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Abstract
Biological invasions that involve well-documented rapid adaptations to new environments provide unequalled opportunities for testing evolutionary hypotheses. Mikania
micrantha Kunth (Asteraceae), a perennial herbaceous vine native to tropical Central
and South America, successfully invaded tropical Asia in the early 20th century. It is
regarded as one of the most aggressive weeds in the world. To elucidate the molecular and evolutionary processes underlying this invasion, we extensively sampled
this weed throughout its invaded range in South-East and South Asia and surveyed
its genetic structure using variants detected from population transcriptomics. Clustering results suggest that more than one source population contributed to this
invasion. Computer simulations using genomewide genetic variation support a scenario of admixture and founder events during invasion. The genes differentially
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expressed between native and invasive populations were found to be involved in
oxidative and high light intensity stress responses, pointing to a possible ecological
mechanism of adaptation. Our results provide a foundation for further detailed
mechanistic and population studies of this ecologically and economically important
invasion. This line of research promises to provide new mitigation strategies for
invasive species as well as insights into mechanisms of adaptation.
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populations could increase fitness and facilitate invasion. Demographic history during the invasion process shapes the genetic vari-

With ever-increasing globalization and international transportation,

ability and composition of the introduced populations. The number

more and more species are being introduced into areas previously iso-

of introduction events, geographical origin of the invasive popula-

lated by natural barriers. Some of these exotic species can survive,

tions and colonization dynamics provide clues to understand evolu-

thrive and spread in new environments to become invasive (Theo-

tionary changes during invasion. Estimating these demographic

harides & Dukes, 2007). Biological invasions pose a great threat to

parameters could help determine the relative importance of evolu-

ecosystems and public health by replacing native species, reducing

tionary and ecological factors during biological invasions.

biodiversity, altering community structure and impairing ecosystem

One important evolutionary pathway to evolve invasiveness is

function (Cronk & Fuller, 2014). Studying these invasions with the goal

through genetic admixture, either between species or between dis-

of developing effective mitigation strategies should have the beneficial

parate source populations (Ellstrand & Schierenbeck, 2000). Genetic

side effect of deepening our understanding of the fundamental pro-

admixture could enhance genetic diversity and thus adaptive poten-

cesses underlying ecological and evolutionary change. Indeed, many

tial of the invading population (Kolbe et al., 2004; Lavergne &

encroachments are historically documented, offering excellent oppor-

Molofsky, 2007). Admixture of divergent intraspecific lineages could

tunities for biologists to investigate evolution over a contemporary

also promote species invasion ability through heterosis or by gener-

scale involving both rapid adaptive response to selection and stochas-

ating new genotypic combinations that might produce transgressive

tic changes brought about by historical contingencies and genetic drift

phenotypes (Keller & Taylor, 2010). Such mechanisms have been

(Lee, 2002; Prentis, Wilson, Dormontt, Richardson, & Lowe, 2008).

suggested in several cases (Facon, Jarne, Pointier, & David, 2005;

Biological invasions can be studied from either the ecological or

Facon, Pointier, Jarne, Sarda, & David, 2008; Kolbe et al., 2007). For

the evolutionary perspective (Hodgins et al., 2015; Sax & Brown,

example, invasive populations of the Thiarid snail (Melanoides tuber-

2000). Ecological approaches have identified a variety of factors that

culata) in the fresh waters of Martinique have gained high evolution-

contribute to invasion success (Dlugosch et al., 2015; Li et al., 2015).

ary potential through interbreeding between multiple introductions

The probability of a given species becoming a successful invader can

and accumulation of exotic variants (Facon et al., 2008).

then be deduced based on its possession of favourable ecological

An ideal opportunity to study the genetics of invasive species is

characteristics. For example, Darwin’s naturalization hypothesis pre-

provided by a notorious weed, Mikania micrantha (Asteraceae), a

dicts that exotic species distantly related to native communities

perennial creeping vine native to Central and South America (Holm,

should be more likely to be successful, as they would face little com-

Plucknett, Pancho, & Herberger, 1977). M. micrantha is hyperinva-

petition from native taxa (Daehler, 2001). The Evolution of Increased

sive, expanding its range quickly, which earned it the nickname

Competitive Ability (EICA) hypothesis (Bossdorf, 2013) uses trade-

‘mile-a-minute’ weed. It produces cushiony growth with twining

offs in resource allocation to explain increased performance of inva-

roots up to 30 cm thick and grows more than 20 m up in forests

sive species. A recent study on diffuse knapweed (Centaurea diffusa)

and orchards, forming a dense cover over the tree canopy and stran-

identified transcriptome divergence between introduced and native

gling other plants to death (Zan, Wang, Wang, Liao, & Li, 2000;

plant populations and supported the general-purpose genotype

Zhang et al., 2002). It has been listed as one of 10 worst weeds

hypothesis where a genotype is able to maintain high fitness regard-

(Holm et al., 1977) as well as one of 100 worst invasive alien species

less of habitat due to phenotypic plasticity (Turner, Nurkowski, &

in the world (Lowe, Browne, Boudjelas, & Poorter, 2000). Despite its

Rieseberg, 2017). These ecological hypotheses emphasize different

minor importance in its native range, this weed is at present widely

determinants of success and have motivated much of the invasion

distributed across South-East and South Asia, as well as some Pacific

research up to now.

Islands, being a major pest of newly planted crops and forests (Tri-

While numerous ecological mechanisms have been proposed, a

pathi, Khan, & Yadav, 2012) (Figure 1).

general theory of the invasion process remains elusive. An evolution-

The earliest record of M. micrantha in the eastern hemisphere

ary genetic approach can describe genetic changes during introduc-

dates from 1884 and is located in the Hong Kong Zoological and

tion of new species and has the potential to identify traits that

Botanical Gardens (voucher number: HK14738) (Wang et al., 2003),

confer invasiveness (Prentis et al., 2008; Sax & Brown, 2000). When

where it was deliberately introduced and cultivated. In 1919, a natu-

individuals of nonindigenous species are brought into some new

ralized individual was collected on Mount Gough in Hong Kong (vou-

habitat, they may face biotic and abiotic conditions different from

cher number: HK2553) (Wang et al., 2003). The species spread over

those in their original range. Hence, natural selection and adaptation

Hong Kong during the 1950s and 1960s (Wang et al., 2003). The

may be crucial in determining invasion success (Lee, 2002). The abil-

earliest herbarium specimen from southern China was collected in

ity of a population to respond to new environmental conditions is

1984 at Yinhu, Shenzhen (Kong, Wu, & Hu, 2000). By the late

largely determined by its genetic variability and composition (Estoup

1980s, M. micrantha had already extensively spread throughout

et al., 2016). Ecologically important traits which are favoured in the

southern China, colonizing agricultural land, orchards, mangrove for-

new habitat may rapidly evolve from standing genetic variation

ests, secondary forests and sea shores (Wang et al., 2003; Zhang,

within introduced populations (Vandepitte et al., 2014). Alternatively,

Ye, Cao, & Feng, 2004). It was introduced into India and Indonesia

novel

as ground cover in the 1940s and was introduced into Taiwan for

genotypes

generated

by

admixture

of

differentiated
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(a)

(b)

