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Abstract

Measuring biological diversity is a crucial but difficult undertaking, as exemplified in oaks where complex morphological,
ecological, biogeographic and genetic differentiation patterns collide with traditional taxonomy that measures biodiversity in
number of species (or higher taxa). In this pilot study, we generated High-Throughput Sequencing (HTS) amplicon data of the
intergenic spacer of the 5S nuclear ribosomal DNA cistron (5S-IGS) in oaks, using six mock samples that differ in geographic
origin, species composition, and pool complexity. The potential of the marker for automated geno-taxonomy applications was
assessed using a reference dataset of 1770 5S-IGS cloned sequences, covering the entire taxonomic breadth and distribution
range of western Eurasian Quercus, and applying similarity (BLAST) and evolutionary approaches (ML trees and EPA). Both
methods performed equally well, with correct identification of species in sections Ilex and Cerris in the pure and mixed samples
and main genotypes shared by species of sect. Quercus. Application of different cut-off thresholds revealed that medium-high
abundance sequences (>10 or 25) suffice for a net species identification of samples containing one or few individuals. Lower
thresholds identify phylogenetic correspondence with all target species in highly mixed samples (analogue to environmental bulk
samples) and include rare variants pointing towards reticulation, incomplete lineage sorting, pseudogenic 5S units, and in-situ
(natural) contamination. Our pipeline is highly promising for future assessments of intra-specific and inter-population diversity,
and of the genetic resources of natural ecosystems, which are fundamental to empower fast and solid biodiversity conservation

programs worldwide.

Introduction

Oaks (Quercus L., Fagaceae) are anemophilous trees and shrubs of the Northern Hemisphere and are of high
ecological, scientific and economic importance (Menitsky 2005). They occur in a wide range of habitats and
climates ranging from semi-arid Mediterranean areas and subtropical rainforests to boreal (cold temperate)
continental regions (Kremer and Hipp 2019). Oak taxonomy is still in flow; only recently the genus has been
divided into two monophyletic subgenera and eight sections accommodating the 300-600 reported oak species
(Denk et al. 2017). Discrepancies in species counts are due to the considerable morphological variation and
phenotypic plasticity exhibited by oaks, the result of the complex interplay of strong ecological adaptation,
convergence of morphological traits, hybridization, introgression, and reticulate evolution (Burger 1975; Van
Valen 1976; Cavender-Bares et al. 2015; Simeone et al. 2016; McVay et al. 2017a, b; Hipp et al. 2019a).
Consequently, oaks are a big challenge for modern taxonomists (Denk et al. 2017) and provide an ideal



model for the development of a holistic taxonomy that accounts for complex ecological, biogeographic and
evolutionary processes (Kremer et al. 2012), thereby improving our understanding of Earth’s biodiversity.
At the same time, key questions about oak diversification and evolutionary history, especially in the Old
World, are just about to be answered (Denk et al. 2017; Hipp et al. 2019; Yan et al. 2019; Jiang et al.
2019).

After three decades of research (since Whittemore and Schaal 1991), it has been widely demonstrated that
oak plastid genomes are decoupled from species identity (Simeone et al. 2016, 2018; Pham et al. 2017; Vitelli
et al. 2017) and that nuclear genes and regions with sufficient levels of variation for solid species delineation
and phylogenetic inferences are still unavailable (Oh and Manos 2008; Hubert et al. 2014). Based on
extensive phylogenomic data, Hipp (2018a) concluded that oaks can be defined as phylogenomic mosaics,
meaning that every individual genome actually represents an assembly of different histories reflecting as
well selection (ecological adaptation) and origin, or multiple origins (divergence, reticulation, and lineage
sorting). Species-level phylogenetic reconstructions are affected by such genomic blending. Cohesive intra-
specific gene flow is counterbalanced by local gene flow among individuals and populations in different parts
of a species’ range, introgression, sorting of ancestral traits and divergence (Eaton et al. 2015; McVay et al.
2017b; Hipp et al. 2018b, 2019b; Crowl et al. 2020; Leroy et al. 2020).

However, detection and distinction of horizontal gene transfer, introgression and random sorting of ancestral
genetic variation can be difficult. The labor and costs associated with the necessary comprehensive datasets
(both at the inter- and intraspecific level) will likely prevent a wide application of phylogenomic tools beyond
species trees and selected case studies (McVay et al. 2017; Hipp et al. 2019; Jiang et al. 2019). Among
nuclear DNA target regions of potentially high taxonomic resolution, the spacer regions of the ribosomal
DNA (35S and 5S nrDNA) are a quite popular choice for taxonomic studies. These regions have been used for
phylogenetic inferences across a broad range of evolutionary lineages, have a high copy repeat number, and
universal or specific PCR primers are available allowing efficient amplification in a wide range of taxa (Volkov
et al. 2001, 2003; Alvarez and Wendel 2003). In particular, the internal transcribed spacers (ITS1, ITS2)
of the 18S-5.85-258 cistron (35S rDNA) still are the most widely used nuclear markers for phylogeny and
systematics, including molecular taxonomy such as DNA barcoding of complex plant groups (Hollingsworth
et al. 2011). However, in many groups the ITS1 and ITS2 can be nearly invariable. In western Eurasian
oaks, for instance, the nuclear ribosomal 5S DNA intergenic spacer resolved species relationships to a much
higher degree than ITS data (Denk and Grimm 2010).

