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ABSTRACT

Hybridization is a creative evolutionary force, increasing genomic diversity and facilitating adaptation and

even speciation. Hybrids often face significant challenges to establishment, including reduced fertility that

arises from genomic incompatibilities between their parents. Whole-genome duplication in hybrids (allo-

polyploidy) can restore fertility, cause immediate phenotypic changes, and generate reproductive isolation.

Yet the survival of polyploid lineages is uncertain, and few studies have compared the performance of

recently formed allopolyploids and their parents under field conditions. Here, we use natural and synthet-

ically produced hybrid and polyploid monkeyflowers (Mimulus spp.) to study how polyploidy contributes to

the fertility, reproductive isolation, phenotype, and performance of hybrids in the field. We find that poly-

ploidization restores fertility and that allopolyploids are reproductively isolated from their parents. The

phenotype of allopolyploids displays the classic gigas effect of whole-genome duplication, in which plants

have larger organs and are slower to flower. Field experiments indicate that survival of synthetic hybrids

before and after polyploidization is intermediate between that of the parents, whereas natural hybrids

have higher survival than all other taxa. We conclude that hybridization and polyploidy can act as sources

of genomic novelty, but adaptive evolution is key in mediating the establishment of young allopolyploid lin-

eages.
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INTRODUCTION

‘‘Hybrids are more paths to the future than dead ends.’’

Grant and Grant (2019).

Although the role of hybridization in plant evolution has been

recognized for a long time (Anderson, 1948; Stebbins, 1959;

Rieseberg, 1995; Arnold, 1997), recent evolutionary and

genomic analyses have catapulted hybridization to the forefront

of evolutionary biology in both plants and animals (Schwenk

et al., 2008; Soltis and Soltis, 2009; Abbott et al., 2013; Mallet

et al., 2016; Elgvin et al., 2017; Grant and Grant, 2019;

Runemark et al., 2019; Taylor and Larson, 2019). Hybrids are
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considered to play an important role in the evolution of different

taxa, as genomic introgression across species boundaries can

increase genetic and phenotypic variation (Rieseberg and

Carney, 1998), facilitate adaptive evolution (Dasmahapatra

et al., 2012; Suarez-Gonzalez et al., 2018) and adaptive

radiations (Seehausen, 2004), and even fuel speciation (Mallet,

2007; Abbott et al., 2010). However, the contribution of

hybridization to evolution may be modulated initially by the

fitness of early-generation hybrids. Hybrids between genetically
unications 1, 100093, November 9 2020 ª 2020 The Authors.
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divergent lineages often suffer from reduced fitness, including

low viability and fertility (Grant, 1966; Arnold and Hodges, 1995;

Arnold et al., 2001). Extreme examples of this phenomenon are

inter-ploidy hybrids, in which genetic incompatibilities are

compounded by differences in parental chromosome numbers.

The absence of a homologous chromosome to perform pairing

in the hybrid interferes with the normal segregation of

chromosomes during meiosis and often results in sexual

sterility (Vallejo-Marin and Hiscock, 2016). If sterility is

complete, these hybrids are effectively an evolutionary dead-end.

One mechanism that has come to the rescue of evolutionarily

dead-end hybrid lineages is whole-genome duplication (WGD).

WGD leads to polyploidy (Soltis et al., 2015), which in turn is

associated with a restoration of sexual fertility in initially sterile

hybrid lineages (Abbott and Lowe, 2004; Vallejo-Marin and

Hiscock, 2016). WGD in a hybrid background provides

homologous chromosome copies for each individual

chromosome, restoring meiosis I bivalent formation, balanced

(i.e., disomic) chromosome segregation, and euploid spore

formation in the allopolyploid line. This results in the restoration

of F1 hybrid fertility. Surprisingly, there is little direct

experimental evidence of the extent to which WGD restores the

fertility of initially sterile hybrids. However, hybridization and

polyploidy are often linked in the evolution of new lineages

(Stebbins, 1985; Soltis and Soltis, 1989; Mandakova et al.,

2013). The association of hybridization and polyploidy

evidenced by allopolyploids of both ancient (Renny-Byfield

et al., 2015; Alix et al., 2017; Liston et al., 2020) and recent

origin (Ashton and Abbott, 1992; Ainouche et al., 2003)

provides circumstantial evidence for the hypothesis that WGD

plays an important role in the evolutionary stabilization and

establishment of some hybrid lineages.

The relationship between hybridization and polyploidy may be

related to the causal effect of hybridization on the formation

and establishment of polyploids. Polyploids can be formed

through either somatic WGD or by the mating of unreduced gam-

etes with somatic chromosome numbers (Madlung, 2013).

Although such gametes are produced at low rates in many

plant species (Ramsey, 2007; Mason and Pires, 2015), hybrids

seem to have increased rates of unreduced gamete production

(Ramsey and Schemske, 1998, 2002; Van de Peer et al., 2017).

In F1 hybrids that result from distant inter-species crosses (no

homology between parental genomes), there is a high

incidence of meiotic restitution, and the resulting 2n gametes

have a selective advantage compared with other aneuploid

spores, which are often lethal. Moreover, it has been suggested

that hybridization may facilitate adaptation to WGD (Baduel

et al., 2018). In Arabidopsis lyrata, adaptive introgression from

tetraploid Arabidopsis arenosa has helped to stabilize the

meiosis of autotetraploid populations (Marburger et al., 2019).

By contrast, polyploidy may provide a mechanism by which

hybrid lineages can become reproductively isolated and

established, even when they occur with their parental taxa

(Husband, 2004; Bomblies and Madlung, 2014). For example,

WGD may erect reproductive barriers between taxa with

different ploidy levels. In Chamerion angustifolium, differences

in chromosome number and associated changes in phenology

contribute to reproductive isolation between diploid and

autotetraploid individuals (Husband and Schemske, 2000;
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Husband and Sabara, 2004; Ramsey, 2011). Polyploidy is

expected to affect phenotypic traits (Otto and Whitton, 2000;

Porturas et al., 2019), partly due to its promotion of cell

expansion, sometimes called the gigas effect (Stebbins, 1971;

Levin, 2002; Soltis et al., 2014). These polyploid-induced

changes may compound differentiation between hybrids and

parental taxa and increase the potential for hybrids to become

established in the parental environment or to colonize new

ecological niches.

One of the challenges associatedwith the study of allopolyploids is

that it becomes extremely difficult to disentangle the separate con-

tributions of hybridization and polyploidy to the phenotype

(Madlung, 2013). Moreover, in older allopolyploid lineages, the

effect of subsequent evolution following hybridization and WGD

events becomes increasingly important and difficult to identify

(Otto and Whitton, 2000; Otto, 2007). In part for this reason,

recently formed hybrids and polyploids (neopolyploids) hold

extraordinary promise as biological model systems for

understanding the early stages of allopolyploid evolution (Ramsey

and Schemske, 2002). The very recent (<200 years) evolution of

allopolyploid lineages in non-native and invasive taxa is particularly

useful, as often the parental and intermediate taxa are known and

available for study. This is the case, for example, for allopolyploid

Spartina anglica (Ainouche et al., 2009), Senecio cambrensis

(Hegarty et al., 2012), and Mimulus peregrinus (Vallejo-Marin

et al., 2015). Moreover, in many cases, hybrids can be artificially

produced (synthesized) with relative ease (Hegarty et al., 2013),

and polyploidy can be chemically induced in both hybrid and

non-hybrid taxa (Tate et al., 2009; Castro et al., 2018; Van Drunen

and Husband, 2018; Wei et al., 2020). Colchicine treatment is a

common procedure used to generate synthetic polyploids.

