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progenitor(s) cannot be elucidated from these data. The data 
reported herein support the recognition of E. penlandii as 
taxonomically distinct, which has implications for conserva-
tion, and reveal cryptic variation within E. edwardsii.
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Introduction

Although flowering plants are under-represented in the liter-
ature addressing cryptic species (Bickford et al. 2006), there 
is a growing body of research addressing these species in the 
flora of the arctic, in particular (e.g., Grundt et al. 2006). The 
underlying explanations proposed to explain this phenom-
enon include recent speciation, incomplete divergence, and 
reticulate evolution, with selection, inbreeding, and genetic 
drift proposed as mechanisms leading to cryptic variation. 
It is also clear that polyploidy—particularly autopolyploidy 
in plants—is an important and overlooked mechanism lead-
ing to the formation of cryptic species (Soltis et al. 2007). 
However, there has been a resistance to recognize multiple 
cytotypes as distinct—even when they confer reproductive 
isolation—as well as a reliance upon the morphological spe-
cies concept, or some variant thereof (Soltis et al. 2007). 
Herein, we report the results of multidisciplinary research 
addressing the systematics of the Eutrema edwardsii R.Br. 
species complex (Brassicaceae), with a goal of contributing 
to a better understanding of E. penlandii Rollins, a federally 
listed Colorado endemic.

Until 1985, two Eutrema species were recognized from 
North America: E. edwardsii and E. penlandii, when Weber 
(1985) published the combination E. edwardsii R.Br. subsp. 

Abstract Eutrema edwardsii R.Br. (Brassicaceae) is an 
arctic-alpine mustard with a circumpolar distribution. Its 
closest relative, Eutrema penlandii Rollins, is a federally 
listed, threatened species that is endemic to the Mosquito 
Range in the Southern Rocky Mountains of Colorado, USA. 
As part of a larger project addressing the systematics of this 
species complex in North America, we conducted chromo-
some counts, flow cytometry, and allozyme analysis to test 
the hypothesis that these taxa comprise an autopolyploid 
complex. Within that context, it should be noted that a 
chromosome count has not been reported previously for E. 
penlandii. Results obtained from mitotic counts obtained 
for two populations of E. penlandii reveal this taxon to be 
diploid. Diploidy was confirmed using flow cytometry for 
an additional 15 individuals representing four populations. 
Previously published chromosome counts for E. edwardsii 
reveal a polyploid complex of tetraploid, hexaploid, and 
octaploid populations for which an autopolyploid origin 
has been presumed. However, allozyme analysis revealed 
an allopolyploid origin for E. edwardsii, as evidenced from 
fixed heterozygosity at six loci. Although our data suggest 
that E. penlandii is a close relative of one of the progeni-
tors of E. edwardsii, the taxonomic identity of the other 
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penlandii (Rollins) W.A.Weber, thereby reducing the rank 
of this taxon to subspecies, although no rationale was pro-
vided. More recently, E. penlandii was subsumed into E. 
edwardsii, as part of a larger revision to the genus following 
a critical evaluation of Neomartinella Pilg., Platycraspedum 
O.E.Schulz, Taphrospermum C.A.Mey., and Thellungiella 
O.E. Schulz; this resulted in the aforementioned genera 
being subsumed into Eutrema (Al-Shehbaz and Warwick 
2005; Warwick et al. 2006). Therein and subsequently, Al-
Shehbaz (2010) claimed that the variation exhibited by E. 
edwardsii (e.g., plant height, leaf base shape, petal shape) 
could easily accommodate E. penlandii. As part of a larger 
study using allozyme analysis to address conservation genet-
ics in Colorado populations of E. penlandii (Hardwick 
1997), as well as the systematic relationship of E. penlan-
dii to E. edwardsii, fixed heterozygosity was observed in 
populations of E. edwardsii suggesting to us an allopolyploid 
origin for the latter (e.g., Brochmann et al. 2004 and refer-
ences therein).

