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Abstract 

False cleavers (Galium spurium L.) is an aggressive weed from the Rubiaceae. Here we 

assemble a chromosome scale draft of its genome, laying the foundations for determining the 

genetic basis of auxinic herbicide resistance and for systematic research into its polyphyletic 

genus. We use the genome to examine the population genetics in material from the Canadian 

Prairies and, in concert with a common greenhouse experiment, to examine whether the 

phenotypic variation observed in the field results primarily from genetic or environmental 

factors. The genome assembly covers approximately 85% of G. spurium’s expected 360Mbp 

genome size with 94% of BUSCO genes complete and most single copy (89%). Approximately 

37% of the genome is repetitive elements and 35,540 genes were annotated using RNA-Seq data, 

including 100 homologs for genes involved or, potentially involved in, herbicide resistance. The 

genome shows strong synteny with other members of the Rubiaceae including smooth bedstraw 

(Cruciata laevipes Opiz) and robusta coffee [Coffea canephora (Pierre ex Froehner]. Double 

digested RADseq data for the 19 populations from the Canadian Prairies indicated that G. 

spurium has high levels of population structure (FST = 0.54) and inbreeding (FIS =0.86) with low 

levels of hetrozygosity (HO = 0.02) and nucleotide diversity (π = 0.0003). Variation in flowering 

time and seed weight largely overlapped among populations grown in the greenhouse. A 

redundancy analysis investigating genotype-phenotype associations showed few associations 

between SNP variation and these characteristics. In contrast, the majority of SNPs under 

selection were associated with mericarp hook density. This suggests that for most traits, 

environmental variation rather than genetic variation likely underlies phenotypic differences 

observed in the field. Several genes of interest including several homologs involved in the 

assembly of the Skp1-Culliun-F-Box IR1/AFB E3 ubiquitin ligase complex (e.g. CAND1, 

ECR1) are located in areas of the genome with evidence of selection and are targets for further 

investigation. 

Key words: Galium, Rubiaceae, Weed Genome, ddRAD tags, Population Genetics, Auxin 

Resistance, False Cleavers  
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Introduction 

The Rubiaceae is the fourth largest plant family and contains several economically 

important crop plants – including one essential for scientific research – coffee (Coffea arabica 

L.). Galium is the largest and widest spread genus within the tribe Rubieae with 600-700 species 

and a cosmopolitan distribution that primarily centers on temperate regions (Chen and 

Ehrendorfer 2001; Soza and Olmstead 2010). Although Galium species have been used as a 

coffee substitute (Turner and Szczawinski 1978), the main economic impact of the genus is as 

weeds, with 18 listed by Holm as weeds in jurisdictions around the world (Holm et al. 1991). 

A particularly problematic species is false cleavers (Galium spurium L.) (2n = 20, 2C = 

0.75 pg, 370 Mb), which can cause significant crop losses in cereals, canola (Brassica napus L.), 

and sugar beet (Beta vulgaris L.) (Malik and Vanden Born 1988). The large variability of G. 

spurium has resulted in many synonyms and misidentifications with other taxa of Galium and, 

adding to confusion and likely to morphological diversity, the species is considered to be a 

parental linage within the polymorphic polyploid complex with Galium aparine L. (Chen and 

Ehrendorfer 2001). This occasionally results in G. spurium not being recognized in keys for the 

genus, which exacerbates difficulties in distinguishing the species by limiting the number of 

locally relevant keys providing for this separation (Gleason and Cronquist 1991; Looman and 

Best 1979; Voss and Reznicek 2012). Differentiation of Galium species based on incompletely 

represented morphology can be extremely difficult. However, G. aparine is found in temperate 

zones around the world and at higher elevations in the tropics, often in non-agricultural settings 

such as moist deciduous woods. Galium spurium has a similarly broad distribution, but typically 

occurs in sunnier, more open and disturbed environments such as fence rows, roadsides, and 

waste grounds. It is considered to be the weedier and more aggressive of the two species (Malik 

and Vanden Born 1988). As the species climbs and then grows over top of crop species, it can 

cause lodging and difficulties with harvest while lowering yield. The similar seed size and shape 

also make it a serious contaminant of canola (Hall et al. 1998). The abundance of the species has 

rapidly increased across the Canadian Prairies since the 1970s and it is now one of the top 10 

most abundant weeds (Leeson et al. 2005). 

The evolution of herbicide resistance has added complications to the control of G. 

spurium with resistance to acetolactate synthesis inhibitors (ALS) and synthetic auxins such as 
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quinclorac reported (Beckie et al. 2012; Hall et al. 1998; Heap 2023). The genetic basis of ALS 

resistance is a point mutation at the target site. However, while the genetic basis of quinclorac 

resistance has been shown to be controlled by a locus distinct from the ALS point mutation and 

to be a single, recessive nuclear trait in material from Alberta, the locus involved has not yet 

been identified (Van Eerd 2004; Van Eerd et al. 2004). The spread of ALS resistance has been 

documented in the Canadian Prairie herbicide resistance surveys since 2007 (Beckie et al. 2013) 

but, the spread and extent of the auxin resistant biotype is currently unknown. 

Here we assemble a chromosome level draft for the genome of Galium spurium and 

situate it in its evolutionary context by comparing its genome structure to that of its nearest 

relatives with available chromosome level genome assemblies: smooth bedstraw (Cruciata 

laevipes Opiz), blue field madder (Sherardia arvensis L.), baby lilac shrub (Leptodermis oblonga 

Bunge) and robusta coffee (Coffea canephora Pierre ex A. Froehner). We then use the genome to 

facilitate investigation of the species’ population biology. Specifically, we examine the diversity 

and structure of 19 populations collected from Alberta and Saskatchewan, Canada using reduced 

genome representation (ddRADtags) (Peterson et al. 2012). We complement this genetic analysis 

with data from a common garden experiment conducted in the greenhouse to examine whether 

phenotypic variation observed in the field is the result of genetic or environmental variation. 

Finally, we examine homologs of genes known or suspected to be involved in the evolution of 

herbicide resistance and examine their proximity to SNPs showing evidence of selection. This 

work provides insights into the population genetics and genomics of this tenacious weed species 

while providing a foundation for future work examining the genetic basis of herbicide resistance 

and, more broadly, into the systematics of this complicated, currently polyphyletic, genus (Yang 

et al. 2018). 

Methods 

Plant Material and Phenotypic Measurements 

Seed was collected in bulk from 19 locations, 11 in Alberta, Canada and 8 from 

Saskatchewan, Canada (Figure 1) and sent to the Ottawa Research and Development Centre in 

Ottawa, Ontario, Canada for growth and analysis. While initial plans were to use a random ‘W’ 

sample across fields selected for collection, drought conditions in the year of collection severely 

limited the availability of cleavers populations. As a result, the cleavers populations were 
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collected in bulk with no set protocol, aside from collecting enough seed from the population at 

each location to allow conductance of various planned experiments with the material. A voucher 

for the individual sequenced to chromosome level is available in DAO with the bar code: 01-

01667380. The map of locations was produced in R (R Core Team 2021) (v. 4.1.1 “Kick 

Things”) using the packages: maps (Brownrigg et al. 2022), rnaturalearth (South 2017), sf 

(Pebesma 2018), tidyverse (Wickham et al. 2019), and units (Pebesma et al. 2016). 

