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Population structure, ploidy levels and 
allelopathy of Centaurea maculosa (spotted 

knapweed) and C. diffusa (diffuse 
knapweed) in North America and Eurasia

Ruth A. Hufbauer,1 Robin A. Marrs,1 Aaron K. Jackson,1 René Sforza,2 
Harsh Pal Bais,3 Jorge M. Vivanco3 and Shanna E. Carney4

Summary

Understanding the origins and basic biology of non-indigenous invasive plants can help lay a strong
foundation for successful control of such invaders. Centaurea maculosa (spotted knapweed) and its
congener C. diffusa (diffuse knapweed) were introduced into North America from Eurasia. These
species have diploid and tetraploid forms, and they are thought to hybridize. We are investigating: 1)
the Eurasian origins of these plants and their population structure in North America using cpDNA
sequence data; 2) ploidy levels of introduced populations; and 3) production of a potentially allelo-
pathic root exudate ([–]-catechin) by C. maculosa and putative hybrids. We sequenced four noncoding
regions of the chloroplast genome (4,050 bp) of 14 individuals. For two of the regions (2,161 bp) we
sequenced an additional 12 individuals. The sequence data show complex patterns. Haplotypes do not
segregate neatly between C. maculosa and C. diffusa. The data suggest that at least two distinct intro-
ductions of C. maculosa into North America have occurred – one of individuals related to those in
southern France and one of individuals with haplotypes found in western Europe and Ukraine. The
cytology shows that C. maculosa populations in North America comprise both diploid and tetraploid
individuals, while C. diffusa populations are predominantly diploid. We examined root exudates from
individuals collected from what appeared to be a hybrid swarm. Offspring from C. maculosa pheno-
types produced the most (–)-catechin, while offspring from putative hybrids produced almost no (–)-
catechin. This suggests that the ability to produce (–)-catechin is lost through hybridization. This
research will aid in focusing the search for new biological control agents. In addition, it lays the foun-
dation for testing two important hypotheses: that introduced populations have evolved to be more
aggressive than their native counterparts, and that herbivores and pathogens from the area of origins of
introduced plants make more effective biological control agents.
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Introduction

The ecological and evolutionary potential of a popula-
tion is a function of both levels of genetic variation and
the specific traits present in the population. For invasive

organisms, amounts of genetic variation and the traits
present in the new range depend in large part on how
many propagules of a species were introduced, and
from what location(s) they originated. This makes
discerning the area(s) from which introductions were
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made and the effects of the introduction and invasion
processes on levels of genetic variation critical to
understanding the ecological characteristics and evolu-
tionary potential of invaders. Here we present prelimi-
nary results on (1) the geographic origins of the
introductions of Centaurea maculosa Lam. (syn. C.
stoebe stoebe L. and C. stoebe micranthos Gugler
Hayek; spotted knapweed; Asteraceae)) and C. diffusa
Lam. (diffuse knapweed) into North America inferred
from chloroplast DNA sequence data, (2) the ploidy
levels in the introduced and native ranges of the plants,
and (3) the allelopathic root exudates of hybrids.

Two long-term goals of this research are to facilitate
effective biological-control efforts, and more fundamen-
tally to understand the factors that contribute to effective
biological control. Biological control of weeds is
phenomenally successful at times, yet only 10–18% of
all introductions have provided good to complete control
(Crawley 1989, Lawton 1990). It is clear that factors
such as making introductions into compatible climates
and avoiding Allee effects (e.g. Grevstad 1999) are
important in successful classical biological control, but
other issues must contribute to the variation in success.
Knowing the sources of an invasion may facilitate
finding specialized and efficacious biological control
agents. To our knowledge, this idea has not been explic-
itly tested. A long-term goal of this project is to compare
the levels of specialization and of inflicted damage
between phytophagous insects from the source of intro-
ductions with other areas in the native range. Knowing
the sources of introductions will also make possible a
more rigorous test of the hypothesis that invaders evolve
increased competitive ability (Blossey & Notzold 1995).

Materials and methods

Study system
Spotted knapweed comprises diploid western Euro-

pean populations (C. stoebe stoebe), and tetraploid
eastern European or Asia Minor populations (C. stoebe
micranthos) (Ochsmann 2000). For simplicity, we use
C. maculosa here, and specify ploidy level when
known. Centaurea diffusa also has diploid and tetra-
ploid forms thought to originate in western Europe, and
eastern Europe or Asia, respectively. It is uncertain
which cytotypes of both taxa are found in North
America, but it is the tetraploid form of C. maculosa
that is thought to be present (Ochsmann 2000). Both
species likely were introduced in the late 1800s as a
contaminant in alfalfa, either from Asia Minor (Watson
& Renney 1974, Ochsmann 2000) or Germany (Watson
& Renney 1974). The source of their introductions
remains unclear. The uncertain identity of the cytotypes
of the introduced North American populations impedes
formulating effective strategies for their control.

