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1 | INTRODUCTION

Abstract

Fossil rodent middens are powerful tools in paleoecology. In arid parts of western
North America, packrat (Neotoma spp.) middens preserve plant and animal remains
for tens of thousands of years. Midden contents are so well preserved that fragments
of endogenous ancient DNA (aDNA) can be extracted and analyzed across millennia.
Here, we explore the use of shotgun metagenomics to study the aDNA obtained from
packrat middens up to 32,000 C** years old. Eleven lllumina HiSeq 2500 libraries
were successfully sequenced, and between 0.11% and 6.7% of reads were classified
using Centrifuge against the NCBI “nt” database. Eukaryotic taxa identified belonged
primarily to vascular plants with smaller proportions mapping to ascomycete fungi,
arthropods, chordates, and nematodes. Plant taxonomic diversity in the middens is
shown to change through time and tracks changes in assemblages determined by
morphological examination of the plant remains. Amplicon sequencing of ITS2 and
rbcL provided minimal data for some middens, but failed at amplifying the highly frag-
mented DNA present in others. With repeated sampling and deep sequencing, analy-
sis of packrat midden aDNA from well-preserved midden material can provide highly
detailed characterizations of past communities of plants, animals, bacteria, and fungi
present as trace DNA fossils. The prospects for gaining more paleoecological insights
from aDNA for rodent middens will continue to improve with optimization of labo-

ratory methods, decreasing sequencing costs, and increasing computational power.
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from colder environments at high latitudes and elevations that en-
hance aDNA preservation (Birks & Birks, 2016; Hagelberg, Hofreiter,

& Keyser, 2015). In recent years, much progress has been made on

Steady progress in paleogenetics and paleogenomics over the past
few decades is revolutionizing how we study biogeography, evolu-
tion, and population dynamics. Much of the progress of ancient DNA
(aDNA) has focused on hominins and large mammals, specifically

the recovery of aDNA from a variety of substrates including lake,
bog, and cave sediments for a range of organisms including bacte-
ria, archaea, plants, and hominins (e.g., Ahmed et al., 2018; Clarke
et al., 2019; Parducci et al., 2019; Pedersen et al., 2016; Slon et al.,
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2017). Various metagenomic and metabarcoding methods have been
proposed.

Paleogenomic studies of plants that aim to reconstruct past ge-
netic variation require well-preserved aDNA from many samples
spanning millennia and broad geographic distributions. This is a tall
order for most kinds of geologic deposits. One exception are fossil
rodent middens, ubiquitous cave deposits that have been well stud-
ied across arid parts of North and South Americas and that contain
abundant, diverse, and well-preserved plant macrofossils and other
remains (Betancourt & Saavedra, 2002; Betancourt, Devender, &
Martin, 1990).

Fossil rodent middens are amalgamations of plant and ani-
mal remains embedded in cemented blocks of crystallized urine
and preserved for millennia in arid land caves and rock shelters.
Because the foraging range of these small rodents is limited, plant
macrofossils are assumed to originate from plants growing within
100 m of the midden (Dial & Czaplewsk, 1990). Middens are radio-
carbon-dated from either fecal pellets, multiple plant fragments,
or even an individual plant fragment using accelerator mass spec-
trometry (AMS) dating (Van Devender et al., 1985). Since 1960,
>2000 fossil packrat (Neotoma) middens have been analyzed and
archived from western North America (Strickland, Thompson, &
Anderson, 2001). Since 1994, another 1,000 middens produced
by other rodents (Abrocoma, Phyllotis) have been studied from
western South America (Latorre, Betancourt, Rylander, & Quade,
2002). Middens provide rich sources of fossil material from both
plants and animals, which can be used to investigate ecological
responses to environmental change over the last 50,000 years
(Balk, Betancourt, & Smith, 2019; Becklin, Medeiros, Sale, & Ward,
2014; Butterfield, Anderson, Holmgren, & Betancourt, 2019;
Butterfield, Holmgren, Anderson, & Batancourt, 2019; Dézerald,
Latorre, Betancourt, Brito Vera, & Gonzalez, 2019; Holmgren,
Hunter, & Betancourt, 2019).