Seeds were sown into Promix soil (soil, peat, and sand; 1:2:1; Promix, Rivière-du-Loup, 

Québec, Canada) in 10 cm diameter pots and placed in the greenhouse with day and night 

temperatures set to 20°C days and 18°C nights and a 16-hour light cycle. In the first experiment 

germination rates were tested, with twenty seeds per population placed on potting soil, covered 

lightly, and then scored for emergence weekly for one month. In the second experiment, a 

common garden experiment, 19-22 plants per population were grown and randomly assigned a 

location in the greenhouse and were re-randomized two weeks after planting, but were too large 

at four weeks for an additional round of randomization. These plants were grown in a common 

environment to evaluate their morphological and phenotypic characteristics while minimizing the 

effect of environmental variation. Plant height was measured using a measuring tape each week 

for three weeks starting when the first plants began flowering until the majority of the plants 

were too large and had to be folded over and tied to stakes. Plant height was measured from the 

soil surface to the most distal end of the longest branch. Flowering status was evaluated in three 

categories – 1) vegetative, 2) flowering but no seeds, and 3) seeds forming, and was recorded 

weekly for the three weeks over the same period. Flower and seed size were measured using a 

dissecting scope and digital calipers for three flowers or seeds of each of three individuals from 

each population. Plants were harvested after flowering by clipping the stems at the soil surface 

and placing them in a large paper bag. These bags were then placed in a drying oven at 30°C for 

7 days prior to weighing until seed cleaning to keep the material dry. Total plant (Ohaus Voyager 

Pro Precision, Parsippany, NJ, U.S.) and total seed weight (Mettler-Toledo AT200, Columbus, 

OH, U.S.) as well as three replicates of 100 seed weight were measured. The total seed weight 

and average 100 seed weight were used to estimate seed production, unless fewer than 300 seeds 

were produced. In these cases, the seed were counted exactly. Seed trichome density was scored 

using a dissecting scope as naked, slightly hooked or very hooked (Figure 2). 
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Flow cytometry was conducted to verify the DNA content of each individual included in 

the greenhouse experiment analysis according to the procedure followed in the Martin 

Laboratory (Martin et al. 2017) except that individuals were quickly screened with a single run. 

Radish was used as the internal standard. The flowPloidy package (Smith et al. 2018) in R was 

used to analyze data from the flow cytometer. 

Statistical Analyses of Phenotypic Data 

 The statistical analysis of phenotypic data was conducted with R. Specifically, 

phenotypic data were evaluated following box-cox transformation from the MASS package 

(Venables and Ripley 2002) using one-way analyses with the function oneway.test which uses 

Welch test’s that do not assume equal variances across populations as fixed variable followed by 

Tukey’s post-hoc test. The proportions of plants germinating, flowering, or with seed at different 

time points were analyzed with Pearson’s chi-squared test for binary variables (chisq.bintest) 

with a Benjamini & Hochberg correction for the p-values to control family-wise error rates from 

the package RVAideMemoire (Hervé 2022). Exploration of the data and analyses were aided by 

functions in the car package (Fox and Weisberg 2019). Confidence intervals for proportions were 

estimated using the score method (Newcombe 1998). The function mulcompLetters from the 

multcompView package (Graves et al. 2019) was used to simplify the results of post-hoc pair 

wise comparisons for plotting. Additionally, functions from Hmisc (Harrell 2022) and plotrix 

(Lemon 2006) were used for visualization. 

DNA and RNA Sampling and Sequencing 

One individual was chosen for genome assembly and leaf tissue was collected on dry ice 

before extraction using the protocol published by Workman et al. (2018). High Molecular 

Weight DNA was extracted, following kit directions, using a Nanobind Plant Nuclei Big DNA 

kit (Circulomics Inc., Baltimore, MD, U.S.) followed by a Short Read Eliminator Kit 

(Circulomics Inc., Baltimore, MD, U.S.). DNA was first quantified with an Invitrogen™ Qubit™ 

(Thermo Scientific™, Waltham, MA, U.S.) using the dsDNA HS (High Sensitivity) assay 

according to manufacturer’s instructions. Following quantification, DNA was then assessed for 

quality (impurities and fragment size) using a DropSense (Trinean, Pleasanton, CA, USA) and 

the Agilent TapeStation 4200 (Agilent., Santa Clara, CA, U.S.) on the Genomic DNA 

Screentape. Sequencing was completed using 4 Flow Cells on the Oxford Nanopore Technology 
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MinION system (ONT; Oxford Nanopore Technologies, Oxford Science Park, UK). DNA was 

also sent to Genome Quebec for sequencing of Illumina 150bp paired-end reads. 

To facilitate annotation of the genome, RNA was extracted from rosette leaves. Tissue 

was first flash frozen in liquid Nitrogen and stored at -80˚C until ready for extraction. RNA 

extraction was performed on 50mg of rosette tissue using the Qiagen RNeasy Plant Mini Kit 

(Qiagen, Germantown, MD, U.S.) according to manufacturer’s instructions, adding an extra 

wash step to ensure a thorough flushing of the column. RNA was first quantified using a 

NanoDrop™ One (Thermo Scientific™, Waltham, MA U.S.), then assessed for quality using a 

DropSense (Trinean, Pleasanton, CA, U.S.) and the Agilent TapeStation 4200 (Agilent, Santa 

Clara, CA, U.S.) on the RNA Screentape following manufacturer’s instructions. After ensuring 

they met the required parameters for sequencing, three RNA samples were sent to BGI (BGI, 

San Jose, CA, U.S.) for mRNA library preparation and sequencing of 24 million 150 bp paired-

ends per sample. 

DNA was extracted using NucleoSpin-96 Plant II kit (Macherey-Nagel, Germany 

(supplied by D-Mark Biosciences) for all individuals grown in greenhouse experiment and sent 

to the University of Laval for ddRAD tag library creation and to Genome Quebec for sequencing 

(Peterson et al. 2012). 

Packages in R were then used to analyze or visualize the data including functions from 

ape (Paradis and Schliep 2019), apex (Schliep et al. 2020), Biostrings (Pagès et al. 2021), 

geosphere (Hijmans 2022), ggplot2 (Wickham 2016), graph4lg (Savary et al. 2020), IRanges 

(Lawrence et al. 2013), msa (Bodenhofer et al. 2015), phangorn (Schliep 2011), plyr (Wickham 

et al. 2022), Rsamtools (Morgan et al. 2021), seqinr (Charif and Lobry 2007) and stringr 

(Wickham 2022). 

