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Abstract

Triosteum (Caprifoliaceae) is a genus of herbaceous perennial angiosperms com-
posed of three Asian and three North American species. The range of two similar
species, T. aurantiacum and T. perfoliatum, overlap in the state of Massachusetts,
USA, where the latter species is considered locally endangered and protected by
regulations. The population occurring in Barnstable Co. MA, USA was morphologi-
cally atypical and had intermediate characteristics between the two taxa. Genome-
wide molecular fingerprinting was used to identify this population by comparison

to nearby populations with typical morphology for each of the reference species T.
aurantiacum and T. perfoliatum. A set of 220,518 high quality SNPs were used to cal-
culate expected heterozygosity, F ¢, nucleotide diversity, and F,, and to create short
multi-allelic haplotype markers. Detailed population characterization was performed
using Principal Component Analysis (PCA) and fastSTRUCTURE analysis on SNPs,
and the haplotype markers were used to create a NJ phylogenetic tree, and pairwise
comparisons of the genetic distance (Jaccard Inverse Distance) between individual
plants within and between subpopulations, populations, and species. Furthermore,
complete chloroplast genome sequences were created, and structural polymor-
phisms characterized and compared to a range of closely related species. Taken
together, the data reveals a fine subpopulation structure within the morphologically
atypical population at Barnstable Co. MA, that are more closely related to T. perfolia-
tum than to T. aurantiacum.
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Introduction

Triosteum (Caprifoliaceae) is a genus of herbaceous perennials composed of six
species, three of Asian [1] and three of North American origin [2], though the delinea-
tion of the North American taxa has shifted over time. Linnaeus initially described two
species in the region, T. perfoliatum L. and T. angustifolium L., whereas Rafinesque,
in 1836, described six North American species [3]. The two-species classification was
favored until E.P. Bicknell described a third species T. aurantiacum Bickn. in 1901

[3]. The identity and distinctiveness of T. aurantiacum was later called into ques-

tion in 1923 by K.M. Wiegand, though the three-species classification is currently
used in the modern botanical description of the region [4—6]. An additional taxon, a
named hybrid or nothospecies was added in 2010; T. angustifolium var. eamesii was
revealed to be a hybrid of T. angustifolium and T. aurantiacum and is currently known
as T. x eamesii (Wiegand) [7].

The three species are widespread throughout Eastern North America and inhabit
mostly woodland and woodland openings but can also be found on talus slopes and
in meadows or prairies [4,5]. Though the species are widespread within their ranges,
and none are listed as endangered or imperiled at a national level in Canada or
the United States, many states or provinces consider them rare locally. Triosteum
perfoliatum is found in 30 US states, two Canadian provinces (Fig 1A), and imper-
iled in 11 of those regions; T. angustifolium can be found in 25 US states and one
Canadian province and imperiled in 14 regions; and T. aurantiacum (being the most
widespread) is found in 29 US states, four Canadian provinces (Fig 1A), and imper-
iled in eight regions [8]. Correct identification of these species has conservation,
legal, and economic consequences if one species within the genus is regulated as an
endangered species and the others are not. Misidentification can lead to accidental
extirpation of a locally rare plant on one hand or lead to unnecessary regulation or
prohibition of human activities, e.g., economic development, military training activi-
ties, or municipal development, on the other.

This study investigates the taxonomic identity of a population of Triosteum found
at Camp Edwards, a Massachusetts Army National Guard (MAARNG) training area
located on Joint Base Cape Cod (JBCC), in Barnstable Co., Massachusetts, USA
(Fig 1B, C). Kettle holes or individual depressions in the landscape made as the
glaciers receded that support Triosteum and other rare plants at Camp Edwards (i.e.,
Ophioglossum pusillum, state-listed threatened) are called Rare Plant (RP) sites (Fig.
1C). The Triosteum population at Camp Edwards appears morphologically intermedi-
ate between T. perfoliatum and T. aurantiacum.

One of the key features that distinguishes the two species is T. perfoliatum having
strongly perfoliate leaf bases at least at the middle nodes of the plant in comparison
to T. aurantiacum, which has sessile leaf bases [4,5] (Fig 1D-G). The Camp Edwards
plants have baffled regional botanist for decades in that they display within the
population strongly perfoliate to weakly perfoliate leaf morphologies and sessile leaf
bases but are otherwise morphologically similar (Fig 1D-G), therefore the population
does not clearly key to one species or the other. F.C. Lane in his 1954 dissertation
captured the essence of the problem: “It is not at all uncommon in examining a series
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Fig 1. Species range distribution and leaf morphology. A) Species range map for T. aurantiacum (TAUR) and T. perfoliatum (TPER). B) Locations

in Massachusetts where TAUR, TPER, and Rare Plant (RP) plant samples were collected. C) General locations of the two Triosteum sub-populations
(Northern group and Southern group) at Camp Edwards where RP sites are located (i.e., RP13). The northern RP sites include RP13 and RP15 and the
southern RP sites include RP03, RP04, RP05, RP06, and RP07. D) A plant from RP03. The leaves at a middle node are not fused around the stem, indi-
cating TAUR leaf morphology. E) A plant from RP05. The leaves at a middle node are fused, although not broadly, around the stem, not clearly indicating
TAUR or TPER leaf morphology. F) A plant from RP03. The leaves at a middle node appear more broadly fused around the stem on this plant than D or
E), suggesting TPER leaf morphology. G) A plant from RP04. The leaves at the middle nodes are definitively broadly fused around the stem, indicating
TPER leaf morphology.

https://doi.org/10.1371/journal.pone.0325657.9001

of herbarium specimens to find two plants with identical collection data labeled as two different species because there is
a slight variation in the shape of the leaves” [9]. Triosteum perfoliatum is listed as endangered under the Massachusetts
Endangered Species Act and protected under state law [10]. Consequently, this means that proper taxonomic classifica-
tion of the population influences land use planning and resource allocation, including monitoring and protection, on Camp
Edwards. Triosteum angustifolium and the hybrid T. x eamesii also exist in New England, but the closest known individuals
of T. angustifolium are found approximately 200 km to the west of the study population at Camp Edwards, and it is unclear
whether natural populations represent the ‘pure’ species. In addition, there is no morphological evidence that T. angustifo-
lium is closely related to the Camp Edwards plants. Lastly, if pure T. angustifolium populations exist in the region, they are
extremely rare, and sampling may negatively affect population integrity.

