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Herbarium DNA degradation -
Falling to pieces non-randomly

Freek T. Bakker and Lia Hemerik?!

Post-mortem damage in herbarium DNA, mostly from 18t and 19th century col-
lections, and with specimens usually heat-treated for conservation, consists mainly
of genome fragmentation (single- and double-stranded breaks) rather than miscod-
ing lesions. With typical herbarium DNA fragment sizes encountered (20200 bp) this
easily leads to insert sizes in library construction being smaller than Illumina read
lengths applied (i.e. 100-250 bp).

Using a previously-published series of 56 genome-skimmed herbarium DNA ex-
tracts representing 10 angiosperm families, overlapping read pairs were found to occur
in roughly 8o % of all read pairs obtained. After merging such overlapping pairs, the
resulting fragments and their length-distributions are considered to reflect actual DNA
fragmentation. Similar to occurrence in ancient DNA, we found over-representation of
purines at fragment-ends in herbarium material. Distributions of fragment lengths
fit gamma rather than exponential distributions, without apparent correlation with
specimen age. The observed gamma distributions would indicate higher-order degra-
dation kinetics, implying multiple processes acting during degradation. Possibly, the
genome skimming data used here, in which repetitive sequences or compartments are
over-represented, has biased genomic fragment-length distributions and half-lives as
compared to the non-repetitive fraction of plant genomes, but no data was available
to test this hypothesis. Overall, our results imply that we cannot confirm whether a
plant archival DNA half-live exists and what its rate would be.

Herbarium collections constitute an enormous repository of
botanical (meta)data, centred around the specimens and often
including a range of different kinds of evidence such as biose-
quences and genomes, chemical and isotope data, data on associ-
ated microbes, pathogens and, obviously, collection locality as
well as data relevant to taxonomy. Herbarium collections can be
considered important ,instruments’ for testing historical hypoth-
eses (Bakker et al. 2020), such as species’ response at the genetic
level to global change (Lang et al. 2020), or reconstructing the
domestication/evolutionary history of crops (e.g., Sebastian et al.
2010; Gutaker et al. 2019), or for making taxonomic decisions
(e.g., Bebber et al. 2010; James et al. 2018), providing the speci-
mens are well-accessible and post-mortem genomic damage (see
below) can be overcome. There are an estimated 397 million her-
barium specimens deposited in 3500 herbaria world-wide (Thiers
2022). Collectively, these represent a huge past collection effort,
sometimes under severely sub-optimal conditions, and in many
cases the actual localities may no longer exist.

Herbarium collections enable a time-series perspective in
plant species’ past ecology, phenotypes, pathogens, and demo-
graphy (Bieker and Martin 2018). We refer to Bakker (2017, 2018)
for an overview of studies including on organelle genomes from
extinct species, historical pathogens, and shift to C4 photosyn-
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thesis in grasses, and see Lang et al. (2020) for a great example in
herbarium-based study of global change biology.

With regards to taxonomy, Bebber et al. (2010) estimated
that around 70 000 new species are already in herbarium collec-
tions, ,waiting to be described”, which further indicates the rel-
evance of herbarium genomics, as it is expected to expedite archi-
val DNA barcoding (see Xu et al. 2015). In fact, we are currently
at the dawn of a herbarium genomics era (Buerki and Baker 2015,
Bieker and Martin 2018, Olofsson et al. 2016), and chances are
high that a large body of plant archival genomic data is gener-
ated in the years to come. In museomics, plants take a special
position as their cell walls probably offer increased protection
against oxidative DNA damage (see Bakker 2018). Their nuclear
genomes are usually much larger in size than those from ani-
mal or fungal genomes (Gregory et al. 2007) and contain many
repeats, which can hamper genome sequence assembly. Plant
genomics is therefore inherently challenging, be it from archival
or fresh DNA, although plastomes have both a small size (around
160 kb) and exhibit extensive structural conservation across
land plants (Wicke and Schneeweiss 2015), enabling straightfor-
ward (re)sequencing with genome skimming (Straub et al. 2012;
Bakker et al. 2016). Nevertheless, getting full nuclear genomic
sequences from herbarium DNA is still rare to date, although the
approach by Hart et al. (2016) and Brewer et al. (2019), targeting
353 nuclear genes in DNA from a range of herbarium specimens,
provides a highly promising alternative.

