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Genome duplication in plants is thought to be a route to speciation due to cytotype
incompatibility. However, to reduce cross-pollination between cytotypes in animal-
pollinated species, distinctive floral phenotypes, which would allow pollinator-mediated
assortative mating between flowers, are also expected. Chamerion angustifolium is a
Holarctic species that forms a hybrid zone between diploid and tetraploid populations
in the North American Rocky Mountains. Extensive research has shown that these
cytotypes differ in many ways, including some floral traits, and that pollinators can
discriminate between cytotypes, leading to assortative mating. However, two signals
commonly used by insect pollinators have not been measured for this species, namely
petal colour and floral scent. Using greenhouse-grown diploids and tetraploids of
C. angustifolium from the ploidy hybrid-zone in the North American Rocky Mountains,
we show that both floral scent signals and petal reflectance differ between cytotypes.
These differences, along with differences in flower size shown previously, could help
explain pollinator-mediated assortative mating observed in previous studies. However,
these differences in floral phenotypes may vary in importance to pollinators. While the
differences in scent included common floral volatiles readily detected by bumblebees,
the differences in petal reflectance may not be perceived by bees based on their visual
sensitivity across the spectra. Thus, our results suggest that differences in floral volatile
emissions are more likely to contribute to pollinator discrimination between cytotypes
and highlight the importance of understanding the sensory systems of pollinators when
examining floral signals.

Keywords: fireweed, assortative mating, floral scent, volatiles, reflectance, Apis visual model

INTRODUCTION

Genome duplication is an important mechanism of speciation in plants (Rieseberg and Willis, 2007;
Soltis et al., 2009; Barker et al., 2016) and is notable as one of the few roads to speciation that can
occur in sympatry (e.g., Vallejo-Marín et al., 2016). Polyploidy can arise from the hybridisation of
two progenitor species (allopolyploidy) or be the result of whole genome duplication from a single
progenitor (autopolyploidy). In general allopolyploids have received relatively more attention than
autopolyploids (Soltis et al., 2007; Parisod et al., 2010; Spoelhof et al., 2017), however, both types
of polyploids must be reproductively isolated from their progenitors to coexist. Autopolyploids
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may face even larger challenges because they are often regarded
as being morphologically similar to their diploid progenitors
and as such have historically been lumped as the same species
(Soltis et al., 2007; Spoelhof et al., 2017). Mixed populations of
autopolyploids and diploid progenitors provide an opportunity
to understand the evolution of polyploidy, however, many
questions remain (Kolář et al., 2017). Moreover the ecological
consequences of polyploidy are relatively unexplored despite the
role of ecology in evolutionary processes (Ramsey and Ramsey,
2014; Segraves, 2017).

Newly formed autopolyploids are at a reproductive
disadvantage relative to their progenitors due to their rarity,
i.e., minority cytotype exclusion (Levin, 1975; Husband, 2000).
If polyploids do not differ significantly in floral traits from
progenitors, pollinator fidelity to a particular cytotype is unlikely.
The resulting random visitation from pollinators across cytotypes
means that polyploids are more likely to reproduce with diploids
than other polyploids, resulting in reduced polyploid fitness
and minority cytotype exclusion (Husband, 2000). Therefore,
coexistence and spread of polyploids is likely driven by
mechanisms of reproductive isolation. For example, increased
selfing could facilitate separation between ploidies (Barringer,
2007; Husband et al., 2008; Segraves and Anneberg, 2016). For
outcrossing species, mechanisms such as separation in flowering
time (e.g., Husband and Schemske, 2000; Jersáková et al., 2010;
Castro et al., 2011; Münzbergová et al., 2015; Münzbergová
and Skuhrovec, 2017; Pegoraro et al., 2019) or geography/niche
differentiation (e.g., Raabová et al., 2008; Maherali et al.,
2009; Muñoz-Pajares et al., 2018; Decanter et al., 2020) could
contribute to isolation. Natural selection could also act on floral
traits for differentiated pollinator signals (e.g., Nuismer and
Cunningham, 2005). For pollinators to act as a mechanism to
facilitate coexistence of cytotypes (Kolář et al., 2017; Sutherland
et al., 2020; Laport et al., 2021), the flowers of the cytotypes must
differ in ways that pollinators can perceive (e.g., Segraves and
Thompson, 1999) or have sufficient morphological differences
to facilitate isolation (e.g., Borges et al., 2012). For Gymnadenia
conopsea (Orchidaceae), cytotypes differ in floral signals, mainly
floral scent (Jersáková et al., 2010; Gross and Schiestl, 2015), and
assortative mating has also been observed in some populations
(Gross and Schiestl, 2015), suggesting that these mechanisms
may function as reproductive isolation mechanisms in mixed
populations of autotetraploids. Alternatively, post-pollination
mechanisms of isolation may be more important in keeping
polyploids distinctive, as in Aster amellus (Asteraceae) (Castro
et al., 2011) and for some species little evidence of reproductive
isolation is observed (e.g., Barringer and Galloway, 2017).
Although pollinator-mediated reproductive isolation between
cytotypes has strong theorical support and empirical evidence
for some species where it has been measured (e.g., Kennedy
et al., 2006; Thompson and Merg, 2008; Roccaforte et al., 2015;
Sutherland et al., 2020; Laport et al., 2021), few studies have
examined differences in multifaceted floral signals between
cytotypes making generalisations challenging.

