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Table S-1: Physical-chemical properties of soils used in this study 
 Grassland soil Forest soil 
Classification (U.S. taxonomy) Typic Haploxeroll Humic Dystrudept 
Texture silty-loam clay loam 
Horizon and sampling depth Ap (0-10 cm) Ah (0-20 cm) 
Bulk density (g cm-3) 1.24 1.04 
Field capacity* (%) 20% 32% 
pH#

 5.3 4.8 
Corg (%) 1.4 1.5 
C/N   
NO3

--N (ppm) 23 0.3 
NH4

+-N (ppm) 1.5 5.5 
Bray-P (ppm) 53 4 
CEC (meq kg-1) 13.6 12.7 
Soluble salts (Ms cm-1) 0.56 0.05 
Carbonate n.d. n.d. 

* soil moisture retained at -0.33 bar hydraulic head as percentage of dry weight 

# in 0.01M CaCl2 
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Table S-2: Fit parameters for oxygen diffusion model in a 
cylindrical system presented in Fig. 1b 
Soil Treatment Fit equation‡ R2 
Silt loam Glucose C(r) = 32 ln(r) + 152 0.90 
 Oxalic acid C(r) = 48 ln(r) + 94 0.92 
 Acetic acid C(r) = 15 ln(r) + 186 0.95 
Clay Glucose C(r) = 9 ln(r) + 187 0.97 
 Oxalic acid C(r) = 23 ln(r) + 151 0.98 
 Acetic acid C(r) = 10 ln(r) + 181 0.86 

   64 
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Table S-3: Summary of the sequential extraction procedure* 

Step Metal phases  
(Fe, Al, Si, Mn, Ca) Extraction 

1 Organically complexed 40 mL 0.2M Na-pyrophosphate at pH 10, 
agitated for 4 h‡, centrifuged§, rinsed¶ 

2 Acid-soluble 40 mL 1M ammonium acetate at pH 3.0, 
agitated for 4 h‡, centrifuged§, rinsed¶ 

3 Poorly-crystalline, short-
range order 

40 mL 0.2M ammonium oxalate at pH 3, 
agitated for 4 h‡, centrifuged§, rinsed¶ 

‡ on reciprocal shaker at 100 rounds per minute 
§ centrifuged for 15 min at 900 x g 
¶ rinsed twice with MilliQ H2O 

  65 
  66 
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Table S-4: Extractable metal concentrations in root, intermediate and bulk zones in silt loam 
(mean ± standard deviation, n = 2) 
Extractant Treatment Distance Al Si Mn Ca Fe 

  mm µmol g-1 
Na-PP Glucose 0-4 16 ± 1 12 ± 0 1.7 ± 0.3 64 ± 0 11 ± 0 

(pH = 10)  4-12 16 ± 0 13 ± 0 1.1 ± 0.0 63 ± 3 11 ± 0 

  13-50 17 ± 2 14 ± 0 1.1 ± 0.0 65 ± 2 10 ± 0 

 Oxalic acid 0-4 4 ± 0 8 ± 1 1.2 ± 0.1 79 ± 11 4 ± 0 

  4-12 8 ± 1 10 ± 0 1.5 ± 0.0 64 ± 3 6 ± 0 

  13-50 19 ± 1 17 ± 1 1.0 ± 0.1 65 ± 2 11 ± 1 

 Acetic acid 0-4 8 ± 4 11 ± 1 0.6 ± 0.1 60 ± 2 7 ± 3 

  4-12 16 ± 0 13 ± 1 1.0 ± 0.1 64 ± 1 11 ± 0 

  13-50 18 ± 2 13 ± 0 1.1 ± 0.1 67 ± 3 11 ± 0 

 Control 0-4 20 ± 1 19 ± 3 1.1 ± 0.1 66 ± 2 12 ± 1 

  4-12 18 ± 1 15 ± 0 1.1 ± 0.1 66 ± 2 11 ± 0 

  13-50 18 ± 1 15 ± 1 1.1 ± 0.1 67 ± 3 11 ± 1 

        
NaOAc Glucose 0-4 27 ± 3 46 ± 2 1.0 ± 0.0 1.7 ± 0.0 7 ± 1 
(pH = 3)  4-12 29 ± 0 49 ± 1 0.5 ± 0.0 1.4 ± 0.1 8 ± 0 

