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Abstract 25 

The determination of values of abundance of antibiotic resistance genes 26 

(ARGs) per mass of soil is extremely useful to assess the potential impacts of 27 

relevant sources of antibiotic resistance, such as irrigation with treated 28 

wastewater or manure application. Culture-independent methods and, in 29 

particular, quantitative PCR (qPCR), have been regarded as suitable 30 

approaches for such a purpose. However, it is arguable if these methods are 31 

sensitive enough to measure ARGs abundance at levels that may represent a 32 

risk for environmental and human health. This study aimed at demonstrating the 33 

range of values of ARGs quantification that can be expected based on currently 34 

used procedures of DNA extraction and qPCR analyses. The demonstration 35 

was based on the use of soil samples spiked with known amounts of 36 

wastewater antibiotic resistant bacteria (ARB) (Enterococcus faecalis, 37 

Escherichia coli, Acinetobacter johnsonii, or Pseudomonas aeruginosa), 38 

harbouring known ARGs, and also on the calculation of expected values 39 

determined based on qPCR.  40 

The limits of quantification (LOQ) of the ARGs (vanA, qnrS, blaTEM, blaOXA, 41 

blaIMP, blaVIM) were observed to be approximately 4 log-units per gram of soil 42 

dry weight, irrespective of the type of soil tested. These values were close to the 43 

theoretical LOQ values calculated based on currently used DNA extraction 44 

methods and qPCR procedures. The observed LOQ values can be considered 45 

extremely high to perform an accurate assessment of the impacts of ARGs 46 

discharges in soils. A key message is that ARGs accumulation will be 47 

noticeable only at very high doses. The assessment of the impacts of ARGs 48 

discharges in soils, of associated risks of propagation and potential 49 
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transmission to humans, must take into consideration this type of evidence, and 50 

avoid the simplistic assumption that no detection corresponds to risk absence. 51 

 52 

The results suggest that the limits of quantification and detection of antibiotic 53 

resistance genes may be too high to infer about potential risks. 54 

 55 

Keywords: Wastewater, risk assessment, LOQ - limit of quantification, LOD -56 

limit of detection, quantitative PCR 57 
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Introduction 58 

The wide dissemination of antibiotic resistant bacteria (ARB) and their genes 59 

(ARGs) as environmental contaminants, often released with treated wastewater, 60 

is considered a serious problem by the scientific community and public health 61 

authorities, for which control measures are urgently needed (Berendonk et al., 62 

2015; Bürgmann et al., 2018; Hong et al., 2018). Water stress, due to scarcity 63 

or to deterioration of the quality of the natural freshwater resources, is a major 64 

driving force for water reuse, and inevitably, raises concerns about the 65 

associated risks of contamination of soils and of the human food chain with 66 

ARGs (Becerra-Castro et al., 2015; Negreanu et al., 2012). For these reasons, 67 

the reliable and sensitive quantification of ARGs in environmental samples 68 

exposed to human impacts is the basis of any reliable risk assessment 69 

framework.  70 

The development of quantitative polymerase chain reaction (qPCR) remarkably 71 

improved the study of antibiotic resistance, allowing the quantification of ARGs, 72 

first in clinical samples (Espy et al., 2006), extended later on to environmental 73 

samples (Schwartz et al., 2003). The quantification of ARGs opened new 74 

perspectives to study the antibiotic resistance distribution and spread in the 75 

environment, mainly because it overcomes the dependence on culture-76 

dependent methods to measure the occurrence of antibiotic resistance in a 77 

given site (Rizzo et al., 2013). In spite of its potential, qPCR has, as any other 78 

method, limitations sometimes related to the technique in itself, others due to 79 

the specificities of the matrix to be characterized. One of such limitations may 80 

be related with the sensitivity, critical to assess the impact of the discharge of 81 

contaminant ARGs in the environment, for instance in soils receiving reused 82 
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water. The crucial question here is if the qPCR limits of quantification (LOQ) can 83 

be considered adequate to assess the risks associated with some ARGs 84 

(Christou et al., 2017; Manaia, 2017). The ARGs LOQ values are not expected 85 

to result only from the qPCR process. Instead they are expected to result from a 86 

combination of factors, such as the complexity of the environmental samples, 87 

the DNA extraction process, the limitation to concentrate DNA extracts, and/or 88 

the occurrence of PCR inhibitors (Combs et al., 2015; Li et al., 2017; Luby et al., 89 