Although it has long been assumed that the aforemen-
tioned two species form a polyploid complex, with autopoly-
ploidy presupposed for E. edwardsii (e.g., Jørgensen, et al. 
1958), no chromosome counts have been reported for E. pen-
landii, in particular. Herein, we take multiple approaches 
using chromosome counts, flow cytometry, and allozyme 
analysis to better understand the systematics of E. edward-
sii s.l., and to test the hypothesis that E. penlandii and E. 
edwardsii form an autopolyploid complex. Whereas chro-
mosome counts and flow cytometry are used to document 
ploidy for E. penlandii, allozyme analysis is used to eluci-
date the polyploid origin of E. edwardsii.

Materials and methods

Natural history

Al-Shehbaz and Warwick (2005) recognized 26 species 
comprising Eutrema, the majority of which occur in Cen-
tral and East Asia. Several additional species have recently 
been described, also from Asia (Hao et al. 2015, 2016, Xiao 
et al. 2015). Only Eutrema salsugineum (Pall.) Al-Shebhaz 
& Warwick and E. edwardsii extend from Asia into North 
America where, like E. salsugineum, E. penlandii is highly 
disjunct in the Southern Rocky Mountains (Al-Shehbaz 
2010; German and Koch 2017).

Eutrema edwardsii and E. penlandii are perennial herbs 
that occupy a variety of imperfectly drained arctic and alpine 
tundra habitats, such as meadows, margins of ponds and 
stream banks, and solifluction slopes (Aiken et al. 2007). 
Eutrema edwardsii is widespread, with a circumpolar dis-
tribution (Aiken et al. 2007); it also occurs in the alpine of 
the White Mountains, Alaska Range, Chugach Mountains, 

Wrangell-St. Elias Mountains, and the Mackenzie Mountains 
of the northern Rocky Mountains in western North America 
(Fig. 1) and has been reported from the Altai Mountains, 
Tian Shan Mountains, Pamir Mountains, and Himalayas in 
Asia. In contrast, E. penlandii is a narrow endemic that is 
restricted in distribution to the Mosquito Range in the South-
ern Rocky Mountains of Colorado (USA), where typically it 
occupies alpine peatlands overlying calcareous substrates.

Relatively little is known about the natural history (e.g., 
reproductive biology) of either species. Although chro-
mosome counts conducted for E. edwardsii have revealed 
tetraploid (2n = 4x = 28), hexaploid (2n = 6x = 42), and 
octaploid (2n = 8x = 56) populations, where n = 7, no 
counts have been reported for E. penlandii (Warwick and 
Al-Shehbaz 2006).

Field collections

Plant material, including leaf tissue for allozyme analysis 
and flow cytometry and seeds for chromosome counts, was 
collected between 1995 and 2014 (Table 1). As part of a 
larger study using allozyme analysis to characterize popu-
lation genetic diversity and structure in E. penlandii, Hard-
wick (1997) collected leaf tissue from seven populations 
of the narrowly distributed Colorado endemic and three 
populations of its widespread congener E. edwardsii from 
Alaska. Bruederle subsequently collected leaf tissue from an 
additional five populations of E. penlandii and seven popu-
lations of E. edwardsii from Alaska and Yukon Territory. 
Population samples were collected from 7 to 34 individuals 
per population, depending on the size of the population, and 
maintained as such—samples were not bulked. Approval for 
tissue collection from E. penlandii was granted by the U.S. 
Fish and Wildlife Service under the authority of permits 
PRT-704930 and TE12513A-0.

Chromosome counts

Counts were obtained from squashes of root tips harvested 
from seedlings germinated specifically for this purpose. In 
the process of collecting tissue for population genetic and 
molecular systematics research, a small number of fruits 
were harvested. Seeds were germinated in 0.005 M gibber-
ellic acid in a Percival environmental chamber set at 15 °C; 
attempts were made to cultivate those seedlings that were 
not harvested in a research greenhouse for subsequent use 
for these purposes. As such, either whole seedlings or root 
tips were harvested within 2–4 h after light conditions were 
restored and placed in a saturated solution of paradichlo-
robenzene for 2 h, after which they were fixed in Farmer’s 
solution, in which they were stored. Squashes were prepared 
by macerating the root tip in a drop of 1% aceto-orcein on 
a microscope slide cleaned with 95% ethanol, heating for 
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2 min at 50 °C, and squashing. Squashes were scanned 
at 100× and 400× for meiotic figures and photographed 
at 1000×. The chromosome count for E. penlandii was 
obtained from seed collected at the Treasure Vault Mountain 
site, for which a voucher has been deposited with the Kath-
erine Kalmbach Herbarium (KHD) at the Denver Botanic 
Gardens.

