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Abstract

Xanthium cockle burrs are invasive weeds in many countries, affecting local ecosystems and agriculture. All Xanthium in
Australia are naturalised weeds from multiple overseas sources, but their taxonomic identities are contentious. In particular,
species identities of four burr varieties or “complexes” under Xanthium section Xanthium in Australia are unclear. These
complexes, commonly referred to as “Noogoora”, “Californian”, “Hunter”, and “South American” burr, are regarded as
either varieties of a single species (Xanthium strumarium) or four separate species in the section. To genetically determine
the species identities of these complexes in Australia, we compared their chloroplast DNA barcodes to reference sequences
of vouchered Xanthium species reported by Tomasello (2018). We barcoded 173 plants from 26 sites consisting of single
complex burrs and 175 plants from sites containing mixed burr complexes. Single complex sites contained either of two
DNA barcode clades. One clade consisting of Noogoora and Californian burrs matched reference sequences of X. chinense.
The second clade consisting of Hunter and South American burrs matched X. orientale. Genetic exchange between these
two species in Australia was partially evident at some sites containing sympatric complexes or putative hybrids. Reference
X. strumarium sequences were unmatched to the DNA barcodes of specimens sampled in Australia, and subsequently, we
advise against future claims to a historical presence of this species in Australia. Our findings are significant for taxonomic
treatment of Xanthium species in Australia and for consideration of source-specific biological controls of these weeds.
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Introduction

The genus Xanthium L. (Asteraceae: Heliantheae: Ambro-
siinae) comprises herbaceous plants characterised by the
presence of spiny fruiting body, or “cocklebur”, capitula
(each containing two seeds). These burrs can be dispersed
over long distances when entrained in water courses or by
entanglement in animal fur (Lechowicz 1984; Hocking and
Liddle 1986). The genus is native to areas in Eurasia and
the Americas (Millspaugh and Sherff 1919; Widder 1923),
but is now naturalised as an introduced weed in many parts
of the world. The plant has uses in traditional medicine
(Mitich 1987; Khan et al. 2020) and purportedly as a dye
(Hicks 1971). It is otherwise an invasive weed which can
outcompete endemic and agricultural plants (Oveisi et al.
2013; Qureshi et al. 2019). The plant is highly toxic to
domestic animals and some livestock (Cole et al. 1989;
Frohne and Pfiander 2005), and entanglement of its burrs
affects the quality and processing of wool and fibres
(Hocking and Liddle 1986).

Xanthium spp. display considerable phenotypic vari-
ation throughout their Old and New World distributions.
The taxonomic classification of Xanthium species has been
contentious. Morphology-based species descriptions in the
genus range from the initial report by Linnaeus (1753) of
two species (X. strumarium L. and X. spinosum L.) to more
than 20 species variously reported by Widder (1923) and
others (Millspaugh and Sherff 1919; Hicks 1971). Influ-
ential taxonomic revisions of Xanthium are summarised
in McMillan (1975), Hocking and Liddle (1986) and more
recently by Tomasello (2018), who reported a coalescent-
based genetic analysis of 17 vouchered Xanthium spe-
cies. Tomasello (2018) recognised five Xanthium species,
largely corresponding to the infrageneric sections and
series listed by Widder (1923). These included Xanthium
section Acanthoxanthium DC., consisting of two species
(X. spinosum and X. ambrosioides Hook. & Arn.), and X.
sect. Xanthium (= X. sect. Euxanthium DC.) consisting of
three species (X. strumarium, X. orientale, and X. chin-
ense). Recent Xanthium works focused on palynotaxonomy

Table 1 Four morphological complexes of Xanthium strumarium
L. (sensu lato) burr in Australia. Their putative species identities
reported by McMillan (1975) and by Hocking and Liddle (1986)

(Coutinho et al. 2021), integrative taxonomy (Noedoost
and Vaezi 2021), and keyed species listings (Keil and
Baldwin 2023) have adopted the taxonomic revisions
reported by Tomasello (2018).

