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1 | INTRODUCTION

Abstract

Biological invasions offer a unique opportunity to investigate evolution over contem-
porary timescales. Rapid adaptation to local climates during range expansion can be
a major determinant of invasion success, yet fundamental questions remain about its
genetic basis. This study sought to investigate the genetic basis of climate adaptation
in invasive common ragweed (Ambrosia artemisiifolia). Flowering time adaptation is
key to this annual species' invasion success, so much so that it has evolved repeated
latitudinal clines in size and phenology across its native and introduced ranges despite
high gene flow among populations. Here, we produced a high-density linkage map
(4493 SNPs) and paired this with phenotypic data from an F2 mapping population
(n =336) to identify one major and two minor quantitative trait loci (QTL) underly-
ing flowering time and height differentiation in this species. Within each QTL inter-
val, several candidate flowering time genes were also identified. Notably, the major
flowering time QTL detected in this study was found to overlap with a previously
identified haploblock (putative inversion). Multiple genetic maps of this region iden-
tified evidence of suppressed recombination in specific genotypes, consistent with
inversions. These discoveries support the expectation that a concentrated genetic
architecture with fewer, larger, and more tightly linked alleles should underlie rapid
local adaptation during invasion, particularly when divergently adapting populations

experience high levels of gene flow.
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weedy species are highly successful colonizers that can rapidly

spread through diverse habitats, responding to changing environ-
mental conditions and novel selection pressures along the way
(Bock et al., 2015; Hodgins et al., 2018). How they are able to thrive

in foreign environments is of great interest, especially considering

While invasive species often have disastrous economic or ecological
impacts, and thereby are important subjects for applied research,

they remain a fascinating evolutionary phenomenon. Exotic and
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the reductions in genetic diversity that can often accompany long-
distance range expansion (Franks & Munshi-South, 2014; Sax &
Brown, 2000). These features render biological invasions a natural
experiment that can be used to investigate adaptation over con-
temporary timescales (Dlugosch et al., 2015; Gilchrist & Lee, 2007,
McGoey et al., 2020; Sakai et al., 2001; Westley, 2011). Applying an
evolutionary lens to invasion biology is also critical to understanding
invasion trajectories and to what extent they might be predictable in
light of anthropogenic land use and climate change (van Boheemen
& Hodgins, 2020). Hence, what is notoriously viewed as an economic
and ecological problem also provides a promising evolutionary re-
search opportunity (Callaway & Maron, 2006).

A large body of evolutionary research points to local adaptation
as being an important mechanism for invasion success (Colautti &
Barrett, 2013; Sherrard & Maherali, 2012). When an invasive species
colonizes new regions, the invaders must contend with environmen-
tal variation in order to establish (Colautti & Lau, 2015). It is this en-
vironmental heterogeneity that can impose selection to favor traits
differentially and push populations toward divergent trait optima,
resulting in local adaptation (Agren et al., 2017; Hereford, 2009;
Hoban et al., 2016; Orr, 2005). Clinal variation in fitness-related
traits is a striking manifestation of local adaptation (Savolainen et al.,
2013). These patterns of population differentiation are shaped by
climatic factors that are associated with latitudinal or altitudinal gra-
dients (Bruelheide & Heinemeyer, 2002; Chun et al., 2011). While
trait clines can occur non-adaptively via neutral evolutionary pro-
cesses (Colautti & Lau, 2015), a growing number of empirical studies
have shown that adaptive responses to heterogeneous climatic pres-
sures often explain the emergence of geographic clines in situ (Keller
& Taylor, 2008; Santangelo et al., 2018). Oftentimes, these clines
are the result of evolutionary trade-offs (Colautti & Barrett, 2010).
For instance, a trade-off between growth and reproduction is fre-
quently reported to shape adaptive trait divergence in many plant
populations (Colautti & Barrett, 2010; Griffith & Watson, 2005;
Grime, 1977). This trade-off directly relates to reproductive initia-
tion or flowering time (a critical life-history trait and a key compo-
nent of fitness in flowering plants), where the best strategy depends
on local environmental conditions (Anderson et al., 2011; Yan
et al., 2021). In temperate environments, at the cost of reduced size,
plants in short growing seasons tend to flower earlier to ensure suc-
cessful reproduction before the onset of harsh fall frosts (Anderson
et al., 2011; Grime, 1977; Stinson et al., 2018). Contrastingly, where
the growing season is longer, plants can afford to delay their flow-
ering in exchange for enhanced growth, fecundity, and competi-
tiveness (Colautti & Barrett, 2010; Kralemann et al., 2018; Stinson
et al., 2018). This latitudinal cline in plant size and flowering time has
been documented in several invasive plant species, such as Lythrum
salicaria (Colautti & Barrett, 2013), Medicago polymorpha (Helliwell
et al., 2018), and Ambrosia artemisiifolia (Hodgins & Rieseberg, 2011;
McGoey et al., 2020; Scalone et al., 2016; van Boheemen et al., 2019).