The 5S intergenic spacer

The 5S rRNA genes form gene arrays analogous to the 35S rDNA, localized on one or a few chromosomes, usu-
ally afar from the nucleolus organizer regions (NORs) of the 35S rDNA (http://www.plantrdnadatabase.com/;
see Ribeiro et al. 2011 for selected oak and beech species). In higher plants, the number of repeats per genome
ranges from hundreds to thousands (Cloix et al. 2000), and the 5S rRNA coding regions are separated by a
generally variable, non-transcribed intergenic spacer (5S-1GS) with high phylogenetic resolution (e.g., Forest
et al. 2005; Blattner et al. 2009; Grimm and Denk 2010; Garcia and Kovafik 2013; Mlinarec et al. 2016). Its
inter-individual and intra-genomic variability is probably the main reason why it is little used. It cannot be
directly sequenced but requires cloning and methodological frameworks that can make use of the often higher
intra-genomic than inter-individual diversity (Goker and Grimm 2008; Potts et al. 2014; for an application
using 5S-IGS data see e.g. Simeone et al. 2018). Therefore, large numbers of 5S-IGS variants should ideally
be cloned and sequenced to identify intra- and inter-array polymorphism, and phylogenetic signals useful
for inferring evolutionary patterns (Eidesen et al. 2007). In previous studies, Denk and Grimm (2010) and
Simeone et al. (2018) produced a data set with more than 1000 Sanger-sequenced 5S-IGS clones (covering
30 species, nearly 300 individuals) and demonstrated the potential of this marker for the circumscription
of most of the investigated oak species, to recognize hybridization, and to infer reticulation/introgression
events.

High-Throughput Sequencing



High-Throughput Sequencing (HTS) has enabled sequencing of thousands to millions of sequences at one
time and has changed our view on Earth’s biodiversity at all organismal levels (Deiner et al. 2017). Because
of constantly declining costs, HT'S technologies put forth new tools to address questions previously tackled
through labor-intensive (and often less efficient) cloning steps, and amplicon sequencing of loci with high
information content (target sequencing) is probably the most straightforward application (Ekblom and Ga-
lindo 2010). A further key contribution of HTS lies in the possibility of exploring datasets that cover wide
taxonomic and/or geographic breadths. Good inter- and intra-specific taxon sampling is usually required
to address the processes underlying speciation, diversification, distribution and species assembly, especially
when taxonomic uncertainties and high diversity are involved. Hence, the utilization of HTS is especial-
ly cost-effective as many individuals can be combined (multiplexed) in the same sequencing run and rare
variants can be readily detected (Babik et al. 2009; Glenn 2011).

Studies characterizing the abundance and patterns of intragenomic ntDNA polymorphisms in different or-
ganisms are increasing (Stage and Eickbush 2007; Ganley and Kobayashi 2007; Bik et al. 2013; Straub et al.
2012; Mahelka et al. 2013; Wang et al. 2016; Symonova 2019). Determination of the full sequence of the 35S
cistrons was successful in different plant groups (e.g. Male et al. 2014; Turner et al. 2016; Ji et al. 2019), alt-
hough so far with little use to open phylogenetic questions. This is partly due to limited sampling (usually a
single individual per species or higher taxonomic units). Simon et al. (2012) used a deep sequencing approach
to detect intragenomic ITS polymorphisms among populations of Arabidopsis . However, phylogenetic studies
investigating intragenomic ntDNA polymorphism patterns across many species within the same genus are
still scarce (e.g. Song et al. 2012; Weitemeier et al. 2015), and the full extent of the divergence of the 5S-1GS
intra-genomic variants in plants has not yet been adequately explored (cf. Galidn et al. 2014).

In this pilot study, we generated amplicon data of the intergenic spacer of the 5S nuclear ribosomal DNA
cistron (5S-IGS) using High-Throughput Sequencing (HTS) from six geographic samples of different com-
position: pure samples, including only material of a single target species, and mixed samples, including all
species found at a certain place. The investigated species cover all common lineages of western Eurasian oaks
(sects Cerris , llex and Quercus ). Amplicon data were analyzed using our clone-sequence data as reference,
and the taxonomic resolution of the 5S-IGS region was assessed comparing the performance of similarity al-
gorithm (Basic Local Alignment Search Tool—BLAST ) and evolutionary approaches (Maximum Likelihood
trees—ML ; Evolutionary Placement Algorithm—FEPA ).

To our knowledge, this work is the first to thoroughly analyze intragenomic variation of the nuclear ribosomal
5S region in plants (see also Heitkam et al. 2015, who identified and developed probes for 5S genes while
screening Illumina-generated sequences for repetitive genome elements). The potential applications of our
approach are manifold and span from the delineation of oak species, the assessment of intra- and inter-
species diversity, the detection of hybridization/introgression patterns, the identification of cryptic lineages,
to gaining genetic insights into the structure, assembly, function and evolution of oak communities.

Materials and Methods

Sampling and lab procedures

Forty-one oak trees belonging to 13 species (three Quercussections) were morphologically identified and
collected in the wild. DNA extractions were performed from silica-gel dried leaves with the DNeasy plant
minikit (QIAGEN). DNAs were quantified with a NanoDrop spectrophotometer (TermoFisher Scientific).
We prepared six artificial samples, consisting of pure and mixed species (Tab. 1), by pooling equal amounts
of DNA of every individual up to 20 total ng. Paired-end Illumina sequencing (2x300 bp sequencing) was
performed by a commercial provider (LGC Genomics GmbH). The nuclear ribosomal 5S intergenic spacer
(5S-IGS) was amplified with the plant-specific primer pair CGTGTTTGGGCGAGAGTAGT (forward) and
CTGCGGAGTTCTGATGG (reverse), developed in collaboration with Dr. Berthold Fartmann (LGC Ge-
nomics). Raw sequences were deposited in the Sequence Read Archive under BioProject PRINA611057.



Bioinformatics analyses

We assembled a reference dataset consisting of 1770 5S-IGS sequences covering the taxonomic breadth and
distribution range of western Eurasian Quercus by combining data from previous works (Denk and Grimm
2010; Simeone et al. 2018). The total dataset was dereplicated to identify and remove identical sequences
using mothur v.1.33.0 (Schloss et al. 2009). Unique (nonredundant) sequences were aligned using mafft (Ka-
toh and Standley 2013) and the alignment was manually checked using SeaView v.4.0 (Gouy et al. 2010).
Sequence length and percentage of GC content were calculated within jemboss 1.5 (Carver and Bleasby
2003) and plotted using ggplot2 R package (Wickham 2016). A maximum likelihood tree was inferred using
RAxML v.8.2.11 (Stamatakis 2014), with the GTR+GAMMA model of nucleotide substitution. The tree
was visualized in iTOL (www.itol.embl.de) (Letunic and Bork 2019). The database including unique 5S-1GS
representative sequences (unaligned fasta file), the corresponding taxonomy file (in Mothur compatible for-
mat), and an Excel file (providing correspondence between clone codes, GenBank accessions and geographic
origin) is available on FigShare (https://doi.org/10.6084/m9.figshare.12016272.v1).