The objectives of this study were two-fold. First, because a varied number of Triosteum species have historically been
described in the region and morphological characterization provides inconclusive evidence for taxonomic classification
to either T. perfoliatum or T. aurantiacum, the Camp Edwards population was genetically compared to geographically
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proximate reference samples of T. perfoliatum and T. aurantiacum that we were permitted to collect from. Second, we
used molecular genetic fingerprinting based on whole-genome shotgun sequencing, identification of polymorphisms in
the nuclear and chloroplast genome, comparison of the within and between population genetic distances and delineation
of phylogenetic relationships and population substructure to study the taxonomic identity of these plants and to provide a
preliminary investigation of population genetic diversity in this understudied genus in southern New England.

Materials and methods
Plant sampling

A Triosteum population of unknown taxonomic origin was sampled (n=26 individuals) at Camp Edwards (41.654501° -
70.536865°). Plants were sampled from the northern and southern areas of the base and represented a total of seven
subpopulations or RP sites (Fig 1C). RP sites were labelled with a rare plant population number (e.g., RP06), and each
suffix number corresponds to individual plants found within one kettle hole depression (e.g., RP06-32). Plants with varying
degrees of the perfoliate leaf trait were sampled, thus representing both perfoliate and sessile leaf types as observed at
Camp Edwards. Two other reference Triosteum populations were sampled for genetic comparison. One population with
clear T. aurantiacum morphology was sampled (n=7 individuals, named TAUR) from Martin H. Burns Wildlife Manage-
ment Area in Essex Co. Newbury, Massachusetts USA (Fig 1B). Additionally, cuttings of T. perfoliatum (n=5 individuals,
named TPER) with strongly perfoliate leaf bases that were propagated from a natural (wild) population on Martha’s Vine-
yard, Dukes Co. Massachusetts were provided by the Polly Hill Arboretum (Fig 1B). The RP13 and RP15 samples were
collected from the northern RP sites and RP03, RP04, RP05, RP06 and RP07 samples were collected from the southern
RP sites. All samples were taken in August 2020. Because Triosteum individuals can produce multiple stems per genet
and ramets are clustered, only one leaf sample per stem cluster was taken to avoid sampling the same individual twice.
Leaf samples were removed from the plants and immediately placed on ice and freeze dried within 48—72 hours.

Genomic DNA extraction and whole genome shotgun sequencing

Whole freeze-dried leaves were ground to a fine powder using a sterilized mortar and pestle. Genomic DNA was extracted
from approximately 20 mg of the tissue powder using the MagMAX DNA Multi-Sample Ultra Kit 2.0 (ThermoFisher Sci-
entific, USA) according to the manufacturer’s instructions and the extracted DNA was visualized using an Egel 2% EX
cartridge (Thermofisher Scientific, USA) and quantified using a Qubit device and the 1X dsDNA High-Sensitivity kit
(ThermoFisher Scientific, USA) according to the manufacturer’s instructions. Approximately 500 ng of the resulting high
molecular weight DNA was shipped overnight to Admera Health LLC (South Plainsfield, NJ) for construction of PCR-free,
dual-indexed lllumina libraries according to the protocols provided by lllumina and sequenced on an lllumina HiSegX
device running the PE-150 configuration. Adapter sequences were removed from raw read sequences using Cutadapt
v3.3 [11], retaining reads with minimum read length of 40 base pairs (bp). FASTQC [12] analysis showed high quality base
calling in the data sets. We matched the minimum read length to the sliding frame length for haplotype calling (40 bp)
using our SMAP software (see below). On average, only 0.25% of reads per sample were shorter than 40 bp after adapter
trimming (See S1 Table and S1, S2, S3, and S4 Fig for further details on read quality and mapping statistics).

Nuclear and chloroplast reference genome assembly

Because there was no reference nuclear genome sequence publicly available for Triosteum, and we wanted to use a ref-
erence sequence that was as closely related as possible to our samples (to facilitate optimal read mapping (BWA-MEM),
reference-based SNP calling (GATK) and haplotype calling (SMAP)), a draft reference genome sequence was constructed
separately for the TAUR-05, TPER-03 and RP15-03 samples using trimmed PE-read data and the DeBruynGraph-based
de novo assembler implemented in CLC Genomics Workbench with default settings and minimal contig length of 500

bp. BLASTn analysis with the full chloroplast genome sequences of T. himalayanum, T. pinnatifidum and T. sinuatum
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(NC_045219.1, NC_037952.1, MW526077, respectively; [1]) were used to identify contigs corresponding to the chloro-
plast genome sequence for TAUR-05, TPER-03 and RP15-03. The respective chloroplast contigs were separated from
the nuclear de novo assembly contigs, and were concatenated in the correct order according to the BLASTn hits, taking
the internal duplicated region structure into account [1] to initially create three draft chloroplast reference genomes for T.
perfoliatum, T. aurantiacum and individuals from the RP sites. Junctions between contigs were iteratively and manually
adjusted based on detailed visual inspection of WGS read mappings per species until reads showed perfect mapping
support across the entire length of the chloroplast genome assembly. Finally, whole chloroplast genome sequence align-
ments were created with mVISTA and a corresponding NJ phylogenetic tree was created with CLCbio Genomics Work-
bench, showing overall high chloroplast genome sequence conservation across previously published Triosteum species
[1] and the three novel assembilies. In total, 11 SNPs, five 1-bp Indels, and three regions (51 bp, 51 bp, and 192 bp) that
were specifically duplicated in a particular species were identified between TAUR-05, TPER-03 and RP15-03 chloroplast
assemblies. These polymorphisms were manually scored for all 38 samples by mapping a random set of 10 M PE-reads
per sample onto the central TAUR-05 chloroplast reference genome combined with all nuclear genome contigs, and visual
inspection of the 19 polymorphic chloroplast loci in the CLCbio Genomics Workbench genome browser. Chloroplast gene
models for genes (CDS), tRNA, and rRNA encoded in T. sinuatum (MW526077) were transferred via coordinates of the
whole chloroplast genome alignments, manually curated, and these final high-quality reference sequences were submit-
ted to genbank (T. aurantiacum: PQ559726; T. perfoliatum: PQ559726; RP15-03: PQ559728).