In Australia, Xanthium are present in all states and ter-
ritories as naturalised weeds that were introduced from
various sources during the last 100 years (McMillan 1973b,
1975). The two X. sect. Acanthoxanthium species in Aus-
tralia are readily identifiable by a suite of fixed features and
are colloquially named as “Bathurst burr” and “Argentine
cocklebur”. In contrast, X. sect. Xanthium in Australia is
represented by anywhere between one and four species
depending on the taxonomic stance of the reporting author-
ity (McMillan 1975; Moran and Marshall 1978; Hocking
and Liddle 1986). McMillan (1973b) referred all X. section
Xanthium in Australia to a provisional X. strumarium com-
plex (proposed by Love and Dansereau (1959)) inclusive of
four morpho-physiological complexes resembling X. section
Xanthium species in the Americas. McMillan (1975) subse-
quently recognised these four morphological complexes as
the species X. chinense, X. italicum Mor., X. californicum
Greene, and X. cavanillesii Schouw. Hocking and Liddle
(1986) later recognised a partially different array of four X.
strumarium complex species in Australia listed as (including
colloquial names): X. occidentale Bertol. (“Noogoora burr”),
X. italicum Mor. (“Hunter burr”), X. orientale (“Californian
Burr”), and X. cavanillesii (“South American burr”). The
nomenclatures reported by McMillan (1975) and Hocking
and Liddle (1986) are summarised in Table 1. The nomen-
clature reported by Hocking and Liddle (1986) was gen-
erally adopted in much of the subsequent reporting of the
four burr complexes in Australia, though some reporting
bodies conservatively refer only to X. strumarium (sensu
lato), and in some instances colloquially only to “Noogoora
burr complex”.

An improved understanding of Xanthium sect. Xanthium
species diversity present in Australia is essential for man-
aging these introduced weeds. For example, implementa-
tion of species-centric chemical or biological control pro-
grammes to limit cockle burr populations in Australia may
prove partially ineffective if a section of the introduced burr

. The number (N) of DNA barcoded Australian specimens obtained
from single complex populations and their genetic match to sequence
accessions of species recognised by Tomasello (2018) is outlined

Burr complex* N McMillan (1975) Hocking and Liddle (1986) Tomasello (2018)
Noogoora 50 X. chinense Mill X. occidentale Bertol X. chinense
Californian 77 X. californicum Greene X. orientale L X. chinense
Hunter 27 X. italicum Mor X. italicum X. orientale
South American 19 X. cavanilessii Schouw X. cavanilessii X. orientale

*Burr complex as reported by Hocking and Liddle (1986); previously McMillan (1975) colloquially named complexes (top down) as: “Chin-

ense”, “Pennsylvanicum”, “Italicuam”, and “Cavanilessii”
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diversity in Australia has inherent evolved resistance or non-
susceptibility to such controls (Morin 2009). DNA barcod-
ing (Hebert et al. 2003) may be useful for distinguishing
and identifying different Xanthium species in Australia. This
genetic approach provided accurate species identifications
of other invasive weeds in Australia (Shaik et al. 2016; Zhu
et al. 2018) and may be similarly useful for resolving the
species identities of X. sect. Xanthium in Australia. Refer-
ence genetic sequences of vouchered Xanthium species rec-
ognised by Tomasello (2018) are available for comparison to
the four morphological complexes of burr in Australia. Here,
we broadly sampled the four morphological complexes of
X. sect. Xanthium in Australia and used DNA barcoding to
genetically identify each complex to species based on their
match to Xanthium species recognised by Tomasello (2018).

Materials and methods

Mature Xanthium sect. Xanthium plants (N =348) were sam-
pled from various localities in Australia (Online Resource 1)
by NSW DPIRD staff and other contributors (see Acknowl-
edgements). Specimens were identified to burr complex
(Table 1) following morpho-diagnostic descriptions of the
complexes in Australia as reported by Hocking and Liddle
(1986).

Specimens were curated at the Orange Agricultural
Institute. These collections included 173 specimens sam-
pled from 26 sites each consisting of a single burr complex.
Six additional sites consisted of multiple burr complexes
or putative hybrids between complexes, and 175 specimens
were sampled. Also, four X. spinosum specimens were sam-
pled and used as outgroups in genetic analyses. Specimens
were individually recorded to alphanumeric identifiers for
cataloguing of their sample details and their identified mor-
phological complex (Online Resource 1). Dried leaf samples
of seedlings from field collected fruits which germinated in
a glasshouse at Orange Agricultural Institute, were sent to
Wagga Wagga Agricultural Institute for genetic analysis.

DNA extractions were performed using GenElute™ 96
Well Tissue Genomic DNA Purification Kit (Sigma-Aldrich)

following recommended protocols, including overnight
specimen lysis of unground dry leaf tissue (2 mm?). Twenty-
three samples from the four burr complexes were taken from
single complex sites and used in pilot DNA barcode tests to
assess the utility of nine loci for identifying Xanthium spe-
cies in Australia (Online Resource 2). The pilot included
the four loci used for genetic identification of vouchered
Xanthium species (Tomasello and Heubl 2017; Tomasello
2018) and five other loci broadly informative for plant DNA
barcoding (Wang et al. 2017; Zhu et al. 2018). Subsequently,
two chloroplast loci, rps16-trnQ and psbA-trnH (Table 2)
were chosen for broader DNA barcoding of the sampled
specimens, and exemplar haplotype sequences of the com-
plexes in Australia were released to GenBank under acces-
sions PQ669692-PQ669705.

