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Abstract 

Field data have shown that soil nitrifying communities gradually adapt to zinc (Zn) after a single 

contamination event with reported adaptation times exceeding 1 year. It was hypothesized that 

this relatively slow adaptation relates to the restricted microbial diversity and low growth rate of 

the soil nitrifying community. This hypothesis was tested experimentally by recording adaptation 

rates under varying nitrification activities (assumed to affect growth rates) and by monitoring 

shifts in community composition. Soils were spiked at various Zn concentrations (0-4000 mg Zn 

kg-1) and two NH4
+-N doses (N1, N2) were applied to stimulate growth. A control series 

receiving no extra NH4
+-N was also included. Soils were incubated in pots under field conditions 

with free drainage. The pore water Zn concentration at which nitrification was halved (EC50, mg 

Zn l-1) did not change significantly during 12 months in the control series (without NH4
+-N 

applications), although nitrification recovered after 12 months at the highest Zn dose only. The 

EC50 after 12 months incubation increased by more than a factor 10 with increasing NH4
+-N 

dose (p<0.05) illustrating that increased activity accelerates adaptation to Zn. Zinc tolerance tests 

confirmed the role of Zn exposure, time and NH4
+-N dose on adaptation. Zinc tolerance 

development was ascribed to the AOB community since the AOB/AOA ratio (AOB=ammonia 

oxidizing bacteria; AOA=ammonia oxidizing archaea) increased from 0.4 in the control to 1.4 in 

the most tolerant community. Moreover, the AOB amoA DGGE profile changed during Zn 

adaptation whereas the AOA amoA DGGE profile remained unaffected. These data confirm the 

slow but pronounced adaptation of nitrifiers to Zn contamination. We showed that adaptation to 

Zn was accelerated at higher activity and was associated with a shift in soil AOB communities 

that gradually dominate the community. 
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Introduction 

Microorganisms play an important role in nutrient cycling in soil and should be protected to 

maintain soil quality. Contrasting views exist if and how effects of soil contaminants on 

microorganisms should be considered in regulation of soil trace metals. An argument against 

their inclusion is that microorganisms have sufficient capacity to adapt to changing environments 

due to functional redundancy within the microbial community (Kapustka, 1999). Clearly, the 

mechanisms and ecological relevance of microbial adaptation requires more information. 

Adaptation of a microbial community is well reported for soil contaminated with toxic trace 

metals such as zinc (Zn), copper (Cu) and cadmium (Cd) and the occurrence of trace metal 

tolerance has frequently been shown for microbial communities exposed to trace metals in the 

long term (e.g. Diaz-Raviña et al., 1994; Almås et al., 2004; Davis et al., 2004). The development 

of trace metal tolerance of microbial communities is attributed to the selection and proliferation 

of metal tolerant or genetically changed microorganisms (Diaz-Raviña and Bååth, 1996a; Giller 

et al., 1998). As a consequence, the microbial community can change structurally upon trace 

metal adaptation (Kelly et al., 1999; Mertens et al., 2006). Studies on the microbial adaptation 

rate in soil revealed significantly increased tolerance after 2 days to 4 months exposure 

depending on the trace metal concentration and the studied microbial community (Diaz-Raviña 

and Bååth, 1996a).  

The nitrification process is one of the most sensitive microbial assays to indicate trace metal 

toxicity (Broos et al., 2005). Field and laboratory data have shown that the soil nitrifying 

community does not adapt to Zn within 6 months (Mertens et al., unpublished data), but does 

after 1-2 years at soil total concentrations of 780 mg Zn kg-1 (Rusk et al., 2004) and 1850 mg Zn 

kg-1 (Mertens et al., 2009). As a consequence, this process is highly suited to study responses to 
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trace metal additions. The soil ammonia oxidation process, the first and rate limiting step in the 

nitrification process, has long time been thought to be performed by a select group of β-

Proteobacteria (Kowalchuk and Stephen, 2001). However, archaeal ammonia oxidation has 

recently been shown in marine systems (Könneke et al., 2005), and archaeal amoA genes 

resembling its bacterial counterpart have shown to be abundantly present in soil (Treusch et al., 

2005; Leininger et al., 2006). Nevertheless, the actual contribution of ammonia oxidizing 

Archaea (AOA) to the soil nitrification process is still to be determined (Prosser and Nicol, 

2008).  