  12-50 31 ± 2 50 ± 3 0.5 ± 0.0 1.4 ± 0.1 9 ± 1 
 Oxalic acid 0-4 23 ± 3 39 ± 2 0.8 ± 0.1 1.9 ± 0.2 6 ± 1 
  4-12 26 ± 3 49 ± 3 0.7 ± 0.0 1.7 ± 0.3 6 ± 1 
  12-50 29 ± 2 51 ± 3 0.5 ± 0.1 1.5 ± 0.1 8 ± 1 
 Acetic acid 0-4 37 ± 2 55 ± 0 0.6 ± 0.0 1.4 ± 0.1 10 ± 1 
  4-12 32 ± 0 54 ± 2 0.5 ± 0.1 1.3 ± 0.2 9 ± 1 
  12-50 30 ± 3 53 ± 1 0.5 ± 0.1 1.4 ± 0.1 8 ± 1 
 Control 0-4 33 ± 1 55 ± 2 0.5 ± 0.0 1.4 ± 0.0 9 ± 0 
  4-12 32 ± 3 55 ± 2 0.5 ± 0.0 1.3 ± 0.0 9 ± 0 
  12-50 31 ± 2 54 ± 3 0.5 ± 0.0 1.3 ± 0.0 8 ± 1 
        

AAO Glucose 0-4 45 ± 3 34 ± 0 9 ± 2 0.6 ± 0.1 60 ± 5 
(pH = 3)  4-12 45 ± 5 34 ± 1 10 ± 1 0.6 ± 0.0 57 ± 6 

  13-50 45 ± 3 35 ± 0 11 ± 0 0.6 ± 0.1 60 ± 5 

 Oxalic acid 0-4 51 ± 4 36 ± 3 8 ± 1 0.6 ± 0.5 46 ± 6 

  4-12 47 ± 7 35 ± 1 8 ± 0 0.6 ± 0.0 55 ± 2 

  13-50 45 ± 1 35 ± 2 10 ± 1 0.6 ± 0.0 59 ± 2 

 Acetic acid 0-4 47 ± 5 35 ± 2 11 ± 1 0.7 ± 0.0 58 ± 6 

  4-12 45 ± 3 33 ± 0 10 ± 0 0.6 ± 0.0 58 ± 7 

  13-50 47 ± 4 34 ± 1 11 ± 0 0.6 ± 0.1 56 ± 6 

 Control 0-4 46 ± 0 36 ± 0 11 ± 0 0.6 ± 0.0 61 ± 1 

  4-12 45 ± 1 35 ± 1 10 ± 0 0.6 ± 0.1 60 ± 1 

  13-50 46 ± 3 35 ± 2 10 ± 0 0.6 ± 0.1 60 ± 0 
 67 
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Table S-5: Alpha diversity indices (< 97%) based on pyrosequencing data of root, 
intermediate and bulk zones for each exudate treatment 
Treatment Control Glucose Acetate Oxalate 
Distance to 
root (mm) 0-4 5-12 13-50 0-4 5-12 13-50 0-4 5-12 13-50 0-4 5-12 13-50 

Diversity indices:           
OTUs 383 357 386 393 417 325 296 379 355 254 384 437 
PD  
(whole tree)1 24 23 23 22 26 20 17 21 22 15 24 27 

CHAO 12 749 633 726 676 690 568 484 593 632 455 672 705 
Shannon3 7 7 8 8 8 7 7 8 7 6 7 8 
Simpson4 0.97 0.98 0.99 0.99 0.99 0.94 0.98 0.99 0.97 0.6 0.98 0.99 
1	  (Faith	  and	  Baker,	  2007)	  
2	  (Chao,	  1984)	  
3	  (Shannon,	  1948)	  
4	  (Simpson,	  1949)	  

 
  68 
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Table S-6: pH, pore water concentrations of mobilized organic C and dissolved 
metal cations in the root zone (0-4 mm) (mean ± standard error, n = 2) of silt loam 
Treatment pH# Corg  Al Mn Ca Fe 
  mg l-1 µM 
Glucose 5.2 ± 0.3 1.9 ± 0.9 35 ± 0 6 ± 3 400 ± 100 8 ± 2 
Acetic acid 6.4 ± 0.2 5 ± 2 40± 30 6 ± 0 270 ± 70 80 ± 20 
Oxalic acid 7.2 ± 0.3 36 ± 1 540 ± 80 6 ± 0 130 ± 20 250 ± 70 
Control 5.7 ± 0.2 2.1 ± 0.7 52 ± 2 3 ± 0 350 ± 20 20 ± 10 
# in 0.01M CaCl2 

  70 
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Table S-7: C 1s NEXAFS peak assignments  
C functional group Photon energy [eV] 

Aromatic C 284-285.5 
Phenolic C 286.5–287 
Aliphatic C 287.1–287.8 

Carboxyl C/ Amide C 288.0–288.8 
O-alkyl C 289-289.5 

Carbonyl C 290-290.5 
References: (Cody et al., 2011, 1998; Kleber et al., 2011; 
Solomon et al., 2005) 