Chamerion angustifolium has become a model system for
studying autopolyploidy largely due to the work of Brian
Husband’s group. Considerable advances have been made in

the study of autopolyploidy using this system to measure
reproductive isolation of the cytotypes (Husband and Sabara,
2004), assortative mating (Husband, 2000; Kennedy et al., 2006),
fitness differences (Burton and Husband, 2000), climatic niche
differences of the cytotypes (Thompson et al., 2014), and their
physiology (Maherali et al., 2009). Reproductive isolation does
occur between the cytotypes in wild populations (Kennedy et al.,
2006) and experimental plots (Husband, 2000) and pollinator
fidelity is an important isolating mechanism in the system
(Husband and Sabara, 2004), suggesting that differences in floral
traits may explain pollinator behaviour on these inflorescences.
In natural mixed populations, tetraploids often display more
and larger flowers than diploids, although greenhouse grown
plants have shown the opposite pattern for flower number
(Husband, 2000). However, a detailed examination of the floral
phenotypes has not been undertaken for the species. In this study
we examine floral signals pollinators could use to discriminate
between diploid and tetraploid C. angustifolium. We compare
flower size, spectral reflectance of petals, and scent between
the two ploidies. These signalling traits can be important in
driving pollinator preferences and fidelity, either individually
or in an integrated fashion (Katzenberger et al., 2013; Schiestl
and Johnson, 2013; Junker and Parachnowitsch, 2015). Signaling
differences are likely for C. angustifolium cytotypes from mixed
populations because pollinators do contribute to reproductive
isolation in the species, however, which traits aid those decisions
are largely unknown.

MATERIALS AND METHODS

Study System
Chamerion angustifolium (formerly Epilobium angustifolium)
is a protandrous herbaceous perennial native to temperate
regions throughout the northern hemisphere (Mosquin, 1966).
Tetraploid and diploid populations of C. angustifolium occur
throughout North America, with diploids occupying regions at
higher latitudes than tetraploids (Thompson et al., 2014) and
adaptation to elevation of both cytotypes is observed (Martin
and Husband, 2013). Although a contact zone between the
two cytotypes exists in the Rocky Mountains, this contact
zone features a patchy mosaic with small-scale variation in
cytotype, rather than a smooth transition from tetraploid at
low altitudes and diploids at higher altitudes (Husband and
Schemske, 1998; Sabara et al., 2013) and mixed populations have
been detected elsewhere in North America (Thompson et al.,
2014). The history and phylogeography of populations is largely
unknown but it can be assumed that diploids and tetraploids
have had some opportunity to evolve in these populations (e.g.,
Maherali et al., 2009). Where diploids and tetraploids occur
in sympatry, triploids can be found (Husband and Schemske,
1998; Sabara et al., 2013), suggesting that mating between
cytotypes occurs. Reproduction happens both clonally and by
seed (Baldwin and Husband, 2013). Hymenoptera serve as
the primary pollinators throughout the range (Husband and
Schemske, 2000; Kennedy et al., 2006; Ollerton et al., 2007)
and Bombus spp. are the most common effective pollinators
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in North America (Galen and Plowright, 1985; Kennedy et al.,
2006). While bees seem to be the more effective pollinators
for C. angustifolium, their flowers can be visited by a diversity
of additional animals such as Lepidoptera, syrphid flies, and
occasionally hummingbirds.