The aim of this study was to monitor the Zn adaptation rate and AOB and AOA community 

composition in Zn spiked soils at varied microbial activities. We hypothesized that ammonium 

applications, stimulating the activity and, hence, the growth rate of the nitrifying community 

(Taylor and Bottomley, 2006), accelerate the induction of Zn tolerance within the nitrifying 

community. Ammonium fertilization has previously been shown to increase the abundance of the 

ammonia oxidizing bacteria and archaea with demonstrated shifts in community structure (Okano 

et al., 2004; Le Roux et al., 2008). However, long term NPK fertilization did not affect the 

sensitivity of the nitrifying community to Zn after 8 weeks exposure (Xia et al., 2007). Based on 

this, a 1-year experiment was set up with soils spiked at various Zn concentrations (0-4000 mg 

Zn kg-1) in a factorial design with a control series (N0) and two NH4
+-N doses (N1, N2). The rate 

of adaptation and extent of Zn tolerance in the three series was recorded and correlated with 

shifts in AOB and AOA community abundance and composition. Care was taken to correct for 

pH shifts among treatments by adding CaO since soil pH affects both the nitrification activity and 

the Zn bioavailability. 
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Materials and methods 

Soil sampling 

Uncontaminated top soil (0-20 cm) was sampled from grassland in Zeveren (Belgium) in June 

2007. Uncontaminated top soil and zinc contaminated soil sampled near the electricity 

transmission pylon at this site was used before to show the occurrence of Zn tolerance of the 

AOB community due to long term exposure to elevated Zn concentrations (Mertens et al., 2006). 

Fresh soil was collected, sieved (< 4 mm) immediately after sampling and stored in plastic barrels 

at 4 °C in the dark until use. Selected soil characteristics were measured as described previously 

(Smolders et al., 2004). The soil has a sandy loam texture with a cation exchange capacity of 21 

cmolc kg-1, 3.5% organic matter, soil pH (0.01 M CaCl2) of 5.6, C/N ratio of 10 and a total Zn 

concentration of 60 mg kg-1.  

Experimental set up 

In August 2007 the soil was artificially contaminated with increasing Zn doses by adding 

dissolved ZnCl2 to final total zinc concentrations of 60 (control soil - no added Zn), 82, 100, 194, 

734, 1303 and 4058 mg Zn kg-1 dry soil. Soil samples of this Zn series are marked as Zn0 to Zn6 

with increasing Zn concentration. Perforated plastic pots (volume 2 dm3) filled with 1.5 kg soil 

were incubated in open air. The pots were installed in a container filled with sand to insulate soil 

and to allow free drainage. Soils were weeded periodically.  

Two months after Zn addition, soil of each Zn treatment was homogenized, sampled and split 

into 3 subseries receiving different NH4
+-N doses: a control series without NH4Cl application (N0 

series), the N1 series receiving 80 mg NH4
+-N kg-1 dry soil (equivalent to about 150 kg N ha-1) 

and the N2 series receiving 160 mg NH4
+-N kg-1 dry soil (about 300 kg N ha-1). Each of the 3N × 
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7Zn treatments was performed in duplicate. A second NH4
+-N application with the same doses 

was conducted 8 months after Zn addition, i.e. 6 months after the first NH4
+-N application.  

Soil was sampled within one week after Zn addition (‘T0’) and after 2 months (‘T1’ – i.e. prior to 

the first ammonium addition), 6 months (‘T2’ – i.e. 4 months after the first NH4
+-N application) 

and 12 months (‘T3’ – i.e. 4 months after the second NH4
+-N application) exposure to Zn. Prior 

to sampling, the soil in the pots was homogenized. Soil pH dropped with increasing Zn doses due 

to specific Zn2+ sorption and with increasing NH4
+-N applications due to the nitrification. 

Therefore, pH of the residual soil was adjusted to pH 5.5 ± 0.2 by mixing ground CaO powder 

into the soil (doses based on pH titration curves) at the start of the experiment (T0) and after each 

sampling (T1 and T2). At T3, soil pH was corrected one week prior to the bioassay by adding 

Ca(OH)2. Treatments which did not receive CaO or Ca(OH)2 were subjected to the same mixing 

procedure.  

At each sampling, soil pH (0.01 M CaCl2), total Zn (aqua regia digestion) and pore water Zn 

concentrations (double chamber method; Smolders et al., 2004) of all treatments were 

determined.  

Potential nitrification rate (PNR) 

The soil nitrification process was quantified by measuring the PNR as described (Smolders et al., 

2001). Briefly, soil moisture content was corrected to 47% (pF = 2) and soil was preincubated for 

7 days at 20 °C in darkness. Afterwards, NH4Cl solution (15 mg ml-1) was added to the soil to a 

final added concentration of 100 mg NH4
+-N kg-1 dry soil. Subsamples were taken immediately 

after NH4
+-N addition and after 3 days incubation at 20 °C. Potassium chloride 1 N was added to 

the samples (1:5 solid:liquid ratio), samples were shaken end-over-end for 2 h, centrifuged (3000 

g, 15 min) and the NO3
--N concentration was measured colorimetrically (SA 40, Skalar, The 
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Netherlands). The PNR was calculated by linear regression as the increase of the soil nitrate 

concentration in dry soil over time (mg NO3
--N kg-1 d-1). The Zn doses at which the PNR was 

50% reduced compared to the control treatment (Zn0) (EC50 values) were expressed as Zn 

concentrations in pore water, mimicking the bioavailable Zn concentration (Mertens et al., 2007). 

