Invasive populations of Brassica nigra express fewer glucosinolate compounds and are more deterrent to generalist herbivores than native populations
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ABSTRACT
The shifting defence hypothesis attributes the invasion success of many plant species to the species’ post- introduction evolution of traits that confer high fitness including reduced allocation to physiologically and ecologically costly chemical defence compounds against herbivores. However, to date, most of the studies that compared invasive and conspecific native plants for differences in defence compounds focused only on one or a few compounds. Thus, it remains unclear whether invasive plants may evolve a lower diversity of defence compounds in response to a simplified herbivore community assemblages in the introduced range. Therefore, the present study used B. nigra plants from 11 invasive- and 14 native range populations to test whether invasive B. nigra plants: i) express a lower diversity of glucosinolate compounds and higher concentration of a single dominant glucosinolate compound owing to a reduced diversity of herbivores in the introduced range; ii) are less preferred by generalist herbivores and attract more specialist herbivore species than B. nigra from the native range when grown in a common garden in the native range; iii) are less preferred by generalist herbivores than native-range B. nigra in no- choice feeding bioassays. In support of the shifting defence hypothesis, invasive B. nigra plants expressed a lower diversity of glucosinolates and a higher concentration of sinigrin (a major glucosinolate compound in B. nigra) than native-range B. nigra plants. Moreover, the invasive B. nigra plants were more deterrent to two generalist herbivore species in no-choice feeding bioassays than native B. nigra plants. Brassica nigra plants that expressed higher concentrations and diversities of glucosinolate compounds were visited by a more diverse specialist herbivore community than B. nigra plants with low concentrations and diversities of glucosinolates. The biogeographical differences in glucosinolate profiles observed here may be the result of differential herbivore selection pressures in the respective invaded and native ranges.
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INTRODUCTION 
Invasion success of many plant species has been attributed to the species’ post- introduction evolution of traits that confer high fitness including reduced allocation to physiologically and ecologically costly chemical defence compounds against herbivores (Müller-Schärer et al. 2004, Doorduin and Vrieling 2011). In support of the enemy-release hypothesis, several empirical studies have found that invasive plants often interact with fewer herbivores in the invaded range than in the native range (Liu and Stiling 2006). Invasive plants, however, might mainly be released from specialist enemies, and not from generalists (Liu and Stiling 2006). Based on this, the shifting-defense hypothesis predicts that invasive-range populations will evolve higher concentrations of physiologically - less costly qualitative defense compounds (e.g. glucosinolates and pyrrolizidine alkaloids) that will deter most of the generalist herbivores that occur in the invaded range (Müller-Schärer et al. 2004, Doorduin and Vrieling 2011). The numerous studies that reported significantly higher concentrations of individual qualitative defence compounds in invasive populations than in conspecific native-range populations (e.g., Lewis et al. 2006, Caño et al. 2009, Oduor et al. 2011, Doorduin and Vrieling 2011, Zhang et al. 2018) support the predictions of the shifting-defense hypothesis.
One aspect of the SDH that has received little empirical test is whether invasive-range populations can evolve a lower diversity of qualitative defence compounds in response to a simplified herbivore community assemblage. The optimal defence theory predicts that in the native range, plants should maintain a higher diversity of defence compounds to deter a high taxonomic diversity of herbivore species that they interact with (Müller-Schärer et al. 2004). High concentrations of qualitative defence compounds might deter generalists while attracting specialists that either use them as a cue to locate or to accept the host plant for oviposition and/or feeding or that sequester the toxins and use them for their own defence (Müller-Schärer et al. 2004). Moreover, qualitative defence compounds can deter herbivory in a species-specific manner; a single compound may be effective against only a limited set of herbivore species (Mithen et al. 1995, Agrawal and Kurashige 2003, Macel et al. 2005, Bidart-Bouzat and Kliebenstein 2008, Hopkins et al. 2009, Newton et al. 2009, Poelman et al. 2009a, Kleine and Müller 2011). Therefore, on the basis of the shifting defence hypothesis, it can be expected that simplified herbivore communities in the introduced range where the generalists dominate will select for a lower diversity of qualitative defence compounds, and a higher concentration of only one or a few major compounds that will deter most of generalist herbivores. However, this prediction has rarely been tested empirically (Huberty et al. 2014, Cheng et al. 2017, Tewes et al. 2018). 
Brassica nigra (Brassicaceae) (L.) W. D. J. Koch is an annual herb native to Europe, North Africa, and Asia and was introduced to North America ca. 200 years ago (Bell and Muller 1973, Feeny and Rosenberry 1982). Invasive populations stemmed from multiple source populations in the native range (Oduor et al. 2015). Brassica nigra deters herbivores with glucosinolates, a class of secondary compounds derived from several amino acids (Feeny and Rosenberry 1982). Although over 120 different glucosinolate compounds have been identified (Hopkins et al. 2009), sinigrin (allyl-glucosinolate) represents 90%–99% of the total glucosinolate concentration in B. nigra (Feeny and Rosenberry 1982, Traw 2002). Invasive populations produce significantly higher concentrations of leaf sinigrin than conspecific native-range populations (Oduor et al. 2011), potentially driven by escape from herbivory in the invaded range (Oduor et al. 2013). However, it has not been tested whether the invasive populations express a significantly lower diversity of glucosinolates than conspecific native-range populations. 

