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ABSTRACT

By modifying biotic and abiotic environments, urbanisation can influence the evolutionary adaptation of organisms, especially
when their distribution is fragmented. However, the effects of urbanisation on evolutionary adaptation remain poorly understood
within a metapopulation framework, where high gene flow and recurrent extinctions/colonisations may counteract local adap-
tation. To bridge this gap, we integrated phenotypic and genomic data and explored how urbanisation shaped the evolutionary
processes in the wild radish Raphanus raphanistrum, a widely distributed ruderal species. We conducted field surveys and a
common garden experiment to compare phenotypic differences between urban and natural populations in a Mediterranean
area. Additionally, population genetic analysis and a genome-wide association study (GWAS) were performed to uncover the
genetic basis of urban adaptation and population structure. Our findings indicate that urban populations of the wild radish ex-
hibit significantly smaller flowers and earlier flowering times compared to natural populations. Their correlations with fitness
suggest that earlier flowering and longer petal length have higher adaptive values. However, a trade-off between these traits
indicates that earlier flowering is advantageous in urban environments, whereas larger flowers are favoured in natural habitats.
Genomic analyses reveal low genetic differentiation and frequent gene flow among urban and natural populations. The GWAS
identified 46 single-nucleotide polymorphisms (SNPs) significantly associated with urbanisation, 32 of which are located within
gene regions. Notably, one of these genes, AT3g27390, is associated with the shift to the reproductive phase. Overall, our results
demonstrate how natural selection in an urban context promotes rapid phenotypic divergence in R. raphanistrum despite ongo-
ing gene flow.

1 | Introduction Grimm et al. 2008; Oke 1973). Such urban characteristics can

also indirectly modify community dynamics, hence altering the

The exponential growth of human populations has acceler-
ated the pace of urbanisation, transforming natural habitats
into urban environments dominated by anthropogenic activity
(Seto et al. 2010; United Nations 2018; Zhou et al. 2015). Urban
areas are characterised by environmental changes in the abi-
otic environment, including elevated temperatures, increased
pollution and extensive impervious surfaces (Fenger 1999;

biotic environment (Irwin et al. 2020). To persist in these dras-
tically altered habitats, animals and plants must cope with spe-
cific urban constraints (Brans et al. 2017; Diamond et al. 2017,
Johnson and Munshi-South 2017; Weston et al. 2021). While
many species cannot persist against such dramatic changes
and go locally extinct, others successfully adapt and thrive in
human-dominated landscapes (Cheptou et al. 2008; Fukano
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et al. 2023; Winchell et al. 2016). Consequently, urbanisation re-
sults in a shift of the phenotypic optima of animals and plants
(Donihue and Lambert 2015; Palumbi 2001).

An increasing number of studies have documented phenotypic
divergence between populations in urban and adjacent natural
habitats, highlighting how urbanisation can drive evolutionary
adaptation (Alberti et al. 2017; Lambert et al. 2021). For instance,
common garden experiments have been employed to show that
different urban plant species flowered earlier than their natural
counterparts (Gorton et al. 2018; Schmitz et al. 2024). Gorton
et al. (2018) further demonstrated that stronger natural selection
in urban environments has driven adaptive shifts in flowering
phenology. Another classroom example is the evolutionary re-
sponse of anti-herbivore chemical production in white clover
(Trifolium repens; Johnson et al. 2018; Thompson et al. 2016).
Scientists have observed the parallel adaptation in hydrogen
cyanide production across 160 urban areas globally (Santangelo
et al. 2022). Collectively, these studies have advanced our under-
standing of how urban environments shape adaptive phenotypic
differentiation.

In addition to adaptive changes, genomic differentiation be-
tween urban and non-urban populations can be compounded
by non-adaptive evolutionary processes such as gene flow and
genetic drift (Donihue and Lambert 2015). Urban infrastruc-
ture—including roads and buildings—often fragments natural
habitats, reducing population connectivity. This fragmentation
can limit gene flow, amplify the effects of genetic drift and local
selection, and disrupt the dynamics of metapopulations (de-
fined as networks of spatially discrete populations connected
by dispersal; Slatkin 1987). While gene flow tends to homo-
genise allele frequencies and counteract adaptive divergence,
local adaptation can still occur when selection is strong enough,
and genetic variation is maintained across populations (Tigano
and Friesen 2016). Alternatively, when gene flow is disrupted,
selection might act independently in isolated populations, in-
creasing genetic differentiation and promoting local adaptation
(Tigano and Friesen 2016; Johnson et al. 2015). Although many
studies have examined urban adaptation through a metapopula-
tion framework (Brans and De Meester 2018; Brans et al. 2017;
Schmitz et al. 2024; Winchell et al. 2016), few have successfully
disentangled the confounding effects of gene flow from adaptive
signals.

Several studies have utilised genomic data to assess the
non-adaptive processes under urbanisation (Munshi-South
et al. 2016; Santangelo et al. 2022; van Dongen et al. 2015).
Some of these studies focused on detecting genomic signatures
of urban adaptation (Muller et al. 2018; Theodorou et al. 2018),
while others integrated phenotypic divergence from common
garden experiments with population genetic analyses (Johnson
et al. 2018; Yakub and Tiffin 2017). The former highlighted pro-
cesses such as gene flow and drift, but did not explicitly test for
adaptive responses. The latter did not contemporarily link phe-
notypic traits to fitness and to the amount of gene flow. However,
how constant and high gene flow interacts with urban adapta-
tion under a metapopulation framework remains unanswered.

To bridge this knowledge gap, we investigated how urbanisation
shaped the evolutionary divergence of Raphanus raphanistrum

(wild radish). R. raphanistrum is a self-incompatible annual to
biennial species in the family Brassicaceae. The species has suc-
cessfully colonised diverse human-dominated environments,
including agricultural fields, waste areas and sheltered beaches,
making it an ideal model for studying plant adaptation to an-
thropogenic habitats (Holm et al. 1997; Schmid et al. 1998). R.
raphanistrum is widely distributed across the Mediterranean
basin, ranging from the edge of arable fields and roadsides to
flowerbeds along city pavements. The patchy populations expe-
rience a rapid turnover due to ongoing human activities (such
as ploughing fields and mowing roadside areas), with local ex-
tinctions followed by recolonisation from nearby populations,
consistent with a metapopulation dynamic (Bullock et al. 2002;
Hanski 1999).