Despite these preliminary insights, the genetic basis of local
climate adaptation remains poorly understood. Primarily, there is a
large knowledge gap concerning the genetic architecture underlying

local adaptation during invasion. In most cases, ecologically rele-
vant traits that confer local adaptation are quantitative; genetic
variants responsible for such quantitative trait variation are lo-
cated in genomic regions known as quantitative trait loci (QTL)
(Collard et al., 2005). However, despite the perceived importance
of quantitative traits in local adaptation, our understanding of in-
vasion dynamics from a quantitative genetics perspective is limited.
Specifically, the number, distribution, and the effect sizes of QTL
that contribute to adaptive trait variation are unclear, especially in
the invasion context when both demography and selection are likely
to have important effects (Dlugosch et al., 2015). During invasion,
theory predicts that a combination of both large and small-effect
loci will more frequently contribute to evolutionary rescue by work-
ing synergistically to maximize fitness (Gomulkiewicz et al., 2010).
Large-effect loci will also preferentially contribute to adaptive di-
vergence when migration is high and/or drift is strong (Hodgins &
Yeaman, 2019; Yeaman & Whitlock, 2011). Additionally, clusters of
small-effect loci can effectively act as a large-effect QTL if recombi-
nation between them is sufficiently low (Yeaman & Whitlock, 2011),
such as in the case of a chromosomal inversion.

Common ragweed (Ambrosia artemisiifolia) is an annual weed na-
tive to North America that has successfully invaded a range of en-
vironments across the globe (Chauvel et al., 2006; Essl et al., 2015;
Smith et al., 2013; van Boheemen & Hodgins, 2020) and is an import-
ant study system for investigating the genetic basis of climate adap-
tation. Firstly, due to its allelopathic effects on several major crop
species and its highly allergenic pollen, common ragweed is of major
agricultural and human-health concern (Bassett & Crompton, 1975;
Laaidietal., 2003; Tokarska-Guzik et al., 2011). Understanding how it
may evolve and spread in the future is crucial to better managing the
incidence of hay-fever and preventing further yield losses. Secondly,
the species has evolved parallel latitudinal clines in size and phenol-
ogy in its native North American range and its introduced ranges of
Europe (Chun et al., 2011), Asia (Li et al., 2015), and Australia (van
Boheemen et al., 2017, 2019). Remarkably, the clines observed in the
introduced ranges evolved in a mere 100-150years, signifying rapid
adaptation in this species (Hodgins & Rieseberg, 2011; Leiblein-
Wild & Tackenberg, 2014; Scalone et al., 2016; van Boheemen
et al., 2019). There is further evidence to suggest that this clinal vari-
ation in flowering time is the result of adaptive rather than neutral
processes (McGoey et al., 2020; van Boheemen et al., 2019). Hence,
this species offers an important opportunity to study the genetic
basis of rapid, local adaptation during range expansion.

The main objective of this study was to elucidate the genetic
basis of climate adaptation in common ragweed. Specifically, we
aimed to identify the underlying genetic architecture of flowering
time and plant height, key adaptive traits in this annual species, by
conducting QTL mapping on two divergent populations of common
ragweed. We first developed a linkage map using F2 progeny de-
rived from two experimental crosses between an early flowering,
introduced-range parent, and a late flowering, native-range parent.
All plants were then genotyped using Genotype-by-Sequencing
(GBS) and phenotyped under controlled environmental conditions.
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Based on the evolutionary theory discussed above, we expected to
identify an oligogenic trait architecture, with some larger-effect loci
contributing to flowering time divergence. This is because common
ragweed is an outcrossing wind-pollinated species with high popu-
lation connectivity, yet strong flowering time differentiation, even
in recently invaded ranges, consistent with rapid and recent local
adaptation (Chun et al., 2011; McGoey et al., 2020; van Boheemen
et al., 2019). We also anticipated that the flowering time QTL would
colocalize with height QTL, due to the expected genetic correlation

between flowering time and height in this species.

2 | METHODS

2.1 | Study species

Common ragweed (Ambrosia artemisiifolia) is a monoecious an-
nual in the Asteraceae family (Bassett & Crompton, 1975; Smith
et al.,, 2013). This outcrossing plant is a globally invasive species
that has aggressively spread from its native North American range
to many regions of the world (Friedman & Barrett, 2008). This spe-
cies thrives in disturbed habitats and is primarily found growing
alongside roads and in cultivated areas where competition from
other plants is limited (Bassett & Crompton, 1975). It is widely rec-
ognized as a noxious agricultural weed due to its allelopathic effects
on crop species such as soybean and maize (Weaver, 2001). Despite
low genetic structure and high gene flow across much of its range
(McGoey & Stinchcombe, 2021; van Boheemen et al.,, 2017), the
species has locally adapted and evolved parallel latitudinal clines in
size and phenology where high-latitudinal populations flower early
when small and low-latitudinal populations flower later when tall
(Chun et al., 2011; Hodgins & Rieseberg, 2011; Li et al., 2015; van
Boheemen et al., 2019). Its wind-spread pollen can travel several
thousands of kilometers and can induce allergic rhinitis in human
populations, costing millions of dollars in medical treatment each
year (Taramarcaz et al., 2005).

2.2 | Experimental crosses

We generated experimental mapping populations where early-
flowering individuals from the northern part of the introduced
European range (Drebkau, Germany N51°38'21" E14°11'50")
were crossed with late-flowering individuals from the central part
of the native North American range (Lexington, KY, USA N38°01’
W84°33’) to produce F1 offspring. Ambrosia artemisiifolia seeds of
both populations were stratified on moist filter paper for 4weeks
and subsequently placed in a growth chamber providing 16-h light
of 50 pmolm™s™ at 27°C and 8-h darkness at 15°C to induce germi-
nation. After germination, seedlings were transplanted to pots with
pumice (0.5mm<diameter>2.8mm; Hekla Green, Bara Mineraler,
Bara, Sweden) and moved into a climate chamber with short-day
conditions (12-h light of 280pmolm™ s at 25°C; 12-h darkness