Here, I tested whether invasive B. nigra plants: i) express a lower diversity of glucosinolate compounds owing to a reduced diversity of herbivores in the introduced range; ii) are less preferred by generalist herbivores and attract more specialist herbivore species than B. nigra from the native range; iii) are less preferred by generalist herbivores than native-range B. nigra in no- choice feeding bioassays.

METHODS

Seeds of invasive and native populations of B. nigra
Seeds of 11 invasive (North American) and 14 native (European, African, and Asian) populations of B.nigra were field-collected by research collaborators and obtained from the United States Department of Agriculture (USDA) germplasm resources information network (GRIN) and a botanic garden in Germany (see Appendix 1 for details). The seeds were obtained from plants that had been raised in a common greenhouse environment to eliminate potential maternal environmental effects. As B. nigra is self-incompatible, the seeds were produced by supplying cross-pollen from multiple same-population donors.
Are invasive B. nigra less preferred by generalist herbivores and more attractive to specialist herbivore species than B. nigra from the native range? 

To test whether invasive B. nigra plants were less preferred by generalist herbivores and attractive to specialist herbivore species than B. nigra from the native range, I performed a common-garden experiment in the native range in Granada, south-eastern Spain (37º 10' 30'' N, 03º 38' 10'' W) in February-June 2009. To raise seedlings for the experiment, seeds from each of the 25 B. nigra populations above were sown in a commercial potting substrate (60-62% dry matter, 74-76% total organic matter, pH: 5.2-5.5, electrical conductivity: 0.4-0.5, Nitrogen: 100-150 mg/L, P2O5: 150-200 mg/L, K2O:200-250 mg/L, total pore space: 85-90 %) in plastic plug trays (with cubicles measuring 16 cm3) in a glasshouse. The resulting seedlings were raised under glasshouse conditions for two and a half weeks (under natural light and with a temperature regime that varied from 6oC at night to 20oC during the day). The two-and- a half weeks old seedlings were then transplanted to the field plot. The plot was divided into 20 rows, and each row was grown with one seedling from each of the 25 populations (i.e., each row was a complete replicate). The individual seedlings were spaced 0.75 m from each other within a row, while the rows were spaced 1 m apart. Seedlings from the different populations were assigned randomly within each row. The transplanted seedlings were watered every morning for the first three weeks, and thereafter watering was reduced to thrice a week for the entire duration of the experiment. From the second week following the transplant, I conducted weekly surveys of arthropod herbivores that were observed on above-ground parts of individual B. nigra plants for a total duration of 12 weeks. All captured arthropods were frozen before being identified using a light microscope and an identification key in the lab. 
Do invasive B. nigra plants express a lower diversity of glucosinolate compounds than native B. nigra plants? 
To test whether invasive B. nigra plants express a lower diversity of glucosinolate compounds, I collected leaf tissues from each of the B. nigra plants grown in the field as explained above for glucosinolate analysis. I collected the tissues from four-week old plants by punching five leaf discs from the youngest fully expanded leaf with a paper hole punch (5 mm in diameter). The leaf discs were placed immediately in 95% methanol in 1.2 mL Eppendorf tubes and then stored at 4oC until glucosinolate analysis was done as explained below. 