2016; Schrader et al., 2012; Sidstedt et al., 2015; Watson and Blackwell, 2000). 90 

In this study we aimed at determining the lowest range of abundance of 91 

selected ARGs and intI1 gene that might be quantified in a soil or related 92 

matrices, using state-of-the-art procedures, namely qPCR. The possible 93 

reasons and implications of the LOQ values observed are discussed. 94 

 95 

Materials and Methods 96 

In order to assess the LOQ and LOD of ARGs and related genes, soil samples 97 

were spiked with known amounts of ARB (107-102 CFU/g of soil) harboring 98 

known ARGs. Samples were collected immediately after ARB inoculation and 99 

cultivable bacteria were enumerated on different culture media, DNA was 100 

extracted and ARGs and other genes were measured based on qPCR.  101 

 102 

Soil, ARB and ARG 103 

Soil samples used in this study were collected as composite samples, from a 104 

greenhouse agricultural soil, located in Vila do Conde, Northern Portugal. 105 

Sampling procedures and soil and related matrices characteristics were 106 
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reported before (Table S1; Becerra-Castro et al., 2017). To determine the soil 107 

dry weight, samples of soil (1 g) were weighed before (wet soil) and after drying 108 

(dry soil) by incubation at 120 °C, until no weight variation was observed, which 109 

corresponded to ~2 days.  110 

Five ARB strains harboring ARGs or other genetic elements of interest were 111 

selected for this study (Table 1). Specifically, were analyzed: i) the intI1 gene, 112 

encoding the class 1 integrons integrase, which is abundant in soil and 113 

considered a proxy for human impacts of antibiotic resistance (Gillings et al., 114 

2008); ii) the genes, blaTEM, blaOXA and qnrS, which are common in wastewater 115 

habitats (Narciso-Da-Rocha et al., 2014; Szczepanowski et al., 2009); and iii) 116 

blaIMP, blaVIM and vanA, which, although reported in wastewaters, are yet not so 117 

common in the environment, being more associated with clinical samples (Vaz-118 

Moreira et al., 2016; Yang et al., 2012). 119 

For each strain, a calibration curve between the optical density at 610 nm 120 

(OD610) and the number of colonies forming units per mL (CFUs/mL) was 121 

determined. Briefly, from an initial bacterial suspension with an OD610 = 1, serial 122 

dilutions with a dilution factor of 2 were prepared, for which the optical density at 123 

610 nm and the number of CFUs per mL on Plate Count Agar (PCA) were 124 

determined. The curves of CFU/mL in function of the OD610 allowed the 125 

preparation of the bacterial suspensions with the adequate density to spike the 126 

soil slurries.  127 

 128 

Soil slurries 129 

Ten grams of well-homogenized soil were spiked with 3 mL of a bacterial 130 

suspension prepared in synthetic wastewater (Sousa et al., 2017) in 50 mL 131 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

plastic tubes. Three different assays were settled, A1 and A2 with greenhouse 132 

soil collected in July 2014 and A3 with the same soil collected in March 2016. 133 

A1 was spiked with Escherichia coli strain A1FCC2; A2, spiked with E. coli 134 

strain A2FCC14 and Enterococcus faecalis strain H1EV10; and A3, spiked with 135 

Pseudomonas aeruginosa strain H1FC49 and Acinetobacter johnsonii H1PC5 136 

(Table 1).  137 

The bacterial suspensions were prepared from overnight cultures grown on 138 

PCA, using an OD610 corresponding to a bacterial density of 108 CFU/mL. The 139 

suspensions were then further diluted in order to reach an abundance in the 140 

initial bulk of soil of 107-102 CFU/g of wet soil. The spiked soils were thoroughly 141 

mixed and homogenized. In parallel, for each assay a soil sample 142 

supplemented with 3 mL of synthetic wastewater was used as a control (non-143 

spiked control). Assays were prepared and analyzed in triplicate. 144 

 145 

Quantification of ARB 146 

For bacteria enumeration, one gram of soil was sampled from each soil slurry, 147 

suspended in 9 mL of hexametaphosphate sterile solution 1% (w/v), and serially 148 