Polymerase chain reactions (PCRs) at final volumes of
15 pL were prepared in a Corbett CAS-1200 liquid han-
dling workstation. PCRs used 1 uL of DNA extract in 15 uL
reactions; in some instances, extracts were diluted 1:10 with
laboratory grade ddH,O to improve amplifications. PCRs
included Thermo Fischer Scientific reagents: 1X buffer,
2.8 mM MgCl2, 0.4 units of Platinum® Taq polymerase
(Invitrogen), 200 uM dNTPs, and 2 pM each of forward and
reverse oligo-nucleotide primers. Reactions were run in an
Eppendorf Mastercycler set with a universal thermal profile
for all primer combinations: 95 °C for 2 min; 40 cycles of
94 °C for 30 s, 50 °C for 30 s, 72 °C for 45 s; 72 °C for
5 min; storage at 4 °C. PCR products stained with SYBR™
Safe (Invitrogen) were visualised on a BioRad UV transil-
luminator after electrophoresis through a 1.5% agarose gel
in 1% TAE buffer. Stained PCR products were qualitatively
checked for expected fragment size against E-Gel 100-bp
ladder size marker (Invitrogen). PCR products were bi-
directionally Sanger sequenced at the Australian Genome
Research Facility (AGRF; Brisbane node). AB1 chroma-
togram sequences were quality-checked, aligned to primer
truncated reference sequences, and saved as FASTA format
alignments using SeqMan Pro ver. 8.1.0(3) (DNASTAR,
Inc., Maddison, WI, USA). Additional edits to FASTA align-
ments were accomplished using BioEdit ver. 7.0.5.3 (Hall
1999) and FABOX (Villesen 2007).

Table 2 Primers used to PCR

Sequence 5'-3' Source

X o . Locus Primer name
two plastid loci. Directions of
forward (_F) and reverse (_R) psbA-trnH
primers denoted by suffix at (rnH(GUG)_F
primer names. Loci reported in -
Tomasello and Heubl (2017) psbA_R
and used in Tomasello (2018) rps16-trnQ
for taxonomic revisions of trnQ_F
Xanthium

rpsl6-1r_R

ACTGCCTTGATCCACTTGGC
CGAAGCTCCATCTACAAATGG

( Hamilton 1999 )
( Hamilton 1999 )

CCCGCTATTCGGAGGTTCGA ( Calvifo and Downie
2007 )

ATCGTGTCCTTCAAGTCGCA ( Calvifio and Downie
2007 )
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DNA barcode analyses of all Australian specimens
included GenBank sequence accessions (KY215737—
KY215804) of vouchered Northern hemisphere specimens
used in recent support of a revised species taxonomy of the
Xanthium genus (Tomasello 2018). Sequence haplotype
variation among loci and specimens was examined using
MEGA version X (Kumar et al. 2018). Pairwise genetic dis-
tances (unweighted) among sequences were calculated using
MEGA. Unidentified nucleotide sites and indels at loci were
excluded from the pairwise comparisons. Genetic distance
relationships among sequences were inferred and visualised
using neighbour joining (NJ) tree analysis. Bootstrap repli-
cation (10,000 replicates) determined the level of support
for nodes in NI trees.

Results

Pilot PCR trials of nine loci identified two informative and
reliable loci (rps16-trnQ and psbA-trnH) for our broader
DNA barcoding of Xanthium samples (Online Resource
2). The seven other loci were either uninformative for
genetic separation of the four complexes in Australia, or
they failed to adequately PCR amplify from most (> 70%)

X. chinense

specimens. We note the nuclear encoded ITS and D35
loci reported (Tomasello 2018) jointly with other loci for
genetic identification of Xanthium species, lacked any
variation for distinguishing the four burr complexes in
Australia. The plastid DNA rps16-trnQ intergenic spacer
locus was optimal as a DNA barcode in our study. PCR
products 954-958 bp were reliably amplified from 348 X.
sect. Xanthium specimens and their sequences resolved as
four haplotypes (Online Resource 1). These haplotypes
contained two informative nucleotide sites for distance-
based separation of the four burr complexes as two genetic
groups (Fig. 1 and Online Resource 3).