Previous studies have suggested that weedy R. raphanistrum
showed signatures of adaptation to harsh and unpredict-
able agricultural fields (Somerville and Ashworth 2024; Sun
et al. 2020). The species was able to adjust its life cycle within
as few as five generations despite maintaining high genetic vari-
ability (Ashworth et al. 2016). We therefore hypothesise that R.
raphanistrum possesses the ability to rapidly adapt to human-
dominated environments. In the present study, by investigating
nearby urban and natural populations, we aim to test whether
the R. raphanistrum populations in the metropolitan area are
capable of adaptation despite ongoing gene flow. Specifically, we
predict that (1) urban and natural populations of R. raphanis-
trum exhibit phenotypic divergence under a metapopulation
framework. (2) These divergences are adaptive and allow R. ra-
phanistrum to thrive in urban environments. Finally, we aim
to understand which genes and pathways are associated with
adaptive divergence between urban and natural environments.

2 | Method

2.1 | Phenotyping in the Wild (Field Study)
and Sampling Sites

To evaluate the degree of divergence in R. raphanistrum traits
associated with urbanisation, we recorded morphological and
floral traits from six urban and six nearby natural populations
in southern Italy, Campania region, between March 2023 and
October 2024. The details of the studied populations and their
respective locations are displayed in Figure S1 and Table S1.
Urbanisation level was quantified using impervious sur-
face data from the CORINE Land Cover database (European
Environment Agency 2018), a widely used resource in ecolog-
ical and evolutionary studies (Feranec et al. 2010). We applied
a 1km? buffer around sampling locations to capture the local
landscape context relevant to pollinator-mediated gene flow
(Jha and Kremen 2013). Populations inhabiting areas with over
75% impervious surface were classified as urban, whereas those
with less than 25% impervious surface were classified as natural.

We visited each wild population once in 2023 and once in 2024.
Depending on plant availability, we sampled between 5 and 20
individuals per population, resulting in a total of 286 plants. We
measured morphological traits and floral traits that may under-
pin adaptation to urban environments. For the flower sizes, we
measured corolla diameter, petal length and petal width. Petal
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length was measured as the linear distance from the base to the
tip of a petal, and petal width as the widest point perpendicular
to the length axis. Corolla diameter was measured as the dis-
tance across the flower from the tip of one petal to the tip of
the opposite petal, encompassing the central reproductive struc-
tures. All measurements were taken on fresh flowers using digi-
tal callipers and averaged across three flowers. We also counted
the number of floral axes and open flowers per plant. Given the
high number of flowers in the wild, we scored the number of
open flowers on three floral axes and estimated the total num-
ber of open flowers by multiplying by the number of floral axes.
Additionally, we collected all available siliques from each plant
in 2023. Seeds were stored separately for each maternal plant
in labelled bags and kept at 4°C in a climate-controlled stor-
age room.

2.2 | Common Garden Experiment

To detect the evolutionary response to urbanisation, we con-
ducted a common garden experiment at the open experimental
area of the Department of Biology, University of Naples Federico
II. In April 2024, we selected 59 maternal lines from both natu-
ral and urban populations and sowed 890 seeds (20 per maternal
line, where available). Seeds were stratified in water at 4°C for
3days, then germinated in 4 cm wells of plastic trays filled with
non-composted soil (TerCompost; pH6; 90% porosity) under a
natural day/night cycle. We watered the plants twice per week
to keep the soil moist. Plants were checked daily, and herbivores
were removed immediately on detection.

For each maternal line, we randomly selected eight seedlings
for transplantation. If the germination rates were low for certain
maternal lines, we included all available seedlings. In May 2024,
we transferred 388 seedlings into 14-cm-diameter pots (1.1L)
filled with a 2:1 mixture of composted soil (TerCompost; pH7.5;
85% porosity) and river sand. Then, we arranged the 388 plants
with a randomised design on the four benches, with 14 rows and
7 columns. Four plants died within a week of transplantation,
and they were replaced with the remaining seedlings on 20
May 2024. We watered the seedlings immediately after trans-
plantation. Afterwards, the plants were regularly watered by
flooding the benches with the same quantity of water to ensure
uniform soil moisture. The pesticide (Zepi Garden) was applied
as needed to control aphid infestation, and caterpillars were re-
moved manually. The plants were exposed to natural pollinators
throughout the experiment in the common garden.

We collected fitness traits that were relevant for urban adap-
tation and flower traits that were linked to biotic (pollinator)
interactions. The flowering time (i.e., days to first flower) was
determined as the time span between the transfer of the seed-
ling to the pots and the first flower with open petals. We deter-
mined the flower sizes by measuring the corolla length, petal
length and petal width following the same procedures in the
field study. We also collected nectar using 2uL glass capillar-
ies (Hirschmann, Germany) fitted with a rubber bulb to extract
nectar directly from the flowers. The capillaries containing nec-
tar were analysed for the concentrations of glucose, fructose and
sucrose (Supporting Information). We continued to collect the
siliques until the end of September 2024. Then, the siliques were

kept at room temperature until they dried, and then we weighed
them using a laboratory balance (Mettler Toledo).

