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as growth promoters in feed for livestock is banned, but they are still a common practice in many 50 

countries including the USA, Canada (Kim et al. 2011) and in China (Zhu et al. 2013). About 70% 51 

of total pharmaceutical products used worldwide are antibiotics (Kümmerer 2003; Sarmah et al. 52 

2006; Thiele-Bruhn 2003), and about half of the total consumption is attributable to veterinary 53 

practices (Winckler and Grafe 2001; Zhu et al. 2013). Antibiotics are normally used in livestock 54 

farming to maintain animal health and productivity, but this practice has several consequences for 55 

human and environmental health, such as alteration of microbiota composition in livestock and non-56 

target animals, rise of methane emission from dung (Hammer et al. 2016), and contributes to 57 

spreading human and animal pathogens resistant to antibiotics, and thus poses a significant health 58 

threat (Van Boeckel et al. 2015). 59 

Among all antibiotics used in livestock, tetracyclines (Tc) are the most consumed drug 60 

(Food and Drug 2013), due to their low price (Chopra and Roberts 2001) and high efficacy against 61 

a wide range of bacteria, both Gram-negative and Gram-positive. Tc is able to exert a bacteriostatic 62 

effect by interfering with the 30S and 70S ribosome subunits and stopping the protein synthesis 63 

(Chopra and Roberts 2001; Nelson and Levy 2011). At present, 42 antibiotic resistance genes 64 

(ARGs) are known coding for proteins belonging to three resistance mechanisms able to confer 65 

resistance against Tc in bacteria, including efflux pumps, ribosomal protection proteins and 66 

degradation enzymes (Roberts 2011), as well as five mutations of the 16S rRNA that reduce the 67 

binding affinity of the drug to the ribosome (Nguyen et al. 2014). Tc resistance genes (RGs) are 68 

typically associated with mobile genetic elements (MGEs) such as plasmids, transposons, and 69 

associated integrons and they were detected in different environments, e.g. in manure and soil 70 

(Schmitt et al. 2006). Moreover, as in the case of tet(A), tet(Q) and tet(W), they were detected in 71 

both Gram-negative and Gram-positive bacteria and were often found associated with sulfonamide 72 

ARG (sul1), as in case of tet(A) (Roberts 2011). Tc is highly water-soluble, poorly absorbed in the 73 

animal gut and quickly excreted, mostly unchanged and still bioactive (O'Connor and Aga 2007). 74 

Up to 75-90% of one administered dose can be excreted via feces or urine (Sarmah et al. 2006). For 75 
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this reason, high concentrations of Tc can be found in animal feces (Zhu et al. 2013) and their 76 

extractable concentration decreases in aged manure after composting, resulting from the microbial 77 

degradation or the irreversible sorption of Tc on the soil particles (Kreuzig and Höltge 2005). When 78 

manure containing antibiotics is applied to agricultural soil as fertilizer, antibiotics are transported 79 

into the soil as well (Jechalke et al. 2014b), and this can affect the composition and function of the 80 

resident microbial communities, as recently shown for sulfadiazine (SDZ) introduced via manure 81 

into soil (Ding et al. 2014). Although the detection of antibiotics in soil remains experimentally 82 

challenging, Hamscher et al. (2002), using high-molar citric acid buffer at low pH, reported Tc 83 

concentrations in liquid manure fertilized topsoil ranging from 0.086 to 0.171 mg kg-1, while Qiao 84 

et al. (2012) measured 0.78 mg kg-1 using McIlvaine-Na2EDTA buffer and subsequent sonication. 85 

Tc is strongly and rapidly sorbed to soil clays and organic matter (Gu et al. 2007; Jutta et al. 2007) 86 

but free Tc concentrations might be still bioavailable and potentially affect the microbial 87 

communities (Thiele-Bruhn and Beck 2005), depending on soil properties (Jia et al. 2008). In 88 

addition to antibiotic residues, manure typically contains high numbers of bacteria carrying ARGs 89 

on MGEs, which can further increase the abundance of antibiotic resistant bacteria in soil when 90 

manure is applied (Binh et al. 2008; Heuer et al. 2009; Jechalke et al. 2014b; Smalla et al. 2000). 91 

Furthermore, antibiotics such as Tc introduced via manure into soil can select the proliferation of 92 

resistant soil bacteria and the spread of ARGs via MGEs from manure bacteria to soil bacteria 93 

(Hammesfahr et al. 2008; Heuer et al. 2008). The application of manure several times a year, which 94 

is a typical agricultural practice (Montforts et al. 1999), might lead to an accumulation of ARGs and 95 

antibiotic compounds, as well as to an accumulation of effects on the soil bacterial community 96 

composition, as recently shown for the sulfonamide antibiotic SDZ in soil microcosm experiments 97 

(Ding et al. 2014; Heuer et al. 2011b). Moreover, manure application to soil can be important not 98 

only as nutrient supplement to increase crop yield but also for biocontrol of fungal pathogens by the 99 

use of manure enriched with microbial antagonists (Zhao et al. 2014), in order to stabilize, by 100 

integrated agricultural management, soil microbial communities important for soil health and 101 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 
 

sustainability (Wu et al. 2014). Manure can also have negative effects such as the stimulation of 102 

methane production by resident methanogenic soil bacteria, and mitigation strategies to reduce 103 

methane emission should be considered (Ho et al. 2015). 104 

Most studies on the effects of organic fertilizers on soil microbial community composition 105 

were based on piggery manures. However, in several regions of the world fertilization with cow 106 

manure is more relevant. Recently, Udikovic-Kolic et al. (2014) showed an unexpected bloom of 107 