Glucosinolate contents of the leaf tissues were determined by high performance liquid chromatography. A ball bearing was added to each 1.2 mL Eppendorf tube, and tubes were then shaken for 1 minute in a Qiagen FastPrep-24 tissue homogenizer. After shaking, the tubes sat for 1 hour, were centrifuged and, 300 mL of the resultant supernatant was passed through a DEAE-Sephadex column using 96-well microtiter plates. Columns were washed twice with 70% methanol and twice with distilled water. Desulphoglucosinolates were extracted from the column by adding 100 mL of a 5% sulfatase enzyme solution and incubating overnight. The resultant solution was transferred to a new 96 - well plate and stored at 4 ºC until analysis on a HPLC equipped with an auto sampler and a diode array detector. Glucosinolate compounds were then identified by comparison of retention times and absorbance spectra with standards or mass spectroscopy (Kliebenstein et al. 2001).
Are invasive B. nigra plants less preferred by generalist herbivores than native B. nigra in no-choice feeding bioassays?
To test whether invasive B. nigra plants were less preferred by generalist herbivores than native B. nigra, I conducted no-choice feeding bioassays using two generalist herbivore species, the snails Helix aspersa and Theba pisana in March- July 2009. The herbivores commonly occur in both invaded and native ranges of B. nigra (Strauss et al. 2009). Individuals of the two species were collected from the field in native range locations in Cadiz and Granada (Spain). Individual B. nigra plants were raised from the same 25 populations as used in the field experiment above. The plants were grown in 3-L plastic pots for six weeks in a glass house (with the same light and temperature regime as above) free from herbivores. Leaf discs that measured 4 cm in diameter were obtained from the individual six-week old plants and placed inside transparent plastic boxes (15 cm X 10 cm x 5 cm, L x W x H). A leaf disc was placed at one end of the box, and an individual snail was then placed on the opposite end of the box and allowed to feed for 12 hours under darkness (snails typically feed at night). An individual snail was used only once and thereafter killed by freezing. Similarly, an individual plant was used only once to supply a leaf discs and then discarded. The amount of leaf area eaten by an individual snail was obtained by subtracting the area of an eaten leaf disc from a standard area of an intact, un-eaten leaf disc (4 cm in diameter). The areas of leaf discs were obtained by scanning the discs and processing their images with the image-analysis software (Image Pro-Plus v 7.0.1, Media Cybernetic Inc., Silver Spring, MD, USA). 
Statistical analyses
I estimated the diversity of glucosinolate compounds identified from the individual B. nigra plants and herbivore species that visited the plants using Shannon-Wiener (H´) diversity index computed with the program EcoSim 7.0 (Gotelli and Entsminger 2005). Then to test whether invasive B. nigra plants were less preferred by generalist herbivores but more attractive to specialist herbivores than native B. nigra, I fitted linear mixed- effect models with the lme function in the nlme package (Pinheiro et al. 2007). In the models, herbivore species abundance, richness, and diversity were treated as dependent variables, while B. nigra range (invaded versus native) was treated as a fixed-effect independent variable. Identity of B. nigra population was treated as a random-effect independent variable, and nested within range. The models were run separately for generalist and specialist herbivore species, and for both groups of herbivores combined. I also fitted linear regressions of predicted mean values of herbivore species richness and diversity against glucosinolates, and visualized the fit of regression models using the visreg package v.2.4-1 (Breheny and Burchett 2017).

