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Abstract A plant that is capable of uniparental
reproduction should be a better coloniser than one
without that capability, because one individual can
establish a persisting population. This advantage,
formulated as Baker’s law, can bias which species
become invasive. Further, within predominantly
biparentally reproducing species, this advantage
can also lead to selection of individuals with unipa-
rental reproduction during invasion. While studies
have shown that invasive species tend to have uni-
parental reproduction, the reproductive strategies of
non-invasive species occupying the same, and often
disturbed, regions are understudied. Hence, to bet-
ter understand the relationship between reproductive
strategies and invasion, we experimentally assessed
and compared the mating systems of 11 invasive,
eight alien non-invasive and nine native species in
India. All these species belong to the predominantly
self-incompatible family, Asteraceae. In addition, we
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assessed whether the mating systems of the extremely
invasive Ageratum conyzoides and Bidens pilosa dif-
fer between Mexico, where they are native, and India,
where they are invasive. All the invasive Asteraceae
assessed experimentally were found to have a mode
of uniparental reproduction, whereas most of the
natives and alien non-invasive species were self-
incompatible. The mating systems of A. conyzoides
and B. pilosa were self-incompatible in their native
range and self-compatible in India, consistent with
evolution due to selection of self-compatible lineages
during invasion. The study robustly supports Baker’s
Law, such that among Asteraceae in southern India,
those that are invasive are uniparental, while those
that are not invasive follow the family’s tendency
toward self incompatibility.

FH&&ID  Umedleurr @ 6TLIQLIHESLD
WOMID  HeOT  W&EIHSHE  CFIHms
QEFUIWEIQ LI Smalgmigerfley

QeTLIOUMBESESHDG @CT  HMeurld
GUMEILDMTEOTEME  6TEOTLISHITOY, 3|6UEUMSHS
STIBIGET LUHW @Gpeusefley  mm
SMaIBEIG6eT el &6eVLILDMTS & 60T
SIS QSHMm&smU  Blmieus Sa@ld.
@bs GComliumh — Cussiflar e
(GUSBTEN 6UIT) 6T60T MPEHEHLILIGIHMSI.

@& liemuley WSSl
STOIIBIGET  QUBLOLITeD  Lmedleur
@)\ 60TLIQLIH&HELD TV AV

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-026-03834-2&domain=pdf
http://orcid.org/0000-0003-4433-0813
http://orcid.org/0000-0003-2206-1368
https://doi.org/10.1007/s10530-026-03834-2
https://doi.org/10.1007/s10530-026-03834-2

151 Page 2 of 15

N. Nagendra Rao et al.

&S 6T - @ 60T & & D ( QF U & LI
SUTLIg L6 1q) Q& IT600T LY. (H &8
GeuetoT(Ild.  Cald  @bBS Gﬁl@u_‘ﬂem
gl_o,uueml_uﬁlsu S FIONS  G60T-
6266 ITEDILD (QF6LSLI
@6THIUTLIQLIN ) Q& TeooTI) (H&HH S
FalqWls  STeUrs  Qsmaoms LS
G&Eefled HeaT-@Qenrssd  WGHS
SMUTHOSHTNH TS LirflesormioLh
DL WSSOI, @eal®&EE SFrearmns
QILI(BLDLIMT6BT6mLO U T60T SLGR T
STOUTMHIGET UMedleuT @ 6TLICLIHESLD
VLG  SHET-@00TEHHS — SHeOTeM LD
Q&BMeoTIQ(BLILIEMSES L6V T TUIFF &6T
&600T LM\ [5 S51 6T6IT60T. ST6UTES S 60T
USRI  HOTONHGID LSS 60T
APEGL 26m6T  QFTLIeL  GCLOsD
@pHwmelled  ourmul  BImIsGeT 11
ASERTOINL STeuy FmmilermhigseT, el (h
ASERTHGEHET  sjuev  BTLBH  STeuy
FAonleThIGET WHMID  @eTLS L Tals
smaly Fmnlermisefler @e6TlGLbHHS
Wemmenwl  CFMHSGCHTD.  Fa(hSHeVMTsH
SHHTAINT QUTWRS @ 6TIGLIIHES
Wemm UfleooT MO S4emLFMST eTedTm L
JORCILLLD Q&meflGarumulLen (Ageratum
conyzoides) LDMMILD 6DLIL6OTEN 60LIGEVITErVIT
(Bidens pilosa) & @ revor(h)
F nileor g erfledr @ eTIQLIHEHS
(LDEmEmW 9|5 60T wielisLnmeor
QUEFRCHTAID SR TLALIL] @GL6eVTeoT
@nhSH wmellsyin GFmHHESTLD.
@55 MU HBIG6T METHSILD VL CTH
GSOuUSmE CFIHFHMe. @Q&HGSGHIDLILD
QUBLOLIMEILD &H60T-626)6UTEMLO
Q&5 IT600TL_6DI6L. QLTI L 11
ASHHTIL STEUFBISGEHND  Lmedleur
@\ 60TLIQ LI(H&HELD gqs'ueugj Q‘;GbT @)\ 600TE &0
QB TETOT 4 BHSET. SEUTEV LD @Tesor()
N&HEHT GHLUSHET @ 6TLIOL[HHSH

wenn AESHmS Swell GBS

676186t GerumuiLen LDMHMILD
6 LLenLIGeVITerVIT 85607 wieissH ev
QUIBLLLMaILD &H60T-6261GUTEDILO
Q& T600T 606U WIS 6 LD @BHWmalley
QUIBLLLIMaILD & 60T-@)600TE& & LD