Genome Assembly and Annotation 

 Long read ONT data (116X coverage) was called with Guppy (v 5.0) and assembled 

using CANU (v2.2) (Koren et al. 2017). Contigs that represented the chloroplast were removed 

based on identity scores and length from Mummer (v 4.0) (Marçais et al. 2018). The remaining 

contigs were checked to determine if they represented contaminates using Blobtools (v 1.1.1) 

(Laetsch and Blaxter 2017). However, no appreciable contamination was detected. This 

assembly was then polished three times using the Illumina data (113X coverage) using Pilon 
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(v1.23) (Walker et al. 2014) after alignment using bwa (0.7.17) (Li and Durbin 2009). The 

polished assembly was scaffolded into a chromosome level assembly by Phase Genomics 

(Seattle, WA, U.S.) using chromosomal conformation data (HiC) after processing DNA with a 

Proximo Hi-C 2.0 Kit in the Martin Laboratory using their propriety pipeline. Mummer and the 

Whole-Genome Duplication Integrated analysis tool kit (WGDI v 0.6.1) (Sun et al. 2022) were 

used to compare G. spurium’s genome to that of C. laevipes (GCA_963678965.1), S. arvensis 

(GCA_948330725.1), L. oblonga (Guo et al. 2021), C. canephora (AUK_PRJEB4211_v1) and 

Asclepias syriaca L. (GCA_027405835.1). The genome assembly of G. spurium was assessed 

using QUAST v5.1.0rc1 (Gurevich et al. 2013), BUSCO (5.4.2 - with the embryophyte_odb10 

dataset of 2192 genes) (Simao et al. 2015), and Samtools v1.9 (Li et al. 2009). MCScanx (Wang 

et al. 2012) was used to produce files for analysis with WGDI. The genome assembly is available 

on NCBI (bioproject PRJNA1143567), on the International Weed Genomics Consortium online 

database WeedPedia (https://www.weedgenomics.org/species/galium-spurium/), and from the 

corresponding author on reasonable request. 

RNA sequence data was trimmed, cleaned and filtered using SOAPnuke (v2.1.5) (Chen 

et al. 2018) and aligned to the genome using HISAT2 (v2.2.1) (Kim et al. 2019). Ninety-nine 

percent of the 72 million read pairs mapped to the genome. RepeatModeler (v2.0.3) (Smit and 

Hubley 2008-2015) and RepeatMasker (v4.1.2.p1) (Smit et al. 2013-2010) were used to generate 

a masked version of the genome. The BRAKER pipeline (v 1.9) (Brůna et al. 2021; Hoff et al. 

2019) was used to produce annotations based on this masked genome and the hints files 

generated by HISAT2. This pipeline relied on AUGUSTUS (Stanke et al. 2008), GeneMark-ET 

(Lomsadze et al. 2014), and Samtools. This procedure was also followed to add annotations to 

the genome of L. oblonga using RNA-seq data downloaded from the National Center for 

Biotechnology Information’s Sequence Read Archive (SRR9839476) to allow comparative 

analysis with G. spurium using WGDI and GENESPACE (Lovell 2023; Lovell et al. 2022). 

GENESPACE uses other tools including OrthoFinder (Emms and Kelly 2018; Emms and Kelly 

2019), which constructed the phylogeny of the species included here using the STAG method. 

Following masking, AUGUSTUS was used to annotate the genomes of C. laevipes, S. arvensis 

and common milkweed (Asclepias syriaca L.) with tomato (Solanum lycopersicum L.) as the 

model. 
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Repetitive DNA was annotated using the Extensive de novo TE Annotator (EDTA v 

1.8.3) (Ou et al. 2019), which relies on LTRHarvest (Ellinghaus et al. 2008), LTR_Finder (Xu 

and Wang 2007), LTR_retriever (Ou and Jiang 2018), TIR-Learner (Su et al. 2019), Generic 

Repeat Finder (Shi and Liang 2019), HelitronScanner (Xiong et al. 2014) and TEsorter (Zhang et 

al. 2019). LTRHarvest, LTR_Finder and LTR_Retriever were also used to calculate the LTR 

Assembly Index (LAI) (Ou et al. 2018). The genome sequence was also analyzed to detect 

Helitrons with EAHelitron (Hu et al. 2019). 

 Genes that could be involved in the evolution of herbicide resistance were identified 

through homology using blastp, the amino acid sequences of the genes identified during the 

BRAKER pipeline, and amino acid sequences of the genes of interest downloaded from 

GenBank or The Arabidopsis Information Resource (tair) (Supplementary Table 1). A cutoff 1-

e50 was used to identify the best hits from these searches of the annotated proteins with score 

considered as a secondary indication to eliminate hits which had much smaller scores (<50%) 

than the best hit for the reference protein. BLAST was run on the coding sequence for the protein 

(Supplementary Table 2) to cross check that the best hits (Supplementary Table 3) with 

identifications indicated that the protein of interest had been likely been identified. 

SNP Calling and Population Genetics Analyses 

 SNP calling was completed for the RAD Seq data using the reference-based pipeline in 

STACKS (V 2.6) (Catchen et al. 2013) after alignment to the genome using bwa with the 

parameter (-L) for reducing soft clipping set to 500 (Li and Durbin 2009). Following the creation 

of the variant call file (vcf) by STACKS, data were further filtered using VCFtools (0.1.16) 

(Danecek et al. 2011) using the recommendations of O'Leary et al. (2018) to create two datasets 

for further analysis. STACKS initially identified 25K loci covering 6.7 million bp of the genome 

with 86K variants. The first filtered data set included only genotypes with a read depth of greater 

than 5, loci with a mean read depth over 15, SNPS with a quality greater than 20, and SNPs with 

a minimum allele count over 3. These data contained just over 40K SNPs for 365 individuals 

with less than one percent missing and were used for examining genome wide nucleotide 

diversity. This 40K set was further filtered for missingness following the O’Leary protocol 

(O'Leary et al. 2018) and thinned so that SNPs were at least 500 bp apart to reduce linkage. This 

second data set contained just under four thousand SNPs with less than one percent missing for 

https://doi.org/10.1017/wsc.2024.79 Published online by Cambridge University Press

https://doi.org/10.1017/wsc.2024.79


337 individuals and was used for examining population structure, the association between 

genetic and morphological variation and evidence of selection. VCFtools was also used to 

calculate nucleotide diversity with the remaining population summary statistics calculated with 

hierfstat (Goudet and Jombart 2022). A Mantel test (mantel.randtest::ade4) (Thioulouse et al. 

2018) was used to determine if there was a relationship between genetic and geographic distance 

and redundancy analysis (vegan::rda) (Oksanen et al. 2022) was used to determine whether the 

morphological variation observed in the greenhouse was associated with variation within the 

SNPs. The R package pcadapt (v 4.3.5) was used to examine linkage disequilibrium and to look 

for evidence of SNPs in regions under selection with the final analysis using K=5, linkage 

disequilibrium parameters set to size =200 and threshold = 0.1, and a minimum minor allele 

frequency of 0.02 (Luu et al. 2017; Privé et al. 2020). This method examines association between 

population structure and genetic variants with the assumption that outlying variants are indicative 

of local adaptation (Privé et al. 2020). Tools for population genetics and genomics in R were 

used to analyze and visualize the SNP data including functions from the following packages: 

adegenet (Jombart 2008), circlize (Gu et al. 2014), colorspace (Zeileis et al. 2020), dartR 

(Mijangos et al. 2022), Gviz (Hahne and Ivanek 2016), gwscaR (Flanagan 2023) , magrittr 

(Bache and Wickham 2022), pegas (v1.1) (Paradis 2010), phytools (v1.2-0) (Revell 2012), png 

(Urbanek 2022), poppr (Kamvar et al. 2014), pinfsc50 (Knaus and Grünwald 2016), psych 

(Revelle 2023), qvalue (Storey et al. 2022), VariantAnnotation (v1.42.1) and vcfR (Knaus and 

Grünwald 2016). 