. \\ | £y

at 15°C; humidity at 70%). Plants were watered with nutrient-
enriched water (2 mIL™? of Wallco vaxtnaring 53-10-43+ micro
from Cederroth, Upplands Vasby, Sweden), if necessary. The posi-
tion of the plants in the growth chamber was randomized daily. The
induction of the germination was executed at different moments for
each seed population (the seeds of the late-flowering population
were induced before the seeds of the early-flowering population,
according to the flowering time differences observed in [Scalone
et al., 2016]), in order to “synchronize” them. When two plants—one
of each population—were presenting similar growth and flowering
development, they were both placed in the same individual cabinet,
parameterized with identical temperature and light conditions and
cycles than the growth chamber. The use of an individual and closed
cabinet (located in different sectors of the Uppsala BioCenter) pre-
vented pollen contamination among crosses. During the flowering
period of each crossing pair, the maternal plant was emasculated to
prevent self-pollination (although the species is self-incompatible)
(Friedman & Barrett, 2008). For each cross/cabinet, two pollination
methods were used daily: first, the yellowish pollen of the pater-
nal plant was collected with an individual brush to pollinate female
flowers of the maternal plant. Then, secondarily, before closing the
two-door system of the cabinet and after the “brush”-pollination
session, the paternal plant was gently slapped in order to generate/
spread a “pollen cloud” inside the hermetic cabinet. At the end of
the flowering period, F1 seeds were collected and stratified. Then,
similar experimental conditions and techniques were used to pro-
duce F2 populations from these F1 seeds. Two F1 siblings from each
set of parents were then inter-crossed to produce segregating F2
populations. F2 plants were grown in a growth chamber with a 12-h
daylight/darkness cycle where leaves material of each F2-plants was
collected for DNA extraction and the following phenotypes were
scored: Initial budding time (number of days following germination
at which a pale green budding point appeared), 1 cm budding time
(number of days following germination at which the bud was greater
than 1 c¢cm), male and female flowering times (days following ger-
mination at which anthers/pistils first appeared), and plant height
(including stem and terminal male inflorescence). Three experimen-
tal mapping families (named pink, yellow, and orange) were created
from six different grand-parental plants (three obtained from the
early flowering German population and three obtained from the late
flowering Kentucky population). Leaf materials of grand- and paren-
tal plants were collected for DNA extraction.

We generated a fourth mapping population at the University of
British Columbia. This F1 mapping population consisted of a cross
between a single individual from North America (AA19_3_7,ND, USA
N46°17' W103°55'), which was used in the creation of a reference
genome assembly (Bieker et al., 2022), and a single individual from
France (FR8-26-8, France N44°12' E4°15'). The two plants were
grown alone in a growth chamber to facilitate crossing between the
two wind pollinated individuals and prevent pollen contamination
from other individuals, and the maternal plant was emasculated to
prevent self-pollination (although the plants are self-incompatible)
(Friedman & Barrett, 2008). We collected the seeds from FR8-26-8.
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Following this, we grew offspring from the cross in a glasshouse at
Monash University, and their leaf tissue was harvested for DNA ex-
traction. Tissue was preserved from the parents and offspring by

drying using silica gel.

2.3 | Sequencing and data processing

We obtained marker loci using DNA extraction and genotype-
by-sequencing (GBS) protocols described in van Boheemen
et al. (2019). The libraries were sequenced on a HiSeq2500 (125 bp
PE) at the Génome Québec Innovation Centre on four lanes result-
ing in 625 million paired end reads. Reads were demultiplexed with
Stacks process_radtags (Catchen et al., 2013). We trimmed and fil-
tered reads using Fastx (http://hannonlab.cshl.edu/fastx_toolkit),
allowing for Q-score of 20 or higher for 290% of the reads. We
then aligned the FASTA files to a new chromosome-level reference
genome (Battlay et al., 2022) using BWA-mem (Li & Durbin, 2010).
SAMtools (Li et al., 2009) was used to call SNPs on each scaffold,
and the resulting files were concatenated to produce a single VCF
file retaining only SNPs genotyped with a minimum base quality
score of 10. This file was further filtered with VCFtools (Danecek
et al., 2011) to remove indels and exclude sites on the basis of the
proportion of missing data (tolerating 25% missing data), leaving
only biallelic SNPs with a mean depth of 10 and minimum quality
threshold score of 220. SNPs that had minor allele frequencies
<5% were also discarded. The genotype data from two mapping
families (the yellow and pink families) were used for linkage map
construction for the QTL analysis, as the third family did not pro-
duce a sufficient sample size of genotyped plants. The F1 mapping
population was not phenotyped and not used in the construction

of the linkage map for the QTL analysis.

2.4 | Linkage map construction

Using SNP data from two mapping families (pink and yellow
families—four grandparents, four F1 parents, and 444 F2 offspring),
we constructed an integrated linkage map using the software pack-
age Lep-MAPS3 (Rastas, 2017). Firstly, the ParentCall2 module iden-
tified 26,921 informative markers based on pedigree information
and imputed parental genotypes. The Filtering2 module was then
used to remove markers that exhibited high segregation distortion
(dataTolerance = 0.001). Next, markers were assigned into linkage
groups (LGs) using the SeparateChromosomes2 module, which com-
putes all pairwise LOD scores between markers and groups those
with an LOD score higher than a user given parameter. It is important
to note that the grouping of two families can be inherently difficult
as each marker can be informative only on one family (Rastas, 2017).
Hence, markers were grouped separately using markers from the
pink family first via parameter families = Pink. Clustering appeared
to be optimal with an LOD score of 15 (lodLimit = 15) and when the

minimum number of markers per LG was set to 25 (sizeLimit = 25).
Specifically, these parameters produced 18 major linkage groups,
showing good correspondence with common ragweed's karyotype
(2n = 36; Essl et al., 2015).

