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A.  MATERIALS AND METHODS

1. Site and sampling

This study was conducted within the BioCON (Biodiversity, CO2 and N) experiment located at the Cedar Creek Ecosystem Science Reserve in Minnesota, USA (lat. 45° N, Long. 93° W). Plots were established in 1997 on a secondary successional grassland on a sandy outwash soil after removing the previous vegetation (Reich et al. 2001). The main BioCON field experiment has 296 (of a total of 371) evenly distributed plots (2 x 2 m) in six 20-meter diameter rings, three for an ambient CO2 concentration of 368 µmol/mol, and three for an elevated CO2 concentration of 560 µmol/mol using a free-air CO2 enrichment (FACE) system (Lewin et al. 1994). Four levels of plant diversity: 1, 4, 9, or 16 species were chosen randomly for each plot with 32, 15, 15, and 12 replicates, respectively. Half of those plots, selected at random, receive the equivalent of 4 g N (NH4NO3) m-2 year-1. In this study, 24 plots (12 from ambient CO2, 12 from elevated CO2, all with 16-species and no additional N supply) were used.
A series of measurements were routinely performed with (i) plants (including aboveground and belowground biomass, plant C and N, and the C/N ratio), and (ii) soil physical (volumetric moisture and pH), chemical (soil C and N) properties, and biological processes (net N mineralization and nitrification rates).

Soil samples were taken in July, 2005, and in July, 2007 under ambient and elevated CO2 conditions for microbial community analysis, and each sample was composited from five soil cores at a depth of 0-15 cm. All samples were immediately transported to the laboratory where they were split into subsamples for a variety of analyses: (i) fresh soil samples for the EcoPlate analysis, (ii) samples immediately frozen and stored at -20oC for the PFLA analysis, and (iii) samples immediately frozen and stored at -80oC for DNA-based analyses including GeoChip for functional genes, and 454 pyrosequencing for 16S genes.

2. Plant species, functional groups and biomass measurements 

The 16 perennial species used in this study were all native or naturalized to the Cedar Creek Ecosystem Science Reserve, and they are in four functional groups: (i) four C3 grasses (Agropyron repens, Bromus inermis, Koeleria cristata, Poa pratensis), (ii) four C4 grasses (Andropogon gerardii, Bouteloua gracilis, Schizachyrium scoparium, Sorghastrum nutans), (iii) four N-fixing legumes (Amorpha canescens, Lespedeza capitata, Lupinus perennis, Petalostemum villosum), and (iv) four non N-fixing herbaceous species (Achillea millefolium, Anemone cylindrica, Asclepias tuberosa, Solidago rigida). Plots were regularly weeded to remove unwanted species, although the 16 species plots used in this study require minimal weeding. Plant species hereafter are referred to by their genus, and the four functional groups of plants are referred to as C3, C4, legume and forb (Reich et al. 2001).

The aboveground and belowground (0–20 cm) biomass and plant C and N concentrations were measured as previously described (Reich et al. 2001; Reich et al. 2006). A 10 x 100 cm strip was clipped at just above the soil surface, and all plant material was collected, sorted to live material and senesced litter, dried and weighed. Roots were sampled at 0–20 cm depth using three 5-cm diameter cores in the area used for the aboveground biomass clipping. Roots were washed, sorted into fine (< 1 mm diameter) and coarse classes and crowns, dried and weighed. A composite sample was taken from aboveground and belowground biomass from each plot from the August harvest of each year, ground and analyzed for N using a Costech ECS 4010 element analyzer (Costech Analytical Technologies, Inc., Valencia, CA).

a. Soil physical and chemical properties 

Soil physical properties. Soil pH and volumetric soil moisture were measured at depths of 0-17, 42-59, and 83-100 cm in a KCl slurry and with permanently placed TRIME Time Domain Reflectometry (TDR) probes (Mesa Systems Co., Medfield MA), respectively.

Soil chemical properties. Total soil C and N were measured at depths of 0-10, 10-20, 20-40, and 40-60 cm for each plot on a Costech ECS 4010 element analyzer (Costech Analytical Technologies, Inc., Valencia, CA).
Net N mineralization. Net N mineralization rates were measured concurrently in each plot for one-month in situ incubations with a semi-open core at 0-20 cm depth during midsummer of each year (Reich et al. 2001; Reich et al. 2006). Net N mineralization rates were determined by the difference between the final and initial NH4+-N + NO3--N pool sizes determined with 1 M KCl extractions. Net nitrification was determined by the difference between the final and initial NO3--N pool sizes.
b. Soil microbial biomass and functional process activities 

PLFA analysis of microbial biomass.  Microbial biomass was estimated by phospholipid fatty acid (PLFA) analysis. Total microbial biomass was extracted from 5.0 g soil and measured with silicic acid chromatography. All PLFAs were used as an index of living microbial biomass. The bacterial biomass was the sum of all bacterial-specific PLFAs, and the fungal biomass was the sum of all fungal-specific PLFAs (Chung et al. 2007).

Microbial utilization of C substrates. The utilization of 31 carbon substrates by soil microbial communities was assayed using the EcoPlateTM (Garland & Mills 1991; Insam 1997) with an OminLog System (BioLog Inc.).
3. DNA extraction, purification and quantitation

Soil DNA was extracted by freeze-grinding mechanical lysis as described previously (Zhou et al. 1996), and was purified using a low melting agarose gel followed by phenol extraction for 24 soil samples collected in July 2007, and the Wizard DNA Clean-up System (Promega, Madison, WI) for  22 samples collected in August 2005. DNA quality was assessed by the ratios of 260 nm/280 nm, and 260/230 nm using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and final soil DNA concentrations were quantified with PicoGreen (Ahn et al. 1996) using a FLUOstar Optima (BMG Labtech, Jena, Germany).
4. 454 pyrosequencing analysis

