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Microsatellite, Hyb-Seq, and morphological studies confirm the
enigmatic mustard Boechera tiehmii as an intergeneric hybrid
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Abstract

Premise: The mustard genus Boechera (Brassicaceae) is notorious for rampant intra-
and interclade hybridization, which has produced a complex reticulate network of
apomictic diploid, triploid, and tetraploid hybrids. A recent hypothesis suggested the
possibility of intergeneric hybridization between Boechera and other closely related
genera. Here we explored the origin of Boechera tiehmii, a putative hybrid between
Boechera and Nevada.

Methods: To test the hybrid hypothesis, we leveraged a unique methodological
approach that integrates results from 15 microsatellite loci from the Boechera
Microsatellite Website (BMW), 1114 phased Hyb-Seq loci from a recently published
phylogeny of tribe Boechereae, and a detailed investigation of morphological
variation.

Results: Our study supported the hypothesis that B. tiemhii is an intergeneric hybrid
between Boechera lemmonii and Nevada holmgrenii. The placement of phased hybrid
tips within the sexual diploid phylogeny was unequivocal, the microsatellite loci ex-
hibited near perfect additivity, and B. tiehmii was shown to be morphologically
intermediate between the proposed parents.

Conclusions: By affirming the hybrid nature of B. tiehmii, this work contributes to a
deeper understanding of the evolutionary processes that shape biodiversity within the
tribe Boechereae. It also highlights the importance of applying a broad range of
analytical tools when addressing taxonomic ambiguities in groups where hybridiza-
tion is rampant.
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In tandem with the rise of molecular phylogenetics, sweeping
taxonomic changes have occurred across the mustard family,
Brassicaceae (Al-Shehbaz, 2003; Al-Shebaz et al., 2006; Bailey
et al., 2007; German et al., 2023). A prime example involves the
genus Boechera (Brassicaceae) A. Love & D. Love and closely
related taxa in the tribe Boechereae. In a move that was con-
troversial at the time, Al-Shehbaz (2003) transferred most
North American species previously assigned to the genus
Arabis L. to the resurrected genus Boechera (Love and
Love, 1975). Shortly thereafter, Al-Shehbaz et al. (2006) pro-
posed a new tribe, Boechereae, to reflect the significant
divergence of Boechera from the tribe Arabideae. In circum-
scribing Boechereae, Al-Shehbaz et al. (2006) added six other
morphologically disparate genera, including Anelsonia J.F.

Macbr. & Payson, Cusickiella Rollins, and Phoenicaulis Nutt.
(transferred from Arabideae), Nevada N.H. Holmgren and
Polyctenium Greene (from Smelowskieae), and Sandbergia
Greene (from Sisymbrieae). Additional taxonomic changes
within Boechereae were proposed by Alexander et al. (2013),
who segregated two additional genera, Borodinia N. Busch and
Yosemitea P.J. Alexander & Windham, from Boechera, rec-
ognizing a total of nine genera within the tribe Boechereae.
The delineation of species within Boechera s.s. and their
relationships to other members of the tribe have been de-
bated for decades (Bailey et al., 2006; Kiefer et al.,, 2009;
Kiefer and Koch, 2012; Alexander et al., 2013). Recently,
Hay et al. (2023) published the first Hyb-Seq analysis en-
compassing most sexual, nonhybrid species assigned to
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Boechereae. That study successfully combined the hybrid
enrichment of 1114 low-copy nuclear loci with high-
throughput sequencing and de novo assembly to estimate a
well-resolved and highly supported phylogeny of tribe
Boechereae. Hay et al. (2023) showed that the nine genera
attributed to Boechereae by Alexander et al. (2013) formed a
monophyletic group sister to tribe Halimolobeae—a rela-
tionship previously suggested by several authors (Beilstein
et al.,, 2008; Couvreur et al, 2010; Alexander et al., 2013;
Nikolov et al., 2019; Hendriks et al., 2023). Boechera s.s. was
strongly supported as sister to all remaining genera (i.e., the
non-Boechera Boechereae, NBB; see Figure 3 of Hay et al.
[2023]), which included two robust sister clades: Borodinia
+Nevada and the “clade of many genera” (CMG).

Boechera s.s. is widely recognized for rampant hybrid-
ization and apomixis (Roy and Rieseberg, 1989; Roy, 1995;
Beck et al,, 2012; Alexander et al., 2013; Li et al.,, 2017; Hay
et al., 2023). The genus includes more than 350 genomically
distinct, apomictic taxa (Li et al., 2017) of various ploidies
(diploid, triploid, and tetraploid) that create unparalleled
taxonomic ambiguity. To minimize the impact of hybrid-
ization on their analyses, Hay et al. (2023) utilized a strict
“diploids-first” approach (e.g., Beck et al., 2010) and selected
only known or inferred sexual diploid samples from among
the 5000+ individuals included in the Boechera Micro-
satellite Website (BMW; Li et al., 2017). The BMW contains
genetic information for 15 microsatellite loci from ~5000
Boechera specimens encompassing more than 95% of all
named taxa. The database employs a variety of search al-
gorithms to facilitate the identification of sexual diploids
and hybrid apomicts. With a sexual diploid phylogeny
finally in hand for tribe Boechereae (Hay et al., 2023), it is
now possible to use that robust framework to explore
complex hybrid relationships within the tribe.

One of the most enigmatic species currently assigned to
Boechera s.s. is B. tiehmii (Rollins) Al-Shehbaz. This taxon
was originally published as Arabis tiehmii (tribe Arabideae),
though Rollins (1983) expressed some uncertainty regarding
its possible relationships. He described it as being “more
similar to A. davidsonii E. Greene than it is to any other
species of Arabis L.” (Rollins, 1983: p. 498), an assessment
based primarily on growth habit, with the two taxa sharing a
distinctive stem morphology (i.e., caudices prominently
thickened by persistent leaf bases) that is otherwise rare
among North American Arabis. However, Rollins also
noted clear similarities between A. tiehmii and Smelowskia
holmgrenii Rollins, the latter species thought to belong to a
distantly related evolutionary lineage in the tribe Sme-
lowskieae (Rollins, 1950). This resemblance prompted
Rollins to “examine S. holmgrenii again, with the thought
that it might be better placed in Arabis than in Smelowskia
C.A. Meyer. The nearly terete siliques, incumbent cotyle-
dons, and unguiculate petals, however, preclude it from the
genus Arabis. Since these are features of Smelowskia, it
seems best to leave S. holmgrenii in Smelowskia even though
it is clearly not closely related to other known species of the
genus” (Rollins, 1983: p. 498). Without the tools to resolve

phylogenetic relationships among these species, the inclu-
sion of A. tiehmii and A. davidsonii in Arabis and the
continued placement of S. holmgrenii in Smelowskia became
the taxonomic status quo (Rollins, 1993).

