
RESEARCH ARTICLE

DNA barcoding as new diagnostic tool to

lethal plant poisoning in herbivorous

mammals
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Abstract

Reliable identification of plant species in the digestive tract of a deceased animal often rep-

resents the major key to diagnose a lethal intoxication with poisonous plants in veterinary

pathology. In many cases, identification of the species is challenging or even impossible

because the diagnostic morphological features have been degraded, and because the inter-

pretation of such features requires a considerable expertise in plant anatomy and biodiver-

sity. The use of DNA barcoding markers can support or even replace classical

morphological assessment. While these markers have been widely used for plant taxon-

omy, their forensic application to clarify causes of animal poisoning is novel. In addition, we

use specific single-nucleotide polymorphisms as fingerprints. This allows for a clear decision

even in cases, where the conventionally used statistical e-values remain ambiguous. In the

current work, we explore the feasibility of this strategy in a couple of exemplary cases, either

in concert with anatomical diagnostics, or in cases where visual species identification is not

possible, or where chemical toxin detection methods are not well established, complex, time

consuming and expensive.

1. Introduction

Animal poisoning by plants represents something like the “dark matter” of veterinary foren-

sics. Since there is no common European database and not even any legislation requiring to

report such cases, the evidence is mostly anecdotical and not systematic. Several studies con-

ducted in retrospect, have revealed, however, that animal intoxication by plants is not a rare

phenomenon. A systematic study for Germany estimates that around 20% of cases are linked

with plant poisoning (MacFarland et al., 2017) [1], which is in line with a series of similar stud-

ies on different groups of animals conducted on the European level (Berny et al., 2019 [2]; Gui-

tart et al. 2010) [3]. If ruminants, equines, and rodents are considered, plants account even for

the majority of fatal cases (MacFarland et al., 2017) [1]. Acute plant poisonings cause unex-

pected death of otherwise healthy animals. The sudden acuity of symptoms often raises the

question of criminal acts, such as malicious cruelty against animals.
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The real incidence of plant-caused poisonings might be even higher because its diagnosis is

far from trivial. Sometimes, the combination of necropsy data and morphological identifica-

tion of plant parts in the gastrointestinal track allows to come up with a hypothesis on the

cause of the acute death. In fact, this has been successful for a couple of pertinent plants, such

as Nerium oleander (Langford and Boor, 1996) [4], Senecio vulgare (Moyano et al., 2006) [5],

or alkaloid containing Solanaceae such as Datura stramonium (Bofill et al., 2007) [6]. How-

ever, the majority of cases may remain undetected. For instance, almost ¾ of poisonings of

sheep and goats in Greece could not be clarified (Antoniou et al., 2019) [7]. Chemical analysis

of the toxin itself is usually not available under the conditions of routine and forensic diagnos-

tic veterinary pathology due to a lack of laboratory capacities. To identify the remnants of an

ingested plant would be challenging even for experts of plant taxonomy, since informative

plant structures were often destroyed by the digestive activity of the still physiologic gut con-

tent. Therefore, a rapid and robust method of identification is needed not only to clarify

unclear cases of sudden animal death, but also to get insight into the epidemiological aspects

of this phenomenon.

The DNA of an organism does not change, no matter, which tissue is investigated, nor

which developmental state is addressed, nor, which environmental conditions prevailed,

before the plant was ingested by the herbivore. Based on differences in the sequence of specific

markers, it is possible to genetically barcode a taxon of interest and to discern it from similar

taxa. By the joint efforts of molecular taxonomists all over the planet, a set of such genetic bar-

codes has been established that meet three criteria: they are universal, but at the same time suf-

ficiently variable between different taxa, and amenable to reliable sequencing (CBOL, 2009)

[8]. Mitochondrial barcodes prevalent in animal molecular taxonomy, are not suited for

plants, because they do not change with sufficient velocity. Instead plastidic markers, such as

the coding regions of the genes 1,5-ribulose bisphosphate carboxylase Large subunit (rbcL) or

maturase K (matK), or intergenic spacers such as the trnH-psbA are commonly used along

with the two internal transcribed spacers (ITS1 and ITS2) regions of the rRNA genes as nuclear

markers. Genetic barcoding is more challenging in plants as compared to animals, because the

so-called taxon gap between neighbouring species is often smaller than the genetic variation

within these species (Fazekas et al., 2009) [9]. Nevertheless, DNA barcoding performs well in

applications, where taxonomical identity of processed or otherwise deformed specimens is rel-

evant. Examples are applications targeted to the traceability (for review see Galimberti et al.,
2013) [10], or authentication of commercial herbal products. A systematic metastudy (Ichim,

2019) [11] revealed that on a global scale around half of the products were adulterated, giving

evidence for the efficiency of this authentication strategy.

In fact, the potential of genetic barcoding for forensic applications is attracting progressive

interest. To prepare future application, sequence catalogues have been prepared for poisonous

plants that are relevant for human intoxications (Wang et al., 2021 [12]; Nithaniyal et al.,
2021) [13]. However, to the best of our knowledge, the transfer to real-world applications is

missing so far. In the current work, we want to fill this gap.

It should be emphasised that this work is a forensic study, which means that it deals with

individual real-world cases of lethal poisoning from South Germany, not animals that have

been sampled statistically from a laboratory study. The circumstances, how these animals were

raised or how they died, are usually not known. They were found dead by their owners and

brought to the routine veterinary inspection. The storyline, therefore, deviates from a conven-

tional animal study. Due to the nature of the objects analysed here, statistical treatment is not

possible. Instead, we structure this study along a gradient of challenge. This gradient begins

with situations, where gut content and circumstantial evidence still provide certain morpho-

logical and anatomical cues that can help to identify the causative plant, towards situations,
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where such cues have been completely eliminated due to digestive activity. Barcoding has been

successfully used in ecological studies (Valentini et al., 2009) [14] also to characterise the diet

of animals (Kartzinel et al., 2015) [15]. However, to the best of our knowledge, this study repre-

sents the first case, where barcoding has been employed in veterinary forensics. We show that

the search for diagnostic fingerprint in the sequence allows for better resolution as compared

to a global assignment of inferred identity based on the global e-value of the target sequence

from a BLAST search in public databases, we explore the limitations of this methodology, and

we come up with recommendations to unfold the full forensic potential of this strategy.

2. Materials and methods

2.1. Reference plants

The samples to be identified came from the routine active of the State Institute of Chemical

and Veterinary Analysis in Freiburg and Karlsruhe. The anatomical features as well as the gen-

erated barcoding sequences were compared to those from the respective reference plants from

the collection of the Botanical Garden of the Karlsruhe Institute of Technology. Details and

voucher numbers are listed in Table 1.

