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Supplementary Information for: Urbanization drives the evolution of parallel clines 

in plant populations. 
 

Supplementary Figures 

 
 
Fig. S1. Map showing the location and cyanogenesis frequency of populations sampled in 

Toronto along transects that extended west (pink and black circles, n = 44), north (yellow 

and black circles, n = 43) and east (green and black circles, n = 34) of the city centre 

(total n = 121). The proportion of black colouration in pie charts reflects the frequency of 

cyanogenesis in that population. Pie chart locations are jittered to avoid overlap. We 

defined the urban centre of Toronto as Yonge-Dundas Square (43.6561, -79.3803) 

indicated by the star symbol. The image is from the Landsat 8 satellite and was captured 

on 31 May 2014.  
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Fig. S2. Regression of HCN frequency in natural populations of Trifolium repens along 

rural-urban transects extending: (A) west (n plants = 856, n populations = 44) (slope ± 1 

S.E. = 0.75 ± 0.14% km-1; F1, 42 = 28.42, P < 0.01), (B) north (n plants = 843, n 

populations = 43) (slope ± 1 S.E. = 0.65 ± 0.22% km-1; F1, 41 = 8.66, P < 0.01), and (C) 

east (n plants = 680; n populations = 34) (slope ± 1 S.E. = 0.75 ± 0.26% km-1; F1, 32 = 

8.01, P < 0.01), of downtown Toronto, Canada. Cyanogenesis increased with increasing 

distance from the urban centre along each transect. Statistics were calculated using linear 

regression.  
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Fig. S3. The frequency of functional alleles at: (A) CYP79D15 (Ac) (slope ± 1 S.E. = 

0.71 ± 0.17% km-1; F1, 59 = 17.86, P < 0.01) and (B) Li (slope ± 1 S.E. = 0.71 ± 0.19% km-

1; F1, 59 = 14.09, P < 0.01) increase toward the rural areas outside of Toronto. The 

dominant allele Ac encodes the primary step in cyanogenic glycoside biosynthesis, and 

the dominant allele at Li encodes the enzyme, linamarase. Data are pooled across all three 

transects. These results are consistent with the hypothesis that the epistatic interaction of 

the two loci (i.e., cyanogenesis) is responsible for urban-rural cyanogenesis clines, rather 

than either gene individually or linked genes. When only acyanogenic plants are 

considered, there is a weaker relationship between the frequencies of functional alleles at 

(C) Ac (slope ± 1 S.E. = 0.52 ± 0.23% km-1; F1, 59 = 4.88, P = 0.03) and (D) Li (slope ± 1 

S.E. = 0.43 ± 0.20% km-1; F1, 59 = 4.51, P = 0.04). Statistics were calculated using linear 

regression.  
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Fig. S4. Map depicting the location and HCN frequency in populations sampled in New 

York City, USA (n = 48). The proportion of black colouration in pie charts reflects the 

frequency of HCN in that population. Pie chart locations were jittered to avoid overlap. 

We defined the urban centre of New York in northern Central Park (40.7921, -73.9580), 

indicated by the star symbol. The image is from the Landsat 5 satellite and was captured 

on 22 September 2010.  
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Fig. S5. Map depicting the location and HCN frequency in populations sampled in 

Boston, USA (n = 44). The proportion of black colouration in pie charts reflects the 

frequency of HCN in that population. Pie chart locations were jittered to avoid overlap. 

We defined the urban centre of Boston as Boston Common (42.3547, -71.0665), 

indicated by the star symbol. The image is from the Landsat 8 satellite and was captured 

on 24 May 2015.
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Fig. S6. Map depicting the location and HCN frequency in populations sampled in 

Montreal, Canada (n = 49). The proportion of black colouration in pie charts reflects the 

frequency of HCN in that population. Pie chart locations were jittered to avoid overlap. 

We defined the urban centre of Montreal as the intersection of Boulevard Robert-

Bourassa and Boulevard René-Lévesque Ouest (45.5020, -73.5672), indicated by the star 

symbol. The image is from the Landsat 8 satellite and was captured on 18 September 

2015.   
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Fig. S7. Map showing the location of experimental white clover populations in our field 

experiment in the Greater Toronto Area during summer 2015 (n = 38). The two 

populations that were destroyed during the first month of the experiment are not shown. 

