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ABSTRACT 

RAPID ADAPTATION OF FLORAL PHENOTYPES IN WEEDY RADISH,  
R.R. RAPHANISTRUM 

 
By 

Amanda Charbonneau 

Agricultural weeds cause billions of dollars’ worth of damage worldwide as well as reducing 

yields, however we often know very little about where they came from, or how they adapt to 

farming techniques. Agricultural fields are human created environments quite unlike anything in 

nature and are relatively harsh environments that can exert strong selective pressures. Yearly 

tilling, for example, likely selects for plants that both quickly reproduce, and can survive in 

disturbed soils. While some plants with generalist phenotypes might be well suited for thriving in 

these conditions, others, like Raphanus raphanistrum ssp. raphanistrum (weedy radish), have 

likely evolved to become weeds. To better understand how these agricultural weeds evolve, I 

have phenotypically and genotypically characterized weedy R.r. raphanistrum and it’s close 

relatives.  

In chapters one and two, I show that weedy R.r. raphanistrum is most closely related to native 

populations of R.r. raphanistrum, but that these two ecotypes have very different flowering 

phenotypes. Weedy R.r. raphanistrum flowers in approximately thirty days, while the native 

plants take fifty to one hundred and fifty days to flower. This demonstrates a likely adaptation to 

agriculture, and in chapter two I find several loci that may contribute to these phenotypic 

differences. In chapter three, I analyze differential expression patterns in two selection lines 

derived from weedy R.r. raphanistrum, to determine genes that underlie differences in floral 



morphology. These genes should contribute to differences in anther exsertion, which in turn 

controls how pollen is dispersed onto pollinators.  

Together, these studies answer basic questions about how evolution works on a short time scale 

and provide insights into the adaptations of one of the world’s most damaging agricultural 

weeds. More broadly, these studies demonstrate that weedy radish is a good system for studying 

rapid evolution in response to both natural and artificial selection and lay the groundwork for 

future work. In particular, chapters one and two will be useful for broad comparisons across 

agricultural weeds to determine whether weeds use similar strategies for invading croplands, 

which would tell us not only about the repeatability of evolution, but also be potentially useful in 

reducing agricultural losses due to weeds. 
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Chapter I: Weed evolution: Genetic differentiation among wild, weedy, and crop radish 

The work described in this chapter is in review as the following manuscript:  

Charbonneau, A., Tack, D., Lale, A., Goldston, J., Caple, M., Conner, E., Barazani, O., Ziffer-
Berger, J., Dworkin, I., Conner, J. (2018). Weed evolution: Genetic differentiation among wild, 
weedy, and crop radish. Evol. Apps. 
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Abstract 

Approximately 200 weed species are responsible for more than 90% of crop losses and these 

comprise less than one percent of all named plant species, suggesting that there are only a few 

evolutionary routes that lead to weediness. Agricultural weeds can evolve along three main 

paths: they can be escaped crops, wild species, or crop-wild hybrids. We tested these three 

hypotheses in weedy radish, a weed of small grains and an emerging model for investigating the 

evolution of agricultural weeds. We grew over 2400 individuals from 43 populations 

representing all major species and sub-species in the radish genus Raphanus in a series of 

common garden experiments, to estimate genetic differentiation in flowering time. We also 

assayed genetic relationships of 34 of these populations using both STRUCTURE and 

SmartPCA. Our findings suggest that the agricultural weed radish R.r. raphanistrum is most 

genetically similar to native populations of R.r. raphanistrum and is likely not a feral crop or 

crop hybrid. We also show that weedy radish flowers more rapidly than any other Raphanus 

population or cultivar, which is consistent with rapid adaptation to the frequent and severe 

disturbance that characterizes agricultural fields. 
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Introduction 

Modern farming provides a nearly ideal environment for fostering the rapid evolution of weeds. 

Plants growing in novel environments often evolve rapidly (Buswell et al., 2011), and human 

alterations of the environment often impose strong selection (Palumbi, 2001; Reznick and 

Ghalambor, 2001). In invasive species, rapid adaptation is also correlated with high levels of 

standing genetic variation, repeated introductions, and high levels of environmental disturbance 

(Sakai et al., 2001). Agricultural fields combine all of these factors. They are a created 

ecosystem unlike anything found in nature, where humans impose frequent and regular 

disturbance from tilling and harvesting, and contaminated seed stocks can repeatedly introduce 

large numbers of weed seeds. Understanding both the origins and adaptations of weeds could 

guide improvements in weed management (McNeill, 1976; Müller-Schärer et al., 2004; Neve et 

al., 2009; Stewart Jr et al., 2009; Vigueira et al., 2012) as well as provide insight into approaches 

for preventing the evolution of future weeds (Higgins et al., 1978). 

There are three potential origin routes for agricultural weeds: crops going feral, wild populations 

invading fields, or crop-wild hybridization (de Wet, 1966; de Wet and Harlan, 1975; Vigueira et 

al., 2012); and these differing histories may have detectably different phenotypic and genetic 

effects. Escaped crops, for example, may already be resistant to herbicides or able to survive in 

disturbed habitats (Vigueira et al., 2012). These different origins would also leave a distinct 

genetic signature at neutral markers. Weeds could have a wild origin, with either a wild 

population that was pre-adapted, or one that rapidly evolved to weediness. Here we would expect 

strong genetic resemblance between the weed and one or more native populations (Vigueira et 

al., 2012). Alternatively, the weeds could be crop-wild hybrids, in which case we would expect 

the weeds to be a genetic mixture of cultivars and native plants with relatively high genetic 
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diversity compared to the parental crop. Finally, if the weeds are most genetically similar to the 

cultivars at neutral markers, this would suggest that they descend from escaped crops. As feral 

crops would suffer from the founder effect of escaping cultivation after having undergone 

artificial selection, we might also expect weeds derived from crops to be less genetically variable 

than either wild invaders or hybrids (Vigueira et al., 2012). 

Although these potential weed origins are widely discussed in the literature (Baker, 1974, 1991; 

de Wet, 1966; Dekker, 2011; Ellstrand et al., 2010, 2013; Gressel, 2005; Harlan, 1992b; Vigueira 

et al., 2012), experimental evidence for most species is lacking. In the handful of modern studies 

which have determined the species or population of origin for a given weed, most have found it 

to be a feral crop, or crop-hybrid (Desplanque et al., 1999; Ellstrand et al., 2010; Kanapeckas et 

al., 2016; Muller et al., 2010; Zizumbo-Villarreal et al., 2005, but see: Lai et al., 2008; 

Pickersgill, 1971; Yoon et al., 2007). However, this represents a lack of data combined with bias, 

as many examples come from the Ellstrand et al (2010) review, which focused only on finding 

weeds that had a crop origin. Studies of weed origins can be challenging, as the genetic similarity 

of populations in weed-crop-wild triads, especially when combined with subsequent 

hybridization, can make it difficult to identify the true source population for the weed (Ellstrand 

et al., 2010; Vigueira et al., 2012). 

Agricultural weed adaptations have also been relatively neglected, with the notable exception of 

adaptations to human control, particularly the evolution of crop mimicry and herbicide resistance 

as reviewed in (Barrett, 1983; Neve et al., 2009; Vigueira et al., 2012). However, weeds must 

already be well-adapted to agricultural habitats before they are problematic enough for human 

control practices to be implemented. Some attention has been paid to the key adaptations of seed 

dormancy and shattering in the evolution of agricultural weeds from crop ancestors (Ellstrand et 
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al., 2010; Vigueira et al., 2012), but there has been little work on the evolution of a shortened 

life-cycle. In an agricultural setting, frequent and regular disturbances from plowing and 

harvesting likely exerts a strong selection on weeds for rapid flowering and seed set (Barrett, 

1983; Warwick and Stewart, 2005).  

Weedy radish, Raphanus raphanistrum ssp. raphanistrum, is an emerging model for studying 

both rapid adaptation and weed evolution (Campbell et al., 2006, 2009b; Conner et al., 2011, 

2014; Klinger et al., 1991; Ridley and Ellstrand, 2008; Sahli et al., 2008; Snow and Campbell, 

2005), and is a member of one of the four major weed and crop families (Brassicaceae). 

Determining the origins of weedy radish is tractable because the genus Raphanus includes only 

three named species. The genus likely originated in the Mediterranean, as native populations 

exist only there (I. Al-Shehbaz, pers. comm.), and all members of the genus are self-

incompatible. R. raphanistrum is divided into two subspecies, with R. r. raphanistrum including 

native Mediterranean populations as well as the globally-distributed weed, and R. r. landra 

existing only as native Mediterranean populations. The crop R. sativus is divided into four major 

types two root crops (European radishes and Asian daikon) and two fruit crops (Oilseed and 

edible-pod Rattail). R. pugioniformis is a little-studied endemic of the eastern Mediterranean 

(Ziffer-Berger et al., 2014). The relationships among these species are not well-resolved (Ziffer-

Berger et al., 2014), but an analysis of cDNA sequence from one population of each of eight 

Raphanus taxa (not including R. pugioniformis) provided strong support for the monophyly of 

the crop cultivars, as well as monophyly of native and weedy R.r. raphanistrum (Shen et al., 

2013). 

While native Raphanus is found only near the Mediterranean, weedy populations are found on 

every continent except Antarctica (Holm, 1997). Weedy R.r. raphanistrum is a common 
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contaminant of small grain fields and is considered one of the world’s worst agricultural weeds 

(e.g., Blackshaw et al., 2002; Culpepper, 2012; Holm, 1997; Schroeder, 1989; Warwick and 

Francis, 2005; Webster and Macdonald, 2001). Weedy radish has been used extensively in 

ecological and evolutionary studies, particularly for plant-insect interactions (Agrawal et al., 

2002; Bett and Lydiate, 2003; Conner, 2002; Conner et al., 2003; Devlin and Ellstrand, 1990; 

Irwin et al., 2003; Lehtilä and Strauss, 1999; Malik, 2009; Mazer and Schick, 1991; Morgan and 

Conner, 2001; Snow et al., 2001; Stanton et al., 1986), and has genomic resources (Moghe et al., 

2014) that make it an ideal study system to answer questions about both the origins and 

adaptations of agricultural weeds. Studies have shown that weedy radish lacks a signal of 

isolation by distance (Barnaud et al., 2013a,b; Kercher and Conner, 1996), likely due to human-

mediated movement of large numbers of seeds long distances as a grain contaminant. 

Previous work has shown that eight populations of weedy radish flowered much more quickly 

than one native R. r. raphanistrum population in a greenhouse common garden (Sahli et al., 

2008). Similarly, five weedy radish populations flowered faster than five root-crop radish 

cultivars in greenhouse (Hegde et al., 2006) and field (Ridley and Ellstrand, 2008) common 

gardens. However, since flowering time has only been reported for one native population, and 

the phylogeny in Shen et al (2013) was based on only a single population of each Raphanus 

taxon, it is not clear whether the weeds have evolved earlier flowering as an adaptation to the 

frequent and regular disturbance in agricultural fields. This study aims to determine both the 

genetic relationships between crop, native and weedy Raphanus populations, and the extent to 

which these weeds have evolved earlier flowering time as an adaptation to agricultural fields. We 

estimated genetic differentiation for flowering time and molecular markers for all named species 
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and subspecies in the genus Raphanus, including a total of 23 wild populations and 21 crop 

cultivars from all four groups (Table 1-1).  

Table 1-1: Summary of the eight flowering time common garden experiments. Experiments 
took place at one of two sites in Michigan over a period of 11 years. NPops is number of 
populations in each experiment. Number of individuals in each population is given as NperPop. 
TotalN is the total number of individuals in that experiment  

Experiment Year Location FieldGH NPops NperPop TotalN References 

G-03 2003 KBS GH 9 22-46 306 Parentals (Sahli et al., 
2008) 

G-04 2004 KBS GH 9 58-142 877 Offspring (Sahli et al., 
2008) 

F-05 2005 KBS Field 6 64-88 442 Offspring (Sahli et al., 
2008) 

G-10 2010 KBS GH 4 8-22 55  

F-12 2012 KBS Field 13 7-10 127  

F-13 2013 MSU Field 23 10 229  

G1-13 2013 KBS GH 15 10 150  

G2-13 2013 KBS GH 9 14-30 254  

Materials and Methods 

Populations 

Eleven R. r. raphanistrum populations from the native Mediterranean range were included, with 

6 from the western part of the range (collected in Spain or France) and 5 eastern (collected in 

Israel). We used eight populations from outside the native range, these were collected as weeds 
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of agricultural fields or disturbed areas in USA, Europe, and Australia. Three populations of R. r. 

landra from Spain and one R. pugioniformis population from Israel were also included, as were 

twenty-one crop varieties purchased from seed companies (Table S1). The natural populations 

were collected by a variety of individuals using a variety of methods, but in all cases the goal 

was to sample the genetic variation of each population in an unbiased manner. 

Genotyping 

To assay patterns of neutral genetic differentiation among these populations, we used a panel of 

13 CAPS (cleaved amplified polymorphic sequences) in addition to the 8 SSR (microsatellite) 

markers from Sahli et al. (2008). To create the CAPS markers, cDNA sequencing of seven lines 

of Raphanus populations and cultivars Moghe et al. (2014) was used to assemble and align line-

specific contigs against each other (Fig. A1-2). Genotyping was completed on 8-10 randomly-

sampled plants from each of 34 populations for a total of 338 individuals (Table S1); some of the 

non-native and crop cultivars were left out of the genotyping to improve balance across the 

different groups and save genotyping costs. Two microsatellites, Na10H06 and Na14E08, had 

fairly high numbers of missing genotypes (26% and 31% respectively); however, these were 

concentrated among crop cultivars, and dropping these markers did not have a qualitative impact 

on our results, so the data presented here includes all markers. Standard summary statistics were 

computed using the R packages ‘adegenet’ (v.2.0.1) and ‘pegas’ (v.0.10).  

SmartPCA 

SmartPCA (v.13050 – from the program Eigensoft 6.0.1) (Patterson et al., 2006) was used to 

perform an eigendecomposition optimized for genomic data to rotate the data onto a set of 

orthogonal axes defined by the amount of variation explained. Although this method rotates, 
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rather than clusters the data, it can reveal hidden data structure. SmartPCA was originally 

developed for datasets where the number of markers vastly exceeds the number of individuals 

genotyped, where performing a standard PCA would be difficult. Our dataset does not fit this 

expectation, as we have relatively few markers compared to individuals, however SmartPCA still 

outperformed standard PCA. The SmartPCA algorithm tolerates missing genotypes, so we could 

use all individuals and markers in our analysis rather than dropping any with missing data. A 

standard PCA gave qualitatively similar result, just with fewer usable data points (Fig. A1-3). 

As the SmartPCA algorithm is designed for biallelic markers, each SSR marker was expanded 

into several biallelic markers as described in Patterson et al. (2006), prior to analysis using a 

custom script. Experimentally determined linkage groups were used as a proxy for chromosomes 

http://radish.plantbiology.msu.edu/. Markers that could not be assigned to linkage groups were 

given unique chromosome numbers. The total number of linkage groups (7) plus singletons (3) 

was used as the chromosome number (Table S2); note that this is one more than the nine 

Raphanus chromosomes. 

STRUCTURE 

Our second approach – STRUCTURE (Pritchard and Stephens, 2000) – clusters individuals by 

their genetic similarity. We used the command line version (v2.3.4), with a burn in of 500,000 

cycles followed by one million Markov chain Monte Carlo iterations. We used the correlated 

allele frequencies (or F) model, which computes values similar to Fst to model genetic 

differentiation and does not require genetic linkage information. Our populations were not 

constrained to a single Fst, and alpha (the admixture parameter) was inferred for the overall 
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dataset as suggested in the manual (v. 2.3, Pritchard et al., 2010). We used the default settings for 

all priors. 

STRUCTURE has frequently been used to estimate ’K’, the number of distinct genetic groups 

present in a dataset (Evanno et al., 2005; Falush et al., 2016; Puechmaille, 2016). Although 

STRUCTURE was not designed to determine K, comparing the output of analysis at multiple 

values of K can suggest which values of K are most likely. For each potential value of K from 3 

to 24, we ran 20 separate iterations of the program, each with a different randomization of the 

data input order. From this, we calculated optimal values for K using both the mean log 

probability of K for each iteration as in Pritchard and Stephens (2000) and the largest delta K as 

described in Evanno et al. (2005). These calculations were run using the web-based version of 

Structure Harvester (Web v0.6.94 July 2014, Plot vA.1 November 2012, Core vA.2 July 2014) 

(Earl and vonHoldt, 2012). 

