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D. Supplemental references 


A. Supplemental Materials and Methods
Site description and sampling. A long-term field-scale experiment for U remediation with EVO amendment was performed at the U.S. Department of Energy’s Oak Ridge Integrated Field Research Challenge (ORIFRC) study site, Oak Ridge, TN. The details of the experimental setup, manipulation and monitoring of the groundwater system were previously described (Gihring et al., 2011; Tang et al., 2013). For the EVO amendment experiment, there were three injection wells, one up-gradient control well (W8), and seven down-gradient monitoring wells. All of these wells were meters apart from each other. A total of 3,400 litters of EVO suspension containing 60% (w/w) vegetable oil, 0.3% yeast extract, 0.05% (NH4)3PO4, and 6% food grade surfactants (mainly arachidic acid) was injected into three injection wells on February 9, 2009. Groundwater samples were collected from all 8 wells at different time points: -28 (labeled as 0 for convenience), 4, 17, 31, 80, 140, and 269 days (Gihring et al., 2011). Concentrations of acetate, NO3-, U(VI), Fe2+ and SO42- were measured as previously described (Wu et al., 2007; Wu et al., 2010).
GeoChip data preprocessing for network analysis. GeoChip-based metagenomic technology was used for dissecting microbial community functional structure as previously described (He et al., 2007; He et al., 2010; Zhou et al., 2012). In order to reconstruct the organism-oriented network with functional traits, each detected microorganism was explicitly linked to one of the ecological functions of carbon, nitrogen, phosphorus, sulfur cycling, metal resistance, organic remediation, antibiotic resistance and other categories. The assignment of ecological functions to microbial taxa was performed according to the function of detected genes and existing knowledge from the literature (Fig. S2). For the microorganism with only single detected gene, its function was assigned by the category that the detected gene belonged to (Fig S2, step 1). If multiple genes were detected but all of them were derived from same functional category, its function was assigned by this category and the mean value of these genes was used (Fig S2, step 2). For the microorganism with multiple genes in various functional categories, the most relevant function was assigned according to its major function or original habitat using literature information. If multiple functional genes were detected in a single functional category, the mean value was taken from the normalized signals of these genes (Fig S2, step 3). Finally, if there was no literature information showing the function of a microorganism, the micro-organism was assigned to the category with the maximum number of detected genes and the mean value was calculated from this category (Fig S2, step 4). Through this procedure, each microorganism was assigned a representative ecological function and only single vector across a set of samples was retained.
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]Network construction with regular random matrix theory-based approach. The network for each time point was constructed by regular RMT-based network approach (Luo et al., 2007; Zhou et al., 2010; Zhou et al., 2011; Deng et al., 2012). The Pearson Correlation Coefficient (r) matrix for all detected microorganisms was calculated across all wells in each sampling time point. Since the microbial communities in the upstream control well (W8) at different time points were very similar to other wells at Day 0 (Zhou et al., 2014), the functional molecular ecological network (fMEN) for Day 0 included all of the samples from W8. After the correlation matrix was calculated, RMT-based approach was used for network inference as previously described (Deng et al., 2012). Briefly, the correlation matrix was converted to the similarity matrix by taking the absolute values (Horvath et al., 2006; Horvath and Dong, 2008). Subsequently, an adjacency matrix, which encoded the connection strength between each pair of nodes, was extracted from the similarity matrix by applying an appropriate threshold, st, which was determined using the RMT-based approach (Luo et al., 2006; Luo et al., 2007). Besides, in order to compare network topology under the same condition, the thresholds st for all fMENs were adjusted into the same value (Table 1). This uniform threshold was determined by two criteria: (i) all the nearest neighbor spacing distribution (NNSD) of eigenvalues of the correlation matrices under this threshold still followed the Poisson distribution; (ii) the threshold should be as low as possible. After fixing the threshold, all changes of network topological properties were threshold independent.
Network construction with a time-lagging RMT-based approach. To construct time-lagging networks, we have made the following modifications of our original algorithm. Microbial interactions could be expressed to be lagged until the next time point and thus we allowed one time-point lagging when r value was calculated between two populations. First, one r value was calculated across all time points in all wells in an order without time lagging in a regular way (Fig. S3A). Then two r values for time-lagging were calculated by shifting the values to the previous and next time point within each well.  If the absolute value of any time lagging PCC was higher than the regular r value (Fig. S3 B and C), this time lagging r value was recorded as the similarity between these two populations and meanwhile the direction was assigned according to the order of the maximum PCC. If a maximum r value was derived from a regular order, there was no direction assigned (Fig. S3A). If the r value was obtained from time lagging is greater than the regular order, the arrow of direction is assigned from the former population (causal microorganism) to the lagged population (affected microorganism) (Fig. S3 B and C). The new modified RMT-based network inference method for time-series experiments has been integrated into our network online analysis pipeline at http://ieg2.ou.edu/MENA, which is openly accessible worldwide.  
Network topology characterization and random network generation. Once fMENs were determined, several network topological indices were measured based on the adjacency matrix (Table 1). Scale-free, small world and modularity were the most common network characteristics (Alon, 2003; Barabasi and Oltvai, 2004; Barabasi, 2009). A scale-free network is the network whose connectivity follows a power law distribution (Barabasi and Albert, 1999), in which only a few nodes have many connections with other nodes while most nodes have only a few connections with other nodes. A small-world network is the network that any two nodes within the same module can be linked by only a few paths. The random networks were generated using the Maslov-Sneppen procedure (Maslov and Sneppen, 2002). Following this procedure, the null network is partly restricted that all nodes have exactly the same connectivity as in the empirical network, but their interaction neighbors are completely shuffled. Therefore, it would also keep some basic network topological indexes as same as empirical network, such as the network size, average connectivity and scale-free structure that makes other topological indexes comparable between empirical and randomized networks. For each empirical network, 100 randomly rewired networks were usually generated, and network indices were calculated for each randomized network. Then the average value and standard deviation for each index of all random networks were obtained. The statistical Z-test was used to detect the significance of the differences of indices between the fMEN and random networks. 

