [186]. Mutations that impair GA biosynthesis prevent flowering
under SDs [183].

Besides GA, it has been suggested that cytokinins, major growth regulators in plants, also
participate in the regulation of flowering time (reviewed in [187]). For a long time, it has been
known that exogenously applied cytokinin can promote flowering in Arabidopsis [188-190]. However,
it is unclear whether endogenous cytokinins can also have the same inductive activity.

Regulation of GA and its involvement in the switch to flowering seems conserved between
the Brassicaceae and Asteraceae families. In grasses and cereals, GAs are similarly regulated and
also involved in flowering time [191], suggesting that the GA role in promoting flowering is widely
conserved in plants. Genes involved in GA metabolism or sensitivity may constitute good targets to
modulate flowering time in crops, as enhanced GA content or signaling can induce early flowering
whereas low GA amount or signal can delay bolting and flowering.

4.6.1. Hormonal Pathway in Brassicaceae

The GA pathway is well described in A. thaliana (reviewed in [192]). In brief, the last steps of
the GA pathway involves the conversion of GAj; into GAg and GAsjz into GAyg, by GA 20-oxidases
(GA200x1-5), the conversion of GAg and GAy into bioactive GA4 and GAj, respectively, by GA
3-oxidases (GA30x1-3) and the deactivation of GA4 and GA; by GA 2-oxidases (GA20x1-5) [193-198].
Bioactive GAs binds to GIBBERELLIN INSENSITIVE DWARF1 (GID1a, -b and -c) to promote
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degradation of DELLA proteins [199-201], negative regulators of gibberellin signaling that act
immediately downstream of the GA receptor. DELLA proteins repress transcription of many genes,
including FT, TSF, and some SPL genes [202]. Low levels of bioactive GA result in the accumulation
of DELLA proteins, which delay flowering independent of photoperiod [202,203]. The MADS box
transcription factor SVP, besides repressing floral integrator gene expression, regulates bioactive GAs at
the shoot apex by repressing the GA200x2 gene [204]. In response to inductive photoperiods, repression
of SVP contributes to the increase of GAs at the shoot apex, promoting rapid induction of flowering.
The ambient temperature and GA pathways are tightly linked (Figure 4, [205]).

Cytokinins (CK) were also proposed to affect flowering time as exogenous application of CKs can
promote flowering in Arabidopsis. It has been shown that exogenous cytokinins promote flowering
independently of FT, but through the transcriptional activation of its paralog TSF [189]. Cytokinins are
perceived by membrane-located receptors called A. THALIANA HISTIDINE KINASE2 (AHK2), AHK3
and AHK4 and are involved in many plant processes during plant development. Gain-of-function
variants of AHK2, with enhanced cytokinin signaling, showed either early or late flowering [206].
Furthermore, it has been suggested that there is a cross-talk between cytokinins and GA, mediated by
SPINDLY (SPY) [207].

In B. napus, genes encoding DELLA proteins and genes of the GA metabolism have been
identified [208], however their role in flowering was not explored. During B. napus vernalization,
the content of cytokinins increases significantly and reaches a maximum during reproductive
transitions. Cis-Zeatin riboside accounted for ca. 87% to 89% of the total isoprenoid cytokinin
content in control and vernalized plants, whilst isopentenyladenosine and cis-zeatin were the next
most abundant cytokinins. In the post-vernalization period, endogenous cytokinin levels decreased,
but remained significantly higher in the reproductive plants than in the vegetative controls. Changes
in cytokinin accumulation during vernalization-induced reproductive development may suggest a
possible role of CK in this process. [209].

In B. rapa, low-temperature treatment increases the GA content, and enhanced GA accumulation
initiates floral bud differentiation [210]. Expression patterns of most genes involved in GA metabolism,
particularly those of four genes including one GA20ox were consistent with observed GA levels [210].

In B. oleracea, treatment with bioactive GAz and GAy.y result in early curd formation in
cauliflower and broccoli plants [184]. GA treatment induces bracting and stem elongation, but not
flower initiation, when cauliflower and broccoli are at the IM or floral bud stage, respectively.
As confirmation, treatment with GA does not show differences in the expression of BoAP1-a, BoAP1-c,
BoLFY and BoSOCI in cauliflower plants at the IM stage. These results suggest that GA has an
effect on vegetative-to-reproductive transition and another pathway is responsible for the IM-to-FM
transition [184].

In R. sativus, two homologs for GID1a, one for GID1b, one for GID1c and three for GA20x have
been described. Before vernalization, expression level of one RsGA20x homolog was upregulated in
a late compared to early bolting line. Expression level of one homolog of RsGID1a was induced by
vernalization treatment [104].

4.6.2. Hormonal Pathway in Asteraceae

In L. sativa, plants treated with exogenous GA have enhanced levels of GA3 and GA4 in
the leaves and flower early, with an enhanced effect in early flowering varieties [61,124]. Early
flowering plants treated with CCC (a GA inhibitor) have reduced GAj3, GA4 and IAA levels in
the leaves and stem, are compact and do not bolt. Transferring plants from ambient (25/15°C) to
higher temperature (35/25 °C) results in enhanced expression level of LsGA20x1, LsGA30x1 with
corresponding enhanced endogenous levels GAg and GA1, respectively. Expression level of LsGA200x1
and corresponding endogenous level of GAj) was unaffected by the transfer to higher temperature.
Therefore, it is suggested that LsGA30x1 might be responsible for enhanced bioactive GA; levels in
plants grown at higher temperatures [211]. With transcriptome analysis of a bolting resistant and

182



Plants 2018, 7, 111

sensitive line, Han et al. [61] have shown that LsGA30x1, LsGA200x1, LsGA200x2 and 28 out of 41
auxin-related genes were upregulated in leaves of a bolting sensitive line. Liu et al. [124] showed that
heat treatment of bolting sensitive plants results in early bolting, enhanced GA3 and GA4 levels in
the leaves, reduced IAA levels in the leaves and enhanced IAA levels in the stem. Transcriptomic
analysis of a bolting sensitive line has shown that, out of 1443 and 1038 differentially up and down
regulated genes, LsGA20ox was upregulated in leaves and a gibberellin-regulated family protein
upregulated in the stem tip after heat treatment [124]. L. sativa plants overexpressing Arabidopsis
KNAT1, a KNOTTED1-like homeobox (KNOX) transcription factor, show altered plant architecture
and early flowering compared to control plants. Their striking leaf morphology phenotype was
associated to a consistent increase in cytokinin content. Based on these results, correlation between
temperature, GA levels and flowering time is suggested, together with a role of KNAT1 in flowering
time, directly or indirectly, through cytokinins [212]. It has been proposed that the KNOX transcription
factor KNAT1 could regulate flowering by increasing cytokinin biosynthesis [212], and ISOPENTENYL
TRANSFERASE (IPT) biosynthetic genes were shown to be downstream targets of KNOX transcription
factors [213,214]. However, there is no direct evidence that the early flowering phenotype observed in
KNATT1 overexpressing lettuce plants depends on CK increase as KNOXSs also control other hormonal
and metabolic pathways, including GA biosynthesis (reviewed in [215]). Hence, the observed early
flowering phenotype may depend on mis-regulation of as of yet unknown targets in the flowering
time genetic network.

5. Quantitative Trait Loci (QTL)

The identification and functional characterization of genes controlling different pathways of
flowering time has increased the knowledge about this complex trait. In parallel, the genetic basis
of natural variation in flowering time has been investigated by quantitative trait loci (QTL) analysis.
Salomé et al. [216] and Brachi et al. [217] have described the QTL mapping of 17 F2 populations and 13
RIL (recombinant inbred line) families in A. thaliana, which has led to the identification of many QTLs.
Most of the QTLs are located in five genomic regions (region Atl-5) and contain flowering time genes
previously described in this review (Figure 4). All the five QTL regions described contain large-effect
alleles [216,217]. Within the detected QTL regions, epistatic interaction between FLC and FRI alleles is
highly associated with flowering time and could explain up to 70% of the variation [218,219]. Recently,
a genome wide association map of flowering time, with nearly complete genotype information,
was obtained taking advantage of the genomic sequencing and phenotype information from different
environments (10 °C and 16 °C) of 1135 natural inbred lines of Arabidopsis thaliana [65]. The identified
peaks from the genome wide association study (GWAS) contained VIN3, FT, SVP, FLC and DOGI,
all previously linked to flowering time [81,123,164,220,221].

In B. napus, a mapping population made from a cross between Tapidor (winter type) and
Ningyou?7 (semi-winter type) is the most used for the identification of QTLs affecting flowering
time [5,66,222-225]. Other analyses include different mapping populations or a broad set of accessions
and inbred lines. Overall, phenotyping was performed in field trials in different locations and over
multiple years, and flowering time was scored when 25% or 50% of the plants within a plot had
an open flower. Many QTLs have been discovered in the different populations, with 23 genomic
regions (Bn1-23) overlapping between at least two QTL analyses (Table 4). Of the flowering related
genes within these genomic regions, Bna.FRI.Xa (region Bn5) is shown to have specific haplotypes
overrepresented in either semi-winter or winter type plants [3,14]. Long et al. [222] have shown that
genomic region Bn13 explains 50% of the variation in flowering time, is specific for spring environments
and suggested that Bna.FLC.A10 might control flowering time in non-vernalization environments.
Later, Hou et al. [224] observed that one of the polymorphic sites upstream of Bna.FLC.A10 is strongly
associated with vernalization requirement of rapeseed. For Bna.FT.A07b (region Bn11), differential
expression between types or treatments has been described [47], but no haplotype information is
available so far.
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In B. rapa, QTL analyses were performed on mapping populations mainly involving Yellow
Sarson or a rapid cycling line 09A001. Phenotyping was scored based on flowering time (days to first
open flower) or bolting time (days to first internode elongation). Of the detected QTLs in different
populations, six genomic regions (Brl-6) were overlapping in at least two QTL analyses (Table 4).
Of the flowering related genes within these genomic regions, BrFLC2 (region Br2) is a major factor
in determining flowering time. A 57 bp deletion on the exon4/intron4 border of BrFLC2, resulting
in alternative splicing, is significantly associated with flowering time [91]. Zhang et al. [49] showed
that a transposon insertion in exon 2 of BrFT2 (region Br5) results in late flowering, and that there is a
correlation between flowering time and different BrFLC2 and BrFT2 alleles. Plants with functional
or non-functional alleles for both genes result in similar flowering time. However, a non-functional
allele of either BrFLC2 or BrFT2 results in early or late flowering, respectively [49]. Besides the QTLs
detected in multiple analysis, Xie et al. [153] has described one QTL (ChrA09:25634145.25774304),
containing BrGI as a candidate gene responsible for circadian period determination. Two detected BrGI
alleles (BrGI"?!1 and BrGI°") could complement the late flowering phenotype of the Arabidopsis
GI null mutant, but plants with allele BrGI°? showed a shorter circadian period and could not (fully)
complement the response to red and blue light [153].

In B. oleracea, different mapping populations and commercial parents have been used for QTL
analysis. Phenotyping was performed in the greenhouse and was scored as days to flowering or days
to curd initiation (curd larger than 1 cm). Of the detected QTLs in different populations, six genomic
regions (Bol-6) were overlapping in at least two QTL analyses (Table 4). One of the candidate genes
in region Bol is BoFLC4 (Table 4). The two main alleles BOFLC4F® and BoFLC4® both confer a
requirement for vernalization, but differ with regard to their transcription regulation in response
to temperature shifts, due to cis-regulatory differences [101]. One of the candidate genes in region
Bol is BoFRIa (Table 4). Sequencing of BoFRIa from 55 accessions detected six different alleles with
numerous substitutions and InDels. Expression of the two most abundant alleles from the AtFRI
promoter prolonged the time to flower equally when overexpressed in A. thaliana, suggesting that
the potential effect of these alleles on flowering time in B. oleracea may result from differences in their
expression [90].

For L. sativa, a RIL population of cultivar L. sativa cv. Salinas (Crisphead) and Californian L. serriola
unveiled two QTLs (Ls1 and Ls3) for days to flowering [226,227]. Furthermore, backcrossed lines
selfed for one generation (BC1S1) from a cross between cultivar L. sativa cv. Dynamite (Butterhead) and
a L. serriola uncovered four additional QTLs (Ls2, Ls4-6) [228]. A few flowering time related genes
are located within QTL regions Ls1, Ls5 and Ls6. However, it remains an open question whether
polymorphisms in these candidate flowering time related genes underlie the detected QTLs. Recently
the L. sativa genome sequence [20] and RNA-seq data from 240 wild and cultivated lettuce accessions
were realized, which will provide valuable tools to explore genetic variations contributing to flowering
time and other traits in L. sativa [229].

In general, FLC and FRI seem to be overlapping in QTL analyses between different Brassica
species. This provides more evidence that indeed these are key regulators of flowering time in many
Brassicaceae. However, the specific genes and alleles responsible for the other QTLs remain unexplored.
Identification of the causal genes and genetic variation for all QTLs would help to further understand
the regulation of flowering time in the different crops. More QTL analyses have been performed for
some species other than those discussed here. Even though these data are of great value, it is difficult
to determine if the QTLs overlap with the reported QTLs, as reported positions cannot be related to the
physical map (e.g., QTL analysis from [230,231]). For L. sativa, only two populations have been used
for QTL analysis, both involving wild source L. serriola. It might be worthwhile exploring other wild
sources such as L. virosa or L. saligna to expand the number of currently known QTLs. The availability
of new genetic and genomics resources will consistently speed up genetic studies to unravel the key
regulatory nodes of flowering time pathways in Asteraceae leafy crops.
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Table 4. Flowering-time related QTL regions for A. thaliana, B. napus, B. rapa, B. oleracea and L. sativa
with candidate flowering-time genes within these QTL regions.

QTL Region Species Region ! Candidate Genes References

At2 A. thaliana Chr4:300000-1900000 FRI [216,217]

A. thaliana Chr5:2700000-8100000 FLC, CO, TFL2 [216,217]

B. napus chrA02:114931.1575498 Bna.FLC.A2, CO-like, RVE1 [232,233]

B. napus chrA02:5233136.8233310 GA200x, Bna.FT.A02 [223,225,232-235]

Bna.FRLXa, SPL13, CBF1,

B. napus chrA03:5046910.6515058 Bna.FLC.A03b

[66,222,234,236]

B. napus chrA04:257040.4734286 AP2-like [233,234,236]

B. napus chrA04:11898475.13460703 CO-like, ELF3 [234,236]

SPL15, AP2-like, GID1, AP1,
Bna.FT.A07b

Bnll B. napus chrA07:14463578.18916565 [232-234,236]

Bn13 B. napus chrA10:13375104.15191366 Bna.FLC.A10 [66,222,224,233,234]

Bnl15 B. napus chrC02:6956919.13653054 GA200x, SPL [222,232,234]

Bnl17 B. napus chrC02:44366336.45788246 FUL, MAF2, MAF3 [225,232]

Bn19 B. napus chrC04:40003810.41181656 [222,234]

Bn21 B. napus chrC07:26989258.31787256 SEP4 [225,232,234]

Bn23 B. napus chrC09:45206288.47504024 Bna.FLC.C09b, Ga20ox [225,232]

BrFLC2, AP2-like,

CO-like, SPL7 [49,92,237-239]

Br2 B. rapa A02:1244721.4284193

LFY, GA20ox, CDF1, FLM,

Br4 B. rapa A06:13769411.18840509 MAF4, VIN3-like, CO-like,

[238,240]

Br6 B. rapa A10:12936259.13856133 BrFLC1 [237,238,241]

BoFLC3, SOC1, BoFRIa,
ELF4, GA200x

Bo2 B. oleracea C03:1800000.20000000 [100,242,243]

Bo4 B. oleracea C04:32446947.35540000 [100,244]

Bo6 B. oleracea C06:22550000.32446947 [100,243]

Ls2 L. sativa LG6:140450832.140481276 [228]

Ls4 L. sativa LG7:172306237.193636147 [228]

Ls6 L. sativa LG8:63537238.76202393 FKF1 [228]

1 Regions on genomes of A. thaliana (Tairl0), B. napus (Brassica_napus_v4.l.chromosomes), B. rapa
(Brapa_genome_sequence_v1.5), B. oleracea (B. oleracea var. capitate V1.0) and L. sativa (lettuce genome V8.1).
2 For Brassica species, only QTLs detected in more than one study, encompassing different mapping populations
and/or varieties, are shown. For lettuce, only two populations have been used for QTL mapping, Flowering time
genes with described allelic variation are highlighted in bold.