The taxonomic identities of the reference plants were verified according to taxonomic keys

of the Flora of China (Camellia, Pieris) [16], and Aichele and Schwegler (1994, other taxa) [17].

2.2. Anatomical analysis

Fresh leaves or gut content were first inspected by stereo microscopy (S6D, Leica, Bensheim,

Germany), with focus on leaf veins, crystals, and other specific structures. To visualise cellular

details, tangential hand sections were depigmented with 60% chloral hydrate (Carl Roth, Karls-

ruhe, Germany) upon heating up above the flame of a Bunsen burner. The specimens were

analysed by bright-field microscopy (DM750, Leica, Bensheim), sometimes under polarised

light. All images were documented by a digital system (EC3, Leica, Bensheim).

2.3. Extraction of DNA

Genomic DNA was extracted with cetyl trimethyl ammonium bromide (CTAB) according to

Doyle and Doyle (1987) from 100 mg of shock-frozen and homogenised plant material

Table 1. Reference plant material used in this research; scientific name; common name; ID of the voucher specimen cultivated in the Botanical Garden of the KIT;

GenBank accession numbers of the sequences generated during this study.

Identity Common name KIT ID marker GenBank

Camellia japonica L. Japanese camelia 5477 trnH-psbA ON542504

Camellia sinensis (L.) Kuntze tea plant 7780 trnH-psbA ON542505

Nerium oleander L. rose bay 9450 ycf1b ON722358

Nerium oleander L. rose bay 9450 trnH-psbA ON603329

Nerium oleander L. rose bay 1890 ycf1b ON722357

Nerium oleander L. rose bay 1890 trnH-psbA ON603328

Prunus laurocerasus L. cherry laurel 9451 trnH-psbA
Picea abies L. common spruce collected trnH-psbA OP012852

Pieris japonica Thunberg L. Japanese Andromeda 5488 trnH-psbA OP012855

Robinia pseudoacacia L. black locust collected 1 ITS 1 ON929301

Robinia pseudoacacia L. black locust collected 2 ITS 1 ON929302

Trifolium pratense L. white clover collected ITS 1 OP012864

Poa trivialis L. rough bluegrass collected rcbL OP013000

Fagus sylvatica L. common beech collected trnH-psbA OP012858

https://doi.org/10.1371/journal.pone.0292275.t001
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(TissueLyzer, Qiagen, Hilden, Germany). After incubation in 1 ml of 1.5% w/v CTAB for 1 h

at 65˚C, the samples were mixed with 630 μl of chloroform/isoamylalcohol (24:1), shaken hori-

zontally for 15 minutes, and spun down for ten minutes at 17,000 g. The upper aqueous phase,

containing the DNA, was transferred into a fresh 2 mL reaction tube and the DNA precipitated

with 2/3 v/v of ice-cold isopropanol. The DNA was sedimented by centrifugation (10 min,

17,000 g, 4˚C), the sediment washed with 1 mL 70% EtOH, and the EtOH removed by drying

in a vacuum centrifuge for 15 minutes, and the DNA precipitate finally dissolved in 50 μL

nuclease-free H2O (Lonza, Biozym) containing 5 μg RNAse A (Qiagen, Hilden, Germany).

The concentration and purity of the eluted DNA was determined spectrophotometrically

(NanoDrop ND-100, peqlab).

2.4. Genomic PCR for barcoding markers

The different barcoding markers were amplified from 75 ng template DNA in a reaction vol-

ume of 30 μL with 3 μL 10 x reaction buffer (Thermopol, New England Biolabs), 3 μL of Bovine

Serum Albumine (10 mg.mL-1), 0.6 μL of dNTPs (200 μM, New England Biolabas), 0.6 μL0 of

both oligonucleotide primers (Merck, Darmstadt, see Table 2), and 0.3 μL of Taq polymerase

(5 U, New England Biolabs).

Amplification was conducted with an initial denaturation step of 120 s at 95˚C followed by

35 cycles of denaturation at 95˚C for 30 sec (45 sec in case of trnH-psbA), annealing at 60˚ for

30 sec, synthesis at 68˚ for 60 s, and a final elongation at 68˚ for 300 s. Amplicons were evalu-

ated by gel electrophoresis using NEEO ultra-quality agarose (Carl Roth, Karlsruhe, Germany).

DNA was visualised using Midori Green (NIPPON Genetics EUROPE, Germany) under blue

light excitation. The fragment sizes of the amplicons were determined by a 100 bp size stan-

dard (New England Biolabs). Prior to being sent out for sequencing (Eurofins, Konstanz, Ger-

many), the amplified DNA was purified using the protocol of the MSB Spin PCRapace Kit

(Stratec). The obtained sequences were deposited in the NCBI database (for the accession

numbers of the reference plants see Table 1, for those of the gut samples see Table 3).

2.5. Sequence analysis

Sequence reads were generated in both directions and aligned using the Muscle algorithm of

the software package MEGA7 (https://www.megasoftware.net/). Discrepancies in these align-

ments were then checked in the respective chromatogramm and edited manually. The edited

sequences were then used as input for a BLAST search in GenBank to the NCBI browser and

sequences from the respective taxa, their closest relatives, and appropriate outgroups were col-

lected by means of the Taxonomy View routine. The sequences from the animal samples were

aligned with those from the respective reference plant, and the sequences obtained from

Table 2. Oligonucleotid primers used for amplifying the genetic barcodes used in this study.

target sequence reference

psbA-trnH fw 5’-GTTATGCATGAACGTAATGCTC-3’ Sang et al. (1997) [18]

rev 5’-CGCGCATGGTGGATTCACAATCC-3’ Tate and Simpson (2003) [19]

ycf1b fw 5’-TCTCGACGAAAATCAGATTGTTGTGAAT-3’ Dong et al. (2015) [20]

rev 5’-ATACATGTCAAAGTGATGATGGAAAA-3’

ITSA, B fw 5’-GGAAGGAGAAGTCGTAACAAG-3’ Chiou et al. (2007) [21]

rev 5’-CTTTTCCTCCGCTTATTGATATG-3’

rbcL fw 5’- ATGTCACCACAAACAGAGACTAAAGC -3’ Kress and Erickson (2007) [22]

rev 5’- CGTGGTGGACTTGATTTTAC -3’

https://doi.org/10.1371/journal.pone.0292275.t002
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GenBank and the respective phylogenetic trees were inferred using the Neighbour-Joining

algorithm and were visualised using the Tree Explorer integrated into MEGA. Informative

SNPs or indels were counted for all available sequences of the respective taxa to estimate the

taxonomic support for the respective polymorphism.

