
Mol Ecol Resour. 2024;00:e13986.	 		 	 | 1 of 16
https://doi.org/10.1111/1755-0998.13986

wileyonlinelibrary.com/journal/men

Received:	15	June	2023  | Revised:	16	May	2024  | Accepted:	30	May	2024
DOI: 10.1111/1755-0998.13986  

R E S O U R C E  A R T I C L E

Orchidinae- 205: A new genome- wide custom bait set for 
studying the evolution, systematics, and trade of terrestrial 
orchids

Margaretha A. Veltman1,2  |   Bastien Anthoons3 |   Audun Schrøder- Nielsen1 |   
Barbara Gravendeel2,4 |   Hugo J. de Boer1

This is an open access article under the terms of the Creative	Commons	Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
©	2024	The	Author(s).	Molecular Ecology Resources published by John Wiley & Sons Ltd.

1Natural	History	Museum,	Oslo,	Norway
2Naturalis	Biodiversity	Center,	Leiden,	
Netherlands
3Center for Research and Technology 
Hellas,	Thessaloniki,	Greece
4Radboud	Institute	for	Biological	and	
Environmental Sciences, Radboud 
University,	Nijmegen,	Netherlands

Correspondence
Margaretha	A.	Veltman,	Natural	History	
Museum,	Oslo,	Norway.
Email: margret.veltman@nhm.uio.no

Funding information
HORIZON	EUROPE	Marie	Sklodowska-	
Curie	Actions,	Grant/Award	Number:	
765000

Handling Editor:	Alison	Nazareno

Abstract
Terrestrial orchids are a group of genetically understudied, yet culturally and eco-
nomically important plants. The Orchidinae tribe contains many species that produce 
edible tubers that are used for the production of traditional delicacies collectively 
called	 ‘salep’.	Overexploitation	of	wild	orchids	 in	 the	Eastern	Mediterranean	and	
Western	 Asia	 threatens	 to	 drive	many	 of	 these	 species	 to	 extinction,	 but	 cost-	
effective	tools	for	monitoring	their	trade	are	currently	lacking.	Here	we	present	a	
custom bait kit for target enrichment and sequencing of 205 novel genetic mark-
ers	that	are	tailored	to	phylogenomic	applications	in	Orchidinae	s.l.	A	subset	of	31	
markers capture genes putatively involved in the production of glucomannan, a 
water- soluble polysaccharide that gives salep its distinctive properties. We tested 
the kit on 73 taxa native to the area, demonstrating universally high locus recovery 
irrespective of species identity, that exceeds the total sequence length obtained 
with	alternative	kits	currently	available.	Phylogenetic	inference	with	concatenation	
and coalescent approaches was robust and showed high levels of support for most 
clades,	including	some	which	were	previously	unresolved.	Resolution	for	hybridiz-
ing and recently radiated lineages remains difficult, but could be further improved 
by analysing multiple haplotypes and the non- exonic sequences captured by our 
kit, with the promise to shed new light on the evolution of enigmatic taxa with 
a complex speciation history. Offering a step- up from traditional barcoding and 
universal markers, the genome- wide custom loci targeted by Orchidinae- 205 are a 
valuable new resource to study the evolution, systematics and trade of terrestrial 
orchids.
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1  |  INTRODUC TION

Overharvesting is one of the main threats to native plant diver-
sity	 (Maxwell	 et	 al.,	 2016).	 Global	 markets	 and	 increasing	 pop-
ulation	 size	 are	 fuelling	 the	 demand	 for	 plant-	based	 products,	
increasing harmful levels of exploitation and trade of wild plants 
around the world. Despite conservation policies and treaties such 
as the Convention on International Trade in Endangered Species 
of	Wild	Fauna	and	Flora	 (CITES),	which	aim	 to	control	 the	 trade	
of goods derived from vulnerable species, illegal trade of plants 
often	 goes	 undetected	 and	 unchecked	 (Margulies	 et	 al.,	 2019).	
Without adequate monitoring and enforcement, the market for 
wild plants thus presents a growing problem for wildlife conserva-
tion	(Jahanbanifard	et	al.,	2022).

With	an	estimated	25,000	species,	orchids	(Orchidaceae)	are	one	
of	the	largest	plant	families	(Chase	et	al.,	2015)	and	the	only	plant	
family with all its species listed in one of the three CITES appendices, 
representing the vast majority of species that are protected under 
this convention. Uses of wild- harvested orchids vary from ornamen-
tal to culinary and medicinal, and target species from all major sub-
families	(Hinsley	et	al.,	2017).	Among	these	uses,	edible	orchids	are	
an important, but often overlooked group. In addition to the fruits 
(e.g.,	Vanilla	Plum.	ex	Mill.)	and	leaves	(e.g.,	Jumellea	Schltr.)	of	some	
species, the starchy tubers of a wide range of terrestrial orchids are 
harvested on multiple continents, chief among them salep, a popular 
delicacy	in	the	Eastern	Mediterranean	region	(Bulpitt,	2005).

Salep is made by boiling and drying the tubers, which are subse-
quently ground up to be used in powdered form in warm drinks and 
ice cream. It is sold either as strings of tubers or in pre- packaged 
powder	form	(Kasparek	&	Grimm,	1999).	Previous	studies	have	re-
ported as many as 35 different species being harvested and sold as 
salep	 in	Greece,	 Turkey	 and	 Iran	 (Ghorbani	 et	 al.,	2017;	 Kasparek	
&	Grimm,	1999;	Kreziou	et	 al.,	2016),	 spanning	multiple	genera	 in	
the Orchidoideae subfamily's Orchideae tribe. This tribe consists 
of ~1500	species,	with	about	100	occurring	in	the	region	(Pridgeon	
et al., 2001, 2003).	 Increasing	 volumes	 of	 tubers	 being	 harvested	
and	sold	have	been	reported	 in	 Iran,	amounting	 to	dozens	of	 tons	
(equivalent	to	millions	of	individual	orchids),	much	of	which	is	des-
tined	for	export	(Ghorbani	et	al.,	2014).

Current salep harvesting pressure and practices are unsustain-
able	(Kreziou	et	al.,	2016),	but	monitoring	and	controlling	its	trade	is	
hampered by morphological similarities between tubers and uncer-
tainty regarding their species identity. Targeted conservation efforts, 
including species management plans, designated protected areas, 
and alternative production methods, would benefit from know-
ing	which	species	are	preferentially	harvested	and	sold.	Molecular	
methods	of	plant	identification,	such	as	DNA	barcoding,	have	been	
proposed as an instrument to monitor trade, but this technique relies 
on a small set of markers that do not always carry enough phylo-
genetic resolution to tell apart closely related or recently diverged 
taxa	(Hollingsworth	et	al.,	2011).	Especially	for	rapidly	evolving	lin-
eages, including many tuberous orchids, broader genomic coverage 
is	therefore	needed	(Hollingsworth	et	al.,	2016).

Target capture is an increasingly popular method to obtain large 
amounts	of	DNA	sequence	information	from	hundreds	or	even	thou-
sands	 of	markers	 that	 (depending	 on	 the	 chosen	markers)	 can	 be	
applied across a wide taxonomic range, allowing phylogenetic res-
olution	 at	 both	 deep	 and	 shallow	 scales	 (Andermann	et	 al.,	2019).	
Despite the clear advantages it presents for phylogenomic studies, 
developing the baits needed for enrichment of the selected mark-
ers requires a substantial investment in terms of genomic resources, 
bioinformatic analyses and bait synthesis, limiting its application ver-
sus traditional barcoding. The release and reuse of bait kits targeting 
‘universal’	loci	such	as	Angiosperms-	353	promises	to	offset	this	chal-
lenge	(Dodsworth	et	al.,	2019)	and	has	been	successfully	applied	in	
many	groups	of	flowering	plants	(Baker	et	al.,	2021).	However,	their	
enrichment efficiency may be lower and they are likely to harbour 
less sequence variation than bait kits that are tailored to the tax-
onomic	group	of	interest	(Kadlec	et	al.,	2017; Yardeni et al., 2022).

In	 addition	 to	 being	 optimized	 for	 a	 specific	 taxonomic	 group,	
custom bait kits offer the opportunity to include loci that are rele-
vant for certain biochemical pathways, phenotypes and other traits 
of	 interest	 (Jones	&	Good,	2016).	Analysing	 functional	variation	 in	
selected candidate loci may be useful for understanding the evolu-
tion	of	certain	traits	that	dictate	consumer	preference	(e.g.,	presence	
of	 bioactive	 compounds)	 or	 that	 are	 important	 from	 an	 ecological	
(e.g.,	floral	scent)	or	conservation	(e.g.,	drought	resistance)	perspec-
tive. The purported beneficial effects of salep are directly linked to 
its concentration of glucomannan, a complex polysaccharide that 
serves as a thickening agent and brings a gelatinous texture to drinks 
and	 foods	 (Kurt,	2021),	melting	 stability	 to	 ice	 cream	 (Tekinşen	&	
Güner,	2010),	 and	a	 feeling	of	satiety	 to	 its	consumers	 (Ece	Tamer	
et al., 2006).	Knowing	which	genes	underlie	a	high	glucomannan	con-
centration and how they vary will therefore be useful to understand 
which species are preferentially harvested for salep and why.