6. Perspectives for Breeding Strategies

Knowledge about conservation and divergence of A. thaliana flowering time with its related crop
species, and with more distant leafy crops within the Asteraceae family, is of great value to select
candidate genes for the improvement of flowering time in commercial varieties. Introducing genetic
variation in those candidate genes can be achieved by identifying novel alleles from wild relatives,
the production of mutant populations or, when allowed, via a transgenic or genome editing approach.
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6.1. Environmental Changes

Breeders aim to produce commercial varieties that are more robust and predictable in flowering
time to adapt to climate change and new environments.

In cauliflower, exploring genetic variation in temperature-dependent flowering time genes such
as SVP, FLM and FLC [3,101,107] would help in adjusting the vernalization and temperature sensitivity
of plants for a predictable curd formation.

In lettuce, exploring genetic variation in the floral integrator genes FT and SOC1 will help to
understand the mechanism of heat-induced early flowering and can therefore be used to produce
better tasting lettuce when grown at high temperatures. Different studies have described that silencing
of either LsFT or LsSOCI results in late flowering and heat insensitive lettuce plants [36,59]. LsSOC1
expression was enhanced in both heat-treated wild type and LsFT silenced lines, indicating that LsSOC1
can induce bolting independent of LsFT upon heat treatment [36]. Heat shock elements (HSE1 and
HSE?) are detected in the promoter of LsSOCI and two heat shock proteins (LsHsfAle and LsHsfA4c)
bind to these elements to induce flowering [36]. Genetic variation at the heat-responsive promoter
elements of SOCI might selectively affect heat sensitivity rather than flowering time in general.

6.2. Yield Increase

Prolonged vegetative phase can increase yield in leafy crops that are harvested before the transition
to the reproductive phase.

In radish, premature bolting under LD conditions reduces yield and quality of the harvested
product. Delayed bolting is described for RsGI loss-of-function mutants in R. sativus [154], while
silencing of BoGI in B. oleracea also resulted in delayed post-harvest leaf senescence. Based on the
phenotype of the B. oleracea silencing line, it is worthwhile to test the effect of genetic variation in RsGI
as added value of delayed leaf senescence together with delayed bolting.

Cold season during growth induces early bolting and decreases yield in root chicory. A C. intybus
homolog of the Arabidopsis FLC, CiFL1, was characterized and seems conserved in the vernalization
response [22]. However, it remains to be demonstrated that the high expression level of CiFLI in
non-vernalized chicory plants is the cause of the absolute vernalization requirement for flowering.
This indicates that more research about the vernalization response of chicory is required to achieve late
bolting plants when grown at low temperature.

6.3. Genetic Resources

In the past centuries, domestication has led to the creating of edible vegetables from their wild
relatives. During this domestication process, plants are selected for specific desirable traits, thereby
losing some of the genetic variation in the current germplasm. As a result, some variation in flowering
time genes, producing crops that are adapting to specific environments, are not present in our current
breeding material. Exploring phenotypic and genotypic differences in closely related (wild) species,
and introducing desired traits back into breeding material, will help create new varieties that are
adapted to climate change and produce higher yield.

The Brassicaceae family contains both annual, biennial and perennial species, and spring,
semi-winter and winter type plants within a species, indicating that this family varies greatly in
flowering time response [3,86]. Within the family, different family members are closely related and can
be crossed through interspecific crosses, making it easier to introduce new genetics. Hybridization
between R. sativus and Brassica species B. napus, B. rapa and B. oleracea, and between D. tenuifolia
and B. rapa has been proven to be successful even though the number of successful hybridizations
might be rather low [244]. Schiessl et al. [35] have described the amount of copies of 35 flowering time
regulatory genes and their genetic variation between B. rapa and B. oleracea. This genetic information
could be used as a basis to look for candidate genes to follow in an interspecific cross. As an example,
Shea et al. [245] have developed late flowering B. rapa plants by replacing the BrFLC2 genomic region
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with a 6.5 Mb region containing BoFLC2 from B. oleracea. As many of the flowering pathways are
conserved within the Brassicaceae family, it is worthwhile to explore introgression of flowering time
genes from Brassica species into R. sativus or D. tenuifolia to alter flowering time.

Introducing genetic variation in flowering time genes from wild material into cultivated lettuce
and chicory is possible [246,247], however, the flowering pathway is largely undiscovered in these
species. Recently, high quality transcriptomes of both C. intybus and C. endivia were obtained by de
novo assembly using RNA of several organs and Illumina HiSeq2000 technology [248,249], paving
the way to the identification of flowering time transcripts in Cichorium spp. More research is required
before specific candidate genes can be selected to introduce from wild material into breeding lines.

6.4. Speeding up Breeding

From a breeding perspective, introducing genetic variation from wild relatives or mutant
populations into a new variety will take up to years. Speeding up this breeding process, using
early flowering plants to grow more generations in one year would be of added value for the breeding
companies. Similar to adapting plants to climate change or increasing yield, generating early flowering
plants is possible by the use of genetic variation in flowering time genes. Besides exploring the genetics
of wild material, it has also been shown for lettuce that screening mutant populations are a great
source to discover plants with an altered flowering time. In Brassica spp., rapid-cycling lines and RIL
populations have been obtained [86], which can be used to speed up breeding and for rapid analysis
of QTL.

In Arabidopsis, winter type plants that require vernalization contain functional alleles for both
FLC and FRI, while summer type plants lack a functional allele for either FLC or FRI [70-73]. With this
system, early bolting parental lines can be created, while the F1 hybrids are late flowering. As an
example, by producing a female line containing an FLC knock-out and a male line with FRI knock-out.
The parents do not require vernalization to initiate flowering, as both parents lack a functional allele
for either FLC or FRI. In the F1 hybrid, both genes are heterozygous, resulting in winter type plants
that do require vernalization.

Different articles have shown that treatment with bioactive GAs can induce early flowering in
both bolting sensitive and bolting resistance lettuce lines [61,124]. The benefit of GA application is that
it will speed up the breeding process, when this is desired, but will not have a negative influence on
flowering time during crop production.

7. Conclusions

Overall, most flowering time pathways seem to be genetically conserved between Brassicaceae
and Asteraceae families, paving the way for exploitation of the fundamental knowledge acquired in
the Brassica model species Arabidopsis to closely or more distantly related vegetable crops. This is
highlighted in Figure 5, which represents a simplified model of the main regulatory genes shown
to have a function in the various species within the Brassicaceae or Asteraceae family. However,
a comprehensive comparison of the different flowering time pathways between Brassicaceae and
Asteraceae is impaired by the poor knowledge available about molecular biology and gene function
in D. tenuifolia, L. sativa and C. intybus. Fundamental biology studies in crop species to identify
casual genes of advantageous traits is advisable to apply candidate gene approaches for successful
breeding strategies. An increasing number of tools for molecular marker assisted breeding is expected
to come in the near future from genomic and transcriptomic studies. With the rapid development
of sequencing technology, whole genome sequences assembly and resequencing from crop plants
is becoming routine, enabling genome-wide investigations into fundamental genetic pathways that
underlie important agricultural traits. In addition, generating a pan-genome, capturing the genomic
diversity of ecotypes, geographical isolates, and domesticated crop varieties, will make comparative
approaches and association studies possible to identify the genetic components of adaptive and
domestication traits. Increasing “omics” information (e.g., genomics, transcriptomics, metabolomics,
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SNP-omics) will enable systems biology approaches to understand complex traits, such as flowering
time, and identify hub/master gene regulators for the so-called “smart” or “precision breeding,” which

aims to develop new varieties more precisely and rapidly.
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Figure 5. Simplified model of the main regulatory genes and flowering pathways acting in various
crops within the Brassicaceae and Asteraceae family. Grey and black lines represent repression and
induction, respectively, dotted lines indicate indirect regulation.
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Abstract: Efficient transformation of numerous important crops remains a challenge, due
predominantly to our inability to stimulate growth of transgenic cells capable of producing plants.
For years, this difficulty has been partially addressed by tissue culture strategies that improve
regeneration either through somatic embryogenesis or meristem formation. Identification of genes
involved in these developmental processes, designated here as morphogenic genes, provides
useful tools in transformation research. In species from eudicots and cereals to gymnosperms,
ectopic overexpression of genes involved in either embryo or meristem development has been
used to stimulate growth of transgenic plants. However, many of these genes produce pleiotropic
deleterious phenotypes. To mitigate this, research has been focusing on ways to take advantage
of growth-stimulating morphogenic genes while later restricting or eliminating their expression in
the plant. Methods of controlling ectopic overexpression include the use of transient expression,
inducible promoters, tissue-specific promoters, and excision of the morphogenic genes. These
methods of controlling morphogenic gene expression have been demonstrated in a variety of
important crops. Here, we provide a review that highlights how ectopic overexpression of genes
involved in morphogenesis has been used to improve transformation efficiencies, which is facilitating
transformation of numerous recalcitrant crops. The use of morphogenic genes may help to alleviate
one of the bottlenecks currently slowing progress in plant genome modification.

Keywords: transformation; morphogenic; embryogenesis; meristem formation; organogenesis

1. Introduction

Despite progress in crop transformation over the past several decades, efficient production
of transgenic plants remains one of the major barriers to crop improvement [1]. There are two
components to producing transgenic plants. The first is the ability to introduce and express transgenes
(transformation), and the second is the ability to form tissue (typically de novo embryos or shoots)
capable of regenerating into a fertile plant. Many plant species (or genotypes) remain difficult to
transform and regenerate. Such varieties are referred to as being recalcitrant to transformation and
plant regeneration. One of the promising tools helping to reduce this recalcitrance (and thus alleviate
the bottleneck) is the use of genes involved in controlling plant growth and development.

Morphogenesis, or the organized spatial development of embryos, tissues, and organs, is a tightly
controlled process involving networks of genes acting sequentially or in concert. Within this broad
context, the concept of trying to use genes involved in either embryogenesis or meristem maintenance
has attracted the attention of plant transformation researchers for many years. Basic research within
these two well-defined areas has contributed an ever-expanding number of genes and gene networks
involved in embryo development [2] and meristem development [3-6] that we will not attempt to
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cover here. De novo regeneration of plants typically occurs through either somatic embryogenesis
or organogenesis (de novo formation of new meristems or through rearrangement of pre-existing
meristems), traditionally manipulated by adjusting auxin/cytokinin ratios in the medium [6-8].
In addition to exogenous hormone manipulation, ectopic overexpression of plant genes that control
growth and development has also proven to be useful.

Of course, there are numerous reports where non-plant genes have been used to improve
transformation frequencies and/or plant regeneration. Examples include tumor-inducing genes
from Agrobacterium, such as the isopentyl transferase or ipt gene [9,10], rolC [11,12], rolB, 6B [13], and
tzs [14,15], and viral genes that stimulate the plant cell cycle [16]. Further details for non-plant genes
are beyond the scope of this review. Instead, we will focus on research that has demonstrated a
potentially useful morphogenic growth response due to ectopic overexpression of a plant embryo or
meristem gene (morphogenic genes), or has demonstrated a practical benefit for plant transformation
or regeneration. Plant transformation and regeneration improvements can be further distinguished by
their impact on either improving transformation efficiencies, or improving the regeneration process
to recover transgenic plants. Finally, we are making a distinction between reports focused solely on
observations of morphogenic responses, and those studies that describe practical methods to improve
transformation and/or regeneration. Both types of results are important in terms of their contribution
to the field of transformation research, and are described below.

Characterizing morphogenic genes involves phenotypic analysis of knockout mutants and/or
transgenic experiments typically involving either ectopic overexpression or downregulation in plants.
Often, the two strategies are combined, where introduction of an expression cassette is used to
complement a mutant phenotype. Morphogenic responses have been observed using transient
expression, constitutive expression, or induction of gene expression by exposure of a stable transgenic
event to a chemical ligand. Using a plant morphogenic gene to improve transformation, on the other
hand, almost invariably involves limiting the length of time that expression occurs to avoid later
pleiotropic effects in regenerated TO plants and subsequent progeny generations (Figure 1).

2. Phenotypic Responses from Ectopic Overexpression of Morphogenic Genes

The genes involved in embryogenesis, meristem maintenance, and hormone metabolism are
numerous and have been studied for many years [2-6]. Within this large and ever-expanding body
of literature, there has been a steady stream of reports demonstrating morphogenesis in response
to altered expression of these genes. These observations provide the groundwork that inspires new
strategies for transformation research, and are discussed below.

Numerous genes mentioned in this review are typically categorized as genes involved
in embryogenesis, meristem function, or hormone pathways. However, we have chosen to
group these genes based on their practical benefit (or potential) when used for transformation.
Therefore, morphogenic genes that have stimulated an embryogenic or meristematic response when
overexpressed were grouped into two categories based on the observed growth response: A) those
that enhance a pre-existing embryogenic response under conditions (media composition, exogenous
hormones, or even the tissue type) that already elicit the growth response, and B) those that produce
ectopic somatic embryos or meristems under conditions where such a response is typically not observed
(see Table 1 for a list of genes).
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Figure 1. Methods for expression of morphogenic genes in plant transformation. WUS is used to
exemplify the morphogenic gene expression cassettes, which could be designed for overexpression of
the gene, downregulation of a gene, or combinations of genes, while the box labeled “GOI” (Genes
Of Interest) represents trait gene expression cassettes. (A) Using a constitutive promoter, such as
CaMV35S, to drive expression of a WUS gene results in growth stimulation of cells transformed with
the T-DNA, either through somatic embryogenesis or through meristem proliferation. (B) Using an
inducible promoter to drive expression of WUS will result in growth stimulation only when the plant
tissue is exposed to the inducing stimulus (typically a chemical ligand). (C) Growth stimulation
can also be effectively controlled by using a combination of constitutive expression of WUS and
inducible expression of CRE recombinase to remove the WUS expression cassette. (D) Transforming
the same plant cell with a T-DNA containing the WUS expression cassette and a second T-DNA
containing the trait expression cassette will also provide transient growth stimulation sufficient to
recover regenerable tissues, such as somatic embryos, without the integration of the morphogenic
gene. (E) Using a single T-DNA containing the trait, with the WUS expression cassette outside the
T-DNA Left Border sequence, higher numbers of the trait-containing T-DNA are introduced relative to
the low numbers of “read-through” sequences containing the WUS gene, providing transient growth
stimulation without WUS integration. INDypy, is used to represent chemically inducible promoters,
such as the estradiol-, glucocorticoid-, or tetracycline-responsive promoters in 1-B. Promoters that are
induced by physical conditions, such as desiccation (e.g., the RAB17 promoter in [17]), are used to
control recombinase-mediated excision (as in 1-C). CRE represents the CRE recombinase expression
cassette and loxP are the CRE-recombinase target sites. RB and LB represent the right and left T-DNA
border sequences, respectively.
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2.1. Enhancing the Somatic Embryogenic Response

In this category, overexpression of the plant gene results in enhanced formation of somatic
embryos under in vitro culture conditions in which somatic embryogenesis already occurs (see Table 1,
Strategy A). This includes the observation that when SOMATIC EMBRYOGENESIS RECEPTOR
KINASE1 (SERK1), a gene normally associated with anther and pollen development, was overexpressed
using the Cauliflower Mosaic Virus 355 promoter (CaMV 355) in Arabidopsis thaliana, no changes in
plant phenotype were observed, but the embryogenic callus response was improved 3-4-fold over
wild-type [18]. This demonstrated that SERK1 stimulated an enhanced somatic embryo response
from germinating seedlings placed on media capable of eliciting this response already. Similarly,
overexpression of the Coffea canephora SERK1 gene during the in vitro somatic embryogenesis process
enhanced the production of somatic embryos by 2-fold, while silencing the gene dramatically reduced
the somatic embryogenesis response [19]. Similar conclusions have been reached in reports in which
the AGAMOUS-LIKE15 (AGL15) gene was overexpressed, enhancing the formation of secondary
somatic embryos from cultured zygotic embryos in Arabidopsis [20], increasing the number of
somatic embryos in soybean cultures [21], and again enhancing production of embryogenic callus
in cotton [22]. The similarities between SERK1 and AGL15 overexpression are not surprising, since
AGL15 is part of the SERK1 protein complex [58]. Interestingly, SERK1 and SERK3 have been shown to
be co-receptors, along with BRASSINOSTEROID INSENSITIVE 1 protein (BRI1), of the brassinosteroid
class of plant growth regulators [59,60], and the SERK proteins and BRI1 phosphorylate one another
upon brassinosteroid sensing. Based on protein structure, the SERK proteins appear to mediate
brassinosteroid signaling across the plasma membrane [61]. This observation makes an intriguing
connection between brassinosteroid response and embryogenesis.