Greenhouse Conditions
We grew diploid and tetraploid C. angustifolium from seed in a
greenhouse at Uppsala University in 2015. Seeds were collected
from populations in the Rocky Mountains in North America,
and were from a bulk collection of pure diploid, pure tetraploid
and mixed populations as used in Thompson et al. (2015).
Cytotype for the bulk collections was determined by estimating
DNA content using flow cytometry in previous work and the
classification was highly accurate [60/60 confirmed diploid, 59/60
confirmed tetraploid (Thompson et al., 2015)], however, we
did not directly test the individuals used in our experiment.
Seeds were planted in compost pellets (one seed per pellet).
Germination success was lower in tetraploids, resulting in a
sample size of 30 tetraploid and 50 diploid plants. Seedlings
were transplanted into a 3:1 mixture of vegetable garden soil
and expanded clay in 10 cm wide pots after 28 days and
placed randomly on two self-watering greenhouse tables. The
automated watering system delivered additional nutrients and
water for 30 min every 48 h for the first month after transplant,
then increased to 2 h of watering every 24 h to accommodate
increased water demands as plants grew. Due to a technical
problem with the automated watering system, one greenhouse
table did not receive fertiliser and this was only discovered
when plants showed signs of nutrient deficiency (e.g., chlorosis).
To account for differences in pre-flowering fertiliser levels we
include this factor in all analyses, however, both tables received
the same water and fertiliser amounts during the flower sampling
period and the deficient plants (N = 12 tetraploids, 26 diploids)
quickly recovered.

Floral Morphology
We measured petal width, petal length, and style length on
three haphazardly selected flowers on each plant following
the protocols of Husband and Schemske (2000). We used the
lower right petal of each flower for petal measurements, and
all measurements were collected from female phase flowers to
ensure petals were fully expanded. When possible, we selected
flowers on the main stem. We measured style length as the
distance from the base of the style to the point where stigmatic
lobes separated. For each of the three morphological traits, we
used plant mean values in analyses.

Floral Spectral Reflectance
During peak flowering, we haphazardly selected three female
phase flowers from each plant for spectral reflectance
measurements. As for petal size, we used the lower right
petal of each flower using a UV-VIS spectrophotometer (Ocean
Optics), however, these were not necessarily the same flowers
used for morphology measurements. We measured reflectance
spectra for 300–700 nm, taking at least three readings for each
petal to account for slight variations in reflectance measures. We

binned spectra readings to have one measure per nm and used
the average reflectance of all flowers and readings for each plant
(due to missing data of petal reflectance for four diploid plants,
N = 30 tetraploids and 46 diploids).

Floral Volatile Sampling and Analyses
We collected floral volatiles using dynamic headspace sampling
(Raguso and Pellmyr, 1998). To collect floral volatiles, the entire
inflorescence was placed inside a 14.5 × 35 cm ICA R© oven bag
(ICA Sverige AB, Solna, Sweden) attached to a Teflon tube scent
trap filled with 10 mg Tenax GR R© filter (Sigma-Aldrich, St Louis,
MO, United States). Scent traps were connected via a Cole-
Parmer (Vernon Hills, IL, United States) 65-mm direct-reading
flow meter to a custom-built air pump (GroTech, Gothenburg,
Sweden) for 5 h at a flow rate of 200 ml/min (as in Friberg
et al., 2013). For each sampling period, an air control was
collected from an empty oven bag to assess background scent
levels in our open sampling set-up and at least one diploid
and one tetraploid were haphazardly chosen for a leaf sample
to help determine floral-specific volatiles. Volatiles found in
roughly equal amounts in air controls and plant samples were
excluded from our analyses. For volatiles present in air controls
but in greater amounts in plant samples, we subtracted the air
control amounts from all samples taken that day (any negative
numbers were converted to zero). At sampling, the number
of open flowers sampled per plant was recorded and used to
calculate the emission of floral volatiles in ng/h/flower. In order
to assess temporal variation in volatile emissions, 10 plants
(N = 6 tetraploid, 4 diploid with one sampled 3 times) were
haphazardly selected for repeated sampling, however, we found
no significant differences between repeated samples and so used
the mean across multiple samples in our analysis. Compounds
were extracted from scent traps using 200 µl of hexane and
concentrated to 50 µl with nitrogen gas and stored at−20◦C until
analysis. We added 5 µl of a 0.03% toluene (1.3 µg) solution in
hexane to samples for quantification. Samples were analyzed on
a Finnigan Trace GC ultra 2000 gas chromatograph connected to
a Finnigan Trace DSQ mass spectrometer (both Thermo Fisher
Scientific, United States) with a 30 m × 0.250 mm × 0.25 µm
DB-Wax column (Agilent Technologies, United States). Helium
was used as carrier gas at a constant velocity of 1 ml/min.
The temperature program was as follows: 3 min hold at 50◦C,
followed by a 10◦C/min increase for 20 min until the oven
reached a maximum temperature of 250◦C. Chromatograms
were integrated using XcaliburTM (version 1.4, R©Thermo Electron
Corporation). Compounds were identified using NIST library
searches, as well as available standards. Floral volatile emission
in ng/h/flower was calculated following the equation in Svensson
et al. (2005).