3. Results

3.1. Morphological diagnostics of animal poisonings is limited

The study is based on a collation of cases from veterinary routine (Fig 1) that are arranged in a

gradient with respect to preservation of morphological traits still detectable in the gut content.

This gradient allows to test out the limitations of microscopic diagnostics and to breach these

limitations by means of DNA barcoding markers. In total, six carcasses from four different

herbivorous species were used for this study. These were submitted to a diagnostic department

of a state veterinary institute by the owners. The cause of death was mostly unclear, and rou-

tine veterinary diagnostic procedures such as necropsy, histology and microbiology did not

suffice to determine the cause of death. We, therefore, analysed stomach or forestomach con-

tent by DNA barcoding and extended the resolution of this approach by integrating authenti-

cated reference plants along with specific Single-Nucleotide Polymorphisms (SNPs) and indels

corrobated by comparisons with publicly available sequences from the respective plant species.

In none of the cases the death had been acute without any preceding history of illness or spe-

cific symptoms that were anamnesically reported by the clinician or owner. All of the deceased

animals had been fed and kept under conventional and inconspicuous barnyard conditions

(outdoor and stable).

In a few cases, remnants found in the animal gut are sufficiently preserved to distinguish

taxonomically relevant traits, such that it is possible to infer the origin of these remnants, as

exemplified by the case of an alpaca that had eaten leaves from Camellia japonica (not in suffi-

cient quantity to explain the death) and of Nerium oleander, which is sufficiently toxic to

account for the death of the animal (Fig 1A). However, in many cases, the digestion processes

Table 3. List of sequences amplified from the gut samples.

animal common name ID marker GenBank

Vicuna pacos L. alpaka CVUA_FR 1 trnH-psbA igs ON542503

Vicuna pacos L. alpaka CVUA_FR 2 trnH-psbA igs ON603327

Vicuna pacos L. alpaka CVUA_FR 2 ycf1b ON722356

Capra aegagrus hircus L. goat CVUA_FR 1285 trnH-psbA igs OP012851

Bos taurus L. cattle CVUA _FR 4_1 its ON929303

Bos taurus L. cattle CVUA _FR 4_2 Its ON929304

Equus caballus L. horse CVUA_KA A570_A rcbL OP012859

Equus caballus L. horse CVUA_KA A570_B rcbL OP012860

Equus caballus L. horse CVUA_KA A570_C rcbL OP012861

Equus caballus L. horse CVUA_KA A570_D rcbL OP012862

Equus caballus L. horse CVUA_KA A570_E rcbL OP012863

Equus caballus L. horse CVUA_KA A570_its_1 its 1 OP012996

Equus caballus L. horse CVUA_KA A570_its_2 its 1 OP012997

Equus caballus L. horse CVUA_KA A570_its_3 its 1 OP012998

Equus caballus L. horse CVUA_KA A570_its_4 its 1 OP012999

Equus caballus L. horse CVUA_KA A570_1 trnH-psbA OP012856

Equus caballus L. horse CVUA_KA A570_2 trnH-psbA OP012857

https://doi.org/10.1371/journal.pone.0292275.t003
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have homogenised the plant material to a degree that even an experienced plant anatomist can-

not recognise anything of value for taxonomical identification, as shown for the ruminal fill-

ings of a deceased goat (Fig 1B). While further forensic evidence can be collected from

inspecting the inner organs of the animal, which often allows to pinpoint the organ failure

responsible for the death, this does often not help to pinpoint the toxic plant that has caused

this organ failure. For instance, the detection of a perirenal hemorrhage and edema in cattle

(Fig 1C), accompanied by renal degeneration with petechiae (Fig 1D), provide evidence that

this animal experienced a breakdown of kidney function, which certainly can explain its death,

but does not give any information whatsoever on the primary cause for the renal collapse. We

decided, therefore, to arrange the cases along a gradient (Table 4).

3.2. Dosis sola venenum facit: Camellia versus Nerium
The first case was a deceased alpaca that had died with cardiovascular failure and shock symp-

toms linked with a pulmonary edema (Table 4). The forestomachs of this animal were filled

with homogenised plant material (obviously already ingested some time ago) and some leaf

fragments that were subjected to microscopical diagnostics. By their slender leaf base and

venation patterns (Fig 2A), birefringent crystals in the mesophyll (Fig 2B), and anisocytic sto-

matal complexes (Fig 2C), these fragments were suspected to originate from a Camellia species

and, in fact, the resemblance with corresponding samples from an authenticated reference

plant for C. japonica from the collection of the Botanical Garden of the KIT was striking

Fig 1. Representative aspects of plant-based animal poisoning with respect to anatomical preservation (A, B) and

symptoms (C, D). A Well-preserved leaf mixture (Nerium oleander, Camellia japonica) from a dead alpaca (case 1). B

Homogenously ground ruminal filling from a goat (case 4) with few residual nests of masticated, unidentifiable leaves

(insert). C Massive acute perirenal hemorrhage and edema in cattle (case 5). D Detail from the same case showing

renal degeneration with petechiae.

https://doi.org/10.1371/journal.pone.0292275.g001
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(compare Fig 2A–2C, left and right-hand columns). To test this assumption, we purified geno-

mic DNA from the gut content and amplified the plastidic marker trnH-psbA. Based on the

alignment of the sequence recovered from the alpaca, reference plants for the suspected C.

japonica and the morphologically similar C. sinensis, and all sequence homologues we could

recover from GenBank along with Apterosperma oblata as outgroup (S1 Data), we inferred a

phylogenetic tree using the distance-based and robust Neighbour Joining algorithm (S1 Fig).