Gáyer (1909) described hybrids between C. macu-
losa and C. diffusa as Centaurea × psammogena.
Hybridization between these species could have

profound implications for their control, whether chem-
ical or biological. New hybrid genotypes may
contribute to the invasion (Ellstrand & Schierenbeck
2000), and hybrids can be either more or less suscep-
tible to specialized herbivores than the parent plants
(Whitham et al. 1999). It is currently unknown how
frequently hybridization occurs between these species
in North America. 

Centaurea species exude chemicals from their roots
that can have allelochemical activity (Callaway et al.
1999, Bais et al. 2002, 2003). Bais et al. (2002) isolated
(±)-catechin from the root exudates of C. maculosa and
showed that (–)-catechin can have strong allelopathic
effects in sterile culture. Interestingly, although the
chemical shows no autotoxicity to C. maculosa, it is
toxic to C. diffusa. It is unknown whether hybrids
produce (–)-catechin and, if they do, whether they are
autotoxic or immune.

cpDNA phylogeography
The initial cpDNA analysis presented here includes

individuals of both species from the native and intro-
duced range collected as fresh plant tissue stored in
desiccant (Drierite® (CaSO4)) or as seeds (Table 1).
We extracted genomic DNA from fresh (grown from
seed) or dried leaf or bud tissue using the Qiagen
DNeasy® Plant Mini Kit (Qiagen). Three universal
chloroplast primer pairs were used to amplify regions
of interest (trnSb–trnfMa from Demesure et al. (1995),
trnK2–trnQr from Dumolin-Lapèque et al. (1997), and
B48557–A50272 from Taberlet et al. (1991)). We
amplified these regions in 50 µL polymerase chain
reactions containing 5 µL genomic DNA, 1X PCR
Buffer (20 mM Tris-HCL, pH 8.4, 50 mM KCl), 2 mM
MgCl2, 0.2 mM each dNTP, 2 pmol of each primer, 2.5
units Taq polymerase (Life Technologies), and 0.5 µL
TaqStart antibody (Clonetech). Amplification condi-
tions were one cycle of 2 min 30 s at 94°C, 30 cycles of
40 s at 94°C, 40 s at the annealing temperature (62, 47,
and 51°C, respectively), 2 min at 72˚C, and a final
extension step of 10 min at 72°C (Hybaid PCR Express
and Hybaid PCR Sprint thermocyclers). PCR reactions
were purified using the Qiagen QIAquick® Gel Extrac-
tion Kit (for regions SbFma and K2Qr) or the
QIAquick® PCR Purification Kit (BA region).

Davis Sequencing <www.davissequencing.com> ran
the sequencing reactions using the amplification primers
on the PCR products with BigDye Terminator® Cycle
Sequencing. Reaction products were separated on an ABI
3730 automated sequencer (PE Applied Biosystems). We
visually inspected all trace files for accuracy of base calls.
Overlapping regions between and within samples were
compared where possible. The trnSb–trnfMa and
B48557–A50272 regions both contained overlapping
areas that were sequenced in both the forward and reverse
direction, but the trnK2–trnQr region did not. Differences
in sequences of overlapping areas were conservatively
recorded following individual visual inspection of trace
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files for all samples in the region. Data were aligned in
SeqMan (DNASTAR, Inc.) and by eye. Sequences are
available from GenBank (trnK accession numbers):
AY316594–AY316607; trnQr accession numbers:
AY316608–AY316633; trnSb–trnfMa accession
numbers: AY316634–AY316647, B28557–A50272
accession numbers: AY316648–AY316673). We
constructed two haplotype networks using TCS 1.1.3
(Clement et al. 2000). TCS uses parsimony to construct
unrooted networks of relationship between non-recom-
bining sequences. The first was based on a total of 4,050
base pairs (1,126 from trnSb–trnfMa, 1,434 from the AB
region, 835 from trnK2 and 727 from trnQr) for 14 indi-
viduals (Table 1). The second was based on 2,161 base
pairs (the AB region and trnQr) for the same 14 individ-
uals plus an additional 12 individuals (Table 1). We
treated insertion-deletion sites (indels) as a fifth state. If
the indel was more than one nucleotide long, we coded it
as only a single base pair in the analysis, to prevent longer
indels from overwhelming other signal in the data set.