Flow cytometry

Relative genome size was determined from silica gel-dried 
samples of leaf tissue to confirm ploidy for E. penlandii 
and E. edwardsii based upon chromosome counts, and to 
document DNA ploidy at sites across the range of E. penlan-
dii. Flow cytometry methods followed Doležel et al. (2007) 
using a BD Accuri C6 flow cytometer and BD Accuri C6 
software version 1.0.264.21.

Relative genome size was obtained for three individu-
als from each sampled population, depending upon the 
amount of dried leaf tissue that was available. Standards 
were grown in the research greenhouse at the University 
of Colorado Denver, with leaf tissue harvested and silica 
gel dried for subsequent use. Solanum lycoppersicum cv. 
Stupicke (2C = 1.96 pg DNA) was obtained from J Doležel 
(Institute of Experimental Botany, Czech Republic) to cal-
culate relative DNA content of our samples. Standards were 
assayed externally for every 5–10 samples, and the ratio of 
G1 peaks on the FL2 channel (585/40 nm) was multiplied by 
the standard DNA content to calculate relative DNA content 
of the samples (Doležel et al. 2007).

Between 1–2 cm2 of leaf tissue was minced using a razor 
blade in 1 ml of LB01 buffer solution pH 7.5 for 1–2 min. 
The homogenate was mixed using a pipettor and then incu-
bated at 4 °C for 15 min. The solution comprising nuclei 

Fig. 1  Distribution of Eutrema edwardsii s.l. in North America
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in suspension was filtered through 42 μm nylon mesh into 
a 1.5-ml Eppendorf tube (Doležel et al. 2007). RNase-A 
(0.25 μl at 100 mg/l) was added to 0.5 ml of the suspension 
and allowed to incubate on ice for 30 min. Propidium iodide 
(PI, 25 μl at 1 g/ml) was added to the suspension, which 
was gently mixed and incubated on ice for 3–5 min in the 
dark. The solution was then injected into the FCM with the 
sample rate set to “slow” and run until approximately 1000 
events were recorded in a gated region of G1 nuclei to create 
a histogram and calculate mean peak value and coefficient 
of variation (CV). The nuclei suspension, without the addi-
tion of PI, could be kept in a refrigerator overnight without 
a decrease in the quality of flow cytometry output.

DNA ploidy was estimated recognizing that E. penlandii 
is diploid (2n = 2x), as documented through the aforemen-
tioned chromosome count, and comparing the relative DNA 
content of both taxa following Doležel et al. (2007).

Allozyme analysis

Although numerous molecular techniques exist that may 
be used to document polyploidy and infer inheritance (see 
Marhold and Lihová 2006 and references therein), we chose 
to use allozyme analysis, thereby building on research previ-
ously conducted on Eutrema edwardsii s.l. (Hardwick 1997). 

Soluble enzymatic proteins were extracted from two fresh 
leaves ground in 0.25 ml of a cold Tris–HCl grinding buffer 
modified by the addition of 4% w/v PVP-40 and 1% w/v 
2-mercaptoethanol (Soltis et al. 1983); a small amount of 
sea sand facilitated grinding. Extracts were adsorbed onto 
1.5 × 11 mm wicks cut from No. 17 Whatman chromatogra-
phy paper and stored at −80 °C until electrophoresis.

Protein extracts were applied to each of three differ-
ent starch gel and electrode buffer systems (Nielsen and 
Johansen 1986): lithium borate, gel buffer pH 8.3/electrode 
buffer pH 8.1; histidine-HCl-tris, gel buffer pH 7.5/elec-
trode buffer pH 7.5; tris-citrate, gel buffer pH 7.8/electrode 
buffer pH 8.7. Electrophoresis was conducted at 4 °C until 
a bromophenol blue marker had migrated approximately 
12 cm.