However, the assignment of A. tiehmii to Arabis and
S. holmgrenii to Smelowskia became untenable in the light of
molecular phylogenetic analyses published in the late 1990s
and early 2000s. Arabis was found to be highly polyphyletic,
with most of the North American species only distantly related
to the type species, Arabis alpina L. (Galloway et al., 1998;
Heenan et al., 2002; Koch et al., 1999; 2000; 2001; 2003;
O'Kane and Al-Shehbaz, 2003). The majority of these
(including A. tiehmii and A. davidsonii) were subsequently
transferred to Boechera by Al-Shehbaz (2003), which was
recognized as the type genus of a new tribe (Boechereae)
3 years later (Al-Shehbaz, 2006). Our understanding of the
evolutionary relationships of Smelowskia holmgrenii have been
similarly transformed. Phylogenetic analyses by Warwick et al.
(2004) showed that S. holmgrenii was only distantly related to
Smelowskia s.s., and Holmgren (2004) transferred this taxon
to the monotypic genus Nevada, citing differences in chro-
mosome base number and trichome morphology that chal-
lenge its inclusion in Smelowskia. Subsequent phylogenetic
studies (Kiefer et al, 2009; Alexander et al, 2013; Hay
et al.,, 2023) revealed that N. holmgrenii is a core member of
tribe Boechereae; thus, it is much more closely related to
Arabis (Boechera) tiehmii than Rollins (1983) believed. In fact,
Alexander et al. (2013) found strong conflict in the seven re-
covered nuclear loci for B. tiehmii. Although some loci sug-
gested a close relationship to one core Boechera species
(B. lemmonii), others showed a strong affinity to Nevada
holmgrenii, raising the possibility that B. tiehmii represents a
cross between two divergent lineages of tribe Boechereae that
transgresses currently recognized generic boundaries. In the
present study, we combined microsatellite markers with data
from two phased Hyb-Seq bait sets used by Hay et al. (2023)
and detailed morphological observations to explore the
hypothesis posed by Alexander et al. (2013) that Boechera
tiehmii is not a typical inbred Boechera taxon, but rather an
intergeneric hybrid between Boechera lemmonii and Nevada
holmgrenii.

MATERIALS AND METHODS
Taxon sampling

Twelve specimens of Boechera tiehmii, representing all known
vouchered populations, were included in our microsatellite
studies (Appendix S1). These were analyzed by comparing
them to all other Boechereae accessions included in the Boe-
chera Microsatellite Website (BMW; Li et al,, 2017), com-
prising an additional 5003 collections at the time the analyses
were performed (December 2023).

This study expands on three recent Hyb-Seq studies of
the Brassicaceae that used the same two bait set approach as
here. We included 17 taxon samples from Hay et al. (2023),
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a tribewide study of Boechereae focused on sexual diploids;
four taxon samples from Hendriks et al. (2023), a generic
level phylogeny of Brassicaceae; and one taxon sample from
Hendriks et al. (2021), a study demonstrating the utility of
combining Hyb-Seq bait sets. In addition, we included a
wild collection of Arabidopsis thaliana (SRR21814516) from
the NCBI SRA as an outgroup (Appendix S1).

Our morphological studies included all microsatellite-
confirmed specimens of Boechera tiehmii (12) and Nevada
holmgrenii (27), plus a broad geographic sampling of
58 specimens of B. lemmonii (Appendix S1) available in the
BMW at the time the observations were made (April 2024).
Geographic results include all BMW-identified localities for
the three focal taxa in the region extending from 36° to
46°N latitude and 105° to 125°W longitude. This bounding
box encompasses all documented populations of Boechera
tiehmii and Nevada holmgrenii and the southern half of the
known range of the widespread alpine species B. lemmonii
(Al-Shehbaz and Windham, 2010).

Microsatellite studies

Genomic DNA was extracted using a CTAB protocol
modified for 96-well plates (Beck et al., 2012). Microsatellite
allele variation was assessed at 15 previously published loci:
ICE3, ICE14 (Clauss et al., 2002); al, a3, b6, ¢8, e9 (Dobes
et al, 2004); BF3, BF9, BF11, BF15, BF18, BF19, BF20,
Bdru266 (Song et al., 2006). Primers for these loci are the
same as Li et al. (2017) with the notable exception of locus
9. The primers listed for this locus in the Li et al. paper are
erroneous, and interested readers should refer to Dobe$
et al. (2004) for the correct primer sequences for 9.

Multiplex PCR protocols and cycling conditions followed
Windham et al. (2016). Amplicons were sized using 500 ROX
on an Applied Biosystems 3730xl DNA Analyzer (Applied
Biosystems, Foster, CA, USA) and allele peaks were determined
and visualized using GeneMarker 1.9 (SoftGenetics, State
College, PA, USA). Allelic data for all samples of Boechera
tiehmi were analyzed using algorithms accessible through the
BMW (Li et al,, 2017). The algorithm taxon enquiry based on
similarity of loci and alleles (TESLA) was used for sample
identification. TESLA compares the multilocus genotype of a
queried sample to each of the 5000+ specimens in the curated
database, calculating allelic similarity (AS) scores indicating
which specimens are the closest genetic match. The algorithm
parental relationship identification using subtraction (PRIUS) of
the BMW was then applied to gain further insights into the
hybrid parentage of B. tiehmii. Microsatellite peak diagrams
were generated using GeneMarker (SoftGenetics, State
College, PA, USA).

Hyb-Seq analysis

To maximize the number of usable samples and loci from
previous studies, we combined two previously published

probe sets first described by Hendriks et al. (2021) and
subsequently used successfully by Hay et al. (2023) and
Hendriks et al. (2023). The utilized bait sets were the more
general angiosperm-wide Angiosperm353 (A353; Johnson
et al, 2019, Baker et al., 2021) and the lineage-specific
Brassicaceae764 probe sets (B764; Nikolov et al., 2019). The
total number of targeted genes, once the overlap from the
two bait sets was excluded, was 1114.

A sample of Boechera tiehmii (FW1056) was extracted and
sequenced along with the 88 samples from Hay et al. (2023)
following the same methods and protocols described therein.
All samples were indexed for multiplexing using New England
Biolabs single- and dual-index adapters (New England Biolabs,
Ipswich, MA, USA) according to the manufacturer's specifi-
cations. The Boechera tiehmii library, along with the libraries
from Hay et al. (2023) were produced using the NEBNext
Ultra II FS kit (New England Biolabs) according to the pro-
duction manual (E7805L kit, version 5.0). The DNA was
fragmented for 5-10 min, and 6-7 cycles of PCR amplification
were used. DNA was targeted for capture using a mix of two
baits as described by Hendriks et al. (2021). The target
sequence hybridization reactions, to conserve baits, were per-
formed in pools of ~30 libraries each along with the samples
used by Hay et al. (2023), based on their total molecular
weight. The hybridization reactions used a ratio of 1 part B764
to 2 parts A353 and included unenriched libraries at a ratio of
1:1. Sequencing was performed by Novogene (Beijing, China)
with a 96-sample multiplexed lane of HiSeq. 4000 with 150-bp
pair-end reads (Appendix S2). The raw-read sequence files
have been uploaded to NCBIs SRA under BioProjects
PRJNA700668. Samples from Hendriks et al. (2023) were
processed at Naturalis Biodiversity Center (Leiden, Nether-
lands) and are found under NCBI BioProjects PRINA806513
and PRJNA678873 (https://www.ncbi.nlm.nih.gov/bioproject/?
term=PRJNA806513).