Colchicine interferes with microtubule formation during cell

division and can cause endomitosis (i.e., chromosome

segregation without cell division), thereby producing cell lineages

with two or more times the typical number of chromosomes

(Castro et al., 2018). The application of colchicine to meristematic

tissue or young plants (seeds) allows one to obtain polyploid

individuals that can then be compared with their non-polyploid rel-

atives (Husband et al., 2008).

Here, we used natural and synthetic hybrids and polyploid mon-

keyflowers (Mimulus spp., Phrymaceae; Figure 1) as model

systems to investigate the contribution of WGD to the

phenotype and fertility of hybrid lineages. Both hybridization

and polyploidy have played an important role in the

evolutionary history of Mimulus (Vickery, 1995; Beardsley et al.,

2004; Benedict et al., 2012). The evolution of chromosome

number in Mimulus captures ploidy variation both among

(Beardsley et al., 2004) and within species complexes (Vickery,

1978; Coughlan et al., 2020), and aneuploidy seems to be

common in some groups (Vickery, 1995). Furthermore, closely

related species show porous reproductive barriers, which

enable experimental studies of hybridization (Vickery, 1964;

Vickery and Mukherjee, 1966; Vickery and Anderson, 1967;

Martin and Willis, 2007; Cooley and Willis, 2009; Stanton et al.,

2016). The discovery in the British Isles of natural populations

of recently formed (<150 years) allohexaploid Mimulus that

coexist with triploid hybrids and both diploid and tetraploid

parental taxa, together with the ability to resynthesize these

taxa in the laboratory, provides a special opportunity to study
Authors.



Mimulus guttatus (AA) Mimulus luteus s.l. (BBCC)

COL DBL DUN HOU LMC COL EVI EY EY x RC RC

F1 Hybrid (ABC)

Colchicine treatment and screening

S0 Allopolyploid (AABBCC)

S1 Allopolyploid (AABBCC)

Self-pollination

Figure 1. Diagram of the Experimental Design Used to Generate Synthetic Hybrid (Triploid, ABC) and Allohexaploid (AABBCC)
Monkeyflowers (Mimulus spp.).
Five populations were used for each of the parental species, diploid M. guttatus (AA) and the ancient allotetraploid M. luteus sensu lato (BBCC). For M.

guttatus, we included three introduced populations in the British Isles (COL, DBL, and HOU) and two native populations (DUN and LMC). ForM. luteus s.l.

we included two introduced populations from the British Isles (COL and EVI), two native populations of two varieties (M. luteus var. luteus [EY] and M.

luteus var. variegatus [RC]), and an experimental hybrid between the two varieties (EY 3 RC). F1 seeds were treated with colchicine and screened using

flow cytometry to identify experimental polyploids, which were then brought to flower and self-fertilized to generate S1 seeds. F1 and S1 seeds were used

in all subsequent experiments. Population details are given in Supplemental Table 2.
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the effects of WGD on the early evolutionary trajectory of hybrids.

The allohexaploid M. peregrinus (2n = 6x) (Vallejo-Marin, 2012) is

the WGD product of sterile triploid hybrids (2n = 3x; Mimulus 3

robertsii). These hybrids have been produced through inter-

specific hybridization between two species that are allopatric in

their native range but come into contact in the introduced

range: diploid Mimulus guttatus (2n = 2x) and ancient

allotetraploid Mimulus luteus (2n = 4x) (Vallejo-Marin and Lye,

2013; Da Re et al., 2020). In this study, we address four specific

questions. (1) To what extent do differences in ploidy result in

reproductive isolation between taxa? (2) What is the effect of

WGD on the restoration of fertility in sterile triploid hybrids? (3)

To what extent does WGD affect the phenotype of inter-

specific hybrids? (4) What is the relative survival of

allopolyploids under field conditions compared with related taxa?
RESULTS

Hybrid Inviability in Inter-ploidy and Inter-specific
Crosses

We found significant variation in levels of hybrid inviability among

inter-ploidy and inter-specific crosses measured as failure to

germinate (seed inviability; Figure 2; statistical significance

assessed in a binomial model with two categorical factors—

inter-ploidy cross and inter-species cross—as explanatory vari-
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ables). Regardless of ploidy level, intra-specific crosses (within

M. guttatus, M. luteus, or M. peregrinus) had higher viability (0.58

± 0.09; proportion of germinated seeds, mean ± SE) than inter-

specific crosses (0.21 ± 0.06) (inter-species effect, P < 0.001). In

general, inter-ploidy crosses produced seeds with lower average

viability (0.18 ± 0.08) than intra-ploidy crosses (0.62 ± 0.05)

(Supplemental Table 1; inter-ploidy effect, P < 0.001). For M. gut-

tatus, we could further assess the strength of inter-ploidy barriers

within an individual species, as we had both diploid and tetraploid

individuals. As expected, seeds from intra-ploidy crosses (2x or 4x)

had a higher viability (0.75 ± 0.06) than seeds from inter-ploidy

crosses (0.01 ± 0.01; within M. guttatus Tukey contrasts, P <

0.001). In inter-specific crosses that yielded viable seed, the direc-

tion of the cross, i.e., which taxon was used as the maternal or

paternal parent, also affected hybrid inviability. As shown previ-

ously, M. guttatus (2x) 3 M. luteus (4x) crosses with M. guttatus

as the maternal parent produced seeds with higher germination

(0.65 ± 0.01) than crosses with M. guttatus as the paternal parent

(0.08 ± 0.08; cross direction within this cross type, P < 0.001).

Furthermore, we found weaker viability barriers between M. pere-

grinus (6x) andM. guttatuswhen the crosses involved tetraploidM.

guttatus (0.51 ± 0.14) than when they involved diploid M. guttatus

(0.02 ± 0.02) (Figure 2; contrast of diploid versus tetraploid M.

guttatus parentage, P < 0.001). By contrast, M. peregrinus and

M. luteus (4x) crosses produced very few viable seeds,

regardless of the mating direction (0.02 ± 0.02 in total).
unications 1, 100093, November 9 2020 ª 2020 The Authors. 3



M. guttatus (AAAA)

M. guttatus (AA) M. luteus (BBCC)

M. peregrinus (AABBCC)

Pollen donor Pollen recipient

8%

65%

34%

35%

42%

Figure 2. Diagram Illustrating the Viability of
Seeds Obtained from Crosses betweenMon-
keyflowers (Mimulus spp.) with Different
Ploidy and Genomic Composition (Subge-
nomes Shown with Different Capital Letters).
Arrowheads indicate the recipient of pollen in each

cross type. Seed viability was assessed as the

proportion of germinated seeds and is qualitatively

indicated with different degrees of arrow shading.