Following electrophoresis, gels were sliced horizontally 
into approximately 1.5-mm-thick slices, with interior slices 
incubated in substrate specific stains (Soltis et al. 1983) pre-
viously revealed to be informative with respect to the poly-
ploid origin of E. edwardsii (Bruederle unpublished data). 
The lithium borate gel was stained for glucose-6-phosphate 
isomerase (GPI, Enzyme Commission Number 3.5.1.9), 
superoxide dismutase (SOD, EC 1.15.1.1), and triose-phos-
phate isomerase (TPI, EC 5.3.1.1); the histidine-HCL gel 
was stained for malate dehydrogenase (MDH, EC 1.1.1.37) 

Table 1  Locations for Eutrema penlandii and E. edwardsii populations. Coordinates for E. penlandii are withheld due to federal listing as 
threatened

Application indicates populations sampled for 1 chromosome counts, 2 flow cytometry, 3 allozyme analysis

Site Latitude Longitude Elevation (m) Population size Application

E. penlandii Blue Lakes NA NA 3958 <10 2
Cameron Amphitheater (3A) NA NA 3978–4039 ~3000 3
Cooney Lake NA NA 3767–3889 500–600 3
Hilltop Mine (Hilltop Mine 13A) NA NA 3933 200–300 3
Hoosier Ridge NA NA 3872 ~300 3
Peerless Mine (near Peerless Mine/Horseshoe Basin 

15A)
NA NA 3952.0 <50 2, 3

Horseshoe Gulch (near Peerless Mine/Horseshoe 
Basin 15C)

NA NA 3758 200–300 2, 3

Kite Lake (4A) NA NA 3780–3812 200+ 3
Mosquito Pass (8A-E) NA NA 4009 1000+ 3
Mount Buckskin (North Mosquito Creek 16A-D) NA NA 3872 500+ 3
Mount Sheridan (14B) NA NA 3984 200+ 3
North London (American Flats/London Mountain 

9A)
NA NA 3857 1000+ 3

Treasurevault Mountain NA NA 3901 <100 1
Weston Pass NA NA 3612–3627 100–200 2, 3

E. edwardsii Barrow, East 71.23917 −156.3358 −1 500–1000 2, 3
Barrow, West 71.26412 −156.8296 9.1 500–1000 2, 3
Campbell Creek 61.06879 −149.6056 ~823.9 ~100 2, 3
Dempster Highway 64.95168 −138.2713 933.6 ~100 3
Eagle Summit 65.4849 −145.404 1125.3 ~100 2, 3
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and phosphogluconic dehydrogenase (PGD, EC 1.1.1.44); 
and the tris-citrate gel was stained for aspartate aminotrans-
ferase (AAT, EC 2.6.1.1).

Designation of loci and alleles was based on relative 
mobility of proteins following Hardwick (1997), with the 
most rapidly migrating loci receiving sequentially higher 
number and the alleles at a locus similarly assigned sequen-
tial higher lowercase letters. No formal genetic analyses 
(e.g., controlled crosses) were performed to document pat-
terns of inheritance. Putative genetic loci and genotypes 
were inferred from the known substructure and intracel-
lular compartmentalization of enzymes, as well as elec-
trophoretic patterns observed in individuals presumed 
heterozygous at polymorphic loci. For each population of 
E. penlandii (n = 12) and E. edwardsii (n = 5), data were 
collected as individual genotypes (n = 7–34) from which 
ploidy was extrapolated based upon dosage with support 
provided using flow cytometry. For each allozyme locus, 
observed heterozygosity (Ho) was calculated based upon 
a direct count from each population (Ho = nhets/N), while 
expected heterozygosity (He) was calculated based upon 
allele frequencies estimated for each population (He = 2pq). 
Deviations from Hardy–Weinberg expectations assuming 
polysomic inheritance were tested using Chi-square analysis 
(x2 = ∑

((obs − exp)2∕ exp)), with the model modified for 
tetraploidy and hexaploidy by polynomial expansion. All 
calculations were performed using Microsoft Excel version 
14.7.3.

