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Abstract 19 

Preservation of the soil resources stability is of paramount importance for the ecosystem, 20 

particularly in the current era of environmental change, which presents a severe pollution burden 21 

(e.g. by heavy metals) to soil ecosystems and its fauna. Gut microbiomes are becoming 22 

recognized as important players in organism health, with comprehension of their perturbations in 23 

the polluted environment offering new insights into the nature and extent of heavy metal effects 24 

on the health of soil biota. Our aim was therefore to evaluate the effect of environmentally 25 

relevant heavy metal concentrations of cadmium (Cd) on the earthworm gut microbiota. Cd 26 

exposure led to perturbations of several heavy metal resistant taxa as well as taxa able to bind 27 

heavy metals, revealing the potential of the earthworm-microbiota system in overcoming human-28 

caused heavy metal pollution. An ‘indicator species analysis’ linked bacterial genera 29 

Paenibacillus and Flavobacterium, and members of the order Actinomycetales with Cd 30 

treatment, suggesting the possible use of these bacterial taxa as biomarkers of exposure for Cd-31 

stressed soils. The results of this study will be essential to understanding of the soil fauna health, 32 

under anthropogenic disturbance, and will have implications for environmental monitoring and 33 

protection of soil resources. 34 

Importance 35 

Soil heavy metal pollution presents a severe burden for soil invertebrates and can have impact on 36 

their health, which in turn reflects on the health of the entire ecosystem. Gut microbiome is 37 

recognized as a central driver of the host health and its shifts can have severe consequences for 38 

the host. In this study we investigated the impact of cadmium (Cd) on earthworm gut microbiota, 39 

in a controlled experiment using cutting edge next generation sequencing and state of the art 40 

bioinformatics tools. The significance of this study is in identifying the gut bacterial taxa which 41 
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are indicators for Cd treatment and are potential biomarkers of exposure to Cd. Therefore, this 42 

study contributes to develop efficient measures to qualify environmental pollution and to protect 43 

fragile soil resources and ultimately human health. 44 

 45 

 46 
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Introduction 49 

Environmental pollution by heavy metals poses a severe risk for soil ecosystems. Cadmium (Cd), 50 

one of the main heavy metal soil pollutants, appears in soil ecosystems as a side product of the 51 

metal and mining industry, from usage of fertilizers containing Cd and through air deposition (1). 52 

Heavy metals, including Cd, are linked to various toxic effects in exposed organisms, such as the 53 

induction of oxidative stress, DNA damage and carcinogenesis, and effects on the immune 54 

system (2). Metal-polluted soils also strongly influence soil microbiota and the microbiota of soil 55 

organisms. Several studies have shown a decrease in microbe biodiversity in metal-polluted soils 56 

(3–5). For instance, Cd inhibits microbial reproduction in soil (6), and Cd, copper (Cu), nickel 57 

(Ni), lead (Pb), chromium (Cr), arsen (As) and zinc (Zn) have been found to decrease the 58 

biomass, species richness and activity of microbial communities in forest and arable soils (7–10). 59 

Microbial communities in heavily polluted soils have been hypothesized to be reduced to only 1 60 

% of that usually observed in pristine soils (11). 61 

Earthworms are dominant members of the soil macrofauna and are essential species in 62 

soil. Because of their burrowing activities and casting, earthworms alter the structure of the soil 63 

and thus contribute to the cycling of nutrients and to geochemical soil processes (12). 64 

Earthworms carry out soil biological regulation by mixing organic matter and mineral particles 65 

inside their gut. Further, they maintain the soil structure, and regulate the water content and 66 

availability of nutrients for plants (13). Thereby, they also have an impact on soil microbial 67 

properties, an aspect that is crucial for the stability of soil ecosystems (14). The earthworm gut 68 

represents a unique ecological niche with stable conditions, in contrast to the surrounding soil 69 

conditions (15). Although earthworm gut microbiota have been previously thought to resemble 70 

the bacterial diversity present in its environment, this premise has been discarded with the 71 
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description of the core earthworm microbiota (14, 16). Bacterial taxa present in the earthworm 72 

gut represent those found in the environment (diet, soil) only to a certain extent. This results from 73 

the filtering and specific milieu in their gut, such as a neutral pH, aerobic conditions, constant 74 

moisture, and high amount of carbon substrate (14). By ingesting soil bacteria during feeding and 75 

burrowing, earthworms act as biological filters for soil microbiota, containing specific 76 

microorganism groups, especially anaerobes (16–18). Additionally, the earthworm gut has the 77 

ability to discriminate between beneficial and harmful bacteria. For instance, some bacteria show 78 

tolerance to the antimicrobial activity of digestive fluids derived from the earthworm gut (19, 20). 79 

The maintained earthworm gut harbours a microbial community that is involved in food 80 

metabolism, thereby establishing bioavailable vitamins and nutrients, and pathogen protection 81 

(20–22). Bacteria involved in these processes fall into one of the four physiological groups: plant 82 

growth promoters, free-living nitrogen fixers, biocides and phosphate solubilizers (13). 83 

