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Herbarium genomics is a promising field, as next generation sequencing approaches
are well suited to deal with the usually fragmented nature of archival DNA. We show
that routine assembly of plastome sequences from herbarium specimens is feasible,
from total DNA extracts and apparently only slightly depending on specimen age.
We used genome skimming and an automated assembly pipeline, iterative organelle
genome assembly (IOGA), that assembles paired-end reads into a series of candidate
assemblies, the best one of which is selected based on assembly likelihood estimation.
We used 93 specimens from 12 angiosperm families, 73 of which were from herbaria
with specimen ages up to 146 years old. For 84 specimens, a sufficient amount of
paired-end reads were generated (at least 50,000), yielding successful plastome as
semblies for 74. Differences in plastome assemblies between herbarium and fresh
specimens were modest, but the same assembly lengths were obtained. Specimens
from wet-tropical conditions appear to have a higher number of contigs per assembly
and lower median contig length, indicating they need more editing compared with
specimens collected from dry areas. Using fungal rDNA sequences as reference in
IOGA we retrieved limited anounts of reads from our samples, both silica-gel dried
and herbarium, and find that fungal rDNA is not easily assembled. We conclude that
routine plastome sequencing from herbarium specimens using genome skimming is
feasible and cost-effective and can be performed with highly limited sample destruc
tion.
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Obtaining DNA sequence data from museum speci
mens has been an intriguing endeavour ever since the
first attempts proved successful in the 1990s (Pääbo
1989; Savolainen et al. 1995; Shapiro et al. 2002). The
notion that museum collections actually represent
‘dead DNA repositories’, hence enabling the testing
of historical biological hypotheses, has inspired many

workers to exploit collections further (e.g. Neubig et
al. 2014) whilst minimising destructive sampling. This
has led to an increase in activities in optimising sam
pling DNA from museum specimens, as for instance
in the EU FP7-funded SYNTHESYS II programme
(see http://www.synthesys.info/joint-research-activities/), where efforts have focussed on such issues as

271

SCI. DAN. B.

FREEK T. BAKKER, DI LEI AND RENS HOLMER

6

(Miller et al. 2009), or placing Caribbean endemic lin
eages of rodent (Fabre et al. 2014). All in all, next-gen
eration sequencing has opened up tremendous possi
bilities for sequencing museum specimens due to
increased output and power, but also because of ev
er-decreasing costs (Millar et al. 2008; Metzker 2010;
Glenn 2011; Rowe et al. 2011; Buerki & Baker 2015).

optimising DNA extraction from muco-polysaccharide-rich tissues, or minimising sampling damage (by
taking small samples) from rare archaeological bone
fragments. In addition, modeling of DNA decay in
such material enabled quantifying the risks associated
with destructive analysis of specimens prior to DNA
extraction (Smith et al. 2003; see thermal-age.eu). All
in all, the term ‘museomics’, i.e. the large-scale analy
sis of the DNA content of museum collections, has
become established in several research programmes
(e.g. Der Sarkissian et al. 2015; Gushansky et al. 2013;
Chomicki & Renner 2015; Fabre et al. 2014), in addi
tion to ‘palaeogenomics’ (Hofreiter et al. 2015).
Over the past decades museomics has been pri
marily focussed on improving polymerases and PCR
reagents used in working with archival DNA (e.g. Hajibabaei et al. 2005). Efforts included developing (re
combinant) polymerases with lower error rates than is
typical (1 in 10,000-50,000 base pairs, which is too
high for most applications), by revisiting hot springs
and hydrothermal vents from where the original Ther
mits acquaticus was isolated (Chien et al. 1976) in persuit
of thermostable polymerases with 3’~5’ exonuclease
proofreading capacity. Or using Restorase (Sigma-Al
drich, St Louis, MO, USA), capable of handling frag
ment lengths from 200-20,000 bp, in case of damaged
DNA. Whereas these efforts have had mixed succes,
and PCR inhibition in ancient DNA samples remains
a significant problem (Kemp et al. 2014), this has now
all been taken over by the emergence of next genera
tion sequencing (NGS) technology. ‘Suddenly’ the
fragmented nature of archival DNA is not a problem
anymore as the massive parallel sequencing approach
followed in most ‘second generation’ sequencing plat
forms uses a fragmented template anyway (Metzker
2010); in contrast, ‘third generation’ sequencing in
volves single molecule sequencing instead (Hörandl
& Appelhans 2015), making it less suitable for archival
DNA.
Since the application of NGS, spectacular results
have been obtained in museomics, with, e.g. discover
ing new hominids from sequencing of small bone
fragments (Reich et al. 2010), sequencing genomes
from extinct lineages such as the Tasmanian tiger