Q&TEOOTLMEUWITHED @ BHSHE. @\bHS
LTMUFR (WDI96 56T CLSSHl6T al&em
21,5118\ 6T e

@ Springer

Keywords Baker’s law - India - Invasion -
Reproductive strategy - Self compatibility - Seed
viability

Introduction

The number of invasive plant species is growing at an
alarming rate, with roughly 3,800 well-documented
invasive plant species reported worldwide (Laginhas
and Bradley 2022). The problem of plant invasion
requires us to better understand what makes a plant
likely to become invasive. Studies have shown that
no single trait underlies invasiveness in plants; rather,
multiple characteristics, such as plasticity and seed
dispersal, may potentially portend a plant’s invasive-
ness (Gioria et al.,2023; Grooves,2006; Moles, 2008;
Rejmanek and Richardson,1996; van Kleunen et al.
2010). One such trait that should be advantageous
during invasion is the ability to reproduce uniparen-
tally, which allows individual plants or those grow-
ing at low density to reproduce, either by propagat-
ing from vegetative organs or through autonomous
seed setting. Autonomous seed setting can occur
either through mating with self (self compatibility) or
through parthenogenesis (apomixis).

Colonisation is an essential part of the invasion
process, both at initial establishment as well as during
subsequent spread, as the invasion front may com-
prise low-density satellite populations (Theoharides
and Dukes 2007). Botanist H.G. Baker postulated
that self-compatible plants are more effective at col-
onisation because a single individual is sufficient to
establish a sexually reproducing colony, whereas self-
incompatible individuals would face difficulty find-
ing mates, and might fail to reproduce and establish
a colony (Baker 1955, 1967, 1974). This concept has
become known as Baker’s law (Baker 1955; Stebbins
1957), and has been further extended to accommo-
date other modes of uniparental reproduction, such
as apomixis (Whitehead et al. 2018). Consistent with
Baker’s Law, several studies have shown that invasive
plant species tend to reproduce uniparentally (Ram-
buda and Johnson 2004; van Kleunen et al. 2008;
Hao et al. 2011). For instance, Ramduba and John-
son (2004) showed that all 17 invasive species they
studied in South Africa were either self-compatible or
apomictic. Additionally, Pannell and Barrett (1998)
predicted that the effect of Baker’s Law would be
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reduced in perennial plants. This is because living
for multiple mating seasons increases the chance of
sexual reproduction. This is especially true where the
arrival of propagules is a recurring event, bringing
in new individuals periodically. In such a case, if a
plant does not reproduce in the first flowering season,
it could potentially reproduce later when mates are
available. This is empirically supported by Petanidou
et al. (2012), who observed the mating systems of
perennial and annual invasives.

Most flowering plants can reproduce sexually, and
their reproductive strategies, including self incompat-
ibility and self compatibility, are heritable (Bala et al.
2023; Igic et al. 2008). While in some plant species
all individuals possess the same reproduction strat-
egy, Whitehead et al. (2018) estimated that 63% of
flowering plant species are made up of individuals
with different reproductive strategies. In such species
with mixed mating systems, the proportion of indi-
viduals with each mating system often differs among
populations. For instance, Warwick and Thompson
(1989) reported that self compatibility of Carduus
nutans (Asteraceae) ranges from 8 to 60% across
populations in Canada. Because self compatibility
or uniparental reproduction is favoured during colo-
nisation, the self compatible individuals from mixed
populations would have an advantage during the
establishment and spreading stages of invasion. This
can cause evolution of mating systems during inva-
sion as a result of new populations being founded by
predominantly self-compatible genetic lineages from
an originally mixed population (Charlesworth 2006;
Cheptou 2012; Pannell et al. 2015). Indeed, several
studies have found plant species in which populations
are predominantly outcrossing in their native regions,
and are selfing or clonally reproducing where they
are invasive (Barrett 1979; Ren et al., 2005; Hollings-
worth and Bailey 2000; Li et al. 2006; White et al.
1993; Petanidou et al. 2012). An example is the shift
from outcrossing to selfing during invasion from Bra-
zil to Jamaica by the water hyacinth, Eichhornia pan-
iculata (Barrett and Husband 1997). In spite of this
overall pattern, several studies have also detected no
shift in mating strategies after invasion. For example,
Li et al. (2012) and Zhang et al. (2017) found Ambro-
sia artemisiifolia (Asteraceae) and Solanum rostra-
tum (Solanaceae), which are self incompatible in their
native range, to also be self incompatible where they
were invasive in China.