Raw multiplexed data were separated into index-specific
fastq samples and trimmed to remove index and sequencing
adapters and to remove low quality reads using Trimmo-
matic v0.36 (Bolger et al., 2014) with the following parame-
ters ILLUMINACLIP: <AdapterFastaFile>: 2:30:10:2:true,
LEADING: 10, TRAILING: 10, SLIDINGWINDOW: 4:20,
MINLEN: 40. Data quality was assessed using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc).
The trimmed reads were transferred to the HybPiper v1.3.1
pipeline (Johnson et al, 2016) to assemble the loci. To
increase the specificity of the A353 baits to aid in loci
recovery, we used the mega353 nonstandard gene references
files described by Hendriks et al. (2023). To allow for loci
compatibility for the B764 baits, we used the same concate-
nated reference file described by Hendriks et al. (2023) and
Hay et al. (2023). To assemble the loci for the nonhybrid taxa
and prepare them for phasing, we employed Hybpiper v1.3.1
that uses BWA v0.7.16a (Li and Durbin, 2009), SPAdes
v3.14.1 (Bankevich et al, 2012), and GNU Parallel
(Tange, 2011) to generate the final assembled loci. Hybpiper
1.3.1 was executed for each bait set separately. Only coding
sequences were used to construct loci and for phasing.
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Allele phasing

To filter and phase loci data, we used a modified version of
the HybPhaser version 2 pipeline (Nauheimer et al., 2021)
with default settings; modifications were made to allow
streamlined piping of outputs between steps and for func-
tionality such as replacing the original unphased loci with the
phased ones; modified scripts are available at https://github.
com/nikolaihay/modified-hybphaser-scripts. HybPhaser was
run twice with the same parameters, once for each bait set.
To determine which samples to phase, we generated
consensus sequences for each gene by mapping the trimmed
reads to the HybPiper loci, and SNPs for each locus were
counted for each bait set. Samples were removed if they had
less than 20% of loci recovered or if less than 45% of the
target sample length was recovered. Loci were removed if
they were recovered in less than 20% of the samples or less
than 25% of the target sequence length was recovered. To
limit the effect paralogs would have on final analysis, we
removed loci that were considered by HybPhaser to be
“outliers” (when the mean number of SNPs is more than
1.5 times the interquartile range of the third quartile).
Heterozygosity and allele divergence statistics were calcu-
lated for each sample (Appendices S3, S4) and were used
with the phylogeny of Hay et al. (2023) and the postulated
sexual diploid parents of putative hybrids determined by Li
et al. (2017) to select 29 samples to represent each clade for
phasing and pairwise comparison across the phylogeny
(Appendices S3, S4). Clade association was performed by
extracting and concatenating all reads that were mapped to
the corresponding target sequence file and then BBTools v.
38.87 (Bushnell, 2020) was used to calculate the proportion
of reads from each sample and to unambiguously map each
of the selected clade reference samples (Appendices S3, S4).
BBSplit from BBTools v. 38.87 (Bushnell, 2020) was used to
phase the trimmed reads into two separate parental haplo-
typic fastq files for each phased sample, and summary sta-
tistics were generated for the proportion of reads that
mapped to each parent (Appendix S5). The phased loci were
assembled by another run of Hybpiper v1.3.1 with default
parameters. To merge and replace the phased loci with the
nonhybrid loci, we used a custom script (https://github.
com/nikolaihay/modified-hybphaser-scripts).

Phylogenetic analysis

Once phasing was completed, all genes (phased and un-
phased) were aligned with MAFFT v7.273 (Katoh and
Standley, 2013) using the L-INS-I settings. To explore the
effects of phasing, we used a supermatrix maximum likeli-
hood phylogeny. Phylogenetic trees were constructed by
combining both the unphased and phased data sets
(Appendix S2). To construct the supermatrix trees, we
combined individual gene alignments into a supermatrix
utilizing FASconCAT-G (Kuck and Longo, 2014; https://
github.com/PatrickKueck/FASconCAT-G). The supermatrix

alignment was trimmed to reduce gaps and missing data
using the -automatedl algorithm in trimmAl v1.2 (Capella-
Gutierrez et al,, 2009). The trees were constructed using
RAXML-NG v1.1.0 (Kozlov et al, 2019) run with 1000
bootstrap replicates using a GTR + F + R model initiated with
the FBE command; all other settings were left as default
(Figure 2; Appendix S6). Concordance factors for both site
and gene trees were calculated in IQTREE 2.3.4 (Minh
et al., 2020a; 2020b; Appendix S6). The phylogenetic trees
were relabeled in R version 4.1.2 (R Core Team, 2022) uti-
lizing the package ape version 5.6-2 (Paradis and
Schliep, 2019) and phylotools (https://github.com/helixcn/
phylotools). Final trees were visualized using FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).

Morphology and geography

Critical morphological features were documented photo-
graphically using a Canon EOS Rebel XSi digital camera
(Canon, Tokyo, Japan) mounted on a Leica MZ12.5 dis-
secting microscope (Leica, Wetzlar, Germany). Pollen was
obtained from naturally dehiscing anthers of air-dried
specimens at full anthesis. Palynological samples were col-
lected on the glycerol-moistened tip of an insect pin, then
transferred to a thin film of glycerol on a glass slide. These
preparations were immediately examined using a Meiji
MT5310L Trinocular Phase Contrast Brightfield Compound
Microscope (Meiji, Saitama, Japan) and photographed with
a Canon EOS Rebel T3i digital camera (Canon, Tokyo,
Japan). All collections included in our analyses were geor-
eferenced based on a consensus of relevant data (descriptive
location, elevation, habitat) provided on the specimen
labels. Latitude and longitude were estimated using Google
Earth Pro version 7.3 (https://www.google.com/earth/about/
versions) in conjunction with USGS topographic maps ac-
cessed via Earth Point Topo Map (https://www.earthpoint.
us/topomap.aspx). The range map was created in QGIS
version 3.34.9 (QGIS Development Team, 2024) using a
digital elevation model of the western United States
(Hanser, 2008), western Great Basin Pleistocene lakes
(Reheis, 1999), and North American ice sheets from
12,000 years before present (Dalton et al., 2020).

