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Section 1. Supporting Tables, Figures, and Calculations

Table. S1 Log P and pKa values predicted by PubChem?* and MOSES? (via ChemDraw
Professional), respectively, for common biomolecular classes associated with SOM. Structures
and features relative to each of the examples is shown in Fig. S1. *Intrinsic pKa was measured

for dioleoyl phosphatidylcholine®

Name Class Log P | pKal pKa2 pKa3
glucose Carbohydrate -2.6 12.294

N-Acetyl-Muramic Acid Amino sugar -2.1 3.408
N-Acetyl-D-Glucosamine | Amino sugar -1.7 11.939

Tryptophan Amino Acid -1.1 2.38 9.39

Tyrosine Amino Acid -2.3 2.2 9.11 10.07
Glycine Amino Acid -3.2 2.37 9.78

Dioleoyl

phosphatidylcholine Phospholipid 13.8 4.053*

Valoneic acid Tannin derivative 1.5 8.516

Hexahydroxydiphenic

acid Tannin derivative 0.5 13.939

Flavogallonic acid Tannin derivative 1.6 2.593

Chlorogenic acid Lignin derivatives -0.4 8.099

Sinapic acid Lignin derivatives 1.5 4.05

Vanillic acid Lignin derivatives 1.4 4.0 9.39

Gentisic acid Lignin derivatives 1.3 2.766

Stearic acid Fatty acid 7.4 4.75

Palmitic acid Fatty acid 6.4 4.75
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Table. S2 Common extraction methods used to extract different fractions of soil organic matter

with example conditions used in literature.

Extraction | Example extraction Target SOM fraction Reference
Water | Ultrapure (18.2 MQ), 20+ hours | Water soluble SOM, weakly | *®
extraction time, and 200g/L soil particle bound and most
(soil/solution)* bioavailable SOM
Alkaline | 0.5 M NaOH, 20 h, and 200 g/L | General SOM and SOM 419
(soil/solution)’ compounds with acidic
functional groups
Mineral | #1 - 0.1 M dithionite, 16 hours; | For extraction #1: short range | ***
dissolution | followed by 0.05 M HCl rinse 1 | order Fe(l1l) oxides and
h; 167 g/L crystalline Fe(ll1) oxides
#2 — 0.25 M hydroxylamine For extraction #2: short range
hydrochloride, 0.25 M HCI, 50 | order Fe(lll) oxides
°C, 1h, 200 g/L"®
Organic | 1 mL acetonitrile (ACN), 100 Low polarity SOM and SOM | >3°%
mg soil, shaken for 2 hours™ with less abundant acidic
functional groups
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Fig. S1 Examples of SOM compounds with a variety of functional groups that result in a range

of acidity and hydrophobicity, impacting their solubility and ionizability. These features

determine their optimal extraction and ionization method.
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Fig. S2 FTICR mass spectra collected from biosolid-extracted DOM, pre- and post-sorption to
Fe(I11)-montmorillonite. Surfactant contaminants present in the native biosolid-extracted DOM

were absent after sorption to Fe(l11)-montmorillonite. Produced with data obtained from Young

etal.l8
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Fig. S3 Possible formula assignments for peaks at a given molecular mass under different
heteroatom and S/N conditions. A) and B): the number of assignments increase as S/N thresholds
are lowered. B), C), and D): possible compositions for a given peak increase as the number of

heteroatoms included and molecular mass increases. Reproduced from Koch et al.*°
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Fig. S4Contoured plotef DBE vs. O(a, ¢, e)andbar graphs oDBE — O vs. number of molecular
formulas(b, d, f)for unequivocal assignments aSuwannee River fulvic acistandardwhere
color indicates number of/zvalues The psitioning anchumber oim/zvalues from unequivocal
assignmentsan be compared to equivocal assignmemiadicatewhich compositiondiave the
highestreliability, where reliable equivocal compositions will most frequentlptieverlapwithin