The data containing the common markers for both yellow
and pink families were then used to assign the remaining singular
markers to the existing linkage groups using JoinSingles2All (lod-
Limit = 14). The markers on LG1 were further split to even out the
size distribution of linkage groups using SeparateChromosomes2
(Ig = 1, lodLimit = 20 and sizeLimit = 25) and the JoinSingles2All
map file. Markers within each LG were then ordered using the
OrderMarkers2 module (outputPhasedData = 1, sexAveraged = 1).
As the physical positions of markers from the reference genome
were known, this information was used to correct marker order
via parameters evaluateOrder = order.txt and improveOrder = 0,
sexAveraged = 1 where order.txt contained the markers in their
physical order. Additionally, markers that inflated the length of
LGs (>25cM) or caused LGs to be spread across multiple scaf-
folds were removed. These orders were evaluated again using an
additional parameter (grandparentPhase = 1) to code genotypes
according to grandparental inheritance. To obtain a maximum
number of markers, the two evaluated map outputs were matched
using phasematch.awk script provided with Lep-MAP3. Finally,
the map2genotypes.awk script of Lep-MAP3 was used to convert
these phased outputs to fully informative genotype data.

As genomic analysis suggested that some of the identified
QTL intervals fell within two putative inversions (haploblocks) on
Scaffold 27 (Battlay et al., 2022), we developed sex-specific ge-
netic maps for this scaffold and in each mapping population (pink,
yellow, and F1 mapping population) to determine if recombination
rates were suppressed within these regions in some genotypes.
Genotype-specific suppression of recombination in the regions
would therefore be consistent with inversions rather than general
reductions of recombination in the region. Linkage map construc-
tion was carried out using the physical order of the markers from
Scaffold 27. Genetic distance (cM) was plotted against physical po-
sition along the chromosome for each map and the intervals of the
QTL and the boundaries of the haploblocks were visualized and
inspected for reduced recombination compared with the rest of
the scaffold.

2.5 | QTL analysis

QTL analysis was performed in R (version 4.0.5) using the R/qtl pack-
age (Broman et al., 2003). Since a minimum of 200 individuals are
needed to harness sufficient phenotypic power (Beavis, 2019; Li
et al., 2010), we only conducted QTL scans on the yellow family as
it had a larger sample size (n = 336) compared with the pink family
(n = 108). To input the data, yellow F2s were treated as an outbreed-
ing full-sibling population and were therefore read-in as a four-way

Cross.
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2.6 | Phenotype and genotype data checks

QTL analysis relies on the assumption that phenotypes follow a
normal distribution (Broman & Sen, 2009). To check for adherence
to normality, histograms of each phenotype were plotted accord-
ingly. Height was normally distributed; however, the remaining bud-
ding and flowering time traits were slightly skewed (Figure 1) and
so were log-transformed. Prior to QTL analysis, further linkage map
and genotype diagnostic tests were conducted using R/qtl. Firstly,
markers were checked again for segregation distortion (a departure
from 1:1:1:1 in a 4-way cross) using a X2 test. A total of 398 markers
on LGs 2, 3,4, 7, 8, 13, and 18 showed extreme segregation distor-
tion, and so these markers were removed. To test for unusually simi-

lar genotypes (indicating potential sample mix-ups), the proportion

T, 1\ [ E Y-

of identical genotypes for each pair of individuals were calculated.
These were all below 80%, suggesting no unusually similar pairs.
Next, pairwise recombination fractions between all pairs of markers
were estimated to check marker assignment to LGs. The obtained re-
combination heat map showed that some markers on LG14 and LG15
appeared to be linked and so these markers (~100) were omitted.
Marker orders within LGs were further checked using a cross-
over count method. This method involves counting the number
of obligate crossovers for each possible order to find the order
with the minimum number of crossovers (Broman & Sen, 2009). A
large window size of seven markers was used first, followed by a
smaller window of three, yet no orders were more likely than the
original. To test for unusually tight double-crossovers, genotyping

error LOD scores for all individuals at each marker were calculated
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FIGURE 1 Histograms showing the frequency distributions of (a)

initial budding time, (b) 1 cm budding time, (c) male flowering time,

(d) female flowering time, and (e) height for the yellow mapping family of common ragweed (n = 336). Gray arrows denote the phenotypic
values of the early-flowering parent from the introduced European range. Black arrows denote the phenotypic values of the late-flowering
parent from the native north American range. Initial budding time was not measured in the parental generation.
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(an LOD score higher than a specified cutoff indicates potential
genotyping errors). There were no error LOD scores above a spec-
ified cutoff of four, three or two indicating no important errors
of this kind. Finally, individual crossover counts were checked,
and a scatterplot of the observed number of crossovers revealed
no major outliers. The final cross data used for QTL analysis con-
sisted of phenotype data for 336 individuals, and their genotypes
at 3995 markers.