a. Sample tagging and PCR amplicon preparations

Based on the V4-V5 hypervariable regions of bacterial 16S rRNAs (Escherichia coli positions 515-907), the PCR primers, F515: GTGCCAGCMGCCGCGG, and R907: CCGTCAATTCMTTTRAGTTT were selected. Both primers were then checked with the ribosomal database (Cole et al. 2009), and covered > 98% of the 16S gene sequences in the database (July 2007). To pool multiple samples for one run of 454 sequencing, a sample tagging approach was used (Binladen et al. 2007; Hamady et al. 2008). In this study, a unique 6-mer tag for each of 24 DNA samples was added to the 5’-end of both primers, and those tag-primers were synthesized by Invitrogen (Carlsbad, CA) and used for the generation of PCR amplicons. The amplification mix contained 10 units of Pfu polymerase (BioVision, Mountain View, CA), 5 µl Pfu reaction buffer, 200 µM dNTPs (Amersham, Piscataway, NJ), and a 0.2 µM concentration of each primer in a volume of 50 µl. Genomic DNA (10 ng) was added to each amplification mix. Cycling conditions were an initial denaturation at 94°C for 3 min, 30 cycles of 95°C 30 s, 58°C for 60 s, and 72°C for 60 s, a final 2-min extension at 72°C. Normally, multiple (5-10) 50-µl reactions were needed for each sample, and the products were pooled together after amplification and purified by agarose gel electrophoresis. The amplified PCR products were recovered and then quantitated with PicoGreen (Ahn et al. 1996) using a FLUOstar Optima (BMG Labtech, Jena, Germany). Finally, amplicons of all samples were pooled in an equimolar concentration for 454 pyro-sequencing.
b. 454 pyrosequencing
The fragments in the amplicon libraries were repaired and ligated to the 454 sequencing adapters, and resulting products were bound to beads under conditions that favor one fragment per bead. The beads were emulsified in a PCR mixture in oil, and PCR amplification occurred in each droplet, generating millions of copies of a unique DNA template. After breaking the emulsion, the DNA strands were denatured, and beads carrying single-stranded DNA clones were deposited into wells on a PicoTiter-Plate (454 Life Sciences) for pyrosequencing (Margulies et al. 2005) on a FLX 454 system (454 Life Sciences, Branford, CT). For this study, we recovered 85,399 sequence reads that represented both forward and reverse reads of 24 samples with an average length around 240 bp. All pyrosequencing reads were initially processed using the RDP pyrosequencing pipeline (http://pyro.cme.msu.edu/pyro/index.jsp) (Cole et al. 2009).
c. Assignment of sequence reads to samples
The raw sequences were sorted and distinguished by unique sample tags. Since each sample had a unique tag, all sequence reads with the same tag were assigned to the same sample. The tag and primers were then trimmed for each sample.  For all 24 samples, the number of sequence reads ranged from 4613 to 2341.
d. Removal of low-quality sequences
To minimize effects of random sequencing errors, we eliminated (i) sequences that did not perfectly match the PCR primer at the beginning of a read, (ii) sequences with non-assigned tags, (iii) sequence reads with < 200 bp after the proximal PCR primer if they terminated before reaching the distal primer, and (iv) sequences that contained more than one undetermined nucleotide (N). Only the first 250 bp after the proximal PCR primer of each sequence was included since the quality of sequences degrades beyond this point.
e. Classification of 454 sequences and assignment of phylotype OTUs

All sequences of all 24 samples were aligned by RDP Infernal Aligner that was a fast secondary-structure aware aligner (Nawrocki & Eddy 2007) and then complete linkage clustering method was used to define OTUs within a 0.03 difference (Stackebrandt & Goebel 1994).  The singleton OTUs (with only one read) were removed, and the remained sequences (S) were sorted into each sample based on OTU. The relative abundance (RA) was calculated as following equation: 
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where i is the ith  sample (1 to m), and j is the jth OTU (1 to n). The sequences of OTUs were then assigned to a taxonomy by the RDP classifier (Wang et al. 2007) with the confidence cutoff of 0.8.  The lineage of each OTU was summarized with all phylogenetic information.
f. Data analysis

Based on the OTU data set, if an OTU only appeared in two or fewer samples among the total of 12 samples for each CO2 condition, it was removed for data reliability, resulting in 3777 OTUs for further analysis.  The number of detected OTUs at different levels of classification was counted for each CO2 condition. Secondly, the relative percentages of all detected OTUs were used for detrended correspondence analysis (DCA). Finally, the relative percentage of each OTU, or the sum of OTUs at a specific taxonomic (phylum, class, order, or family) level without log transformation was used as the relative abundance of OTU, family, order, class, or phylum.
5. GeoChip analysis

Two versions of GeoChips were used for this study with GeoChip 2.0 for 22 (11 for each CO2 condition) samples taken in 2005, and GeoChip 3.0 for 24 samples taken in 2007 (12 for each CO2 condition).  GeoChip 2.0 contains more than 24,000 probes covering about 10,000 gene sequences in 150 gene families (He et al. 2007), while the new version GeoChip 3.0 contains more than 25,000 probes and covers about 47,000 gene sequences in more than 300 gene families. Although the target functional gene categories between two versions of GeoChips are similar, the actual probe sequences on the arrays are different. GeoChip analyses were performed as described previously (Wu et al. 2006) with the following steps:
a. Template amplification 

In order to produce consistent hybridizations from all samples, a whole community genome amplification (WCGA) was used to generate approximately 3.0 µg of DNA with 50 ng purified DNA as the template using the TempliPhi Kit (GE Healthcare, Piscataway, NJ) following the manufacturer’s instructions. In addition, single-strand binding protein (267 ng μL-1) and spermidine (0.1 mM) were added to the reaction mix to improve the amplification efficiency. The reactions were incubated at 30 °C for 3 hours and stopped by heating the mixtures at 65 °C for 10 min.

b. Template labeling

After amplification, all products were labeled with the fluorescent dye Cy-5 using random priming method as follows. First, the whole amplified products were mixed with 20 μL random primers, denatured at 99.9 °C for 5 min, and then immediately chilled on ice. Following denaturation, the labeling master mix containing 2.5 μL dNTP (5 mM dAGC-TP, 2.5 mM dTTP), 1 μL Cy-5 dUTP (Amersham, Piscataway, NJ), 80 U of the large Klenow fragment (Invitrogen, Carlsbad, CA), and 2.5 μL water were added and then incubated at 37 °C for 3 hours, followed by heating at 95 °C for 3 min. Labeled DNA was purified using the QIA quick purification kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions, measured on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE), and then dried down in a SpeedVac (ThermoSavant, Milford, MA) at 45 °C for 45 min.
c. Hybridization and imaging processing