The lightest shading corresponds to germination

proportions less than or equal to 2%. Quantitative

values for seed germination are given in Table 1.
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Genome-Size Estimation

Table 1 shows the estimated genome size (2C) of intra- and inter-

taxon crosses of theMimulus taxa studied here. We were able to

estimate genome size in 116 individuals from all taxa and cross

types using 40,6-diamidino-2-phenylindole (DAPI)-stained nuclei,

but in only 18 individuals from a subset of taxa using propidium

iodide (PI)-stained nuclei. Because genome-size estimates

based on DAPI-stained nuclei are affected by potential differ-

ences in the AT/GC ratio between the sample and the standard,

these genome-size estimates should not be treated as absolute

estimates of DNA content or as directly comparable with other

methods such as PI staining. However, we found that PI esti-

mates of genome size, which are not affected by AT/GC ratio dif-

ferences between sample and standard, were similar (3%–8%

higher) to estimates from DAPI-stained nuclei (Table 1). With

these caveats in mind, DAPI-stained nuclei can be used as an

approximation of genome size and, because we used the same

size standard for all samples, can be directly compared among

samples in our experiment. The DAPI genome size of tetraploid

M. guttatus crosses was twice that of diploid M. guttatus (1.598

± 0.023 versus 0.814 ± 0.026 pg, respectively; Table 1). The

genome size of the ancient tetraploid M. luteus was 86% that

of an M. guttatus tetraploid (Table 1). As expected, M. 3

robertsii, the triploid hybrid product of an M. guttatus and M.

luteus cross, had a genome size approximately equal to the

arithmetic mean of both parents (1.120 ± 0.004 pg), whereas

the allohexaploid M. peregrinus had a genome size

approximately double that of M. 3 robertsii (2.121 ± 0.017 pg).

The offspring of crosses between tetraploid M. guttatus and M.

luteus had a DAPI genome size approximately 20% lower than

the arithmetic mean expectation (expected = 1.490 versus

observed = 1.205 ± 0.097 pg). By contrast, the product of

crosses between diploid M. guttatus and hexaploid M.

peregrinus had a genome size closer to the arithmetic

mean expectation (expected = 1.467 versus observed =

1.539 ± 0.010 pg). Finally, the product of crosses between
4 Plant Communications 1, 100093, November 9 2020 ª 2020 The Authors.
tetraploid M. guttatus and hexaploid M.

peregrinus had a genome size close to the

arithmetic mean expectation (expected =

1.859 versus the observed average of the

reciprocal crosses = 1.890, Table 1).

Pollen Viability in Parental Taxa and
Synthetic Allopolyploids

We found that polyploidization of colchicine-

treated triploid hybrids resulted in a strong re-

covery of pollen viability from the near com-
plete pollen sterility documented in triploid M. 3 robertsii

(Figure 3). The nine lines of synthetic allohexaploids varied

significantly in average pollen viability, ranging from 51% to

92% viable pollen (P < 0.001; Figure 3). This range in pollen

viability of synthetic allohexaploids was similar to that observed

within two natural populations of M. peregrinus (72%–91%),

although some synthetic lines showed comparatively low pollen

viability (e.g., synthetic allopolyploid line LMCxEVI, 51%;

Figure 3). The average fertility of the analyzed M. guttatus

parental lines ranged from 68% to 96%, and that of the M.

luteus parental lines ranged from 88% to 97% (Figure 3).

Phenotypic Variation in a Common Garden

We found clear phenotypic differences between the five studied

taxa (M. guttatus, M. luteus, synthetic M. 3 robertsii, synthetic

M. peregrinus, and natural M. peregrinus) in a common garden

(Supplemental Figure 1). The first linear discriminant axis

distinguished M. guttatus from the other taxa, and the second

axis partially separated the other four taxa. A multivariate

analysis of variance (MANOVA) of 16 morphological traits

indicated significant differences associated with taxon (P <

0.001 for each of the individual traits). In general, M. guttatus

had the shortest time to flowering, the largest number of

flowers, the shortest pedicles, and the smallest bracts of all

taxa (Supplemental Figure 2). The synthetic triploids and

derivative allohexaploids showed intermediate values between

the parental taxa for several of the 16 measured traits but

exceeded both parents in corolla height and bract width

(Supplemental Figure 2). The random forest analysis showed a

classification error of 9.05% (out-of-bag error), indicating a

generally high ability to correctly assign individuals to their true

taxon based only on their phenotypic values. The lowest

classification error (the proportion of individuals assigned to the

wrong taxa) was for M. guttatus (1.8%). The classification error

for synthetic M. 3 robertsii was 9.56%, with most incorrectly

assigned individuals (17/23) placed in synthetic M. peregrinus



Maternal parent Paternal parent Expected ploidy

2C genome size (pg)

DAPI N PI n

M. guttatus (2x) 3 M. guttatus (2x) 2x 0.814 ± 0.026 6 0.841 ± 0.004 5

M. guttatus (2x) 3 M. luteus (4x) 3x 1.120 ± 0.004 29 1.160 ± 0.017 3

M. luteus (4x) 3 M. luteus (4x) 4x 1.382 ± 0.029 9 –

M. guttatus (4x) 3 M. guttatus (4x) 4x 1.598 ± 0.023 12 –

M. guttatus (4x) 3 M. luteus (4x) 4x 1.205 ± 0.097 2 –

M. peregrinus (6x) 3 M. guttatus (2x) 4x 1.539 ± 0.010 10 1.673 ± 0.021 3

M. guttatus (4x) 3 M. peregrinus (6x) 5x 1.853 1 1.967 1

M. peregrinus (6x) 3 M. guttatus (4x) 5x 1.928 ± 0.006 29 2.078 ± 0.044 6

M. peregrinus (6x) 3 M. peregrinus (6x) 6x 2.121 ± 0.017 18 –

Total 116 18

Table 1. Genome Size (2C Values in Picograms) Estimates of Individuals Produced by Intra- and Inter-ploidy Crosses in Several Taxa of
Mimulus spp. (Phrymaceae).
n, number of individuals. Genome size estimates are presented separately for nuclei stained with DAPI (relative genome size) and PI (absolute genome

size). Note that not all samples were analyzed with PI and that DAPI estimates are affected by potential differences in AT/GC ratios between the sample

and the size standard.
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and the rest inM. guttatus (2/23) orM. luteus (1/23). SyntheticM.

peregrinus had a low classification error (5.9%), with most (15/17)

of the erroneously classified individuals assigned to M. 3

robertsii and the rest (2/17) to M. guttatus. Natural M.

peregrinus was correctly assigned in 82% of the cases, with

erroneous classifications mostly assigned to synthetic M.

peregrinus (11/13). Finally, M. luteus had the highest

classification error (21%), with 12 of 16 erroneous assignments

to M. 3 robertsii, 3 of 16 to synthetic M. peregrinus, and 1 of 16

to M. guttatus. The analysis of variable importance as

measured by the random forest shows that the traits with the

largest contribution to phenotypic classification are plant

height and floral throat width, whereas anther-stigma distance

contributes the least (Supplemental Figure 3).

