
Mol Ecol Resour. 2020;20:1153–1160. wileyonlinelibrary.com/journal/men   |  1153© 2020 John Wiley & Sons Ltd

 

Received: 31 July 2020  |  Accepted: 13 August 2020

DOI: 10.1111/1755-0998.13245  

S P E C I A L  F E A T U R E :  G E N O M I C S  O F  N A T U R A L  H I S T O R Y  
C O L L E C T I O N S  F O R  U N D E R S T A N D I N G  E V O L U T I O N  I N  
T H E  W I L D

INTRODUCTION

Genomics of natural history collections for understanding 
evolution in the wild

Abstract
A long-standing question in biology is how organisms 
change through time and space in response to their en-
vironment. This knowledge is of particular relevance to 
predicting how organisms might respond to future en-
vironmental changes caused by human-induced global 
change. Usually researchers make inferences about past 
events based on an understanding of current static genetic 
patterns, but these are limited in their capacity to inform 
on underlying past processes. Natural history collections 
(NHCs) represent a unique and critical source of informa-
tion to provide temporally deep and spatially broad time-
series of samples. By using NHC samples, researchers can 
directly observe genetic changes over time and space and 
link those changes with specific ecological/evolutionary 
events. Until recently, such genetic studies were hindered 
by the intrinsic challenges of NHC samples (i.e. low yield of 
highly fragmented DNA). However, recent methodological 
and technological developments have revolutionized the 
possibilities in the novel field of NHC genomics. In this 
Special Feature, we compile a range of studies spanning 
from methodological aspects to particular case studies 
which demonstrate the enormous potential of NHC sam-
ples for accessing large genomic data sets from the past 
to advance our knowledge on how populations and spe-
cies respond to global change at multiple spatial–temporal 
scales. We also highlight possible limitations, recommen-
dations and a few opportunities for future researchers 
aiming to study NHC genomics.

1  | INTRODUC TION

Biologists have long sought to understand how organisms change 
through time and space in response to their environment. A related 

goal is to predict how organisms might respond when faced with 
future environmental changes. In the current context of human-in-
duced global change, understanding how and why species evolve in 
response to change may be key to maintaining ecosystem processes 
(Jump, Marchant, & Peñuelas, 2009).

Typically, biologists make inferences about past events based 
on static patterns in genetic and phenotypic data. Space-for-time 
substitutions are often used to make inferences or predictions 
about how organisms might respond to changes in the environment 
(Razgour et al., 2019) or along the course of a population expansion 
(Cwynar & MacDonald, 1987; Phillips, Brown, Webb, & Shine, 2006). 
Alternatively, population genetic models can be used to make infer-
ences about past demographic or selective events using contempo-
rary population genetic data (Li & Durbin, 2011). However, these 
population 'snapshots' are limited in their capacity to inform on un-
derlying processes since multiple processes can generate the same 
static patterns, leading to incorrect inference (Jensen, Kim, DuMont, 
Aquadro, & Bustamante, 2005). 'Resurrection' studies have opened 
an important window into the past via revival of past propagules, 
though these are often possible over a limited timescale of propa-
gule viability (Cousyn et al., 2001; Franks, Hamann, & Weis, 2018), 
although forward-looking effort will make this more accessible in the 
future (Etterson et al., 2016).

Ideally, tracking changes in genotype and phenotype through 
time could be done using long-term studies of organisms in the wild. 
However, such long-term studies are rare because of the intrinsic 
challenge of maintaining a natural, continuous, long-term experi-
ment. And it is only in recent years that genotyping and evolution-
ary genetic understanding have advanced such that long-term and 
repeated archiving of genetic material is viewed as a productive 
strategy (Hansen, Olivieri, Waller, & Nielsen, 2012), with some re-
cent systematic efforts to begin large-scale DNA archiving (Droege 
et al., 2016; The National Ecological Observatory Network (neon); 
The Royal Botanic Gardens, Kew).