The recovery of the nitrification process over time, quantified by increasing EC50 values, is 

therefore indicative of adaptation of the nitrifying community to Zn.  

Zn tolerance testing 

Zn tolerance was tested using the spike-on-spike test described by Mertens et al. (2006). Briefly, 

ZnCl2 (50 mg ml-1) was added to soil samples suspended in CaCl2 0.01 M (1:10 solid:liquid ratio) 

to final concentrations of 0, 30, 100, 300 and 1000 mg added Zn l-1. Ammonium chloride solution 

(15 mg ml-1) was added to a final concentration of 10 mg NH4
+-N l-1. The pH in suspension was 

adjusted immediately after N addition and daily during the 3-day test to pH 5.5 ± 0.1 using 0.1 M 

NaOH or HCl if required. Nitrate concentrations were measured as described above at the start of 

the experiment and after 3 days, and the PNR was calculated. The PNR in suspension was related 

to Zn concentrations in the CaCl2 soil extract. Soluble Zn in the extract was measured in the 

supernatant after centrifugation (3000 g, 15 min) with ICP-OES (Perkin Elmer Optima 3300 DV, 

Norwalk, CT, USA). Zn tolerance was expressed as the soluble Zn concentration at which the 

PNR was 50% reduced compared to the control treatment. The Zn tolerance was tested in 

treatments Zn0, Zn4, Zn5, Zn6 at T0 and T1 and in treatments Zn0, Zn4, Zn5 and Zn6 of the N0 

and N2 series at T2 and T3. 
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DNA extraction, amoA profiling and amoA gene copy quantification 

DNA was extracted and purified as described by Uyttebroek et al. (2006). PCR amplification of 

AOB amoA gene fragments used primers GC-amoA-1F* and amoA-2R (Rotthauwe et al., 1997; 

Stephen et al., 1998) while primers CrenamoA23f and CrenamoA616r (Tourna et al., 2008) were 

used for amplification of AOA amoA gene fragments as described by Mertens et al. (2009), 

except that the annealing temperature for PCR amplification of AOA amoA gene fragments was 

55°C. The PCR product size and integrity was checked using standard agarose gel 

electrophoresis. Denaturing Gradient Gel Electrophoresis (DGGE; Ingeny, Goes, the 

Netherlands) profiling analysis of AOB and AOA amoA gene fragments was performed using 

6% polyacrylamide gels with a linear gradient of 40-60% for amoA AOB amplicons and 35-50% 

for amoA AOA amplicons. Gels were run as described by Mertens et al. (2006). 

Copy numbers of AOB and AOA amoA genes in DNA extracts were quantified in duplicate on a 

Corbett Rotor-Gene 3000 real-time PCR cycler (Qiagen, Venlo, The Netherlands). Primers 

amoA-1F and amoA-2R (Rotthauwe et al., 1997) were used for AOB amoA gene quantification, 

and primers amo196F and amo277R (Treusch et al., 2005) for AOA amoA gene quantification as 

described by Mertens et al. (2009). Dilution series of purified PCR products from cloned amoA 

genes of Nitrosomonas europaea ATCC 19718 (AOB) and fosmid clone 54d9 (AOA) were used 

as qPCR standards. Copy numbers of AOB amoA gene fragments were transformed to the 

numbers of AOB assuming that on average 2.5 amoA gene copies were present per AOB cell 

(Norton et al., 2002). To our knowledge, no information is available on amoA copy numbers in 

AOA, and to calculate the number of AOA it was assumed that 1 amoA copy was present per 

AOA cell. These assumptions are arbitrarily. AOB and AOA abundance were determined at each 

sampling period for treatments Zn0, Zn4, Zn5 and Zn6 of series N0 and N2. 
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Statistics 

Dose-response curves were fitted by log-logistic modeling (Doelman and Haanstra, 1989) using 

the Marquardt method (proc NLIN, SAS®9.1; NC, USA). Significant (p<0.05) inhibitory effects 

of increasing Zn concentrations on PNR values and individual amoA gene copy numbers were 

detected using Student’s t-tests. Analysis of Variance (ANOVA) was performed to detect effects 

of time, zinc and ammonium on the Zn tolerance (log EC50 value of tolerance test) and on the 

AOB/AOA ratio (proc GLM, SAS®9.1; NC, USA). No independent replicates are available for 

the log EC50 since it is a parameter value derived from the dose-response curve (including 

replicates), however its variance is known. This ANOVA without replicates (for the log EC50) 

was therefore refined by including a weight factor defined as the reciprocal of the squared 

variance of the log EC50. 