The Botanical Perspective
From a botanical perspective, things are a little differ
ent given that, apart from the presence of a third ge
nomic compartment, the plastid genome or ‘plastome’, the angiosperm nuclear genome is usually of
much larger size than that from animals or fungi
(Gregory et al. 2007; and see also below) and contains
many repeats, which hampers genome sequence as
sembly. Nevertheless, herbaria do take a special place
in museomics as the possession of cell walls in plant
(and fungal) material provides much better protec
tion for DNA than is the case in animal tissues (Mateiu
& Rannala 2008; Roldan-Arjona & Ariza 2009), for
instance for damage due to oxidative stress. On the
other hand, herbarium specimens are often dried with
heat, which can have adverse effects on the immediate
survival of DNA. It is fairly well understood that ap
plying heat to DNA when it is in a desiccating speci
men is not favourable and can cause a range of irrepairable damage, both single- and double-stranded
(Staats et al. 2011; Bakker 2015). Double-stranded
damage causes the number of amplifîable template
molecules to be reduced, as herbarium DNA is typi
cally highly degraded into low molecular weight frag
ments (Doyle & Dickson 1987; Pyle & Adams 1989;
Harris 1993). Single-stranded damage, however, leads
to the generation of erroneous sequence information
or mis-coding lesions. Thus, damaged nucleotides in
herbarium DNA may result in damage-specific nucle
otide mis-incorporations (miscoding lesions) by DNA
polymerases during amplification (Hofreiter et al.
2001; Gilbert et al, 2003; Stiller et al. 2006). This in
cludes the occurrence of a-puric sites, de-aminated
cytosine residues, and oxidized guanine residues, as
found in studies in vivo and on ancient DNA (Lindahl
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1993; Pääbo et al. 2004). This type of damage is in
principle polymerase-bypassible, leading to incorrect
bases in the inferred sequence. Studies involving ex
perimental preparation of herbarium specimens and
the use of next generation sequencing (Staats et al.
2011, 2013; summarised in Bakker 2015) indicated no
evidence for increased post-mortem single-stranded
damage in herbarium specimens up to 100 years old.
These specimens were compared with fresh DNA of
the same individuals (trees growing in the Botanical
Garden Leiden, The Netherlands), allowing the asser
tion that herbarium DNA sequence data are accurate.
Whereas quantitative PCR assays indicated 90% of
the DNA to be inaccessible to polymerases, probably
due to double-stranded breaks directly after heat
treatment, the remaining molecules are sequenced
without apparant mis-coding lesions (single-stranded
damage) irrespective of specimen age (Staats et al.
2011). Based on these data, ‘DNA repair protocols’
such as those suggested by Yoshida et al. (2015) for
herbarium DNA are therefore probably not nessecaiy.
In a follow-up study, Staats et al. (2013) demon
strated that by using Illumina HiSeq technology, her
barium DNA is perfectly amenable to plastome se
quencing (in spite of the 90% DNA ‘lock-up’), and in
case of a 43-year-old Arabidopsis thaliana (L.) Heynh.
specimen, a full nuclear genome was sequenced as
well (at 12 X average coverage). Indeed, herbarium ge
nomics has already yielded valuable data and contrib
uted importantly in testing historical biological hy
potheses: for instance, genomes were sequenced from
type specimens and rare or extinct species stored in
herbaria by Zedane et al. (2015). Herbarium DNA was
used for finding previously unknown sister groups for
important crops (Sebastian et al. 2010; Chomicki &
Renner 2015), or in SNP analysis in genotyping by se
quencing of species in Solidago (Asteraceae) (Beck &
Semple 2015). To study historical pathogens, Yoshida
et al. (2014, 2015) determined the genotype of the Phytophtera infestans (Mont.) de Baiy strain that caused the
great Irish potato famine in the 19th century. Likewise,
herbarium DNA was crucial in discovering ancient al
leles in Alopecurusmyosuroides Huds, that are relevant to
herbicide resistance but pre-dating human influence