Natural history collections (NHCs) represent a potentially pow-
erful alternative to provide deep and broad time-series of sam-
ples. NHC samples have long represented an immense and critical 
resource for studies of morphology, taxonomy and biogeography 
(Lavoie, 2013; Page, MacFadden, Fortes, Soltis, & Riccardi, 2015; 
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Pergams & Lawler, 2009; Smith, Johnston, & Lücking, 2016). For lon-
gitudinal studies in evolution, spatiotemporal collections of historical 
and ancient samples stored in NHCs provide a critical source of in-
formation because they allow us to directly observe genetic changes 
over time and space and link those changes with specific ecological 
events (Holmes et al., 2016; Kitano et al., 2008; Martin et al., 2014). 
This ability to directly investigate evolutionary processes and their 
ecological causes is key to address pressing and long-standing ques-
tions. In addition, NHCs harbour an immense diversity of organisms. 
For example, global herbaria (NHCs for plant and fungi) store ~350 M 
specimens (Besnard et al., 2018). This diversity makes a large range of 
species accessible to studies of systematics, phylogenetics, domesti-
cation and evolutionary biology; this is especially useful for hard to 
locate species in the wild (including extinct or endangered species). 
As an added bonus, specimens available from NHCs are typically cat-
egorized, searchable and well documented, and with increasing digi-
tization, may have many layers of specimen-associated data (Hedrick 
et al., 2020; Pearson et al., 2020). NHCs represent the accumulation 
of immense effort invested in fieldwork and curation, and often con-
tain populations from difficult to reach or currently unsafe regions.

Despite its potential, over the last 20 years most genetic stud-
ies using museum specimens have relied on PCR-based methods 
to amplify short DNA fragments from NHC samples (Hofreiter 
et al., 2015). These methods have been preferred as a consequence 
of the particularly challenging nature of DNA retrieved from NHC 
samples, often referred to as ‘historical’ or ‘ancient DNA’ (aDNA) 
(Hofreiter et al., 2015). DNA obtained from NHC samples dramati-
cally deviates from DNA extracted from fresh tissue, and character-
istic aDNA damage patterns can be observed in historical samples 
(<200 years old) (Dabney, Meyer, & Pääbo, 2013). Recent method-
ological and technological developments, in tandem with the de-
creasing cost of sequencing, are revolutionizing the possibilities of 
this research field, allowing reduced-representation and whole ge-
nome sequencing, and expanding the focus to less-well supported, 
nonmodel species (Bi et al., 2019; Martin et al., 2013; Olofsson 
et al., 2019). In this Special Feature, we present studies spanning 
methodological aspects (wet laboratory protocols and bioinformat-
ics methodologies specific to aDNA) to particular case studies which 
demonstrate the enormous potential of NHC genomics in phyloge-
netics, microbiology, epigenetics, conservation genetics and evolu-
tionary ecology studies.

2  | SUMMARY OF THE SPECIAL FE ATURE

2.1 | Novel techniques for overcoming challenges in 
NHC genomics

The main challenge of historical or ancient samples is to obtain enough 
DNA of quality high enough for sequencing. DNA obtained from 
NHC samples is typically highly fragmented and degraded (Allentoft 
et al., 2012; Dabney et al., 2013; Weiß et al., 2020). DNA fragmenta-
tion in NHC samples is mainly caused by spontaneous depurination 

and hydrolysis of the DNA backbone (Lindahl & Andersson, 1972; 
Lindahl & Nyberg, 1972). This translates into an excess of adenine 
(A) and guanine (G) before breaking points (Briggs et al., 2007). In 
addition, DNA degradation in NHC samples shows an increase in cy-
tosine (C) to thymine (T) substitutions at the ends of aDNA fragments 
(Dabney et al., 2013). This excess of C to T substitutions correlates 
with the sample age, and it is used as a criterion of authenticity in an-
cient genetic studies (Allentoft et al., 2012; Weiß et al., 2020). Many 
NHC specimens are <100 years old, leading to more subtle patterns 
of deamination in comparison with samples that are thousands of 
years old. Finally, DNA retrieved from NHC samples often comes in 
small amounts and includes a combination of endogenous and micro-
bial DNA. This microbial DNA can be due to premortem or postmor-
tem colonization of the tissue (Eisenhofer et al., 2019). Altogether, 
standard protocols are often poorly suited to NHC samples and new 
flexible methodological approaches are needed.