ARGs in the response to soil fertilization with cow manure free of antibiotics. Little is known so far 108 

on how the presence of antibiotics might change the effects that cow manure applied to soil has on 109 

the bacterial community composition and on the abundance of ARGs and MGEs (Kyselková et al. 110 

2015b).  111 

In the present study, we investigated how three soil amendments with cow manure, spiked 112 

with Tc or not, affected the bacterial community composition of two soils from Sardinia which 113 

differed not only in soil mineral composition but also in their history of exposure to anthropogenic 114 

inputs. The addition of manure and/or Tc to soil was performed in two-month intervals,  a period 115 

which can be considered a long-term evaluation of the effects on the microbial populations in soil 116 

(Heuer and Smalla 2007). Recently, Chessa et al. (2016) investigated the effects of Tc and cow 117 

manure on the soil microbial community composition after a single application in the same 118 

Sardinian soils analyzed here. They reported high Tc sorption in both soils and antibiotic 119 

bioavailable concentrations ranged between 0.155 and 1.092 mg kg-1 soil and between 0.767 and 120 

4.468 mg kg-1 soil in the cow manure-amended clayey (CL) and sandy (SA) soils, respectively. The 121 

Tc bioavailability found in the two soils investigated was not proportional to Tc spiked, and these 122 

differences could be attributable to soil properties. In fact, Tc preferably interacts with soil clay 123 

minerals, and the extent of adsorption decreases with increasing pH (Li et al. 2010). Therefore, 124 

lower bioavailable Tc concentrations found in CL soil could be due to higher clay content and 125 

lower soil pH. Indeed the concentration of Tc in soil aqueous solution measured after the first soil 126 

amendment in the study of Chessa et al. (2016) was about five times higher in the SA than in the 127 
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Treatment-dependent changes in the relative abundance of tetracycline and sulfonamide 283 

resistance genes  284 

tet(Q)  285 

The relative abundance of tet(Q) genes, 60 days after the first amendment, was below detection 286 

limit in the control CL. The addition of M, which contained approximately -5.7 Log tet(Q) per rrn 287 

copy numbers, significantly increased the abundance of tet(Q) in this soil (Fig. 2a). In contrast, 60 288 

days after the first amendment, tet(Q) was detected in DNA extracted from the SA and in SA+M 289 

soil treatments and its relative abundance was not significantly (P<0.05) different between these 290 

treatments (Fig. 2b). Also the addition of M+Tc100 or M+Tc500 did not alter the abundance of 291 

tet(Q) in both soils, compared to the soil amended with M alone. As the relative abundance of 292 

tet(Q) in the control SA soil significantly (P<0.05) decreased over time, 60 days after the third 293 

amendment, the abundance of tet(Q) was higher in all M treatments, both unspiked and Tc spiked. 294 

Repeated amendments of M and M+Tc did not further increase the relative abundance of tet(Q) in 295 

both soils, with the only exception of CL+M+Tc100 after the third amendment. 296 

 297 

tet(W) 298 

Similar to tet(Q) genes, also tet(W) genes were not detected in CL soil. The addition of M 299 

containing -3.3 Log tet(W) rrn-1 copy number increased the relative abundance of this gene in 300 

CL+M, 60 days after the first amendment (Fig. 2c). In SA soil, 60 days after the first amendment, 301 

tet(W) genes were detected also in the control SA and their relative abundance was not significantly 302 

(P<0.05) different to SA+M (Fig. 2d). Moreover, in both soils, the first addition of M+Tc did not 303 

increase the relative abundance of tet(W) genes, compared to M treatments. As observed for tet(Q) 304 

gene in SA soil, also the relative abundance of tet(W) progressively decreased over time in SA soil. 305 

However, the continuous addition of M with or without Tc spike significantly increased the relative 306 

abundance of tet(W) in both soils. 307 

 308 
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tet(A) and tet(M) 309 

Due to the low abundance of tet(A) and tet(M) genes it was not possible to measure their relative 310 

abundance by qPCR. Therefore, these genes were amplified by PCR and detected through Southern 311 

blot hybridization 60 days after the first and after the third amendments (Fig. 3). Southern blot 312 

hybridizations revealed that cow M contained tet(A) carrying bacteria and, 60 days after the first 313 

amendment, tet(A) was also detected in CL+M, CL+M+Tc100 and CL+M+Tc500, while it was not 314 

detected in total community DNA from control CL soil (Fig. 3). At this time point, Southern blot 315 

hybridization indicated that tet(A) abundance was low in all treatments of SA soil and was only 316 

detected in some of the replicates. After the third amendment, the abundance of tet(A) decreased in 317 

CL+M soils. Thus, tet(A) was detected only in three of four replicates of the CL+M+Tc100 and in 318 

all replicates of CL+M+Tc500 whereas it was below the detection limit in CL+M. In SA soil a 319 

remarkably increased abundance of tet(A) was detected in the total community DNA from all 320 

replicates of SA+M+Tc500, indicating a selective effect of Tc (Fig. 3). The tet(M) was neither 321 

detected in soil, treated soil, nor in M (data not shown). 322 

 323 

sul1 and sul2 324 

Cow M contained -2.5 Log per rrn copy number of sul1 and sul2. In CL soil the relative 325 

abundances of sul1 and sul2 genes were, respectively, -4.6 and -6.3 Log per rrn copy number and 326 

60 days after the first amendment, the relative abundance of sul1 and sul2 genes significantly 327 

increased after application of M, compared to control CL (Fig. 4a, c). In contrast, 60 days after M 328 

addition to SA soil, an increased relative abundance was only observed for sul2 but not for sul1 329 