Habitat disturbance disrupts plant communities,
making resources available for colonisation by inva-
sive plants. This leads to invasive plants being com-
mon in disturbed areas (Lozon et al. 1997), where
native species also generally persist. Plants growing
in human-disturbed landscapes have also been found
to have higher rates of selfing than plants grow-
ing in undisturbed places. Eckert et al. (2010) found
that human disturbance causes significant reduc-
tion in the proportion of seed set by outcrossing in
27 native and invasive species. While previous stud-
ies have shown that invasive species tend to have a
mode of uniparental reproduction (Razanajatovo
et al. 2016), native plants can also possess high lev-
els of selfing or uniparental reproduction, especially
in disturbed landscapes (Grossenbacher et al. 2015).
There are relatively few studies comparing the repro-
ductive strategies of sympatric native and invasive
plants. Petanidou et al. (2012) found that populations
of Centaurea solstitialis (Asteraceae), a predomi-
nantly self-incompatible plant, are self-compatible
in disturbed areas within the native range. In a study
at the genus level, Vervoort et al. (2011) found that
invasive Impatiens (Balsaminaceae) species had more
autonomous seed setting than native Impatiens in the
areas of invasion. Studies such as these imply that
both native and invasive species should be found to
be predominantly uniparental in disturbed habitats.
However, native species may have advantages, such
as large nearby populations in undisturbed habitats,
that reduce the disadvantages of self incompatibility,
allowing self incompatibility to persist. No studies
that we are aware of have compared multiple native
and invasive species inhabiting disturbed habitats in
the same region. Moreover, even though compari-
son of native and invasive plants provides immense
insight into colonisation, to evaluate the importance
of a trait concerning invasion, one must also con-
sider alien non-invasive plants, which are those that
are present, but are not, or not yet, invasive. This is
because native and invasive plants could both possess
traits that make them successful in a particular habi-
tat, while alien non-invasive plants likely do not. (van
Kleunen et al. 2015). Finally, even with multiple lines
of support for Baker’s Law and documentable shifts
in the mating systems, there are self-incompatible
invasive species (Hao et al. 2011).

To better understand the relationship between
mating system and plant invasion, we investigated
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Table 1 The locations from which invasive and native plants
were sampled in southern India

Location of collection State of India Lat long

Ooty town” Tamil Nadu 11.4102° N, 76.6950°
E
Biligirirangan hills” Karnataka 11.9988° N, 77.1398°
E
Yercaud town” Tamil Nadu 11.7748° N, 78.2097°
E
Honnavar Karnataka 14.2798° N, 74.4439°
E
Bengaluru Karnataka 12.9629° N, 77.5775°
E
Salem Tamil Nadu 11.6643° N, 78.1460°
E
Challakere (Indian Karnataka 14.3134° N, 76.6528°
Institute of Science E
campus)

*Species were identified on site, prior to collection, to avoid
collecting protected plants, as these locations were in the vicin-
ity of forest lands

Baker’s Law empirically by systematically compar-
ing the reproductive strategies of native, invasive,
and non-invasive alien Asteraceae species found in
southern India. Additionally, since perennial plants
have more mating opportunities than annual plants
(Pannell and Barrett, 1998) we also include life cycle
(annual vs perennial) of the plants in the analyses.

Lastly, because natural selection on mating sys-
tems can occur during invasion, and Asteraceae as a
family is predominantly self-incompatible, we tested
if there is a difference in the predominant mating sys-
tems between populations in the native and invasive
regions for two Asteraceae species, Ageratum cony-
zoides and Bidens pilosa, which are highly invasive
in India. Both species are native to the neotropics and
are invasive in multiple countries globally (Sankaran
and Suresh 2013; POWO 2025). Asteraceae was
chosen for this study because it is a large, predomi-
nantly self-incompatible family, with about one-third
of the species being self-compatible or pseudo-self-
incompatible (Ferrer and Good-Avila 2007). There
are many invasive Asteraceae in India, including six
of the 11 high-concern invasive plant species in the
country (Mungi et al. 2023).

The specific questions we addressed are 1) Do
more invasive Asteraceae species have uniparen-
tal reproduction compared to alien non-invasive and
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native species in southern India? and 2) Has there
been shift in mating systems from self-incompatible
to self-compatible within the invasive Asteraceae spe-
cies Ageratum conyzoides and Bidens pilosa between
native and invasive regions?

Methods
Study species, sites, and sampling

To assess the reproductive strategies of invasive,
native and alien non-invasive Asteraceae species
found in southern India, invasive and native plants
were sampled from populations in disturbed areas,
such as road sides and unoccupied open spaces in
unprotected areas, at seven locations in the states of
Karnataka and Tamil Nadu (Table 1, supplementary
material). The study was conducted from May 2024
to March 2025.

At each site, the seeds or vegetative propagules of a
minimum of five individuals per species present were
collected, which was treated as a sample of a popula-
tion. Each of the invasive and native species (Table 2)
was identified using taxonomic keys from Gamble
(1936) and Hajra et al. (1995a, 1995b), and were
designated as native or invasive using Sankaran and
Suresh (2013) and Khuroo et al. (2021). The native vs
introduced status was verified with data from the Kew
Garden’s Plants of the World Online website (POWO
2025). Seeds of the alien non-invasive species, which
were all ornamental, were purchased from the Indian
seed companies Ugaoo and Al and from the Indian
Institute of Horticultural Research (Table 2 and sup-
plementary material).