Interestingly, the microbiota of different earthworm species harbour comparable proportions of 84 

bacterial phyla. For instance, the core microbiota of Lumbricus rubellus comprises of 85 

Actinobacteria and Proteobacteria, with lower abundances of Bacteroidetes and Acidobacteria 86 

(14). In Eisenia andrei the majority of the gut microbiota belongs to the phyla Actinobacteria and 87 

Proteobacteria (16). In E. fetida and Perionyx excavates, the majority of bacteria belongs to the 88 

Proteobacteria and Firmicutes, followed by unclassified bacteria (23). 89 

The gut microbiota interacts with ingested heavy metals, acts as an important mediator of 90 

metal bioavailability and toxicity and, furthermore, behaves as a barrier for the uptake of heavy 91 

metals (24). For instance, germ-free mice absorb significantly higher levels of Cd and Pb 92 

compared with control mice and as a result show different expression profiles of genes involved 93 

in metal detoxification and transport (25). Several metals have been linked to alterations in the 94 
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gut microbiota in vertebrate species, such as Cd (26–29), Ni (30), As and iron (Fe) (31). In 95 

earthworms, environmental exposure to As and Fe causes shifts in the composition of the L. 96 

rubellus microbiota (14). A healthy and stable gut microbiota plays an important role in host 97 

health and changes in microbiota composition, known as dysbiosis, can have severe 98 

consequences. For instance, the microbiota and the host immunity are well known to be in 99 

continuous interaction, thereby modifying the host immune response (32). Gut microbiota 100 

changes can lead to a misbalance between the host immune system and the gut microbiota, can 101 

trigger immune responses and can lead to immunological diseases (2). Germ free mice have 102 

deficiencies in the development of lymphoid tissue, reduced innate and adaptive immune 103 

response and are more susceptible to infections (33). On the other hand, the immune response of 104 

the host can have an impact on the intestinal microbial composition and its function (34). The 105 

immunological control of the gut microbiota is critical for maintaining intestinal homeostasis and 106 

involves a variety of innate and adaptive components (34). Therefore, the changes in the host gut 107 

microbiota can serve as a first indication of potential misbalance in an organism. 108 

Recent studies imply that the changes in gut microbiota structure and function can be used 109 

to evaluate the biological effects of pollutants and to define specific microbiota communities as 110 

biomarkers of exposure (24, 35). Therefore, an understanding of microbiota changes attributable 111 

to exposure to common pollutants in key organisms and the definition of chemically specific 112 

microbiota alterations should improve our comprehension of the nature and extent of pollution 113 

effects and enable better monitoring and preventative measures in the various ecosystems 114 

challenged with anthropogenic pollution.  115 

Our aim has been 1) to investigate microbiota shifts in the earthworm L. terrestris 116 

exposed to various concentrations of the heavy metal Cd and 2) to identify bacterial indicator 117 
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sequence variants involved in the first response of the earthworm gut microbiota to Cd stress in 118 

order to propose potential microbiota biomarkers of exposure. 119 

Results 120 

Sequencing and assignment of SVs 121 

High-throughput amplicon sequencing of the V4-region of the bacterial 16S rRNA gene from 122 

soil, manure and earthworm faecal samples resulted in a total of 14,815,785 reads. Nine samples 123 

dropped out because of low sequencing depth (max. sequence depth: 7). After quality filtering, 124 

10,247,539 reads remained for the assignment of SVs for 178 samples (min: 30,932; max: 125 

91,298; mean: 57,570; median: 57,710). These reads were assigned to 4,787 SVs (min: 1.0; max: 126 

814; mean: 2,140; median: 52).  127 

Soil and manure microbiota 128 

All soil samples had higher α-diversities than earthworm gut microbiota samples and manure 129 

samples (Figure 2). Soil sampled before earthworm introductions (Soil_acc) had a slightly higher 130 

α-diversity than soil after earthworm acclimation (Soil_Cd-0_pre), but this effect was not 131 

significant (Kruskall-Wallis: H = 1.19, p = 0.275, Figure 2). Interestingly, the control soil 132 

collected after earthworm exposure (Soil_Cd-0_post) had a lower, albeit non-significant 133 

(Kruskall-Wallis: H = 3.0 , p = 0.083) α-diversity compared with the Cd-exposed soil (Soil_Cd-134 

10/50_post), indicating that Cd treatment does not cause further decrease of the soil microbiota 135 

diversity, at least in the short term.  136 

Neither soil nor manure samples possessed the phylum Tenericutes at proportions seen in 137 

the earthworm gut microbiota (Figure 3). ‘Soil_acc’ had a significantly higher abundance of 138 

