Short term effects of climate change and intensification of management on the abundance of microbes driving nitrogen turnover in montane grassland soils
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Table S1. Thermal profiles and primers used for real-time PCR quantification of different functional genes. 

[image: ]
Table S2. Gene abundances in spring and summer for mineralizing bacteria (apr, chiA), ammonia-oxidizers (archaeal amoA (AOA) and bacterial amoA (AOB)), nitrite oxidizers (Nitrospira-like 16S rRNA (NS) and nxrA (NB)), nitrite reducers (nirK, nirS), nitrous oxide reducers (nosZ) and N2-fixing bacteria (nifH). Units based on the gene copy numbers per gram of soil dry weight (sdw).
[image: ]
* Significant fixed factors (CC, T) and their interaction (CC*T) are given after ANOVA of nlme models. NSD: not significant difference. Values are means ± standard error. Nitrifiers:Denitrifiers indicates the ratios of AOA+AOB+NS+NB to nirK+nirS+nosZ. 

Table S3. Correlation matrix between gene abundances and soil/plant properties. Coefficients of determination (R2) are given respectively for extensive and intensive agricultural management at each climate change effect (CC). Significant (P < 0.05) Spearman correlations are indicated in bold (n= 9). [image: ]
FG: functional group (AOA:  archaea amoA gene, AOB: bacteria amoA gene, NS: Nitrospira-like 16S rRNA gene and NB: Nitrobacter-like nxrA gene). TDN: total dissolve nitrogen (mg N kg-1 sdw), BD: bulk density (g cm-3), PB: plant biomass (g), PNC: plant N content (%), Nmic: microbial N biomass (mg N kg-1 sdw),  Cmic: microbial C biomass (mg N kg-1 sdw), DOC:TDN: dissolved organic carbon to total dissolved nitrogen, (C:N)mic: ratio microbial C to microbial N biomass.
Table S4. Multiple stepwise regression analysis of the dependency of mineralizers, nitrifiers and denitrifiers gene abundances to potential control factors in soil under climate change effects (temperature and moisture) at short-term. Significant factors and regression equations are indicated in bold (n=18).
[image: ]
Factors included in the model: TDN: total dissolve nitrogen (mg N kg-1 sdw), DOC:TDN: dissolved organic carbon to total dissolved nitrogen, BD: bulk density (g cm-3), PNC: plant N content (%), Cmic: microbial C biomass (mg N kg-1 sdw), Nmic: microbial N biomass (mg N kg-1 sdw), pH, temp: soil temperature (oC), moisture: soil moisture (cm3 cm-3). 
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Fig. S1. Scheme of the timing of extensive (Ext) and intensive (Int) agricultural management in 2017 at the sites CC0, CC1 and CC2. Dashed lines are used to illustrate sampling time points in spring (green) and summer (purpura). Black arrows and scissors indicate manure application and mowing, respectively.
[image: ]
Fig. S2. Gene abundances per gram of soil dry weight (sdw) in spring for: total (16S rRNA ), N2-fixing (nifH) and N mineralizing (apr and chiA) bacteria (a); Nitrifiers (b): ammonia oxidizing archaea (archaeal amoA) and bacteria (bacterial amoA), nitrite oxidizing (Nitrospira-like16S rRNA (NS) and nxrA (NB)) bacteria; and denitrifying bacteria (c): nitrite (nirK and nirS) and nitrous oxide reducing (nosZ) bacteria. The mesocosms at the high-elevation (CC0) were translocated to CC0 (Esterberg, 1260 m a.s.l.), CC1 (Graswang, 860 m a.s.l.) and CC2 (Fend, 600 m a.s.l.) and treated similarly by an extensive agricultural management. Boxplots represent soil gene copy numbers (on a log10 scale), medians (black lines inside the box), maximal and minimal values (whiskers) and outliers (black dots) (n=6).
[image: ]
Fig. S3. N2O gas emissions (µg N2O-N m-2 h-1) measured over spring, summer and fall 2017 in the transplanted plan-soil mesocosms similarly treated by an extensive (Ext) and intensive (Int) agricultural management. Values are means ± standard error (n=3). Rows indicate the sampling dates.
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Functional 

group

Target 

gene

Primer pair

Source of 

standard

Thermal 

profile 

Cycle

s

Fragmen

t (bp)

References

Mineralizers apr

FPapr1     

RPapr2 

Pseudomonas 

aeruginosa 

95 ˚C-

45s/53˚C-

45s/72˚C-45s

40 194 Bach et al., 2001

chiA

chiF2        

chiR 

Streptomyces 

griseus 

95 ˚C-

45s/60˚C-

45s/72˚C-45s 

40 430 Xiao et al., 2005

Ammonia 

oxidizers

amoA      

(AOA)

amo19F               

CrenamoA 

16r48x

Nitrosomonas 

europaea

94 ˚C-

45s/55˚C-

45s/72˚C-45s 

40 624

Leininger et al., 

2006; Schauss et 

al., 2009

amoA      

(AOB)

amoA1F                         

amoA2R

Fosmid clone 

54d9

94 ˚C-

60s/58˚C-

60s/72˚C-60s

40 491

Rotthauwe et al., 

1997

16S-

rRNA   

(NS)

Nspra-675f        

Nspra-746r

Nitrospira 

defluvii 

94 ˚C-

30s/64˚C-

30s/72˚C-60s

40 93

Graham et al., 

2007

 nxrA           

(NB)

F1norA         

R2norA

Nitrobacter 

sp.