diluted in sterile saline solution (0.85% (w/v) NaCl). Bacterial counts were made 149 

on selective culture media based on the membrane filtration method, with 150 

cellulose nitrate membranes (0.22 µm pore size, 47 mm diameter; Albet). The 151 

species E. coli, A. johnsonii, and P. aeruginosa were enumerated on mFC agar 152 

(fecal coliform agar, Difco BD), where they produce blue, pink or orange 153 

colonies, respectively. In addition, the species P. aeruginosa was also 154 

enumerated on Cetrimide agar (Pronadisa) with nalidixic acid (Sigma-Aldrich), 155 

where it selectively grows and forms green colonies. Ent. faecalis was 156 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

enumerated on m-Enterococcus agar (Difco BD). Cultures were incubated at 30 157 

°C for 48 h (mFC and m-Enterococcus agar) or 72 h (Cetrimide agar).  158 

 159 

DNA extraction and quantitative PCR  160 

Total DNA was extracted, in triplicate, from 0.25 g of soil using the PowerSoil® 161 

DNA Isolation Kit (Mo Bio Laboratories Inc.) according to the manufacturer 162 

instructions. DNA concentration was measured with the QubitTM fluorometer 163 

(ThermoFisher Scientific). The selected genes were quantified using the 164 

conditions described in Table S2. For the assay A1 the genes qnrS and blaTEM 165 

were quantified; for the assay A2 the genes intl1, blaTEM, blaOXA and vanA; and 166 

for the assay A3 the genes intl1, blaIMP, blaVIM and blaOXA (Table 1). For each 167 

assay, three independent DNA extracts were analyzed, using the Standard 168 

Curve method as described in Brankatschk et al. (2012) in a StepOneTM Real-169 

Time PCR System (Life Technologies, Carlsbad). The quality criteria for 170 

acceptable qPCR determinations considered the possibility of interpolation to 171 

the calibration curve, the correct melting temperature of the amplicon, and 172 

absence of multiple amplification peaks or shoulders (Rocha et al., 2018). The 173 

DNA concentration to use in the quantification assays was adjusted to avoid an 174 

excess of target DNA in comparison to the primer. The lowest gene copy 175 

number obtained for each calibration curve is indicated in Table 2. The 176 

observation of amplification at Ct values below the lowest limit of the calibration 177 

curve, fitting the expected melting temperature were considered as being above 178 

the Limit of Detection (LOD), and below the LOQ (Table 2). 179 

 180 
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Influence of the soil sample mass on the observed LOQ and LOD 181 

In an attempt to lower the copy number of genes quantifiable in the greenhouse 182 

soil slurry samples, i.e. the observed LOQ, a comparison between the 183 

PowerSoil (Mo Bio) and the FastDNATM soil kit (MP Biomedicals) was 184 

performed. The FastDNA soil kit allows extraction from 10 g of soil, with the 185 

recommendation to resuspend in a final volume of 5 mL. The PowerSoil kit 186 

recommends the extraction from 0.25 g of soil and resuspension in a final 187 

volume of 100 µL. While the recommended proportion soil:final suspension 188 

volume is similar in both systems (1:0.5 or 1:0.4), it differs considerably in the 189 

initial amount of soil (10 g or 0.25 g), with FastDNA allowing the extraction from 190 

larger amounts of soil.  191 

To evaluate the influence of the initial DNA extract concentration, the FastDNA 192 

soil extracts were concentrated in an attempt to lower the observed LOQ. 193 

Hence, 1 mL of FastDNA extract was concentrated using the SpeedVac 194 

concentrator (ThermoFisher Scientific) following the manufacturer instructions 195 

and re-suspended in 100 µL of ultrapure water. To compare both extraction 196 

methods and the implications of DNA concentration, namely on the PCR 197 

inhibition, the 16S rRNA gene was measured. 198 

 199 

Effect of the type of soil or related matrix on the observed LOQ and LOD 200 

In order to assess if the results were influenced by the type of soil or related  201 

matrix, assays were conducted with: A4) beach sand collected in the Northern 202 

region of Portugal; A5) a thermal compost produced from urban wastewater 203 

sludge currently used in gardening and agriculture; A6) commercial potting soil 204 
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obtained in the retail market; and A7) a fallow soil collected in the Centre of 205 

