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Abstract

This bachelor's thesis addresses polyploidy induced by whole genome duplication and
its consequences to the evolution of Medicago sativa species complex, i.e. wild relatives of an
important forage crop alfalfa. This complex encompasses several interfertile taxa naturally
occurring as diploid (2n = 16) or tetraploid (2n = 32) cytotype. Several recently conducted
studies attempted to explain origin and evolution of this complex and relationships among its
members using modern molecular methods, however, the results are still fragmentary and
inconclusive. Two most widespread members of the complex: purple flowering Medicago
sativa and yellow flowering Medicago falcata are genetically differentiated both at diploid
and tetraploid level, what is supporting their recognition as distinct taxa. Furthermore, it has
been shown that tetraploid M. sativa subsp. sativa is an autopolyploid that originated from
diploid M. sativa subsp. caerulea by intraspecific whole genome duplication. On the other
hand, the origin of tetraploid M. falcata seems to be more complex, presumably involving
autopolyploidization followed by past introgression from Medicago prostrata. Most of the
studies concerning this topic were performed on accessions, which are sometimes of uncertain
ploidy and origin, obtained from germplasm databases. This fact leaves our knowledge on the

origin and mechanisms of diversification of the Medicago sativa complex only fragmentary.
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Abstrakt

Tato bakalafskd prace se vénuje tématu polyploidie zpisobené celogenomovou duplikaci a
jejimi dusledky v evoluci komplexu Medicago sativa agg., tzn. divokych ptibuznych
vyznamné péstované picniny vojtésky. Tento komplex zahrnuje nékolik volné kfizitelnych
taxonti prirozené se vyskytujicich v diploidnim (2n = 16) nebo tetraploidnim (2n = 32)
cytotypu. Nékolik neddvno provedenych studii se pokusilo vysvétlit piivod a evoluci tohoto
komplexu a vztahy mezi jeho €leny, ale vysledky jsou stale zlomkovité a nepriikkazné. Dva
nejrozsirenéj$i Clenové komplexu: fialové kvetouci Medicago sativa a zluté kvetouci
Medicago falcata jsou jak na diploidnim tak na tetraploidnim levelu geneticky diferencované,
coz podporuje jejich uznani jako odlisné taxony. Dale bylo prokazéno, ze tetraploidni M.
sativa subsp. sativa je autopolyploid, ktery vznikl z diploidni M. sativa subsp. caerulea
jednodruhovou celogenomovou duplikaci. Na druhou stranu piivod tetraploidni M. falcata se
zda byt komplexnéjsi, pravdépodobné zahrnujici autopolyploidizaci néasledovanou davnou
introgresi z Medicago prostrata. VéEtSina studii vénujici se tomuto tématu byla provedena na
vzorcich obcas nejasné ploidie a pivodu ze semenné databaze. Tento fakt zanechava nase
védomosti o pivodu a mechanismech diverzifikace komplexu Medicago sativa agg. pouze

zlomkovité.
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1 INTRODUCTION

Polyploidy induced by whole genome duplication is considered one of the most
important evolutionary forces driving plant evolution and speciation (Wood et al., 2009).
Whole genome duplication typically leads to immediate strong reproductive isolation of
polyploids from their ancestors and subsequently can lead to formation of new polyploid
species independent on their diploid progenitor (Sémon and Wolfe, 2007). Many studies
explaining evolutionary history of polyploid plant species and complexes have been
performed in last few decades, significantly deepening our understanding of evolutionary
consequences of this widespread and globally important mutation called whole genome
duplication. One example of polyploid species complex encompassing several diploid and
autotetraploid species interlinked by hybridisation is Medicago sativa complex.

Medicago sativa complex encompasses important cultivated forage crop alfalfa and
several wild growing taxa, which are perennial outcrossing herbs naturally occurring as
diploid (2n=16) or tetraploid (2n=32) cytotype (Lesins and Lesins, 1979). They are able to
freely hybridize when they are on the same ploidy level, however, crosses between diploid
and tetraploid members are in most cases unsuccessful (Lesins, 1952). Cytology and genetics
of alfalfa has been intensively studied and germplasm database including many accessions
from various parts of the world is available. Moreover, relatively closely related annual herb
Medicago truncatula serves as a model organism for legume biology and genetics (Cook,
1999). Also annotated genome sequences of Medicago sativa (Chen et al., 2020; Li et al.,
2020; Shen et al., 2020; Shi et al., 2024) and Medicago truncatula (Krishnakumar et al., 2015)
are available.

Thanks to these benefits, the Medicago sativa species complex represents a suitable
model for evolutionary study of polyploidy. Indeed, several studies exploring mechanisms
underlying evolution of Medicago sativa complex have been conducted. Molecular methods
such as fluorescence in situ hybridization (FISH) (Yu et al.,, 2017), chloroplast and
mitochondrial DNA sequencing (Havananda et al., 2011, 2010) or evaluation of single
sequence repeat (SSR) markers (ilhan et al., 2016; Sakiroglu et al., 2010) and single
nucleotide polymorphisms (SNP) (Sakiroglu and Brummer, 2017) helped to explore genetic
diversity of wild populations, explaining the origin of tetraploid members or clarifying the

relationships among diploid and tetraploid taxa.



Despite the relatively high number of recently conducted studies, many questions
concerning evolution of Medicago sativa complex remain unanswered. The aim of this
bachelor’s thesis is to synthesize current findings about evolutionary history of Medicago

sativa complex and to propose directions of further study concerning this topic.