We further compared the phenotypic effects of polyploidization

using M. 3 robertsii synthetic lines and their colchicine-induced

allopolyploid counterparts. This comparison allowed us to deter-

mine the effect of polyploidization on individual traits. We found

statistically significant differences, as assessed by MANOVA

(P < 0.05), in 12 of the 16 phenotypic traits analyzed (Figure 4).

In general, the effect of WGD on the phenotype of the hybrids

was to increase the size of the flower, the width of leaves and

bracts, and the thickness of the main stem, while reducing

plant height, anther-stigma distance, and the number of days to

flowering (Figure 4).
Field Experiments

The first field experiment was performed in an experimental plot

at the University of Stirling, where we compared the phenotype

and survival of four taxa (M. guttatus,M. luteus, synthetic triploid

M. 3 robertsii, and synthetic allohexaploid M. peregrinus) over 2

years. We observed relatively little phenotypic differentiation be-

tween triploids and hexaploids, compared with the differences

observed among parental taxa in seven measured phenotypic

traits (Supplemental Figure 4). The only traits that differed

significantly between triploids and hexaploids in the field were
Plant Comm
related to flower size (corolla width, corolla height, and corolla

tube length; MANOVA, P < 0.05) (Supplemental Figure 5).

We found no statistical differences in the probability of flowering

within the first year among the four taxa studied (taxon effect, like-

lihood ratio test [LRT] = 3.090, P = 0.3778). By contrast, the prob-

ability of survival to the end of the first flowering season

(September 2016) and to the following spring (May 2017) varied

among taxa (taxon effect, P < 0.001 in both cases; Figure 5).

The difference was more marked in the May 2017 survival data

and was driven exclusively by the significantly lower survival of

M. luteus (probability of survival = 2%) compared with all other

taxa (Figure 5).

The second field experiment was performed in the southern

uplands of Scotland near the town of Leadhills and provided an

opportunity to assess survivorship of different Mimulus taxa un-

der more realistic conditions. This area is home to natural popu-

lations of M. 3 robertsii and M. peregrinus. We observed a rela-

tively low average survival through the winter season (<40%),

as assessed in both the June 2016 and the August 2016 census

(Figure 6). Moreover, this experiment allowed us to compare both

auto- and allopolyploids, as well as natural and synthetic triploids

and hexaploids. Again,M. luteus performedworst among all taxa,

with every natural M. luteus and its synthetic autopolyploid

derivative (octoploid M. luteus) failing to survive over the first

winter. A statistical analysis of the remaining taxa (defined as a

combination of species, ploidy, and natural or synthetic origin)

showed different levels of survival among taxa (August census:

LRT = 27.06, df = 5, P < 0.001). Diploid M. guttatus had a

survival probability of 27.6% by the beginning of the summer,

but this decreased to 12.6% toward the end of the summer

(Figure 6). Tetraploid M. guttatus had a low survival (6.9%) at

both censuses. The synthetic M. 3 robertsii and synthetic M.

peregrinus had similar survival probabilities (10.1% versus

11.8% by June and 9.1% versus 8.1% by August for the

triploid and hexaploid, respectively). By contrast, both natural

M. 3 robertsii and natural M. peregrinus had the highest

survival probabilities of all taxa (31.6% versus 24.1% in
unications 1, 100093, November 9 2020 ª 2020 The Authors. 5



0

25

50

75

100

H
O

U

D
BL

LM
C

D
BL

D
U

N
E

C
O

L

LM
C

xE
VI

C
O

Lx
(R

C
xE

Y)

D
BL

xE
Y

D
U

N
Ex

C
O

L

C
O

Lx
EV

I

D
U

N
E

x(
R

C
xE

Y
)

C
O

Lx
E

Y

D
B

Lx
(R

C
xE

Y
)

C
O

Lx
C

O
L

S
T

R

LE
D

S
T

R

LE
D

R
C

xE
Y EY EV
I

R
C

C
O

L

Cross Type

Pr
op

or
tio

n 
of

 v
ia

bl
e 

po
lle

n 
(%

)

M. guttatus

Synthetic M. peregrinus

M. peregrinus

M. luteus

M. x robertsii

Figure 3. Pollen Viability in Individual Products of Intra- or Inter-
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The nine synthetic allopolyploid lines (‘‘M. peregrinus’’) are shown in

green. Natural allopolyploids (M. peregrinus) are shown in blue (pop-

ulations LED and STR). The parental species are shown in purple (M.

guttatus) and yellow (M. luteus). The dotted line represents the average

fertility reported for M. 3 robertsii (Vallejo-Marin, 2012). Each data point

represents the mean of individuals derived from the same cross (full-sib

family). The labels on the x-axis show the codes of populations used in

each cross and are detailed in Supplemental Table 2. Vertical bars

indicate the 95% confidence intervals (CIs) estimated using

bootstrapping.
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June and 29.8% versus 21.22% in August for the triploid and

hexaploid, respectively) (Figure 6). A post hoc pairwise Tukey

test showed significant survivorship differences between

natural and synthetic individuals of both M. 3 robertsii and M.

peregrinus but detected no significant differences between

triploids and hexaploids (P < 0.05) (Figure 6).

DISCUSSION

Crossing Barriers among Ploidy Levels

Our results provide further evidence that differences in ploidy

result in strong, but leaky, reproductive barriers both within and

between species. Our experiment focused on the viability of

seeds produced in controlled crosses and therefore provides a

conservative estimate of the strength of intrinsic reproductive

barriers (Coyne and Orr, 2004), as they do not include potential

reductions in seed number or subsequent reductions in fertility.

Within M. guttatus, we found that diploids and tetraploids are

significantly reproductively isolated by the low viability of inter-

ploidy hybrids (approximately 1% germination success). This

finding contrasts with previous work from the native range,

which found that crosses between one diploid and two different

tetraploid populations produced viable hybrids, although these

were sterile (Vickery and Mia, 1967; Vickery et al., 1968). In our

experiment, the crossing barriers among taxa of different ploidy

levels are clearly imperfect, and inter-ploidy hybrids can be

viable. A particularly interesting result is that an increase in

ploidy level can change the level and even the direction of

crossing barriers between species. For instance, M. guttatus 3

M. luteus hybrids are much more likely to be viable when

diploid M. guttatus is the maternal parent (65.5% viability) than
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when it is the paternal parent (8.5%) (cf. Vallejo-Marin et al.,

2016). Yet the result is reversed with tetraploid M. guttatus, and

in this case, the cross in which M. luteus is the maternal parent

produces more viable hybrids (46%) than the opposite cross

(0.3%). The asymmetry in hybrid formation and its response to

the ploidy level of the parents suggests that inviability in hybrid

seeds is mediated by parental conflict resulting in endosperm

development failure (Lafon-Placette and Kohler, 2014; Kinser

et al., 2018; Coughlan et al., 2020). The inter-ploidy barrier

between M. guttatus and M. peregrinus also varies strongly

depending on whether M. guttatus is diploid (strong barrier,

0%–1% viability) or tetraploid (weaker barrier, 35%–42%

viability), independent of the crossing direction. A similar

weakening of reproductive isolation at higher ploidy levels has

been observed in other systems (Sonnleitner et al., 2013;

Sutherland and Galloway, 2017) and may represent a general

phenomenon.