2.3 | Statistical Analysis of Phenotypic Divergence

To test the effects of urbanisation on phenotypic traits in R. ra-
phanistrum, we conducted linear mixed-effect models or gener-
alised linear mixed-effect models with the Ime4 and glmmTMB
packages in R, version 4.3.3 (Bates et al. 2015; Brooks et al. 2017;
R Core Team 2023). The ImerTest package was used to compute
the p value for fixed effects (Kuznetsova et al. 2017). We ran sep-
arate models for each trait recorded as the response variables,
origin environments (urban or natural) as fixed effects. For the
field study, the date of recording was included as a random ef-
fect. For the common garden experiment, we included the ma-
ternal line nested within population to control maternal effects
and the position of plants as random effects. For the continuous
data, we conducted linear mixed-effect models. The flowering
time (days to first flower) was log-transformed to ensure normal
distribution. We checked model assumptions by plotting the re-
siduals vs. fitted values. Additionally, we tested the deviation of
residuals from normality using the Shapiro-Wilk test. For count
data and binomial data, we performed general linear mixed-
effect models, using Poisson or binomial error distributions, re-
spectively. When applying Poisson as the family for count data,
we used the performance package (Liidecke et al. 2021) in R to
check if there was any overdispersion, and qqmath in lattice
(Sarkar 2008) to check the normal distribution of our random
factors. If overdispersion was detected, we used the negative bi-
nomial distribution as a family to handle overdispersion. When
it comes to seed number and fruit weight, there were numerous
zero values. To handle zero-inflation in our dataset, we con-
ducted generalised linear mixed-effects models via glmmTMB.

2.4 | Selection Analysis

To understand whether these divergences were adaptive, we
conducted selection analyses to investigate the association be-
tween divergent traits (flowering time and petal length) and ma-
ternal fitness (Lande and Arnold 1983). Since petal length and
corolla diameter were highly correlated and indicated flower
size, we only used the petal length in the following analyses. We
estimated selection differentials and selection gradients using
univariate and multivariate regressions, respectively. Selection
differentials measure both direct and indirect selection on a sin-
gle trait, whereas selection gradients estimate partial regression
coefficients that quantify direct selection while accounting for
trait correlations. We selected seed number as a proxy for fitness,
as it reflects the reproductive output of plants. We calculated
the maternal mean of the traits (Rausher 1992). Then, we stan-
dardised them by subtracting their global mean and dividing by
the standard deviation. To estimate selection differentials, each
trait was included as a fixed effect and relative fitness was in-
cluded as the response variable in a linear mixed-effects model.
To estimate selection gradients, relative fitness was included as
the response variable and flowering time and petal length were
included as fixed effects. The position and population were in-
cluded as random effects for the models of selection differentials
and selection gradients.
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2.5 | DNA Extraction and Sequencing

We collected leaf tissue from 60 R. raphanistrum individuals
grown in the common garden from nine studied populations.
These plants were selected based on extreme phenotypic val-
ues (top 10%) observed for traits of interest and represented
the most divergent individuals in our studied populations.
Afterwards, we extracted their genomic DNA using the DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany), following the man-
ufacturer's protocol. DNA quality and purity were assessed
using a NanoDrop ND 1000 Spectrophotometer (Thermo Fisher
Scientific, Delaware, USA), and concentrations were quantified
with a Qubit fluorometer and the Quant-iT ds-DNA HS Assay kit
(Invitrogen, USA).

We then constructed paired-end DNA libraries using the
Illumina DNA prep kit (Illumina, San Diego, CA, USA), follow-
ing the manufacturer's protocol, and sequenced them from both
ends on the Illumina NovaSeq platform. The genome size of R.
raphanistrum is around 421 Mb and the expected coverage given
our sequence design was 15. We conducted quality checks with
the raw reads using FASTQC (Andrews 2010). The Illumina
adaptors and a minimum length of 36bp bases were trimmed
using Trimmomatic 0.39 (Bolger et al. 2014). After filtering, we
removed 10 low-coverage samples, resulting in 50 genomes for
downstream analysis from nine populations.

2.6 | Genomic Alignment and Single Nucleotide
Polymorphism Genotyping

We aligned the trimmed reads from the 50 samples to the
Raphanus raphanistrum reference genome (accession No.
GWHANWMO00000000; Zhang et al. 2021) using the BWA-
MEM (Li and Durbin 2009) with the default settings. We per-
formed variant calling using GATK HaplotypeCaller in GVCF
mode, followed by joint genotyping across all individuals
(DePristo et al. 2011; McKenna et al. 2010; Van der Auwera and
O'Conner 2020). SNPs were filtered based on the following cri-
teria: QD < 2.0 || FS>60.0 || MQ <40.0. We conducted additional
filtering using VCFtools v0.1.16 (Danecek et al. 2011) to retain
SNPs with a minor allele frequency greater than 5%, a calling
rate of 90%, and a minimum read depth of 5 per sample.

2.7 | Population Genetics Analysis
and Genome-Wide Association Study

To assess the population genetics, we used Pixy v2.0.0 (Korunes
and Samuk 2021) to calculate genome-wide nucleotide diversity,
absolute divergence (dXY) and pairwise population fixation sta-
tistics (F;) between populations. Pixy analyses were conducted
on the full all-sites VCF using non-overlapping 10kb windows
across the genome. To avoid bias, we excluded two populations
(FAIT and CARR) from the population genetic analysis since
they have fewer than two individuals each. Following that, we
conducted principal component analysis (PCA) using PLINK v.
1.90 (Purcell et al. 2007) and ADMIXTURE v. 1.3.0 to evaluate
population structure. For ADMIXTURE (Alexander et al. 2009),
we set the number of genetic groups from K=1 to K=7 and used
cross-validation error to determine the optimal genetic groups.

We also investigated historical population splits and spatial
patterns of gene flow using a combination of Treemix v. 1.13
(Pickrell and Pritchard 2012) and Fast Estimation of Effective
Migration Surfaces (FEEMS; Marcus et al. 2021; Petkova et al.
2016). Likewise, CARR and FAIT were excluded from this anal-
ysis due to small sample sizes per population. TreeMix was used
to infer population relationships and historical migration events
by fitting models with increasing numbers of migration edges
(m 1 to m 9) and different SNP blocks (k), with model fit assessed
based on log-likelihood. In parallel, FEEMS was used to char-
acterise spatial variation in effective migration by modelling
covariance in allele frequencies across a discretised landscape,
allowing the identification of regions where genetic connectiv-
ity is higher or lower than expected given geographic distance
alone. Effective migration rates were estimated on a 500km
spatial grid with a smoothness parameter of 1=2.0 to balance
local genetic variation with global spatial trends. The results
were expressed as relative (mean-centred) log-transformed ef-
fective migration, such that negative values indicated reduced
connectivity and positive values indicated elevated connectivity
relative to the landscape average.