Genotype calling

Adapter trimmed reads of all individual samples of the study were mapped against the TAUR-05 reference genome
assembly using the BWA-MEM algorithm with all default settings in BWA v0.7.17 [13]. Next, we used various components
of the SMAP package as applied to haplotype calling in WGS data [14]. The SMAP package source code is available

on GitLab (https://gitlab.ilvo.be/genomics/smap-package/smap) and a detailed description of the working procedure and
guidelines are available in the online User Manual (https://ngs-smap.readthedocs.io/en/latest/home.html). Sliding frames
of 40 bp were created with the SMAP utility tool sliding-frames (frame size 40 bp, between-frame distance 40 bp). Next,
regions with sufficient read depth (minimal 8 reads completely spanning the sliding frame) per locus per sample across
the set of 38 samples (i.e., locus completeness of >90%, to ensure balanced representation of genetic diversity across all
samples) were searched with SMAP haplotype-sites, yielding a total of 291,190 loci, which together represented approx-
imately 2.7% of the total genome sequence assembly length (425.7 Mbp). SNPs were identified on those loci using the
GATK 4.2.0.0 HaplotypeCaller [15] with default settings for diploid organisms. The resulting SNP data was processed
according to GATK best practices using VariantFiltration and SelectVariants with the following parameters: quality by
depth<2.0 (estimated for multiple samples), Fisher strand value >60.0, strand odds ratio> 3.0, mapping quality <40.0,
mapping quality rank sum<-8.0 (according to the GATK best practices workflow; [16]. We did not filter SNPs based on
LD, nor on minor allele frequency, because we wanted to keep the possibility that individual samples showed unique
SNPs or haplotypes. A total of 537,933 polymorphic, bi-allelic SNPs were retained after these filter steps. WAXY exon
10-11 fragments of T. sinuatum (AF277644.1), T. angustifolium (AF277643.1), T. aurantiacum (AF277641.1), T. perfo-
liatum (AF277642.1), T. himalayanum (AF277637.1), and T. pinnatifidum (AF277634.1), were retrieved from NCBI and
BLASTn was performed to identify the corresponding regions in de novo assemblies per sample. A single SNP polymor-
phism was identified within the sample set, and genotype calling was based on read mapping of all reads per sample onto
the TAUR-05 reference genome at the WAXY locus at contig_31377 SNP position 34123.

Haplotype calling

Selected SNPs obtained by GATK were used for read-backed haplotype calling using SMAP haplotype-sites. A set of 38
indexed BAM files with mapped reads, a custom BED file with sliding frame start and end point positions (291,190 loci,
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see above), and a VCF file with 537,933 selected SNP positions then served as input for the module SMAP haplotype-
sites. SMAP haplotype-sites evaluates the read-reference alignment at each polymorphic position within a locus and cre-
ates a short haplotype string per read that combines the calls of neighboring polymorphisms (SNPs) across the genome
region covered by the sliding frame. It then counts the read depth per unique haplotype per locus, quantifies the relative
haplotype frequency per locus, transforms that to discrete dosage calls using frequency interval boundaries and finally
outputs the discrete haplotype dosage call table. Thus, SMAP haplotype-sites was used to extract multi-allelic haplotypes
using read-backed phasing of the reference-aligned reads, using the following parameter settings for discrete haplotype dos-
age calling in diploid individuals: --mapping_orientation ignore --plot_all -u ““ --no_indel --partial exclude --mapping_quality

30 --min_read_count 8 -f 10 --discrete_calls dosage --frequency_interval_bounds 15 15 85 85 -z 2. After SMAP haplotype-
sites, only loci (n=114,404) with at least 8 reads per locus per sample (in total across all haplotype variants) in >90%

of the 38 samples were retained to ensure genotype call completeness across the haplotype table and loci with >90%
correctness (discrete dosage of 2 alleles for diploid organisms) across the sample set were retained to ensure high quality
genotype calls. Thus, haplotype calling with the SMAP software provides an additional filtering procedure for high qual-

ity loci that is not possible with SNP data alone. In our haplotype analysis (which is based on physical linkage as it uses
read-backed phasing within sliding frames of 40 bp), SNP markers that are linked at very short distance, end up in a
single phased haplotype allele — without relying on statistical coupling (co-segregation, i.e., Linkage Disequilibrium) across
samples. This reduces some of the redundancy in genetic information captured by individual neighboring SNPs that are

in physical coupling phase in short haplotypes. At the same time, it increases genetic resolution because it can create
multi-allelic haplotype markers per locus that are not necessarily distinguished using individual bi-allelic SNPs. Further
information on the increased accuracy for the estimation of population genetic parameters using multi-allelic haplotype
markers as compared to SNP markers of the same loci, are provided in Bratelund et al., [17]. Finally, only the 220,518
SNPs that overlap with the 114,404 high quality loci identified by SMAP haplotype-sites were retained for further analysis.
Of these, 23,489 SNPs were singleton SNPs (a single heterozygous call on an otherwise fixed SNP in all samples with
data). See S1 Table and S1, S2, S3, and S4 Figs for further details on read quality and mapping statistics of all subse-
quent steps of the procedure (trimming, mapping, selection of high-quality regions, and for genotype call missingness per
sample after SNP filtering).

Analysis of genetic diversity and genetic differentiation

In this study, we used SNPs and their derived haplotype markers in parallel because some computational methods are
only compatible with bi-allelic SNPs, while others can use multi-allelic haplotype markers.

SNP sets. Principal Component Analysis (PCA) was performed on the SNP calls generated by GATK using the
vefR (v1.12.0), adegenet (v 2.1.4) and ade (v ade4) packages in Rstudio (v4.2.1) [18]. In total, 220,518 SNPs that
overlap with the 114,404 high quality haplotype-called loci identified by SMAP haplotype-sites were used for the PCA.
A Bayesian genetic clustering analysis was conducted on the SNP data using fastSTRUCTURE [19]. The VCF file
was converted into the fastSTRUCTURE input file with PGDspider v2.1.1.5 [20]. The number of subpopulations (K)
was set between 2 and 9. The most optimal value of k was determined with the choosek.py script included in the
fastSTRUCTURE package. Both the model complexity with the maximum marginal likelihood and the number of model
components to explain structure in the data was most optimal for K=4. The resulting Distruct plots were created with
the distruct2.3.py script from the fastSTRUCTURE software. PCA and fastSTRUCTURE were also performed on the set
of 197,032 SNPs after removing singleton SNPs. Expected heterozygosity (H,) and the inbreeding coefficient F , were
calculated using the basic.stats function from the hierfstat package. Nucleotide diversity m was estimated per population
with vcftools v0.1.17 [21] as the average of the nucleotide diversity values of each 50 kb window using the --window-
pi parameter. Pairwise F, values as defined by [22] were calculated between all populations using the pairwise.neifst
function in the R package hierfstat [23].
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Haplotype sets. The SMAP relatedness pairwise module with default parameters was used to calculate Jaccard’s
Inversed Distance (JID) values for each pairwise sample comparison, based on the SMAP haplotype-sites discrete
haplotype dosage call table. A Neighbor-Joining (NJ) phylogenetic tree was reconstructed based on the Jaccard Inversed
Distance matrix (1 — J) with the nj function from the package APE v5.8 [24] in R (v4.3.1) using the haplotype call matrix.
200 bootstrap replicates of the JID matrix were created with the SMAP relatedness pairwise module and were used as
additional input in the phylogenetic analysis to obtain node support values.

