











The maijority of species detected in both positive and negative mode MALDI-MS (grouped
between 700 and 900 m/z) originate from phospholipids (PL). These molecules are
important constitutes of cell membranes and have been study extensively in plants by
MALDI-MSI (Horn et al., 2012, Sturtevant et al., 2017). The high abundance of PL-related
signals in soybean nodule system is in accordance with previous estimates suggesting
that plant membrane biogenesis needs to be upregulated several fold in order to provide
for infection thread development, symbiosme membrane formation, and other
membranes involved in nodule development and function (Roth and Stacey, 1989). In
positive ion mode we were able to map [M+H]* and [M+K]* pseudomolecular ion species
of phosphatidic acids (PA), phosphatidylethanolamines (PE), and phosphatidylcholines
(PC). All PLs detected in positive ion mode showed co-localization with the infection
region, but with different distribution patterns. Using negative ion mode, we additionally
determined phophatydilinositols (PI), phosphatydilglycerols (PG), and
phosphatydilserines (PS) co-localized either with cortex or in specific compartments of
infection zone. Some PLs were detected in both positive and negative ion mode, like PA
(36:2), PE (34:2), and PE (34:1). In each case, their localization was consistent between
polarities, showing the robustness and verity of the visualization method. Interestingly,
we observed that even inside a single class of PLs large distributional differences were
measurable. A striking example of this is where PAs were co-localized with the cortex
(PA 32:0), uniformly distributed through the entire section (PA 36:4, PA 40:2),
asymmetrically distributed within the infection zone (PA 36:4, PA 36:3), or showed
centralized distribution pattern (PA 34:1, PA 36:2, PA 38:3, PA 36:2). Such differences in
compartmentalization of PL suggests that metabolic pathways for these metabolites
occurred heterogeneously within the soybean nodule.



Figure S4. Optical images of cross-sections of WT and nifH- soybean nodules showing the differences
in color of the infection zone between strains. The reddish color is a result of the presence of
legheamoglobin’s chromophore (heme B).
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Figure S5. Distributions and abundances of metabolites that are measurably different between WT and

nifH- mutant soybean nodules. The rest of metabolites annotated in Figure S2 show similar distribution
patterns and abundances between two strains. (a) Metabolites imaged almost exclusively in WT strain.
Although not differently distributed between two strains, malic acid is depicted together with allantoic acid
to provide general insight into differences in C source input and N source output of symbiotic system,
respectively. These results suggest that host doesn’t sanction ineffective nodules by limiting their energy
supply, given that malic acid was not found as discriminant molecule between WT and nifH- mutant.
Therefore, the hypothesis that limitation in oxygen is main host-sanction mechanism (Kiers et al., 2003) is
indirectly supported by our study. (b) Metabolites imaged almost exclusively in nifH- mutant. Each WT and

nifH- pair is analyzed in the same experiment with the same image adjustment processing.



Table S1. Peak assignments in positive-ion mode profiling MALDI-FTICR mass spectra of soybean root
nodules. Metabolites are detected as [M+H]* species unless otherwise is specified. Levels of confidence:
Level 1: identified compounds based on ultra-high mass accuracy (<1 ppm) and at least one more
independent orthogonal data (tandem MS or collision cross section (ccs)); Level 2a: Putatively annotated
compounds based upon ultra-high mass accuracy (<1 ppm) and soybean/legume nodule literature
coverage; Level 2b: Putatively annotated compounds according solely to ultra-high mass accuracy (<1
ppm) as was originally defined by the Metabolomics Standard Initiative.(Sumner et al., 2007)

Measured Theoretical Error MSI Localization
Metabolite level
m/z m/z (ppm)

Cyclohexylamine @ 100.1121 100.1121 0.00 1 Infection r
Choline 2 104.1070  104.1070 0.00 1 Infection r
Coniceine 126.1278  126.1277 0.79 2b Infection r
Leucine ® 132.1020 132.1019 0.76 2a Infection r
Asparagine °© 133.0608  133.0608 0.00 2a Cortex