Neighbour joining analysis indicated the rps16-trnQ
locus was effective as a stand-alone DNA barcode for in -sil-
ico identification of voucher reference sequences reported to
X. sect. Xanthium species by Tomasello (2018). Of the speci-
mens sampled from single complex sample sites, one genetic
clade consisting entirely of Noogoora burr and Californian
burr was genetically matched (99.99-100% similarity) to
Old and New World voucher accessions of X. chinense rec-
ognised by Tomasello (2018). The second genetic clade con-
tained all Hunter burr and South American burr sequences,
and these matched (100%) to accessions of X. orientale rec-
ognised by Tomasello (2018). Additional sequences of four

Noogoora burr (N = 50) &
Californian burr (N =77)

—

Hunter burr (N = 27) &
South American burr (N = 19)

X. orientale

o —~ll X, strumarium

0.001

Fig. 1 Neighbour joining tree of pairwise rps16-trnQ sequence dis-
tances among sampled burrs and references of Xanthium species.
Enclosed boxes indicate burr complexes (Noogoora, Californian,
Hunter and South American) sampled (N) from single complex popu-
lations in Australia and their genetic match (red arrow) to references
of X. chinense Mill. and X. orientale L. recognised by Tomasello

@ Springer

s { Xanthium spinosum

(2018). References of X. strumarium L. are unmatched to Australian
specimens. Outgroup X. spinosum L includes four sampled Bathurst
burr. Terminal clades collapsed to indicate depth of intraspecific
diversity, scale bar equals 0.1% sequence difference. Clade supports
at nodes (>70%) as shown. Un-collapsed version of this distance tree
inclusive of all sampled specimens is seen in Online Resource 3
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Bathurst burr (X. spinosum) specimens sampled in Australia
were genetically matched to an outgroup clade with other
reported accessions of the species.

A 2nd plastid locus (psbA-trnH intergenic spacer) was
amplified from 107 X. sect. Xanthium specimens (repre-
senting > 72% of 150 tested specimens) to obtain sequences
408-424 bp long. The sequences resolved as two haplotypes
(Online Resource 1) that differed by a single nucleotide.
These two haplotypes separated the four complexes sampled
from single complex sites as two genetic clades, consistent
with the separation of specimens evidenced at the rps16-
trnQ locus. The two psbA-trnH haplotypes were matched
to reference accessions of both X. chinense and X. orien-
tale, and neighbour joining analysis of the locus (Online
Resource 4) indicated X. chinense was paraphyletic with
respect to X. orientale. References of the two species could
not be totally distinguished at this locus, and it was impossi-
ble to separately assign their identities to the two psbA-trnH
clades found among Australian burr complexes. An addi-
tional sequence of a Bathurst burr specimen was correctly
assigned to accessions of X. spinosum.

Three NSW sites contained sympatric plants of two or
more non-intergraded complexes (Table 3). DNA barcodes
from Hunter burr and Noogoora burr plants co-present at
Bullawa creek (N=46) and Griffith (N=12) all conformed
with the genetic segregation of the two complexes to X. ori-
entale and X. chinense, respectively as evidenced at rps16-
trnQ. This was consistent with that observed at single com-
plex sites where all plants of a complex were genetically
identified to a single Xanthium species. In contrast, DNA
barcodes from Hunter burr and Noogoora burr plants co-
present at Wee Waa (N=47) did not all conform with the
genetic segregation of the complexes to X. orientale and X.
chinense. Some plants at the site exhibited a DNA barcode
of the co-occurring Xanthium species. A single Californian

Table 3 Presence or absence of genetic hybrids detected at sites con-
taining morphological intergrades between Xanthium complexes,
or at sites containing sympatric complexes but no intergrades. Pres-
ence of hybrids reported as “fixed” for a single-species DNA barcode
among all plants, or “admixed” for reciprocal sharing of species DNA
barcodes among plants. Absence of hybrids reported as “no genetic
exchange”. Quality of soils at sample sites (high or low) as indicated

Intergrades Sympatric complexes no inter-

grades

Baan Baa™: fixed
Gunnedah™: fixed
Ashley™: admixed

Bullawa®: no genetic exchange
Griffith™: no genetic exchange
WeeWaa'l: admixed

H: high—quality floodplain soil
L: low—quality sandy creek bed soil

burr at the Wee Waa site, had a X. chinense DNA barcode
consistent with that seen at sites consisting only of this
species.

Three NSW sites, where each had morphological inter-
grades between burrs (and by inference putative hybrids),
varied in genetic outcome (Table 3). The intergrades
between Californian and South American burrs at Ashley
(N=238) had rps16-trnQ DNA barcodes of either X. orientale
or X. chinense. In contrast, the intergrades between Hunter
burr and other complexes at Gunnedah (N=22) were all
fixed for DNA barcodes of X. orientale typically seen at
sites consisting only of Hunter or South American burr.
Similarly, plants at Baan Baa identified as Noogoora burr
(N=25) or intergrades between Californian and Hunter burr
(N=12) were all fixed for X. chinense barcodes typically
seen at single complex sites consisting of Californian or
Noogoora burr. Two burrs at Jerry’s Plains (N=2) had X.
chinense barcodes, in an otherwise homogenous sample of
Hunter burrs which all exhibited X. orientale barcodes. A
retrospective morphological examination of these two aber-
rant specimens identified them as intergrades of Californian
and Hunter burrs, and similar to the intergrades identified at
Baan Baa. Similarly, one burr at Boundary Bend with a X.
orientale barcode in an otherwise homogenous sample of
Californian burrs was retrospectively identified as an inter-
grade of Californian/South American burrs.