In past decades, the community of midden researchers has
dwindled with few trained in molecular techniques and genomics,
delaying full exploration of midden aDNA analysis and its poten-
tial from early studies confirming the presence of aDNA in fossil
rodent middens. Ancient DNA in middens was used to identify
the dung, diet, and Pleistocene biogeography of a rare rodent
in northern Chile (Kuch et al., 2002) and of an extinct ground
sloth preserved in southern Argentina (Hofreiter, Betancourt,
Sbriller, Markgraf, & Gregory McDonald, 2003; Hofreiter et al.,
2000). Ancient DNA from a midden in Tiburdn Island in the Gulf
of California showed that a unique haplotype of desert bighorn
sheep inhabited this land-bridge island 1,500 years ago and that
its successful introduction in 1975 represents an “unintentional
rewilding” (Wilder et al., 2014). Ancient DNA from middens in the
Grand Canyon, USA, provided evidence of papillomavirus (PV)
infection and long-term codivergence with packrats over the last
27,000 years, the oldest known PV sequence (Larsen, Cole, &
Worobey, 2018). High-throughput sequencing and metabarcoding
have been reported from South African, Australian (Murray et al.,
2012), and Chilean (Diaz et al., 2019) middens. Metabarcoding of
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middens in the hyperarid Atacama Desert of northern Chile re-
cords the response of plant-pathogen communities in response
to changing climates during the past 50,000 years (Wood et al.,
2018). Because of their dense spatiotemporal distribution, fossil
rodent middens in the Americas offer the chance to genetically
profile entire communities through time and space and to recon-
struct time-lapse molecular phylogeographies for individual spe-
cies. To achieve this potential, a necessary step is to continue to
improve the genetic characterization of these promising deposits,
the principal aim of the present study.

DNA from ancient and highly degraded materials is more acces-
sible than ever before with modern high-throughput DNA sequenc-
ing platforms. Taxonomic composition of ancient samples can be
inferred using sophisticated bioinformatic algorithms and massive
genetic reference databases (Harbert, 2018). Common sequencing
approaches to the taxonomic identification of environmental DNA
(eDNA) include amplicon sequencing and whole-genome shotgun
sequencing (Taberlet, Coissac, Pompanon, Brochmann, & Willerslev,
2012). Amplicon sequencing produces short fragments of a spe-
cific gene that can be compared to robust databases. In contrast,
whole-genome shotgun sequencing produces random reads from all
of the available DNA molecules in a sample, but with a theoretical
bias toward high-copy molecules (e.g., organellar genomes). Amplicon
sequencing can sometimes produce imprecise results due to the rel-
atively small samples of the overall genome being compared and
because it may produce bias against rare molecules, particularly in
degraded samples (Ficetola et al., 2015; Ficetola, Taberlet, & Coissac,
2016; Zinger et al., 2019). Nevertheless, amplicon data may, in some
cases, produce more complete taxonomic coverage relative to shot-
gun methods (Tessler et al., 2017). Whole-genome shotgun sequenc-
ing inherently generates vastly more data from a theoretically larger
sample of the genome; therefore, it may overcome underrepresenta-
tion of rare molecules and provide more information to make precise
taxonomic classifications from highly degraded samples.

For this study, we attempt both shotgun and amplicon methods
for metagenomics, but we focus on the whole-genome shotgun se-
quencing methods for the exploration of aDNA in packrat midden
sequences from western North America. We analyzed aDNA from
25 packrat midden samples of different ages, both unprocessed
vouchers (still indurated with crystallized urine) and processed ma-
terial (after crystallized urine was removed through soaking in water)
to determine whether the extraction and classification of endoge-
nous DNA from are possible with both unprocessed and processed
material. The packrat middens for which sequencing libraries were
attempted in this research are between 300 and 48,000 C** years
old and come from two different localities. City of Rocks National
Reserve (COR), characterized by mean annual temperature of 9°C
and mean annual precipitation of 280 mm, is in south-central Idaho,
USA, near the northern end of the known paleomidden distribution.
Guadalupe Canyon on the eastern piedmont of the Sierra Juarez in
northern Baja California, Mexico, is characterized by mean annual
temperature of 22.5°C and mean annual precipitation of ~70 mm.

These two sites more or less span the range of current climatic
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conditions across which North American packrat middens are pre-
served and have been studied.

DNA extraction and shotgun sequencing produced data on
eleven samples; amplicon samples were reviewed for a subset of six
samples. Shotgun metagenomic data were then analyzed to identify
taxa present in each sample. The shotgun metagenomic results gen-
erally outperform amplicon data and more completely characterize
paleo-communities that are consistent with macrofossil communi-
ties identified in the middens and associated taxa.