2 POLYPLOIDY IN PLANT EVOLUTION

Polyploid organisms (= organisms that possess more than two chromosome sets) can
naturally arise by rare macromutation called whole genome duplication (WGD) (Wolfe,
2015). We can divide polyploids according to different way of their formation into
autopolyploids and allopolyploids. Autopolyploids emerge from within-species whole genome
duplication events, whereas allopolyploids arise from whole genome duplication events
involving inter-specific hybridization (Ramsey and Schemske, 2002). They also differ in
mode of inheritance, as shown on Arabidopsis, with autotetraploid showing tetrasomic
inheritance and occasional formation of quadrivalents during meiosis and allotetraploid
showing disomic inheritance and formation of bivalents during meiosis, with the two sub-
genomes segregating independently (Lloyd and Bomblies, 2016).

Polyploid plants can be formed either by spontaneous doubling of chromosomes in
somatic cells or by merging of unreduced gametes, with the latter further divided to unilateral
and bilateral polyploidization. Somatic chromosome doubling can lead in plants to formation
of polyploid meristematic cells and consequently to polyploid offspring (Upscott, 1939).
Unilateral sexual polyploidization involves triploid intermediates that emerged by fusion of
reduced with unreduced gametes. Tetraploid individuals are then formed either by selfing of
triploid intermediates or by crossing these triploids with other triploid or diploid individuals.
On the other hand, bilateral sexual polyploidization happens when two unreduced gametes
merge and directly form tetraploid individual with no involvement of triploid intermediates.
All three above-described pathways have been observed in various plant species e.g. , somatic
chromosome doubling in Primula (Upscott, 1939), unilateral sexual polyploidization in
Ranunculus (Schinkel et al., 2017) and bilateral sexual polyploidization in Dactylis
(Bretagnolle and Lumaret, 1995).

Whole genome duplication typically leads to immediate strong reproductive isolation
of polyploids from their ancestors and is considered as one of the major drivers of plant

speciation and the most frequent sympatric speciation mechanism (Otto and Whitton, 2000).
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It is responsible for about 35% of all speciation events in vascular plants (Wood et al., 2009)
and estimates for incidence of polyploidy in angiosperms are ranging from 30% (Stebbins,
1950) to 70% (Masterson, 1994). Actually, all of present-day seed plants, experienced during
their evolution at least one case of whole genome duplication (Jiao et al., 2011). In spite of
over 100-years of research in polyploidy, particularly among plant biologists (Ramsey and
Ramsey, 2014) and recent increasing interest in genomics of polyploidy, especially the
genetic research of polyploid systems is usually lagging behind that of their diploid
counterparts, due to taxonomic complexity of polyploid groups as well as methodological
challenges associated with complex polyploid genomes. To reveal evolutionary significance
of polyploidization, integrative studies of ecology, reproductive systems and genetics of

natural systems encompassing close diploid and polyploid populations are needed.

3 MEDICAGO SATIVA COMPLEX

3.1 Taxonomy and morphological species delimitation

With over 60 species, Medicago is one of the major genera belonging to the family
Fabaceae. Medicago sativa species complex together with Medicago prostrata create
subsection Falcatae of the section Falcago within the genus Medicago. This species complex
includes important cultivated forage crop Medicago sativa, also known as alfalfa or lucerne,
and its wild growing relatives, which are perennial mostly outcrossing herbs naturally
occurring as diploid (2n=16) or tetraploid (2n=32) cytotypes (Lesins and Lesins, 1979; Quiros
and Bauchan, 1988).

Because of their high morphological variability together with frequent hybridization,
taxonomical status and nomenclature of taxa included in the Medicago sativa complex have
been a subject of disputes for many decades (Lesins and Gillies, 1972). Thanks to work of K.
A. Lesins, 1. Lesins, G. B. Gillies and other authors the enormous number of originally
described taxa in this complex has been strongly reduced (Lesins and Gillies, 1972; Lesins
and Lesins, 1979). Nevertheless, there still remains a disagreement, whether to recognize
members of Medicago sativa complex as distinct species or as subspecies of Medicago sativa.
Despite the fact that some authors recognize them only as subspecies (Quiros and Bauchan,
1988; Small and Jomphe, 1989), I will use taxonomy proposed by Lesins and Lesins, (1979)
in their monography and recognize them as distinct species, what is also in agreement with

the current taxonomic treatment in the Czech Republic (Kaplan, 2019).
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Flower colour, pod shape and presence of glandular hairs on pods are the main
morphological characteristics by which taxa included in Medicago sativa complex have been
traditionally defined (Lesins and Gillies, 1972; Lesins and Lesins, 1979; Quiros and Bauchan,
1988). Purple flowering Medicago sativa (s. str.) with spirally coiled pods and yellow
flowering Medicago falcata with sickle shaped pods are the two morphologically most
distinct members of the complex. They both naturally occur as a diploid and tetraploid
cytotype with Medicago sativa divided according to ploidy level into two subspecies: diploid
M. sativa subsp. caerulea and tetraploid M. sativa subsp. sativa (Lesins and Lesins, 1979).
Hybrids between M. sativa and M. falcata are on diploid level called Medicago xhemicycla
and on tetraploid level Medicago xvaria. Both of these hybrids are morphologically
extremely variable, typically possessing greenish or variegated flower colour and loosely
coiled pods (see Figure 1).

Morphometric analysis performed on Medicago sativa and Medicago falcata plants
showed that diploid M. sativa subsp. caerulea and tetraploid subsp. sativa significantly differ
in quantitative morphological characteristics. Tetraploid subsp. sativa has wider leaves, larger
flowers and longer seeds than diploid subsp. caerulea. On the other hand, ploidy cytotypes of
Medicago falcata display overlapping variation in most quantitative morphological
characteristics (Small, 1985). However, very low number of tetraploid M. falcata specimens
examined in this study could negatively affect these results.