The labeled target was resuspended in 120 µl hybridization solution containing 50% formamide, 3 x SSC, 10 µg of unlabeled herring sperm DNA (Promega, Madison, WI), and 0.1% SDS, and the mix was denatured at 95°C for 5 min and kept at 50°C until it was deposited directly onto a microarray.  Hybridizations were performed with a TECAN Hybridization Station HS4800 Pro (TECAN, US) according to the manufacturer’s recommended method. This equipment allows up to 48 hybridizations at one time, and well reproducible results were obtained. After washing and drying, the microarray was scanned by ScanArray Express Microarray Scanner (Perkin Elmer, Boston, MA) at 633 nm using a laser power of 90% and a photomultiplier tube (PMT) gain of 75%. The ImaGene version 6.0 (Biodiscovery, El Segundo, CA) was then used to determine the intensity of each spot, and identify poor-quality spots.
d. Data pre-processing

Raw data from ImaGene were submitted to Microarray Data Manager in our website (http://ieg.ou.edu/microarray/) and analyzed using the data analysis pipeline with the following major steps: (i) The spots flagged as 1 or 3 by Imagene and with a signal to noise ratio (SNR) less than 2.0 (He & Zhou 2008) were removed as poor-quality spots; (ii) After removing the bad spots, normalized intensity of each spot was calculated by dividing the signal intensity of each spot by the mean intensity of the microarray; (iii) If any of replicates had (signal–mean) more than two times the standard deviation, this replicate was moved as an outlier. This process continued until no such replicates were identified; (iv) At least 0.34 time of the final positive spots (probes), or a minimum of two spots was required for each gene; and (v) If a probe appeared in two or fewer samples among the total of 12 samples for each CO2 condition, it was removed for data reliability, resulting in 5001 probes to be further analyzed. 

e. GeoChip data analysis 

The matrices of microarray data resulting from our pipeline were considered as ‘species’ abundance in statistical analyses. The microbial diversity indices were analyzed by Krebs/win version 0.94 (http://www.biology.ualberta.ca/jbrzusto/krebswin.html).

The effects of elevated CO2 on functional microbial communities, microbial processes, and environmental parameters were analyzed by computing the response ratio (RR) using the formula described by Luo et al. (Luo et al. 2006). Briefly, the mean and standard deviation (SD) of each treatment were extracted. The RR of each variable was calculated by dividing the mean of the treatment group to that of the control group. The variances for all comparisons were estimated by the means, the standard deviations, and the sample sizes in treatment and control groups, which were used to calculate the standard errors for each RR. Based on the standard error, the 90% or 95% confident interval for each response variable was obtained and the statistical difference between the elevated and ambient CO2 conditions was estimated. For the response ratio analysis, the total abundance of each gene category or family was simply the sum of the normalized intensity for the gene category or family.

6. 
Multivariate and direct gradient analysis

Ordination analyses were further performed using PC-ORD for Windows (McCune & Mefford 1999) and confirmed by CANOCO 4.5 for Windows (Biometris – Plant Research International, The Netherlands). Detrended correspondence analysis (DCA) was used to determine the overall functional changes in the microbial communities. DCA is an ordination technique that uses detrending to remove the arch effect, where the data points are organized in a horseshoelike shape, in Correspondence analysis (Hill & Gauch 1980). 

Different datasets of microbial communities generated with different analytical methods were used to examine whether elevated atmospheric CO2 has significant effects on soil microbial communities. Typically, there is some difficulty for all datasets to meet the assumptions (e.g. normality, equal variances, independence) of parametric statistics. Thus, in this study, three different non-parametric analyses for multivariate data were used: analysis of similarity (anosim) analysis of similarities (ANOSIM) (Clarke 1993), non-parametric multivariate analysis of variance (adonis) using distance matrices (Anderson 2001), and multi-response permutation procedure (MRPP). We used Bray-Curtis similarity index to calculate distance matrix from GeoChip hybridization data for ANOSIM, adonis and MRPP analyses. MRPP is a nonparametric procedure that does not depend on assumptions such as normally distributed data or homogeneous variances, but rather depends on the internal variability of the data (Mielke & Berry 2001; McCune & Grace 2002). All three methods are based on dissimilarities among samples and their rank order in different ways to calculate test statistics, and the Monte Carlo permutation is used to test the significance of statistics. All three procedures (anosim, adonis and mrpp) were performed with the Vegan package (v.1.15-1) in R v. 2.8.1 (R Development Core Team 2006).
We also evaluated possible linkages between the functional aspects of microbial communities (based on GeoChip data) and soil and plant variables, to elucidate the inter-relationships among plant, soil, and microbial community. First, all soil variables or plant variables were included in the Mantel test and the CCA modeling. They were virtually meaningless due to the noise and redundancy among those variables for soil or plant. Second, the Bio-Env procedure (Clarke & Ainsworth 1993) was used to select variables for the Mantel test, and variance inflation factor (VIF) was used for step-wise removal of  redundant variables in CCA modeling. The Bio-Env procedure selected four soil variables, including %C10-20, %N0-10, %N10-20, and pH, and six plant variables, including Andropogon gerardi (C4), Bouteloua gracilis (C4), Lupinus perennis (Legume), belowground plant N (%), belowground plant C (%), and the count of species. Third, the most efficient CCA models were constructed with 6 soil variables, including the percent soil moisture 0-17 cm, soil %N (0-10cm), soil %N (10-20cm), soil C/N ratio (0-10 cm), soil C/N ratio (10-20 cm), pH, and 7 plant variables, including  Bouteloua gracilis (C4), Lespedeza capitata (Legume),  Lupinus perennis (Legume), Poa pratensis (C3), Schizachyrium scoparitum (C4), belowground plant C (%), and total aboveground biomass. To control possible co-varying effects between soil and plant variables, the partial Mantel test and partial CCA were performed. For the Mantel test, Bray-Curtis coefficient and Euclidean distance were used to construct dissimilarity matrices of communities and environmental variables respectively. All the analyses were performed by functions in the vegan package (v.1.15-1) in R v. 2.8.1 (R Development Core Team 2006).
B. SUPPORTING TABLES
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Diversity  GeoChip 2.0  GeoChip 3.0  454 pyrosequencing  