To facilitate phylogenomic and functional genomic analysis of 
salep orchids and their relatives, we developed Orchidinae- 205, a 
custom bait kit tailored to all members of the subtribe Orchidinae 
(s.l.).	The	markers	were	selected	with	14	de	novo	assembled	 tran-
scriptomes covering all major clades in the subtribe. In addition to 
174 low- copy nuclear genes, the bait kit targets 31 candidate genes 
putatively involved in the glucomannan biosynthesis pathway, allow-
ing for genetic comparisons with the one other plant species outside 
the Orchidaceae that offers a naturally high concentration of gluco-
mannan in its underground tubers, Amorphophallus konjac	K.	Koch	
(Araceae).

To explore the efficacy of the kit, we tested it on a selection of 
79	species	of	Orchidinae	s.l.	occurring	in	the	Eastern	Mediterranean	
region, representing 12 genera, including multiple species com-
plexes with disputed phylogenetic placements and species bound-
aries, and many orchids that are a potential source for salep. We 
demonstrate the added value of the Orchidinae- 205 loci in three 
ways. Firstly, we compare the target recovery of this kit with two 
alternative	kits	available	at	the	time	of	this	study	(Angiosperms-	353	
and	 Orchidaceae-	963),	 using	 existing	 data,	 and	 make	 an	 in-	
depth comparison of topological support and phylogenetic 
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informativeness	 afforded	 by	 the	 universal	 Angiosperms-	353	 and	
custom Orchidinae- 205 kits. Secondly, we generate a comprehen-
sive	 phylogeny	 of	 Mediterranean	 Orchidinae	 using	 both	 concat-
enation and coalescent- based approaches, yielding new insights 
into species relationships and sources of phylogenetic discordance. 
Thirdly, we test the hypothesis that genes putatively involved in the 
glucomannan	pathway	 are	under	 selection	 in	 (some	of)	 our	 target	
species, by conducting a branch- site test of episodic diversifying 
selection.

In absence of published reference genomes for most of our 
focal	 species	 (but	 see	 Li	 et	 al.,	 2022; Russo et al., 2023; Wolfe 
et al., 2023	for	recent	additions),	the	set	of	tailored	genome-	wide	
markers presented here will facilitate comparative genomic studies 
in this group of terrestrial orchids, enabling the use of low input and 
degraded	DNA	such	as	found	in	historical	collections	and	derived	
plants products. We therefore anticipate that Orchidinae- 205 
will be an important resource for future population genomic and 
phylogenomic studies in the Orchidinae, with diverse applications 
ranging from evolution and systematics, to wildlife forensics and 
conservation.

2  |  MATERIAL S AND METHODS

2.1  |  Orchidinae- 205 development

Baits	 were	 designed	 with	 14	 transcriptomes	 representing	 8	 gen-
era, selected from different subclades within the Orchidinae s.l. 
for	which	publicly	available	data	was	available.	RNA-	seq	data	of	23	
Orchidoideae	 species	were	 downloaded	 from	 the	NCBI	 Sequence	
Read	Archive	(Table S1).	Raw	reads	were	trimmed	with	Trimmomatic	
v0.39	 (Bolger	 et	 al.,	 2014)	 prior	 to	 assembly	 with	 Trinity	 v2.10.0	
(Grabherr	et	al.,	2011).	The	assembled	transcripts	were	then	filtered	
to	optimize	orthology	inference	following	the	procedure	of	Yang	and	
Smith	(2014),	with	updated	scripts	by	Morales-	Briones	et	al.	(2021).	
Orthogroups	 were	 detected	 with	 OrthoFinder	 v2.5.1	 (Emms	 &	
Kelly,	2019)	for	the	subfamily	(Orchidoideae)	and	tribe	(Orchidinae).	
The sequences of orthogroups that were strictly single copy and 
represented in at least one species per genus were mapped against 
a draft genome of Ophrys sphegodes	 Mill.	 (Osph-	v1.1)	 of	 Ophrys 
sphegodes	Mill.	 (Russo	 et	 al.,	2023)	with	GMAP	 (Wu	 et	 al.,	2016).	
Orthogroups with O. sphegodes transcripts that mapped exactly 
once,	with	a	coverage	of	100%,	zero	 indels	and	a	minimum	length	
of	750 bp	were	selected	as	potential	 targets.	Coding	sequences	of	
these	orthogroups	were	aligned	with	the	MAFFT	v7.470	L-	INS-	i	al-
gorithm	 (Katoh	&	Standley,	2013)	and	p- distances were calculated 
with	FastME	v2.1.6.1	 (Lefort	et	al.,	2015).	Orthogroups	where	the	
pairwise distance between any pair of target species did not ex-
ceed	0.1	were	selected	for	probe	development	(single-	copy	targets)	
alongside several orthogroups with putative functions in glucoman-
nan	synthesis	(glucomannan	targets).

Glucomannan	 targets	 were	 identified	 based	 on	 reported	 can-
didate genes in the literature and their homology with the Oryza 

sativa subsp. japonica	 Nipponbare	 (IRGSP-	1.0)	 genome	 (Kawahara	
et al., 2013).	Orthology	 inference	was	 repeated	with	 these	homo-
logues included. The resulting orchid orthologues were also mapped 
against the Ophrys sphegodes genome and selected if all Ophrys tran-
scripts mapped to exactly the same region, with a minimum coverage 
of 70%, pairwise identity of at least 90% and a minimum alignment 
length	of	 300 bp.	Because	 these	orthogroups	were	 not	 all	 strictly	
single copy, glucomannan target alignments were split into groups of 
sequences that clustered together with an average pairwise distance 
of <0.1.	Groups	that	contained	more	than	six	sequences	represent-
ing at least three different genera were selected as final targets. The 
coding sequences of the selected single- copy targets and glucoman-
nan	targets	were	submitted	to	Daicel	Arbor	Biosciences	(Ann	Arbor,	
MI,	USA)	for	bait	development.

Baits	were	 designed	with	 a	 length	 of	 70 bp	 and	3× tiling den-
sity,	to	optimize	enrichment	of	degraded	DNA.	Baits	with	that	would	
potentially enrich spurious sequences were identified by mapping 
against four orchid genomes, the chloroplast genomes of three tar-
get species and two mitochondrial genomes of non- orchid species 
in	 the	Asparagales	 (for	 details,	 see	Data	S1).	 Baits	with	 additional	
hits to either of these genomes or with >25% repeat masking were 
discarded. Surviving baits for single- copy targets were filtered with 
stringent	 BLAST	 settings	 to	 maximize	 specificity,	 and	 surviving	
baits	 for	 glucomannan	 targets	 were	 filtered	 with	 relaxed	 BLAST	
settings	 to	maximize	coverage.	The	number	of	 single-	copy	 targets	
was subsequently reduced by removing those where <90% of the 
baits survived and where less than 10 out of 14 taxa remained. 
Remaining baits were collapsed with a minimum of 83% overlap and 
>95% sequence identity, following a randomisation step. The final 
bait	set	(hereafter	Orchidinae-	205)	was	synthesized	by	Daicel	Arbor	
Biosciences	(Ann	Arbor,	MI,	USA).

Detailed methodological choices and considerations regarding 
all steps of transcriptome assembly and filtering, target selection 
and bait development are available in the Text S1–S3, Figures S1 and 
S2.