Here, the sequence from the gut content and the reference plant for C. japonica were found to

map to the same location. However, different species from the genus Camellia were not sepa-

rated into different clades, but were interspersed, such that the statistical support for to exclude

the possibility that the gut sample contained C. sinensis (or other species of Camellia) rather

than C. japonica was lacking. Rather than using overall sequence similarity as criterion, we

were searching for species specific polymorphisms in the sequence. In fact, we were able to

spot a specific A in position 82 of the alignment, which was found in the sequence from the

gut, in the reference plant of C. japonica and in all 7 GenBank sequences declared as C. japon-
ica (Fig 2D). This A was replaced by a G in all 22 accessible sequences for C. sinensis, and in 75

from 76 sequences recovered for other members of the genus. Furthermore, a gap of 7 nucleo-

tides was found at position 232 of the alignment in the gut sample as well as in all C. japonica
sequences. This gap was missing in all sequences from C. sinensis. It was also missing in the

majority (60 from 76) sequences from other Camellia species however, it was present in a

minor group of these sequences. Thus, the combination of a Single Nucleotide Polymorphism

(SNP) in position 82 and the presence of the 7-bp deletion in position 232 is a specific finger-

print that separates C. japonica from all other Camellia species, where this marker was avail-

able. The fact that both features were seen in the gut sample, is compelling evidence that the

alpaca had ingested leaves from C. japonica. However, since Camelia is not known to be toxic

Table 4. Survey of the cases of animal deaths caused by plant intoxication addressed in the current study. The list is according to progressive loss of anatomical fea-

tures available for morphological identification of the ingested plant material.

case species case history main pathomorphological findings/diagnoses inferred poisonous

plant

1 alpaca

Vicugna
pacos

ran away, peracute death acute cardiovascular failure (shock) with acute parenchymal congestion

and lung edema, forestomachs filled with homogenously ground plant

material and a few non-identifiable, masticated leaves (suspected to be

Oleander and others)

oleander (Nerium
oleander)

2 goat

Capra
aegagrus
hircus

not known advanced state of decomposition, catarrhal enteritis, ruminal filling:

homogenously ground plant material and few non-identifiable,

masticated leaves (suspected to be Azalea or Prunus)

cherry laurel (Prunus
laurocerasus)

3 goat

Capra
aegagrus
hircus

shock, tumbling down acute cardiovascular failure (shock) with acute parenchymal congestion

and lung edema, brain edema, rumen massively filled with needles and

branches of conifere material, smell of essential conifere oil

common spruce

(Picea abies)

4 goat

Capra
aegagrus
hircus

yelling, weakness, oral

froth

acute cardiovascular failure (shock) with acute parenchymal congestion

and lung edema, ruminal filling: homogenous plant material with

fragments from non-identifiable leaves (suspected to be Azalea or

Prunus)

Chinese Pieris x

Japanese Andromeda

Pieris formosa x
japonica

5 cattle

Bos taurus
peracute death uremia, massive acute perirenal edema and hemorrhage, massive acute

diffuse renal tubular degeneration, acute parenchymal congestion, and

lung edema, homogenously ground, non-identifiable, plant material in

rumen

black locust

Robinia pseudoacacia

6 Horse

Equus
caballus

severe increased muscle and liver lactate

values; immobility; overflow incontinence;

loss of deep sensibility

Moderate myopathy of heart, neck, diaphragm and extremeties. beech

Fagus sylvatica

https://doi.org/10.1371/journal.pone.0292275.t004
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Fig 2. Morphological and anatomical comparison between macerated leaf fragments from the stomach of alpaca (case 1) and a reference

plant for Camellia japonica from the KIT Botanical Garden. A leaf base with petiole. B crystal druse visualised by polarisation microscopy. C

Anisocytic stomata from the lower epidermis. D diagnostic fingerprints in the trnH-psbA marker.

https://doi.org/10.1371/journal.pone.0292275.g002
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(C. sinensis is even used as beverage in many cultures), we returned to the gut content with

more scrutiny.

In fact, we recovered from the gut content a few fragments of a different type of leaf, which

by its lanceolate shape and conspicuous venation (Fig 3A) was suspected to originate from

Rose Bay (Nerium oleander). Upon microscopic diagnostics, birefringent crystals were

detected by polarisation microscopy (Fig 3B), and characteristic concave stomata covered by

trichomes (Fig 3C) further corrobated this working hypothesis. The attempt, to identify the

plants by the trnH-psbA marker were not successful though. The alignment (S2 Data) revealed

numerous insertions in the alpaca sequence that were absent from all Nerium sequences as

well as relatives from the same family. On the other hand, the regions interspersed between

these gaps were not very informative. As a result, while the sequences from our reference

plants clustered well with the sequences deposited in GenBank (S2A Fig), the alpaca sequence

showed an odd location, almost as distant as the outgroup, Gentiana pannonica.

Since the trnH-psbA igs did not help here, we tested the ycf1b marker, a plastidic gene,

which is essential for photosynthesis, such that alignments are not affected by gaps and inser-

tions, while on the other hand, several variable regions allow for good discriminative power

(Dong et al., 2015) [20]. In fact, this marker produced a more solid alignment (S3 Data), and

the phylogenetic tree inferred from this alignment placed the alpaca sequence close to the ref-

erence plants and database sequences for N. oleander, while the other genera from the same

family (Apocynaceae) were clearly clustering separately (S2B Fig). We were able to detect two

SNPs, a C at position 545 shared between the sequence recovered from the alpaca gut and all

five N. oleander sequences, while all other (11) homologues from other members of the Apocy-

naceae showed a T at this position (Fig 3D). Likewise, a T at position 587 was separated the

sequence from the gut content and all N. oleander sequences from their Apocynaceae counter-

parts that harboured a C at this position. Thus, two very specific fingerprints that were only

found in N. oleander provided compelling evidence that the alpaca had eaten rose bay before

its death. Due to the steroid glycosides, such as oleandrin, even small amounts of rose bay are

toxic (Galey et al., 1996) [23], such that we considered this case to be closed.

3.3. When microscopy remains vague: Goat ruminal fillings

The second case was more difficult to solve. A goat, which at the time of its discovery was

already partially decomposed and showed symptoms of a catarrhal enteritis produced ruminal

fillings that were highly homogenised, such that only few fragments of masticated leaves could

be discovered. From their venation, they were possible originating from cherry laurel (Prunus
laurocerasus), but this venation pattern (Fig 4A) is quite widespread and far less specific than

the parallel venation of N. oleander in the previous case. Also, microscopic diagnostics was not

very helpful. While the square-like pavement cells of the adaxial epidermis and the crystals visi-

ble upon polarisation microscopy resembled the features seen in the leaf of the reference plant

(Fig 4B), both traits are found in many other plants as well. The same holds true for the ane-

mocytic stomata that could be seen on the abaxial surface of the leaf fragments (Fig 4C). Thus,

the conclusion derived from anatomical inspection that this goat had eaten leaves of cherry

laurel was built on shaky ground. Fortunately, it was possible to generate a trnH-psbA igs bar-

code of sufficient quality (S4 Data), and the phylogenetic tree inferred from the sequences

placed the sequence recovered from the ruminal filling close to that of the reference plant for

P. laurocerasus as well as to the sequences found in public databases (S3 Fig). The sequences

were also well delineated from all sequences available for other members of the genus Prunus.
Moreover, the sequence drawn from the ruminal filling showed a specific deletion of 10 bp at

position 114 of the alignment that was found in all sequences from P. laurocerasus (including
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Fig 3. Morphological and anatomical comparison between macerated leaf fragments from the stomach of alpaca