Depending on availability, five to thirty seeds
were selected haphazardly and germinated per pop-
ulation per species and were grown until they flow-
ered in pots in an enclosure at the Indian Institute
of Science, Bengaluru campus. For the species that
were propagated from vegetative organs, all plants
that survived the transplantation and flowered were
used in experiments. The enclosure was open to and
visited by insect pollinators. The flowers were used
to assess reproductive strategies (described below).
Four native species could not be relocated or suc-
cessfully grown in the enclosure. For these spe-
cies, the experiments were conducted on 5 to 20
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Table 2 The life cycles, sample sizes (numbers of populations collected from field sites in southern India in 2024 (Table 1),
and numbers of individuals), and reproductive strategies deter- and the alien non-invasive species were purchased as seeds at
mined experimentally and/or reported in the literature for each the same time (see supplementary material for details)

of the study species. The native and alien invasive species were

Species Invasion status in Life cycle No. No. indi- Reproductive strat- Reproductive strategy
India populations  viduals egy found experi- in literature
sampled assessed mentally
Ageratum conyzoides Alien invasive Annual 3 90 Self-compatible Self-compatible!,

apomixis', self-
incompatiblez, Male

sterile’
Bidens pilosa Alien invasive Annual 4 120 Self-compatible Self-compatible"
Mixed*”
Calyptocarpus vialis  Alien invasive Annual 2 40 Self-compatible, Self-compatible®
Vegetative propa-
gation
Crassocephalum Alien invasive Annual 2 32 Self-compatible Self-compatible®
crepidioides
Chromolaena odo- Alien invasive Perennial 3 30 Apomixis Apomixis 7, Vegeta-
rata tive propagation 8
Eclipta prostrata Alien invasive Annual 2 10 Self-compatible, Vegetative propaga-
Vegetative propa- tion
gation
Galinsoga parviflora  Alien invasive Annual 2 60 Self-compatible Self-compatible'®,
Vegetative propaga-
tion
Parthenium hystero-  Alien invasive Annual 4 50 Apomixis Self-compatible'?
phorus
Synedrella nodiflora  Alien invasive Annual 2 40 Self-compatible Self-pollinating '> 14
Tridax procumbens  Alien invasive Annual 2 50 Self-compatible Self-compatible'?
Sphagneticola tri- Alien invasive Perennial 2 10 Self-incompatible,
lobata Vegetative propa-
gation
Callistephus chin- Alien non-invasive Annual 1 30 Self-compatible Self-compatible ¢
ensis
Calendula officinalis ~ Alien non-invasive Annual 1 10 Self-incompatible Self-incompatible'’
Chrysanthemum Alien non-invasive Annual 2 20 Self-incompatible Self-incompatible'®
morifolium
Coreopsis tinctoria  Alien non-invasive Annual 1 30 Self-incompatible Self-incompatible'®
Cosmos bipinnatus ~ Alien non-invasive Annual 2 35 Self-incompatible Self-incompatible 2
Gaillardia pulchella  Alien non-invasive Annual 1 30 Self-incompatible Self-incompatible !
Tagetes erecta Alien non-invasive Annual 2 46 Self-compatible Self-compatible '
Zinnia peruviana Alien non-invasive Annual 1 30 Self-compatible
Artemesia nilagirica Native Perennial 1 10 Self-incompatible, Self-incompatible,
Vegetative propa- vegetative propaga-
gation tion
Blumea mollis Native Annual 2 20 Self-incompatible
Cyanthillium Native Annual 3 25 Self-compatible Mixed 23
cinereum
Dicoma tomentosa Native Annual 1 17 Self-incompatible
Echinops echinatus ~ Native Annual 1 8 Self-incompatible
Glossocardia bosval- Native Annual 2 35 Self-incompatible
lia
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Table 2 (continued)

Species Invasion status in Life cycle No. No. indi- Reproductive strat- Reproductive strategy
India populations  viduals egy found experi- in literature
sampled assessed mentally
Pulicaria wightiana ~ Native Annual 1 15 Self-incompatible
Psuedoconyza Native Annual 2 10 Self-compatible
viscosa
Youngia japonica Native Annual 1 15 Self-compatible

“Reproductive strategy reported in native region for invasive species. References: 'Hao et al. (2011); 2Ming (1999), *Kaul and Nee-
langini (1989), 4Grombone-Guaratini et al. (2004), 3Estes (2018), ®Cui et al., (2025), 7 Tripathi et al (2012), 8Zachariades et al.
(2009), °Lee and Moody (1988), ®Warwick and Sweet (1983), !'Damalas (2008), >Usharani and Raju (2018a), '*Usharani and Raju
(2018b), '*Shabbir et al. (2024), SShivanna (2014), 'North (1979), '"Heyn and Joel (1983), '®Wang et al. (2014), '°Zeng et al.
(2021), 2Little et al. (1940), 2'Heywood (1993), 2Jabeen et al. (2012), >*Rao et al. (2017)

A@,

Unopened capitulum Unopened capitulum

bagged

Mature cypselae Cypselae allowed to
collected for further develop inside the
assessments bag

Florets in bagged
capitulum open

Florets self-
pollinated
manually by
dusting pollen
collected from
the same plant

capitulum bagged
after hand pollination

Fig. 1 Diagrammatic representation of the methodology followed to assess uniparental seed setting in this study

individuals (depending on species) in the wild at
the Indian Institute of Science, Challakere campus
(Table 2 and supplementary material).