(Délye et al. 2013). Reconstructing the shift to C4 pho
tosynthesis in grasses could be conducted using DNA
from a 100 year old Malagasy herbarium specimen for
which both its phylogenetic placement and its ‘genet
ic make-up’ with regards C4 photosynthesis could be
assessed (Besnard et al. 2014). For taxonomy and DNA
barcoding herbaria collectively represent a potential
treasure trove ready to be exploited (e.g. Xu et al.
2015). Bebber et al. (2010) estimated that around
70,000 new species are already in herbarium collec
tions, ‘waiting to be described’.
Therefore, it is probably fair to say that we are cur
rently at the dawn of a herbarium genomics era (Buerki & Baker 2015), and chances are high that a large
body of plant archival genomic data will be generated
in the years to come. This can only underline the vital
importance of securing our herbarium collections for
further molecular exploitation. In addition, there is
an unprecedented need for more or less automated
bioinformatics pipelines for genome sequence assem
bly as well as for annotation and gene sequence com
pilation and alignment. Obviously, such tools will
greatly expedite the process of massive herbarium
plastome sequencing (and of other genomic compart
ments).
In this chapter, we discuss recent findings on gen
erating plastome sequences from a range of fresh and
herbarium angiosperm specimens, and outline chal
lenges and issues relating to assembly accuracy, possi
ble contamination and the use of (tropical) plant
specimens.

Herbarium DNA Extraction: Garbage in,
garbage out?
Challenges to extracting genomic data from herbari
um specimens abound, starting with DNA extraction.
Various studies (Erkens et al. 2008; Särkinen et al. 2012;
Drâbkovâ étal. 2002; Telle & Thines 2008) focus ex
plicitly on the efficiency of extraction and on the qual
ity of herbarium DNA, mostly measured by PCR am
plification. The expectation was that heat treatment
(see above) but also the ‘Schweinfurth method’
(Schrenk 1888), which includes spraying specimens
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with ethanol in order to stop fungal growth, prior to
heat treatment, will have been used in preparation of
herbarium specimens. The general consensus is that
when extracting DNA from herbarium leaf material,
most commercially available solutions are fine as long
as some combination of CTAB protocols (Doyle &
Dickson 1987; Doyle & Doyle 1987) and anion ex
change purification is applied. Yields are usually low,
which can obviously be a problem when dealing with
small, historic specimens, especially types.
In addition, and perhaps not unexpectedly, short
PCR fragments were always found to amplify better
using herbarium DNA (Särkinen et al. 2012) which is
due to the fact that extracted herbarium DNA is al
most always highly fragmented (Staats et al. 2011). As
mentioned above, this double-stranded type of dam
age is most likely the result of herbarium specimen
preparation, which is known to induce high levels of
metabolic and cellular stress responses and ultimately
cell death (Savolainen et al. 1995). The high tempera
tures (60-70 °C) at which herbarium specimens are
typically dried cause cells to rupture quickly, releasing
nucleases and other cellular enzymes (Gill & Tuteja
2010), as well as reactive oxygen species. Such physi
ological conditions resemble necrosis, and this cellu
lar stress typically causes DNA to degrade randomly
into smaller fragments, running as a smear on agarose
gels (Reape et al. 2008; McCabe et al. 1997).

6

DNA strands for proper library building, it can in
principle, however, cause artefacts in the representa
tion of the target genomes and hence in genome se
quence assembly. The alternative is to use more start
ing herbarium material, but generally speaking, for
plastome sequencing one square centimeter of her
barium leaf tissue suffices for successful extraction,
library preparation and (Illumina) sequencing, which
will be feasible for most specimens.
On the other hand, herbarium DNA fragmenta
tion can sometimes have happened to such an extent
that the efficiency of paired-end sequencing using Il
lumina HiSeq is affected. In such cases, the effective
insert size in the sequencing libraries becomes so
small that the actual sequencing reads ‘meet in the
middle’ of the insert and start to overlap, therefore
reducing the power of the paired-end information
used in the assembly. Furthermore, it is clear that in
such cases the use of third generation technologies
such as provided by Pacific Biosciences (www.pacb.
com) using whole molecule sequencing is prevented.