Both the mean log-likelihood and delta log-likelihood method (Evanno et al., 2005) predict a 

K=19, however this is likely spuriously high. At K=19, 85% of our replicates have one or more 

‘ghost’ (Puechmaille, 2016) or ‘spurious’ (Guillot et al., 2005) clusters (data not shown), which 

may represent admixture from unsampled, ancestral populations, or an analytical artifact (Guillot 

et al., 2005; Puechmaille, 2016). The number of these clusters decreases with decreasing K, with 

ghost clusters disappearing below K=10, and spurious clusters below K=9. However, major 

population groupings are robust over the entire range of K values, and across multiple runs of the 

same K (data not shown). Therefore, we used K=7 based on a priori groupings allowing for 

divergence between the three major wild taxa: R. pugioniformis, R.r. landra, and R.r. 

raphanistrum, and the four major crop groups; as several studies have suggested have separate 
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origins for the two root crops (Kong et al., 2011; Lü et al., 2008; Muminović et al., 2005; Wang 

et al., 2008; Yamagishi and Terachi, 2003; Yamane et al., 2005, 2009). 

AMOVA 

We used an analysis of molecular variance (AMOVA) to test three hypotheses about the origin 

of weedy radish. In all cases, we used raw pairwise distances, set ‘filter’ to TRUE, did not 

calculate individual variance by haplotype, and ignored missing data, as removing missing 

values had no qualitative effect on the results. To test whether weeds are likely to be feral crops, 

we analyzed a subset of the data that included only R. sativus and non-native R.r. raphanistrum. 

In this model, population of origin was nested in group, where group was either crop (R. sativus) 

or weed (non-native R.r raphanistrum).  

To test whether weeds are likely derived from native R.r. raphanistrum, we analyzed a subset of 

the data that included only native and non-native R.r. raphanistrum, where population of origin 

was nested in group- either native or non-native. 

 To test whether weeds are more closely related to native R.r. landra, we analyzed a subset of the 

data that included only R.r. landra and non-native R.r. raphanistrum, where population of origin 

was nested in group (sub-species). We obtained p values for all tests using a permutation test 

with 500 repetitions. 

All AMOVA were run using the ade4 reimplementation from the ‘poppr’ package (v2.6.1, 

Kamvar et al., 2014) for R (v 3.2.2, R Core Team, 2015). Graphs were produced using custom 

scripts and ColorBrewer (v.1.1-2, Neuwirth, 2014). All SmartPCA and STRUCTURE analyses 

were run on the HPCC at Michigan State University. We plotted results from SmartPCA and 

STRUCTURE analysis using custom bash and R scripts (v 3.2.2, R Core Team, 2015). 
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Phenotyping 

To test for genetic differentiation in flowering time, we combined data from eight common 

garden experiments performed over a period of 11 years and including a total of 2441 plants 

(Table 1-1). Five of these experiments (G-03, G-04, F-05, G-10, and G2-13), had a relatively 

large number of individuals per population (mean = 49), but a small number of populations per 

experiment (range 4-9), and while there was overlap between experiments, each had a unique 

combination of populations. To complement results from these trials, we also included data from 

three additional common garden experiments (two field, one greenhouse) with both more 

populations each, and more overlap between populations (F-12, F-13, and G1-13). Two 

experiments (G-04, F-05) used seeds from full-sibling families as described in Sahli et al. (2005); 

we did not account for this in the analysis due to the complexity of the models used (see below) 

and the fact that the other experiments also include natural and unknown family structure. 

In all experiments, locations of individual plants were randomized with respect to population, 

and seeds were removed from pods prior to planting to minimize variability in germination 

times. All plants were monitored daily for germination and until they flowered or died without 

flowering. In the field experiments, plants were left in the field to over-winter and monitored for 

flowering the following spring. In the greenhouse experiments, 225 R. raphanistrum plants from 

four of the native populations (CBES, MAES, PBFR, and SAES) did not flower in 82-120 days, 

and these received a vernalization treatment. We recorded germination date and date of first 

flower on all plants; the difference between these dates is our measure of flowering time. Plants 

were watered as needed. 
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Analysis 

Phenotypic data from all eight experiments were concatenated for analysis as a single dataset. 

Only a small subset of plants from four native populations were subjected to vernalization (see 

above). Similarly, although most populations are represented in multiple experiments, the 

datasets are not balanced. However, if we examine flowering time in the three populations that 

were included in four or five experiments including both greenhouse and field, we see that there 

is much more variance in flowering time among populations than among experiments within 

populations. Still, we accounted for these aspects of the dataset by analyzing the flowering time 

data using two mixed models in a Bayesian framework, similar to a modern meta-analysis. The 

first model includes only R.r. raphanistrum plants, that is, those with little or no vernalization 

requirement. The second includes only native Raphanus, which have variable vernalization 

requirements. To determine whether vernalization time had an effect on parameter estimates, we 

also ran both models with and without vernalization (!) as a fixed effect. In all plots of modeled 

values, both estimates are shown. This method resulted in two reasonably balanced datasets and 

provides two estimates for native R.r. raphanistrum. We also provide un-modeled population 

level estimates of both flowering time and vernalization requirement. 

We modeled days to flower as a function of geographic origin to verify the differences in 

flowering time between native and non-native R.r. raphanistrum populations reported by Sahli et 

al. (2008), but with multiple native populations. We also tested for differences between native 

populations from eastern and western Mediterranean. For this analysis, we used a subset of the 

data that only included R.r. raphanistrum populations (Table S1) and controlled for a number of 

covariates.  
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This model took the form of: 

"# 	∼ &'() + (+,-,# + 	(/,0,# + 	(12345,6,# + 	(7,8,# + 	9:[#] + 	9=[#] , >?
0@	

ABCℎ	

9:	~	&'0, >GHIG+#/GJK
0 @	

LMN	

9=	~	&'0, >IOIPQRK#OJ
0 @ 

where " is the number of whole days from germination to flowering, if available, the number of 

whole days from germination to bolting for plants that bolted but didn’t flower, and the number 

of whole days from germination until the last day of monitoring in the fall, plus one, for plants 

that survived without flowering until this date but did not survive the winter. S is the geographic 

region of origin (western or eastern Mediterranean, or outside this native range). T is a factor 

representing whether the seed producing that individual was collected directly from the 

population of origin or generated in the greenhouse. UVWXY is the day of year that the plant 

germinated (1-365) scaled such that 1 is the spring equinox in the northern hemisphere. ! is the 

number of days each plant was vernalized, if any. The random effect 9: is the experiment that 

each plant was in, and accounts for year-to-year variation as well as field vs. greenhouse and 

other variation in experimental protocols. The random effect 9=  accounts for variance among 

populations within geographic regions. 

To look for differences in flowering time among Raphanus species and sub-species from within 

the native range, we used a subset of the data that included only populations collected from 

within the Mediterranean region. This model took the form of: 

 

(1)	
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where Z is a factor representing species or sub-species designation (R.r. raphanistrum, R.r. 

landra, and R. pugioniformis), and the other terms are as in the previous model.  

All phenotypic models were run using the ‘MCMCglmm’ package (v.2.2, Hadfield, 2010) for R 

(v 3.2.2, R Core Team, 2015). Graphs were produced using custom scripts and ColorBrewer, 

(v.1.1-2, Neuwirth, 2014). 

Scripts and all data required for all analyses are currently bundled with the supplement, but on 

publication will be available via the authors github page. 

Results 

Distinct Clustering of wild and weedy populations of Raphanus species and sub-species 

The first two principal components from SmartPCA show clear differentiation between the three 

named species, i.e. R. raphanistrum, R. sativus, and R. pugioniformis (Fig. 1-1). In addition to 

these groupings, we also observe differentiation between R.r. raphanistrum and the other sub-

species R.r. landra. Although the R. raphanistrum sub-species form a continuous arc in the space 

(2)	
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defined by the first two PCs, we find separation between most native and non-native R.r. 

raphanistrum populations.  

Populations taken from within the Mediterranean region are relatively tightly clustered at either 

end of the arc (R.r. landra in pink, native-range R.r. raphanistrum in blue/purple), while 

populations from outside the region form a more diffuse (orange) group in the center. Although 

non-Mediterranean R.r. raphanistrum populations were taken from sites spread across three 

continents, they occupy a similar area in PC space. While these non-natives occupy the same 

genetic sub-space, individuals from all five populations can be found spread evenly throughout 

that portion of the plot. Our results using STRUCTURE are consistent with the major groupings 

from SmartPCA but suggest additional subdivisions (Fig. 1-2). Consistent with the SmartPCA 

results, R. pugionformis is intermediate between daikon and Eastern (Israeli) populations. Native 

range R.r. landra cluster together and are distinct from R.r. raphanistrum. Native and non-native 

range R.r. raphanistrum are also clearly distinguished except for some allele sharing between 

Western natives and the Australian populations (purple color). In addition, STRUCTURE clearly 
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Figure 1-1: Smart PCA plot of the first two eigenvectors of a principal components analysis 
of 34 Raphanus populations genotyped at presumed neutral markers. Each point is an 
individual, and each population is represented by 8-10 individuals. Populations are identified by 
plotting character and colored to match the putative groups from STRUCTURE (Fig. 1-2) 
Populations that were mostly admixed in STRUCTURE (GMIL, MABG, RABG, RACA, COAU 
and WEAU) are shown with gray fill. (See Fig. A1-1. for population abbreviations).  

separates the Western and Eastern native populations unlike SmartPCA. Interestingly, although 

SmartPCA shows no obvious population-level clustering within the non-native range R.r. 

raphanistrum, STRUCTURE groups the European and North American weeds together, and 

suggests that the Australian populations are the product of admixture between this group and the 

Western natives.  
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Adagio oilseed (ADOL)
Arena oilseed (AROL)
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Madras podding (MABG)
Rattail (RABG)
Rattail (RAJS)
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Pairwise Fst results (Fig. 1-3) are generally consistent with the taxonomy and the SmartPCA and 

STRUCTURE results, but there are some differences. The four species and subspecies cluster 

together, except that R. pugioniformis is grouped with the crops, and weedy and native R.r. 

raphanistrum form distinct groups. Also consistent are results of AMOVA (Table 1-2), which 

shows that weedy R.r. raphanistrum is significantly different from native R.r. raphanistrum, R.r. 

landra and R. sativus. The percent covariance explained by the comparisons between weedy 

radish and each of these other possible progenitors is least with native R.r. raphanistrum (10.1%) 

and greatest with R. landra (19.5%).  

 
Figure 1-2: Output from STRUCTURE analysis of 34 Raphanus populations genotyped at 
presumed neutral markers using the admixture model. Each large rectangle represents a 
group of 8-10 individuals, with each individual represented by a vertical bar. Populations are 
grouped into the same putative ecotypes as highlighted in Fig. 1-1. A vertical bar of a single 
color denotes an individual whose genotypes can be entirely attributed to a single background 
shared by every individual with that color. Individuals with bars of more than one color show 
evidence for admixture, with the proportion of each genetic background plotted indicated by 
proportion of each color.  

STRUCTURE Plot K=7

R.r. landra R. pugioniformis
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Israel (TYIL) Israel (REIL) Israel (GHIL) Israel (HZIL) Israel (ZYIL)

R.r. raphanistrum outside native range

Germany (NCDE) Finland (AUFI) New York (BINY) Australia 1 (COAU) Australia 2 (WEAU)

Daikon (R. sativus)
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European (R. sativus)
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Oilseed (R. sativus) Rattail (R. sativus)

Arena (AROL) Colonel (COOL) Adagio (ADOL) Madras podding (MABG) Rattail (RABG) Rattail (RAJS)
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Crop varieties are genetically distinct from both natives and weeds 

Both STRUCTURE and SmartPCA clearly separate R. sativus from the other species, with the 

possible exception of some shared daikon and R. pugioniformis ancestry noted above. In 

addition, STRUCTURE (Fig. 1-2) suggests that the daikon, European, and oilseed crops are 

genetically distinguishable from each other, but that rattails share similarities with each of these 

other three crops. SmartPCA also suggests some separation between daikons and the other  

 

Figure 1-3: Pairwise Fst calculated for all 21 markers, and clustered by Euclidean distance. 
Populations are colored along the axes to match the putative groups from the SmartPCA (Fig 1-
1.) and STRUCTURE (Fig. 1-2) analyses; for population codes on the other axes, see Table S1.  
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cultivars (Fig. 1-1). Interestingly, clustering by pairwise Fst suggests that the European crops are 

more genetically similar to R.r. landra than to the rest of R. sativus and that R.r. landra is 

relatively distant from the other R. raphanistrum sub-species (Fig. 1-3). 

Non-native range R.r. raphanistrum flower more rapidly 

In agreement with previous reports, we found that the non-native R.r. raphanistrum flower faster 

than any of the crops, (Hegde et al., 2006; Ridley and Ellstrand, 2008) or natives (Sahli et al., 

2008) (Figs. 1-4 and A1-4). In model 1, non-natives flowered about fifty-eight days earlier than 

the Western range R.r. raphanistrum, and about twenty-four days earlier than the Eastern 

populations (Figs. 1-4 and A1-4). This flowering time difference between the eastern and 

western populations is consistent with the STRUCTURE analysis that clustered these groups 

separately (Fig. 1-2). The native R.r. raphanistrum population with the fastest flowering time 

(AFFR) was the only one collected from an active agricultural field, while the slowest flowering 

(DEES) was the only one collected from an undisturbed habitat (Table S1). R.r. landra 

populations took even longer to flower. In model 2, they required an additional 76 to 139 days to 

flower over the average native R.r. raphanistrum plant, depending on whether vernalization time 

was included as a fixed effect (Fig. A1-5). Not surprisingly, on average the root crops (daikon 

and European) flowered more slowly than the crops that are used for their fruits (oilseed and 

rattail), as flowering causes resources stored in the roots to be reallocated to the fruits. 
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Figure 1-4: Raw Flowering times in Raphanus. Medians, quartiles, and outliers for raw days 
from germination to first flower for each population are shown, with shading to denote the 
proportion of plants that flowered without experiencing vernalization. Boxplot widths are a 
function of number of individuals per population, with wider plots indicating more individuals. 
Maximum: AUFI (N=250); minimum: RBBC (N=3), total=2054. Note that scales vary by 
ecotype, and are very different for R.r. landra, which has much longer flowering times than the 
other taxa. None of R.r. raphanistrum populations from outside the native range required 
vernalization.  

There was considerable variation in flowering times among the R.r landra and R. sativus 

populations (Figs. 1-4, A1-5, and A1-6). For example, although the R.r. landra populations 

cluster by genetic markers, the French population was slower to flower (due to an absolute 

vernalization requirement) compared to populations collected in Spain (Figs. 1-4 and A1-5); and 

the latter had much higher within-population variation in flowering time than any of the other 

populations studied. In contrast, flowering time estimates for the weeds are consistently rapid 



 22 

with little within-population variation (Figs. 1-4 and A1-6). Although this study spanned several 

years and experiments, most of the within-population variation we observed is biological. Any 

given population has very similar flowering time distributions regardless of the time or location 

of the experiment, and some native populations consistently have bi-modal distributions (Fig. 

A1-8) 

Discussion 

We assayed a diverse set of populations across the genus Raphanus, to address two 

interconnected questions concerning the evolution of weedy radish. First, what is the likely 

origin of the weeds; and second, has weedy radish evolved rapid flowering in comparison to its 

progenitors? 