The comparison of mating systems between
the native region and invasive region was done in
Mexico (native) and India (invasive). Ageratum
conyzoides and Bidens pilosa were the two species
studied. In India, the samples from the previous
assessment were used. In Mexico, 31 individuals of
each species were used for experimentation; these
were collected from naturally growing plants in a
home yard at Xalapa, Veracruz, Mexico.

@ Springer

Assessment of reproductive strategies

To assess the reproductive strategies of the sampled
populations of each species, the reproductive strate-
gies of individuals were determined and extrapolated
to the population. If an individual was observed to
propagate vegetatively or found to be apomictic, it
was considered capable of vegetative reproduction
or apomixis, respectively. A species was considered
self-compatible if all or nearly all individuals (greater
than 95%) were self-compatible, and self-incompat-
ible if nearly all individuals were self-incompatible
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(greater than 95%). No species fell between these
two, so there were none designated as having mixed
mating systems (see supplementary material for indi-
vidual-level data).

The morphology and phenology of the plants were
observed to assess vegetative propagation, especially
from the stem/ rhizome. For each species found to be
capable of vegetative reproduction, we also checked
reproductive strategies published in the literature (see
Table 2 for specific references).

To assess uniparental seed setting, for every indi-
vidual, a capitulum (flower head containing multiple
small flowers or florets found in Asteraceae) bud was
selected and bagged. After blooming, the capitulum
was hand-pollinated using pollen from the same
capitulum, and then bagged and left to develop into
cypselae (dry fruits with a single seed found in Aster-
aceae) (Fig. 1). Another capitulum was left unbagged
for open pollination to occur. The enclosure was vis-
ited by naturally occurring pollinators common on
the Indian Institute of Science campus, Bangalore,
including honey bees (mostly Apis dorsata), solitary
bees, and blue pansy (Junonia orithya), chocolate
pansy (J. iphita) and common tiger (Danaus chrysip-
pus) butterflies. To ensure pollination had occurred,
the stigmas were observed using a magnifying lens
for the presence of pollen on the receptive surface.
Only a few individuals of Tagetes erecta were not
found to be naturally pollinated and were hand polli-
nated using pollen from other individuals of the same
species. All the treatments were left to develop into
cypselae.

The morphology of the mature cypselae from the
treatment (bagged) were compared to the control
(open pollinated) or to the parent cypselae to assess
if they appeared fully developed. Plants that produced
fully developed cypselae from bagged capitula were
considered to be capable of uniparental seed setting
(Hao et al. 2011). This assessment was done in both
India and Mexico. However, since fully developed
cypselae do not guarantee viability (Turner 1933), the
cypselae were further subjected to seed viability tests.

Seed viability was tested using triphenyl tetrazo-
lium chloride (TTZ) to detect dehydrogenase enzy-
matic activity, diagnostic of live cells. Several bagged
cypselae (about 10 to 30, based on size) from each
individual were soaked in distilled water for 24 h.
For bigger cypselae, the seeds and the seed coats
were removed. Small cypselae were gently pressed to

expose the seed or cotyledons. The seeds were soaked
in 0.1% TTZ solution for 48 h in the dark at room
temperature and then observed. The seeds showing
red staining were considered viable, while those that
did not show a colour change were considered invi-
able, and the plant that produced the seeds was con-
sidered self-incompatible (Verma and Majee 2013).
Cypselae from the individuals that showed viability in
the TTZ test were then subjected to germination. For
this, the cypselae were soaked in 500 mg/L gibberel-
lic acid (GA3) solution for 24 h to break dormancy,
and were then placed in damp cotton in the dark at
room temperature.(Bunker 1994) The cotton was
sprayed with water to maintain moisture and observed
for 15 days. If the seeds germinated, the species was
considered capable of reproducing uniparentally; oth-
erwise, the plant was considered not capable of uni-
parental reproduction.

Further, to understand the requirement of pol-
lination in uniparental reproduction, species capa-
ble of reproducing uniparentally through seeds were
subjected to aniline blue staining (adapted from
Herburger and Holzinger 2016; Zavaliev and Epel
2014). This was done to detect pollen germination
on the stigma to verify if the mode of autonomous
seed setting was through self pollination in self-
compatible plants, or through autogamous apomixis
in self-incompatible plants. Since the florets in our
experiment aborted after emasculation, determin-
ing combinations such as autogamous apomixis in
self-compatible plants is difficult. We could not sep-
arate apomictic events from self-fertilisation in self-
compatible plants without using molecular markers,
which was beyond the scope of this study. The pos-
sibility of pseudogamous apomixis in self-incompat-
ible plants was also not explored, as the plants would
require unrelated mates to reproduce, hence function-
ing as self-incompatible plants in the context of Bak-
er’s law.