Genome Skimming
The angiosperm genome size ranges from a minute 65
Mb (parasitic Genlisea, Lentibulariaceae) up to a stag
gering 150,000 Mb (octaploid Parisjaponica, Melianthaceae) and is on average considered to be 6000 Mb
long (Litt 2013). Well over half the angiosperm ge
nomes estimated to date were found to be smaller
than 5000 Mb and about one-third to be under 1000
Mb (Murray et al. 2010). Therefore angiosperm ge
nome sequence assembly represents a huge challenge
(e.g. The Tomato Genome Consortium 2012) and is
by far not as routine an undertaking as it is in animal
and fungal genomics. Some parts of the angiosperm
genome, however, are present in high copy number,
notably the rDNA cistron repeats, the organellar ge
nomes, i.e. the plastome and the chondrome (mito
chondrial genome), and the different classes of highly
repeated elements among which we distinguish mi
crosatellite regions and long terminal repeats or trans
posable elements. Because of their repetitive nature,
such regions will collectively be relatively well repre

After the PCR Era
Precisely this aspect, fragmentation of herbarium
DNA, transfigured from ‘nuisance’ to ‘blessing in dis
guise’ in the NGS world, as targeted (Sanger) se
quencing of amplified fragments has been replaced
by massive parallel sequencing (Metzker 2010), which
requires fragmentation of the template genomic
DNA. Therefore, the problems associated with tradi
tional herbarium DNA extraction in the PCR era, i.e.
low yields and DNA fragmentation, came into a new
light with fragments now being incorporated directly
into NGS libraries, and the generally low yields some
times being overcome by whole genome amplification
(WGA). Whereas WGA can help obtaining enough
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IOGA which includes the following steps : (1) low
quality, adapter and other Illumina-specific sequences
are trimmed from individual reads; (2) plastid ge
nome-derived reads (‘22Pi’) are filtered out of R by
aligning the latter to a panel of reference angiosperm
(and land plant) plastid genome sequences, using
Bowtie (Langmead et al. 2009). 7?P1 is then subjected
to the following steps: (3) using SOAPdenovo2
(https://github.com/aquaskyline/SOAPdenovo2) as
semblies are made from the filtered, trimmed and cor
rected plastid reads contained in 7?P1, using k-mer val
ues ranging from 37-97; and (4) ‘best assemblies’ are
selected using the N50 criterion and then used as a
‘new reference’ in order to find target-specific reads
from R that were not selected in the first iteration.
(N50 is defined as the median length-weighted contig
length or the length for which the collection of all
contigs of that length or longer contains at least half
of the sum of the lengths of all contigs.) Step (4) is
then repeated until no further 7?P1 reads are found, fol
lowed by (5), assembly of the final set of reads with
SPAdes3-o (Bankevich et al. 2012). This assembler ap
plies a bi-directional De Bruijn graph, solving ‘com
plex knots’, under a range of different k-mer settings.
Finally, (6) in order to select among candidate assem
blies from SPAdes (step (3)) we apply a ‘read’-driven
test named ‘assembly likelihood estimation’ (Clark et
al. 2013), which calculates the likelihood of the fit of
the original reads to each candidate assembly, using a
model that includes parameters such as ‘read quality’,
‘mate pair orientation’, ‘read alignment’ and ‘se
quence coverage’. The ALE test therefore assures as
sembly quality at the read level (Clarkeal. 2013) and
the one with the best -LnL score is selected as final
assembly, (5), which is then subjected to further ge
nome annotation (for instance using DOGMA; Wy
man et al. 2004). After scaffolding, i.e. correcting the
relative orientation and order of contigs using ‘map to
reference’ in Geneious (www.geneious.com), final as
semblies are then compared with available ‘nearest’
reference plastome sequences in order to check accu
racy of our assemblies. This is done in pair-wise align
ments using MUMmer plots (Kurtz et al. 2004), as
implemented in MAFFT using default settings (Ka-

sented, even in a limited or ‘skimmed’ second genera
tion sequencing sample that, by itself, would be too
small to cover the entire nuclear genome. ‘Genome
skimming’ has therefore been coined for the approach
where superficial sequencing is performed and only
genomic repeats or organellar genomes are represent
ed with sufficient sequencing depth (Straub et al. 2012;
Dodsworth et al. 2015). Usually this results in relative
ly low costs compared with full genome sequencing
(although the cost for sequencing library preparation
remains the same), and therefore it is an approach
well suited for comparative studies involving many
specimens. Another advantage of a skimming ap
proach is that it prevents introducing rare variants
and errors from various sources (Lonardi et al. 2015),
whilst at the same time maintaining sufficient cover
age for each repetitive genomic compartment. In a
sense, it makes genome skimming comparable again
with Sanger sequencing, in which ‘rare variants’ are
marginalised in light of a main, average signal peak in
Sanger trace files.