F I G U R E 1 Map of sampling locations for Mikania micrantha. Top, inset shows one sampled native population in Central America and the
location of invaded area in South-East and South Asia. Site codes are given in Table 1. Bottom, the aggressive mile-a-minute weed (Mikania
micrantha) in Dapeng, Shenzhen. Photograph by Suhua Shi
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soil conservation in the 1970s (Tripathi et al., 2012; Zhang et al.,

and seventeen of the resulting seedlings were selected for DNA

2004). Given the ecological and economic importance of weed con-

extraction experiments. Total DNA was extracted from leaves for

trol and the presence of historical records that can inform demo-

each individual plant using the CTAB method (Doyle, 1987).

for

We collected one individual plant of Mikania micrantha in

investigation of the evolutionary mechanisms underlying ecological

Guangzhou and extracted its total RNA immediately after collection

success of invasive species.

to be used as the reference sample. M. micrantha seeds from the

graphic

modelling,

this

species

is

an

attractive

model

Previous studies on M. micrantha mostly focused on its ecological

native Costa Rican population were sown in a glasshouse, and 14 of

impact or physiological properties (Chen, Peng, & Ni, 2009; Shen

the resulting seedlings were selected for RNA extraction experi-

et al., 2011). However, genetic analyses of its populations has

ments. Another 12 seedlings from the Guangdong Province were

lagged. We extensively surveyed M. micrantha throughout its

collected to represent the invading population. These two groups of

invaded range in South-East and South Asia, collecting more than

seedlings were grown under the same conditions for 2 months

200 individual plant samples from 19 populations. This large-scale

before their leaves and roots were used for RNA extraction. Total

data set should provide us with valuable information on population

RNA was extracted separately from each individual using an

structure as well as the possible number of sources of introduction.

improved CTAB method (Fu, Deng, Su, Zeng, & Shi, 2004) immedi-

To inform this larger analysis, we started by sequencing the mRNA

ately after harvesting. Equal amounts of RNA from each of the 12

pools (RNA-seq) from two populations of M. micrantha: an invasive

individuals from Guangdong and 14 individuals from Costa Rica were

population from Guangdong and its native counterpart from Costa

pooled separately into two population RNA samples (Fig. S1).

Rica. We first assembled a nonredundant transcriptome reference

Three paired-end (PE) cDNA libraries with an average insert size

using RNA-seq data of an individual plant from the invaded area and

of 200 bp were then generated for transcriptome sequencing

then mapped native and invasive pooled-population sequences to

according to the protocol provided by Illumina (Beijing Genomics

the reference to identify genetic variants. We extracted a subset of

Institute, Shenzhen, China). The sequencing of the three libraries

these candidate polymorphic sites and genotyped 245 individuals

was carried out in three lanes using the Illumina GAII system. Raw

from both native and invasive populations.

sequencing outputs were processed using Illumina Solexa Pipeline fil-

We used our genotyping results directly to explore genetic pat-

ters, including image analysis, base-calling, sequence analysis and

terns of the invading populations. We then relied on genomewide

read filtering. This procedure resulted in a data set with 90-bp PE

divergence patterns between the native and invasive population to

reads for the Guangdong population sample (referred to as GD) and

fit population genetic models and perform simulations to explore a

two data sets with 75-bp PE reads for the individual plant (referred

number of possible demographic events that could have occurred as

to as Mik) and the Costa Rican population sample (referred to as

the invasion proceeded. Finally, we exploited the RNA-seq data set

CR). We retained reads that had no more than ten bases with

to identify genes differentially expressed between the native and

Phred-scaled base quality lower than 20, an average base quality

derived populations. We sought to answer the following questions:

above 25 and contained no missing data. The read pairs that passed

(i) How is the invasive population of M. micrantha structured? (ii)

this quality control step were regarded as the filtered paired-end

What is the number of invasive population sources? (iii) Did the

reads and subjected to further analyses. The filtered data sets were

invasive populations experience a founder event during invasion? (iv)

deposited in the Sequence Read Archive database in GenBank

Is there a signal of historical admixture events in the genetic data?

(Study Accession ID: SRP070628).

(v) Are any genes differentially expressed among the individuals from
the two ranges and if yes do these loci belong to functional categories that could shed light on invasion mechanisms?

2.2 | De novo assembly and annotation
We used the Trinity program (Grabherr et al., 2011) on individual

2 | MATERIALS AND METHODS

RNA-seq data (data set Mik) for de novo transcriptome assembly. To
minimize false-positive transcripts and remove redundancy, the fol-

2.1 | Sample collection, extraction and sequencing

lowing three steps were performed. First, we remapped the individ-

We extensively sampled the entire range of Mikania invasive popula-

(Langmead, Trapnell, Pop, & Salzberg, 2009). We retained only reads

tions in South-East and South Asia: Hong Kong, Shenzhen, Guang-

that had at least 29 coverage over more than 75% of their length.

dong, Guangxi and Hainan, in southern China; Yunnan in southwest

Second, open reading frames (ORFs) were predicted for each tran-

China; Taiwan, off the southeastern coast of mainland China; Thai-

script using

land, in Mainland South-East Asia; Philippines and Indonesia, in Mar-

ing no ORF longer than 100 codons were discarded. Finally, we

itime South-East Asia; and India and Bengal in South Asia (Figure 1,

performed a self-BLAT (Kent, 2002) search using all transcripts

Table 1). At each site, 12 individuals were collected. Although in its

retained up to this point. Sequences with more than 90% identity

native range this plant is widely distributed in Central and South

and overlapping over more than 80% of their length (of the shortest

America, Mikania micrantha seeds from only one population in Costa

sequence) were grouped together and the longest sequences of each

Rica were available to us. These seeds were sown in a glasshouse

group were retained in the data set.

ual RNA-seq reads onto all assembled transcripts using

TRANSDECODER

BOWTIE2

v2.1.0 (Haas et al., 2013). Transcripts carry-
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T A B L E 1 Locations and sample sizes of one native and 19 invasive populations of Mikania micrantha used in this study
Population index

Geographical region

Sample location

Invasive status

Sample size

Longitude

Latitude

1

Costa Rica

Costa Rica

Native

17

84°040 W

9°580 N

2

Guangdong

Guangzhou

Invasive

12

113°200 E

23°150 N

3

Shenzhen

Shenzhen

Invasive

12

114°100 E

22°340 N

0

4

Hong Kong

Hong Kong

Invasive

12

114°06 E

22°230 N

5

Guangxi

Yulin

Invasive

12

110°160 E

22°200 N

6

Yunnan

Yingjiang

Invasive

12

98°42 E

24°280 N

7

Yunnan

Mangxian

Invasive

12

98°570 E

24°480 N

12

0

19°560 N

0

8

Hainan

Haikou

Invasive

0

110°20 E

9

Hainan

Wenchang

Invasive

12

110°44 E

19°370 N

10

Taiwan

Sanyi

Invasive

12

120°460 E

24°240 N

0

11

Taiwan

Gaoxiong

Invasive

12

120°67 E

23°010 N

12

Taiwan

Zhanghua

Invasive

12

120°330 E

24°040 N

0

13

Philippines

Philippines

Invasive

12

124°48 E

10°440 N

14

Thailand

Thailand

Invasive

12

100°270 E

7°000 N

0

15

Indonesia

Bali

Invasive

12

115°04 E

8°270 S

16

Indonesia

Medan

Invasive

12

98°390 E

3°340 N

0

17

Indonesia

West Java

Invasive

12

106°47 E

6°350 S

18

India

Kerala

Invasive

12

76°090 E

10°300 N

19

India

Assam

Invasive

12

94°12 E

26°450 N

20

Bengal

Bengal

Invasive

12

89°500 E

22°030 N

After these three steps, the remaining sequences in our data set

using coding region information from

0

TRANSDECODER.

