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Abstract

Premise: DNA-based species identification is critical when morphological identifi-
cation is restricted, but DNA-based identification pipelines typically rely on the ability
to compare homologous sequence data across species. Because many clades lack
robust genomic resources, we present here a bioinformatics pipeline capable of
generating genome-wide single-nucleotide polymorphism (SNP) data while cir-
cumventing the need for any reference genome or annotation data.

Methods: Using the SISRS bioinformatics pipeline, we generated de novo ortholog data
for the genus Carya, isolating sites where genetic variation was restricted to a single
Carya species (i.e., species-informative SNPs). We leveraged these SNPs to identify both
full-species and hybrid Carya specimens, even at very low sequencing depths.
Results: We identified between 46,000 and 476,000 species-identifying SNPs for each
of eight diploid Carya species, and all species identifications were concordant with the
species of record. For all putative F; hybrid specimens, both parental species were
correctly identified in all cases, and more punctate patterns of introgression were
detectable in more cryptic crosses.

Discussion: Bioinformatics pipelines that use only short-read sequencing data pro-
vide vital new tools enabling rapid expansion of DNA identification assays for model
and non-model clades alike.

KEYWORDS
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Accurate species identification is a fundamental requirement for
many biological research questions ranging from studies of
ecology (Thomson et al, 2010) and systematics (Whitkus
et al, 1994) to more applied questions, including sensitive de-
tection of components in food products (Staats et al, 2016;
Zhang et al., 2017a). Molecular species identification techniques
(e.g., DNA barcoding, species-specific PCR primers, or protein
assays) are especially valuable in cases where species cannot be
easily distinguished morphologically, and they are required
when existing physical samples are non-identifiable (e.g., from
tissue punches, prepared food products, or pre-extracted DNA).
When identifying animal species using DNA sequence data, a
common practice when combating “food fraud” (Nehal
et al,, 2021), popular genetic markers such as the COI gene are

often used to identify samples down to the genus or species
level (Hebert et al, 2003; Handy et al, 2011). However, in-
creased rates of hybridization and whole-genome duplication
among plants have complicated the parallel search for a uni-
versal plant “barcode” (Mallet, 2005; Sémon and Wolfe, 2007;
Hollingsworth, 2011), and research efforts have consequently
shifted toward more focused, clade-specific strategies.

Plastid genomes are frequently used for molecular identi-
fication of plant species and studies of plant systematics
(Martin et al.,, 2005). They are substantially smaller than their
nuclear counterparts, and the relatively high conservation of
gene content across groups greatly simplifies the process
of identifying and aligning homologous markers (Soltis
et al,, 2013). Additionally, chloroplasts and other plastids are
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also found in high quantities in many plant tissues, making
them especially valuable when identifying species from pro-
cessed food products (Bohme et al, 2019). Many con-
temporary plastid-based species identification assays for use in
food products or dietary supplements rely on a single locus or
small sets of popular markers (i.e., barcodes) for differentiation
(Amar, 2020; Intharuksa et al, 2020; Oyebanji et al., 2020).
Advances in open science like the U.S. Food and Drug Ad-
ministration's (FDA) GenomeTrakrCP project (Zhang
et al., 2017b), which acts as a central repository for both se-
quence data and critical metadata for plastid genomes, are
expanding what we know about plastid diversity and providing
a larger set of potentially useful markers. However, due to both
limited size and evolutionary constraints on essential plastid
functions, the overall utility of even fully assembled plastid
genomes to delineate species varies substantially among clades
(Reginato et al., 2016; Loeuille et al., 2021).

Comparatively, nuclear genomes are often orders of mag-
nitude larger than plastid genomes (Heslop-Harrison, 2017),
and this increased size provides a substantially larger search
area when searching for informative genetic regions. Ad-
vancements in high-throughput sequencing technology con-
tinue to lower barriers to generating genome-scale data for
many individuals, and while plastid genomes are often (but not
always) maternally inherited (Kuroiwa et al., 1982; Neale and
Sederoff, 1989; Chat et al, 1999), biparental inheritance of
nuclear DNA means that nuclear markers can also be applied
to potential hybrid specimens. Nuclear data can be acquired
through the sequencing of restriction enzyme digestion pro-
ducts (e.g., RAD-Seq) (Andrews et al., 2016), pre-amplified or
bait-capture amplicon pools (e.g., reduced-representation se-
quencing, sequencing of ultraconserved elements) (Johnson
et al, 2019), or through whole-genome sequencing (WGS)
where minimal a priori locus selection is performed (Zhang
et al.,, 2015). However, the increased data set sizes and added
complexity of nuclear evolutionary processes also present
challenges, including reliable identification and isolation of
homologous nuclear loci from genome-scale data. In clades
with substantial genomic resources (e.g., assembled reference
genomes, annotated gene maps), extracting specific genes or
loci of interest is relatively straightforward and these data sets
can often be useful when analyzing closely related species.
Unfortunately, many plant and animal groups lack even basic
genomic resources, including species of allergenic or health
concern. Analysis of genome-scale data from these under-
studied clades is therefore often limited to familiar sets of
historically popular markers (Bell et al., 2017), resulting in a
potentially dramatic underutilization of information-rich data
sets. Thus, the development of reference-free approaches for
the discovery of informative nuclear data will enable parallel
expansion of species and hybrid identification pipelines for
both model and non-model groups alike.