the sameregionsas unequivocahssignments in the same claB$ack linesare toindicate a
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diagonal range betweehO and 1@MBE — O, andthe green linéndicatesegionswhereequivocal
assignments/ould beunreliable due to their highydrophobicity(e.g., black carbon components)
Reprinted by permission from Copyright Clearance Center: Springer Nature, Analytical and
Bioanalytical Chemistry, Understanding molecular formula assignment of Fourier transform ion
cyclotron resonance masgestrometry data of natural organic matter from a chemical point of

view, Peter Herzsprung, Oct. 31 2G94.
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Fig. S5 NORMAN suspect list exchange?! plotted onto a VKD with 2 of the molecules plotted to
demonstrate that assignments unrelated to SOM are still plotted in regions pertaining to specific

biomolecular assignments (regions are based on Hockaday 2009)?2
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Fig. S6 Correlation networks between microbial communities (arrowhead) and metabolomic
featuresidentified from peaks(colored doty from FTICRMS data in peat soil. Pairing
metabolomics by FTICR MS with amplicon sequencing can be used to identify how different
microbial populations are related by specific biomolecular classes. Arrowheads linked to the same
dotindicates that microbigopulations are each related through the same peak (solid red circle),
anddots surrounding an arrowhead indicates that the associated peaks are unique to that microbial

population (dotted red circle). Unpublished data from the Tfaily Lab.
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Section 2. Complementary Spectroscopic Techniques

Molecular characterization of SOM composition and reactivity often relies on combining
FTICR MS with complementary analyses that provide additional information on bulk properties,
elemental composition, molecular structure, or spatial distribution. The requirements for a ‘clean’
sample devoid of nonvolatile salts and the challenge of converting analytes into gas phase ions
means that there are significant biases that affect signal intensity beyond concentration. The
complex nature of SOM makes identifying the diverse range of organic compounds (e.g., lipids,
lignin, sugar, fermentation byproducts, charred residues) present in different soil types challenging
to analyze. Furthermore, while FTICR MS detects molecular features, direct infusion mass spectra
cannot by itself distinguish between structural isomers. Fortunately, additional information from
other techniques can be used to attribute molecular formula to functional classes and to particular
metabolites. FTICR MS is thus a central component of the analytical suite needed to understand
metabolisms and organic matter transformations in soils. Here, examples utilizing spectroscopic
techniques will be presented to illustrate how to utilize them to obtain robust conclusions.

Spectroscopic analyses that distinguish the functional groups and bonding environment of
SOM components can provide significant quantitative bulk information that complements the
molecular composition information of FTICR MS. NMR is particularly complementary because
the major functional groups that comprise organic matter are often well resolved in NMR spectra,
although the removal of paramagnetic elements such as iron in the samples is required. In previous
studies combining these techniques to study marine and wetland dissolved organic matter,
Hertkorn et al.?*?* demonstrated that solid phase extracted DOM exhibited NMR shifts
characteristic of aliphatic and carboxyl groups, while FTICR MS showed the abundance of diverse

suites of unsaturated CHO, CHNO, CHOS molecules. They synthesized this information into the
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concept that carboxylic rich alicyclic molecules comprise a major component of DOM. Two-
dimensional correlation analysis has been used to link FTICR MS and NMR data across a salinity
transect by Abdulla et al. 2014.% The results of these analyses suggested that CHO compounds
correlate  strongly with carboxyl-rich compounds observed by H! NMR while
heteropolysaccharides correlate with mass peaks which contain heteroatoms such as nitrogen,
phosphorous and sulfur. DiDonato et al. 20162° combined solid state **C NMR and FTICR MS to
compare humic acids derived from well aerated versus poorly drained soils. They observed that
aerated soils had a higher proportion of condensed mass spectral features, which was corroborated
by the higher proportion of aromatic carbon observed by NMR. Together, these results suggested

major differences in aliphatic, lignin-like, cyclic, and condensed aromatic classes across soil types