Statistical Analyses
All analyses were conducted in R (R Core Team, 2021).

Flower Size Analyses
We used a two-way multivariate analysis of variance (MANOVA)
to compare petal length, petal width, and style length between
diploids and tetraploids, while accounting for fertiliser level
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during growth. To determine differences for the individual
traits, we used linear models (lm function) to conduct
ANOVAs that included ploidy level and fertiliser and their
interaction, followed by the Dunn–Šidák correction for multiple
comparisons. All traits met the assumptions of the tests and so no
transformations were used.

Reflectance Analyses
To identify differences in spectral reflectance between diploids
and tetraploids, we first used the adonis function in the R package
“vegan” (Oksanen et al., 2019) to conduct a permutational
multivariate analysis of variance (PERMANOVA) on Bray-
Curtis dissimilarities with 5,000 permutations, including fertiliser
condition as an interaction term. This analysis considered the
entire curve between 300 and 700 nm (spectral reflectance
for each wavelength was treated as a single data point) to
assess whether there was an overall difference. To test whether
differences in reflectance are likely detected by pollinators, we
applied the visual sensitivity model based on Chittka (1992) to
the spectral reflectance data. The visual sensitivity model was
implemented using the vismodel function in “Pavo2” R package
using the recommended settings for the colour hexagon based on
a green background, daylight illumination and for simplicity we
used the built-in “Apis” model for visual sensitivity (Maia et al.,
2019). The honeybee visual sensitivity is often used to represent
Hymenoptera vision which is evolutionarily conserved (Briscoe
and Chittka, 2001) and Apis mellifera can also be a common
visitor to C. angustifolium. Similar results were found using the
visual sensitivities of Bombus species (not shown), which are
common C. angustifolium pollinators and also have very similar
visual sensitivity (Skorupski and Chittka, 2010). We used the
bootcoldist function of Pavo2 to calculate unweighted Euclidean
distances between ploidies based on the hexagon to show the
mean difference in colour contrast.

Scent Analyses
We first tested whether total scent emission differed between
the two ploidies using a linear model with fertiliser condition
included as an interaction term. We also compared scent profiles
from the leaf and flower samples to determine floral specific
volatiles; we considered volatiles as floral specific if they were at
least twice as prevalent in the floral samples as in the leaf samples,
as in Parachnowitsch et al. (2012). To assess whether variation
in emission rates of specific compounds differed between the
ploidies, we used a PERMANOVA on Bray–Curtis dissimilarities
with 5,000 permutations. To determine which compounds
contributed substantially to differences between diploid and
tetraploids we used a similarity percentage (SIMPER) analysis
using the simper function in “vegan” (Oksanen et al., 2019). To
visualise these differences, we used non-metric multidimensional
scaling ordination (NMDs) based on Bray–Curtis distances in
“vegan.”