Results and discussion

Camp Edwards is a relatively large forested and unfragmented expanse consisting of nearly 15,000 acres and sits at the
base of Cape Cod (Fig 1A-C), a peninsula composed of moraine and outwash deposits from the Wisconsin glaciation
[25]. Variable topography and sediments left behind from the glacial moraine deposits comprises the western and north-
ern perimeter of Camp Edwards with a delta of meltwater transported sediments fanning out to the south and southeast
[25]. This surficial geology is a major driver of the plant diversity at this location and Camp Edwards has many dry “kettle
holes” which are bowl-shaped depressions formed by disconnected blocks of glacial ice left behind as the main ice sheet
retreated. Kettle holes function as “frost bottoms” when cool dense air pools. This can cause more frequent and later
season frost conditions, which further drives the unique plant diversity in these kettle holes [26,27]. The Triosteum popula-
tions at Camp Edwards can be found at the bottom of dry kettle holes which are geographically separated by roughly six
to seven km of variable topography into two nested groups, the Southern group and Northern group (Fig 1C). The most
prevalent plant communities across Camp Edwards, pitch pine — oak woodland, pitch pine — scrub oak, and scrub oak
shrubland [28], tolerate the sandy nutrient-poor soils left from the retreating glaciers. Pinus rigida and Quercus coccinea
and Q. alba are the defining overstorey tree species of Camp Edwards with Quercus ilicifolia, Gaylussacia spp., and
Vaccinium spp., the most common understory shrubs. While the vegetation growing on the kettle hole slopes and upper
surrounding vegetation is typical of pitch pine — oak forest/woodlands and related plant communities, the kettle holes host
a unique association of plants that do not commonly occur elsewhere at Camp Edwards, or at least in the surrounding
wooded areas upgradient of the frost bottoms, including T. perfoliatum, Ophioglossum pusillum, Thalictrum revolutum,
Stachys hyssopifolia, Salix occidentalis, Lycopus americanus, and Pycnanthemum tenuifolium (personal observations
during annual rare plant surveys conducted by MA Army National Guard, Natural Resources Program staff).

First, we investigated the taxonomic origin of a set of Triosteum individuals discovered at Camp Edwards by sequenc-
ing taxonomic barcoding markers. Genetic studies of endangered plant entities in other families have been done in the
region to clarify taxonomic position to help inform regulators for endangered species listing status [29,30]. Analyses of the
WAXY exon10 - exon11 fragments showed that all RP plants were identical to all T. aurantiacum plants, except RP15-01
and RP15-05 that shared a one SNP difference (contig_31377, position 34123, C/T) with all T. perfoliatum plants. None of
these WAXY sequences corresponded to the previously published WAXY sequences for six Triosteum species [2].

Next, we compared genome-wide molecular fingerprints of 26 Camp Edwards Triosteum sp. individuals to five T. per-
foliatum and seven T. aurantiacum individuals. Whole-genome shotgun (WGS) sequencing yielded 27M to 266M PE-150
reads per sample, corresponding to about 10x to 100x genome coverage at an estimated genome size of 779 Mb [31].
Read data of TAUR-05, TPER-03, and RP15-03, were used for de novo assembly of draft nuclear genome sequences,
while chloroplast genome sequences were created and manually curated. The TAUR-05 sample had the most WGS
data per sample (266M PE-150 reads), a low degree of heterozygosity, and yielded the best reference genome assem-
bly in terms of total assembly length (425.7 Mbp), contiguity (N50=7892 bp; N90=1337 bp), minimal number of contigs
(117,438 contigs with minimum contig size of 500 bp), and was therefore used as central reference for read mapping of all
samples. Since not all samples were sequenced to equal depth, we first identified 291,190 loci (sliding frames of 40 bp)
with minimum 8 reads per locus per sample in at least 35 out of 38 samples (>90%; near-completeness). Next, SNP iden-
tification and hard filtering with GATK yielded a total of 537,933 polymorphic SNP sites. Then, SMAP haplotype-sites was
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used to create discrete haplotype calls (i.e., ShortHaps; haplotypes created by joining neighboring SNP calls in sliding
frames of 40 bp using read-backed phasing). SMAP haplotype-sites yielded a total of 266,257 haplotypes across 114,404
loci, with an average of 2.33 haplotypes per locus (range 1-8) across the 38 analyzed individuals. Only the 220,518 SNPs
that overlapped with the 114,404 high quality haplotype-called loci identified by SMAP haplotype-sites (>90% complete-
ness,>90% correctness) were retained for further analysis. This step further filters out SNPs that were putatively misiden-
tified by GATK, and provides an additional selection for high quality SNPs.