94 ˚C-

30s/55˚C-

30s/72˚C-30s

40 322

Poly et al., 2008; 

Wertz et al., 2008

nirK

nirK876      

nirK5R

Azospirillum 

irakense

95 ˚C-15s/62-

58˚C-

30s/72˚C-30s

5/40 164

Braker et al., 1998; 

Henry et al., 2004

nirS

cd3aF      

R3cd

Pseudomonas 

stutzeri

94 ˚C-

45s/57˚C-

45s/72˚C-45s

40 413

Throbäck et al., 

2004;  Michotey et 

al., 2000

Nitrous oxide 

reducers

nosZ

nosZ2F     

nosZ2R

Pseudomonas 

stutzeri

95 ˚C-15s/65-

60˚C-

30s/72˚C-30s 

5/40 267 Henry et al., 2006

N

2

-fixing 

bacteria

nifH

nifH-f      

nifH-r

Azospirillum 

irakense

95 ˚C-

45s/55˚C-

45s/72˚C-45s 

40 458 Rösch et al., 2002

Total Bacteria

16S-

rRNA

FP 16S            

RP 16S

Pseudomonas 

putida 

95 ˚C-

45s/58˚C-

45s/72˚C-45s

40 264  Bach et al.,2002

Nitrite oxidizers

Nitrite reducers
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Season

Climate change  CC

0

CC

 1

CC 

2

P < 0.05 CC

0

CC

 1

CC 

2

CC

0

CC

 1

CC 

2

P < 0.05

apr

1.8E+09 ± 

1.9E+08

2.3E+09 ± 

2.9E+08

1.5E+09 ± 

3.1E+08

NSD

1.6E+09 ± 

7.3E+07

1.6E+09 ± 

6.6E+08

3.2E+09 ± 

7.3E+08

2.2E+09 ± 

3.6E+08

1.8E+09 ± 

1.6E+08

2.3E+09 ± 

2.5E+08

CC

chiA

3.9E+08 ± 

3.6E+07

4.1E+08 ± 

4.15E+07

3.4E+08 ± 

5.7E+07

NSD

4.3E+08 ± 

4.0E+07

6.2E+08 ± 

2.3E+08

1.0E+09 ± 

2.0E+08

4.7E+08 ± 

9.1E+07

5.8E+08 ± 

1.4E+08

5.1E+08 ± 

6.6E+07

CC, CC*T

AOA

3.4E+08 ± 

8.8E+07

3.7E+08 ± 

9.0E+07

3.0E+08 ± 

7.5E+07

NSD

7.6E+08 ± 

3.1E+08

6.5E+08 ± 

2.5E+08

3.6E+08 ± 

1.3E+08

5.0E+08 ± 

2.0E+08

5.4E+08 ± 

1.3E+08

4.3E+08 ± 

2.0E+08

NSD

AOB

6.1E+06 ± 

2.4E+06

1.3E+06 ± 

6.2E+06

8.5E+06 ± 

5.1E+06

NSD

1.6E+06 ± 

3.9E+05

2.2E+06 ± 

1.7E+06

2.2E+06 ± 

3.7E+05

2.6E+06 ± 

1.0E+06

1.4E+06 ± 

3.9E+05

4.8E+05 ± 

1.9E+05

CC*T

NS

6.9E+08 ± 

2.2E+08

1.0E+09 ± 

2.2E+08

6.8E+08 ± 

1.4E+08

NSD

6.6E+08 ± 

2.6E+08

5.0E+08 ± 

2.1E+08

8.1E+08 ± 

1.7E+08

4.3E+08 ± 

6.1E+07

7.0E+08 ± 

2.1E+08

2.9E+08 ± 

2.5E+08

NSD

NB

2.9E+06 ± 

5.4E+05

4.0E+06 ± 

1.0E+06

3.2E+06 ± 

6.1E+05

NSD

8.6E+05 ± 

3.4E+05

5.6E+05 ± 

4.1E+04

5.2E+05 ± 

1.6E+05

4.8E+05 ± 

1.4E+05

7.1E+05 ± 

8.5E+04

3.4E+05 ± 

9.3E+04

NSD

nirK

2.1E+09 ± 

3.3E+08

3.6E+09 ± 

1.2E+09

1.7E+09 ± 

3.1E+08

NSD

2.4E+09 ± 

3.2E+08

2.8E+09 ± 

7.2E+08

2.9E+09 ± 

9.1E+08