Origins of radish as an agricultural weed 

There are three main pathways to agricultural weediness; feral crops, wild invaders and 

hybridization, either wild-wild or wild-crop. In cases where the origin of agricultural weeds are 

known, researchers have frequently found them to be escaped crops (Ellstrand et al., 2010; 

Vigueira et al., 2012); however, our results do not support this. STRUCTURE did not find 

evidence for shared genetic background between the non-native R.r. raphanistrum and any crop 

population for values of K ranging from K=3 to K=24 (data not shown), and the crops are 

significantly different from the weeds by AMOVA F1(<.001) (Table 1-2). These results are 

inconsistent with the crop origin theory, but are consistent with previous work that found no 

genetic overlap between crop and weed populations for chloroplast haplotypes (Ridley et al., 

2008). Additionally, weeds resulting from de-domestication are expected to have very low 

genetic diversity (Vigueira et al., 2012), but non-natives in our study have the highest expected 
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heterozygosity of any group (Table S9). This does not seem to be due to pooling genetically 

differentiated populations, as three of the five weed populations we genotyped also have the 

highest expected heterozygosites that we measured, and the weedy populations clustered together 

in our genetic analyses. Empirical work also suggests that newly escaped radish cultivars would 

make poor weeds; Campbell and Snow (2009) found no evidence that R. sativus could establish 

feral populations without introgression from weedy radish and were unable to artificially select 

for greatly reduced flowering time in the Red Silk cultivar. While there are some reports of feral 

crop radish in the literature, it seems likely that these are actually hybrids (Snow and Campbell, 

2005). Taken together, these results are inconsistent with an “escaped crop” or “crop hybrid” 

origin for weedy radish. 

Our STRUCTURE and SmartPCA results suggest complex relationships between weedy R.r. 

raphanistrum and various populations of native R.r. raphanistrum. SmartPCA shows that the 

weeds are somewhat more similar to Eastern native populations, while the STRUCTURE results 

show almost no shared ancestry between those groups, but that two of the agricultural weed 

samples (COAU and WEAU) are more closely related to the Western native range R.r. 

raphanistrum (Figs. 1-1 and 1-2). Clustering by pairwise Fst suggests that the weeds are equally 

genetically distant from Eastern and Western natives, but that the natives are a single group (Fig. 

1-3). Taken together, these results support the hypothesis that weedy radish is most closely 

related to native R.r. raphanistrum; however, it is impossible to say whether native Eastern or 

Western populations are more closely related to the weeds. Resolving these fine-grain 

relationships will likely require much more genetic and ecological data, as seeds can be 

dispersed long distances by contaminated grain shipments, seed predators, and livestock (Cheam, 
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2006; Holm, 1997; Snow and Campbell, 2005), and likely for this reason, Raphanus weed 

populations lack isolation by distance (Barnaud et al., 2013a,b; Kercher and Conner, 1996). 

Our data are most consistent with native R.r. raphanistrum as the ancestor of weedy radish. A 

previous study found that weedy R.r. raphanistrum is indistinguishable from R.r. landra 

(previously R.r. maritimus) at mitochondrial markers (Yamagishi and Terachi, 2003), but the 

weeds have almost no overlap with R.r. landra populations in our SmartPCA analysis. Similarly, 

STRUCTURE shows only a few weedy individuals with minor introgression from R.r. landra, 

making the evolution of weedy R.r. raphanistrum directly from R.r. landra unlikely. Instead, 

both STRUCTURE and SmartPCA show some shared genetic background between weedy and 

native R.r. raphanistrum populations. Although our AMOVA found that weedy and native R.r. 

raphanistrum are genetically distinct, only 10% of the variation was accounted for by sub-

species, compared to 13% and 19.5% for R.r. sativus and R.r. landra respectively (Fig. 1-3). 

These data are also in agreement with a previous phylogenetic analysis based on eight 

transcriptomes, which found that weedy R.r. raphanistrum and native R.r. raphanistrum are 

sister taxa, and that both are more closely related to the other native Raphanus than to any 

cultivar (Shen et al., 2013). 

While these results are consistent with native R.r. raphanistrum as the ancestor of the weeds, we 

cannot rule out introgression from other Raphanus taxa, as the non-native populations are in the 

middle of all these taxa in PCA space, and our weed populations are highly heterozygous. 

Hybridization seems to be an important catalyst for invasive species in general (Ellstrand and 

Schierenbeck, 2000; Rius and Darling, 2014; Whitney and Gering, 2015); and Raphanus species 

are highly interfertile (Bett and Lydiate, 2003), readily interbreed, and there are multiple reports 

of hybridization in nature (Campbell et al., 2006; Hegde et al., 2006; Panetsos and Baker, 1967; 
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Snow and Campbell, 2005). However, all published reports of hybridization in Raphanus are 

between crops and populations of R.r. raphanistrum that are already weedy. While these 

instances cannot be used to determine the origin of the weed, they do illustrate the general 

importance of hybridization in this system. 

Perhaps not surprisingly, R. pugioniformis (Ziffer-Berger et al., 2014) does not cluster 

genetically with any of the R. raphanistrum sub-species. In all runs where K is at least 3, 

STRUCTURE classifies R. pugioniformis as a unique group, and it falls into an intermediate 

region between native R.r. raphanistrum and the crops in genetic space (Fig. 1-1). However, it is 

similar to native R.r. raphanistrum and the seed crops in terms of average number of days to 

flower and vernalization requirement (Figs. 1-4 and A1-5). Perhaps most strikingly, R. 

pugioniformis is the only wild species to have anthocyanin floral pigments, a trait that otherwise 

characterizes the crops (unpub. data). This introduces the possibility that R. sativus was 

originally domesticated from R. pugioniformis, at least in part, although our data cannot 

distinguish between this scenario and one where R. pugioniformis is a crop-native hybrid, or 

admixed with an unknown population (Falush et al., 2016). A much larger genetic study, with 

increased marker density and more native populations, may help resolve these relationships. 

Although STRUCTURE and SmartPCA gave similar answers, combining the results also led to 

some unexpected conclusions for crop origins. Superficially, our STRUCTURE plot supports the 

finding of many authors that crop radish was domesticated multiple times (Kong et al., 2011; Lü 

et al., 2008; Muminović et al., 2005; Wang et al., 2008; Yamagishi and Terachi, 2003; Yamane 

et al., 2005, 2009), as three of the four cultivars types have genetic backgrounds distinct from 

any other sampled Raphanus. (Fig. 1-2). However, whereas SmartPCA maintains some measure 

of genetic distance, STRUCTURE shows only statistically significant groupings. This means that 
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although the crop groupings in STRUCTURE are equally distinguishable, they are not 

necessarily similarly divergent from each other. Cultivars in our SmartPCA analysis, by contrast, 

form a small group in the space defined by the first two eigenvectors with the daikon cultivars 

clustered toward one edge (Fig. 1-1), which is more consistent with the single domestication 

event suggested by the transcriptome phylogeny in Shen et al. (2013). This pattern is also similar 

to that reported from a recent marker-based analysis of R. sativus wherein the crops also 

occupied a single swath of PCoA space, although those authors suggested their data was 

consistent with multiple origins (Kang et al., 2016). 

This difference is likely largely due to sampling. Whereas Shen et al. (2013) and the current 

study assayed individuals across the genus and genome, previous studies either included only 

crop cultivars in their analysis (Kong et al., 2011; Muminović et al., 2005; Wang et al., 2008), or 

based their differentiation exclusively on chloroplast or mitochondrial DNA (Lü et al., 2008; 

Yamagishi and Terachi, 2003; Yamane et al., 2005, 2009) and so have sampled only a fraction of 

the genetic variation of Raphanus. In our SmartPCA results, the differentiation within the 

cultivars is dwarfed by the variation between crops and the rest of Raphanus (Figs. 1-1 and 1-2). 

This finding is consistent with single domestication event for R. sativus, followed by later 

radiation, but an explicitly phylogenetic analysis at a large number of markers is necessary to test 

this hypothesis. 

Evolution of faster flowering in weedy radish 

Although non-native R.r. raphanistrum populations are genetically similar to native R.r. 

raphanistrum, they flower much faster (25-58 days earlier flowering on average, Model 1). 

Weedy radish flowers much more rapidly and uniformly than any of the other Raphanus taxa, 
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and the weeds never require vernalization (Fig. 1-4). This lack of variation and decreased mean 

suggests that the weeds have undergone strong directional selection for flowering time. This 

supports the hypothesis that the weedy radish most likely arose from native R.r. raphanistrum, 

and subsequently evolved a faster flowering time. 

This difference is especially striking in the raw data. We assayed days to flowering for non-

native radish from three continents in common garden experiments across a span of eleven years 

and eight experiments across three locations, however we find almost no variation in the raw 

flowering time among or within the weed populations (Figs. 1-4, A1-8). This finding is 

somewhat surprising as phenotypic plasticity is expected to be a common feature of weeds 

(Baker, 1965) and invasives (Davidson et al., 2011; Richards et al., 2006) and flowering time has 

been found to be plastic in invasive plants e.g. (e.g. Claridge and Franklin, 2002; Colautti and 

Barrett, 2010). As our common garden experiments were performed either in the summer or 

using summer conditions, it is possible that they were simply not different enough to trigger a 

plastic response. However, some researchers have found directional selection for flowering time 

among invasives (Blair and Wolfe, 2004; Thurber et al., 2014), and weedy radish can be 

artificially selected for faster flowering times (Ashworth et al. 2016).  

In stark contrast to the phenotypic uniformity of the weeds, native range populations of both R.r. 

landra and R.r. raphanistrum varied in both days to flowering, and the need for vernalization. 

Interestingly, this also appears not to be a plastic response to our variable conditions. In native 

populations that were assayed in at least four common garden experiments, we find far more 

variation within experiments than between them, and that some native populations have 

reproducibly bimodal distributions of flowering times (Fig. A1-8). Taken together, these data 

suggest that the native ancestors were likely more variable and slower-flowering, at least partly 
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due to a vernalization requirement, and this is consistent with the hypothesis of recent and rapid 

directional selection for shortened weed flowering time. 

One possible mechanism for this rapid evolutionary change is introgression from other Raphanus 

taxa, and hybridization has preceded changes flowering time in Raphanus in several cases 

(Campbell and Snow, 2007, 2009; Campbell et al., 2009a; Hegde et al., 2006; Snow et al., 2010). 

Similarly, both natural and artificial crop-weed radish hybrids have been found to have increased 

competitive ability, at least under some conditions (Campbell and Snow, 2007; Campbell et al., 

2006; Hegde et al., 2006). Most notably, California wild radish is a hybrid of R.r. raphanistrum 

and various cultivars which has invaded large swaths of central California (Panetsos and Baker, 

1967). Only a hundred years after its hybridization, California wild radish has extirpated the 

local weedy radish, and shows differentiation and local adaptation in several life history traits, 

including changes in flowering time (Hegde et al., 2006; Ridley and Ellstrand, 2010), which 

suggests that hybridization can induce weed invasion. 

However, all these examples of hybridization in Raphanus are hybrids between crops and 

established weeds, and so cannot have contributed to the creation or phenotypic divergence of 

weedy radish. Still, some comparisons can be made, and our results suggest that large-scale 

hybridization is probably not important in weedy radish evolution. In naturally occurring hybrids 

such as California wild radish, STRUCTURE analysis showed a clear pattern of admixture in 

each hybrid individual (Hegde et al., 2006), whereas our STRUCTURE results assign most 

individual weeds to a single genetic background, even at very high K (data not shown). 

Furthermore, in most of these studies, hybridization resulted in more variable (Hegde et al., 

2006) or later flowering times, (Campbell and Snow, 2007; Campbell et al., 2009a; Snow et al., 

2010, but see: Campbell and Snow, 2009) which is not what we find in our weed populations. 
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However, Snow et al. (2010) found that some crop alleles persisted for several years after 

experimental hybridization, albeit at lower frequencies than expected. As the marker density of 

our data is relatively low, we would be unable to resolve small scale introgression followed by 

strong selection for adaptive alleles. Denser markers across a similarly broad collection of 

populations would be useful both for detecting potential introgression events and verifying that 

the weeds evolved from a single native source population. 

In summary, we found no evidence to support a crop origin for weedy radish, either by 

hybridization or exoferality. Non-native R.r. raphanistrum likely descended from native R.r. 

raphanistrum, with possible introgression from other Raphanus taxa. All of these potential 

source populations have longer flowering times than we found among the weeds, which suggests 

that wild populations were not pre-adapted to field conditions and is evidence for rapid local 

adaptation to an agricultural habitat. These results were not unexpected, as rapid life cycle is a 

common feature of weeds (Baker, 1965), however the lack of phenotypic variation in our weed 

populations is both striking and unexpected. Weedy radish has been artificially selected to flower 

both substantially faster and slower in only five generations (Ashworth et al., 2016), and is both 

highly heterozygous and an obligate outcrosser, which suggests that there is not a corresponding 

lack of genetic variation for flowering time loci. Our study did not explicitly test for plasticity, 

however the lack of variation among weed populations across our common garden locations 

suggests that the weeds are not plastic for flowering time. 

This is unexpected because plasticity is much more common in weedy or invasive plants than in 

their native counterparts (Davidson et al., 2011), and plasticity of reproductive traits is a frequent 

feature of weedy and invasive plants (e.g., Atlan et al., 2015; Chaney and Baucom, 2012; Meerts, 

1995; Novy et al., 2012), and some other members of Brassicaceae (Franks et al., 2007). 
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However, while observations of common weeds and invasive plants provide a good framework 

for agricultural weed research, they are not directly comparable. Weeds and invasives are 

expected to favor plasticity over local adaptation because they are highly mobile, and so inhabit a 

wide range of habitats (Palacio-López et al., 2015). Agricultural weeds are frequently moved 

around the globe via contaminated seed stock, however the habitats they move to are relatively 

uniform. We might therefore expect plasticity in flowering time to be maladaptive in a highly 

regimented ecosystem such as an active farm. Whether or not directional selection is a more 

general phenomenon in agricultural conditions requires additional studies comparing key traits 

between agricultural weeds and their progenitors. 

Data Accessibility 

Seed stock information is in Table S1. Genotypic data is available at Dryad (doi: TBD). Scripts 

and data required for all analyses are available via the authors github page. 
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Figure A1-1: All populations were included in at least one analysis of the paper: Genetic(G) or 
Phenotypic(P). Variety/Range refers to whether a wild population was collected inside (Native 
Range) or outside the Mediterranean region; or to the convariety name for cultivated varieties. 
Source refers to the individual who collected the source populations in the case of wild 
populations, or the company that cultivar seed was purchased from. Stock/Collection location is 
the seed company stock number for cultivars, and global position of the source population in the 
case of wild collected plants.  

Table S1: All populations were included in at least one analysis of the paper: Genetic(G)
or Phenotypic(P). Variety/Range refers to whether a wild population was collected in-
side (Native Range) or outside the Mediterranean region; or to the convariety name for
cultivated varieties. Source refers to the individual who collected the source populations
in the case of wild populations, or the company that cultivar seed was purchased from.
Stock/Collection location is the seed company stock number for cultivars, and global
position of the source population in the case of wild collected plants.
G P Population Variety/Range Habitat Source Site Stock/Collection location
R.r.landra
X X PBFR Native Undisturbed France 42�48’690N, 3�02’010E
X X CBES Native Undisturbed Spain 43.4�N 4.23�W
X X SAES Native Undisturbed Spain 43.49�N, 3.53�W
R.r.raphanistrum
X X AFFR Western Ag field France 43�08’260”N, 2�53’547”E
X X DEES Western Undisturbed Spain 38�23’25.18”N, 3�29’39.88”W
X X HCES Western Disturbed Spain 37o18’05.93”N, 5o57’57.81”W
X X HMES Western Disturbed Spain 37o16’35.66”N, 5o57’16.80”W
X X IMES Western Disturbed Spain 37�13’16.73”N, 5�58’30.50”W
X X MAES Western Disturbed Spain 43�29’31.859”N, 3�31’28.808”W
X X GHIL Eastern Disturbed Israel 32�10’30.5”N, 34�56’01.6”E
X X HZIL Eastern Disturbed Israel 32�10’30.5”N, 34�49’28.9”E
X X REIL Eastern Disturbed Israel 31�54.157’N, 34�49.407’E
X X TYIL Eastern Disturbed Israel 32�15.284’N, 34�52.015’E
X X ZYIL Eastern Disturbed Israel 31�56’00.4”N, 34�47’11.4”E
X X AUFI Non-Native Ag field Finland 60�38’54”N, 22�33’53”E
X X BINY Non-Native Ag field New York 42�11’2.4”N, 75�50’7.08”W
X X COAU Non-Native Ag field Australia 31�18’S, 152�20’E

X KAMI Non-Native Ag field Michigan, USA 42�21’34.6”N, 85�35’54.2”W
X MAFI Non-Native Disturbed Finland 60�33’12”N, 22�06’53”E
X NAAU Non-Native Ag field Austraila 36�96’S, 140�73’E

X NCDE Non-Native Disturbed Germany 52�58.698’N, 9�37.865’E; alt: 224
X X WEAU Non-Native Ag field Austraila 31�23’S, 118�32’E
R.pugioniformis
X X GMIL Native Range Undisturbed Israel 32�30’01.6”N, 35�24’51.4”E
R.s.convar.sativus

X CGBC Chinese Green Luobo daikon Baker Creek Heirloom Cat#RD119
X FGBC Formosa Giant Luobuo daikon Baker Creek Heirloom Cat#RD127

X X MYJO Miyashige daikon John Scheepers 625.11
X X NEJS New Crown daikon John Scheepers 3860
X X TOBG All Seasons Tokinashi daikon Bountiful Gardens VRA-5050
X X WMBG Watermelon daikon Bountiful Gardens VRA-5100
X X CBBG Cherry Belle European Bountiful Gardens VRA-5080
X X DAJO D’avignon European John Scheepers 620.11
X X ESNK Early Scarlet Globe European NK Lawn & Garden Co 7576

X FRSI Flamboyant Long Italian European GrowItalian.com
X LBBC Long Black Spanish European Baker Creek Heirloom
X RABS Raxe European Burpee’s Signature Seeds
X RBBC Round Black Spanish European Baker Creek Heirloom

X X SPNK Sparkler European NK Lawn & Garden Co 7583
R.s.convar.oleifera
X X ADOL Adagio Oilseed MSU
X X AROL Arena Oilseed MSU
X X COOL Colonel Oilseed MSU

X OIBG Oilseed Radish Oilseed Bountiful Gardens GRA-7378
R.s.convar.caudatus
X X MABG Madras Rat tail Bountiful Gardens VRA-5060
X X RABG Rat’s Tail Rat tail Bountiful Gardens VRA-5070
X X RAJS Rat’s Tail CRat tail John Scheepers 3870
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Figure A1-2: PCR parameters and restriction enzymes for 21 SSR and CAPS markers. The allele 1 and 2 and are the sizes of the two 
fragments for the CAPS markers, and the size of the largest and smallest possible alleles for the SSRs. 