There are four

comprised our reference transcriptome, which we then used for

classes of variants: first, second or third position in a codon, or SNPs

functional annotation. The reference transcriptome was matched

in noncoding regions. Before calculating population genetic statistics,

against the Arabidopsis thaliana protein database (TAIR10, http://

we removed loci with fewer than 500-bp gap-free alignments in the

www.arabidopsis.org/) and the Swiss-Prot database (ftp://ftp.uni

mapping result and those containing fewer than 20 codons.

prot.org/pub/databases/uniprot/current_release/knowledgebase/com
plete/uniprot_sprot.fasta.gz) using

BLASTX

with the cut-off E-value of

1e-06. Sequences that had matches in either database were annodatabase

As variant site detection from pooled samples can be prone to error,

(http://www.ebi.ac.uk/GOA). All GO terms acquired were then

we wanted to assess our SNP calling accuracy using an independent

arranged into GO plant slim categories according to the three princi-

method. We settled on the Sequenom iPLEX Gold platform for this

pal groups: ‘molecular function’, ‘biological process’ and ‘cellular com-

purpose. A subset of the SNPs identified was analysed using the

ponent’.

Sequenom MassARRAY iPLEX platform at the Beijing Institute of

tated with Gene Ontology (GO) using the

UNIPROT-GOA

2.4 | SNP validation and survey

Genomics. Genomic DNA was extracted from leaf tissue of 228 individuals from the invaded area and 17 individuals from Costa Rica.

2.3 | Mapping and SNP detection

Multiplexed assays were designed using the MassARRAY Assay

We aligned reads from each pooled-population sample (Guangdong

Design software for a total of 68 SNPs. Spectral data from Seque-

[GD] and Costa Rica [CR]) to the reference transcriptome (generated

nom’s mass spectrometer were analysed using the TyperAnalyzer

as described above) separately using

BOWTIE2.

Only reads with a

software to obtain genotypes for each candidate SNP site of each

mapping quality of at least 20 (q = 20) were extracted from the

individual. Genotyping results for Guangdong and Costa Rican popu-

mapping result BAM files using SAMtools (Li et al., 2009). Given a

lation could be used for SNP validation. The successfully validated

minimum Phred-scaled base quality of 20, candidate SNPs were

candidate polymorphic sites were counted, and for these 68 candi-

called for each population separately using the following criteria:

date sites, Fisher’s exact tests were performed in each population to

minimum coverage was set to 109, minimum variant frequency to

compare estimated allele frequencies between read count and

0.01 and minimum number of reads supporting an alternative allele

Sequenom genotyping data sets.

to 2. Polymorphic sites with more than two alleles were removed

The genotyping results of all 245 individuals were used for popu-

from the data. Codon positions of candidate SNPs were classified

lation genetic analyses. The proportion of all SNPs that were
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(Excoffier,

as p1*q2 + p2*q1, where the subscripts refer to the population iden-

Laval, & Schneider, 2005). The observed (as 1-Qintra) and expected

tity, pn is the minor and qn is the major allele frequency of a given

heterozygosity (as 1-Qinter) and FIS were calculated for each popula-

SNP. Dxy for a locus is the mean Dxy among its variable sites. Finally,

polymorphic in each population was calculated in

ARLEQUIN

4.2 (Raymond & Rousset, 1995). Population struc-

we summarized the joint site frequency spectrum between the two

ture analysis was performed through a Bayesian clustering algorithm

populations by assigning all SNPs to four mutually exclusive cate-

(Pritchard, Stephens, & Don-

gories: PM (polymorphic in the native population but monomorphic

nelly, 2000), which assigns individuals to genetic clusters derived

in the invasive population), MP (polymorphic in the invasive popula-

without information from population membership. Ten independent

tion but monomorphic in the native population), M1M2 (monomor-

replicates were run for each predefined K value with K = 1–20. We

phic in each population but with fixed differences between them)

used a burn-in of 100,000 steps followed by 100,000 steps for infer-

and PP (polymorphic in both populations) (Wakeley & Hey, 1997).

tion using

GENEPOP

implemented in the program

STRUCTURE

ence of clustering. The best-supported value of K was inferred using
the DK method (Evanno, Regnaut, & Goudet, 2005).

2.5 | Calculation of population genetics summary
statistics

2.6 | Coalescent simulation
We constructed four demographic scenarios that model potential
historical events as M. micrantha colonized East Asia (Figure 4) and
analysed them in an approximate Bayesian computation (ABC)

We assessed genetic diversity in each population using both Watter-

ry, Blum, Gaggiotti, & Francßois, 2010). In the first
framework (Csille

son’s hw (Watterson, 1975) and Nei and Li’s hp (Nei & Li, 1979). The

scenario, the invading population formed as a result of a simple split

unbiased hw estimator introduced by Watterson for a single

from the native population T generations ago. We denote the native

sequence is

effective population size as Na. The second scenario adds a founder
event to scenario 1, with the invading population founded by a small
^h ¼ P k
n1
j¼1

number (Ninv) of individuals Tinv generations ago. The third scenario
1=j

relies solely on admixture to explain polymorphism patterns in the
data. We imagine that the invading population came from an admix-

where n is the sample size and k the number of segregating sites at
the locus. We modified the above formula to accommodate RNAseq data. Let N be the number of genes sampled from a population
and c the number of reads that cover a site. Given a segregating site
i of a sequence with w SNPs, the sample size is equal to c if c < N,
and is set to N if c ≥ N. Then, the diversity of this sequence is an
average o hi across all w segregating sites.
^hi ¼

c\N

>
: PN1 1=j ;

cN

j¼1

j¼1

^h ¼

w
X

range Tinv generations ago. The unsampled native population is
denoted as Na0 . The two native populations were set to have the
same effective population size and contributed equally to the
admixed gene pool. Finally, the fourth scenario adds a founder event
to scenario 3 right after admixture event.
We simulated one hundred 1,000-bp loci using each demographic

8
1
>
< Pc1 1=j ;
1

ture event of two genetically disparate populations in the native

scenario, generating 200,000 samples using software ms (Hudson,
2002). The mutation rate was assumed to be 1 9 108 substitutions
per site per year, which is a typical value in the Asteraceae taxon
(Strasburg & Rieseberg, 2008); the generation time was set to 1 year.

^hi =w

For each simulated replicate, we calculated the same summary statis-

i¼0

tics as for our M. micrantha data set: hw within each population and

The calculation of hp was similarly adjusted:

SNP counts in each of the four joint frequency spectrum categories



discussed above. We then calculated the Euclidean distance between

pi ¼
p¼

c
c1 2pi ð1  pi Þ
N
N1 2pi ð1  pi Þ

w
X

c\N
cN

pi

i¼1

the observed and simulated values of the summary statistics.
The demographic parameter values used in simulations were randomly sampled from their prior distributions (Table 2). As shown in
the historical records, the first herbarium specimen of M. micrantha

where pi is the minor allele frequency of a polymorphic site. As the

collected in Hong Kong dates to 1884 (Wang et al., 2003). M.

lengths of loci are different, to make their diversity levels compara-

micrantha was widely distributed in Guangdong Province in the late

ble, we used the diversity value per site for each locus sequence.