2 | MATERIALS AND METHODS
2.1 | Midden samples

Packrat midden material was sampled from the North American
Packrat Midden Collection archived at the University of Arizona's
Tree Ring Laboratory, Tucson, AZ. There are two kinds of samples in
the Tucson collection, processed and unprocessed (indurated) mid-
den vouchers. Midden processing entails placing a discrete (approxi-
mately shoebox-sized or larger) sample of the midden in a bucket of
water. The crystallized packrat urine (amberat; see Figure 1) is solu-
ble in tap water and usually dissolves in one to two weeks, releas-
ing plant material, fecal pellets, and other remains. After dissolving,
the soaked midden is wet-screened through geologic sieves, is dried
in a drying oven overnight, and placed into large plastic bags. This

material eventually is sorted and identified under a dissecting scope

using modern material and then farmed out to other laboratories
for geochemical and other analyses. Processed midden is the most
abundant material in the University of Arizona Collection. A major
question about midden aDNA analysis is the degree to which aDNA
survives the current routine processing of middens, which involves
both prolonged soaking and oven-drying the material. Also available
for some middens are indurated vouchers, meaning chunks of mid-
dens that are still embedded with crystallized urine and have not
been processed to release/recover the contained plant macrofossils
and other remains. The availability of these indurated vouchers per-
mits assessing of routine processing on midden aDNA.

Both processed and voucher midden samples were taken for
DNA extraction from the two sites, twelve from the City of Rocks
and thirteen from Guadalupe Canyon. The samples from COR were
dated from ~47,500 C** years old to 115 C** years old (initial results
partially published in Weppner, Pierce, & Betancourt, 2013). The
Guadalupe Canyon samples were dated between 54,400 C'* years
old and 3,545 C** years old (Holmgren et al., 2014).

2.2 | DNA extractions

DNA extractions from the middens were completed in an aDNA
laboratory at the American Museum of Natural History's Sackler
Institute for Comparative Genomics. This is a PCR-free room with
laboratory workspaces designated for low DNA content samples
and clean protocols in place to limit residual DNA contamination.

FIGURE 1 Pleistocene-age packrat
middens from (a,b) City of Rocks National
Reserve, south-central Idaho, USA, and
(c,d) Guadalupe Canyon, northeastern
Baja California, Mexico
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Sampling tools were sterilized in a 20% bleach solution both be-
fore starting sampling work and in between each separate midden to
remove contaminating bacteria and residual DNA from previous sam-
ples and potential modern contaminants. The laboratory bench and all
work surfaces (including micropipettes, tube holders, centrifuge, and
vortexer) were cleaned with 50% DNA AWAY Surface Decontaminant
(Thermo Fisher Scientific). Between 0.25 and 0.8 g were sampled per
extraction. Material was scraped off each indurated midden using
cleaned and decontaminated forceps, double spatula, and sterile razor
blades on new decontaminated workspaces of aluminum foil for each
sample. Processed middens were sampled by sorting bulk midden con-
tents into extraction tubes using cleaned and decontaminated forceps.

Extractions were performed using the DNeasy PowerSoil Kit
following manufacturers' protocol with the exception that the vor-
texing disruption step was carried out using a Fisherbrand Bead Mill
24 Homogenizer at 3.10 m/s for 10 min. Final DNA was eluted into
100 pl of 10 mM Tris-HCI buffer and stored at ~20°C. The DNA con-
centration was quantified using Qubit 2.0 with the dsDNA HS Assay
Kit (Life Technologies) as well as an Agilent 2100 Bioanalyzer (Serial
No. DE13804219) assay.

2.3 | Amplicon sequencing and classification

Amplicon sequencing was conducted for a ~185 bp target for rbcL
[rbcL1 and rbcLB primers (Little, 2014)] and a ~300 bp target for ITS2
[UniPlantF and UniPlantR primers (Moorhouse-Gann et al., 2018)].
Amplification reactions were set up in a UV-treated laboratory hood,
and PCR was conducted in a laboratory separate from DNA extraction
and reaction setup steps. DNA templates were amplified using Fisher
Scientific BioReagents Tag DNA Polymerase and Buffer A (500 mM
KCl, 15 mM MgCl,, and 100 mM Tris-HCI) in 25 pl reactions with
10 uM primers. PCR cycling conditions for the rbcL amplicon were 40
cycles of 95°C for 30 s, 52°C for 30 s, and 72°C for 30 s with a final
extension at 72°C for 10 min. The ITS2 amplification consisted of 40
cycles of 94°C for 45 s, 64°C for 45 s, and 72°C for 45 s with a final ex-
tension at 72°C for 10 min. Each sample was amplified in triplicate, and
products were cleaned with ExoSAP-IT. Cleaned products were evenly
pooled by DNA concentration for each sample. These products were
then sequenced at Genewiz via MiSeq (2 x 250 bp reads).

Using cutadapt (Martin, 2011), the resulting sequences were de-
multiplexed by locus and had their primer sequences trimmed; fur-
thermore, sequences were only kept if >75 bp. BBMerge (Bushnell,
Rood, & Singer, 2017) was used to merge overlapping read pairs, and
the resulting full-length sequences were aligned against the NCBI
“nt” database using BLAST (Johnson et al., 2008). Resulting hits

(>95% similarity) are reported.