(Fig. S7).
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Fig. S7 Comparisons between unburnt (parent) and pyrolyzed (400°C) oak (Quercus laurifolia)
using (-)DAPPI FTICR MS with solid-state 3C NMR to corroborate and describe changes to

features during pyrolysis. Reproduced from Podgorski et al.?’
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Optical measurements have been used and continue to be used to infer organic matter
quality through correlations with bulk molecular weight, aromaticity, and humic/fulvic and amino
acid content in numerous studies.??® Fourier transform infrared spectroscopy (FTIR) and
fluorescence excitation emission spectroscopy (EEMS) can resolve organic functional groups
including amide, ester, carbohydrate, phenol, aliphatic and carboxyl functionalities in DOM, and
can thus corroborate some compound classes attributed to FTICR MS signals. Hodgkins et al.*
used FTIR and FTIRCR MS to compare peat organic matter structure across a thaw gradient.
FTICR MS analysis suggested a trend from larger O/C rich molecules to smaller compounds with

lower O/C ratios across the thaw gradient (Fig. S8).
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Fig. S8 Average peat FTIR absorption spectra, with between-site standard errors as shaded areas.
Spectra are stacked (i.e., absorbance = 0 at each apparent baseline) and sized to the same vertical
scale. (A) Organic acids in incubated peat samples (preincubation) decrease with thaw from

collapsed palsas (n = 2) to bogs (n = 3) to fens (including both sedge only and Sphagnum + sedge;
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n =4). (B)In fens, humification leads to spectral changes between surface (n = 3) and deep (n = 3)

peat. Reproduced from Hodgkins et al.*°

This was consistent with a decrease in hydroxyl rich carbon relative to aliphatic and
aromatic in the FTIR spectra suggesting degradation of carbohydrates. Malik et al.*! used FTICR
MS and FTIR to characterize the organic matter released from soils after chloroform fumigation
extraction, which is commonly used to estimate soil microbial biomass. FTIR analysis confirmed
the enrichment of aliphatic CH bonds in the fumigated DOM, which together suggested that
fumigation largely increased the recovery of membrane lipids. EEMS detects aromatic fluorescent
components of DOM, and these signals are often attributed to functional classes with similar
signatures such as lignin phenols, quinones, proteinaceous residues incorporating tryptophan or
tyrosine, and refractory humic and fulvic acids. FTICR MS has been used to provide information
on the potential molecular identities of these fluorescent agents by correlating the fluorescent
signals to the components observed in FTICR MS spectra.®> EEMS has also been used to
differentiate between terrestrial, microbial protein-like, and marine organic matter inputs.?33
Together with absorption spectroscopy, they represent inexpensive and fast tools that allow for
high throughput. Thus, high-resolution sampling in both space and time is possible. Both
techniques can be done in situ and may be used by remote sensing allowing high-frequency, real-
time data collection for understanding ecosystem properties.®*3> While these measurements are
highly suitable for looking at a broad range of extracted material®® and oxidation states that are
more or less bioavailable,® these compounds represent only a small fraction of the total organic

matter pool.384% Thus, for studies that involve microbial communities and microbial pathways, we
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recommend complimenting optical measurements with either of the above mentioned

spectrometric and spectroscopic techniques that allow us to look for individual compounds.

Section 3. Mass Difference-based Network Analysis

Mass differencdrased network analysis is similar to KMD analysis in thatks detected
ions by characteristic mass differences, such as the mass of the methylene subeni4OE665
amu) or the mass change from nitrosylation (HN81:005814amu)$6”18put multiple subunits
can be used simultaneously. When plotted as one or more interconnected networks, the resulting
pl ot can seem exceedingly complex because t he
detected ions, and because each node can beatedro other nodes through one or several-mass
differencebased “edges” (S9. Hewever, suhgtaphs dan e extracted uging a
subset of the mass differend€sand nodes or edges can be colored by sample type, element
counts, or other characteristi®8 to focus on specific features. Mass differebased network
analyses have already been used for diverse purposes including formula assinmengeted
metabolite profiling:®>1%2and reaction pathway identificatid?’. To be clear, the assignment of
an elemental composition is insufficient to identify a metabolite, and the occurrence of a specific

mass difference can be coincidental in a complex sample.
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Fig. S9Abiotic reactions at low pH occurring inlkdose-like compounds produced by Sphagnum
(peat moss), plotted using mass differehased network analysis to study how plant leachates
degrade in soils. Each assigned FTICR MS peak (circle) is colored by a biomolecular class
approximation using van Kvelen plot regions and related through different reactions (lines).

Produced with data obtained from Fudyetal®*
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