  71 
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Table S-8: Energies used to map the concentration of each element using 
difference maps 
Absorption edge Pre-edge (eV) Peak (eV) 
C 1s 280 295 
N 1s 398 407 
O 1s 528 545 
Ca 2p 340 349.3 
Mn 2p 636 640 
Fe 2p 700 709.5 

 73 
  74 
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Table S-9: Average δ13C values and the calculated percentage of exudate-derived 
C for organic C in the pore water samples analyzed by NanoSIMS (mean ± 
standard error) 
Treatment δ13C (‰) % exudate-

derived C 
n (number of 

regions analyzed) 
Glucose 40 ± 9 0.4 8 

Acetic acid 220 ± 30 2.2 9 
Oxalic acid 65 ± 4 0.7 10 

 75 
  76 
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Table S-10: Metal mobilization 1 and 48 hours after oxalic acid and glucose 
additions to both soils& 

Soil Exudate treatment Incubation 
time 

Fe  Al 

    hours mg L-1  mg L-1 

Grassland 
(silt-loam) Glucose 

1 

0.04(0.01)  0.22(0.04) 

 Oxalic Acid 29(3)  130(10) 

 Control (DI H2O) 0.009(0.003)  0.20(0.04) 

Forest (clay) Glucose n.d.  0.16(0.03) 

 Oxalic Acid 16(1)  171(3) 

 Control (DI H2O) 0.017(0.004)  0.27(0.06) 

Grassland 
(silt-loam) Glucose 

48 

 

0.05(0.02)  0.17(0.05) 

 Oxalic Acid 14(3)  79(6) 

 Control (DI H2O) 0.017(0.005)  0.06(0.01) 

Forest (clay) Glucose  0.32(0.03)  0.4(0.3) 

 Oxalic Acid 2.4(0.2)  33(3) 

 Control (DI H2O) 0.2(0.1)  0.4(0.1) 
& Two g of air-dried soil was given to serum vials, amended with 2 ml of the exudate solution used for 
the artificial root experiments, and the vials were capped. After 1 or 48 hours, pore water samples were 
extracted and Fe and Al concentrations were determined as described in the methods section of the main 
article.  

  77 
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 78 
2. Figure captions 79 

Figure S-1: Schematic of the artificial root microcosms 80 

Figure S-2: O2 concentrations as a function of distance to the root in clay soil. Points represent 81 

mean ± standard error of the mean (n = 2).  Asterisks denote locations with mean O2 82 

concentrations significantly lower than the control determined (one-way ANOVA, Tukey’s ad-83 

hoc HSD test, p < 0.05). Solid lines represent model fits used to calculate microbial O2 84 

consumption based on Fick’s first law of diffusion (Højberg and Sørensen, 1993). The inset 85 

shows volume-specific rates of O2 consumption in the rhizosphere for each exudate treatment. 86 

See Table S-2 and section 6.1 for details on fitting parameters and rate calculations. 87 

Figure S-3: Microbial community response to exudate additions. (a) Bacterial and archaeal 88 

unweighted Unifrac distances (a measure of phylogenetic dissimilarity between communities) as 89 

influenced by treatment and distance to the root. Both replicate treatments are shown. (b) 90 

Average relative abundances of dominant phyla as a function of treatment in the root zone 91 

(distance to root = 0-4 mm). Asterisks denote significant differences compared to the control 92 

(one-way ANOVA, Tukey’s ad-hoc HSD test, p < 0.05). 93 

Figure S-4: Average LDPI mass spectra of organic C present in the pore water (black line) 94 

shown with the laser background for comparison (red line).  95 

Figure S-5: Averaged carbon K-edge NEXAFS spectra of pore water C recovered from clay-rich 96 

forest soil exposed to the respective exudate treatments.   97 
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 99 

Figure S-1 100 
  101 

syringe pump front  
panel 

paraffin film  
with window 

Kapton 
 film 

microcosm  
frame 

aeration/
drainage holes 

filter 
(0.22 µm)  

microporous 
artificial 

root 



15 

 102 

Figure S-2 103 
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 105 
Figure S-3 106 

 107 
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Figure S-4 110 
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Figure S-5 113 
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 115 

3. Soil characteristics and handling 116 

3.1 Field sampling 117 

To test the universal nature of the rhizosphere effect, two soils were chosen to represent two 118 

important biomes, forests and grasslands. A clay loam (Humic Dystrudept) under coniferous 119 

forest (H.J. Andrews Experimental Forest, Oregon, USA) and a medium-textured silt loam 120 

(Typic Haploxeroll) under cultivation with wheat (Hermiston Agricultural Research & Extension 121 