In another study, morphological characteristics of unspecified ploidy cytotypes of M.
sativa, M. falcata and their respective hybrids were evaluated. Results of this study suggest
that hybrids can possess practically any combination of morphological characteristics from
continuum of variation between M. sativa and M. falcata (Small and Brookes, 1984). Both of
these studies were, however, conducted on plants coming from germplasm collections of
sometimes unclear origin and karyological status (Sakiroglu and Brummer, 2011). Therefore,
proper quantitative assessment of morphometric analysis performed on a sufficient number of
plants collected from natural populations is still missing.

Besides M. sativa, M. falcata and their hybrids, the complex encompasses another four
much rarer taxa. Firstly, diploid Medicago glomerata is characterized by yellow flowers and
tightly coiled pods covered by glandular hairs (Lesins and Lesins, 1979; Pignatti, 2017).
Then, there is tetraploid Medicago glutinosa, which is defined by pale yellow or almost milky
flower colour and loosely coiled pods also covered by glandular hairs. Its tetraploid hybrid
with Medicago sativa is called Medicago xpolychroa. Like hybrids of M. sativa and falcata,

this hybrid is also morphologically very variable, characterized by variegated flower colour

4



and loosely coiled pods, but it can be distinguished by presence of glandular hairs on the pods
(Lesins and Lesins, 1979; Semdgenelni et al., 1971). Finally, last tetraploid member included
in Medicago sativa complex is Medicago xtunetana. It has yellow or greenish flower colour
and tightly coiled pods, which are again covered by glandular hairs (Lesins and Lesins, 1979;
Pottier-Alapetite, 1979). Based on this combination of morphological characteristics,
Medicago sativa and Medicago glomerata are hypothesized to be ancestors of M. xtunetana
(Lesins and Lesins, 1979).

Overall, very little is known about these rare members of Medicago sativa complex in
comparison to Medicago sativa, Medicago falcata and their hybrids and no quantitative
morphometric analysis have been performed on them. All of above-mentioned taxa together
with ploidy level and morphological characteristics are summarized in Table 1.

Table 1 — List of taxa belonging to the Medicago sativa complex with the major
discriminating morphological characters

Taxon Ploidy Flower colour  Pod shape
Medicago falcata 2x, 4x Yellow Sickle shaped
Medicago sativa subsp. caerulea 2x Purple Spirally coiled
Medicago sativa subsp. sativa 4x Purple Spirally coiled
Medicago xhemicycla (M. sativa subsp. . .
caerulea x M. falcata) 2x Variegated Loosely coiled
Medicago xvaria (M. sativa subsp. . .
sativa x M. falcata) 4x Variegated Loosely coiled
Medicago glomerata 2x Yellow Tightly coiled
Medicago glutinosa 4x Pale yellow Loosely coiled
; 9 ;

Meg’zcago x tunetana ?(M. sativa subsp. Ax YelloW or Tightly coiled
sativa x M. glomerata)? greenish

Medicago xpolychroa (M. sativa subsp. Ax Variegated Loosely coiled

sativa x M. glutinosa)




Figure 1 — Morphological continuum between tetraploid Medicago falcata and Medicago
sativa: (A) M. falcata, (B, C, D) M. xvaria, (E, F) M. sativa (Small and Brookes, 1984)

3.2 Distribution and ecology

Wild growing members of Medicago sativa complex naturally occur in vast area
extending from Spain to China and from Sweden to North Africa, where they with a few
exceptions primarily inhabit sunny and dry habitats in open landscape (Lesins and Lesins,
1979). Cultivated alfalfa (tetraploid M. sativa often introgressed by M. falcata (Wang et al.,
2023)), can be found in roughly the same area, but in addition it has become acclimatized in
South Africa, Australia, New Zealand, and both Americas (Michaud et al., 1988). The fact that
alfalfa cultivation lasts for several thousands of years (Michaud et al., 1988; Wang and
Sakiroglu, 2021) makes notion about native range of tetraploid M. sativa subsp. sativa very
unclear. Though, it is highly probable that it originated somewhere within the current range of
diploid M. sativa subsp. caerulea, which is distributed only in arid semi-desert regions around
Caspian Sea (Lesins and Lesins, 1979; Sakiroglu et al., 2010).

Medicago falcata is another widespread member of Medicago sativa complex. It can
be found predominantly in temperate regions of Eurasia, where it prefers to grow in dry

steppe conditions (Lesins and Lesins, 1979). Populations of diploid M. falcata can be found



scattered in wide range extending from eastern Switzerland to eastern Mongolia
(Blanco-Pastor et al., 2021; Sakiroglu et al., 2010; Savova et al., 1996). Tetraploid M. falcata
cytotype is distributed in approximately the same area as diploid cytotype (Quiros and
Bauchan, 1988), with the exception of Western and Northwest Europe, where diploid cytotype
has not been found yet, but tetraploid cytotype is relatively common (Savova et al., 1996).

Medicago xhemicycla, a diploid hybrid between M. sativa and M. falcata, can be
found in regions where distribution area of M. sativa subsp. caerulea and diploid M. falcata
overlap. It has been collected in the Caucasian region and in Northwest Kazakhstan
(Blanco-Pastor et al., 2021; Sakiroglu et al., 2010). Similarly, Medicago xvaria, a tetraploid
hybrid of M. sativa and M. falcata, is common in regions where both M. sativa subsp. sativa
and tetraploid M. falcata occur (Kaljund and Leht, 2013; Savova et al., 1996).