(case 1) and a reference plant for Nerium oleander from the KIT Botanical Garden. A lamina with characteristic

parallelilty of lateral veins B crystal druse visualised by polarisation microscopy. C characteristic concave stomata with

trichomes in the lower epidermis. D diagnostic fingerprints in the ycf1b marker.

https://doi.org/10.1371/journal.pone.0292275.g003
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Fig 4. Morphological and anatomical comparison between macerated leaf fragments from the stomach of a goat (case 2) and a

reference plant for Prunus laurocerasus from the KIT Botanical Garden. A lamina with characteristic parallelilty of lateral veins B

adaxial view with crystal druses and square-shaped mesophyll cells visualised by polarisation microscopy. C anemocytic stomata the

lower epidermis. D diagnostic fingerprints in the trnH-psbA igs marker.

https://doi.org/10.1371/journal.pone.0292275.g004
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the authenticated reference plant) but was absent from all 57 sequences from Prunus species

different from P. laurocerasus. Thus, this DNA fingerprint lent very strong support to our

hypothesis that the goat had ingested leaves from P. laurocerasus, which contains amygdalin

and its degradation product prunasin, which in the acidic environment of the ruminal lumen

will be converted to benzaldehyde and the highly toxic hydrogen cyanide (for a recent review

see Jaszczak-Wilke et al., 2021) [24].

The third case, also a deceased goat, added a further level of challenge. Here, the ruminal fill-

ings were homogenised to such a degree that only a few needle-like fragments could be recov-

ered (Fig 5A). The polarisation microscopy (Fig 5B) revealed the presence of birefringent

crystals, but similar crystals are found in numerous plants and are not suited as a-priori ana-

tomical trait. The rows of cells with wavy cell walls and the paracytic stomata (Fig 5C) are also a

trait shared with many other taxa. We, therefore, amplified the trnH-psbA igs marker, which

matched the sample from the goat gut with the common spruce, Picea abies (S4 Fig), delineat-

ing it clearly from other conifers that occur in that part of Germany. The results from the phy-

logeny were supported by two very specific fingerprints at position 35 of the alignment (S5

Data), which was shared by the goat sample with all 10 sequences recovered for P. abies from

public databases as well as an authenticated reference plant (Fig 5D). This fingerprint was

absent from all 52 homologues of other Picea species found in GenBank, as well as of the genera

Pinus (92 sequences), Larix (12 sequences), Taxus (46 sequences), and Thuja (16 sequences).

When we verified the anatomical features of a reference plant for P. abies (Fig 5A–5C), we

found a complete congruence with the traits seen in the remnants recovered from the goat gut,

which was consistent with our conclusion that this animal had eaten spruce needles. However,

this anatomical match was validated only a posteriori to the genetic assay and would not have

been sufficient to reach this diagnosis if taken alone, because these morphological traits are not

very specific and shared with numerous plants, even from completely unrelated taxa.

3.4. When morphology becomes ambiguous: The case of a Pieris hybrid

Sometimes, although morphological authentication is possible, the result remains somewhat

ambiguous. This was the case for a third deceased goat, where gut content and local vegetation

collected at the site of the incident, both by morphology and anatomical details (Fig 6A–6D)

led immediately to the conclusion that this animal had eaten leaves of Japanese andromeda

(Pieris japonica). However, the comparison with an authenticated reference from the KIT

Botanical Garden, revealed that, while the anatomical details were matched, the morphology

of the leaf was similar, but not identical. Especially leaf base and leaf apex of the specimen

recovered from the goat was more pointed as to be expected for Pieris japonica, pointing to a

different species of this genus. A molecular phylogeny based on the trnH-psbA marker (S5

Fig) placed the sequence recovered from the animal gut and the local vegetation outside of P.

japonica, basal to the clade formed by P. formosa, but also nearby several alternative members

of the genus. Likewise, the morphological details given by the Flora of China, such as the lack

of indentation in the lower leaf margin and the shorter petioles, were deviating from that to be

expected for P. formosa and rather spoke in favour of P. japonica. The e-values from a BLAST

search were all fairly similar and did not help to assign these sequences to a particular species

within the genus. We wondered whether specific fingerprints might help to decide the case. In

fact, we were able to identify a Single Nucleotide Polymorphism at position 287 (S6 Data) in

the alignment (Fig 6E) that was unique for P. formosa and absent from P. japonica as well as

from all sequences available for other Pieris species. This fingerprint was found in both, the

sequences recovered from the goat gut as well as from the local vegetation. Since the trnH-

psbA marker is inherited maternally, we arrived at the conclusion that the goat had eaten
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Fig 5. Morphological and anatomical comparison between macerated needle fragments from the stomach of a

goat (case 3) and a reference plant for Picea abies from the KIT Botanical Garden. A macroscopical aspect of

needles B birefringency of stomata visualised by polarisation microscopy. C bright-field image of epidermis with

paracytic stomata. D diagnostic fingerprints in the trnH-psbA igs marker.

https://doi.org/10.1371/journal.pone.0292275.g005
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Fig 6. Morphological and anatomical comparison between macerated leaf fragments from the stomach of goat (case 4), samples of local

vegetation, and a reference plant for Pieris japonica from the KIT Botanical Garden. A Leaf base. B Leaf tip C Adaxial epidermis with polygonal

pavement cells. D Crystals at leaf veins visualised by polarisation microscopy. E diagnostic fingerprints in the trnH-psbA marker.

https://doi.org/10.1371/journal.pone.0292275.g006
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material from a hybrid plant deriving from a P. japonica father and a P. formosa mother. In

fact, such a hybrid is commonly sold in German garden centres, and, thus, the goat, with high

probability, had been victim of ornamental plants that had gone feral.

3.5. When morphology eclipses: Diagnosing cattle and horse poisonings

Diagnosis of cattle or horse poisonings are far from trivial, because, here, the anatomical fea-

tures of the plants are homogenised to a degree, where no microscopic diagnosis is possible.

Here, genetic barcodes have probably the strongest potential as illustrated by the following two

cases:

A deceased cattle suffering a complete breakdown of the inner organs including perirenal

edema, hemorrhage, diffuse renal tubular degeneration, parenchymal congestion, and lung

edema (Table 4) provided only completely homogenised ruminal fillings (Fig 7A and 7B) that

contained only tiny and scarce fragments of leaf material that under polarised light showed

cubic, birefringent crystals along the veins (Fig 7C) that did not suffice for any diagnostic

assignment, since such crystals occur in many plants as seen already in the current study.