RESULTS
Microsatellite studies

With permission from the Gray Herbarium, we included the
holotype of Boechera tiehmii in our microsatellite analyses.
The DNA extracted from this specimen (Extrac# FW535 in
the BMW; Li et al, 2017) was high quality, providing
unambiguous data for all 15 amplified loci. Results of
a TESLA analysis in the BMW using FW535 as the query
sample are presented in Table 1. Four specimens in the
database showed allele similarity (AS) scores of 1.0,
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indicating they were identical to the holotype at all loci
studied. This group included all sampled B. tiehmii collec-
tions from Washoe County, Nevada. Judging from the
available data (Appendix S1), all were collected within a few
hundred meters of one another. The next most similar
sample in the BMW (AS score = 0.75) was JB1391, a col-
lection of B. tiehmii from Mono Co., California in the
central Sierra Nevada (Appendix S1). The six other speci-
mens of B. tiehmii in the BMW (all from Mono Co.) ex-
hibited relatively high AS scores ranging from 0.71 to 0.67
(Table 1). All studied collections of B. tiehmii were heter-
ozygous at nine of the 15 microsatellite loci, and our sam-
pling showed no clear evidence of recombination or
segregation.

The TESLA analysis also provided information on the
possible parentage of B. tiehmii (Table 1). The sexual dip-
loid (i.e., low heterozygosity, nonhybrid) sample in the
BMW with the highest AS score (0.7333) was a specimen of
B. lemmonii from Mono Co., California (JB318). Fourteen
other collections of presumed sexual diploid B. lemmonii
exhibited AS scores greater than 0.5 when compared to the
holotype of B. tiehmii (Table 1). Thirteen of these were from

TABLE 1

the central Sierra Nevada or adjacent White Mountains,
near the Mono Co. populations of B. tiehmii (Appendix S1).
The TESLA analysis also identified an apomictic diploid
plant containing two somewhat divergent genomes (both
attributable to B. lemmonii) with an AS score of 0.53 relative
to the holotype of B. tiehmii. The only other individuals in
the BMW database with AS scores > 0.5 were 24 known or
presumed sexual diploid specimens of Nevada holmgrenii.
Two specimens of the latter taxon (from the Shoshone and
Toiyabe Ranges in Nevada) showed both the greatest
genetic similarity (AS score = 0.6667; Appendix S1) and
closest proximity to the Sierra Nevadan populations of
B. tiehmii. Another 14 specimens of N. holmgrenii exhibited
AS scores of 0.6, seven (including the UTC isotype) showed
an AS score = 0.5333, and one other exhibited 0.52.

Our TESLA analysis querying the holotype of B. tiehmii
(FW535) identified another 87 samples in the BMW with
AS scores ranging from 0.4978 to 0.4, just below the 0.5
significance threshold proposed by Li et al. (2017). Forty-
three of these were Boechera lemmonii, and three were
Nevada holmgrenii. Although genetically (and geograph-
ically) somewhat more distant from B. tiehmii, these

Results of TESLA analysis comparing microsatellite data from the holotype of Boechera tiehmii to similar data from all 5000+ samples of

Boechereae currently included in the Boechera Microsatellite Website (Li et al., 2017). Rows correspond to all taxa with allelic similarity (AS) scores 0.4, in

order of descending overall similarity. Columns represent bins of AS scores decreasing from left to right. Individual cells indicate the number of samples of
each taxon displaying a particular AS score. The green band encompasses B. tiehmii and the two sexual diploid taxa with the highest overall similarity (its
most likely parents). The yellow band identifies an apomictic diploid that could have been involved as a parent if capable of haploid gamete production
(a rare occurrence). The orange block comprises taxa with lower AS scores unlikely to be closely related to B. tiehmii.

Taxon\AS score 1.00 075 073 071 068 067 0.60 056 053 052 048 047 044 042 0.40 Totals
tiehmii 4 1 4 1 1 11
lemmonii 1 1 9 1 3 1 14 28 57
holmgrenii 2 14 7 1 1 1 1 27
lemmonii xlemmonii 1 1
pendulina 1 3 4
johnstonii 2 1 3
perennans 2 5 7
stricta 1 3 4
subpinnatifida 1 3 4
lemmonii xretrofracta 2 1 3
perennans Xperennans 4 4
arcuata 3 3
angelorum 2 2
howellii 2 2
rectissima 2 2
paupercula 1 1
pendulina xpendulina 1 1
serpenticola 1 1
Totals 4 1 1 4 1 4 23 1 11 1 2 21 1 2 60 137
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specimens were included in subsequent morphologic and
geographic studies and are listed in Appendix S1. The other
41 samples, falling just below the 0.5 significance threshold,
encompassed a diversity of clades and species that show
little or no morphologic, geographic, or habitat similarity to
B. tiehmii. These included B. perennans (7 samples), B. pen-
dulina (4), B. stricta (4), B. subpinnatifida (4), B. perennans
xperennans (4), B. johnstonii (3), B. arcuata (3), B. lemmonii
xretrofracta (3), B. rectissima (2), B. howellii (2), B. platysperma
(“angelorum”; 2), B. paupercula (1), B. pendulina xpendulina
(1), and B. serpenticola (1).

As expected, given the results of the TESLA analysis,
application of the PRIUS algorithm to the microsatellite
data in the BMW yielded an unambiguous hypothesis re-
garding the likely parentage of B. tiehmii. Searching for the
best genetic match among the 2000+ putative sexual diploid
(low heterozygosity, nonhybrid) samples in the BMW,
PRIUS settled on a B. lemmonii specimen from Mono Co.,
California (JB318; AS score = 0.7333) as the most similar
and designated it “putative parent 1”. When the algorithm
subtracted all alleles found in JB318 from the multilocus
microsatellite genotype of FW535 (the holotype of B. tieh-
mii), it identified two equally probable (AS score = 0.6667)
candidates for “putative parent 2.” These were JB1342 and
JB1343 (Table 1), both of which represent Nevada holm-
grenii. This combination (JB318 x JB1342 or JB1343) had a
cumulative score of 1.4 (if the actual parental plants were in
the BMW database, the score would be 2). The PRIUS
analysis listed other possible combinations of B. lemmonii
and N. holmgrenii genotypes, but these had lower cumula-
tive scores (<1.34), and no other species were identified as
potential progenitors of B. tiehmii.