All four remaining taxa included in Medicago sativa complex have much smaller areas
of distribution than M. sativa or M. falcata. Diploid Medicago glomerata can be found just in
Maritime Alps (Lesins and Lesins, 1966), tetraploid Medicago glutinosa and its hybrid with
M. sativa (Medicago xpolychroa) are growing only in the moist subalpine regions of
Caucasia (Lesins and Lesins, 1979) and the putative hybrid of M. sativa and M. glomerata
(Medicago xtunetana) is endemic to the mountainous regions of Tunisia and Algeria, where it
is considered highly endangered due to overgrazing and habitat loss (Ferchichi et al., 2021).
Approximate distribution of diploid and tetraploid taxa included in Medicago sativa complex

1s summarized in Figure 2.



. Medicago sativa subsp. caerulea . Medicago glomerata
D diploid Medicago falcata

. Medicago sativa subsp. sativa . Medicago glutinosa
D tetraploid Medicago falcata . Medicago xtunetana

.'/-.

Figure 2 — Approximate distribution of: (A) diploid members of Medicago sativa complex,
(B) tetraploid members of Medicago sativa complex. The distribution of tetraploid Medicago
sativa includes cultivated and feral populations, the border of native area is unclear.

3.3 Reproductive barriers
3.3.1 Postzygotic reproductive barriers

Experimental crossings (Lesins, 1968, 1957, 1952) demonstrated that members of
Medicago sativa complex are able to freely hybridize when both partners are on the same
ploidy level, with one exception at a diploid level. Medicago glomerata is able to cross with
both M. sativa subsp. caerulea and diploid M. falcata but resulting F; hybrids have low
fertility in comparison to those of M. sativa with M. falcata (Lesins, 1968, 1957).

In addition, closely related species to the complex, Medicago prostrata, which can be
found in diploid (2n=16) or tetraploid (2n=32) cytotype (Lesins and Lesins, 1960), is also on
the same ploidy level also able to hybridize with members of the Medicago sativa complex,
yet with a striking asymmetry in crossing success depending on which species acts as a pollen

donor and which as a pollen recipient. Hybridisation is feasible when M. prostrata is used to
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pollinate either M. sativa or M. falcata, but when M. prostrata is a pollen recipient, very low
seed set is produced. Experimental crosses gave approximately the same results both on
diploid and tetraploid level (Lesins, 1962) suggesting ploidy level does not affect the strength
of the interspecific barrier, in contrast with other plant polyploid groups such as Arabidopsis
(Lafon-Placette et al., 2017). Crosses of M. prostrata with M. glomerata gave similar results
to those with sativa and falcata with small difference in seed morphology. The seeds obtained
from crosses with M. falcata and M. sativa when M. prostrata was a pollen recipient were
shrivelled (Lesins, 1962). On the other hand, seeds obtained from crosses with M. glomerata
when M. prostrata was a pollen recipient were smooth (Lesins, 1968).

The exact reason, why there is such a big difference in crossing success when
Medicago prostrata is a pollen donor and when it is a pollen recipient, is, however, not
known. The possible explanation could be high hybrid seed lethality due to failure in
endosperm development resulting in embryo arrest. The cause of this failure is typically a
parental dosage imbalance in the endosperm that could be a consequence of differences in
parental taxa “effective ploidy”, also known as the endosperm balance number (EBN).
Further crossing experiments associated with seed phenotyping and/or transcriptomics may
test whether the mechanism underlying the asymmetry in seed lethality observed during M.
prostrata and M. sativa (s. 1.) crosses is similar to what has been found in other plant genera
such as Capsella (Lafon-Placette et al., 2018), Arabidopsis (Lafon-Placette et al., 2017) or
Solanum (Johnston and Hanneman, 1980).

Crosses between Medicago sativa complex members of different ploidy level give
extremely low viable progeny, only about 1 seed per 100 crosses (Lesins, 1952), and most of
these offsprings are tetraploid (Ledingham, 1940). Viable triploid offsprings arise from
interploidy crosses only extremely rarely (about 1 viable triploid per 1000 pollinations)
(Ledingham, 1940) and according to (McCoy and Bingham, 1988) more often when maternal
parent is tetraploid. Vast majority of developing triploid seeds from interploidy crosses,
however, abort within few days after fertilization (Ledingham, 1940).

Genomic deviation from 2:1 maternal-to-paternal ratio in the endosperm and
subsequent abnormalities in its development, i.e. a process called as “triploid block” is known
to be main cause of triploid seeds non-viability in Arabidopsis (Scott et al., 1998), Oryza
(Sekine et al., 2013) or Zea (Pennington et al., 2008). Like in the case of above-mentioned
emerging reproductive barriers between M. prostrata and M. sativa (s. 1.) if the former is a

pollen recipient, further crossing experiments between diploids and tetraploids associated with



seed phenotyping and/or transcriptomics could test, whether “triploid block” is also
underlying the triploid seed non-viability in Medicago sativa complex.