 

Locus Linkage Cm Contig Enzyme Forward Primer Reverse Primer Amp/Rep Allele 1 Allele 2 Mg(mM) Tm(C) Anneal(C)
DWRD 124 1 0 CL427Contig8 HindIII TGGCGGAAAGCAAAGAGAACTACG AAAGGAAAGTCACAAGCGGTGCAG 400 250 150 2.0 58 72
Na12-E05 1 12 CGTATGTTTGTTCCACCTGC ACTAGCAACCACAACGGACC CA 133 150 2.5 55 52
DWRD 112 1 37 CL22Contig17 HindIII TGACCTTGACCTTGATTCCGAGCA ATGTTCTCGGTGAGAAAGGGAGGA 1200 1000 200 2.0 58 72
Na14-E08 1 48 TTACTATCCCCTCTCCGCAC GCGGATTATGATGACGCAG GCC 85 122 2.5 55 50
DWRD 61 1 54 CL2272Contig2 PstI TAGTGGTTCGTCATCGGCTTCAGT TAACTCACTTGTTGCCGGAGCAGA 700 600 100 2.0 58 72
DWRD 123 2 2 CL4189Contig2 HindIII CCTTTGAGCTTGCGCTTTCCTTCT TACCCACTTGGATGGCAGAAACCT 400 225 175 2.0 58 72
DWRD 107 2 16 CL1985Contig1 HindIII AAACCGGTTCCATGAGAATGCCAC ATCCTGGGCAGCTCAATTACCCAA 370 200 170 2.0 58 72
DWRD 177 2 46 CL2355Contig3 BcII ATCATTCTCATCCTCAGTCGCCCT AGTTTGTGAGGACGAGGCTTGACT 600 400 200 2.0 58 72
Ra1-H08 3 9 GTCGATGATCACGGAAGAGG CTTGACAGCTACGGTTTGTCC AGG/CGG 184 204 2.5 56 52
Bn26A 5 42 TAAACTTGTCAGACGCCGTTATC CCCGTAAATCAAGCAAATGG GA 90 120 2.5 53 52
BRMS-005 5 57 ACCTCCTGCAGATTCGTGTC GCTGACCTTTCTTACCGCTC GA 132 175 2.5 56 50
DWRD 121 6 11 CL370Contig1 HindIII TCATCTTCCTCCTCGGTTGCTGAT AGAAATCGACCGGATGGTGAAGGA 400 250 150 2.0 58 72
DWRD 48 6 23 CL1174Contig1 PstI CACCACCGCCCAATCTCAACAAAT TGGTATAGCAAGGGCAGCGTAAGT 600 400 200 2.0 58 72
Ra2-E11 6 53 GGAGCCAGGAGAGAAGAAGG CCCAAAACTTCCAAGAAAAGC CT 167 191 2.5 54 61
DWRD 158 6 65 CL3595Contig2 EcoRi CAAGCCGCAGACCAAATCAACACT GCTGCCGAGCTTGAACCAAACATT 400 250 150 2.0 58 72
DWRD 180 8 21 CL2638Contig1 BcII ATCCAACTTGACGGTGTCAACGGA AAAGGTGTTCGTGTCTGGCTAGGT 350 250 100 2.0 58 72
DWRD 205 9 20 CL1128Contig1 EcoRV GTGGTTTCGAAGCTTTGTTTCTCCG TAGTTGTCGGGAGGAAGCGTGATT 300 275 25 2.0 58 72
DWRD 27 9 35 CL126Contig10 NsiI AGGTCCGGCTTCTCTAGTGATCTT ACTCTGTCAAGTCATGCTTCGCGT 600 400 200 2.0 58 72
Na10-H06 S1 AGAATGAGACCCAGAAACCG GCCACACTCTCTCTTACTAGGGC CT 120 140 2.5 56 52
DWRD 97 S2 CL1509Contig2 HindIII TGACGTGTAGTGTAGCGTTTGCGT TGAACATAGAACCGACCACCTCCA 650 350 300 2.0 58 72
Bn35d S3 GCAGAAGGAGGAGAAGAGTTGG TTGAGCCGTAAAGTTGTCACCT GA 222 251 2.5 58 61

Figure S2: PCR parameters and restriction enzymes for 21 SSR and CAPS markers. The allele 1 and 2 are the sizes of the two fragments
for the CAPS and the size of the largest and smallest possible alleles for the SSRs.
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Figure A1-3: PCA plot of the first two eigenvectors of a principal components analysis of 30 
Raphanus populations genotyped at presumed neutral markers. Each point is an individual, and 
each population is represented by 8-10 individuals. Populations are identified by plotting 
character and colored to match the SmartPCA figure in the main text (Fig. 1-1) This PCA was 
generated in R by running prcomp on the same dataset given to SmartPCA but with missing data 
omitted (na.omit). This PCA largely recapitulates the SmartPCA results, however some 
individuals have been lost due to missing data  
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Figure S3: PCA plot of the first two eigenvectors of a principal components analysis of 30
Raphanus populations genotyped at presumed neutral markers. Each point is an individ-
ual, and each population is represented by 8-10 individuals. Populations are identified by
plotting character and colored to match the SmartPCA figure in the main text (Fig. 1)
This PCA was generated in R by running prcomp on the same dataset given to SmartPCA
but with missing data omitted (na.omit). This PCA largely recapitulates the SmartPCA
results, however some individuals are have been lost due to missing data

45



 35 

 

 

Figure A1-4: Geographic means of R.r. raphanistrum and 95% credible intervals for number of 
days from germination to flowering. ‘NonNative’ populations were collected outside of the 
Mediterranean region, all but one from agricultural fields (Fig. A1-1). ‘East’ and ‘West’ 
populations were collected either in Israel or in Spain or France, respectively. Removing the 
fixed effect of vernalization from the model had a negligible effect on geographic means.  

  

Figure S5: Geographic means of R.r. raphanistrum and 95% credible intervals for number
of days from germination to flowering. ‘NonNative’ populations were collected outside of
the Mediterranean region, all but one from agricultural fields (Table S1 ). ‘East’ and
‘West’ populations were collected either in Israel or in Spain or France, respectively.
Removing the fixed e↵ect of vernalization from the model had a negligible e↵ect on geo-
graphic means.
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Figure A1-5: Native range Raphanus population means and 95% credible intervals for number of 
days from germination to flowering for all Raphanus populations collected in the Mediterranean 
region. Accounting for differences in vernalization treatment had a negligible effect in most 
instances, however it significantly reduced the estimates for R.r. landra populations. (Population 
abbreviations as per Fig. A1-1)  

  

Figure S6: Native Range Raphanus population means and 95% credible intervals for
number of days from germination to flowering for all Raphanus populations collected in
the Mediterranean region. Accounting for di↵erences in vernalization treatment had a
negligible e↵ect in most instances, however it significantly reduced the estimates for R.r.
landra populations.(Population abbreviations as per Table S1)
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Figure A1-6: Population means of R.r. raphanistrum and 95% credible intervals for no. days 
from germination to flowering. ‘NonNative’ populations were collected from agricultural fields 
outside of the Mediterranean region. ‘East’ and ‘West’ populations were collected either in Israel 
or in Spain or France, respectively. Removing the fixed effect of vernalization from the model 
had a negligible effect on population means.  

  

Figure S7: Population means of R.r. raphanistrum and 95% credible intervals for no.
days from germination to flowering. ‘NonNative’ populations were collected from agri-
cultural fields outside of the Mediterranean region. ‘East’ and ‘West’ populations were
collected either in Israel or in Spain or France, respectively. Removing the fixed e↵ect of
vernalization from the model had a negligible e↵ect on population means.
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Figure A1-8: Raw flowering times of all individuals from three populations. BINY, a weed, 
shows little variation in flowering time within or between experiments. Both MAES and SAES 
show a large amount of within population variation in Figure 1-4, however very little of this 
variation appears to be due to experiment. SAES has very similar flowering time distributions in 
all experiments except F-13, where it appears they all flowered early. However, F-13 was a field 
experiment, and none of the SAES plants survived the winter, so individuals who were alive and 
would have likely flowered the following year are not included. Had they survived, SAES would 
have had a bi-modal flowering time distribution in all experiments  

  

Figure S8: Raw flowering times of all individuals from three populations. BINY, a weed,
shows little variation in flowering time within or between experiments. Both MAES and
SAES show a large amount of within population variation in Figure 4, however very little
of this variation appears to be due to experiment. SAES has very similar flowering time
distributions in all experiments except field2013, where it appears they all flowered early.
However, field2013 was a field experiment, and none of the SAES plants survived the
winter, so individuals who were alive and would have likely flowered the following year
are not included. Had they survived, SAES would have had a bi-modal flowering time
distribution in all experiments
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Figure A1-9: Selected summary statistics. Bolded lines are apriori grouping values and are 
preceded by population values for that group. ’Het’ is the expected heterozygosity as calculated 
from all 21 markers. CoV is the coefficient of variation for days for flower, calculated as 
mean/standard deviation.  

Figure S9: Selected summary statistics. Bolded lines are apriori grouping values and are
preceded by population values for that group. ’Het’ is the expected heterozygosity as
calculated from all 21 markers. CoV is the coe�cient of variation for days for flower,
calculated as mean/standard deviation.
Population Het CoV
PBFR 0.34 2.50
CBES 0.21 56.9
SAES 0.28 50.7
R.r.landra 0.35 44.0
AFFR 0.41 45.0
DEES 0.36 17.1
HCES 0.43 18.8
HMES 0.45 19.1
IMES 0.43 28.2
MAES 0.41 29.3
WesternR.r.raphanistrum 0.47 43.4
GHIL 0.38 17.1
HZIL 0.42 28.1
REIL 0.42 28.9
TYIL 0.44 31.6
ZYIL 0.39 20.3
EasternR.r.raphanistrum 0.45 27.8
AUFI 0.42 12.7
BINY 0.50 28.8
COAU 0.38 29.6
KAMI 18.1
MAFI 13.9
NAAU 23.1
NCDE 0.47
WEAU 0.48 24.1
WeedyR.r.raphanistrum 0.52 25.7
GMIL 0.36 24.8
R.pugioniformis 0.36 24.8
CGBC 27.7
FGBC 27.0
MYJO 0.33 37.4
NEJS 0.32 15.5
TOBG 0.26 18.2
WMBG 0.22 26.8
Daikon,R.s.convar.sativus 0.36 42.0
CBBG 0.28 24.6
DAJO 0.23 14.7
ESNK 0.26 26.7
FRSI 18.4
LBBC 24.8
RABS 26.3
RBBC 29.1
SPNK 0.24 36.8
European,R.s.convar.sativus 0.33 32.0
ADOL 0.34 31.9
AROL 0.39 19.2
COOL 0.44 21.3
OIBG 21.8
R.s.convar.oleifera 0.45 31.7
MABG 0.38 18.0
RABG 0.35 20.2
RAJS 0.38 30.1
R.s.convar.caudatus 0.44 24.3
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Introduction  

Agricultural weeds cost the United States more than 34 billion a year (Pimentel et al., 2005), 

mostly from production losses. However, a small number of weed lineages - twelve plant 

families and fewer than 200 species - account for the majority of these losses (Holm, 1978,9), 

which suggests that there are only a few evolutionary routes can lead to ‘weediness’. This may 

be due to the nature of farming itself. In an agricultural setting, practices like tilling create a 

narrow window for the weed life cycle, excluding plants requiring more than a few months to go 

from germination to setting seed. This cyclic and intense disturbance of agricultural fields is 

unique in nature and exerts a strong selective force on both crops and weeds. Research on 

agricultural weeds shares many of the same advantages as studying the crops themselves: recent 

origin (∼12,000 years), economic importance and availability of historical data (Vigueira et al., 

2012). However, weeds have evolved without directed human selection (Vigueira et al., 2012; 

Warwick and Stewart, 2005), and so can additionally inform us about the processes of natural 

selection in an unnatural environment. Understanding why these particular plants transitioned to 

become weeds, and how they evolved to exist in such a regimented ecosystem may provide 

insights into the process of natural selection and could guide improvements in weed management 

(Vigueira et al., 2012).  

Weedy plants are often characterized by their ability to colonize disturbed habitats, and such 

colonization events are often associated with rapid evolution (Reznick and Ghalambor, 2001), 

whether the disturbance is natural or caused by human activity (de Wet and Harlan, 1975). 

Studies have found evidence for both de novo resistance, as well as rapid selection for traits like 

acetolactate synthase (ALS) resistance, in response to repeated herbicide use (Barrett, 1983; Busi 

et al., 2013; Derksen et al., 2002; Jasieniuk et al., 1996; Neve et al., 2009; Tranel and Wright, 
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2002; Vigueira et al., 2012). Similarly, it is proposed that vegetative mimicry in weedy sorghum, 

teosinte, and rices is due to un-intentional human selection during hand-weeding, resulting in 

seedling traits that closely resemble important crops (Barrett, 1983). While traits like herbicide 

resistance and crop mimicry evolve rapidly, and clearly are important for weed survival in a 

modern agricultural field, they were unlikely to be important for initial colonization. For these 

traits to be selected for, weeds must already be growing in an agricultural field and exposed to 

human interventions (Barrett, 1983; C Neal Stewart, 2009; Tranel and Wright, 2002; Vigueira et 

al., 2012).  

Instead, due to the nature of most farming practices, we might expect the strongest initial 

selection to be for reduced flowering time, increased rate of growth, and earlier seed set (Barrett, 

1983; Campbell and Snow, 2009; Snow and Campbell, 2005; Warwick and Stewart, 2005). 

While these traits are often cited as markers of weediness (Baker, 1965; Ellstrand et al., 2010; 

Neve et al., 2009; Sutherland, 2004; Vigueira et al., 2012; Warwick and Stewart, 2005), studies 

of the genetics of these key phenotypic adaptations to agriculture are mostly lacking (Ellstrand et 

al., 2010; Vigueira et al., 2012). The adaptive evolution of these other weedy traits, particularly 

rapid seed set and loss of any over-wintering requirement is probably an important indicator of 

early weed potential, yet we have little information about genes influencing these traits outside 

of Arabidopsis thaliana, which is a poor model for weeds (Basu et al., 2004).  