Adenine 2 136.0619 136.0620 0.73 1 Infection r
Methylnicotineamide 137.0710  137.0709 0.73 2b Infection r
Guanidinobutanoic acid 146.0925 146.0924 0.68 2b Infection r
Spermidine 2 146.1653  146.1652 0.68 1 Infection r
Guanine @ 152.0568 152.0567 0.66 1 Infection r
Histidine © 156.0768 156.0768 0.00 2a Infection r
Homostachydrine/Lentiginosine 158.1176  158.1176 0.00 2b Infection r
Guanidinovaleric acid 160.1081 160.1081 0.00 2b Infection r
Homospermidine ¢ 160.1809  160.1808 0.62 2a Infection r
Phosphonoacetaldehyde+K 162.9558  162.9557 0.61 2b Infection r
é;‘;i)”"b”ty' cadaverin (aminobutyl- 474 1966 174.1965  0.57 2b Infection r
Arginine P 175.1190 175.1190 0.00 1 Infection r
Calystegin 176.0918  176.0917 0.57 2b Infection r
Citruline @ 176.1031 176.1030 0.57 1 Infection r
Phosphocholine @ 184.0734 184.0733 0.54 1 Infection r
Diaminononanoate+K 189.1599  189.1598 0.53 2b Infection r
Aminooctanoic acid+K 198.0891 198.0891 0.00 2b Infection r
Spermine 203.2231 203.2230 0.49 2b Infection r
Acetylcarnitine 204.1231 204.1230 0.49 2b Infection r
Kinetin 216.0881 216.0880 0.46 2b Infection r
Solamine 216.2435  216.2434 0.46 2b Infection r
Acetyldihydrolipoamide +H-H20 232.0830 232.0830 0.00 2b Infection r
Securinine+Na 240.0995  240.0995 0.00 2b Infection r
Adenosine 2 268.1042  268.1040 0.75 1 Infection r
Deoxy(methylthio)adenosine 298.0970  298.0968 0.67 2b Infection r
Graveoline/avenalumin Il +Na 302.0787  302.0788 0.33 2b Infection r
Harzianopyridone+K 320.0893  320.0895 0.62 2b Infection r
Guanosine+K 322.0547  322.0548 0.31 2b Infection r
coumarin glucosides 363.0689  363.0687 0.55 2b Cortex