To investigate genetic variants associated with urbanisation,
we performed GWAS using GEMMA (Zhou and Stephens 2012,
2014). The filtered SNPs and environmental origins (urban vs.
natural) of each sample were used as input. GEMMA allows us
to fit a linear mixed-effect model while accounting for popula-
tion stratification and relatedness through a kinship matrix. A
kinship matrix was calculated with a built-in GEMMA function
and was included as a random effect in the linear mixed-effects
model. The GWAS result was plotted with the ggman package in
R (Turner 2014). To assess the performance of the linear mixed-
effects model, we investigated QQ plots to control the potential
inflation of p values due to population structure. We defined the
outlier SNPs as those with —log(P) larger than 5.

To investigate the biological functions of candidate SNPs, we
identified their associated genes and inferred orthologs using
SONICPARANOID version 1.3.0 (Cosentino et al. 2024), with
the peptide sequences from Raphanus raphanistrum (Zhang
et al. 2021) and Brassica napus (Handa 2003). The orthologs
of candidate genes associated with SNPs were annotated and
analysed for functional enrichment using the Database for
Annotation, Visualisation and Integrated Discovery (DAVID)
Functional Annotation tool (Huang et al. 2009; Sherman
et al. 2022).

3 | Results

3.1 | Phenotypic Divergence Between Urban
and Natural Populations

Urban populations exhibited consistent phenotypic diver-
gence from natural populations, characterised by reduced
flower size and shifts in flowering phenology. In both field
surveys and the common garden experiment, urban popu-
lations produced smaller flowers and flowered earlier than
natural populations. Across the 12 field sites, the natural
populations exhibited significantly larger corolla diameters
(p=0.021) and petal lengths (p <0.01), but not petal widths
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TABLE1 | Phenotypic results of the generalised linear mixed-effect models for urbanisation in the field.
Model Response variable Parameter Estimated Standard error Z value P
glmer.nb Flower number Intercept 3.1384 0.5485 5.722 <0.001%**
Urban —0.1346 0.6670 —0.202 0.84
glmer.nb Floral axis number Intercept 1.0556 0.3073 3.434 <0.001%**
Urban 0.1890 0.3623 0.522 0.602
Imer Corolla diameter Intercept 17.0323 0.4181 40.740 <0.001***
Urban -1.2513 0.5082 —2.462 0.021*
Imer Petal length Intercept 7.6793 0.1765 43.51 <0.001***
Urban —0.6191 0.2164 —2.86 0.009**
Imer Petal width Intercept 5.4497 0.1389 39.239 <0.001***
Urban —0.2592 0.1703 -1.522 0.142
Note: p<0.5%; p<0.01**; p <0.001***,
. Corolla diameter (®) Petal length (©) Petal width
£ 81 "
§° & § 21
s 5 2
£ 21 £ £
o o |
g T T T T T
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Environment Environment Environment

FIGURE1 |
tions and orange indicates urban populations.

(p=0.142, Table 1, Figure 1) than urban populations. In con-
trast, no significant differences were found in the number of
open flowers (p = 0.84) and the number of floral axes (p = 0.60)
between urban and natural populations (Table 1). Together,
these field results indicate that urbanisation is associated with
a targeted reduction in flower size rather than a broad shift in
reproductive allocation.

Phenotypic divergence between urban and natural popula-
tions persisted under common garden conditions, indicating
a genetic basis to the observed field patterns. Urban popula-
tions differed from natural populations in flowering proba-
bility, flowering time, flower size and fruit weight, whereas
seed number and nectar traits did not differ between envi-
ronments (Figure 2). Specifically, urban populations flow-
ered significantly earlier, with flowering starting on average
at 53.86days compared to 78.76days in natural populations
(p=0.019; Figure 2a; Table 2). Urban populations had a sig-
nificantly higher flowering probability (90.7%) than the

Boxplots of floral traits of R. raphanistrum in natural and urban environments across 12 field sites. Green indicates natural popula-

natural populations (60.6%, p <0.001; Figure 2b; Table 2). No
significant difference in seed number between urban and nat-
ural populations (p =0.213), when only flowering plants were
included in the analysis (Figure 2e; Table 2). The total seed
count predicted by the model was similar between natural
(21.02) and urban populations (18.91). When considering only
flowering plants, natural populations had significantly higher
fruit weight (0.536g) in comparison to urban populations
(0.386g, p=0.0034, Figure 2f; Table 2).

Consistent with field observations, urban populations pro-
duced significantly smaller flowers in the common garden.
Corolla diameter (p=0.035; Figure 2c; Table 2) and petal length
(p=0.0207; Figure 2d; Table 2) were both decreased in urban
populations, whereas petal width did not differ between envi-
ronments (p=0.806; Table 2). The model predicted average co-
rolla diameters of 15.94 mm and 15.29 mm for natural and urban
populations, respectively, and average petal lengths of 7.16 mm
and 6.77 mm (Figure 2). Since corolla diameter and petal length
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FIGURE2 | Boxplots of phenotypic means of R. raphanistrum between natural and urban populations in the common garden experiment. Green

denotes natural populations, while orange denotes urban populations.

were highly correlated (Table S2) and both indicate overall
flower size, we focused on petal length in subsequent analysis
and discussion. We did not find any significant differences in
the nectar volume between urban and natural environments.
Additionally, there was also no significant difference in the con-
centration of glucose, fructose and sucrose in the flower nectar
(Figure S3).

Overall, the common garden experiment demonstrates that
urban populations combined earlier flowering and reduced
flower size with similar reproductive output compared to nat-
ural populations. These results indicate that urban-associated
phenotypic divergence reflects genetically based shifts in life-
history and floral traits rather than environmentally induced
plasticity.