Ilumina paired-end reads were processed using mothur v.1.33.0 (Schloss et al. 2009). Contigs between read
pairs were assembled and differences in base calls in the overlapping region were solved using the AQ
parameter as described in Kozich et al. (2013). Primer sequences were removed, and no ambiguous bases
were allowed. The remaining reads were dereplicated and screened for chimeras using UCHIME inde-novo
mode (Edgar et al. 2011) within mothur. Taxonomic assignment of the dereplicated reads was performed
using standalone BLAST in BLAST+ suite (Altschul et al. 1990; Camacho et al. 2009) against the reference
dataset. Reads assigned with a query coverage <220 bp and with similarity <90% were removed.

Length and percentage of GC content of the cleaned dataset were calculated within jemboss 1.5 (Carver
and Bleasby 2003). Scatter plots between GC content and reads abundance were visualized with ggplot2
R package (Wickham 2016). Within each sample, we generated four subsets based on the abundance of
reads (subset reads [?]2; subset reads [?]5; subset reads [?]10; subset reads [?]25). This procedure produced
24 subsets (4 subsets x 6 samples); each of them was aligned with the reference data and used to infer the
corresponding tree with RAXxML v.8.2.11 (Stamatakis 2014) and the GTR+GAMMA model, then visualized
in iTOL to inspect coherence of clades.

Reads with total abundance [?]25 in the total dataset (six samples) were also assigned using Evolutionary
Placement Algorithm (EPA; Berger et al 2011) as implemented in RAxML onto the phylogenetic tree inferred
from the Quercus reference data. For computing the phylogenetic placements, an alignment comprising
both the reference and the query reads was performed within mothur (align.seqs). EPA outputs showed
multiple possible placement positions with different likelihood weights (probabilities) in all branches of the
tree. Placement results (tree.jplace standard placement format) for the total Quercusreference dataset and
each Quercus clade were visualized using iTOL. The relative performances of the taxonomic assignments
obtained with BLAST (best hit) and EPA (tree branch placement) were visualized using semicircle donut
plots generated with geom_arc_bar() function in ggforce R package (https://ggforce.data-imaginist.com/).

Results

Reference dataset: cloned 5S IGS data covering all four sections of Quercus in western Furasia

The dereplication step (identification and removal of identical sequences) reduced the total Quercus reference
dataset (1770 sequences obtained via PCR, cloning and Sanger-sequencing; Denk and Grimm 2010; Simeone
et al. 2018) to 1160 representative sequences. Most identical sequences (442) occurred within single individ-
uals or within species. Twenty-two variants, 163 identical sequences, were shared by members of different
species, generating ambiguities in the taxonomic assignment. These sequences were flagged as “ambiguous”;
they comprised two variants shared by Q. baloot with Q. ilexand Q. coccifera (section Ilex ), eight variants
shared between two or three different members of section Cerris(Q. crenata, Q. suber, Q. cerris, Q. trojana,
Q. look, Q. brantii ), and thirteen variants shared by several members of section Quercus (details shown in



Supplementary file S1). Quercus pontica , the western Eurasian species of disjunct and relict two-species
sect. Ponticae , is characterized by species-unique 5S-IGS variants.

The length range of the reference sequences was 258-407 bp (289-407 bp in section Ilex , 297-397 bp in
section Cerris, 258—296 bp in section Quercus , and 291 bp in Q. pontica ). Some species exhibited identical
length variants (Q. canariensis ,Q. faginea , Q. pyrenaica, Q. boissieri, Q. infectoria, Q. pontica ). All
the remaining species revealed intragenomic and/or intraspecific variation, with units differing by <10 bp
(e.g.,Q. alnifolia, Q. afares, Q. suber , Q. frainetto ), or by 20-30 bp (e.g., Q. aucheri, Q. coccifera, Q.
ilex, Q. brantii, Q. crenata, Q. look, Q. robur, Q. petraea, Q. pubescens ). Two distinct classes of length
variants, differing by 40-90 bp, were found in@. floribunda, Q. ilex, Q. cerris, Q. trojana, Q. ithaburensis, Q.
macrolepis , and Q. libani . Besides unique, unrepresentative variants of Q. floribunda and Q. ilex , the short
variants identified both inter-individual (Q. libani : 2 individuals), and intra-individual variation (Q. cerris
: 3 individuals; Q. ithaburensis, Q. macrolepis and Q. trojana: 1 individual; cf. Denk and Grimm 2010;
Simeone et al. 2018). GC content (Pgc) of the reference sequences ranged between 44.1 to 56.9% (median=
53.61%, mean = 53.66 %; SD = 1.25%) (Fig. 1A). Lowest GC contents (Pcg < 49%) were found in few
sequences of Q. trojana, Q. cerris, Q. ilex and Q. suber , exhibiting known pseudogenous tendency (Denk
and Grimm 2010; Simeone et al. 2018). Only one species, Q. alnifolia, a Cypriot endemic of section Ilex ,
was entirely below the mean range of the genus. Outlier sequence variants (15° and last three percentiles) in
length and CG content relatively to each species’ median were labelled in the downstream analyses. Length
and CG content of the total dataset and each species are shown in Fig. 1A, B and Supplementary file S1.

HTS dataset

The total cleaned HTS dataset (six samples) comprised 208,720 reads. The number of reads retained in
each pre-processing step, their length, GC content and distribution in the six samples are reported in
Supplementary file S2.