Diploid Medicago sativa complex members can sometimes produce unreduced
gametes, both pollen grains and egg cells, due to several possible mechanisms of meiosis
failure (Barcaccia et al., 2003). Fusion of unreduced gamete from diploid parent with reduced
gamete from tetraploid parent can lead to occasional formation of tetraploid individual in
interploidy crosses (Ledingham, 1940; Lesins, 1952). Therefore, some level of gene flow
from diploid to tetraploid members of the complex via production of unreduced gametes by
diploid parent could be possible in natural populations. Similarly, in genus Rorippa,
production of unreduced gametes by diploids has been proposed as main driver of diploid-to-
tetraploid gene flow (Stift et al., 2010). Gene flow from tetraploids to diploids can be
mediated by backcrossing of diploids with triploids, as shown in Tripleurospermum (Certner
et al., 2017). This is, however, highly improbable in Medicago sativa complex, due to
extremely rare formation of triploids (Ledingham, 1940; Lesins, 1952). Their occurrence has
not been reported from wild populations of the complex members yet. All gene flow and

hybridization possibilities in Medicago sativa complex are summarized in Figure 3.

Medicago glomerata

2X

Medicago prostrata |

Free hybridization,
F: hybrids fertile

| Medicago falcata | ﬁ Medicago sativa
subsp. casrulea Free hybridization, —

F1 hybrids low fertility

@ @ Jl ﬂ Free hybridization
only when Medicago
prostrata is a pollen donor

| Medicago falcata | H Medicago sativa Gene flow through {L

RODHp. AEtive unreduced gametes
of a diploid

Medicago prostrata |

4x

Medicago glutinosa

Figure 3 — Overview of hybridization and gene flow possibilities among taxa included in the
Medicago sativa complex and with closely related Medicago prostrata. The scheme
summarizes information obtained from crossing experiments (Ledingham, 1940; Lesins, 1968,
1962, 1957, 1952).
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3.3.2 Prezygotic reproductive barriers

Vast majority of studies concerning the reproductive barriers in the Medicago sativa
complex addressed only postzygotic barriers. However, prezygotic barriers can sometimes be
even more important in reproductive isolation of taxa as shown for example by genetic
isolation due to divergence in style length and pollen size in Silene (Brothers and Delph,
2017), increasing reproductive isolation in Pulmonaria caused by different ecogeography
(Duffy and Jacquemyn, 2019) or pollinator-mediated reproductive isolation in Mimulus
(Chen, 2013). Actually, several studies that evaluated pollinator preferences were also
performed on Medicago sativa complex members.

Taxa included in the complex are predominantly outcrossing plants (Dieterich Mabin
et al., 2021), which are mostly pollinated by various bee species (Haedo et al., 2022). Both
Medicago sativa and Medicago falcata flower during summer, in the Czech Republic usually
from May to October (Kaplan, 2019). At least in Central Europe, cross-pollination between
them happens often as suggested by frequent presence of hybrid swarms in regions, where
these two taxa grow in sympatry (Mazyad and Ammann, 1999).

Studies evaluating distinct preferences for different flower colour by the most
important pollinators of Medicago sativa complex, which is alfalfa leafcutter bee (Megachile
rotundata) and honeybee (Apis mellifera) (Haedo et al., 2022), revealed that they preferred
purple flowers of M. sativa over yellow flowers of M. falcata when both taxa were grown
together (Goplen and Brandt, 1975; Pankiw, 1967). Moreover, percent of hybrid progeny
obtained from experimental fields containing both M. falcata and M. sativa plants, which
were pollinated by alfalfa leafcutter bee, was significantly lower than would be expected
under the assumption of random mating (Riday, 2008), however, post-pollination barriers
have not been studied, thus leaving the mechanisms underlying these differences unknown.
The results suggest that pollinator preferences can lead to a little lower production of M.
sativa-falcata hybrids on experimental fields, however, it is still very distant from pollinator-
mediated reproductive isolation. Also, all of these studies have been performed only on
germplasm accessions cultivated in experimental conditions. Data from wild populations
regarding pollinators preferences to different flower colours in Medicago sativa complex and
estimated effects of pollinators for prezygotic isolation of M. sativa and M. falcata are,
however, still missing.

Possible influence of different ecogeography on reproductive isolation of Medicago

sativa complex members has been practically studied only very little. However, recent
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phylogeographic study performed on diploid complex members brought interesting new
findings about this topic. There are actually two genetically distinct lineages of diploid
Medicago falcata, which according to the authors probably correspond to different
ecogeography (Sakiroglu et al., 2010). More detailed analysis of ecological preferences and
geographical distribution of these lineages could elucidate whether different ecogeography is
truly responsible for their diversification.

Furthermore, practically nothing is known about coexistence of diploid and tetraploid
cytotypes of Medicago sativa complex members in natural populations, frequency of mixed
ploidy populations in contact zones and regions where these contact zones occur. Studies
concerning this topic have been conducted e.g. on Bufomus (Certner et al., 2022),
Tripleurospermum (Certner et al., 2017), Arabidopsis (Kolat et al., 2016) or Knautia (Kolaf et
al., 2009). Our aim in currently ongoing study based on exhaustive sampling of natural
diploid and tetraploid Medicago falcata populations in Central Europe is to bring such insight

also into coexistence of M. falcata cytotypes.

3.4 Origin and evolution of Medicago sativa complex
3.4.1 Speciation of diploid Medicago sativa and Medicago falcata

Nearly all species included in genus Medicago possess yellow flower colour and
coiled pods and hypothesized ancestor of the Medicago sativa complex was very likely
characterized by this morphological combination as well. However, switch from yellow to
purple flower colour in Medicago sativa and loss of pod coiling in Medicago falcata have
most likely happened during the divergence of these two taxa (Lesins and Lesins, 1979).
Unfortunately, due to lack of ancestral reconstruction analyses and targeted eco-evolutionary
experiments, our notion about events that could lead to morphological differentiation and
subsequent reproductive isolation of these two taxa represent rather speculative hypotheses so
far.