Disaccharide +K 2b 381.0793 381.0794 0.26 1 Cortex Inner



S-adenosyl methionine &° 399.1444  399.1445 0.25 1 Infection r

Sucrose-phosphate 423.0900 423.0898 0.47 2b Cortex Outer
ADP @ 428.0366  428.0367 0.23 1 Infection r
Trihydroxyflavon glucoside + Na 2 471.0899 471.0898 0.21 1 Cortex Inner
Adenylosuccinate+K 502.0376  502.0372 0.80 2b Cortex Inner
;ﬁtgizi’&dfxmeth°xyﬂa"°”e 517.0954 517.0953  0.19 2b  Cortex Inner
CDP-choline +K 527.0709  527.0705 0.76 2b Cortex Inner
g@f@?&%iﬁi’r’]’l 41K 541.0743 541.0743  0.00 o Cortex
cADP-ribose 2 542.0683 542.0684 0.18 1 Infection r
ATP-propionic acid °© 580.0241 580.0242 0.17 2a Infection r
Heme B abc¢ 616.1766 616.1768 0.32 1 Infection r
PA (36:4)+K 735.4362  735.4362 0.00 2b Infection r
PA (36:3)+K 737.4520  737.4518 0.27 2b Infection r
PA (36:2)+K 739.4675  739.4675 0.00 2b Infection r
PE (34:2)+K 754.4783  754.4784 0.13 2b Infection r
PE (34:1)+K 756.4942  756.4940 0.26 2b Infection r
PC(34:3) 756.5538  756.5538 0.00 2b Infection r
PC (34:2) IMMPE(36:2) 758.5695  758.5694 0.13 2b Infection r
PC (34:1) 760.5853  760.5851 0.26 2b Infection r
PA (38:4)+K 763.4676  763.4675 0.13 2b Infection r
PA (38:3)+K 765.4831  765.4831 0.00 2b Infection r
PC (32:1)+K/MMPE(34:1)+K 770.5097  770.5097 0.00 2b Infection r
PE (38:1) 774.6007  774.6007 0.00 2b Infection r
PE (36:2)+K 782.5099  782.5097 0.26 2b Infection r
PC(36:3) 784.5852  784.5851 0.13 2b Infection r
PC(36:2) 786.6008  786.6007 0.13 2b Infection r
PC (34:2)+K/MMPE(36:2)+K 796.5254  796.5253 0.13 2b Infection r
PC(34:1)+K 798.5411  798.5410 0.13 2b Infection r
PE(40:2) 800.6162  800.6164 0.25 2b Infection r
PE(38:2)+K 810.5410  810.5409 0.12 2b Infection r
PE (38:1)+K 812.5564  812.5566 0.25 2b Infection r
PC (38:2) 814.6317  814.6320 0.37 2b Infection r
PC (36:5) +K 818.5093  818.5097 0.49 2b Infection r
PC (36:4)+K 820.5253  820.5253 0.00 2b Infection r
PC (36:3) + K 822.5409  822.5410 0.12 2b Infection r
PC (36:2)+K 824.5564  824.5566 0.24 2b Infection r
PE(40:2)+K 838.5719  838.5721 0.24 2b Infection r
PC(38:2)+K 852.5875  852.5879 0.47 2b Infection r
Soyasaponin Il +K 2 951.4717  951.4714 0.32 1 Cortex Outer
Dehydrosoyasaponin | +K @ 979.4666  979.4663 0.31 1 Cortex Outer
Soyasaponin | +K 2 981.4822  981.4820 0.20 1 Cortex Outer

@ Chemical species assigned based on in-house LAESI MSMS and/or ion mobility results.(Stopka et al., 2017)
b Chemical species assigned based on (Ye et al., 2013)

¢Chemical species assigned based on (Gemperline et al., 2015)

d Chemical species assigned based on (Vauclare et al., 2013)

¢ Chemical species assigned based on (Brechenmacher et al., 2010).



Table S2. Peak assignments in negative-ion mode profiling MALDI FTICR mass spectra of soybean root
nodules. Metabolites are detected as [M-H] species. Levels of confidence: Level 1: identified compounds
based on ultra-high mass accuracy (<1ppm) and at least one more independent orthogonal data (tandem
MS or collision cross section (ccs)); Level 2a: Putatively annotated compounds based upon ultra-high
mass accuracy (<1ppm) and soybean/legume nodule literature coverage; Level 2b: Putatively annotated
compounds according solely to ultra-high mass accuracy (<1ppm) as was originally defined by the
Metabolomics Standard Initiative.(Sumner et al., 2007)

Measured Theoretical Error MSI Localization
Metabolite level
m/z m/z (ppm)