Portugal. The physicochemical properties of these samples are shown in Table 206 

S1. Using the procedure described above, the test samples were inoculated 207 

with 105-103 CFU/g of soil/matrix of Pseudomonas aeruginosa strain H1FC49 208 

(Table 1). The genes monitored to determine the observed LOQ and LOD 209 

values were the 16S rRNA, blaVIM and intI1, as described above.  210 

 211 

Statistical analyses 212 

The bacterial counts and gene copy number were expressed per gram of soil 213 

dry weight and compared using analysis of variance (ANOVA) and the post-hoc 214 

Tukey test, with a significance level (P) of 0.05. Statistical analyses were 215 

performed using SPSS 24.0, SPSS Inc., Chicago, IL. 216 

 217 

Results and Discussion 218 

ARB and ARGs are important environmental contaminants, whose growing 219 

accumulation and spread in the environment is a matter of concern (Manaia, 220 

2017; Pruden et al., 2006; Vaz-Moreira et al., 2014). Indeed, these 221 

contaminants may not only persist in the environment but also self-replicate and 222 

proliferate. Self-replication is one, although not the unique, reason why 223 

extremely low doses of ARB or ARGs in a given environment (e.g. soil) may 224 

represent a high direct or indirect risk for human health. One possible source of 225 

soils contamination with ARB and ARGs is the water reuse in irrigation 226 

(Becerra-Castro et al., 2015; Christou et al., 2017; Negreanu et al., 2012; Wang 227 

et al., 2014). However, an overview of the literature suggests contradictory 228 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

conclusions, with the observation that ARGs abundance increases in soils 229 

associated with water reuse practices being reported in parallel with no 230 

noticeable effects (Gatica & Cytryn, 2013; Negreanu et al., 2012; Wang et al., 231 

2014). Whilst it is not the aim of this paper the discussion of possible reasons 232 

for such an apparent inconsistency, the background information gives space for 233 

a critical discussion about methodological aspects that may explain the 234 

apparently contradictory findings. This was indeed the aim of this paper: 235 

determine the abundance of ARGs that can be quantified in soils or related 236 

matrices based on commonly used DNA extraction procedures and qPCR. The 237 

final goal of studies like this is to bring a critical look about ARGs quantification 238 

in soils and stimulate the discussion, which is out of the scope of this paper, if 239 

ARGs that are not detected by this technique may, in fact, being accumulated in 240 

soil at values exceeding those considered safe levels. 241 

 242 

Quantification of ARB 243 

Reference bacteria were spiked in greenhouse soil at a density of 7 to 2 log-244 

units per gram of wet soil as an approach to assess the LOQ and LOD that 245 

could be achieved for the different genes under analyses. Not surprisingly, the 246 

enumeration of bacteria in soil corresponded to the expected values, with a 247 

linear variation between the amount of spiked bacteria and the CFU counts in 248 

soil (Figures 1 A-C). The only exception was a slight deviation observed for P. 249 

aeruginosa or A. johnsonii in the samples with 2 log-units inoculum, for which a 250 

higher CFU counts than expected could be due to the existence of 251 

autochthonous bacteria of these genera in soil (Figure 1 C). Indeed, the non-252 

spiked soil was observed to contain 2 log-units CFU/g with morphologies that, 253 
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although lacking the typical morphologies considered for the analyzed strains of 254 

P. aeruginosa or A. johnsonii might, in the spiked samples, be confounded with 255 

the inoculants (data not shown). 256 

 257 

Quantification of ARGs and other genes 258 

In the greenhouse soil assays (A1-A3), irrespective of the amount of inoculum 259 

used, the copy number of the 16S rRNA gene was approximately 9 log-units/g 260 

of dry soil, even in non-spiked controls (Figures 1A-C). As could be expected, 261 

the supplementation of soil with bacteria at densities at least 2 log-units lower 262 

than the original soil was not noticeable based on the qPCR quantifications. The 263 

same observation is valid for the intI1 gene, whose presence in non-inoculated 264 

soil at densities of 6-7 log-units/g dry soil led to a narrow margin to measure 265 

exogenous inputs of this gene (Figure 1B and C; Table 2). Although not related 266 

to the problem of the high LOQ values, the existence of a relatively high 267 

background is another drawback when the impact of exogenous ARGs sources 268 

are to be measured. This problem has been discussed before by other authors 269 

(Gatica and Cytryn, 2013).  270 

None of the ARGs quantified in this study were detected in non-spiked 271 

greenhouse soil control samples (Figure 1). This fact allowed the determination 272 

of the observed LOQ and LOD values for each gene, in some cases hosted by 273 

different bacterial strains. For soil slurries with inoculum size (bacterial density) 274 