2.2  |  Sample collection, library 
preparation and sequencing

The baits were tested on target species belonging to the 
Orchidinae	 tribe	occurring	 in	 the	Eastern	Mediterranean	 region.	
A	 list	 was	 drafted	 of	 all	 tuberous	 orchids	 occurring	 in	 Greece,	
Turkey	 and	 Iran	 (countries	where	 the	 consumption	 and	 trade	 of	
these	orchids	is	widespread),	according	to	the	World	Checklist	of	
Selected	Plant	 families	 (Govaerts,	2019);	hybrids	and	subspecies	
were excluded. This list was triangulated with the Field guide to 
the	Orchids	of	Europe	and	the	Mediterranean	(Kühn	et	al.,	2019),	
to obtain the most up- to- date species names and more detailed 
range maps, resulting in a list of 101 target species accepted by 
the	WCSP	versus	80	target	species	accepted	by	Kühn	et	al.	(2019).	
The	nomenclature	of	the	latter	was	used	to	prioritize	the	final	se-
lection of species.
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DNA	 samples	 were	 sourced	 from	 existing	 vouchered	 collec-
tions	 and	 extracted	 with	 a	 variety	 of	 protocols.	 Given	 the	 het-
erogeneity	 of	 the	 obtained	 DNA	 samples	 in	 terms	 of	 quantity	
and	quality,	all	DNA	concentrations,	purities	and	integrities	were	
quantified	 using	 Nanodrop	 One	 (Thermo	 Scientific,	 MA,	 USA),	
Qubit	 2.0	 (Life	 Technologies,	 CA,	 USA)	 and	 Fragment	 Analyzer	
(Agilent	 Technologies,	 CA,	 USA)	 or	 gel	 electrophoresis,	 respec-
tively. Libraries for 79 samples were prepared with the Swift 
Accel-	NGS	2S	Hyb	DNA	Library	Kit	 (Swift	Biosciences,	MI,	USA;	
Cat.	No.	23023,	2021)	using	unique	dual	indexing.	DNA	of	these	
samples was sonicated using a Covaris E220 focused ultrasoni-
cator	 (Covaris,	MA,	 USA)	 to	 400 bp	 fragments,	making	 sure	 the	
input quantities were within the library protocol specifications 
(10 pg–1 μg),	 and	 amplified	 using	 9	 indexing	PCR	 cycles.	 For	 tar-
get enrichment, samples were pooled in 12 equimolar groups of 
8	samples	each.	Each	pool	with	100–600 ng	total	DNA	was	sub-
sequently	concentrated	using	Ampure	XP	(Beckman	Coulter,	CA,	
USA)	using	an	elution	volume	of	10 μL.	The	RNA	probes	were	hy-
bridized	 at	 62°C	 for	 24 h,	 and	 10	 amplification	 cycles	were	 car-
ried	out	after	enrichment,	following	the	MyBaits	V5	manual.	The	
enriched	 libraries	 were	 sequenced	 at	 150 bp	 paired-	end	 on	 an	
Illumina	NovaSeq	SP	flow	cell.

Libraries for 11 additional samples were prepared using the Swift 
Turbo	 v2	 DNA	 Library	 Kit	 (Swift	 Biosciences,	 MI,	 USA;	 Cat.	 No.	
44096,	2021)	using	unique	dual	indexing.	100–200 ng	of	gDNA	was	
sheared	with	an	optimized	enzymatic	fragmentation	step	using	4 μL 
of	the	Swift	Enzyme	K3	for	40 s.	Indexing	PCR	was	performed	using	
5 cycles.	For	target	enrichment,	the	11	samples	were	split	into	two	
pools	of	2	and	4	samples,	respectively,	with	a	normalized	quantity	
of	400–450 ng	per	sample,	and	one	pool	of	5	samples	ranging	from	
20	to	100 ng	total	input	per	sample,	before	being	enriched	with	the	
RNA	probes	as	described	above.	Following	enrichment,	these	sam-
ples	were	sequenced	at	150 bp	paired-	end	on	an	Illumina	NextSeq	
mid output flow cell.

2.3  |  Phylogenomic analyses

Raw	sequencing	reads	were	trimmed	with	Trimmomatic	v0.39	(Bolger	
et al., 2014)	 with	 the	 settings	 ‘ILLUMINACLIP:"TruSeq3- PE.
fa":2:30:10:2:TRUE LEADING:20 TRAILING:20 

SLIDINGWINDOW:4:20 MINLEN:40’. Surviving read pairs were 
assembled into contigs representing the target regions with 
HybPiper	 v14	 (Johnson	 et	 al.,	 2016),	 and	 the	 exon	 sequences	
that were thus retrieved for each sample were concatenated to 
construct a sample- specific reference sequence. Samples with a 
target recovery of <100 kb	were	discarded.	For	five	genes	where	
more than 10% of samples issued a paralogue warning, paralog 
sequences	were	retrieved	and	aligned	with	MACSE	v2.06	(Ranwez	
et al., 2018),	 and	 an	 approximate	maximum	 likelihood	 (ML)	 tree	
was	 constructed	 with	 FastTree	 v2.1.11	 (Price	 et	 al.,	 2010).	 The	
paralog trees were visually inspected to ascertain that there were 
no	 obvious	 paralogues	 among	 the	 primary	 copies.	 Nucleotide	

alignments were exported by replacing internal stop codons with 
Ns	(‘NNN’)	and	frameshifts	with	dashes,	and	were	trimmed	based	
on	 a	 masked	 version	 of	 the	 amino	 acid	 alignment.	 Because	 the	
benefits of automated alignment trimming for phylogenomics is 
disputed, two trimming strategies were employed: one trimming 
poorly	aligning	amino	acid	segments	using	HmmCleaner	(Di	Franco	
et al., 2019);	 and	 one	 doing	 the	 same,	 but	 followed	 by	 removal	
of	 gappy	 columns	 using	 trimAl	 with	 the	 - automated option. 
HmmCleaner	was	run	with	the	- - specificity option to reduce 
false	positives.	Columns	that	were	flagged	for	removal	by	trimAl	
were	masked	with	MSA_trimmer	(Kremer,	2017).	All	masked	resi-
dues at the amino acid level were trimmed at the codon level with 
MACSE	followed	by	removal	of	sequences	with	<100 nucleotides 
and sites with <5% taxon occupancy.

For both sets of trimmed exon alignments, maximum likelihood 
(ML)	gene	trees	were	created	with	IQ-TREE	v2.1.2	(Minh	et	al.,	2020)	
including model selection, 1000 bootstrap replicates and a maxi-
mum of 1000 iterations, as well as the additional options - - nstop 
500 and - - allnni for a more thorough tree search. The best tree 
out	of	ten	independent	runs	was	selected.	Gene	trees	were	edited	
by collapsing branches with ultra- fast bootstrap values of <30 with 
Newick	utilities	(Junier	&	Zdobnov,	2010),	followed	by	removing	im-
plausibly	long	branches	with	TreeShrink	(Mai	&	Mirarab,	2018).	The	
edited gene trees were used to build both unconstrained species 
trees	 (allowing	free	placement	of	each	 individual	sample)	and	con-
strained	species	trees	(forcing	samples	that	belong	to	the	same	spe-
cies	 to	be	monophyletic)	under	 the	multispecies	coalescent	model	
using	ASTRAL-	III	(Zhang	et	al.,	2018).

Both	sets	of	trimmed	exon	alignments	were	also	used	to	infer	an	
ML	species	tree	with	IQ-	TREE	v2.1.2,	using	model	selection,	1000	
bootstrap	replicates	and	a	maximum	of	1000	 iterations.	Gene	and	
site concordance factors for both sets of species trees were calcu-
lated	with	 IQ-	TREE	 v2.1.2.	 A	 polytomy	 test,	 which	 calculates	 the	
probability that the observed branch lengths are the result of a poly-
tomy,	was	 carried	 out	with	ASTRAL-	III	 (Sayyari	 &	Mirarab,	2018).	
Robinson- Foulds distances between trees were calculated with the 
R	package	‘dendextend’	(Galili,	2015).	Tanglegrams	were	generated	
with the ‘dendextend’ package following calibration of the trees 
with the chronos function of the R package ‘ape’ under a relaxed 
clock	model	(Paradis	&	Schliep,	2019).	All	other	trees	were	visualized	
with	ITOL	v6	(Letunic	&	Bork,	2021).

2.4  |  Comparison with other bait kits

Locus overlap was assessed between the Orchidinae- 205 kit and 
two alternative kits, one for enrichment of low- copy nuclear genes 
in	 orchids	 (Orchidaceae-	963)	 developed	 by	 Eserman	 et	 al.	 (2021),	
and	 one	 for	 flowering	 plants	 (Angiosperms-	353)	 developed	 by	
Johnson	 et	 al.	 (2019).	 This	 was	 done	 by	 performing	 an	 all-	by-	all	
blastn	search	of	the	target	files	used	for	probe	design	with	BLAST+ 
v2.9.0	 (Camacho	 et	 al.,	2009),	 reporting	 only	 hits	with	 an	 e-	value	
of <1e- 6 and >70% sequence identity. Due to the sometimes large 
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taxonomic distances and patchy coverage between the species used 
for	designing	the	different	kits,	the	matches	were	validated	(where	
sequence	availability	would	allow)	by	blasting	the	sequences	of	the	
Platanthera clavellata	(Michx.)	Luer	transcriptome	(Angiosperms-	353	
and	Orchidinae-	205	baits)	 against	 each	other	with	 a	minimum	se-
quence identity of 100%, and against the Platanthera blephariglottis 
(Willd.)	 Lindl.	 recovered	exons	 (Orchidaceae-	963)	with	a	minimum	
sequence	 identity	 of	 90%.	 The	 results	were	 visualized	with	 the	R	
package	‘eulerr’	(Larsson,	2022).