In addition to the fragmentation and degradation naturally found 
in aDNA, extraction success is also dependent on a number of fac-
tors such as age, preservation method and amount of available tis-
sue (Gamba et al., 2016; Lonsinger, Daniel, Adams, & Waits, 2019; 
Rohland, Glocke, Aximu-Petri, & Meyer, 2018; Särkinen, Staats, 
Richardson, Cowan, & Bakker, 2012). For example, the decay rate of 
plant tissue is known to be faster than animal tissue, meaning that 
recent plant samples can display damage patterns similar to much 
older animal samples (Weiß et al., 2020). The conditions in which 
samples were preserved have also a large impact on the success of 
the DNA extraction (Lindahl, 1993). In this regard, soft tissues are 
more prone to be colonized postmortem by microorganisms than 
hard tissues, leading to a decrease in endogenous DNA to be re-
trieved during extraction (Weiß et al., 2020). Another limitation is 
the restricted number and volume of samples that are available for 
sampling. NCH samples are invaluable and irreplaceable; destruc-
tive sampling for DNA extraction cannot be done recklessly (Tin, 
Economo, & Mikheyev, 2014), and ethical practices should be fol-
lowed (Pálsdóttir, Bläuer, Rannamäe, Boessenkool, & Hallsson, 2020).

In most cases, only a very small amount of sample is available 
for DNA extraction. Since DNA quality and yield are known to have 
a large impact in downstream high-throughput next-generation se-
quencing (NGS) technologies, improvements to known extraction 
protocols have been extensively researched in the field of ancient 
genomics (Gamba et al., 2016; Lonsinger et al., 2019; Särkinen et al., 
2012). Many researchers are eager to know which protocol is best 
for obtaining the maximum yield using the minimum amount of sam-
ple for a particular taxon, sample age and type of tissue.

In this Special Feature, Tsai and collaborators explore the effect 
that type of extraction protocol and type of tissue have on DNA yield 
in birds (Tsai, Schedl, Maley, & McCormack, 2019). They compared the 
two most common extraction methods, the classic phenol–chloro-
form and the widely used silica column-based Qiagen DNeasy Blood 
and Tissue kit, on three types of dried avian tissue (toe pads, skin, and 
bones) (Tsai et al., 2019). The modified phenol–chloroform protocol 
rendered larger amounts of DNA than the silica column across all 
tissues (Tsai et al., 2019). However, the silica column recovered larger 
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DNA fragments (Tsai et al., 2019). Regarding the effect of tissue, 
toe pads yielded larger amounts of DNA, followed closely by skin 
punches (Tsai et al., 2019). The relative success of skin punches for 
DNA extraction expands the types of tissue available for sampling 
in birds while at the same time, offers a less noticeable/damaging 
option on the specimen. Overall, when dealing with historical avian 
samples, the authors recommend using the phenol–chloroform pro-
tocol with toe pads and if those are not available to use skin punches 
(Tsai et al., 2019). Adding to the effort of Tsai and collaborators, 
Billerman and Walsh (2019) thoroughly reviewed the most popular 
tissues and methods for DNA extraction in avian samples together 
with, sequencing and bioinformatic protocols. As concluding remarks 
from the review, the authors recommend minimizing damage to the 
specimen to ensure that more researchers can have access to tis-
sue for future genetic studies as well as access to the specimen for 
taxonomical purposes (Billerman & Walsh, 2019). Collecting blood 
samples when possible will have no physical damage on the specimen 
and blood is a good source for avian DNA (Billerman & Walsh, 2019). 
Another recommendation is data accessibility, DNA sequencing in-
formation collected from museum samples should be made publicly 
available to promote research and maximize the number of research 
questions that can be addressed (Billerman & Walsh, 2019).