This proposed parentage of Boechera tiehmii is sup-
ported by all 15 microsatellite loci in the Nevada popula-
tion, and 14 of 15 loci in the specimens from California.
Seven loci were invariant across all 12 samples of B. tiehmii.
Locus a3 (Figure 1) showed additive peak diagrams consisting
of allele 286 (unique to N. holmgrenii with a frequency > 0.9)
and allele 248 (frequency > 0.9 in current sampling of B. lem-
monii). Locus €9 (Figure 1) combined allele 195 (>0.95 in N.
holmgrenii but <0.01 among sexual diploid Boechera accessions
in the BMW) with allele 197 (>0.6 in B. lemmonii, <0.05 in the
remainder of the sexual diploid data set). Other loci showing
no variation within B. tiehmii included al, BF11, BF18, ¢8, and
ICE14.

Although our microsatellite data suggest that the
Nevada and California populations of B. tiehmii all arose
through hybridization between B. lemmonii and N. holm-
grenii, five loci exhibited consistent differences likely to be
the result of multiple origins. At locus Bdru266 (Figure 1),
all B. tiehmii samples had allele 108, a relatively rare allele
occurring in N. holmgrenii. The alleles contributed by
B. lemmonii differed among populations of B. tiehmii, with
Nevada plants showing allele 135 and California plants ex-
hibiting either 133 or 131. All B. tiehmii accessions showed
allele 67 at locus ICE3 (Figure 1), which was also observed
in all sampled individuals of N. holmgrenii. The B. lemmonii

contribution at ICE3 was variable, with the Nevada samples
of B. tiehmii exhibiting allele 149 and the Californian plants
showing 115, 117, 121, 141, or 143 (all exclusive to
B. lemmonii in the BMW). Interestingly, at locus BF15, the
Nevada accessions of B. tiehmii were additive (fully con-
gruent with the alleles present in our current sampling of
N. holmgrenii and B. lemmonii; Figure 1), while those from
the California populations were not (i.e., included an
“orphan allele” not yet found in either proposed parent).

Hyb-Seq and phasing analysis

To further substantiate the microsatellite results with a
phylogenetic approach, we phased 1114 low-copy Hyb-Seq
loci from a B. tiehmii sample (FW1056), a topotype from
Washoe County, Nevada. For both bait sets, the B. tiehmii
sample had the highest allelic divergence of any sample with
1.74 and 1.72 for the A353 (Appendix S3) and B764
(Appendix S4) baits sets, respectively, and the highest locus
heterozygosity of 95.38 and 96.45 for the A353 (Appendix S3)
and B764 (Appendix S4) baits sets, respectively. The average
for the rest of the Boechereae was an allelic divergence
0.71 and 029 for the A353 (Appendix S3) and B764
(Appendix S4) baits sets, respectively, and locus heterozy-
gosity 58.14 and 40.39 for the A353 (Appendix S3) and B764
(Appendix S4) baits sets, respectively. For B. tiehmii, we re-
covered 322 phased A353 loci and 718 phased B764 loci for a
total of 1,057,368 bp for the sample phased to B. lemmonii
(JB236) and 835,332 bp for the sample phased to Borodinia
laevagata (JB234). The phased tips for B. tiehmii (FW1056-
to-JB236 and FW1056-to-JB234) were sister to each of the
putative parents with 100 BS. The inclusion of the phased tips
for B. tiehmii does not affect the topology or the support of
the tree from Hay et al. (2023; Figure 2).

Morphology

In light of the mounting evidence that Boechera tiehmii
might have originated as a hybrid between B. lemmonii and
N. holmgrenii, we studied the morphology of all three taxa
in detail. Regarding the caudices (Figure 3A), our studies
confirmed that the subterranean stems of B. tiehmii were
very similar to those of N. holmgrenii, being sparingly
branched, mostly erect, and clothed by persistent leaf bases
that greatly thickened the structure (which often
approached 10 mm in diameter). By contrast, the caudices
of B. lemmonii were often highly branched, rarely retained
the leaf bases, and were relatively narrow (usually 3-4 mm
in diameter). The basal leaves of B. tiehmii were generally
intermediate between the proposed parents in shape, more
like those of N. holmgrenii in the development of a prom-
inent callus at the apices, and somewhat transgressive
(larger) in size (Figure 3B). The three taxa were easily dis-
tinguished by the trichomes of the basal leaves (Figure 3C).
Representing the morphological extremes, N. holmgrenii
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FIGURE 1 Representative microsatellite chromatograms demonstrating the hybrid additivity of Boechera lemmonii and N. holmgrenii alleles in the

holotype of B. tiehmii. Chromatograms were visualized in GeneMarker (SoftGenetics, State College, PA, USA).
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exhibited sparse, broad-based, unbranched epidermal pro-
jections confined to the leaf margins, while B. lemmonii
produced abundant, narrow-based, dendritically branched
trichomes on both leaf surfaces and the margins. The basal
leaf trichomes of B. tiehmii appeared to be entirely marginal
(like those of N. holmgrenii), but they were intermediate
between the proposed parents in trichome branching and
size. The lower portion of the flowering stems of B. tiehmii
were glabrous (like those of N. holmgrenii), but the shapes
and spacing of the proximal cauline leaves were more-or-less
intermediate between the proposed parental taxa (Figure 3D).

Floral features of Boechera tiehmii were mostly inter-
mediate between B. lemmonii and N. holmgrenii. At com-
parable stages of development, the buds of B. tiehmii were
larger and more elongate than those of N. holmgrenii, with
maroon-tinged apices (Figure 3E). By contrast, they were
smaller than similar-aged buds of B. lemmonii, which were
usually maroon-colored throughout and sparsely pubescent
with dendritic trichomes. At full anthesis, the flowers of
B. tiehmii remained smaller and paler in color than those of
B. lemmonii, and the floral presentation was more open
(cup-shaped) than the pseudotubular orientation charac-
teristic of the latter species (Figure 3F). These features
appeared to reflect the genetic contribution of N. holm-
grenii, which produced the smallest, palest flowers with
the most open presentation. The mature sepals of
B. tiehmii were oblong and maroon-colored (like those
of B. lemmonii), but glabrous with a more prominent,
hyaline margin (like those of N. holmgrenii; Figure 4A).
Though the young petals of B. tiehmii appeared inter-
mediate in color between those of the proposed parents
(Figure 3F), the blades changed from whitish-cream to
maroon as they aged and more closely resembled those
of B. lemmonii at maturity (Figure 4B). The petals of N.
holmgrenii were distinguished in this case by their
smaller size and retention of their original color
(whitish-cream) throughout development.