For a summary of published studies on extraction of her-
barium DNA (e.g., Sarkinen et al. 2012, Gutaker et al. 2017, Xu
et al. 2015) and the occurrence of possible post-mortem damage
(Staats et al. 2011, 2013) we refer to Bakker (2017, 2018). Post-
mortem damage in herbarium DNA consists mainly of genome
fragmentation (single- and double-stranded breaks) caused dur-
ing specimen fixation by heating, and herbarium specimen age
since fixation does not appear to play a role (Staats et al. 2011,
based on comparison of living trees and their historic herbarium
vouchers; Staats et al. 2013). Herbarium specimens are often
dried with heat, which can typically be 60-70°C, causing living
cells in the specimen to rupture quickly, releasing nucleases and
other cellular enzymes (Gill and Tuteja 2010), as well as reactive
oxygen species (ROS). Such physiological conditions resemble
necrosis, and this cellular 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). Indeed, herbarium
DNA is typically highly-degraded into low molecular weight frag-
ments (Doyle and Dickson 1987; Pyle and Adams 1989; Harris
1993) and this genomic fractionation causes the number of PCR
amplifiable template molecules to be reduced (Staats et al. 2011).
Heating is known to cause de-purination and subsequent hydroly-
sis of the DNA sugar-phosphate backbone (Lindahl and Anders-
son 1972). This process is therefore expected to result in an excess
of AG purines just before fragment break-points. In addition, de-
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amination of C to U, which is read as T by the polymerases dur-
ing sequencing, results in C— T transitions. Excess of AG purines
has been observed to occur just before the ends of fragments in
studies on ancient DNA (aDNA) (Briggs et al. 2007), suggesting
they are the cause of breaks. The same study showed the occur-
rence of over-representation of CT at fragment ends, which can
probably be attributed to oxidation of ,loose” single strands at
fragment endings. These typical aDNA patterns have also been
observed in historic (heated) herbarium DNA (Weiss et al. 2016),
suggesting that aDNA and (heated) herbarium DNA share the
same sequence damage-characteristics. Therefore, the conclusion
is probably fair that historic herbarium DNA from heated speci-
mens looks rather similar to (non-heated) ancient DNA.

To what extent the C—T/G—A transitions at the ends of
the reads drives post-mortem transitions in herbarium DNA
sequences the authors do not mention, but possibly the post-
mortem transitions reported by Staats et al. (2013) correspond
to these.

Herbarium DNA fragmentation can occur sometimes to the
extent that the efficiency of paired-end sequencing using Illumina
HiSeq (and hence subsequent sequence assembly) is affected.
When template insert sizes are shorter than twice the Illumina
read lengths applied, the actual sequencing reads will , meet in the
middle’ of the insert and start to overlap (Fig. 1). However, when
template insert sizes are smaller than the Illumina read length
applied, this will result in the presence of adapter sequence at the
end of the read (Turner 2014). In both scenarios of read-overlap,
the two reads can be merged into a single, longer read. In a previ-
ous study we used a series of 93 herbarium DNA samples (some
of which 146 years old), representing 10 angiosperm families
(Bakker et al. 2016). Overlapping read pairs were found to occur
in roughly 80 % of all read pairs obtained. After merging such
overlapping pairs the resulting fragments and their distribution
can be considered to reflect (the ongoing process of) genome frag-
mentation up to the moment of DNA extraction. Merging reads
enables assessing the distribution of genomic fragment lengths

Fig. 1. Herbarium DNA fragments
(orange) may be longer a or shorter (b
and ¢) than Illumina read lengths, in
which case reads are overlapping and
could be merged. From Bakker (2018),
with permission from Springer.
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(fragment length distribution or FLD) in a herbarium DNA extract,
as was carried out in Weiss et al. (2016). Here the authors inferred
FLDs for a series of non-heated herbarium specimens of up to
300 years old, by merging overlapping reads as outlined above.
By assuming a log-normal FLD the authors claimed they were
able to deduce decay rates for their genomic extracts, based on
the slope of ,the exponential part” of the FLD. Weiss et al. (2016)
conclude that the herbarium decay rate is ,six times the rate of
bone DNA decay”.