Genome-Size Variation

Genome size in early-generation hybrids shows a moderate de-

parture from additivity. The genome sizes of the synthetic inter-

ploidy hybrids (triploids, tetraploids, and pentaploids) were close

to the arithmetic mean expectation (Table 1). Similarly, the

synthetic allohexaploid had a value approximately, if somewhat

smaller, than the expected genome size of double the hybrid

value. Crosses between tetraploid M. guttatus and tetraploid M.

luteus yielded a smaller than expected genome size (20%

lower). In addition, the variation in genome size in crosses

between diploid M. guttatus and M. peregrinus depended on

the direction of the cross. However, these differences remain to

be confirmed with larger sample sizes. The biggest difference in

relative (DAPI-stained) genome size was between the recently

derived autotetraploid M. guttatus (2C = 1.598 ± 0.023 pg) and

the ancient allotetraploid M. luteus (2C = 1.382 ± 0.029 pg).

This difference in size is opposite to the difference in

chromosome number (2n = 56 versus 2n = 60–64, for tetraploid

M. guttatus and M. luteus, respectively (Mukherjee and Vickery,

1962; Vickery et al., 1968; Simón-Porcar et al., 2017), but it also

probably reflects different genome sizes in the parental taxa of

M. luteus, as well as subsequent evolution in genome size

(Leitch et al., 2008).

Fertility Restoration

A major effect of WGD on inter-specific triploid hybrids is the

restoration of sexual fertility (Dobzhansky, 1937; Grant, 1971).

This instantaneous recovery of fertility strongly suggests that

sterility in the hybrids is mainly due to unbalanced chromosome

numbers (Husband, 2004; Kohler et al., 2010). Synthetic

allohexaploids showed a major increase in pollen viability from

about 1% in triploids (Vallejo-Marin, 2012) to 50%–90% among

different lines of allohexaploids. This variation in fertility may

further indicate that even after genome doubling, other

reproductive barriers remain in the allohexaploids. Even within

species, Mimulus shows a large amount of variation in fertility

among inter-population hybrids (Vickery, 1959), and

reproductive barriers are common among closely related

species (Sweigart et al., 2006; Kenney and Sweigart, 2016;

Kerwin and Sweigart, 2020). The variation in the pollen fertility

of synthetic allopolyploids is similar to that in natural

populations of M. peregrinus (70–90%). To the extent that this
Authors.
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Figure 4. Comparison of 16 Phenotypic Traits in Synthetic Triploid Hybrid (Robertsii.3x.syn) Monkeyflowers (Mimulus spp.) and Their
Synthetic Allohexaploid Derivatives (Peregrinus.6x.syn) Measured in a Common Garden in the Greenhouse.
The traits measured were: days to flowering (FLTI), plant height (PLAH), flowering node of the first flower (FLNO), corolla width (CORW), corolla height

(CORH), corolla tube length (TUBL), throat opening (THRO), throat width (THRW), calyx length (CALL), pedicle length (PEDL), the width (LEAW) and length

(LEAL) of the largest leaf, bract width (BRAW) and length (BRAL), anther-stigma distance (ASD), and stem thickness (STTH). All units are in millimeters

except FLTI (days) and FLNO (flower number). Statistical significance of differences between the triploid and the allohexaploids was assessed by M-

ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.
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genetic variation in fertility is genetically based (Bomblies et al.,

2015), we expect that selection in natural populations of M.

peregrinus will cause the evolution of higher pollen fertility. The

consistent effect of WGD on the restoration of sexual fertility in

hybrids is an important mechanism that facilitates the repeated

formation of allopolyploid lineages, as has occurred in M.

peregrinus and many other polyploids (Wyatt et al., 1988; Soltis

and Soltis, 1991; Ashton and Abbott, 1992; Mavrodiev et al.,

2015; Vallejo-Marin et al., 2015; Soltis et al., 2016). Importantly,

independently originated lineages of polyploids are often

interfertile (Vallejo-Marı́n et al., 2017), supporting the idea that

the same biological hybrid species can arise rapidly and

repeatedly.
Phenotypic Effects of WGD

The effect of WGD on hybrids could be clearly detected in the

greenhouse common garden, as 12 of 16 traits were significantly

different between triploids and their derivative allopolyploids. The

phenotypic changes induced by WGD in hybrid Mimulus are pri-

marily organ-size increases (flowers, leaves, stem thickness),

shorter plants with flowers that exhibit reduced herkogamy
Plant Comm
(anther-stigma distance), and a developmental delay in flowering.

Although colchicine itself can affect the phenotype

independent of its effects on chromosome doubling (Husband

et al., 2008) even after two generations (Munzbergova, 2017),

our results are consistent with polyploid-dependent effects. The

phenotypic changes caused by increases in DNA per cell are

called nucleotypic effects (Levin, 1983; Snodgrass et al., 2017;

Doyle and Coate, 2019), and they can cause immediate

increases in the size of cells (the gigas effect, Soltis et al.,

2014), including stomatal guard cells and pollen grains

(Stebbins, 1971; Levin, 2002). These expectations are met in

natural M. peregrinus, which shows larger stomata and pollen

grains than its parents (Vallejo-Marin, 2012). In some cases,

these nucleotypic effects seem to be directly associated with

physiological changes. For example, in autopolyploid

Chamerion angustifolium, synthetic tetraploids have larger

stomata and increased drought tolerance than diploids (but less

than natural tetraploids) (Maherali et al., 2009). Increases in

DNA content and cell size can lead to larger organs (Doyle and

Coate, 2019) but slower growth rates, as developmental rate

seems to be negatively correlated with DNA content across

angiosperms (Levin, 1983). Our results of larger flowers and
unications 1, 100093, November 9 2020 ª 2020 The Authors. 7
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Figure 5. Proportion of Mimulus spp. Individuals of Mimulus
spp.Surviving in a Field Plot inCentral Scotland to theEndof the
First Growing Season (Autumn 2016) and Over Winter to the
Following Spring (Spring 2017).
Triploid (3x) individuals of M. 3 robertsii (MR) were created synthetically