2.4 | Whole-genome shotgun sequencing

A total of 21 samples were selected for whole-genome shotgun se-

quencing, nine from the Guadalupe Canyon site and 12 from the City

Filter and trim
with
AdapterRemoval

Preprocessing

with SGA
- Centrifuge

NCBI “Nucleotide” alignment to ‘nt’
Database database

Visualizations in
R

FIGURE 2 Bioinformatic pipeline for the analysis of the
shotgun-sequenced packrat midden samples. Code, installation
instructions, and pipeline settings are available online (https://
github.com/rsh249/NeotomaSeq.git)

of Rocks National Reserve. Samples were chosen for sequencing
based on total DNA content (>0.525 ng/ul) and by manual inspec-
tion of the Bioanalyzer fragment size distribution to identify samples
with majority low molecular weight (<1 kb) DNA. These criteria were
imposed under the assumption that endogenous ancient DNA will
be highly fragmented and that higher molecular weight DNA is likely
from modern contamination. The library preparation was done using
the KAPA Hyper Library Preparation Kit (KAPA Biosystems). Library
preparation and sequencing were carried out at the New York
Genome Center on the Illlumina HiSeq 2500 platform for paired-end
reads of 125 base pairs.

2.5 | Shotgun metagenomic classification

The whole-genome shotgun data were processed with a custom pipe-
line to merge overlapping reads, trim low complexity data, remove du-
plicate reads and reads shorter than 30 bp, and map reads to the NCBI
“nt” reference database (Figure 2). lllumina adapter sequences were
removed and overlapping read pairs collapsed using AdapterRemoval
(v2.2.2) (Schubert, Lindgreen, & Orlando, 2016) resulting in a sample
of the shortest, most likely ancient, molecules. All collapsed reads
were next preprocessed by String Graph Assembler (SGA—v0.10.15)
(Simpson & Durbin, 2012) to remove reads smaller than 30 bp, low
complexity reads, and duplicate sequences. The collapsed and filtered

read files were then classified with Centrifuge (v1.0.4) (Kim, Song,
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Breitwieser, & Salzberg, 2016). Taxonomic assignments were converted
to standard classifications based on the NCBI taxonomy database
(Federhen, 2012) and the R “taxonomizr” code library (Sherrill-Mix,
2019). Visualizations of the results were coded in R 3.5.2 (R Core Team,
2019) and the “ggplot2” graphics library (Wickham, 2009).

2.6 | Analysis of DNA damage

DNA damage and deamination patterns were analyzed using
PMDTools (Skoglund et al., 2014) to calculate deamination fre-
quency. All reads were mapped using “bwa mem” (Li & Durbin, 2009)
to all available chloroplast genomes (ftp://ftp.ncbi.nlm.nih.gov/
refseq/release/plastid/). A script for this analysis can be found on
the NeotomaSeq Git repository (https://github.com/rsh249/Neoto
maSeq/bin/damage_pmdtools.sh).

2.7 | Shotgun metagenomics pipeline and data
availability

All code and parameter settings for individual programs for the shot-
gun metagenomics portion of this project are published in a pub-
lic code repository (https://github.com/rsh429/NeotomaSeq), and
raw shotgun sequence data are available through the NCBI SRA
at BioProject PRJNA488629 (https://www.nchi.nlm.nih.gov/biopr
oject/PRINA488629).

3 | RESULTS
3.1 | DNA quantification

The concentration of DNA present in each extraction as measured
by the 2100 Agilent Bioanalyzer confirms that DNA can be extracted
from midden material up to 31,760 years old (Figure 3), but that the
yield can be varied unpredictably between and within middens. In a
paired t test, significantly higher DNA concentrations were achieved
from the City of Rocks packrat midden samples (M = 1.62 ng/pl,
SD = 2.60) than the Guadalupe Canyon samples (M = 0.267 ng/pl,
SD = 0.29), t(44) = 3.37, p = .002. Furthermore, all extraction blanks
that were done in parallel with the midden extractions showed un-
detectable amounts of DNA (Figure 3).

3.2 | Whole-genome shotgun sequencing

Eleven of the 21 DNA samples submitted for sequencing were
successfully sequenced with midden ages ranging from 345 to
31,760 C** years. The other ten samples failed library prepara-
tion procedures and, accordingly, could not be sequenced. Of
these ten samples, eight of them were from Guadalupe Canyon,

meaning that all but one of the extractions from this hotter, drier

site failed to go through library preparation. Overall, between ap-
proximately 0.11% and 6.7% of the raw read pairs were uniquely
classified given the filtering and classification pipeline (Table 1);
however, only processed (washed and sieved) midden samples
(sequence samples PPC524-PrA and TS211F-2Pr) yielded greater
than 1% classified reads.