When dealing with nonmodel species, particularly those with 
large genomes, modern genomic studies often rely on reduced-rep-
resentation approaches such as restriction-enzyme-associated DNA 
sequencing (RADseq). Reduced-representation approaches offer a 
cost-effective alternative to shallowly sequenced genomes, which in 
the absence of a reference genome are difficult to analyse. Reduced-
representation approaches offer higher quality and greater depth of 
sequencing for specific loci, and have specific, well-tested pipelines 
for its analysis (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016; 
Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011; 
Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). Thus, RADseq 
may be an ideal method to study genomics in NHC data sets. 
Unfortunately, the use of restriction enzymes will further shorten 
the already fragmented aDNA, ruling out the use of standard 
RADseq with NHC samples. However, recent alternatives have been 
developed to adapt these reduced-representation approaches to re-
trieve aDNA at population and genome-wide scales (Burrell, Disotell, 
& Bergey, 2015; Orlando, Gilbert, & Willerslev, 2015).

In studies using a hybridization-based capture approach, bioti-
nylated baits are commonly used to enrich particular genomic re-
gions. Baits ensure that the desired genomic regions are immobilized 
by streptavidin-coated beads and the remaining genetic fragments 
are washed away prior to sequencing. Baits are often commercially 
synthesized (Gnirke et al., 2009), and they must be designed in silico 
based on reference assemblies. These characteristics make hybridiza-
tion-based approaches both time-consuming and expensive, particu-
larly for large sample sizes and nonmodel organisms. In this Special 
Feature, Lang and collaborators propose several novel modifications 
to the hyRAD protocol (Suchan et al., 2016) that combines home-
made baits produced from reduced-representation libraries of fresh 
samples that then can be used to efficiently enrich historical libraries 

(Lang et al., 2020). With this approach, both historical and contempo-
rary genomic samples from nonmodel species can be jointly analysed. 
Their modifications include labelling and retaining bait adapters to 
enable the selective reamplification of the ‘immortalized’ bait library 
even after baits have been mixed with target DNA for capture. They 
also include a series of ‘shift-bases’ to avoid base calling errors caused 
by identical enzyme cut sites. To test the efficiency of this method 
capturing genetic variation information, the authors used two plant 
species in the Brassicaceae family, the model species Arabidopsis 
thaliana and the nonmodel Cardamine bulbifera (Lang et al., 2020). The 
results obtained from A. thaliana showed the efficacy of this method 
by recovering previously known genetic diversity and population 
structure patterns (Lang et al., 2020). The genomic data obtained 
from C. bulbifera produced de novo polymorphisms that were used to 
characterize populations' geographical and temporal gradients (Lang 
et al., 2020). Altogether, this joint analysis of contemporary samples 
using RADseq and historical samples using the modified hyRAD 
method offers a less biased, cost-effective and faster alternative to 
identify genome-wide trends over time (Lang et al., 2020).

Gauthier and collaborators offer further improvements to the 
analysis of reduced-representation data from historical specimens of 
nonmodel organisms (Gauthier et al., 2020). Besides demonstrating 
the efficacy of the hyRAD method to obtain sequencing data in NHC 
samples of two nonmodel butterfly species, the authors also devel-
oped and tested a new bioinformatic pipeline called POPHYRAD 
that (a) aligns each sequence read against the probe catalogue, (b) 
identifies and controls for deamination patterns, (c) eliminates puta-
tive paralogues, PCR duplicates, low-quality genotypes and indels, 
and (d) keeps only biallelic loci for downstream analysis of structure 
over time and space (Gauthier et al., 2020). Finally, with the genomic 
data analysed with the POPHYRAD pipeline, they investigated 
changes in genetics structure over time and space in these butterfly 
species (Gauthier et al., 2020).

In addition to genetic polymorphism within and among popula-
tions, advances in aDNA sequencing are also now enabling investiga-
tion of epigenetic variation over time (reviewed in (Gokhman, Malul, 
& Carmel, 2017)). One example is the study from Rubi and collabo-
rators to characterize methylation patterns of deer mice (Peromyscus 
spp.) using skulls obtained from the Upper Peninsula of Michigan 
in three different time periods: 1940, 2003 and 2013–2016 (Rubi, 
Knowles, & Dantzer, 2019). They generated reduced-representation 
methylomes at base pair resolution using a combination of double di-
gest restriction site-associated associated DNA sequencing (ddRAD) 
and bisulphite treatment (Rubi et al., 2019). Using this approach, the 
authors were able to characterize patterns of cytosine methylation 
in two species of deer mouse, demonstrating the use of historic sam-
ples for epigenomics (Rubi et al., 2019).