≥ ~3.5-4.5 log CFUs/g dry soil, the increase of the inoculum size in one log-unit 275 

corresponded to an increase of one log-unit in the gene copy number quantified 276 

for each gene (Figure 1A-C). Such achievement is in agreement with the 277 
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adequate efficiency values of the qPCR assays (Table S2). However, for soil 278 

slurries with inoculum size below ~3.5-4.5 log CFUs/g dry soil, the analyzed 279 

ARGs were below the lowest value of the calibration curve, and, therefore, 280 

could not be quantified with accuracy. Consequently, in assays A1-A3 the 281 

observed LOQ values ranged, for all analyzed ARGs 4-5 log-units per gram of 282 

dry soil (Figure 1A-C, Table 2). With these assays we could, thus, conclude 283 

that, in average, to achieve a reliable qPCR quantification of a given ARG in the 284 

soil, the correspondent ARB should have at least a density of 104 CFUs/g dry 285 

soil. While quantification should be made based on the interpolation to a 286 

calibration curve and the LOQ value depends on the amplitude of this curve, 287 

qPCR detection may be made based on the analyses of the correct melting 288 

temperature of the amplicons. Using this rationale, the limits of detection (LOD) 289 

were determined to range 2-4 log-units of ARGs per gram of soil (Table 2), 290 

corresponding to ARB densities of 2-4 log CFUs/g dry soil. 291 

 292 

Limit of quantification in different matrices 293 

To assess the influence of the matrix in the observed LOQ and LOD values, 294 

distinct samples were tested to quantify genes harbored by P. aeruginosa 295 

H1FC49 (blaVIM and intI1, Table 1). 296 

The four matrices tested differed in physicochemical properties, mostly texture 297 

and organic matter content, in particular humic substances content (Table S1), 298 

which is known to affect the efficiency of DNA extraction (Sidstedt et al., 2015).  299 

In this set of assays (A4-A7), the enumeration of the ARB (P. aeruginosa) in the 300 

different spiked samples corresponded also to the expected values (Figure 2).  301 
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With the exception of the sand sample (Figure 2A), with a density of 7 log-302 

units/g dry soil for the 16S rRNA gene, the other samples presented a density of 303 

this gene of 8 log-units/g dry soil (Figure 2B-D). The intl1 gene was quantifiable 304 

in all samples, with the exception of the non-spiked potting soil control (Figure 305 

2C). The observed LOQ for the ARG blaVIM was determined to be 4 log copies/g 306 

of dry soil/matrix for the different matrices tested (Figure 2, Table 2), similar to 307 

what was observed for the greenhouse agriculture soil (Figure 1, Table 2). 308 

These results confirm that independently of the soil matrix, the observed LOQ of 309 

ARGs is 4 log copies per gram of dry weight sample.  310 

 311 

Influence of the sample mass and DNA concentration on the qPCR LOQ 312 

Total DNA extractions using PowerSoil or FastDNA led to similar DNA 313 

concentrations, although different amounts (Table 3). The comparison of the 314 

16S rRNA gene quantification in samples extracted with both methods suggest 315 

that the effect of qPCR inhibition was not observed in PowerSoil DNA extracts 316 

in contrast with the FastDNA extracts. Indeed, only after DNA dilution, the 16S 317 

rRNA gene quantification observed for the FastDNA extracts was similar to that 318 

obtained with the PowerSoil DNA extracts. It is suggested that the FastDNA kit, 319 

although allowing the recovery of a higher quantity of DNA, did not support the 320 

preparation of DNA solutions with an higher concentration than PowerSoil given 321 

the potential risks of qPCR inhibition (Table 3).  322 

 323 

Theoretical vs experimental LOQs and implications on ARGs risk assessment 324 
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The results obtained in this study showed that the ARGs LOQ values, 325 

irrespective of the solid matrix analyzed and of the gene or of the gene host 326 

introduced in the soil, was of approximately 104 gene copies per g of dry weight 327 

of solid matrix, corresponding to an ARB density of ~ 104CFUs/g dry solid 328 

matrix, and to a ratio of approximately 10-3 - 10-5 of ARG copy number per total 329 