Here, we infer the pattern of fragmentation and the FLD in
degraded herbarium DNA, as measured from genome skimming
data. With our data we confirm that the duration of being in the
herbarium affects the average fragment lengths but that the FLDs
appear not correlated with specimen age. We explore to what
extent the data can be explained by de-purination and de-amina-
tion known to occur upon heating (and applied to the majority of
specimens in herbarium collections today). We elucidate whether
typical plant genomic fragment-length distributions can tell us
whether genome degradation is a first- or higher-order kinetic
process, i.e. whether a single or more processes are involved in
fragmentation. A better understanding of such processes could
help in assessing whether 1 a general herbarium DNA decay rate
actually exists, and 2 what drives fragmentation in repetitive
genomic compartments in plants.

Material and Methods
Herbarium genome fragment-merging

In order to explore the distribution of short-sized fragments
in herbarium DNA and the extent to which read-overlap was
occurring among them we re-analysed a subset of 56 Illumina
genome skimming historic herbarium samples from Bakker et al.
(2016) which included species of Lactuca, Karelinia and Nicolasia
(Asteraceae), Polyscias (Araliaceae), Pelargonium (Geraniaceae),
Aethionema and Tarenaya (Brassicaceae), Anthochortus, Dovea and
Hypodiscus (Restionaceae), Anaxagorea, Desmopsis and Monantho-
taxis (Annonaceae), Hymenostegia and Duparquetia (Fabaceae),
Begonia (Begoniaceae), Paphiopedilum (Orchidaceae), and Rinorea
(Violaceae). Most of these specimens were expected to have been
fixated after collection, by heat treatment. This could be in ovens
at around and perhaps up to 70°C in (local) herbarium facilities,
or in situ using hot air from hair driers or camping cookers (Jan
Wieringa, pers. comm). In addition, other techniques have been
used for field drying, including kerosene stoves, 100-watt light-
bulbs, and air-drying on a moving vehicle (Staats et al. 2011).
Some of our historic specimens, especially from the wet-tropics,
may have been subjected to ,Schweinfurt’ treatment (i.e. the tem-
porary fixation with methylated spirits or 30 % formaldehyde)
to prevent specimens from moulding, whilst underway to local
herbarium facilities. As discussed in Bakker et al. (2016), clear
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documentation for the fixing method actually applied to each
herbarium specimen is usually lacking, and therefore no specific
hypotheses regarding preservation method etfects can be tested.
Wet-tropical specimens gave lower N50 values (N50 is similar to
a mean or median of assembled contig lengths, but with greater
weight given to the longer contigs) and concomitantly higher
number of contigs in plastome assemblies (Bakker et al. 2016).

We used BBMerge from the BBTools package (http://jgi.doe.
gov/data-and-tools/bbtools) in order to check whether overlap
exists between read-pairs (Fig. 1) and in case it was, reads were
subsequently merged. When insert size is shorter than the read
length (in this case 100 bp) reads will have adapter sequence at
the tail end, which was removed by using BBMerge after merger
(Brian Bushnell, pers. comm.). When insert size is the length of
two read lengths, i.e. 200bp, reads cannot be merged anymore
because there is no overlap. Using the default mode in BBMerge,
the proportion of overlapping reads, as well as the average frag-
ment length and its standard deviation were recorded. The FLD
that resulted from merging the overlapping reads was plotted for
each accession and in order to make the FLDs comparable we
compared relative frequencies of read pairs. Fragment lengths
were between 26 and 184 bp, which reflects the minimum and
maximum fragment length given the adapters used.