The lack of detailed genetic studies of these traits is likely due to the surprising complexity of 

weed origins. There are three potential origin routes for agricultural weeds: wild populations 

invading fields, crops going feral, and crop/wild hybridization (de Wet, 1966; de Wet and 

Harlan, 1975; Vigueira et al., 2012). Weed species with varying origins may therefore take 
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different evolutionary trajectories to arrive at the same set of weed traits. Wild plants, for 

example, may be initially be under selection for characters that improve their ability to survive in 

crop fields such as faster growth. However, feral crops will have already undergone many 

generations of artificial selection for these traits, and may already be resistant to herbicides, and 

so might be under strong selection for seed shattering and other escape traits (Vigueira et al., 

2012). Hybrids which might inherit both agricultural growth habits and wild reproductive traits, 

may require little or no selection to successfully invade. Understanding both the origins and early 

adaptations of lineages with high concentrations of weedy species may not only help improve 

control methods (McNeill, 1976; Müller-Schärer et al., 2004; Neve et al., 2009; Stewart Jr et al., 

2009; Vigueira et al., 2012) for current problem species, but may also provide insight into 

approaches for preventing future weeds (Higgins et al., 1978).  

One emerging model for studying both rapid evolution and weed evolution is weedy radish, 

Raphanus raphanistrum ssp. raphanistrum. Weedy radish is an ideal weed for answering 

questions about weed lineages as it is both a typical agricultural weed and economically 

important. Weedy radish is a member of Brassicaceae, one of the twelve major agricultural weed 

families, and is considered one of the world’s worst weeds (Holm, 1997) and is the worst dicot 

weed in Australia (Warwick and Francis, 2005). Weedy radish primarily invades small grain 

fields throughout the world (Warwick and Francis, 2005), and in the last 200 years weedy R. r. 

raphanistrum has spread to every continent except Antarctica (Holm, 1997).  

Weedy radish belongs to a small family of plants with wild, crop and weedy members. R. 

sativus, crop radish, has been domesticated into four major cultivar types. Two, Daikons and 

Europeans, are common cooking radishs, while Oilseeds and Rattails have been bred mainly as 
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seed crops. In addition to R. sativus, weedy radish also has two wild (non-weedy) relatives, R. r. 

ssp. landra, a native of the Mediterranean commonly found on dunes; and R. pugioniformis, 

which is found in the eastern Mediterranean but is largely unstudied. In addition, a number of 

genomic tools are available for weedy radish and its close relatives, including draft genomes of 

both weedy R. r. raphanistrum (Moghe et al., 2014) and several crop cultivars (Jeong et al., 

2016; Kitashiba et al., 2014; Mitsui et al., 2015).  

Perhaps not surprisingly, previous work suggests that weedy radish is most closely related to 

native R.r. raphanistrum (Chapter I; Shen et al., 2013b). However, weedy and native R.r. 

raphanistrum are phenotypically distinct for traits likely to be important for a native turned 

weed. For example, weedy radish flowers twenty-four to fifty-eight days earlier than native R.r. 

raphanistrum (Chapter I) and spends fewer resources on basal leaf development (Sahli et al., 

2008).  

We have used RAD-TAG, a reduced representation sequencing strategy, to confirm and expand 

our previous findings in a subset of populations from Chapter I. In this study, we have increased 

the number of genome wide SNPs by an order of magnitude and have used these markers to both 

access the interrelatedness of the Raphanus clade, and to find loci under selection in the weeds. 

Weedy radish is presumed to have evolved sometime in the last ∼12,000 years in conjunction 

with the advent of farming (Vigueira et al., 2012), and are quite phenotypically divergent from 

native radish. As twelve thousand years is short in evolutionary terms, we expect selective events 

from this time period to be detectable as reduced genetic diversity at selected loci (Smith and 

Haigh, 1974). Further, we would expect that at least some of the genetic differences between 
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closely related populations are likely to underlie phenotypic divergence between those 

populations (Nielsen, 2005).  

Methods 

Populations  

To obtain a large number of markers for selection analysis and validating Raphanus we did 

single end, reduced representation, Genotype-by-Sequencing (GBS) experiment (Elshire et al., 

2011) with a total of 259 individuals. We included representatives from all named species and 

sub-species of Raphanus and all four cultivated varieties (Table 2-1.) For weeds and natives, we 

sequenced 16 individuals per population. As we expected crop populations to be less genetically 

variable than the non-domesticated varieties, we sequenced fewer (5-7) crop individuals per 

variety. This allowed us to sample more native populations than would have been possible with 

equal sample sizes. Both the library prep with the pstI restriction enzyme, and sequencing with 

an Illumina HiSeq were performed by the BRC Genomic Diversity Facility at Cornell.  

Mapping and quantification  

We processed the raw reads using the process radtags function of STACKS (Catchen et al., 

2013,0) to deconvolute our samples and remove the sequencing barcodes and adaptors.  

We used GSNAP (Wu and Watanabe, 2005) to align reads to the published draft genome for R.r. 

raphanistrum (Moghe et al., 2014) for use in the pSTACKS pipeline. Due to restrictions imposed 

by our downstream STACKS analysis, we mapped using a kmer size of 15, did not allow  
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Table 2-1: Populations. Variety/Range refers to whether a wild population was collected inside 
(Native Range) or outside the Mediterranean region; or to the convariety name for crops. Source 
refers to the original location of source populations in the case of wild populations, or the 
company that cultivar seed was purchased from. Flowering time is the average days to flower for 
that population. % Vernalization is the average percentage of plants that require cold treatment to 
flower. Whenever possible, Flowering time and vernalization estimates are from Figure 1-3. 
RA226 and RA444 flowering times were obtained from a small unpublished experiment in the 
Conner lab, each with (N=20). RA444 grew, but never bolted, and presumably has an absolute 
vernalization requirement. We have no flowering information for RA808 or YEIL.  

 

  



 56 

splicing or terminal alignments, required a minimum coverage of 95%, and kept only those reads 

with a phred scaled mapping quality of at least 20.  

To obtain loci for genus-level comparisons, we used the pSTACKS pipeline (Catchen et al., 

2013,0) to align reads between samples and call SNPs. Prior to this analysis, we used the 

methods described in Paris et al. (2017) to test all reasonable STACKS settings on a subset of 

this data, and experimentally determined the pSTACKS parameters that maximized our ability to 

find SNPs without collapsing paralogous loci. As such, we required at least three reads per 

individual to accept a locus (m=3); and set n, the number of mismatches allowed when building 

consensus loci within a population to n=7. We used the populations module in STACKS to 

calculate pairwise Fst and obtain variant lists for various population groupings. Standard 

summary statistics were computed using the R (R Core Team, 2015) packages ‘adegenet’ 

(v.2.0.1) and ‘pegas’ (v.0.10).  

To find loci for signatures of selection, we used the same STACKs pipeline, however we only 

used R.r. raphanistrum individuals to build the catalog and used ’weed’ or ’native’ as population 

names.  

SmartPCA  

To compare our findings to that of Chapter I, we used SmartPCA (v.13050 – from the program 

Eigensoft 6.0.1) (Patterson et al., 2006) to perform an eigendecompo- sition. This program is 

optimized for genomic markers and rotates the data onto a set of orthogonal axes defined by the 

amount of variation explained to reveal hidden data structure. As the SmartPCA algorithm is 

designed for biallelic markers, each SSR marker was expanded into several biallelic markers as 
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described in Patterson et al. (2006), prior to analysis using a custom script. SmartPCA was 

designed for human data with a maximum of 23 chromosomes, however the Moghe et al. (2014) 

genome was assembled into 68331 contigs. As such, we randomly assigned markers to nine 

pseudo-chromosomes to match the known number of Raphanus chromosomes. Multiple 

iterations of randomization produced exactly the same plot, so although SmartPCA requires this 

chromosome position information, it doesn’t get used in the decomposition, and has no effect on 

the analysis.  

STRUCTURE  

Similarly, we tested for population structure using the command line version of STRUC- TURE 

(v2.3.4) (Pritchard and Stephens, 2000). We tested the admixture model for 20 replicates for 

each potential value of K from 3 to 20. To account for potential ordering effects, each replicate 

was run with a different randomization of the data input order. We used a burn in of 500,000 

cycles followed by one million Markov chain Monte Carlo iterations. We ran the correlated 

allele frequencies (or F) model, which computes values similar to Fst to model genetic 

differentiation and does not require genetic linkage information. Our populations were not 

constrained to a single Fst, and alpha (the admixture parameter) was inferred for the overall 

dataset as suggested in the manual (v. 2.3) (Pritchard et al., 2010). We used the default settings 

for all priors.  

From this, we calculated optimal values for K using both the mean log probability of K for each 

iteration as in Pritchard and Stephens (2000) and the largest delta K as described in Evanno et al. 

(2005). These calculations were run using the web-based version of Structure Harvester (Web 

v0.6.94 July 2014, Plot vA.1 November 2012, Core vA.2 July 2014) (Earl and vonHoldt, 2012). 
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All SmartPCA and STRUCTURE analyses were run on the HPCC at Michigan State University. 

We plotted results from SmartPCA and STRUCTURE analysis using custom bash and R scripts 

(R Core Team, 2015).  

Fst outlier detection  

We used PGDSpider version 2.1.1.3 (Lischer et al.) to convert vcf output from the populations 

module of STACKS into input files for BayeScan version 2.1 (Ecology and 2012). To improve 

our ability to detect outliers, we only included loci with a minor allele frequency greater than .05, 

used an odds ratio of 3, and made several data subsets. As we expected weedy R.r. raphanistrum 

to be most closely related to natives of the same subspecies, we did a paired analysis of each 

weed (BINY and NAAU) against each native R.r. raphanistrum (AFFR, DEES and MAES). We 

also analyzed a subset where the weeds were treated as a single group and compared to native 

R.r. raphanistrum, as a group. To look for genes of interest among Fst outliers, we blasted whole 

contigs using NCBI megaBLASTN 2.8.0+ against the nucleotide collection.  

Results 

Sequencing, Mapping and Quantification  

We obtained approximately two-hundred million reads per lane, for an average of 2.1 million 

reads per individual. While read quality estimates from the Illumina HiSeq quality software were 

reported to be within normal range, we found extensive contamination primer and adapter 

contamination. The contamination appears to be due to an obsolete paired-end PCR 2.0 primer, 

and/or the matching paired end sequencing adapter. This sequence always occurs as the reverse 

complement of the actual primer/adapter sequence, and always on the 3’ end of the read. 
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Approximately half of all reads have at least 35 bases of contamination, and approximately ten 

percent of those (5% of all reads) are contaminated with the full 62 base primer sequence. As 

STACKS cannot process variable length reads, all contaminated sequences were lost.  

 
Figure 2-1: Comparison of mapping rates per individual. The x-axis shows the number of 
reads available to GSNAP for mapping. The y-axis shows the number of reads successfully 
mapped. Points are colored by overall mapping rate: Number of reads mapped Number of reads 
from sequencer. Reads are split by group to show potential sequencing bias.  

Approximately half of the remaining reads mapped successfully for an overall mapping rate of 

∼25% for most individuals (Fig. 2-1). Although we mapped to the weedy R.r. raphanistrum 

genome, we saw no significant difference in mapping rates from other taxa.  
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STACKS built an average of 6526 loci per individual with a mean depth of 79.4 reads. However, 

these numbers were quite variable, with an average maximum depth of 3508 reads, and some 

depths reaching as high as 17790.  

For the overall dataset used for genus-level analysis, we found 70888 SNPs in at least one 

heterozygote. These comprised 26686 alleles across all samples. After filtering to accept only 

SNPs which were present in at least 20 of our 21 populations and in at least 80% of individuals 

of each population we were left with 1069 SNPs available for downstream analysis.  

For the dataset with just R.r. raphanistrum, we found 17126 alleles from 41188 SNPs. After 

filtering for SNPs that were in at least 80% of individuals for both the weeds and natives, we 

were left with 1891 SNPs for downstream analysis.  

Although we purchased, and the sequencer output is consistent with, single end sequencing runs, 

the final SNPs appear to be from paired end sequencing. Many markers, appear in pairs with zero 

to a hundred bases between them. Alignments for these markers show that all the reads used to 

build each marker mapped in opposite orientations as would be expected for paired end reads. As 

such, the 1069 SNPs in the overall dataset only represent about 600 independent markers. 

Similarly, in the just R.r. raphanistrum dataset ∼1000 of the 1891 markers are not very tightly 

linked.  

Separation by SmartPCA consistent with native R.r. raphanistrum as weed origin  

In our SmartPCA analysis, all individuals are tightly clustered by population, and except for R.r. 

landra, and perhaps R. pugiformis, taxa also cluster into groups; all four cultivars of R. sativus 

also cluster as a single unit (Fig. 2-2). The first two principle components of our SmartPCA show 
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strong differentiation between R.r. raphanistrum as a whole and all other Raphanus taxa (Fig. 2-

2, top). Similarly, R.r. raphanistrum have some separation from the other taxa in PCs three and 

four, however the magnitude of difference is somewhat smaller, and MAES, while differentiated 

from the other sub-species, does not cluster with the rest of R.r. raphanistrum (Fig. 2-2, bottom). 

Within R.r. raphanistrum, the weedy plants (orange) are intermediate between native R.r. 

raphanistrum, R.r. landra and R. sativus in all of the first four PCs. 

Clustering analyses improves with reduced SNP set  

We found little genetic structure when clustering populations by pairwise-Fst using all 1069 

markers (Fig. 2-3, top). Filtering out SNPs with a minor allele frequency less than .05 resulted in 

clustering that better reflects the groupings suggested by SmartPCA. (Fig. 2-3, bottom). This 

filtering step reduces the number of markers to 331 (∼265 independent markers). Although the 

reduced marker set has more ability to cluster populations, it still has many markers with low 

minor allele frequencies, and most have very little variation between populations (Fig. 2-4).  
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Figure 2-2: Principal components analysis plots for twenty-one populations of Raphanus at 
1069 genome-wide SNPs. Each point is an individual, and each population is represented by 5 to 
16 individuals. Populations are identified by plotting character. Top: The first two eigenvectors. 
Bottom: Eigenvectors three and four. Together these plots show 21.5% of the variance in these 
markers.  
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In STRUCTURE results from runs using all 1069 SNPs, both common estimators of K, the 

number of distinct groupings, suggest that K=4 is the best fit for this data. However, while K=4 

produced the highest likelihoods, replicate runs did not produce similar groupings, and we find at 

least five distinct and mutually exclusive plots (data not shown). Results from the filtered SNPs 

give much more consistent STRUCTURE plots across replicates, however the best supported K 

value is K=16, which is likely spuriously high. As such, we used K=5 based on results from 

Chapter I which suggest the major divisions are between the three major wild taxa: R. 

pugioniformis, R.r. landra, and R.r. raphanistrum; weedy R.r. raphanistrum; and R. sativus, 

(Fig. 2-5).  

At K=5, we find that the STRUCTURE results largely agree with those of Smart- PCA. R. 

pugiformis and the crops both have their own groups, as do the native R.r. raphanistrum. 

Similarly, R.r. landra forms a single group with the exception of RA226, which is relatively far 

from the rest of the landra in PCs one and two (Fig. 2-2). The two weed populations also appear 

to be admixtures of R.r. landra and native R.r. raphanistrum, just as they appear in the 

intermediate zone between these taxa in all four PCs. However, even in these more stable 

STRUCTURE runs, we still find some replicates with alternative groupings (data not shown).  
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Figure 2-3: Pairwise Fst clustered by Euclidean distance. Populations are colored along the 
axes to match the groups from SmartPCA (Fig. 2-2). For population codes on the other axes, see 
Table 2-1. Top: Pairwise Fst calculated with all 1069 SNPs shared among all populations. 
Bottom: Pairwise Fst calculated using the 331 SNPs with a minor allele frequency of at least .05  
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Figure 2-4: Allele frequencies by population for 331 SNPs with a minor allele frequency of 
at least .05. Columns dominated by either red or blue indicate marker with little ability to 
distinguish between populations.  
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Figure 2-5: Representative STRUCTURE plot for 331 SNPs with a minor allele frequency 
of at least .05. Each large rectangle represents a group of 8-10 individuals, with each individual 
represented by a vertical bar. A vertical bar of a single color denotes an individual whose 
genotypes can be entirely attributed to a single background shared by every individual with that 
color. Individuals with bars of more than one color show evidence for admixture, with the 
proportion of each genetic background plotted indicated by proportion of each color. Colors are 
arbitrary. 
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Figure 2-6: Overview of BLAST hits for Fst outlier contigs. Only the three contigs with 
annotated sequences are shown. Letters inside the grey bar representing the genomic region 
correspond to the annotation listed to the left of the image. Colored bars under each genomic 
region show sequence matching to each contig sequence, where color represents alignment 
quality as determined by BLAST. Green is an alignment score of 50-80, purple is 80-200, and 
red is 200 or greater.  