16S rRNA gene copy number, with the exception of the sand sample where a 330 

ratio of 10-1 was found. An additional tenfold dilution of the bacterial inoculum 331 

did not support the quantification of any of the analyzed ARGs. The question 332 

raised was, then, if this was a practical limitation due to operational conditions 333 

or if, otherwise, it was intrinsic to the methodological constraints. Based on the 334 

average water content of a soil sample, the DNA extraction procedure and the 335 

volume of DNA extract used in the qPCR reaction, it is expected a 336 

quantification, per qPCR reaction of approximately 2-3 log-units below the real 337 

number of copies of ARGs in the sample. For example, considering the 338 

greenhouse agriculture wet soil containing approximately 20% humidity, the use 339 

of 0.25 g of wet soil for DNA extraction and of 2 µL of DNA extract in each 340 

qPCR reaction, a value of 4x104 copies of a ARG can be measured in a qPCR 341 

reaction when analyzing a soil sample containing 107 gene copies per gram of 342 

wet soil (Table 4, bold numbers). Therefore, from the real abundance of an 343 

ARG in the soil to what can be measured there is a reduction by a factor of 344 

4x10-3, only due to DNA extraction and qPCR reaction. This means that in a soil 345 

containing one thousand ARG copies per gram of soil wet weight, which can be 346 

meaningful in terms of human health, one would expect to be able to amplify 4 347 

ARG copies by PCR (Table 4), which is not a realistic expectation with the most 348 

commonly used real-time PCR protocols. Using qPCR procedures, like those of 349 
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the present study, where the lowest value of gene copy number in the 350 

calibration curve was around 20-60, the theoretical and observed LOQ values 351 

were shown to be in agreement for most of the ARGs and all the matrices 352 

analyzed (Table 2). These results suggest that methodological improvements 353 

are required to achieve lower LOQ values. The extraction of DNA from a larger 354 

soil mass could be a positive contribution. However, the extraction and 355 

concentration of qPCR inhibitors is a problem to overcome, as discussed above 356 

(Table 3). Another helpful modification may be the use of a larger volume of 357 

DNA extract per qPCR reaction, which can increase the LOQ in about 1 log-358 

unit. However, this procedure has the potential to increase inhibition, either due 359 

to the excess of DNA that can inhibit PCR or due to the increasing amount of 360 

inhibitors in the extract. Droplet digital PCR (ddPCR) has been proposed as a 361 

good alternative to overcome limitations of qPCR. In average, ddPCR can 362 

reduce in about 10 times the LOQ of ARGs in comparison to qPCR (Cavé et al., 363 

2016). Nevertheless, a major constraint that results from DNA extraction from 364 

soil and the avoidance of PCR inhibitors seems to represent a bottleneck still to 365 

solve.  366 

The discussion about the risks of contamination of the human food chain with 367 

ARB and ARGs due to intended or inadvertent water reuse has been intensified 368 

over the last years. In this discussion, one of the central issues is the technical 369 

capability to detect and quantify ARB and ARGs that may accumulate or 370 

proliferate in soil, representing a threat to humans and animals. It is recognized 371 

that it is very difficult to propose a threshold for the maximum admissible 372 

emission values of ARB and ARGs, for instance by wastewater treatment 373 

plants. However, it is consensual that extremely low doses of some ARB, 374 
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namely those harboring last generation ARGs such as those encoding 375 

carbapenem or colistin resistance, may represent high risks for humans and the 376 

environment. The ranking of risks and the concerns raised by the presence of 377 

specific ARGs cannot be made out of a context. It is important to take into 378 

consideration the soil history and properties as well as the land use and end-379 

users. In this way, when such evaluations are to be made, it is important to 380 

consider that qPCR, the current methodology used to quantify ARGs, may fail to 381 

quantify potentially hazardous biological contaminants, whose abundance is 382 

below 104 CFU per g of soil wet weight. 383 

 384 

Conclusions 385 

The key message of this article is clear – the results of ARGs quantification in 386 

soils using state-of-the-art procedures need to be interpreted with caution. We 387 