(Fig. 4b, d). In CL+M+Tc100 and CL+M+Tc500 a significantly increased relative abundance of 330 

sul1 was observed, compared to CL+M, while sul2 was only increased in the CL+M+Tc500 331 

treatments. The effect of the presence of Tc was even less pronounced in SA soil. Here, only the 332 

relative abundance of sul1 was significantly increased in SA+M+Tc500, compared to SA+M after 333 
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SA+M+Tc500 was even higher than in the M. An accumulation of the trfA gene with repeated 359 

application was only observed in SA+M+Tc500. 360 

 361 

Discussion 362 

The fate of antibiotics in soil and likely also their effects, are influenced by the physicochemical 363 

properties of the antibiotic, by soil properties (Kong et al. 2012) and soil history, intended as 364 

foregoing antibiotic soil pollution due to anthropogenic activities. The present study is part of a 365 

project aiming to better understand the effects of Tc and cow M on the microbial community 366 

composition and on the antibiotic resistance in soil. In this study, two soils with different history of 367 

anthropogenic pollution and physicochemical characteristics, described by Chessa et al. (2016) and 368 

listed in Table S1, were used. The soils used were primarily selected for their differences in history 369 

of anthropogenic pollution and also for differences in physicochemical composition (pH, clay, sand 370 

and organic matter). The bioavailability of Tc, measured only after the first amendment by Chessa 371 

et al. (2016), was 0.155 and 1.092 mg kg-1 for treatments 100 mg kg-1 and 500 mg kg-1 in CL soil 372 

and 0.767 and 4.468 mg kg-1 in SA soil, respectively. The Tc concentrations used for spiking cow 373 

M were higher compared to those used in other studies. However, as Tc quickly, and almost 374 

completely, adsorbs to soil clay minerals and organic matter high amounts of Tc were applied to the 375 

soil in order to reach soluble and potentially bioavailable concentrations, i.e. Tc available for the 376 

bacterial uptake (Zhang et al. 2014), that were previously described for agricultural soils which are 377 

continuously polluted (Hamscher et al. 2005; Qiao et al. 2012). In fact, the Tc concentrations not 378 

adsorbed and hence potentially bioavailable found in the M+Tc100 soils were 0.155 and 0.767 mg 379 

kg-1 for CL and SA soil, respectively (Chessa et al. 2016). Comparable concentrations were 380 

previously reported for Tc in M-treated soils and ranged between 0.15 and 0.8 mg Tc kg-1 soil 381 

(Hamscher et al. 2005; 2002; Qiao et al. 2012). Furthermore, we tested Tc spiked at a fivefold 382 

higher concentration (M+Tc500) as a possible worst case scenario, since previous studies already 383 

indicated that soil microbial populations were not affected by Tc in lower concentrations, as 384 
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reported by Hund-Rinke et al. (2004) where no significant effect on the bacterial composition and 385 

Tc resistance genes were found in soil polluted with 5 and 50 mg Tc kg-1, whereas Tc significantly 386 

affected the microbial community composition at the spiked concentration of 500 mg kg-1. 387 

In the present microcosm study, we showed that the effect of cow M on the bacterial 388 

community composition increased with repeated application (Table 2) while the effects of the Tc 389 

were far less pronounced. After a single M or M+Tc application, significant differences to DGGE 390 

fingerprints of untreated soil were only observed for CL soil. In contrast to CL soil, DGGE 391 

fingerprints did not reveal such effects 60 days after the first application of M or of M+Tc to SA 392 

soil. We assume that transient effects of M or M+Tc might have occurred also in SA soil but had 393 

disappeared already at the time of sampling 60 days after the first amendment, as previously was 394 

also observed by Selvam et al. (2012). In accordance with other studies (Ding et al. 2014; 395 

Marschner et al. 2003; Sun et al. 2004) we observed that repeated application of M, with or without 396 

Tc, enhanced the effects on the bacterial community composition in both soils as indicated by 397 

increasing differences (d-values) between the DGGE fingerprints of untreated and M-treated soils 398 

(Table 2). Chessa et al. (2016), already reported that a single cow M application changed the 399 

bacterial community composition to increased PLFA ratio of Gram-positive to Gram-negative 400 

bacteria in both soils, and this effect was still observed in CL soil after 60 days but not in SA soil. 401 

The cow M used for the present study, the same as already used by Chessa et al. (2016), was long-402 

term stored and air-dried, and this, together with divergent soil properties, might explain differences 403 

compared to the findings of other studies performed with piggery M and silt loam soil (Ding et al. 404 

2014; Heuer et al. 2008). In comparison to SDZ used in these studies, the effects of Tc spiked to the 405 

cow M were far less pronounced which was likely caused by the stronger sorption of Tc compared 406 

to SDZ and due to different properties of soils studied: clayey and sandy soil compared to silt loam. 407 

Tc100 spiked to the cow M did not cause significant shifts of the soil bacterial fingerprints, 408 

compared to soil treated with unspiked M. After three amendments with M+Tc500, the fingerprints 409 

significantly differed from those of the M treatments for both soils. In contrast, the presence of SDZ 410 
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in piggery M spiked at two concentrations (10 and 100 mg kg-1) caused significant changes of the 411 

bacterial community composition in the two soils compared to unspiked M (Ding et al. 2014; Heuer 412 

et al. 2011a). 413 

Although the cow M was collected from free ranged cows, which to the best of our 414 

knowledge were not treated with antibiotics, all the ARGs and MGEs analyzed in the present study, 415 

except tet(M), were detected in the M. Thus with the cow M not only nutrients and spiked Tc were 416 

introduced into the soils but also bacteria containing ARGs and MGEs. The abundances of ARGs 417 

and MGEs were below the detection limit or at very low abundance in the CL soil, which had no 418 

history of anthropogenic antibiotic pollution by human or animal wastes. Thus a striking increase in 419 

the relative abundance of ARGs and MGEs was observed for CL soil in response to the M 420 

amendment. In contrast, all ARGs except tet(M) and MGEs analyzed in the present study were 421 

detected in the SA soil which was in the past frequently affected by flooding of a river and by 422 

orchard farming practice. River water was previously reported as a carrier of ARGs (Amos et al. 423 