To compare the relative performance of the three kits for our species 
of interest, target recovery information was obtained for species from 
the	same	tribe	(Angiosperms-	353	baits)	or	subfamily	(Orchidaceae-	963	
baits)	and	visualized	in	R.	The	potential	of	individual	gene	alignments	
to yield sufficient phylogenetic information for species tree inference 
was assessed by doing an in- depth comparison of gene alignment and 
gene	tree	statistics	between	the	Angiosperms-	353,	Orchidaceae-	963	
and Orchidinae- 205 generated sequences. Exon sequences were re-
trieved	from	Orchidaceae-	963	alignments	(available	on	https:// github. 
com/ laese rman/ Orchi dacea e963)	 for	 all	 available	Orchidoideae	 spe-
cies	 (Spiranthes spp., Anoectochilus chapaensis and Platanthera bleph-
ariglottisi)	 by	 blasting	 them	 against	 the	 available	 reference	 file	 used	
for	probe	design	 (Eserman	et	al.,	2021).	Exons	 for	Angiosperms-	353	
loci	of	three	closely	related	species	(Spiranthes australis, Goodyera um-
brosa and Platanthera bifolia)	with	a	similar	phylogenetic	distance	were	
retrieved	from	the	Kew	Tree	of	Life	Explorer	 (release	2.0).	The	same	
was done for nine target species belonging to different genera that are 
included	in	this	study	and	were	also	sequenced	by	Baker	et	al.	(2022).	
This allowed for a subtribe- specific phylogenetic comparison between 
the	Angiosperms-	353	and	Orchidinae-	205	markers,	for	which	we	used	
Habenaria arenaria Lindl. and Habenaria delavayi Finet as outgroups.

All	 four	 sets	 of	 Orchidoideae	 sequences	 were	 aligned	 with	
MACSE	 v2.06	 as	 described	 above.	 Columns	 in	 the	 alignment	 ex-
tremities were trimmed if they consisted of more than 50% gaps in 
sliding	windows	with	a	half	window	size	of	3 bp.	Alignment	statistics	
for	all	 four	datasets	were	generated	with	AMAS	 (Borowiec,	2016)	
and gene trees and species trees were generated for both the two 
9- species datasets separately as described above. Species trees were 
calibrated with the chronos function of the ‘ape’ package in R, with 
a	root	age	of	22	Mya	following	(Inda	et	al.,	2012),	under	a	relaxed	
clock	 model.	 Thylogenetic	 informativeness	 (PI)	 of	 individual	 loci	
was	 inferred	using	PhyDesign	(López-	Giráldez	&	Townsend,	2011),	
and	visualized	 in	R.	For	 statistical	 comparison,	 the	area	under	 the	
curve	 (AUC)	for	each	PI	profile	was	calculated	with	the	R	package	
‘DescTools’.	 Because	 phylogenetic	 informativeness	 is	 sensitive	 to	
tree topology, we took the two species trees that were most dissim-
ilar,	namely	the	ML	trees	generated	from	the	different	marker	sets,	
and profiled the loci alongside the chronograms of both.

2.5  |  Positive selection tests

To test the hypothesis that genes involved in the glucomannan bio-
synthesis	pathway	are	under	selection	in	(some	of)	our	target	species,	

we	conducted	a	branch-	site	 test	with	aBSREL	 (Smith	et	al.,	2015),	
which tests whether selection has occurred on a proportion of sites 
along each branch in a tree. To construct the species tree, we se-
lected the sample with the highest target recovery for each species 
that had multiple samples available. Exon sequences of the same 
samples were extracted for each candidate gene and aligned and 
trimmed as above with one difference: to account for the possible 
effect of gap- rich columns on inferences of positive selection, we 
applied two different gap thresholds to all alignments instead of the 
automated trimming heuristic, and removed all columns which con-
sisted	of	more	than	25%	or	more	than	50%	gaps,	respectively.	aB-
SREL	was	run	on	both	versions	of	each	gene	alignment	with	HyPhy	
v2.5	(Kosakovsky	Pond	et	al.,	2020)	from	the	command-	line,	and	p- 
values for each branch were corrected for multiple testing with the 
Holm-	Bonferroni	correction.

3  |  RESULTS

3.1  |  Transcriptome quality and completeness

Trinity	assembled	anywhere	from	52	to	369K	contigs	per	assembly	
(Table S2).	The	proportion	of	reads	mapping	back	to	the	assemblies	
as proper pairs ranged from 68% to 94%, with read representation 
falling within or exceeding the expected range of 70%–80% for all 
but	one	assembly	 (Caladenia plicata	 Fitzg.).	 TransRate	 scores	were	
well above 0.1, with pre- filtering scores averaging between 0.2 and 
0.4 and post- filtering scores between 0.3 and 0.6, removing on aver-
age	20%	of	contigs	due	to	low	confidence	(Table S2).

ExN50	 peaked	 below	 Ex90	 in	 most	 cases,	 but	 rarely	 below	
Ex80, indicating that read sampling was adequate but not fully sat-
urated and that transcriptome completeness could be improved by 
deeper	 sequencing	 (Table S3).	 The	 expression	 level	 at	which	N50	
was	optimized	(varying	between	70	and	90%	of	the	expression	data)	
contained	between	9	and	16K	contigs	per	assembly,	with	E90N50	
varying	from	407	to	2079 bp	(Table S3).	Despite	using	proteomes	of	
several closely related and well- annotated reference genomes within 
the Orchidaceae, only around 1% of transcripts were found to be 
chimeric in all assemblies, and chimera detection was not improved 
by adding the proteomes of Asparagus officinalis	L.	(Asparagales)	and	
Oryza sativa	(Poales)	to	the	set	of	orchid	proteomes	(Table S4).	After	
retaining only the largest transcripts in clusters identified by Salmon, 
32–156K	contigs	remained	per	assembly.	Of	these,	between	16	and	
50K	were	found	to	contain	good	candidates	for	open	reading	frames	
(Table S5).

Two	 transcriptomes	belonging	 to	 the	 same	 study	 (Dactylorhiza 
incarnata and D. fuchsii)	 were	 removed	 because	 of	 their	 poor	 ex-
pression	profiles	(E90N50	<500)	and	BUSCO	completeness	scores	
(~10%).	The	remaining	assemblies	were	on	average	95%	complete	for	
BUSCOs	in	the	eukaryote	lineage,	82%	complete	for	BUSCOs	in	the	
embryophyte	lineage,	and	78%	complete	for	BUSCOs	in	the	mono-
cot lineage, with the least complete transcriptome containing about 
half	of	monocot	and	embryophyte	genes	(Table S6).
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3.2  |  Orthogroup inference and marker selection

In total, 89.5% of all Orchidoideae genes and 89.0% of all Orchidinae 
genes were assigned to 33,788 and 31,332 orthogroups, re-
spectively, with 83%–95% of genes assigned to orthogroups per 
assembly	 (Table S7).	 The	 number	 of	 genes	 in	 species-	specific	 or-
thogroups	 (orthogroups	 not	 shared	 by	 any	 other	 species)	 ranged	
from <1%	 to	 8%.	 As	 expected,	 the	 number	 of	 orthogroups	 that	
contained sequences from all species was lower in the subfamily 
than	for	the	tribe	(5036	vs.	6365).	This	difference	was	even	more	
dramatic	 for	 single-	copy	orthogroups	 (351	vs.	1295),	 a	difference	
that was alleviated when considering orthogroups containing at 
least	 one	 representative	 per	 genus	 instead	 of	 species	 (1398	 vs.	
1910).	Ophrys sphegodes had a copy for about 86–87% of the lat-
ter in both analyses, with 1049 transcripts occurring in both sets 
and 764 transcripts unique to either one of them. Of the total of 
1813 O. sphegodes transcripts, 1381 mapped exactly once against 
the	reference	genome;	1053	of	these	had	zero	indels;	881	mapped	
with	100%	coverage;	and	542	were	at	 least	750 bp	 in	 length.	The	
majority	of	these	(481)	derived	from	the	single-	copy	Orchidinae	or-
thogroups. The average length of the single- copy genes was similar: 
583	amino	acids	(Orchideae	set)	and	599	amino	acids	(Orchidoideae	
set),	respectively.	Based	on	these	results,	the	481	genes	from	the	
Orchidineae	set	were	selected	for	alignment	and	filtering.	After	re-
moving alignments where the average pairwise distance between 
any pair of ingroup species exceeded 0.1, a total of 308 loci were 
left and submitted for bait design.