Boechera tiehmii, B. lemmonii, and Nevada holmgrenii
all showed a preponderance of well-formed, elliptic pollen
grains indicative of sexual reproduction (Figure 4C). The
grains of N. holmgrenii were smaller than those of the other
taxa, more broadly elliptic, and more variable overall.
Boechera tiehmii and B. lemmonii had narrowly elliptic
pollen grains, but those of the proposed hybrid B. tiehmii
were substantially larger (averaging 32.8 by 16.2 um) than
samples gathered from B. lemmonii (averaging 26.1 by
12.9 um). There were clear differences in infructescence
structure among the species, with B. tiehmii and N. holm-
grenii having straight, ascending pedicels oriented in
multiple planes, quite unlike the curved, horizontally dis-
posed, secund pedicels of B. lemmonii (Figure 4D). Boechera
tiehmii was somewhat chimeric in fruit morphology, com-
bining the latiseptate fruit compression of B. lemmonii
(vs. terete fruits in N. holmgrenii) with the prominently
differentiated style of N. holmgrenii (Figure 4E). Lastly, the
seeds of the two proposed parents were very different; those
of B. lemmonii being broadly ovoid and continuously

winged, whereas the seeds of N. holmgrenii were narrowly
elliptic with a poorly developed wing confined to the apex
(Figure 4F). With their broadly elliptic shape and well-
differentiated wing occupying the apical 20% of the margin,
the seeds of B. tiehmii appeared intermediate between these
extremes.

Geography

The 12 specimens of B. tiehmii sampled for this study
(Appendix S1, encompassing all known collection localities)
formed two geographic clusters, one in Washoe Co., NV and
the other in Mono Co., CA (Figure 5). All five samples from
Nevada came from a small area (<1km?) of rocky alpine
habitat between 3100 and 3200 m a.s.l. on Mount Rose in the
Carson Range. The seven individuals from the Sierra Nevada
of central California represent five localities. Four of these
occurred along a 5-km section of the Tioga Crest (from
37.94°N to 37.97°N); the fifth was located on the divide west
of Virginia Lakes Basin (38.05°N). All came from rocky,
alpine habitats between 3032 and 3475 m elevation.

As with B. tiehmii, our sampling of Nevada holmgrenii
included representatives from all vouchered populations.
The species, apparently endemic to the mountains of the
central Great Basin in Nevada (Figure 5), is most abundant
in the Toiyabe Range with outlying populations in the
Shoshone, Toquima (type locality), Ruby, West Humboldt,
and Jackson Mountains. Notably, all known populations
occur on either (1) the isthmus between the two large lakes
(Bonneville and Lahontan) that dominated the Great Basin
during the Pleistocene, or (2) mountain ranges that formed
islands or peninsulas in Lake Lahontan (Figure 5). Though
rare, N. holmgrenii occupies a surprising diversity of rocky
habitats, ranging from evergreen woodland/sagebrush
steppe at lower elevations (min. 1980 m a.s.l.) to alpine
communities at high elevations (max. 3475 m a.s.l.).

Boechera lemmonii, the other proposed parent of B. tiehmii,
is a widespread species occurring in alpine habitats throughout
much of western North America. At the time the BMW was
accessed for this study (24 July 2024), it included microsatellite
data for 79 presumed sexual diploid accessions of B. lemmonii.
Through the TESLA analysis discussed earlier, we winnowed
this down to 58 samples with the highest allelic similarity
(AS = 0.4) to the holotype of B. tiehmii. Relevant voucher data
for these B. lemmonii samples are provided in Appendix S1.
Five of these (all with AS<0.5) were from outside the desig-
nated study area, but the other 32 are mapped in Figure 5,
color-coded to indicate whether the AS score of the sample was
above or below 0.5.

DISCUSSION

This study provides a holistic approach to the delineation of an
intergeneric hybrid with the parallel use of microsatellite
markers, phased Hyb-Seq data, and morphological observations.
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The concordance of highly variable microsatellite markers, uti-
lized in a population genetics context, and highly conserved,
low-copy nuclear genes analyzed with phylogenetics methods,
and intermediate morphology combined with plausible geo-
graphic and climate scenarios support the hypothesis of
hybridity originally proposed by Alexander et al. (2013). In fact,
this is one of the strongest confirmations of the origins of a
naturally occurring hybrid species, a notoriously difficult en-
deavor (Rieseberg, 1997; Hegarty and Hiscock, 2005; Folk
et al,, 2018). These multiple lines of evidence affirm the obser-
vations of Rollins (1983) regarding the similarities between
B. tiehmii and N. holmgrenii and the hypothesis of Alexander
et al. (2013) that B. tiehmii might be an intergeneric hybrid
between B. lemmonii and N. holmgrenii.

Microsatellite studies

Microsatellite markers provided the first genetic evidence to
corroborate the hybrid origin of B. tiehmii. Most sexual
diploid species of Boechera reproduce via selfing (Beck
et al.,, 2012; Li et al.,, 2017) and exhibit low heterozygosity
(average of 3.02 of 15 microsatellite loci archived in the
BMW; Beck et al.,, 2012; Li et al,, 2017). The high levels
of heterozygosity observed in B. tiehmii (9 of 15 loci) are
comparable to those observed in known hybrids (averaging
9.4 heterozygous loci: Li et al., 2017) and provided the
first indication of a probable hybrid origin (Alexander
et al.,, 2013). Our TESLA analysis identified the likely par-
ents as B. lemmonii and N. holmgrenii, both of which
included individuals with allelic similarity scores as high
as 0.67 and more than a dozen samples each with AS scores

> 0.5 (Table 1). In sharp contrast, all other sexual diploid
Boechera species in the BMW had AS scores < 0.5 when
compared to the holotype of B. tiehmii. Finally, we documented
the additivity of the nonsegregating peak patterns observed in
B. tiehmii, tracing the origin of each distinctive allele to the
modern gene pools of the proposed parental species (Figure 1).
All these data point to a probable origin of B. tiehmii from past
hybridization(s) of B. lemmonii and N. holmgrenii.

Hyb-Seq and phasing analysis

Our analysis using phased low-copy Hyb-Seq loci provides
further robust support for the hybrid origin of B. tiehmii
with high allelic heterozygosity, sequence similarity to the
putative parents, and a fully supported phylogenetic topol-
ogy. By phasing 1114 loci from two different bait sets (A353
and B764) from a topotype of B. tiehmii (FW1056), we
observed remarkably high allelic divergence and locus
heterozygosity in B. tiehmii compared to the rest of the
Boechereae (Appendices S3, S4). Locus heterozygosity in
B. tiehmii reached over 96%, substantially greater than the
average heterozygosity found in the rest of the Boechereae.
These data support not just the hybrid origin of B. tiehmii
but also the idea that its parents are deeply divergent from
one another (Appendices S3, S4). Phasing of the loci and
subsequent phylogenetic analysis confirmed that the con-
stituent genomes of B. tiehmii are fully supported as sister to
the putative parental species, B. lemmonii and N. holmgrenii
(Figure 2), as originally proposed by Alexander et al. (2013).
It is important to note that the inclusion of phased tips for
B. tiehmii did not alter the overall topology or support
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FIGURE 2 Reduced RAXML-NG supermatrix species phylogeny of the tribe Boecherea from Hay et al. (2023) with the inclusion of two phased tips for
B. tiehmii. The tree was constructed from 1114 Hyb-Seq loci from the Angiosperm353 and Brassicaceae764 probe sets. Nodes with =95 bootstrap support
have thickened bars. Maximum likelihood bootstrap values are indicated for those nodes with <95% bootstrap support. Each of the clades recognized are

from Hay et al. (2023).
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values in the phylogenetic tree compared to previous anal-
ysis by Hay et al. (2023). These results not only underscore
the hybrid origins of B. tiehmii, but also highlight the utility
of phasing and Hyb-Seq data in resolving intricate evolu-
tionary relationships within the Boechereae.