The image is from the Landsat 8 satellite and was captured on 31 May 2014. The star 

symbol represents the city centre, as in Fig. S1. 
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Fig. S8. Map showing the locations of iButton temperature probes that were dispatched 

across the Greater Toronto Area during winter 2015 (n = 20). iButtons recorded ground 

temperature measurements every hour from 28 Jan to 27 Mar 2015. The image is from 

the Landsat 8 satellite and was captured on 31 May 2014. The star symbol represents the 

city centre, as in Fig. S1. 
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Fig. S9. Representative images of: (A) positive and (B) negative relationships between 

minimum temperature from iButtons versus distance from the urban centre of Toronto. 

The ‘relative urban coldness’ index values for the left and right panels are 0.081 and –

0.034, respectively, which is equivalent to the slope of the regression lines. When the 

index is positive, temperatures are colder in the city than outside of the city (the winter 

urban cold island effect) and when the index is negative, temperatures are warmer inside 

the city than outside of the city (the urban heat island effect). Minimum temperature 

values were taken from iButton temperature probe data. The data in panel (A) were 

captured on 4 March 2015, and the data in panel (B) were captured on 26 March 2015. 

Statistics were calculated using linear regression.  
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Fig. S10. We observed selection on cyanogenesis during the field experiment in summer 

2015. (A) Relative to acyanogenic plants, cyanogenic plants had higher final biomass 

within populations in urban areas and lower final biomass in non-urban areas. We 

interpreted this result as evidence of natural selection for cyanogenesis in the urban 

populations during summer. This result contrasts with the results from our natural 

population surveys. Whereas we observed selection operating through final biomass, (B) 

there was no selection on cyanogenesis via maternal fitness (seed mass) across the 

urbanization gradient. Statistics were calculated using linear regression.  
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Supplementary Text 

Supplementary text S1: Study System 

Trifolium repens L. (Fabaceae), white clover, is a globally distributed perennial plant 

common to lawns and disturbed areas. Native to Eurasia, white clover has spread globally 

because of human introduction as a nitrogen-fixing pasture crop and soil stabilizer [1]. 

Self-fertilization is rare in T. repens due to a gametophytic self-incompatibility system 

[2]. While individual plants produce many seeds, seed recruitment in wild populations is 

not common [3]. White clover is highly clonal, and produces trailing stolons that root at 

the nodes [4]. 
In wild populations of white clover, some plants produce hydrogen cyanide 

(HCN)—a general toxin that inhibits enzymes containing heavy metals, including 

cytochromes in the electron transport chain [5,6]. The cyanogenesis polymorphism in T. 

repens has been studied for over a century [7,8] and is regulated by alleles at two 

independently segregating diallelic loci—CYP79D15 and Li. CYP79D15 (hereafter Ac) 

regulates the initial step of cyanogenic glycoside biosynthesis, and Li encodes the 

enzyme linamarase [9,10]. Cyanogenic glycosides (linamarin and lotaustralin) are stored 

in vacuoles [11], and linamarase is stored in the cell wall [12]. Following tissue 

disruption, these two components are brought into contact to release free HCN. A single 

copy of the dominant allele at both loci (Ac and Li) is required for a plant to produce 

HCN (cyanotype AcLi). Plants without one or both dominant alleles are acyanogenic 

(cyanotypes Acli, acLi, and acli). Dominant alleles confer the presence of the 

corresponding nucleotide sequence, and recessive alleles confer the compete absence of 

the genes due to complete deletions at Ac and Li [13].  

Early work examining the distribution of cyanogenesis in wild populations of T. 

repens found that cyanogenesis decreases in frequency toward high latitudes [14] and 

elevations [15]. Many authors have since reported similar patterns [16–27], and several 

have explored their mechanistic basis. In warm climates, cyanogenic plants are 

hypothesized to outperform acyanogenic plants because of increased herbivore pressure 

and aridity. In addition to the present study, several studies have shown that cyanogenic 

plants are less damaged by herbivores than acyanogenic plants [28–34], but the evidence 

for differential tolerance to aridity is mixed [35,36].  
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Cold winter climates are hypothesized to select against cyanogenesis because 

cyanogenic plants experience self-toxicity when free HCN is released following freezing-

induced tissue damage [37–39]. Several studies have shown that cyanogenic T. repens 

plants are more damaged by freezing temperatures than acyanogenic plants [40–43], and 

artificial selection for frost hardiness in T. repens causes selection against cyanogenesis 