The whole-genome sequencing followed by SNP and haplotype calling methods revealed genetic differences and
subpopulation structure between and within the T. aurantiacum (Newbury), T. perfoliatum (Martha’s Vineyard) and the
Rare Plant site (Camp Edwards) populations. Genetic analyses were performed in parallel for SNPs (for methods that
can only use bi-allelic marker data), and for haplotypes (for methods that can use multi-allelic markers). The 220,518
SNP genotype calls at the 114,404 high quality loci were used for PCA analysis (Fig 2A) to reveal global genetic simi-
larity between and within populations, and for fastSTRUCTURE analysis (Fig 2B) to reveal subpopulation structure, and
to calculate population genetic parameters such as average nucleotide diversity (1), expected heterozygosity (H,), and
inbreeding coefficient (F ) per population (Fig 2C), and the genetic differentiation between subpopulations was esti-
mated with F, (Fig 2D). In parallel, 266,257 haplotypes across the same 114,404 loci were used to calculate a NJ tree to
reveal phylogenetic relationships between samples (Fig 3A), the fraction of heterozygous loci across all loci with data per
sample (Fig 3B), and pairwise Jaccard’s Inversed Distances (JID; Fig 4) to reveal genetic similarity. Taken together, all
analysis consistently indicated the genetic differentiation between the T. aurantiacum population and the T. perfoliatum
population, while the Camp Edwards RP populations were more closely related to T. perfoliatum. Within the RP sites,
the RP populations from the northern sites (RP13, RP15) are more closely related to T. perfoliatum reference samples,
while the RP populations from the southern sites (RP03, RP04, RP05, RP06, RP07) are slightly more distantly related,
yet still more closely related to T. perfoliatum than to T. aurantiacum. For instance, the projected genetic variation on
the first principal component (PC) axis (36.1% of genetic variation within the SNP set explained) is mostly reflected by
separate grouping of the T. aurantiacum samples on the negative PC1 axis and the T. perfoliatum and RP samples on
the positive axis, indicating that the reference samples can be discriminated and that the RP plants are (relatively) more
closely related to T. perfoliatum. The second PC axis (14.6% genetic variation explained) further differentiates between
a cluster of southern sites (RP03, RP04, RP05, RP06, RPQ7), and a cluster of T. perfoliatum and the two northern sites
(RP13, RP15). FastSTRUCTURE analysis further confirmed the gradual differentiation. To test if filtering out low MAF
(singleton) SNPs would affect the population substructure, PCA and fastSTRUCTURE were also performed with 197.029
non-singleton SNPs, yielding essentially the same results (see S5 and S6 Figs). With only K=2 groups, all RP individ-
uals were grouped together with T. perfoliatum, and separated from T. aurantiacum. At K=3 groups, the northern RP
individuals were still grouped together with T. perfoliatum, and southern RP sites started to differentiate, only at K=4 the
northern RP individuals were grouped separately from T. perfoliatum and southern RP sites. This was further consistent
with the phylogenetic relationships revealed by the NJ phylogenetic tree as the T. perfoliatum clade is nested in a larger
cluster with RP13 and RP15 sites, while all southern RP individuals (except individual RP05-01) are clustered in a sister
clade, again clearly separated from the clade with all T. aurantiacum individuals. Calculation of genetic similarities as
estimated using Jaccard Inversed Distances (JID) at the level of shared haplotype alleles across 114,404 loci (Fig 4,
for detailed information on exact JID scores per pairwise comparison, see S7 Fig), further showed that the populations
with morphology typical of T. perfoliatum (Martha’s Vineyard) and T. aurantiacum (Newbury) were genetically uniform
within their population (T. perfoliatum: JID range 0.07-0.13; T. aurantiacum: JID range 0.03-0.12), and the least sim-
ilar between the species (JID range 0.42—-0.57), the highest values seen in this study. The Camp Edwards population
is more closely related to T. perfoliatum plants from Martha’s Vineyard (average JID 0.34, range 0.27-0.43), than to
T. aurantiacum plants from Newbury (average JID 0.49, range 0.40-0.61). The Triosteum plants from Camp Edwards
show clear similarity within each RP site (RP05: average JID 0.24, range 0.12-0.35; RP03: average JID 0.18, range
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Fig 2. Genetic relatedness across 26 RP samples and 5 T. perfoliatum and 7 T. aurantiacum reference samples based on 114,404 loci with
220,518 high quality SNPs. A) Principle Component Analysis of genetic diversity. B) fastSTRUCTURE analysis using K=2, K=3, and K=4 settings.
C) Expected heterozygosity, inbreeding coefficient (F ) and nucleotide diversity of T. perfoliatum, T. aurantiacum and RP sites. D) Genetic differentiation
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Fig 3. Genetic relatedness across 26 RP samples and 5 T. perfoliatum and 7 T. aurantiacum reference samples using 114,404 loci with 266,257
multi-allelic haplotypes. A) NJ tree based on Jaccard genetic similarities. 200 bootstrap replicates were used. B) fraction of heterozygous loci across
all loci with data per sample. C) overview of structural variants (SNPs, single nucleotide Indel, and large InDels (l,-1,) across the chloroplast genome
sequence per individual. D) variants at a single SNP in the Waxy locus (genotype call at the C/T polymorphism at position 34123 of contig_31377;/:
missing data).

https://doi.org/10.1371/journal.pone.0325657.9003

0.12-0.22; RP13: average JID 0.15, range 0.09-0.20; RP15: average JID 0.15, range 0.09-0.22), and within-Northern
group (RP13, RP15, average JID 0.21, range 0.09-0.31) and within-Southern group (RP03, RP04, RP05, RP06, RPQ7,
average JID 0.25, range 0.12-0.38) subpopulations. In addition, the Camp Edwards population displays differentiation
between Northern group versus Southern group subpopulations (average JID 0.35, range 0.29-0.44), two groups that
were only about six to seven km apart. The genetic differentiation patterns inferred with F, (Fig 2D) confirmed the closer
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https://doi.org/10.1371/journal.pone.0325657.9004
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genetic relationship between the RP sites and T. perfoliatum and the separate genetic clustering of the northern and
southern RP sites. The northern RP sites were not more closely related to the T. perfoliatum population than the south-
ern RP sites based on the F, values, but these values might be influenced by the lower number of individuals per pop-
ulation included in this study. Finally, population genetic parameters revealed low levels of average nucleotide diversity
in T. aurantiacum (0.0344*107%) and T. perfoliatum (0.0491%107%) and slightly elevated in RP sites (0.0484-0.11073*107%)
(Fig 2C), while negative F ¢ values (-0.275 to —0.501) indicated relatively high levels of outbreeding across all popula-
tions, supported by expected heterozygosity of 0.125 in T. aurantiacum and 0.176 in T. perfoliatum, and in the range
0.206-0.280 within the different RP sites (Fig 2C), and the fraction of heterozygous loci across all loci with data per
sample, based on haplotype calling (Fig 3B).

Finally, we reconstructed the entire chloroplast genome sequence of T. perfoliatum, T. aurantiacum and the RP15-03
individual (Fig 5A) and identified polymorphisms at the SNP, single-nucleotide indel and duplicated region level, for each
individual (Fig 3C). This analysis showed that a total of 19 polymorphic sites exists across all 38 Triosteum samples stud-
ied. None of the polymorphisms was unique to one single genotype. In general, the chloroplast genome sequences were
strictly conserved within the T. perfoliatum samples, and within the T. aurantiacum samples, with 15 out of 19 polymorphic
sites consistently differentiating between those two populations, and the RP samples were consistently different from all
T. perfoliatum and T. aurantiacum samples at the remaining four SNP loci. Conversely, the RP chloroplast consensus
sequence diverged from all T. perfoliatum samples at 11 out of 19 polymorphic sites, and all RP samples consistently
diverged from all T. aurantiacum samples at another set of 11 out of 19 polymorphic sites across the chloroplast genome.
Furthermore, the chloroplast genome sequences of the individuals from all RP sites were also highly, but not absolutely,
conserved. A single indel (72087 -/A) compared to the RP chloroplast genome consensus sequence was observed in
RP05-16 and RP07-28 of the southern RP sites in which their A allele is shared with T. perfoliatum and the northern RP
sites. Conversely, a single SNP (61192 A/T) was observed in the northern individual RP15-01 that was shared with all T.
perfoliatum and T. aurantiacum samples, but no other RP individual. Finally, individual RP05-15 lacked one copy each at
the two duplicated regions (D, 89962-90012 and D, 152924152974, 51 bp deletions) that are typical for T. perfoliatum,
and also shared the 72087 -/A deletion allele found in T. perfoliatum and the northern RP sites (Fig 3C). Taken together,
these analyses showed that the RP population chloroplast genome is as divergent from that of the T. perfoliatum popu-
lation as it is from the T. aurantiacum population, and that some chloroplast genome sequence diversity exists within the
RP populations that is shared with either T. aurantiacum or T. perfoliatum populations. The newly assembled full-length
chloroplast genome sequences were used to create a NJ phylogenetic tree (Fig 5B) with previously published chloroplast
whole genome sequences and revealed the relationships to Asian Triosteum species and several other closely related
species [1].