A	 literature	 search	 yielded	 19	 gene	 families	 coding	 for	 en-
zymes	 putatively	 involved	 in	 the	 biosynthesis	 of	 glucoman-
nan	 (Table S8),	 containing	 52	 candidate	 loci	 in	model	 organism	
Arabidopsis thaliana	 (L.)	 Heynh.,	 of	 which	 47	 loci	 were	 listed	 in	
the	Rice	Genome	Annotation	Project	(RGAP)	database	(release	7)	
distributed	over	27	orthologous	groups	 (Kawahara	et	al.,	2013).	
In two of these, no orthologous genes in Oryza sativa were iden-
tified. The remaining 25 orthologous groups contained 43 O. sa-
tiva	homologues	 (Table S9).	Orthogroup	 inference	revealed	 that	
the	 RGAP	 homologues	 clustered	 in	 23	 orthogroups	 with	 the	
Orchidinae transcriptomes, including 34–51 unique transcripts 
per orchid species and corresponding to 25 orthogroups when 
O. sativa	 was	 excluded.	 After	 discarding	 highly	 divergent	 se-
quences and separating the orthogroups into clusters with high 
similarity, 31 alignments remained which were added to the 308 
single- copy targets.

The final single- copy target loci had an average sequence sim-
ilarity	of	0.935–0.977,	 an	 average	 target	 length	of	1779 bp,	<10% 
alignment	gaps	and	a	GC	content	of	45.4%.	The	final	glucomannan	
target loci had an average sequence similarity of 0.946, an average 
target	length	of	1976 bp,	<20%	alignment	gaps	and	a	GC	content	of	
48.2%. For this selection of loci, initially 100k baits were designed, 
covering	the	entire	target	space	of	524 kb.	The	final	kit	size	was	re-
duced to 60k baits, covering 205 loci and an average target space of 
306 kb	(Supplementary	methods,	Figure S2).

3.3  |  Target recovery and alignment

Total	sequencing	output	of	the	Illumina	NovaSeq	run	was	1.5	billion	
fragments for 79 samples. Some species that were not included or 
had	 low	sequencing	output	were	 included	 in	the	 Illumina	NextSeq	
run, which produced 268 million fragments for 11 samples. Seven 
samples in total were discarded due to insufficient read count 
(<1 M	fragments),	leaving	83	for	phylogenomic	analysis	(Table S10).	
Adapter	trimming	removed	on	average	6%–11%	of	the	read	pairs	be-
fore	assembly.	HybPiper	assembled	two-	thirds	of	these	reads,	with	
an	average	of	66%	mapping	on	target	per	sample.	Median	exon	re-
covery	was	315 kb;	one	additional	sample	with	<20% of the median 
recovery was discarded. The remaining samples had >80% of the 
median	exon	recovery,	ranging	from	254	to	330 kb	(Figure 1).	In	ad-
dition to exon recovery, each locus produced non- exonic sequences 
(by	 HybPiper	 referred	 to	 as	 ‘introns’)	 that	 were	 1000–13,000 bp	
long, with a median intron recovery >1000 kb	per	sample,	exceed-
ing the intron length recovered by both the Orchidinae- 963 and the 
Angiosperms-	353	kits.

A	 BLAST	 search	 showed	 that	 six	 loci	 are	 shared	 by	 all	 three	
kits	 (Angiosperms-	353,	Orchidaceae-	963	and	Orchidinae-	205).	No	
other	 Orchidinae-	205	 loci	 overlapped	 with	 the	 Angiosperms-	353	
(Table S11),	 and	 an	 additional	 13	 loci	were	 found	 to	 overlap	with	
Orchidaceae-	963	 (Table S12),	 showing	 most	 Orchidinae-	205	 loci	
are	unique	targets	(Figure 2).	Only	961	target	sequences	were	avail-
able	for	the	Orchidaceae-	963	kit,	of	which	248	in	total	had	BLAST	
hits	with	the	Angiosperms-	353	kit,	as	opposed	to	the	254	reported	
by	 Eserman	 et	 al.	 (2021).	 Of	 the	 matching	 loci,	 target	 sequences	
and gene recovery in the Orchidinae- 205 were higher than in the 
competing	 kits.	 Comparison	 of	 nine	 identical	 (Angiosperms-	353	
and	 Orchidiniae-	205)	 and	 three	 related	 (Orchidaceae-	963)	 orchid	
species shows that while the number of genes with recovered se-
quences is higher for the alternative kits, their total target recovery 
in base pairs is lower. Relative to the total target space, target recov-
ery of Orchidinae- 205 exceeds that of the two alternative kits, both 
in terms of the number of loci and number of base pairs recovered. 
While per- sample Orchidaceae- 963 exon recovery was close in ab-
solute terms to Orchidinae- 205 exon recovery, only 289 loci had se-
quence information for all Orchidoideae, vastly reducing the amount 
of overlapping target space suitable for multi- species alignment.

For the selection of three Orchidoideae species, alignment statistics 
were	comparable	among	the	Angiosperms-	353	and	Orchidaceae-	963,	
with no detectable difference in alignment length, slightly more miss-
ing data for the Orchidaceae- 963 loci and slightly fewer variable sites 
for	the	Angiosperms-	353	loci	(Figure S3).	In	contrast,	for	the	selection	
of nine Orchidinae species, the differences in alignment statistics be-
tween	the	Angiosperms-	353	and	the	Orchidinae	loci	were	more	pro-
nounced	 at	 a	 higher	 level	 of	 significance	 (Wilcoxon	 rank	 sum	 test).	
Orchidinae-	205	 produces	 (on	 average)	 longer	 alignments	 with	 less	
missing data, but more variable and phylogenetically informative sites 
than	the	Angiosperms-	353	kit	(Figure 3).	The	resulting	gene	trees	also	
had higher average bootstrap support values and were more resolved. 
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The	 phylogenetic	 informativeness	 (Figure 4)	 of	 the	 Orchidinae-	205	
loci was higher irrespective of topological variation in the inferred 
species	tree	(Wilcoxon	rank	sum	test	estimated	difference	in	location:	

70–76, p < .001),	 and	 the	 choice	 of	 tree	 did	 not	 significantly	 impact	
the	ranking	of	the	loci	based	on	their	AUC	(Kendall's	Tau	rank	correla-
tion coefficient: .89–.91, p < .001).	The	species	trees	generated	by	the	

F I G U R E  1 Relative	exon	recovery	of	samples	across	the	target	space.	Rows	indicate	samples,	corresponding	to	83	terrestrial	Orchidinae	
species analysed, and columns indicate loci targeted by the Orchidinae- 205 baits.
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F I G U R E  2 Comparison	of	Orchidinae-	205	markers	with	two	alternative	bait	sets.	(a)	Overlap	in	target	loci	between	Orchidinae-	205,	
Orchidaceae-	963	and	Angiosperms-	353.	(b)	Target	recovery	in	number	(upper	panels)	and	percentage	(lower	panels)	of	genes	recovered	(left)	
and	base	pairs	recovered	(right),	for	nine	identical	target	species	enriched	with	Angiosperms-	353	(Baker	et	al.,	2022)	and	Orchidinae-	205	
(this	study)	and	3	Orchidoideae	species	enriched	with	Orchidaceae-	963	(Eserman	et	al.,	2021).	Target	recovery	length	is	based	on	assembled	
exons	for	the	Orchidinae-	205	loci	(this	study),	exons	published	on	the	Kew	Tree	of	Life	Explorer	(release	2.0)	for	the	Angiosperms-	353	loci	
and	exons	extracted	from	alignments	published	by	Eserman	et	al.	(2021)	for	the	Orchidaceae-	963	loci.

(a) (b) 
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8 of 16  |     VELTMAN et al.

Orchidinae- 205 alignments also had higher support and were more 
consistent	than	those	generated	by	the	Angiosperms-	353	alignment,	
producing generic relationships that matched those found in the spe-
cies	tree	(see	below).