1980s (Wang et al., 2003). Therefore, we set the introduction time

The transcriptome-wide genetic diversity values were calculated as

of M. micrantha in Guangdong to be uniformly distributed between

the average diversity across loci weighed by locus length.

1 and 100 years ago.

To measure population differentiation, we used the Fst and Dxy
statistics. Fst per locus was calculated as 1  pwithin/ptotal, where
pwithin is the mean genetic diversity hp of the two populations and

2.7 | Model selection

pwithin represents the total genetic diversity calculated by combining

We used two methods to identify models most compatible with the

the two populations. Dxy for a single polymorphic site was calculated

data. The first method directly relies on rejection sampling. We

YANG
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T A B L E 2 Demographic parameters and prior distributions used in
the four invasion scenarios
Scenario
Parameter
Na

Description
Effective population
size of native
population

Ninv

1
X

2
a

Time of invasion

T

Log of the time of
split between two
native populations

X

X

Min.

Max.

1,000

8 9 10

tributions of the parameters describing this scenario were esti5

mated using a locally weighted linear regression procedure
(Beaumont, Zhang, & Balding, 2002). We generated 1,000,000 simulations and kept 0.5% of the samples with the smallest distance

Number of founders
of invasive
population

Tinv

X

4

2.8 | Parameter estimation
Having identified the scenario that best fits the data, posterior dis-

Values
3

3411

X

X

1

1,000

to the observed statistics. Then, the joint posterior parameter distribution was obtained by means of weighted multivariate regression of the parameters on the summary statistics. We reported the

X

X

X

X

1

100

median, mode and 95% highest probability density (HPD) for each

X

X

4

6

parameter.
To check the quality of our parameter estimates, we performed
predictive simulation by sampling a set of 1,000 multivariate parame-

An ‘X’ in the column indicates a parameter was included in the scenario.

a

ters from their posterior distributions and resimulated data sets using
ms. The summary statistics of these resimulated data sets were cal-

simulated data sets from our models and calculated summary statis-

culated and the resulting distributions were compared to their corre-

tics. The simulations were pooled and ranked by Euclidian distance

sponding observed values. Tail-area probability, or p-value, was

to the vector of values estimated from real data. We then examined

employed to check the fit between predictive simulations and obser-

0.5% simulations closest to the data and counted the number of

vations, with a large value indicating a good fit. All ABC analyses

them coming from each scenario under consideration. The propor-

ry, Francßois, & Blum,
were performed using the R abc package (Csille

tion of samples belonging to a given scenario is an approximation of

2012).

that scenario’s posterior probability (Pritchard, Seielstad, PerezLezaun, & Feldman, 1999). The second method we employed made
use of a nonlinear multinomial regression model (Blum & Francßois,

2.9 | Detection of differentially expressed genes

2010). The model was first fit using simulated samples as data, with

We mapped the reads of two pooled-population samples (from CR

the response set as a categorical variable corresponding to a sce-

and GD) to the nonredundant transcriptome reference separately

nario index. Summary statistics were used as predictors. Using

using

regression parameters estimated from this fit, we used observed

sequence and had mapping quality larger than 20 were included in

summary statistic values to predict the rate of occurrence for each

further analyses. To measure expression level, we counted how

demographic scenario under consideration, and used it to calculate

many reads aligned to each locus. The count for one locus was

posterior probabilities.

increased by 1 if one or both ends of a paired read mapped to the

BOWTIE2.

Only reads that mapped uniquely to a single reference

The accuracy of the model choice procedure was evaluated using

same locus. We excluded loci with fewer than 10 read counts in

a leave-one-out cross-validation method. For each pairwise scenario

either population. We analysed the rest using the EdgeR package

comparison, we picked one simulation randomly among the 200,000

from Bioconductor (Robinson, McCarthy, & Smyth, 2010) to detect

simulations under a given scenario and treated its summary statistics

genes differentially expressed (DE) between the ancestral and

as pseudo-observed data. Then, we computed scenarios’ posterior

derived populations. EdgeR models treat count data using negative

probabilities using the remaining 399,999 simulations and assigned

binomial models and provide a number of tests to identify differen-

this pseudo-observed data to the scenario with the highest posterior

tially expressed genes. We used the exact test in the ‘classic’ frame-

probability. If summary statistics contain sufficient information to

work. We did not have biological replicates in our data set.

distinguish different scenarios, the largest posterior probability

Therefore, we set a priori values for biological replicate dispersion,

should be assigned to the scenario that generated this pseudo-

as suggested in the EdgeR manual. We tried several values and used

observed data set. We repeated this procedure 1,000 times for each

the highest (i.e., the most conservative one) to arrive at the final list

scenario and calculated the misclassification rates.

of differentially expressed genes.

To assess the model fit against our observed data, we plotted

To see whether differentially expressed genes belong to any par-

the distributions of summary statistics directly from the set of 1,000

ticular functional category, we performed Gene Ontology (GO)
(Alexa &

simulations closest to the observed data under a given scenario.

enrichment analyses using the Bioconductor package

Picking simulations this way is a version of the well-known rejection

Rahnenfuhrer, 2010). After discarding GO terms with fewer than five

sampling procedure to generate samples from a joint posterior distri-

genes, we compared the number of differentially expressed genes in

bution of parameters. The resulting distributions were compared to

a given category to the number expected given the assignments of

the observed ones from real data. We used tail-area probability, or

the full set of genes (differentially expressed and not). The resulting

p-value, as a rough measure of fit between simulation and observa-

p-values were corrected for multiple testing using the Benjamini–

tion distributions, with a low value indicating a poor fit.

Hochberg method (Benjamini & Hochberg, 1995).

TOPGO
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Guangdong, respectively. Failures were due to technical problems
with the iPLEX assay (see section 2). We confirmed that 48

3.1 | Sequencing, transcriptome assembly and
variant calling

Costa Rican (of 55) and 45 Guangdong SNPs (of 54) were polymorphic, indicating that at least 80% (87% in CR and 83% in

The RNA-seq experiment on the single M. micrantha individual collected from the Guangdong population generated 26 million raw 75bp paired-end (PE) reads after quality control (Table S1). We ran the
Trinity assembly program on these data, producing 51,043 transcripts. After removing redundant loci (potential paralogs or alternative splicing forms, see section 2 for details), 23,942 sequences
remained ranging from 297 to 8,895 bp in length with an N50 of
1,371 bp and a total length of 25.79 Mb (Fig. S2, Table S2).
Sequence similarity searches against the Arabidopsis thaliana protein
database (TAIR10) and the Swiss-Prot database using

BLASTX

showed

that 22,066 (92.16%) of these loci had matches. We assigned Gene
Ontology terms (GO Consortium) to our genes based on this homology search. Of these annotated loci (Fig. S3), 17,143 (77.69%) were
assigned a molecular function category, 20,740 (94.00%) had cellular
component information, and 18,009 (81.61%) received a biological
process label.
To access genetic variation, we pooled RNA samples (see section 2 for details) from the ancestral Costa Rica (CR) and the invasive Guangdong (GD) population. After quality filtering (see section
2), we obtained 24 million 75-bp paired-end reads for CR and 6.9
million 90-bp PE reads for GD (Table S1). Among these, 78.15% of
the CR and 79.69% of the GD reads could be mapped to our reference transcriptome, covering 92.98% and 85.17% of the reference, respectively. The mean coverage was 1009 for CR and 409
for GD (Table S3). After SNP calling and stringent filtering to retain
only high-quality polymorphisms (see section 2), 10,339 CR and
4,463 GD loci were flagged as containing variants. These transcripts harbour 248,194 single nucleotide polymorphisms (SNPs)
across both populations (203,934 in Costa Rica, one SNP every
71 bp on average, and 60,320 in Guangdong, one SNP every
102 bp; Table 3).