Permutation-based testing of multivariate analysis of variation (PERMANOVA) was conducted 

to test for the effects of time, Zn and ammonium on the shifts of the DGGE profiles 

(PERMANOVA+, PrimerE Ltd, U.K.) using approaches described by Anderson et al. (2008). 

Cluster analysis of DGGE profiles was performed using the GelCompar II software 3.5 (Applied 

Maths, Sint-Martens-Latem, Belgium). A similarity matrix for the profiles was calculated based 

on the Pearson product–moment correlation coefficient and the UPGMA (Unweighted Pair 

Group Method with Arithmetic mean) was used as clustering algorithm to calculate the 

dendrogram (Uyttebroek et al., 2006). 

Results 

Evolution of soil properties 

One week after spiking total Zn concentrations in soil were 60, 82, 100, 194, 734, 1303 and 4058 

mg Zn kg-1 dry soil for soil treatments Zn0 to Zn6, respectively, and remained at a similar level 
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during the further course of the experiment for treatments Zn0 to Zn5 (data not shown). Total Zn 

concentration in soil of treatment Zn6 decreased to 2500 mg Zn kg-1 dry soil within the first 6 

months of incubation, and remained constant afterwards. Ammonium applications did not affect 

total Zn concentrations in soil. Zinc concentrations in pore water increased initially from 0.6 mg 

Zn l-1 in treatment Zn0 to 5000 mg Zn l-1 in treatment Zn6. After two months incubation, Zn 

concentrations in pore water decreased in all Zn treatments to a maximum value of 200 mg Zn l-1 

in treatment Zn6 at T1 and T2 and 400 mg Zn l-1 at T3 (data not shown). 

Nitrification in soil is sensitive to soil pH (Smolders et al., 2001), and soil pH is an important 

factor controlling zinc concentrations in the pore water and Zn toxicity (Broos et al., 2007; 

Mertens et al., 2007). Soil pH was successfully maintained within 0.15 units between T0 and T1 

across all Zn rates because of CaO liming. At T2 and T3 soil pH was maintained equally in the 

Zn treatments of the N0 series. However, extensive nitrification upon NH4
+-N application 

decreased soil pH from 5.5 in treatment Zn0 of the N0 series to a minimum value of 5.0 in 

treatment Zn0 of the N1 series and to 4.6 in treatment Zn0 of the N2 series. Soil liming at T2 

(after soil sampling) was not sufficient to maintain the pH at 5.5 after NH4
+-N application. 

Therefore, one week prior to the bioassay at T3, Ca(OH)2 was applied and corrected soil pH in all 

treatments of the N1 and N2 series to 5.2 (±0.1). Soil pH in the Zn treatments of the N0 series 

was on average 5.3 (±0.1).  

At T2, 4 months after the first NH4
+-N application, residual NH4

+ was only detected in the Zn6 

treatment of both N series. At T3, added NH4
+ was consumed in all treatments, and no elevated 

levels of NO3
- were detected in any soil sample due to leaching. This means that gross 

nitrification between T1-T2 (4 months) and between T2-T3 (4 months) exceeded the initial doses 

of 80 and 160 mg N kg-1 in most treatments. Based on nitrification data in 20 different Flemish 
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soils, Herelixka et al. (2002) predicted the N mineralization rate (mg N kg-1 day-1) as a function 

of the total soil N content (mg N kg-1). According to this model the nitrification in a soil with a 

total N content equivalent to the total N content of the uncontaminated Zeveren soil, corrected for 

an average soil temperature of 16 °C, is about 30 mg N kg-1 after 4 months. This means that the 

two NH4
+-N applications were sufficient to stimulate the nitrification activity above control (N0). 

The nitrification in ZnCl2 and NH4
+
-N amended soils 

The PNR of treatment Zn0 at T0 was 12 ± 4 mg NO3
--N kg-1 d-1 and did not change significantly 

(p>0.05) during incubation in the Zn0 treatment of the N0 series (15 mg NO3
--N kg-1 d-1 at T1, 17 

mg NO3
--N kg-1 d-1 at T2 and 8 mg NO3

--N kg-1 d-1 at T3). At T2, the PNR of treatment Zn0 

significantly decreased with N-application from 17 (N0), 13 (N1) to 9 (N2) mg NO3
--N kg-1 d-1. 