I also fitted linear mixed- effect models to test whether invasive populations of B. nigra expressed a significantly lower diversity of glucosinolate compounds and a higher concentration of sinigrin (the dominant glucosinolate compound in B. nigra), and were more deterrent to generalist herbivores in no-choice feeding bioassays than native populations of B. nigra. In the models, diversity and concentrations of total glucosinolate compounds and sinigrin and the percentage of leaf area eaten by the herbivores were treated as dependent variables, while B. nigra range was treated as a fixed-effect independent variable. Identity of the B. nigra populations was treated as a random-effect independent variable and nested within range. Weight of Eppendorf tube was included as a co-variate in the models that tested the effect of B. nigra range on concentrations and diversities of glucosinolate compounds because spillage of methanol in which leaf tissues were preserved had occurred in some tubes during transportation from the field to the laboratory. 

For all models, I used likelihood ratio tests to assess the significance of the interactions and main effects. As populations were the sampling units, I used population-level mean scores in all the analyses. The analyses were done with R v. 3.3.2 (R Development Core Team and R Core Team 2016). 
RESULTS

A total of seven glucosinolate compounds were detected in B. nigra plants from the invaded and native ranges (Table 1). Sinigrin was the dominant compound, representing 97.28% and 76.72% of total glucosinolate concentrations in the invasive and native B. nigra plants, respectively (Table 1). Invasive B. nigra plants expressed a significantly lower diversity of glucosinolate compounds and a higher concentration of sinigrin than native B. nigra plants (Figs. 1a & b; Appendix 2). However, concentration of total glucosinolate compounds was only marginally higher in the invasive B. nigra plants than in native B. nigra (Fig. 1c; Appendix 2). Spillage of methanol that contained the B. nigra leaf samples for analysis did not influence diversity or concentrations of glucosinolate compounds (non-significant effect of Eppendorf tube weight as a covariate; Appendix 2). 
A total of 16 generalist and 12 specialist herbivore species were observed on B. nigra plants in a common garden (Appendix 3). Invasive B. nigra plants hosted the same abundance, species richness and diversity of the herbivores as B. nigra plants from the native range (Table 2). Nevertheless, B. nigra plants that expressed higher concentrations and diversities of glucosinolates were visited by a higher species richness and diversity of specialist herbivores (Fig. 2). In the no-choice feeding bioassays, both H. aspersa and T. pisana consumed significantly less leaf material from the invasive plants than from native plants (Fig. 3a; Appendix 4). Helix aspersa consumed significantly less leaf material than T. pisana (Fig. 3b; Appendix 4). However, the amount of leaf material eaten by each herbivore species was not influenced by the range of B. nigra (no significant interaction between B. nigra range and herbivore species identity; Appendix 4).
DISCUSSION