Here we present a novel bioinformatics pipeline for gen-
erating species-informative nuclear genetic markers without the
need for a priori genomic resources, providing a roadmap for
researchers working on a wide diversity of non-model organ-
isms. Using a modified implementation of the SISRS

bioinformatics pipeline (Schwartz et al., 2015), we identified
samples from the genus Carya Nutt., an agronomically im-
portant plant genus of allergenic concern that includes pecan
(C. illinoinensis (Wangenh.) K. Koch), hickories, and other
edible and inedible species (Thompson and Grauke, 1991;
Lopez-Calleja et al., 2015). Using only low-coverage whole-
genome sequence data (i.e., “genome skims”), we identified
over 180,000 species-diagnostic single-nucleotide polymorph-
isms (SNPs) and, by leveraging publicly available sequence data
(Huang et al., 2019), we were able to bolster these numbers to
include over 1 million species-diagnostic SNPs. These high
SNP counts supported accurate identification of Carya samples
from as little as 7.5 Mbp of sequence data (~0.01x genome
coverage). Additionally, we were able to use these data to
identify several edible hybrids, including non-F; crosses with
more cryptic origins. Taken together, we present a cost-
effective, computationally efficient, and expandable pipeline for
the generation of species-diagnostic markers that can be ap-
plied even in clades lacking any prior genomic characterization.

METHODS

All associated scripts and relevant output can be found in
the companion GitHub repository: https://github.com/
BobLiterman/Carya_SISRS_SNPs. A flowchart of the ma-
jor steps is provided in Figure 1.

Generating genome skim data and acquiring
companion sample data

We extracted DNA from vouchered plant leaf samples using
the QIAGEN DNeasy Plant Mini Kit (QIAGEN, Valencia,
California, USA) and quantified output with a Qubit 3 Fluo-
rometer (Invitrogen, Carlsbad, California, USA). Between
60-100 ng of DNA was sheared using a Covaris M220 soni-
cator (Covaris, Woburn, Massachusetts, USA), targeting
~450 bp DNA fragments, and from this we prepared libraries
using a HyperPrep kit (KAPA Biosystems, Wilmington,
Massachusetts, USA) and KAPA dual-indexed adapters. These
libraries were quantified using a Qubit 3 Fluorometer, sized
using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, California, USA), and sequenced on either Illu-
mina MiSeq or HiSeq machines (Illumina, San Diego, Cali-
fornia, USA). As part of the FDA GenomeTrakrCP project
(Zhang et al,, 2017b), all raw sequence data were deposited in
the National Center for Biotechnology Information's (NCBI)
Sequence Read Archive (Project Accession: PRINA325670).
This pipeline leverages reference samples for comparison,
so we acquired independently generated WGS data for each of
the eight Carya species sequenced in this study (C. aquatica (F.
Michx.) Nutt., C. cathayensis Sarg., C. cordiformis (Wangenh.)
K. Koch, C. illinoinensis, C. laciniosa (F. Michx.) G. Don, C.
myristiciformis (F. Michx.) Nutt., C. ovata (Mill.) K. Koch, and
C. palmeri W. E. Manning) (Huang et al., 2019). These sam-
ples were downloaded from the European Nucleotide Archive
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FIGURE 1

(Leinonen et al,, 2010) and are referred to hereafter as the

“companion data” (Appendix S1).

Pre-processing of sequencing data

We used the BBMap suite v. 38.86 (https://sourceforge.net/
projects/bbmap/) and getOrganelle v.1.7.1 (Jin et al., 2020)
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A flowchart illustrating the major steps for generating species-informative SNPs from low-coverage genome skim data using SISRS

to process all raw sequence data (i.e., study and companion
data) into primarily nuclear-derived reads. First, we used
bbmerge to (1) merge the paired-end reads (when possi-
ble), and (2) to detect sequencing adapters via paired-end
overlap. After adapter trimming with bbduk, we generated
plastid assemblies for each sample using getOrganelle, with
k-mer values of 21, 45, 65, 85, and 105 and a maximum
of 50 extension rounds; all plastid genome assemblies
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(complete and fragmented) were then pooled together. We
trimmed and quality-filtered all reads with bbduk; we used
a sliding window with a Q10-cutoff, and removed reads
with a post-trimming minimum average quality below Q15
and/or a length less than 50 bp. To isolate nuclear reads
from these trimmed data, any merged or unmerged reads
that could be mapped onto the pooled “pan-plastid” data
set using bbmap were removed from the read sets; we used
the remaining quality-trimmed, nuclear-enriched reads in
all downstream steps.

De novo identification of species-identifying
markers for Carya species from
genome-skim data

We used the SISRS pipeline (Schwartz et al.,, 2015) to
identify regions of the Carya nuclear genome that were
relatively well conserved across the eight study species
(i.e., “SISRS orthologs”). As its sole input, SISRS takes
WGS reads that have been pooled across species and
uses them to perform a single de novo genome assembly.
This results in the assembly of a set of genomic loci that
are (1) present in the WGS data for most species, and (2)
conserved enough among taxa to be assembled using
pooled reads (and thus, conserved enough to compare
among species). We assembled this “composite genome”
using data from the 26 Carya specimens sequenced in this
study (i.e., neither the hybrid samples nor companion data
were used to generate orthologs). Based on a genome size
estimate of 750 Mbp (Grauke et al., 2001; Huang
et al., 2019), we subsampled bases from each species such
that the final assembly depth was ~10x genomic coverage
(i.e., 7.5 Gbp total; ~1 Gbp per species sampled evenly
across specimens). By subsampling reads prior to assem-
bly, regions of relatively high sequence conservation have
sufficient depth for assembly while species-specific or
poorly conserved regions will fail to assemble. We used
Ray v.2.3.2-devel (Boisvert et al., 2010) to assemble the
composite genome using the subsampled Carya nuclear
reads, default parameters, and a K value of 31.