3.2 | Selection Analysis

To evaluate whether phenotypic divergence between urban
and natural populations was adaptive, we quantified selec-
tion on flowering time and flower size using seed number as
a proxy for fitness. Both traits showed consistent associations
with relative fitness, indicating that the traits diverging under

urbanisation were linked to fitness differences. Selection dif-
ferentials revealed that selection favoured both earlier flow-
ering and larger flowers (Table 3). Specifically, plants with
longer petals produced significantly more seeds (p=0.024;
Figure 3a), indicating positive directional selection on flower
size. Similarly, earlier flowering individuals achieved higher
reproductive success, as shown by the significant nega-
tive relationship between flowering time and seed number
(p=0.0486; Figure 3b). Notably, days to first flower and flower
size were negatively correlated (Table S2), with earlier flower-
ing plants tending to produce smaller flowers. This relation-
ship suggests a trade-off between phenological advancement
and investment in floral morphology.

When both traits were included simultaneously in selection
gradient analyses, neither days to first flower nor petal length
showed statistically significant independent effects on fitness
(Table 3; p>0.05). However, the estimated gradients followed
the same directions as the selection differentials, with a positive
effect of petal length and a negative effect of days to first flower
on relative fitness. The reduced statistical power of the selection
gradients likely reflected the correlation between days to first
flower and petal length (Table S2), as each trait's effect on fit-
ness was evaluated after accounting for variance explained by
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TABLE 2 | Phenotypic results of the (generalised) linear mixed-effect models for urbanisation in the common garden.
Model Response variable Parameter Estimated Standard error Zvalue P
Imer Flowering time Intercept 4.4422 0.1331 33.367 <0.001%**
Urban —0.4878 0.2014 —2.422 0.019*
glmer Flowering Intercept 0.4518 0.3219 1.404 0.1605
Probability
Urban 1.8814 0.589 3.194 0.0014*
Imer Corolla diameter Intercept 15.885 0.2014 78.887 <0.001***
Urban —0.6056 0.2785 -2.175 0.035*
Imer Petal length Intercept 7.1332 0.1094 65.182 <0.0071%**
Urban —0.3631 0.1515 —2.396 0.0207*
Imer Petal width Intercept 5.02112 0.10803 46.477 <0.001***
Urban —0.0378 0.15317 —-0.247 0.806
glmmTMB Seed number Intercept 2.675 0.0803 33.31 <0.001%**
Urban —0.1445 0.116 -1.25 0.213
glmmTMB Fruit weight Intercept —0.6255 0.077 -8.122 <0.001%**
Urban —0.3528 0.1153 -3.06 <0.0034**

Note: p<0.05%; p<0.01**; p < 0.001***,

TABLE 3 | Selection differentials (S) and selection gradients ()
from linear mixed-effects models. A positive 8 indicates a positive
relationship between fitness and the trait whereas a negative (8 indicates

a negative relationship between fitness and the trait.

Trait

S p

B P

Petal length

Days to first flower —0.107  0.0486

0.123 0.024

0.09638 0.131
—0.05736  0.352

FIGURE3 |

(b) The negative relationship between relative fitness and flowering time (days to first flower). The x-axis and y-axis represent the standardised trait

Relative fitness

Selection differentials of petal length and days to first flower. (a) The positive relationship between relative fitness and petal length.

(a)

I I I
2 4 ©

Standardised petal length (mm)

the other trait. Such collinearity is expected for traits that are

developmentally and functionally linked.

Together, these analyses indicate that earlier flowering and
larger flower size are both associated with increased fitness.
Given that urban populations flower earlier but produce smaller
flowers, these results indicate an adaptive shift towards pheno-
logical escape in urban environments, potentially at the cost of

reduced investment in floral morphology.

(b)

Relative fitness

I I
2

| | |
0 1 2

Standardised days to first flower

values (0 corresponds to the population mean, and +1 corresponds to one standard deviation from the mean).
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FIGURE 4 | (a) TreeMix analysis of urban and natural Raphanus raphanistrum populations. The maximum likelihood population tree shows
the inferred relationships among seven populations, with branch lengths proportional to the amount of genetic drift. Migration events are shown as
arrows, with colour indicating relative weight. (b) Effective migration surface inferred using FEEMS. Colours indicate relative, mean-centred log

effective migration (log(1/D)), with warmer colours representing elevated connectivity and cooler colours reduced connectivity. Black points show

deme centres, and coloured circles indicate natural (green) and urban (orange) populations. (c) The Manhattan plot of the GWAS in relation to urban

and natural environments. The x-axis indicates the chromosome numbers, and the y-axis indicates —log(P) values from the GWAS. The blue line

indicates the significance threshold generated via the R package qqman.

3.3 | Population Genetics Analysis

Despite pronounced phenotypic divergence between urban and
natural populations, genome-wide genetic differentiation was
low, indicating extensive connectivity among populations. Across
the seven populations retained for population-genetic analyses,
patterns of relative and absolute genetic differentiation consis-
tently suggested high gene flow and weak population structure.
Pairwise genetic differentiation was generally low but heteroge-
neous among population pairs. Pairwise Fg ranged from 0.0248
to 0.0965 (Table S3), with the highest differentiation observed be-
tween the natural population GOCA and several urban populations
(e.g., GOCA-SOCC 0.0965, GOCA-CATT 0.0942, GOCA-TECH
0.0862). In contrast to relative differentiation, absolute divergence
(dXY) varied slightly among population pairs (approximately
0.01142-0.01233; Table S4), indicating shallow genome-wide diver-
gence. Similarly, nucleotide diversity (Table S5) was broadly com-
parable across populations (x0.00965-0.01185), with the highest
diversity in MSCO (0.01185) and the lowest in GOCA (0.00965) and
TECH (0.00986). Together, these metrics indicate that population
differentiation primarily reflects subtle shifts in allele frequencies
rather than long-term isolation or strong demographic separation.