3.4  |  Species tree reconstruction

For phylogenomic analyses, the 82 de novo assembled references 
were	 supplemented	 with	 three	 outgroup	 species	 (Habenaria de-
lavayi, H. pantlingiana	Kraenzl.	and	Hemipilia forrestii	Rolfe)	and	two	
ingroup	species	(Dactylorhiza hatagirea	(D.Don)	Soó	and	Gymnadenia 
densiflora	 (Wahlenb.)	 A.Dietr.)	 whose	 sequences	 were	 used	 for	

probe design, but that were not among the regional target species. 
Total	 alignment	 length	 ranged	 from	759	 to	7686 bp,	with	 an	 aver-
age	 of	 20%	 missing	 data.	 Trimming	 with	 HmmCleaner	 (option	 1)	
reduced the average alignment length by 15%, and trimming with 
HmmCleaner + trimAl	(option	2)	by	21%,	while	the	average	amount	
of missing data per alignment was reduced to 10% and 8%, respec-
tively. Trimming option 2 nearly doubled the loss of parsimony in-
formative	sites	(17%	of	sites	versus	9%	of	sites),	but	the	proportion	
of parsimony informative sites per alignment remained relatively 
similar, at 27–28%. Taxon occupancy for each locus was high with 
84–87	taxa	(barring	one	outlier	with	more	than	20	missing	taxa)	but	
was slightly lower for trimming option 2 where more sequences fell 
below	the	100 bp	threshold	length.

F I G U R E  3 Statistical	distribution	of	six	different	measures	of	phylogenetic	information	contained	in	the	Angiosperms-	353	loci	and	
the	Orchidine-	205	loci.	Values	are	based	on	alignments	made	with	the	same	nine	species	for	both	marker	sets.	Each	point	represents	a	
single locus. The midline of each violin plot represents the median value. Significance values and location shifts between the medians were 
estimated with a Wilcoxon rank sum test.
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    |  9 of 16VELTMAN et al.

Average	 node	 support	 in	 the	 ML	 species	 trees	 was	 high,	 but	
slightly higher when based on alignments trimmed with option 1 
(96.4)	than	option	2	(95.2).	The	ultra-	fast	bootstrap	(UF-	BS)	conveys	
strong support when it is around 95 or higher. This means that most 
clades	in	the	ML	trees	are	credible,	with	more	well-	supported	nodes	
for	 the	 tree	obtained	with	 trimming	option	1	 (87%)	 than	 trimming	
option	2	(80%).	The	opposite	is	observed	for	the	unconstrained	co-
alescent	 species	 trees,	 where	 the	 final	 normalized	 quartet	 scores	
were	nearly	identical	for	both	options	(0.89)	and	the	average	poste-
rior	probability	was	slightly	higher	for	trimming	option	2	(0.91)	than	
for	option	1	(0.89).	The	posterior	probability	(PP)	generally	gives	less	
support to the same clades than regular bootstrapping based on con-
catenation and is therefore more conservative. Using a threshold of 

0.8, more nodes are well- supported for the tree obtained with trim-
ming	option	2	(80%)	than	trimming	option	1	(76%),	but	this	difference	
decreases	when	 the	 threshold	 is	 relaxed	 to	0.7	 (87%	versus	85%).	
Given	the	similarity	of	the	tree	topologies	and	branch	support	values	
(Figure S4),	and	the	higher	number	of	parsimony	informative	sites	for	
option 1, we here show results based on trimming option 1.

The	sample-	based	ML	and	coalescent	trees	are	broadly	compara-
ble,	with	a	few	key	differences	(Figure 5).	All	genera	are	monophyletic	
and	form	well-	supported	groups	that	(with	the	exception	of	Neotinea 
and Orchis)	fall	into	two	main	clades:	one	grouping	Dactylorhiza and 
Gymnadenia with Platanthera, Pseudorchis and Traunsteinera	 (clade	
A),	and	one	grouping	Anacamptis and Serapias with Himantoglossum 
and Ophrys	(clade	B).	Orchis, whose placement has been disputed in 

F I G U R E  4 Phylogenetic	informativeness	profiles	of	the	Angiosperms-	353	loci	and	the	Orchidinae-	205	loci	for	nine	selected	species	as	
measured	against	two	chronograms	with	different	topologies	based	on	maximum	likelihood	inference.	(a)	Tanglegram	(co-	phylo	plot)	of	two	
Orchidinae	genus	trees	generated	with	different	marker	sets,	205	custom	Orchidinae-	205	markers	(left),	and	310	universal	Angiosperms-	353	
markers	(right).	Lines	connect	identical	species.	Identical	clades	are	highlighted	pink.	(b)	Phylogenetic	informativeness	profiles	of	both	
marker	sets	as	inferred	from	the	ML	tree	based	on	a	supermatrix	of	the	205	Orchidinae-	205	alignments	(left),	or	a	supermatrix	of	the	310	
Angiosperms-	353	alignments	(right).
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10 of 16  |     VELTMAN et al.

recent studies, is consistently placed at the base of the ingroup with 
maximum	support	(100	UF-	BS,	1.0	PP),	as	one	of	the	first	genera	to	
branch off among our target taxa. The main difference between the 
concatenation and coalescent- based inference of genus relationships 
concerns Neotinea, whose placement has been similarly disputed and 
is	here	alternatively	grouped	as	a	sister	to	clade	B	(in	the	concate-
nated	ML	tree)	or	a	sister	to	clade	A	(in	the	coalescent	ASTRAL	tree).	
Both	options	receive	relatively	low	support	(73	UF-	BS	and	0.67	PP).	
The branches surrounding this node are short, and a comparison of 
their	length	(in	coalescent	units)	suggests	that	this	area	of	the	mul-
tispecies	tree	may	be	in	the	anomaly	zone	(Text	S4, Figures S5 and 
S6).	Despite	 the	short	 internal	branches	at	 the	basis	of	Orchis and 
Neotinea, a polytomy test rejected the null hypothesis that any of the 
branches leading to a split between genera are better represented by 
a	polytomy	(Figure S7).	Most	branches	for	which	the	null	hypothesis	
was not rejected are more shallow and indicate recent splits between 
closely related species, suggesting that these might be soft polyto-
mies that could be statistically rejected with more data.

Similarly, gene tree discordance is more widespread in shallow 
nodes than deeper nodes, with the exception of three consecutive 
nodes at the basis of the split between Orchis	and	clades	A	and	B,	the	
split	between	clade	A	and	B	and	the	early	split	of	Traunsteinera from 
the	rest	of	clade	A	(Figure S9).	This	indicates	widespread	conflict	in	

the signal between genes, despite medium to high support for the 
main topology. Within the genera, most species relationships are 
well- supported, with some notable exceptions in Dactylorhiza and 
Ophrys. These nodes broadly correspond to those with low gene 
and	 site	 concordance	 factors	 in	both	 trees	 (Figure S10).	However,	
most species for which multiple individuals were sequenced were 
monophyletic, and the constrained species trees generated with 
ASTRAL	did	not	have	a	noticeably	worse	performance	than	the	un-
constrained	trees,	with	quartet	scores	of	0.89	(Figure S8).

3.5  |  Diversifying selection events

A	branch	site	test	shows	that	most	glucomannan	target	genes	under-
went episodic diversifying selection at least once in the evolution-
ary	history	of	the	Orchidinae	tribe	(Table S13).	The	only	exception	is	
OG0000643,	a	cellulose	synthase-	like	D	family	protein,	which	might	
indicate a conserved nature and the presence of purifying rather than 
diversifying selection in our target species. The most frequent diversi-
fying	selection	events	were	observed	for	OG0009824	(starch	branch-
ing	enzyme)	and	OG0003395	(ADP-	glucose	pyrophosphorylase),	with	
less	events	detected	 in	 invertase	and	 (phospho-	)fructokinase	genes.	
Certain branches experienced simultaneous positive selection events 

F I G U R E  5 Tanglegram	(co-	phylo	plot)	of	two	Orchidinae	species	trees	built	with	Orchidinae-	205	loci	analysed	with	two	different	
methods:	the	multispecies	coalescent	as	implemented	in	ASTRAL-	III	(left),	and	maximum	likelihood	as	implemented	in	IQ-	TREE	(right).	
Coloured lines connect identical samples. Red asterisks indicate internal branches where support values are lower than 0.7 local posterior 
probability	(left)	and	lower	than	80	SH-	aLRT	or	95	ultrafast	bootstrap	(right).	Support	values	for	all	branches	are	given	in	Figure S4.
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    |  11 of 16VELTMAN et al.

in	multiple	loci	(Figure S11).	While	this	is	mostly	apparent	in	the	tips	
(most	notably	Dactylorhiza urvilleana	(Steud.)	H.	Baumann	&	Künkele,	
and several Anacamptis, Orchis and Ophrys	 species),	 our	 taxon	 sam-
pling precludes conclusions about whether this selection is species- 
wide. Rather, some internal branches stand out for their position in the 
speciation history of the tribe, leading to larger clades or genera which 
subsequently	radiated.	Specifically,	node	18	(at	the	basis	of	Serapias)	
has	 experienced	 selection	 on	 OG0005853	 (mannose-	6-	phosphate	
isomerase)	and	OG0009824	(starch	branching	enzyme),	and	node	49	
(at	the	basis	of	Dactylorhiza)	appears	to	have	experienced	selection	on	
OG0001154a	 (a	 sucrose	 synthase),	OG0004882	 (a	 starch	 synthase)	
and	 OG0001983	 (a	 fructokinase).	 One	 of	 the	 main	 clades	 within	
Orchis	(node	64)	demonstrates	diversifying	selection	on	OG0002522	
(another	starch	synthase)	and	OG0009112	(another	ADP-	glucose	py-
rophosphorylase	family	protein).	Clades	that	stand	out	for	their	rela-
tive lack of selection events include Himantoglossum and Neotinea.