2.7 | QTLscans

Firstly, the function calc.genoprob was used to calculate QTL geno-
type probabilities conditional on the observed marker data, at a
genotyping error rate of 0.01. Single-QTL scans with a normal model
were subsequently performed for all five phenotypes using the
function scanone and the extended Haley-Knott regression method
(method=ehk). This method was chosen as it is an improved version
of Haley-Knott regression (i.e., offers better approximation) and is
more robust than standard interval mapping (Broman & Sen, 2009).
For each scan, individuals with missing phenotype data were re-
moved by the program (between 3 and 18 individuals per pheno-
type). We performed permutation tests (x1000) to obtain 0.1% and
5% genome-wide LOD significance thresholds, which were applied
to each LOD distribution curve. The function bayesint was then used
to derive Bayesian credible confidence intervals for the locations of
identified QTLs at a coverage probability of 95%. To identify multi-
ple pairs of linked or potentially interacting QTL, two dimensional
two-QTL scans were carried out using the scantwo function. For
each phenotype, permutation tests (x1000) were run to generate
5% genome-wide LOD significance thresholds for full, conditional-
interactive, interactive, additive, and conditional-additive models.
Using the results from scanone and scantwo and drawing from 1000
genotype simulation replicates, a multiple-QTL model was fit for
each phenotype using the function fitgtl. Within this same function,
estimates of QTL effect-sizes were obtained through analysis of var-
iance (ANOVA). The integrated, high-density linkage map and QTLs
were visualized using the R/LinkageMapView package (Ouellette
etal., 2017).

2.8 | Identifying candidate genes

To identify homologous flowering time genes within each QTL in-
terval, we conducted BLAST searches of 29,849 annotated ragweed
gene models (Battlay et al., 2022) against Arabidopsis proteins with an
E-value cutoff of 1 x 107%. The putative function of genes with a top
hit in Arabidopsis was identified using gene ontology (GO) terms from
The Arabidopsis Information Resource (TAIR) database (Berardini
et al.,, 2015). Genes that had annotations relating to photoperiodism,
floral development/regulation, vernalization, and circadian rhythm
were flagged as potential candidates. Additionally, annotations were
cross-referenced with 306 A. thaliana flowering time pathway genes

(Bouché et al., 2016). In total, 538 predicted A. artemisiifolia genes
were matched to this dataset, representing 212 unique A. thaliana

flowering time genes.

3 | RESULTS

3.1 | Linkage map

The final integrated linkage map consisted of 4493 markers spread
over 18 linkage groups with a total length of 1825.7 cM (Figure 2).
LGs ranged in size from 55.1 cM to 139.4 cM with an average
length of 101.4 cM. The average genetic distance between mark-
ers was 3.25cM, with the largest gap being 13.34cM in length
(Figure 2).

3.2 | QTLanalysis

Single-QTL scans detected a significant QTL on LG2 (QTL-2) and
LG12 (QTL-12) for all budding and flowering time traits (Figure 3;
Table 1). A significant QTL for height was also found to colocalize
with the flowering traits on LG2, with LOD scores maximized on the
same marker but with a wider interval estimate of 82.2 ¢cM com-
pared with 13.2-23.0 cM (Table 1; Figure 4). Interval estimates for
flowering and budding traits on QTL-12 were relatively small, span-
ning 1.8-7.8 cM (Table 1; Figure 4). Two-dimensional two-QTL scans
did not identify any significant QTL-QTL interactions. Instead, the
previously identified QTL on LG2 and LG12 was recognized as a sig-
nificant pair of additive QTL. An additional QTL on LG6 (QTL-6) was
found to have an additive interaction with QTL-2 but only for female
flowering time (Table 1). The interval estimate for this additional QTL
spanned 38.1 cM (Table 1; Figure 4). QTL-2 was a major QTL for bud-
ding and flowering traits, explaining 22.12%-23.16% of observed
phenotypic variance (Table 1). For height, QTL-2 was defined as a
minor QTL as it explained less than 10% of the phenotypic variation
(Table 1). QTL-12 was defined as a minor-effect QTL for budding and
flowering traits, explaining 5.13%-6.70% of phenotypic variance
(Table 1). QTL-6 was also of minor effect, explaining 2.73% of the
variation in female flowering time (Table 1).

3.3 | Candidate flowering time genes

Within the QTL-2 interval, nine genes with a top hit for Arabidopsis
proteins had annotations relating to photoperiodism, circadian
rhythm, and flowering time regulation (Table 2), including two MADs
box proteins closely related to FLOWERING LOCUS C (FLC). Only
one gene had annotations relating to flowering time within the QTL-
12 interval (Table 2), and this was later identified as a homolog of
FLOWERING LOCUS T (FT). Within the QTL interval on LGé, an-
other nine genes were returned with annotations relating to photo-
periodic sensing, circadian clock, and flower development (Table 2).
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FIGURE 2 Density chart showing 1
linkage group lengths and marker
distributions of the integrated linkage map
constructed from two mapping families

of common ragweed. the 18 linkage
groups correspond to the study system's
karyotype (2n = 36). Q -
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3.4 | Recombination within QTL-associated
haploblocks

QTL-2 (Scaffold 27), which was associated with height and different
measures of flowering time, colocalized with previously identified
haploblocks (Battlay et al., 2022). As haploblocks can be produced
via suppressed recombination among specific haplotypes, as would
be expected in the case of inversions, we examined recombination
along this scaffold in separate genetic maps for each family and sex
(Figure 5). Haploblock HB27a overlapped with the large interval for
height. We found evidence for reduced recombination across the en-
tirety of haploblock HB27a in three maps from the yellow and pink
family (Figure 5a-c). In the female map of the yellow family and in
both F1 maps (Figure 5d-f), recombination within the 27a haploblock
was observed, suggesting that these parents were homozygous for
the haploblock haplotypes while the others were heterozygous.
Haploblock HB27b colocalized with the intervals for flowering time
and height. In the pink and the yellow family, recombination was
strongly reduced in the first half of HB27b (Figure 5a-d), which over-
lapped with the flowering time QTL. The remainder of the haploblock

Density (cM/Locus)

had substantial recombination in the pink family and in the female
map for the yellow family, but limited evidence of recombination in
the male map for the yellow family (Figure 5c), suggesting this parent
may have been heterozygous for the haploblock. The F1 map showed
recombination throughout the region suggesting both parents were

homozygous for haploblock HB27b.