The HTS dataset showed a length range of 254-399 bp, and a Pgc range of 42.6-64.5%, thus matching
those of the reference dataset. Extreme values were exclusive to singleton reads (abundance = 1). The
application of different abundance thresholds ([?]2, up to [?]25) did not affect the length range and the
occurrence of two clear classes of variants (Supplementary file S2). Reads with abundance [?]2 showed Pgc
= 48.1-57.1%; excluding those with lower occurrence (abundance <5) had little effect. Filtering for reads
with higher abundance increasingly eliminated lower GC values and further approached the mean range of
the reference dataset; reads with abundance [7]25 showed a Pgc of 52.5-56.4%. Therefore, high abundance
cut-offs (i.e., 10 or 25) represent all the major 5S-IGS variants of the species included in the investigated
samples and remove rare variants. These latter may include spurious data, pseudogenic variants, potential
outlier of biological significance, and inherent biases of the HT'S methodology leading to scarce amplification
of certain individuals. As such, they should be carefully evaluated.

Reference tree and basic geno-taxonomic capacity of 5S-IGS sequences

The final multiple sequence alignment of the cloned reference data produced a matrix with 492 characters.
Figure 2A-D shows the ML tree of the reference dataset, rooted between members of sectionsPonticae and
Quercus (subgenus Quercus ) and sections Cerris and Ilex (subgenus Cerris ; following Denk et al. 2017;
Hipp et al. 2019). The main lineages (sections) are clearly differentiated, with Q. pontica (sect.Ponticae
) being embedded in the section Quercus subtree (Fig. 2A). Regarding their geno-taxonomic association,
i.e. the ability of genetic data to recognize a (morphologically defined) target species, it is important to
note that even though species do not form exclusive clades (Fig. 2B-D), except for Q. alnifolia (sect. Ilex
),Q. afares (sect. Cerris ) and Q. pontica (sect.Ponticae ), conspecific 5S-IGS sequences always cluster
within certain subtrees. In sect. Ilex (Fig. 2B), determination of non- or near-identical sequences via tree-
inference is possible down to the species level: Q. alnifolia 5S-1GS variants are unique; common variants of Q.
coccifera and Q. aucheri intermix (and may include occasional . ilex clones) and are separated from a large
clade including most Q. ilex sequences (cf. Denk and Grimm 2010). In section Cerris (Fig. 2C), distinct



subtrees collect accessions of the central-western Mediterranean ). suber-Q. crenata lineage, the eastern
Mediterranean subsection Macrolepides (Q. brantii, Q. macrolepis, Q. ithaburensis ), the Anatolian Q. libani
-trojana lineage, and the mixed ‘oriental’ and ‘occidental’ lineages comprising the remaining species ( Q. afares
, Q. castaneifolia, Q. cerris, Q. look, Q. euboica, @, trojana ; cf. Simeone et al. 2018). In section Quercus
(Fig. 2D), no obvious structure is visible, association of sequences to discrete species is largely impossible.
Three distinct subtrees collected consistently only sequences of Q. pyrenaica-Q. canariensis(genotype Q1),
Q. robur-Q. dalechampii (genotype Q2), and Q. boissieri (Q3 genotypes). Sequences of Q. pontica form an
exclusive subtree, corresponding to sect. Ponticae . A visual representation of the identified diagnostic
groups of variants is presented in Supplementary file S3. The NEWICK format of the RAxML reference tree
can be downloaded at https://doi.org/10.6084/m9.figshare.12016317.v1.

Geno-taxonomic composition of samples, cut-off effects

Genetic assessment via BLAST and per-sample ML phylogenetic inferences provided taxonomic patterns
congruent with the species composition of each sample (Tab. 1, Supplementary files S2, S4).

Sample D5, pure Q. afares —Of the 31,620 HTS sequences retrieved in this sample, 31,121 (98.4%) were
assigned by BLAST to Q. afares and a few hundreds to members of the Cerris crown (Q. castaneifolia , Q.
cerris , Q. trojana ) or to the same section (Q. suber , Q. brantii ). Negligible amounts of sequences were
assigned to a further species of the same section (Q. macrolepis; three sequences), or to different sections
(18 sequences assigned to members of section Quercus andllex ). Using an abundance cut-off [?]25, all
HTS sequences grouped within the Q. afares reference ML subtree. With cut-off [?]10, the HTS sequences
expanded the Q. afares -comprising larger subtree of sect. Cerris and brushed against a minor clade with
Q. cerris , Q. trojana , Q. brantii (Type 4b, collecting likely ancestral, underived sequences; Fig. S3-2 in
Supplementary file S3); with cut-off [?]5, the Q. afares subtree was inflated further and included a single
reference sequence of Q. trojana . The mainCerris lineages could hardly be differentiated with cut-off [?]
2. A dozen HTS reads joined sequences of the oriental Q. trojana-Q. libani , and a few other were highly
differentiated and formed a separate cluster (possible pseudogenes).

Sample G2, pure Q. ilex —Of the 13,091 HTS sequences produced, nearly all (13,067; 99.8%) were assigned
by BLAST to Q. ilex , and negligible amounts were assigned to Q. coccifera or members of different sections.
In the ML analysis, all HT'S sequences with abundance [?]5 grouped within a large Q. ilex subtree of the
reference data; with cut-off [?]2, the HT'S sequences grouped across different Q. ilexz subtrees, and only few
sequences placed together with Q. aucheri .

Sample H1, pure Q. faginea —Of the 58,003 HTS sequences produced, 33,546 (57.8%) were assigned by
BLAST to Q. canariensis , an Iberian-North African sister species of Q. faginea , and 23,770 (41%) were
variously assigned to either ambiguous or specific sequences of section Quercus , including Q. faginea, Q.
pyrenaica, Q. petraea , Q. pubescens , and (secondarily) Q. frainetto, Q. vulcanica, and Q. robur . With
ML, most HTS sequences with abundance [?]25 and [?]10 grouped within the Q. pyrenaica-Q. canariensis
subtree referring to thecanariensis-pyrenaica -unique type Q1, and all other sequences were scattered across
the undiagnostic Q0 subtrees, often, but not necessarily, grouping with Q. faginea sequences. With the
decreasing abundance thresholds (cut-offs = 5 and 2), nearly the entire section Quercus was covered by HTS
sequences (except the eastern Mediterranean Q3 type; Fig. S3-4 in Supplementary file S3).