2015; 2014a; 2014b). Thus, the differences found between the CL and SA soil likely do not only 424 

result from differences in soil properties such as clay content and pH but also from their previous 425 

history of anthropogenic pollutants. This pollution might have resulted in an adaptation of the 426 

bacterial community through proliferation of resistant bacteria and horizontal gene transfer (HGT) 427 

(Heuer and Smalla 2012). 428 

The ARGs and MGEs analyzed in the present study were previously reported to occur in 429 

piggery and cow M (Alexander et al. 2011; Binh et al. 2008). Recently, Kyselková et al. (2015a) 430 

proposed that tet(Q) and tet(W) genes belong to the resistome stably associated with cow M. Here, 431 

we also found that cow M from free ranged animals contained bacteria carrying the ARGs tet(Q), 432 

tet(W), tet(A), sul1 and sul2. In contrast to our hypothesis, the M+Tc100 and M+Tc500 treated 433 

soils did not show significantly increased abundance of tet(Q) and tet(W), compared to the M-434 

treatments. However, with repeated M-applications an accumulation of tet(Q) and tet(W) could be 435 

observed irrespective of the presence of Tc. Kyselková et al. (2013) also found that Tc did not show 436 
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 721 

Figure captions 722 

 723 

Table 1 Sequences of primers and TaqMan probes used for the detection of ARGs and MGEs. 724 

 725 

Table 2 Percent difference (d-values) of soil bacterial community composition based on Pearson 726 

correlations of background-subtracted densitometric curves from DGGE analysis (60 days after the 727 

first, second and third amendments). Significance is indicated by the respective P-value.  728 

S: soil CL or SA; M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil 729 

dry weight. 730 

 731 

Figure 1 UPGMA cluster analysis of DGGE fingerprints for 16S rRNA gene amplicons from CL 732 

and SA soils 60 days after the first amendment: amplicons from (a) and (d), respectively; 60 days 733 

after the second amendment: (b) and (e), respectively; 60 days after the third amendment: (c) and 734 

(f), respectively. Horizontal axis indicates the % of similarity. UPGMA cluster analysis was based 735 

on Pearson correlation indices to compare the effect of treatments in each soil at a specific time 736 
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point. S: soil CL or SA; M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 737 

soil dry weight. 738 

 739 

Figure 2 Relative abundances of tet(Q) and tet(W) genes in CL (a, c) and SA (b, d) soils, 740 

respectively, were measured by qPCR 60 days after the first, second and third amendments. Tukey-741 

Kramer post-hoc test (P<0.05) was used to compare the relative abundances of the target genes in 742 

total community-DNA at the same time point or within the treatment after repeated amendments. 743 

M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight; *: 744 

below the detection limit. For each time-point, average values which share the same white capital 745 

letter within columns do not differ significantly at the 5% level. For each treatment, average values 746 

which share the same letters above columns do not significantly differ at the 5% level. Error bars 747 

indicate the standard deviation of four replicates. 748 

 749 

Figure 3 PCR Southern blot hybridization of the tet(A) gene in CL and SA soils 60 days after the 750 

first and third amendments. Four replicates for each treatment are shown. The lanes at the utmost 751 

right and left are size markers. The figure is composed of six hybridized membranes (three 752 

membranes per soil) which were reassembled by photoshop. 753 

 754 

Figure 4 Relative abundances of sul1 and sul2 genes in CL (a, c) and SA (b, d) soils, respectively, 755 

measured by qPCR 60 days after the first, second and third amendments. The Tukey-Kramer post-756 

hoc test (P<0.05) was used to compare the relative abundances of the target genes in the total 757 

community-DNA at the same time point or within the treatment after repeated amendments. M: 758 

manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight; *: under 759 

the detection limit. For each time-point, average values which share the same white capital letter 760 

within columns do not differ significantly at the 5% level. For each treatment, average values which 761 
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share the same letters above columns do not differ significantly at the 5% level. Error bars indicate 762 

the standard deviation of four replicates. 763 

 764 

Figure 5 Relative abundances of intI1 and trfA genes in CL (a, c) and SA (b, d) soils, respectively, 765 

measured by qPCR 60 days after the first, second and third amendments. The Tukey-Kramer post-766 

hoc test (P<0.05) was used to compare the relative abundances of the target genes in the total 767 

community-DNA at the same time point or within the treatment after repeated amendments. M: 768 

manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight. For each 769 

time-point, average values which share the same white capital letter within columns do not differ 770 

significantly at the 5% level. For each treatment, average values which share the same letters above 771 

columns do not differ significantly at the 5% level. Error bars indicate the standard deviation of four 772 

replicates. 773 
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as growth promoters in feed for livestock is banned, but they are still a common practice in many 50 

countries including the USA, Canada (Kim et al. 2011) and in China (Zhu et al. 2013). About 70% 51 

of total pharmaceutical products used worldwide are antibiotics (Kümmerer 2003; Sarmah et al. 52 