Sulfuric acid 96.9601 96.9601 0.00 2b Cortex
Succinic acid P 117.0193 117.0193 0.00 2a Cortex
Asparagine © 131.0462 131.0462 0.00 2a Cortex
Malic acid &° 133.0143 133.0142 0.75 1 Infection r
Glutamate @cde 146.0458 146.0459 0.68 1 Infection r
Pentose 2P 149.0456 149.0455 0.67 1 Cortex
Vanillic acid @ 167.0350 167.0350 0.00 1 Cortex
Ascorbic acid ® 175.0248 175.0248 0.00 2a Infection r
Allantoic acid © 175.0473 175.0473 0.00 2a Cortex
Methoxycinnamic acid 177.0558 177.0557 0.56 2b Cortex
Hydroxyohenylpyruvic acid 179.0351 179.0350 0.56 2b Cortex
Homovanillic acid 181.0507 181.0506 0.55 2b Cortex
Acetyl-Glutamic acid 188.0565 188.0564 0.53 2b Cortex
Citric acid 191.0197 191.0197 0.00 2b Cortex
Ferulic acid © 193.0507 193.0506 0.52 2a Cortex
Gluconic acid @ 195.0511 195.0510 0.51 1 Cortex
Me-citrate/homoisocitrate 205.0354 205.0354 0.00 2b Infection r
Glucarate 209.0303  209.0303 0.00 2b Cortex
Trimethoxycoumarines 235.0613  235.0612 0.43 2b Cortex
Inositol cyclic phosphate 241.0119  241.0119 0.00 2b Cortex
N-Feruloylglycine 250.0721 250.0721 0.00 2b Cortex
Dihydroxyflavone @ 253.0507 253.0506 0.40 1 Cortex
Hex-phosphate 2° 259.0224 259.0224 0.00 1 Infection r
Trihydroxyflavone 2 269.0457  269.0455 0.74 1 Cortex
(D[)i?ﬁ,u’é’gfgamethoxy methylendioxy flavone 417.0828 417.0827  0.24 1 Infection r
flavon malonyl glucoside 2 485.1089  485.1089 0.00 1 Cortex Outer
UDP-hexose 2 565.0477 565.0477 0.00 1 Infection r
Flavonoid diglycoside 595.1305 595.1305 0.00 2b Cortex Inner
UDP-NACcGIcN 2 606.0742  606.0743 0.16 1 Infection r
PS (24:0) 622.3726 622.3725 0.16 2b Cortex Inner
PA (32:0) 647.4656 647.4657 0.15 2b Cortex Inner
PG (28:1) 663.4242  663.4243 0.15 2b Infection r
PA (34:3) 669.4500 669.4501 0.15 2b Cortex Inner

671.4656 671.4657 0.15 2b Cortex Inner

PA (34:2)



PA (34:1)
PS(28:1)
PA (36:5)
PA (36:4)?
PA(36:2)
PE (34:2)°
PE (34:1)?
PG(32:0)

a
m
w
I
N

P1(32:0)

PI1(34:3)

P1(34:2)

PS(40:2)

Soyasaponin Il 2
Dehydrosoyasaponin | @
Soyasaponin | 2

673.4813
676.4195
693.4498
695.4657
699.4969
714.5078
716.5234
721.5024
725.5126
727.5282
736.4922
738.5079
740.5235
745.5024
747.5181
753.5439
755.5595
756.4819
758.4975
760.5131
773.4241
773.5336
809.5185
831.5027
833.5185
842.5914
911.5015
939.4960
941.5124

673.4814
676.4195
693.4501
695.4657
699.4970
714.5080
716.5236
721.5025
725.5127
727.5283
736.4923
738.5079
740.5236
745.5025
747.5182
753.5440
755.5596
756.4821
758.4978
760.5134
773.4247
773.5338
809.5186
831.5029
833.5186
842.5917
911.5010
939.4958
941.5115

0.15
0.00
0.43
0.00
0.14
0.28
0.28
0.14
0.14
0.14
0.14
0.00
0.14
0.13
0.13
0.13
0.13
0.26
0.40
0.39
0.78
0.26
0.12
0.24
0.12
0.36
0.55
0.21
0.96

2b
2b
2b

2b

2b
2b
2b
2b
2b
2b
2b

2b
2b
2b
2b
2b
2b

2b
2b
2b
2b

Infection r
Infection r
Cortex Inner
Cortex Inner
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Infection r
Cortex Inner
Infection r
Cortex Inner
Cortex Inner
Cortex Inner
Infection r
Cortex Outer
Cortex Outer
Cortex Outer

@ Chemical species assigned based on in-house LAESI MSMS and/or ion mobility results.(Stopka et al., 2017)

b Chemical species assigned based on (Ye et al., 2013)

¢ Chemical species assigned based on (Gemperline et al., 2015)
d Chemical species assigned based on (Vauclare et al., 2013)

¢ Chemical species assigned based on (Brechenmacher et al., 2010)



Table S3. MALDI-FTICR-MSI metabolic coverage of some pathways in soybean root nodule based on
SoyKB database.