For the aniline blue staining pollen germination
assay, three individuals were selected from each spe-
cies that produced viable cypselae in the self-polli-
nated treatment. New capitula were bagged before
anthesis. Upon maturation of the stigma in each flo-
ret, they were hand pollinated with pollen from the
same individual and then bagged. This was performed
in all florets of the capitulum. Twenty-four hours after
pollination of the last floret, the capitula were plucked
and fixed in FAA (Formalin, Acetic acid, Ethanol

@ Springer



151 Page 8 of 15

N. Nagendra Rao et al.

Table 3 Reproductive strategies of Ageratum conyzoides and
Bidens pilosa tested in their native (Xalapa, Veracruz, Mexico)
and invasive (India) ranges. The numbers represent the number

of plants assessed from each origin found in our study to be
self-compatible or incompatible

Species Population Nativity No. self compatible individu-  No. self incompatible
als individuals
Per population Total Per population Total
Ageratum conyzoides Xalapa, Mexico Native 2 2 29 29
Bengaluru, India Invasive 30 88 0 2
Biligirirangan hills, India 28 2
Yercaud, India 30 0
Bidens pilosa Xalapa, Mexico Native 0 0 31 31
Bengaluru, India Invasive 30 116 0 4
Biligirirangan hills, India 30 0
Ooty, India 30 0
Yercaud, India 26 4
and Distilled water at ratios of 10:5:50:35). After a Analysis

minimum of four hours the capitula were rehydrated
in distilled water for an hour and dissected to extract
the stigmas and styles. Stigmas and styles of florets
from different positions of the capitula were used to
assess the different stages. The extracted samples
were treated with 4N NaOH solution for six hours
to soften the tissue. Then, each sample was washed
in distilled water for 10 min and stained for four
hours using 0.1% Aniline blue solution in Soren-
son’s buffer. After staining, the sample was mounted
on a microslide in Sorenson’s buffer and visualised
under UV light filtered through a fluorescence filter
cube in a Leica DM 3000 microscope (Kho and Baer
1968; Herburger and Holzinger 2016). If the pollen
was found to have germinated on the surface of the
stigma or if the pollen had penetrated into the stigma
without being surrounded by a callose layer, then the
plant was considered self-compatible. If not, the plant
was considered an autogamous apomictic (Hiscock
2000; Hao et al. 2011). The pollen germination on
the stigma occurred within 24 h for all species. Addi-
tionally, to verify that the reproductive barrier was
due to self incompatibility, the species not capable of
uniparental reproduction were also subjected to ani-
line blue staining to observe if pollen from the same
individual germinated on the stigma. If there was no
pollen germination on the stigma, the plant was con-
sidered self-incompatible. If the pollen germinated on
the stigma, then there are potentially post-fertilisation
barriers in the species.

@ Springer

The reproductive strategy of each plant individual
was recorded. Because there were nearly no popula-
tions showing mixed mating systems (for the two
slight exceptions, see Table 3 and supplementary
material), each species was categorized as capable of
uniparental reproduction or not, and the numbers of
species in each category were compared using a con-
tingency table. The association of uniparental repro-
duction and invasiveness was tested using Fisher’s
Exact Test. The Holm-Bonferroni method for cor-
rection was used for pairwise comparison between
multiple groups. To assess the potential shift in mat-
ing system from the native to the invasive region,
the number of plant individuals of each species from
Mexico and from India exhibiting each mating sys-
tem was tabulated and compared using Fisher’s Exact
Test. All tests were done using «<0.0 5.

Results

The reproduction strategies of a total of 918 plants
from 28 species were assessed. Out of these, 11 spe-
cies were alien invasive, eight were alien non-inva-
sive, and nine were native to southern India (Table 2).
All alien invasive species had at least one mode of
uniparental reproduction, including the two peren-
nial species. This was in accordance with the mating
systems reported in the literature for these species.
The mating systems of all the invasive species have
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Fig. 2 The number of spe- 12
cies with each reproductive
strategy (apomixis, vegeta-
tive, self compatible, self 10
incompatible) found in the
categories: invasive, alien
non invasive and native. See 5
Table 2 for the numbers of
individuals and populations k4
tested for each species 9
a
0-i6
<)
@
Q
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2 4
2
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been published from their invasive ranges, except for
B. pilosa and Calyptocarpus vialis (Table 2). Out of
eight alien non-invasives, three were found to be self-
compatible, and five were found to be self-incompat-
ible (Table 2). Four of the nine native species were
found to have a mode of uniparental reproduction.
Only four out of the 28 species showed vegetative
propagation, Calyptocarpus vialis, Eclipta prostrata,
Sphagneticola trilobata and Artemisia nilagirica. All
of these possessed stolons or stems that grow pros-
trate with roots at nodes. The first three are alien inva-
sive species, while A. nilagirica is native (Table 2).
Notably, the invasive S. trilobata propagated vegeta-
tively, did not have autonomous seed setting, and was
verified to be self-incompatible. In the alien non-inva-
sive group, Calendula officianalis, Callistephus chin-
ensis, Tagetes erecta and Zinnia peruviana showed
uniparental seed setting, and the other species did not.
Out of these four species, the seeds of C. officianalis
failed both the TTZ test and the germination test. In
the native group, Cyanthillium cinereum and Psuedo-
conyza viscosa showed full uniparental seed setting,
whereas the other species did not. However, Dicoma
tomentosa, Glossocordia boslavalia and Echinops
echinatus set a few fully developed and partially
developed cypselae, but failed the TTZ and germi-
nation tests. Out of all the species with autonomous
seed setting, Chromolaena odorata and Parthenium
hysterophorus were the only two species in which all
the individuals showed no pollen germination under

Reproductive strategies
apomixis
m vegetative
m self compatible
m self incompatible

native

alien non invasive

aniline blue epifluorescence, suggesting these two
species are apomictic. Literature supports C. odorata
being apomictic (Zachariades et al. 2009), but there
is no literature exploring the apomictic nature of P.
hysterophorus. Both the species we observed to be
apomictic are invasive in India.