4  |  DISCUSSION

Target capture has gained popularity in recent years as a method 
of choice for the phylogenomics of non- model organisms without 
reference	genomes	(Gasc	et	al.,	2016).	For	flowering	plants	specifi-
cally,	the	release	of	the	Angiosperms-	353	kit	has	led	to	a	boom	in	the	
number of studies employing target enrichment in a variety of plant 
families	 (Baker	 et	 al.,	 2021).	 Comparisons	 between	 the	 universal	
Angiosperms-	353	loci	and	custom	target	loci	for	specific	clades	are	
becoming	more	common	(Larridon	et	al.,	2019; Ogutcen et al., 2021; 
Yardeni et al., 2022).	This	study	adds	to	the	growing	body	of	litera-
ture that compares the merits of universal versus custom loci spe-
cifically, and of target capture more generally, and fits within a wider 
trend to design custom baits that target the entire orchid family 
(Eserman	et	al.,	2021),	specific	(sub-	)tribes	(Peakall	et	al.,	2021)	and	
even	genera	(Bogarín	et	al.,	2018; Wettewa & Wallace, 2021);	with	
kits designed for broader taxonomic groups often showing merit at 
shallower	evolutionary	scales	too	(Granados	Mendoza	et	al.,	2019; 
Lagou et al., 2024; Wong et al., 2022).

4.1  |  Factors of bait design influencing 
enrichment success

The effectiveness of custom and universal bait kits depends on a 
number of factors in the bait design, including first and foremost 
the evolutionary distance between the taxa used for developing the 
probes	and	the	taxa	that	are	enriched	(Andermann	et	al.,	2019).	In	this	
regard, the relatively poor target recovery of the Orchidaceae- 963 
for Orchidoideae is not surprising, given that the baits were designed 
with coding sequences from Phalaenopsis equestris	(Schauer)	Rchb.f.,	
a member of the Epidendroideae, which are separated by at least 
60	million	years	from	other	orchid	subfamilies	 (Givnish	et	al.,	2015; 
Gustafsson	 et	 al.,	 2010;	 Ramírez	 et	 al.,	 2007).	 This	 explains	 why	
only about half of the target genes and a quarter of the total tar-
get	space	could	be	retrieved	by	Eserman	et	al.	(2021),	and	why	their	

average alignment length, variability and taxon occupancy were not 
better	 than	 those	 generated	 by	 the	 Angiosperms-	353	 probes.	 The	
Angiosperms-	353	kit	is	more	universal	in	the	true	sense	of	the	word,	
in that the target sequences were sourced from a wide range of taxa, 
yielding baits that are therefore in theory never more than 30% di-
vergent	 from	 any	 species	 of	 flowering	 plant	 (Johnson	 et	 al.,	2019).	
This matches results from our reciprocal blast, which did not show 
any hits below <70%	identity.	But	while	this	kit	is	near-	universal	in	its	
design, in practice the locus recovery for taxonomic groups that were 
not included in the bait design remains much lower than the total 
target space, and for Orchidinae even below the average recovery 
found	by	Johnson	et	al.	(2019).	In	contrast,	even	though	our	kit	was	
not designed with representatives from each of our target genera, the 
enrichment of genera not included in the design was not noticeably 
lower.	Given	the	inclusion	of	Habenaria and Hemipilia sequences and 
the chosen thresholds for sequence similarity, we therefore expect 
our kit to be broadly applicable to all genera in the Orchidinae tribe.

In addition to the genetic proximity of the taxa used for bait design, 
a second decisive factor for the effectiveness of a bait kit is determined 
by the length of the target loci that is effectively enriched. Recent 
studies have suggested that universal markers do not always have less 
phylogenetic power than custom loci, and that the number of segregat-
ing sites is mostly impacted by locus recovery and length rather than 
variations	in	the	number	of	single	nucleotide	polymorphisms	(Larridon	
et al., 2019; Ogutcen et al., 2021).	Locus	recovery	is	partly	determined	
by the length and therefore the choice of the gene itself, but is also 
modulated by probe capture efficiency, which is a function of sequence 
similarity	and	hence	the	taxon	sampling	during	bait	design	(Andermann	
et al., 2019).	Locus	choice	in	our	design	was	obviously	limited	by	the	
transcriptome assemblies used, which had varying levels of complete-
ness. While sequencing depth of the transcriptomes used for probe de-
sign can explain part of this variation, some of it may also be the result 
of tissue sampling, as most transcriptomes were generated only from 
one	 tissue	 (flower	or	 leaf)	 in	which	not	 all	 genes	may	be	 expressed.	
Other genes with better length, informativeness and recovery might 
therefore exist that did not pass our quality filters. Yet, the chosen 
genes	are	optimized	for	effective	enrichment	across	the	tribe,	and	the	
expected differences in capture efficiency of the three kits based on 
their	design	 (with	Orchidinae-	205	expected	 to	be	 the	most	efficient	
and	Orchidaceae-	963	the	least)	are	confirmed	by	their	observed	rela-
tive	target	recoveries	for	the	species	we	analysed.	Nonetheless,	studies	
aiming to examine phylogenetic relationships on a broader taxonomic 
scale extending beyond the Orchidoideae subfamily may wish to look 
into the Orchidaceae- 963 as an alternative resource, as it offers more 
sequence	 information	 than	 the	Angiosperms-	353	probes	 particularly	
for	Epidendroideae,	while	the	Angiosperms-	353	will	remain	instrumen-
tal for investigations spanning multiple families.

4.2  |  Phylogenetic information and congruence

Sufficient phylogenetic information is crucial for researchers wishing 
to employ a coalescent approach to tree construction, which is sensi-
tive to the quality of the gene trees that serve as input for the species 
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tree	(Xu	&	Yang,	2016).	Short	sequences	tend	to	contain	less	genetic	
variation and produce poorly supported gene trees, interfering with 
species tree reconstruction in two- step multispecies coalescent ap-
proaches	that	rely	on	estimated	gene	trees.	As	the	absolute	target	re-
covery	of	the	Angiosperms-	353	loci	within	Orchidoideae	is	the	lowest	
of	all	three	kits,	closely	followed	by	the	useable	(because	overlapping	
between	species)	target	recovery	of	the	Orchidaceae-	963	loci,	both	are	
expected to lead to less informative loci, more missing data and poorer 
support for the species tree. The longer alignments and higher taxon 
occupancy of the Orchidinae- 205 loci therefore make it the more suit-
able kit for gene tree reconstruction and species tree reconstruction 
under the multispecies coalescent within the subtribe. The larger re-
covered gene space and higher amounts of phylogenetic information 
also	increase	the	robustness	of	ML	tree	reconstruction	relative	to	the	
Angiosperms-	353	 loci,	which	explains	 the	higher	 support	values	and	
its closer similarity to the coalescent tree, which is less impacted by 
gene tree uncertainty. In conclusion, phylogenetic inference with the 
Orchidinae- 205 markers appears to be more reliable, and given the 
similar	performance	of	Orchidaceae-	963	and	Angiosperms-	353	among	
closely related Orchidoideae, we expect this conclusion to hold in com-
parison	 to	both	alternatives.	Given	 that	 the	Orchidinae-	205	markers	
are tailored to the subtribe, these differences are expected to be am-
plified at shallower phylogenetic scales, where longer sequences with 
more phylogenetic information are even more important.

In cases where exon recovery is insufficient, it may be necessary to 
look into the flanking sequences of the exons, which are often enriched 
as by- catch of target sequence enrichment. In addition to introns, 
these non- exonic sequences could also include promoter regions and 
untranslated	regions	flanking	the	first	and	 last	exon.	Non-	coding	se-
quences are not subjected to the same functional constraints and may 
therefore evolve faster than coding sequences, yielding a higher per-
centage of segregating sites. Since we observe over three times more 
intron recovery than exon recovery for our target species, outstripping 
also the non- exon lengths generated with the Orchidaceae- 963 and 
Angiosperms-	353	probes,	we	expect	that	the	non-	coding	sequences	
recovered by Orchidinae- 205 offer a vast untapped potential for 
studying the evolution of Orchidinae in more recent evolutionary time-
frames. This will require the use of different analysis pipelines than for 
exons, but examples are emerging that effectively use target capture 
sequencing data for kmer block analysis of target and off- target reads 
(Peakall	et	al.,	2021; Wong et al., 2022),	and	for	traditional	read	map-
ping	and	variant	calling	(Bi	et	al.,	2013; Slimp et al., 2021),	as	is	cus-
tomary in population genomic analyses. These can potentially be used 
to differentiate between closely related populations and aid in more 
detailed conservation genomic and forensic analyses.