 

RrC3105 
A. predicted UDP-

glycosyltransferase

B. Uncharacterized protein

C. PDR15 ABC transporter

D. Uncharacterized protein

RrC6652 

A. eukaryotic translation 
initiation factor 3 
subunit A 


B. coleoptile phototropism 
protein 1-like 


C. autophagy-related 
protein 8i

RrC7669 

A. zinc finger protein 
ZAT9-like


B. DEAD-box ATP-
dependent RNA 
helicase 28-like


C. metalloendoproteinase 
1-MMP

DCBA

CBA

CBA



 68 

 Fst Outliers are from an array of cell processes  

After filtering for markers with a minor allele frequency of at least .05, our R.r. raphanistrum 

subset contained 949 SNPs, and six of these markers were significant in at least one paired 

analysis (Table 2-2). Two of these SNPs were found in multiple comparisons: BINY with AFFR, 

and BINY with DEES. However, these two SNPs almost certainly represent a single locus, as the 

markers are part of a pair with only ten intervening basepairs.  

Altogether, we found five contigs with significant Fst outliers, only three had BLAST hits to 

annotated genes (Fig. 2-6). Between these five contigs we find eight candidate genes: a predicted 

UDP-glycosyltransferase, a PDR15 ABC transporter, eukaryotic translation initiation factor 3 

Table 2-2: Fst Outliers. Pops one and two are the populations for each pairwise comparison. 
Position is the basepair where the identified SNP is located on the chromosome. Ref (SNP) gives 
the reference allele and polymorphism. The qvalue is the FDR adjusted p-value for that outlier. 
Comparisons of NAAU with AFFR or MAES had no significant results, nor did the overall 
comparison of all weeds with all native R.r. raphanistrum  

Pop 1 Pop 2 Contig Position Ref (SNP) qvalue 

BINY AFFR RrC3355 4370 G(A) 0.021 

BINY AFFR RrC3355 4380 A(G) 0.021 

BINY DEES RrC13105 5129 G(A) 0.024 

BINY DEES RrC3355 4370 G(A) 0.026 

BINY DEES RrC3355 4380 A(G) 0.025 

BINY DEES RrC7669 1943 A(T) 0.024 

BINY MAES RrC6652 4963 A(G) 0.049 

NAAU DEES RrC3105 7909 T(C) 0.015 
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subunit A, coleoptile phototropism protein 1-like protein, autophagy- related protein 8i, zinc 

finger protein ZAT9-like, DEAD-box ATP-dependent RNA helicase 28-like, and 

metalloendoproteinase 1-MMP. The RrC3355 locus, which was significant in two comparisons, 

had no annotated genes.  

 Discussion  

We sequenced a diverse collection of populations from across Raphanus species to enhance our 

ability to find population structure, and to find regions that show evidence of selection. Based on 

previous work (Chapter I), we expected weedy radish (R.r. raphanistrum) to be a close relative 

of native R.r. raphanistrum and used an Fst outlier analysis to look for loci that might underlie 

the large phenotypic differences between these two ecotypes.  

Native R.r. raphanistrum as the ancestor to weedy radish  

We used three different analyses to access the inter-relatedness of Raphanus species. In 

agreement with previous reports (Chapter I), we find that weedy and native R.r. raphanistrum 

are the most genetically similar to each other among the Raphanus as measured by PCA. We 

found similar results with STRUCTURE, where both are suggestive of a native hybrid origin for 

the weeds (Figs. 2-2 & 2-5), however a larger number of markers and an explicitly phylogenetic 

approach would better resolve these relationships.  

In keeping with recent previous reports (Chapter I; Shen et al., 2013a), we also find evidence for 

single origin for crop radish as the cultivars cluster through the first four PCs and in our 

STRUCTURE analysis. Although there are many earlier reports of multiple crop origins (Kong 

et al., 2011; Lü et al., 2008; Muminovíc et al., 2005; Wang et al., 2008; Yamagishi and Terachi, 
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2003; Yamane et al., 2005,0), these reports sampled few, if any, non-crop populations, and likely 

over-estimated the divergence between cultivars.  

Although our results from SmartPCA support previous findings, we found little population 

structure using pairwise Fsts. Similarly, while the filtered marker STRUCTURE analysis largely 

agree with the SmartPCA, and out-performed the version using all possible SNPs, about half of 

our filtered STRUCTURE replicates still had other population groupings. These differences in 

our ability to see population structure are likely due to how these methods deal with the 

relatively low minor allele frequencies in our markers and the number that appear in high LD 

pairs. One of the underlying assumptions of the STRUCTURE algorithm is that all of the SNPs 

are independent, however many of our loci are very tightly linked, which may be why our 

groupings are unstable. In the two alternative STRUCTURE scenarios, either PBFR and SAES 

were split from R.r. landra and R. pugionformis was lumped with the crops; or PBFR and SAES 

were split from R.r. landra and RA226 was clustered with native R.r. raphanistrum. Neither of 

these alternatives is a particularly good fit for the PCA results, however analysis with more 

markers with low LD would improve these results. Similarly, the pairwise Fst comparison is 

overwhelmed by mostly uninformative loci where the minor allele is present in only a handful of 

individuals across the entire genus. Re-running these analyses without RA226, which is clearly a 

genetic outlier, may improve the clustering results.  

In contrast, SmartPCA uses an eigendecomposition to find the axes with the most variation, and 

so is not overwhelmed by uninformative sites, and is not greatly impacted by linkage. As such, 

our SmartPCA results are likely a more reliable indicator of population structure, however it’s 
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possible that the loci driving the differentiation are not neutral, and we are seeing some evidence 

of selection rather than background diversity.  

Interestingly, in the first eigenvector the R.r. raphanistrum populations are arranged in a line 

roughly in order of flowering phenotype, with the slow flowering MAES on the right, and weeds 

on the left (Fig. 2-2, top). As the first eigenvector is the axis of most variation in the dataset, and 

the R.r. raphanistrum populations account for most of this axis, it is possible that the PCA was 

biased by genes under selection. While we cannot entirely rule that out, the PCA loadings 

indicate that seven SNPs are the primary drivers of differentiation in this axis, and their 

corresponding contigs do not BLAST to genes annotated for flowering time genes. In most cases, 

the contigs are only annotated with unknown protein predictions. As flowering time genes are 

well annotated in Arabidopisis, this suggests that the PCA is reflecting neutral variation and is a 

reliable indicator of population structure.  

Library preparation problems caused a severe reduction in power  

We used a Genotype-By-Sequencing (GBS) approach to obtain a large number of markers to 

validate and extend the results of Chapter I, however our data suffered from low overall quality. 

Approximately half of all reads were contaminated by either a paired- end adapter or paired end 

PCR primer from an obsolete Illumina kit. This contamination was always in the reverse 

compliment at the 3’ end of the read which suggests that the DNA used for the sequencing prep 

was either very degraded or was over-digested such that we got extensive read-through of the 

reverse adapter. However, while some samples in the study were from relatively old frozen 

DNA, age of sample doesn’t seem to correlate with either number of reads obtained from the 

sequencer or mapping ability (Fig. 2-7). As these single end reads are contaminated with paired 
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end adapters, and our marker distribution suggests they behave as paired end reads, it seems 

likely that there were previously un-identified problems with the library preparation. This 

resulted in a loss of most of the potential information from the sequencing data.  

 

Figure 2-7: Comparison of mapping rates per individual separated by date of DNA 
preparation. The x-axis shows the number of reads available to GSNAP for mapping. The y-
axis shows the number of reads successfully mapped. Points are colored by overall mapping rate: 
Number of reads mapped Number of reads from sequencer. Reads are split by date to show 
potential sequencing bias.  

We suffered a further loss of power due to the majority of our potential markers having 

extremely low minor allele frequencies. In many of the SNPs that were dropped, the minor allele 

frequency was 1/516, as the minor allele was found in only a single heterozygote. Even after 

filtering, many markers showed only minor differences in allele frequency between populations 

(Fig. 2-4). This is surprising, as Raphanus is an obligate outcrosser and these same populations 
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were previously found to be quite heterozygous at neutral markers (Chapter I). This effect does 

not seem to be due to the analysis pipeline, as changing the number of mismatches allowed in 

mapping, or the assembly parameters in STACKS had almost no effect on allele frequencies 

(data not shown).  

Together, these issues resulted in a large overall reduction in our ability to detect selection. 

Genome wide searches for changes in Fst typically require many thousands of markers to cover 

the genome densely enough that some happen to be in linkage disequilibrium (LD) with the 

actual locus under selection. Sparse markers are unlikely to be in LD with loci of interest and are 

therefore unlikely to catch any but the newest artifacts of directional selection. Low numbers of 

markers combined with low levels of allele diversity at those SNPs made it almost impossible to 

detect loci with our Bayesian method. However low power is a relatively common problem with 

reduced representation studies Lowry et al. (2016), so simply increasing the quality of the data 

may not improve our ability to find selective sweeps. Re-running the analysis in a non-Bayesian 

framework where candidate alleles don’t have to overcome the prior distribution might enhance 

our ability to find outlier loci, at the cost of an increased false positive rate.  

Outlier contigs suggest changes in protein production 

Although we had little power, our Fst outlier analysis identified five regions with significant 

pairwise deviations. Two of these regions had no significant BLAST results, however we found 

eight annotated genes among the other three regions. These genes are involved mainly in 

transcription, protein production and stress response. Although it is difficult to directly relate 

these genes to flowering time, they do seem to be reasonable candidates for morphological 

changes. For example, we find genes involved in regulation at all levels: UDP-
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glycosyltransferase, is part of a pathway that regulates hormone metabolism, zinc finger protein 

ZAT9 is a transcription factor, this DEAD-box protein is involved in RNA splicing, and 

coleoptile phototropism protein 1 mediates protein ubiquitination. Future studies to determine 

which, if any, of these genes are the actual locus under selection might shed light on the 

mechanisms that underlie differences between weedy and native R.r. raphanistrum.  
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Introduction  

Differences in floral morphology among angiosperms are often correlated with differences in 

important traits such as preferred pollinator (Bradshaw and Schemske, 2003; Harder and Barrett, 

1993; Schemske, 2010), and degree of out-crossing (Barrett, 2003; Fornoni et al., 2015; Snell 

and Aarssen, 2005). As floral morphology directly impacts plant fitness, the genes for floral 

characters and development have been extensively studied in the model plant Arabidopsis 

thaliana (e.g., Abraham et al., 2013; Alvarez-Buylla et al., 2010; Grillo et al., 2013; Preston et 

al., 2011; Smyth et al., 1990; Yanofsky), and are relatively well studied even in non-model plants 

(as reviewed in: Endress, 2012; Glover et al., 2015; Kramer, 2007; Soltis et al., 2009).  

Although the genetic mechanisms that underlie qualitiative shifts in floral traits are well 

understood, and the relative sizes of floral organs between plant species are frequently measured 

and reported in the literature as part of pollinator and development studies (e.g., Andersson, 

1996; Bateman et al., 2013; Greyson and Sawhney, 2015; Humeau and Thompson, 2001; Niklas, 

1994; Ushimaru and Nakata, 2015), little attention has been paid to determining the genetic basis 

of allometric changes, or changes in the relative sizes of floral structures between species. While 

there have been a small number of QTL studies where the relative sizes of floral traits have been 

assessed (Conner, 2002; Feng et al., 2009), we know of no studies that have identified the genes 

underlying these traits, although several genes underlying floral organ identity and overall size 

have been identified (Bowman et al., 1989; Hepworth and Lenhard, 2014; Krizek, 2009). We 

have attempted to fill this gap by finding candidate genes for allometric differences in a single 

species of Brassicaceae.  
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Brassicaceae contains more than 3700 plant species ranging from Arabidopsis thaliana, to 

cabbage (Brassica oleracea), to radish (Raphanus raphanistrum) to money plants (Lunaria 

annua). Although these species vary widely in terms of size, leaf structure, and several other 

traits, floral morphology is largely homogenous across the family (Conner, 2006; Franzke et al., 

2011). Originally known as Cruciferae, the Brassicaceae typically have a “cross-like” corolla, 

consisting of 4 petals converging towards the base of the flower to form a tube. Each flower has 

6 stamens; 4 tall and 2 short (Figure 3-1). Among Brassicaceae, absolute stamen and tube length 

vary by species. However most of this variation is accounted for by overall flower size, with 

most species having roughly the same stamen to tube ratio (Conner, 2006). This conservation 

across the taxon suggests the relative height of the stamens to the floral tube, a composite trait 

known as anther exsertion, may be adaptive. The anthers, which deposit pollen on insects, are 

borne on the tips of the stamens. As such, the degree of anther exsertion can have a profound  

 

Figure 3-1: Floral morphology of radish after partial dissection. A. Top view of a radish 
flower showing cross-like petals, anthers of the 4 tall stamens, and the pistil. B. Side view of 
same flower after dissection showing a short stamen (a), 2 tall stamens (b), pistil (c), and the tube 
created by the petals (d).  
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impact on the efficiency and placement of pollen deposition on pollinators (Armbruster et al., 

2014; Harder and Barrett, 1993; Kudo, 2003; Nishihiro and Washitani, 2011; Webb and Lloyd, 

1986), which in turn can affect fitness (Conner, 2006).  

In radish, Raphanus raphanistrum ssp. raphanistrum, pleiotropy causes a higher correlation 

between the height of the stamens and the height of the corolla tube than there are among other 

floral or vegetative traits (Conner, 2002; Conner and Sterling, 1995; Conner and Via, 1993). 

However, experiments that directly selected for increased or decreased height of the tall stamens 

relative to the corolla tube in radish had a large and rapid response, demonstrating that high 

genetic correlations don’t necessarily result in strong evolutionary constraint (Conner, 2006; 

Conner et al., 2014). After eight and nine generations of selection in two replicate experiments, 

Conner et al. found differences of 3.4 and 5.8 standard deviations between the High and Low 

selection lines, respectively (Conner et al., 2011).  

This system provides an excellent framework for finding genes that underlie quantitative 

allometric phenotypes. R.r. raphanistrum is an agricultural weed with the typical floral structure 

of Brassicaceae, and an emerging model for studying both rapid evolution and floral morphology 

(Agrawal, 1998; Agrawal et al., 2002, 2004; Bett and Lydiate, 2003; Campbell et al., 2006, 

2009; Conner et al., 2011, 2014; Devlin and Ellstrand, 1990; Irwin and Strauss, 2005; Irwin et 

al., 2003; Klinger et al., 1991; Mazer and Schick, 1991; Morgan and Conner, 2001; Ridley and 

Ellstrand, 2009; Sahli et al., 2008; Stanton et al., 1986). As such, there are a number of genomic 

tools available for weedy radish and its close relatives. Both a transcriptome and a draft genome 

have been published for R. r. raphanistrum (Moghe et al., 2014), and crop radish, R. sativus, has 
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also been sequenced with a number of draft genomes available (Jeong et al., 2016; Kitashiba and 

Nasrallah, 2014; Mitsui et al., 2015).  

To identify candidate loci controlling stamen and corolla tube height in radish, we did RNAseq 

on 35 plants from the artificial selection lines generated for (Conner et al., 2011, 2014) (17 low, 

18 high), and performed a differential expression analysis. We mapped to all available reference 

genomes to provide a robust list of candidate genes underlying one floral trait, anther exsertion, 

in the weed Raphanus raphanistrum. We expect these results to be the first assessment of genes 

underlying allometric differences in floral traits, and to be broadly useful to the plant research 

community.  