Conclusion

In order to resolve the taxonomic relationship of Triosteum plants sampled at the Rare Plant sites at Cape Cod, we
applied genetic methods with increasing levels of complexity (Fig 3): the Waxy locus (a single SNP within our sample
set); a chloroplast whole genome sequence comparison (including SNPs, 1 bp indels and large Indels derived from
duplicated regions), and nuclear genome-wide sets of hundreds of thousands of SNPs and their derived short haplo-
types. These various methods did not agree on a clear and consistent grouping of the RP plants with either T. auran-
tiacum or T. perfoliatum. Our Waxy sequencing results did not agree with published Triosteum Waxy alleles that were
previously used to distinguish between T. aurantiacum and T. perfoliatum. In our study, most RP plants were identical
to T. aurantiacum, and only some members of the RP15 population were identical to T. perfoliatum at the Waxy locus
(Fig 3D). The chloroplast genome data revealed that North American Triosteum is quite distinct from Asian Triosteum,
and among high levels of chloroplast sequence conservation across all T. aurantiacum, T. perfoliatum and RP plants in
general, the RP plants are as dissimilar to T. perfoliatum as to T. aurantiacum, and also showed four SNPs that were

PLOS One | https://doi.org/10.1371/journal.pone.0325657 June 16, 2025 12/17




Triosteum aurantiacum
154.386 bp

Triosteum perfoliatum

Triosteum (RP15-03)
154.477 bp

154.388 bp

B
Morinaceae Acanthocalyx alba
_100| Morina longifolia
100 Triosteum pinnatifidum
100 Triosteum himalayanum
Triosteum sinuatum
Caprifoliaceae 100 100 100|| Tr‘iOSteum (RP1 ?’03)
Triosteum perfoliatum
GJ 1990 Triosteum aurantiacum
Lonicera ferdinandi
100 100 Adoxa moschatellina
410(1——': Sinadoxa corydalifolia
Adoxaceae 100 Sambucus williamsii
96 100 Viburnum dilatatum
Viburnum odoratissimum
Valerianaceae . S
ﬂ' Valeriana officinalis
100 100 Patrinia scaba

1qu Dinsacacens Triplostegia glandulifera
P Dipsacus japonicus

Zabelia dielsii
Linnaeaceae 1007— Dipelta yunnanensis
100 . .
—100‘:[ Dipelta floribunda 003
Linnaea borealis L -
Fig 5. Chloroplast whole-genome assemblies of T. perfoliatum, T. aurantiacum, and RP15-03, compared to closely related species. A) chlo-

roplast whole-genome assemblies with structural annotation. B) NJ phylogenetic tree of Triosteum chloroplast sequences and closely related species
(accessions retrieved from Liu et al., 2022, whole genome alignments were created with mVISTA).

https://doi.org/10.1371/journal.pone.0325657.9005

unique to the RP plants (Fig 3C). As expected, the highest resolution for population genetic analyses was achieved with
genome-wide nuclear markers (Fig 3A). All population genetic measures and population structure analyses based on the
nuclear genome markers all point in the same direction. The nuclear genome SNPs and haplotypes showed that the RP
plants were most similar to T. perfoliatum, with the northern sites (RP13, RP15) more closely related to T. perfoliatum,
and the southern sites slightly more divergent (RP03, RP04, RP05, RP06, RP07). A comparison between PCA on all
220,518 SNPs, or on 197,032 non-singleton SNPs indicated that filtering out SNPs with low MAF made no substantial
difference in the interpretation of inferred patterns in populations structure in our sample set. Several observations show
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that populations RP04, RP05, RP03, RP07 and RP06, are more genetically diverse compared to RP13 and RP15, and
display a different genetic distance to TPER and TAUR. First, individuals of locations RP04, RP05, RP03, RP07 and
RPO6 display higher levels of heterozygosity per sample, compared to TAUR, TPER and RP13 and RP15. Second, they
display a higher Jaccard inversed distance to TPER, compared to RP13 and RP15. The phylogenetic NJ tree also shows
the close clustering of TPER, RP13, and RP15, and separation of RP04, RP05, RP03, RP07 and RPO06 to sister clades.
However, the entire clade encompassing all RP and TPER individuals is separated from the TAUR clade. Analysis at the
level of haplotype identity shared between pairs of samples shows that RP04, RP06 and RP07 share haplotypes with
TAUR samples at a slightly higher percentage of loci throughout the genome, compared to the other RP individuals and
TPER. However, an F1 hybridization event is expected to share at least one of its alleles for almost all loci with both
progenitor species. This is clearly not the case in any of the RP samples, and the observed degree of allele sharing in
RP individuals may represent weak signs of admixture of TAUR alleles into a predominantly TPER genetic background.
The number of samples at RP locations and of the TAUR and TPER reference species is currently insufficient to draw
conclusions on the existence of an interspecific hybridization zone, and extended sampling is required to demonstrate
such fine-scale population structure. The analyses also revealed that a gradient of genetic diversity exists, both within
the RP plant collection and to the respective T. aurantiacum and T. perfoliatum populations. The structured and distinct
genetic identity of each subpopulation from Camp Edwards is remarkable considering the relatively small geographic
scale, and the separate clustering of the Northern group versus the Southern group suggest that this species reproduces
with geographically proximate closely related neighboring plants. Nevertheless, the average JID between all plants within
the Camp Edwards population was 0.29, meaning they are only slightly more similar to each other than they are to the
Martha’s Vineyard T. perfoliatum reference population (average JID 0.34), consistent with the clustering of the T. perfo-
liatum samples in a clade that was nested within all RP plants in the NJ phylogenetic tree based on nuclear haplotype
diversity data (Fig 3A). Therefore, we conclude that plants from Camp Edwards are more closely related to T. perfoliatum
than to T. aurantiacum.