  1/D  aCO 2  264.36±38.51  1811.70±271.64  423.74±155.41  

eCO 2  288.41±49.38  1778.23±179.17  425.55±133.78  

  H’  aCO 2  8.54±0.22  11.66±0.14  9.67±0.21  

eCO 2  8.54±0.27  11.79±0.08  9.63±0.25  

  Evenness  aCO 2  0.17± 0.03  0.29±0.03  0.81±0.02  

eCO 2  0.18±0.03  0.31±0.02  0.81±0.02  

Total  no. of  detected   genes/OTUs    aCO 2  609.29±98.35 a  2541.42±440.55 a  2524±367.96 b  

eCO 2  633.36±114.27 a  2849.83±410.41 a  2501±552.96 b  
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Carbon degradation 426 262 155 107 164 67 97 26 15 11

Carbon fixation 147 83 50 33 64 23 41 8 8 0

Methane metabolism 41 24 13 11 17 5 12 4 1 3

Nitrogen cycling 547 340 183 157 207 65 142 39 29 10

Phophorus cycling 116 63 37 26 53 21 32 5 4 1

Sulfur cycling 226 142 71 71 84 33 51 13 9 4

Grand total 1503 914 509 405 589 214 375 95 66 29

Table S1B Key genes/enzymes involved in carbon, nitrogen, phosphorus, and sulfur cyclings

Functional process

Total no. 

detected

Shared genes Unique genes Significance(p<0.05)


Table S2 Simple Mantel tests and partial CCA analyses to examine the linkages between key functional gene categories, soil and plant variables. Selection of soil and plant variables was done by BIO-ENV procedure and CCA with VIF for Mantel test and CCA respectively. More detailed information is available in the text and supplementary material
	Functional category
	GeneNo.
	With selected soil variablesa
	With selected plant variablesb

	
	
	Simple Mantel test
	Partial CCA
	Simple Mantel test
	Partial CCA

	
	
	rM
	p
	F
	p
	rM
	p
	F
	p

	All detected 
	5001
	0.303
	0.026
	1.066
	0.180
	0.123
	0.170
	1.150
	0.141

	C cycle
	576
	0.343
	0.012
	1.089
	0.211
	0.108
	0.171
	1.227
	0.030

	  C fixation
	147
	0.468
	<0.001
	1.071
	0.334
	0.139
	0.134
	1.204
	0.085

	  Labile C degradation
	259
	0.288
	0.015
	1.167
	0.065
	0.106
	0.193
	1.284
	0.015

	  Recalcitrant C degradation
	127
	0.192
	0.075
	0.956
	0.571
	0.009
	0.452
	1.167
	0.187

	N cycle
	548
	0.230
	0.075
	1.109
	0.170
	0.133
	0.136
	1.171
	0.085

	  N2 fixation
	147
	0.309
	0.004
	1.360
	0.005
	0.142
	0.115
	1.442
	0.005

	  Nitrification
	7
	0.031
	0.321
	1.329
	0.476
	0.102
	0.090
	1.002
	0.784

	  Denitrification
	277
	0.164
	0.135
	1.027
	0.420
	0.137
	0.121
	1.132
	0.198

	  N reduction to NH4+
	55
	0.198
	0.062
	0.995
	0.471
	0.057
	0.307
	1.058
	0.261

	  N mineralization
	62
	0.091
	0.176
	1.086
	0.252
	0.064
	0.247
	0.973
	0.631

	Phosphorous utilization
	74
	0.197
	0.064
	1.141
	0.130
	-0.002
	0.488
	1.237
	0.082