Center, Oregon, USA) were sampled in spring 2011. At both sites, volumetric (undisturbed soil 122 

cores) and bulk (homogenized) samples were collected from surface horizons (Ap and Ah, 123 

respectively) and stored moist at 4˚C until further use. Core samples were used to determine bulk 124 

density and field capacity, whereas mixed samples were split into two halves. One half served 125 

for general sample characterization in the laboratory, such as water and ash content, pH, 126 

elemental composition and mineralogy. The other half was used for experiments.  Both soils 127 

widely differed in their physical and chemical characteristics (Table S-1).  128 

4. Experimental approach 129 

4.1 Exudate solutions 130 

Exudate solutions were prepared in MilliQ water containing inorganic nutrients (330 µM KCl, 131 

70 µM KH2PO4 and 70 µM MgSO4) for osmoregulation. The concentrations of each exudate 132 

solution were normalized on a C-basis such that 15 µmol C cm-2 d-1 were provided. Supplied at a 133 

rate of 1 ml d-1, exudate C supplied through the root amounted to 4.2 mmol of C per microcosm 134 

over the course of the 35d incubation period. Given a C content of 1.4 and 1.5% for silt-loam and 135 

clay soil, respectively, and assuming that approximately 10 g of soil surrounding the root are 136 

affected, exudate C additions amount to approximately 36 and 34% of total soil C at the end of 137 

the experiment (for silt-loam and clay soil, respectively). The pH of D-glucose, acetic acid, and 138 

oxalic acid solutions was then buffered to pH 7, 4.75 and 4.27, respectively, using 1M NaOH 139 

and filter-sterilized (0.22 µm) before transfer into the syringe pump. Control microcosms 140 

received filter-sterilized (0.22 µm) inorganic nutrient solution only. 141 

4.2 Microcosm design 142 

Fig. S-1 shows an exploded diagram of the microcosms designed for delivery of root 143 

exudate solutions. Each microcosm consisted of a 15 × 12 × 1 cm clear acrylic frame with a 14 × 144 
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10 × 0.8 cm opening, and an acrylic front panel was attached for protection. Fig. S-1 further 145 

shows the position of the microporous cylindrical rhizon samplers (length = 10 cm, diameter = 146 

2.5 mm) serving as artificial root to deliver the exudate solutions (Soilmoisture Equipment Corp, 147 

USA). The removable front panel and protective, gas diffusion-limiting Kapton film cover 148 

allowed for O2 microsensor measurements without disturbing the system. Aeration holes in the 149 

frame were filled with glass wool and allowed for steady air circulation through the soil. 150 

 151 
4.3 Incubations 152 

Soils were air-dried just enough to facilitate sieving (2-mm sieve). Soils were subsequently 153 

homogenized, wetted to 75% field capacity with MilliQ water, and pre-incubated at constant 154 

moisture in the dark for 7 d at 25˚C before the experiment. After preincubation, soils were 155 

carefully packed into microcosm frames containing the artificial root, thereby aiming to 156 

reproduce the field bulk density values of 1.05 (clay) and 1.24 (silty-loam) g m-1 . Soils were then 157 

covered using Kapton and paraffin films. Both films were firmly sealed to the edge of the frame 158 

using double-sided Scotch tape. Microcosms were wrapped in ultraclean aluminum foil and 159 

transferred to the environmental chamber where they were connected to the syringe pump. 160 

4.4  161 

  162 
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5. Analysis of physical-chemical gradients across individual zones (root, intermediate, 163 
and bulk) 164 

5.1 O2 profiling 165 

To measure oxygen profiles without disturbing the soil, microcosms were placed on the back 166 

panel and the front plate of the microcosm was carefully removed while the soil was held in 167 

place by both Kapton and paraffin films.  At the desired sampling location, a droplet of agar 168 

medium was pipetted on the transparant Kapton film and the film underneath was punctured 169 

using a sterile syringe needle.  The tip of the microsensor, mounted on a micromanipulator 170 

(MM33-2, Unisense, Denmark) and connected to a picoamperemeter (PA-2000, Unisense, 171 