1.9E+09 ± 

2.7E+08

2.3E+09 ± 

2.7E+08

2.4E+09 ± 

7.8E+08

NSD

nirS

3.3E+08 ± 

4.3E+07

3.5E+08 ± 

3.3E+07

3.0E+08 ± 

3.5E+07

NSD

3.3E+08 ± 

3.1E+07

3.7E+08 ± 

6.9E+07

3.9E+08 ± 

7.3E+07

3.6E+08 ± 

3.1E+07

4.4E+08 ± 

3.1E+07

2.5E+08 ± 

5.5E+07

CC

nosZ

6.1E+08 ± 

9.6E+07

8.4E+08 ± 

2.0E+08

5.3E+08 ± 

1.1E+08

NSD

1.0E+09  ± 

5.6E+07

9.5E+08 ± 

2.4E+08

1.3E+09  ± 

3.9E+08

1.2E+09  ± 

8.7E+07

1.1E+09  ± 

1.6E+08

7.1E+08 ± 

1.3E+08

NSD

nifH

1.6E+08  ± 

7.8E+07

1.4E+08  ± 

9.1E+087

5.5E+07 ± 

1.9E+07

NSD

2.8E+08 ± 

8.3E+07

2.2E+08 ± 

5.2E+07

2.8E+08 ± 

1.2E+08

6.6E+08 ± 

4.1E+08

2.0E+08 ± 

4.6E+07

1.0E+08 ± 

3.2E+07

NSD

Total bacteria

6.2E+11 ± 

2.1E+11

1.7E+12 ± 

8.0E+11

9.5E+11 ± 

3.3E+11

NSD

4.3E+11 ± 

1.5E+11

4.7E+11 ± 

1.7E+11

2.8E+11 ± 

7.8E+10

4.7E+11 ± 

1.8E+11

4.1E+11 ± 

4.9E+10

2.6E+11 ± 

5.7E+10

NSD

Nitrifier: 

Denitrifier

0.33 ± 0.06 a 0.37 ± 0.09 a 0.48 ± 0.16 a NSD 0.4 ± 0.11 a 0.27 ± 0.04 a 0.31 ± 0.12 a 0.26 ± 0.03 a 0.31 ± 0.05 a 0.18 ± 0.08 a NSD

Management Extensive Extensive

Spring Summer

CC Intensive 

* Factors/ 

interaction


image3.emf
Gene/FG apr chiA AOA AOB NS NB nifH nirK nirS nosZ Bac apr chiA AOA AOB NS NB nifH nirK nirS nosZ Bac

CC

0 

TDN 0.0289 0.0144 0.0784 0.3249 0.7569 0.1024 0.1089 0.1089 0.0529 0.0009 0.0004 0.04 0.1369 0.01 0.6889 0.3969 0.1764 0.25 0.2809 0.0004 0.1369 0.0169

BD 0.1764 0.0729 0.0009 0.3844 0.1225 0.0025 0.1089 0.4489 0.0004 0.04 0.16 0.0324 0.0049 0.04 0.7569 0.36 0.0729 0.2704 0.5329 0.01 0.0484 0.09

PB 0.0529 0.0289 0.3025 0.3249 0.0784 0.6084 0.3364 0.0025 0.0064 0.5329 0.0004 0.09 0.0225 0.1089 0.3249 0.16 0.6084 0.5329 0.3025 0.01 0.7225 0.0004

PNC 0.0169 0.0529 0.0729 0.5184 0.1024 0.81 0.4489 0.0324 0.0784 0.3844 0.1225 0.1369 0.0324 0.0225 0.4225 0.3364 0.7744 0.5625 0.3969 0.0484 0.5329 0.0625

N

mic

0.04 0.0324 0.0484 0.6084 0.0324 0.5929 0.49 0.0225 0.0625 0.36 0.0625 0.04 0.0484 0.0529 0.49 0.2304 0.64 0.6084 0.1089 0.0064 0.4489 0.04

C

mic

0.0004 0.2209 0.1444 0.3969 0.2304 0.64 0.6084 0.0064 0.09 0.36 0.0784 0.2209 0.2209 0.0324 0.5184 0.4624 0.7225 0.81 0.1444 0.0144 0.5184 0.0784

DOC:TDN 0.1764 0.0049 0.4225 0.3249 0.0784 0.5329 0.2025 0.0004 0.0009 0.4489 0.0025 0.0025 0.0324 0.3364 0.2209 0.1225 0.5329 0.3249 0.1444 0.0009 0.6084 0.0225