aSelected soil variables: percentages of C at the depth of 10-20 cm (%C10-20), N at depths of 0-10 cm (%N0-10), and 10-20 cm (%N10-20), and soil pH for simple Mantel tests; proportion soil moisture at depths of 0-17 cm (PSM0-17), percentages of N at depths of 0-10 cm (%N0-10), and 10-20 cm (N10-20), and the ratios of C/N at depths of 0-10 cm (SCN0-10), and 10-20 cm (SCN10-20), and soil pH  for partial CCA analyses.
bSelected plant variables: Andropogon gerardi (C4), Bouteloua gracilis (C4), Lupinus perennis (Legume), belowground N (%), and species count for simple Mantel tests; Bouteloua gracilis (C4), Schizachyrium scoparium (C4), Poa pratensis (C3), Lupinus perennis (Legume), Lespedeza capitata (Legume), belowground C (%), and aboveground total biomass (g/m2) for partial CCA analyses.
C. SUPPORTING FIGURES
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Fig. S1 Effects of eCO2 on plant biomass and production, total plant biomass N pool, total plant biomass N concentration (%) (A), and soil pH and moisture (B). The total aboveground and root (0–20 cm) biomass, ingrowth root production, total plant biomass N pool and concentration were measured as previously described (Reich et al. 2001). Total plant biomass was the sum of total aboveground and root biomass measured in both June and August from six harvests from 2005-2007 with 72 data points for each CO2 condition. Ingrowth root production and tissue N concentrations were measured in August each year for three years (2005-2007) with 36 data points for each CO2 condition. Soil pH at the depth of 0-20 cm was measured using an Orion pH meter, and soil moisture levels were measured using a time domain reflectometry (TDR) machine. Only 2007 data were used for soil pH and moisture. A response ratio (RR) of a variable is the natural log of the ratio of the average value in the treatment group (eCO2 in this case) to the average value in the control group (aCO2 in this case), and the significance was tested at the 90% confidence interval (CI). The vertical line was drawn at RR=0. Details for calculations of response ratios and associated variables are described elsewhere (Luo et al. 2006).
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Fig. S2 Effects of eCO2 on soil C and N dynamics. (A). Soil C and N. Percentages of C and N at four depths (0-10, 10-20, 20-40, and 40-60 cm) were analyzed on a Costech ECS4010 Element Analyzer (Costech Analytical, Valencia, California) at the University of Nebraska, Lincoln. (B). Soil N cycling processes.  Net N mineralization was the sum of net ammonification and net nitrification. Ammonification was the conversion of organic N to NH4+, and nitrification was the conversion of that NH4+ to NO3. Denitrification and net N mineralization rates were measured concurrently in each plot for one-month in situ incubations with a semi-open core at 0-20 cm depth during midsummer of each year (Reich et al. 2001; Reich et al. 2006). Details for soil C and N measurements were described in the Materials and Methods. No significant differences were observed for all of these parameters under aCO2 and eCO2. 
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Fig. S3 DCA analyses of GeoChip 2.0 data (A) and PLFA data (B). (A). The signal intensity data for all detected genes (1212) by GeoChip 2.0 in at least three of 11 samples (taken in July 2005) were used for DCA analysis, and the percentages were shown for three major axes. The effects of eCO2 on microbial functional genes appeared to be clearly differentiated by the first axis. This is consistent with the results obtained with at least three of 12 samples (taken in July 2007) using GeoChip 3.0 although those two sets of samples were taken at different years, and the GeoChip versions were different. (B). The relative abundance of PLFAs was used for DCA analysis, and the percentages are shown for three major axes. In general, the effects of eCO2 on the PLFA composition of the soil microbial community can be differentiated. Symbols are represented as non-filled circles for aCO2 samples, and filled circles for eCO2 samples. Details for GeoChip and PLFA analyses are described in the Materials and Methods.
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Fig. S4 The abundance of 16S rRNA gene sequences at the phylum level under both CO2 conditions (A) and the significantly changed genera (B) under eCO2. (A). The abundance of 454 pyrosequences classified at the phylum level at aCO2 and eCO2. All data are presented as the mean ± SE (error bars). **p < 0.05. (B). The significantly changed genera in response to eCO2. All OTUs (3777) of 454 pyrosequences are classified at the phylum or genus level, and their abundances are calculated, and the significance is analyzed by response ratio (See Fig. S1 for details). Data from at least 3 out of 12 samples (taken in July 2007) for aCO2 or eCO2 were used for analysis.  
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Fig. S5 The normalized average signal intensity of detected key gene families involved in the N cycling under aCO2 and eCO2. The results showed that nitrogen fixation genes (nifH) and denitrification genes (nirS) increased significantly at eCO2 although other nitrogen cycling genes were not significantly changed at eCO2. The signal intensities were the sum of all detected individual gene sequences for each gene family, and then averaged among 12 samples. (A). N2 fixation, including nifH encoding nitrogenase; (B). Nitrification, including amoA encoding ammonia monooxygenase, hao for hydroxylamine oxidoreductase, and nirK-N encoding nitrite reductase for nitrifiers (an indication of nitrification activity); (C). Denitrification, including narG for nitrate reductase, nirS and nirK-D (with denitrification activity) for nitrite reductase, norB for nitric oxide reductase, and nosZ for nitrous oxide reductase; (D). Dissimilatory N reduction to ammonium, including napA for nitrate reductase, and nrfA for c-type cytochrome nitrite reductase; (E). Ammonification, including gdh for glutamate dehydrogenase and ureC encoding urease; (F). Assimilatory N reduction, including nasA encoding nitrate reductase.  All data are presented as the mean ± SE (error bars). **p < 0.05, *p < 0.10. 
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Fig. S6 The normalized average signal intensity of the detected key functional genes involved in P cycling (A), and methane production and oxidation (B) under aCO2 and eCO2. The signal intensities were the sum of all detected individual gene sequences for each functional gene, and then averaged among 12 samples. Ppx: exopolyphosphatase;  Ppk: polyphosphate kinase;  mcrA: genes encoding the alpha-subunit of methyl coenzyme M reductase; pmoA: genes encoding particulate methane monooxygenase; mmoX: genes encoding methane monooxygenase. All data are presented as the mean ± SE (error bars). *p < 0.10.

D. SUPPLEMENTAL REFERENCES
Ahn S., Costa J. & Emanuel J. (1996). PicoGreen quantitation of DNA: effective evaluation of samples pre- or post-PCR. Nucleic Acids Res., 24, 2623-2625.

Anderson M.J. (2001). A new method for non-parametric multivariate analysis of variance. Aust. Ecol., 26, 32-46.

Binladen J., Gilbert M.T.P., Bollback J.P., Panitz F., Bendixen C., Nielsen R. & Willerslev E. (2007). The Use of Coded PCR Primers Enables High-Throughput Sequencing of Multiple Homolog Amplification Products by 454 Parallel Sequencing. PLoS ONE, 2, e197.

Chung H., Zak D.R., Reich P.B. & ELLSWORTH D.S. (2007). Plant species richness, elevated CO2, and atmospheric nitrogen deposition alter soil microbial community composition and function. Glob. Change Biol., 13, 980-989.

Clarke K.R. (1993). Non-parametric multivariate analysis of changes in community structure. Aust. J.  Ecol., 18, 117-143.

Clarke K.R. & Ainsworth M. (1993). A method of linking multivariate community structure to environmental variables. Mar. Ecol. Prog. Ser., 92, 205-219.

Cole J.R., Wang Q., Cardenas E., Fish J., Chai B., Farris R.J., Kulam-Syed-Mohideen A.S., McGarrell D.M., Marsh T., Garrity G.M. & Tiedje J.M. (2009). The Ribosomal Database Project: improved alignments and new tools for rRNA analysis. Nucleic Acids Res., 37, D141-145.

Garland J.L. & Mills A.L. (1991). Classification and Characterization of Heterotrophic Microbial Communities on the Basis of Patterns of Community-Level Sole-Carbon-Source Utilization. Appl. Environ. Microbiol., 57, 2351-2359.

Hamady M., Walker J.J., Harris J.K., Gold N.J. & Knight R. (2008). Error-correcting barcoded primers for pyrosequencing hundreds of samples in multiplex. Nat. Methods, 5, 235-7.

He Z., Gentry T.J., Schadt C.W., Wu L., Liebich J., Chong S.C., Huang Z., Wu W., Gu B., Jardine P., Criddle C. & Zhou J. (2007). GeoChip: a comprehensive microarray for investigating biogeochemical, ecological and environmental processes. ISME J, 1, 67-77.