Morphology

Detailed morphological comparisons of Boechera tiehmii
with B. lemmonii and Nevada holmgrenii support its hybrid
origin and proposed parentage. Boechera tiehmii varies
substantially in character expression, with traits closely re-
sembling just one parent, others intermediate between the
parents, and some more extreme than either parent.

For example, as noted by Rollins (1983), the caudices of
B. tiehmii are notably like those of N. holmgrenii, exhibiting
sparse branching and thickened caudex axes due to persistent
leaf bases as compared to the highly branched and narrower
caudices of B. lemmonii (Figure 3A). This pattern of simi-
larity to N. holmgrenii extends to other vegetative features,
such as the basal leaves of B. tiehmii, while displaying
intermediate shapes and trichomes between the parents
favors N. holmgrenii with the presence of a prominent callus
(Figure 3B, C). The flowers of B. tiehmii lack pubescence and
remain smaller and paler overall than B. lemmonii; the chi-
meric fruit morphology displays the prominent style of
N. holmgrenii; and the seeds resemble those of N. holmgrenii
by being narrowly elliptic and poorly winged (Figure 4E, F).

The flowers of B. tiehmii are intermediate in size and color
with features such as the oblong, maroon sepals and a color
transition from whitish-cream to maroon as they mature, re-
sembling B. lemmonii. The chimeric fruit morphology, with
latiseptate compression from B. lemmonii, is further evidence
consistent with the hybrid origin of B. tiehmii. Overall, the
seed morphology of B. tiehmii appears intermediate between
the proposed parents, The seeds are more continuously win-
ged than N. holmgrenii, with the apical 20% of the margin
winged, in contrast to the fully winged seeds of B. lemmonii.

Pollen size is the most transgressive morphological trait
among these species. Although all three have well-formed,
elliptic pollen grains diagnostic of sexual reproduction in
Boechereae, these are notably different in size (Figure 4C). The
pollen grains of B. tiehmii are substantially larger than those of
both B. lemmonii and Nevada holmgrenii, which might be
indicative of polyploidy (as noted in Arabidopsis by Altman
et al., 1994). If B. tiehmii does turn out to be a sexual polyploid,
it would be only the second record of this ploidy-reproductive
mode combination among the hundreds of apomictic diploid
and triploid hybrids documented in tribe Boechereae.

Geography
As discussed by both Alexander et al. (2013) and Rollins

(1983), this hybridization is geographically feasible due to
the near sympatry of habitat of B. lemmonii and N. holmgrenii

and the hybrid B. tiehmii, though the current range of
B. tiehmii does not now overlap with that of N. holmgrenii.
The range of N. holmgrenii follows the former shoreline of the
once massive Pleistocene Lake Lahontan that once dominated
the western Great Basin at the end of the last ice age (Figure 5;
Russell, 1885). At the end of the Pleistocene, the western Great
Basin was considerably wetter than it is today (Benson and
Thomas, 1987; Hostetler and Benson, 1990) and dominated by
alpine tundra and low-elevation subalpine forests of bristle-
cone and limber pine (Thompson and Mead, 1982;
Wells, 1983), not unlike the current habitat of B. tiehmii.
The higher elevations, where B. lemmonii is found today, were
still dominated by glacial sheets (Dalton et al., 2020). During
the transition out of the last ice age, there has been limited
migration, especially of non-animal-dispersed plants, into
the western Great Basin (Thompson and Mead, 1982;
Wells, 1983). Plant communities that are now stranded on
isolated mountain tops were once widespread, and the
current cold desert flora was compressed into refugia
(Thompson and Mead, 1982; Wells, 1983).

The climatic and floristic history of the western Great Basin
implies that the parents of B. tiehmii were once sympatric in the
vicinity of Lake Lahontan. Microsatellite data suggest that
this region of parental sympatry was most likely west of Lake
Lahontan in the Sierra Nevadas near the known Californian
populations of B. tiehmii. Boechera lemmonii, one of the most
widely distributed and genetically variable species in the genus,
shows significant geographic structure in the microsatellite data
set. Populations in the central Sierra Nevada exhibited several
ubiquitous alleles notably absent from B. lemmonii populations
that are regionally sympatric with Nevada holmgrenii on the
eastern side of the Lahontan Basin. The geographic correlation
is striking, with all the microsatellite genotypes that most closely
match the proposed B. lemmonii parent of B. tiehmii clustered
in the central Sierras (Figure 5).

Based on our current understanding of the geographic
distributions of genetic variability within these species, we en-
vision two plausible scenarios. In one, N. holmgrenii did (and
possibly still does) occur in the central Sierra Nevada where it
hybridized with the endemic genotypes of B. lemmonii to form
B. tiehmii, which has remained in situ. The second scenario is
more complex, involving the presence, and subsequent ex-
tirpation, of the Sierran B. lemmonii genotypes in central
Nevada, where they hybridized with extant populations of
N. holmgrenii to form B. tiehmii, which migrated to the Sierra
Nevada, leaving no currently recognized populations in the
region where it was formed. The first hypothesis is the most
parsimonious given the available data, and it is eminently test-
able through field surveys (and supporting genetic analyses)
searching for N. holmgrenii near B. tiehmii in the central Sierra
Nevada.

Intergeneric hybridization

This is the first time that intergeneric hybridization has been
definitively documented among genera of the tribe Boechereae.
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Nevada holmgrenii Boechera tiehmii Boechera lemmoni

FIGURE 3 Morphological comparison of Nevada holmgrenii, Boechera tiehmii, and B. lemmonii 1. (A) Representative caudices just below ground
surface. (B) Rosette leaves (proximal portion of petioles excluded in N. holmgrenii and B. tiehmii). (C) Trichomes on rosette leaf margins (abaxial surface).
(D) Proximal portion of flowering stem and lower cauline leaves. (E) Mature buds approaching anthesis. (F) Flowers at full anthesis.
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Nevada holmgrenii Boechera tiehmii Boechera lemmoni

FIGURE 4 Morphological comparison of Nevada holmgrenii, Boechera tiehmii, and B. lemmonii I1. (A) Sepals at full anthesis. (B) Petals at full anthesis.
(C) Representative pollen samples from naturally dehiscing anthers. (D) Infructescences showing pedicel and fruit orientation. (E) Individual fruits (small
end of the size spectrum) approaching maturity. (F) Representative mature seeds.