by crossing M. guttatus (MG) (2x) and M. luteus (ML) (4x). Allohexaploid

(6x) individuals of M. peregrinus (MP) were synthesized by treating the

seeds from synthetic M. 3 robertsii with colchicine. The experiment

included 843 individuals and 1796 flowers; detailed sample sizes are

provided in Supplemental Table 3. The symbols indicate mean survival,

and the vertical bars show 95% CIs obtained by bootstrapping.
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leaves but slightly delayed flowering followingWGD in hybrids are

consistent with these general patterns. Delay in flowering time in

polyploids compared with their diploid relatives has been

observed in several plant groups and can range from a few

days to more than a month (Levin, 1983). The mechanistic

connection between WGD and phenotypic changes is not well

understood at the genetic and cellular levels (Doyle and Coate,

2019). However, previous work on WGD in hybrids has

established that although hybridization itself triggers changes in

gene expression patterns, polyploidy has an additional effect

on the transcriptome (Hegarty and Hiscock, 2005; Hegarty

et al., 2006), and expression patterns continue to change in

subsequent generations (Edger et al., 2017). The general

consensus from studies of recently formed polyploids, including

our study on neo-allopolyploids, is that WGD affects the pheno-

type. The extent to which phenotypically different hybrids and al-

lopolyploids differ in their field performance remains to be

established.

Hybrid Survival in the Field

To our knowledge, this is the first study to combine synthetic hy-

bridization andWGD to compare the survival of parental taxa and

both natural and synthetic hybrids and allopolyploids in the field.

Evolutionary experiments with synthetic hybrids in the field,

excluding crops, are relatively rare. For instance, a recent study

following homoploid Helianthus hybrids (Helianthus annuus 3

Helianthus debilis) over seven generations showed that hybrid

lines adapted at a faster rate than non-hybrid lines (Mitchell

et al., 2019). In contrast to the Helianthus experiment, here, we

followed only a single generation of hybrids and allopolyploids,

however, we performed comparisons not only with their

parental taxa but also with their autopolyploid parents. In the

first field experiment in central Scotland, synthetic triploid and
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allohexaploid Mimulus had intermediate survivorship compared

with the parental taxa, and synthetic M. peregrinus performed

slightly worse than M. 3 robertsii. These results are consistent

with the second field experiment in the harsher environment of

the Lowther Hills in the southern uplands of Scotland that

included natural hybrids as well as both parental taxa and their

autopolyploid derivatives. Here, survivorship was generally

lower than in the first experiment, but synthetic triploids and

allohexaploids again had intermediate survival between the two

parents. By contrast, natural M. 3 robertsii and M. peregrinus

had better survival than all other taxa, including their synthetic

counterparts, both parents, and their autopolyploids. It is

important to note that the lower survival of the synthetic hybrids

and allopolyploids compared with the natural ones could not be

due to colchicine treatment alone, as the triploid hybrids

included in the experiment were not treated with colchicine.

The increased survival of natural hybrids and allopolyploids

compared with synthetic ones raises the possibility that this

difference has evolved through natural selection despite the

recent origin of these taxa. Even asexual taxa such as M. 3

robertsii can evolve through clonal (genotypic) selection (Pan

and Price, 2001; Dalrymple et al., 2015). Reciprocal transplant

experiments on M. 3 robertsii populations from opposite ends

of the British Isles show the home advantage of local

populations and are consistent with selection shaping local

performance in asexual lineages (Simon-Porcar, Silva and

Vallejo-Marin, unpublished data). In sexual M. peregrinus,

natural selection could continue to shape the superior

performance of hybrids already seen in M. 3 robertsii, with the

added advantage of sexual recombination. It has been

suggested that the establishment of polyploids may be

contingent on being near new adaptive peaks when they are

formed (Mallet, 2007). Natural selection on the widespread

triploid hybrid from which polyploid M. peregrinus evolved may

have given this ‘‘hopeful monster’’ (Goldschmidt, 1933;

Jenczewski, 2013) a vantage point from which to seek an

adaptive peak.

METHODS

Study System

We focused on two hybridizing species of Mimulus Section Simiolus

(Nesom, 2012): M. guttatus DC. and M. luteus L. (Grant, 1924). M.

guttatus is native to western North America, and M. luteus comes from

the Andean region of Chile and Argentina (Vickery, 1959; Medel et al.,

2003). Both M. guttatus and M. luteus were introduced into the British

Isles in the 19th century and became naturalized (Stace, 2010; Vallejo-

Marin and Lye, 2013; Stace and Crawley, 2015; Pantoja et al., 2017).

Most populations of M. guttatus are diploid (2n = 2x = 28) (Mukherjee

and Vickery, 1962) in both native and introduced ranges, although

tetraploids (2n = 4x = 56) occur in North America (Vickery et al., 1968)

and have recently evolved in the introduced range from local

populations in the Shetland Isles (Simón-Porcar et al., 2017). M. luteus

is an ancient tetraploid (2n = 4x = 60–64) (Vickery et al., 1968), and

recent genomic analysis suggests that it originated from an

allopolyploidization event (Edger et al., 2017). M. luteus is part of an

interfertile species complex that includes M. luteus var. luteus, M. luteus

var. variegatus, and Mimulus naiandinus (Cooley and Willis, 2009;

Stanton et al., 2016). M. guttatus and M. luteus hybridize in the British

Isles to produce the hybrid M. 3 robertsii Silverside (Silverside, 1990;

Stace et al., 2015), which has a chromosome number intermediate

between those of its parents (2n = 3x = 44–46). M. 3 robertsii is highly

sexually sterile (Vickery and Mukherjee, 1966; Stace, 2010) but is
Authors.
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Figure 6. Survival of Mimulus spp. in a
Field Plot in the Southern Uplands of
Scotland Near Leadhills.
Individuals were planted as cuttings in the autumn

of 2015, and survivorship was assessed at the

beginning of the following summer (June 2016) and

at the end of the summer (August 2016). The

experiment contained 828 individuals (ramets) from

298 genotypes (genets) of eight taxa and encom-

passed parents (M. guttatus:2x and M. luteus:4x)

and their autopolyploid derivatives (M. guttatus:4x

and M. luteus:8x), as well as inter-specific hybrids

before (M. 3 robertsii:3x) and after WGD (M. per-

egrinus:6x) (for sample size information per taxon,

see Supplemental Table 4). Both triploid and

allohexaploid hybrids were represented by both

natural and synthetically created individuals. The

symbols indicate mean survival, and the vertical

bars show 95% CIs obtained by bootstrapping.
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capable of vigorous clonal reproduction via lateral stems and has become

widely distributed in the British Isles (Preston et al., 2002; Vallejo-Marin

and Lye, 2013; Da Re et al., 2020). M. 3 robertsii has given rise through

WGD to a new, sexually fertile and vegetatively reproducing species,

the allohexaploid M. peregrinus (2n = 6x = 90–92) (Vallejo-Marin, 2012).

M. peregrinus has evolved at least twice from local populations in two

regions of Scotland, the Lowther Hills in the southern highlands and the

Orkney Isles in the north (Vallejo-Marin, 2012; Vallejo-Marin et al., 2015).