Amplificates obtained for the ITS marker placed the sample into the species Robinia pseudoa-
cacia (black locust) delineating from other species of the same genus, albeit at low insufficient

resolution (S6 Fig). However, a specific fingerprint at position 65 of the alignment (S7 Data)

was found only in the cattle and in all available sequences for R. pseudacacia (Fig 7E), while

even the closest relatives within the genus Robinia differed in at least one nucleotide. Since the

cattle seemed to have ingested Black Locust, we wondered, whether the typical birefringent

crystals along the veins were present in reference material from this species. This implication

could be verified (Fig 7D), however, only post hoc (it would not have been possible to diagnose

Black Locust just on the base of the crystals without the genetic data).

Along the gradient demonstrated in the current study, the case of a poisoned horse repre-

sents the ultimate stage of homogenisation. Here, the intestinal content was void even of rem-

nants that could be used for microscopical diagnostics, such that genetic barcoding remained

as single approach. Since it was clear that this will be a challenging sample, we started off with

the plastidic rbcL marker, which is robust and often works even in cases, where other markers

fail to become amplified. In fact, we were able to recover a fragment, which was of good

sequence quality and clustered into the Poaceae, but outside of known genera (S7 Fig). This

fragment was located in a relatively conserved part of the marker, which might explain the

poor resolution (S8 Data). A BLAST search in GenBank delivered Scolochloa festucacea as best

hit, but only with a moderate score of ~95%. This grass has been reported to contain indole

alkaloids with anti-acetylcholinic activity and, thus, might be toxic, if ingested in larger quanti-

ties. However, despite a long bibliographic search, no reports on animal intoxication could be

detected. A closer look into the alignment revealed a specific SNP at position 20 of the align-

ment, where the sequences recovered from the horse guts differed from S. festucacea, as well as

of all other available Poaceae sequences (Fig 8A). This fingerprint was shared with the

sequence from Poa trivialis, which was also matching in the other regions of the sequence.

While this congruence lends strong support to the hypothesis that this horse had ingested P.

trivialis. However, P. trivialis is a common pasture species and by no means qualifies as cause

for the poisoning.

We tested then the nuclear ITS marker on the horse samples and the phylogenetic tree

inferred from the sequence alignment (S9 Data) placed the sequences recovered from the

horse guts clearly into the species Trifolium pratense, white clover (S8 Fig). Again, three spe-

cific fingerprints allowed a clear delineation of these sequences from the related species Trifo-
lium repens and Trifolium hybridum that, similar to white clover, are common pasture plants
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Fig 7. Morphological and anatomical comparison between macerated leaf fragments from the stomach of a cattle (case 4) and

a reference plant for Robinia pseudoacacia. A, B macroscopical aspect of the cattle samples C, D birefringency of crystals along

leaf veins visualised by polarisation microscopy. E diagnostic fingerprints in the ITS marker.

https://doi.org/10.1371/journal.pone.0292275.g007
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(Fig 8B). Again, while it is quite plausible that the horse had eaten white clover, it is highly

unlikely that the intoxication originated from that plant.

In a third attempt, we isolated the trnH-psbA marker. The resulting alignment (S10 Data)

with the best hits recovered from a BLAST search should a complete match with the sequence

homologues from beech (Fagus sylvatica) and this impression was confirmed by the phyloge-

netic tree inferred thereof (S9 Fig). Two very specific fingerprints showed perfect congruence

with F. sylvatica, while related tree species that occur commonly in Germany and are known

to cause horse poisonings, such as Acer species or horse chestnut, differed significantly, for

instance by gaps in the alignment (Fig 8C).

4. Discussion

In the current work, we have explored the potential of genetic barcodes to solve cases of lethal

animal poisoning, moving along a gradient, where anatomical traits were progressively miss-

ing, due to digestive activity. While there exist already catalogues listing genetical information

to detect poisonous plants (Wang et al., 2021 [12]; Nithaniyal et al., 2021) [13], the evidence

that such information can be successfully employed in real-world applications is missing so

far. We have, therefore, based this study exclusively on real-world cases from the everyday rou-

tine of diagnostic veterinary pathology of the State of Baden-Württemberg, Southwest Ger-

many. To the best of our knowledge, this represents the first application of genetic barcoding

on veterinary forensics. Furthermore, while taxon assignment is conventionally derived from

statistical e-values deriving from the BLAST search (often leading to ambiguities, when the e-

Fig 8. DNA barcoding fingerprints recovered for the gut content of a horse. A Diagnostic fingerprint in the rbcL marker

of the horse samples indicative of Poa trivialis, Scolochloa festucacea (listed as best hit in the NCBI database) and other

Poaceae that are common on meadows and pastures in Germany. B Diagnostic fingerprints in the ITS1 marker of the horse

samples indicative of Trifolium pratense versus T. repens and T. hybridum (as alternative common clover species on

meadows and pastures in Germany). C Diagnostic fingerprints in the psbA-trnH marker of the horse samples indicative of

Fagus sylvatica versus the three species of Acer occurring in Germany, and Aesculus hippocastanum.

https://doi.org/10.1371/journal.pone.0292275.g008
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values are not very high and comparable between different candidate taxa), we use here taxon-

specific single-nucleotide polymorphisms as diagnostic fingerprints that help to reach a clear

hypothesis even in cases, where e-values leave the decision ambiguous. Due to the applied

nature of this study, the discussion will focus on methodological aspects. What is the best strat-

egy to infer from a recovered sequence a hypothesis on the intoxication cause? What are the

limitations of this approach and how can we breach them in future work? What is the potential

of the approach and what type of research does it enable that had not been accessible so far?

4.1. From the corpus delicti to the hypothesis on the intoxication cause

Following a gradient of progressive dissolution of anatomical markers, we were able to come

up with plausible and precise hypotheses on all cases of intoxication of this study. However,

this was not always successful at the first attempt.

While, in the first case of the study, the combination of morphology and specific SNPs in

the trnH-psbA marker provided unequivocal proof that the deceased alpaca had ingested leaves

of Camellia japonica (Fig 2), this plant did not qualify as plausible cause of death. Although

Camellia species are known as rich source for secondary compounds (for review see Texeira

and Sousa, 2021) [25], neither for Japanese camelia nor its Chinese sister, C. sinensis, the tea

plant, any toxicity has been reported so far. Thus, while it is clear that the leaf material in the

gut of the deceased animal was from C. japonica, it is not likely that the alpaca died from Japa-

nese Camelia. Only our second attempt, focussing on a few leaf fragments from a different

plant, led to the more plausible explanation that the animal had deceased from Nerium olean-
der (Fig 3). Again, both the anatomical and the genetic evidence was congruent, not leaving

space for any ambiguity. The reported symptoms were matching this hypothesis. Acute death

linked with pulmonary edemas are characteristic symptoms of oleander poisoning. This is

linked with cardenolide-type cardiac glycosides, such as oleandrine. Already 20 ng/ml are suf-

ficient to cause acute death of humans (Wasfi et al., 2008) [26]. The mode of action is linked to

inhibition of the sodium-potassium antiporters in the cardiac myocytes (Langford and Boor,

1996) [4], which through interfering with the sodium-calcium antiporter leads to accumula-

tion of cytosolic calcium, which cannot any longer be extruded, culminating in heart failure.