Out of the 28 species studied, three were peren-
nial. Of these, C. odorata and S. trilobata are inva-
sive and A. nilagirica is native. All three species
were incapable of self fertilisation but had a mecha-
nism of uniparental reproduction. Chromolaena odo-
rata reproduced through apomixis, and S. triobata
and Anilagirica both reproduced through vegetative
propagation.

Uniparental reproduction was strongly associated
with species invasiveness (Fig. 2; Fisher’s Exact Test,
p=0.0036 ). A significant difference was observed
both between invasive and natives (p=0.005) and
between invasive and alien non-invasive (p=0.008).
Native and alien non-invasive species did not differ
significantly (Fig. 2).

The mating systems of Ageratum conyzoides and
Bidens pilosa were each assessed in several popula-
tions in India where they are invasive, and in one pop-
ulation in Mexico where they are native. Both species
were found to be predominantly self-compatible in
India and self-incompatible in Mexico (Table 3). In
India, out of 120 B. Pilosa individuals, four individu-
als from Yercaud were self-incompatible (4%), and
out of 90 A. conyzoides individuals, two individuals
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from BRT hills were self-incompatible (2%). All
other individuals were self-compatible. In Mexico,
of 31 individuals per species, all B. pilosa were self-
incompatible (100%). Two A. conyzoides individuals
were self-compatible and 29 were self-incompatible
93%).

Discussion

The invasive Asteraceae we tested all possessed at
least one mode of uniparental reproduction, whereas
just three out of eight of the alien non-invasive spe-
cies, and four of nine native species were capable
of uniparental reproduction. This pattern supports
Baker’s Law, in that “one plant with uniparental
reproduction is more likely to establish a reproducing
population than two plants without uniparental repro-
duction” (Baker 1955; Stebbins 1957), as an explana-
tion for the high representation of uniparental repro-
duction among invasive plant species.

Other research has shown similar results based
on the proportion of seed set in invasive plant spe-
cies. Rambuda and Johnson (2004) studied 17 spe-
cies from 11 families invasive in South Africa and
reported that all 17 species were either self-compat-
ible or apomictic. van Kluenen and Johnson (2007)
compiled the mating system of 361 species invasive
to United States and found that species with autono-
mous seed setting have larger invasive ranges than
species lacking autonomous seed setting. And Hao
etal. (2011) studied 12 Asteraceae species invasive in
China and found that ten were capable of autonomous
seed setting.

In addition to the proportion of autonomous seed
setting in invasive species, our study assessed the pro-
portions of uniparental reproduction in local native
and alien non-invasives, as a baseline against which
to evaluate the invasive species. While all the inva-
sive Asteraceae were able to reproduce uniparentally,
only some of the native and alien non-invasive Aster-
aceae were able to reproduce uniparentally. Since
some seeds may be non-viable (Turner 1933), We
also checked for the viability of the seed produced
by plants uniparentally. All fully developed cypse-
lae of invasive species showed germination, while
fully developed cypselae of the non-invasive spe-
cies, C. offcianalis, D. tomentosa, G. bosvalia and
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E. echinatus, which were produced uniparentally,
failed to germinate. We also collected the previously
published reports that we could find on the reproduc-
tive strategies of species in our study (Table 2). Out
of these, B. pilosa and C. vialis were the only inva-
sives with published observations of self-compatible
individuals in the native region. Our study is the first
record of mating systems of seven species native to
India (Table 2).

During invasion, the founding populations are gen-
erally small. In such small populations, self-incom-
patible individuals would face difficulty finding suit-
able mates, and might eventually fail to reproduce
and establish a colony. However, plants with unipa-
rental modes of reproduction do not face such mate
limitations and could potentially establish a persisting
colony (Cheptou 2012; Pannell et al. 2015; Petanidou
et al. 2012). This includes self compatible as well as
clonal populations produced by vegetative propaga-
tion or apomixis. Although uniparentally reproduc-
ing populations face the risk of low genetic diversity
and inbreeding depression, in small populations, the
reduction in fitness due to inbreeding is likely to be
lower than the reduction in fitness due to mate limita-
tion (Barrett 2015). This is consistent with uniparen-
tally reproducing plants having an advantage in a new
habitat, making them more likely to become invasive.

Although in this study we did not find self-incom-
patible invasive species, other studies have(Hao et al.
2011; Li et al. 2012). While self-compatible plants
have reproductive assurance, this advantage should
be less in perennial than annual plants (Pannell and
Barrett 1998; Petanidou et al. 2012). This is because
perennial plants have multiple mating seasons,
increasing the opportunities of finding a mate, espe-
cially if recurrent arrival of propagules brings poten-
tial mates (Pannell and Barrett 1998; Petanidou et al.
2012). Thus we expect perennial invasive plants to be
unlikely to have a uniparental mode of reproduction.
While we did not study this extensively, it is notable
that this was not the case in our study, as the two per-
ennial invasives, Chromolaena odorata and Sphag-
neticola trilobata, were found to have uniparental
modes of reproduction.