Increased embryogenic responses have also been reported using genes more typically associated
with meristem formation, as with A. thaliana WUSCHEL (AtWUS), a key regulator of meristem cell
fate [62], or SHOOT MERISTEMLESS (STM), which is required for proper meristem formation [63].
In transgenic Coffea canephora containing an estradiol-inducible AfWUS construct, leaf discs placed
on estradiol increased somatic embryo formation from a control level of one somatic embryo per
leaf segment (non-treated), up to a level of 3-5 somatic embryos per transgenic leaf segment after
estradiol exposure [23]. Shortly after, it was reported that constitutive overexpression (using the
CaMV 35S promoter) of the Brassica napus, Brassica oleracea, or Brassica rapa homologs of STM in
Arabidopsis thaliana cotyledons placed on auxin-containing medium resulted in an approximately
two-fold increase of somatic embryo formation relative to the wild-type control. In transgenic B. napus
containing the 355::BnSTM construct, a similar two-fold increase was observed in microspore-derived
embryogenesis [24]. Similarly, in experiments with the objective of improving transformation methods
in cotton (Gossypium hirsutum L.), the 355::AtWUS cassette was introduced into hypocotyl segments
and a three-fold increase in the formation of somatic embryos was observed [25]. Further, the somatic
embryos derived from the WUS treatment (when the WUS gene is being overexpressed) produced
leaf-like structures but failed to regenerate into plants, likely due to the deleterious effect of WUS
ectopic overexpression on subsequent regeneration.

2.2. Ectopic Formation of Somatic Embryos or Meristems

In the second category, overexpression of the plant gene results in direct ectopic formation
or spontaneous formation/acquisition of structures resembling embryos (often with embryo
characteristics, such as increased oil levels) or meristems in the absence of inductive conditions
(see Table 1, Strategy B). In 2002, two important milestone research articles were published that
characterized embryonic morphogenesis as a result of ectopic overexpression of either the Brassica
napus BABY BOOM (BnBBM) gene [26] or the AtWUS gene [38]. We will first review BBM and other
genes involved in embryogenesis, and then later turn our attention to genes involved in meristem
function. The BBM gene, a member of the AP2/ERF superfamily of transcription factors [64], has
generated great interest among transformation researchers from the first publication [26]. In these
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experiments, it was observed that constitutive expression of the Brassica BBM gene in Arabidopsis
resulted in ectopic somatic embryo formation in vegetative portions of progeny plants, for example
in the shoot apex and leaves, and these ectopic somatic embryos could in turn produce plants in the
absence of hormones. These results stimulated further research aimed at harnessing BBM-induced
somatic embryogenesis to aid in the recovery of transgenic T0 plants.

This first publication was followed by reports in other plant species or using orthologs of the
BnBBM gene, providing additional insights into how BBM worked. Srinivasan et al. [27] investigated
the ability of various BBM orthologs to induce embryogenic responses in a less-related species.
Spontaneous somatic embryogenesis was not observed using 355::AtBBM in Nicotiana tabacum [27].
However, when these authors used a steroid-inducible, post-translationally controlled AtBBM fusion
protein (AtBBM~GR) regulated by the 35S promoter to create stable lines and evaluated progeny,
spontaneous ectopic shoot and root formation was observed upon addition of the inducing ligand
dexamethasone (DEX). Further, when hypocotyls were exposed to DEX, somatic embryos could be
induced when the growth medium contained either zeatin or benzylaminopurine. While the authors
attributed the difference observed between Arabidopsis and tobacco to varying competence in response
to the BBM signal, they also pointed out that expression of BBM from either Arabidopsis or Brassica in
tobacco could produce developmental responses that differ from those observed using the endogenous
tobacco BBM gene.

In another example of expressing an orthologous BBM gene, a constitutively expressed soybean
gene (355:GmBBM) was transformed into Arabidopsis [28], and ectopic somatic embryos were
observed growing from the cotyledons, the shoot apical meristem, and the hypocotyls of stably
transformed plants. Again, differences were observed in the pattern of somatic embryo formation,
but, in general, the three studies provide strong evidence that constitutive expression of BBM can
result in ectopic somatic embryo formation. Using the genomic clone of Theobroma cacao BBM (TcBBM)
under the control of the 355 promoter, Florez et al. [29] demonstrated that it phenocopied the effects of
AtBBM in Arabidopsis and stimulated the formation of somatic embryos from Theobroma cotyledons
cultured on hormone-free media. Although somatic embryos were formed in cacao using TcBBM,
constitutive expression prevented normal plant regeneration.

For many species, recovery of transgenic events is not the bottleneck, but instead regeneration
of viable T0 plants is inefficient and rate-limiting. For example, when a BBM ortholog from oil palm
(Elaeis guineensis) was cloned into an expression cassette behind the CaMV 35S promoter and then
transformed into Arabidopsis, it was observed that cotyledon, leaf, or root segments from stable
transgenic events exhibited enhanced rates of shoot formation relative to the wild-type controls [30].
These results are consistent with earlier observations where regeneration was improved through
ectopic overexpression of BBM [26]. However, in all these reports, the 35S promoter was used to drive
constitutive expression of the transgene and, as a result, no data on recovery of mature fertile plants
were presented.

Tsuwamoto et al. [31] using Arabidopsis EMBRYOMAKER (AtEMK), a gene related to BBM
(both within the AP2/ERF superfamily) driven by the CaMV 35S promoter in Arabidopsis,
produced transgenic progeny that could be phenotypically evaluated. In these experiments, ectopic
overexpression of AtEMK produced light-green embryo-like structures (possessing morphological
and/or biochemical characteristics normally observed in zygotic embryos but lacking the full
functionality of being able to develop into a plant) at the tip of cotyledons in 23% of the seedlings.
While several of the embryo-like structures developed small features resembling roots and leaves, these
outgrowths did not continue to develop. As ectopic overexpression of AtEMK resulted in pleiotropic
effects, it may be necessary to express AfEMK under a regulated system for obtaining normal plantlets
from somatic embryos and the embryo-like structures.

Another gene observed to function during early embryo development in Arabidopsis is RKD4,
a member of the RWP-RK transcription factor family essential for the first asymmetrical division of
the zygote to form the two cells that will give rise to the embryo and suspensor [65,66]. Following
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up on these characterizations of RKD4 function, Mursyanti et al. [32] demonstrated in orchid (the
hybrid Phalaenopsis “Solo Vivien”) that chemical induction of transgenic RKD4 in leaf tissue resulted in
ectopic somatic embryogenesis, a very exciting observation in a species normally reluctant to produce
direct somatic embryos (de novo embryos that arise from somatic cells, having the capacity to develop
into plants).

Genes normally involved in embryo maturation, such as LEAFY COTYLEDON1 (LECI),
LEAFY COTYLEDON?2 (LEC2), and FUSCA3 (FUS3), produce similar morphogenic responses when
overexpressed. The first of these genes characterized in Arabidopsis was LECI by Lotan et al. [33],
in which a 355::AtLEC] cassette was introduced into Arabidopsis using Agrobacterium. Progeny
seed were germinated and embryo-like structures were observed in many germinating plantlets.
For example, cotyledon-like structures were observed to replace what should have been the first
true leaves of the seedling. The embryo-like nature of these tissues was corroborated by other
embryo characteristics, such as accumulation of cruciferin-A storage protein and oleosin RNAs.
However, despite forming embryo-like structures, no functional ectopic somatic embryos were
observed (i.e., embryo formation was incomplete).

In a similar study, a Citrus sinensis LEC1 paralog called L1L (LECI-Like) was constitutively
overexpressed in a 35S::CsLIL cassette after transformation of “Olinda” sweet orange or “Guoqing No.
1” Satsuma mandarin epicotyls using Agrobacterium [34]. In these experiments, the authors observed
that the normally recalcitrant epicotyls formed some embryo-like structures after one month, and after
another two months on elongation medium formed shoots with aberrant leaves. This suggests that in
Citrus, L1L overexpression is sufficient to produce functional somatic embryos.

Uddenberg et al. [35] observed that overexpression of the PaHAP3A (a LEC1/LIL gene from
Norway spruce, based on sequence information) did not result in ectopic somatic embryo formation in
vegetative tissues. However, when expression was induced during zygotic embryo maturation, ectopic
somatic embryos formed on the surface of the zygotic embryos. As noted by Srinivasan et al. [27]
for BBM, this suggests that certain cell types may be more receptive to inductive signals, such as that
being provided by the PaHAP3A protein [35].

In a variation on the general theme of using the CaMV 35S promoter to drive constitutive
expression, Gazzarrini et al. [36] used an epidermal-specific promoter Meristem Layerl (ML1) from
Arabidopsis to drive expression of the Arabidopsis FUSCA gene (AtFUS3). Consistent with previous
LEC1 results, ectopic overexpression of AtFUS3 resulted in the formation of cotyledon-like leaves that
accumulated storage protein bodies (similar to the cells in an embryo). This observation is similar to
phenotypes observed with LEC1 overexpression.

In experiments similar to those described above, stable transgenic lines were produced by
introducing 35S:AfLEC2 into lec2-1 and lec2-5 mutant lines of Arabidopsis, and ectopic somatic
embryos formed that were competent to germinate and produce plants [37]. However, the resultant
plant phenotypes were aberrant and the authors did not comment on fertility. Nonetheless, it appears
that LEC2 might result in more complete somatic embryo formation, compared to either LECI, L1L, or
FUS3. This is consistent with evidence indicating that LEC2 functions upstream of and activates both
LEC1 and FUS3 [67], in which case the penetrance of the somatic embryo phenotype might be stronger
in plants overexpressing LEC2.

Similar to observations in which overexpression of genes involved in meristem initiation
and maintenance have increased a pre-existing embryogenic response [19-22,24-26], their ectopic
overexpression has also been reported to stimulate the formation of somatic embryos where they
would otherwise not be observed.

The first report of a “meristem” gene stimulating embryo formation was by Zuo et al. [38],
who obtained an estradiol-induced activation-tagged pga6-1 mutant line in Arabidopsis that formed
somatic embryos from root tips. This was confirmed to be AtWUS, which phenocopied the original
activation-tagged mutant when expressed using either the estradiol-inducible or 35S promoters.
Somatic embryo formation was also observed from a variety of tissues with de novo embryos from
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root tips being the most common observation. As with the observations by Boutilier et al. [26] with
BBM, these results clearly demonstrate that WUS can stimulate the vegetative-to-embryonic transition.

By 2002 it was well-established that the proper expression of numerous genes was essential for
morphogenesis. In keeping with this concept, Gallois et al. [39] analyzed the impact that two such
genes might have on ectopic meristem initiation, using two different methods to control expression
of STM and WUS in Arabidopsis (chemical induction and heat shock, respectively). Based on their
observations of treated leaf tissue, the authors hypothesized that STM and WUS expression would
produce clusters of cells adjacent to the WUS foci that represented incipient meristems (confirmed by a
meristem-specific biomarker). These young ectopic meristems were initiated, but self-perpetuating
meristems were not established.

In another interesting paper by Gallois et al. [40], stable transgenic lines were produced in
Arabidopsis where WUS expression was activated through either HSP::CRE-mediated excision, or a
GAL4-VP16 activation system. Upon either type of WUS activation, unique phenotypes were observed
in root tips, and the type of response was dependent on other variables, such as hormone regime or
co-expression of another morphogenic transcription factor. For example, when WUS was expressed
alone in hormone-free medium, ectopic shoots and leaves were observed. When WUS was expressed
in the presence of exogenous auxin (2,4-D), ectopic somatic embryos were formed. Finally, floral
structures were observed when WUS was induced along with a constitutively expressed LEAFY gene,
a master regulator of floral development [68].

Despite somatic embryogenesis from root tips being consistently observed when WUS expression
was induced in Arabidopsis, estradiol induction of AtWUS in Nicotiana tabacum resulted in a direct
organogenic response, where the root tips became swollen and developed green shoots rather than
somatic embryos [41]. When AtWOX5 (a member of the WUS/WOX gene family expressed in the
root tip) was substituted in these experiments, root tip swelling and green shoot formation were again
observed [42].

While Gallois et al. [39] focused on the interaction of WUS and STM in Arabidopsis, the impact of
the maize STM ortholog KNOTTED1 (KN1) has also been reported. When the maize KN1 gene was
constitutively overexpressed (35S:ZmKN1) in Nicotiana tabacum, it resulted in a 3-fold increase in shoot
organogenesis, relative to the NPTII-only control [43]. The increase in shoots in the KN1 treatment was
obtained with no antibiotic or herbicide selection and no exogenous hormones in the media, and the
resultant plants were bushy, with altered leaf morphology and underdeveloped roots.

The overexpression of KN1 (using the CaMV 35S promoter) can also bypass an intermediate
callus phase, as reported by Nishimura et al. [44]. Constitutive expression of tobacco KN1 orthologs
in Nicotiana tabacum resulted in a range of pleiotropic phenotypes. Transgenic plants containing
the NTH20 (a knotted-like homeobox gene) expression cassette occasionally produced ectopic shoot
meristems that would develop into small shoots with leaves emerging from the original leaf surface.

Other genes that play a role in shoot meristem formation are the CUP-SHAPED COTYLEDON
genes CUCI and CUC2. Using the Arabidopsis CUCI and CUC2 genes, Daimon et al. [45]
showed that overexpression of these genes under a strong promoter (CaMV 355) led to the rapid
production of adventitious shoots in transgenic calli derived from Arabidopsis hypocotyls. CUCI-
and CUC2- overexpressing calli produced an average of 4.8 and 3.3 adventitious shoots per callus,
respectively, while the controls produced 0.5 shoots that developed more slowly. In the absence of
the phytohormones, no adventitious shoots were formed, indicating that CUUCI and CUC2 function
was hormone-dependent.