One final limiting factor when studying large numbers of samples 
is the costs associated with sequencing. In Illumina platforms, multi-
plexing offers a cost-effective method to increase the number of se-
quenced samples per lane (Craig et al., 2008; Meyer & Kircher, 2010; 
Smith et al., 2010). During multiplexing, samples are labelled indi-
vidually with unique identifiers (barcodes) that are inserted in the 
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sequencing platform-specific adapters (Meyer & Kircher, 2010). 
Samples are then combined together into a single DNA library and 
sequenced on the same lane, decreasing the per-sample sequencing 
cost. After sequencing, the sequences corresponding to each sam-
ple are demultiplexed based on the sample-specific barcode. Despite 
the cost-associated benefits, recent studies have reported high rates 
of misassignment associated with multiplexing in Illumina platforms 
due to index hopping (Costello et al., 2018; Vodák et al., 2018). When 
misassignment occurs, reads carrying an unintended barcode will be 
assigned to the wrong sample causing false conclusions to be drawn 
from interpretation of downstream genomic analyses (Günther & 
Nettelblad, 2019). Van der Valk and collaborators explore this issue 
by directly quantifying the rate of index hopping in 100-year-old 
gorilla (Gorilla berengei) samples obtained from NHCs (van der Valk, 
Vezzi, Ormestad, Dalén, & Guschanski, 2019). On average, they es-
timated that 0.470% of the reads contained a hopped index (van der 
Valk et al., 2019). This low value of index hopping was attributed to 
using a library protocol particularly designed for degraded samples, 
which largely removes free-floating adapters through a series of size 
selection and cleaning steps. The authors cautioned that, despite 
their low index hopping rate, the number of wrongly assigned reads 
depends on the number of reads that any given sample contributes to 
the total pool (van der Valk et al., 2019). This is particularly relevant 
for sets of data containing historical and ancient samples as these 
can vary wildly in the amount of endogenous DNA present in each 
sample (van der Valk et al., 2019). Using simulations informed by their 
empirical estimates of endogenous content and rates of index hop-
ping, van der Valk and colleagues demonstrate that even low rates of 
index hopping can lead to false signals of population admixture, bias-
ing ancient genomic studies (van der Valk et al., 2019). To try to min-
imize this problem, the authors recommend minimizing variation in 
sample endogenous DNA content when sequencing a sample pool on 
the same lane (i.e. prepooling qPCR of sample DNA content) (van der 
Valk et al., 2019). Moreover, in those cases when multiplexed samples 
are sequenced across multiple lanes or flow cells, repooling after the 
first sequencing run could be done if high variation in (endogenous) 
read number is observed (van der Valk et al., 2019).

2.2 | Applications of NHC genomics

As sequencing technology advances and methods to recover DNA 
from ancient and historical tissues improve, the ability to leverage 
genetic data from spatiotemporal molecular data sets maintained 
in NHCs is changing the types of questions we can address. Over 
the past two decades, the way scientists utilize NHC samples has 
shifted from classical morphology, taxonomy and biogeography to a 
diversity of applications including molecular-based studies of evolu-
tion (Heberling, Prather, & Tonsor, 2019; Olofsson et al., 2019). To 
begin with, it helps for species of interest to be correctly identified. 
Although NHC specimens have long been used for taxonomic pur-
poses, in certain cases morphology-based taxonomy can pose a chal-
lenge leading to the misidentification of species (Slippers et al., 2014). 