None of the rps16-trnQ or psbA-trnH sequences from
Australian burr specimens was matched to Northern hemi-
sphere reference accessions of X. strumarium L. (sensu
stricto) recognised by Tomasello (2018) (Fig. 1., Online
Resource 3 and 4).

Discussion

A global perspective of Xanthium taxonomy
and the naturalised complexes in Australia

Considerable uncertainty exists concerning species iden-
tities of Xanthium section Xanthium in Australia. This is
reflective of the overall taxonomic uncertainty concern-
ing the genus following the first formal description of
Xanthium species (X. strumarium and X. spinosum) by
Linnaeus (1753) over 270 years ago. Widder (1923) rec-
ognised two species under Xanthium section Acanthox-
anthium and more than 18 other species placed under X.
sect. Xanthium (formerly X. sect. Euxanthium). In con-
trast, Love and Dansereau (1959) recognised just two
species in the genus and reduced all X. section Xanthium
taxa reported from the New World to a polymorphic X.
strumarium complex. This widely adopted classification
was used to conservatively assign four informal morpho-
complexes of X. sect. Xanthium taxa found in Australia

@ Springer
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under the general description of X. strumarium (sensu
lato) (McMillan 1973b, 1975; Moran et al. 1981; Hock-
ing and Liddle 1986). The four complexes occupy mark-
edly different sized areas in Australia, and this may be
due to differences in their reproductive strategies and/or
photoperiodic requirements for flowering (Moran et al.
1981). Further species delimitation of the four informal
complexes in Australia has been contentious. This taxo-
nomic uncertainty is in part compounded by subtlety and
lability of primary morphological features used to distin-
guish the four complexes to their putative species desig-
nations. The most recent delimitation of global Xanthium
species proposed by Tomasello (2018) provides a com-
parative genetic and taxonomic framework to investigate
the four morphological complexes of burr observed in
Australia. Tomasello (2018) coalescent-based delimita-
tion of species in Xanthium, using multi-locus sequences
from museum vouchered Old and New World specimens,
supported recognition of five morphologically keyed spe-
cies sorted between X. sect. Acanthoxanthium [species: X.
ambrosioides and X. spinosum] and X. section Xanthium
[species: X. chinense, X. orientale and X. strumarium].
Preliminary genomic sequencing of over 730 loci from
Xanthium reference specimens reported by Tomasello and
Manzo (2023) is further supportive of the species recog-
nised by Tomasello (2018).

Our DNA barcoding of plastid genes sampled from
single complex sites strongly supports the presence in
Australia of two of the three species of Xanthium section
Xanthium recognised by Tomasello (2018). Accordingly,
the colloquially named “Noogoora” and “Californian” burr
complexes in Australia reported by Hocking and Liddle
(1986) are genetically identical and match to accessions
of X. chinense, whereas the “Hunter” and “South Ameri-
can” burrs match to X. orientale, as recognised by Toma-
sello (2018). Including the two readily identifiable X. sect.
Acanthoxanthium species not targeted in our sample (X.
spinosum and X. ambrosioides), we report in total four
Xanthium species present in Australia, each of which can
be genetically identified by the match of their DNA bar-
codes to those reported by Tomasello (2018).

Interestingly, DNA barcodes of the Mediterranean-
based species X. strumarium (sensu stricto) obtained from
Northern hemisphere vouchers (Tomasello 2018) were
entirely absent among our samples from Australia. There-
fore, we argue against future taxonomic reference to a
presence of this species in Australia, despite its pervasive
listing in all earlier reports of Xanthium in the country.
The prior reporting of X. strumarium (in either the gen-
eral or strict sense) in Australia is attributed to the widely
accepted provisional classification by Love and Dansereau
(1959) which conservatively placed all proposed X. sect.
Xanthium species under a polymorphic X. strumarium

@ Springer

complex. Also, we argue against further reference to the
earlier species identities reported for the four burr com-
plexes by McMillan (1975) and or by Hocking and Lid-
dle (1986). Those species identities differentially reported
by McMillan (1975) and Hocking and Liddle (1986) are
genetically reduced under two of the X. section Xanthium
species recognised by Tomasello (2018), as we discussed
above and presented in Table 1.