SISRS maps all of the reads from each sample (either
from an individual specimen, or from specimens pooled
by species) against the composite genome, removing any
reads that map to multiple SISRS orthologs. That mapping
information is then used to create a sample-specific copy
of the composite genome. SISRS replaces non-specific
bases with sample-specific bases within the SISRS ortho-
logs, but only when two key conditions are met: (1) by
default, sites must be covered by at least three reads (i.e.,
3x coverage), and (2) there must not be variation within
the sample (i.e., alleles must be fixed). However, due to the
relatively low sequencing depths associated with genome
skimming, requiring three reads of coverage to positively
call a base would have been prohibitively constrictive;
therefore, here we allowed site calling even when the data
were derived from a single read. For sites covered by more

than one read, any site that had within-sample variation
was denoted as “N” and effectively treated as missing data.
In this way, we generated SISRS ortholog data for each
specimen individually. We repeated this analysis, grouping
all samples from each species together to produce a se-
parate data set of ortholog data by species. We generated
three sets of species-level orthologs: (1) orthologs derived
from the study samples, (2) orthologs derived from the
companion data, and (3) orthologs generated after pooling
the study and companion data.

Identifying Carya species and hybrids
using SNPs

Our species identification pipeline leverages sequence data
from a set of reference samples to serve as an identification
guide, and we classified the study Carya species samples
using the companion data as the reference. To create the
reference data set, we used SISRS to identify sites among
the companion-derived orthologs where substitutions
were only observed in one of the eight species (i.e., species-
informative SNPs). Identifying reliable SNPs for species
identification is complicated when sequence data are
missing for certain taxa, so we only considered SNPs
where there was a positive base call for all species (i.e., no
missing data).

To classify each of the Carya species samples, for each
sample we extracted all sites from the specimen-specific
orthologs that (1) could be genotyped for that test sample
and (2) were also in the list of species-informative SNPs
derived from the companion data. We used the Rboretum
package (https://github.com/BobLiterman/Rboretum) in R
v.4.0.2 (R Core Team, 2021) to match the signal from each
of the test sample SNPs (e.g., A, G, C, T, or an indel/gap)
against the companion reference data. For each test sam-
ple, we tabulated (1) the total number of sites that over-
lapped with classifier SNPs associated with each species,
and of those (2) the number of SNPs whose fixed allele
correctly matched with the reference species. We used a
modified Z-score test (Leys et al.,, 2013) to compare the
proportion of matching-to-nonmatching SNPs from each
of the reference species (i.e., sample X had fixed bases at
100 SNP positions informative for C. illinoinensis and 75
had the matching allele [75%]), highlighting species from
the companion data set where a disproportionately high
proportion of SNPs matched the test sample (i.e., the most
likely species match). The modified Z-score test is a
median-based outlier test that enables robust comparisons
of proportions when group sizes are small (e.g., among
eight species), and we interpreted statistical significance
using a Bonferroni-corrected alpha of 0.05 (a=0.05/8
species ~ PThreshold = 6.25E7%).

For characterization of the Carya hybrid specimens, we
generated a second set of species-identifying SNPs using
the pooled Carya species data set (i.e., SNPs with con-
sistent signal across all specimens in the study and
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companion data sets). The hybrid specimens were classi-
fied based on the proportion of SNPs that matched with
each of the eight potential parental species, and all com-
parisons and statistical assessments were performed just as
for the species samples.

To more finely assess the nature of the sites used for
hybrid classification, we performed an additional read
mapping analysis for all hybrid crosses between
C. illinoinensis and another Carya species; however, these
analyses included sites where more than one allele was
present (i.e., not only fixed sites). Based on the parental
species involved in the cross, we specifically queried the
read mapping data for sites that acted as species-diagnostic
SNPs for either of the parental species (i.e., for a cross
between C. illinoinensis and C. aquatica, we queried hy-
brid reads mapped to species-informative SNPs for either
species). For all sites in each sample, we assessed (1) read
coverage data, (2) whether the site was homozygous or
heterozygous, and (3) whether one or both alleles matched
either parental species.

To assess the impact of sequencing depth on the ro-
bustness and reliability of SISRS-based species and hybrid
identification, we simulated lower sequencing depths for all
study samples (species and hybrid specimens). Using the
reformat tool from BBMap, we randomly subsampled reads
from each specimen to final depths of 0.5x, 0.25%, 0.1x,
0.05%, 0.025%, and 0.01x (i.e., 375 Mbp down to 7.5 Mbp of
read data per sample) and re-ran the classification pipeline
as described above.

Leveraging existing genomic resources
for Carya

Our SISRS ortholog data were generated in the absence
of reference genome data, but leveraging such genomic
resources when they are available allows for more
contextualized results. To that end, we used Bowtie2
(Langmead and Salzberg, 2012) to map the C. illinoinensis
SISRS orthologs generated using the pooled data set onto
the NCBI C. illinoinensis genome assembly (C.illinoi-
nensisPawnee_v1; Genbank Accession: GCA_018687715.1).
We binned SISRS orthologs into three categories: (1) those
that could be mapped uniquely onto the reference genome,
(2) those that mapped to multiple genomic locations, and
(3) those that could not be mapped at all. The pecan re-
ference genome is assembled into chromosomes, and we
used this information to visualize our SNP results in a
chromosomal context. All species-informative SNPs derived
from uniquely mapping SISRS orthologs were binned into
one of 16 chromosomal data subsets, and for all species and
hybrid samples we calculated the per-chromosome pro-
portion of sites matching each reference species. These re-
sults provide an interpretive lens through which to view the
genome-averaged results, but chromosome-level results
were not analyzed statistically due to reduced SNP counts
associated with data partitioning.