In the context of using plant genes to improve plant transformation, genes involved in hormone
signal transduction (whether receptors or downstream targets) also fall under our ‘'morphogenic’
classification. Two such candidates are the Arabidopsis ENHANCER OF SHOOT REGENERATION
genes (ESRI and ESR?2), both identified through mutant screening and demonstrated to be involved
in the cytokinin response pathway. As part of this characterization, it was demonstrated that
overexpression of both ESRT and ESR2 conferred cytokinin-independent shoot formation [47,48]. The
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Arabidopsis auxin-response gene MONOPTERQOS (MP) is also of interest in this respect. In experiments
focusing on the role of the MP gene on shoot formation, it was observed that using the endogenous
promoter to drive expression of a C-terminally deleted gene referred to as MPA (lacking the domain
involved in auxin/IAA interactions) increased the formation of shoot apical meristems from callus [49].
In addition to genes involved in the hormone signaling pathway, levels of hormones can affect
the phenotypic response of genes involved in morphogenesis. Transgenic Arabidopsis explants
overexpressing LEC2 under a DEX-inducible system produced somatic embryos in the presence of low
auxin concentrations, while increasing the concentration resulted in the production of calli [46].

3. Strategies to Improve Transformation Using Morphogenic Genes

Given the focus of this review, it is easy to see why researchers in plant transformation would
view the genes described above as potential tools in the transformation process. However, constitutive
and strong expression of these morphogenic genes often caused undesired pleiotropic effects,
including reduced fertility. In the examples discussed in this section, constitutive expression of the
morphogenic genes (Figure 1A) or inducible expression in stably transformed plants (Figure 1B) were
the predominant strategies. To render true utility, an additional step is required: combining optimized
expression of the plant morphogenic genes being used with a robust method to limit expression after
plant transformation/regeneration has occurred and their utility has expired. Such methods typically
demonstrate improved transformation efficiency, enhanced regeneration, or both in a manner that
produces healthy, fertile TO plants. It should also be emphasized that to characterize gain-of-function
phenotypes, as in many of the examples above, stable transgenic germplasm was produced using
conventional selection methods (for example, after floral-dip transformation in Arabidopsis). As a
result, the ectopic phenotype was evaluated in homogeneously transgenic tissues in seed-derived
plants. This contrasts with expressing a morphogenic gene in a single cell surrounded by wild-type
tissue, as when trying to use a morphogenic gene to recover transgenic events. In this situation,
differential expression of the morphogenic gene provides a positive growth advantage or an identifiable
phenotype (relative to wild-type cells) that can be used for selection. This is the case in the examples
described below (see Table 1, Strategy C).

There are several reports that describe ectopic overexpression of morphogenic genes; however,
deleterious pleiotropic phenotypes were observed in plants when constitutively expressed. Studies
on how to control the timing and level of expression for these genes through downregulation or
elimination have lagged. To date, we can identify four approaches to address this problem in the
literature: (i) stimulating the morphogenic growth response through inducible expression of the
morphogenic gene (Figure 1B) followed by removal of the inducing ligand to turn off expression,
(ii) excision of the plant morphogenic gene (Figure 1C) when no longer needed, (iii) use of a plant
promoter that turns off when no longer needed to permit normal growth and reproduction in transgenic
plants, and (iv) using Agrobacterium-mediated delivery in a manner that favors transient expression
of the morphogenic genes (Figure 1D,E).

Inducible expression has provided a robust method for using morphogenic genes to recover fertile
transgenic plants. There are few reports on the transformation of recalcitrant species, and thus the
first case presented here of using an inducible morphogenic gene for improving transformation and
regeneration deserves emphasis. Pepper varieties (Capsicum annuum) have very poor transformation
efficiencies and regenerative capacity. Heidmann et al. [50] transformed cotyledon explants of
two sweet pepper varieties with a 355::BnBBM~GR construct and cultured the explants on media
supplemented with thidiazuron and DEX for 2 months. Emerging shoots were transferred to DEX-free
elongation medium for 4 weeks and then pre-rooting medium for a month. Transformation efficiency
with the regulated BBM expression was >1% compared to 0% with a 355:GUS (B-glucuronidase)
construct. This is an important step forward in what has historically been a very recalcitrant crop.

Also using the DEX-inducible AtBBM~GR system, Lutz and colleagues [51] described a method
to obtain fertile, transgenic Arabidopsis plants from leaf cultures. In the absence of auxins, transgenic
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leaf explants produced prolific shoots in around 4 weeks in the presence of DEX, while explants on
medium without the ligand did not produce shoots, and explants from wild-type plants became
necrotic, irrespective of whether DEX was added or not. Recovered shoots were further cut into
smaller segments and regenerated on medium containing DEX for 3 months. Removing the shoots
from the DEX-containing medium allowed for regeneration of plantlets with normal flowering and
seed formation over 3 months’ time. Fertile transgenic progeny were produced from the collected seeds.

Using the estradiol-inducible system [38], Wang et al. [52] identified PLANT GROWTH
ACTIVATION genes, such as PGA37, which resulted in a vegetative-to-embryogenic transition when
overexpressed in Arabidopsis. While the downstream targets have yet to be characterized, PGA37
was determined to encode a MYB118 transcription factor based on structural similarities within
the DNA-binding domain. When PGA37 was expressed under inducible control, somatic embryos
developed from root explants and was associated with increased LECI expression. Estradiol-induced
expression of PGA37 in the presence of auxin produced green-yellowish embryonic calli in 7-10 days
and generated somatic embryos upon culturing for 3-5 weeks. Upon removal of estradiol from the
medium (thus downregulating PGA37 expression), the somatic embryos developed into healthy, fertile
plantlets. Overexpression of a closely related homolog, MYB115, under the estradiol inducible system
also led to the formation of somatic embryos from root explants.

When transforming recalcitrant species, such as trees, that in addition have maturation periods
running into years, direct production of somatic embryos offers a relatively fast way for genetic
manipulation [69]. One such example is use of the morphogenic gene LEC2 to generate transgenic
plants in Theobroma cacao, as described by Shires and colleagues [53]. They identified the TcLEC2
transcription factor sequence and cloned it as a translational fusion with GR (the Glucocorticoid
Receptor) driven by a CaMV 35S promoter. This DEX-inducible construct was used to transform
cotyledon tissue of the variety Scavina-6 and cultured for about 6 months to screen for transgenic
somatic embryos. Consistent with the transformation recalcitrance in T. cacao, only one transgenic
embryo was recovered. This was proliferated by segmenting the cotyledons into several pieces to
produce clonal-transformed somatic embryos. When tissue from these secondary embryos was placed
on hormone-free media supplemented with DEX, multiple embryos were formed in 6 days. Levels
of DEX up to 50 uM produced the most embryos (403) per 100 explants over a period of 4 months.
In this experiment, a single somatic embryo was converted to a transgenic plant that developed
normally. Young leaf tissue from the transgenic 35S::TcLEC2:GR plant was capable of prolific somatic
embryo formation in the presence of DEX after 3 months, providing a promising method to regenerate
secondary transgenics from leaf material.

In a recent publication using the estradiol-inducible system to control WOX gene expression,
two combinations of Arabidopsis-derived WOX genes (WOX2 + WOX8 or WOX2 + WOX9) were
evaluated in the presence of 1 M 2,4-D for 10 days. Both combinations resulted in substantial plantlet
regeneration from Nicotiana tabacum leaf pieces, in contrast to the wild-type control where no plantlet
regeneration was observed [54].

Excision-based strategies to control morphogenic gene expression are another alternative.
The first demonstration of this concept in a dicot was reported in Populus tomentosa using BBM and
FLP-recombinase for excision [55]. These authors designed a T-DNA construct consisting of a single
pair of FRT (FLP Recombination Target Sites) flanking both a heat-shock inducible promoter driving
FLP recombinase expression and a CaMV 35S promoter driving expression of the Brassica campestris
BBM gene cassette. Using Agrobacterium-mediated transformation, 21 callus cultures of Chinese white
poplar were transformed with this T-DNA and cultured on hormone-free medium. Six of the 21 calli
developed a total of 12 somatic embryos approximately four weeks after transformation, and half of
the somatic embryos germinated to form plantlets that had a dwarf phenotype with small wrinkled
leaves when cultured for 60 days. Heat shock treatment at 42 °C for 2 hours led to excision of both the
FLP recombinase and BBM cassettes in four of the six plants, resulting in reappearance of the normal
phenotype in regenerated plants.
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The first demonstration of using morphogenic genes followed by excision to improve monocot
transformation has only recently been reported by Lowe et al. [17]. After Agrobacterium-mediated
transformation of immature embryos of a normally recalcitrant Pioneer maize inbred, a strongly
expressed ZmBBM (using the Zea mays UBIQUITIN promoter) plus a weakly expressed ZmWUS2
(using the Agrobacterium NOPALINE SYNTHASE, or NOS, promoter) resulted in the stimulation of
embryogenic callus. This combination of a weakly expressed WUS2 gene and a strongly expressed BBM
gene resulted in high transformation frequencies when immature embryos of the maize inbred were
transformed. The callus was placed on dry filter paper for 3 days to stimulate a desiccation-induced
maize promoter from an ABA-responsive gene (RAB17) driving CRE recombinase, which then
efficiently excised all three expression cassettes. After excision of the CRE, WUS2, and BBM transgenes,
all that remained in the integrated T-DNA locus were the genes of interest (for example, herbicide
resistance and/or a visual marker gene). This also improved transformation efficiency in many
other difficult or recalcitrant genotypes (difficult corn inbreds, sorghum, sugarcane, and Indica rice),
and permitted transformation of previously non-transformable explants, such as mature embryo
sections (starting with mature, dry seed) or leaf segments from 7-14-day-old seedlings. This method is
beginning to facilitate enhanced transformation of previously recalcitrant public cereal varieties, such
as the maize inbred B73 and the sorghum variety P898012 [56].

More recently, Lowe et al. [57] described an improved transformation system for maize using
two new promoters: the maize AXIG1 promoter (auxin-inducible) driving WUS2 and the maize PLTP
promoter (PhosphoLipid Transfer Protein promoter) driving BBM. This new configuration of expression
cassettes resulted in rapid formation of somatic embryos within 7 days, with germination of these
newly formed somatic embryos producing plantlets ready for transplantation into soil and growth in
the greenhouse within 21-30 days. Expression of both promoters was so low or confined to specific
cell types (or tissues) in the plant that, even without excision of the PLTP::BBM and AXIG1::WUS2
cassettes, the resultant TO plants were all robust and fertile. This new rapid transformation system has
worked in all Pioneer and public inbreds tested, as well as in recalcitrant sorghum and wheat varieties.

A recurring theme in all the transformation methods described above is the necessity of controlling
expression of the morphogenic genes in order to recover normal-phenotype plants, through either
inducible expression, developmentally regulated expression, or excision. In the case of inducible or
developmentally regulated expression of BBM and WUS2, the morphogenic genes and trait genes are
linked within the same construct. Alternatively, constructs designed for excision are larger and more
complex, but the morphogenic genes are removed prior to plant regeneration.

However, two additional alternatives exist that avoid both pitfalls. In the first alternative, two
T-DNAs are introduced from the same Agrobacterium (containing both plasmids). In the second
alternative, two separate Agrobacteria are used to introduce different T-DNA plasmids. Using either
strategy, the two transgenic loci are later segregated away from each other [70]. The basis for the
second approach was illuminated in a report by Florez et al. [29], who demonstrated that transient
expression of TcBBM delivered by Agrobacterium was sufficient to stimulate somatic embryo formation,
with no indication of the transgenic BBM cassette being detected in the somatic embryos. The authors
then speculated that a co-transfection technique could be used to obtain transgenic plants by mixing
an Agrobacterium strain containing a BBM expression cassette along with a trait-containing strain.

One final variation on using Agrobacterium to deliver transient morphogenic gene activity relies
on a commonly observed characteristic of T-DNA delivery, with many labs over the years reporting
on the phenomenon of T-DNA border read-through [71-74]. As the name implies, when the T-DNA
is processed in the Agrobacterium before delivery, inefficient T-strand processing will produce some
percentage of T-DNA molecules that are not terminated precisely at the Left Border (LB) but continue
to include sequence beyond the LB. As a means of reducing this type of unwanted read-through,
researchers have employed negative selectable markers [72] positioned beyond the LB (outside
the T-DNA) to eliminate plant cells that had integrated these sequences. Others have tried to
exploit inefficient T-strand processing by positioning a positive marker gene beyond the LB that
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could be used transiently, producing selectable marker-free transgenic plants [75]. By placing an
Agrobacterium-derived IPT gene outside the LB, many cells would receive a mixture of T-DNAs,
with the majority of the T-strands processed properly (only containing the trait), but with a smaller
percentage of T-strands not terminated properly at the LB thus containing the flanking IPT gene.
In these cells, transient IPT expression would stimulate cytokinin production and shoot proliferation,
and when the processed T-strand integrated and the IPT-containing T-strand did not, this would result
in the recovery of trait-containing transgenic plants that contain no selectable marker.

Since it has not been reported that shoot proliferation in response to IPT expression occurs in
maize and other cereal crops, we tested WUS2 alone or WUS2 + BBM for transient somatic embryo
formation and subsequent germination to produce T0 plants by positioning these cassettes outside the
LB [76]. This resulted in a simple non-excision method for using WUS2 and BBM for transformation of
recalcitrant maize genotypes that exploits inefficiencies of both T-strand processing and integration to
allow for rapid transformation of maize while enriching for events with no WUS2 or BBM integration.

For example, Agrobacterium-mediated T-DNA delivery into the Pioneer maize inbred PH1V69
is very efficient; however, without BBM and WUS2 expression cassettes present in the T-DNA, it has
so far proven impossible to recover transgenic TO plants. Using inbred PH1V69, transformation was
performed using an Agrobacterium strain LBA4404 that contained a single T-DNA plasmid [76]. Two
versions were tested, with both containing two ‘Mock Trait” expression cassettes within the T-DNA,
a Setaria italica-derived UBIQUITIN promoter driving expression of a green fluorescent protein and an
herbicide resistance cassette containing a Sorghum bicolor Acetolactate Synthase (ALS) promoter driving
expression of HRA (a mutant maize ALS gene that confers resistance to sulfonylurea herbicides). For the
first treatment, two expression cassettes were also positioned outside the LB of the T-DNA, with a PLTP
promoter driving WUS2, and a PLTP promoter driving expression of BBM (WUS2/BBM). In a second
treatment, only the PLTP::WUS2 was placed outside the LB (WUS2 only). Agrobacterium-infection,
resting, somatic embryo maturation, and regeneration were performed as described in Lowe et al. [57]
and TO plants were analyzed for the presence of the marker genes plus WUS2 and BBM (when
applicable) using qPCR. Starting with 196 immature embryos in each treatment, it was observed after
analysis that the frequency of TO plants (relative to the number of starting immature embryos) that
were single-copy for marker genes and were negative for WUS2 and BBM (when applicable) was
12.2% and 10.2% for the “WUS2 only” and ‘WUS2/BBM’ treatments, respectively. The percentage of
TO plants that contained either BBM/WUS2 or WUS2 alone (depending on the treatment) was 49%
and 38%, respectively [76]. This suggests that while ‘read-through’ copies of WUS2 or WUS2/BBM
were clearly having a positive impact in terms of stimulating somatic embryo formation, there was
also some unavoidable integration of T-DNA sequences that also carried along the flanking sequence
(‘backbone’ from the Agrobacterium T-DNA-containing plasmid). This is expected and, consequently,
the method requires PCR screening to identify perfect, single-copy T-DNA events. However, it should
also be noted that the frequency of recovering perfect, single-copy events was comparable to that
observed for the excision method for this inbred [17]. This represents a viable alternative to excision as
a means of creating high-quality transgenic events in recalcitrant monocot crops that do not contain
helper genes (in this case WUS2 and BBM).