3.3 | Metagenomic classification

Direct classifications placed some of the DNA fragments at the spe-
cies level, but there is more confidence in higher classifications (e.g.,
phylum and family level) where stronger consensus is established.
More than half of the classified reads for each sample mapped to
bacteria (Figure 4), with Streptophyta, Chordata, and Arthropoda as
the dominant eukaryotic phyla. In processed midden samples, nearly
all reads were classified as bacteria, whereas in unprocessed (raw,
voucher material) midden samples ~25%-50% of classified reads ap-
pear to be eukaryotic.

The breakdown of eukaryotic reads by phylum shows that
a majority of the reads for each of the COR samples aligned to
Streptophyta (Figure 4). Chordata and Arthropoda make up the
dominant metazoan phyla, and Ascomycota is the dominant fungal
phylum (Figure 4).

As taxonomic classification becomes more specific (e.g., fami-
lies rather than phyla), greater resolution forms. All of the samples
contain some amount of reads aligning to the Pinaceae or Poaceae
(Figure 4). The ecosystem seems to shift through a few distinct
changes from a sagebrush grassland (dominated by Asteraceae
and Poaceae) as seen from the plant composition of middens
>25,000 years old to a pinyon-juniper woodland dominated by ei-
ther Pinaceae or Cupressaceae around 3,000 years ago (Figure 4).

3.4 | Macrofossil analysis comparison

Standard plant macrofossil analysis was performed on the middens
collected from the City of Rocks locality (Table S1). Plant families
identified in the macrofossil analysis are often identified in the aDNA
fraction as well (Figure 5a). However, fossil genera and aDNA genera
do not often overlap (Figure 5b). The common genera Artemisia and
Pinus do often appear in the aDNA results when also present as mac-
rofossils (Figure 5b). However, for now, we will focus our analysis on
aDNA identifications to plant families.

The performance of the shotgun metagenomic classifications
is assessed here by measuring precision and sensitivity at different
thresholds of positive prediction of plant families (% of reads clas-
sified). In general, as the threshold for positive prediction increases
(from 0.001% to 10% of reads classified) precision increases with
fewer false positives, and sensitivity decreases as fewer known mac-
rofossil families are identified in each sample (Figure 6). However,
in the processed middens precision and sensitivity are both low
(Figure 6).
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TABLE 1 Sample data for successful sequencing libraries

DNA

Percent reads
classified

Total reads
classified

Raw read count

(pairs)

concentration

(ng/ul)

Filtered reads

Merged reads

Midden age (C*%)

Sample location

Sample name

0.11
0.

44,794
45,046
66,590

19,887,315
3,766,546

30,242,750

38,984,234
31,897,277
44,285,310

5.96

345
2,835

USA
USA
USA
USA
USA
USA
USA
USA
USA
USA

FRT504-1-6-19

14

12,731,946
27,388,646

16,004,936
37,004,021

0.516
2.16
2.24
3.43
3.08
4.53

FRT511A-2-6-19

0.15
6.7

3,105
3,260

PPC524-1-6-19

9,196,103
41,635,079
43,967,534

19,207,172

55,738,312

PPC529-PrA

0.47
0.

268,371

43,828,129

57,012,411

3,260
3,260
28,460
28,460
28,460
31,760

PPC529-UnA

56

334,688

46,247,728

59,879,081
33,887,716

PPC529-UnB
TS211F-2Pr

2.8

974,043
113,778

3,580,929
24,182,008
31,682,218

8,294,475
27,683,245
38,705,809
30,140,241
32,584,904

27
16
33

0.

42,884,507
59,464,854
36,077,665

1.393
2.036
1.07

TS211F-4-6-7
TS211F-Un
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0.

94,857
120,382

0.

24,818,818

TS211A-2-6-19

0.39

142,956

19,363,519

37,080,672

0.746

3,545

Mexico

GC100B (Guadalupe

Canyon)

3.4.1 | aDNA Confirmation

Assessment of DNA damage through mapping of cytosine deamina-
tion and read length shows that reads that map to chloroplast loci
are putatively ancient (Figure 7). In general, all samples analyzed
show elevated (5%-10%) cytosine to thymine substitutions near the
5' end of the DNA molecule dropping to 2.5%-3% by 30bp from
the 5’ end (Figure 7a). Also, most samples show read lengths (from
merged paired-end reads) of 50-200 bp (Figure 7b). Sequence reads
from the processed midden samples (PPC524-1-6-10 and TS211F-
2Pr) show elevated levels of C to T mismatches across the entire
length of the reads relative to the data from raw midden samples
(Figure 7a).