Lesins and Lesins (1979) propose in their monography a theory, that ancestral
populations growing in the area between present day Black and Caspian Sea, were separated
by some geographical barrier into southern populations, which would later give rise to
Medicago sativa, and northern populations, that would become Medicago falcata by means of
allopatric speciation. The southern populations adapted to better pollinator attraction by

change of yellow flower colour induced by carotenoids and flavonoids to purple flower colour
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caused by anthocyanins. Coiled pods were highly beneficial for seed distribution in arid semi
desert regions with low vegetation cover, where rolling of whole pods on the ground was
possible. On the other hand, the northern populations remained yellow flowering, however,
coiled pods were disadvantageous in steppe regions with high vegetation cover, where rolling
of whole pods was not possible. Thus, straightening of pods happened in northern
populations. Later, M. falcata and M. sativa met in secondary contact zones and gave rise to
their diploid hybrid M. xhemicycla.

To bring at least some insight into these events, divergence time of Medicago sativa
and Medicago falcata could be estimated using molecular methods. Quantitative assessment
of Medicago falcata and Medicago sativa seed-dispersing abilities in various environments
could explain significance of pod shape divergence as an adaptation to their respective natural
biotopes. As thoroughly discusses earlier, pollinators seem to indeed prefer purple flower

colour of M. sativa to M. falcata yellow flower colour.

3.4.2 Population structure and genetic differentiation of Medicago
sativa, Medicago falcata and their hybrids

Vast majority of molecular studies performed on Medicago sativa complex were
focused primarily on tetraploid cultivated germplasm accessions. Although, several studies
that brought new insights into genetic diversity and differentiation of diploid Medicago
falcata, sativa and x hemicycla have been conducted recently. Chloroplast and mitochondrial
DNA sequences, SSR markers, genome-wide SNP’s and fluorescence in situ hybridization
(FISH) have been used in order to analyse genetic differences of diploid Medicago sativa
complex members and infer their population structure.

Chloroplast DNA (cpDNA), which is in Medicago sativa complex inherited
biparentally with strong paternal bias (Smith et al., 1986), revealed that despite the presence
of some shared haplotypes, diploid M. falcata and M. sativa subsp. caerulea are significantly
differentiated in chloroplast DNA sequences (Havananda et al., 2010). CpDNA haplotypes of
diploid Medicago prostrata, a closely related species to Medicago sativa complex, were sister
to those of M. sativa and M. falcata. On the other hand, results obtained from mitochondrial
DNA (mtDNA), which is in Medicago sativa complex inherited strictly maternally
(Forsthoefel, 1991), showed no significant differentiation of mtDNA haplotypes in these three
taxa (Havananda et al., 2010). Contrasting results obtained from cpDNA and mtDNA
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sequences could be explained by past introgression (mitochondrial capture) or by significantly
slower mutation rate of plant mtDNA than cpDNA (Wolfe et al., 1987).

Results acquired from 89 SSR markers revealed that diploid M. falcata and M. sativa
subsp. caerulea are genetically clearly differentiated taxa and that their putative hybrid
Medicago xhemicycla indeed showed a hybrid genome pattern. Moreover, each of the two
diploid taxa, M. sativa subsp. caerulea and M. falcata, could be divided into two subgroups
(see Figure 4). In M. sativa, the group corresponded well with geographical distribution:
southern populations fell into one group and northern populations into the other. In contrast,
division of M. falcata into two subgroups could not be explained only by geography,
therefore, some other factor must have been involved. Authors of this study suggested that
different ecogeography of diploid M. falcata populations could have been this factor and
thus, they named the respective subgroups as “lowland ecotype” and “upland ecotype”
(Sakiroglu et al., 2010).

In a follow-up study more than 15 000 single nucleotide polymorphisms (SNP) were
used in order to analyse population structure of M. sativa subsp. caerulea, diploid M. falcata
and M. xhemicycla. Results obtained from this study supported division of both M. sativa
subsp. caerulea and diploid M. falcata populations into their two respective subgroups
(Sakiroglu and Brummer, 2017). However, it should be strongly highlighted that subgroups of
M. sativa subsp. caerulea represent rather genetic continuum than two distinct clusters,
whereas subgroups of diploid M. falcata truly show clear genetic separation (see Figure 5).

In addition, one more molecular study was performed only on M. sativa subsp.
caerulea. This study uncovered that populations in Caucasia have higher mean Fst values,
allele diversity and heterozygosity than populations in Central Asia, suggesting the former to
be the centre of origin and diversity for M. sativa subsp. caerulea and the latter to has been
colonized later (Sakiroglu and Brummer, 2013).

Lastly, fluorescence in situ hybridization (FISH) revealed that the mapped repetitive
sequences were localized in centromeric, subtelomeric or intersticial regions in chromosomes
of M. sativa subsp. caerulea, whereas in chromosomes of diploid M. falcata they were
localized mainly in centromeric regions (see Figure 6). These results show that chromosome
structure of these two taxa is clearly different (Yu et al.,, 2017) and support the distinct

position of the two taxa.
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In sum, these studies demonstrated that Medicago sativa subsp. caerulea and diploid
Medicago falcata are genetically clearly differentiated taxa and Medicago xhemicycla
occurring in relatively narrow area at their contact shows hybrid genome patterns. This
pattern fits the scenario of allopatric divergence of both species with later secondary contact
and hybridisation leading to the origin of Medicago xhemicycla. However, all of these studies
were performed on accessions coming from germplasm database and molecular analyses
performed on exhaustive sampling from wild populations together with an evaluation of
ecological preferences of the species and genetic lineages are still missing.
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Figure 4 — population structure of diploid Medicago sativa complex members based on
Bayesian inference among 374 individual genotypes analysed with 89 SSR markers assuming:
(A) two clusters (K = 2), (B) five clusters (K = 5) (Sakiroglu et al., 2010)
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Figure 6 — idiogram of FISH-banded chromosomes of (A) diploid Medicago falcata, (B)
Medicago sativa subsp. caerulea (Yu et al., 2017)

As mentioned before, majority of molecular studies focused only on tetraploid
cultivated germplasm accessions. Very little is, on the other hand, known about wild growing
tetraploid members of Medicago sativa complex and only few studies explored genetic
diversity and population structure of wild growing tetraploid populations.