Firmicutes and a lower abundance of Proteobacteria and Bacteroidetes compared with ‘Soil_Cd-139 
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0_pre’ (Figure 3, Table S1, supporting information (SI)). After earthworm acclimation in 140 

experimental soil (‘Soil_Cd-0_pre’, ‘Soil_Cd-0_post’), the proportion of beta and 141 

gammaproteobacteria increased in comparison with that in ‘Soil_acc’, whereas the abundance of 142 

alphaproteobacteria remained the same (Table 1, Table S2 (SI)).  143 

Earthworm gut microbiota changes attributable to Cd treatment 144 

We observed significant differences in α diversity in the control groups between the first and 145 

second sampling (Figure 2). This indicates that the acclimation period of one month was not 146 

sufficient to stabilize earthworm gut microbiota. Thus, subsequent analyses focused on the 147 

comparisons between ‘Cd-0_post’, ‘Cd-10_post’, ‘Cd-50_post’, manure and soil samples.  148 

Our results revealed that Cd exposure caused perturbations in earthworm gut microbiota 149 

composition. A significant increase in α diversity could be observed for treatment ‘Cd-50_post’ 150 

compared with ‘Cd-0_post’ (Kruskall-Wallis: H = 5.07, p = 0.02) (Figure 2). Furthermore, 151 

weighted UniFrac distances were significantly different between treatment groups (F2, 76 = 3.30, p 152 

= 0.006), which is also evident from the PCoA plot (Figure 4). Moreover, the model containing 153 

‘treatment group’ as explanatory variable explained more variation than the model without 154 

(Figure 5, Table S3 (SI)).  155 

L. terrestris microbiota in the combined pre-exposure groups ‘Cd-0_pre’, ‘Cd-10_pre’ 156 

and ‘Cd-50_pre’ mostly consisted of Proteobacteria (32.75 %), Bacteroidetes (26.02 %), 157 

Firmicutes (14.29 %), Tenericutes (3.07 %), Verrucomicrobia (12.15 %) and Actinobacteria (9.28 158 

%). In the control samples ‘Cd-0_post’, these relative frequencies differed as follows: 159 

Proteobacteria (34.53 %), Bacteroidetes (18.90 %), Firmicutes (10.94 %), Tenericutes (21.72 %), 160 

Verrucomicrobia (5.08 %) and Actinobacteria (5.96 %) (Figure 3). A significantly higher 161 

abundance of Tenericutes and a lower abundance of Verucromicrobia were evident between all 162 
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groups before exposure (‘Cd-0_pre’, ‘Cd-10_pre’, ‘Cd-50_pre’) and the control group after the 163 

exposure (‘Cd-0_post’) (Table S1 (SI)). Among Proteobacteria in the earthworm gut, the most 164 

abundant were gammaproteobacteria, followed by alphaproteobacteria and betaproteobacteria, 165 

whereas deltaproteobacteria were present in low numbers. The abundance of alpha- and 166 

betaproteobacteria in the earthworm gut was significantly lower in comparison with that in the 167 

soil samples. In contrast, the abundance of gammaproteobacteria was higher in the gut samples, 168 

although not significantly (Table 1, Table S2 (SI)). Cd treatment at the concentration of 50 mg/kg 169 

(‘Cd-50_post’) caused significant alteration in the proportion of Actinobacteria in comparison 170 

with the ‘Cd-0_post’ group (Figure 3, Table S1 (SI)).  171 

Cd-sensitive and Cd-resistant taxa 172 

A heatmap visualizing all of the balances obtained through Gneiss analysis revealed differences 173 

between the treatment groups (Figure S1 (SI)). In order to identify whether earthworm gut 174 

microbial SVs differed significantly between non-polluted and Cd-polluted groups, we compared 175 

the abundance of SVs by using DESeq2 analysis. Out of the SVs that could be assigned to a 176 

bacterial genus in ‘Cd-10_post’, 23 SVs increased, whereas 6 SVs decreased in abundance in 177 

relation to ‘Cd-0_post’ (Figure 6a). A strong increase was observed for SVs of the genera 178 

Flavobacterium (up to 23.51 fold), Sanguibacter (23.24 fold), Dermacococcus (7.34 fold), 179 

Paenibacillus (6.42 fold), and Fluviicola (5.57 fold). A strong negative response was observed 180 

for SVs of the genera Cryocola (-6.28 fold) and Perlucidibaca (-24.38 fold). In ‘Cd-50_post’, 33 181 

SVs increased, whereas 15 SVs decreased in abundance in relation to ‘Cd-0_post’ (Figure 6b). A 182 

strong increase was observed for SVs of the genera Luteolibacter (up to 23.65 fold), 183 

Salinbacterium (23.18 fold), Cellulomonas (9.71 fold), Rhatayibacter (9.42 fold), Dermacoccus 184 

(7.93 fold), Nocardioides (6.88 fold), Paenibacillus (6.24 fold), Candidatus xiphinematobacter 185 
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(5.74 fold), Flavobacterium (5.52 fold), Chryseobacterium (5.21 fold) and Agrobacterium (4.69 186 

fold). Similar to ‘Cd-10_post’, a negative response was observed for SVs of the genera Cryocola 187 