This most likely resulted from soil acidification from pH 5.5 (N0) to pH 4.9 (N2). At T3, these 

differences disappeared due the liming before the bioassay and PNR values ranged from 8 (N0), 

10 (N1) to 7 (N2) mg NO3
--N kg-1 d-1 in the Zn0 treatments. 

Increasing soil Zn concentrations decreased the PNR one week after Zn amendment (T0) with a 

corresponding EC50 of 39 mg Zn l-1. This value did not change significantly (p>0.05) in the 

following 12 months in the N0 series (Figure 1 and Table 1). In contrast, the EC50 value of the 

N1 and N2 series increased significantly (p<0.05) compared to the N0 series (Figure 1 and Table 

1) at T2 and T3. At T3, however, PNR values recorded in the highest contaminated treatments 

(Zn6) of all series fully recovered to the values recorded for treatment Zn0, whereas significant 

effects of Zn addition were still observed in treatment Zn0 to Zn5 both in the N0 and N1 series 

(Figure 1). This unusual response suggests non-linearity in Zn adaptation. Therefore, treatment 

Zn6 was excluded from EC50 calculation in the control and N1 series (Table 1).  
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Table 1: EC50 values (95% confidence interval in brackets) for the potential nitrification rate (PNR) in the 

control (N0) and NH4
+
-N amended series (N1 and N2) during the 12 month incubation experiment. The EC50 

value increased significantly in both NH4
+
-N amended series while it remained constant in the control series 

(N0).  

Incubation period Series

one week (T0) N0 39 [8-188]

2 months (T1) N0 14 [9-21]

6 months (T2) N0 30 [22-48]
N1 95 [55-165]
N2 186 [172-201]

12 months (T3) N0 30 * [10-92]
N1 >101
N2 >340

* Excluding highest Zn treatment, see Figure 1 and results section

EC50 (mg Zn l
-1

)
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Figure 1: Evolution of the Potential Nitrification Rate (PNR) in Zn contaminated soils. Potential Nitrification 

Rate (PNR) (standard error bars are denoted) versus zinc concentration in pore water at different times after 

Zn spiking. Dose response curves (lines) were calculated without Zn6 treatments (i.e. highest Zn treatment) at 

12 months. The corresponding EC50 values are summarized in Error! Reference source not found..  
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Zn tolerance development 

ANOVA on all available Zn tolerance data revealed significant effects of Zn and ammonium (N) 

on the Zn tolerance development (Table 3). No difference in Zn tolerance (EC50 values) between 

the Zn treatments were found immediately after Zn spiking (T0) and at T1 (data not shown). No 

EC50 values were obtained for treatments Zn5 and Zn6 at T0 and T1 due to Zn toxicity in these 

treatments. Similar results were observed at T2 in the N0 and N2 series (data not shown). Zn 

tolerance was neither affected by time (T0 versus T3) nor by NH4
+-N application (N2 versus N0) 

in the absence of Zn, i.e. in the Zn0 treatment. However, Zn application resulted in an increased 

Zn tolerance at T3 and this increase occurred at lower Zn doses in the N2 series than in the N0 

series (Table 2). No measurements of Zn tolerance were performed for treatments of the N1 

series. 

Table 2: Zn tolerance of the nitrifying community after 12 months exposure to increasing Zn concentrations 

in soil with (N2) or without (N0) NH4
+
-N applications. The tolerance is expressed as the soluble zinc 

concentration in suspensions (mg Zn l
-1

) at which nitrification decreased by 50% (EC50) (95% confidence 

interval between brackets). A higher EC50 values indicates a higher Zn tolerance. 

Zn treatment

Zn0 31 [12-79] 43 [19-95]

Zn4 45 [18-115] 73 [27-197]

Zn5 75 [36-158] 200 [100-401]

Zn6 234 [152-361] 300 [148-608]

12 months incubation

EC50 (mg Zn l
-1

)

N0 N2
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AOB and AOA abundance and community composition 

At T0, treatment Zn0 contained 1.2×107 AOB g-1 soil and 2.0×108 AOA g-1 soil. Two months 

after Zn spiking (T1) a significant decrease (p<0.05) of the number of both AOB (factor 8.5) and 

AOA (factor 3.5) was observed in the highest Zn contaminated treatment (Zn6) compared to 

treatment Zn0 (Supplementary Table 1). However, the variation of absolute AOB and AOA 

numbers was up to a factor 15 between duplicate treatments at T2 (data not shown). As a result, 

treatment effects on AOB and AOA numbers could not be detected. Therefore, changes in the 

AOB and AOA abundance are expressed as the ratio of the number of AOB and AOA 

(AOB/AOA) that was less variable than absolute numbers, likely because the ratio is unaffected 

by DNA extraction efficiency. Significant effects of Zn, N-supply and time were detected on this 

ratio (Table 3). The AOB/AOA ratio significantly increased with time due to Zn contamination 

and this increase is more pronounced with increasing N-doses. Originally, the AOB/AOA ratio 

was 0.06 and was similar in all Zn treatments (p>0.05). It was unaffected by Zn concentrations 

up to 1300 mg Zn kg-1 (treatment Zn5) after 6 months incubation (T2) (p>0.05) in the N0 series. 