Invasive B. nigra plants expressed a lower diversity of glucosinolate compounds than native B. nigra
The shifting defence hypothesis predicts that many plant species are successful invaders because they have evolved to reduce allocation of growth resources to physiologically and ecologically costly chemical defences against simplified herbivore communities in the introduced range (Müller-Schärer et al. 2004, Doorduin and Vrieling 2011). However, few studies have tested whether invasive-range populations express a lower diversity of qualitative defence compounds than conspecific native-range populations. Here, in support of the shifting defence hypothesis, invasive B. nigra plants expressed a lower diversity of glucosinolates than native-range B. nigra plants. Of all the seven glucosinolate compounds that were detected, sinigrin was the only compound expressed by all invasive- and native-range B. nigra populations, although the invasive populations expressed a higher concentration of the compound. This suggests sinigrin plays a greater role than other glucosinolate compounds in anti-herbivore defences in both ranges. The results also suggest that sinigrin plays a greater anti-herbivory role in the introduced range. The biogeographical differences in glucosinolate profiles observed here may be the result of differential herbivore selection pressures in the respective ranges. Invasive B. nigra, like many other invasive species (Liu and Stiling 2006), has not escaped herbivory completely, but has experienced a change in the level of herbivory and the community of herbivores it interacts with. Brassica nigra has been observed to interact more with generalist and less with specialist herbivore species in parts of the introduced range than in parts of the native range (Oduor et al. 2013). Moreover, phylogeographic evidence indicates that invasive B. nigra populations were founded from multiple sources in the native range (Oduor et al. 2015), which may have provided standing genetic variation that natural selection can act upon (Rius and Darling 2014). Shifts in interactions with herbivores may thus have selected for the lower diversity of glucosinolate compounds observed in the invasive-range B. nigra populations.
The present finding that invasive B. nigra plants expressed higher concentrations of sinigrin than B. nigra from the native range add to those of other studies that investigated biogeographical differences in anti-herbivore defence compounds, with mixed results. Invasive European populations of Senecio inaequidens and S. pterophorus expressed a higher concentration of pyrrolizidine alkaloids than conspecifics from the native range in South Africa (Caño et al. 2009). In a separate study, invasive North American Lepidium draba seedlings produced a higher concentration of p-hydroxybenzyl glucosinolate than seedlings from the native range in Europe (Müller and Martens 2005). However, other studies have found similar concentrations of defence compounds between invasive and native ranges. For example, invasive and native Bunias orientalis (Tewes et al. 2018) and Alliaria petiolata plants had similar concentrations of glucosinolate compounds (Cipollini et al. 2005; Lewis et al. 2006), while invasive and native Solidago gigantea plants had similar concentrations of sesquiterpenes (Hull-Sanders et al. 2007). However, as majority of the studies compared invasive and conspecific native plants for differences in only one or a few compounds, it remains unclear the extent to which invasive plants may evolve a lower diversity of defence compounds in the introduced range. 
Invasive B. nigra plants attracted more specialist herbivore species than native B. nigra

Invasive plants received a similar visitation by total herbivore species (generalists and specialists combined) as the native B. nigra plants. Nevertheless, B. nigra plants that expressed higher concentrations and diversities of glucosinolate compounds were visited by a more diverse specialist herbivore community (Fig. 2). These results support those of a previous study that found increased loads of a specialist aphid Brevicoryne brassicae on B. nigra plants that expressed higher concentrations of sinigrin (Lankau 2007). Many other studies have found that generalist herbivores are deterred, while specialists are either unaffected or attracted to plant genotypes that express high concentrations of glucosinolate compounds (e.g., Huang and Renwick 1994, Giamoustaris and Mithen 1995, Lankau 2007, Bidart-Bouzat and Kliebenstein 2008, Newton et al. 2009, Poelman et al. 2009b, Kleine and Müller 2011). Taken together, these findings support the idea that preference by specialist herbivores for host plants with higher concentrations of qualitative defence compounds may translate into selection for reduced levels of secondary compounds in host plants (Müller-Schärer et al. 2004, Lankau 2007). 
Invasive B. nigra plants were more deterrent to generalist herbivores than native B. nigra