Our study here does not investigate the reliability of
descriptive morphological features reported by Hocking
and Liddle (1986) for diagnostic identification of the four
burr complexes in Australia. Nor have we determined their
potential utility to differentiate between the two Xanthium
Sect. Xanthium species that we have genetically recognised
in Australia. These informal descriptions, and the Xanthium
species key reported by Tomasello (2018), are subject to
analyses we have in progress to provide a formal dichoto-
mous key for identification of the Xanthium taxa in the coun-
try. As a caveat, we note that the defining morphological
features of these complexes reported by McMillan (1975)
and/or by Hocking and Liddle (1986) are subtle, partly over-
lapping and potentially phenotypically plastic under various
environmental conditions and plant growth stages (Martin
1981; Moran et al. 1981). This feature plasticity may have
partly confounded earlier taxonomic identification and dis-
tribution records of the complexes in Australia. Promisingly,
we note from the literature that measurement of palynotaxo-
nomic features assisted efforts to identify Xanthium taxa in
the Iberian Peninsula (Coutinho et al. 2021). Analyses of
pollen features and/or other potentially species informative
micro-phenotypic traits such as trichomes (Eyvazadeh Khos-
roshahi and Salmaki 2019) may provide robust approaches
to morphologically distinguish the Xanthium species and/or
the complexes in Australia,

Our work here has relevance for future diagnostic genetic
identifications of the X. sect. Xanthium species in Australia.
In preparation for our broader all-specimen examination, we
conducted a pilot genetic analysis of burr exemplars to eval-
uate the effectiveness of nine loci targeted for the DNA bar-
code identification of Xanthium species. This included four
loci reported by Tomasello (2018) for species delimitation
of vouchered Xanthium, and five other loci used for reported
DNA barcoding of other plant species (Table 2). The later
five loci were excluded as uninformative or unreliable for use
with Xanthium, and we similarly excluded the two nuclear
loci (ITS and D35) reported by Tomasello (2018) because
they lacked informative nucleotide variation for genetic
separation of the Australian specimens of X. sect Xanthium
(at the ITS locus) and/or they exhibited low PCR recovery
from specimens (at the D35 locus). These two nuclear loci
were useful for delimiting infrageneric sections in Xanthium
but lacked power to individually delimit each of the five
species recognised by Tomasello (2018). Subsequently we
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chose two maternally inherited chloroplast loci (rps16-trnQ
and psbA-trnH) reported by Tomasello (2018) for our DNA
barcode analysis of Australian specimens. Both loci can be
used as “stand-alone” target loci for congruently delimiting
the four burr complexes to two genetic clades. However,
we observed higher levels of nucleotide variation and PCR
amplification reliability at the rps16-trnQ locus. Further-
more, the phylogenetic relationship between X. chinense
and X. orientale references was unresolved at the psbA-trnH
locus, with some evidence of incomplete sorting of hap-
lotypes among northern hemisphere references of the two
species. Therefore, we recommend use of the rps16-trnQ
locus as a stand-alone DNA barcode locus for reliable and
informative delimitation of Xanthium species from single
complex populations in Australia. The current absence of
any biparentally inherited nuclear loci reliably informative
as DNA barcodes for delimitation of all the X. sect Xanthium
species poses a challenge for diagnostic surveys that encom-
pass hybrid plants (next section). We recommend further
screening of other potentially informative nuclear loci to
fill this purpose, and/or the use of contemporary genomic
sequencing approaches (our work in progress).

Hybrid Xanthium populations in Australia

Xanthium hybrids have been documented in natural popula-
tions and also in controlled breeding experiments (Mills-
paugh and Sherff 1919; Widder 1923; Love and Dansereau
1959; McMillan 1973a, 1974, 1975). They are apparent
within each of the two Xanthium sections, but never between
the sections (Widder 1923; Love 1975; McMillan 1975).
McMillan (1975) documented the existence of natural
hybrids among sympatric X. section Xanthium complexes
in NSW Australia. The hybrids were detected as morpho-
logical intergrades between complexes, and were observed
in sympatric populations of Noogoora burr (X. chinense) and
Hunter burr (cited as X. italicum, now X. orientale) (McMil-
lan 1975), but not in sympatric populations of Noogoora
burr (X. chinense) and South American burr (cited as X.
cavanilessii, now X. orientale). Intergrades of the latter two
complexes were evident in a historical plant collection from
the Nepean River area west of Sydney (McMillan 1975).
McMillan (1975) noted that populations of Californian burr
(cited as X. californicum, now X. chinense) were geograph-
ically isolated from the other complexes in Australia and
lacked any observed natural hybrids.

Experimental crosses between various X. sect. Xanthium
taxa from the Americas and the Australian complexes in
most instances produced intermediate forms with high pol-
len viability at F1 and F2 progenies (McMillan 1974, 1975).
In contrast, F1 crosses between Australian complexes identi-
fied here to X. chinense and X. orientale were chlorotic and
stunted but were improved when their soils where enriched.