(-2.63 fold) and Perlucidibaca (-4.76 fold).  188 

Unique bacterial indicator taxa associated with Cd treatment 189 

Indicator species analysis was employed in order to find predictive patterns of Cd exposure. For 190 

the control treatment (‘Cd-0_post’), we identified a total of 13 indicator SVs, which included 191 

mostly members of the orders Legionellales and Bacillales. 23 and 57 indicator SVs were linked 192 

to the 10 and 50 mg/kg Cd treatment, respectively. Many of the Cd associated SVs overlapped 193 

between the 10 and 50 mg/kg treatments including mostly members of the genera Paenibacillus 194 

and Flavobacterium. Other overlaps included the genera Candidatus, Chthoniobacter and 195 

Rathayibacter and the bacterial families Streptomycetaceae, Verrucomicrobiaceae, 196 

Comamonadaceae and Chthoniobacteraceae (Figure 7). In the ‘Cd-50_post’ treatment group 197 

many indicator taxa belonged to the order Actinomycetales, including the families 198 

Microbacteriaceae (genera Rathayibacter and Agromyces), Nocardioidaceae (genera 199 

Nocardioides and Pimelobacter), Nocardiaceae (genus Rhodococcus), Dermacoccaceae (genus 200 

Dermacoccus), Micrococcaceae and Geodermatophilaceae (Figure 7). 201 

Discussion 202 

Earthworm gut microbiota differs from soil and manure microbiota 203 

The α diversity of earthworm gut samples was lower in comparison with that of soil and manure 204 

samples and, as expected, did not fully represent the microbiota community found in the 205 

experimental soil or manure used for feeding. This is in accordance with previous findings 206 

showing that the microbiota associated with the earthworm gut has a reduced level of diversity 207 
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and richness compared with the surrounding soil environment (14, 36). The proportion of 208 

Proteobacteria and Bacteroidetes was significantly lower, whereas the proportion of Firmicutes 209 

was significantly higher in ‘Soil_acc’, in comparison with ‘Soil_Cd-0_pre’ and ‘Soil_Cd-0_post’, 210 

indicating the profound impact of earthworms on the soil microbial community. Through soil 211 

ingestion, earthworms modify microbial composition and activity by depositing casts in the soil 212 

in which microbes can either flourish or decline (37). As previously shown, earthworm casts have 213 

a similar bacterial composition to the surrounding soil but differ in their proportions (38). Manure 214 

had a higher proportion of Proteobacteria in comparison with ‘Soil_acc’ and, thus, the combined 215 

influence of the food source and earthworm activity might have led to the observed changes in 216 

the soil microbial composition prior to and after earthworm introduction.  217 

The proportion of certain bacterial taxa differed between the earthworm gut and soil 218 

samples after the acclimation period. For instance, gammaproteobacteria were more abundant in 219 

gut samples in comparison with ‘Soil_Cd-0_pre’ and ‘Soil_Cd-0_post’, whereas alpha- and 220 

betaproteobacteria were less abundant. Similarly, in another study, alpha-, beta- and 221 

gammaproteobacteria declined in the L. terrestris gut in comparison with their values in the soil 222 

(39). Additionally, gammaproteobacteria have also been reported to increase in the earthworm 223 

gut and cast samples in comparison with the surrounding soil (38).  224 

The phylum Tenericutes, consisting mostly of undetermined orders of the class 225 

Mollicutes, was missing from soil and manure samples but was abundant in the earthworm gut. 226 

The increase of Mollicutes in the gut after the exposure period (2 months in experimental soil) in 227 

comparison with the abundance before exposure (1 month in the experimental soil) indicates that 228 

this phylum is strongly linked to the earthworm gut and is not derived from either soil or food. 229 

Nevertheless, we cannot totally discard the premise that it might be derived from the soil in 230 
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which earthworms were originally grown by the breeder. However, bacteria from the Mollicutes 231 

class have previously been described in the gut and coelomic fluid of Lumbricidae earthworms, 232 

although no conclusion could be made as to whether the earthworm gut is their specific habitat 233 

(15, 40). 234 

Dose-dependent effect of Cd on microbiota of earthworm gut 235 

The most abundant phylum in the L. terrestris gut samples was Proteobacteria, followed by 236 

Bacteroidetes, Firmicutes, Tenericutes, Verrucomicrobia and Actinobacteria. This is similar to 237 

the previously described L. terrestris gut microbiota composition consisting predominantly of 238 

Proteobacteria, followed by Bacteroidetes and with lower abundances Acidobacteria, 239 

Planctomycetes, Verrucomicrobia and Actinobacteria (15). Proteobacteria also seem to be the 240 

most abundant phyla for other earthworm species. For instance, in L. rubellus, Proteobacteria 241 

comprised more than 50 % of the gut microbiota, followed by Actinobacteria, Bacteroidetes and 242 

Acidobacteria, whereas Firmicutes, Chloroflexi and Cyanobacteria appeared in lower proportions 243 

(14). In E. andrei the majority of microbiota belonged to the phyla Proteobacteria and 244 

Actinobacteria (16). Similarly, in E. fetida and P. excavates, the majority of the observed 245 

microorganisms were Proteobacteria, followed by Firmicutes and unclassified bacteria (23). 246 