Results and Discussion 

With the evolution of herbicide resistance, it is becoming increasingly important to be 

able to correctly identify weed species, understand their biology well enough to enable integrated 

management techniques, and understand the genetic basis of herbicide resistance so that 

individuals with these resistances can be identified. As a result, having the genetic tools to 

accomplish these goals is key. Galium spurium is a weedy species that grows up and over crops, 

causes lodging, reduces yield quantity and quality, and creates difficulties with harvest (Hall et 

al. 1998). It has developed herbicide resistance and belongs to a large genus of difficult to 

identify species. Here we produce a chromosome level assembly of G. spurium, annotate it with 

RNA-Seq data, then use the genome in investigations of population genetics and to examine 
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patterns of selection across the genome. This represents a foundational step towards identifying 

the genetic basis of auxinic herbicide resistance and towards clarifying evolutionary relationships 

within Galium. 

Genome Assembly and Annotation 

The flow cytometry estimates for 2C DNA content for G. spurium accessions grown in 

the greenhouse ranged from 0.71 – 0.74 pg with an average 0.72pg (sd ± 0.02) and indicated a 

haploid genome size of approximately 360Mbp. The chromosome level draft sequence produced 

for Galium spurium covers 85% this expected genome size and includes 94% of the expected 

core eukaryotic genes. The initial assembly of the G. spurium’s genome from the long read ONT 

data (116X coverage) using CANU resulted in a draft assembly with 290 contigs with an NG50, 

the sequence length of the shortest contig at half the expected genome size when combined with 

the larger contigs, of 10.7 Mb and total assembly size of 318.5 Mb. A total of 128 of these 

contigs were placed on ten scaffolds by Phase Genomics using Hi-C data resulting in a 

chromosome level assembly (Table 1). After polishing the assembly with PILON, analysis with 

BUSCO indicated 94% of the expected genes were complete with the vast majority (89%) 

represented in a single copy and a minority (5%) found to be duplicated. Just under 150 million 

RNA data reads were used to annotate the genome with 98% of these aligning to the genome. 

The BRAKER pipeline identified and annotated 35,549 genes based on this data with 32,269 

genes annotated using the same pipeline and downloaded data for L. oblonga. Repeat annotation 

using EDTA indicated that 37% of the genome was comprised of repetitive elements with the 

largest proportion of these identified as class 1 retrotransposons of the “Gypsy” type (11.5%) 

(Figure 3). Helitron density was assessed by EAHelitron as 6.7 and the LTR Assembly Index 

(LAI) was 18.27 indicating that the genome meets the level of completeness for a reference level 

genome (Ou et al. 2018). 

Comparative Genomics 

The genome of G. spurium has ten chromosomes, but for the genus, other genera in the 

Rubiaceae, and in sister families such as the Apocynaceae, the more common base chromosome 

number is n = 11. The Rubiaceae is divided into three subfamilies: Rubioideae, which includes 

Galium; Ixoroideae, which includes Coffea; and Cinchonoideae, which includes Cinchona 
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(sources of quinine) (Bremer 2009; Stevens 2017). Galium, Cruciata and Sherardia, are all 

within the tribe Rubieae (Rubioideae), while Leptodermis is in a different tribe - the Paederieae 

(Rubioideae). As a result, Cruciata laevipes (n=11) and Sherardia arvensis (n=11) are the 

currently available chromosomal level assemblies that are most closely related to Galium 

spurium with this chromosome number followed by Leptodermis oblonga (n=11) and then, more 

distantly by Coffea canephora (n=11) and Asclepias syriaca (n=11), which is an out group from 

the Apocynaceae (Figure 4) (Stevens 2017). 

The genome of G. spurium shows strong synteny with the genomes of the other species 

from the Rubiaceae (Figure 5, 6) including C. canephora, despite the divergence of their genera 

approximately 68 MYA (Kumar et al. 2022) (Figure 6B). Three chromosomes are largely 

syntenic when the genomes of C. laevipes and G. spurium are compared; G. spurium’s 

chromosomes 6, 7, and 10 show strong synteny with C. laevipes ’s chromosomes 5, 7, and 9 

respectively. However, there is no clearly identifiable mechanism, neither end to end joining nor 

nested chromosome fusion (Lysak 2022), that contributed to chromosome number reduction in 

G. spurium (Figure 6A). Rather the genes from the chromosomes of this closest assembled 

relative are distributed among multiple chromosomes in G. spurium. For example, genes from C. 

laevipes’s chromosome 3 (cl03) are distributed among five of G. spurium’s chromosomes with 

multiple reciprocal translocations required explain the current structure. This indicates, that 

though the genome have strong synteny across the entirety of some chromosomes (e.g. cl05 (or 

cc01) and gs06), more information is needed to reconstruct the evolution of G. spurium’s current 

chromosome structure. Comparison to other genomes in Galium or Asperula, would likely be 

informative for understanding chromosome evolution of G. spurium. 

Population Genetics 

The overall nucleotide diversity (π), the average number of pairwise differences between 

individuals, averaged 3 X 10
-4

. Across all populations 83% of individuals were homozygous for 

the major allele and 16% were homozygous for the minor allele (Figure 7A). Populations had 

low observed heterozygosity (HO) with a value of 0.02 overall (Figure 7B). The FST for the 

populations was 0.54 with pairwise values ranging from 0.15 to 0.79 (Figure 7C) indicating 

strong population differentiation (Conner and Hartl 2004) and there were many more 

homozygotes (FIS = 0.86) in the population than expected given random mating. Overall, 
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Provesti’s genetic distance between individuals averaged 0.23. The number of alleles that were 

identical by state and shared between two individuals within a population averaged 88% and the 

values only a little lower, at 75% when individuals from different populations were compared. 

This level of genetic diversity and homozygosity is most similar to that of the germplasm of 

genetically depauperate crop species. For example, nucleotide diversity was found to be π = 2.3 

X 10
-4

 for 736 accessions of coffee (Coffea arabica L.) (compare with to lower ploidy ancestors: 

C. canephora Pierre ex A. Froehner π = 2.6 X 10
-3

 and C. eugenioides S. Moore π = 1.1 X 10
-3

), 

major allele frequences that were largely greater than 95% and a deficiency of heterozygotes - 

likely as a result of reductions in diversity following an origin involving a single 

allopolyploidization event (Scalabrin et al. 2020). The levels of heterozygosity in G. spurium is 

similar to that of 376 tea accessions (Camellia sinensis (L.) O. Kuntze) from the Rwebitaba Tea 

Research Centre where HO was 0.06 (Tadeo et al. 2024) and 31 accessions of peanut (Arachis 

hypogaea L.) from Taiwan had major allele frequences of 0.87 and an average genetic distance 

of 0.17. This suggests a high rate of self-fertilization, inbreeding, low gene flow among 

populations and low genetic diversity. 