At T3, the AOB/AOA ratios were still unaffected by Zn in the N0 series (Supplementary Table 

1). In contrast, at T3 in the N2 series Zn amendments of 1300 and 4000 mg Zn kg-1 increased the 

AOB/AOA ratio above the AOB/AOA ratio recorded in the Zn0 treatment of the N2 series and 

those recorded in treatments Zn5 and Zn6 of the N0 series (Supplementary Table 1). The 

AOB/AOA ratio explained Zn tolerance across treatments at T3 (R² = 0.60) (Figure 2). 
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Figure 2: The AOB/AOA abundance ratio explains Zn tolerance (R
2
=0.60) across the Zn and N treatments 

after 12 months incubation. The Zn tolerance is the soluble Zn in suspensions at which the nitrification is 

halved compared to control. Treatments of the N0 and N2 series are denoted as ���� and ����, respectively. Error 

bars show standard errors. 

DGGE profiles of both amoA AOB and amoA AOA were highly comparable between replicate 

samples (at least 90% similarity) and therefore only one replicate per treatment was loaded on the 

AOB DGGE gels and included in cluster analysis. Permutation-based testing of multivariate 

analysis of variation (PERMANOVA) showed significant (p<0.05) effects of zinc and time on 

the AOB community structure (Table 3). The AOB amoA DGGE profile did not change within 

the first 2 months of incubation irrespective of Zn contamination (at least 71% similarity). At T3, 

the AOB amoA DGGE profiles of the Zn5 and Zn6 treatments differed clearly from the original 

community (i.e. treatment Zn0 at T0) and from treatment Zn0 at T3 in the N0 and N2 series 

(respectively 43% and 22% similarity), whereas the profile of the Zn4 treatment differed from the 
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original community in the N2 series only (43% similarity) and not in the N0 and N1 series (71 % 

similarity) (Figure 3 and Supplementary Figure 1). All other Zn treatments at T3 showed at least 

60% similarity with the original community (Supplementary Figure 1).  Restricting the 

PERMANOVA to the profiles of T3 confirms a significant effect of Zn on the community 

structure (p<0.05; details not shown). Changes of the AOA amoA DGGE profile were not 

observed after 12 months incubation in any treatment (at least 80% similarity) (Figure 3). 

Table 3: ANOVA table for the log EC50, AOB/AOA ratio and the AOB community structure 

(PERMANOVA) as affected by zinc contamination, sampling time and N-addition level (‘N’). 

Factor p  (log EC50) p  (AOB/AOA) p (AOB DGGE)

zinc 0.03 <0.001 0.03
time 0.33 <0.001 0.05
N 0.02 <0.001 0.13
zinc×time 0.6 0.7 0.36
zinc×N 0.87 <0.001 0.33
time×N 0.41 0.22 0.08
zinc×time×N ND 0.53 ND

ND: not determined  
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Figure 3: DGGE profile after 12 months incubation for AOB (A) and AOA (B). The original community is the community of the uncontaminated 

Zeveren soil and is marked as orig. Changed communities (framed) were found in soils in which Zn tolerance was significantly changed over control. 

No changes in the AOA community structure were observed. 
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Discussion 

No or very little adaptation of the soil nitrifying community to Zn was found in the absence of 

extra NH4
+-N (N0 series) after 12 months incubation; the Zn EC50 of the PNR did not increase 

during 12 months (excluding the highest contaminated treatment), and neither the Zn EC50 of the 

tolerance tests nor the AOB/AOA ratio changed with soil Zn concentrations up to 1300 mg Zn 

kg-1 dry soil. These results confirm earlier data, i.e. adaptation occurs only after 1-2 years of Zn 

exposure (Rusk et al., 2004; Mertens et al., 2009). The AOB and AOA abundance in the 

uncontaminated Zeveren soil, quantified with real-time PCR, as well as the AOB/AOA ratio, 

were within the reported range in literature for uncontaminated soils (104-107 AOB g-1 soil and 

107-108 AOA g-1 soil; Leininger et al., 2006; Nicol and Schleper, 2006; Okano et al., 2004). The 

AOB and AOA abundance did not change immediately after Zn addition in contrast with the 

rapid effects of Zn on nitrification. Gene abundance is a weak predictor for the nitrifying activity 

shortly after trace metal contamination, likely due to the presence of inactive AOB and AOA as 

well as to the presence of extracellular DNA in soil (Levy-Booth et al., 2007). Gene transcript 

numbers might be a better predictor since they reflect the active populations of the community. 