He Z. & Zhou J. (2008). Empirical evaluation of a new method for calculating signal-to-noise ratio for microarray data analysis. Appl. Environ. Microbiol., 74, 2957-66.

Hill M.O. & Gauch H.G. (1980). Deterended correspondence analysis, an improved ordination technique. Vegetatio, 42.

Insam H. (1997). A new set of substrates proposed for community characterization in environmental samples. In: H. Insam and A. Ranger (Ed.), Microbial communities: Functional versus Structural Approaches. Springer, New York, NY., 259-260.

Lewin K.F., Hendrey G.R., Nagy J. & LaMorte R. (1994). Design and application of a free-air carbon dioxide enrichmnent facility. Agric. Forest Meteorol., 70, 15-29.

Luo Y., Hui D. & Zhang D. (2006). Elevated CO2 stimulates net accumulations of carbon and nitrogen in land ecosystems: a meta-analysis. Ecology, 87, 53-63.

Margulies M., Egholm M., Altman W.E., Attiya S., Bader J.S., Bemben L.A., Berka J., Braverman M.S., Chen Y.J., Chen Z.T., Dewell S.B., Du L., Fierro J.M., Gomes X.V., Godwin B.C., He W., Helgesen S., Ho C.H., Irzyk G.P., Jando S.C., Alenquer M.L.I., Jarvie T.P., Jirage K.B., Kim J.B., Knight J.R., Lanza J.R., Leamon J.H., Lefkowitz S.M., Lei M., Li J., Lohman K.L., Lu H., Makhijani V.B., McDade K.E., McKenna M.P., Myers E.W., Nickerson E., Nobile J.R., Plant R., Puc B.P., Ronan M.T., Roth G.T., Sarkis G.J., Simons J.F., Simpson J.W., Srinivasan M., Tartaro K.R., Tomasz A., Vogt K.A., Volkmer G.A., Wang S.H., Wang Y., Weiner M.P., Yu P.G., Begley R.F. & Rothberg J.M. (2005). Genome sequencing in microfabricated high-density picolitre reactors. Nature, 437, 376-380.

McCune B. & Grace J.B. (2002). Analysis of Ecological Communities. MJM Software Design, Gleneden Beach, OR.

McCune B. & Mefford M.J. (1999). PC-ORD: multivariate analysis of ecological data. Version 4. User’s guide. MjM Software Design, Gleneden Beach, Oregon.

Mielke P.W. & Berry K.J. (2001). Permutation Methods: A Distance Function Approach. Springer Series in Statistics. Springer.

Nawrocki E.P. & Eddy S.R. (2007). Query-Dependent Banding (QDB) for Faster RNA Similarity Searches. PLoS Comput. Biol., 3, e56.

R Development Core Team (2006). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

Reich P.B., Hobbie S.E., Lee T., Ellsworth D.S., West J.B., Tilman D., Knops J.M.H., Naeem S. & Trost J. (2006). Nitrogen limitation constrains sustainability of ecosystem response to CO2. Nature, 440, 922-925.

Reich P.B., Knops J., Tilman D., Craine J., Ellsworth D., Tjoelker M., Lee T., Wedin D., Naeem S., Bahauddin D., Hendrey G., Jose S., Wrage K., Goth J. & Bengston W. (2001). Plant diversity enhances ecosystem responses to elevated CO2 and nitrogen deposition. Nature, 410, 809-812.

Stackebrandt E. & Goebel B.M. (1994). Taxonomic Note: A Place for DNA-DNA Reassociation and 16S rRNA Sequence Analysis in the Present Species Definition in Bacteriology. Int. J. Syst. Bacteriol., 44, 846-849.

Wang Q., Garrity G.M., Tiedje J.M. & Cole J.R. (2007). Naive bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol., 73, 5261-5267.

Wu L., Liu X., Schadt C.W. & Zhou J. (2006). Microarray-based analysis of subnanogram quantities of microbial community DNAs by using whole-community genome amplification. Appl. Environ. Microbiol., 72, 4931-41.

Zhou J., Bruns M.A. & Tiedje J.M. (1996). DNA recovery from soils of diverse composition. Appl. Environ. Microbiol., 62, 316-322.
A





B





A





B








5

_1322491158.doc
		Diversity

		GeoChip 2.0

		GeoChip 3.0

		454 pyrosequencing



		1/D

		aCO2

		264.36±38.51

		1811.70±271.64

		423.74±155.41



		

		eCO2

		288.41±49.38

		1778.23±179.17

		425.55±133.78



		H’

		aCO2

		8.54±0.22

		11.66±0.14

		9.67±0.21



		

		eCO2

		8.54±0.27

		11.79±0.08

		9.63±0.25



		Evenness

		aCO2

		0.17±0.03

		0.29±0.03

		0.81±0.02



		

		eCO2

		0.18±0.03

		0.31±0.02

		0.81±0.02



		Total no. of detected genes/OTUs 

		aCO2

		609.29±98.35a

		2541.42±440.55a

		2524±367.96b



		

		eCO2

		633.36±114.27a

		2849.83±410.41a

		2501±552.96b





Table S1A. Overall microbial community diversity detected by GeoChip and 454 pyrosequencing under ambient CO2 (aCO2) and elevated CO2 (eCO2). 

athe number of genes; bthe number of OTUs. The microbial diversity indices, including 1/D, H’, and Evenness were calculated using Krebs/win version 0.94 (http://www.biology.ualberta.ca/jbrzusto/krebswin.html).