RESULTS

Floral traits of C. angustifolium diploids and tetraploids differed
across morphology, colour, and scent. Interestingly, petal size

did not differ between ploidies. While the MANOVA detected
differences between ploidies in morphology (P < 0.001),
ANOVAs for petal length (F1,76 = 1.9, P = 0.17), petal width
(F1,76 = 1.7, P = 0.20), and style length (F1,76 = 33.16,
P < 0.001), showed that style length was responsible for these
morphological differences (Figure 1). Style length differences
remain significant after correction for multiple comparisons.
Fertiliser during growth and its interaction with ploidy had
no effect on morphology. We found significant differences in
petal reflectance between diploids and tetraploids (Table 1),
particularly in the 400–500 nm and 600–700 nm range (Figure 2).
However, as the range 600–700 nm is not an important
component of the Hymenoptera visual system, which could help
explain why the signficant effect of ploidy on petal reflectance
was lost when a bee vision model was applied (Figure 2). The
differences detected in the 400–500 range were obviously not
enough for bees to detect and this was not surprising given that
the mean colour contrast in hexagon units between diploids and
tetraploids was 0.002 (CI= 0.0008–0.012).

We detected 21 compounds emitted from C. angustifolium
from a range of compound classes such as terpenes, aromatics,
fatty acid derivatives, and aliphatics (Table 2). Most compounds
were emitted in much greater amounts in the floral samples
than the leaf samples, suggesting that these were floral-specific
compounds. The exceptions were the fatty acid derivatives
cis-3-hexenyl butyrate, cis-3-hexenyl acetate, and 3-hexen-1-
ol benzoate, the monoterpenes ocimene and linalool, as well
as methyl salicylate and nonadecane. No compounds were
exclusively detected only in diploids or tetraploids, suggesting
that these scent bouquets generally overlap in composition
(Figure 3, inset). Moreover, total scent emission did not
differ with ploidy (F1,76 = 1.6, P = 0.21), and nutrient
deficiency during growth or its interaction with ploidy did
not affect total scent emission (Ps > 0.5). However, despite
the overlap in scent bouquet, there was significant differences
between diploids and tetraploids when emission amounts of all
compounds were considered, as shown with the PERMANOVA
(Table 3), suggesting scent ratios within the floral scent bouquet
differed between ploidies. This remains true if we limit our
analyses to only volatiles that are found in greater abundances
in the floral samples (PERMANOVA: ploidy F1,76 = 6.63,
P = 0.0002) suggesting floral-specific bouquet differs between
ploidies. However, because floral visitors experience the whole
plant scent, we focus on the analyses that included all volatiles.
Generally, diploids emit more 2-nonanone and 2-hexen-1-ol
while tetraploids emit more phenyl acetaldehyde and cis-3-
hexenyl acetate (Figure 3). Together these four compounds
explain ∼55% of the difference in scent between diploids
and tetraploids (Supplementary Table 1) and were the most
abundant volatiles in the floral bouquet.

DISCUSSION

We found differences in floral signals between diploid and
tetraploid C. angustifolium grown in controlled greenhouse
conditions that suggest pollinators might distinguish between
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FIGURE 1 | Drawing of Chamerion angustifolium with the three floral measures depicted (A) and (B) the variation in flower size measures of diploid (D) and tetraploid
(T) plants. Petal measurements were taken from the lower right petal of female-phase flowers. Only style length showed significant differences between diploids
(white) and tetraploids (grey). Boxplots show median and the spread of the data. Illustration by Lucie Vézina.

TABLE 1 | PERMANOVA results for the spectral reflectance of Chamerion angustifolium flower petals before and after application of a Apis visual sensitivity model,
testing for the effects of ploidy, fertiliser during growth, and their interaction.

Factor DF Sum of squares Mean squares F R2 P

Spectral reflectance Ploidy 1 0.022 0.022 7.15 0.087 0.003

Fertiliser 1 0.006 0.006 2.02 0.025 0.14

Ploidy:Fertiliser 1 0.003 0.003 1.13 0.014 0.29

Residuals 72 0.218 0.003 0.88

Apis model Ploidy 1 0.00026 0.0002 0.25 0.0034 0.63

Fertiliser 1 0.0001 0.00012 0.18 0.0024 0.68

Ploidy:Fertiliser 1 0.0013 0.0013 2.03 0.028 0.16

Residuals 72 0.0472 0.00075 0.97

these cytotypes. However, not all signals showed the same pattern
of variation. Flower petal size did not differ between the ploidies,
but we did see a trend that flowers in tetraploids were generally
bigger with longer styles (Figure 1). Significant flower size
differences are detectable in field populations of C. angustifolium
and are a common result of genome wide duplication (Porturas
et al., 2019). While floral petal reflectance showed a significant
statistical difference between ploidies, using a bee vision model
suggests that these differences are unlikely to be perceived by
Hymenopteran pollinators (Figure 2). Instead our results suggest
that floral scent may be the most likely signal to differentiate
between cytotypes in mixed populations (Figure 3).