In our study we observed a significant increase in the proportion of Actinobacteria after 247 

50 mg/kg Cd treatment in comparison with the control. Similarly, in mice orally treated with Cd 248 

for 8 weeks, the proportion of Actinobacteria in the cecal content changed significantly at a 249 

concentration of 100 ppm compared with the control (26). Heavy metals have previously been 250 

linked to the alterations of the gut microbiota community in various vertebrate and invertebrate 251 

organisms, including earthworms (14, 26, 30, 31). For Cd, the effects on the microbiota 252 

community have been described only in mice and fish. For instance, sub-chronic exposure of 253 
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mice to a low dose of Cd caused a decrease in the abundance of Firmicutes and 254 

gammaproteobacteria and an increase in the abundance of Bacteroidetes in the gut and this was 255 

linked to hepatic inflammation and dysregulation of energy metabolism (28). Similarly, a low-256 

dose Cd exposure in early mouse life stages caused an increase in Bacteroidetes and decrease in 257 

Firmicutes (41). An increase in the abundance of Bacteroidetes bacteria was also observed in Nile 258 

tilapia treated with Cd (29).  259 

Bacteria of the phylum Tenericutes and particularly the class Mollicutes decreased in 260 

abundance following Cd treatment at both concentrations compared with the control. Although 261 

this change was not significant, a similar pattern was previously described for Tenericutes in 262 

amphibian gut microbiota exposed to long-term heavy metal pollution (24).  263 

Cd-sensitive and Cd-resistant taxa were determined among earthworm gut microbiota 264 

Many of the genera that showed a Cd-dependent increase in abundance belonged to the phylum 265 

Actinobacteria. Among this phylum, 6 genera showed a particularly strong increase, namely 266 

Dermacoccus, Rathayibacter, Nocardioides, Sanguibacter, Salinbacterium and Cellulomonas. 267 

Increasing numbers of Rathayibacter, Nocardioides and Cellulomonas attributable to Cd 268 

treatment can be explained by their reported resistance to heavy metal toxicity. Metal tolerant 269 

strains of Rathayibacter have been found in soils with historic heavy metal contamination (42, 270 

43). Similarly, Nocardioides has a high adaptive potential to survive and maintain metabolic 271 

activity under extreme conditions (heavy metals, UV, nuclear radiation) (44). Cellulomonas sp. 272 

has been reported to be highly resistant to heavy metals and the C. hominis N2 strain has the 273 

ability to produce a biosurfactant, that might help to overcome heavy metal toxicity (45, 46). The 274 

abundance of several phyla with a reported resistance to heavy metals increased in our study, 275 

namely Paenibacillus, Flavobacterium, Chryseobacterium and Agrobacterium. Some of the 276 
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Paenibacillus strains can survive high heavy metal concentrations and their possible role in heavy 277 

metal decontamination makes them possible candidates for heavy metal bioremediation (47, 48). 278 

Likewise, Flavobacterium species show resistance to some heavy metals (Cd, Cu) and their 279 

abundance in Nile tilapia gut upon exposure to Cd was significantly increased (29, 49). 280 

Chryseobacterium solincola can grow despite the elevated presence of highly toxic metals and 281 

has been suggested as a candidate for the situ bioremediation of heavy metals in aqueous or soil 282 

systems (50). Agrobacterium tumefaciens is able to survive in regions containing high levels of 283 

heavy metals and possesses various transporters involved in Ni, Cu, Zn and Cr resistance (51, 284 

52). SVs of the genera Cryocola and Perlucidibaca significantly decreased in abundance in both 285 

Cd treatments. This is in contrast to previous findings reporting a positive correlation of 286 

Perlucidibaca bacteria with Cd content in samples of polluted river sludge (53). 287 

Unique bacterial indicators as potential biomarkers of exposure to Cd 288 

In order to reveal a unique microbiota footprint in the earthworm gut attributable to Cd exposure, 289 

we have identified indicator SVs by using indicator species analysis (54). This analysis has 290 

previously been used to characterise microbial taxa in the human gut related to diverse diets (55), 291 

in order to reveal microbial biomarkers of disease (56), to define microbial taxa associated with 292 

various environments (57) and, most recently, to identify biomarkers of exposure to chemical 293 

pollution in fish (35). The authors of the last-mentioned study suggest that the characterization of 294 

indicator SVs of the microbiota exposed to environmental chemicals may be useful in 295 

environmental and health monitoring. Many of the indicator SVs associated with Cd exposure in 296 

our study belonged to the genera Paenibacillus and Flavobacterium. These genera also showed 297 

increasing numbers following Cd treatment in the DESeq analysis. Members of these genera are 298 

soil-derived denitrifiers or dissimilatory nitrate reducers in the earthworm gut and contribute to 299 
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the nitrous oxide emissions and help in organic matter digestion by providing hydrolytic enzymes 300 