[image: image1.emf]Total Up Down Total aCO2 eCO2 Total Up Down Total Up Down


Acetylglucosaminidase 11 7 2 5 4 1 3 0 0 0 0 0 0


amyA 68 44 25 19 24 11 13 5 4 1 7 6 1


Ara 36 24 17 7 12 5 7 2 2 0 4 4 0


Cda 3 1 0 1 2 0 2 0 0 0 0 0 0


CDH 14 9 3 6 5 4 1 0 0 0 0 0 0


Cellobiase 23 10 5 5 13 5 8 3 0 3 3 0 3


Endochitinase 45 25 25 0 20 5 15 2 1 1 3 1 2


Endoglucanase 9 5 5 0 4 0 4 0 0 0 0 0 0


Exochitinase 2 2 1 1 0 0 0 0 0 0 0 0 0


Exoglucanase 9 3 1 2 6 2 4 1 0 1 2 1 1


Glucoamylase 10 7 3 4 3 2 1 0 0 0 2 0 2


glx 10 7 4 3 3 2 1 0 0 0 0 0 0


limEH 9 5 3 2 4 2 2 0 0 0 1 1 0


lip 11 9 7 2 2 1 1 0 0 0 0 0 0


mnp 8 6 2 4 2 0 2 1 0 1 2 0 2


Pectinase 10 7 5 2 3 1 2 1 1 0 2 2 0


Phenol oxidase 39 22 12 10 17 9 8 2 1 1 3 1 2


pulA 24 14 8 6 10 3 7 1 1 0 2 1 1


vanA 42 26 13 13 16 9 7 3 3 0 6 4 2


vdh 5 4 1 3 1 0 1 0 0 0 1 1 0


xylA 19 11 5 6 8 3 5 3 1 2 3 1 2


Xylanase 19 14 8 6 5 2 3 2 1 1 4 2 2


Total 426 262 155 107 164 67 97 26 15 11 45 25 20


CODH 17 9 6 3 8 4 4 2 2 0 2 2 0


FTHFS 5 2 1 1 3 1 2 0 0 0 0 0 0


Pcc 79 45 28 17 34 10 24 6 6 0 9 7 2


Rubisco 46 27 15 12 19 8 11 0 0 0 4 2 2


Total 147 83 50 33 64 23 41 8 8 0 15 11 4


mcrA 12 9 6 3 3 2 1 0 0 0 2 0 2


mmoX 1 0 0 0 1 0 1 0 0 0 0 0 0


pmoX 28 15 7 8 13 3 10 4 1 3 4 1 3


Total 41 24 13 11 17 5 12 4 1 3 6 1 5


amoA 6 3 0 3 3 1 2 0 0 0 0 0 0


gdh 6 4 1 3 2 1 1 0 0 0 0 0 0


napA 13 6 5 1 7 3 4 0 0 0 0 0 0


narG 81 46 23 23 35 15 20 5 4 1 10 6 4


nasA 25 15 9 6 10 4 6 3 3 0 4 3 1


nirK 64 42 20 22 22 8 14 4 4 0 5 5 0


nirS 60 31 21 10 29 6 23 2 2 0 4 3 1


norB 20 16 7 9 4 2 2 3 0 3 3 0 3


nosZ 52 34 17 17 18 5 13 3 2 1 5 3 2


nrfA 17 13 9 4 4 1 3 3 3 0 5 4 1


ureC 56 38 26 12 18 4 14 1 1 0 2 1 1


nifH 147 92 45 47 55 15 40 15 10 5 20 13 7


Total 547 340 183 157 207 65 142 39 29 10 58 38 20


Phytase 5 2 1 1 3 1 2 1 1 0 1 1 0


ppk 37 17 7 10 20 7 13 1 0 1 2 0 2


ppx 74 44 29 15 30 13 17 3 3 0 8 7 1


Total 116 63 37 26 53 21 32 5 4 1 11 8 3


dsrA 124 69 37 32 55 21 34 4 4 0 8 7 1


dsrB 46 28 10 18 18 9 9 5 2 3 6 3 3


sox 56 45 24 21 11 3 8 4 3 1 7 4 3


Total 226 142 71 71 84 33 51 13 9 4 21 14 7


Grand total 1503 914 509 405 589 214 375 95 66 29 156 97 59


Nitrogen cycling


Phophorus utilization


Sulphur cycling


Significance(p<0.10)


Carbon degradation


Table S2 Key genes/enzymes involved in carbon, nitrogen, phophorus, and surfur cyclings


Shared genes Unique genes


Gene/enzyme


Total no. 


detected


Methane cycling


Significance(p<0.05)


Carbon fixation


Table S3 Simple Mantel test and partial CCA analysis of correlations between key functional gene categories and environmental variables. Selection of soil and plant variables was done by BIO-ENV procedure and CCA with VIF for Mantel test and CCA respectively. More detailed information is available in the text and supplementary material.

		Functional category

		GeneNo.

		With selected soil variablesa

		With selected plant variablesb



		

		

		Simple Mantel test

		Partial CCA

		Simple Mantel test

		Partial CCA



		

		

		rM

		P

		F

		P

		rM

		P

		F

		P



		All detected 

		5001

		0.303

		0.026

		1.066

		0.180

		0.123

		0.170

		1.150

		0.141



		C cycle

		576

		0.343

		0.012

		1.089

		0.211

		0.108

		0.171

		1.227

		0.030



		  C fixation

		147

		0.468

		<0.001

		1.071

		0.334

		0.139

		0.134

		1.204

		0.085



		  Labile C degradation

		259

		0.288

		0.015

		1.167

		0.065

		0.106

		0.193

		1.284

		0.015



		  Recalcitrant C degradation

		127

		0.192

		0.075

		0.956

		0.571

		0.009

		0.452

		1.167

		0.187



		N cycle

		548

		0.230

		0.075

		1.109

		0.170

		0.133

		0.136

		1.171

		0.085



		  N2 fixation

		147

		0.309

		0.004

		1.360

		0.005

		0.142

		0.115

		1.442

		0.005



		  Nitrification

		7

		0.031

		0.321

		1.329

		0.476

		0.102

		0.090

		1.002

		0.784



		  Denitrification

		277

		0.164

		0.135

		1.027

		0.420

		0.137

		0.121

		1.132

		0.198



		  N reduction to NH4+

		55

		0.198

		0.062

		0.995

		0.471

		0.057

		0.307

		1.058

		0.261



		  N mineralization

		62

		0.091

		0.176

		1.086

		0.252

		0.064

		0.247

		0.973

		0.631



		Phosphorous utilization

		74

		0.197

		0.064

		1.141

		0.130

		-0.002

		0.488

		1.237

		0.082





aSelected soil variables: percentages of C at the depth of 10-20 cm (%C10-20), N at depths of 0-10 cm (%N0-10), and 10-20 cm (%N10-20), and soil pH for simple Mantel tests; proportion soil moisture at depths of 0-17 cm (PSM0-17), percentages of N at depths of 0-10 cm (%N0-10), and 10-20 cm (N10-20), and the ratios of C/N at depths of 0-10 cm (SCN0-10), and 10-20 cm (SCN10-20), and soil pH  for partial CCA analyses.