IO GA
In a paper in a special issue on ’Collection-based re
search in the genome era' in the BiologicalJournal ofthe
Linnean Society we described an automated bioinfor
matics assembly pipeline for angiosperm organellar
genomes, including iterative organelle genome as
sembly (IOGA) based on genome skimming data
(Bakker et al. 2016). Our approach is similar to the
‘baiting and iterative mapping’ MitoBIM pipeline de
scribed by Hahn et al. (2013) for mitochondrial ge
nomes, the difference being that IOGA does not re
quire closely related reference organelle genome
sequences, and in addition that best assemblies are
selected from multiple candidate assemblies. The
IOGA Python script can be obtained from Github
(https://github.com/holmrenser/IOGA), and is usu
ally run after first taking a random subsample of reads
R from the overall read pool in order to avoid exces
sive plastome coverage (and hence excessive process
ing time); the subsample typically includes iM for
ward and iM reverse reads. R is then subjected to
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toh & Standley 2013); basically, one would expect
co-linearity of assembly and reference plastome in
case of conspecifics. For further technical information
on IOGA, scripts, updates and programmes used, see
the Github mentioned above and Bakker et al. (2016).

6

on average, 25 kb each. In one case, Pelargonium elegans
Willd., a 117-year-old herbarium specimen, using only
24 ng of herbarium DNA, yielded a 167,770 bp assem
bly; from another, Aethionema membranaceum DC., a
146-year-old herbarium specimen, a complete plas
tome sequence was obtained. After checking pair-wise
alignments (MUMmer plots) of best assemblies in
selected samples, we found good co-linearity with the
published reference plastome sequence in cases for
which reference and target were the same species, in
dicating accurate plastome sequence assembly. Re
duced co-linearity was found in case of congenerics,
which reflects phylogenetic distance between target
and reference rather than mis-assembly.
When comparing fresh and herbarium specimens
in terms of plastome assembly, it was found that dif
ferences were modest, with herbarium specimens
yielding lower fractions of plastome-derived reads
(4%) compared with those from fresh and silica-gel
dried specimens (13%; Fig. 1). This would suggest that
plastids may be lost preferentially, after herbarium
specimen fixation with high temperatures. This seems
to contradict the studies by Staats et al. (2011), who
did not find evidence for preferential degradation of
organellar DNA in herbarium tissue based on qualita
tive PCR assays. In any case, herbarium specimens
appear to yield enough reads for effective plastome
assembly; we found that total assembly length did not
differ significantly between fresh and herbarium spec
imens, but that fresh samples on average yielded lon
ger individual assemblies. This indicates that the
specimen preparation process, which often included
heat treatment, causes plastome assemblies to be
more fragmented compared with fresh samples, possi
bly in additional fragments <1000 bp. Nevertheless,
total assembly length from herbarium DNA is the
same, and herbarium assemblies just need slightly
more more editing and ‘scaffolding’.
Unexpectedly, specimen age per se does not seem
to correlate with plastome assembly succes. Of the 74
succesful specimens in Bakker et al. (2016), there were
eight specimens older than 80 years, half of which
gave plastome assemblies (>i25kb) that may be com
plete (or excluding one IR region). For all other spec-