Methods  

Experimental Setup  

Plants from the Binghamton NY (BINY) population (42.184089E, 75.835319W), were selected 

as described in (Conner et al., 2011, 2014). Conner et al. used this population to create two 

replicate anther exsertion selection experiments. Each replicate contains two selection lines, one 

which was selected for a high stamen to corolla tube ratio – the “High” lines – and one with 

selection for a low ratio – the “Low” lines. In both the High and Low lines, selection was 

perpendicular to the correlation between filament and corolla tube lengths, such that the 

composite trait of anther exsertion was under directional selection. Each of these four selection 

lines was comprised of 12 maternal lines.  
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RNA sequencing and mapping  

After six (Rep 1) or seven (Rep 2) generations of artificial selection, RNA was extracted from 

flower buds from 36 plants: nine from each of the lines. Although buds were not age-matched, 

all were early to mid-stage. Due to greenhouse space constraints, these plants were grown in 

blocks, approximately two months apart: all Rep 1 buds were collected in early February of 

2008, while all Rep 2 buds were collected in late March of 2008. Buds were flash frozen in 

liquid nitrogen, and all RNA preps were done concurrently after the second bud collection.  

RNA was sequenced using an Illumina Genome Analyzer II to obtain approximately 6.5 million 

reads for each of thirty-five individuals. Sequencing from one individual from Rep 1 Low failed 

and is not included in subsequent analysis. This is very early Illumina data, and as such has much 

shorter reads (36bps), lower depth, and somewhat higher error rates than current technologies. 

To account for this, we mapped our reads using GSNAP (Wu and Watanabe, 2005), which was 

initially designed for mapping mRNA reads. GSNAP uses soft-clipping, which allows it to 

dynamically ignore bases at the beginning or end of the read where most errors occur, and 

importantly, it can align reads as short as 14bp (Wu and Nacu, 2010). As such, 36 base pair reads 

can be mapped, even if they require extensive soft clipping. We used a kmer size of 15, allowed 

splicing, and kept only the single best match for each read.  

To improve our ability to find differentially expressed genes, we mapped these reads to a variety 

of genomic resources. Two of these, the R.r. raphanistrum genome and transcriptome (Moghe et 

al., 2014), were created using the BINY population, and so should provide the best match for 

mapping. However, both of these resources are draft sequences, and neither covers the entire 

genome/transcriptome (Table 3-1). Therefore, we also mapped reads to three newer publicly 
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available R. sativus draft genomes (Jeong et al., 2016; Kitashiba et al., 2014; Mitsui et al., 2015) 

which have higher genomic coverage (Table 3-1).  

Mapped reads were quantified using the ’union’ flag in HTseq v.0.6.1 (Anders et al., 2015) to 

determine the raw number of reads mapped to each gene. All mapping and quantification was 

performed per individual.  

Table 3-1: Genomic resources available for Raphanus. Each genomic resource is a column 
and is referred to by its column name throughout this manuscript. Both R.r. raphanistrum 
resources were created using the same base population as this study: BINY. All three R. sativus 
genomes were created using daikon type varieties. Kitashiba et al. (2014) and Mitsui et al. (2015) 
sequenced the same daikon cultivar, however they used single haploid (S-h) and doubled haploid 
(D-h) stocks, respectively. To make these resources more easily comparable, the genome values 
reported here all use a minimum assembled sequence length of 100 base pairs rather than the 
summary statistics reported in each paper. These values are taken from Table S5 of Jeong et al. 
(2016).  

 Moghe2014 RR3NYEST Kitashiba2014 Mitsui2015 Jeong2016 

Species 
R.r. 

raphanistrum 
pop: BINY 

R.r. 
raphanistrum 
pop: BINY 

R. sativus cv. 
Aokubi S-h 

R. sativus 
cv. Aokubi 

D-h 

R. sativus 
cv. 

WK10039 
Resource 

Type Genome Transcriptome Genome Genome Genome 

Number of 
Contigs 68331  10148 107492 72909 38732 

N50 (kb) 10.1 - 10.7 7.1 19.6 
Assembled 

Length 
(Mb) 

254.6 - 402.3 383.3 426.2 

Gene 
Models 38174 44290 ESTs 80521 64657 46514 

Reference Moghe et al. 
(2014) 

Moghe et al. 
(2014) 

Kitashiba et al. 
(2014) 

Mitsui et al. 
(2015) 

Jeong et al. 
(2016) 
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Modeling of differential expression  

We used DESeq2 (Love et al., 2018) to determine which genes show differential expression 

across various treatments. This software is suitable for working with low depth data, with its 

inherently increased uncertainty in expression estimates. We expect that most RNAseq loci are 

not differentially expressed, and the variance at loci with low expression levels will be higher, 

and thus expression more difficult to measure accurately, than at more highly expressed loci 

(Anders and Huber, 2010). DESeq2 deals with this by filtering out loci with too few reads and 

using a shrinkage analysis which uses information from all the samples for a given locus to 

reduce the variance at lowly expressed loci and give better estimates (Anders and Huber, 2010; 

Dillies et al., 2013; Seyednasrollah et al., 2013). This approach is particularly well suited to this 

dataset for two reasons. First, these samples were sequenced in 2008, and as such have much 

smaller overall read counts than a typical modern RNAseq experiment. As such, lowly expressed 

loci will have very low numbers of reads, and even loci that were of moderate expression in the 

cell will have comparatively low absolute read counts. Second, although this data set has 

relatively low read counts for any given individual, there are at least eight individuals from each 

of the four selection lines. As shrinkage analysis works better with more biological replicates to 

‘borrow’ information from, the replication in this dataset should substantially offset the relatively 

low total read count.  

To determine which genes were differentially expressed, we created and analyzed five datasets. 

Each dataset consisted of the concatenated raw read counts of all 35 individuals mapped to a 

single genome, and was analyzed using the model:  

ni ∼ F + R + S                                                         (1) 
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where n is the number of reads for individual i, F is a factor that accounts for combined variation 

due to flowcell and date of the sequencing runs, R is a factor representing the replicate, and S is a 

factor that describes the direction of artificial selection.  

To determine which genes were consistently differentially expressed between the selection lines 

in both locations, we extracted the contrast of ’High vs. Low’. As we expect any changes in 

expression to be relatively small, and to maintain enough genes for downstream analysis, we 

used a lenient cutoff for differential expression. We kept all differentially expressed genes, 

regardless of fold change that had an adjusted p-value of <.1 as measured by a Wald test, and 

adjusted using the Benjamini-Hochberg (BH) adjustment (Benjamini and Hochberg, 1995) for 

subsequent analysis.  

Validation  

As each of the genomic resources are highly fragmented (Table 3-1), non-equivalent regions of 

the genome may not be represented in each. As our ability to detect differential expression is 

predicated on mapping, genome (or transcriptome) quality could affect what genes are detected. 

We compared our results from each genome at several stages: mapping, genes showing 

differential expression, GO term analysis, and collapsed GO term analysis.  

To compare mapping rates, we used the total number of reads counted by HTseq per individual, 

divided by the number of raw reads in each sequencing file as the total reads per individual. As 

such, the denominator includes all unmapped, multi-mapped and low mapping quality (< 20) 

reads.  
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To compare genes showing differential expression, and to perform GO analyses, we converted 

all gene lists to a common set of gene identifiers. As only the Mitsui et al. (2015) authors 

published GO annotations for their genomic resource and was available in agriGO (see below) 

we converted the differentially expressed gene lists from all the others to the Mitsui et al. (2015) 

gene annotations by BLAST. We used the command line version of blastn (Nucleotide-

Nucleotide BLAST 2.7.1+), with the default settings (evalue=10, wordsize >+4), and used the 

single best match as the homologous sequence. For all datasets except (Mitsui et al., 2015), this 

resulted in a small reduction of differentially expressed genes which did not have a BLAST 

match. We compared which genes were differentially expressed across the five datasets by 

taking the simple overlaps of the converted gene lists.  

GO Analysis  

We used agriGO (Tian et al., 2017) to perform a Singular Enrichment Analysis (SEA) on all of 

the differentially expressed genes for each of the five converted data sets. In each case, the list of 

differentially expressed genes was compared to a list of all possible genes. As overall mapping 

rates differed between genomes, we constrained the list of all possible genes for a given resource 

to contain only the genes that had at least one read mapped to them from that dataset. We 

compared which GO terms were over-represented among differentially expressed genes by 

taking the simple overlap of GO terms enriched for each dataset. As our differentially expressed 

genes were a small subset of the background, we used a Fisher’s exact test to determine which 

GO terms were enriched, with an adjusted p-value (BH) of < 0.05. We set the minimum number 

of mapping entries to three, and used the complete GO ontology, based on the annotations from 

(Mitsui et al., 2015) already present in the agriGO database (access date 4/7/18.)  
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We used the webtools CateGOrizer (Hu et al., 2008) to simplify the GO terms for each dataset. 

In all cases, we input the GO terms that were enriched in the SEA (adjusted p-value (BH) of < 

0.05), and collapsed the terms using the Plant GOslim classification and single count methods.  

Results  

Response to selection  

A detailed analysis of the response to selection can be found in Conner et al. (2011), however a 

few results are directly relevant here. In all four selection lines, anther exsertion responded in the 

desired direction, however in both reps, the High lines showed a stronger response than the Low 

lines as compared to the control for each replicate. In the High lines, the mean height of the long 

filament increased .44mm (4%) in Rep 1 and .32mm (3%) in Rep 2, while the mean heights of 

the corolla tube decreased by .56mm (6%) and 1.37mm (14%), respectively. In the Low lines, 

the mean height of the corolla tube increased by about 4% (.4mm) Rep 1 and increased by 6% 

(.62mm) in Rep 2. The filament in the Low lines decreased by .41mm (4%) and .8mm (8%), 

respectively.  

Taken together, this resulted in an average difference in anther exsertion of D1.79mm, (3.4 

standard deviations) in Rep 1. Rep 2 had a larger overall change with an average anther exsertion 

of 3.1mm, or a difference of about 5.8 standard deviations after eight or nine generations of 

selection (Fig. 3-2).  
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Figure 3-2: Representative examples of selection for increased and decreased anther 
exsertion. Flowers were partially dissected for photography. The middle flower is from the 
unselected base population. The lower left, and upper right show representatives of the Low and 
High line respectively  

Sequencing and Mapping  

Illumina sequencing resulted in four million to eight million reads per individual, and overall 

mapping rates of these individuals varied widely between genomic resources (Fig. 3-3). In our 

analysis, Jeong2016, the most recent genome, and RR3NYEST, the R.r. raphanistrum 

transcriptome, performed poorly, with only about 20% of reads uniquely mapping for any 

individual. Our reads mapped to the three older genomes at approximately the same rate (60%) 

in all individuals. When compared in the common Mitsui2015 background, the majority of gene 

models in each background had at least one mapped read and overlap between mapped reads is 

relatively high across genomic resources (Fig. 3-4).  
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Figure 3-3: Comparison of mapping rates across genomes. For each of 35 individuals, the 
number of reads that passed all mapping filters plotted against the total number of raw reads. 
Mapping percentage is indicated by color. Genomic Resources are defined in Table 3-1.  
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Figure 3-4: Comparison of overall mapping to gene models by genomic resource. This venn 
diagram shows the overlap for overall mapping among the genomic resources and includes all 
genes with at least one read mapped to them for a given genomic resource. As each resource uses 
an idiosyncratic gene model naming convention, all gene models for a given genomic resource 
(except Mitsui2005) were converted via blast to the annotations of Mitsui2015. Under each 
genomic resource is the total number of genes in that lobe of the venn followed by the number of 
gene models in that genomic resource. While overall mapping rates varied widely per genomic 
resource, the percentage of gene models with mapped reads was high across all resources.  

Differential Expression and GO analysis  

Between 3.1% and 5.9% of genes showed differential expression in each dataset, across genomic 

resources (Table 3-2). As the Low lines experienced relatively little phenotypic change, we are 

expressing the direction of change for each gene relative to the Low line. As such, we find that 

between 1.4% and 2.9% of genes are up-regulated in the High lines, and between 1.7% and 3% 

are down-regulated in the High lines. We observed only a small skew towards down regulation  
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Table 3-2: Differentially expressed genes by genomic resource. Differentially expressed 
genes with a Benjamini-Hochberg adjusted p-value of less than .1 and any fold change were kept 
for downstream analysis. The percentage of genes that experienced up (more reads in High lines) 
and down (more reads in Low lines) regulation were approximately the same regardless of 
genomic resource.  

Resource Number Up 
Regulated (%) 

Up, mean 
log2FC (SD) 

Number Down 
Regulated (%) 

Down, mean 
log2FC (SD) 

Moghe2014 1164 (2.9) 0.80 (0.76) 1219 (3) -0.83 (0.75) 
RR3NYEST 878 (2.2) 1.07 (0.73) 989 (2.4) -1.12 (0.80) 

Kitashiba2014 1517 (2) 1.06 (0.84) 1800 (2.4) -1.08 (0.95) 
Mitsui2015 1231 (2.3) 1.0 (0.85) 1509 (2.9) -0.98 (0.91) 
Jeong2016 605 (1.4) 0.98 (0.85) 712 (1.7) -1.02 (0.96) 

 
Table 3-3: The twenty most significantly enriched GO terms for up-regulated genes shared 
among all genomic resources. Only GO terms from the Cellular Process (P) and Cellular 
Component (C) ontologies were shared across all data sets, values for each genomic resource are 
BH adjusted p-values.  
 

GO Term  On Description  Moghe2014 
 
RR3NYest 

 
Kitashiba2014  Mitsui2015  Jeong2016 

GO:0005746   C  

 mitochondrial 
respiratory 
chain  2.50E-11 9.70E-07 7.40E-13 3.40E-17 4.10E-08 

GO:0070469   C  
 respiratory 
chain  8.00E-12 3.50E-06 2.80E-13 3.40E-17 4.10E-08 

GO:0044455   C  
 mitochondrial 
membrane part  5.30E-13 2.50E-08 5.00E-14 1.20E-17 6.10E-06 

GO:0080129   P  

 proteasome 
core complex 
assembly  1.90E-07 6.80E-05 1.40E-11 2.60E-14 6.30E-07 

GO:0005740   C  
 mitochondrial 
envelope  2.50E-10 4.20E-08 5.50E-13 6.10E-15 0.00012 

GO:0044429   C  
 mitochondrial 
part  1.70E-09 4.20E-08 2.90E-11 3.90E-13 0.00012 

GO:0005743   C  

 mitochondrial 
inner 
membrane  5.50E-10 5.20E-08 5.60E-12 1.00E-14 0.00012 

GO:0031966   C  
 mitochondrial 
membrane  2.50E-09 1.90E-07 6.80E-11 1.40E-14 0.00012 

GO:0010038   P  
 response to 
metal ion  1.40E-05 8.60E-05 2.10E-08 1.50E-08 3.80E-05 

GO:0051788   P  

 response to 
misfolded 
protein  2.60E-06 0.00017 7.80E-10 7.70E-13 1.20E-06 

GO:0031090   C  
 organelle 
membrane  8.40E-06 7.70E-09 1.90E-09 8.10E-09 0.00029 
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Table 3-3 (cont’d) 

GO:0044425   C   membrane part  0.00013 5.10E-05 1.80E-09 4.80E-08 0.00012 

GO:0005747   C  

 mitochondrial 
respiratory 
chain complex I  7.80E-09 0.00033 3.60E-11 1.30E-13 6.10E-06 

GO:0006066   P  

 alcohol 
metabolic 
process  6.10E-08 0.00033 6.90E-11 4.80E-10 2.60E-05 

GO:0046686   P  
 response to 
cadmium ion  9.10E-06 0.00033 5.00E-09 4.60E-08 2.60E-05 

GO:0006096   P   glycolysis  0.00011 7.80E-05 2.60E-09 1.40E-08 0.0002 

GO:0043248   P  
 proteasome 
assembly  4.20E-06 0.00046 1.20E-09 1.20E-12 1.20E-06 

GO:0045271   C  
 respiratory 
chain complex I  2.50E-09 0.00048 1.40E-11 3.10E-14 6.10E-06 

GO:0030964   C  

 NADH 
dehydrogenase 
complex  2.50E-09 0.00048 1.40E-11 3.10E-14 6.10E-06 

GO:0005774   C  
 vacuolar 
membrane  0.00039 2.80E-09 1.20E-08 2.60E-07 0.00012 

Table 3-4: The twenty most significantly enriched GO terms for down-regulated genes 
shared among all genomic resources. Only GO terms from the Cellular Process (P) and 
Cellular Component (C) ontologies were shared across all data sets, values for each genomic 
resource are BH adjusted p-values.  