In order to investigate a time-series of specimens, and hence
whether older specimens yield higher fragmentation, we com-
pared length distributions for two series of accessions from the
Bakker et al. (2016) data, one for species of Aethionema (Bras-
sicaceae), used and further described in Mohammadin et al.
(2017) for phylogenetic analysis, and for Lactuca (Asteraceae),
used and further described for the same purpose in Wei et al.
(2017). The Aethionema series included both silica gel-dried and
historic herbarium specimens of 23, 33, 40, 44, twice 50, 66 and
146 years old. The Lactuca series included silica gel-dried and
historic herbarium specimens of 7, 36, 42, 43, twice 49, 54 and
64 years old. By comparing these congenerics it can be assumed
that genome size, GC contents, specimen tissue characteristics,
and specimen fixation histories (in most cases) are comparable
too. Differences in FLD should therefore be due to specimen age,
different specimen fixation (if applicable), herbarium collection
locality or perhaps even stochasticity. Reads were merged using
BBMerge as described above and fragment lengths between 26
and 184 bp plotted and their relative frequencies compared.

We used MapDamage 2.0 (Jonsson et al. 2013) in order to
investigate over-representation of purines (A and G) at fragment
endings, by mapping reads against a set of assembled contigs,
enabling assessment of nucleotide positions around fragment-
ends, summarised across all reads.
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Fitting models to distributions of

genomic fragment-lengths

If breakpoints in DNA fragments are randomly-distributed,
one would in principle expect an exponential distribution of
resulting fragments (simulation data, not shown). In order to
investigate what model fits our observed genomic FLDs best
we fitted an exponential distribution and a gamma distribution
(Bolker 2008) to each of the 56 data sets. We estimated the rate
parameter of the exponential, and the shape and scale parame-
ters of the gamma distribution. It should be noted that the expo-
nential function is a special case of the gamma distribution (i.e.
when the shape parameteris 1). The AIC criterion (Bolker 2008)
was used to select for each of the 56 datasets which distribution
fitted best. The fitting procedure and model selection was per-
formed in R version 4.2.1 (R Core Team 2022) using the fitdistr
function of the R-package MASS (Venables and Ripley 2002).

Results
Herbarium DNA reads

Across the 56 samples, the average fragment length appeared
to be negatively correlated with specimen age (R? = 0.29), which
confirmed earlier studies indicating that older herbarium DNA
extracts contain smaller fragments (Fig. 2a). We found the stand-
ard deviation of the average fragment lengths to increase with
longer fragments (Fig. 2b; polynomial regression, R? = 0.94), i.e.
short fragments were less length-variable and occurred in ,peaks’
within a fragment length distribution. In contrast, longer frag-
ments occurred across broader size ranges. Apparently, genomic
fragments ,end up’ in increasingly small, uniform, sizes, but in
the same time, the smaller sizes are correlated with higher speci-
men age as seen above. The percentage of read pairs that can be
merged appeared to be fairly independent of specimen age (Fig.
2¢). The actual numbers of reads was lower in older specimens,
but these yield lower amounts of reads in the first place (Bakker
et al. 2016), therefore also lower amounts of read pairs that can
be merged.

Fitting models to distributions of

genomic fragment lengths

Fragment length distributions (FLDs) for a subset of all 56
accessions, representing the two time-series (Aethionema and Lac-
tuca), are given in Fig. 3. (In addition, FLDs for another subset of
36 of the 56 accessions, are given in Suppelementary Fig. 1, with
specimen age indicated by colour-coding.) There does not appear
to be a correlation between FLD and specimen age. As outlined
above, we fitted both exponential and gamma distributions to the
56 FLDs contained in our data. All distributions appeared to fit well
to a gamma distribution: either there are many short fragments
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Fig. 2a-c: Overlapping Illumina HiSeq reads from herbarium DNA extracts; the average fragment length after
merging reads a plotted against specimen age; the SD of average fragment length b plotted against average
fragment length; and ¢ the percentage of total reads that could be merged (red dots) and the actual number of

merged read pairs (blue diamonds). From Bakker (2018), with permission from Springer.