Firstly, differences in repetitive sequences localization on chromosomes of M. sativa
subsp. sativa and tetraploid M. falcata have been evaluated using fluorescence in situ
hybridization (FISH), which confirmed that just like their diploid progenitors, tetraploid M.
sativa and M. falcata have different localization of mapped sequences on chromosomes (see

Figure 7), therefore their chromosomes are also clearly distinct (Yu et al., 2017).
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Chloroplast DNA sequences revealed similar patterns of incomplete haplotypes
differentiation in tetraploid Medicago sativa and M. falcata as in their putative diploid
progenitors. Despite the presence of some shared haplotypes, most of them were found
exclusively either in tetraploid M. sativa or tetraploid M. falcata (Havananda et al., 2011).

Inferring genetic diversity and population structure of wild growing tetraploids was
main purpose of another study. Evaluation of 31 SSR markers revealed that Medicago sativa
subsp. sativa and tetraploid Medicago falcata are two extreme forms connected by genetic
continuum represented by their tetraploid hybrid Medicago xvaria (see Figure 8). In contrast
to situation on diploid level, no further sub-division within M. sativa subsp. sativa and/or
tetraploid M. falcata (see Figure 9) has been revealed (Ilhan et al., 2016). Presence of genetic
continuum between tetraploid M. sativa and M. falcata, rather than relatively clear distinction
as seen in diploids, could be most likely explained by much more intensive and widespread

hybridization of tetraploids due to alfalfa cultivation.
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Figure 7 — idiogram of FISH-banded chromosomes of (A) Medicago sativa subsp. sativa, (B)
tetraploid Medicago falcata (Yu et al., 2017)
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Figure 9 — (a) grouping of tetraploid Medicago sativa complex members based on the first
two principal components obtained from an analysis of 31 simple sequence repeat markers, (b)

a neighbour-joining dendrogram (ilhan et al., 2016)

3.4.3 Origin of tetraploid Medicago sativa and Medicago falcata

Tetraploid members of Medicago sativa complex are genetically autotetraploids,

because they show tetrasomic inheritance (Quiros, 1982) and occasional production of

quadrivalents during meiosis (Armstrong, 1971; Gillies, 1972). Production of unreduced

gametes by diploid members of the complex (Barcaccia et al., 1986; Tavoletti, 1994) and

formation of viable tetraploid individuals by merging of two unreduced gametes (Barcaccia et

al., 1998) were reported from crossing experiments. Triploid individuals emerge only

extremely rarely from artificial crosses of diploids with tetraploids (Lesins, 1952) and they
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were never reported from natural populations. Therefore, rather than unilateral sexual
polyploidization dependent on triploid intermediates, bilateral sexual polyploidization is the
most likely way by which tetraploid members of Medicago sativa complex originated.
Recently, several studies, which examined genetic background of tetraploid Medicago sativa
and Medicago falcata and their relationship to putative diploid progenitors, deepened our
understanding of how these tetraploids have been actually formed.

Fluorescence in situ hybridization (FISH) revealed that mapped repetitive sequences in
Medicago sativa had almost the same chromosomal locations in both diploid and tetraploid
subspecies (see Figure 10) (Yu et al.,, 2017) and evaluating chloroplast DNA sequences
showed that tetraploid subsp. sativa shared most haplotypes in common with diploid subsp.
caerulea (Havananda et al., 2011). Both of these findings suggest simple autopolyploid origin
of tetraploid Medicago sativa subsp. sativa from its diploid progenitor subsp. caerulea.

On the other hand, origin of tetraploid Medicago falcata cannot be that easily
explained, in spite of close morphological similarity among the cytotypes suggesting
autopolyploidy. FISH revealed that there are several significant differences in locations of
some mapped sequences on chromosomes between diploid and tetraploid Medicago falcata
cytotype (see Figure 10). Moreover, results obtained from chloroplast DNA showed that
tetraploid M. falcata shared most common haplotype with diploid M. prostrata rather than
with diploid M. falcata. Nearly mutually exclusive sets of haplotypes were found in diploid
and tetraploid M. falcata (Havananda et al., 2011). Therefore, introgression of chloroplast
DNA sequences from diploid M. prostrata to genome of tetraploid M. falcata might have
taken place sometimes in the past. Molecular study on much larger sampling of both
Medicago falcata and Medicago prostrata cytotypes from natural populations rather than
from germplasm database could help to clarify involvement of M. prostrata in the origin of
tetraploid Medicago falcata cytotype. However, this investigation was based only on limited
sampling of accessions from germplasm collections and the extent of natural variation in both

cytotypes remains unknown.
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Figure 10 — idiogram of FISH-banded chromosomes of (A) Medicago sativa subsp. caerulea,
(B) Medicago sativa subsp. sativa, (C) diploid Medicago falcata, (D) tetraploid Medicago
falcata (Yu et al., 2017)

3.4.4 Origin and population structure of other complex members
and Medicago prostrata

In contrast to Medicago sativa, M. falcata and their hybrids, which are now at least
partially explored using molecular methods, other members of Medicago sativa complex have
been studied very little or not at all. Only one individual of Medicago glomerata, four M.
xtunetana and four M. glutinosa individuals were analysed using chloroplast DNA
(Havananda et al., 2011, 2010), therefore the results addressing these taxa cannot be
considered conclusive. Population structure of diploid Medicago glomerata and tetraploid
Medicago glutinosa, M. xpolychroa and M. xtunetana remains unknown, as well as origin of
these taxa and their relationship to other Medicago sativa complex members.