McMillan (McMillan 1974, 1975) proposed that natural
populations of interfertile hybrids in Australia are more
likely to be sustained at high-nutrient habitats favourable
for their development. McMillan (1975) noted, for example,
that intergrades between Noogoora burr and Hunter burr
are common in floodplain populations but are rare or absent
at roadside populations of parental plants. Our sampling
and genetic analyses of intergrade burr populations and/or
co-existing burr complexes (Table 3) generally agree with
McMillan’s reporting, although some differences are also
apparent.

For example (Table 3), we sampled plants from Baan Baa
which exhibited as morphological intergrades between Cali-
fornian burr (X. chinense) with either South American burr
or Hunter burr (both X. orientale). All intergrade specimens
had DNA barcodes of X. chinense typically observed in sin-
gle complex populations of Californian burr or Noogoora
burr. The complete absence among the intergrade specimens
of any X. orientale DNA barcodes (typically observed in sin-
gle complex populations of South American burr and Hunter
burr) indicates the maternally inherited cpDNA contained
in the ovules of Californian burr was possibly transmitted
to and fixed among hybrid intergrade plants via a process
of chloroplast capture (Rieseberg 1991). Also, this may
be evident at Gunnedah consisting entirely of intergrades
between Hunter burr and other complexes, which at that site
were all fixed for X. orientale barcodes typically observed
at single complex populations of Hunter burr. In contrast to
the above, intergrades of Californian and South American
burrs at Ashley exhibited either X. orientale or X. chinense
DNA barcodes. This would be expected under a scenario
whereby bidirectional nuclear exchange between sympatric
plants (with or without subsequent backcrosses) produces
plants with admixed combinations of chloroplast and nuclear
genomes. Our genetic analysis does not include biparentally
inherited informative genes for direct comparisons to the
maternally inherited cpDNA barcodes that we assayed; sub-
sequently, we cannot explicitly comment on the degree and
direction of nuclear exchange among the putative hybrid
complexes reported here. We have work in progress involv-
ing representative genomic screening of the plants to report
this aspect of our Xanthium sample.

We sampled three sites that were each sympatric for
Hunter burrs and Noogoora burrs but lacking any obvi-
ous morphological intergrades between the two complexes
(Table 3). At Bullawa Creek and Griffith, the two complexes
were found to be genetically segregated as X. orientale
and X. chinense, in accordance with their species identi-
ties observed at single complex populations of each burr.
Despite their sympatric proximity, there was no evidence of
hybridisation between the complexes at these sites. In con-
trast at Wee Waa, co-occurring and morphologically distinct
Hunter burr and Noogoora burr plants shared X. orientale
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and X. chinense DNA barcodes, evidencing some level of
interspecies hybridisation and/or backcrossing between the
complexes in the absence of any discernible morphological
intergrades.

Based on the variable genetic profiles evidenced
among the sites containing intergrades and/or sympatric
Xanthium complexes (Table 3), we propose that hybridi-
sation among the complexes in Australia is subject to the
genetic backgrounds of each complex and their responses
to environmental factors where they are present. Hybrid
emergence at sites of sympatry may only be promoted by
habitat and environmental conditions that favour genetic
exchange and subsequent growth of interfertile crossed
plants. Reported Xanthium complex distributions in Aus-
tralia suggest single and/or sympatric complex popula-
tions are more prevalent than hybrid populations. This
may not be surprising as the complexes in Australia
are mainly self-pollinated (autogamy), and as they are
derived from different geographic sources, they exhibit
little or no overlap in their reproductive timing and pho-
toperiodic requirements for flowering (McMillan 1974,
1975; Moran et al. 1981). Genetically separate X. sect.
Xanthium species in Italy are similarly autogamous in
their mating systems, and possibly, this is an adaptation
in the genus to ensure continuity of successful progenitor
genotypes in diverse habitats (Dinelli et al. 2003).

To a lesser extent, Xanthium are wind-pollinated, and
in some circumstances, this may favour hybrid emer-
gences at sites where environmental conditions allow
for overlap of the reproductive strategies between co-
occurring complexes. Edaphic factors may also limit
hybrid emergence and/or persistence at sites. The con-
trolled breeding experiments by McMillan (1974) clearly
indicated hybrids of the two most widespread complexes
(Noogoora and Hunter burrs) were stunted and chlo-
rotic in depleted soils otherwise suitable for growth of
the parental complexes. The hybrids successfully devel-
oped to burr production after soils were improved with
nutrients and chelating agents. Subsequently McMillan
(1975) proposed the Xanthium hybrids in Australia are
more likely to be sustained at floodplain sites containing
high-nutrient soils as opposed to sites containing depleted
soils.