51801 SUOWILLIOD BANER.D) 3|ed! [dde ) Ag peuLBA0B 818 SBPILE WO ‘98N J0 SBNI 10} AJRIGIT BUIIUO ABIAA IO (SUONIPLOO-PUE-SWLRILI0D A5 |IMARRIq 1 [BU1UO//Sd1Y) SUOIPUOD PUE SWL | U} 805 *[G202/ZT/8T] UO AtiqiTauiiuo As|im ‘soLeiq ] ANSIBAIN 8nd Ad ZETOZ 20 B/Z00T 0T/10p/w00 Ao im AReq1jpu 1 juosandesdy/:sciy Wwo.y popeojumod ‘2T ‘G20z ‘L6TZLEGT



INTERGENERIC HYBRIDIZATION IN TRIBE BOECHEREAE

13 of 17

|

FIGURE 5 Range map of Boechera tiehmii (orange), B. lemmonii (yellow), and Nevada holmgrenii (red) created in QGIS 3.34.9 using a digital elevation
model of the western US (Hanser, 2008), western Great Basin Pleistocene lakes (Reheis, 1999), and North American ice sheets from 12,000 years before

present (Dalton et al., 2020).

Current natural intergeneric hybridization, where both parents
are extant, has never been documented to this extent in any
other Brassicaceae lineage. Past work has shown evidence for
ancient introgression events in Brassicaceae, such as at the root
of the Australian genera Stenopetalum and Ballantinia, which
was followed by rapid diploidization (Mandékova et al., 2010),
the North American genera Idahoa and Subularia, which may
be the descendants of multiple past allopolyploid hybridizations
between distant tribes (Dogan et al., 2022), and an intertribal
allopolyploid hybridization that precedes the radiation of the
genus Pachycladon (Joly et al, 2009). Also, the creation of
artificial intergeneric hybrids has been extensively used as a tool
for crop breeding by hybridizing the genus Brassica into other
wild and domesticated genera (Li et al, 1995; Kaneko and
Bang, 2014; Katche et al., 2019) and studying the model species
Arabidopsis (Heenan et al., 2008). Barriers to hybridization are
thought to evolve quickly in plants (Coyne and Orr, 2004;
Baack et al., 2015; Coughlan and Matute, 2020), although the
rate at which these barriers form varies by taxonomic group
(Edmands, 2002; Moyle et al., 2004). These barriers appear to
be especially fast in Boechera, where all known hybrids
(between closely related species and even within geographically
distinct plants of the same species) are asexual and are likely
evolutionary dead ends (Beck et al, 2012; Alexander
et al., 2013; Li et al., 2017; but see Carman et al., 2019).
Though instances of intergeneric hybridization are rare in
plants, there have been documented occurrences that are very

deep in time and phylogenetic distance, such as between
Cystopteris and Gymnocarpium, which diverged more than
60 million years ago (Rothfels et al., 2015). The discovery
of intergeneric hybrids demands careful re-examination of
the generic boundaries in the group and can be evidence
of the need to revisit its taxonomy. For example, the artificial
Brassicaceae hybrid of the then Australian endemic
Pachycladon and the New Zealand endemic Ischnocarpus
(Heenan,1999) has now been subsumed into Pachycladon
(Heenan et al.,, 2002) after further phylogenetic analysis. In
the case of Boechera tiehmii, the parental genera are mor-
phologically and genetically distinct from each other, and
despite broad sympatry in northern Nevada, there are no
other known hybrids between Nevada and Boechera. The
formation of B. tiehmii must have been a rare event, as
suggested by the lack of other intergeneric hybrids in the
western Great Basin. Based on the topology of the phyloge-
netic tree from Hay et al. (2023), to maintain monophyly,
either we recognize an intergeneric hybrid or the entire tribe,
all nine genera, would have to be placed in the genus Phoe-
nicaulis. The Boechereae tribe has no other synapomorphy
defining it other than for having a base chromosome number
of x =7. Consequently, combining all nine of the genera into
a single tribe would result in an unworkable taxonomy and
further confuse their identification.

Across flowering plants, only a handful of cases of
hybridization at the intergeneric or higher taxonomic level
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have been documented, such as between Liquidambar and
Altingia in the Altingiaceae (Wu et al., 2010) and Berula and
Helosciadium in the Apiaceae (Desjardins et al, 2015).
However, with the acceleration in new methods to phase
potential hybrid alleles (Nauheimer et al., 2021; Tiley
et al., 2024) and build phylogenetic networks (Solis-Lemus
et al,, 2017), there has been a marked uptick in newly ver-
ified intergeneric hybrids (Guo et al, 2018; Hodel
et al., 2022; Stull et al., 2020; Anghelescu et al., 2021; de
Araujo et al,, 2021; Diaz Lifante et al., 2023), though none to
date in Brassicaceae.

Until now, an intergeneric hybrid in angiosperms has
not been verified with the use of phasing HybSeq loci,
though it has been recently demonstrated multiple times in
the fern family Thelypteridaceae (Bloesch et al., 2022; Tseng
et al., 2024), the moss family Funariaceae (Patel et al., 2023),
and in gymnosperms in the Cupressaceae (Liu et al., 2022).
This study adds to the growing body of research on the
existence and nature of intergeneric hybridization in flow-
ering plants and will hopefully encourage future studies.

CONCLUSIONS

This study provides strong evidence that Boechera tiehmii is
the product of hybridization between the alpine B. lemmonii
and the Great Basin montane species Nevada holmgrenii.
The integration of microsatellite markers, phased Hyb-Seq
data, and morphological observations supports the
hypothesis posed by Alexander et al. (2013) that B. tiehmii is
an intergeneric hybrid within the tribe Boechereae. Both
microsatellite and Hyb-Seq data revealed significant fixed
heterozygosity in B. tiehmii populations, consistent with
other putative hybrids in Boechera. Morphological char-
acteristics of B. tiehmii are largely intermediate between
those of B. lemmonii and N. holmgrenii, reinforcing the
genetic evidence for its hybrid origin. Though B. tiehmii is
already protected in California (where it is ranked as rare)
and Nevada (where it is on the state watch list), it represents
a unique hybrid lineage that deserves deeper and stronger
protection. The ability of Boechereae species to hybridize
across genera within the tribe while retaining sexual
reproduction, unlike Boechera intrageneric hybrids, opens a
new line of inquiry into the role of hybridization in speci-
ation and evolution in this enigmatic group. This study also
emphasizes the importance of using multiple molecular
methods in concert, such as, microsatellite loci and Hyb-Seq
data for low-copy nuclear loci to resolve complex hybrid
relationships. The robust framework established here will
serve as a foundation for future investigations into
hybridization and speciation within Boechereae.
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