Module detection. Modularity is an essential characteristics of ecological networks (Alon, 2003). Here, a module is a group of microorganisms highly connected within the group, but very few connections outside the group. The maximum modularity score was used to separate the graph into multiple dense sub-graphs or modules. Various algorithms were used for module analysis (Pons and Latapy, 2005; Newman, 2006), but the algorithm of simulated annealing approach usually produced the best separation of the modules (Guimera and Amaral, 2005a). The simulated annealing is a stochastic optimization technique to find “low cost” configurations (Kirkpatrick et al., 1983). It carries out exhaustive search on network structures to merge and split priori-modules and finally achieves the optimal module separation with highest modularity value (M) with clearer module separations. 
Module eigen-gene analysis. After individual modules were obtained, eigengene analysis was used to reveal higher-order organizations in network structure (Langfelder and Horvath, 2007; Horvath and Dong, 2008; Oldham et al., 2008). Based on singular value decomposition (SVD), multiple abundance data from each module were summarized as a centroid vector which could usually explain approximately 50% or more of the variance of the abundance profile in the module. The Pearson correlation coefficient (r) between an abundance profile and its module eigengene was defined as module membership, which was used to measure how close from a microorganism to its module centroid.  
Identification of keystone microorganisms. Each node in the fMEN could be assigned a role based on its modular properties (Guimera and Amaral, 2005b) by its within-module connectivity (zi) and among-module connectivity (Pi) (Deng et al., 2012). The within-module connectivity, zi, describes how well a node i is connected to other nodes in the same module, and the participation coefficient, Pi, reflects what degree that node i connects to different modules. Olesen et al. (Olesen et al., 2006) classified the node roles into four categories as follows: (i) Peripheral nodes (zi ≤ 2.5 and Pi ≤ 0.62), which have only a few links and almost always to the nodes within their modules; (ii) Connectors (zi ≤ 2.5 and Pi > 0.62), which are highly linked to several modules; (iii) Module hubs (zi > 2.5 and Pi ≤ 0.62), which are highly connected to many nodes in their own modules; and (iv) Network hubs , which act as both module hubs and connectors. 
Trait-based gene significance and associations with network connectivity. To discern the relationships between network connectivity and environmental properties, gene significance (GS) was calculated (Horvath and Dong, 2008). GS measures the association between the microorganism abundance profile and the environmental trait. Here, the trait-based gene significance is defined as the square of Pearson correlation between microorganism abundance profile and sample trait. The higher GS, the more ecological significant microorganism is related to the environmental trait. Then Mantel tests were performed to measure the significance of associations between GS and network connectivity (Mantel, 1967). The details were described elsewhere (Deng et al., 2012). 
All of above modified RMT-based network inferences and network analysis approaches were implemented in our Molecular Ecological Network Analysis Pipeline (MENAP) accessible at http://ieg2.ou.edu/MENA. Some calculations used the sna and igraph packages in the R project (Csardi, 2006; Butts, 2008). The network was visualized using Cytoscape 2.6.0 (Cline et al., 2007). 