%
Pathway Kegg Compound coverage

Purine metabolism cpd:C00008 ADP 13.1
cpd:C00212 Adenosine
cpd:C00147 Adenine
cpd:C03794  Adenylosuccinate
cpd:C00499 Allantoic acid
cpd:C00059  Sulfuric acid
cpd:C00242 Guanine
cpd:C00387 Guanosine
Glyoxylate and dicarboxylate metabolism cpd:C00158  Citric acid 17.7
cpd:C00149 Malic acid
cpd:C00042  Succinic acid
Zeatin biosynthesis cpd:C00008 ADP 15.8
cpd:C00147 Adenine

Uridine diphosphate
cpd:C00029 glucose

Citrate cycle (TCA cycle) cpd:C00149  Malic acid 20
cpd:C00042  Succinic acid
cpd:C00158  Citric acid
cpd:C16255  S-Acetyldihydrolipoamide

Arginine and proline metabolism cpd:C00327  Citrulline 10.5
cpd:C00062  L-Arginine
cpd:C00025 Glutamate
cpd:C00624  N-Acetyl-L-glutamic acid
cpd:C00315  Spermidine
cpd:C00750 Spermine

beta-Alanine metabolism cpd:C00315  Spermidine 16.6
cpd:C00750 Spermine

Glutathione metabolism cpd:C00025 Glutamate 12.3
cpd:C00315  Spermidine
cpd:C00072  Ascorbic acid
cpd:C00750 Spermine

Aminoacyl-tRNA biosynthesis cpd:C00025 Glutamate 7.5



Aminoacyl-tRNA biosynthesis

Histidine metabolism

Glycerophospholipid metabolism

Alanine, aspartate and glutamate
metabolism

Tyrosine metabolism

Nitrogen metabolism

Starch and sucrose metabolism

cpd:C00062
cpd:C00152
cpd:C00135
cpd:C00123
cpd:C00818

cpd:C00072

cpd:C0029

cpd:C05575
cpd:C00025
cpd:C00025
cpd:C00307
cpd:C00588

cpd:C00114

cpd:C00042
cpd:C03794
cpd:C00025
cpd:C00158
cpd:C00152
cpd:C00042

cpd:C05582

cpd:C01179
cpd:C00025
cpd:C16688

cpd:C00089

cpd:C00029

L-Arginine
L-Asparagine
L-Histidine
L-Leucine
D-Glucarate
Ascorbic acid

Uridine diphosphate
glucose

Hercynine
Glutamate
Hercynine
CDP-choline
Phosphocholine

Choline

Succinic acid
Adenylosuccinate
Glutamate

Citric acid
L-Asparagine
Succinic acid
Homovanillic acid

4-Hydroxyphenylpyruvic
acid

Glutamate
Sucrose-6-phosphate
Sucrose

Uridine diphosphate
glucose

20

18.8

12

22.7

16.7

6.7

10




Table S4. The average Pearson’s correlation coefficients of SAM, ADP, and heme B. Pearson’s correlation

coefficients were calculated using the SCILS software.

SAM ADP heme B
SAM - 0.80 +0.09 0.62 +0.09
ADP 0.80 +0.09 - 0.62 +0.12
heme B 0.62+0.09  0.62+0.12 -
Nodule shape 0.58+0.12  0.59+0.09 0.66 +0.13
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