A Herbarium Genomics Test-case
Using the IOGA pipeline described above, we com
pared 93 specimens from 12 angiosperm families, 73 of
which were herbarium specimens up to 146 years old,
to explore the feasibility of herbarium genomics (Bak
ker et al. 2016). After DNA extraction and quantifica
tion, carried out under standard conditions (i.e. not
in an ancient DNA lab), sequence library preparation,
index PCR and equimolar pooling of indexed librar
ies were conducted and all libraries were then se
quenced on four lanes on an Illumina HiSeq 2000
platform using paired-end chemistry. For 84 out of
our 93 specimens, sufficient numbers of paired-end
reads were generated (at least 50,000), with all but
two of the failed specimens being from historical her
barium material. A significant negative correlation
was found between total reads per sample and speci
men age, indicating that despite PCR enhancement of
poor samples in the library preparation, older speci
mens still give fewer reads. The 84 successful samples
were then subjected to IOGA, which yielded (after
filtering out all contigs < 1000 bp) successful plastome
assemblies for 74 specimens (80% of the specimens),
at a rate of approximately one hour per specimen us
ing IOGA on a 64GB RAM Linux workstation with
16 cores. The fact that 19 of our 93 specimens did not
yield plastome assemblies we feel may have been due
to the fact that not enough copies of these plastomes
were present in the first place or the required equimo
lar mixing of specimens in the Illumina flow cell may
have been unsuccessful, causing libraries for those
specimens not to be sequenced successfully.
Assembly lengths varied from 6-220 kb with an
overall average total assembly length of 136,167 bp,
which is consistent with reported average angiosperm
plastome length, 120-170 kb (e.g. Downie & Palmer
1992), including two inverted repeat (IR) regions of,
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Fig. I. Median, first and third
quartile and 95% confidence
interval of median of total
number of reads (x 107) for
fresh or silica-dried samples
vs. those from herbarium
samples (a); the same for plas
tid-derived reads _RP1 (b); total
assembly length (in kb) for 74
successful assemblies derived
from fresh or silica-dried vs.
herbarium specimens (c).
Re-drawn from Bakker et al.
(2016).
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DNA from being recovered later on (Mark Chase pers,
com.). Bressan et al. (2014) however, found no differ
ence in neither quality nor quantity of nuclear DNA
recovered from tropical plant leaf tissue stored in liq
uid nitrogen versus 96% ethanol, but also show how
storage in ethanol causes cytoplasmic contents (in
cluding plastids) to be cleared from the leaf tissue
cells. Therefore, in our opinion ethanol preservation
is best to be avoided for herbarium genomics when
targeting plastomes or chondromes. The Schweinfürth treatment in wet-tropical conditions nowadays
usually entails keeping specimens inside a plastic bag
under a saturated ethanol atmosphere, which can last
for days before a drier is reached. Alternatively, speci
mens are somtimes dried directly on a kerosine or gasstove (Jan Wicringa/>OT. com.).
When we compare our wet-tropical samples with
the rest, we see generally a higher number of contigs
per assembly and lower N50 values (Fig. 2). When
plotted against specimen age it appears as if the
wet-tropical specimens seem to ‘age’ more quickly in
terms of increased plastome assembly fragmentation

imens (i.e. younger than 80 years), this proportion
was just over half (55%). Although there were more
young than old specimens, which prevents making
direct comparisons, it still appears that assembly suc
cess does not depend on specimen age. This is of
course promising for the near-future further exploita
tion of herbarium collections world-wide, as many
older (type) specimens are available.
A special note needs to be made about herbarium
specimens from wet-tropical conditions, of which
there were 13 included in our study. Given the poten
tially different conditions under which these speci
mens have been collected and preserved, it is worth
while determining if this correlates with herbarium
genomics success, i.e. plastome assembly efficiency.
Whereas ‘dry collected’ specimens sometimes may
not even have been subjected to heat treatment (other
than the sun) and ususally do not get ‘Schweinfiirted’
(Schrenk 1888) i.e. sprayed with ethanol in order to
stop any fungi growing, for wet-tropical specimens
this may be the opposite. It appears that preserving
such specimens by immersion in ethanol prevents any
277

SCI. DAN. B.

FREEK T. BAKKER, DI LEI AND RENS HOLMER

6

Fig. 2. A comparison between
specimens collected from
wet-tropical and dry condi
tions with regard to success in
plastome assembly, in terms of
number of contigs (a), num
ber of contigs plotted against
specimen age in years (b),
and (c) N50 (in kb) plotted
against specimen age in years.
Darker shaded areas indicate
confidence intervals of the
linear model fitted. Re-drawn
from Bakker et al. (2016).