Sample F2, mixed, one species per section—Of the 41,527 HTS sequences produced, 1,307, 6,399 and 9,454
(i.e., total of 48.5%) were assigned by BLAST to the target species Q. suber, Q. ilex and Q. canariensis
, respectively. All other sequences were assigned to the@. suber-crenata shared types (1,297), Q. coccifera
(36), sister of Q. ilex , and to ambiguous or specific sequences of section Quercus (mainly Q. faginea,
Q. pyrenaica, Q. petraea, pubescens , and Q. frainetto ). With ML, dispersion of HTS sequences onto
the reference tree increased with decreasing abundance thresholds; however, a @. ilex subtree was always
identified, and placements outside the Q. suber-Q. crenatasubtree were only recorded with cut-off = 2 .
Conversely, most HTS sequences centered around Q. faginea, Q. pyrenaica and Q. canariensis references



(ubiquitous, undiagnostic type Q0 andcanariensis-pyrenaica- specific type Q1; Fig. S3-4 in Supplementary
file S3) only when a cut-off = 25 was applied.

Sample E5, mixed, one species per section—Of the 26,352 HT'S sequences produced, only 1,140, 1,838 and 302
(i.e., in total 12.4%) were assigned by BLAST to the target species Q. coccifera, Q. suber,and Q. canariensis
respectively. Mirroring sample F2, all other sequences were assigned to the Q. suber-crenata shared types, Q.
ilex , and to ambiguous or specific sequences of section Quercus (mostly Q. faginea, Q. pyrenaica, Q. petraea,
Q. pubescens , and Q. frainetto ). ML tree inferences also mirror those of sample F2: the Q. coccifera and Q.
suber-Q. crenata subtrees are clearly identified with all abundance thresholds, together with the increasing
dispersion along the sect. Quercuslineage. Only with cut-off = 2, few HTS sequences were placed in a@.
ilex-Q. aucheri subtree and together with the likely ancestralQ. cerris-Q. trojana-Q. suber sequence clade.

Sample E4, mixed, 8 species, all three sections—Of the 38,127 sequences produced in this sample, 10,699
(28.1%) were assigned by BLAST to the target species included: Q. coccifera (28), Q. cerris (335), Q. trojana
(479), Q. macrolepis (4,107),Q. frainetto (2,549), Q. petraea (352), Q. infectoria (332), and Q. pubescens
(2,517). All other sequences were generally assigned to members of subsection Macrolepides(sect. Cerris ),
and to sect. Quercus . With ML, the dispersion of HTS reads increased with the reduced cut-offs, just like
the less-complex mixed samples. Reflecting the species composition of the sample, a minor part of the HT'S
sequences always placed within the Macrolepides and the ‘occidental’ Cerris clades, whereas most sequences
were dispersed across the section Quercus subtree. Only with cut-off = 2, a Q. coccifera- exclusive clade was
identified.

Figure 3A, B reports the ML trees of samples E5 (cut-off = 5), and E4 (cut-off = 2), depicting the different lev-
els of information that can be obtained in relation to abundance cut-offs and/or complexity of samples. The
NEWICK format of the 24 RAxML trees can be downloaded at https://doi.org/10.6084/m9.figshare.12016317.v1.

Automated species recognition using BLAST and EPA

Figure 4 summarizes the results of the taxonomic assignment of HT'S sequences with abundance >25 obtained
for each sample using the BLAST and EPA identification approaches (details provided in Supplementary
file S5). Both approaches determined correct, unequivocal assignations of the species of sections Ilez and
Cerrisincluded in the pure (D5 and G2) and in the mixed samples (E4, E5, F2). For samples including
material covering sect. Quercus, BLAST and EPA results differ (below section-level) because the former is
overly specific when assigning a sequence to a reference. Our reference data do not include 5S-IGS variants
unique to Q. frainetto, Q. infectoria, or Q). petraea-pubescens (identified in samples E4, E5, F2; see Reference
dataset ). In sample H1 (pure Q. faginea , ecomorphotype ‘ Q. lusitanica ’), all genotype-Q1 5S-IGS variants
(Fig. S3-4 in Supplementary file S3) uniquely shared by Q. canariensis-Q. pyrenaica in the reference data
are identified as Q. canariensis by BLAST, but either as Q. canariensisor Q. canariensis-pyrenaica by EPA.

Fig. 5 shows two examples of the EPA assignations of samples containing members of section Quercus on
the reference tree. The HTS sequences of sample F2 (containing Q. ilex , Q. suber , and(). canariensis
) unambiguously group on Q. ilex and Q. suber branches; a Q. canariensis-pyrenaica minor cluster is also
identified, together with Q. faginea and otherQuercus section subclades, often in basal positions. The
HTS sequences of sample H1 (pure Q. faginea ) aggregate nearly on the same sect. Quercus subclades of
sample F2, with a larger occurrence of the most derived Q). faginea types, and a second cluster, including Q).
canariensis and Q. petraea . The general ability of EPA in the identification process in the six tubes with
cut-off [?]25 is shown in Fig. 6.



Discussion

Diversity of the 5S-IGS in Quercus

Observed intra-, inter-specific and intra-individual polymorphism of the intergenic spacer of the 5S cistron
in Quercus (in terms of unit length, GC content, and nucleotide sequence) is consistent with many other
plant groups (Negi et al. 2002; Fulnecék et al. 2002; Forest et al. 2005; Grimm and Denk 2010; Mahelka
et al. 2013; Mlinarec et al. 2016; Tynkevich and Volkov 2019). The intra-individual and/or intra-specific
occurrence of two (or more) distinet 5S array types (e.g. short and long units in members of sect. Cerris
, mainly Q. libani ) is also consistent with the cited studies. The evolutionary significance of such intra-
genomic polymorphisms is at odds with the generally acknowledged model of concerted evolution of rDNA,
and its presence across many living organisms has led to the definition of the ‘birth-and-death’ model of
evolution (Nei and Rooney 2005; Rooney and Ward 2005). Nevertheless, the occurrence of single rDNA loci
in an individual, and the location of rDNA arrays far from the telomere may potentially facilitate concerted
evolution (Eickbush and Eickbush 2007). In Quercus , one single 5S rDNA locus was physically mapped at
a pericentromeric region (Ribeiro et al. 2011), and several species show only one single length and/or main
sequence variant; a combined effect of both concerted and birth-and-death evolution models is therefore
possible (Galian et al. 2014).