4 | DISCUSSION

Despite a growing interest in invasion biology from an evolutionary
perspective, the genetic basis of rapid climate adaptation remains
unresolved. To help address this knowledge gap, the present study
attempted to dissect the genetic architecture underlying flowering
time adaptation in the prolific invader, common ragweed. We identi-
fied one large-effect and two small-effect QTL underlying flower-
ing time and height differentiation in this species. This is consistent
with the expectation that when populations evolve under spatially
divergent selection with migration, an oligogenic architecture is fa-
vored. The colocalization of flowering time and height QTL further
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FIGURE 3 LOD distribution curves for (a) initial budding time, (b)

Chromosome

1 cm budding time, (c) male flowering time, (d) female flowering time,

and (e) height, based on single-QTL scans of an experimental mapping population of common ragweed. dotted lines represent genome-wide

significance thresholds at 0.1% (light-gray dashes) and 5% (dark-gray dashes).

TABLE 1 Summary of QTL detected for flowering time and height in a common ragweed experimental mapping population

Closest PVE
QTL LG marker Position (cM)  95% CI (cM) Trait LOD p-value (%)
QTL-2 2 10,159 93.2 74.4-94.9 Initial budding time 18.58 <0.001** 2212
81.1-94.9 1 cm budding time 19.81 <0.001** 2212
81.1-94.3 Male flowering time 18.74 <0.001** 221
71.3-94.3 Female flowering time 20.35 <0.001** 23.16
12.1-94.3 Height (cm) 6.687 0.001** 6.7
QTL-12 12 15,616 23.5 23.5-25.3 Initial budding time 5.11 0.01* 6.1
QTL-6 6 21,648 444 17.5-25.3 1 cm budding time 4.74 0.025* 6.1
23.5-24.3 Male flowering time 5.18 0.006* 6.04
23.5-24.3 Female flowering time 6.64 0.001** 5.13
24.7-62.8 Female flowering time 5.14 0.023* 2.73

Note: Highly significant values (<0.001) are marked with ** and significant values (<0.05) are marked with*.

Abbreviations: % PVE, percentage of phenotypic variance explained by t

supports the notion that gene pleiotropy is contributing to a genetic
correlation (trade-off) between the two traits and the clinal varia-
tion in flowering time and height observed in common ragweed. We
also identified several candidate flowering time genes identified
within the QTL that could be contributing to flowering time adapta-
tion by controlling photoperiodic sensing flowering. Together, these
findings provide crucial insights into the genetic basis of climate ad-
aptation during invasion, knowledge that is becoming increasingly

he QTL; Cl, confidence interval; LG, linkage group.

invaluable as we strive to develop a more predictive understanding
of species' invasions in light of anthropogenic climate change.

41 |

The genetic architecture of adaptation

Our discovery of one major and two minor QTL partly aligns with the
theoretical prediction that adaptive evolution to local environments
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follows a stepwise approach to the optimum (Orr, 1998). In the
early stages of an “adaptive walk,” when a population is far from its
optimum (e.g., following colonization of a new environment), both
large and small-effect loci work in combination to produce large
trait shifts, which help to rapidly move the population closer to the
phenotypic optimum (Dittmar et al., 2016; Orr, 1998). However, as
the population approaches the optimum, there is an increased likeli-
hood that large-effect loci will reduce fitness by overshooting the
optimum (Dittmar et al., 2016). At this point, small-effect loci that
confer subtle trait shifts are required (Baxter et al., 2009; Orr, 1998).
This leads to an exponential distribution of allele effect sizes, with
few loci of relatively large effect and many of relatively small-effect
(Dittmar et al., 2016; Orr, 1998). While this model may be applicable
to some species (Bainbridge et al., 2020; McKay et al., 2008), we
must take into account the effects of gene flow before we can con-
fidently apply it to common ragweed. In contrast to this exponential
distribution of allele effect sizes expected under adaptation to a sin-
gle optimum without migration (Orr, 2005), divergent selection with
migration is predicted to result in genetic architectures with fewer,
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larger, and more tightly linked alleles (i.e., oligogenic architecture)
(Ferris et al., 2017; Tigano & Friesen, 2016; Yeaman & Otto, 2011).
Since large-effect loci have larger selection coefficients compared
with small-effect loci, they are more likely to be maintained by local
selection despite the homogenizing effects of gene flow (Yeaman &
Otto, 2011). As such, prolonged bouts of adaptation in the face of
ongoing gene flow could result in the gradual replacement of many
small-effect alleles by fewer large-effect alleles, resulting in a ge-
netic architecture that is skewed toward larger-effect loci (Yeaman
& Otto, 2011; Yeaman & Whitlock, 2011). In some cases, these
large-effect loci may often comprise several tightly linked genes
each contributing small individual phenotypic effects (Yeaman &
Whitlock, 2011). As an obligately outcrossing species reliant on wind
pollination (Essl et al., 2015; Friedman & Barrett, 2008), common
ragweed exhibits substantial gene flow across much of its native and
introduced range (McGoey et al., 2020; van Boheemen et al., 2017).
Hence, this high level of gene flow among ragweed's divergently
adapting populations may also serve to explain the oligogenic archi-
tecture observed in this QTL mapping population.
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TABLE 2 Flowering time candidates in each QTL-interval
identified from BLAST searches between Arabidopsis thaliana
proteins and annotated common ragweed gene models