demonstrated that with commonly used qPCR procedures it is not possible to 388 

quantify ARGs in solid matrices, independently of the type, where they are at or 389 

below an abundance of one thousand copies per gram of soil dry weight. 390 

Moreover, we demonstrated that these results were not due to practical biases, 391 

as theoretical and observed LOQ values were in the same range. Values below 392 

the LOQ may represent an overwhelming amount of ARB and ARGs, mainly if 393 

one considers the high ecological fitness of bacteria, and high capability to 394 

reproduce in the environment. 395 
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Table 2. Limit of quantification (LOQ) and limit of detection (LOD) values 554 

observed for the analyzed genes per gram of soil/matrix dry weight and 555 

comparison with the lowest values that could be quantified (theoretical LOQ). 556 

 557 

Table 3. Comparison of 16S rRNA gene quantification in DNA extracts (E) 558 

obtained with FastDNATM soil kit (MP Biomedicals) or PowerSoil kit (Mo Bio). 559 

 560 

Table 4. Estimation of the gene copy number in a qPCR reaction using DNA 561 

extracts obtained from 0.25 g of wet soils with different densities of a given 562 

gene. It is assumed that i) the final DNA extracts are suspended in 100 µL; ii) 563 

DNA extraction has an efficiency of 100%; iii) 20% of soil mass is water; iv) 564 

each qPCR reaction uses 2 µL of DNA solution. 565 

 566 

Figure 1. Colony forming units (CFU) enumeration of spiked ARB (columns) per 567 

gram of dry weight of soil and corresponding qPCR quantification of ARG 568 

expressed in copies per gram of weight dry soil. Control refers to soil spiked 569 

with synthetic wastewater. A) spiked with E. coli strain A1FCC2; B) spiked with 570 

E. coli strain A2FCC14 and Ent. faecalis strain H1EV10; and C) spiked with P. 571 

aeruginosa strain H1FC49 and A. johnsonii strain H1PC5. 572 

 573 
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Figure 2. Colony forming units (CFU) enumeration of spiked ARB (columns) per 574 

gram of dry weight of soil and corresponding qPCR quantification of ARG 575 

expressed in copies per gram of weight dry soil/matrix, for A) sand; B) compost; 576 

C) potting soil; and D) fallow soil 577 

 578 
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Table 1. Bacterial strains used in this study. 

Assay Strain Source ARGs quantified Reference 

A1 Escherichia coli A1FCC2 
Raw 
wastewater 

qnrS; blaTEM 

(Varela et al., 
2015) 

A2 
Escherichia coli A2FCC14 blaOXA; blaTEM; intI1 

Enterococcus faecalis H1EV10 

Hospital 
wastewater 

vanA 

A3 
Acinetobacter johnsonii H1PC5 blaIMP; blaOXA; intI1 

(Vaz-Moreira 
et al., 2016) 

Pseudomonas aeruginosa H1FC49 
 

blaVIM; intI1 

A4-A7 Pseudomonas aeruginosa H1FC49 blaVIM; intI1 (Vaz-Moreira 
et al., 2016) 
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Table 2. Limit of quantification (LOQ) and limit of detection (LOD) values observed 
for the analyzed genes per gram of soil/matrix dry weight and comparison with the 
lowest values that could be quantified (theoretical LOQ). 

*LOQ – minimum quantification value (per gram dry soil) that could be interpolated in the 
calibration curve; 

**LOD – quantification values below the lowest value of the calibration curve, but with 
amplicons with the correct melting temperature. 

n.d., not determined; §, for the same lowest value of gene copy number in the calibration curve the 
correspondence per gram of dry weight of soil may vary, according to the humidity content of each sample. 
*double peaks, one with the correct melting temperature, suggest that LOD is lower than the corresponding Ct 
value.   
Assays: A1) greenhouse soil spiked with E. coli strain A1FCC2; A2) greenhouse soil spiked with E. coli strain 
A2FCC14 and Ent. faecalis strain H1EV10; A3) greenhouse soil spiked with P. aeruginosa strain H1FC49 and 
A. johnsonii strain H1PC5; A4) sand spiked with P. aeruginosa strain H1FC49; A5) compost spiked with P. 
aeruginosa strain H1FC49; A6) potting soil spiked with P. aeruginosa strain H1FC49; and A7) fallow soil spiked 
with P. aeruginosa strain H1FC49. 