4. Conclusions

There has been meteoric progress in plant genome modification engendered by CRISPR/CAS9
(CLUSTERED REGULARLY-INTERSPERSED SHORT PALINDROMIC REPEATS and the
CRISPR-ASSOCIATED 9 gene) over the past half-decade. This explosion has also brought
into sharp focus the impediment presented by the state of transformation technology for many
crops [1]. For maize, use of the morphogenic genes WUS2 and BBM has mitigated this bottleneck
and has been used in-house for several years for all aspects of our genome modification programs.
These include particle-gun-mediated creation of mini-chromosomes [77], CRISPR/CAS9-mediated
mutagenesis or editing [78,79], and, of course, random Agrobacterium-mediated transformation [17,57].
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From our experience with other cereal crops [17] and the progress by Mookkan and colleagues in
recalcitrant public lines [56], we feel this technology should make all aspects of genome modification
accessible to all cereals, with future enhancements continuing to simplify and improve this approach.
Similarly, based on observed morphogenic responses in eudicots and gymnosperms, broadening these
methods to include more plant species will hopefully continue to erode the barriers that make so many
crops inaccessible for genome editing.

In the foreseeable future, however, finding a single solution that works across all crops is unlikely.
Different species and even different varieties within the same species will require new combinations of
morphogenic triggers (new combinations of genes or varied expression patterns) to produce either
somatic embryos or new apical meristems for rapid production of genetically modified plants. Basic
research over the past three decades has provided us with a detailed understanding of the genes
that control morphogenesis, and the signaling networks that are so critical to meristem and embryo
development, with new insights constantly being discovered. These insights will continue to provide
the inspiration for testing morphogenic genes (or combinations of genes) and, along with new strategies
to control or limit expression, will result in continued improvements that expand the range of plant
species amenable to transformation. Hopefully, this will make plant transformation much more
efficient, routine, and accessible for all crops of interest, and will alleviate this key bottleneck to crop
improvement, enabling CRISPR/CAS-mediated genome modification in many important crops.

Author Contributions: Writing Review & Editing, N.S.; M.A.; K.L.; GH.;S.B,; T].; B.G.-K.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Altpeter, F; Springer, N.M.; Bartley, L.E.; Blechl, A.E.; Brutnell, T.P; Citovsky, V.; Conrad, L.J.; Gelvin, S.B.;
Jackson, D.P; Kausch, A.P; et al. Advancing Crop Transformation in the Era of Genome Editing. Plant Cell
2016, 28, 1510-1520. [CrossRef] [PubMed]

2. Smertenko, A.; Bozhkov, P.V. Somatic embryogenesis: Life and death processes during apical-basal patterning.
J. Exp. Bot. 2014, 65, 1343-1360. [CrossRef] [PubMed]

3. Snipes, S.A.; Rodriguez, K.; DeVries, A.E.; Miyawaki, K.N.; Perales, M.; Xie, M.; Reddy, G.V. Cytokinin
stabilizes WUSCHEL by acting on the protein domains required for nuclear enrichment and transcription.
PLOS Genet. 2018, 14, €1007351. [CrossRef] [PubMed]

4. Grienenberger, E.; Fletcher, ].C. Polypeptide signaling molecules in plant development. Curr. Opin. Plant
Biol. 2015, 23, 8-14. [CrossRef] [PubMed]

5. Barton, M.K. Twenty years on: The inner workings of the shoot apical meristem, a developmental dynamo.
Dev. Biol. 2010, 341, 95-113. [CrossRef] [PubMed]

6. Ikeuchi, M.; Ogawa, Y.; Iwase, A.; Sugimoto, K. Plant regeneration: Cellular origins and molecular
mechanisms. Development 2016, 143, 1442-1451. [CrossRef]

7. Skoog, E; Miller, C.O. Chemical regulation of growth and organ formation in plant tissues cultured. In Vitro
Symp. Soc. Exp. Biol. 1957, 11, 118-130.

8. Murashige, T. Plant propagation through tissue cultures. Ann. Rev. Plant Physiol. 1974, 25, 135-166.
[CrossRef]

9. Smigocki, A.C.; Owens, L.D. Cytokinin gene fused with a strong promoter enhances shoot organogenesis
and zeatin levels in transformed plant cells. Proc. Natl. Acad. Sci. USA 1998, 85, 5131-5135. [CrossRef]

10. Ondfej, M.; Machackova, I; Catsky, J.; Eder, ].; Hrouda, M.; Pospisilova, J.; Synkova, H. Potato transformation
by T-DNA cytokinin synthesis gene. Biol. Plant. 1990, 32, 401-406. [CrossRef]

11. Casanova, E.; Valdes, A.E.; Zuker, A ; Frenandez, B.; Vainstein, A.; Trillas, M.L. rolC-transgenic carnation
plants: Adventitious organogenesis and levels of endogenous auxin and cytokinins. Plant Sci. 2004, 167,
551-560. [CrossRef]

12.  Gorpenchenko, T.Y,; Kiselev, K.V.; Bulgakov, V.P; Tchernoded, G.K.; Bragina, E.A.; Khodakovskaya, M.V.;
Koren, O.G.; Batygina, T.B.; Zhuravlev, Y.N. The Agrobacterium rhizogenes rolC-gene-induced somatic

215



Plants 2019, 8, 38

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

embryogenesis and shoot organogenesis in Panax ginseng transformed calluses. Planta 2006, 223, 457-467.
[CrossRef] [PubMed]

Otten, L. The Agrobacterium Phenotypic Plasticity (Plast) Genes. In Current Topics in Microbiology and
Immunology; Springer: Berlin/Heidelberg, Germany, 2018.

Roeckel, P; Oancia, T.; Drevet, ].R. Phenotypic alterations and component analysis of seed yield in transgenic
Brassica napus plants expressing the tzs gene. Physiol. Plant. 1998, 102, 243-249. [CrossRef]

Choi, Y.I; Noh, E.W.; Choi, K.S. Low level expression of prokaryotic tzs gene enhances growth performance
of transgenic poplars. Trees 2009, 23, 7441-7750. [CrossRef]

Gordon-Kamm, W.; Dilkes, B.P; Lowe, K.; Hoerster, G.; Sun, X.; Ross, M.; Church, L.; Bunde, C.; Farrell, J.;
Hill, P; et al. Stimulation of the cell cycle and maize transformation by disruption of the plant retinoblastoma
pathway. Proc. Nat. Acad. Sci. USA 2002, 99, 11975-11980. [CrossRef] [PubMed]

Lowe, K.; Wu, E.; Wang, N.; Hoerster, G.; Hastings, C.; Cho, ML].; Scelonge, C.; Lenderts, B.; Chamberlin, M.;
Cushatt, J.; et al. Morphogenic Regulators Baby boom and Wuschel Improve Monocot Transformation. Plant
Cell 2016, 28, 1998-2015. [CrossRef] [PubMed]

Hecht, V.; Velle-Calzada, ].P.; Hartog, M.V.; Schmidt, E.D.; Boutilier, K.; Grossniklaus, U.; de Vries, S.C. The
Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 gene is expressed in developing ovules
and embryos and enhances embryogenic competence in culture. Plant Physiol. 2001, 127, 803-816. [CrossRef]
Pérez-Pascual, D.; Jiménez-Guillen, D.; Villanueva-Alonzo, H.; Souza-Perera, R.; Godoy-Hernandez, G.;
Zuniga-Aguilar, J.J. Ectopic expression of the Coffea canephora SERK1 homolog-induced differential
transcription of genes involved in auxin metabolism and in the developmental control of embryogenesis.
Physiol. Plant. 2018, 163, 530-551. [CrossRef]

Harding, E.W.; Tang, W.; Nichols, KW.; Fernandez, D.E.; Perry, S.E. Expression and maintenance of
embryogenic potential is enhanced through constitutive expression of AGAMOUS-LIKE15. Plant Physiol.
2003, 133, 653-663. [CrossRef]

Thakare, D.; Tang, W.; Hill, K.; Perry, S.E. The MADS-domain transcriptional regulator AGAMOUS-LIKE15
promotes somatic embryo development in Arabidopsis and soybean. Plant Physiol. 2008, 146, 1663-1672.
[CrossRef]

Yang, Z.; Li, C.; Wang, Y.; Zhang, C.; Wu, Z.; Zhang, X; Liu, C.; Li, F. GhAGL15s, preferentially expressed
during somatic embryogenesis, promote embryogenic callus formation in cotton (Gossypium hirsutum L.).
Mol. Genet. Genom. 2014, 289, 873-883. [CrossRef] [PubMed]

Arroyo-Herrera, A.; Gonzalez, AK.; Moo, R.C.; Quiroz-Figueroa, ER,; Loyola-Vargas, V.M,
Rodriguez-Zapata, L.C.; Burgeff D’Hondt, C.; Sudrez-Solis, V.M.; Castafio, E. Expression of WUSCHEL in
Coffea canephora causes ectopic morphogenesis and increases somatic embryogenesis. Plant Cell Tissue Organ
Cult. 2008, 94, 171-180. [CrossRef]

Elhiti, M.; Tahir, M.; Gulden, R.H.; Khamiss, K.; Stasolla, C. Modulation of embryo-forming capacity in
culture through the expression of Brassica genes involved in the regulation of the shoot apical meristem.
J. Exp. Bot. 2010, 61, 4069-4085. [CrossRef] [PubMed]

Bouchabké-Coussa, O.; Obellianne, M.; Linderme, D.; Montes, E.; Maia-Grondard, A.; Vilaine, F,;
Pannetier, C. Wuschel overexpression promotes somatic embryogenesis and induces organogenesis in
cotton (Gossypium hirsutum L.) tissues cultured in vitro. Plant Cell Rep. 2013, 32, 675-686. [CrossRef]
[PubMed]

Boutilier, K.; Offringa, R.; Sharma, VK., Kieft, H; Ouellet, T.; Zhang, L.; Hattori, J.; Liu, C.M.;
van Lammeren, A.A.; Miki, B.L.; et al. Ectopic expression of BABY BOOM triggers a conversion from
vegetative to embryonic growth. Plant Cell 2002, 14, 1737-1749. [CrossRef] [PubMed]

Srinivasan, C.; Liu, Z.; Heidmann, I.; Supena, E.D.; Fukuoka, H.; Joosen, R.; Lambalk, J.; Angenent, G.;
Scorza, R.; Custers, ].B.; et al. Heterologous expression of the BABY BOOM AP2/ERF transcription factor
enhances the regeneration capacity of tobacco (Nicotiana tabacum L.). Planta 2007, 225, 341-351. [CrossRef]
El Ouakfaoui, S.; Schnell, J.; Abdeen, A; Colville, A.; Labbé, H.; Han, S.; Baum, B.; Laberge, S.; Miki, B.
Control of somatic embryogenesis and embryo development by AP2 transcription factors. Plant Mol. Biol.
2010, 74, 313-326. [CrossRef]

29 Florez, S.L.; Erwin, R.L.; Maximova, S.N.; Guiltinan, M.J.; Curtis, W.R. Enhanced somatic embryogenesis
in Theobroma cacao using the homologous BABY BOOM transcription factor. BMC Plant Biol. 2015, 16, 121.
[CrossRef]

216



Plants 2019, 8, 38

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Morcillo, E; Gallard, A.; Pillot, M.; Jouannic, S.; Aberlenc-Bertossi, F.; Collin, M.; Verdeil, ].L.; Tregear, ].W.
EgAP2-1, an AINTEGUMENTA-like (AIL) gene expressed in meristematic and proliferating tissues of
embryos in oil palm. Planta 2007, 226, 1353-1362. [CrossRef]

Tsuwamoto, R.; Yokoi, S.; Takahata, Y. Arabidopsis EMBRYOMAKER encoding an AP2 domain transcription
factor plays a key role in developmental change from vegetative to embryonic phase. Plant Mol. Biol. 2010,
73,481-492. [CrossRef]

Mursyanti, E.; Purwantoro, A.; Moeljopawiro, S.; Semiarti, E. Induction of Somatic Embryogenesis through
Overexpression of ATRKD4 Genes in Phalaenopsis “Sogo Vivien”. Indones. ]. Biotechnol. 2015, 20, 42-53.
[CrossRef]

Lotan, T.; Ohto, M.; Yee, K.M.; West, M.A; Lo, R.; Kwong, R.W.; Yamagishi, K.; Fischer, R.L.; Goldberg, R.B.;
Harada, J.J. Arabidopsis LEAFY COTYLEDONTI is sulfficient to induce embryo development in vegetative
cells. Cell 1998, 93, 1195-1205. [CrossRef]

Zhu, S.-P.; Wang, J.; Ye, J.-L.; Zhu, A.-D.; Guo, W.-W.; Deng, X.-X. Isolation and characterization of LEAFY
COTYLEDON 1-LIKE gene related to embryogenic competence in Citrus sinensis. Plant Cell Tiss. Organ Cult.
2014, 119, 1-13. [CrossRef]

Uddenberg, D.; Abrahamsson, M.; von Arnold, S. Overexpression of PAHAP3A stimulates differentiation
of ectopic embryos from maturing somatic embryos of Norway spruce. Tree Genet. Genomes 2016, 12, 18.
[CrossRef]

Gazzarrini, S.; Tsuchiya, Y.; Lumba, S.; Okamoto, M.; McCourt, P. The transcription factor FUSCA3 controls
developmental timing in Arabidopsis through the hormones gibberellin and abscisic acid. Dev. Cell 2004, 7,
373-385. [CrossRef] [PubMed]

Stone, S.L.; Kwong, L.W.; Yee, KM.; Pelletier, J.; Lepiniec, L.; Fischer, R.L.; Goldberg, R.B.; Harada, ].]. LEAFY
COTYLEDON?2 encodes a B3 domain transcription factor that induces embryo development. Proc. Natl.
Acad. Sci. USA 2001, 98, 11806-11811. [CrossRef]

Zuo, J.; Niu, Q.W,; Frugis, G.; Chua, N.H. The WUSCHEL gene promotes vegetative-to-embryonic transition
in Arabidopsis. Plant ]. 2002, 30, 349-359. [CrossRef]

Gallois, ].L.; Woodward, C.; Reddy, G.V.; Sablowski, R. Combined SHOOT MERISTEMLESS and WUSCHEL
trigger ectopic organogenesis in Arabidopsis. Development 2002, 129, 3207-3217.

Gallois, J.L.; Nora, ER.; Mizukami, Y.; Sablowski, R. WUSCHEL induces shoot stem cell activity and
developmental plasticity in the root meristem. Genes Dev. 2004, 18, 375-380. [CrossRef]

Rashid, S.Z.; Yamaji, N.; Kyo, M. Shoot formation from root tip region: A developmental alteration by WUS
in transgenic tobacco. Plant Cell Rep. 2007, 26, 1449-1455. [CrossRef]

Rashid, S.Z.; Kyo, M. Ectopic Expression of WOX5 Dramatically Alters Root-tip Morphology in Transgenic
Tobacco. Transgenic Plant J. 2009, 3, 92-96.