Leaf tissues of invasive B. nigra plants were less palatable to the two generalist herbivores T. pisana and H. aspersa than leaf tissues of B. nigra plants from the native range (Fig. 3a). This suggests that the ability to deter most of the generalist herbivores through expression of high concentrations of sinigrin has contributed to the invasion success of B. nigra in North America. These findings mirror those of a previous field experiment (Cadiz, southwestern Spain, 36º 31'N, 6º 11' W) with the same set of B. nigra populations as used here (Oduor et al. 2011). In the experiment, invasive B. nigra plants expressed significantly higher concentrations of sinigrin and experienced significantly lower leaf damage by a herbivore community that was dominated by leaf chewers than native-range B. nigra plants (Oduor et al. 2011). Other studies have found similar results. For instance, populations of a range-expanding seaweed Fucus vesiculosus that expressed high concentrations of phlorotannin defence compounds were less palatable to a generalist herbivore Idotea baltica than populations with a lower concentration of the defence compound (Nylund et al. 2012). In another bioassay, invasive  S. inaequidens and S. pterophorus expressed higher concentrations of pyrrolizidine alkaloids and were less palatable to H. aspersa than native S. inaequidens and S. pterophorus (Caño et al. 2009). Overall, these results support a prediction of the shifting defence hypothesis that invasive plant genotypes that express high concentration of qualitative defence compounds may be more successful at detering generalist herbivore species. 
CONCLUSION
This study tested a prediction of the shifting defence hypothesis that biogeographical differences in the levels of herbivory and composition of the herbivore community may select for invasive plant genotypes that express a lower diversity of qualitative defence compounds, and a higher concentration of the dominant defence compound. In support of the shifting defence hypothesis, invasive B. nigra plants expressed a lower diversity of glucosinolates and a higher concentration of sinigrin (a major glucosinolate compound in B. nigra) than native-range B. nigra plants. Moreover, the invasive B. nigra plants were more deterrent to two generalist herbivore species in no-choice feeding bioassays than native B. nigra plants. Brassica nigra plants that expressed higher concentrations and diversities of glucosinolate compounds were visited by a more diverse specialist herbivore community than B. nigra plants with low concentrations and diversities of glucosinolates. The biogeographical differences in glucosinolate profiles observed here may be the result of differential herbivore selection pressures in the respective invaded and native ranges.
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TABLES 
Table 1. Glucosinolate compounds and their relative percentages detected in

 Brassica nigra plants from the invaded and native ranges. 

	Glucosinolate compound
	Invaded range (%)
	Native range (%)


	Sinigrin

Nonylglucosinolate
	97.28

0.02
	76.72

5.21

	Unknown
	0.00
	 0.27

	Octylglucosinolate
	0.35
	1.12

	Glucobrassicanapin
	0.29
	 2.97

	Gluconapin
	1.23
	11.04

	Glucosinalbin
	0.84
	  2.66


Table 2. Results of linear mixed-effects models to test whether range of Brassica nigra (invaded vs. native) had a significant influence on the diversities (Shannon-wiener, H′), species richness, and abundance of herbivore species that visited B. nigra plants. Brassica nigra population was treated as a random-effect independent variable and nested within range. The analyses were done using all generalist and specialist herbivores combined and separately. 
	
	Shannon-wiener (H′)
	Species richness
	Abundance

	
	χ2(df=1)
	P
	χ2(df=1)
	P
	χ2(df=1)
	P

	Generalists + Specialists
	
	
	
	
	
	

	Range
	0.46
	0.49
	0.002
	0.96
	0.0027
	0.96

	Generalists
	
	
	
	
	
	

	Range
	0.081
	0.77
	0.002
	0.96
	0.003
	0.95

	Specialists
	
	
	
	
	
	

	Range
	0.0082
	0.92
	0.079
	0.78
	0.085
	0.77
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Fig. 1. Mean (1±SE) glucosinolate diversity (Shannon-Wiener index, H′)  (a), sinigrin concentration (µmol g leaf tissue-1) (b), and total glucosinolate concentration (µmol g leaf tissue-1) (c), which were detected in Brassica nigra plants from the invaded and native ranges. Significance of all main effects was determined by log-likelihood ratio tests (cf. Appendix 2).
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Fig. 2. Correlations among concentrations and diversities (Shannon-Wiener index, H′)  of glucosinolate compounds and species richness and diversity of specialist herbivores on Brassica nigra plants from invaded and native ranges. Shown are fitted linear regressions of predicted mean values of specialist herbivore species richness (a-c) and diversity (d-f) against glucosinolates. Significance of the correlations between glucosinolates and the specialist herbivore richness and diversities were determined through log-likelihood ratio tests in linear-mixed effects models in which glucosinolates were treated as co-variates. All correlations were statistically significant (P <0.05).
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Fig. 3. Mean (1±SE) percentage of Brassica nigra leaf area eaten. Shown are the effects of B. nigra range (Invaded vs. Native) (a) and herbivore species identity (Helix aspersa and Theba pisana) (b). Significance of all effects was determined by log-likelihood ratio tests (cf. Appendix 4).
APPENDIX
Appendix 1. Populations of Brassica nigra from the invasive (North American) and native (European, African and Asian) ranges that were used in the current study. Populations marked with a superscript (a) were obtained from USDA GRIN germplasm collections while those marked
 with a superscript (b) were obtained from Leibniz Institute of Plant Genetics and Crop Plant Research (IPK Gatersleben), Germany. Geographical coordinates of populations marked by † were not provided. However, the populations were spaced at least 30 km away from the nearest population of B. nigra. 
	Country
	Population code
	Accession number