PCA revealed a weak but continuous pattern of genetic differ-
entiation across populations (Figure S2). The first two principal
components explained 14.26% (PC1) and 12.31% (PC2) of the
total genetic variance, separating the urban and natural popu-
lations along a diagonal gradient. Several populations (ANNU,
CARR, TECH and VARG) clustered near the centre of the or-
dination, whereas two urban populations (CATT and SOCC)
and two natural populations (MSCO and GOCA) were more
genetically distinct, occupying opposite ends of the gradient.
ADMIXTURE analysis identified K=1 as the most likely num-
ber of genetic clusters, suggesting little to no genetic differentia-
tion between individuals among the studied populations.

To further investigate historical relationships and gene flow, we
reconstructed population graphs using TreeMix. The maximum-
likelihood tree inferred multiple migration events, with a
strong migration edge detected between two urban populations
(Figure 4a), indicating substantial recent gene flow. Additional
weaker migration events were inferred among other popula-
tions, consistent with widespread connectivity. Spatial model-
ling of effective migration using FEEMS revealed heterogeneous
patterns of connectivity across the landscape, with regions of
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both elevated and reduced effective migration (Figure 4b). In
particular, natural populations were located close to, or within,
regions of elevated effective migration, whereas urban popula-
tions were generally situated in areas of near-average effective
migration. Areas of reduced migration were spatially limited
and did not align with a clear urban-natural boundary. Together
with low genome-wide differentiation and shallow divergence
among populations, these results indicate that effective mi-
gration varies spatially across the landscape while remaining
broadly continuous.

3.4 | Genome-Wide Association Study
and Candidate Genes for Adaptation

To identify genomic variants potentially underlying phenotypic
divergence between urban and natural populations, we con-
ducted a genome-wide association study contrasting individu-
als from the two environments. The GWAS detected a total of
46 SNPs significantly related to environments (urban versus
natural, Figure 4c). The QQ plot (Figure S4) showed that the
linear mixed-effects model controlled for the false positive rate.
Among these SNPs, 32 are physically located within 21 genes
(Table 4). The largest number of outlier SNPs was on chromo-
some 3 and chromosome 4, with seven SNPs on both chromo-
somes (Figure 4c). The functional annotation implemented in
DAVID allowed us to annotate 17 out of 21 loci for adaptation
(Table 4). One of the loci is orthologous to Arabidopsis thaliana's
AT3g27390, which is functionally related to the transition from
vegetative to reproductive phase. Some of the loci were related
to stress response, such as disease resistance-like protein DSC1
and heat shock 70kDa protein BIP2-like. Enrichment analysis
conducted via DAVID showed that the 21 genes were overrep-
resented in nucleotide binding (three genes) and ATP-binding
(three genes) in terms of UniProt Knowledgebase Keywords
(Table S6). The two loci related to stress response were both in
these two categories.

4 | Discussion

The rapid expansion of urban areas has raised concerns about
the capacity of plant populations to adapt to anthropogenic en-
vironments. While numerous studies have addressed evolution-
ary responses to urbanisation, none of them addressed urban
adaptation under a metapopulation framework and how gene
flow confounds the effect of evolutionary adaptation. Our study
demonstrates that urban populations of R. raphanistrum have
evolved earlier flowering times and shorter petals compared to
nearby natural populations despite strong gene flow and low
population genetic structure.

The low pairwise Fq; observed among populations indicates
marginal genetic differentiation and high gene flow among
populations. Likewise, absolute divergence (dXY) between
populations was uniformly low, consistent with shallow diver-
gence rather than long-term isolation. High levels of genetic
variation, as reflected in nucleotide diversity further support
large effective population sizes and frequent gene exchange
among our study populations (Leffler et al. 2012). Previous
studies have suggested that low genetic variation and genetic

TABLE 4 | Functional annotations of 21 genes, where outlier SNPs
are located. The annotation was conducted via DAVID, using the
orthologous genes of Brassica napus.

Gene ID Species Gene name
106400314  Brassica napus  Uncharacterised membrane
protein At3g27390
106450554  Brassica napus Protease Do-like 9
106393567  Brassica napus Uncharacterised
LOC106393567
106426849  Brassica napus Uncharacterised
LOC106426849
106395349  Brassica napus Cysteine-rich repeat
secretory protein 9
125581425  Brassica napus Uncharacterised
LOC125581425
106407008  Brassica napus Outer mitochondrial
transmembrane
helix translocase
106367025  Brassica napus Disease resistance-
like protein DSC1
106364055  Brassica napus Uncharacterised
LOC106364055
106367042  Brassica napus Embryogenesis-associated
protein EMBS
106381363  Brassica napus  60S ribosomal protein L6-3
106353419  Brassica napus Photosystem IT 10 kDa
polypeptide, chloroplastic
106354117  Brassica napus  Trafficking protein particle
complex subunit 11
106437568  Brassica napus Heat shock 70 kDa
protein BIP2-like
111199790  Brassica napus Microtubule-associated
protein 70-2-like
106412416  Brassica napus Myosin-binding protein 7
125592403  Brassica napus Uncharacterised
LOC125592403
106400093  Brassica napus Delta-9 acyl-lipid
desaturase 1-like
106417108  Brassica napus Putative F-box
protein At3g47150
106439759  Brassica napus NEDDS ultimate
buster 1-like
106410774  Brassica napus  Glutamate-1-semialdehyde

2,1-aminomutase,
chloroplastic-like

structure among populations of R. raphanistrum may be due
to the high dispersal of the seeds (Kercher and Conner 1996;
Wasserstrom et al. 2022).
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Consistent with this interpretation, the absence of clear genetic
structure in the ADMIXTURE analysis (best K=1), combined
with the multiple inferred migration events in the TreeMix
analysis, supports the idea that our populations formed part of a
large metapopulation. As a generalist species, R. raphanistrum
is widely distributed across diverse habitats. In highly disturbed
urban environments—characterised by stressors such as sum-
mer drought and frequent mowing—Iocal extinctions are likely
common. These vacant patches are likely recolonised by indi-
viduals from nearby populations, including natural ones, help-
ing to maintain metapopulation connectivity. This dynamic is
consistent with the spatial patterns revealed by FEEMS, which
showed broadly continuous effective migration across the land-
scape, with localised regions of elevated connectivity associated
primarily with natural populations. Such spatial heterogeneity
suggests that gene flow is not uniformly distributed but instead
varies across the landscape, likely reflecting geographic or envi-
ronmental features that modulate dispersal without constituting
strong, genome-wide barriers to connectivity. The multiple weak
migration events indicated by yellow lines (Figure 4a) may there-
fore reflect gene flow mediated through unstudied intermediate
populations that facilitate silique dispersal. Additionally, polli-
nator movement across fragmented green patches might further
maintain connectivity. Importantly, the absence of extensive
regions of markedly reduced effective migration in FEEMS is
consistent with the relatively uniform nucleotide diversity ()
observed among populations, indicating that gene flow remains
sufficient to maintain genetic variation across the study area de-
spite spatial variation in effective migration.