Generation of Synthetic Hybrids and Polyploids

We grew plants ofM. guttatus (2n = 2x) andM. luteus (2n = 4x) from seeds

of five populations per species (Supplemental Table 2 and Figure 1) in a

controlled environment facility (18 h light at 24�C and 6 h dark at 18�C,
70% relative humidity) at the University of Stirling in the autumn of 2014.

The two taxa in this parental generation were crossed reciprocally to

produce inter-specific triploid (2n = 3x) hybrid seeds, using all five

populations per species and performing up to five replicate crosses per

combination of populations. All flowers were emasculated the day

before performing the inter-specific crosses. To induce polyploidy and

generate synthetic allohexaploids (2n = 6x), a subset of the seeds

generated in inter-specific crosses (2n = 3x) were treated with

colchicine (Dermen, 1940; Eng and Ho, 2019). Seeds were incubated in

1 ml of 0.1% (w/v) aqueous colchicine solution in the dark at room

temperature for 24 h. After the incubation period, seeds were

germinated in the controlled environment facility as described above.

Assessment of Ploidy Level of Colchicine-Treated Plants

The ploidy level of colchicine-treated plants was assessed by flow cytom-

etry (Dole�zel et al., 2007). In brief, cell nuclei were isolated from fresh leaf

tissue inWoody Plant Buffer (Loureiro et al., 2007) together with an internal

standard. The solution was passed through a 50-mm nylon filter, stained

with a PI and RNase solution (both at a final concentration of 50 mg/ml),

and analyzed in a Guava EasyCyte flow cytometer (Millipore Limited,

UK), using a diploid M. guttatus as an internal standard (relative 2C

genome size = 2x). Successfully transformed plants were identified by

having one fluorescence peak that corresponded to the expected

genome size of the allohexaploid (relative 2C genome size = 6x) (Vallejo-

Marin, 2012). Transformed plants (S0) were often mixoploid, showing

two peaks at approximately 3x and 6x, indicating a mosaic of

transformed and untransformed cells. To obtain fully transformed

allopolyploid individuals, we grew these S0 plants until flowering and

self-pollinated them (Figure 1). The resulting S1 generation was

germinated as described above and their ploidy level was assessed

again, revealing a single 2C DNA peak at around 6x. More precise

genome-size estimates were obtained in a separate experiment (see
Plant Comm
Genome-Size Estimation of Inter-ploidy Crosses). Chromosome counts

were performed on a subset of individuals as an additional confirmation

of successful polyploidization (2n = 90–92 chromosomes).

Inter-ploidy Crosses

To assess the inter-fertility of plants of different ploidy levels, we per-

formed a series of controlled crosses in June 2018. Natural and synthetic

plants of M. guttatus (2x), M. guttatus (4x), M. luteus (4x), and M. peregri-

nus (6x) were grown from seed as described above. At the flowering stage,

we emasculated a flower and cross-pollinated it with fresh pollen. All four

taxa were crossed with each other in both directions (16 cross types,

including within-taxon crosses). Seeds were collected approximately

17–21 days after pollination and stored at 4�C. As it was not possible to

standardize the number of viable pollen grains used in cross-

pollinations, we estimated seed viability as the proportion of seeds that

germinated. Germination was assessed for 48 crosses from which we ob-

tained and planted 10 or more seeds per cross (10–110, average = 69.27

seeds per cross).

Genome-Size Estimation of Inter-ploidy Crosses

To obtain more precise estimates of absolute and relative (DNA-ploidy

level) genome size, we performed flow-cytometry analysis of the seeds

that resulted from the inter-ploidy cross-hybridizations (Dole�zel et al.,

2007). This time, we used Solanum pseudocapsicum as the internal

standard (2C = 2.59 pg [Temsch et al., 2010]), chopped both sample

and standard in 0.5 ml of ice-cold Otto I buffer (0.1 M citric acid, 0.5%

Tween 20), and passed the mixture through a 42-mm nylon filter. For

ploidy-level estimation (relative genome size), 1 ml of staining solution

containing Otto II buffer (0.4 M Na2HPO4$12H2O), 4 mg/ml DAPI, and 2 ml/ml b-

mercaptoethanol was added to the nuclei suspension. The stained nuclei

were analyzed in a Partec Space cytometer (Partec, M€unster, Germany)

equipped with a 365-nm UV-LED light for DAPI excitation. In the case of

absolute genome-size estimation, we used PI and RNase IIA (both at a

final concentration of 50 mg/ml). The fluorescence intensity of 5000 iso-

lated nuclei was analyzed using a Partec Cyflow cytometer equipped

with a 532-nm diode-pumped solid-state green laser (Cobolt Samba,

100 mW output power). For absolute genome-size estimation, samples

were analyzed at three different days, and measurements that deviated

from the between-day variance by more than 3% (= machine error rate)

were reanalyzed. The absolute genome size was calculated as the

mean of the threemeasurements3 standard genome size. The same pro-

cedure was used for the estimation of relative genome size, with the

caveat that differences in AT/GC composition between the sample and

the standard can affect the estimates and cause differences between

PI- and DAPI-based estimates. The resulting estimates should therefore
unications 1, 100093, November 9 2020 ª 2020 The Authors. 9
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be considered relative approximations of true genome size. More samples

were analyzed with DAPI than with PI, as our initial goal was to detect

ploidy-level differences rather than absolute genome size.

Fertility Measurements

To assess pollen size and viability, we collected anthers from the fifth

flower of each plant in 1 ml of 70% ethanol and kept them in the fridge at

4�C to fix and conserve the pollen. Pollen viability was determined with a

Multisizer III (Beckman Coulter) using the method described in De

Storme et al. (2013). This method relies on physical differences between

viable and inviable pollen (Kelly et al., 2002). Following vortexing,

centrifugation, and the removal of the supernatant, the pollen in the

pellet was suspended in a weak isotonic electrolyte (Isoton II) and

immediately run through the Multisizer to prevent a change in pollen

volume (De Storme et al., 2013). On average, 2658 pollen grains per

sample were counted within the lower and upper size threshold of the

pollen (viable and inviable) size range. For each ploidy level, we manually

determined the pollen size cutoff value between viable and inviable pollen.

Phenotypic Variation in a Common Garden

We conducted a common garden experiment to assess phenotypic vari-

ation inM. guttatus andM. luteus, synthetic F1M. guttatus3M. luteus hy-

brids, and allopolyploids (both natural and synthetic) (Supplemental

Table 3). From each seed family, 20 seedlings were transplanted to

separate 0.37-l pots, placed in greenhouses at the University of Stirling,

and maintained with supplemental lighting (16 h per day). We measured

16 phenotypic traits: plant height (PLAH), stem thickness (STTH), the

width (LEAW) and length (LEAL) of the largest leaf, bract width

(BRAW) and length (BRAL), days to flowering (FLTI), flowering node of

the first flower (FLNO) and pedicel length (PEDL) , corolla width

(CORW), corolla height (CORH), corolla tube length (TUBL), throat

opening (THRO), throat width (THRW), calyx length (CALL), and anther-

stigma distance (ASD). All traits were measured to the nearest millimeter

with digital calipers (Mitutoyo, Japan) on the first day of flowering of

each plant. Vegetative traits were measured when the first flower on a

given plant had opened, whereas floral trait measurements were obtained

from the first two flowers of each plant.