4 | DISCUSSION

Application of metagenomics to packrat midden paleoecology has a
lot to contribute to the study of these materials. In a single analysis,
aDNA metagenomic data can identify major lineages of eukaryotes—
plants, animals, and fungi—and prokaryotes. This method provides
the basis for a new way to more rapidly conduct paleoecological
studies, as numerous samples can be batch-processed and data on a
wide range of taxonomic groups can be recovered. Also, it does not
require specialized knowledge for morphological identification of
fragmented macrofossils, helping make studies in this system more
available to the scientific community at large.

The taxonomic characterization of DNA from packrat midden
series has the potential to generate a millennial-scale timeline of
community composition. These data and future developments to
ancient metagenomics methods will aid in understanding the effects
of changing environments and provide a clearer picture of the pro-
cesses involved in ecosystem turnover. This may require improve-
ments to and expansion on the methods presented here, but should
be feasible by sampling more ancient packrat middens across a
wider transect of geography and time, more replication of sequenc-
ing, deeper sequencing, experimentation with target capture and
metabarcoding methods, and the establishment of more complete
reference databases for global and regional flora and fauna relevant

to ecosystems represented in packrat middens.

4.1 | DNA recovery and midden handling

Processing of packrat middens for macrofossil analysis is not com-
patible with ancient DNA protocols. In this study, we successfully
recover DNA from both processed and voucher specimen middens
(Figure 3). Typical analysis of packrat midden plant macrofossils in-
volves dissociating the midden matrix in water (Betancourt et al.,
1990). This protocol appears to further degrade any endogenous
DNA and introduce significant contamination. The processed sam-
ples analyzed here are dominated by bacterial sequences (Figure 4),

and the plant families recovered in the metagenomic analysis show
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FIGURE 4 Taxonomic classification
of shotgun metagenomic data. (a)
Dominant kingdom fractions, (b) minor
kingdom fraction (viruses and archaea),
(c) breakdown of reads classified as
eukaryotes, and (d) breakdown of top
ten plant families identified in shotgun
metagenomic data. Processed midden
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low overlap with the plant macrofossil taxa known from those sam-
ples (Figure 6). Obvious contaminants include reads mapping to
Echinodermata (in one sample) and humans, which indicates the
presence of contamination above that of the unprocessed ancient
samples (Figure 4). While this is unfortunate, it is not surprising;
it has long been known that aDNA samples must be handled with
extreme care to preserve the remaining material and to limit con-
tamination from modern sources (Cooper, 2000). However, midden

processing is a destructive process in the context of aDNA work, and

Salicaceae

Saxifragaceae

we encourage developing new field and laboratory protocols that
better ensure aDNA preservation, and more routine archiving of un-

processed midden material as voucher specimens.

4.2 | Macrofossils versus aDNA

In these analyses, we show that DNA extracted from packrat middens

can be attributed to a range of organisms consistent with known or
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FIGURE 5 Comparison of plant macrofossil content and DNA classifications. Packrat midden plant macrofossil identifications compared
to shotgun metagenomic classifications (>1% of all plant reads) at the (a) family and (b) genus levels. Macrofossil data columns are indicated
with the label suffix “.foss.” Metagenomic data columns are indicated by the “.dnagen” label suffix. Taxa shown as identified in the aDNA
metagenomic analysis must make up at least 1% of all plant classified reads

likely midden contents (Figure 4). While a large fraction of each sample
is bacterial and may represent either endogenous bacteria or potential
contaminants, between 20% and 40% of the shotgun metagenomic
reads classified are eukaryotic. The majority of these eukaryotic se-
quences belong to plants (Figure 4). Since plants are the primary mid-
den components, this alone suggests that much of the DNA recovered
is endogenous. More convincingly, most of the plant families identi-
fied by DNA evidence are also known macrofossil components of the
middens analyzed for this study (Figure 5). Although sequences can be
identified to the genus level (Figure 5), we do feel that, at this time, the
family level is the finest resolution the data should be viewed at due to
DNA degradation and lack of available plant genomes for taxa closely
related to putative midden components.

When taxa are identified in molecular data but not in the mac-
rofossil record, true aDNA could be present in the form of pollen
or other trace material (including unidentifiable macrofossils) that is
difficult to access or not typically processed when studying packrat
midden contents. The presence of DNA in the absence of pollen or
other known tissue is not necessarily surprising and has been ob-
served in other systems, particularly in ancient sedimentary DNA
(Clarke et al., 2019; Parducci et al., 2019). It may also be that DNA