GD) of all RNA-seq polymorphic sites we identified were indeed
segregating in our populations (Table S4). As the Sequenom
experiment generated genotype data for each individual, allele
frequency estimated from this platform was more reliable. To
assess the accuracy of RNA-seq estimates, we performed Fisher’s
exact tests using RNA-seq read counts and Sequenom genotype
data in each population. We see only one p-value smaller than
0.01 in all tests, approximately in line with multiple-testing
expectation (Table S4 and Figs. S4 and S5). This suggests that
our RNA-seq allele frequency estimates reflect true population
incidences of variants.
To access the number of source populations for invaded areas, it
is essential that the invasive range be extensively sampled. We collected 228 individuals from 19 geographical sites distributed
throughout the invaded range of South-East and South Asia.
Together with 17 individuals from a native population in Costa Rica,
we extracted DNA from each of the 245 individuals and performed
the genotyping experiment at 68 candidate polymorphic sites identified from pooled-population RNA-seq data.
The survey of 68 candidate SNPs resulted in 51 informative loci
across all populations, and all 245 individuals had at least 50% of
them successfully genotyped. The genetic diversity measured by
either the proportion of polymorphic loci or the observed heterozygosity was high in the native Costa Rican population, and was at a
similar level among most invasive populations (Fig. S6 and
Table S5). The Philippines population had an unusually low diversity
level and the Haikou population showed a significant heterozygote
excess (Table S5). We applied the Bayesian model-based clustering
algorithm implemented in the program

STRUCTURE

to these data.

Clustering analyses suggested that the model with K = 2 as the statistically most likely (maximum DK at K = 2, Fig. S7). The proportion
of ancestry in the two clusters was estimated for each individual
(Figure 2).
The majority of individuals could be unambiguously assigned to

3.2 | SNP validation and survey

one genetic cluster with high membership coefficients (estimated

We picked 68 representative polymorphisms and genotyped 17

membership for each individual greater than 80%), and all 19 popula-

individuals from CR and 12 from GD. We succeeded in genotyp-

tions from the invaded area broadly fall into two genetic clusters.

ing 55 and 54 of the 68 candidate sites in Costa Rica and

Populations from Guangdong, Hong Kong, Guangxi, Yunnan,

T A B L E 3 Summary statistics of transcriptome-wide polymorphisms
Combined

Guangdong

Number of loci

10,801

10,449

4,673

Number of polymorphic loci

10,695

10,339

4,463

14,772,369

14,398,238

6,142,053

248,194

203,934

60,320

Number of alignment positions
Number of SNPs
hw (95% empirical interval )

0.0039 (0.0004, 0.0106)

0.0037 (0.0005, 0.0090)

0.0027 (0.0000, 0.0090)

hp (95% empirical interval)

0.0047 (0.0003, 0.0133)

0.0044 (0.0005, 0.0111)

0.0030 (0.0000, 0.0107)

a

a

Costa Rica

0.025 and 0.975 quantile for the diversity distribution across genes.
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F I G U R E 2 Genetic clustering of twenty populations of Mikania micrantha using STRUCTURE. (a) Bayesian clustering analysis for 20 populations
of M. micrantha using STRUCTURE. Each individual is represented by a vertical line divided into coloured segments proportional to their estimated
ancestry in the STRUCTURE-defined genetic cluster. For each population sample, the percentage of individuals with an assignment to one genetic
cluster higher than 80% is given in parentheses under each population index. (b) geographical locations of 20 M. micrantha populations. The
bars showed the result of Bayesian clustering analysis when K = 2

Philippines, Assam (India) and Bengal clustered together, while the

ancestry, possibly resulting from historical or current admixture

remaining populations from Hainan, Taiwan, Thailand, Indonesia and

events.

Kerala (India) formed a distinct genetic cluster along with the native

The clustering analysis results suggest that there is not a sole

Costa Rican population. We also noted that invasive populations

source population for South-East and South Asia Mikania invasion.

from Guangzhou, Shenzhen, Yulin, Gaoxiong, Bali, West Java and

To further corroborate this conclusion, we picked the Guangdong

Kerala harbour a considerable proportion of individuals with mixed

population as an anchor from the invaded area and used its

3414
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genomewide divergence from the native Costa Rican population to

The native population from Costa Rica is more polymorphic than the

infer its invasion history through a simulation-based analysis.

invasive population from Guangdong. When measuring diversity
using different groups of SNPs based on their codon positions, the
same contrasting pattern of diversity between native and invasive

3.3 | Genetic diversity and differentiation

populations remained for each class (Figure 3C).

Before proceeding to simulations, we first analysed the pooled-popu-

Genetic differentiation between the native and introduced popu-

lation RNA-seq data and calculated a series of population genetic

lations is usually informative about the invasion history or local

summary statistics. Levels of nucleotide diversity, measured by either

adaptation. We used Fst and Dxy statistics (see section 2 for details)

hw or hp, were significantly different between the two populations,

to quantify genomewide differentiation patterns. Among the loci in

with mean hw among loci from Costa Rica 0.0037 ([0.0005, 0.0090],

our data set, 4,321 contained both within- and between-population

empirical 95% interval) and 0.0027 ([0.0000, 0.0090]) in samples

diversity information and thus could be used for Fst and Dxy calcula-

from Guangdong (p < 2.2 9 10

16

, Wilcoxon signed-rank test;

tions. We found that considerable differentiation existed between

Table 3 and Figure 3a). hp across loci in Costa Rica is 0.0044

the native and invasive populations, with mean Fst among loci 0.326

([0.0005, 0.0111]) and 0.0030 ([0.0000, 0.0107]) in Guangdong

(Fig. S8) and Dxy 0.360 (Figure 3D). We summarized the joint distri-

(p < 2.2 9 1016, Wilcoxon signed-rank test; Table 3 and Figure 3b).

bution of 127,414 polymorphic sites from both populations using
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(b)
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F I G U R E 3 Transcriptome-wide polymorphism and differentiation between Mikania micrantha populations. (a) nucleotide diversity hw across
loci in Costa Rica and Guangdong populations. (b) nucleotide diversity hp across loci. (c) comparison of genetic diversity values across all sites
(All), and across different groups of sites (1st and 2nd coding positions, the 3rd coding positions and noncoding positions). Central bold lines
show the medians, the boxes encompass 50% of data points and the whiskers extend to 1.5 times the length of the box. The notches
surrounding each median line extend to 1.58 IQR/sqrt(n), such that if the notches from two boxplots do not overlap there is strong evidence
for a significant difference in the two medians. (d) population differentiation measured by Dxy across loci between native and invasive
populations
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four mutually exclusive categories. The number of shared polymor-

diversity and the number of private polymorphisms in Guangdong

phic sites (PP) was 22,292 while 6,232 sites were fixed between

(MP) were both much larger than expected. This strong deviation

populations (we call these M1M2 sites; see section 2 for a detailed

indicated that an introduction with a founder-event model is unable

description of site classes), comprising 17.5% and 4.9% of total poly-

to generate the high level of genetic diversity observed in the

morphic sites, respectively. Consistent with nucleotide diversity com-

invaded area. We therefore constructed two scenarios which

parison results, the number of private polymorphic sites in the Costa

included genetic admixture after initial introduction.