OpenAccess

QTL TAIRID Arabidopsis thaliana gene name

QTL-2 AT1G25540 PHYTOCHROME AND
FLOWERING TIME 1 (PFT1)

QTL-2 AT1G57820 VARIANT IN METHYLATION 1
(VIM1)

QTL-2 AT1G68050 F BOX 1, FLAVIN-BINDING (FKF1)

QTL-2 AT1G77080 MADS AFFECTING FLOWERING
1 (MAF1)

QTL-2 AT2G02760 UBIQUITIN-CONJUGATING
ENZYME 2 (UBC2)

QTL-2 AT3G01090 SNF1 KINASE HOMOLOG 10

QTL-2 AT4G15880 EARLY IN SHORT DAYS 4 (ESD4)

QTL-2 AT4G32980 HOMEOBOX GENE 1, ATH1

QTL-2 AT5G65050 MADS AFFECTING FLOWERING
2 (MAF2)

QTL-12 AT1G65480 FLOWERING LOCUS T (FT)

QTL-6 AT1G12910 LIGHT-REGULATED WD 1 (LWD1)

QTL-6 AT1G26830 CULLIN 3A

QTL-6 AT2G27550 ATC, CENTRORADIALIS

QTL-6 AT2G28550 TARGET OF EAT1(TOE1)

QTL-6 AT3G01090 SNF1-RELATED PROTEIN

QTL-6 AT3G28730 NUCLEOSOME/CHROMATIN
ASSEMBLY FACTOR D

QTL-6 AT5G06600 UBIQUITIN-SPECIFIC PROTEASE
12 (UBP12)

QTL-6 AT5G14170 CHC1

QTL-6 AT5G35910 RRP6-LIKE 2

As a result of the interplay between divergent natural selection
and migration, a genetic architecture that minimizes recombination
between locally adapted alleles is expected to evolve (Kirkpatrick &
Barton, 2006; Lenormand & Otto, 2000; Yeaman & Whitlock, 2011).
Interestingly, in the present study, QTL-2 overlaps with two large,
divergent haplotype blocks or “haploblocks” (Battlay et al., 2022;
Todesco et al., 2020), which indicate reduced recombination indic-
ative of chromosomal inversions (Li & Ralph, 2019). Both haplob-
locks also show substantial signatures of climate mediated selection
in both Europe and North America (Battlay et al., 2022). QTL-2 for
height overlaps both haploblocks (HB27a and HB27b), while the
QTL-2 for flowering time-related traits have smaller intervals that
only overlap the first half of HB27b (Figure 5). Our pink and yellow
genetic maps reveal substantial reductions in recombination within
HB27a (overlapping the height QTL) and in the first half of HB27b
(overlapping the height and flowering time QTL). Recombination also
appears to be reduced in the male map for the yellow family across all
of HB27b (Figure 5c), which is the family used for the trait mapping.
This suggests that the haploblock haplotypes may be contributing
to the large-effect QTL for flowering time, which we identified in
this study. The fact that some maps show repressed recombination

while others do not indicate these haploblocks are not located in
regions with generally low recombination, but rather that reduced
recombination is dependent on the genotypes used in the cross. This
would occur, for example, if inversions had suppressed recombina-
tion when heterozygous, but not when homozygous. In plants, chro-
mosomal inversions have frequently been associated with flowering
time, which can contribute to both local adaptation and assortative
mating (reviewed in Huang & Rieseberg, 2020). For example, (Lowry
& Willis, 2010) demonstrated that a chromosomal inversion asso-
ciated with flowering time in yellow monkeyflower (Mimulus gutta-
tus) contributed to an adaptive annual-perennial life-history shift
and reproductive isolation in this species. Although the evidence is
largely indirect at this stage, these haploblocks could be capturing
several tightly linked locally adapted alleles, causing sections of QTL-
2 to act as single units with substantial effects on locally adapting
traits including height and flowering time. Future studies confirming
the mechanism underlying the suppressed recombination in these
regions (e.g., inversions) and linking haplotypes to trait variation and
fitness effects in divergent climates in the field will be important in
addressing this hypothesis.

A potential caveat of this study is that the modest size of 336 F2s
(from a single family) may not have allowed the detection of many
small-effect QTL. This inherent bias toward the detection of large-
effect QTL is common in QTL studies (Beavis, 2019; Remington, 2015;
Rockman, 2012). Additionally, we only utilized one mapping family in
our QTL analysis, as the others had little statistical power due to small
sample size. Future studies could conduct QTL mapping on multiple
and larger mapping families to improve resolution and further inter-
rogate the genetic basis of adaptation in a wider array of genotypes.
Moreover, it is possible that additional QTL resides in the regions
where markers had to be removed due to extreme segregation distor-
tion, particularly on the linkage group where QTL-2 was found. In fact,
all markers within haploblock HB27a (in QTL-2) experienced segrega-
tion distortion in the yellow QTL mapping population. Segregation
distortion is common in mapping studies, can be associated with
chromosomal inversions (Fuller et al., 2020; Li et al., 2011), and is
often caused by meiotic drive (Lyttle, 1993). Interestingly, HB27a is
enriched for pectate lyase genes that are hypothesized to be involved
in pollen tube growth (Chen et al., 2018), including the primary pollen
allergen gene and five other paralogs of this gene (Battlay et al., 2022).
With that being said, the high-density linkage map and adequately
sized mapping population used for QTL analysis in this study did lead
to the detection of some loci of small effect and one locus of large
effect, thereby shedding light on the genetic architecture underlying
rapid climate adaptation in common ragweed.