(C:N)

mic

0.04 0.1849 0.1849 0.0169 0.0049 0.4225 0.09 0.0009 0.0009 0.3025 0.0324 0.25 0.0529 0.0529 0.0049 0.0004 0.04 0.04 0.0324 0.1024 0.1024 0.0169

pH 0.0049 0.0484 0.0484 0.36 0.04 0.04 0.0324 0.0064 0.0004 0.0625 0.1225 0.0484 0.2209 0.25 0.0324 0.0169 0.0289 0.0009 0.0004 0.1024 0.0064 0.0324

CC

1 

TDN

0.1024 0.0064 0.0064 0.4225 0.2809 0.6724 0.3249 0.1369 0.04 0.0049 0.3844 0.49 0.0484 0.0169 0.5625 0.2304 0.6724 0.2809 0.25 0.0289 0.0169 0.4624

BD

0.09 0.1024 0.16 0.0289 0.16 0.0729 0.0004 0.0009 0.0729 0.00 0.0289 0.0324 0.0009 0.0064 0.0064 0.0225 0.2304 0.0625 0.00 0.0225 0.0729 0.0729

PB

0.0625 0.0729 0.0484 0.3025 0.1089 0.7569 0.5329 0.0004 0.0144 0.0324 0.3364 0.09 0.0025 0.0729 0.0049 0.0529 0.01 0.0625 0.0064 0.0484 0.0144 0.01

PNC

0.0324 0.0169 0.01 0.4624 0.2209 0.9604 0.1764 0.0009 0.0324 0.0004 0.6724 0.0625 0.2304 0.01 0.3969 0.1764 0.8464 0.2209 0.01 0.0625 0.0144 0.6084

N

mic

0.0049 0.2304 0.09 0.1024 0.0529 0.6724 0.1369 0.0529 0.0484 0.1089 0.25 0.0625 0.3249 0.01 0.1225 0.0169 0.7225 0.1369 0.0009 0.1089 0.1089 0.3844

C

mic

0.0144 0.1369 0.1024 0.1849 0.09 0.7744 0.3364 0.1225 0.0289 0.2025 0.2304 0.0784 0.1764 0.0064 0.25 0.0529 0.8464 0.3364 0.0144 0.0784 0.2025 0.3249

DOC:TDN 0.0144 0.09 0.3025 0.2209 0.1849 0.5184 0.4225 0.2704 0.1089 0.4624 0.0324 0.0729 0.04 0.0784 0.3249 0.2025 0.5625 0.36 0.0529 0.2704 0.3364 0.0729

(C:N)

mic

0.0009 0.0009 0.1764 0.04 0.0784 0.0289 0.2025 0.0025 0.0049 0.0529 0.1024 0.0625 0.0025 0.2304 0.1225 0.1024 0.0064 0.2025 0.0064 0.0529 0.0225 0.0484

pH

0.0324 0.0064 0.0144 0.3025 0.1225 0.8464 0.4489 0.04 0.0324 0.16 0.2809 0.0484 0.0144 0.0064 0.3249 0.0529 0.7569 0.3969 0.0529 0.0004 0.1849 0.25

CC

2

TDN

0.1764 0.09 0.0289 0.0064 0.6889 0.0144 0.16 0.1225 0.09 0.1849 0.0225 0.0625 0.01 0.0004 0.1024 0.1024 0.0484 0.0625 0.1369 0.0484 0.0064 0.2209

BD

0.1369 0.0625 0.0729 0.1089 0.36 0.01 0.04 0.09 0.25 0.2809 0.0784 0.0289 0.0144 0.0004 0.0324 0.0025 0.09 0.2209 0.1444 0.0144 0.0049 0.2704

PB

0.2025 0.4489 0.2304 0.0004 0.09 0.3844 0.3025 0.1369 0.01 0.1225 0.01 0.36 0.0225 0.0225 0.0225 0.04 0.04 0.0049 0.0004 0.0289 0.0729 0.0324

PNC

0.1764 0.1089 0.2209 0.3364 0.1849 0.0225 0.04 0.1444 0.01 0.1849 0.0484 0.2809 0.1225 0.0289 0.6084 0.3249 0.3249 0.0625 0.0625 0.01 0.0529 0.0144

N

mic

0.1444 0.4761 0.0004 0.1444 0.0361 0.7396 0.5476 0.0676 0.0144 0.16 0.3844 0.0676 0.0144 0.0576 0.3025 0.3025 0.81 0.1296 0.0144 0.2304 0.1089 0.36

C

mic

0.1849 0.6561 0.00 0.0961 0.0144 0.5041 0.6561 0.0961 0.0961 0.1849 0.25 0.0961 0.0676 0.01 0.3025 0.1444 0.6241 0.1444 0.0196 0.1444 0.0841 0.16
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