Rican population (66,818) was larger than that in the Guangdong
population (32,072, Table 4).

3.5 | Adding admixture to the model
We simulated two models (see section 2 for details): a model with

3.4 | Modelling a founder event

admixture only (scenario 3) and one with admixture and a founder

Species invasions are usually accompanied by founder events, as ini-

event (scenario 4). Simulated data suggested that hw from Costa Rica

tially only a few individuals can be introduced into new ranges. In an

(hw,CR) and Guangdong (hw,GD) as well as the proportions of four

attempt to detect a temporary reduction in population size during

kinds of polymorphic sites (see section 2) were required to distin-

the invasion of Guangdong by M. micrantha, we first compared two

guish between the two models with admixture. We estimated that

scenarios of a single introduction: with and without a founder event

the power to differentiate between these two models was 85%

(Figure 4a, b). Based on simulations, we established that two sum-

(Figures 4c, d; S9).

mary statistics: hw in Costa Rica and the fraction of PP (shared poly-

We followed the procedure described above for the founder-

morphisms) among all polymorphic sites are sufficient to discriminate

event models to test model fit. Of the 2,000 accepted simulated sam-

between these two demographic models (Fig. S9).

ples (0.5% of the 400,000 replicates), all came from runs under sce-

We generated 400,000 simulated data sets and employed rejec-

nario 4. Likewise, the posterior probability of scenario 4 estimated

tion sampling (see section 2) to identify 2,000 (0.5%) sets with sum-

using the multinomial regression method was 1.0, further confirming

mary statistics closest to the observed values. Of these, 2% were

that the data are not consistent with the admixture-only model. We

data sets generated with the no-founder-event model (scenario 1)

plotted the distributions of all six summary statistics using all

and 98% were from the model with a reduction in population size

200,000 simulated data sets under scenario 3. Four summary statis-

upon introduction (scenario 2). These are approximate posterior

tics were incompatible with observation (Figure 6). The observed pro-

probabilities of the models given that data. We also used a multino-

portions of fixed difference (M1M2) and the private polymorphisms

mial logistic regression approach (see section 2) to calculate the

in Costa Rica (PM) were both too high compared with model expec-

probabilities. Consistent with the first method, the posterior proba-

tation. Meanwhile, the observed genetic diversity in Guangdong and

bility of scenario 1 was 0.0, while for scenario 2 it was 1.0, strongly

the proportion of shared polymorphisms (PP) were too low. These

suggesting that the model with a founder event fitted the observed

deviations suggested that a founder event was necessary, as small

data better. We plotted Costa Rica hw and the PP proportion from

population size due to founder effect could drive more alleles to fixa-

the 1,000 simulations closest to observations under scenario 2. The

tion due to genetic drift, thus increasing the number of fixed differ-

two observed statistics are in the middle of the sampling distribu-

ences between the native and invasive populations. At the same

tions, suggesting that the model fits the data (Figure 5). To further

time, it would decrease genetic diversity in the invasive population.

check the compatibility of observation and the founder-event model,

To check model fit, the distributions of the six summary statistics

we extracted the Guangdong hw and other three statistics from our

from the 2,000 accepted simulated samples under scenario 4 were

1,000 simulations and plotted their distributions. The real data val-

also plotted and they all contained the observed values (Figure 7).

ues of these statistics are all well outside the distribution generated
using the scenario 2 model (Figure 5). For example, observed genetic

Past

A

B

C

D
T

T A B L E 4 Number of monomorphic sites and the four mutually
exclusive categories of polymorphic sites
Type

Costa Rica

Guangdong

Count (proportion %)

MM

Ma

M

5,640,508 (97. 789)

PM

Pb

M

66,818 (1.158)
32,072 (0.556)

MP

M

P

M1M2c

M1

M2

PP

P

P

6,232 (0.108)
22,292 (0.386)

‘M’ stands for monomorphic.
‘P’ stands for polymorphic.
c
M1M2 designates monomorphisms for different nucleotides.
a

b

Tinv
Present Na

Na

Ninv

Na

Na’

Na

Ninv Na’

F I G U R E 4 Four possible invasion scenarios for the Guangdong
population. (a) single introduction scenario. (b) single introduction
with a founder-event scenario. (c) admixture-only scenario. (d)
admixture and a founder-event scenario. Parameter notations are
given in Table 2
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F I G U R E 5 Distributions of summary statistics under the single introduction with a founder-event scenario. Distributions derived from
accepted simulated samples using the single introduction with a founder-event scenario. The two summary statistics which were used to fit
this scenario, genetic diversity of the native population, hw,CR and proportion of shared polymorphisms among all SNPs, PP, are compatible
with observation. The other four summary statistics are all incompatible with observations. For each summary statistic, the blue vertical line
indicates the observed value. The value shown in parentheses is the tail-area p-value [Colour figure can be viewed at wileyonlinelibrary.com]

3.6 | Parameter estimation under the admixture
with a founder-event scenario

transcriptome. As we had only one replicate per population, our data
set cannot distinguish expression differences between the two populations. However, procedures implemented in the EdgeR package

Having picked the best-fitting model, we proceeded to estimate

allow us to make some preliminary observations by setting the repli-

parameters of interest simulated from this scenario. We ran 1 million

cate variance a priori. We tried several values of this parameter (see

simulations and retained 5,000 data sets that yielded summary

section 2 and Table S6). To be conservative, we set the replicate

statistics closest to the observed values (see section 2). We found

variance to 0.2. This yielded 31 loci that passed the FDR <0.05 cut-

that the effective size of the Costa Rican population was about

off (Figure 9 and Table S7). We identified the Arabidopsis orthologs

92,000 (Figure 8 and Table 5). We timed the initial population split

of these genes using TAIR10 and used them to find GO terms over-

at about 320,000 years ago. At the onset of the introduction, about

represented among the differentially expressed genes (Table S8). The

60 individuals were brought into the new range and the population

genes upregulated in the Guangdong sample were described using

size remained small for around 90 years. Predictive simulations of

nine GO categories that were overrepresented at FDR <0.05. These

the admixture with a founder-event scenario showed that parameter

included ‘response to reactive oxygen species’, ‘response to hydro-

estimates of this model were able to reproduce observed values of

gen peroxide’, ‘response to endoplasmic reticulum stress’, ‘response

the six summary statistics, suggesting that the parameter estimation

to high light intensity’ (Table S9).

procedure is robust (Fig. S10).