New gene variants can be generated by gene duplication, or gained by auto- or allopolyploidization (rDNA
homoeologues; cf. Cronn et al. 2002), hybridization (crossing of evolutionary lineages) and unilateral
gene flow (introgression). As they diverge, some may become non-functional pseudogenes, characterized by
increased substitution rates and reduced GC content, and may eventually be eliminated (Volkov et al. 2007;
see also Dzialuk et al. 2007 and Ribeiro et al. 2011, for the detection of triploids in natural oak populations).
Contrary to the 35S (45S) rDNA cistron (encoding for the 185, 5.8S and 25S rRNA genes), little is known
about the GC content in functional 5S repeat units and its non-coding intergenic spacers (Symonovéa 2019).
In this study, outlier sequence variants in CG content, relatively to each species’ mean (generally lower than
50%, with the exception of Q. alnifolia ) were coincident with long terminal branches on the reference tree,
and/or incoherent groupings (Supplementary file S3), thus indicating potential pseudogeny. This number
was, however, negligible (8 sequences in the reference dataset and 248 in the HTS dataset, corresponding
to 0.004 and 0.002%, respectively). Conversely, the short sequence variants exhibited by e.g. Q. libani are
inconspicuous (Tynkevich and Volkov 2019); these and other length outliers (Supplementary file S1) from
known hybrids or species able to hybridize (e.g., Q. petraca-Q.robur-Q. pubescens ) were discussed in Denk
and Grimm (2010) and Simeone et al. (2018).

In general, the 5S-IGS sequences of endemic species appeared more homogeneous (e.g., Q. alnifolia , Q.
pontica , Q. afares ). Inter-specifically shared variants included sister species (e.g., Q. suber - Q. crenata
, Q. cerris - Q. look ), members of the same phylogenetic series (e.g., Q. cerris - Q. trojana, Q. faginea
- Q. canariensis ), or interfertile species (e.g.,Q. cerris - Q. suber, Q. petraea - Q. pubescens, Q. petraea
- Q. robur ). One ambiguous variant of section llex was generated by a@. baloot outlier with reduced GC
content (potential pseudogene). Other variants were shared among more distantly related species, but always
within the same section, and could be explained by reticulation or retained ancient polymorphism. Species of
section Quercus were the most difficult to resolve. Their 5S-IGS variants are more homogeneous in structure
and sequence than those of the two other sections. This likely reflects the origin of the three sections on
topographically different continents (Greenland/America, no west-east crossing mountain ranges vs. Asia,
complex tectonic history), the more ancient origin of sections Ilex and Cerris , and the relatively recent
expansion of white oaks into the Euro-Mediterranean region, involving bottlenecks and rapid radiation (Hipp
et al. 2019b). At the same time, the hybridization rate in sect. Quercus is so extensive that the whole clade
can be considered a syngameon (Hipp et al. 2019a). Besides a complex molecular evolution of the 5S cistron,
further ecological events such as retention of ancestral traits, hybridization, species/population isolation, and
drift may have played key roles in shaping the diversity patterns and the partial homogenization observed
in the reference dataset (cf. Denk and Grimm 2010; Simeone et al. 2018). Nevertheless, the 5S-IGS data



confirmed its utility to resolve species or closely related species-groups in sections Cerris, Ilex, Ponticae and
(to a lower degree) Quercus .

Uncertainty of the HTS data

In HTS amplicon sequencing (e.g. DNA metabarcoding), abundance of reads does not generally reflect taxa
abundance (or biomass) in the sample matrix or bulk communities (but see Keller et al. 2015; Hirai et al.
2015; Piredda et al. 2017). A recent review on meta-analyses suggested that the methodology possesses some
quantitative ability, but with a large degree of uncertainty (Lamb et al. 2019). Factors affecting the quan-
titative performance seem to be not related to the different sequencing platforms, whereas primer affinity,
PCR biases, natural variation in copy number (and variation in biomass), are the most common explanations
proposed (Lamb et al. 2019; Kelly et al. 2019). In our study, we applied a conservative approach where the
performances of the HTS results and the original species composition of samples were considered only as
incidence-data (presence/absence of taxa) (Hajibabaei et al. 2011; Porter et al. 2018). In relation to the
potential sources of misidentifications (i.e., false-presence and false-absence), BLAST and EPA performed
equally well. We did not score species present in the original DNA sample but not collected by the HTS data
(false-absence). However, cases of false-presence (species revealed by the HTS data but not present in the
original DNA sample) were reported both by BLAST and EPA, when reads with cut-off abundances gene-
rally lower than 10 were included in the analyses. These outcomes are well known in metabarcoding studies
and confirm that a filtering of low abundance reads can generally avoid an inflation of diversity of samples
with false-present taxa. Explaining the possible sources of false-presence is a hard task. In a qualitative and
quantitative HT'S assessment of artificial pollen mixtures, Bell et al. (2019) detected false presences also in
negative controls, mostly corresponding to species included in their sample mixtures. Such false presences can
be related to cross-contamination, flow-cell chimeras, or sequencing errors in the index sequences and usually
consist of very low abundance reads. Exploring different abundance thresholds to control contamination is
therefore an important step. However, we note that the false-presence signals retrieved in our data correlate
not only with the used cut-offs but also with the taxonomic complexity of the samples. In the pure and mixed
samples including members of sect. Quercus, for instance, only sequences with abundance >25 allowed ex-
clusive identification of the correct species or species groups, whereas sequences with lower abundances were
only assignable to the entire section. In contrast, the pure and mixed samples with members of sect. Ilex and
Cerris scored sequences assignable to different (sister or close) species only with cut-offs <5. Interestingly,
the pure samples referring to members of different sections never revealed sequences assignable to members
of absent sections. These low-abundance sequences can all be therefore interpreted as ancestral, underived 5S
IGS variants (within each section), or possible pseudogenes, and not exclusively as contaminations. Converse-
ly, in the more complex sample E4 (including 16 individuals of eight total species), the three target species of
sect. Cerris became all detectable with cut-off = 10, whereas Q. coccifera could be identified only with cut-off
= 2. Therefore, the effect of different abundance cut-offs cannot be standardized, but rather adjusted based
on the complexity of samples and the stated aims of a study, trading-off comprehensiveness vs. identification
reliability. In sections Ilex and Cerris, utilization of medium-high abundance sequences (>10 or 25) can be
more desirable for a net identification of species in samples containing one or few individuals. Data can be
used to identify ambiguous specimens (e.g. hybrids, allochtonous species, morphologically deviating indivi-
duals), to delineate intra-specific variation and estimate inter-population diversity. Lower abundances (<10)
can be more useful to reveal significant phylogenetic signals such as ancestry, introgression, pseudogeny. In
more complex samples, such as environmental bulk samples, lower abundances (<10) may allow detection of
less frequent species, although resulting in a reduced taxonomic resolution. Concerning the species of sect.
Quercus, ‘per-se’ impossible to differentiate, abundances lower than 25 appear of no use, unless for complex
samples containing members of the other sections. A valuable development of our approach would be a tho-
rough inspection of all the abundance cut-offs in pure samples of any given species, to evaluate and assess
the consistency of the retrievable signal in relation to contamination, possible pseudogenes, and potential
(or the designed) applications.