Because the genome skimming/IOGA approach is in
theory suitable for other high copy number compart
ments such as chondromes and rDNA, it is relevant to
know to what extend non-target rDNA could be
picked-up using this approach. Therefore, to assess
the proportion of fungal-derived reads in a selection
of our samples we re-ran IOGA using a panel of fun
gal SSU rDNA and ITSi-5-8SrDNA-ITS2 sequences,
comprising both asco- and basidiomycetes. In case
fungal ITS sequences were assembled, they were iden
tified using the UNITE database (Köljalg et al. 2013)
that currently holds 354,465 annotated fungal rDNA
ITS sequences (http://unite.ut.ee/ ). BLAST was used
to match our target ITS sequences against a subset li
brary of 20,000 fungal ITS sequences from UNITE.
The results (Lei 2015) were unexpected in that
only modest numbers of reads (ranging up to appr.
73,000) were found in the selected herbarium speci
men read samples by using these fungal references,
and when assembled into rDNA sequences, the ma
jority of contigs turned out to be plant rDNA not fun
gal rDNA. In only a minority of cases were ‘non-plant’
contigs found, usually of <2 kb, which could only in

when compared with dry habitat specimens. As the
exact preservation histories cannot be reconstructed
for most herbarium specimens, we cannot draw firm
conclusions here but suggest that wet-tropical herbar
ium specimens may need some extra effort in terms of
plastome assembly and possibly require more addi
tional Sanger sequencing-based confirmation of as
sembly boundaries.

Worry about Contamination?
Another concern with using harbarium DNA could
be the presence of contaminant DNA in samples, for
instance from either endophytic or ‘post-mortem’
fungi. In case of post-mortem contamination of the
specimen, we would expect the contaminant DNA to
be much less fragmented than that of the specimen, as
only the latter would have been heat-treated. Fungal
contamination in plant (herbarium) samples has been
reported to be fairly widespread (Âlvarez & Wendel
2003; Miranda et al. 2010), and the extent to which
plant rDNA ITS sequences in public databases such
as GenBank are actually fungal can be questioned.
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some cases be identified as fungal. In addition, when
repeating the analyses, but this time using plant
rDNA sequences (both SSU and rDNA ITS), in some
cases a minority of fungal contigs were assembled
that could be identified using the UNITE data base as
Cladosporium, Aureobasidium, Fibulobasidium species and
in one case a ‘human skin community’ type fungus.
Whereas the first three matches would make sense giv
en the ecology of these fungi (leaf parasites or endo
phytic fungi), the latter would be consistent with a
scenario of human fungal contamination. The
cross-assembly results can probably be explained by
the high conservation at the nucleotide sequence level
of parts of the fungal and plant rDNA cistron. How
ever, in practical terms, given the difficulty we en
countered in obtaining fungal reads and assembling
fungal rDNA from these herbarium samples, and in
the same time given the ease with which plant rDNA
reads and assemblies could be obtained, we consider
fungal cross-contamination artefacts in herbarium
DNA to be of minimal importance.

plastome sequences as reference proves to be efficient,
and no closely related reference plastome is needed.
For instance, no Brassicaceae reference plastome was
included (Medicago was probably the closest reference
included phylogenetically), but all Brassicaceae sam
ples in our study were assembled correctly. The fact
that our IOGA plastome assemblies could be aligned
without any problem to their reference plastome se
quences indicates that assembly was accurate. Never
theless, additional analysis by re-mapping reads to fi
nally selected assemblies and checking whether
anomalies exist is still important, but this is general
‘good genomic practice’. For specimens collected and
preserved in wet-tropical conditions we conclude that
more effort into contig assembly, scaffolding and edit
ing of plastome sequences is probably required but is
expected to yield fully comparable final results com
pared with dry-collected specimens. Finally, we found
possible contamination of herbarium specimens with
fungal DNA not to be an (important) issue. There
fore, herbarium genomics is promising and further
makes continued support and curation of herbarium
collections around the world important.

Conclusions
We conclude that effective plastome sequence assem
bly using genome skimming is feasible using small
amounts of herbarium specimen tissue, roughly one
square centimetre of leaf, and show that the results are
only in some aspects different from those obtained
from fresh or silica-gel-dried material. We are confi
dent that most of our specimens have been sampled
non-destructively and therefore are optimistic that
this approach can be used more widely for future ge
nomic exploitation of herbarium collections.
The IOGA automated pipeline established previ
ously in Bakker et al. (2016) appears to be working ef
fectively, with draft plastome assemblies being com
pleted in one or a few hours only. Obviously,
subsequent gene annotation and quality check of con
tigs, which may include Sanger verification of contig
boundaries, is still a formidable task but is (time-wise)
probably less so than the curation of a large scale
comparative sequence project using traditional
Sanger sequencing. Using a panel of land-plant-wide
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