3.7 | Detection of differentially expressed genes

4 | DISCUSSION

To investigate the utility of the Mikania transcriptome for use in

An understanding of the evolutionary and ecological mechanisms

RNA-seq-based gene expression analysis, we mapped the two

underlying species invasion is required to predict invasion risk and

pooled-population

perform effective management. We focused on the notorious

RNA-seq

data

sets

to

our

nonredundant
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F I G U R E 6 Distribution of summary statistics under the admixture-only scenario. Using all simulated samples from the admixture-only
scenario, the following six summary statistics are presented: genetic diversity of the native (hw,CR) and derived (hw,GD) population, proportion of
fixed differences among all SNPs (M1M2), proportion of private polymorphisms in the native population (PM), proportion of private
polymorphisms in the invasive population (MP), and the proportion of shared polymorphisms (PP). For each summary statistic, the blue vertical
line indicates the observed value and the value shown in parentheses is the p-value [Colour figure can be viewed at wileyonlinelibrary.com]
invasive weed, Mikania micrantha, and performed an extensive sampling of individuals from South-East and South Asia, its newly established range. A genetic structure analysis identified two source

4.1 | Genetic structure and invasion history in the
invaded areas

populations contributing to this invasion, with some populations

Although M. micrantha is a notorious weed and a serious threat to

showing signs of admixture. Picking the Guangdong population as

the biodiversity of tropical and subtropical forest ecosystems, we

the anchor for the invaded range, we used genomewide polymorphic

lack an understanding of its invasion patterns. Previous studies were

site data and state-of-the-art population genetic analyses with com-

confined to invasive populations in southern China (Wang, Chen,

puter simulations to probe the demographic history of the weed’s

Zan, Wang, & Su, 2012; Wang, Su, & Chen, 2008), and our study

invasion of the Guangdong Province. Simulation results strongly sup-

here provided the first overview of M. micrantha’s genetic composi-

ported the ‘admixture and a founder-event’ scenario, consistent with

tion and structure in South and South-East Asia through a large-

the population structure analysis. In an effort to identify functional

scale molecular investigation. Strong genetic structure was observed

changes accompanying the incursion of M. micrantha, we also per-

among the introduced populations, and two genetic clusters could
analyses (Figure 2). Populations in

formed some preliminary tests to identify changes in gene expres-

be defined based on

sion between the invasive and native populations and found some

southern and western China, northeastern India, Bengal and Philip-

genes to be differentially expressed. The demographic events identi-

pines showed similar genetic composition, contrasting with Hainan,

fied during the invasion process supported the important role of

Taiwan, Indonesia and southwestern Indian populations.

STRUCTURE

genetic admixture and founder effects during biological invasions.

The shared genetic homology within southern and western China

The differentially expressed genes we detected may underlie a possi-

(Hong Kong, Guangzhou, Shenzhen, Yulin, Yingjiang, Mangxian),

ble ecological mechanism of adaptation. This RNA-seq-based study

northeastern India (Assam), Bengal populations reflected the related-

demonstrates the utility of population transcriptomics in biological

ness of population geographical locations. The pattern that geo-

invasion research, and provides a foundation for further detailed

graphically proximal populations were genetically more similar than

mechanistic or population studies of this ecologically and economi-

populations farther apart could emerge when populations were

cally important weed invasion.

founded by close neighbours, or as a result of distance-limited
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F I G U R E 7 Distribution of summary statistics under the admixture and a founder-event scenario. Using accepted simulated samples from the
admixture and a founder-event scenario, the distributions of six summary statistics are presented. For each summary statistic, the blue vertical line
indicates observed value and the value shown in parentheses is the p-value [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 8 Posterior densities for
parameters from the admixture and a
founder-event scenario. Dashed lines
represent prior distributions, while solid
lines depict posteriors

dispersal of plant pollen or seeds. The Philippines population was

with other invasive populations (Fig. S6 and Table S5). With no his-

assigned to the same genetic cluster as southern China populations.

torical record data for this population, we could only infer based on

However, its genetic diversity level is considerably lower compared

the geographical characteristics that it may derive from invasive
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T A B L E 5 Posterior parameter estimates for the admixture with
bottleneck scenario
Parameter

Median

Na

Mode

Zoological and Botanical Gardens in 1884 (Wang et al., 2003) and
the rapid spread started in southern China by the late 1980s. Taiwan
introduced this weed for soil conservation in the 1970 (Tripathi

95% HPD
82,496–100,575

et al., 2012) and it is now found throughout the whole province.

60

11–78

Although the precise source populations for these two introduction

70

90

15–98

322477

319668

91,282

91,842

Ninv

56

Tinv
T

3419

events are not available, it is plausible that they were from different

246,263–416,293

native populations. Thus, the sharp genetic break observed in the
southern China areas indicates multiple introductions from geneti-

Na: Effective population size of native population.
Ninv: Number of founders of invasive population.
Tinv: Time of invasion (in years).
T: The time of split between two native populations (in years).

cally differentiated native populations.
The populations that display varying degrees of admixture
(Guangzhou, Shenzhen, Yulin, Gaoxiong, Bali, West Java and Kerala)
mostly lie in the coastal regions or on islands where commercial
trade and global transportation activities are busy, hinting at a possi-

4

admixture in Guangdong may be mediated by global trading activity
in the Pearl River Delta and Hong Kong. The seeds of M. micrantha

2

are minute and bear a pappus. They can be easily dispersed by wind

0

or transported by clinging to intercontinental shipping containers
(Zhang et al., 2004). The port of Hong Kong has been the gateway
–2

for South China and an international hub in eastern Asia since the

–4

1800s, consistent with the first records of M. micrantha in the
region. Multiple introductions probably occurred from different ports
in Central and South America, or from other invasive populations in

–6

Log fold-change : MGD−MCR

6

ble role of anthropogenically mediated gene flow. For example, the

0

2

4

6

8

10

12

14

Log concentration

Asia, bringing together different gene pools in the same location in
southern China, leading to the establishment of a mixed ancestral
founder population. Previous studies confined to southern China

F I G U R E 9 Differential expression between Costa Rica and
Guangdong populations. The differently expressed genes are in red
and the others in grey. The x-axis is an estimate of the relative
abundance of the transcript (a measure of the average expression
level for each sequence across the two samples), and the y-axis is a
measure of differential expression. The solid light blue horizontal
lines delineate genes with twofold differences in expression

using ISSR (Wang et al., 2008) or AFLP (Wang et al., 2012) genome
scan also detected high genetic variation and distinct genetic structure in this introduced range. The subsequent expansion of M.
micrantha into the Guangdong Province may have benefitted from
tornadoes and typhoons in the summer, as the fruits of M. micrantha
are maturing and the seeds are being released during this season
(Hu & But, 1994). The featherlike seeds can be easily carried by

populations in southern China accidentally via human activities like

wind and dispersed over long distances. Thus, both the natural dis-

shipping transport.

persal ability and anthropogenic activities may facilitate the spread

A particularly unusual situation was observed in southern China

of this species and contribute to its range expansion.

where adjacent populations of Guangdong, Hainan and Taiwan

Although intensively sampled throughout the invaded areas of

showed distinct genetic structure. One possible explanation would

this weed, the sampling scheme in the native range was incomplete,

be that these invasive populations had the same genetic origin, but

with samples from only one population available. Further samples

small founder populations at the initial stage of invasion as well as

from native populations in South America, for example Brazil and

subsequent strong random drift within populations led to consider-

Paraguay, and the use of high-resolution genetic markers, like tran-

able genetic differentiation. While this scenario applies to some inva-

scriptome-wide SNPs developed in this study, would allow a deeper

sion cases (Ascunce et al., 2011; Gilg, Johnson, Gobin, Bright, &

insight into the genetic characteristics, dispersal history and other

Ortolaza, 2013), Mikania populations may not fall in this category, as

factors that shape the genetic structure and affect the Mikania

the genetic diversities are similar among these invasive Mikania pop-

micrantha invasion success in South and South-East Asia.

ulations, almost at the same level with the native Costa Rican population (Fig. S6 and Table S5). It is unlikely that stochastic forces like
genetic drift and founder effect would result in such a pattern.