(58). Many of the other Cd-associated indicator SVs belonged to the order Actinomycetales, 301 

including genera Dermacoccus, Rathayibacter and Nocardioides, which were also significantly 302 

associated with Cd treatment in the DESeq2 analysis. Other indicator taxa from this order were 303 

genera Streptomyces, Agromyces, Pimelobacter and Rhodococcus and families Micrococcaceae 304 

and Geodermatophilaceae. Actinomycetales genera Streptomyces, Rathayibacter, Nocardioides, 305 

Agromyces and Rhodococcus have been associated with the soil and earthworm cast and gut. The 306 

genus Streptomyces has antimicrobial activity and enzyme production capability in the 307 

earthworm gut (59). Furthermore, Streptomyces caeruleus has been found to help earthworms in 308 

organic matter metabolism and plant material decomposition (60). Rathayibacter is a known 309 

genus of soil bacteria and contains plant pathogens (61). Nocardioides has been associated with 310 

the cast of the earthworm E. andrei (62) and Agromyces bacteria and the Rhodococcus strain has 311 

been isolated from the earthworm gut (63, 64). Evidence has been presented for the metal 312 

tolerance for these Actinomycetales indicator taxa. Streptomyces strains bioaccumulate various 313 

heavy metals (Zn, Cu, Cd, Cr, Ni, Sr, U) and are able to remove Zn from soil (65). The species 314 

Agromyces aureus was isolated from a zinc/lead mine and is described as a heavy-metal-resistant 315 

bacteria, with a resistance of up to 1 mM of Cd (66). Rhodococcus opacus has been described to 316 

be able to remove heavy metals from the media by active bioaccumulation and to possess 317 

tolerance to a range of heavy metals, including Cd (67, 68). Various species of the 318 

Micrococcaceae family have been reported as being resistant to high levels of heavy metals, 319 

including Cd (69), and members of the Geodermatophilaceae family have been determined to be 320 

tolerant to a range of stresses, including heavy metals (70). Among other indicator SVs, those 321 

that were associated with both low and high Cd treatments included the genera Candidatus and 322 

Chthoniobacter and the families Verrucomicrobiaceae, Comamonadaceae and 323 
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Chthoniobacteraceae. The genus Chthoniobacter and the family Verrucomicrobiaceae have been 324 

found in soil ecosystems and Chthoniobacter is probably involved in the breakdown of organic 325 

carbon in soil (71, 72). Members of the phylum Verrucomicrobia have been detected in mercury-326 

contaminated sites (73). Comamonadaceae of the phylum Proteobacteria have been isolated from 327 

the digestive tracts of diverse earthworm species (74) and some bacterial strains of this family 328 

have been associated with arsenic-contaminated earthworm microbiotas and are described to 329 

carry arsenic-resistance genes (14, 75). Defined indicator SVs for both low and high Cd 330 

treatments might serve as a catalogue of biomarkers of exposure to Cd and be used for future 331 

biomonitoring programmes in which earthworms could be used as an appropriate model to 332 

describe bacterial indicator taxa for human-caused environmental pollutants. 333 

Because of the high extent of chemical exposure to soil organisms and the overall role of 334 

the gut microbiota for organism health, the description and comprehension of the effects of 335 

chemical exposure on the microbiota are of high importance. The overall results of this study 336 

should help us to understand the dynamics and the effects of heavy metal pollution on the 337 

microbiota of key soil invertebrates and thereby to contribute to measures for preserving 338 

environmental health. 339 

Materials and methods 340 

Earthworm exposure and sampling  341 

All L. terrestris specimens and soil (80 g dry soil per earthworm) used for earthworm exposure 342 

(mixture of peat and humus) were obtained from the company Wurmwelten/Germany 343 

(www.wurmwelten.de). Ninety adult earthworms originating from a single population were 344 

reared at 15°C in a 12h/12h light/dark cycle in heat-treated soil (120°C, 12 h) with a soil water 345 

content of 50% and fed weekly with horse manure (1.2 g manure per individual) for 4 weeks 346 
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prior to the start of the experiments (acclimation period). Following this acclimation period, 347 

earthworms were divided into three groups of 30 individuals that were exposed either to control 348 

soil or to 10 mg/kg or 50 mg/kg CdCl2 for 4 weeks. The gut content of earthworms was sampled 349 

prior to and after exposure. Gut samples collected prior to exposure were labelled as ‘Cd-0_pre’, 350 

‘Cd-10_pre’ and ‘Cd-50_pre’, whereas samples collected after the exposure are labelled ‘Cd-351 

0_post’, ‘Cd-10_post’ and ‘Cd-50_post’. The experimental setup is schematically shown in 352 

Figure 1. Faecal matter was collected by placing individual earthworms overnight at 15°C in the 353 

dark on a sterile moist filter paper placed in a Petri dish. The released pellet was collected by 354 

using a sterile spatula, placed in a 1.5 ml tube, flash-frozen in liquid nitrogen and stored at -80°C 355 

until further processing. In addition, soil and manure samples were collected in order to 356 

investigate their microbiota communities. ‘Soil_acc’ refers to samples of freshly prepared 357 

experimental soil for acclimation before the introduction of earthworms, ‘Soil_Cd-0_pre’ refers 358 

to soil samples collected after 4 weeks of earthworm acclimation, ‘Soil_Cd-0_post’ refers to soil 359 

samples with the treatment ‘Cd-0_post’ and ‘Soil_Cd-10/50_post’ refers to soil samples from 360 