Results

Chromosome counts, DNA content, and ploidy

The chromosome count reported here from the Treasurevault 
Mountain site revealed E. penlandii to be diploid, with 
2n = 2x = 14 and n = 7 (Fig. 2). Relative DNA content for 
E. penlandii ranged from 0.68 to 0.90 pg, with a mean of 
0.74 pg (Table 2). By contrast, relative DNA content for E. 
edwardsii populations ranged from 1.32 to 2.68 pg, suggest-
ing that our population samples included both tetraploid and 
hexaploid individuals (Fig. 3), whereas three populations 
from the Arctic Coastal Plain in northern Alaska and the 
Chugach Range in southern Alaska were tetraploid, those 
populations sampled from Central Alaska and Yukon were 
hexaploid. CV for these measurements were between 3 and 
5%; typically, 500–2000 nuclei were detected in each run.

Although field observations, such as relatively tall habit 
and large leaf morphology observed in some individuals, 
suggested infrequent autopolyploidy in some populations of 
E. penlandii, this was not substantiated by flow cytometry—
all individuals of E. penlandii sampled here were found to be 
diploid. In contrast, E. edwardsii was exclusively polyploid, 

as expected based upon counts previously reported in the 
literature; populations sampled here are either tetraploid 
or hexaploid, with no evidence of diploidy. Although 
octaploids have been reported in the literature, none were 
observed as part of the present study.

Comparisons between populations of E. penlandii and E. 
edwardsii provided evidence supporting polyploidy in the 
latter. Eutrema edwardsii populations sampled for this study 
were tetraploid or, more commonly hexaploid. Furthermore, 
relative genome size in hexaploid E. edwardsii was greater 
than three times that of E. penlandii, which could be the 
result of genome modification after polyploidization. Alter-
natively, this could be the result of another, unknown, cryp-
tic taxon with a slightly larger genome being one of the other 
progenitors of E. edwardsii.

Allozyme analysis

Six loci exhibited fixed heterozygosity in one or more of 
the five E. edwardsii populations (N = 115–129 individu-
als): Aat-2, Mdh-1, Pgd-3, Gpi-2, Sod-1, and Tpi-1. Chi-
squared analyses revealed that genotypic frequencies at all 
six loci deviated from expectations of independent assort-
ment of chromosomes (p < 0.05), refuting the hypothesis of 
an autopolyploid origin for E. edwardsii. Although recently 
diverged species that have undergone polyploidization may 
appear to be autopolyploid, disomic inheritance still occurs 
(Brochmann et al. 2004).

Seventeen alleles were observed at the six polymorphic 
loci in E. edwardsii—four alleles comprising Tpi-1 and Mdh-
1, three alleles at Aat-2, and two alleles each for the other 
loci (Table 3). Eutrema penlandii shared nine of the alleles 
found in E. edwardsii, suggesting a progenitor–derivative 

Fig. 2  Mitotic count of 2n = 2x = 14 for Eutrema penlandii obtained 
from a root squash stained fixed in Farmer’s solution and stained with 
1% aceto-orcein
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relationship for this species. For example, whereas E. pen-
landii has the b, c, and d alleles, tetraploid E. edwardsii 
show fixed heterozygosity for the “b” and “c” alleles (i.e., 
bbcc), with all of the hexaploids also having the “a” allele 
(e.g., aabbcc), presumably contributed by a third progenitor.

We also found evidence for multiple origins of E. edward-
sii based upon variability for dosage at loci that exhibited 
fixed heterozygosity. Hexaploid populations of E. edwardsii 
exhibited as many as eight different heterozygous genotypes 
per locus (i.e., Tpi-1), suggesting that the progenitors to this 
taxon were polymorphic at these loci.

Although these data are not unequivocal, E. penlandii or 
a close relative appears to have contributed one genome to 
tetraploid and to hexaploid E. edwardsii. Furthermore, the 
allozyme data suggest that one or more extinct or extant, 
and possibly yet to be described diploid Eutrema s.l. spe-
cies contributed the remaining genome(s) through multiple 
origins from polymorphic populations.

Discussion

Here, we present genetic evidence documenting the allopol-
yploid origin of tetraploid and hexaploid populations of E. 
edwardsii from northwestern North America. In tetraploids 
having an allopolyploid origin, hybridization between two 
individuals with divergent genomes is followed by chromo-
some doubling resulting in polyploid progeny characterized 
by two complete genomes (Soltis and Soltis 2000). In con-
trast to autopolyploidy, where chromosomes segregate and 
pair independently during meiosis (polysomic inheritance), 
chromosomes are inherited disomically with allopolyploidy; 
that is, chromosomes of the same genome pair during meiosis, 
which typically results in fixed heterozygosity at loci that were 
divergent in the parental taxa (Soltis et al. 2014 and refer-
ences therein). The five tetraploid and hexaploid populations 
of E. edwardsii studied here exhibited fixed heterozygosity at 
each of six loci from which we inferred disomic inheritance, 
although no progeny analyses were conducted to confirm this.