[44]. Perhaps to avoid frost damage, T. repens decreases the production of cyanogenesis 

components when temperatures drop below 8°C [45]. Physiological studies in Lotus 

corniculatus, another legume with a cyanogenesis polymorphism, demonstrated that 

cyanogenesis irreversibly inhibits leaf respiration following exposure to freezing 

temperatures [25]. Additional studies have found that freezing causes HCN release in live 

tissue, and that highly cyanogenic plants across multiple species have reduced freezing 

tolerance [46–48]. 

 

Supplementary text S2: Opposing natural selection on cyanogenesis across seasons 

We observed significant natural selection favouring cyanogenesis in cities during the 

summer (β = −1.5 × 10-3 ± 5.6 × 10-4, F1, 36 = 7.24, P = 0.01) (Fig. S10A). Relative to 

acyanogenic plants, the final biomass of cyanogenic plants was larger in urban 

populations and smaller in non-urban populations. This pattern only held for AcLi 

genotypes; relative fitness did not change across an urbanization gradient for Acli (β = 

1.0 × 10-4 ± 1.4 × 10-2, F1, 36 = 0.005, P = 0.94) or acLi (β = 6.1 × 10-4 ± 1.3 × 10-3, F1, 36 = 

0.22, P = 0.64) genotypes, indicating that the cyanogenic phenotype per se is responsible 

for the pattern. This observation is consistent with our original prediction that 

cyanogenesis would be favoured in cities. Recent experimental studies have linked 

cyanogenesis with tolerance to dry soils and hypothesize that water stress may be 

partially responsible for the evolution of clines in cyanogenesis [35]. While we did not 

quantify soil moisture during our experiment, urban populations may have experienced 

increased water stress because of warmer temperatures and increased impervious surface 

cover [49]. One possible problem with this hypothesis is that previous studies have linked 

dominant alleles at CYP79D15 to water stress tolerance [35], but we did not find a fitness 

advantage of Acli genotypes. We note that selection was only acting through final 

biomass, and not lifetime biomass or sexual fitness (Fig. S10B).  
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Supplementary text S3: Alternative explanations for cyanogenesis clines along 

urbanization gradients 

S3.1—Mowing and fertilization experiment 

S3.1-1—Experimental design 

Urbanization can be associated with clines in human activities such as lawnmower use 

and fertilizer application, both of which have the potential to differentially affect 

cyanogenic and acyanogenic plants. We tested whether a differential response to mowing 

and fertilizer could explain the observed urban-rural cyanogenesis clines using a growth 

chamber experiment. We took four stolon cuttings from each of 89 plants for a total of 

356 plants. Cyanotypes of these 89 plants were: 35 AcLi, 20 Acli, 14 acLi, and 20 acli. 

Cyanotypes were determined as in the field experiment described above. All plants were 

grown from seed collected from different genotypes in the experiment described by 

Thompson and Johnson (2016). All cuttings weighed between 0.5 g and 0.8 g. We 

replaced cuttings that did not survive transplanting within the first four days of the 

experiment. Two plants died after this period and thus our final analysis consisted of 354 

plants. Cuttings were propagated into 500 mL pots (STD0400, ITML, Brantford, ON) 

filled with soil (Sunshine Mix #2, Sun Gro Horticulture, Agawam, USA). Pots were 

randomized into a growth chamber with day:night temperatures of 25:22 °C, with 16 

hours of 500 μmol/m2/s light. All pots were contained in small plastic cups to prevent 

mixing of water between pots, which were held in solid plastic trays.  

We applied damage and fertilization treatments in a 2 × 2 fully factorial design. 

The damage treatment consisted of undamaged control plants and plants that were 

damaged in a manner that simulated lawnmower damage on lawns. We housed plants 

beneath a wooden plank with a hole in the centre that was level with the upper rim of the 

pots, and removed all tissue that was greater than 1.5 cm above the upper rim of pots. 