RESULTS
Sequence data processing

We generated genome skim data (i.e., low-coverage Illu-
mina whole-genome sequencing data) for eight Carya
species (C. aquatica, C. cathayensis, C. cordiformis, C.
illinoinensis, C. laciniosa, C. myristiciformis, C. ovata, and
C. palmeri) and 13 specimens of putative Carya hybrid
crosses. Post-trimming base counts for individual speci-
mens ranged from 415Mbp to 2.01 Gbp per sample
(Appendices S1, S2), and pooling samples within species
resulted in species-level data sets containing 839 Mbp to
4.06 Gbp of trimmed read data per species (Appendices S1,
S2). In addition to the samples sequenced as part of this
study, for one additional specimen from each Carya spe-
cies we also acquired companion data consisting of pub-
licly available sequence data generated as part of an
independent study (Huang et al., 2019). The companion
samples contained 4.7-7.7 Gbp per species after trimming
(Appendices S1, S2).

Plastid-derived reads made up less than 10% of reads
from any specimen (Appendix S2). Based on a nuclear gen-
ome size estimate of 750 Mbp (Grauke et al., 2001; Huang
et al, 2019), removal of plastid data resulted in trimmed
nuclear read depths of 0.54-2.53x for the study species spe-
cimens, 0.57-1.61x for the study hybrid specimens, and
6.18-10.1x for the specimens from the companion data
(Appendix S2). Pooling study samples within species resulted
in nuclear read depths of 1.12-5.42x per species, and se-
quencing depths for the pooled species data set (study
data + companion data) ranged from 7.82-14.6x per species
(Appendix S2).

Genome skim data alone are sufficient to
generate over 160 Mbp of Carya nuclear data

We used the SISRS bioinformatics pipeline (Schwartz
et al., 2015) to identify useful regions of the Carya nuclear
genome for species discrimination. Using just the Carya
species genome skim data generated in this study (i.e.,
without using data from hybrids or the higher-depth
companion data), we assembled 820,000 SISRS orthologs
that totaled 169 Mbp of data (Appendix S3). We mapped
WGS reads from each specimen and species pool back
onto the composite genome to call sample- or species-
specific bases. By default, SISRS only calls bases with no
within-sample variation (i.e., fixed alleles within speci-
mens/species); this resulted in positive base calls for
23-67 million sites among the Carya species samples, and
29-50 million sites for the Carya hybrid samples
(13.7-39.7% of all possible sites; Appendix S4). Species-
level orthologs were also generated from the study samples
(47-81 million sites per species), the companion data
(89-104 million sites per species), and the pooled data
(100-114 million sites per species).



6 of 13 |

REFERENCE-FREE SNP IDENTIFICATION IN CARYA

SISRS data sets yield over one million
species-identifying SNPs for Carya

From the three sets of species-level orthologs, we used SISRS
and the Rboretum package (https://github.com/BobLiterman/
Rboretum) in R v.4.2 (R Core Team, 2021) to identify all sites
where variation was only seen in one of the eight Carya
species (i.e., species-informative SNPs). Total SNP yields
were 188,000, 1.31 million, and 1.40 million for the study,
companion, and pooled data sets, respectively (Appendix S5).
Relative to SNP counts in the study samples (10,000-60,000
SNPs per species; Appendix S5), for any given species the
companion data (which were sequenced to a higher depth)
yielded 267-734% more SNPs (47,000-476,000 SNPs per
species; Appendix S5).

In comparison to the companion data alone, pooling the
study data and companion data led to SNP gains of
2.3-13.8% for half of the Carya species (C. cathayensis,
C. cordiformis, C. myristiciformis, and C. palmeri; Appendix
S5); conversely, pooling resulted in 2.3-10% fewer SNPs for
the other four species (C. aquatica, C. illinoinensis,
C. laciniosa, C. ovata; Appendix S5). In each data set, sites
that differentiated C. cathayensis (Chinese hickory) from the
North American Carya species comprised over 31-38%
of all SNPs (Appendix S5); conversely, C. laciniosa and
C. ovata yielded the fewest SNPs across data sets (3-8% of
all SNPs; Appendix S5).

SISRS SNP data sets facilitate genome-scale
identification of Carya species

For every Carya species sample, we (1) identified sites from
each sample that had a fixed base in a species-informative
position, and (2) calculated the proportion of those SNPs
that matched with the species-informative allele from the
companion data. For all Carya species samples, the highest
proportion of matching alleles derived from the correct
species of record, and these results were all significantly
greater than the median proportions among species (all
Z>76; all P<2.2E™'% Figure 2, Appendices S6, S7). Using
subsampled read depths of 0.5-0.01x (i.e., 375 Mbp down to
7.5 Mbp of read data per sample) had no impact on the
accuracy or statistical interpretation of species identification
for any Carya species sample (Appendix S8).

Except for C. laciniosa and C. ovata, 67.2-93.7% of SNPs
were concordant with the reference species among samples
(Figure 2, Appendices S6, S7), and identifications were
based on 15,500-279,000 matching SNPs per sample
(Appendix S7). Although C. laciniosa and C. ovata samples
were accurately identified (i.e., the highest proportion of
SNPs matched the appropriate species), both the number of
matching SNPs (1600-3300 SNPs per sample; Appendix S7)
and the proportion of total SNPs carrying a matching signal
were lower (18-23% of C. laciniosa/C. ovata SNPs matched
the reference samples; Figure 2, Appendices S6, S7). The
second highest proportion of SNPs in C. laciniosa samples

annnnn» Tetraploid Carya Total % SNPs Supporting
- Species SNPs Species of Record