2006; Thiele-Bruhn 2003), and about half of the total consumption is attributable to veterinary 53 

practices (Winckler and Grafe 2001; Zhu et al. 2013). Antibiotics are normally used in livestock 54 

farming to maintain animal health and productivity, but this practice has several consequences for 55 

human and environmental health, such as alteration of microbiota composition in livestock and non-56 

target animals, rise of methane emission from dung (Hammer et al. 2016), and contributes to 57 

spreading human and animal pathogens resistant to antibiotics, and thus poses a significant health 58 

threat (Van Boeckel et al. 2015). 59 

Among all antibiotics used in livestock, tetracyclines (Tc) are the most consumed drug 60 

(Food and Drug 2013), due to their low price (Chopra and Roberts 2001) and high efficacy against 61 

a wide range of bacteria, both Gram-negative and Gram-positive. Tc is able to exert a bacteriostatic 62 

effect by interfering with the 30S and 70S ribosome subunits and stopping the protein synthesis 63 

(Chopra and Roberts 2001; Nelson and Levy 2011). At present, 42 antibiotic resistance genes 64 

(ARGs) are known coding for proteins belonging to three resistance mechanisms able to confer 65 

resistance against Tc in bacteria, including efflux pumps, ribosomal protection proteins and 66 

degradation enzymes (Roberts 2011), as well as five mutations of the 16S rRNA that reduce the 67 

binding affinity of the drug to the ribosome (Nguyen et al. 2014). Tc resistance genes (RGs) are 68 

typically associated with mobile genetic elements (MGEs) such as plasmids, transposons, and 69 

associated integrons and they were detected in different environments, e.g. in manure and soil 70 

(Schmitt et al. 2006). Moreover, as in the case of tet(A), tet(Q) and tet(W), they were detected in 71 

both Gram-negative and Gram-positive bacteria and were often found associated with sulfonamide 72 

ARG (sul1), as in case of tet(A) (Roberts 2011). Tc is highly water-soluble, poorly absorbed in the 73 

animal gut and quickly excreted, mostly unchanged and still bioactive (O'Connor and Aga 2007). 74 

Up to 75-90% of one administered dose can be excreted via feces or urine (Sarmah et al. 2006). For 75 
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this reason, high concentrations of Tc can be found in animal feces (Zhu et al. 2013) and their 76 

extractable concentration decreases in aged manure after composting, resulting from the microbial 77 

degradation or the irreversible sorption of Tc on the soil particles (Kreuzig and Höltge 2005). When 78 

manure containing antibiotics is applied to agricultural soil as fertilizer, antibiotics are transported 79 

into the soil as well (Jechalke et al. 2014b), and this can affect the composition and function of the 80 

resident microbial communities, as recently shown for sulfadiazine (SDZ) introduced via manure 81 

into soil (Ding et al. 2014). Although the detection of antibiotics in soil remains experimentally 82 

challenging, Hamscher et al. (2002), using high-molar citric acid buffer at low pH, reported Tc 83 

concentrations in liquid manure fertilized topsoil ranging from 0.086 to 0.171 mg kg-1, while Qiao 84 

et al. (2012) measured 0.78 mg kg-1 using McIlvaine-Na2EDTA buffer and subsequent sonication. 85 

Tc is strongly and rapidly sorbed to soil clays and organic matter (Gu et al. 2007; Jutta et al. 2007) 86 

but free Tc concentrations might be still bioavailable and potentially affect the microbial 87 

communities (Thiele-Bruhn and Beck 2005), depending on soil properties (Jia et al. 2008). In 88 

addition to antibiotic residues, manure typically contains high numbers of bacteria carrying ARGs 89 

on MGEs, which can further increase the abundance of antibiotic resistant bacteria in soil when 90 

manure is applied (Binh et al. 2008; Heuer et al. 2009; Jechalke et al. 2014b; Smalla et al. 2000). 91 

Furthermore, antibiotics such as Tc introduced via manure into soil can select the proliferation of 92 

resistant soil bacteria and the spread of ARGs via MGEs from manure bacteria to soil bacteria 93 

(Hammesfahr et al. 2008; Heuer et al. 2008). The application of manure several times a year, which 94 

is a typical agricultural practice (Montforts et al. 1999), might lead to an accumulation of ARGs and 95 

antibiotic compounds, as well as to an accumulation of effects on the soil bacterial community 96 

composition, as recently shown for the sulfonamide antibiotic SDZ in soil microcosm experiments 97 

(Ding et al. 2014; Heuer et al. 2011b). Moreover, manure application to soil can be important not 98 

only as nutrient supplement to increase crop yield but also for biocontrol of fungal pathogens by the 99 

use of manure enriched with microbial antagonists (Zhao et al. 2014), in order to stabilize, by 100 

integrated agricultural management, soil microbial communities important for soil health and 101 
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sustainability (Wu et al. 2014). Manure can also have negative effects such as the stimulation of 102 

methane production by resident methanogenic soil bacteria, and mitigation strategies to reduce 103 

methane emission should be considered (Ho et al. 2015). 104 

Most studies on the effects of organic fertilizers on soil microbial community composition 105 

were based on piggery manures. However, in several regions of the world fertilization with cow 106 

manure is more relevant. Recently, Udikovic-Kolic et al. (2014) showed an unexpected bloom of 107 

ARGs in the response to soil fertilization with cow manure free of antibiotics. Little is known so far 108 

on how the presence of antibiotics might change the effects that cow manure applied to soil has on 109 

the bacterial community composition and on the abundance of ARGs and MGEs (Kyselková et al. 110 

2015b).  111 

In the present study, we investigated how three soil amendments with cow manure, spiked 112 

with Tc or not, affected the bacterial community composition of two soils from Sardinia which 113 

differed not only in soil mineral composition but also in their history of exposure to anthropogenic 114 

inputs. The addition of manure and/or Tc to soil was performed in two-month intervals,  a period 115 

which can be considered a long-term evaluation of the effects on the microbial populations in soil 116 