or collector’s

name
	Latitude
	Longitude

	Invasive status

	Afghanistan
	AF1a
	PI274284
	34° 0' 0" N
	 69° 0' 0" E
	Native

	Germany
	AL1a
	PI 633142
	51° 25' 0" N
	12° 1' 0" E
	Native

	Germany
	AL2a
	PI 633143
	51° 49' 0" N
	11° 17' 0" E
	Native

	USA
	CA1
	R. Lankau
	†
	†
	Invasive

	USA
	CA3
	R. Lankau
	†
	†
	Invasive

	USA
	CA6
	R. Lankau
	†
	†
	Invasive

	USA
	CA7
	R. Lankau
	†
	†
	Invasive

	USA
	CA8
	R. Lankau
	†
	†
	Invasive

	Canada
	CAN1a
	PI649154
	43° 40' 0" N


	79° 25'0" W


	Invasive

	Spain
	SP1
	Royal Botanic Garden, Spain

	†
	†
	Native

	Spain
	SP2
	Royal Botanic Garden, Spain

	†
	†
	Native

	Spain
Hungary
	SP5
HU1
	J.M. Gómez
Royal Botanic Garden, Spain

	36º 25.391’N  
†
	6º 3.770’W
†
	Native

Native

	Ethiopia
	ET1a
	PI633149
	†
	†
	Native

	Greece
	USDA9a
	PI 263866
	†
	†
	Native

	USA 
	IL1
	J. Conner
	†
	†
	Invasive

	USA
	IL3
	J. Conner
	†
	†
	Invasive

	USA
	IL4
	J. Conner
	†
	†
	Invasive

	Italy
	IT1b
	CR 2727
	40° 10' 0" N 
	16° 31' 0"E
	Native

	USA  
	NY2
	J. Conner
	†
	†
	Invasive

	USA
	NY3
	J. Conner
	†
	†
	Invasive

	Poland
	POL2 a
	PI 358590
	†
	†
	Native

	Turkey
	TU2 a
	PI 169057
	40° 2' 47" N
	27° 58'12" E
	Native

	Turkey
	TU3 a
	PI 183665
	39° 38' 5" N
	 27° 53' 6"E
	Native

	Serbia
	YU2 a
	PI 368378
	43° 52' 0" N
	18° 25' 0" E
	Native


Note: For the USA populations, CA= California, IL= Illinois, NY= New York, and Serbia is formerly 
Yugoslavia. 

Appendix 2. Results of linear mixed-effects models testing whether range of Brassica nigra plants (invaded versus native) had a significant influence on the diversity (Shannon-Wiener index, H′) and concentrations of total glucosinolate compounds and sinigrin. The random part for each model included population identity of B. nigra. Significance of the fixed-effects independent variables was assessed through likelihood-ratio tests. Significant factors (P<0.05) are marked in bold print. Weight of Eppendorf tube was used as a co-variate because tube contents of some tubes spilled during transportation to the laboratory.