and few longer ones, or there is a gradual increase in longer frag-
ments (Fig.3 and Suppelementary Fig.1; and see Suppelemen-
tary Appendix 1 for histograms of the 56 datasets with the fitted
exponential and gamma distributions plotted). The values for rate,
shape and scale parameters showed an average value of 0.0122,
8.1267 and 13.1067 resp., with associated standard deviation
values of 0.0046, 6.0394 and 4.2897 (see also Suppelementary
Appendix 2 for histograms of all values for these parameters in the
56 analysed datasets). For all 56 datasets, the gamma distribution
had the minimum AIC value and A-AIC was on average 5313 812
in a range of (11267 to 15712447) as is shown in Suppelemen-
tary Appendix 3. The high standard deviations reflect the range
of fragment-length distributions among the accessions included,
and indicates that fragmentation dynamics differs across all acces-
sions. It should be noted that some of the datasets are bimodal
and that although the gamma distribution fits best, when choos-
ing between exponential and gamma only, the gamma distribu-
tion is a bad choice for these datasets (see X002Paustr, X27mult,
X21labro in Suppelementary Appendix 1). In our taxonomic sam-
pling 14 accessions (i.e. from Annonaceae, Araliaceae, Fabaceae,
Begoniaceae, Orchidaceae and Violaceae) had been collected in
the wet-tropics. As outlined above and based on previous stud-
ies (Bakker et al. 2016), wet-tropical origin appeared to be the
main factor correlating with plastome-assembly success, possibly
due to difference in underlying genomic fragmentation patterns.
These 14 accessions however did not seem to differ in rate, shape
and scale parameters for their FLDs (indicated in green in Sup-
pelementary Appendix 3).

Purine over-representation at fragment endings

Weiss et al. (2016) found over-representation in A and G
(purines) towards fragment ends, a pattern that reflects what is
encountered in ancient DNA (Briggs et al. 2007). Depurination,
or loss of A and G bases, is known to be a first step towards dou-
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ble-stranded breaks (Lindahl and Andersson, 1972). Therefore, it
is expected for purines to be overrepresented towards fragment
ends and some of the samples analysed here with Map Damage
2.0 indeed did show this pattern (Suppelementary Fig. 2), but
predominantly in herbarium (not fresh) accessions.

Discussion

Herbarium genomics has seen great opportunities and devel-
opment over the past decade, mainly driven by the ever-increas-
ing availability of NGS technology. Especially when concerned
with organelle genomes and other repetitive genomic compart-
ments, approaches such as genome skimming appear effective in
extracting DNA sequence data from large series of archival speci-
mens (Straub et al. 2012; Bakker 2017). As a general feature of
herbarium DNA, genomic fragment size can be small (25-300bp).
Overlapping read pairs are the result of template insert size being
smaller than twice the read length applied (or even smaller than
the read length itself). Using a genomic skimming series of 56
herbarium DNA samples, representing 10 angiosperm families,
overlapping read pairs were found to occur in roughly 80 % of all
read pairs obtained for most samples. Fragmentation is therefore
confirmed to occur across families, and insert sizes can be as small
as <100 bp that still represent a majority of fragments. As outlined
above, the distribution of herbarium DNA fragment-lengths could
in principle inform us about biases or trends that may exist in the
actual process (or processes) by which herbarium genomes break
down.