‘Cd-10_post’ and ‘Cd-50_post’ treatments, which were grouped together because some of the 361 

replicas were not successfully sequenced. 362 

DNA extraction, library preparation and sequencing 363 

We used 200 mg earthworm gut content, soil and manure samples for DNA extraction by using 364 

the NucleoSpin 96 Soil kit (Macherey&Nagel). Mechanical lysis was performed for 2x2.5min at 365 

50 Hz by using the Analytic Jena Homogenizer.  366 

For library preparation, we applied the Fluidigm (Access ArrayTM System for Illumina 367 

Sequencing Systems, Fluidigm Corporation) approach and chemistry for simultaneous PCR and 368 

barcoding. A 291-bp fragment of the hypervariable V4 region of the 16S rRNA gene was 369 
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targeted by using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-370 

GGACTACHVGGGTWTCTAAT-3′) (76, 77). The primers were modified according to the 371 

Fluidigm protocol and were tagged with sequences (CS1 forward tag and CS2 reverse tag) that 372 

were complementary to the forward or reverse access array barcode primers for Illumina. The 373 

reaction was performed in 15 µl and consisted of 10 ng/µl template DNA, 1X FastStart 374 

HighFidelity Reaction buffer without MgCl2 (Roche), 4.5 nM MgCl2 (Roche), 5% DMSO 375 

(Roche), 200 μM of each PCR grade nucleotide (Roche), 0.05 U/μl FastStart High Fidelity 376 

Enzyme blend (Roche), 400 nM access array barcode primers for Illumina (Fluidigm), 200 nM 377 

target specific primers and 14% PCR certified water. PCR cycles were performed according to 378 

the Fluidigm protocol. Subsequently, the PCR samples were cleaned by using NucleoMag NGS 379 

Beads (Machery&Nagel) according to manufacturer’s recommendations and the cleaned libraries 380 

were quality checked with capillary electrophoresis on the Qiaxcel Advanced system (Qiagen) 381 

and quantified by using the Quant-iT™ PicoGreen® kit (Invitrogen/Life Technologies). Samples 382 

were pooled with equal amounts of 150 ng DNA/sample. Finally, pooled samples were diluted to 383 

8 nM in hybridization buffer and libraries were sequenced as paired-end run on Illumina® 384 

MiSeq. 385 

Bioinformatic analyses with qiime2 386 

Pre-processing of sequencing reads was carried out by using qiime2 (version 2017.10) ((78), 387 

https://qiime2.org) and its plugins. Specifically, we used the ‘demux’ plugin 388 

(https://github.com/qiime2/q2-demux) for the import of our demultiplexed paired-end sequencing 389 

reads and the creation of the ‘artifact’ file (i.e. qiime2 data format required for subsequent 390 

analyses). Further, we applied the ‘dada2’ plugin (79), by using the default parameter settings for 391 

quality filtering and chimera filtering, to trim primers (--p-trim-left-f 23, --p-trim-left-r 20), to 392 
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truncate forward and reverse reads (--p-trunc-len-f 200, --p-trunc-len-r 200) and finally to 393 

collapse reads into representative sequences, the so-called sequence variants (SVs). We assigned 394 

taxonomy to these SVs against the Greengenes database (version 13_8) by using the ‘feature-395 

classifier’ plugin (https://github.com/qiime2/q2-feature-classifier) with the ‘fit-classifier-sklearn’ 396 

method and produced taxa summary barplots (https://github.com/qiime2/q2-taxa) according to 397 

sample groupings. 398 

In order to carry out diversity analyses, which are based on bacterial phylogeny, we 399 

produced a mid-point rooted bacterial phylogenetic tree by aligning SV with MAFFT (80), by 400 

removing non-informative positions in the alignment with the ‘mask’ command 401 

(https://github.com/qiime2/q2-alignment) and by using Fast Tree 2 (81) for tree construction. The 402 

‘diversity’ plugin (https://github.com/qiime2/q2-diversity) was employed to calculate alpha 403 

(phylogenetic diversity, (82)) and beta diversities (weighted UniFrac, (83)) based on 30,000 404 

sequences per earthworm microbiota. Significant differences between treatment groups were 405 

calculated with a PERMANOVA approach also included in qiime 2.  406 

Finally, in order to be able to undertake further analyses in R (84), we exported the non-407 

rarefied ‘feature-table’ (feature-table.biom), the bacterial phylogenetic tree (tree.nwk), and the 408 

taxonomy from qiime2 ‘artifacts’. We converted the ‘feature-table.biom’ file into a text file and 409 

then added the taxonomy in the last column and reconverted this text file into a ‘feature-410 

table_tax.biom’ file both using the ‘biom convert’ command in qiime2 (http://biom-format.org, 411 