.. 18.3% - 20.3%

C. laciniosa & 53,099 Mean: 19.3%

20.9% - 23.8%

C. ovata C’ 41,961 Moan: 22.5%

4 C. myristiciformis’ 151,310 71.5%

- pall . 67.2% - 79.3%

C. palmeri q. 199,589 Mean: 73.3%

o 72.1% - 76.1%

C. cordiformis ’ 154,369 Mean: 74.2%

C. aquatica 142,994 71.5% - 73.0%

¢ Mean: 72.1%

k‘\

C. illinoinensis é\ ) 117,664 68.0% - 76.1%

» Mean: 73.0%

. 93.2% - 93.8%

C. cathayensis ’ 541,793 Mean: 93.5%

FIGURE 2  Species-informative SNP counts for Carya, and the
per-specimen proportion of SNPs matching the species of record. We used
SISRS to generate 169 Mbp of de novo, Carya-conserved nuclear loci and
mapped read data from (1) this study, (2) an external companion data set,
and (3) a pooled set of data onto the orthologs. We isolated sites where
variation was restricted to a single species (pooled SNP counts shown
here). We identified our 23 Carya samples using the companion data as a
reference (specimen count noted in phylogenetic tree tips) by calculating
the proportion of sites from each sample matching each reference species,
and identifying species with a significantly higher contribution using a
modified Z-score test. SNP data from a representative specimen are
displayed using bubble plots, where the size of the circle is scaled to the
proportion of matching SNPs per species, and with circle colors matching
those from the phylogenetic tree if SNP enrichment was significant after
Bonferroni correction. The highest proportion of matching SNPs
corresponded to the species of record for all specimens, and all results were
significantly higher than the data set median (all Z > 76; all P<2.2E7'°).
Statistical results were robust to low sequencing coverage, with all
specimens positively identified after sampling reads down to 0.01x
genomic coverage (7.5 Mbp per specimen)

derived from C. ovata (8.2-10.5%; Figure 2, Appendices S6,
S7), while the second highest proportion of SNPs in
C. ovata derived from C. laciniosa (7.3-8.0%; Figure 2,
Appendices S6, S7).

Hybrid identification from low-coverage
genome skims

Just as for the Carya species samples, we classified Carya
hybrid specimens based on the proportion of SNPs from
each sample that matched with each of the reference sam-
ples; however, for hybrid detection the species-identifying
SNPs were generated using the pooled data set as opposed
to the companion data alone. Hybrid specimens are ex-
pected to have two alleles at each of the species-diagnostic
positions (i.e., one allele from each parent, which by rule
will be different from each other), but 96-99% of species-
informative SNPs per sample were covered by five or fewer
reads and 15-59% were covered by only a single read
(Appendix S9); thus, for 89-95% of SNPs per hybrid
sample, we observed only one allele (Appendix S10).
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FIGURE 3 Identification of hybrid Carya using SNPs derived from

genome skims. We mapped genome skims for 13 putative Carya hybrids
against the de novo nuclear loci generated in this study and compared
alleles falling in species-informative positions to alleles fixed in both our
data and the companion data. (A) For the 10 crosses between pecan

(C. illinoinensis) and one other Carya species, the two highest ratios of
matching SNPs corresponded to the correct pair of parental species, and all
results were significantly higher than the data-wide median based on a
modified Z-score test (all Z > 14.8; all P < 2.99E°°). SNP ratios for seven of
these 10 crosses were suggestive of an F; cross, with matching SNP
proportions among hybrids hovering around 50% that of full species
samples. (B) Three of the crosses between pecan and C. aquatica

(C. xlecontei) had SNP signatures suggesting backcrossing following F;
hybridization, with two samples (“xlc 1”7 + “xlc 3”) showing predominantly
pecan-specific SNPs and the other (“xlc 4”) displaying more C. aquatica
sites, along with a significant enrichment of SNPs associated with

C. palmeri (Z=9.6; P= 46E).(C)In a putative cross between

C. laciniosa and C. xbrownii (pecan x C. cordiformis), no significant

C. cordiformis signature was detected (Z =-0.86; P =0.19). Carya laciniosa
SNPs were detected at levels around 50% of the full species samples
(Z=13.7; P=7.7E"*), and SNP ratios resembled those from the F, C.
xnussbaumerii (pecan x C. laciniosa)

Despite this, for all crosses between pecan and one other
Carya species, the two highest-matching SNP proportions
always corresponded to the correct pair of parental species
(Figure 3, Appendices S11-S13), identifications were sup-
ported by 10,300-37,200 matching SNPs per cross, and
enrichment of parental SNPs was statistically significant in
all samples (all Z>14.8, all P<2.99E™% Appendix S13).
Subsampling reads down to 0.01x genomic coverage had no
impact on the accuracy or statistical interpretation of hybrid
identification for any of these crosses (Appendix S14).
Crosses between pecan and C. cordiformis (C. xbrownii;
“xbr”), C. laciniosa (C. xnussbaumerii; “xnuss”), C. myr-
isticiformis (“myrxill”), and C. ovata (“xio”), along with one of

the four crosses with C. aquatica (C. xlecontei; “xIc”), dis-
played SNP ratios suggestive of a first-generation (ie., F;)
cross between two species (Figure 3A, Appendices S11,
S12). In these samples, SNP proportions matching pecan
(35.0-38.8% of SNPs) corresponded to 48.0-53.2% of the
mean value among species samples of pecan, and SNP pro-
portions for the non-pecan parent ranged from 45.2-54.0% of
their mean species counterparts (i.e., half as many parental
SNPs are detected in these crosses; Figure 3A, Appendices
S11-813). The other three C. xlecontei crosses displayed more
skewed SNP ratios, with “xlc 1” and “xlc 3” containing more
pecan-specific SNPs (2.8-5.8x that of C. aquatica SNPs;
Figure 3B, Appendices S11-S13), while “xlc 4” was more
enriched for C. aquatica SNPs (4.4x that of C. illinoinensis;
Figure 3B, Appendices S11-S13). In addition to signal from
pecan and C. aquatica, “xlc 4” also showed low-level enrich-
ment of SNPs matching C. palmeri (3.76% matching SNPs;
7.=9.59, P=4.60E>% Figure 3B, Appendices S11-S13).