Medicago prostrata, which is closely related to Medicago sativa complex, has been
recently analysed by sampling eight nuclear loci. Results of this study showed that diploid
Medicago prostrata alleles were clearly distinct from those of Medicago sativa complex
members, however several tetraploid individuals of M. prostrata shared some alleles with the
complex members (Eriksson et al., 2017). Therefore, most likely origin of tetraploid M.
prostrata is autotetraploid origin from diploid M. prostrata followed by subsequent
introgression from Medicago sativa complex. Current notion about origin and evolutionary
history of Medicago sativa complex members and Medicago prostrata is graphically depicted

in Figure 11.
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Figure 11 — The most likely scenario depicting the origin and evolutionary history of
Medicago sativa complex members and Medicago prostrata, synthesizing information from
(Eriksson et al., 2017; Havananda et al., 2011, 2010; ilhan et al., 2016; Lesins and Lesins,
1979; Sakiroglu et al., 2010; Sakiroglu and Brummer, 2017; Yu et al., 2017)
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4 CONCLUSION

Alfalfa (Medicago sativa) in one of the most important forage crops cultivated across
the globe and belongs among the most valuable autopolyploid crops. At the same time, the
entire Medicago sativa complex represents example of reticulate polyploid complex that
serves as a prominent example of polyploid speciation, hybridisation and evolution of floral
colour and pod shape, demonstrating its value for evolutionary research. Knowledge of the
patterns and drivers of natural diversity of alfalfa and its allies is thus important prerequisite
for our detailed understanding of the biology of this important crop potential design of further
breeding strategy as well as for better understanding of general evolutionary processes in
plant speciation and adaptation.

Difference in ploidy level represents the most important postzygotic reproductive
barrier preventing gene flow among members of Medicago sativa complex, given the fact that
same-ploidy-level members of the complex are able to hybridize freely but crosses between
different-ploidy-level members are in most cases unsuccessful due to triploid seed abortion.
Exact mechanism underlying triploid seeds non-viability has not been described in Medicago
yet, however, this mechanism would likely be genomic deviation from 2:1 maternal-to-
paternal ratio in the endosperm leading to subsequent abnormalities in its development (so
called “triploid block™), which is known, e.g. from Arabidopsis, Zea and Oryza.

Prezygotic reproductive barriers such as different pollinator preferences or distinct
ecological preferences have been only marginally studied in Medicago sativa complex, in
spite of striking floral colour differentiation and distinct distribution areas in the complex. It
seems that main pollinators of Medicago sativa complex members slightly prefer purple
flower colour of Medicago sativa to yellow flower colour of Medicago falcata. Differences in
ecological preferences very likely play a significant role in reproductive isolation of some
Medicago sativa complex members as shown by two genetically distinct lineages of diploid
Medicago falcata presumably corresponding to different ecogeography. Nevertheless, whether
the distinct ecogeography is indeed the primary mechanism underlying genetic differentiation
within diploid M. falcata needs to be verified.

Furthermore, very little is known about coexistence of diploid and tetraploid complex
members in nature, frequency of mixed-ploidy populations and overall geographical
distribution pattern of different ploidy populations. We are currently addressing these topics in

natural diploid and tetraploid Medicago falcata populations occurring in Central Europe.
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Medicago sativa and Medicago falcata are genetically differentiated both at diploid
and tetraploid level, which is supporting their recognition as distinct taxa. Their putative
hybrids, diploid Medicago xhemicycla and tetraploid Medicago xvaria, indeed possess
hybrid genome pattern between M. sativa and M. falcata, confirming their hybrid origin that
has been originally hypothesized based on morphology. Tetraploid Medicago sativa subsp.
sativa was shown to be of an autopolyploid origin from diploid Medicago sativa subsp.
caerulea. On the other hand, the origin of tetraploid Medicago falcata seems to be more
complex. Based on limited sampling, an autopolyploid origin from diploid M. falcata is likely,
however, it has been presumably followed by an introgression of chloroplast DNA from
Medicago prostrata, a species closely related to Medicago sativa complex. In turn, tetraploid
M. prostrata originated from diploid M. prostrata, but with likely additional pulses, further
underlining complex genetic reticulations between polyploid cytotypes of both species
(complexes).

Most of the studies were, however, performed on a limited sampling, exclusively
relying on accessions from germplasm collection of sometimes unclear origin and ploidy.
Molecular analyses performed on representative sampling from wild populations together
with an evaluation of ecological preferences of the species and genetic lineages are still
missing.

Moreover, the origin and population structure of other Medicago sativa complex
members remain unknown. Such a big information gap leaves open the question about the
timing and place of origin of the entire Medicago sativa complex. Especially diploid
Medicago glomerata, an endemic of Maritime Alps, might have played a significant role in
the complex origin and it could have been involved in tetraploid Medicago glutinosa, and
Medicago xtunetana formation. Comprehensive molecular analysis focusing on these less
studied complex members could bring interesting insights into evolutionary processes
underlying formation of new taxa, as well as clarify the origin and further diversification of

the Medicago sativa complex members.
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