Denmark), was then slowly lowered through the agar medium covering the hole in the Kapton 172 

film into the soil.  In this setup, the agar medium served as a sealant to slow down oxygen 173 

diffusion through the hole. To establish oxygen concentration profiles, six replicate 174 

measurements were conducted at distances of 0.5, 1, 5 and 15 mm from the root in each 175 

microcosm. For consistency, oxygen concentrations in the soil were always recorded at the 176 

position closest to the root, i.e., 4 mm from the surface of the soil facing the front plate. After 177 

completion, front plates were reattached and microcosms were transferred to an anaerobic glove 178 

box.  Oxygen profiles for the clay loam are shown in Fig. S-2.  179 

 180 

Diffusion model parameters and O2 consumption calculations: 181 

Specific oxygen consumption rates in the soil surrounding the artificial root were calculated as 182 

described in Nielsen et al. (1990) and Højberg and Sørensen (1995).  183 

 184 

First, to describe the oxygen profile an equation of the form  185 

    𝐶 𝑟 =   𝐴! ln 𝑟 + 𝐴!     (2) 186 

where C(r) is the concentration of oxygen at a distance r from the root surface and A1 and A2 are 187 

constants resulting from the integration procedure, was derived from Fick’s second law of 188 

diffusion applied to a cylindrical root system assumed to be at steady state. Equation 2 was then 189 

fitted to the measured data using the damped least-squares (DLS) method (see Table S-2 for fit 190 

results). 191 
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Second, for the equations describing the fitted curves (Table S-2), a first derivative !"(!)
!"

 was 192 

obtained to calculate oxygen diffusion fluxes for each treatment. The system was considered to 193 

be radially symmetric around the root, and diffusion fluxes of oxygen were determined from 194 

Fick's first law of diffusion applied to a cylinder 195 

    𝐽 𝑟 =   −𝑛  𝐷!   
!"(!)
!"

     (3) 196 

where J(r) is the diffusive flux per unit of surface area at a distance r from the center of the root 197 

axis, n and Ds are the porosity and the diffusion coefficient of the respective soils. Effective 198 

diffusion coefficients (De) for both soils were estimated based on porosity and volumentric water 199 

contents (Aachib et al., 2004), with Ds values of 1.43 × 106 m2 s-1 for silt-loam and 0.81 × 106 200 

m2 s-1 for clay.  201 

Finally, specific oxygen consumption rates were calculated by multiplying the diffusive flux 202 

(mass per surface area per time) with the surface of the cylinder (2πrh) and dividing by the 203 

volume (πr2h) of the root cylinder. The radius of the artificial root was 0.125 cm and rates were 204 

reported in units of nmol cm-3 s-1. 205 

5.2 Microcosm sampling 206 

After completion of the oxygen measurements, microcosms were transferred into an anaerobic 207 

glove box where parafilm and Kapton film covers were removed. Soil from three zones 208 

surrounding the artificial root (0-4, 5-12, and 13-50 mm) was excised. Excised samples were 209 

thoroughly mixed and subsamples were processed directly (pH measurements and sequential 210 

extractions), air-dried (elemental analysis), or stored at -80 ˚C until further processing 211 

(DNA/RNA extraction). 212 

5.3 Sequential extraction of reactive mineral phases  213 

In the anaerobic glove box, an aliquot of moist soil equivalent to 1g of oven-dry soil was 214 

combined with 40 ml of extractant solution in a 50 ml polypropylene centrifuge tube, agitated in 215 

the dark using a reciprocal shaker, and centrifuged (Table S-3). After centrifugation, the 216 

supernatant was removed, filtered through 0.22 µm syringe filters, stabilized in 1% high-purity 217 

HNO3, and stored at 4˚C before ICP-MS analysis. Prior to the next extraction step, the solid 218 

residue remaining in the centrifuge tube was washed twice (by adding 20 mL of MilliQ water, 219 

shaking vigorously by hand, then centrifuging at 17,000 x g for 15 min) to remove entrained 220 
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solution and minimize interaction between the different extracting solutions. All solutions were 221 

purged of oxygen and equilibrated in the glove box prior to use.  Absolute concentrations 222 

determined by ICP-MS are reported in Tables S-4. 223 

 224 
5.4 DNA/RNA extractions and pyrosequencing  225 

DNA and RNA were extracted from soil samples using a Mobio RNA Powersoil kit in 226 

combination with a Mobio RNA Powersoil DNA elution accessory kit as per manufacturer’s 227 

protocol.  Between 1.8 and 2 g of soil was transferred to a bead beating specific 15mL tube. 228 

Samples were homogenized using a FastPrep-24 (MP Biomedicals, California, USA) run at a 229 

speed of 4 m/s for 3 bursts of 30 seconds. RNA and DNA were eluted in final volumes of 40ul of 230 

RNAse free water.  RNA and DNA were quantified using a Nanodrop 2000 (Thermo Scientific, 231 

Willmington, USA).  Samples were stored at -80 ˚C until further processing. 232 

Pyrotag sequencing was done at Research and Testing Laboratory (Texas, USA) using a 233 

Roche Genome sequence FLX+ 454 sequencer.  Sequencing targeted identification of 234 

prokaryotic 16S ribosomal sequences and fungal ribosomal sequences (ITS region for rDNA and 235 