4.2 | Evolutionary processes during invasion

Another explanation is that the present-day invasive populations in

Understanding the evolutionary processes underlying biological inva-

southern China and Taiwan or Hainan may derive from multiple

sions is of great importance and can provide insights into neutral

sources mediated by independent introduction events from geneti-

and adaptive evolution of introduced populations (Lee, 2002; Prentis

cally structured native populations. According to historical records,

et al., 2008). Our modelling of the M. micrantha invasion of the

Hong Kong introduced and cultivated M. micrantha in Hong Kong

Guangdong Province suggests that admixture played an important
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role in this context. A model that includes only a founder event dras-

genetic admixture between two native differentiated populations

tically underestimates polymorphism levels in the Guangdong popu-

(Lombaert et al., 2011) and subsequently endured a bottleneck event

lation, while a model that includes both admixture and a founder

which purged deleterious alleles to promote the evolution of inva-

event fits the data well. We estimated of propagule size at the initial

ders free of inbreeding depression (Facon et al., 2011). Another

stage of invasion as 60 individuals and the lag period lasted

example involves the garlic mustard plant (Alliaria petiolata). Its intro-

90 years. These estimates are biologically reasonable and compatible

duced population in North America stemmed from multiple introduc-

with historical records. The first specimen collected outside the

tions from Europe (Durka, Bossdorf, Prati, & Auge, 2005) and

native range in the New World was in 1884 from Hong Kong and

deleterious alleles were lost through a possible founder effect (Mul-

its rapid spread in southern China started around the late 1980s

larkey, Byers, & Anderson, 2013). We still do not know how wide-

(Wang et al., 2003). This lag phase between the first observation

spread admixture and founder effects are as a stimulus to species

record and the rapid expansion stage may correspond to the popula-

invasiveness. We are also largely ignorant of the underlying molecu-

tion establishment phase, during which population size was quite

lar mechanisms. Future work combining genetic, ecological and func-

small and stochastic genetic drift dominated, providing opportunities

tional data would help shed light on these questions.

for rapid genetic change within population.
Admixture of disparate source populations, perhaps through multiple introductions, could maintain genetic diversity and thus adaptive potential of the invading population (Keller & Taylor, 2010;

4.3 | Functional roles of differential expressed (DE)
genes

Kolbe et al., 2004). Admixture events have been previously identified

Population genetic approaches we employed to study the M. micran-

as one of the key factors underlying invasion success (Rius & Dar-

tha invasion have yielded valuable insights into the demographic his-

ling, 2014) and have been reported in some invasive plants, such as

tory of this event. However, we were also interested in exploring

the invasion of the common ragweed (Ambrosia artemisiifolia) into

possible molecular mechanisms underlying the invasion. As we

France (Genton, Shykoff, & Giraud, 2005), of the cosmopolitan weed,

sequenced mRNA samples from the native and invaded populations,

Silene vulgaris, into North America (Keller & Taylor, 2010), and the

we wanted to use these data to ask what genes changed expression

spotted knapweed (Centaurea stoebe micranthos) into North America

after the invasion. The primary goal of data collection was to iden-

(Marrs, Sforza, & Hufbauer, 2008). Experiments comparing the per-

tify genetic polymorphisms. Thus, the experimental design was not

formance of intraspecific admixed individuals and individuals from

well suited for rigorous comparisons of between-population expres-

crosses within populations showed that genetic admixture could

sion changes. Nevertheless, we used a conservative approach (i.e.

result in heterosis which may enhance species invasiveness (Hahn &

assuming a high error variance) to gain a preliminary insight into the

Rieseberg, 2016; Keller & Taylor, 2010). Our results suggest that in

kind of genes that are differentially transcribed in the Guangdong vs

M. micrantha, the potential adverse effects of a founder event were

the Costa Rican population. We found 28 genes upregulated in

offset by admixture, probably with an unsampled additional source

samples from Guangdong, while three were downregulated. GO cat-

population. The admixture of genetically disparate source popula-

egories such as response to reactive oxygen species, response to

tions may give rise to ancestral populations with high genetic vari-

high light intensity and protein folding were overrepresented among

ance and different invasive populations in South-East and South Asia

this set of genes. Interestingly, there is precedent for such stress-

may have been founded by sampling a subset of individuals from

related genes changing their expression levels during biological inva-

such high-diversity gene pools.

sions, for example in the common ragweed (Ambrosia artemisiifolia)

The population size reduction during invasion, however, in princi-

(Hodgins, Lai, Nurkowski, Huang, & Rieseberg, 2013), Canada thistle

ple can greatly limit genetic diversity in derived populations and

(Cirsium arvense) (Guggisberg, Lai, Huang, & Rieseberg, 2013) and

reduce the evolutionary potential. Although such genetic depletion

diffuse knapweed (Centaurea diffusa) (Turner et al., 2017).

has been documented in various invasive species, successful adapta-

A close inspection of the upregulated DE genes showed that

tions seem to belie this simple idea (Sax & Brown, 2000). Some

their Arabidopsis orthologs were related to oxidoreductase, small

founder effects appear to increase mean population fitness by purg-

heat-shock protein and heat-shock factor, which may modify the

min, 2003). Addiing deleterious mutations (Facon et al., 2011; Gle

individual’s physiological traits to accommodate to local environ-

tionally, when population size is quite small and stochastic genetic

ments. It was reported that M. micrantha had a higher net photosyn-

drift dominates, there arises an opportunity for an evolutionary shift

thetic rate compared with four associated species in its introduced

to occur (Estoup et al., 2016). The latter evolutionary process resem-

range (Wen, Ye, Feng, & Cai, 1999). High photosynthesis efficiency

bles the ‘founder-flush’ model in speciation research, in which a

could lead to an increased production of reactive oxygen species

founder event could trigger speciation through altering fitness levels

(ROS) as by-products which, if not processed in time, may cause pro-

in an epistatic system (Powell, 1978; Templeton, 2008).

gressive oxidative damage and ultimately cell death (Sharma, Jha,

The admixture and founder-effect mechanisms have been sug-

Dubey, & Pessarakli, 2012). Those upregulated genes could permit

gested in some biological invasion cases. For example, in the inva-

individuals to effectively scavenge ROS, hence protecting the plant

sion of the harlequin ladybird (Harmonia axyridis), the invasive

against oxidative stress damage (Gill & Tuteja, 2010). Further experi-

population from eastern North America was itself established via

mental designs involving proper biological replicates, different
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treatment conditions as well as population samples from both native
and invaded ranges are required to confirm our candidate DE genes
and further elucidate their functional roles.
Our results uncovered the genetic structure and possible number
of source populations for the invasion of an economically and ecologically harmful weed, M. micrantha, in South-East and South Asia,
and shed light on the demographic processes at work during invasion of southern China. Furthermore, our gene expression analyses
hint at potential molecular events underlying this process. Our data
will support future studies of this and other biological invasions, providing both practical information for invasion control and fundamental insights into the process of adaptation.
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