Ploidy levels
We assayed ploidy levels of individuals from eight

C. diffusa populations and 10 C. maculosa populations.
Seeds from between 6 and 35 individual parental plants
from each sample location were sown in plug trays. To
determine ploidy levels, we cut off the root meristems,

soaked them for 1–3 h in a 0.001% solution of colchi-
cine to halt microtubule formation in the mitotic cells,
then fixed them in 1:3 glacial acetic acid:ethanol for
2–24 h. Each root tip was transferred to a microscope
slide and cleared for 1 min in a drop of 45% acetic acid.
We dissected the meristems into small pieces under a
light microscope, stained them with 2% aceto-orcein
over a flame and squashed them with the slide cover
slip. We counted the stained mitotic chromosomes
using a compound microscope.

Allelopathy
We quantified root exudates of plants grown from

seeds collected at a single sample location in Hood
River, Oregon, USA. This population appeared to be a
hybrid swarm containing C. maculosa, C. diffusa and
intermediate phenotypes spanning the spectrum
between them that match descriptions of hybrids
(Ochsmann 1998) and backcrosses between both parent
species and the hybrids. We collected samples from
five phenotypic categories: spotted, diffuse, and three
intermediate categories ranging from more like spotted
to more like diffuse. To measure (–)-catechin produced
by individuals from the hybrid swarm, we extracted
root exudates following the protocols of Bais et al.
(2002). Briefly, seeds were surface sterilized in 50%
bleach and germinated on static Murashige and Skoog

Table 1. Individuals of three species from the native and introduced ranges sequenced for the regions specified. Abbr.
shows the abbreviations and formatting used in Figure 1. Individuals in bold are Centaurea maculosa, except
for Cv (C. vallasiaca), others are C. diffusa. Underlined individuals are from the introduced range.

Species Site Code Abbr. SbfMa AB K2 Qr

C. diffusa Native range

North America

Turkey Site 6
Turkey Site 6
Ukraine A–B
California
Colorado, Ft. Collins
Colorado, Ft. Collins
Wyoming, Afton
Wyoming, Afton

CD8
CD17
UK DK 7
Low Lem DK 6
Ft. CO DK 6
Ft. CO DK 5
Afton DK 9
Afton DK 2

TRa
TRb
UA
CA
COa
COb
WYa
WYb

*
*
*

*
*

*
*
*
*
*
*
*
*

*

*
*
*

*
*

*
*
*
*
*
*
*
*

C. maculosa Native range

North America

Australia

Basel plant 4
Basel plant 5
France 20
France 28
Kembs plant 2 
Kembs plant 3 
Ukraine Site 31
Ukraine site 7
Ukraine site 7
BayfieldWI#8
BayfieldWI#8
California
California
Montana, Hamilton
Montana, Hamilton
Canberra1
Canberra2

CM 46
CM 47
France 20
France 28
CM 26
CM 27
CM 23
CM 4
CM 3
SK 6
SK 7
LJ 13A
LJ 18 
SK48
SK52
Can1
Can2

CHa
CHb
F1a
F1b
F2a
F2b
UA1

UA2a
UA2b
WIa
WIb
CAa
CAb
Mta
MTb
AUa
AUb

*
*

*
*
*
*
*

*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*

*

*
*
*
*
*

*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

C. vallasiaca Native range Brigerbad, CH Br2 Cv * * * *
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culture medium (Murashige & Skoog 1962) under
constant light. After 9 days, we transferred seedlings to
liquid Murashige and Skoog medium and grew them on
an orbital platform shaker at 90 rpm under constant
light for 30 days. Five-hundred µL of the growing
medium containing root exudates were extracted with
500 µL of hexane. The hexane fraction was dried down
and remaining solids were re-suspended in 500 µL
100% methanol and stored at –20˚C. Samples were run
on an HPLC–mass spectrometer (Summit Dionex,
Sunnyvale, CA).

Results

cpDNA Phylogeography

The non-coding cpDNA regions showed extensive
sequence variation as single base pair substitutions and
insertion–deletion mutations. Clear, consistent differ-
ences between C. diffusa and C. maculosa were not
apparent. However one group of C. maculosa was quite
distinct (Fig. 1). This group includes two samples from
southern France and two from California, USA. The
differences between this group and the others suggest at
least two introductions to North America of C. maculosa.