Intuitively one would expect older specimens to be more
fragmented than younger ones, given that more post-mortem
time has been available. On the other hand, the experimental
herbarium results by Staats et al. (2011), comparing fresh and
century-old DNA from the same individuals of trees, indicated
that this does not need to be the case (see above, and Fig. 3).
We compared genomic fragment-length distributions (FLDs) for
two series of herbarium samples (included in our set of 56 acces-
sions), each from the same genera (Lactuca and Aethionema) and
each also including non-historic (i.e. silica gel-dried) samples for
comparison. For the Lactuca series, the oldest sample was indeed
the most highly fragmented (Fig.3a). For the Aethionema series
however, the older specimens did not appear to have highest
proportion of small fragments, but specimens around 50 years
did (Fig.3b). For both series, we saw that the silicagel-dried
samples showed a gradual increase in occurrence of longer frag-
ment lengths that would probably have extended beyond 200 bp,
had current Illumina read lengths of 150bp or more been used.

Following our FLD model-fitting analysis we found the best-
fitting models to be gamma distributions, as indicated by the AIC
criterion used. As indicated above, the high standard deviations
for the shape and scale parameters for the gamma distribution
probably reflect the range of FLDs among the accessions included,
and indicates that fragmentation dynamics apparently differs
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Fig. 3. Distributions of fragment lengths (in bp) from fresh and herbarium specimens of different ages of Lactuca
aand Aethionema b, with distributions sorted by (increased) specimen age. The transparent bar indicates the
read length used (100 bp). Fragments were produced after merging 100 bp Illumina reads, with reads up to 25 bp
discarded, and reads with length <100 trimmed with regard to adapter sequences (see text). The distribution re-
sembles a gamma function, with either a maximum of lengths around 30bp, or a wide length-range. From Bakker
(2018), with permission from Springer.

across all accessions. Weiss et al. (2016) and Allentoft et al. (2012)
suggested lognormal distributions of fragment lengths fit best in
historic Arabidopsis, and bone DNA, respectively, and based this
partly on the observed linear relation after loglog transforma-
tion. Yao et al. (2016) found the same for DNA degradation in
human serum, urine, and saliva DNA. These distributions would
be consistent with a first-order kinetics at which DNA degrades,
i.e., DNA has a half-life and the rate of degradation is constant
(Allentoft et al. 2012). However, Weiss et al. (2016; in their Fig. 2)
appear to consider the ,exponential decline” to start after the
median of their genomic FLD. The first part of the distribution
would then not be taken into account. Only considering the sec-
ond half (> median) of the distribution leads indeed to an expo-
nential distribution, as the authors emphasize, especially after log
transforming the y-axis (Weiss et al. 2016). In contrast, we chose
to include the entire fragment-length distribution and find that
gamma distributions fit the distributions significantly better than
exponential distributions. As the exponential is a special case
of the gamma distribution this indicates a higher order kinetics
underlying fragmentation in these data sets.
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Looking directly into the herbarium break-points, by sum-
marising nucleotide composition at fragment endings (Supplemen-
tary Fig. 2) indicates that there is over-representation of purines (A
and G) in case of (heat-treated) herbarium DNA. This would imply
that the distribution of purines in the herbarium genome would
drive the FLDs observed, and hence that purines are gamma dis-
tributed in the genome (which would probably be unrealistic).
However, our data was generated using genome skimming, which
means that repetitive compartments and sequences are probably
overrepresented in all samples. To what extent such regions are
non-representative of general genome composition and complex-
ity is difficult to say. Possibly the repeats themselves may contain
purine biases but no published studies indicating this exist to date.
If the herbarium DNA degradation investigated here indeed fits a
gamma rather than a lognormal or exponential distribution, this
would indicate either a non-constant rate of degradation, or de-
cay consistent with a higher-order kinetics, differing from the
usually-observed first-order genomic degradation kinetics. In the
latter, break-points are randomly distributed in DNA sequenc-
es and therefore would be expected to yield exponential FLDs.
Our data as used in this study is genome skimming data, derived
from genomic repetitive regions. Possibly, degradation of repeti-
tive genomic compartments occurs at higher-order kinetics, i.e.,
a different half-life is present compared with non-repetitive DNA.
However, this would need to be tested with (ancient) genomic
samples that are deep-sequenced rather than genome-skimmed.
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