Although high gene flow can homogenise populations and
counteract local adaptation, we still observed phenotypic diver-
gence between urban and natural populations. The selection
differentials of longer petals and earlier flowering with higher
seed number (Figure 3) indicate these phenotypic divergences
are adaptive. This suggests that environmental selection pres-
sures in urban environments are strong enough to drive adap-
tive differentiation.

The selection pressures in urban environments can stem from
altered abiotic and biotic interactions. In the Naples metropol-
itan area, summers are typically characterised by higher tem-
peratures, reduced water availability and frequent disturbances
(e.g., mowing and cutting). Populations of R. raphanistrum in
the urban areas likely evolved earlier flowering as an adaptive
response to avoid these harsh conditions (Grime 1977; Wolfe
and Tonsor 2014). Several studies on R. raphanistrum have sug-
gested that rapid flowering is an adaptive strategy against highly
disturbed environments (Ashworth et al. 2016; Charbonneau
et al. 2018; Wasserstrom et al. 2022). In agricultural fields, the
evolution of earlier flowering in R. raphanistrum has success-
fully enabled it to escape weed management and become a major
agricultural weed (Sahli et al. 2008). In particular, R. raphanis-
trum was able to advance its flowering time to avoid harvest
weed seed control, an agricultural weed management practice
that intercepts weed seeds at harvest before they enter the soil
seed bank (Somerville and Ashworth 2024; Sun et al. 2020).
Similar to agricultural habitats, urban environments impose
selection against late-flowering plants due to harsh summer
conditions and frequent mowing. The evolution of earlier
flowering in the urban populations may represent an optimal

survival strategy that mirrors the patterns observed in studies
in agricultural environments. Interestingly, R. raphanistrum
in agricultural stands, and our studied populations, harbours
high standing genetic variation and could advance its flowering
time in response to only five generations of artificial selection
(Ashworth et al. 2016). This further reinforces our hypothesis
that R. raphanistrum is capable of adapting to urban environ-
ments in only a few generations of urban life and even in the face
of gene flow from surrounding natural populations.

Studies on other flowering species demonstrated that anthropo-
genic activities could influence flowering phenology (Lambrecht
et al. 2016; Schmitz et al. 2024; Yakub and Tiffin 2017). For ex-
ample, Gorton et al. (2018) demonstrated that urban populations
of the common ragweed (Ambrosia artemisiifolia) flowered ear-
lier than natural populations in a reciprocal transplant exper-
iment. Similarly, Schmitz et al. (2024) found that Arabidopsis
thaliana populations from disturbed habitats flowered earlier
than those from less-disturbed sites. These findings align with
the idea that urban environments could potentially favour ear-
lier flowering.

Additionally, the environmental pressure in urban areas
could alter the pollinator community, modifying the direc-
tion of pollinator-mediated selection (McKinney 2006; Pickett
et al. 2001). Evidence suggests that pollinators generally prefer
larger flowers, which are linked to higher reproductive suc-
cess (Irwin et al. 2018; Stanton and Preston 1988; Young and
Stanton 1990). In the natural populations, pollinator-mediated
selection can lead to increased flower size in R. raphanistrum,
and larger flowers are typically linked to greater reproductive out-
put (Conner et al. 1996). In our study, we found that natural pop-
ulations of R. raphanistrum had significantly longer petals than
urban populations (Figure 3). This finding aligns with studies
conducted on other plant species, showing that plants in anthro-
pogenic environments tend to exhibit smaller floral traits. For in-
stance, Faure et al. (2023) found that urbanisation was negatively
correlated with flower sizes in Impatiens capensis. Similarly,
Dubois and Cheptou (2017) reported smaller capitulum diam-
eters and shorter flower stalks in fragmented urban populations
of Crepis sancta. Limited resources, such as water and nutrients,
and a decline in pollinators may relax this pollinator-mediated
selection on flower size in urban environments (Kuppler and
Kotowska 2021; Lambrecht and Dawson 2007; Panique and
Caruso 2020), leading to the observed smaller floral traits in R.
raphanistrum. A previous study found that the realised herita-
bility of flower size in R. raphanistrum was high (h?=0.49), in-
dicating substantial potential for rapid evolutionary change in
floral size (Lehtild and Brdnn 2007). Additionally, selection for
earlier flowering in urban environments may indirectly select for
shorter petal lengths and corolla diameters, as a previous study
of R. raphanistrum found a negative correlation between flower
size and the onset of flowering (Lehtild and Bridnn 2007).

Overall, our study demonstrates that there are phenotypic di-
vergences in flower size and flowering time between urban and
natural populations. These divergences are likely to be adaptive,
and there is a negative correlation between these two traits.
Despite these differences, there was no significant difference
in seed number between these populations. We may speculate
that: (1) Urban and natural populations achieved comparable
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reproductive success through an ecological trade-off: natu-
ral populations leverage larger flowers to attract pollinators,
whereas urban populations focus on earlier flowering to cope
with the challenges of urban environments and (2) R. raphanis-
trum may rely on a generalist pollination strategy, minimising
dependence on specific pollinators (Sahli et al. 2008). The sim-
ilar nectar content and composition (glucose, fructose, sucrose)
across populations supports this latter hypothesis.