LSU region for rRNA).  Prokaryotic data used primers 926F and 1392R for both RNA and DNA 236 

samples.  Fungal data was obtained using primers ITS1F and ITS4R for DNA samples and 237 

primers XX for RNA samples.  All samples were sequenced to a theoretical depth of at least 238 

3000 sequences per sample.  RNA samples were converted to cDNA prior to analysis.  Each 239 

sample was amended with a unique 8 bp ‘tag’ to be used for post sequencing separation. 240 

Pyrotag sequence data were denoised (Edgar et al. 2010) and chimera checked (Edgar et 241 

al. 2011) before analysis in QIIME (Caporaso et al., 2010).  Representative sequences for 242 

individually defined OTUs based on >97% similarity were used for all analyses and OTUs with 243 

only one representative were removed (Edgar, 2010) and taxonomy of each was determined 244 

using uclust (McDonald et al., 2012; Wang et al., 2007). Sequences were aligned and a 245 

phylogentic tree was created (Price et al., 2010) and used to calculate alpha and beta diversity 246 

indices.  Alpha diversity indices; including Simpson, Shannon and chao 1; were calculated for 247 

each sample (Table S-5).  Beta diversity analyses, consisting of principle coordinates analysis 248 

calculated from weighted UniFrac data, were used to show similarity of samples.  In all cases, 249 

sequencing effort for each sample was standardised based on rarefication and based on at least 250 

1000 sequences each. 251 
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5.5 Isotope ratio mass spectrometry (δ13C and total C) analysis 252 

Total C and δ13C enrichment of soil collected from individual zones was determined 253 

using a LECO (St. Joseph, MI, USA) isotope ratio mass spectrometer (IRMS) at the Oregon 254 

State University Stable Isotope Research Unit, and were referenced to Vienna Pee Dee 255 

Belemnite (VPDB). δ13C values were calculated as follows: 256 

 257 
where Rm is the isotopic ratio of the sample and RSTD that of the reference standard.  258 

 259 

6. Characterization of pore water C 260 

6.1 UV/vis spectroscopy 261 

Due to the low sample volume (100-200 µL), organic carbon concentrations in the pore water 262 

were calculated from their absorbance at 450 nm (Yang et al., 2001). Visible spectra of pore 263 

water samples were obtained using a UV/vis spectrophotometer, and concentrations were 264 

calculated based on Beer’s law and a extinction coefficient (ε450) of 5.75 × 10-3 l cm-1 mg-1 265 

organic C. ε450 was determined based on the absorbance of a series of DOC standard solutions 266 

with organic C concentrations verified using a Shimadzu TOC 5000. Organic C concentrations in 267 

the pore water samples are shown in Table S-6. 268 

6.2 Inductively coupled plasma mass spectrometry (ICP-MS) analysis of inorganic 269 
constituents 270 

Al, Si, Mn, Ca and Fe concentrations (Table S-4) in acidified (1% HNO3) pore water samples 271 

were measured using a Perkin Elmer SCIEX Elan DRC II Inductively Coupled Plasma Mass 272 

Spectrometer (ICP-MS). 273 

6.3 Laser desorption synchrotron ionization (LDSI) mass spectrometry 274 

Laser Desorption Synchrotron Ionization (LDSI) mass spectrometry was performed on a 275 

modified time-of-flight secondary ion mass spectrometer (TOF.SIMS V; IonTOF, Germany) 276 

coupled to a synchrotron VUV light port at beamline 9.0.2 of the Advanced Light Source, 277 

Lawrence Berkeley National Laboratory (Kostko et al., 2011; Takahashi et al., 2011). Prior to 278 

analysis, 2 µL aliquots of pore water sample were pipetted on silicon substrates (Wafer World, 279 

discarded. The isotopic composition (d13C and d15N) of
each ROI was calculated by averaging over all replicate lay-
ers where both C and N isotopes were at sputtering equilib-
rium. d13C and d15N were calculated as follows:

daX ¼ Rm

RSTD
" 1

! "
# 1000 ½&% ð1Þ

where Rm is the isotopic ratio of the sample and RSTD that
of the reference standard. Repeated NanoSIMS analyses of
a Bacillus subtilis spore preparation were used as a reference
standard for the C and N isotopic measurements
(d13C = "14.4&; d15N = 12.3&) (Kreuzer-Martin and Jar-
man, 2007). Isotopic enrichment of standards was indepen-
dently determined at the University of Utah and used to
normalize sample analysis as described previously by (Fin-
zi-Hart et al., 2009). 56Fe16O"/12C" ratios were used to
localize Fe in the sample.