(Heuer and Smalla 2007). Recently, Chessa et al. (2016) investigated the effects of Tc and cow 117 

manure on the soil microbial community composition after a single application in the same 118 

Sardinian soils analyzed here. They reported high Tc sorption in both soils and antibiotic 119 

bioavailable concentrations ranged between 0.155 and 1.092 mg kg-1 soil and between 0.767 and 120 

4.468 mg kg-1 soil in the cow manure-amended clayey (CL) and sandy (SA) soils, respectively. The 121 

Tc bioavailability found in the two soils investigated was not proportional to Tc spiked, and these 122 

differences could be attributable to soil properties. In fact, Tc preferably interacts with soil clay 123 

minerals, and the extent of adsorption decreases with increasing pH (Li et al. 2010). Therefore, 124 

lower bioavailable Tc concentrations found in CL soil could be due to higher clay content and 125 

lower soil pH. Indeed the concentration of Tc in soil aqueous solution measured after the first soil 126 

amendment in the study of Chessa et al. (2016) was about five times higher in the SA than in the 127 
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Treatment-dependent changes in the relative abundance of tetracycline and sulfonamide 283 

resistance genes  284 

tet(Q)  285 

The relative abundance of tet(Q) genes, 60 days after the first amendment, was below detection 286 

limit in the control CL. The addition of M, which contained approximately -5.7 Log tet(Q) per rrn 287 

copy numbers, significantly increased the abundance of tet(Q) in this soil (Fig. 2a). In contrast, 60 288 

days after the first amendment, tet(Q) was detected in DNA extracted from the SA and in SA+M 289 

soil treatments and its relative abundance was not significantly (P<0.05) different between these 290 

treatments (Fig. 2b). Also the addition of M+Tc100 or M+Tc500 did not alter the abundance of 291 

tet(Q) in both soils, compared to the soil amended with M alone. As the relative abundance of 292 

tet(Q) in the control SA soil significantly (P<0.05) decreased over time, 60 days after the third 293 

amendment, the abundance of tet(Q) was higher in all M treatments, both unspiked and Tc spiked. 294 

Repeated amendments of M and M+Tc did not further increase the relative abundance of tet(Q) in 295 

both soils, with the only exception of CL+M+Tc100 after the third amendment. 296 

 297 

tet(W) 298 

Similar to tet(Q) genes, also tet(W) genes were not detected in CL soil. The addition of M 299 

containing -3.3 Log tet(W) rrn-1 copy number increased the relative abundance of this gene in 300 

CL+M, 60 days after the first amendment (Fig. 2c). In SA soil, 60 days after the first amendment, 301 

tet(W) genes were detected also in the control SA and their relative abundance was not significantly 302 

(P<0.05) different to SA+M (Fig. 2d). Moreover, in both soils, the first addition of M+Tc did not 303 

increase the relative abundance of tet(W) genes, compared to M treatments. As observed for tet(Q) 304 

gene in SA soil, also the relative abundance of tet(W) progressively decreased over time in SA soil. 305 

However, the continuous addition of M with or without Tc spike significantly increased the relative 306 

abundance of tet(W) in both soils. 307 

 308 
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tet(A) and tet(M) 309 

Due to the low abundance of tet(A) and tet(M) genes it was not possible to measure their relative 310 

abundance by qPCR. Therefore, these genes were amplified by PCR and detected through Southern 311 

blot hybridization 60 days after the first and after the third amendments (Fig. 3). Southern blot 312 

hybridizations revealed that cow M contained tet(A) carrying bacteria and, 60 days after the first 313 

amendment, tet(A) was also detected in CL+M, CL+M+Tc100 and CL+M+Tc500, while it was not 314 

detected in total community DNA from control CL soil (Fig. 3). At this time point, Southern blot 315 

hybridization indicated that tet(A) abundance was low in all treatments of SA soil and was only 316 

detected in some of the replicates. After the third amendment, the abundance of tet(A) decreased in 317 

CL+M soils. Thus, tet(A) was detected only in three of four replicates of the CL+M+Tc100 and in 318 

all replicates of CL+M+Tc500 whereas it was below the detection limit in CL+M. In SA soil a 319 

remarkably increased abundance of tet(A) was detected in the total community DNA from all 320 

replicates of SA+M+Tc500, indicating a selective effect of Tc (Fig. 3). The tet(M) was neither 321 

detected in soil, treated soil, nor in M (data not shown). 322 

 323 

sul1 and sul2 324 

Cow M contained -2.5 Log per rrn copy number of sul1 and sul2. In CL soil the relative 325 

abundances of sul1 and sul2 genes were, respectively, -4.6 and -6.3 Log per rrn copy number and 326 

60 days after the first amendment, the relative abundance of sul1 and sul2 genes significantly 327 

increased after application of M, compared to control CL (Fig. 4a, c). In contrast, 60 days after M 328 

addition to SA soil, an increased relative abundance was only observed for sul2 but not for sul1 329 