Indeed, Mertens et al. (2009) showed that the AOB and AOA gene transcript numbers were 

reduced with 3 and 4 orders of magnitude, respectively, one week after Zn addition compared to 

the control soil whereas no effects were detectable on AOB and AOA gene copy numbers. 

At larger Zn addition (treatment Zn6; 4058 mg Zn kg-1 dry soil) an accelerated adaptation 

compared to lower Zn additions (within one year) was observed resulting in a Zn tolerant 

nitrifying community. The AOB and AOA abundance decreased after 2 months exposure in this 

treatment. We speculate that this decrease facilitated the proliferation and gradual dominance of 

Zn tolerant nitrifying populations explaining the accelerated adaptation at large trace metal 



 20 

addition which was also suggested by Diaz-Raviña and Bååth (1996a). Moreover, the AOB/AOA 

ratio slightly increased in the Zn6 treatment and the AOB amoA DGGE profile showed a 

different pattern compared to the original profile showing a changed AOB community 

composition along with Zn tolerance development.  

It is generally accepted that a high growth rate and a high level of genetic diversity explains the 

high capacity of microbial communities to readily adapt to environmental changes (Kassen and 

Rainey, 2004). Diaz-Raviña and Bååth (1996a) and Boivin et al. (2005) experimentally showed 

that microbial communities adapted faster to trace metal exposure at incubation temperatures of 

20-25°C compared to lower temperatures which might be attributed to the larger microbial 

growth rate at higher incubation temperature (Pietikäinen et al., 2005). In the present study, we 

investigated the role of the growth rate of the nitrifying community on the Zn adaptation rate. The 

growth rate was experimentally increased by NH4
+-N applications. Net or gross growth was not 

measured directly. However, they can be estimated from the nitrification activity with calibrated 

models of growth of nitrifiers in soil. Previous studies showed an association between increased 

nitrifying activity and the net population growth of the nitrifying community after application of 

NH4
+-N to liquid media inoculated with AOB (Yoshioka et al., 1982), to sterilized soils 

inoculated with nitrifying cultures (Taylor and Bottomley, 2006) and to non-sterile soil 

microcosms (Okano et al., 2004). We estimated the net growth in our soils using the classic 

Monod model with decay optimized with the nitrification and qPCR data reported by Okano et al. 

(2004), i.e.: 

0( )        (1)

                           (2)

d

dx dN
Y k x x

dt dt

dN
k N x

dt

= × − × −

= × ×
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in which Y is the yield (cells µmol-1 N), N is the soil NO3
--N concentration (µmol kg-1), kd is the 

cell decay (h-1), x is the cell density in soil (cells kg-1), x0 is the initial cell density (cells kg-1) and 

k is the potential nitrification rate constant per cell (cell-1 h-1).  

Okano et al. (2004) measured NH4
+ and NO3

- concentrations and gene copy numbers of AOB 

(qPCR) at different time points in a soil microcosm amended with 100 mg NH4
+-N kg-1 soil. 

These data were used to fit the model by minimizing the residual sum of squares of the logarithm 

of the number of AOB per g soil using the Solver function in Microsoft Excel® (de Levie, 1999). 

The fitted parameters were yield (Y = 4×106 cells µmol-1 N), cell decay (kd = 3×10-4 h-1) and 

potential nitrification rate constant per cell (k = 0.01 cell-1 h-1). Using these parameters and 

assuming an initial cell density x0 of 1.2×107 AOB g-1 soil in treatment Zn0, we predicted a 

maximum 3-fold increase of the number of AOB per g soil within 7 days after the NH4
+-N 

application in the N1 series and a maximum 5-fold increase of the number of AOB per g soil 

within 4.5 days in the N2 series. Subsequently, the number of cells gradually decreased to within 

a factor 1.5 and 3, respectively, of the initial cell density after 4 months. This might explain why 

no changes in AOB gene copy numbers due to NH4
+-N application were observed at T2 and T3 

since differences smaller than a factor 3 were difficult to detect with qPCR in this experiment. 