For those analysis locations analyzed by both SIMS and
STXM imaging, ROIs for NanoSIMS data analysis were
drawn based on the morphology of individual features
using L’image. For the forty additional randomly-located
NanoSIMS images, ROIs were drawn around discrete Fe-
rich particles defined using two thresholds: Fe-rich particles
with (i) average 56Fe16O"/12C" ion ratios greater than 0.05
and (ii) pixel sizes between 200 and 5000 (i.e., total areas be-
tween 0.3 and 7.5 lm2). These thresholds were based on the
STXM characterization of three randomly located Fe (hy-
dr)oxides in the sample, which all had 56Fe16O"/12C" ratios
P0.03 and particles sizes ranging from (1 to 2.5 lm2. For
comparison, ROIs of the remaining (mostly organic) soil
particles were defined as those particles with 56Fe16O"/12C"

ratio values >0.001 and <0.03.

3. RESULTS

3.1. Selection of regions of interest (ROIs)

SEM mapping of the prepared samples indicated that
20–150 lm long hyphal structures associated with periodic
clusters of minerals, organic matter and microbial residue
were common features. The six hyphae-associated micro-
structures were analyzed for C, N and Fe speciation using
STXM/NEXAFS and subsequently for 15N and 13C enrich-
ment (to locate added isotopically enriched fungal cell wall
material) using the more destructive NanoSIMS imaging
technique. We did not observe any specific locations where
13C was significantly enriched above natural abundance,
but noticed slightly enriched 13C values uniformly distrib-
uted across all analyzed areas (data not shown). However,
three of the STXM/SIMS sample locations had areas with
15N enrichment above background levels and are discussed
further.

3.2. NanoSIMS imaging of the d15N and Fe distribution

NanoSIMS imaging was used to reveal general patterns
in the distribution of 15N-enriched fungal cell wall material
and potential transformation products within the sample
collected after 3 weeks of incubation. General morpholo-
gies as well as the 15N and Fe distribution within the three

sample locations chosen for the combined imaging analysis
are shown in Fig. 1. Transmission maps of the three loca-
tions show the same morphological patterns. In general,
fungal hyphae are surrounded by soil particles (identified
as mineral particles, amorphous organic matter, microbial
residue in Section 3.3). Comparable morphological features
were observed in preparations of samples collected after 1
and 2 weeks of incubation (see Fig. A1 in Appendix). Com-
parison of d15N and Fe distribution maps for the three loca-
tions shows that the spots with greatest enrichment of 15N
tend to coincide with Fe-rich particles.

3.3. STXM/NEXAFS characterization of 15N-enriched
features on Fe-rich surfaces

STXM/NEXAFS spectromicroscopy was used to inves-
tigate the C and N chemistry of 15N-enriched OM associ-
ated with Fe-rich particles and the chemical form of Fe
present. To this end, C, N and Fe NEXAFS spectra were
extracted from 15N-enriched ROIs (white arrows in
Fig. 1). Averaged NEXAFS spectra of 15N-enriched organ-
ic matter on Fe-rich particles (=Fe-associated OM) and
additional reference materials are shown in Fig. 2 and are
described below.

3.3.1. C NEXAFS spectroscopy
The average C NEXAFS spectrum of the original fungal

cell wall material consists of peaks representing signals of
aromatic (a), aliphatic (c), carboxyl/amide (d) and O-alkyl
(e) carbon (Fig. 3A). The predominance of the O-alkyl
and carboxyl/amide C peak indicates the presence of b-
1,3-glucan and NAG units in the cell wall, whereas aro-
matic C may originate from glycoproteins. Comparison of
spectra extracted from the original fungal cell wall material
to the 15N-enriched OM found on Fe-rich soil particles
after 3 weeks of incubation reveals substantial changes
(Fig. 2A). These changes could be due to a strong back-
ground of native organic materials coating the Fe-rich par-
ticle and/or substantial chemical transformations of the
original material over the course of the incubation.

Spectral deconvolution of C NEXAFS spectra from the
original and the 15N-labeled Fe-mineral associated OM
shows the changes in functional group abundance that oc-
curred over the course of the soil incubation (Table 1a). The
most prominent change includes a strong decrease of O-al-
kyl C abundance associated with polysaccharides, such as
b-1,3-glucan, with a simultaneous increase in carboxyl/
amide C corresponding to proteinaceous materials. A
change was also observed for aliphatic and phenolic C,
which is notably more abundant on the Fe-rich particles.
This might indicate a preferential association of lipid mate-
rial with hydroxylated Fe oxide surfaces, or could have ri-
sen from the complexation of carboxylic groups with Fe
or other metals on the surface (Plaschke et al., 2005; Arm-
bruster et al., 2009). However, the increase in phenolic C
also suggests that native organic matter derived from plants
represents a substantial fraction of the organic coating
found on these surfaces.