Field Experiments

We conducted two field experiments to measure the performance of

plants of different ploidy levels, both natural and synthetic. The first exper-

iment involved a subset of populations from four taxa: the two parental

taxa,M. guttatus andM. luteus, as well as the synthetic triploids and allo-

hexaploids (Supplemental Table 3; full plant IDs available at http://hdl.

handle.net/11667/155). Only crosses in which M. guttatus was the

maternal parent were included in this experiment. To minimize maternal

effects, all seeds in this experiment were produced from parental plants

grown from seed in the greenhouse. In total, we used 455 individuals. In

late spring 2016, we planted and germinated seeds as described above

and transferred them to the greenhouse for acclimation. Between 30

June and 5 July 2016, when plants had between four and six true

leaves, they were transplanted to a 4 m 3 16 m plot in the experimental

gardens of the University of Stirling. Plants were arranged in a 13 3 84

rectangular grid, with individuals equally spaced and separated by 40

cm. Prior to transplanting, the plot was rototilled and fenced with

galvanized metal netting to exclude rabbits. Due to a severe infestation

of common slugs, we also had to deploy beer slug-traps to avoid the

experiment being consumed overnight. We scored the probability of flow-

ering up to the end of the growing season in 2016 and measured the

following eight traits at the onset of flowering: (1) plant height (PLAH), (2)

stem thickness (STTH), (3) flowering node of the first flower (FLNO), (4)

pedicel length (PEDL), (5) corolla width (CORW), (6) corolla height

(CORH), (7) corolla tube length (TUBL), and (8) calyx length (CALL). Floral

traits were measured in two flowers per individual in all individuals that

flowered. We also recorded survival to the end of the summer in 2016

(September) and survival to the end of the experiment in May 2017.
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The goal of the second experiment was to assess the survival of different

taxa and ploidy levels under more realistic field conditions. In this exper-

iment, we tried to analyze as many taxa and ploidy levels as possible,

including both natural and artificially produced (through inter-specific

crosses and colchicine treatment, hereafter synthetic) individuals. We

studied the following taxa: M. guttatus (2n = 2x), M. 3 robertsii (2n =

3x), M. guttatus (2n = 4x), M. luteus (2n = 4x), M. peregrinus (2n = 6x),

andM. luteus (2n = 8x). Full IDs of all plants, including cross type and pop-

ulation of origin, are provided in the supplemental files available at http://

hdl.handle.net/11667/155. To minimize maternal effects, all material used

in this experiment was derived from clonal replicates obtained from plants

that were first grown from seeds and propagated in the greenhouse. Our

experiment included 298 genotypes (genets) (Supplemental Table 4).

Each of these genotypes was clonally replicated up to three times, and

these individuals (ramets) were transplanted to the field (Supplemental

Table 4). In total, we worked with 298 genotypes and 828 individuals

(ramets) from eight taxon-ploidy combinations.

A field plot was established in the southern uplands of Scotland near the

town of Leadhills, South Lanarkshire, in 2015 (latitude 55.4188�, longitude
�3.7378�). This site is approximately 550 m from the holotype locality of

M. peregrinus (Vallejo-Marin, 2012) and 30 m from a stream

(Shortcleuch Waters). Both M. 3 robertsii and M. peregrinus co-occur in

the vicinity of this area (Vallejo-Marin et al., 2015). Because we wanted

to avoid the introduction of exotic material to this natural population, we

collected any fruits that formed in the plants of the experimental plots

before they were dispersed and ensured that all experimental plants

had been destroyed by the end of the experiment. The experimental

plot consisted of a 12 m 3 15 m area that was rotovated in October

2015 and enclosed with a wire fence that excluded deer and sheep but

not smaller herbivores such as rabbits. All the material used in this

experiment was grown and clonally propagated in the University of

Stirling research greenhouses. In October 2015, ramets of

approximately 10 cm in length were potted in individual 0.37-l pots to

encourage rooting and leaf growth for about 3 weeks. Plants were

transplanted to the field plot at the beginning of November 2015. Plants

were arranged in a rectangular grid (26 3 32) with rows and columns

spaced about 40 cm apart. A preliminary survey in early December

2015 indicated that the vast majority of plants (99.5%) had survived

transplant and become established in the field. Survivorship in this

experimental plot was assessed in the following summer on 4 June

2016 and again on 24 August 2016 when the experiment was terminated.
Statistical Analysis

Phenotypic Variation in the Common Garden

We conducted a linear discriminant analysis (LDA) to summarize the

phenotypic differences among natural and synthetic taxa in the common

garden. Prior to LDA, a Box-Cox transformation was applied to all vari-

ables. To investigate the extent to which the measured variables could

be used to distinguish between the five taxa (M. guttatus, M. luteus, M.

3 robertsii, and both natural and synthetic M. peregrinus), we performed

a random forest classification using the R package randomForest (Liaw

and Wiener, 2002). The random forest was tuned using the function

tuneRF with 1000 trees and a step factor of 0.5. The classification error

(confusion matrix) and the importance of each variable were estimated

using stratified sampling with equal sample sizes for all variables, and

the mean decrease accuracy and mean Gini index were calculated. To

determine the effect of WGD on the phenotype, we compared the

synthesized M. 3 robertsii and M. peregrinus using MANOVA.

Field Experiments

In the experiment carried out at the University of Stirling experimental

gardens, we performed an LDA and a MANOVA on the set of eight

phenotypic variables after Box-Cox transformation. The probability of

flowering, survival to the end of the summer, and next year’s survival

were analyzed using generalized linear mixed-effects models with a bino-

mial error implemented in lme4 (Bates et al., 2014) with taxon as a fixed
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effect and population (or population cross) as a random effect. Pairwise

comparisons between taxa were performed with a Tukey test using the

package multcomp (Hothorn et al., 2008).

In the field experiment carried out at Leadhills, we analyzed the probability

of surviving by classifying each individual as dead or alive (0,1) at census

time and using generalized linear mixed-effects models with a binomial er-

ror implemented in lme4. We used the combination of species, ploidy

level, and origin (natural or synthetic) to produce a single factor (taxon)

and used this as a fixed effect in the models. We used clonal membership

(clone) as a random effect. The survivorship of both tetraploid and octo-

ploid M. luteus was zero on both census dates, and we excluded these

two taxa from subsequent analyses, as a preliminary investigation showed

that including these taxa resulted in a lack of convergence of the statistical

models. Pairwise comparisons between taxa were performed with a Tu-

key test using the package multcomp.

Variation in Pollen Viability among Synthetic Allohexaploid
Lines

We tested for differences in pollen viability among nine synthetic allohex-

aploid lines using a generalized linear model with a binomial error and line

as the explanatory variable.
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