GO Term  On Description  Moghe2014 
 
RR3NYest 

 
Kitashiba2014  Mitsui2015  Jeong2016 

GO:0044435   C   plastid part  1.40E-08 7.60E-14 2.80E-16 1.40E-08 4.30E-07 

GO:0044434   C  
 chloroplast 
part  1.40E-08 3.70E-13 4.30E-16 1.60E-08 4.30E-07 

GO:0009507   C   chloroplast  1.40E-08 2.60E-14 3.20E-13 3.00E-07 3.60E-07 
GO:0009536   C   plastid  5.40E-08 1.30E-13 2.30E-12 1.00E-06 3.60E-07 
GO:0009532   C   plastid stroma  4.20E-07 7.60E-14 7.00E-14 1.00E-06 2.70E-06 

GO:0009570   C  
 chloroplast 
stroma  4.20E-07 3.70E-12 1.00E-12 1.30E-06 4.40E-06 

GO:0009941   C  
 chloroplast 
envelope  3.80E-05 4.80E-07 9.20E-08 9.30E-06 1.10E-06 

GO:0009526   C  
 plastid 
envelope  4.20E-05 8.70E-07 1.40E-07 6.80E-06 4.30E-07 

GO:0031967   C  
 organelle 
envelope  0.00047 2.50E-05 6.40E-06 5.90E-08 5.20E-06 

GO:0006091   P  

 generation of 
precursor 
metabolites 
and energy  0.00052 1.70E-06 3.10E-07 3.10E-06 3.40E-05 

GO:0034660   P  

 ncRNA 
metabolic 
process  0.00035 1.60E-12 5.00E-15 0.00026 8.30E-07 

GO:0031975   C   envelope  0.00059 3.60E-05 9.30E-06 5.90E-08 5.20E-06 
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Table 3-4 (cont’d) 

GO:0016072   P  
 rRNA metabolic 
process  0.00049 1.00E-09 1.40E-10 0.00039 4.60E-06 

GO:0006364   P  
 rRNA 
processing  0.00077 8.60E-10 1.10E-10 0.00032 3.80E-06 

GO:0042254   P  
 ribosome 
biogenesis  0.001 1.50E-09 1.20E-09 0.00023 3.10E-05 

GO:0022613   P  

 
ribonucleoprotein 
complex 
biogenesis  0.0015 1.50E-09 1.20E-09 0.00025 2.70E-05 

GO:0009658   P  
 chloroplast 
organization  0.0011 2.50E-09 1.60E-12 0.0004 0.00064 

GO:0055086   P  

 nucleobase, 
nucleoside and 
nucleotide 
metabolic 
process  0.00077 1.20E-07 1.30E-08 0.0012 0.00024 

GO:0034470   P  
 ncRNA 
processing  0.00086 8.30E-11 3.30E-12 0.0017 5.20E-06 

GO:0031984   C  
 organelle 
subcompartment  3.40E-06 9.20E-11 2.70E-12 0.0035 5.20E-06 

 in terms of gene number (Table 3-2) but no obvious differences in magnitude of change between 

up and down regulated genes (Table 3-2, Fig 3-5).  

While the normalized gene counts in differentially expressed genes are consistently different 

between selection lines, we find a number of expression patterns.  For some genes, we see a large 

overall expression difference between replicates, coupled with a smaller difference between 

selection lines (Fig. 3-6, A). In several cases, there is a clear pattern of differential expression 

between replicates, however the effect is stronger in one replicate, usually Rep 2 (Fig. 3.6, B-D). 

Finally, we also find many genes with the expected trend of a large difference in normalized 

expression shared across both replicates (Fig. 3-6, E & F). Note that in some of these cases, the 

trend of differential expression can also be characterized as a change in variability among 

samples within a selection line, as in figure 3-6 B, where the Low samples from Rep 1 are much 

less variable than Rep 2.  
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Although there was relatively little overlap between genes showing differential expression in 

each genome (Fig. 3-7, left), overlap between GO terms based on these genes was relatively high 

(Fig. 3-7, right). Between the five datasets, 472 GO terms are enriched in up-regulated genes 

(BH adjusted p value < .05), however about half of these (239) were enriched in only one or two 

genomic resources (Fig. 3-8, left). Similarly, we found 770 GO terms enriched among down-

regulated genes (BH adjusted p value < .05), only 370 of which were shared among at least three 

genomic resources (Fig. 3-8, right). GO terms showing the most significant enrichment among 

up-regulated genes showed a clear bias towards mitochondrial annotations (Table 3-3), whereas 

down-regulated genes were overwhelmingly related to plastids (Table 3-4).  
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Figure 3-5: Comparison of MA plots by genomic resource. Plots show the distribution of 
differentially expressed genes by modeled read count and log fold change for each genomic 
resource: Moghe2014, RR3NYEST, Kitashiba2014, Mitsui2015 and (Top to bottom). Points in 
red are significant at p-adjusted (BH) p <.1  

Moghe2014

RR3NYEST

Kitashiba2014

Mitsui2015

Jeong2016
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Figure 3-6: Examples of normalized count values for six genes. Each panel shows normalized 
counts for one of the six most significantly differentially expressed genes in the High and Low 
lines when mapped to Mitsui2015. Note that while the y-axis is normalized count values 
throughout, the scales are very different between plots. Each point is the normalized count for an 
individual. 
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Figure 3-7: Comparison of genes found to be differentially expressed by genomic resource, 
categorized by gene annotation and GO terms. As each resource uses an idiosyncratic gene 
model naming convention, all gene models for a given genomic resource (except Mitsui2005) 
were converted via blast to the annotations of Mitsui2015. (Left) This shows the number of 
genes showing differential expression for the contrast of High vs Low from each genome. Under 
each genomic resource is the total number of genes in that lobe of the venn. For all resources 
except Mitsui2015, this number is somewhat less than the total of differentially expressed genes 
in Table 3-2, as some genes did not have blast hits in Mitsui2015. (Right) Overlap of GO 
annotations attributed to the differentially expressed genes above.  
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Moghe2014
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Figure 3-8: Comparison of overlap among GO annotations for genes found to be up and 
down regulated by genomic resource. These venn diagrams show the overlap for complete 
gene ontology annotations among the genomic resources that were enriched with a BH adjusted 
p-value of <.05. Under each genomic resource is the total number of GO annotations in that lobe 
of the venn.  

Discussion  

We used RNAseq data to test for differential expression between buds from R.r. raphanistrum 

plants that had been artificially selected for High or Low anther exsertion, a composite trait 

directly related to pollination. Although there are a number of genomic resources available for R. 

raphanistrum, all are in draft form, and are highly fragmented. To improve the robustness of our 

experiment, we did five differential expression analyses in parallel. We mapped to both the R.r. 

raphanistrum draft genome (Moghe2014) and transcriptome (RR3NYEST) (Moghe et al., 2014), 
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Total: 291
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and to three draft R. sativus genomes: Kitashiba:2014 (Kitashiba and Nasrallah, 2014), 

Mitsui2015 (Mitsui et al., 2015), and Jeong2016 (Jeong et al., 2016).  

Mapping varied unexpectedly among resources 

For three of our genomic resources Moghe2014, Kitashiba2014 and Mitsui2014, we obtained 

unique mapping rates of approximately 60% (Fig. 3-3). This is somewhat lower than is common 

for a modern mapping experiment, however as we had very short reads and Raphanus has a 

highly duplicated genome (Jeong et al., 2016; Moghe et al., 2014), in many thousands of 

fragments (Table 3-1), this is not unexpected.  

However, only about 20% of our reads mapped to either Jeong2016 or RR3NYEST (Fig. 3-3). 

This is surprising, as the Jeong2016 genome appears to be the most well assembled of our 

resources (Table 3-1) and was reported to cover in excess of 90% of the gene space (Jeong et al., 

2016). Similarly, the RR3NYEST was built from the same population as the selection lines used 

in this study, and so should have provided an excellent match.  

Although mapping rates per genomic resource varied widely, individual mapping rates were 

consistent within each genomic resource (Fig. 3-3). Similarly, although mapping rates and the 

absolute number of gene models vary widely between genomic resources (Table 3-1), the 

percentage of gene models with at least one read mapped to them were quite high and ranged 

from 81-97% (Fig. 3-4). Kitashiba2014 and Mitsui2005, have a relatively large number of 

unique gene models with mapped reads (Fig. 3-4), however these two resources also have 

approximately twice as many proposed gene models as the other resources (Table 3-1). Thus, it 

appears that mapping rates had little effect on our mapping coverage, and the low mapping rates 
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in Jeong2016 and RR3NYEST must have resulted in lower depths. We therefore suspect that in 

building the RR3NYEST and Jeong2016 resources, either true homologs were discarded, or 

some were inappropriately collapsed into single gene models. As our reads were very short, we 

used the default combined penalty score, which would allow a maximum of 2 mismatches, and 

so reads would not map well to moderately diverged homologous sequences.  

GO Analysis is similar across genomic resources 

With lenient cutoffs for significance (LFC > 0, BH adjusted p-value 0.1), we found that fewer 

than six percent of genes showed evidence of differential expression, regardless of the genomic 

resource used for mapping, with only a small bias towards down-regulation (Table 3-2). Plots of 

the normalized gene counts for these differentially expressed genes show a number of expression 

patterns. While differential expression in some genes appears to be dominated by only one 

replicate (Fig 3-6, B-D), others show a clear pattern of repeated expression changes across 

replicates (Fig 3-6, A, E &F).   

When compared in the common Mitsui2015 background, we found relatively little overlap 

between genes showing differential expression (Fig. 3-7. left). However, converting these gene 

lists to GO terms substantially improved their overlap (Fig. 3-7. right). This is expected for 

several possible reasons; firstly, if we have detected biologically meaningful differential 

expression, we would expect to find genes involved in building floral organs or changing their 

relative size. In both cases, we would expect that these genes work as a integrated unit (Fornoni 

et al., 2015), and are likely to have similar GO terms.  
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We also suspect that some of this collapsing effect is due to the triplicated nature of the 

Raphanus genome. Duplicated genes in R.r. raphanistrum often undergo rapid divergence in 

sequence and expression (Moghe et al., 2014), and we expect that our mapping parameters were 

stringent enough to discern these paralogs. However, these changes do not necessarily imply 

changes in gene function (Nowak et al., 1997), and we expect that at least in some cases both 

genes will retain their original function. As GO terms are often created using genomically 

simpler species like Arabidopsis, there is also the possibility that some of these genes may 

actually have undergone neofunctionalization that was missed when assigning GO terms by 

BLAST.  

Understanding allometric effects  

The most significantly enriched GO terms across all genomic resources for genes up-regulated in 

the High lines show a strong bias towards the mitochondria and respiration (Table 3-3), whereas 

down-regulated genes are largely related to plastids, particularly the chloroplast (Table 3-4). In 

both groups, the enriched GO terms additionally suggest that the differences are in number of 

organelles rather than function. For example, seven of the top twenty up-regulated GO terms are 

specifically named as mitochondrial membrane components; and others, like the NADH 

dehydrogenase complex, are mitochondian membrane-bound. Together, this implies an overall 

increase in the number of mitochondria being manufactured (Table 3-3). Similarly, eight of the 

top twenty down-regulated GO terms suggest an overall reduction in the number of plastids 

(Table 3-4).  

These overall results suggest we may be seeing signal from changes in cell size, as both number 

of mitochondria and number of chloroplasts have been shown to scale with cell volume (Okie et 
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al., 2016; Savage et al., 2007). According to metabolic allometric scaling rules (Miettinen and 

Björklund, 2017), larger cells have both more mitochondria and a lower metabolic rate; whereas 

smaller cells have fewer organelles, but a much higher metabolic rate (Aryaman et al., 2017; 

Savage et al., 2007).  

Our sequencing data suggests an increased number of mitochondria coupled with an overall 

decrease in energy storage, which may indicate cells which are near starvation. While the 

reduction in plastids might suggest an overall reduction in cell size, which would increase energy 

needs, that would not explain the apparent increase in mitochondria. However, there are a few 

reasons to suggest that we may be seeing the effects of both smaller and larger cells 

simultaneously. First, we have confounded the effects of differential expression in these lines by 

not sequencing a set of controls. Although the High lines had a larger absolute change in anther 

exsertion, there was still a substantial reduction of relative anther height in the Low lines (Fig. 3-

2). However, in our analysis, over-expression of a gene in the High lines is indistinguishable 

from a reduction in Low line expression. Second, the anther exsertion phenotype in the High 

lines has two components: the length of the tube decreased by 1.4mm, while the height of the 

stamens increased by .75mm. As we collected and extracted RNA from whole buds, any 

differential expression signal from the High lines will include genes for both reducing petal size 

and increasing filament length. RNAseq on the tube and filament organs separately, and the use 

of control lines, would help to deconvolute these signals.  

Although we found a number of genes experiencing differential selection, we found almost no 

evidence for directional selection in genes that have been previously shown to control size and 

shape in plants (Bowman et al., 1989; Hepworth and Lenhard, 2014; Krizek, 2009; Powell and 
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Lenhard, 2012). Of the 2740 genes differentially expressed in our Mitsui2015 mapping, only 

thirty-one have annotations similar to these known organ size determinate genes, and only 

twenty have an adjusted p-value of < .05; none were in the top 250 differentially expressed 

genes. However, those studies primarily used mutant lines, or assayed mostly leaves, and none 

looked at the allometric changes in specific floral organs. As such, they may have seen more 

exaggerated or organ specific effects. However, as the shrinkage analysis in DeSeq2 reduces the 

variance of log2fold change, and our data was relatively low depth, we are also likely missing 

many differentially expressed genes.  

We assayed early buds of R.r. raphanistrum for changes in gene expression correlated to 

artificial selection for increased and decreased anther exsertion. Studies from Arabidopsis, the 

closest relative for which we have data, suggest that our buds should have just made primordial 

stamens and petals (Smyth et al., 1990), and so we expected to capture differential expression in 

the genes that create these structures. However, other stages of floral development might be 

better suited for capturing changes in anther exsertion. In Arabidopsis, mid-stage buds have 

relatively long stamens, and the petals only reach the height of the long stamens as the bud 

opens. After the bud opens, the long stamens resume growth to exsert past the opening of the 

tube (Smyth et al., 1990). Late, up-opened buds, or very early flowers may show more signal in 

genes commonly associated with allometry, and sequencing across all these stages may be 

necessary to find all of the genes related to differences in relative anther length.  

Further, although the relative degree of anther exsertion in Brassicaceae is stable across the 

family, and presumed to be highly constrained, the ratio was readily perturbed with only a few 

generations of artificial selection of R.r. raphanistrum. However, F2 offspring made by crossing 
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the High and Low lines showed a continuous distribution of traits (Conner et al., 2014). This 

suggests that selection for anther exsertion favored many small changes across the genome, 

which might be due to differential regulation of genes controlling loci for traits like cell size, 

shape or growth. A much larger experiment, with tissue from more floral growth stages would 

allow us to find more loci of small effect, as well as those that only contribute to floral 

morphology for short periods of development. Similarly, we sequenced buds after six or seven 

generations of artificial selection, whereas Conner et al. (2011) assayed differences in anther 

exsertion after eight or nine generations. Although the mean response to selection did not change 

substantially between six and nine (Conner et al., 2011), we may find stronger differential 

expression by re-sequencing plants from later generations.  

In only a few generations of selection, we saw large differences in floral morphology with 

responses in both directions – despite the pre-existing genetic correlation. Although our study 

suffers from a lack of power due to multiple confounding issues, we find robust differences in 

expression between R.r. raphanistrum lines selected for both high and low anther exsertion that 

are likely a reliable measure of differentiation for anther exsertion in early buds. Indeed, even in 

cases where the effects of replicate are very large (Fig. 3-6, A), we were still able to detect 

consistent expression differences between selection lines.  

High anther exsertion is correlated with both an increase in the expression of mitochondrial 

components and a decrease in expression of plastids. These expression differences suggest that 

selection in these lines favored a change in cell size of the floral tube and filament. It is perhaps 

unsurprising that we see a signal primarily in organelle production, as they are relatively large 

cellular components; and that the initial response to selection seems to be due to cell traits that 
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are able to vary without disruption to more complex/integrated genetic networks, hence the 

adaptation in cell size/organelle number which already vary among tissues and over 

developmental time.  
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