In case of Pieris (Fig 6), the presence of diterpenes, known as grayanotoxins, sometimes also

andromedotoxins, implicated in lethal cases of goat poisoning reported in the literature

(Puschner et al., 2001) [27] represent an important element to the forensic hypothesis that the

goat indeed died from intoxication with this species. Similarly, the well-known toxicity of tox-

albumins such as robin and phasin, eliciting a deregulated immune response with agglutinated

erythrocytes followed by hemorrhagic collapse (Uhlig et al., 2007) [28] strongly corrobates the

forensic hypothesis that the cattle had died from ingesting black locust (Fig 7).

What this case is teaching us: a corpus delicti, as convincing it may appear, does not lead per
se to a viable hypothesis, one always needs to integrate additional information beyond the

authentication, to avoid being misled.

This conclusion is even more accentuated, when the evidence from the sample is one-

dimensional, for instance, because no anatomical information can be recovered due to

advanced homogenisation of the gut content. This is well illustrated by the last case in our

series, the deceased horse (Fig 8). Here, three attempts were needed to arrive at an explanation,

because the first two amplifications, using the rbcL and the ITS1 markers, led to commonplace

food plants (Poa trivialis, Trifolium pratense) that are clearly void of any toxicity. Instead, the

third attempt, using trnH-psbA igs as marker, led to a reasonable hit. Beechnuts contain tri-

methylamine (fagin), especially those coming from the European beech, and they are known

to be poisonous to horses (Wilkens and Cranwell, 1990) [29]. Thus, our working hypothesis
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for this case was that the horse had grazed Poa trivialis and Trifolium album which belong to

its common diet. However, apparently, it had also taken up some beechnuts that may have

fallen to the ground and probably are responsible for the lethal intoxication, the lethal dose

(0.3–1 kg) being sufficiently low to realistically qualify as the cause of death.

Overall, one can conclude that anatomical and barcoding markers were successful in identi-

fying the ingested plant. However, this is just a corpus delicti, not more. To arrive at a plausible

forensic hypothesis, this corpus delicti is not sufficient. It needs to be combined with additional

knowledge, for instance on the toxicity of the respective plant, on significant pathomorpholo-

gical (necropsy) findings or the reported symptoms of the clinical case/course.

4.2. Sequence-based fingerprinting beats mere statistics

The usual approach to identify a source species from sequence information is to do a BLAST

search in public databases listing the best hits based on their Expect value, commonly known as

e-value. This parameter describes the number of hits one would expect for random sequences

giving the match with the query sequence (National Centre for Biotechnology Information,

2022) [30]. This value depends on the number of available entries, but also on the length of the

sequence. It is a statistical value which is of generic nature–a long barcoding region that is con-

served may mask the few informative sites leading to a situation, where several hits are listed

with identical or very similar e-values. Especially in plants, where the taxon gap is much lower

than in animals, while intra-taxon variability is higher (Fazekas et al., 2009) [9], the BLAST

search often leads to ambiguous results that are not really helpful. We have adopted, therefore, a

different approach, focussing on informative motives in the alignment, rather than on overall

genetic distance of the barcode. It is possible to discriminate even neighbouring taxa by Single

Nucleotide Polymorphisms (SNPs) at specific sites, if one can show that this SNP is supported

by a sufficient number of accessions from the respective pair of taxa. Basically, the resolution

power of this approach excels that of the e-value because it considers the position in the align-

ment and, in many cases, details of the adjacent positions constituting a specific fingerprint for

the respective taxon. These details constitute a specific quality in sensu Remane (1971) [31] that

is far more informative than a number based on quantitative statistics. The criterion of specific

quality has not only been useful in establishing morphological homology, but is also a central

tool to decide whether an observed sequence difference derives from molecular convergence or

from a true homology (Nick, 2018) [32]. In fact, using this criterion of specific quality it is possi-

ble to separate informative sequence signatures from intra-taxon variation and arrive at a clear

conclusion even in cases, where the mere e-value gives ambiguous results. For instance, this

strategy has been successfully employed to resolve cases, where, due to the ambiguity of vernacu-

lar nomenclature, different taxa are traded under the same name, such as in case of the Holy

Basil Tulsi (Jürges et al., 2018) [33] or the Peruvian Amaranth kiwicha (Kanbar et al., 2022) [34].

4.3 Limitations and potentials

Although the use of sequence-based fingerprints was able to infer a feasible forensic hypothesis

for all the cases addressed in the current study, the limitations of this approach became also

clearly manifest. There are basically three drawbacks to consider for the further development

of this strategy:

The impact of potential sampling bias. Both, the analysis of anatomical details in plant

remnants, as well as the amplification of barcodes depends on the location within the gut sys-

tem. This can lead to misinterpretations, if a small quantity of toxic plant material had been

ingested along with quantitatively dominating feed plants. In our study, this situation is illus-

trated by the case of the poisoned horse (Fig 8), where the first two attempts to amplify a
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genetic barcode led to two commonplace pasture species (Poa trivialis, Trifolium pratense) that

are expected in the gut content of a free-grazing horse. Also, the first case with the deceased

alpaca, the first hit, Camellia japonica (Fig 2), was not leading to a plausible explanation, and

only the recovery of the scarce remnants of a second plant, Nerium oleander (Fig 3) produced

a viable forensic hypothesis. Thus, in the current study, sampling bias of toxic, but not abun-

dant plant remnants led to the need to repeat the approach several times till it led to success

(using forensic plausibility as criterion). To address samplings bias in a more systematic man-

ner, one might explore strategies probing at a given number of sites in the gut, or by mixing a

larger number of samples in a standardised manner to reach symmetric representation (Elias

et al., 2012) [35].