	Source
	Glucosinolate

 diversity
	Concentration of total

 glucosinolates
	Concentration 

of sinigrin

	
	χ2(df=1)
	P
	χ2(df=1)
	P
	χ2(df=1)
	P



	Range
	4.52
	0.034
	3.48
	0.061
	7.48
	0.006

	Tube weight
	0.58
	0.445
	2.83
	0.092
	0.016
	0.898


	Species
	Order
	Family
	Feeding type
	Host specificity

	Dasytes niger
	Coleoptera
	Melyridae
	Floral feeder
	Generalist

	Dolycoris baccarum
	Hemiptera
	Pentatomoidea
	Phloem feeder
	Generalist

	Helix aspersa
	Pulmonata
	Helicidae
	Leaf chewer
	Generalist

	Lygaeus kalmii
	Hemiptera
	Lygaeidae
	Phloem feeder
	Generalist

	Myzus persicae
	Hemiptera
	Aphididae
	Phloem feeder
	Generalist

	Otala lactea
	Eupulmonata
	Helicidae
	Leaf chewer
	Generalist

	Palomena prasina
	Hemiptera
	Pentatomoidea
	Phloem feeder
	Generalist

	Porrostoma rhipidium
	Coleoptera
	Lycidae
	Phloem feeder
	Generalist

	Rumina decollata
	Pulmonata
	Subulinidae
	Leaf chewer
	Generalist

	Thrips tabaci
	Thysanoptera
	Thrripidae
	Phloem feeder
	Generalist

	Tropinota squalida
	Coleoptera
	Scarabaeidae
	Floral feeder
	Generalist

	 Bemisia tabaci
	Hemiptera
	Aleyrodidae
	Phloem feeder
	Generalist

	Acanthosoma haemorrhoidale
	Hemiptera
	Acanthosomatidae
	Phloem feeder
	Generalist

	Bemisia argentifolii
	Hemiptera
	Aleyrodidae
	Phloem feeder
	Generalist

	Theba pisana
	Pulmonata
	Helicidae
	 Leaf chewer
	Generalist 

	Trichoplusia ni
	Lepidoptera
	Noctuidae
	Leaf chewer
	Generalist

	Brevicoryne  brassicae
	Hemiptera
	Aphididae
	Phloem feeder
	Specialist

	Eurydema oleracea
	Hemiptera
	Pentatomidae
	Phloem feeder
	Specialist

	Eurydema ornatum
	Hemiptera
	Pentatomidae
	Phloem feeder
	Specialist

	Meligethes aeneus
	Coleoptera
	Nitidulidae
	Floral feeder
	Specialist

	Phyllotreta atra
	Coleoptera
	Chrysomelidae
	Leaf chewer
	Specialist

	Phyllotreta cruciferae
	Coleoptera
	Chrysomelidae
	Leaf chewer
	Specialist

	Phyllotreta nemorum
	Coleoptera
	Chrysomelidae
	Leaf chewer
	Specialist

	Phyllotreta striolata
	Coleoptera
	Chrysomelidae
	Leaf chewer
	Specialist

	Pieris brassicae
	Lepidoptera
	Pieridae
	Leaf chewer
	Specialist

	Pieris rapae
	Lepidoptera
	Pieridae
	Leaf chewer
	Specialist

	Plutella xylostella
	Lepidoptera
	Yponomeutidae
	Leaf chewer
	Specialist

	Lipaphis erysimi
	Hemiptera
	Aphididae
	Phloem feeder
	Specialist 


Appendix 3: Herbivores noted on Brassica nigra plants from invasive and native ranges grown in a common field garden in the native range (Granada, SE Spain). Herbivores in boldface type were found in a similar common garden experiment in the invasive range (campus of university of California- Davis, USA).

Appendix 4. Results of linear mixed-effects models to test whether range of Brassica nigra (invaded vs. native) and herbivore species identity (Helix aspersa and Theba pisana) had a significant influence on the amount of B. nigra leaf area eaten. 

The random part for each model included B. nigra population, nested within range. Significance of the fixed-effects independent variables was assessed through likelihood-ratio tests. Significant factors (P<0.05) are marked in bold print.

	Effect
	χ2(df=1)
	P

	Range
	7.50
	0.006

	Herbivore identity
	9.5
	0.008

	Range x Herbivore identity
	0.6
	0.43 
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