Luo, K.; Zheng, X.; Chen, Y; Xiao, Y.; Zhao, D.; McAvoy, R; Pei, Y.; Li, Y. The maize Knotted1 gene is an
effective positive selectable marker gene for Agrobacterium-mediated tobacco transformation. Plant Cell Rep.
2006, 25, 403-409. [CrossRef] [PubMed]

Nishimura, A.; Tamaoki, M.; Sakamoto, T.; Matsuoka, M. Over-Expression of Tobacco knotted 1-Type Classl
Homeobox Genes Alters Various Leaf Morphology. Plant Cell Physiol. 2000, 41, 583-590. [CrossRef] [PubMed]
Daimon, Y.; Takabe, K.; Tasaka, M. The CUP-SHAPED COTYLEDON genes promote adventitious shoot
formation on calli. Plant Cell. Physiol. 2003, 44, 113-121. [CrossRef] [PubMed]

Wojcikowska, B.; Jaskota, K.; Gasiorek, P.; Meus, M.; Nowak, K.; Gaj, M.D. LEAFY COTYLEDON2 (LEC2)
promotes embryogenic induction in somatic tissues of Arabidopsis, via YUCCA-mediated auxin biosynthesis.
Planta 2013, 238, 425-440. [CrossRef] [PubMed]

Banno, H.; Ikeda, Y.; Niu, Q.W.; Chua, N.H. Overexpression of Arabidopsis ESR1 induces initiation of shoot
regeneration. Plant Cell 2001, 13, 2609-2618. [CrossRef]

Ikeda, Y.; Banno, H.; Niu, Q.W.; Howell, S.H.; Chua, N.H. The ENHANCER OF SHOOT REGENERATION
2 gene in Arabidopsis regulates CUP-SHAPED COTYLEDON 1 at the transcriptional level and controls
cotyledon development. Plant Cell Physiol. 2006, 47, 1443-1456. [CrossRef]

Ckurshumova, W.; Smirnova, T.; Marcos, D.; Zayed, Y.; Berleth, T. Irrepressible MONOPTEROS/ARF5
promotes de novo shoot formation. New Phytol. 2014, 204, 556-566. [CrossRef]

Heidmann, I; de Lange, B.; Lambalk, J.; Angenent, G.C.; Boutilier, K. Efficient sweet pepper transformation
mediated by the BABY BOOM transcription factor. Plant Cell Rep. 2011, 30, 1107-1115. [CrossRef]

217



Plants 2019, 8, 38

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lutz, K.A; Martin, C.; Khairzada, S.; Maliga, P. Steroid-inducible BABY BOOM system for development
of fertile Arabidopsis thaliana plants after prolonged tissue culture. Plant Cell Rep. 2015, 34, 1849-1856.
[CrossRef] [PubMed]

Wang, X.; Niu, Q.-W.; Teng, C.; Li, C.; Mu, J.; Chua, N.-H.; Zuo, J. Overexpression of PGA37/MYB118 and
MYB115 promotes vegetative-to-embryonic transition in Arabidopsis. Cell Res. 2009, 19, 224-235. [CrossRef]
[PubMed]

Shires, M.E.; Florez, S.L.; Lai, T.S.; Curtis, W.R. Inducible somatic embryogenesis in Theobroma cacao achieved
using the DEX-activatable transcription factor-glucocorticoid receptor fusion. Biotechnol. Lett. 2017, 39,
1747-1755. [CrossRef] [PubMed]

Kyo, M.; Maida, K.; Nishioka, Y.; Matsui, K. Coexpression of WUSCHEL related homeobox (WOX) 2 with
WOX8 or WOX9 promotes regeneration from leaf segments and free cells in Nicotiana tabacum L. Plant
Biotechnol. 2018, 35, 23-30. [CrossRef]

Deng, W.; Li, Z; Luo, K;; Yang, Y. A novel method for induction of plant regeneration via somatic
embryogenesis. Plant Sci. 2009, 177, 43-48. [CrossRef]

Mookkan, M.; Nelson-Vasilchik, K.; Hague, J.; Zhang, Z.].; Kausch, A.P. Selectable marker independent
transformation of recalcitrant maize inbred B73 and sorghum P898012 mediated by morphogenic regulators
BABY BOOM and WUSCHEL2. Plant Cell Rep. 2017, 36, 1477-1491. [CrossRef] [PubMed]

Lowe, K.; La Rota, M.; Hoerster, G.; Hastings, C.; Wang, N.; Chamberlin, M.; Wu, E.; Jones, T;
Gordon-Kamm, W. Rapid genotype “independent” Zea mays L. (maize) transformation via direct somatic
embryogenesis. In Vitro Cell Dev. Biol. Plant. 2018, 54, 240-252. [CrossRef] [PubMed]

Karlova, R.; Boeren, S.; Russinova, E.; Aker, J.; Vervoort, J.; de Vries, S. The Arabidopsis SOMATIC
EMBRYOGENESIS RECEPTOR-LIKE KINASE1 protein complex includes brassinosteroid-insensitivel.
Plant Cell 2006, 18, 626—638. [CrossRef] [PubMed]

Gou, X,; Yin, H.; He, K.; Du, J.; Yi, J.; Xu, S;; Lin, H.; Clouse, S.D. Genetic Evidence for an Indispensable Role
of Somatic Embryogenesis Receptor Kinases in Brassinosteroid Signaling. PLOS Genet. 2012, 8, €1002452.
[CrossRef]

Santiago, ].; Henzler, C.; Hothorn, M. Molecular mechanism for plant steroid receptor activation by somatic
embryogenesis co-receptor kinases. Science 2013, 341, 889-892. [CrossRef]

Hohmann, U.; Lau, K.; Hothorn, M. The structural basis of ligand perception and signal activation by
receptor kinases. Ann. Rev. Plant Biol. 2017, 68, 109-137. [CrossRef]

Laux, T.; Mayer, K.F; Berger, J.; Jurgens, G. The WUSCHEL gene is required for shoot and floral meristem
integrity in Arabidopsis. Development 1996, 122, 87-96. [PubMed]

Long, J.A.; Moan, E.I; Medford, J.I; Barton, M.K. A member of the KNOTTED class of homeodomain
proteins encoded by the STM gene of Arabidopsis. Nature 1996, 379, 66-69. [CrossRef] [PubMed]

Licausi, F.; Ohme-Takagi, M.; Perata, P. APETALA 2/Ethylene Responsive Factor (AP 2/ERF) transcription
factors: Mediators of stress responses and developmental programs. New Phytol. 2013, 199, 639-649.
[CrossRef] [PubMed]

Waki, T.; Kiki, T.; Watanabe, R. The Arabidopsis RWP-RK Protein RKD4 Triggers Gene Expression and
Pattern Formation in Early Embryogenesis. Curr. Biol. 2011, 21, 1277-1281. [CrossRef] [PubMed]

Jeong, S.; Palmer, T.M.; Lukowitz, W. The RWP-RK Factor GROUNDED Promotes Embryonic Polarity by
Facilitating YODA MAP Kinase Signaling. Curr. Biol. 2011, 21, 1268-1276. [CrossRef] [PubMed]

Santos Mendoza, M.; Dubreucq, B.; Miquel, M.; Caboche, M.; Lepiniec, L. LEAFY COTYLEDON 2 activation
is sufficient to trigger the accumulation of oil and seed specific mRNAs in Arabidopsis leaves. FEBS Lett.
2005, 579, 4666-4670. [CrossRef] [PubMed]

Weigel, D.; Alvarez, J.; Smyth, D.R.; Yanofsky, M.F.; Meyerowitz, EEM. LEAFY controls floral meristem
identity in Arabidopsis. Cell 1992, 69, 843-859. [CrossRef]

Nagle, M.; Déjardin, A.; Pilate, G.; Strauss, S.H. Opportunities for innovation in genetic transformation of
forest trees. Front. Plant Sci. 2018, 9, 1443. [CrossRef]

Miller, M.; Tagliani, L.; Wang, N.; Berka, B.; Bidney, D.; Zhao, Z.-Y. High Efficiency Transgene Segregation in
Co-Transformed Maize Plants using an Agrobacterium Tumefaciens 2 T-DNA Binary System. Transgenic Res.
2002, 11, 381-396. [CrossRef]

Kononov, M.E.; Bassuner, B.; Gelvin, S.B. Integration of T-DNA binary vector ‘backbone” sequences into the
tobacco genome: Evidence for multiple complex patterns of integration. Plant J. 1997, 11, 945-957. [CrossRef]

218



Plants 2019, 8, 38

72.

73.

74.

75.

76.

77.

78.

79.

Hanson, B.; Engler, D.; Moy, Y.; Newman, B.; Ralston, E.; Gutterson, N. A simple method to enrich an
Agrobacterium-transformed population for plants containing only T-DNA sequences. Plant ]. 1999, 19,
727-734. [CrossRef] [PubMed]

Kim, S.R; Lee, J.; Jun, S.H.; Park, S.; Kang, H.G.; Kwon, S.; An, G. Transgene structures in TDNA-inserted
rice plants. Plant Mol. Biol. 2003, 52, 761-773. [CrossRef] [PubMed]

Podevin, N.; De Buck, S.; De Wilde, C.; Depicker, A. Insights into recognition of the T-DNA border repeats as
termination sites for T-strand synthesis by Agrobacterium tumefaciens. Transgenic Res. 2006, 15, 557-571.
[CrossRef] [PubMed]

Richael, C.; Kalyeava, M.; Chretien, R.C.; Rommens, C.M. Cytokinin vectors mediate marker-free and
backbone-free plant transformation. Transgenic Res. 2008, 17, 905-917. [CrossRef] [PubMed]

Lowe, K.; Hoerster, G.; Anand, A.; Arling, M.; Wang, N.; McBride, K.; Gordon-Kamm, W. Transient expression
of morphogenic genes positioned outside the T-DNA borders results in rapid formation of somatic embryos
and fertile transgenic cereal plants. Unpublished; manuscript in preparation.

Ananiev, E.V,; Wu, C.; Chamberlin, M.A.; Svitashev, S.; Schwartz, C.; Gordon-Kamm, W.; Tingey, S. Artificial
chromosome formation in maize (Zea mays L.). Chromosoma 2009, 118, 157-177. [CrossRef] [PubMed]
Svitashev, S.; Young, ].K.; Schwartz, C.; Gao, H.; Falco, S.C.; Cigan, A.M. Targeted Mutagenesis, Precise Gene
Editing, and Site-Specific Gene Insertion in Maize Using Cas9 and Guide RNA. Plant Physiol. 2015, 169,
931-945. [CrossRef] [PubMed]

Svitashev, S.; Schwartz, C.; Lenderts, B.; Young, ].K.; Cigan, A.M. Genome editing in maize directed by
CRISPR-Cas9 ribonucleoprotein complexes. Nat. Commun. 2016, 7, 13274. [CrossRef] [PubMed]

(D © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ' article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

219



plants MBPY

Atrticle
Inheritance and Genetic Mapping of the Reduced
Height (Rht18) Gene in Wheat

Nathan P. Grant 1, Amita Mohan !, Devinder Sandhu %* and Kulvinder S. Gill 1-*

1 Department of Crop and Soil Sciences, Washington State University—Pullman, 277 Johnson Hall,

PO Box 646420, Pullman, WA 99164-6420, USA; ngrant@wsu.edu (N.P.G); amitamohan@wsu.edu (A.M.)
2 USDA-ARS Salinity Lab., 450 W. Big Springs Rd., Riverside, CA 92507, USA
*  Correspondence: devinder.sandhu@ars.usda.gov (D.S.); ksgill@wsu.edu (K.S.G.);

Tel.: +951-369-4832 (D.S.); +509-335-4666 (K.S.G.)

Received: 12 June 2018; Accepted: 11 July 2018; Published: 15 July 2018

Abstract: Short-statured plants revolutionized agriculture during the 1960s due to their ability to
resist lodging, increased their response to fertilizers, and improved partitioning of assimilates which
led to yield gains. Of more than 21 reduced-height (Rkf) genes reported in wheat, only three—Rht-B1b,
Rht-D1b, and Rht8—were extensively used in wheat breeding programs. The remaining reduced
height mutants have not been utilized in breeding programs due to the lack of characterization. In the
present study, we determined the inheritance of Rht18 and developed a genetic linkage map of the
region containing Rht18. The height distribution of the F, population was skewed towards the mutant
parent, indicating that the dwarf allele (Rht18) is semi-dominant over the tall allele (rht18). Rht18 was
mapped on chromosome 6A between markers barc146 and cfd190 with a genetic distance of 26.2 and
17.3 cM, respectively. In addition to plant height, agronomically important traits, like awns and tiller
numbers, were also studied in the bi-parental population. Although the average tiller number was
very similar in both parents, the F, population displayed a normal distribution for tiller number
with the majority of plants having phenotype similar to the parents. Transgressive segregation was
observed for plant height and tiller number in F, population. This study enabled us to select a
semi-dwarf line with superior agronomic characteristics that could be utilized in a breeding program.
The identification of SSRs associated with Rht18 may improve breeders’ effectiveness in selecting
desired semi-dwarf lines for developing new wheat cultivars.

Keywords: Rit18; reduced height; wheat; semi-dwarf; linkage map

1. Introduction

The Green Revolution, in the mid-twentieth century, brought about advancements in agriculture
that are still in practice to date. The introduction of semi-dwarf varieties that are more responsive to
changing agriculture practices like response to fertilizers was pivotal in bringing the green revolution
by increasing cereal production to meet the population demands particularly in developing countries
like China, India, Brazil, and Egypt [1]. Two genotypes, Norin10 {Rht1 (Rht-B1b) and Rht2 (Rht-D1b)}
and Akakomugi (Rht8), were first incorporated into breeding programs to introduce the semi-dwarf
genes in wheat cultivars in the United States and Italy [2,3].

The development of semi-dwarf cultivars can be attributed to a shorter yet stronger culm that
accommodates high yields and prevents lodging [4,5]. Of the 21 wheat mutants reported to be
associated with height reduction, only Rht-B1b and/or Rht-D1b, Rht8 and Rht12 have been characterized
in detail [6,7]. Rht-B1 and Rht-D1 are two homoeologous genes present on B and D genomes in
hexaploid wheat that code for DELLA proteins, which suppress gibberellin (GA)-responsive growth [8].
Normally, GA regulates binding of the GA insensitive dwarf 1 (GID1) receptor protein with DELLA
proteins and promotes their degradation. Mutant alleles, Rht-B1b and Rht-D1b, produce DELLA
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proteins that do not bind GID1 resulting in growth inhibition due to insensitivity to GA [8]. Similarly,
modulation in GA synthesis or signaling is known to be involved in reducing plant height in different
species. Studies in Arabidopsis, maize [6], rice [9,10], and barley [11], suggest that GA affects the
inter-nodal elongation and thus alters plant height.

Height reduction in present day cultivars of wheat is achieved mainly by Rht-B1b and /or Rht-D1b,
accounting for ~95% of the cultivated wheat around the world [2]. Of the other 19 height mutants
reported in wheat, only Rkt8 has been used in some European wheat cultivars. The rest have not been
utilized either because of the lack of genetic characterization or mapping information. The limited
genetic variability in semi-dwarf lines used in breeding programs is becoming a bottleneck for further
wheat improvement, due to the association of some negative effects with the Rht-B1b and Rht-D1b
genes, particularly under abiotic stresses or changing environmental conditions [12]. Currently used
semi-dwarf wheat lines are defective from the perspective of GA, which plays an important role
in the growth and development of the plant. These genotypes display a significant effect on early
seedling growth. Specifically, coleoptile length, first leaf elongation, seedling emergence, and plant
height reduction have been reported in the genotypes carrying Rht-B1b and Rht-D1b compared to
tall parents [6,13]. The GA-responsive Rht12 and Rht13 were reported to reduce plant height with
no adverse effect on the coleoptile and root trait during the seedling stage [14,15]. Rht12 delayed ear
emergence, reducing flag leaf length and grain size, while Rht13 adversely affected the 1000 kernel
weight and flag leaf length. Initially classified as GA-responsive, Rht8 was reported to be involved
in reduced sensitivity to brassinosteroids that resulted in reducing plant height [16]. The 17 other
reduced-height mutants have not been fully characterized. Rht18 was found to be GA-sensitive and
was identified as a possible reduced height mutant candidate for future breeding programs [4,17].
In durum wheat, Rht18 was previously mapped to the short arm of chromosome 6A at the same
locus as Rht14 and Rht16 [17,18]. Applications of exogenous gibberellins (GA3) restored plant height
and other agronomic traits of Rht18 dwarf lines to the wild-type levels, indicating that Rht18 dwarf
mutants are impaired in GA biosynthesis [19]. In this investigation, we have mapped Rht18 to
chromosome 6A using a cross between a pre-green revolution tall line (Indian) devoid of any know
height reducing genes and Rht18 mutant Icaro. The transfer of the Rit18 allele into bread wheat and
the selection of potential semi-dwarf lines with good agronomic characteristics can be useful for wheat
breeding programs.