Neither diploid nor tetraploid C. angustifolium emitted unique
floral volatiles and the overall scent bouquets are not distinctive
(Figure 3) suggesting that these two cytotypes strongly overlap in
their scent. However, insect pollinators can respond to differences
in volatile ratios to distinguish between flowers (Raguso, 2008)
and we did detect differences in the specific compounds in the
volatile bouquets (Figure 3). Both 2-nonanone and 2-hexen-
1-ol were emitted in higher amounts from diploids and are
common floral scents (Knudsen et al., 2006). Interestingly, 2-
nonanone is also a component of the Bombus terrestris queen
pheromone (Krieger et al., 2006) and can be produced by nectar

fungi (Rering et al., 2018). Because our plants were grown in
the greenhouse without access to pollinators to inoculate the
nectar, it is unlikely that 2-nonanone was nectar fungi-produced.
It would be interesting to see if these differences remain in wild
plants where nectar microbes could more readily interact with the
flowers and influence the floral scent.

Tetraploids tended to emit more phenylacetaldehyde and cis-
3-hexenyl acetate than diploids (Figure 3). Phenylacetaldehyde
is also a common floral volatile (Knudsen et al., 2006), detected
by a range of insects such as bees and moths (Huber et al.,
2005; Dötterl and Vereecken, 2010; Knauer and Schiestl, 2015)
and has a significant positive effect on the number of bumble
bee visits to Brassica rapa inflorescences (Knauer and Schiestl,
2017). Together these suggest a strong attractive role for the
compound in floral scent bouquets. Conversely, cis-3-hexenyl
acetate is more commonly associated with green leaf volatiles
(GLVs) released after herbivore damage (Kessler and Baldwin,
2001; Frost et al., 2008), although that can also be true for
most of the aliphatics detected here. For C. angustifolium,
this compound was not floral specific and was found in
similar amounts in leaf and floral samples. While GLVs can be
associated with handling plants to sample for scent, there is no
reason to think tetraploids experienced different damage levels
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FIGURE 2 | Flower reflectance differences for diploid and tetraploid
Chamerion angustifolium plotted from 300 to 700 nm; lines are the treatment
mean and shading represents the SE. Inset: flower colour plotted using the
colour hexagon for Hymenoptera colour vision to illustrate the overlap of
diploid and tetraploid reflectance (empty circles = diploid, filled
circles = tetraploid), corners represent blue = E(B), green = E(G), and
ultraviolet = E(UV).

during our sampling. Variation in response to plant damage is
detected in many plant species (Karban, 2020) and ploidy can
influence herbivory (Halverson et al., 2008; Boalt et al., 2010;

TABLE 2 | Floral scents detected in diploid and tetraploid Chamerion
angustifolium.

Compound RT Floral/leaf ID method

Aliphatics

Methylhexanone 7.04 floral RT, NIST

Cis-3-hexenyl acetate 9.15 leaf RT, NIST

3-Hexen-1-ol 9.90 floral RT, STD

2-Hexen-1-ol 10.10 floral RT, NIST

2-Nonanone 10.20 floral RT, NIST

Cis-3-hexenyl butyrate 11.25 leaf RT, NIST

Cis-3-hexenyl isovalerate 11.38 floral RT, NIST

2-Nonanol 11.90 floral RT, NIST

Nonadecane 12.90 leaf RT, NIST

3-Hexen-1-ol benzoate 18.75 leaf RT, NIST

Aromatics

Benzaldehyde 11.85 floral RT, STD

Phenylacetaldehyde 13.30 floral RT, NIST

Ethyl benzoate 13.68 floral RT, NIST

Methyl salicylate 14.90 leaf RT, STD

Benzyl alcohol 16.15 floral RT, NIST

Phenylethyl alcohol 16.54 floral RT, STD

Monoterpenes

Ocimene 8.05 leaf RT, STD

Linalool 12.30 leaf RT, STD

Sesquiterpenes

Caryophyllene 14.44 floral RT, STD

Farnesene 14.72 floral RT, STD

Cadinene 14.80 floral RT, NIST

Compounds are grouped based on compound class. Floral volatiles were higher
in floral samples compared to leaf (see text) and compounds were identified using
retention time (RT), comparisons with the NIST library, and where possible, known
synthetic standards (STD).