However, the response of the nitrifying community to NH4
+-N applications differs largely 

between studies; the AOB community size in uncontaminated soil has been shown to increase 

(Hermansson and Lindgren, 2001; Okano et al., 2004; Shen et al., 2008) as well as to decrease 

(Hallin et al., 2009) upon N amendment, whereas the AOA community size has been shown to be 

stable (Shen et al., 2008) as well as to decrease (Hallin et al., 2009) upon N amendment.  

The rate of adaptation to Zn and extent of Zn tolerance was enhanced in the presence of extra 

NH4
+-N compared to the treatments of the N0 series. The Zn EC50 values of the PNR increased 
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with time in the N1 and N2 series in contrast to the EC50 of the N0 series which remained 

constant during the experiment. Moreover, increased Zn tolerance after 12 months Zn exposure 

was significant at lower soil Zn concentration in the N2 series than in the N0 series. We expect 

that this accelerated adaptation is the result of an increased growth rate of the nitrifying 

populations resulting from the increased microbial activity due to NH4
+-N application. The 

accelerated adaptation is related to changes of the soil nitrifying community composition. The 

AOB/AOA ratios increased with increasing Zn tolerance whereas absolute numbers of AOB and 

AOA did not explain tolerance. This indicates a relative enrichment of AOB compared to AOA 

in the Zn tolerant nitrifying communities and might be attributed to the development and 

proliferation of a Zn tolerant AOB community. DGGE profiling revealed changing AOB 

community structures with Zn tolerance development, and changes occurred faster in the N2 

series compared to the control series at comparable Zn treatments (except for the Zn6 treatment). 

In addition, the AOA community structure remained unchanged in Zn tolerant treatments. These 

results confirmed the conclusion of the study of Mertens et al. (2009) that the recovery of the 

nitrification process in a Zn contaminated soil is entirely attributed to the development of a Zn 

tolerant AOB community. These authors observed an AOB/AOA ratio increasing from 0.3 to 1.2 

along with an at least 3-fold increase of Zn tolerance. Similarly, the DGGE analysis in that study 

confirmed changes in the AOB amoA community structure and not in the AOA amoA 

community.  

In conclusion, we showed that a higher growth rate, achieved by NH4
+-N applications, 

accelerated adaptation of the nitrifying community to Zn stress in soil resulting in a Zn tolerant 

microbial community. We confirmed the conclusion of the study of Mertens et al. (2009) that Zn 
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tolerance development is attributed to the ammonia oxidizing bacterial community and not the 

archaeal community. 
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Supplementary information 

Supplementary Figure 1: UPGMA dendrogram of the AOB DGGE gel based on a pair-wise percent similarity 

matrix using the Pearson's correlation coefficient. Relevant similarity values (%) with standard deviation are 

given. 
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Supplementary Table 1: The number of AOB and AOA (× 10
6
 organisms g

-1
 soil) after one week, two months 

and 12 months of incubation with (N2) or without (N0) NH4
+
-N applications. Standard deviation is given in 

brackets (n=2). At T0 and T1 standard deviations are analytical variations. At T3 standard deviations are 

based on treatment replicates. 

AOB AOA AOB AOA

orig 12 (0.5) 192 (13)

Zn0 29 (6.3) 382 (14) Zn0 8 (0.3) 186 (9)

Zn1 11 (0.5) 171 (11) Zn1 9 (0.8) 258 (9)

Zn2 21 (1.7) 134 (2) Zn2 6 (0.2) 201 (23)

Zn3 10 (0.6) 108 (7) Zn3 17 (1.5) 315 (1)

Zn4 36 (8.3) 339 (22) Zn4 7 (0.1) 194 (13)

Zn5 30 (2) 367 (14) Zn5 19 (6.5) 211 (5)

Zn6 30 (1.1) 423 (12) Zn6 1 * (0.2) 53 * (3)

* significant decrease compared to Zn0

T0 (one week incubation) T1 (2 months incubation)

AOB AOA AOB AOA

Zn0 47 (26) 129 (14) 16 (8) 57 (14)

Zn4 25 (0) 75 (24) 12 (1) 58 (19)

Zn5 23 (8) 77* (1) 58 (10) 45 (8)

Zn6 20 (2) 39* (4) 34 (6) 24 (1)

* significant decrease compared to Zn0 N0

T3 (12 months incubation)

N0 N2
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Zn4 36 (8.3) 339 (22) Zn4 7 (0.1) 194 (13)

Zn5 30 (2) 367 (14) Zn5 19 (6.5) 211 (5)

Zn6 30 (1.1) 423 (12) Zn6 1 * (0.2) 53 * (3)

* significant decrease compared to Zn0
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Zn0 47 (26) 129 (14) 16 (8) 57 (14)

Zn4 25 (0) 75 (24) 12 (1) 58 (19)
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