Ploidy levels

The European populations of both C. diffusa and C.
maculosa were diploid (Fig. 2). Most C. diffusa in the
North American samples were diploid, but two individ-
uals appeared to be tetraploid (Fig. 2a). A very different
pattern was seen among the North American C. macu-
losa populations. The two sample locations from Cali-
fornia had only diploid individuals, while 40–90% of
the individuals from the Montana, Idaho and Wisconsin

populations were tetraploid (Fig. 2b). Offspring from
two C. maculosa individuals from Canberra, Australia
proved to be diploid and all of the individuals in the
allelopathy work discussed below were also diploid.

Allelopathy

Seeds grown from the two phenotypic categories
morphologically closest to pure C. maculosa produced
the most (–)-catechin, and seeds from phenotypically
hybrid parents produced almost none (Fig. 3). Parental
phenotype explained 62% of the variation in (–)-catechin
production (F4,66 = 27.2, P < 0.0001). The HPLC runs of
individuals intermediate between hybrid and diffuse
phenotypes did detect some (–)-catechin (Fig. 3).

Discussion

cpDNA Phylogeography

Two main conclusions can be drawn from the cpDNA
sequence data. First, C. diffusa and C. maculosa from
both the native and introduced range share many of the
haplotypes. This suggests either hybridization or recent
common ancestry. To sort out these complex patterns
more fully and to pinpoint the sources of North Amer-
ican populations, regions from the nuclear genome will
be needed, and other species in the C. stoebe group
should be included in the analysis. Second, despite the
complexity of the data, one group is quite distinct. This
group includes individuals from an isolated population
of diploid C. maculosa from Southern France and diploid
C. maculosa from California. This consistent grouping
across the four sequence regions suggests that the Cali-
fornia populations of C. maculosa may represent a sepa-
rate introduction event.
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Figure 1. Haplotype networks constructed from parsimony analysis of cpDNA sequence data in TCS. A. Based on 14
individuals and four sequence regions (4,050 bp). B. Based on 26 individuals and two regions (2,161 bp).
Abbreviations follow Table 1.
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Ploidy levels
The discovery of both diploid and tetraploid C.

maculosa individuals also suggests a minimum of two
distinct introductions of that species. Before now, it
was thought that only tetraploids were present (Ochs-
mann 2000). More surprising than finding both cyto-
types is that they occur commonly in mixed stands,
which are unlikely to represent interbreeding popula-
tions due to barriers to successful crossing between

ploidy levels. The mixture of cytotypes suggests that at
least two introductions occurred, one of diploids and
one of tetraploids. If both cytotypes established in the
same area, subsequent spread of propagules could very
likely have been of mixed ploidy. It is also possible that
de novo polyploidization in North America contributes
to the pattern. The ecological consequences of poly-
ploids for the invasiveness of these plants is yet
unknown. As with other systems, the tetraploid plants
may be more aggressive invaders than the diploids (e.g.
Galatowitsch et al. 1999).

Allelopathy
In some cases it has been shown that hybrids are

more invasive than their parental species (Ellstrand &
Schierenbeck 2000). Plants that are morphologically
intermediate between C. maculosa and C. diffusa have
been documented in many different locations. Do these
putative hybrids make the invasion a greater threat?
Our data do not support this hypothesis. When assayed
for production of (–)-catechin, offspring from plants
along a phenotypic gradient from spotted to diffuse
showed high production on the spotted end of the
continuum and low or no production on the diffuse end.
Callaway et al. (1999) demonstrated that allelopathy
can give C. maculosa an advantage over its competitors
in a greenhouse. If allelopathy is indeed a key compo-
nent of the invasion of Centaurea species, the putative
hybrids’ lack of (–)-catechin could put them at a disad-
vantage. However, some individuals on the diffuse end
of the spectrum did produce some (–)-catechin,
suggesting the possibility of introgression of the trait
into the C. diffusa genome.
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Conclusions
For the field of classical biological control to provide
safer and more effective suppression of invasive pests,
our underlying assumptions must be analysed critically
and we need to know more about the basic biology and
characteristics of our invasive plants. To test the long-
standing idea that insects and pathogens from the
source of an introduction make more effective and
specific biological control agents, we must first know
the provenance of invasive species. This research lays
the groundwork for comparing specialized insects and
pathogens from the appropriate native populations of C.
diffusa and C. maculosa to test this idea. Our character-
ization of the allelopathy of hybrids suggests that they
may not pose an additional invasive threat, butr the
response of biological control agents to hybrids and the
different ploidy levels of the parent species is unknown.
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