This high level of population structure and inbreeding has likely contributed to the 

relatively slow spread of ALS and quinclorac resistance across the Canadian Prairies. For 

example, the rate of spread of ALS, glyphosate, or auxinic herbicide resistance in the wind 

pollinated, outcrossing species Kochia (Bassia scoparia (L.) A. J. Scott) with low population 

structure (FST = 0.01) (Martin et al. 2020) has been rapid, increasing from 4% of sampled sites 

(Hall et al. 2014) to 78% of sites in ten-years (Geddes et al. 2023). In contrast, ALS resistant 

Galium was first documented in 1996 in Alberta, Canada (Hall et al. 1998), field surveys from 

2007 to 2011 and then 2012 to 2017 found increases in Alberta, Canada from 17% to 44%, but 

lower, more constant levels in Saskatchewan (20%) and Manitoba (17%) (Beckie et al. 2020; 

Beckie et al. 2013). The structured nature of these population is also reflected in 1) a significant 

Mantel test indicating a correlation (p < 0.001) between geographic distance and Provesti’s 

genetic distance (dist.genpop::adegenet; Figure 8), 2) in 55% of the variation being explained by 

population (44% by individual) in an AMOVA, and 3) the clumping of populations as visualized 

in the PCA of molecular variation (Figure 9). The low genetic diversity of these populations may 

also limit the potential of the populations to evolve resistances in response to selection from 
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herbicides without recruiting additional variation from processes such as mutation, hybridization, 

and polyploidization. 

Phenotype 

A striking aspect of G. spurium populations in the field is the level of morphological 

variation observed. In the common greenhouse environment, while the characteristics we 

measured showed significant variation, the majority of the populations were statistically 

equivalent (Figure 10, 11). A total of 384 plants were included in the common garden 

greenhouse experiment with 19 – 22 individuals representing each of the 19 populations. All 

accessions had the morphological characteristics expected for G. spurium, specifically green 

flowers and small seeds (mericarps), rather than the expected morphological characteristics for 

G. aparine of white flowers and larger mericarps. Some individuals from one accession were 

shorter with little distance between internodes and narrower leaves giving them a shorter 

“mossy” habit, however the flowers, mericarps, and DNA content were all consistent with the 

other individuals grown here and other members of the same accession had more typical 

morphology suggesting this is part of the variation for the species. 

In the germination experiment, on average 51% of the seeds (20 per population) had 

emerged after seven days (Figure 10A). Variation was seen by population with AB-06 showing 

faster germination (90%) than ten other populations including the slowest to germinate SK-08 

(15%), but most populations showed overlapping confidence intervals and were not statistically 

different because of high variability. Six weeks after planting an average of 43% of the plants 

had begun flowering (Figure 10B). Again, there was statistically significant variation among 

populations with AB-02 and AB-06 having significantly more flowering individuals than thirteen 

populations including AB-09, AB-10 or SK-08, but most of the populations were not statistically 

different. Similarly, after 8 weeks, at the end of the greenhouse experiment, the majority of 

populations had a high proportion of plants that had set seed (79%) and, while population AB-10 

had statistically fewer plants with seed than most other populations, most populations were not 

statistically distinct (Figure 10C). 

The morphological characteristics measured showed less variation than the phenological 

characteristics, but still showed few statistical differences overall. The average height of the 

plants at eight weeks was 107.2 cm with the tallest population, AB-04, averaging 132.0 cm and 
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the shortest, AB-10, which averaged less than half of this at 53.8 cm (Figure 11A). Total 

estimated seed production averaged 3,158 with AB-01 and SK-01 producing the most seed with 

over 3,500 seeds each, and AB-10 the least with half of this amount (1,720, Figure 11B). 

Average diameter of a mericarp was 1.8 mm with the populations with largest such as AB-04 

(2.04 mm) statistically different from the smallest SK-06 (1.54 mm; Figure 11C). However, as 

with germination, flowering, and seed production, the majority of populations were not 

statistically different from each other for height, total seed production or seed size. Flower size 

did not differ statistically across populations and averaged 1.9 mm (0.18 mm standard deviation). 

 A redundancy analysis (RDA) was used to investigate the association between genotype 

and the phenotype observed in the greenhouse. Five characteristics measured in the greenhouse 

were retained for the analysis after eliminating continuous variables that had strong correlation to 

each other and factors that had too few individuals in each category. The retained characteristics 

were height and flowering status at four weeks, total plant weight, seed count, and the density of 

hooks on the mericarp. The RDA indicated these predictors explained (R
2
) 5.5% of the variation 

in the data after adjustment and the model was significant according to a permutation test (1000; 

p < 0.001). A total of 34 candidate SNPs with RDA loadings 3 standard deviations or more from 

the center of their distributions were examined. This minimized false positive rates for SNPs of 

interest by setting the two-tailed p-value at 0.0027. Of these 34 SNPs the majority (24) were 

associated with the density of hooks of the mericarp (Figure 2, 12). Among the remaining SNPs 

with high loadings, 9 were associated with total plant weight at harvest and one with early 

flowering time. This indicates that the majority of these SNPs are likely to be under selection as 

a result of association with the density of hooks on their mericarps. Individuals that were scored 

as without hooks or with a low density of hooks occurred sporadically across the populations, but 

were most frequent in populations SK06, SK07, and SK08 (Figure 1). Variation in the density of 

spines on the mericarps of G. spurium, has been previously described and used to separate 

individuals into two forms: G. spurium f. spurium with smooth fruit, and G. spurium f. vaillantii 

with hooked spines (Moore 1975). Moore (1975) indicates that Linnaeus’s specimen of the 

species was the smooth form, but that the smooth form was less common in the material 

examined from the Canadian Prairies. Further, he noted that one of the two sites with smooth 

form specimens was near Melfort, SK, close to where our populations with the most smooth 

fruited individuals were collected. Malik and Vanden Born (1988) noted that they observed an 
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intermediate variant in material from Alberta and Saskatchewan and that the presence of more 

than one form in a field was common. The presence of the hooked spines on the mericarp are 

inferred to provide an advantage for dispersal by animals (Malik and Vanden Born 1988). More 

work is needed to understand the genetic basis of hooks on these fruits and how the character 

influences the fitness of these populations, but the species may offer an excellent opportunity for 

this work as the development of nearly isogenic lines that differ for this character should be 

possible. 

The data from the common environment, combined with the result of the population 

genetics above suggests that some of the disjunct morphological variation observed within 

populations is likely the result of a combination of the inbred nature of groups of individuals 

observed within the same field and environmentally induced variation. Differences among 

individuals in a field such as a lack of hooks on the mericarp, likely reflects homozygosity for an 

alternative allele. However, given the minimal amount of genetic variation observed overall and 

the strong genetic similarity among samples even from different populations, much of the 

variation in characteristics such as emergence and flowering time is likely attributable to 

environmental variation given differing conditions rather than genetic differences. 

Potential and Selection Herbicide Resistance Genes 

Management of G. spurium in western Canadian crops has been primarily reliant on 

herbicides from the following modes of action: ALS inhibitors (Group 2), synthetic auxins 

(Group 4), 5-nolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors (Group 9), 

glutamine synthetase inhibitors (Group 10), and more recently on PPO inhibitors (Group 14), 

and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (Group 27) (Anonymous 2022). In 

some crops, such as some pulse crops, the ALS inhibiting herbicides are nearly the only option. 