Based on overlapping credible intervals and similar LOD profiles,
many of the QTL detected in this study were shared among traits. In
particular, the colocalization of a QTL for height and a QTL for flow-
ering time is consistent with the expectation that these two traits
will be at least partly genetically correlated (Colautti & Barrett, 2010;
Kralemann et al., 2018). This may be due to linkage, or gene pleiot-
ropy, where a single locus controls multiple phenotypes (Roff, 1995).
In the latter case, a pleiotropic gene that determines the onset of
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FIGURE 5 The genetic distance (cM) versus physical distance (bp) along a portion of scaffold 27 containing QTL-2. Recombination
distance was calculated for the pink (top), yellow (middle), and F1 families (bottom), and separately for each sex (male left; female right). The
marker closest to QTL-2 is represented by the black line. The 95% confidence intervals for male flowering time (dot), female flowering time
(dash), and height (dash and dot) are shown in gray. The haploblocks are shaded (HB27a blue; HB27b purple).

flowering could also be controlling the plant's level of vegetative
growth (Zu & Schiestl, 2017). That is, if mutations that cause early
flowering also result in reduced height due to a shift in the allocation
of resources, the colocalization of height and flowering time QTL is
expected (Shen et al., 2018). Pleiotropic effects of flowering time
genes on growth have been frequently identified (Auge et al., 2019).
This evidence of colocalized height and flowering time QTL also
lends support to a recent study on common ragweed, which (by
proxy measurement) discovered that widespread pleiotropy facili-
tates local adaptation in this species, particularly when populations
were far from their selective optima (Hamala et al., 2020).

4.2 | Flowering time candidates

The transition to flowering is a well-orchestrated process that con-
sists of hundreds of genes and transcription factors embedded in a

complex network (Franks & Hoffmann, 2012; Putterill et al., 2004;
Wellmer & Riechmann, 2010). To ensure flowering occurs at the
right time, plants must accurately perceive and process a range of
environmental and internal cues (Putterill et al., 2004). In the model
plant Arabidopsis thaliana, these signals are integrated through four
main pathways (photoperiod, temperature, gibberellin, and autono-
mous) and involve a number of genes that are presumably shared
among most angiosperms (Michaels, 2009; Putterill et al., 2004,
Wellmer & Riechmann, 2010). In this study, we discovered two
MADs-box proteins closely related to FLOWERING LOCUS C (FLC)
within the major-effect QTL-2 interval. Known as MADS AFFECTING
FLOWERING 1 (MAF1) and 2 (MAF2), these genes, like FLC, are flo-
ral repressors in Arabidopsis (Ratcliffe et al., 2001, 2003). Through
the autonomous and vernalization pathways, they are likely to act
independently or downstream of FLC to delay flowering until after
prolonged exposure to cold temperatures (Ratcliffe et al., 2001).
In comparison to the late-flowering phenotype of winter-annual
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accessions of A. thaliana, weak FLC alleles have been linked to earlier
flowering phenotypes in summer-annual accessions, enabling these
populations to adapt and flower rapidly in the absence of vernaliza-
tion (Michaels et al., 2003). Additionally, we detected a homolog of
EARLY IN SHORT DAYS4 (ESD4), which has been shown to encode
a novel regulator of FLC expression alongside another gene known
as VERNALIZATION INDEPENDENCE4 (VIP4) (Reeves et al., 2002;
Zhang & van Nocker, 2002). A mutant ESD4 allele has also been as-
sociated with an extreme early-flowering phenotype caused in part
by a reduction in the expression level of FLC in Arabidopsis (Reeves
etal., 2002).

As a major floral integrator, FLOWERING LOCUS T (FT) has a
central position in the A. thaliana genetic network that regulates
flowering time (Corbesier et al., 2007). It is expressed predominantly
in the leaves and moves to the shoot apex where it interacts with
the FLOWERING LOCUS D (FD) transcription factor to induce flow-
ering (Corbesier et al., 2007; Jaeger & Wigge, 2007). Conversely, the
closely related TERMINAL FLOWER 1 (TFL1) gene functions antag-
onistically to repress flowering (Moraes et al., 2019). This balance
between FT/TFL1 is said to control photoperiodic flowering through
competition with FD (Ahn et al., 2006) and is likely conserved be-
tween A. thaliana and other plant species (Higuchi et al., 2013). The
discovery of an FT homolog within the QTL-12 interval and a TFL1-
like gene CENTRORADIALIS HOMOLOG (ATC) within the QTL-6 in-
terval supports the results of a previous study examining the same
divergent populations of common ragweed used for QTL analysis in
this present study (Kralemann et al., 2018). Specifically, Kralemann
et al. (2018) found that the FT/TFL1 family of genes, and their effect
on photoperiodic flowering, have conserved effects on floral induc-
tion in ragweed.

Overall, the homologs identified here indicate that variation of
genes involved in the autonomous, temperature, and photoperiodic
pathways may allow common ragweed to time flowering in accor-
dance with favorable climatic conditions. Their colocalization with
the QTL identified here suggests at least some of these candidate
genes are involved in the flowering time differentiation of this spe-
cies. In particular, future analysis of the function of natural variants
within QTL-2 will be important in assessing if single or multiple mu-
tations in one or more flowering time genes are contributing to the

large phenotypic effects we identified.
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