In the putative cross of C. laciniosa and C. xbrownii
(“xbrl”), C. cordiformis SNPs matched the reference data set
at the third lowest percentage of all species, suggesting
nonsignificant enrichment (0.47% of sites; Z=0.86,
P =0.193; Figure 3C, Appendices S11-S13). For the parent-
offspring pair of samples described as pecan crossed with
C. xlaneyi (C. cordiformis x C. ovata; “xila”), no significant
C. ovata signature was detected in either sample (0.52%
and 0.46% matching SNPs; both Z<0.12, both P> 0.43;
Appendices S11-S13), and while the third highest propor-
tion of matching SNPs from each sample was from C. cor-
diformis (0.53% and 0.57%), neither value was significantly
higher than the species-wide median (both Z <0.38, both
P>0.35; Appendices S11-S13).

Leveraging genomic resources allows
chromosome-level investigation

While no reference genome was used in the SISRS com-
posite genome assembly, 494,000 SISRS orthologs (60.3% of
all assembled contigs) mapped to one unique location on
the NCBI C. illinoinensis reference genome (GenBank ac-
cession: GCA_018687715.1), and these orthologs covered
14.8% of the genome (Appendix S3). The pecan reference
genome was assembled into chromosomes, and we lever-
aged this information to visualize the chromosome-level
distribution of species-informative SNPs by classifying
samples just as before, but with the following differences: (1)
only uniquely mapping orthologs were used and (2) the data
subset was based on which pecan chromosome the ortholog
mapped onto. This chromosome-level analysis was per-
formed on all samples (Appendix S15), and we highlight
notable findings from hybrid crosses below.

In concordance with the genome-scale results, one of
the four C. xlecontei crosses showed an even distribution of
C. illinoinensis and C. aquatica SNPs across chromosomes
(“xlc 27; Figure 4, Appendix S15), while the other three
showed uneven SNP biases toward one species, albeit with
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ratios that varied greatly among chromosomes (Figure 4, Genome-scale results for C. cordiformis enrichment in the
Appendix S15). The C. palmeri enrichment detected in “xlc ~ two C. xlaneyi samples failed to detect significant contribu-
4” at the genome scale was also seen at the chromosome  tion, but chromosome-level analysis revealed that both the
scale; signal matching C. palmeri was found on fewer than  parent and offspring samples share a specific enrichment of
0.78% of SNPs per chromosome in the other three  C. cordiformis SNPs on chromosome 8 (Figure 4, Appendix
C. xlecontei crosses, but it was detected at 3.0-4.4% of SNPs  S15). While fewer than 1% of SNPs on any other chromo-

across chromosomes in “xlc 4” (Figure 4, Appendix S15). some carried C. cordiformis signal, 7.84% and 6.12% of the
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FIGURE 4 Visualizing SNP identification results in a chromosomal context. We mapped our de novo ortholog data onto the Carya illinoinensis
reference genome, isolated uniquely mapping sequences, and binned orthologs based on which chromosome the ortholog mapped onto. For each
chromosome, the proportion of species-informative SNPs matching the reference data sets was calculated for each sample. Top row: Representative species
samples for C. aquatica, C. cordiformis, and C. illinoinensis show that the vast majority of SNPs on each chromosome correspond to the species of record.
Second row: Crosses between C. illinoinensis and C. aquatica (C. xlecontei) displayed F;-like signal (“xlc 2”), as well as signal indicative of
post-hybridization backcrossing with either C. illinoinensis (“xlc 1”) or C. aquatica (“xlc 4”). The C. palmeri enrichment in “xlc 4” detected at the genome
scale was also seen at the chromosome level, where 3.0-4.4% of C. palmeri-specific SNP positions across chromosomes matched the reference data set
(salmon-colored points), ratios higher than all samples aside from C. palmeri. Bottom row: While F;-like C. cordiformis signal was detected in all C. xbrownii
(pecan x C. cordiformis) samples, a parent-offspring pair of crosses between pecan and C. xlaneyi (C. cordiformis x C. ovata) show only slight enrichment on
chromosome 8 of C. illinoinensis, and no significant enrichment of C. ovata on any chromosome
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SNPs on chromosome 8 matched the C. cordiformis reference
allele in the parent and offspring, respectively (Figure 4,
Appendix S15), a pattern seen in no other samples. Carya
laciniosa signal was found on 4.8-15.0% of SNPs across
chromosomes in the C. xbrownii x C. laciniosa sample
(“xbrl”), but in agreement with the genome-scale results,
fewer than 0.87% of sites on any chromosome displayed
C. cordiformis-specific alleles (Appendix S15); these results
closely overlap with the C. xnussbaumerii (C. illinoinensis x
C. laciniosa) sample (Appendix S15).

DISCUSSION

Here we present a reference-free bioinformatics pipeline
that can convert genome skims (i.e., low-coverage, short-
read, whole-genome sequencing data) into an ortholog data
set containing millions of useful SNPs. Without the aid of a
reference genome or any a priori gene annotation data, we
leveraged these SNPs to identify species and hybrid speci-
mens from the genus Carya (pecan and hickories) with high
sensitivity and accuracy. This type of de novo locus and site-
selection strategy provides a roadmap for the rapid expan-
sion of molecular species identification assays for many
non-model groups, even when starting data are of low-
quality or in trace amounts (Zimmer and Wen, 2015; Liu
et al., 2019), as is often the case with prepared foods and
dietary supplements (Llongueras et al., 2013).