(Fig. 4b, d). In CL+M+Tc100 and CL+M+Tc500 a significantly increased relative abundance of 330 

sul1 was observed, compared to CL+M, while sul2 was only increased in the CL+M+Tc500 331 

treatments. The effect of the presence of Tc was even less pronounced in SA soil. Here, only the 332 

relative abundance of sul1 was significantly increased in SA+M+Tc500, compared to SA+M after 333 
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SA+M+Tc500 was even higher than in the M. An accumulation of the trfA gene with repeated 359 

application was only observed in SA+M+Tc500. 360 

 361 

Discussion 362 

The fate of antibiotics in soil and likely also their effects, are influenced by the physicochemical 363 

properties of the antibiotic, by soil properties (Kong et al. 2012) and soil history, intended as 364 

foregoing antibiotic soil pollution due to anthropogenic activities. The present study is part of a 365 

project aiming to better understand the effects of Tc and cow M on the microbial community 366 

composition and on the antibiotic resistance in soil. In this study, two soils with different history of 367 

anthropogenic pollution and physicochemical characteristics, described by Chessa et al. (2016) and 368 

listed in Table S1, were used. The soils used were primarily selected for their differences in history 369 

of anthropogenic pollution and also for differences in physicochemical composition (pH, clay, sand 370 

and organic matter). The bioavailability of Tc, measured only after the first amendment by Chessa 371 

et al. (2016), was 0.155 and 1.092 mg kg-1 for treatments 100 mg kg-1 and 500 mg kg-1 in CL soil 372 

and 0.767 and 4.468 mg kg-1 in SA soil, respectively. The Tc concentrations used for spiking cow 373 

M were higher compared to those used in other studies. However, as Tc quickly, and almost 374 

completely, adsorbs to soil clay minerals and organic matter high amounts of Tc were applied to the 375 

soil in order to reach soluble and potentially bioavailable concentrations, i.e. Tc available for the 376 

bacterial uptake (Zhang et al. 2014), that were previously described for agricultural soils which are 377 

continuously polluted (Hamscher et al. 2005; Qiao et al. 2012). In fact, the Tc concentrations not 378 

adsorbed and hence potentially bioavailable found in the M+Tc100 soils were 0.155 and 0.767 mg 379 

kg-1 for CL and SA soil, respectively (Chessa et al. 2016). Comparable concentrations were 380 

previously reported for Tc in M-treated soils and ranged between 0.15 and 0.8 mg Tc kg-1 soil 381 

(Hamscher et al. 2005; 2002; Qiao et al. 2012). Furthermore, we tested Tc spiked at a fivefold 382 

higher concentration (M+Tc500) as a possible worst case scenario, since previous studies already 383 

indicated that soil microbial populations were not affected by Tc in lower concentrations, as 384 
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reported by Hund-Rinke et al. (2004) where no significant effect on the bacterial composition and 385 

Tc resistance genes were found in soil polluted with 5 and 50 mg Tc kg-1, whereas Tc significantly 386 

affected the microbial community composition at the spiked concentration of 500 mg kg-1. 387 

In the present microcosm study, we showed that the effect of cow M on the bacterial 388 

community composition increased with repeated application (Table 2) while the effects of the Tc 389 

were far less pronounced. After a single M or M+Tc application, significant differences to DGGE 390 

fingerprints of untreated soil were only observed for CL soil. In contrast to CL soil, DGGE 391 

fingerprints did not reveal such effects 60 days after the first application of M or of M+Tc to SA 392 

soil. We assume that transient effects of M or M+Tc might have occurred also in SA soil but had 393 

disappeared already at the time of sampling 60 days after the first amendment, as previously was 394 

also observed by Selvam et al. (2012). In accordance with other studies (Ding et al. 2014; 395 

Marschner et al. 2003; Sun et al. 2004) we observed that repeated application of M, with or without 396 

Tc, enhanced the effects on the bacterial community composition in both soils as indicated by 397 

increasing differences (d-values) between the DGGE fingerprints of untreated and M-treated soils 398 

(Table 2). Chessa et al. (2016), already reported that a single cow M application changed the 399 

bacterial community composition to increased PLFA ratio of Gram-positive to Gram-negative 400 

bacteria in both soils, and this effect was still observed in CL soil after 60 days but not in SA soil. 401 

The cow M used for the present study, the same as already used by Chessa et al. (2016), was long-402 

term stored and air-dried, and this, together with divergent soil properties, might explain differences 403 

compared to the findings of other studies performed with piggery M and silt loam soil (Ding et al. 404 

2014; Heuer et al. 2008). In comparison to SDZ used in these studies, the effects of Tc spiked to the 405 

cow M were far less pronounced which was likely caused by the stronger sorption of Tc compared 406 

to SDZ and due to different properties of soils studied: clayey and sandy soil compared to silt loam. 407 

Tc100 spiked to the cow M did not cause significant shifts of the soil bacterial fingerprints, 408 

compared to soil treated with unspiked M. After three amendments with M+Tc500, the fingerprints 409 

significantly differed from those of the M treatments for both soils. In contrast, the presence of SDZ 410 
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in piggery M spiked at two concentrations (10 and 100 mg kg-1) caused significant changes of the 411 

bacterial community composition in the two soils compared to unspiked M (Ding et al. 2014; Heuer 412 

et al. 2011a). 413 

Although the cow M was collected from free ranged cows, which to the best of our 414 

knowledge were not treated with antibiotics, all the ARGs and MGEs analyzed in the present study, 415 

except tet(M), were detected in the M. Thus with the cow M not only nutrients and spiked Tc were 416 

introduced into the soils but also bacteria containing ARGs and MGEs. The abundances of ARGs 417 

and MGEs were below the detection limit or at very low abundance in the CL soil, which had no 418 

history of anthropogenic antibiotic pollution by human or animal wastes. Thus a striking increase in 419 

the relative abundance of ARGs and MGEs was observed for CL soil in response to the M 420 

amendment. In contrast, all ARGs except tet(M) and MGEs analyzed in the present study were 421 

detected in the SA soil which was in the past frequently affected by flooding of a river and by 422 

orchard farming practice. River water was previously reported as a carrier of ARGs (Amos et al. 423 

2015; 2014a; 2014b). Thus, the differences found between the CL and SA soil likely do not only 424 

result from differences in soil properties such as clay content and pH but also from their previous 425 

history of anthropogenic pollutants. This pollution might have resulted in an adaptation of the 426 

bacterial community through proliferation of resistant bacteria and horizontal gene transfer (HGT) 427 