In order to gain insights into the molecular form of 15N-
enriched compounds found on Fe-rich particles, we
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Inc., USA) and air-died. The desorption laser was calibrated to emit 8.5 ns pulses focused to a 280 

spot diameter of ~30 µm, and its power was reduced until no laser-induced fragmentation could 281 

be detected in the background (~0.7 MW cm-2) while achieving sufficient desorption efficiency. 282 

The UV energy was tuned to 10.5 eV to specifically target aromatic fragments with low 283 

ionization thresholds (Hanley and Zimmermann, 2009). Using this setup, the sample was raster-284 

scanned at 2 mm s-1 over a 500 x 500 µm area to minimize the impact of the laser. Mass spectra 285 

were binned and normalized to the highest signal intensity. Averaged mass spectra of pore water 286 

extracted from silt-loam are displayed with their respective laser background from 250-450 u 287 

(Fig. S-3).  288 

6.4 Scanning transmission X-ray absorption microscopy/near-edge X-ray absorption fine 289 
structure (STXM/NEXAFS)  290 

Stack images were aligned via a spatial cross-correlation analysis, clean areas of the Si3N4 291 

membrane were used to normalize the transmission signal obtained from analyzed ROIs, and 292 

NEXAFS spectra were extracted from groups of pixels of individual organic colloids using the 293 

aXis 2000 software package (Hitchcock, 2009). Extracted C NEXAFS spectra were normalized 294 

using the Athena software package for X-ray absorption spectroscopy (Ravel and Newville, 295 

2005). Edge step normalization was performed using set E0 values of 290 eV across the full 296 

recorded range (278–330 for C 1s).  Peak assignments can be found in the Table S-7. 297 

The relative abundance of C, Ca, N, O, Mn and Fe species was mapped by calculating the 298 

difference between two images converted to optical density maps, one measured above the 299 

respective edge and one below the respective absorption edge.  The energies used are given in 300 

Table S-8.  301 

6.5 High spatial resolution secondary ion mass spectrometry (NanoSIMS) 302 

To determine whether organic colloids in the pore water were derived from native organic matter 303 

in the soil (with a δ13C signature of ~0 ‰) or from the isotopically-labeled exudate C provided 304 

(δ13C ~ 8800 ‰) to the soil, isotopic images were acquired on a NanoSIMS 50 (Cameca, 305 

Gennevilliers, France) at Lawrence Livermore National Laboratory. This instrument allows the 306 

simultaneous imaging of five isotopes with high spatial resolution (up to 50 nm) and high mass 307 

resolution. For this study, electron multiplier (EM) detectors were positioned to collect 12C-, 13C-, 308 
12C14N-, and 12C15N-. Due to the poor yield of N-, nitrogen was detected as the molecular ion CN-309 

. The secondary ion mass spectrometer was tuned for a mass resolving power (defined as M/ΔM, 310 
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where M designates the mass and ΔM is the mass difference between the mass of interest and the 311 

isobaric interference) of > 6800 in order to resolve isobaric interferences. 312 

Ion images of the ROIs previously imaged by STXM were generated with a 1.5 pA Cs+ 313 

primary beam, focused to a spot size of ~100 nm, and stepped over the sample in a 256 x 256 314 

pixel raster. Dwell time was 1 ms/pixel, and raster size was 10 x 10 µm. Secondary ions were 315 

detected in simultaneous collection mode by pulse counting to generate 60–180 serial 316 

quantitative secondary ion images (or ‘layers’). 317 

NanoSIMS image data were processed as quantitative isotopic ratio images using the 318 

LIMAGE software package developed by L. Nittler (Carnegie Institution of Washing- ton), and 319 

were corrected for effects of quasi-simultaneous arrival (QSA), detector dead-time and image 320 

shift from layer to layer (due to drift in the location of the ion beam from frame to frame). Data 321 

planes collected before sputtering equilibrium was achieved (typically 5–10) were discarded. The 322 

isotopic composition (δ13C) of each ROI was calculated by averaging over all replicate layers 323 

where C isotopes were at sputtering equilibrium. Repeated NanoSIMS analyses of a Bacillus 324 

subtilis spore preparation were used as a reference standard for the C and N isotopic 325 

measurements (δ13C = -14.4‰) (Kreuzer-Martin and Jarman, 2007). Isotopic enrichment of 326 

standards was independently determined at the University of Utah and used to normalize sample 327 

analysis as described previously by (Finzi-Hart et al., 2009). Mean δ13C of pore water C regions 328 

previously analyzed by STXM are given in Table S-9. 329 

  330 
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