(85)). 412 

Statistical analyses in R 413 

We imported and combined the ‘feature-table_tax.biom’ file, the bacterial phylogenetic tree, and 414 

a text file containing the metadata into R by using the phyloseq package (86). We produced the 415 
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barplot including all treatments, the PCoA and the network plot based on weighted UniFrac 416 

distances between samples from ‘Cd-0_post’, ‘Cd-10_post’ and ‘Cd-50_post’ (rarefied feature-417 

table; 30,000 sequences per sample). For the network analysis, we employed the default 418 

dissimilarity index (Jaccard, co-occurrence), with a maximum distance of 0.4 required to create 419 

an edge. To test whether the earthworm gut microbiota connectedness was higher within than 420 

between treatment groups, we extracted edges and nodes information from the network graph 421 

object using the R package ‘igraph’ (Csardi and Nepusz, 2006). We then produced a new network 422 

object using the ‘asNetwork’ function from the R package ‘intergraph’ (88) to apply an 423 

approximate maximum likelihood estimate based on a Monte Carlo scheme using the R package 424 

‘ergm’ (89). We tested whether a model including nodes (factor ‘treatment group’) in addition to 425 

‘edges’ explained the variation better than a model with only ‘edges’ using a chi-squared test. 426 

To investigate those bacterial SVs that differed significantly between earthworms from 427 

the control and Cd-polluted groups, we applied ‘DESeq2’ (90) within ‘phyloseq’ and we further 428 

tested whether the SV read abundances differed between treatment groups at the genus and 429 

phylum level by using ANOVA and the Post-Hoc Tukey HSD test.  430 

Finally, we tested those bacterial taxa from earthworm microbiotas that were significantly 431 

attributable to ‘Cd-0_post’, ‘Cd-10_post’ or ‘Cd-50_post’ by applying an ‘indicator species 432 

analysis’ with 999 permutations (R package ‘indicspecies’ (54)). This method enabled us to 433 

analyse the relative abundance and occurrence of SVs in samples of the various treatment groups 434 

in order to identify the SVs that significantly characterized the respective groups. The maximal 435 

index of 1 indicated that a certain SV was present in all individuals of the group of interest. An 436 

indicator value less than 1 meant that the SV was either present in more than one group or that it 437 
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was not present in all members of this group. This method has been previously suggested for the 438 

definition of biomarkers of exposure to chemicals (35).  439 
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Figure captions 710 

Figure 1. Schematic representation of the experimental setup. Earthworms were exposed to 711 

heavy metal (Cd) and their gut microbiota were sequenced before and after exposure to various 712 

Cd concentrations. The respective soil and manure microbiotas were also sequenced. 713 

Figure 2. α diversity boxplots representing Faith's Phylogenetic Diversity (PD) between 714 

treatment groups, soil and manure samples. Soil and manure samples have a higher PD compared 715 

with earthworm gut microbiota, independent of treatment group. 716 

Figure 3. Proportions (%) of the most abundant phyla in the various earthworm treatment groups 717 

and in the soil and manure samples. Proteobacteria was the bacterial phylum with the highest 718 

proportion in all groups, other than for Soil_acc in which the phylum Firmicutes predominated.  719 

Figure 4. PCoA plot based on the weighted UniFrac matrix revealed the clustering according to 720 

the treatment groups relative to the control group. 721 

Figure 5. A network graph showing the connectedness between earthworm gut microbiota 722 

according to treatment group. 723 

Figure 6. Results of DESeq2 analyses showing log2-fold changes of bacterial taxa for 724 

comparisons between Cd-0_post and Cd-10_post and between Cd-0_post and Cd-50_post.  725 

Figure 7. Indicator species that significantly characterize treatment groups after earthworm 726 

exposure. An indicator value of 1 indicates that a certain SV is present in all individuals of a 727 

group. An indicator value less than 1 means that the SV is either present in more than one group 728 

or that it is not present in all members of this group. 729 

 730 

 731 
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Table  732 

Table 1. Relative proportion (%) of various Proteobacteria classes in treatment groups, soil and 733 

manure samples.   734 

 alphaproteobacteria betaproteobacteria gammaproteobacteria deltaproteobacteria 

Cd-0_pre 5.89 3.99 20.26 2.06 

Cd-10_pre 6.17 3.98 20.70 2.21 

Cd-50_pre 5.90 3.96 21.10 1.92 

Cd-0_post 4.73 4.81 24.86 0.01 

Cd-10_post 5.47 4.59 27.49 0.04 

Cd-50_post 6.04 5.32 25.65 0.12 

Manure 14.37 9.18 32.65 0.02 

Soil_acc 15.36 2.51 7.03 1.20 

Soil_Cd-0_pre 17.52 12.62 16.06 1.38 

Soil_Cd-0_post 16.95 15.09 11.99 0.09 

Soil_Cd-10/50_post 17.90 14.63 13.72 0.58 
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