One hypothesis to explain the high genetic differentiation between the northern and southern RP sites is that the glacial
depressions or frost bottoms (here referred to as RP sites) exist as isolated habitat islands, separated from each other by
unsuitable habitat conditions [32], and maximum pollinator flight distance. Triosteum flowers attract long-tongued pollina-
tors, especially bumblebee (Bombus spp.) and Anthophorid bees (Anthophora spp.) (USDA-USFS, 2025). According to a
study conducted by [33] using micro radio telemetry, the maximum flight distances of three European bumblebee species
(Bombus spp.) were found to be 2.5 km, 1.9 km, and 1.3 km, respectively. Six Bombus species and one rare Anthophora
species have been documented at Camp Edwards that could be potential pollen vectors. The northern and southern RP
site complexes are separated by roughly 5-7 km. If the maximum flight distances of Bombus in North America are compa-
rable to those observed in Europe, the distance between the northern and southern sites exceeds the typical range for a
bumblebee by two to three times. The distance, isolated depressional features, and the circumstance that many Triosteum
locations are over shaded by a dense cover of bracken fern (Pteridium aquilinum) by the time of flowering may create con-
ditions difficult for pollinators to visually locate the plants. Seed dispersal by animals may also have its limitations between
northern and southern RP sites since odds are low that the seeds of ingested fruit at a northern RP site would be subse-
quently deposited 5-7 km away at southern RP sites, and vice versa. Dispersal limitations of pollen and seeds by animals
to spatially isolated sites that provide the specific conditions necessary for recruitment may explain genetic differentiation
between northern and southern RP sites.

In the future, more populations of T. aurantiacum and T. perfoliatum could be added to investigate if admixture has
occurred between the species, creating a species-continuum. These findings suggest that it is difficult to define thresholds
that strictly separate species based on genetic similarity or population structure analysis, and prompt further research
as the current number of reference samples for T. aurantiacum and T. perfoliatum now appear too small to represent
the range of genetic diversity within the larger geographic area surrounding Camp Edwards. A broader sampling of the
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populations of the RP sites and more natural populations of T. perfoliatum and T. aurantiacum are needed to continue
investigating the origin of the genetic diversity and population substructure, and to map out possible patterns of genetic
differentiation and admixture across the landscape. Furthermore, adding T. angustifolium, T. x eamesii, and possibly the
Asian taxa, may give further clarity to the phylogeny and genetic dynamics of the genus.

Supporting information

S$1 Fig. Multiqc analysis of 38 FASTQ files of all reads per sample.
(HTML)

S2 Fig. Multigc analysis of 38 BAM files with of all mapped reads per sample.
(HTML)

S3 Fig. Multigc analysis of 38 FASTQ files with reads mapped at 114.404 loci used for the study.
(HTML)

S4 Fig. Multigc analysis of 38 BAM files with reads mapped at 114.404 loci used for the study.
(HTML)

S5 Fig. Principle Component Analysis (PCA) of 26 RP samples and 5 T. perfoliatum and 7 T. aurantiacum refer-
ence samples. A) PCA of genetic diversity based on all 220,518 high quality SNPs. B) PCA of genetic diversity based on
197,029 non-singleton SNPs, after removal of singleton SNPs. A singleton SNP was defined as heterozygous genotype
call in one individual and a fixed allele in all other individuals.

(PDF)

S6 Fig. fastSTRUCTURE analysis of 26 RP samples and 5 T. perfoliatum and 7 T. aurantiacum reference samples.
A) fastSTRUCTURE analysis of genetic diversity based on all 220,518 high quality SNPs. B) fastSTRUCTURE analysis of
genetic diversity based on 197,029 non-singleton SNPs, after removal of singleton SNPs. A singleton SNP was defined as
heterozygous genotype call in one individual and a fixed allele in all other individuals.

(PDF)

S7 Fig. Pairwise comparisons of the genetic distance (Jaccard Inverse Distance) between individual plants
within and between subpopulations, populations, and species. JID values are shown per pairwise comparison
between 38 Triosteum individuals. JID values are calculated based on 266,257 haplotypes at 144,404 high quality loci.
(PDF)

S1 Table. Statistics and QC of subsequent bioinformatics steps (read trimming, read mapping, selection of
high-quality regions, and SNP filtering (genotype call missingness)).
(XLSX)

Acknowledgments

We would like to thank the MAARNG Natural Resources Program for its support and coordination provided at the start
and during this investigation. Matt Penella is credited for pursuing the detailed study of the Triosteum identification issue at
JBCC while he worked as a staff Biologist for the MAARNG and for coordinating with Bryan Connolly and Bob Wernerehl,
MA State Botanist, to clarify the issue and develop a study. We are grateful to Tim Boland of the Polly Hill Arboretum for
sending the authors samples of T. perfoliatum from Martha’s Vineyard. Additionally, we are appreciative for the permit
provided by the Massachusetts Division of Fisheries and Wildlife granting permission to collect T. aurantiacum from the
Newbury, Massachusetts population.

PLOS One | https://doi.org/10.1371/journal.pone.0325657 June 16, 2025 15/17



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325657.s008

PLO\Sﬁ\\.- One

Author contributions

Data curation: Peter Tandy.

Formal analysis: Tom Ruttink, Yves Bawin.

Investigation: Erin C. Hilley.

Methodology: Kurt Lamour.

Writing — original draft: Bryan Connolly, Jonathan Hulvey.

References

1.

1.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

Liu H, Liu W, Ahmad I, Xiao Q, Li X, Zhang D, et al. Complete Chloroplast Genome Sequence of Triosteum sinuatum, Insights into Comparative
Chloroplast Genomics, Divergence Time Estimation and Phylogenetic Relationships among Dipsacales. Genes (Basel). 2022;13(5):933. https://
doi.org/10.3390/genes 13050933 PMID: 35627318

Gould KR, Donoghue MJ. Phylogeny and biogeography of Triosteum (Caprifoliaceae). Harvard Papers in Botany. 2000;5(1):157—-66.

Bicknell EP. A new horse gentian (Triosteum) common in the eastern states. Torreya. 1901;1(3):25-8.

Gleason HA, Cronquist A. Manual of Vascular Plants of Northeastern United States and Adjacent Canada. Bronx (NY): New York Botanical Gar-
den. 1991.

Haines A. Flora Novae Angliae: A Manual for the Identification of Native and Naturalized Higher Vascular Plants of New England. New Haven (CT):
Yale University Press. 2011.

Wiegand KM. Notes on Triosteum perfoliatum and related species. Rhodora. 1923;25(299):199-203.
Haines A. Stantec Bot. Notes. 2010;13:7.

NatureServe. NatureServe Network Biodiversity Location Data accessed through NatureServe Explorer [web application]. Arlington, Virginia:
NatureServe; 2022 [cited June 04, 2022]. Available from: https://explorer.natureserve.org/.

Lane FC. The genus Triosteum (Caprifoliaceae). Ph.D. diss. Urbana: University of lllinois. 1954.