Arriving propagules need open spaces and
resources to colonise. Thus, disturbed habitats are
often dominated by invasive species (Lozon et al.
1997). But native species are present as well. The
majority of native Asteraceae members used in the
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experiment were self-incompatible, yet they occupied
the same disturbed habitats as the invasive species.
The native plants may have dispersed short distances
from less disturbed habitats such that the number of
propagules arriving were enough to overcome mate
limitation. Alternatively the native species may be
particularly well adapted to the site, or be remnant
populations on their way to local extinction (Gilbert
and Levine 2013). Similarly, the majority of alien
non-invasives in this study were self-incompatible.
While the non-invasiveness of self-incompatible alien
species can be explained by mate limitation, other
limitations such as climatic conditions, edaphic con-
ditions, and competitors and herbivores, might play
roles as barriers to invasiveness in self-compatible
alien species (Jeschke 2014; Mathakutha et al. 2019;
van Kleunen et al., 2015; Williamson and Fitter
1996). Furthermore, alien non-invasive plants that
were found to be self-compatible in our experiments
are known to be invasive elsewhere in the world. For
example, Z. peruviana is invasive in South Africa
(Datiles, 2022) and T. erecta is invasive in China
(Zhang et al. 2021). Thus, considering these results
and that Asteraceae as a whole is predominantly
self incompatible, the pattern we observed provides
strong support for plant mating system being related
to invasiveness.

Since a shift in mating systems during invasion is
possible, and there were no previous records of shifts
in mating systems in plant species invasive in India,
we assessed the mating systems of A. conyzoides and
B. pilosa in India and in Mexico. We found that both
species were predominantly self-incompatible in the
native region in Mexico but predominantly self-com-
patible in the invasive regions in India. This shift in
mating system could explain the high levels of inva-
siveness of these species worldwide. In such species
with mixed mating systems, the selection for unipa-
rental reproduction can occur within populations. In
native ranges, species with mixed mating systems
have suitable pollinators and adequate population
density so mate limitation is low or non-existent (Bar-
rett 2015). In these areas, a reduction in fitness due to
inbreeding that results from self compatibility would
be higher than the low reduction in fitness caused
by mate limitation. In such cases, self-incompatible
plants are favoured, and the population would be pre-
dominantly outcrossing with a few self-compatible
individuals (Barrett 2015). When a few individuals

from such a population disperse into a new location,
self-compatible individuals would be at an advantage
over self-incompatible individuals, and their increas-
ing frequency would result in new populations that
were predominantly self-compatible (Barrett 2015;
Cheptou 2012; Pannell et al. 2015).

Such evolution (change in frequency of a trait
under selection in a population) in mating system
has been previously observed in invasive plant spe-
cies (Barrett 1979; Barrett and Husband, 1990; Ren
et al., 2005; Hollingsworth and Bailey 2000, Li et al.
2006; White et al. 1993). There have been few stud-
ies of evolution of mating systems in Asteraceae. Li
et al. (2012) found no shift in the mating system of A.
artemmisiifolia, an Asteraceae native to North Amer-
ica that is invasive in China. They found the plant to
be self-incompatible in both places. In contrast, we
found a shift from predominantly self-incompatible to
self-compatible in A. conyzoides and B. pilosa. While
our study reports the species to have a strongly biased
but mixed mating system (Table 3), the outcome
might depend on the native and invasive populations
used. Kaul and Neelangini (1989) found that the popu-
lation of A. conyzoides they studied in India was self
incompatible, whereas Hao et al. (2011) reported the
same species as self-compatible in China; both of the
studies are from invasive regions. We found the native
population of B. pilosa, from Xalapa, Mexico to be
completely self-incompatible. However, Grombone-
Guaratini et.al. (2004) found native populations of the
same species in Brazil to be self-compatible. This sug-
gests a shift in mating system is not necessarily caused
only by long-distance dispersal. Additionally, many
species known to be widely invasive are also abundant
and widespread in their native region (Paudel et al.
2025). This could be due in part to the presence of
uniparental reproduction (Grossenbacher et al. 2015).

Overall, the association of mating system with inva-
siveness is due to the optimal mating system being
related to population density. If the density of the
population is low, there is mate limitation, and unipa-
rental reproduction is advantageous even given the
costs of inbreeding (Barrett 2015). When the density of
the population is high, there is no mate limitation and
self incompatibility and dioecy are favoured, reducing
inbreeding.

While a self-compatible mating system by itself
might not be the sole trait that supports invasiveness,
our study and several others suggest it is important.

@ Springer
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The number of invasive species is growing at an
unprecedented rate, and many have not been docu-
mented (Laginhas and Bradley 2023; IPBES, 2023).
Current global policies against invasive species have
limited effectiveness (IPBES, 2023). Therefore, it is
crucial to assess and document the mating system
of as many plant species as possible, including test-
ing the viability of autonomously produced seeds, to
predict the risk of a species becoming invasive. The
Weed Risk assessment model described in Pheloung
et al. (1999) includes assessment of the mating sys-
tem of a species in calculating the risk of a plant
becoming invasive. This model is officially used by
the Australian Government Department of Agricul-
ture, Fisheries and Forestry. We strongly emphasise
that reproductive strategy should be included in other
risk assessment protocols involving invasive plants.
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