B. Supplemental Tables 
Table S1 The identified edges in the entire network by using RMT network inference approach.
Seen in Excel file “Table S1.xlsx”

Table S2 The Pearson correlation between identified nodes with all available environmental variables.
Seen in Excel file “Table S2.xlsx”. The sheet “r-values” includes all Pearson correlation coefficient between nodes and environmental variables. The sheet “p-values” includes all significances and the p values less than 0.05 were marked in red



C. Supplemental Figures 


Fig. S1. The concentrations of uranium and sulfate in groundwater samples across different time points. The final sampling points have been marked in red. Both of U and sulfate were dramatically dropped within 31 days after EVO injection, and then gradually resumed within 269 days. The final U concentrations were declined after bioremediation procedure.



Fig. S2. The steps for function assignment of each GeoChip detected microorganism. The percentage of microorganisms have been assigned in each step were signified in red. 


 
Fig. S3. The modified step for Pearson correlation coefficient (r value) calculation for time-series dataset. The maximal r value from three situations was retained for following RMT-based modeling, and meanwhile the directions have been assigned from backward organism pointing to the forward one. (A) The maximal r value is derived from the normal unlagged order; (B) the maximal r value is derived from the forward lagging; (C) the maximal r value is derived from the backward lagging. In each panel, the above curve figure demonstrated the successional changes of two organisms; the middle color block figure showed the paired rule of all values in 7 replicate wells across 7 time points when Pearson correlation was calculated; and the bottom similarity values showed the way to assign direction. 

Fig. S4. Modular organization of the fMEN in groundwater. Colors of the nodes indicate different functional categories. Clear modular architecture was observed in this fMEN. Each node signifies a microorganism that carried out certain ecological function detected by GeoChip. A blue line indicates a positive interaction between two individual nodes, while a red line indicates a negative interaction. The numbers indicate different modules determined by the simulated annealing approach. All data showed that the fMEN with time series has a clear modular architecture. 



Fig. S5 (I)


Fig. S5 (II)

Fig. S5 (III)


Fig. S5 (IV)


Fig. S5 (V)


Fig. S5 (VI)


Fig. S5 (VII)


Fig. S5 (VIII)

Fig. S5. Eigengene network analysis on all modules of entire fMEN except module 2. For each Figure from I to VIII, (A) Heat map of the standardized relative abundance (SRA) of functional microorganisms across different samples. Rows correspond to individual organisms in the module, whereas columns are the samples. Red corresponds to the OTUs whose SRAs are 0s, and green signifies whose SRAs are 0. (B) The corresponding eigengene (y axis) across the samples (x axis). The parameter  indicates the percentage of the total variance explained by the eigengene. (C) Five nodes of highest Module membership values in this module. The values in parentheses are module memberships.  The Module membership values were used to identify the nodes that could be well represented by corresponding module eigengene. The y axis is SRAs and the x axis is individual samples. (D) Module visualization showing the interactions among different nodes within the module. The different colors of nodes represent different functional groups.



Fig. S6. The correlations and heatmap to show the relationships among module eigengenes. The right part is the hierarchical clustering based on the Pearson correlations among module eigengenes and the below heatmap shows the coefficient values (r). Red color means higher correlation whereas green color signified lower correlation.




Fig. S7. ZP-plot showing distribution of microorganisms based on their module-based topological roles. Each dot represents an microorganism in the dataset. The topological role of each node was determined according to the scatter plot of within-module connectivity (z) and among-module connectivity (P).



Fig. S8. The network connections of (A) hub microorganism 218751178 (uncultured bacterium) and (B) hub microorganism 92109658 (Nitrobacter hamburgensis) in individual fMENs for all of the time points. 



Fig. S9. (A) Functional molecular ecological networks for individual time points from Day 0 to Day 269. (B) The biodiversity value (Shannon index) of the community in all time points and the corresponding average connectivity, harmonic geodesic distance and average clustering coefficient from network topologies. Since the scale of clustering coefficient is different with other variables, the values were marked in the dots directly.  
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