This is particularly true in those cases where only part of the speci-
men is available for identification, when dealing with sister species 
with similar morphologies (e.g. cryptic species) or an unknown spe-
cies (Hua et al., 2019; Slippers et al., 2014). In these cases, molecular 
identification using aDNA can provide an unequivocal identification 
(Miller, 2007). Vershinina and collaborators provide an example 
of how aDNA from NHC specimens can help us correctly identify 
samples and avoid false biogeographic reconstructions (Vershinina, 
Kapp, Baryshnikov, & Shapiro, 2019). Using ancient DNA, they cor-
rected a morphological misidentification made from a partial jaw 
of an Equid, initially described as Equus hemionus, the Asiatic wild 
ass (Cucchi et al., 2017; Vershinina et al., 2019). Molecular results 
showed that the partial jaw belonged to E. caballus, motivating a sub-
stantial reinterpretation of the evolutionary history of Equids, which 
in addition to wild asses includes horses, zebras, kiangs and donkeys 
(Cucchi et al., 2017; Vershinina et al., 2019). This study highlights the 
relevance of molecular identification in challenging cases and how it 
can clarify the evolutionary trajectories of species.

One of the main causes of human-induced global change is biodi-
versity loss due to the transformation of habitat (e.g. fragmentation) 
(Fahrig, 2003). Biodiversity collapse refers not only to the loss of 
species but also to population size and biomass reduction (Hallmann 
et al., 2017; Lister & Garcia, 2018). When population size dramati-
cally decreases, genetic diversity will also decrease with potentially 
negative consequences for the mid- and long-term population sur-
vival (Agha, Gross, Rohrlack, & Wolinska, 2018; Booy, Hendriks, 
Smulders, Van Groenendael, & Vosman, 2000; Razgour et al., 2019). 
In this Special Feature, Gauthier and collaborators demonstrate how 
over the past 100 years, populations of two butterfly species (Erebia 
embla and Lycaena helle) have suffered from genetic erosion possi-
bly due to habitat fragmentation. Genetic erosion was seen as an 
increase in fixed alleles and consequently a reduction of genetic di-
versity (Gauthier et al., 2020). In addition, one of the species (Erebia 
embla) exhibited increased isolation by distance (IBD) through time 
possibly caused by habitat fragmentation (Gauthier et al., 2020). This 
study demonstrates the value of genetic information from historical 
specimens: if the authors had focused only on current populations, 
they would have inferred low levels of genetic variation and IBD, 
perhaps attributable to natural causes (e.g. life history traits like 
low dispersal ability). In that scenario, the decreasing diversity and 
increasing isolation trend possibly associated with anthropogenic 
habitat fragmentation would remain unidentified. This distinction 
between a declining trend and naturally low levels of genetic diver-
sity is pivotal when designing management and restoration practices 
and could be the difference between being able to preserve the 
population or failing to prevent its extinction. Thus, the study from 
Gauthier and collaborators exemplifies how using temporal histori-
cal enhances researchers' ability to infer which evolutionary process 
led to the current population structure, potentially informing future 
conservation practices and outcomes.

When the surrounding environment changes, mobile organisms 
have the chance to migrate to a more suitable location (Nogués-
Bravo et al., 2018). Plants with lower dispersal capabilities or highly 
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selfing mating systems might experience intensified, detrimen-
tal consequences of environmental change if they fail to adapt or 
migrate in a timely manner in response to such changes (Aitken, 
Yeaman, Holliday, Wang, & Curtis-McLane, 2008). In this section, 
Lang and collaborators show the potential of herbaria collections to 
document genetic changes in plant populations over time and space. 
By combining current populations and historical samples of C. bulbi-
fera, they observed that geographically distant population were ge-
netically diverged both among historical and modern samples (Lang 
et al., 2020). One hypothesis is that anthropogenic habitat fragmen-
tation has limited gene flow between populations. Alternatively, 
rapid and intense environmental changes can lead to bottlenecks, 
increasing genetic drift and augmenting genetic differences among 
populations (Lopez, Retuerto, Roiloa, Santiso, & Barreiro, 2015).

In addition to heritable changes in the genetic code, modi-
fications of DNA that do not involve changes in DNA sequence 
also contribute to organism responses to environmental change 
(Burggren, 2016; Lind & Spagopoulou, 2018). Epigenetic changes 
can influence gene expression that may be targeted by selection, and 
epigenetic changes can influence many aspects of evolution (Banta 
& Richards, 2018). Heritable transgenerational epigenetic changes 
may be particularly relevant in populations with low levels of genetic 
diversity where epigenetic change may preface genetic adaptations 
(Burggren, 2016). NHC samples open a new avenue to document 
how these epigenetic changes have influenced phenotypic change 
over time. In this Special Feature, Rubi et al. reported reduced cyto-
sine methylation, potentially due to postmortem DNA damage, and 
greater individual variation in older NHC specimens of deer mouse 
(Rubi et al., 2019). With respect to methylation in gene bodies and 
promoters, patterns were consistent with those observed in mam-
malian somatic cells (Rubi et al., 2019). These results highlight the 
promise but also the challenges for the use of temporal data sets 
derived from NHCs in epigenetic studies (Rubi et al., 2019).