Under frequent gene flow, such phenotypic divergence may not
arise from large differences in allele frequencies at single loci,
but rather through small, coordinated allele frequency shifts
across many loci—a hallmark of polygenic adaptation (Josephs
et al. 2017; Le Corre and Kremer 2012). In 2016, Ashworth
et al. conducted an artificial selection for earlier flowering in
R. raphanistrum and they observed progressive shifts in flow-
ering time over successive generations. They proposed that this
selection was driven by the polygenic accumulation of minor
alleles with incomplete dominance underlying the genetic ar-
chitecture of flowering time (Conner 1993). This interpretation
aligns with our findings that the traits under adaptation, such
as flower size (Weiss et al. 2005) and flowering time, are likely
polygenic (Dong et al. 2025; Zan and Carlborg 2019). Notably,
PCA revealed genetic divergence between urban and natural
populations, reinforcing the idea that selection—rather than de-
mographic history—may be the primary driver of the observed
divergences. Overall, our findings highlight that urbanisation
can promote adaptive phenotypic divergence even in the pres-
ence of substantial gene flow, particularly when traits under se-
lection are polygenic.

The GWAS offered further insights into potential genes under
evolutionary adaptation in R. raphanistrum. One notable can-
didate gene, At3g27390, is involved in transforming a vegeta-
tive meristem into a reproductive meristem (Swarbreck et al.
2008; The Arabidopsis Information Resource (TAIR) 2023).
In a recent genotype by environment analysis conducted on
related Brassica incana in the same geographic area, Frachon
et al. (2023) found that the same gene At3g27390 was associated
with local adaptation to hoverflies, likely to adjust phenological
synchronisation between plants and pollinators. Although our
experimental design did not allow us to test for it, this finding
suggested that biotic interactions might have played a role in
shaping earlier flowering. Enrichment analysis shows that the
21 genes are overrepresented in the functional annotation clus-
ters: nucleotide binding and ATP-binding in terms of UniProt
Knowledgebase Keywords. Both of these clusters have three
genes: disease resistance-like protein DSC1, heat shock 70kDa
protein BIP2-like (LOC106437568), and outer mitochondrial
transmembrane helix translocase. These genes are integral to
plant response to stress and could imply a footprint of evolution-
ary response to deal with stress in urban environments.

4.1 | Limitations and Potential Caveats

While our study integrates phenotypic, fitness and genomic data
to investigate urban adaptation in Raphanus raphanistrum, sev-
eral limitations should be considered when interpreting the re-
sults. First, the GWAS was conducted with a limited sample size

(50 individuals), which constrains statistical power to detect loci
of small effects, particularly for complex and polygenic traits.
Consequently, the result should be regarded as hypothesis-
generating rather than definitive evidence of causal variants.
This limitation is expected given that adaptation to contrasting
environments such as urban and natural habitats is likely to
involve many traits and pathways, producing diffuse genomic
signals. Larger sample sizes and replication across independent
systems will be necessary to robustly characterise the genomic
basis of urban adaptation. Second, selection analyses were per-
formed in a common garden, and therefore quantify associations
between trait variation and reproductive output under con-
trolled conditions rather than measuring ongoing selection in
natural populations. These analyses capture evolved differences
in trait-fitness relationships among populations, but do not re-
flect the full spatial and temporal complexity of selection acting
in the wild. Finally, although we document divergence in flow-
ering time and floral traits, these traits should not be interpreted
as proxies for genome-wide genetic divergence. Consistent with
this, population-genetic analyses reveal weak structure and
extensive gene flow. Our conclusions therefore concern trait-
specific adaptive divergence maintained despite genome-wide
connectivity, rather than broad genetic differentiation.

Overall, our findings highlight how urbanisation has influ-
enced the adaptive patterns of R. raphanistrum populations.
Despite high gene flow between populations, divergent selec-
tion seems to maintain adaptive differences in flowering time
and floral traits. Our findings lay the groundwork for testing
parallel evolution in urban habitats and examining whether
similar patterns appear in other natural-urban contexts.
However, our understanding of whether local adaptation oc-
curred remains limited. Future research should include recip-
rocal transplant experiments to explicitly test local adaptation
and expand the geographic scope to evaluate the generality of
these findings. Integrating gene flow into these frameworks
will be essential for uncovering the evolutionary trajectories
in human-dominated landscapes.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: The geographical locations
of the studied populations. Blue dots indicate the natural populations
where the impervious surfaces are less than 25% whereas red dots in-
dicate the urban populations where the impervious surfaces are more
than 75%. Population PALE is located outside the mapped area. The
coordinates of the population are (41.8150287; 14.5188085). Figure S2:
The PCA plot from the SNPs of four urban and four natural popula-
tions. Each colour represents different populations (A ANNU A MSCO
A GOCA ® CATT ® CARR ® SOCC ® TECH ® VARG). PC1
accounts for 14.26% and PC2 accounts for 12.31% of the total variance.
Figure S3: Concentrations of nectar sugars in Raphanus raphanis-
trum from the common garden experiment: (a) glucose, (b) fructose
and (c) sucrose. Green indicates populations originating from natural
environments; orange indicates populations from urban environments.
Figure S4: The Q-Q plot of p values from the GWAS. The x-axis indi-
cates the expected —log10(P) values and the y-axis indicates the empir-
ical —1og10(P) from the GWAS. Table S1: Field site information of 12
source populations from which Raphanus raphanistrum were collected
and their sample sizes (V) used in the common garden experiment.
Table S2:. Pairwise correlations among the six studied traits mea-
sured in the common garden experiment. Values represent Spearman'’s
rank correlation coefficients. Correlations were calculated using pair-
wise complete observations. Table S3: Pairwise F,, of the seven stud-
ied populations. Table S4: Pairwise absolute divergence (dXY) of the
seven studied populations. Table S5: Nucleotide diversity of the seven
studied populations. Table S6: Significant annotation terms identified
by DAVID functional enrichment analysis. Each row lists an annota-
tion cluster, the associated enriched term, the corresponding p value
and the gene names annotated with that term. Terms shown are from
the UniProt Keyword (UP_KW) category. Only terms with p <0.05 are
shown.
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