General geno-taxonomic potential

BLAST and EPA approaches provided congruent identifications at high thresholds (abundance cut-off [?]25).
Both methods largely agreed in identifying HT'S sequences of sections Ilex and Cerris in the pure and mixed
samples and, given the absence of sub-sectional resolution of the backbone tree (see Fig. 2) and the reference
dataset, neither method could unambiguously assign sequences to the target species of sect. Quercus .
Nevertheless, concordant species groups were always detected by the two methods, with respect to the
maximum possible phylogenetic and geno-taxonomic resolution within the section. EPA always identified
the correct target species or species lineage of each sample; BLAST often retrieved one or several of the
possible species, thus over-taxonomizing the query and including species absent in the sample. This is
likely due to the common share of 5S-IGS variants among oak species, especially in section Quercus (cf.
Denk and Grimm 2010), and to the biased species representation in the reference dataset, where some
species were under-represented compared to others such as Q. canariensis . We expect that both EPA
and BLAST will be co-informative when more 5S-IGS references will be newly made available and more
data accumulate. EPA will likely outperform BLAST in case of new, distinct variants in the data that
are absent in the reference. In the future, samples displaying incongruence in the BLAST vs. EPA results
will require additional nucleome- and plastome-based analyses, ideally accompanied by morpho-ecological
re-examinations. With this workflow, our method has the potential as a fast identification tool to evaluate
the possible occurrence of peculiar (e.g. alien) genotypes, rare lineages, or hidden hybridization/introgression
events. Keeping in mind the overall species identification capacity of the 5S-IGS DNA region, the combination
of BLAST and EPA automated taxomomy on the HTS data could be also useful to survey the overall genetic
richness of local oak communities, as well as filtering sequences of certain species or species-groups from mixed
samples for large-scale phylogenetic and biogeographic analyses.

Limitations and prospects: the case of Q. canariensis and Q. faginea

In the reference dataset, the best-sampled, species of sectionQuercus is Q. canariensis (Denk and Grimm
2010), one species of subsection Galliferae (Tschan and Denk 2012). Denk and Grimm (2010) highlighted
the high variation occurring in Q. canariensis at both the ITS and the 5S IGS markers, compared to other
species of the same section, and the large extent of identical variants shared with Q. faginea . In this
work, we identified 5S-IGS variants apparently unique to Q. canariensis and Q. pyrenaica (genotype ‘Q1’;
Fig. S3-4 in Supplementary file S3) that attract hits in all HTS samples comprising material of either Q.
faginea (pure sample H1), or Q. canariensis (sample E5 and F2) (Fig. 4). This finding could indicate that the
investigated Q. faginea population is in fact a Q. canariensis relict, morphologically mimicking the particular
steppe-, dry-climate adapted morphotype of Q. faginea locally known as ‘Q. lusitanica ’. According to
Tschan and Denk (2012), the exclusive presence of the Q. lusitanica morphotype in highly disturbed habitats,
where it typically attains a shrubby habitus, and its morphology (based on a large dataset of micro- and
macroscopic characters), point towards its consideration as an extreme adaptation of Q. faginea . The two
species are also not readily diagnosable morphologically. It is therefore conceivable that particularly severe
ecological conditions trigger Q). canariensis approaching morphologically Q. faginea/lusitanica , especially in
the contact zone of both species. Asymmetrical introgression could enforce this pattern (e.g. Neophytou et al.
2010). However, it may also indicate that the reference data is unrepresentative for the genetic diversity in Q.
faginea. In any case, it remains to explain the connection with Q. pyrenaica, a sympatric (but not belonging
to Galliferae ) species, only found in (south-)western Europe and (mainly) Northwestern Africa. It could be
due to kinship with the only other fully mesic Iberian member of section Quercus (Q. canariensis ) included
in the reference dataset, thus indicating in situ differentiation of a regional mesic lineage. In the RAD-seq
work of Hipp et al. (2019b), Q. faginea , Q. canariensis , Q. pyrenaica and Q. lusitanica , all represented
by 1-2 individuals, were distributed on all four subclades produced in the section, thus indicating an early
split of these western Mediterranean species. Lepais et al. (2013) and Leroy et al. (2017) showed that Q.
pyrenaica seems to be not fully incorporated in the Q. petraea-robur-pubescens syngameon and concluded
that Q. pyrenaica may represent a more anciently diverged species. The possible identification of ancestral
sectional traits is therefore plausible. Interestingly, we identified a geographical partitioning in the HTS reads
assigned to Galliferae(and Q. pyrenaica ) in the three samples comprising western Mediterranean species of
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this subsection (H1, F2, E5), and sample E4, where the only eastern Mediterranean species of this subsection
(Q. infectoria ) was mixed with several other members of the section. The canariensis-pyrenaica shared 5S-
IGS variants (and the higher intra-genomic 5S-IGS diversity) could then be a witness of this antiquity:
obtained before the Galliferae were isolated from the Q. petraea-robur species complex and retained in the
two least evolved, and/or earliest diverged, species of each lineage as intra-genomic variation while being lost
in all other species due to concerted evolution. Future studies with denser samplings including a single taxon
per sample may therefore be interesting to see whether such variants show coherent distributional patterns
or relate to morphological gradients.