Cullina MD, Connolly B, Sorrie B, Somers P. The Vascular Plants of Massachusetts: A County Checklist. Massachusetts Natural Heritage & Endan-
gered Species Program. Westborough (MA): Massachusetts Division of Fisheries and Wildlife; 2011.

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011;17(1):10. https://doi.org/10.14806/
ej.17.1.200

Andrews S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available from: http://www.bioinformatics.babraham.ac.uk/
projects/fastgc

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv preprint, 1303-3997. 2013.

Schaumont D, Veeckman E, Van der Jeugt F, Haegeman A, van Glabeke S, Bawin Y, et al. SMAP: a versatile suite of tools for read-backed haplo-
typing. BioRxiv. 2022. https://doi.org/10.1101/2022.03.10.483555

Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, Van der Auwera GA, et al. Scaling accurate genetic variant discovery to tens of
thousands of samples. bioRXiv. 2017. https://doi.org/10.1101/201178

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, del Angel G, Levy-Moonshine A, et al. From FastQ Data to High-Confidence Variant Calls:
The Genome Analysis Toolkit. 2013.
Bratelund S, Ruttink T, Goecke F, Broch OJ, Klemetsdal G, @degard J, et al. Characterization of fine geographic scale population genetics in sugar

kelp (Saccharina latissima) using genome-wide markers. BMC Genomics. 2024;25(1):901. https://doi.org/10.1186/s12864-024-10793-2 PMID:
39350004

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing; 2023. Available
from: https://www.R-project.org/.

Raj A, Stephens M, Pritchard JK. fastSTRUCTURE: variational inference of population structure in large SNP data sets. Genetics.
2014;197(2):573-89. https://doi.org/10.1534/genetics.114.164350 PMID: 24700103

Lischer HEL, Excoffier L. PGDSpider: an automated data conversion tool for connecting population genetics and genomics programs. Bioinformat-
ics. 2012;28(2):298-9. https://doi.org/10.1093/bioinformatics/btr642 PMID: 22110245

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al. The variant call format and VCFtools. Bioinformatics. 2011;27(15):2156—
8. https://doi.org/10.1093/bioinformatics/btr330 PMID: 21653522

Nei M. Molecular Evolutionary Genetics. New York: Columbia University Press. 1987.

Goudet J, Jombart T. hierfstat: Estimation and Tests of Hierarchical F-Statistics. R package version 0.5-11. 2022. Available from: https://
CRAN.R-project.org/package=hierfstat.

PLOS One | https://doi.org/10.1371/journal.pone.0325657 June 16, 2025 16 /17



https://doi.org/10.3390/genes13050933
https://doi.org/10.3390/genes13050933
http://www.ncbi.nlm.nih.gov/pubmed/35627318
https://explorer.natureserve.org/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1101/2022.03.10.483555
https://doi.org/10.1101/201178
https://doi.org/10.1186/s12864-024-10793-2
http://www.ncbi.nlm.nih.gov/pubmed/39350004
https://www.R-project.org/
https://doi.org/10.1534/genetics.114.164350
http://www.ncbi.nlm.nih.gov/pubmed/24700103
https://doi.org/10.1093/bioinformatics/btr642
http://www.ncbi.nlm.nih.gov/pubmed/22110245
https://doi.org/10.1093/bioinformatics/btr330
http://www.ncbi.nlm.nih.gov/pubmed/21653522
https://CRAN.R-project.org/package=hierfstat
https://CRAN.R-project.org/package=hierfstat

PLO\Sﬁ\\.- One

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

Paradis E, Schliep K. ape 5.0: an environment for modern phylogenetics and evolutionary analyses in R. Bioinformatics. 2019;35(3):526—8. https://
doi.org/10.1093/bioinformatics/bty633 PMID: 30016406

Stone BD, Stone JR. Geologic Origins of Cape Cod, Massachusetts; Guidebook for the Northeast Friends of the Pleistocene, 82nd Annual
Fieldtrip, May 31-June 2, 2019: Massachusetts Geological Survey Open-file Report 19-01. 2019. 63 p.

Motzkin G, Ciccarello SC, Foster DR. Frost Pockets on a Level Sand Plain: Does Variation in Microclimate Help Maintain Persistent Vegetation
Patterns?. Journal of the Torrey Botanical Society. 2002;129(2):154. https://doi.org/10.2307/3088728

Aizen MA, Patterson WA. Leaf phenology and herbivory along a temperature gradient: a spatial test of the phenological window hypothesis. J Veg
Sci. 1995;6:543-50.

Swain PC. Classification of the Natural Communities of Massachusetts. Westborough, MA: Massachusetts Division of Fisheries and Wildlife. 2020.

Obae SG, Connolly BA, Brand MH. Genetic relationship among four Crocanthemum species (Cistaceae) revealed by amplified fragment length
polymorphism markers1. The Journal of the Torrey Botanical Society. 2013;140(2):170-80. https://doi.org/10.3159/torrey-d-12-00043.1

Klooster MR, Connolly BA, Benedict EM, Grubisha LC, Anderson GJ. Resolving the Taxonomic Identity of Prunus maritima VAR. Gravesii (Rosa-
ceae) Through Genotyping Analyses Using Microsatellite Loci. Rhodora. 2018;120(983):187—-201. https://doi.org/10.3119/17-15

Bai C, Alverson WS, Follansbee A, Waller DM. New reports of nuclear DNA content for 407 vascular plant taxa from the United States. Ann Bot.
2012;110(8):1623-9. https://doi.org/10.1093/aob/mcs222 PMID: 23100602

Katayama N, Kato M, Imaichi R. Habitat specificity enhances genetic differentiation in two species of aquatic Podostemaceae in Japan. Am J Bot.
2016;103(2):317-24. https://doi.org/10.3732/ajb.1500385 PMID: 26838363

Hagen M, Wikelski M, Kissling WD. Space use of bumblebees (Bombus spp.) revealed by radio-tracking. PLoS One. 2011;6(5):e19997. https://doi.
org/10.1371/journal.pone.0019997 PMID: 21603569

PLOS One | https://doi.org/10.1371/journal.pone.0325657 June 16, 2025 17117



https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1093/bioinformatics/bty633
http://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.2307/3088728
https://doi.org/10.3159/torrey-d-12-00043.1
https://doi.org/10.3119/17-15
https://doi.org/10.1093/aob/mcs222
http://www.ncbi.nlm.nih.gov/pubmed/23100602
https://doi.org/10.3732/ajb.1500385
http://www.ncbi.nlm.nih.gov/pubmed/26838363
https://doi.org/10.1371/journal.pone.0019997
https://doi.org/10.1371/journal.pone.0019997
http://www.ncbi.nlm.nih.gov/pubmed/21603569