SISRS provides a genome-scale perspective on
Carya identification

DNA-based identification of allergenic species is a critical
step in many food safety protocols (Puente-Lelievre and
Eischeid, 2018), with finer discriminatory power required in
cases like hazelnuts where cultivars within species can vary
significantly in their allergenicity (Ribeiro et al., 2020).
Nearly all DNA-based identification pipelines rely on the
ability to identify shared regions of DNA that contain useful
variation (Graybeal, 1994; Townsend, 2007), but while
technological advancements and reduced costs associated
with high-throughput DNA sequencing have led to rapid
increases in WGS data availability, the ultimate utility of any
WGS data will typically scale to match the available genomic
resources for the clade. For example, the National Collec-
tion of Genetic Resources for Pecans and Hickories (NCGR-
Carya) developed a set of ~90,000 Carya-informative SNPs
by mapping WGS data from multiple Carya species onto the
same pecan reference genome (Bentley et al., 2019). Com-
paratively, by first generating genus-informative ortholog
data de novo using SISRS (Schwartz et al., 2015), here we
identified over one million diagnostic SNPs that facilitated
accurate species and hybrid identification even after WGS
data were subsampled down to ~0.01x genomic coverage
(~7.5 Mbp per specimen). Parallel work has shown that
these large SNP data sets are also useful for phylogenetic

analyses (Literman and Schwartz, 2021) and for identifying
trace amounts of adulterant in botanical mixes (Hunter
et al., 2021). While these pipelines rely on next-generation
sequencing data as input, the same SISRS orthologs could
also be filtered post hoc to identify loci with higher relative
densities of species-informative SNPs, thereby facilitating
the straightforward development of species-diagnostic PCR
primers or probe-based identification strategies (e.g., Taq-
Man Real-Time PCR Assay [Applied Biosystems, Waltham,
Massachusetts, USA]).

Supplementing our experimental data with other
publicly available data (Huang et al., 2019) led to increased
SNP vyields for some species (i.e., one data set supple-
menting another), while other data sets saw a reduction in
size indicative of a purging of SNPs that would not
be considered reliable species markers. Taken together,
these results suggest that the robustness of any such assay
will be highest with (1) enough WGS data per individual to
maximize allele capture (total amounts will scale with
estimated genome sizes), and (2) multiple individuals per
species to reduce the impact of sampling error when as-
signing species-informativeness to alleles.

Large nuclear SNP data sets permit hybrid
identification and inspection of parental
contribution

Wild and cultivated pecan readily hybridize with other
members of the Carya genus (Thompson and
Grauke, 1991), and any practical molecular diagnostic assay
for the clade must be sensitive to this as a number of these
‘hican’ crosses find their way into consumer goods.
The most common edible hybrids are between pecan and
the congener species shagbark hickory (C. ovata; ‘Henke's
Hican’) and shellbark hickory (C. laciniosa; ‘Nussbaumer's
Hickory’), while crosses between pecan and bitternut hick-
ory (C. cordiformis; C. xbrownii) are more commonly used
as wood for cooking or lumber (Thompson and
Grauke, 1991). Although hybrid samples have been identi-
fied using non-DNA methods such as biochemical profiling
of tree bark (Likhanov et al., 2020) and the application of
geometric morphometrics techniques (Strom et al., 2020),
DNA-based methods are more common, including analysis
of length polymorphisms in simple sequence repeat (SSR)
markers (Hanson et al., 2020), analysis of amplified
products from restriction enzyme digestion (i.e., sequence-
characterized amplified region [SCAR] markers)
(Anuntalabhochai et al.,, 2007), and even through the ap-
plication of convolutional neural networks where SNPs are
re-encoded as binary images and analyzed using deep-
learning algorithms (Blischak et al., 2021). However, when
paired with genome-scale data sets, we have found that
simple SNP profiling (i.e., binary allele matching) is a
computationally tractable yet statistically robust method for
hybrid identification even at low sequencing depths, and
this method requires no bait capture, enzymatic digestion,
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or specialized processing steps prior to sequencing. While
we employed SISRS to identify orthologs and informative
SNPs, other bioinformatics pipelines can also be used,
such as STACKS (Catchen et al., 2011; Rochette and
Catchen, 2017), a reference-free method for generating or-
thologous data and SNPs from whole-genome sequence
data that has been used to identify hybrid fish specimens
based on RAD-Seq data (Hohenlohe et al., 2011).

In addition to accurately identifying the major genetic
contributors to hybrid samples, the SNP data generated here
provided both qualitative and quantitative information re-
garding the nature of their hybridity. For all but three of the
crosses between pecan and one other Carya species, the
genome-wide ratios of SNPs supporting either parental spe-
cies were half that of the full species counterparts
(i.e., compared to a pecan and the respective crossing species,
these samples had half as many species-specific SNPs for
either), suggesting an F;-like cross. Furthermore, mapping
these results onto the pecan reference genome revealed that
these SNPs were also evenly spread across chromosomes.
Conversely, more complex patterns of hybridization were
detected in three of the four crosses between pecan and
C. aquatica (C. xlecontei), where genome-wide SNP ratios
suggested subsequent backcrossing following initial hy-
bridization, and with corresponding chromosome-scale pat-
terns that were far less even than their F,-like counterparts.