bSelected plant variables: Andropogon gerardi (C4), Bouteloua gracilis (C4), Lupinus perennis (Legume), belowground N (%), and species count for simple Mantel tests; Bouteloua gracilis (C4), Schizachyrium scoparium (C4), Poa pratensis (C3), Lupinus perennis (Legume), Lespedeza capitata (Legume), belowground C (%), and aboveground total biomass (g/m2) for partial CCA analyses.
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			Table S2 Key genes/enzymes involved in carbon, nitrogen, phophorus, and surfur cyclings


			Gene/enzyme			Total no. detected			Shared genes									Unique genes									Significance(p<0.05)									Significance(p<0.10)


									Total			Up			Down			Total			aCO2			eCO2			Total			Up			Down			Total			Up			Down


			Carbon degradation


			Acetylglucosaminidase			11			7			2			5			4			1			3			0			0			0			0			0			0


			amyA			68			44			25			19			24			11			13			5			4			1			7			6			1


			Ara			36			24			17			7			12			5			7			2			2			0			4			4			0


			Cda			3			1			0			1			2			0			2			0			0			0			0			0			0


			CDH			14			9			3			6			5			4			1			0			0			0			0			0			0


			Cellobiase			23			10			5			5			13			5			8			3			0			3			3			0			3


			Endochitinase			45			25			25			0			20			5			15			2			1			1			3			1			2


			Endoglucanase			9			5			5			0			4			0			4			0			0			0			0			0			0


			Exochitinase			2			2			1			1			0			0			0			0			0			0			0			0			0


			Exoglucanase			9			3			1			2			6			2			4			1			0			1			2			1			1


			Glucoamylase			10			7			3			4			3			2			1			0			0			0			2			0			2


			glx			10			7			4			3			3			2			1			0			0			0			0			0			0


			limEH			9			5			3			2			4			2			2			0			0			0			1			1			0


			lip			11			9			7			2			2			1			1			0			0			0			0			0			0


			mnp			8			6			2			4			2			0			2			1			0			1			2			0			2


			Pectinase			10			7			5			2			3			1			2			1			1			0			2			2			0


			Phenol oxidase			39			22			12			10			17			9			8			2			1			1			3			1			2


			pulA			24			14			8			6			10			3			7			1			1			0			2			1			1


			vanA			42			26			13			13			16			9			7			3			3			0			6			4			2


			vdh			5			4			1			3			1			0			1			0			0			0			1			1			0


			xylA			19			11			5			6			8			3			5			3			1			2			3			1			2


			Xylanase			19			14			8			6			5			2			3			2			1			1			4			2			2


			Total			426			262			155			107			164			67			97			26			15			11			45			25			20


			Carbon fixation


			CODH			17			9			6			3			8			4			4			2			2			0			2			2			0


			FTHFS			5			2			1			1			3			1			2			0			0			0			0			0			0


			Pcc			79			45			28			17			34			10			24			6			6			0			9			7			2


			Rubisco			46			27			15			12			19			8			11			0			0			0			4			2			2


			Total			147			83			50			33			64			23			41			8			8			0			15			11			4


			Methane cycling


			mcrA			12			9			6			3			3			2			1			0			0			0			2			0			2


			mmoX			1			0			0			0			1			0			1			0			0			0			0			0			0


			pmoX			28			15			7			8			13			3			10			4			1			3			4			1			3


			Total			41			24			13			11			17			5			12			4			1			3			6			1			5


			Nitrogen cycling


			amoA			6			3			0			3			3			1			2			0			0			0			0			0			0


			gdh			6			4			1			3			2			1			1			0			0			0			0			0			0


			napA			13			6			5			1			7			3			4			0			0			0			0			0			0


			narG			81			46			23			23			35			15			20			5			4			1			10			6			4


			nasA			25			15			9			6			10			4			6			3			3			0			4			3			1


			nirK			64			42			20			22			22			8			14			4			4			0			5			5			0


			nirS			60			31			21			10			29			6			23			2			2			0			4			3			1


			norB			20			16			7			9			4			2			2			3			0			3			3			0			3


			nosZ			52			34			17			17			18			5			13			3			2			1			5			3			2


			nrfA			17			13			9			4			4			1			3			3			3			0			5			4			1


			ureC			56			38			26			12			18			4			14			1			1			0			2			1			1


			nifH			147			92			45			47			55			15			40			15			10			5			20			13			7


			Total			547			340			183			157			207			65			142			39			29			10			58			38			20


			Phophorus utilization


			Phytase			5			2			1			1			3			1			2			1			1			0			1			1			0


			ppk			37			17			7			10			20			7			13			1			0			1			2			0			2


			ppx			74			44			29			15			30			13			17			3			3			0			8			7			1


			Total			116			63			37			26			53			21			32			5			4			1			11			8			3


			Sulphur cycling


			dsrA			124			69			37			32			55			21			34			4			4			0			8			7			1


			dsrB			46			28			10			18			18			9			9			5			2			3			6			3			3


			sox			56			45			24			21			11			3			8			4			3			1			7			4			3


			Total			226			142			71			71			84			33			51			13			9			4			21			14			7


			Grand total			1503			914			509			405			589			214			375			95			66			29			156			97			59
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		Table S1B Key genes/enzymes involved in carbon, nitrogen, phosphorus, and sulfur cyclings

		Functional process		Total no. detected		Shared genes						Unique genes						Significance(p<0.05)

						Total		Up		Down		Total		aCO2		eCO2		Total		Up		Down

		Carbon degradation		426		262		155		107		164		67		97		26		15		11

		Carbon fixation		147		83		50		33		64		23		41		8		8		0

		Methane metabolism		41		24		13		11		17		5		12		4		1		3

		Nitrogen cycling		547		340		183		157		207		65		142		39		29		10

		Phophorus cycling		116		63		37		26		53		21		32		5		4		1

		Sulfur cycling		226		142		71		71		84		33		51		13		9		4

		Grand total		1503		914		509		405		589		214		375		95		66		29
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