Our genetic analysis of hybrid and sympatric com-
plexes obtained from NSW floodplains containing agri-
cultural quality soils (Ashley, Baan Baa, Gunnedah, and
Wee Waa), and from sandy creek bank sites (Bullawa and
Griffith) containing organically depleted soils (Table 3)
generally is consistent with McMillian’s proposal. At
the latter two depleted soil sites, there was no evidence
of genetic exchange between sympatric populations of
Noogoora burr (X. chinense) and Hunter’s burr (X. orien-
tale). In contrast, DNA barcode sharing between the two
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complexes was evident at a floodplain site in Wee Waa,
in the absence of any apparent morphological intergrades.
Three sites containing morphological intergrades between
otherwise genetically distinct complexes were all sam-
pled from floodplain sites, and each showed some form
of genetic exchange.

Implications for biocontrol

Management of invasive and naturalised weeds is under-
pinned by a robust understanding of their species taxonomy.
Such information is critical for accurate reporting of weed
biology, ecology, and distribution. Further, effective use of
biological control agents (BCAs) for the management of
a specific host weed is reliant on accuracy of taxonomic
assignments at the species and or sub-species level, of both
the host and its controlling agent. BCAs that evolved with
and detrimentally impact a specific host plant lineage may
have little or no effect when exposed to other related hosts
(Morin 2009). The genetic evidence here of two genetically
distinct but outcrossing populations of X. sect. Xanthium
in Australia needs to be considered relative to the ecologi-
cal and physiological aspects of each, and this may have
direct relevance regarding the efficiency of proposed BCAs
for affecting the genetic “species” and hybrids present in
Australia.

Biological control programmes in Australia targeting
Noogoora burr date back to 1929, and since then, a variety
of BCAs have been trialled and/or released in the country
with outcomes ranging from failure to partial success (see
review (Van Klinken and Julien 2003)). The most successful
of these is the exotic rust fungus, Puccinia xanthii Schw.,
which was accidentally or illegally introduced during 1975
and subsequently impacted on the “Noogoora burr complex”
(inclusive of the four complexes) in eastern Australia but had
limited effect on populations in the far north of the country
(Morin et al. 1994). Failure of the introduced rust strain to
impact on the northern Xanthium populations was explained
as tropical conditions and environmental constraints affect-
ing the rust itself (Van Klinken and Julien 2003). Novel
tropical strains of P. xanthii impacting on other Xanthium
taxa in the Dominican Republic and Mexico were later
trialled under quarantine but failed to infect any Austral-
ian Noogoora burr (Morin 2009). Failure of this latter rust
strain to affect Noogoora burr was evidenced as variation
in resistance among genetically unrelated Xanthium taxa in
Australia and the American central tropics. Our sample of
24 Noogoora burr specimens from Northern Australia all
had DNA barcodes which conformed with the identification
of Noogoora burr in eastern Australia to X. chinense. Our
genetic results offer some support to the proposal that envi-
ronmental constraints on the BCA rather than host genetics
have limited the effectiveness of the rust as a control of the
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weed in Northern Australia (Van Klinken and Julien 2003).
Verticillium dahliae Kleb. is another fungal patho-agent
which shows promise for the control of some portion of the
Xanthium in Australia. One particular strain of the patho-
gen present in Australia (Kirkby et al. 2022) was character-
ised by its necrotic impact on Noogoora burr (genetically
identified as X. chinense) during controlled pathogenicity
testing experiments. The efficacy of this pathogen to con-
trol X. chinense more broadly in Northern Australia and the
other burrs genetically placed to X. orientale is yet to be
determined.

Conclusions

Our study provides a foundational reference for the future
taxonomic reporting of introduced Xanthium section Xan-
thium species in Australia, with the intention of being used
by both federal and state research institutions, as well as
their related reporting and regulatory agencies dealing with
these weeds. A crucial aspect of this implementation will
involve the retrospective amendment of online taxonomic
records concerning the presence and distribution of Xan-
thium species within the country. For instance, we assert that
it is no longer justifiable to claim the presence of X. stru-
marium (sensu stricto) in Australia, as the reference DNA
barcode sequences from northern hemisphere specimens of
this species do not match any sequences from the Xanthium
samples collected in Australia. Given the increasing rate of
international biological introductions associated with global
trade, it is plausible that exotic X. strumarium will eventually
crossover international borders into Australia. In such sce-
narios, it is imperative that diagnostic genetic identification
of this potential new weed is recognised, and that biosecu-
rity agencies are promptly alerted and act in response to its
invasive presence, rather than being hindered by ongoing
taxonomic ambiguities regarding its previously and errone-
ously reported presence in the country.
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