In a purported cross between C. xbrownii and
C. laciniosa, both genome- and chromosome-scale results
were concordant in not detecting significant evidence of
C. cordiformis contribution, with SNP patterns closely
overlapping those of the C. Xxnussbaumerii (pecan x
C. laciniosa) sample. Phenotypic inspection reinforced
genotypic findings, as post-hoc inspection of nut mor-
phology from this sample also matched more closely with
C. xnussbaumerii. Although genome-scale results failed to
detect significant signal enrichment of either C. cordiformis
or C. ovata in a set of crosses involving C. xlaneyi
(C. cordiformis x C. ovata), chromosome-scale analysis re-
vealed that these samples (which were a parent-offspring
pair) both shared a block of C. cordiformis SNPs on chro-
mosome 8. The vestigial nature of SNPs restricted to a single
chromosome implies a more complex origin for this cross,
but notably the nut morphology of these samples does re-
flect traits specific to C. cordiformis. Taken together, these
results suggest that loci on the eighth chromosome may be a
fruitful target in understanding how these samples differ
from typical pecan.

CONCLUSIONS

In this study, we provide a reference-free, genome-scale
perspective on species identification using only low-coverage,
whole-genome sequencing reads (i.e., genome skims). These
genome skim data alone were sufficient to identify over
180,000 species-diagnostic SNPs, and supplementation with
external data resulted in over one million SNPs. These large

SNP pools facilitated species and hybrid identification even
when data were artificially downsampled to 0.01x genomic
coverage. Together, this reference-free species and hybrid
identification pipeline provides a valuable resource for re-
searchers developing diagnostic tools in non-model systems,
avoiding the need for the financially and computationally
costly development of high-level genomic resources.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

Appendix S1. Data sources and whole-genome sequencing
data for each sample used in this study. Reads were adapter-
and quality-trimmed using BBTools as described in the
manuscript. Only genome skims from Carya species sam-
ples were used in construction of the composite genome.

Appendix S2. Results of separating nuclear- and plastid-
derived reads for each sample. Reads from each specimen
were mapped against a pool of assembled plastid data, and
non-mapping reads were designated as nuclear.

Appendix S3. Assembly statistics for the composite genome
assembled de novo by SISRS using Ray, along with in-
formation about mapping those SISRS contigs onto the
Carya illinoinensis reference genome.

Appendix S4. Reads from each specimen and pooled sam-
ple were mapped against the SISRS composite genome, and
only sites with a fixed allele were officially “called.”

Appendix S5. For each species of Carya, we identified all
species-informative SNPs, or sites in the composite genome
where that species differed from all other Carya species. We
break down which of these SNPs are singleton in nature, as
well as which can be positively mapped to the reference
genome.

Appendix S6. Using the companion data as a reference, we
identified our 23 Carya samples by calculating the propor-
tion of sites from each sample matching each reference
species, and identifying species with a significantly higher

contribution using a modified Z-score test. SNP data for all
specimens are displayed using bubble plots, where the size
of the circle is scaled to the proportion of matching SNPs
per species, and with circle colors matching those from the
phylogenetic tree in Figure 1 if SNP enrichment was sig-
nificant after Bonferroni correction. The highest proportion
of matching SNPs corresponded to the species of record for
all specimens, and all results were significantly higher than
the data set median (all Z > 76; all P<2.2E7'°).

Appendix S7. Statistical results for species identification of
entire genome skim samples. Each sample was scored based
on the number of species-informative SNPs that matched
each reference sample in the companion data. The highest
matching ratio for each specimen is noted by boldfaced red
text, while all other results that were significantly enriched
after Bonferroni correction are noted with yellow
highlighting.

Appendix S8. Statistical results for species identification of
downsampled genome skim samples. Each downsampled
data set (0.01-0.5x genomic coverage) was scored based
on the number of species-informative SNPs that matched
each reference sample in the companion data. The highest
matching ratio for each specimen is noted by boldfaced
red text, while all other results that were significantly en-
riched after Bonferroni correction are noted with yellow
highlighting.

Appendix S9. Read-mapping coverage for all sites called in
hybrid samples that could support either of the putative
parental species, showing ~95% of sites covered by four or
fewer reads.

Appendix S10. A breakdown of sites called with one, two,
or more alleles for all sites called in hybrid samples that
could support either of the putative parental species.

Appendix S11. Using the pooled data as a reference, we
characterized our 13 Carya hybrid samples by calculat-
ing the proportion of sites from each sample matching
each reference species, and identifying species with
a significantly higher contribution using a modified
Z-score test. SNP data for all specimens are displayed
using bubble plots, where the size of the circle is scaled
to the proportion of matching SNPs per species, and
with circle colors matching those from the phylogenetic
tree in Figure 1 if SNP enrichment was significant after
Bonferroni correction.

Appendix S12. A heatmap showing the breakdown of
matching species-informative SNPs per species for each
hybrid specimen. Species with a significant SNP enrichment
in each sample are denoted with larger, bold font. Numbers
in red font indicate species with specific enrichment in the
sample that are not part of the canonical cross.

Appendix S13. Statistical results for hybrid identification of
entire genome skim samples. Each sample was scored based
on the number of species-informative SNPs that matched
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each reference sample in the pooled data. The two highest
matching ratios for each specimen are noted by boldfaced
red text, while all other results that were significantly en-
riched after Bonferroni correction are noted with yellow
highlighting.

Appendix S14. Statistical results for hybrid identification of
downsampled genome skim samples. Each downsampled data
set (0.01-0.5x genomic coverage) was scored based on the
number of species-informative SNPs that matched each re-
ference sample in the pooled data. The two highest matching
ratios for each specimen are noted by boldfaced red text, while
all other results that were significantly enriched after Bonfer-
roni correction are noted with yellow highlighting.

Appendix S15. Visualizing SNP identification results in a
chromosomal context. We mapped our de novo ortholog
data onto the Carya illinoinensis reference genome, isolated

uniquely mapping sequences, and binned orthologs based
on which chromosome the ortholog mapped onto. For each
chromosome, the proportion of species-informative SNPs
matching the reference data sets was calculated for each
sample.
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