4.3  |  Unresolved species relationships and 
new insights

The high support for monophyly of species for which multiple individu-
als were sequenced indicates that the exons recovered are able to cor-
rectly	cluster	con-	specific	samples	in	at	least	six	genera.	However,	due	

to sampling limitations, we were unable to test monophyly for all spe-
cies, and exons might not be able to resolve all relationships. Recovering 
introns could be especially relevant for recently diverged lineages in 
Orchidinae that currently suffer from poor phylogenetic resolution. In 
general, nodes with low support in the coalescent species tree are char-
acterized	by	low	gene	and	site	concordance	factors,	but	the	inverse	is	
not always true, which means that some well- supported clades in the 
species trees are not necessarily supported by a majority of gene trees. 
The	discrepancy	between	the	gene	concordance	factors	(gCF)	and	site	
concordance	factors	(sCF)	that	exists	for	some	nodes	suggests	that	in-
complete lineage sorting is not solely responsible for this conflicting 
signal, but that certain genes may simply lack sufficient variation to be 
informative for certain splits. The low numbers of informative genes for 
shallow splits in particularly Serapias, Ophrys and Dactylorhiza indicate 
that there might be a lack of segregating sites available in the exons for 
resolving	 these	nodes.	A	possible	 remedy	could	 therefore	be	 to	gen-
erate clade- specific alignments of non- coding sequences generated in 
this study to obtain more resolution in these species complexes.

While the analysis of non- coding sequences may resolve some of 
the	discordance	we	see	here	due	to	recent	and	rapid	speciation	(Ophrys 
and Serapias,	 see	Breitkopf	et	al.,	2015; Inda et al., 2012),	a	 fraction	
is	expected	to	remain	in	readily	hybridizing	lineages	(Dactylorhiza and 
Gymnadenia,	 see	 Brandrud	 et	 al.,	 2020;	 Hedrén	 et	 al.,	 2018;	 Pillon	
et al., 2007)	where	the	discordance	 is	partially	caused	by	gene	flow.	
In these cases, separating haplotypes by putative parental species may 
further help to clarify the evolutionary histories of different fractions 
of the genome. In other cases, such as rapid radiations and consecutive 
short branches deeper in the phylogeny, gene discordance might never 
be fully resolved. This is especially the case for divergence events 
that	 fall	within	 the	 anomaly	 zone,	where	 the	majority	 of	 gene	 trees	
will contradict the true species tree due to short coalescent times. 
However,	where	gene	flow	is	the	cause	for	discordance	on	deep	nodes,	
more detailed evolutionary genomic analyses could elucidate the ex-
tent	to	which	hybridisation	has	led	to	basal	reticulation	patterns	(Cai	
et al., 2021;	Morales-	Briones	et	al.,	2021).	The	conflicting	estimates	
of the position of Neotinea within Orchidinae and widespread discor-
dance around the splits of Orchis and Traunsteinera could be further 
explored by taking into account these different scenarios.

A	detailed	systematic	(re-	)evaluation	of	the	tribe	is	beyond	the	scope	
of this study, but there are two novel insights regarding species relation-
ships that warrant mention here, because they question recent taxo-
nomic consensus. The first is that Ophrys insectifera L. is not the most 
basal lineage in the genus as long thought based on traditional markers 
(Breitkopf	et	al.,	2015; Devey et al., 2008),	but	has	a	well-	supported	inner	
placement as a sister group to several more derived lineages, including 
the O. sphegodes, O. fusca Link and O. scolopax Cav. species complexes. 
This	corroborates	recent	findings	from	whole	plastid	genomes	(Bertrand	
et al., 2021),	which	 is	 remarkable	 given	 the	 frequently	 observed	mis-
match	 between	 plastid	 and	 nuclear	 genetic	 histories	 (Pérez-	Escobar	
et al., 2021).	The	second	observation	is	that	Serapias bergonii	E.G.	Camus,	
which is sometimes considered a subspecies of S. vomeracea	 (Burm.f.)	
Briq.	(Bellusci	et	al.,	2008;	Kühn	et	al.,	2019),	is	sister	to	both	S. orienta-
lis	(Greuter)	H.Baumann	&	Künkele	and	S. vomeracea	(Burm.f.)	Briq.	This	
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means that, unless we believe S. orientalis to be a subspecies of the same 
species complex, we should consider the possibility that S. bergonii is a 
separate species based on the phylogenetic species concept. Since our 
species	 selection	 focuses	 mainly	 on	 the	 Eastern	Mediterranean,	 new	
insights will undoubtedly emerge as more species and subspecies are 
added to this reference database.

4.4  |  Future applications

Notwithstanding	 remaining	 uncertainties	 in	 the	 circumscription	 of	
some orchid species, Orchidinae- 205 is an important step forward in 
the progressive refinement of the phylogeny of European terrestrial 
orchids, and the identification of orchid- derived products at the spe-
cies	and	population	level.	While	it	is	increasingly	feasible	to	utilize	fresh	
and	silica-	dried	material	for	large-	scale	phylotranscriptomic	studies	(He	
et al., 2022;	Zhang	et	al.,	2023),	as	well	as	reuse	existing	datasets	for	
this	purpose	(Wong	&	Peakall,	2022),	target	capture's	unique	ability	to	
obtain high- quality sequence information from even severely degraded 
plant material renders it the sequencing method of choice for identi-
fication	 and	 systematics	 of	 low	DNA	 input	 samples	 –	 even	on	 shal-
low	 evolutionary	 scales	where	RAD-	seq	would	 normally	 be	 adopted	
(Harvey	 et	 al.,	2016).	 However,	 the	 costs	 of	 library	 preparation	 and	
enrichment still prohibit widespread implementation of this method in 
practice. Luckily, strategies exist that can reduce the per- sample pro-
cessing	costs	considerably	(Hale	et	al.,	2020).	Another	promising	out-
look comes from previous studies which suggest that rather than the 
pure number of genes, the choice and length of genes matter more 
for	phylogenetic	resolution	(Ai	&	Kang,	2015; Wortley et al., 2005).	By	
maximizing	 locus	 length	and	coverage,	 the	Orchidinae-	205	 increases	
the chance that a smaller number of genes will be sufficient to obtain 
well- supported trees. This opens the door to a reduced set of target loci 
or a multi- locus barcode that is tailored to Orchidinae, and that can be 
deployed cost- effectively at a larger scale.

The bait set presented here also offers the possibility to assess 
functional differences between orchid species that are preferred for 
salep and those that do not satisfy consumer preferences for a spe-
cific polysaccharide composition. While the role of the glucoman-
nan	target	genes	(if	any)	in	speciation	and/or	adaptation	is	unclear,	
evidence of diversifying selection may point to clades with an al-
tered metabolic pathway for the production of polysaccharides, and 
hence	a	different	glucomannan	content.	Phenotypic	measurements	
of the traits affected by these genes, such as cell wall composition 
and glucomannan concentration and in different tissues and at dif-
ferent developmental stages, will allow us to detect which traits 
(if	 any)	display	a	phylogenetic	 signal.	The	phylogenetic	 framework	
generated here could thus form the basis for future studies on trait 
evolution. To elucidate the genetic basis of such trait variation, site- 
specific	 tests	 of	 selection	 (Murrell	 et	 al.,	2015)	 and	 variant	 effect	
prediction	(Cingolani	et	al.,	2012)	will	be	useful	follow-	up	analyses.	
Experimental validation of the functional effects of sequence varia-
tion in glucomannan target genes, coupled with analysis of gene du-
plication and expression data, could give further insight into which 

enzymes	 involved	 in	 the	 polysaccharide	 biosynthesis	 pathway	 ex-
hibit a strong link with glucomannan production. Such analyses will 
be facilitated by the emergence of novel genomes and transcriptome 
data,	and	could	benefit	orchid	breeding	efforts	(Zhang	et	al.,	2022).	
Lastly,	the	utilization	of	these	baits	in	herbarium	and	museum	con-
texts offers an opportunity to study the changes in species diversity 
and provenance of salep over time, as well as any effects on genetic 
diversity and adaptation as a result of overexploitation.
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