Polyploid species may result from multiple events of 
polyploidization involving either the same parental pro-
genitors (polytropic), or different progenitors (polyphyl-
etic) (Brochmann et al. 2004). Polyploids involving multiple 

Table 2  Flow cytometry data 
for Eutrema penlandii and E. 
edwardsii populations sampled 
for ploidy determination

Relative DNA content is calculated by comparison with a standard (Solanum lycopersicum cv. Stupicke 2C 
DNA = 1.96 pg). DNA ploidy is calculated with a ratio of DNA content by comparison to the sample aver-
age of diploids

Taxon #/Inds. Relative DNA DNA Estimated
Population (site) Content (pg) Ploidy Ploidy

E. edwardsii
Barrow East, AK (0721201001) 3 1.59 4.3 4
Barrow West, AK (0722201001) 3 1.39 3.7 4
Campbell Creek, AK 3 1.59 4.3 4
Denali Hwy, AK (0704201101) 3 2.43 6.6 6
Eagle Summit, AK (0706201101a) 3 2.26 6.1 6
12 Mile Summit (0705201101) 3 2.56 6.9 6

E. penlandii
Blue Lake (906201302) 3 0.70 1.9 2
Weston Pass (0906201301) 3 0.71 1.9 2
Horseshoe Gulch (09052011) 2 0.69 1.9 2
Peerless Mine 1 (0818201101) 2 0.85 2.3 2
Peerless Mine 2 (0818201102) 2 0.79 2.1 2

Fig. 3  Histogram of fluorescence for three Eutrema cytotypes: dip-
loid E. penlandii and tetraploid and hexaploid E. edwardsii 
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progenitors can be difficult to discern; likewise, polyploidy 
resulting from a single event that with subsequent recombi-
nation, gene flow between polyploids or diploids, or muta-
tions can cause an overestimate of the number of events of 
polyploidization (Wallace 2003). However, variation in dos-
age of alleles at fixed heterozygous loci is the result of mul-
tiple polyploidization events from a polymorphic progeni-
tor (Wyatt et al. 1989). Although our data reveal multiple 
origins for E. edwardsii, they also suggest that tetraploids 
and hexaploids arose from hybridization events involving the 
same two or three progenitors, respectively.

We also provide evidence suggesting that E. penlandii is 
the closest living descendant of one of the diploid progeni-
tors of E. edwardsii (Paun et al. 2009). Although we are una-
ble to identify the closest living descendant(s) of the other 
progenitor(s), attempts at genome reconstruction coupled 
with the number of loci at which fixed heterozygosity was 
observed suggest that they were genetically divergent repre-
sentatives of Eutrema s.l. Given the morphological similar-
ity of E. penlandii and E. edwardsii, it seems likely that the 
progenitors were morphologically cryptic, despite genetic 
differentiation, as has been demonstrated in other genera, 
such as Draba (Grundt et al. 2005). Although phylogenetic 
analyses conducted by Hao et al. (2015) recovered a clade 
comprising Eutrema heterophyllum (W.W. Sm.) H.Hara, 
Eutrema racemosum Al-Shehbaz, G.Q.Hao & J.Q.Liu, E. 
edwardsii, and Eutrema schulzii Al-Shehbaz & Warwick, 
these results do not inform the present study. Regardless, 
given the genetic differentiation that we see among the 
progenitors, it seems likely that hybridization resulted in 
increased unreduced gamete formation in the hybrids, with 
whole genome duplication resulting from the fusion of these 
unreduced gametes (Paun et al. 2009). Different factors have 
been correlated with unreduced gamete formation (Ram-
sey and Schemske 1998; Mason and Pires 2015), several of 
which may have contributed to the formation of E. edwardsii 
(e.g., hybridization, stress).