Resistance to ALS inhibitors has spread through the populations of G. spurium on the Canadian 

Prairies though it has not yet reached fixation (Beckie et al. 2020). The acetolactate synthase 

(ALS) proteins from G. aparine and Coffea arabica mapped to G. spurium’s chromosome gs06. 

The amino acid sequence captured in this genome assembly has one of the point mutations, 

Tryptophan 574 to Leucine, reported to confer ALS resistance in G. aparine by Deng et al. 

(2019). No changes are observed at residue Pro197 or Asp376, which are the two other sites 

Deng et al. (2019) reported to confer ALS resistance in G. aparine. Two other changes in the 
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amino acid sequence are present compared to the susceptible sequence in GenBank (Sun et al. 

2011): Thr59Ala and Ala380Thr, but these sites do not correspond to any of the other sites 

(Ala122, Ala205, Arg377, Ser653 or Gly654) reported to confer resistance in other weed species 

(Tranel et al. 2023). We used the R package PCAdapt to detect SNPs under selection and 

compared them to the location of the genes of interest (Luu et al. 2017; Privé et al. 2020). Five 

principal components were chosen based on the scree plot and alpha was set to 0.01 for a false 

discovery rate of 1:100 after correction with the Benjamini-Hochberg procedure. The SNPs were 

thinned to reduce the effect of linkage disequilibrium with size set to 200, threshold set to 0.1, 

and the minimum minor allele frequency set to 2%. A total of 192 SNPs were identified as 

outliers and their position was compared to the position of the genes of interest for involvement 

in herbicide resistance (Figure 13; Table 2; Supplementary Table 4). Two outlying SNPs were 

found within 0.5 Mbp of the ALS gene on gs06, a potential indication of the selection on the 

locus that is occurring with the ongoing spread of the ALS resistance. 

In contrast to ALS resistance, resistance to quinclorac, a synthetic auxin, has not yet 

become widespread in these populations (Beckie et al. 2020; Van Eerd 2004; Van Eerd et al. 

2004), though surveying has been limited. There has been a lower global incidence of synthetic 

auxin herbicide resistance compared to ALS inhibitors (Heap 2023). This is likely a consequence 

the importance of auxin, which should be viewed, not as a hormone, but as an ancient, complex, 

connective, impetus signal with self-organizing transport streams of indole-3-acetic acid (IAA) 

(Zažímalová et al. 2014). The target site of synthetic auxins such as quinclorac is still being 

elucidated with the complexity, flexibility, and redundancy of the auxin pathway complicating 

our understanding of both its normal and abnormal functioning (Todd et al. 2020; Zazimalova et 

al. 2010). Synthetic auxins in susceptible plants are highly stable IAA mimics that lead to an 

“auxin overdose” (Grossmann 2010). The cause of demise in G. spurium is suspected to be the 

production and accumulation of reactive oxygen species including hydrogen peroxide (H2O2) 

and resistance, controlled by a recessive nuclear gene, has been hypothesized to be the result of a 

mutation at a target site or along the signal transduction pathway (Van Eerd et al. 2005). 

One critical auxin receptor is TIR1, an F-box protein found in the nucleus (Dharmasiri et 

al. 2005a; Kepinski and Leyser 2005). Auxins regulates gene expression by acting as “molecular 

glue”, filling the cavity between TIR1 and the substrate by forming a continuous hydrophobic 
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core among the three (Tan et al. 2007). Multiple homologues of TIR1 have been identified 

(Dharmasiri et al. 2005b) and Arabidopsis mutants for auxin signaling F-box protein 5 (AFB5) 

have demonstrated differential resistance to picolinic acids (picloram, clopyralid) but no other 

synthetic auxins (Walsh et al. 2006). TIR1/AFB are the substrate recognition subunit of 

SCF
TIR1/AFB

 , an E3 ubiquitin ligase complex which catalyses the conjugation of ubiquitin to 

Aux/IAA repressor proteins, which then is targeted by the 26S proteasome for degradation 

(Quint and Gray 2006). Once the AUX/IAA repressor proteins are degraded, auxin response 

factor (ARF) transcription factors can bind to auxin responsive genes in the DNA (Li et al. 

2016). 

The herbicide 2,4-D was found to similarly influence the binding pocket of TIR1 as IAA, 

which promotes SCF ubiquitin-ligase-catalyzed degradation of AUX/IAA (Tan et al. 2007). 

Transcription of ACC synthase (ACS) genes are upregulated with auxins, shown with an 

antisense construct in transgenic tomato (Grossmann and Schmülling 1995). In G. aparine, this 

was shown to promote an upregulation of NCED gene expression (Kraft et al. 2007), ACC 

synthase activity, ACC, and ethylene production, where ethylene also upregulated ABA levels 

(Hansen and Grossmann 2000). It has been suggested that the ethylene-induced increase in ABA 

promotes growth inhibition and senescence (Grossmann 2010; Grossmann and Hansen 2001). In 

peas (Pisum sativum L.) treated with 2,4-D, it was shown that reactive oxygen species were 

accumulated, leading to protein and lipid membrane damage (Pazmiño et al. 2011). The authors 

also found that there was differential tolerance based on staging, where mature tissue was more 

tolerant than reproductively immature tissue. 

In their recent review Todd et al. (2020) suggest that target-site mutations in auxin 

perception and signaling could involve three major groups of auxin signaling proteins: 1) auxin 

efflux and influx transporters (PIN, ABCB, AUX/LAX), 2) auxin perception and signaling 

proteins: auxin response factors (ARF), transcriptional repressors (AUX/IAA), and the Skp1-

Culliun-F-Box TIR1/AFB ubiquitin ligase complex (AXR1, ECR1, RCF1, HSP90/SGT1, RB, 

NEDD8, CAND1, COP9, CUL1) and 3) the transmembrane kinase family (TMK). The ARF 

proteins compete for promoter target sites of auxin response genes and dimerize with AUX/IAA 

repressor proteins at low auxin concentrations while, when auxin concentrations are high, 

AUX/IAA repressor proteins interact with TIR1/AFB, the AUX/IAA proteins become 
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ubiquitinated and ultimately degraded via the 26S proteasome pathway (reviewed in Luo et al. 

(2018)). In Arabidopsis mutants, loss of TMK activity affected auxin signal transduction in root 

and potentially shoot development, cell expansion in roots, hypocotyls, and stamen filaments, 

and leaf cell expansion and cell proliferation (Dai et al. 2013). Additionally, a mutation in the 

auxin receptor auxin binding protein 1 (ABP1) was identified in Group 4, synthetic auxin, 

resistant wild mustard from Manitoba (Grossmann 2010; Zheng and Hall 2001). 