  

Gene 
 

Assay 

Lowest value of gene copy number in the 
calibration curve Observed  

LOQ* 
Observed 

LOD** In a qPCR 
reaction 

Correspondence per gram of dry 
weight of soil (Theoretical LOQ)§ 

16S 
rRNA 

A1 

385 

8.8 x 105 

n.d. n.d. 

A2 9.9 x 105 
A3 1.0 x 106 
A4 1.0 x 106 

A5 1.8 x 106 

A6 1.8 x 106 

A7 1.0 x 106 

intI1 

A2 

54 

1.4 x 104  

n.d. 

 

 

n.d. 

 

A3 1.4 x 104 
A4 9.8 x 103 
A5 1.0 x 104 
A6 1.0 x 104 2.0 x 104 1.7 x 104 
A7 9.8 x 103 n.d. n.d. 

qnrS A1 54 1.2 x 104 1.9 x 104 5.2 x 103 
vanA A2 54 1.4 x 104 4.7 x 104 4.4 x 103 

blaTEM A1 54 1.2 x 104 1.3 x 104 5.3 x 103 

A2 1.4 x 104 6.3 x 104 8.5 x 103 

blaOXA A2 64 1.5 x 104 1.4 x 105 1.2 x 104 
A3 1.7 x 104 8.3 x 104 1.1 x 104 

blaIMP A3 10 2.7 x 103 1.2 x 104 8.1 x 102 

blaVIM 

A3 

22 

5.9 x 103 2.3 x 104 <6.9 x 103* 
A4 5.8 x 103 3.3 x 104 <1.6 x 103* 
A5 1.0 x 104 3.6 x 104 <1.6 x 103* 
A6 1.0 x 104 1.2 x 104 1.2 x 104 
A7 5.8 x 103 1.1 x 104 1.1 x 104 
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Table 3. Comparison of 16S rRNA gene quantification in DNA extracts (E) obtained 

with FastDNATM soil kit (MP Biomedicals) or PowerSoil kit (Mo Bio).  

DNA extraction 
method  

Amount of soil and 
extract volume DNA extract DNA concentration 

(µg/mL) 

Log (gene copy 
number / g soil dry 

weight) 

FastDNATM soil kit 
(MP biomedicals) 

5 g soil 
5 mL extract (E) 
10 x concentrated (10 C) 

E 11.8 7.4±0.20a 

10 C 110.7 7.8±0.05b 
 

10 C + 10 D 11.1 
8.6±0.03c 

 

PowerSoil  
(Mo Bio) 

0.25 g soil 
100 µL extract (E) 
10 x diluted (10 D) 

E 16.5 8.8±0.07c 
 

10 D 1.7 8.8±0.13c 
 

E, DNA extract; 10 C, DNA extract concentrated 10x; 10 D, DNA extract diluted 10x. 
a,b,c - statistically different (p<0.05) using ANOVA  
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Table 4. Estimation of the gene copy number in a qPCR reaction using DNA 

extracts obtained from 0.25 g of wet soils with different densities of a given gene. It 

is assumed that i) the final DNA extracts are suspended in 100 µL; ii) DNA 

extraction has an efficiency of 100%; iii) 20% of soil mass is water; iv) each qPCR 

reaction uses 2 µL of DNA solution.  

Gene copies per 
gram of wet soil 

Mass of wet 
soil used  

(g) 

Humidity 
percentage 

(%) 

Volume of 
DNA extract 

(µL) 

Volume of DNA 
used in the qPCR 

(µL) 

Gene copy number 
expected to be quantified 

in a qPCR reaction 

1x107 

0.25 20 100 2 

4x104 

1x106 4x103 

1x105 4x102 

1x104 4x101 

1x103 4x100 
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HIGHLIGHTS 

 

1. ARGs limits of quantification and of detection (LOQ & LOD) in soil were 

investigated 

2. Soil samples were spiked with ARB harboring known ARGs 

3. LOQ of vanA, qnrS, blaTEM, blaOXA, blaIMP, blaVIM was >3 log-units and LOD 

was ~10 times lower 

4. High LOQ and LOD values are explained based on intrinsic methodological 

constraints 

5. A soil contamination with ~1000 ARGs copies may be undetected and thus 
neglected 

 