(Heuer and Smalla 2012). 428 

The ARGs and MGEs analyzed in the present study were previously reported to occur in 429 

piggery and cow M (Alexander et al. 2011; Binh et al. 2008). Recently, Kyselková et al. (2015a) 430 

proposed that tet(Q) and tet(W) genes belong to the resistome stably associated with cow M. Here, 431 

we also found that cow M from free ranged animals contained bacteria carrying the ARGs tet(Q), 432 

tet(W), tet(A), sul1 and sul2. In contrast to our hypothesis, the M+Tc100 and M+Tc500 treated 433 

soils did not show significantly increased abundance of tet(Q) and tet(W), compared to the M-434 

treatments. However, with repeated M-applications an accumulation of tet(Q) and tet(W) could be 435 

observed irrespective of the presence of Tc. Kyselková et al. (2013) also found that Tc did not show 436 
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 721 

Figure captions 722 

 723 

Table 1 Sequences of primers and TaqMan probes used for the detection of ARGs and MGEs. 724 

 725 

Table 2 Percent difference (d-values) of soil bacterial community composition based on Pearson 726 

correlations of background-subtracted densitometric curves from DGGE analysis (60 days after the 727 

first, second and third amendments). Significance is indicated by the respective P-value.  728 

S: soil CL or SA; M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil 729 

dry weight. 730 

 731 

Figure 1 UPGMA cluster analysis of DGGE fingerprints for 16S rRNA gene amplicons from CL 732 

and SA soils 60 days after the first amendment: amplicons from (a) and (d), respectively; 60 days 733 

after the second amendment: (b) and (e), respectively; 60 days after the third amendment: (c) and 734 

(f), respectively. Horizontal axis indicates the % of similarity. UPGMA cluster analysis was based 735 

on Pearson correlation indices to compare the effect of treatments in each soil at a specific time 736 
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point. S: soil CL or SA; M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 737 

soil dry weight. 738 

 739 

Figure 2 Relative abundances of tet(Q) and tet(W) genes in CL (a, c) and SA (b, d) soils, 740 

respectively, were measured by qPCR 60 days after the first, second and third amendments. Tukey-741 

Kramer post-hoc test (P<0.05) was used to compare the relative abundances of the target genes in 742 

total community-DNA at the same time point or within the treatment after repeated amendments. 743 

M: manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight; *: 744 

below the detection limit. For each time-point, average values which share the same white capital 745 

letter within columns do not differ significantly at the 5% level. For each treatment, average values 746 

which share the same letters above columns do not significantly differ at the 5% level. Error bars 747 

indicate the standard deviation of four replicates. 748 

 749 

Figure 3 PCR Southern blot hybridization of the tet(A) gene in CL and SA soils 60 days after the 750 

first and third amendments. Four replicates for each treatment are shown. The lanes at the utmost 751 

right and left are size markers. The figure is composed of six hybridized membranes (three 752 

membranes per soil) which were reassembled by photoshop. 753 

 754 

Figure 4 Relative abundances of sul1 and sul2 genes in CL (a, c) and SA (b, d) soils, respectively, 755 

measured by qPCR 60 days after the first, second and third amendments. The Tukey-Kramer post-756 

hoc test (P<0.05) was used to compare the relative abundances of the target genes in the total 757 

community-DNA at the same time point or within the treatment after repeated amendments. M: 758 

manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight; *: under 759 

the detection limit. For each time-point, average values which share the same white capital letter 760 

within columns do not differ significantly at the 5% level. For each treatment, average values which 761 
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share the same letters above columns do not differ significantly at the 5% level. Error bars indicate 762 

the standard deviation of four replicates. 763 

 764 

Figure 5 Relative abundances of intI1 and trfA genes in CL (a, c) and SA (b, d) soils, respectively, 765 

measured by qPCR 60 days after the first, second and third amendments. The Tukey-Kramer post-766 

hoc test (P<0.05) was used to compare the relative abundances of the target genes in the total 767 

community-DNA at the same time point or within the treatment after repeated amendments. M: 768 

manure; Tc100: 100 mg Tc kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight. For each 769 

time-point, average values which share the same white capital letter within columns do not differ 770 

significantly at the 5% level. For each treatment, average values which share the same letters above 771 

columns do not differ significantly at the 5% level. Error bars indicate the standard deviation of four 772 

replicates. 773 
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Table S1 Selected physical and chemical properties of the soils and manure investigated. From 

Chessa et al. (2016). 

Treatment pH OM (%) OC (%) Sand (%) Clay (%) Silt (%) 

CL soil 5.8 6.9 4.0 39.4 41.4 19.2 

SA soil 7.6 4.9 2.8 72.7 16.7 10.6 

Manure 7.8 52.7 30.6 - - - 

OM: Organic Matter; OC: Organic Carbon; % of dry weight 
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Figure S1 Bacterial 16S rRNA gene amplicons of CL and SA soil 60 days after the first 

amendment. Four replicates for each soil treatment were performed. M: manure; Tc100: 100 mg Tc 

kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight. 
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Figure S2 Bacterial 16S rRNA gene amplicons of CL and SA soil 60 days after the second 

amendment. Four replicates for each soil treatment were performed. M: manure; Tc100: 100 mg Tc 

kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight. 
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Figure S3 Bacterial 16S rRNA gene amplicons of CL and SA soil 60 days after the third 

amendment. Four replicates for each soil treatment were performed. M: manure; Tc100: 100 mg Tc 

kg-1 soil dry weight; Tc500: 500 mg Tc kg-1 soil dry weight. 
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