TABLE 3 | PERMANOVA results for the 21 floral volatiles emitted by Chamerion
angustifolium individuals, testing for the effects of ploidy, fertiliser during growth,
and their interaction.

Factor DF Sum of
Squares

Mean
Squares

F R2 P

Ploidy 1 1.50 1.50 6.65 0.079 0.0002

Fertiliser 1 0.18 0.18 0.80 0.0095 0.60

Ploidy:Fertiliser 1 0.28 0.28 1.25 0.015 0.23

Residuals 76 17.18 0.22 0.90

Segraves and Anneberg, 2016), however, differences in herbivore-
induced volatiles between ploidies should be specifically tested
in C. angustifolium to be conclusive. Furthermore, while our
results suggest that the two cytotypes differ in scent emission
of compounds that are common to floral bouquets and likely
readily detected by the wide range of insect pollinators to
C. angustifolium, behaviour tests are needed to determine if these
signals are used in foraging decisions such as in Husband (2000)
and Kennedy et al. (2006).

Flower size differences between cytotypes have been found
for C. angustifolium in the field (Kennedy et al., 2006), and
although we saw a trend for tetraploids to have larger flowers,
we did not detect the same statistical differences as previous
work. As pollinators can learn to distinguish between flowers
based on size, although possibly not as easily as colour and
floral scent signals (e.g., Blarer et al., 2002), further behavioural
studies examining foraging behaviour could prove illuminating.
Interestingly, the reflectance differences we observed are unlikely
to be perceived by bee pollinators to C. angustifolium (Figure 2).
While Hymenoptera do show sensitivity between the 400 and
500 nm wavelengths where tetraploids have higher reflectance
than diploids (Figure 2), these differences were presumably
not pronounced enough to detect and the mean difference in
hexagon units between ploidy is likely below the discrimination
level for bees (Dyer and Chittka, 2004; Aguiar et al., 2020).
Lepidoptera can also visit these flowers and their vision
incorporates the 600–700 nm range (van der Kooi et al., 2021),
so perhaps they could better distinguish between these cytotypes.
However, Lepidoptera visits to C. angustifolium are unlikely
to drive reproductive isolation between cytotypes due to their
relatively infrequent visits (Lack, 1982) and behaviour on the
flowers (personal observation, ALP). Similarly, Diptera can
be common visitors to C. angustifolium but based on pollen
removal and deposition rates compared to bees, Diptera are poor
pollinators of this species (Ollerton et al., 2007). Interestingly,
the difference in amplitude in reflectance suggests that the
reason these reflectances differ is due to tissues or cells changing
the backscattering structure rather than pigment amount or
placement (e.g., Figure 3 in van der Kooi et al., 2019). Larger
cell size and nuclear volume are common with polyploidy and
might help explain the reflectance patterns. An unanswered
question for the system is whether any C. angustifolium visitors
perceive the reflectance variation from the petals or if it matters.
Additionally, it is possible pollinators may respond to visual
signals that were not represented by our point measure of
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FIGURE 3 | Floral volatile compound mean emission rate (+/− SE) from diploid and tetraploid Chamerion angustifolium. Compounds are ordered by their
contributions to differences between diploids (white bars) and tetraploids (grey bars) based on SIMPER (Supplementary Table 1). Inset: Overlap of floral scent
bouquets for diploids (D) and tetraploids (T) based on all compounds emitted.

spectral reflectance, such as ultraviolet patterns (Koski and
Ashman, 2014; Trunschke et al., 2021). While we only measured
a single petal per flower, to our knowledge there are no
UV patterns on C. angustifolium petals (Kaz Ohashi, personal
communication) and the low reflectance in the 300–400 nm
range also supports this interpretation. Regardless of whether
the reflectance differences drive behavioral differences on the
flowers, it could be interesting to examine the effects of genome
duplication on floral pigments in autotetraploids and whether
these are similar to somatic ploidy seen in the petals of some
species (Schepper et al., 2001).