 Multiple homologs for these auxin efflux and influx transports were identified in the G. 

spurium genome: four of the PIN-FORMED auxin efflux carrier protein (PIN1), three of the 

AUXIN1/LIKE-AUX1 (AUX/LAX) auxin influx carrier proteins, and 13 of the ATP-Binding 

Cassette B proteins (ABCB) (Supplementary Table 5). Nine proteins with homology to the 

transcriptional repressors, indole-3-acetic acid inducible (IAA), nine with homology to auxin 

response factors (ARFs) and six with homology to both were also found (IAA/ARF). Five 

homologs of TIR1/AFB were found and at least one homolog of most of the genes involved in 

the formation of the Skp1-Cullin-F-Box TIR1/AFB E3 ubiquitin ligase complex were located, as 

was one homolog of ABP1 (Supplementary Table 5). Four homologs of TMK were also located. 

We note that the annotation of the genome will not be complete as there will be genes that were 

not expressed in the rosette at the stage or which have not have been annotated correctly by the 

pipeline. Additional RNA work could improve these annotations and may indicate additional 

homologs. 

Fifteen genes associated with synthetic auxin resistance (Group 4) (Table 2; Figure 13) 

are among the top twenty gene homologs with known or potential roles in herbicide resistance 

that contain SNPs identified as likely under selection within 1 Mbp. This includes nine genes 

associated with auxin perception: 1) five outlying SNPs of a AUX/IAA repressor protein 

homolog on gs06, 2) four SNPs each near CAND1 and ERC1 (components for Skp1-Cullin-F-

Box TIR1/AFB E3 ubiquitin ligase complex) on gs02 and gs05, respectively, 3) three SNPs close 

to an ARF homolog on gs08, 4) 1 SNP near ARF on gs02, 5) 1 SNP near IAA/ARF on gs08, 6) 1 

SNP near TIR/AFB on gs06, and 7) 1 SNP near AUX/IAA on gs01 (Table 2). For auxin 

transport genes, five homologs were identified: 1) four SNPs were found close to the auxin 

influx transporter (AUX/LAX) gene on gs08, 2) 2 SNPs were found close to AUX/LAX on gs04, 

3) 2 SNPs were located near ABCB on gs06, 4) 1 SNP near a PIN homolog on gs01, and 5) 
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another SNP near a second PIN homolog on gs01. Lastly, 2 SNPs were located near the TMK 

gene on gs08 and 2 SNPs were located near ABP1 on gs06 (Table 2). SNPs showing evidence of 

selection are not necessarily contained in a gene under selection, but rather can be linked to 

nearby genes under selection. This means that, while this analysis indicates regions of the 

genome where selection is occurring, the region contains numerous genes making conclusive 

determinations that selection is occurring on a specific gene impossible, nor can we determine 

what is causing that selection. More specifically, a SNP showing strong selection near known 

herbicide resistant genes could be indicative of selection on that gene or on other nearby genes 

and may or may not be related to the evolution of herbicide resistance. As a result, while these 

SNPs cannot be conclusively attributed to selection on these genes, they can motivate further, 

more targeted research, such as differential expression analysis in herbicide resistant and 

susceptible individuals. This chromosome level assembly provides a fundamental resource for 

this analysis. 

One or two homologs of the genes targeted by the remaining herbicides used to control 

G. spurium (EPSPS inhibitors, s glutamine synthetase inhibitors, PPO inhibitors, and HPPD 

inhibitors (Anonymous 2022)) were also found in the assembly. The predicted EPSPS protein 

was found as a single copy on gs04 and, as expected from a lack of reported resistance, did not 

show evidence of carrying a point mutation at Thr102, Ala103, or Pro106 (Gaines and Heap 

2023). A single homologs of protoporphyrinogen oxidase 2 (PPO2) was identified on gs02. The 

amino acids where changes are reported to potentially confer PPO2 resistance (Asn98, Arg128, 

Gly383, Leu385, Leu398, Gly399, Tyr400, Leu401, and Phe421) are all conserved in this 

genome sequence (Rangani et al. 2019). Two glutamine synthetase homologs were identified on 

gs03 and gs10 with each single candidate SNPs within 1Mbp of each of their positions. A single 

homolog of HPPD was identified on gs02, however, while Amaranthus species and wild radish 

(Raphanus raphanistrum L.) have evolved HPPD resistance the mechanism for this resistance 

appears to be a change in the plant’s metabolism or the gene’s expression pattern rather than 

point mutations in the target site (Lu et al. 2020; Nakka et al. 2017). 

Two of genes with the highest number of SNPs in the vicinity are the two of the four 

homologs of alpha-tubulin genes TOR2 and TUA5 located on gs08 and gs10. Alpha-tubulins are 

the target of Group 3, dinitroaniline herbicides such as trifluralin and ethalfluralin. While 
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trifluralin does not control G. spurium and ethalfluralin only provides suppression (Anonymous 

2022), it is possible the species is exposed to these microtubule inhibitors when other species are 

the primary targets for control. Point mutations at six sites in the alpha-tubulin genes have been 

determined to be the source of Group 3 resistance in grass species: goosegrass [Eleusine indica 

(L.) Gaertn.] (Anthony et al. 1998; Yamamoto et al. 1998), green foxtail [Setaria viridis (L.) P. 

Beauv.] (Délye et al. 2004), shotawn foxtail (Alopecurus aequalis Sobol.) (Hashim et al. 2012), 

and rigid ryegrass (Lolium rigidum Gaudin) (Chu et al. 2018). None of these point mutations are 

represented in our draft genome and these genes are involved in fundamentally processes such as 

successful mitosis and movement of organelles (Ludwig et al. 1987), so it is entirely possible 

that selection on these genes, if it is occurring, is unrelated to herbicide resistance. 

Here we have produced a reference quality, chromosome level assembly for G. spurium 

and compared the genome with its nearest relatives with similar information available. We note 

that the currently sequenced genomes with n = 11 in the family show relative stability, but there 

is no clear mechanism that caused the reduction to n=10 in G. spurium given the available 

genomes. The ddRADtags data for the 19 Canadian Prairie populations indicate very low 

heterozygosity and high inbreeding rates, which result in structured populations with limited 

gene flow. This likely explains the relatively slow movement of herbicide resistance genes in 

these populations. This work also indicates some genes candidates of interest that may be 

involved in the evolution of auxinic resistance in this species. These can be targeted for further 

investigation and include the IAA gene on chromosome 6 and the AUX gene on chromosome 8. 

The availability of the G. spurium genome will facilitate future research to understand the 

genetic basis of auxin resistance in the species and into the systematics research into of the 

polyphyletic genus Galium. 
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Table 1. Genome assembly statistics for Galium spurium. 

Metric Main Assembly 

contigs (>= 50000 bp) 10 

Total length 313,817,154 

  

N50 31,727,068 

NG50 30,373,747 

N’s per 100kbp* 3.9 

  

BUSCO (eudicots_odb10)  

 Complete (C) 2192 (94%) 

 Complete Single Copy (S) 2081 (89%) 

 Complete Duplicated (D) 111 (5%) 

 Fragmented (F) 44 (2%) 

 Missing (M) 90 (4%) 

* Number of base pairs represented with N rather than a sequenced nucleotide usually as a result 

of Ns placed between contigs during scaffolding.  
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Table 2. Top twenty homologs of genes with known or potential roles in herbicide resistance 

ranked by proximity to single nucleotide polymorphisms (SNPs) under selection. Columns 

contain information on the homolog, the gene’s position in the genome, the distance to the 

nearest SNP indicating selection and the number of these SNPs within a 1 Mbp window centred 

on the of the gene’s midpoint. See Supplementary Table 4 for all results. SNPs were identified as 

under selection using ordination with almost four thousand SNPs across the genome included. 