Polyploidy—both autopolyploidy and allopolyploidy—is 
extremely common in the Brassicaceae, with well over one-
third of all species in the family purportedly polyploid, rang-
ing from paleopolyploids to neopolyploids (Warwick and 
l-Shehbaz 2006, Marhold and Lihová 2006). Polyploidy is 
also extremely common in the flora of the arctic, where fluc-
tuations in climate have resulted in cycles of fragmentation 
and range expansion (Brochmann et al. 2004). Genetic drift, 
exacerbated by selfing, would have resulted in population 
differentiation, which has been correlated with an increased 
ability to colonize new sites associated with deglaciation 
(Brochmann et al. 2004).

As previously discussed, taxonomic treatments of E. 
penlandii differ markedly, with the recent treatments of 
Al-Shehbaz and Warwick (2005), Al-Shehbaz (2010), and 
Weber and Wittmann (2012) subsuming E. penlandii into E. 

edwarsdsii. However, genetic data presented herein reveal 
that the taxonomic boundaries between E. edwardsii and 
E. penlandii are obscured due to a progenitor–derivative 
relationship involving allopolyploidy and morphologically 
cryptic progenitors.

Eutrema penlandii is purportedly a relictual Arcto-Ter-
tiary element in the Colorado flora (Weber 2003), with the 
greatest species diversity within the genus found in Asia. 
Given the strong evidence for an allopolyploid origin for 
E. edwardsii, the diploid progenitors were presumably 
sympatric in high latitudes at the end of the Tertiary and 
during the Pleistocene, when hybridization coupled with 
unreduced gamete formation—we found no evidence of 
somatic doubling (e.g., mixoploidy)—and selfing resulted 
in whole genome duplication and the cytotypes observed in 
the polymorphic, polyploid E. edwardsii. Given the genetic 
differences deduced from the allozyme data, the progenitor 
taxa were genetically well differentiated, much more so than 
expected for sibling species. While morphological bounda-
ries between E. penlandii and E. edwardsii are admittedly 
subtle, morphometric analyses of 24 continuous, quantitative 
vegetative and reproductive characters (e.g., plant height, 
cauline leaf size, fruit size) have revealed differences that are 
inconsistent with a null hypothesis of no difference between 
the two species (Fayette and Bruederle 2001, E Pansing and 
LP Bruederle unpublished data). This uncoupling between 
morphological and genetic differentiation highlights the 
importance of recognizing cryptic species, especially with 
regard to polyploid complexes. Polyploidization between 
genetically divergent species has immediate consequences 
for genetic diversity of the progeny. Fixed heterozygosity can 
preserve genetic diversity when drift occurs due to founder 
effect or when plants self (Abbott and Brochmann 2003). 
Populations of autopolyploids, however, will be more sus-
ceptible to loss of genetic diversity due to polysomic inher-
itance coupled with drift or selfing. Regardless, multiple 
forms of evidence, in addition to the cytotype differences 
reported herein—molecular sequence data, morphology, and 
distribution—reveal E. penlandii to be distinct. Furthermore, 
it is reproductively isolated within Eutrema edwardsii s.l. 
and, as such, we propose recognition of this taxon at the 
species level, despite it being morphologically cryptic.

Finally, although we studied only tetraploid and hexaploid 
populations of E. edwardsii, we cannot exclude the possi-
bility that additional taxa were involved in the formation 
of this taxon, nor can we make conclusions regarding the 
origin of octaploid populations. Although octaploidy has 
been reported for this taxon (Knaben 1968), no octaploid 
populations were included as part of this research and, as 
such, we are unable to address its origin here.

Ongoing research addressing polyploidy in E. edwardsii s.l. 
includes: (1) screening populations of E. penlandii for poly-
ploid individuals which, if present, would be autopolyploid in 
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origin; (2) mapping cytotypes across the range of E. edward-
sii; (3) ecological niche modeling of cytotypes comprising 
the E. edwardsii species complex to detect ecological differ-
entiation; and (4) developing a phylogeny for the complex, 
recognizing that with allopolyploidy it is expected to reticu-
late. Although our focus has been on the E. edwardsii species 
complex, specifically, we recommend that future systematic 
research addressing the genus be informed by documentation 
of ploidy for the taxa under consideration and, in the case of 
polyploid taxa, documentation of their mode of origin.
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