fragments are being misclassified due to missing data in the ref-
erence database or bias toward more complete genomic records
(Harbert, 2018). However, the putative ancient sequences described
here closely match the appropriate midden surroundings (Figure 6)
and importantly are missing common wind-pollinated genera (e.g.,
Quercus and Platanus) that inhabit Central Park, which is the closest
pollen source to where the laboratory work was conducted.
Conversely, there are macrofossils identified in the middens
that do not show up in the aDNA analysis. There are at least three
reasons why this may be: (a) The specific sample taken from the
midden might not have the taxon in question; (b) the aDNA that
macrofossils might have once contained is no longer viable for anal-
ysis and accordingly failed at the extraction or sequencing step; or
(c) there may be a lack of genomic data to place sequence reads
in the fossil group. Like any fossil, there is presumably a point at
which midden contents will be too degraded to recover DNA from,
no matter how sensitive sequencing technology becomes, and this
process intuitively should occur more rapidly for some species and
tissues, and in some midden localities. For example, the best char-
acterized and highest performing midden samples came from the
Pinnacle Pass Cave locality, PPC524 and PPC529 (Figure 6).
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4.3 | Tracking plant communities (Figure 4) to what has previously been observed in these middens

(Weppner et al., 2013). In the City of Rocks midden series, we observe
It is well established that packrat midden plant macrofossils provide that the oldest middens contain DNA dominated primarily by Poaceae
insights into changes in plant communities through time. The pat- (grasses) and Asteraceae (composites) (Figure 4d). This composition
terns and relative abundances of plant families identified in the shot- may suggest tree-less shrubland, much like modern Artemisia sage-

gun metagenomic analysis here provide evidence of similar changes brush ecosystems. In the middle section of this series (~1-5 ka), the
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DNA composition shifts to be dominated by Pinaceae, Cupressaceae
(junipers), or Rosaceae, a pattern that is more consistent with an open
Juniper woodland similar to the modern vegetation of the region
(Figure 4d). Accordingly, metagenomics seems like a viable alterna-
tive to macrofossils, but, given the incomplete overlap between these
methods, adding metagenomics to prior macrofossil work should in-
deed refine the understanding of sites even further. Like many new
molecular methods that had previously required more manual species
identifications, the physical and molecular methods are highly syner-
gistic—combining them creates more refined results [e.g., (Parducci et
al., 2019; Weiskopf et al., 2018)]. For instance, sometimes, macrofos-
sils in this study were more effective for certain taxa (e.g., Fabaceae;
Figure 5), but metagenomics provides insights into other cases (e.g., all
bacteria and most metazoan taxa; Figure 4).

4.4 | Beyond plants

While our focus is on flowering plants and conifers, there are abun-
dant data on a variety of lineages. Prokaryotes are dominant in the
dataset, and further work could potentially tease apart any modern
contaminants from focal ancient sequences. Viruses are present in
low quantities, but recent work in other packrat middens has iso-
lated ancient viral sequences (Larsen et al.,, 2018). The nonplant
eukaryotes, such as vertebrates and arthropods, are even more
workable, given that there are clearly defined macrofossils present
in packrat middens for other vertebrates and insects (Elias, 1990,
1992; Hall, Van Devender, & Olson, 1988; MacKay & Elias, 1992;
Mead, Devender, & Cole, 1983; Van Devender & Mead, 1978). Not
only might this be able to establish what animals are generally in the
area (e.g., arthropod sequences are the most common), it could also
be useful for paleo-population work on the packrats themselves as

well as their diet and parasites.

4.5 | Amplicon for packrat aDNA

Metagenomic sequencing in this study far outperformed amplicon
results; however, our goal with amplicon sequences was to use
somewhat longer fragments (~185 bp for rbcL and ~300 bp for ITS2)
to see if species- or genus-level identification would be possible from
the midden aDNA. Toward our goal, when amplicon sequencing was
successful, it was highly capable of getting confident genus-level
identifications. Unfortunately, the success rate for amplifying these
amplicon loci was low in our samples (Table 2), and only two of the six
tested samples yielded identifiable sequences. Future studies should
add onto this work by attempting more replicates and comparing
shorter amplicon sequences (that are more likely to amplify and may
identify sequences at the genus or family level). In either case, it is
worth noting that a clear advantage of metagenomics is its ability to
get results on multitudes of taxa from microbes to plants and animals
all in a single run, unlike the more singular approach taken in ampli-

con sequencing. The amplicon method has indeed been successful in

South American ancient rodent middens (Diaz et al., 2019), and we
expect that further refinement of amplicon sequencing methods ap-

plied to ancient packrat middens will yield positive results.