Handling mixtures. In those cases, where particular remnants could be recovered, it was

possible to amplify and sequence the barcode by Sanger sequencing. With progressive homog-

enisation of the gut content this is getting more difficult because mixtures of templates will

lead to blurred sequences that cannot be unequivocally assigned to a species. This limitation

could be breached by analysing the amplicons by Next-Generation Sequencing, an approached

widely used in molecular ecology, also on gut contents to characterise the food spectrum of an

animal (for review see Pompanon et al., 2012) [36], which at the same time would also allow to

assess the frequency distribution of individual species in the gut content. The resolving power

of this strategy could be improved if the BLAST search routine of the reconstructed sequence

information would be combined with sequence-based fingerprinting as discussed above. Sym-

metric sampling (see above) would be a necessary precondition, however.

Do not detect only, quantify. Similar to the vast majority of studies on animal poisoning,

the route of the current investigation was of qualitative nature. We were able to identify the

poisonous plant, which in many cases is sufficient to come up with a forensic hypothesis. How-

ever, if we take Paracelsus seriously (dosis sola venenum facit), we cannot stop at a detection

method that is merely quantitative. We should, therefore, develop the current method towards

quantification. This is possible using real-time qPCR, because the amount of template DNA

for a given species can be determined from the Ct value, an approach that has been successfully

employed to check declared berry fruit content in commercial fruit preparations (An et al.,
2019) [37], and, thus, should also be amenable to gut contents.

Towards an epidemiology of animal poisonings. Forensics is an anecdotal approach,

each case is specific and to come up with a hypothesis, one needs to rely upon incomplete and

mostly circumstantial evidence. To detect general patterns is very difficult, because most cases

of plant-based animal poisoning remain unresolved. The use of genetic markers that has been

elaborated in the current study significantly increases the frequency of forensic hypotheses,

especially in animals where the digestive system leads to rapid homogenisation of the ingested

material. This increase in the success rate allows the transition from individual cases to the sta-

tistical level. In other words, genetic diagnostics paves the way for epidemiological studies. For

instance, it is completely unclear, how widespread beech poisoning of horses actually is,

because the majority of cases probably goes unexplained. Now, it has become possible to do a

comparative study and collect samples from horse poisonings all over the country and find

out, what proportion of those contains Fagus sylvatica. It might well be that such epidemiologi-

cal studies uncover patterns that have remained obscure due to the circumstantial nature of

the cases and the incomplete clarification of their cause.

Supporting information

S1 Fig. Molecular phylogeny inferred for the trnH-psbA marker from 102 sequences cover-

ing the genus Camellia along with the sequence recovered from the gut content of the
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deceased alpaca using the Neighbour-Joining algorithm.

(PPTX)

S2 Fig. Molecular phylogeny inferred for the trnH-psbA (A) and the ycf1b (B) marker from

16 sequences covering the Apocynaceae family along with the sequence recovered from the

gut content of the deceased alpaca using the Neighbour-Joining algorithm.

(PPTX)

S3 Fig. Molecular phylogeny inferred for the trnH-psbA marker from 65 sequences cover-

ing the genus Prunus family along with the sequence recovered from the gut content of the

deceased goat using the Neighbour-Joining algorithm.

(PPTX)

S4 Fig. Molecular phylogeny inferred for the trnH-psbA marker from 28 sequences cover-

ing different conifer families along with the sequence recovered from the gut content of

the deceased goat using the Neighbour-Joining algorithm.

(PPTX)

S5 Fig. Molecular phylogeny inferred for the trnH-psbA igs marker from 28 sequences cov-

ering the genus Pieris and neighbouring genera of the Ericaceae along with the sequence

recovered from the gut content of the deceased goat and the local vegetation using the

Neighbour-Joining algorithm.

(PPTX)

S6 Fig. Molecular phylogeny inferred for the ITS marker from 34 sequences covering the

genus Robinia and neighbouring genera of the Fabaceae along with two sequences recov-

ered from the gut content of the deceased cattle using the Neighbour-Joining algorithm.

(PPTX)

S7 Fig. Molecular phylogeny inferred for the rbcL marker from 28 sequences covering the

Poaceae that are common on meadows and pastures in Germany along with five sequences

recovered from the gut content of the deceased horse using the Neighbour-Joining algo-

rithm.

(PPTX)

S8 Fig. Molecular phylogeny inferred for the ITS1 marker from 31 sequences covering clo-

vers that are common on meadows and pastures in Germany along with four sequences

recovered from the gut content of the deceased horse using the Neighbour-Joining algo-

rithm.

(PPTX)

S9 Fig. Molecular phylogeny inferred for the trnH-psbA igs marker from 16 sequences cov-

ering beeches and related trees that are common on meadows and pastures in Germany

along with two sequences recovered from the gut content of the deceased horse using the

Neighbour-Joining algorithm.

(PPTX)

S1 Data. Alignment in FASTA format for the trnH-psbA igs marker from 102 sequences

covering the genus Camellia along with the sequence recovered from the gut content of the

deceased alpaca.

(TXT)

S2 Data. Alignment in FASTA format for the trnH-psbA igs from 16 sequences covering

the Apocynaceae family along with the sequence recovered from the gut content of the
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deceased alpaca.
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S3 Data. Alignment in FASTA format for the ycf1b from 16 sequences covering the Apocy-

naceae family along with the sequence recovered from the gut content of the deceased

alpaca.

(FAS)

S4 Data. Alignment in FASTA format for the trnH-psbA igs marker from 65 sequences cov-

ering the genus Prunus family along with the sequence recovered from the gut content of

the deceased goat.

(FAS)

S5 Data. Alignment in FASTA format for the trnH-psbA igs marker from 28 sequences cov-

ering different conifer families along with the sequence recovered from the gut content of

the deceased goat.

(FAS)

S6 Data. Alignment in FASTA format for the trnH-psbA igs marker from 28 sequences cov-

ering the genus Pieris and neighbouring genera of the Ericaceae along with the sequence

recovered from the gut content of the deceased goat and the local vegetation.

(FAS)

S7 Data. Alignment in FASTA format for the ITS marker from 34 sequences covering the

genus Robinia and neighbouring genera of the Fabaceae along with two sequences recov-

ered from the gut content of the deceased cattle.

(FAS)

S8 Data. Alignment in FASTA format for the rbcL marker from 28 sequences covering the

Poaceae that are common on meadows and pastures in Germany along with five sequences

recovered from the gut content of the deceased horse.

(FAS)

S9 Data. Alignment in FASTA format for the ITS1 marker from 31 sequences covering clo-

vers that are common on meadows and pastures in Germany along with four sequences

recovered from the gut content of the deceased horse.

(FAS)

S10 Data. Alignment in FASTA format for the trnH-psbA igs marker from 16 sequences

covering beeches and related trees that are common on meadows and pastures in Germany

along with two sequences recovered from the gut content of the deceased horse.

(FAS)
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