Another field of study that has been rapidly growing because of 
new technical advances in sequencing and bioinformatics is metag-
enomics. Microbial communities have critical roles in the environ-
ment, and it is only now that we are starting to unravel the extent 
and complexity of microbial interactions with other elements in 
the ecosystem (Quince, Walker, Simpson, Loman, & Segata, 2017). 
Microorganisms perform important roles in the organism's health 
and growth, and act as a link between an individual's genotype/phe-
notype and its environment, and thus may be part of the ‘extended 
phenotype’ (Hunter, 2018; Rodriguez et al., 2019). Human-induced 
environmental change has not only influenced plants and animals, but 
it also has impacted microbial populations (Cavicchioli et al., 2019). 
For example, fertilizers, fungicides and herbicides also affect micro-
bial communities of crop fields (Benitez, Osborne, & Lehman, 2017; 
Caradonia et al., 2019). NHCs can potentially help us understand how 
these anthropogenic environmental changes have affected the micro-
biome over time, and by extension, communities of larger organisms.

One limitation of using NHC samples in metagenomic stud-
ies is postmortem contamination (Gutaker, Reiter, Furtwängler, 
Schuenemann, & Burbano, 2017; Warinner et al., 2017). Specifically, 

microbial communities that colonize the samples after the speci-
men was collected can confound results from microbiome compo-
sition studies. In a study using samples collected over 180 years of 
Ambrosia artemisifolia and Arabidopsis thaliana, Bieker and collabora-
tors showed that some microbial species are exclusive to postmor-
tem herbarium specimens and are not found in contemporary plant 
collections. These microbial species may compromise up to 7% of 
the historic samples' microbial DNA content (Bieker et al., 2020). 
In the particular case of the invasive species Ambrosia artemisifolia, 
only after removing these contaminants, did researchers observe 
a shift in the microbial community over time (Bieker et al., 2020). 
Altogether, this study demonstrated that it is possible to obtain 
metagenomic profiles from herbarium samples and perform tempo-
ral studies to identify changes in the community, but incorporation 
of additional analysis specific to NHC metagenomics data may be 
necessary (Bieker et al., 2020). Studies such as this could be further 
complemented by looking at environmental changes in association 
with shifts in the microbial community.

3  | CONCLUDING REMARKS

The studies compiled in this Special Feature illustrate how, with the 
development of new sequencing technologies and bioinformatic ap-
proaches, temporal and spatial data sets maintained in NHCs can 
now be increasingly utilized for genomic studies. Utilizing this pre-
cious resource opens a number of new possibilities in the fields of 
evolutionary ecology, genetics, taxonomy, microbial ecology and 
epigenetics. Using NHC samples, we can reconstruct species his-
tory and understand how anthropogenic pressures impact the evo-
lutionary trajectory of species and populations. We can now directly 
investigate the pressing question of how populations have adapted 
to changing environmental conditions over time by combining ge-
netic data from NHC samples and environmental data (e.g. his-
torical climate records). If we unravel the genetic mechanisms for 
adaptation to environmental change, we can apply this information 
to predict how species might respond to environmental change and 
design conservation practices to better manage natural resources 
(e.g. assisted migration and genetic rescue). By identifying the ge-
netic mechanisms behind rapid adaptation, we may better manage 
whether species succeed (the goal of conservation, or agriculture 
in response to climate change) or fail (the goal of invasive species 
management) in the face of novel environments. Altogether, natural 
history collection genomics allows us to understand how anthropo-
genic pressures impact the evolutionary trajectory of species and 
populations and make informed decisions for the future.
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