4.6 | Caveats: aDNA confirmation

The packrat midden aDNA samples analyzed in this study contain
fragments of DNA from plants and animals that are consistent with
what we would expect to and do find through morphological stud-
ies in these same packrat middens. As expected, the DNA recov-
ered from packrat middens is highly degraded (Figure 7). The level
of DNA damage provides a challenge for building profiles of taxo-
nomic diversity. The damage assessment results suggest that much
of the plant DNA extracted from these middens is ancient and de-
rived from macrofossil fragments in each midden. However, further
analysis to filter data based on the DNA damage patterns (Skoglund
et al., 2014) may be required to see if DNA from modern sources can
be removed from this metagenomic sample. Given the DNA damage
results (Figure 7), it is still possible that there may be relatively little
ancient or a combination of ancient and modern DNA mixed in our
samples. Alternatively, all the DNA could be ancient but degraded

and fragmented such that the damage patterns are obscured.

4.7 | Suggestions for additional analyses

The whole-genome shotgun metagenomic classification results can
and should be tested in future studies with other classifiers, such as
FALCON and Kraken (Breitwieser, Baker, & Salzberg, 2018; Pratas et
al., 2018; Wood & Salzberg, 2014). These software tools use differ-
ent methods to classify reads and may result in different classifica-
tions than those reported here as classifiers are known to produce
variable results (Harbert, 2018; Mclntyre et al., 2017). Comparing
the results of several classifications could create a more comprehen-
sive image of what is present in the sample if certain taxa are identi-
fied by all methods.

4.8 | Future directions

To maximize the potential of packrat midden ancient DNA, future
studies should further account for the complexities of the samples.
There are many prospects for follow-up research on aDNA metagen-
omics. As with all NGS projects, sequencing depth is important for
the scale of insights that may be generated, and as sequencers get
cheaper and produce more reads, truly deep sequencing likely will
become even more feasible. This may be important, as some bac-
terial studies find that very deep sequencing may be important
to detect rare elements of a community (Nicholls, Quick, Tang, &
Loman, 2018). Another technical aspect is the quality of reference
databases. There are exceedingly few quality nuclear genomes

that are currently deposited for plants. However, this is slowly but
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TABLE 2 Packrat midden amplicon

. Midden
sequencing

Blank1
TS564-Un
FRT511A-2-6-19
GC100B-Un
GC99-Un
FRT531-Un

TS211A-2-6-19

*Both rbcl and ITS2.
**No matches.

surely starting to change with rapidly falling sequencing costs and
new technologies like long-read sequencing (Chen et al., 2018; Jung,
Winefield, Bombarely, Prentis, & Waterhouse, 2019). As these data-
bases become fuller, projects like this can even simply be reanalyzed
to get more refined results. Target capture methods, as have recently
been developed for plants (Johnson et al., 2019), may also be viable
and help to enrich sequence data for regions where reference data
with high taxonomic coverage exist. Confidence in aDNA analysis of
packrat middens will increase with sequencing more frequent nega-
tive controls and increasing replication, as contamination often re-

sults from even the most careful studies.

5 | CONCLUSION

Metagenomics of packrat midden aDNA has the potential to be

a boon for paleoecology, helping to transform the field from one

Fcology and Evolution o 2541
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ID Age Amplicon Taxa Hits
ON NA * *
17 330 * **
13 2,835 * *
21 3,545 * >
1 5,775 * *

9 6,215 ITS2 Opuntia spp. 17

Sambucus williamsii 16

Sambucus mexicana 6

Nakamurella 1

multipartita

5 31,760 ITS2 Artemisia spp. 210

Chrysothamnus spp. 118

Boechera spp. 42

Erigeron spp. 36

Chaenactis spp. 18

Descurainia californica 13

Rosa spp. 10

Physaria occidentalis [¢)

Ericameria spp. 5

Pinus spp. 4

Acamptopappus spp. 8

Agrostis spp. 3

Primula spp. 2

Elymus spp. 1

Lupinus spp. 1

Muhlenbergia 1

richardsonis
Poa spp. 1
rbcl Lupinus spp. 2

that requires substantial expertise for micro- and macrofossil
identification to one that benefits additionally from experts work-
ing with high-throughput methods and big data. Here, we show
that packrat middens up to ~30,000 years old contain recoverable
DNA that is taxonomically consistent with macrofossils found in
these deposits. Further investigation into the taxonomic composi-
tion of middens with aDNA analysis throughout the region could
refine our understanding and the timeline of past climate change
(Harbert & Nixon, 2018) and species migration and extinction,
and this will better inform the study of the effects of current and
future climate change. Deeper sequencing and targeted genera-
tion of reference sequences should improve classification preci-
sion in future work by providing clearer and more easily verifiable
taxonomic classifications for degraded and mixed aDNA samples
from packrat middens. The results presented here are an impor-
tant step toward unlocking the potential of packrat middens as a

diverse source of Late Quaternary aDNA and expanding the rich



MOORE ET AL.

2542 WI LEY_ECObe and Evolution

Open Access,

ecological information that can be obtained through the study of
packrat midden plant macrofossils.
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