Damage treatments were applied three times, on the 20th, 30th, and 40th day of the 

experiment. Our fertilizer treatment included control plants (no fertilizer) and fertilized 

plants, which received 1.5 g of slow-release fertilizer at the beginning of the experiment 

(Nutricote Total 13-13-13 With Minor Nutrients, Florikan, Sarasota, FL). The experiment 
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was terminated on day 58, at which time we harvested the aboveground biomass, dried 

the tissue for 72 hr at 60 °C and then weighed the tissue to the nearest 0.1 g.  

The ability for plants to regrow following damage represents an estimate of 

tolerance. Because of issues with interpreting tolerance estimates when multiplicative and 

additive data are used [50], we conducted our analysis using log-transformed data 

because the amount of tissue removed was related to the size of plants. Our conclusions 

about whether HCN influences tolerance do not change if untransformed data are used. 

 

S3.1-2—Statistical analysis 

Because damage and fertilization treatments influenced plant biomass to very different 

degrees, we analyzed the main effects of each in a mixed-effects one-way ANOVA with 

one treatment as a fixed categorical variable, and genotype and the other treatment as 

random effects. We used a mixed-effects three-way ANOVA to analyze whether 

cyanogenesis influenced the response to damage or fertilization. Our full statistical model 

was: 

 

W = intercept + damage + fertilization + HCN + damage × fertilization + damage × 

HCN + fertilization × HCN + damage × fertilization × HCN + genotype + error 

 

where W is the log-transformed fitness component (final vegetative biomass or lifetime 

floral biomass), damage and fertilization were factors representing experimental 

treatments, HCN is the presence (cyanogenic) or absence (acyanogenic) of HCN, and 

genotype was a categorical random effect. 

 

S3.1-3—Results 

Mowing and fertilization both had significant effects on fitness components. In univariate 

mixed-effects models, damaged plants had approximately 20% lower final vegetative 

biomass (F1, 264 = 64, P < 0.01) and produced 20% less lifetime sexual biomass than 

undamaged plants (F1, 264 = 36, P < 0.01). Similarly, unfertilized plants had approximately 

52% lower final vegetative biomass (F1, 264 = 692, P < 0.01) and produced 72% less 

lifetime sexual biomass (F1, 264 = 995, P < 0.01) than fertilized plants. There was no 
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difference in vegetative biomass between cyanogenic and acyanogenic plants (P > 0.5), 

but acyanogenic plants produced 18% more sexual biomass than cyanogenic plants (F1, 87 

= 5.06, P = 0.03).  

Cyanogenesis and fertilization did not influence the ability of plants to tolerate 

simulated mowing treatments (all interactions: P > 0.20), and cyanogenesis did not 

influence plant response to fertilization (P = 0.73). That is, cyanogenesis did not 

influence plant fitness in response to any treatment or treatment combination. We 

conclude that differential tolerance to mowing and/or fertilization does not cause clines in 

cyanogenesis along urbanization gradients. 

 

S3.2.2—Salinity and clines in cyanogenesis 

Recent studies have shown that soil salinity can upregulate HCN production in T. repens 

[51]. Several additional studies have shown that soil salinity is higher in urban areas 

relative to non-urban areas [52]. Given that highly cyanogenic plants are the most 

susceptible to freezing damage [53], urban plants may be more highly damaged from 

freezing than non-urban plants because of higher HCN concentration in their tissue. This 

would be exaggerated under a winter urban cold island scenario. The link between soil 

salinity, cyanogenesis, and freezing tolerance in T. repens requires further investigation. 

 

S3.2.3—Aridity and cyanogenesis clines 

Clines in cyanogenesis are often associated with aridity, with higher frequencies of 

cyanogenic plants in arid habitats [17]. Arid soils are often associated with urban 

environments [49], and so if aridity was responsible for cyanogenesis clines then we 

expect cyanogenesis to be most frequent in cities. While our field experiment is 

consistent with natural selection favouring cyanogenesis in the summer in urban habitats 

(Fig. S10A), if aridity were the primary driver of cyanogenesis cline evolution, the clines 

would likely be in the opposite direction than we observed (i.e., higher frequency of 

cyanogenesis in urban environments). Given that this is not the case we conclude that 

aridity is unlikely to explain the observed clines. 
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