The two C. angustifolium cytotypes have different
physiological responses (e.g., to water stress, Maherali et al.,
2009), and so tend to occupy different microclimates (Martin
and Husband, 2013; Thompson et al., 2014). These microclimatic
differences could also drive phenotypic variation in wild plants,
for example scent emission can vary with temperature (Farré-
Armengol et al., 2014). Thus, wild plants may show greater,
or at least different, variation than the greenhouse grown
ones we measured here. However, the controlled greenhouse
environment does mean the differences we detected are more
likely to have a genetic basis than are due to phenotypic plasticity.
Our bulked seeds mean that our study represents general

differences with ploidy in the Rocky Mountains. Evolutionary
history, especially in mixed populations where reproductive
isolation likely plays a larger role, could mean wild populations
show different patterns of variation. Furthermore, plants in this
experiment were not directly tested for ploidy, so it is possible
that we have misclassified some individuals or included triploids.
Although given the accuracy for other individuals in the bulk
seed collections (Thompson et al., 2015), it seems unlikely that
this would play a large role in the results we found.

Our experiment unintentionally included differences in
nutrient availability during development that could have
impacted the floral traits and differences between cytotypes.
However, generally this ‘treatment’ was not significant in our
comparisons, perhaps because it was corrected before flowering
began. Nutrients can of course have strong effects on plant
growth (e.g., in C. angustifolium Bennett et al., 2004; Pinno
et al., 2013), and these effects can impact diploid and tetraploid
C. angustifolium differently (Bales and Hersch-Green, 2019).
Nutrients can also impact floral traits. These effects are often
seen as increases in display size (e.g., Friberg et al., 2017)
directly related to an increase of overall biomass in high nutrient
environments. Nutrients can also affect floral scent for some
species (Majetic et al., 2017), but scent may be less affected
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than other floral traits (Friberg et al., 2017; Luizzi et al., 2021).
Timing of nutrient deficits could be important, especially for
physiologically plastic traits such as scent emission, and may
explain the lack of differences with fertiliser seen here. Although
our experiment cannot be seen as a definitive test of fertiliser
effects on floral traits in C. angustifolium, it does suggest that
these weedy plants can recover quickly from nutrient deficits.

Coexistence of polyploids with their diploid progenitors
requires reproductive isolation to maintain separation of the
cytotypes. Pollinator fidelity is estimated to play a significant
role in reproductive isolation of C. angustifolium (Husband
and Sabara, 2004) and therefore traits that allow pollinators
to distinguish between cytotypes are expected. Flower size and
display size may play a role in these decisions in wild populations
(Kennedy et al., 2006), however, our results suggest that floral
scent may also be an important trait to distinguish between
cytotypes. Floral trait differences may be a direct result of genome
duplication but could also be the result of subsequent evolution
in the cytotypes. For our study, we cannot distinguish these
effects but other work with neo-tetraploid C. angustifolium,
shows that differences in response to water stress between the
cytotypes is likely due to evolution rather than the duplication
event (Maherali et al., 2009). Presumably, the pollinators are
also motivated by more than just subtle differences in floral
signals and an important next step would be to compare
rewards such as nectar and pollen in C. angustifolium. The
connection with rewards and signals is generally understudied
in pollination biology, especially in an evolutionary ecology
context (Parachnowitsch et al., 2019), therefore evaluating
reward differences between cytotypes could have broad value
to understanding assortative mating. Our results are similar to
those in the orchid G. conopsea where floral scent, but not petal
reflectance, differs between cytotypes (Gross and Schiestl, 2015).
Mixed autoploidy systems provide opportunities for furthering
our understanding of ploidy (Kolář et al., 2017), however, many
more of these systems will need to be measured for floral traits
to know whether the pattern of floral scent differences between
cytotypes in G. conopsea and C. angustifolium is common or rare.
These two examples also incorporate evolutionary history after
genome-wide duplication and testing synthesised neo-polyploids
would help determine whether the difference observed in these
species are likely the result of the duplication or natural selection
to reinforce reproductive isolation.
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