The Benjamini-Hochberg procedure was used to adjust significance value to control false 

discovery which was set to 1%. SNPs were thinned to reduce the effects of linkage 

disequilibrium. 

Homolog Putative Role 

 

Chromosome Gene Name Nearest SNP 

Distance 

(bp) 

SNPs 

within 1 

Mbp 

AT Alpha tubulin gs08 GS3201901 19,783 6 

IAA Auxin induced gene gs06 GS2558401 11,751 5 

AUX/LAX Auxin influx transporter gs08 GS3259201 26,589 4 

AT Alpha tubulin gs10 GS0705701 212,913 4 

CAND1 

Cullin-associated and 

neddylation-dissociated gs02 GS1201501 79,948 4 

ECR1 RUB-activating enzyme gs05 GS1976901 151,288 4 

ARF Auxin response factor gs08 GS2988101 43,412 3 

AUX/LAX Auxin influx carrier gs04 GS1619901 218,631 2 

GLN Glutamine Synthetase gs05 GS1972001 61,194 2 

TMK Transmembrane Kinase gs08 GS3026001 18,963 2 

ABCB ATP-binding cassette B gs06 GS2393501 93,165 2 

ALS Acetolactate synthase gs06 GS2530401 312,834 2 

ABP1 Auxin Binding Protein gs06 GS2594801 85,962 2 

ARF Auxin response factor gs02 GS1185401 491,484 1 

IAA/ARF Auxin induced gene gs08 GS3157301 497,879 1 

TIR/AFB Auxin receptor gs06 GS2589801 381,117 1 

PIN Auxin efflux carrier gs01 GS0071401 316,058 1 

IAA Auxin induced gene gs01 GS0066501 174,697 1 

GLN Glutamine Synthetase gs01 GS0176201 66,200 1 

PIN Auxin efflux carrier gs01 GS0181001 485,054 1 
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Figure 1. Map of the Canadian Prairie Provinces Albert and Saskatchewan indicating sample 

locations for populations collected for use in this research with latitude indicated on the left and 

longitude indicated along the bottom.
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Figure 2. The three visual categories scored for hook density on the mericarps of Galium 

spurium A) naked, B) sparsely hooked, C) densely hooked. 
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Figure 3. Circle plot of the Galium spurium genome with A) gene density, B) SNP density, C) 

heterozygosity, D) alternative allele frequency, and E) long terminal repeat frequency. An 

indication of chromosome length is plotted along the outside edge.  
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Figure 4. A phylogenetic tree indicating the evolutionary relationship among species studied here 

produced by OrthoFinder. The values at the nodes indicate support calculated by OrthoFinder 

using the Species Tree Inference from All Genes (STAG) method and indicates the proportion of 

orthogroup trees that had the bipartition. Galium, Cruciata and Sherardia, are all within the tribe 

Rubieae (Rubioideae), while Leptodermis is in the tribe Paederieae (Rubioideae) and Coffea 

canephora is in a different sub-family Ixoroideae. Asclepias syriaca is an out group from the 

Apocynaceae.  
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Figure 5. A riparian plot of syntenic relationships among species from the Rubiaceae generated by GENESPACE showing genome 

structure across the family with Coffea canephora at the bottom and working upwards: Leptodermis oblonga, Sherardia arvensis, 

Cruciata laevipes and finally Galium spurium at the top of the plot. Asterisks indicate that the chromosome was inverted to clarify the 

plot. Note that Coffea canephora’s cc09 has been shifted to better indicate its position in the chromosomes of the Rubiaceae species.  
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Figure 6. Plots of synteny between proteins of Galium spurium A) and Cruciata laevipes B) and 

Coffea canefora. Red dots indicate the best syntenic matches, blue dots indicate secondary 

matches with grey dots indicating lower order matches. For Galium spurium and Cruciata 

laevipes, chromosomes are coloured based on syntenic relationships with Coffea canefora. From 

these plots we see that several chromosomes are almost entirely syntenic (e.g. gs06, gs07 and 

gs10), but there is no clear pattern suggesting that end to end joining or nested chromosome 

fusion led to the reduction in chromosome number in G. spurium from n = 11 to n = 10. 
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Figure 7. For the 19 populations studied here A) overall proportion of individuals showing homozygosity for the major allele (blue), 

heterozygosity (purple), and homozygosity (magenta) for the minor allele; B) levels of heterozygosity by population; and 3) a heat 

map of pairwise FST values for with cooler colours indicating lower FST values and warmer indicating higher. Heterozygosity was low 

across all populations with the majority of individuals (83%) homozygous for the reference allele with evidence of limited 

outcrossing. On average, the FST values were 0.54, but AB08 showed lower pairwise FST values across comparisons and SK05 

showing higher values. 
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Figure 8. Provesti’s genetic distance (y-axis) by geographic (landscape) distance (m) for pairings 

of the 19 populations. This graph (graph41g::scatter_dist) shows a smooth (loess) line with 95% 

confidence interval. A Mantel test indicates a significant (p < 0.001) positive relationship as 

indicated by Mantel test with 1000 Monte Carlo repetitions and provides evidence of isolation by 

distance.  

https://doi.org/10.1017/wsc.2024.79 Published online by Cambridge University Press

https://doi.org/10.1017/wsc.2024.79


 

Figure 9. Principle component analysis of the genetic variation of SNP data. Circles in warm colours represent individuals from 

Alberta and triangles in cool colours those from Saskatchewan. Clumping of individuals from the same population is evident, but 

variation among populations provides spread. The 76% of the variation is explained by axis 1, 44% by axis 2. 
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Figure 10. Phenological data from the 19 populations grown in the greenhouse including A) 

proportion of seed germinated after seven days, B) proportion flowering at six weeks, and C) 

proportion of plants with seed at eight weeks. In all cases statistical difference are observed, but 

the majority of populations are highly variable and show strong overlap with values from the 

other populations.  
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Figure 11. Morphological data from the 19 populations grown in the greenhouse for key 

characteristics including A) plant height at six weeks, B) total estimated seed count, and C) seed 

(mericarp) diameter.   
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Figure 12. Redundancy analysis examining how variation in the SNP data is associated with 

variation in key traits. A total of 5.5% of the variation in the SNP data was explained by the 

included morphological characteristics. The majority of highly loading SNPs (70%), with a cut-

off of 3 standard deviations from the mean, were associated with hook density and are 

highlighted in red. Most of the remaining SNPs are associated with total seed weight (26%) and 

highlighted in purple, while the one SNP associated with flowering time is in yellow.   
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Figure 13. Manhattan plots of almost four thousand SNPs across the genome with the 192 SNPs 

showing evidence of selection after the Benjamini-Hochberg procedure was used to adjust 

significance value to control false discovery, the rate was set to 1% and SNPs were thinned to 

reduce the effects of linkage disequilibrium, highlighted in red. The green bar at the top of each 

chromosome plot indicates gene density with darker areas annotated with more genes. The 

location of genes with proteins that homologs to known or potential contributors to herbicide 

resistance. 
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