2. Results and Discussion

2.1. Plant Height of F» and Fj.3 Progenies

The plant height of the F, population was recorded under controlled environmental conditions in
a greenhouse along with parental lines Indian and Icaro. The height of the tall parent Indian and dwarf
mutant parent Icaro averaged 86 4= 2.82 cm (Mean £ S.E.) and 44 + 1.02 cm (Mean = S.E.), respectively
(Figure 1). Of the 94 F, plants, approximately 55 were within 10 cm of the Icaro height range. Only four
of the plants in the F, population had a phenotype similar to Indian (86 + 10 cm). Three of the
originally-sown plants did not grow to maturity. This is expected as sterility is often associated with
the incompatibility among the tetraploid and hexaploid crosses [20,21]. The F, population had a height
distribution skewed towards the parent Icaro (Figure 1). The skewed distribution towards reduced
height parents was also reported in the Rht3 F, mapping population [22]. This distribution suggests
that the mutant phenotype is dominant, as only a few plants had the tall phenotype. Interestingly, a few
F, plants were taller than the tall parent and many were shorter than the dwarf parent. The height
distribution pattern suggests that additional modifier genes might be involved in regulating plant
height. Plant height is known to be a complex trait regulated by interaction and interplay among
major and minor genes [23]. The transgressive segregation observed for plant height might be due
to epistatic gene actions [23]. Transgressive segregation was reported earlier in wheat for several
agronomic traits, including plant height [24], grain yield and its components [25], heading date, and
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vernalization requirement [26]. In a previous study involving Rht8, transgressive segregants were
observed for longer peduncles and grains per spike with no significant change in spike length, spikelet
number, or number of fertile tillers [27]. Additionally, no significant effect was observed on roots,
while a slight decrease in coleoptile length occurred. Partitioning of dry matter to ears was increased
at anthesis, however, dry weight of stems and above-ground biomass, including ears, decreased [27].

35
*..

Number of Plants

21-30 3140 41-50 5160 61-70 71-80 81-90 91-100
Plant Height (cm)

Figure 1. Height distribution in the F, population. Plant height was grouped into 10 cm series. The star
represents plant height of tall or dwarf mutant parent. The average plant height of Indian is recorded
86 cm (from eight plants) and Icaro as 44 cm (from six plants).

Forty seeds from each individual F, plant representing the F,.3 progenies were sown in the field
the following summer to evaluate the genotypes of the F, plants, as it was difficult to classify plants
into distinct categories in F,. The F,;3 population showed segregation for plant height (Figure 2),
with 14 progenies classified as homozygous short, one as homozygous tall, and 54 were classified
as heterozygous. Highly significant effects were found for the plant height (Table 1). For the Fy;3
population the height was found to be on average taller than the Fy, possibly due to the photoperiod
effect in the field. As seen in the F, generation, we observed some very dwarf and some very tall plants
in Fy.3 progenies (Figure 2), indicating the role of additional modifier genes in transgressive segregation.

Table 1. Analysis of variance (ANOVA) of plant height for the F,.3 population.

Source DF SS MS F Value Pr>F
Model 76 155,138.4 2041.29 14.49 <0.0001
Error 648 9131.879 140.91
Corrected total 724 246,452.3
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Figure 2. Plant height distribution among F,.3 families. (A) Indian and Icaro; and (B-H) different
F,.3 families.

2.2. Spike Morphology

Along with the plant height, the F, population also segregated for awn-less/short or long, black
awns. Among the parents, Indian spikes were awn-less and Icaro spikes bear long black awns (Figure 3).
Among the F, plants, 55 plants had awns and 36 plants were awn-less. We have also observed a
difference in spike morphology among the F, and F,.3 plants (Figure 3). The Indian spike is long and
had loose spikelets, while the Icaro head is small with compact spikelets (Figure 3). We have observed
plants with Indian-type heads with awns and Icaro-type heads without awns (Figure 3).

Figure 3. Spike morphology of parents and F,.3 families in the mapping population. (A) Indian;
(B) Icaro; and (C-H) different F,.3 progenies.
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2.3. Tiller Number

The F, population displayed a range for the number of tillers per plant ranging from three tillers
per plant to 28 tillers per plant (Figure 4). Fifty-five percent of plants have tiller numbers ranging
from 9 to 15 per plant, resembling the average for both Indian and Icaro, which were approximately
11 and 12 tillers per plant, respectively. The highest tillering plants were usually dwarf and sterile or
contained only a few seeds in a spike. This might be due to incompatibility between the two genotypes.
The higher or lower number of tillers compared to the average of both the parents might be due to
multigenic nature of the trait. Extreme dwarf plants were sterile and did not set seeds. Further, of the
91 F; lines used for Fy.3 field evaluation, only 75 plants produced seed. This is expected for a hexaploid
and tetraploid cross due to pollen viability issues restricting the seed set [28]. Among the plants that
set seeds, some had good seed sets while others only contributed a few per plant.

60

Number of Plants
(] () -9 Lh
o o = (==

=

3.8 9-15 16-21 22.28
Tiller Number

Figure 4. Tiller number distribution in the F, population. The average number of tillers for parents
Indian and Icaro were 11 and 12, respectively.

The variation observed in spike morphology was not associated with the height phenotype each
plant displayed (data not shown). The seed weight did not correlate with plant height. Tiller number
in F, plants did not associate with the seed weight or number of seeds harvested at maturity (data
not shown). The 100 seed weight for Indian and Icaro were 3.43 g and 3.69 g, respectively. Among
the Fp3 families, the short families had an average 100 seed weight of 2.8 g while the tall families had
3.1 g. The height mutation in wheat is reported to have affected the seed weight compared to the tall
counterpart. Of the studied reduced height mutants, Rht12 reduces the grain weight more compared
to Rht-B1b, Rht-Blc, and Rht8 [29]. The reduction in grain weight might be due to the adverse effect of
Rht18 on grain size [27,30]. In fields conditions, the tiller number per plant was difficult to measure,
hence, was not recorded for the Fy.3 plants. The Fp3 families were also evaluated in the field for their
agronomic characteristics to identify the agronomically important plant to be utilized in hexaploid
wheat breeding. We have selected one line (line 29) based on plant height, stem strength, and spike
morphology. More detailed agronomic and molecular analysis will be performed on the selected line
to determine its suitability for utilization in a breeding program.

2.4. Genetic Mapping of Rht18

In order to map the gene on a wheat chromosome, over 700 SSR markers [31] were used to screen
parents Indian and Icaro. Of these, 154 markers showed polymorphism between the parents and
were used to genotype the population. The Rht18 gene was mapped to the short arm of chromosome
6A and was flanked by barc146 and cfd190 (Figure 5). The SSR marker c¢fd190 was placed at a
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distance of 17.3 cM away from Rht18. Previously, barc003, a marker from the short arm of the
chromosome 64, was mapped 25.1 cM away from Rht18 in durum wheat [17,32]. Earlier, Rht18 was
mapped on chromosome 6A between barc118 and IWA4371 using recombinant inbred lines (RILs) in
durum wheat [18]. The mapping location of Rht18 in our study is consistent with the previous map
position [17,18]. Recently, several independent single nucleotide variants in the GA20xA9 gene located
on chromosome 6A were associated with the Rht18 mutant phenotype [33]. GS20xA9 is predicted to
encode GA 2-oxidase, which reduces the amount of bioactive GA (GA1).

- barc146
26.2

-~ Rht18
17.3 7

— cfd180
30.3

- gwm132

Figure 5. Genetic linkage map showing the position of Rit18 on chromosome 6A. Genetic distances are
shown in centiMorgans (cM).

Reduced-height genes in wheat have been imperative to the agronomic success of the crop.
The resulting yield increases have been credited to the improved structure of the plant that responded
better to the agronomic practices in use today. The semi-dwarf phenotype increases resistance to
lodging along with increasing the number of grains per plants. Incorporating additional reduced-height
genes into breeding programs could help contribute to the diversification of the genotype. Considering
climate change and the demand for food security, incorporating additional dwarfing genes into the
germplasm and evaluating their agronomic worth might help to address the wheat productivity under
a changing climate. As the photoperiod and the background of a genotype affect height, a marker close
to the gene may assist in easy and precise selection of the locus. Thus, identification of SSR markers
closer to the Rht18 locus may assist breeders in early identification of dwarfing lines for breeding
populations. Further, conducting the genomic and agronomic characterization of this mutant gene
may become instrumental in developing a better dwarfing system in wheat. Additionally, we have
identified a semi-dwarf line from F,.3 families with superior agronomic characters that might have
potential to be used in wheat breeding to incorporate the gene into the hexaploid background of Pacific
Northwest region.

3. Materials and Methods

3.1. Plant Materials

The dwarf parent, Icaro (tetraploid; 4 x) (Rht18; PI 503555), was originally derived in 1987 in Italy
from fast-neutron treatment of cv. Anhinga (PI428455). The tall line Indian (hexaploid; 6x) (CI 4489),
was developed at the University of Idaho, Idaho before 1915. As the tall parent is released before the
introduction of reduced height genes, we presumed that cv. Indian would be devoid of the Rht18 allele
in the background. Both the germplasms were procured from GRIN [34].
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3.2. F1 and Plant Growing Conditions

The F; produced by crossing Indian as the female parent and Icaro as the male parent was
self-pollinated, and 120 F, seeds were collected. The F, mapping population was grown at the plant
growth facility, Washington State University, under controlled conditions of 16 h days (22 °C) and
8 h (18 °C) nights. For ease of genotyping, 94 randomly-selected F, plants were selected for further
analysis. Forty seeds of each F, plant were grown in three-foot rows at the Spillman Agronomy Farm,
Pullman, WA for phenotypic screening. Four rows were planted in each plot with a row-to-row and
plot-to-plot spacing of one foot. Each row represented progeny of a single F, plant. The seeds were
planted mechanically using four planter drills and the plants were grown until maturity using the
standard regional agricultural practices with no irrigation.

3.3. Phenotypic Screening

The phenotypic data for height, awns, tiller number, and seed weight was collected for the F,
and F,;3 populations. The plant height was recorded at maturity to the nearest cm excluding the
awns. The population was characterized into tall, intermediate, and dwarf based on the plant height at
maturity. Tiller numbers were counted manually per plant and seed weight was measured for each
individual plant.

3.4. DNA Isolation and Genotyping

Young leaf tissue of F, plants was collected in 96-well DNA extraction plates. Four, 2-cm long
leaf segments were clipped and lyophilize for three days. The lyophilized tissue was used for DNA
isolation using a modified SDS extraction method [35]. The DNA was diluted to a final concentration
of 25 ng/pL. Primer sequence information for simple sequence repeat (SSR) markers were obtained
from GrainGenes website [36].

Over 700 SSR markers were first screened for polymorphism between the parental genotypes.
The PCR was performed in 12 pL reaction volume containing 1x NEB reaction buffer, 200 uM of
dNTPs, 2.5 mM MgCly, 0.05 uM forward primer, 0.25 uM reverse primer, 0.2 uM M13 forward-labeled
primer, and 1U homemade Taq polymerase. For multiplexing, the M13 sequence was fluorescently
labeled separately with FAM, HEX, NED, and PET dyes. The amplification of SSR loci was performed
using the protocol consisted of 94 °C/4 min for initial denaturation, followed by 37 cycles (94 °C/30s,
60 °C/45 s, 72 °C/60 s), with final extension at 72 °C/10 min. The amplification products were
separated using ABI DNA analyzer 3100 (Applied Biosystems Inc., Carlsbad, CA, USA). Alleles were
sized relative to internal size standard (cassual445 labeled with Dy630) using GeneMarker software
(Softgenetics, State College, PA, USA). MapMaker 2.0 was used to construct the genetic linkage map
using the Kosambi mapping function [37,38].
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Abstract: The post-zygotic reproductive isolation (RI) in plants is frequently based on the negative
interaction of the parental genes involved in plant development. Of special interest is the study of
such types of interactions in crop plants, because of the importance of distant hybridization in plant
breeding. This study is devoted to map rye genes that are incompatible with wheat, determining the
development of the shoot apical meristem in wheat-rye hybrids. Linkage analysis of microsatellite
loci, as well as genes of embryo lethality (Eml-R1) and hybrid dwarfness (Hdw-R1) was carried
out in hybrids of Chinese Spring wheat with recombinant inbred lines as well as interline rye
hybrids. Eml-R1 and Hdw-R1 could be mapped proximal and distal of two closely linked EST-SSR
markers, Xgrm902 and Xgrm959, on rye chromosome 6R. Both rye genes are located on a segment
of chromosome 6R that contains a breakpoint of evolutionary translocation between the ancestral
chromosomes of homeologous groups 6 and 3. The obtained results are discussed in relation to genes
interacting in developmental pathways as a class of causal genes of RI.

Keywords: wheat-rye hybrids; genes of reproductive isolation; stem apical meristem;
molecular marker

1. Introduction

Post-zygotic incompatibility in plants is often expressed in an autoimmune reaction (tissue
necrosis) and disturbances of plant development, leading to a decrease in the viability or death
of hybrids. Immunity and ontogenesis are controlled by many interacting genes. The interaction
of genes is the basis of the canonical scheme (Bateson-Dobzhansky—Muller model), explaining the
emergence and functioning of post-zygotic incompatibility. In cultivated and wild plants, a large
number of genes controlling hybrid incompatibility in accordance with the classic two-locus scheme
have been described [1]. The complementary interaction of incompatible alleles is established in
interspecific and intraspecific hybrids. Phenotypes associated with hybrid necrosis resemble those
elicited in response to various abiotic and biotic stresses [2]. However, while substantial progress has
been achieved to uncover the molecular mechanisms by which disease resistance is achieved [2], the
molecular mechanisms of hybrid incompatibility connected with the disturbances of development
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have not been studied in detail. The interaction of incompatible alleles of wheat (Eml-Al) and rye
(EmI-R1) genes lead to ungerminating hybrid seeds. Mature seeds have normal endosperm, but hybrid
embryos may be lacking, or are varying in size from small to normal, and are comprising of dead
tissues, undifferentiated in the region of shoot apical meristem (SAM) [3]. Another rye mutation
(Hdw-R1Db) affects the shoot apical meristem in wheat-rye hybrids at the transition from vegetative to
reproductive phases of development [4]. As a result, a phenotype develops similar to grass-clump
dwarfs found in some intraspecific hybrids of bread wheat [5], and in hybrids of its progenitor
species [6,7]. These wheat-rye hybrids stop development at the tillering stage, having three to five
short tillers, and die within two months. Scanning electron microscopy showed that the apices of
dwarf plants to that time do not reach the double-ridge stage, which is reminiscent of apices of young
seedlings. The elucidation of the molecular control of developmental disorders in wheat-rye hybrids
complements similar studies in related cereals, and should help unravel their causal function in the
evolution of isolation mechanisms. The recently published draft genome sequence of rye [8] together
with the high-quality reference genome sequence of barley [9] provide invaluable genomic resources
to precisely characterize Eml-R1 and Hdw-R1 by their position in the rye genome. Here, we report on
the identification of expressed sequence tag (EST) derived microsatellite markers, which are linked
to both genes. Comparative mapping allowed to integrate the target interval in the barley genome
sequence as a prerequisite for fine mapping and subsequent positional cloning.