Conclusion

The presented pipeline showed a good match with a complementary dataset (Sanger sequenced cloned
fragments) and high potential for geno-taxonomy and evolutive inferences in oaks. Pure samples can be
used to identify unknown individuals and inspect their genetic background. Mixed samples demonstrated a
good ability to reveal presence/absence of taxa or specific lineages without missing any target in the sample.
In addition, the pipeline has the potentiality to identify processes such as hybridization and introgression. At
the same time, complex patterns resulting from multiplexed samples can be compared among different areas
to evaluate genetic connectivity, discover local hotspots of genetic diversity, map the overall per-section
diversity and possibly retrieve specific phylogeographic patterns. The only limitation is that the 5S IGS
marker has different geno-taxonomic resolution in oak lineages. This problem applies mainly to members of
section Quercus , but it could be partly overcome by expanding the benchmark reference.

Gaining better knowledge and evidence of the genetic resources of natural ecosystems, evolutionary dy-
namics and community assemblages is fundamental to improve our understanding of the natural processes
shaping past and future biodiversity trends. HTS approaches are an innovative and important tool at this
regard. They can provide new fundamental insights on species identity, history and natural evolution of
communities. Adequately generating and interpreting data remain challenging but can be of utmost im-
portance to reverse biodiversity decline, one of the fundamental targets of the 2030 Agenda for Sustainable
Development (www.sustainabledevelopment.un.org). In oaks, the quest for a speedy and reliable marker for
species identification and detection of introgression is on the way (Lepoittevin et al. 2015; Fitzek et al.
2018). However, transferability of the recently developed SNP toolkits to all taxa distributed across western
FEurasia and other parts of the world, and even among distant populations within the same species, remains
to be addressed. Our method is more flexible, as it can be used independently of the set-up of large genomic
species-specific SNP surveys or genotype-by-sequencing approaches that for the western Eurasian oaks rely
on just two species of one section (Q. robur and Q. petraea ).
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Data accessibility

All generated raw HTS sequences are deposited in the Sequence Read Archive under the BioProject PRJ-
NA611057. A database including 1160 unique 5S-IGS sequences (unaligned fasta file), the corresponding ta-
xonomy file (in Mothur compatible format), and an Excel file (providing correspondence between clone codes,
GenBank accessions and geographic origin) can be downloaded at (https://doi.org/10.6084/m9.figshare.12016272.v1).

All RAxML inferred trees can be downloaded in NEWICK format at (https://doi.org/10.6084/m9.figshare.12016317.v1).
Other relevant data are within the paper and its Supplementary Files.
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Tables, Figures and supplementary files

Table 1. Investigated dataset with details on the type of sample assembled for the analysis, the geographic
origin and taxonomic identity of the samples; N = number of individuals (= DNA extracts) multiplexed
(pooled) in each tube; n = number of individual DNA extracts per species.

Figure 1 A-B . Boxplots of length (A) and GC-content (B) of the 5S-IGS units in the reference Quercus
dataset (1160 sequences) and in each species.

Figure 2. Circular RAXML tree of the reference dataset. A: full tree with sections colored; B-D: only species
of each section are colored.

Figure 3. Raw RAXML trees (unrooted) including references and HTS data of samples E5 (subset cut-off
= 5) and E4 (subset cut-off = 2). Black leaves represent HTS reads; reference sequences are colored based
on sections.

Figure 4. Comparison between BLAST and EPA assignments of HTS sequences with abundance >25 in
each sample. Colors of the pie-sectors are according to the main 5S-IGS variants identified.

Figure 5. RAxML jplace tree including references and the EPA placements (in black) for a pure (F2) and
a mixed (H1) samples with abundance cut-off = 25.

Figure 6. RAxXML jplace tree including trees references and the EPA placements for the total HTS six
samples with abundance > 25 (in red).
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Supplementary files

S1 [XLSX]—Description of the 5S-IGS reference dataset, including: unique (non-redundant) and interspe-
cifically shared (“ambiguous”) sequences; main structural characteristics (length and GC content) in the
different species (with 25th and 75th percentiles); outlier sequence variants.

S2 [XLSX]—Basic description of the obtained HTS dataset, including: the number of reads retained after
the preprocessing steps; length and GC content of each HTS sequence with related scatter plots; details of
the distribution of the HTS sequences in the six samples; BLAST assignations.

S3 [PDF|—RAxMTL-inferred guide trees based on 1160 5S-IGS reference sequences, including: unrooted tree
with outliers labelled; annotated subtrees for each Quercus section.

S4 [PDF|—Colored, annotated versions of 24 RAXML trees inferred for the reference sequences and six HT'S
samples with four different abundance cut-offs (2, 5, 10, 25).

S5 [XLSX] —Taxonomic assignations of the HTS sequences with total abundance >25, obtained using
BLAST and EPA in each sample.

Hosted file

Tablel.docx available at https://authorea.com/users/311548/articles/442252-high-throughput-sequencing-
of-5s-igs-in-oaks-exploring-intragenomic-variation-and-algorithms-to-recognize-target-species-
in-pure-and-mixed-samples
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