2. Results

2.1. The Linkage of Mutant Genes with Molecular Markers

The locus of hybrid embryo lethality, Eml-R1, has been localized previously on chromosome
6R [10,11] based on the linkage to the co-segregating markers Xgwm1103/Xgwm732. In the present
study, we have mapped Eml-R1 distal of Xgwm1103/Xgwm732, and closely linked to Xgrm959 and
Xgrm902 in hybrids of Chinese Spring (CS) wheat, and a set of rye recombinant inbred lines (RILs)
originating from the cross between L2 x L7 (Figure 1). We were able to integrate three additional
microsatellite markers—Xgrm173, Xgrm130, and Xgwm751—in this linkage group on chromosome 6R.
The loci Xgrm173 and Xgrm959-Xgrm902 carry different alleles in lines L6 and V1. This enabled
testing the linkage of Hdw-R1 with these markers in a CS x F1 (L6 x V1) cross. The markers
revealed linkage to Hdw-R1. This gene, compared with Eml-R1, is located distal of the linked markers
Xgrm959-Xgrm902 (Figure 1b). Thus, both genes of hybrid incompatibility may be inherited together.
Their joint segregation was validated in three hybrid populations.
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Figure 1. Genetic maps of Eml-R1 and Hdw-R1 on rye chromosome 6RL and their relationships with the
homeologous barley chromosomes. Linkage maps were established for different wheat-rye hybrids:
(a) CS x recombinant inbred lines (L2 x L7), n =74; (b) CS x F1 (L6 x V1), n =230; and (c,d) CS x F1
(V1 x L2), n = 230. Recombination frequency is shown in %.

2.2. Comparative Mapping

Each of the four EST-derived SSR markers Xgrm173, Xgrm959, Xgrm902, and Xgrm130 could be
integrated in the draft of the rye genome sequence (Table 1). The length of the corresponding Lo7
contigs varies between 362-11,532 bp; two of these contigs have been mapped on chromosome 6R.
Sequence similarity searches in the barley genome sequence revealed that the orthologs of Xgrm173
and Xgrm959, both flanking Eml-R1, are residing on chromosome 6H, while the Hdw-R1 flanking
markers Xgrm902 and Xgrm130 correspond to segments on chromosome 3H (Table 1, Figure 1).

Table 1. Integration of the 6R markers derived from rye EST sequences in the rye and barley
genome sequences.

Rye Barley
Marker ? BLASTN Query *
Subject Expect Chr® pos  Subject s_start s_end Expect
GRMO0173  Sce_Assembly02_c6346  Lo7_v2_contig 257767 1 x 10100 OR chr6H 570137757 570137532 6 x 107
GRMO0959  Sce_Assembly02_c87163 Lo7_v2_contig_4801 3 x 10714 6R 1087 chr6H 579212782 579213063 9 x 10~%
GRMO0902 ~ Sce_Assembly02_c81266 ~ Lo7_v2_contig 1427427 1 x 107104 OR chr3H 19821332 19821201 2% 10712

GRMO130  Sce_Assembly02_c4514  Lo7_v2_contig_126444 5 x 10717 6R 1246 chr3H 674285409 674285721 5 x 10712

2 According to Martis et al., 2013; b according to Bauer et al., 2017.
2.3. Joint Segregation Analysis of Hybrid Dwarfness and Embryo Lethality

For segregation analysis, the germinating seeds of three populations with dihybrid segregations
CS x F1 (V1 x L2), CS x F1 (L2 x V1), and CS x F1 (L2 x V10) were divided into five phenotypic
classes (Table 1).

The ratio of seeds with normal embryos to seeds with abnormal embryos (with undifferentiated
embryos and without embryos) corresponds to the expected monohybrid segregation in all of the
studied hybrids. The segregation for the gene of hybrid dwarfness [4] can be observed only in plants
grown from the seeds with normal alive embryos. In theory, the ratio of dwarf to normal plants depends
on the linkage of genes Eml-R1 and Hdw-R1. If these genes are not linked (segregate independently),
we will observe monohybrid gametic segregation 1 (Hdw-R1a):1 (Hdw-R1b). In reality, we observed a
case that was attributed to the tight linkage of the studied genes, which follows from their map position
(Figure 1a,b). A large fraction of dwarf plants and a significantly smaller fraction of normal plants
were found in the progeny of each cross (Table 2). Gametes, producing the normal wheat-rye hybrids,
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appear as a result of crossing over between these linked genes in the meiosis of the rye parent. With
this assumption, we calculated a recombination frequency between the rye genes Eml-R1 and Hdw-R1
as a frequency of normal hybrid plants (rye recombinant gametes) among all of the hybrid plants
(the all rye gametes). This frequency is equal to 6.5 + 1.7% (Figure 1d), 3.2 & 1.6%, and 9.0 & 2.6%
in the studied dihybrid cross combinations CS x F1 (V1 x L2), CS x F1 (L2 x V1), and CS x F1
(L2 x V10), respectively. As a mean value, one may consider 6.3 + 1.1%, which was calculated for
the pooled sample. A recombination rate between genes Xgwm173 and Hdw-R1 calculated in hybrids
with monohybrid and dihybrid segregations do not differ to a large extent, and are equal to 17.9% and
12.2%, correspondingly. It is important to note that the frequency of seeds with normal differentiated
embryos, but that are not capable of germination, varied significantly between these hybrids: 6.6%,
15.5%, and 69.5%. The appearance of this phenotypic class in segregation and its variable frequency
are attributable to environmental variation. The fertilization and embryo development under distant
hybridization are very sensitive to variability in temperature, humidity, and mineral supply. For this
reason, the development of embryos carrying the normal Emi-R1a allele may be disturbed before seed
maturity, and such embryos die. The mutant Eml-R1b allele expresses far earlier, and its expression
leads to the development of morphologically distinct embryos that also die before maturity.

Table 2. Segregation for hybrid dwarfness (Hdw-R1) and embryo lethality (Eml-R1) in crosses of
Chinese Spring wheat with F1 interline rye hybrids.

Seeds with Normal Embryo Seeds with Abnormal Embryo
(Eml-R1a) (Eml-R1b) 21 Eml-Ria: 1
. P X ml-Rla:
Hybrid Combination Alive Dead  Undifferentiated —yoooop o Emi-Rib
Dwarf Normal Embryo
CS x F1(V1 x L2) 215 15 34 (6.6) * 244 10 1.19
CS x F1(L2 x V1) 121 4 51(15.5) * 145 7 1.76
CS x F1(L2 x V10) 111 11 228 (65.9) * 321 37 0.09

* Percentage is shown in brackets.

3. Discussion

In an initial attempt, we have mapped Eml-R1 on chromosome 6RL based on linkage to the
genomic wheat microsatellite markers Xgwm1103/Xgwm732 [10,11]. In the present study, we describe
for the first time that Eml-R1 is linked to another gene controlling post-zygotic reproductive isolation
between wheat and rye, Hdw-R1. Furthermore, the integration of EST-derived rye SSR marker enabled
comparative mapping, and revealed that both genes are located on an interstitial region on chromosome
6RL, covering a previously reported 3L/6L translocation breakpoint [12,13]. While Emi-R1 is residing
on a segment that is homeologous with barley chromosome 6H, Hdw-R1 maps distally from Eml-R1 on
a 6RL segment that is homeologous with the long arm of 3H. The 3L/6L translocation breakpoint is
located within a 0.8-cM interval defined by Xgrm959 and Xgrm902, respectively. The localization of
both genes on different ancestral segments shaping the modern chromosome 6R is further supported
by the genomic wheat microsatellite loci Xgwm751, Xgwm1103, and Xgwm732. The co-segregating
microsatellite markers Xgwm1103/Xgwm732 in wheat are located on chromosomes 6A [14] and 6D [15].
In contrast, marker Xgwm751 was mapped in wheat close to the centromere on chromosome arm 3AL,
and on the long arm of chromosome 3B [16]. The progress achieved in the present study concerning
the localization of Eml-R1 and Hdw-R1 with respect to the position of translocation breakpoints is
important in terms of understanding the mechanisms of reproductive isolation and the evolution of
the rye karyotype. In Saccharomyces cerevisiae, chromosomal rearrangements have been identified as a
major mechanism to reproductively isolate different strains [17]. In plants, knowledge of chromosomal
rearrangements is still scarce, and their importance for speciation is controversial discussed [18].
Recently, 4L /5L translocation breakpoints have been comprehensively described at the molecular level
as two hotspots of chromosomal rearrangements that have been reused during Triticeae evolution [19].
Eml-R1 and Hdw-R1 reside at the 3L/6L translocation in rye, and highlight that the fitness of wheat/rye
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hybrids can be genetically affected via embryogenesis or the vegetative development, respectively. As a
consequence, both genes might have contributed to the speciation of rye, which diverged from Triticum
aestivum approximately three to four million years ago [20]. The molecular genetic control of hybrid
inviability in plants is yet not well understood [21]. The natural genetic diversity of rye inbred lines in
the Eml-R1 as well as Hdw-R1 genes and a sophisticated phenotyping system based on test-crosses with
wheat enables a forward genetics approach to isolate genes involved in the reproductive isolation of
Triticeae species. With the recent availability of a draft genome sequence of rye [8] and a high-quality
reference genome sequence of barley [9], the positional cloning of both genes has now become a
feasible task in the large and complex rye genome.

There are numerous examples of hybrid incompatibility manifesting itself as an arrest of plant
development at different stages [1]. They include embryo and seedling lethality, failure to transition
from vegetative to reproductive stages of development, or forming reproductive organs. Some of
the described examples closely resemble the expression of known mutant genes controlling plant
development through SAM maintenance and function. The death of hybrid plants at different stages
of development was frequently connected with the necrosis of tissues, suggesting an autoimmune
reaction. Thus, it is not easy to find the true cause of hybrid incompatibility. One key to solve
the problem is an approach based on the identification of candidate genes. That approach allows
the unraveling of complex hierarchical relationships of genes performing different functions, using
the knowledge of the functions of the interacting candidate genes. Thus, the identification of the
corresponding genes is critical for understanding the molecular mechanisms of complementary
negative interactions in hybrids. Transcriptional analysis of the incompatibility of hybrids of tetraploid
wheat and wild diploid relatives illustrates well the need for identification of the causal genes of
incompatibility [6,7,22,23]. The authors describe the changes in the transcription activity of the
hundreds of genes at shoot apices in hybrids between tetraploid wheat (Triticum turgidum ssp. durum,
AABB genome) variety Langdon, and two wheat diploid relatives, Aegilops tauschii (DD genome) and
Aegilops umbellata (UU genome). F1 hybrids of wheat with some accessions of both wild relatives show
one of two developmental abnormalities: severe growth abortion (SGA), which may be considered
as seedling lethality, and grass-clump dwarfness/hybrid necrosis. Both have some features closely
resembling the morphological expression of the wheat-rye dwarfness. Lethal at a three-leaf stage
and temperature independent SGA connected with the down-regulation of numerous transcription
factors, including the KNOTTED1-like homeobox gene, maintaining SAM, and the cell cycle-related
genes functioning in SAM and leaf primordia. The temperature-dependent grass-clump dwarfness
is explained by the down-regulation of the APETALA-like MADS box genes, known as flowering
promoters, and by increased miR156 transcription, leading to a reduced level of target mRNA of
SPL genes (Squamosa promoter binding protein-box transcription factors), some of which promote
tillering. It is very interesting that the grass-clump dwarf phenotype is characteristic of hybrids,
growing under normal temperature conditions. The same hybrids at low temperature express a typical
autoimmune response connecting with the repression of cell division. Transcription factors, such as
small RNA, are capable of physically interacting with target DNA and RNA, correspondingly, and
their genes can be considered as the most likely for the role of candidate genes. It is worth noting
that the cited authors revealed the presence of compatible and non-compatible genotypes in all of the
parents, but carried out the segregation analysis and mapped only one of the genes (Net2) in Aegilops
tauschii. We found only incompatible alleles in Chinese Spring bread wheat and both types of alleles
in the rye inbred lines. The wheat gene Eml-A1, which is complementary to rye incompatible allele
Eml-R1b in the expression of hybrid embryo lethality, was mapped on the distal part of the long arm
of chromosome 6A with the aid of the deletion lines of CS [24]. One would expect that Eml genes
may have orthologs on the chromosomes of homeologous group 6 in different species of the tribe
Triticeae, including one with sequenced genomes. The comprehensive study of our, and the cited,
examples of genome incompatibility would resolve the subject under discussion. Namely, would the
genes of developmental pathways be considered as a separate class of plant genes that is capable of
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serving as causal genes for reproductive isolation? The progress in this direction is closely connected
with genome sequencing in species of tribe Triticeae. Rye now does not limit the comparative studies,
owing to new genomic resources [8].

4. Materials and Methods

4.1. Plant Material

For segregation analysis, the wheat-rye hybrid seeds were produced in two types of crosses.
The female parent in both cases was bread wheat of the Chinese Spring variety, as the male parents
were interline rye F1 hybrids, or the set of 74 L2 x L7 RILs were used. It was shown previously that rye
lines L6 and L7 carry normal (compatible) alleles in both studied genes (Eml-R1a and Hdw-R1a). Line L2
carries the incompatible allele Eml-R1b, which leads to embryo lethality in hybrids with Chinese Spring
wheat. Lines V1 and V10 carry the incompatible allele of hybrid dwarfness Hdw-R1b. To produce
wheat-rye hybrid seeds, wheat spikes were emasculated 1-2 days before anthesis, and pollinated 2-4
days later with freshly collected rye pollen. Wheat plants were pollinated by pollen collected from
individual plants of corresponding F1 hybrids, or each of 74 RIL plants.

4.2. Phenotyping and Genotyping

Mature wheat-rye caryopses were soaked in water, and 3—4 days later, the embryos were classified
as normal (completely differentiated) or abnormal (undifferentiated or without embryos). To study
the segregation for dwarfness, the seeds with normal alive embryos were sown in the soil, and
one month old plants were differentiated as either dwarf or normal. DNA was isolated from the
leaves of grown plants using the CTAB method [25]. For each hybrid combination, the polymorphic
microsatellite markers were selected on the basis of preliminary screening, and data for the linkage of
Eml-R1 with two co-segregating markers Xgwm1103/Xgwm732 on chromosome 6R [8,9]. In all, three
wheat microsatellites (Xgwm1103/Xgwm732, and Xgwm751) and four rye ones (Xgrm173, Xgrm959,
Xgrm902, and Xgrm130) were used for mapping. Segregation for each marker corresponded to the
expected gametic ratio of 1:1 (p > 0.05) in hybrids of wheat with RILs and with rye F1 L6 x V1. The
segregation for the markers Xgrm173 and Xgrm130, which were studied in hybrids CS x (V1 x L2),
differed to a large extent from the monohybrid ratio. In this hybrid, markers may be studied only in
segregating dwarf plants and rare recombinant plants with normal phenotypes. Information for the
used wheat microsatellite (GWM) belongs to the Institute of Plant Genetics and Crop Plant Research
(Gatersleben, Germany). A set of EST-derived rye microsatellites (GRM) were used according to Martis
et al. [12]. Electrophoresis was performed in 6% denaturing polyacrylamide gel on an automatic laser
fluorescent sequencer ALFexpress II (Amersham-Pharmacia-Biotech, Amersham, UK). The sizes of the
fragments were calculated using the program Fragment Analyser 1.02 (Amersham-Pharmacia-Biotech)
by comparison with internal standards of known size.

4.3. Linkage Map Construction and Comparative Mapping

Segregation for the studied genes and markers were tested by x?. Linkage groups for different
hybrids were built by MultiPoint3.3 (MultiQTL Ltd., Institute of Evolution, Haifa, Israel, http://
www.multigtl.com). A recombination frequency in percent was used as a measure of the genetic
distance. For comparison purposes, RF per single meiosis was calculated for RILs. To identify the
orthologous Eml-R1 and Hdw-R1 segments in the genomes of barley and rye, rye EST assemblies
representing the GRM markers [12] were compared against masked barley pseudomolecules [9] as
well as rye whole genome shotgun contigs v2 [8] using BLASTN and the IPK barley and rye blast
server (http://webblast.ipk-gatersleben.de/).
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